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PREFACE
Most of the methods applied to bryology are not unique to bryology. Yet, because
of their small size, often thick cell walls, secondary compounds, and other differences,
bryophytes often require modification of the techniques used on other plants. The
publication of these methods and their modifications are scattered in a tremendous
variety of journals, many of which rarely have bryophyte publications and are therefore
overlooked by most bryologists. Information on sources of materials and equipment is
often hard to obtain, especially in some parts of the world, and details of methods are
lacking in most journal publications.
Because of the diversity of researchers in the field of bryology, it is necessary to
meet the needs of both professionals and serious amateurs. Both well-tried and new
methods are needed. No single manual can include all methods or all areas of study.
This manual is based on presentations at the Bryological Methods Workshop held in
Mainz, Federal Republic of Germany, 17-23 July 1987. It covers three areas: reviews
of methods for a particular purpose, presentation of new methods, and reports of
results using new methods.
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PROCEDURES USED FOR THE AXENIC CULTURE AND
EXPERIMENTAL TREATMENT OF BRYOPHYTES
Dominick V. Basile1 and Margaret R. Basile 1
The procedures described herein are restricted to those that have been devised to
meet our personal research needs over a period of 25 years. Some of them have been
published in separate techniques papers; others were included in the Materials and
Methods sections of research papers; and still others are unpublished.
Our objective here is to bring together all the published and unpublished bits and
pieces of what may be considered a modular system for conducting a variety of
experimental investigations with bryophytes. Components of this system are:
1. The selection and preparation of nutrient media.
2. The introduction of field-collected plants into axenic culture.
3. The subculture of stocks.
4. The modification of culture media during the course of an experiment.
5. The replacement of culture media during the course of an experiment.
6. The monitoring of changes in the culture media/ environment during the course
of an experiment.
Before describing the protocols involved in each of the six components of our
system, we want to emphasize two things. First, the single most important component
of our system is putting plants into axenic culture. The sine qua non of experimental
science is that experiments be controlled and that they can be repeated by others.
Because cobionts are regularly associated with bryophytes, bur these cobionts are not
necessarily the same from time to time or place to place, it is virtually impossible to
conduct controlled, repeatable experiments with bryophytes that are not in axenic
culture. Of course, it is not necessary to use our methods for putting plants into axenic
culture. Any means to this same end will do. We developed the washing machine
technique when a tissue culture type transfer hood was unavailable to us. It was then
and remains now a much less expensive and much more portable alternative to a
transfer hood/room. This leads to the second point we want to emphasize. The two
most important items of equipment in our modular system are B-D-Cornwall pipetting
syringes and serum bottle or septum-type closures for culture vessels (i.e. closures that
can be pierced easily by hypodermic needles). These two items used to construct the
washing machine are now used in all protocols to be described herein. Their use, in the
majority of cases, makes the availability of transfer hoods or rooms unnecessary.
THE SELECTION AND PREPARATION OF NUI'RIENT MEDIA

The selection of media
The composition and some of the salient properties of eighteen macronutrient and
eight micronutrient media and a variety of organic additives used in the culture of
1
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bryophytes has been published earlier (Basile 1975, 1978). This information was meant
to provide some basis for selecting or designing media for the differing research
objectives of different bryologists. It need not be reproduced here. We would,
however, like to share the guidelines that we presently follow with regard to selecting
nutrient media. When we are repeating or building on experiments of others, we, of
course, use whatever culture media was used in the original experiments. We have
found, however, that one or both of two macronutrient formulations served as suitable
sources for mineral nutrients for the over 120 species of bryophytes that we have had in
axenic culture at one time or another. The compositions of these are given in Table 1.
We usually supplement the mineral media with 1% w/v glucose since the growth of
most of the bryophytes we have cultured seems to be stimulated by this addition. A few
species have responded unfavorably to added glucose, however.
The preparation of media

Since three of the five salts we routinely use as macronutrients are common to both
media but used at different concentrations, we prepare separate stock solutions of each
of the five at lOOx, the lower working concentration (Table 1). For example, both
Knop's and Knudsen's media require Ca(NO3)) • 4HfO, but Knop's requires only half
the amount required for Knudsen's. We theretore dissolve 10mg of Ca(NO 3) 2 · 4H/>
in 200 ml (final volume) of distilled deionized water (i.e. 0.05 mg/ml). Ten ml of this
stock are used to prepare a liter of Knop's medium and 20 ml are used to prepare a
liter of Knudsen's. The salts used as micronutrients are combined in the preparation of
a single lOOOx working strength stock. This micronutrient stock is remarkably stable
when prepared as directed (see footnote, Table 1), and a liter of stock will last for
years.
The easiest way to sterilize nutrient media for bryophyte culture is to heat sterilize
(autoclave) the medium in the vessels in which the bryophytes are to be cultured. We
use heat sterilization to prepare nutrient media to maintain stock cultures and for some
experiments. The designs of most of our experiments, however, require that we add
heat-labile/unstable compounds to the nutrient media. In these cases we cold sterilize
the media through membrane filters having pore sizes of 0.22 µm or 0.45 µm.
Figures 1-3 illustrate some of the materials and methods we use to prepare cold
sterilized media. The set-ups illustrated in Figures 1 and 2 are first heat-sterilized at
120°C and 15 psi for 15 min and allowed to cool to ambient temperature before
proceeding. The latex tubing on the downstream side of the inline filter housing is
attached to the delivery tube of the Florence flask as follows.
1. Place wet delivery tube with 70% ethanol just above the section of cotton-plugged
latex tubing.
2. Slide off latex tubing.
3. Flame end of delivery tube.
4. Pull cotton-plugged metal sinker from latex tubing downstream from filter
housing.
5. Slip tubing from filter housing over end of delivery tube of flask (see Fig. 3).
6. After the filter apparatus is attached to the flask, the sinker on the latex tubing
upstream of the filter is lowered to the bottom of the beaker containing the
freshly prepared medium. The bottom of the beaker should be elevated as shown
in Figure 3.
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Table 1. Salt composition (g/1) of the macronutrient and micronutrient media we recommend.
1

Macronutrlents (1X)
Knop's

KNO
3
Ca(NO

)

3 2

·4H O
2

MgSO4 ·7Hp
KH/O4

Mlcronutrlents (1 OOOX)
Hutner's "Metals 49"

Knudsen's

0.125
0.5
0.125
0.125

(NH

) SO
4 2
4

Ca(NO ) ·4Hp
3 2
MgSO4 ·7Hp
KH/O4

0.5
1.0
0.25
0.25

Fe(NH ) SO ·6H O
4 2
4
2
MnSO ·H O
4

2

ZnSO4 ·7Hp
(NH ) Mo,Q ·4H O
24
2
4 6
CuSO
4

CoSO4 ·7Hp
H B0
3
3
Na V0 · 16H O
3

4

2

7.0
3.04
2.2
0.0736
0.394

0.238
0.572
0.0462

1

To prepare a lOOOx stock solution, weigh out and thoroughly mix all salts dry (ca 13 g). Dissolve mix
in 130 ml of a 0.05% aqueous solution of 5-sulfosalicylic acid with heating. When all salts are in solution,
bring final volume to I liter with distilled-deionized water.

The medium is drawn through the membrane filter into the sterile flask by
attaching a hand vacuum pump to the cotton-plugged vent tube of the flask (see Fig. 3).
By evacuating the flask by means of the hand pump, the culture medium is drawn
through the filter into the flask. Constant pumping is usually unnecessary. Once the 2
liters of air originally present in the flask is pumped out, the medium will gravity-feed
into the flask until the beaker is drained. Sometimes additional pumping is necessary,
however.
When all the medium has collected in the flask, the latex tubing from the filter and
pump apparatus is removed and the glass tubing on the flask flushed with 70% ethanol
and flamed. If the medium in a flask is to be stored between the time of its preparation
and use, the short length of cotton-plugged latex tubing is replaced (Fig. 1).
Delivery of media to culture vessels
Figures 4-o illustrate some of the materials and methods we use to deliver aqueous
culture media to culture vessels. The steps we use are as follows:

A 10 cc capacity B-D Cornwall pipetting syringe set up as shown in Figure 4 is
heat-sterilized and allowed to come to room temperature before being used.
2. It is attached to the delivery tube of a culture medium storage (Florence) flask by
following the same procedure (steps 1-5) outlined above for attaching an inline
filter apparatus.
3. After the pipetting syringe is attached, and while the stoppered vial is still in place,
the flask is tilted on its stand so that the internal end of the delivery tube is
immersed in the culture medium (Fig. 5). The pipetting system is filled by
repeatedly depressing and releasing the plunger of the syringe while pointing the
(vial-covered) needle toward the ceiling. It is necessary to make sure that the
barrel of the syringe is free of air (bubbles) before directing the needle
downward. If the intake valve of the pipetting valve assembly is not sealed
properly, air and/or some of the medium will be forced back to the flask each
time the plunger is depressed. To remedy this, the latex tubing is pinched where
it is attached to the intake so that it effectively seals the intake on the downstroke
1.
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.' < - - - -- -"delivery" tube
n ~"vent" tube

~

0----cot ton plu gged
latex tubing
1--r~--=1------neoprene rubber
LJ
stopper

upstream
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!-----Florence flask
2 liter

3
inline filter unit,
47 mm

4

Figures 1-4. 1. A Florence flask set up to be heat-sterilized prior to its being used as a reseivoir for
membrane-sterilize solutions. Note that the tips of both the delivery tube and vent tube are covered by
short lengths of cotton-plugged, latex tubing that must be removed for certain procedures described in the
text. 2. An inline filter housing, 47 mm, set up to be heat-sterilized prior to being used to filter membranesterilized solutions used for the culture and/or experimental treatment of bryophytes. 3. A set-up for
preparing 1-1.5 liter volumes of filter membrane (cold)-sterilized solutions. 4. A B-D Cornwall pipetting
syringe (10 cc) and filling outfit, set up to be heat-sterilized prior to being used to deliver solutions stored in
Florence flasks.

of the plunger. The pressure is released on the uptake. This procedure is
repeated until the valves become properly sealed.
After determining that the valve system of the pipetting syringe is working properly
and the desired volume of medium is being drawn into the syringe, one can remove the
protective vial. The delivery system is ready to use.
In order to use this system to full advantage, it is necessary that the culture vessels
used will accommodate some type of closure that can be readily penetrated by
hypodermic needles. We have mostly used Wheaton type serum bottles and stoppers
(Fig. 5) and Erlenmeyer flasks closed with hooded type serum bottle stoppers (Fig. 14).
Also available are several sizes of screw caps with septa easily pierced by hypodermic
needles. They will fit on a large variety of screw-top tubes, bottles, and flasks and could
be used as culture vessels if the scientific advantage to using the screw-topped
glassware outweighed the added expense.
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Figures 5-{i,
5.
A set-up
positioned for transferring a sterile
solution from a Florence flask to culture
vessels. Please note the position of the
delivery tube with respect to the surface
of the solution.
6.
Set-up for
transferring sterile solutions positioned
so as to prevent further entry of a
solution into the delivery system. Please
note the position of the delivery tube
with respect to the surface of the
solution.

Figure 5 shows a single culture bottle into which culture medium had been injected
through the stopper. In practice a medium is delivered/injected into a number of
culture bottles - several in excess of that number needed to initiate an experiment.
Some of these are needed to check that the cold-sterilized medium is in fact sterile at
the time it is delivered to the bottles. This is done by injecting a 3% w/v nutrient broth
solution into 3-5 culture bottles picked at random. Please see the section on
Modification of culture medium for methods of preparing and adding substances such as
nutrient broth. Before injecting medium, the stoppers of all culture vessels are wetted
with 70% ethanol. Then the needle is wetted in the alcohol on top of the stopper,
excess alcohol (if present) is decanted, and the needle is flamed and inserted through
the stopper (Fig. 5). It is important that the syringe is both emptied and refilled while the
needle of the syringe is within the sterile environment - that is, within the culture vessel.
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This precaution precludes the possibility of pulling potentially contaminated room air
into the system through a loosely seated outlet valve.
When medium has been delivered to the next to the last culture vessel, the
Florence flask containing the remaining medium is tilted so that the internal end of the
delivery tube is raised out of the medium (Fig. 6) before medium remaining in the
syringe is injected into the last bottle. This maneuver usually removes all medium from
the delivery tube. If some remains in the pipetting system it is discarded after
disconnecting the latex tubing of the pipettor from the delivery tube of the flask. The
tip of the delivery tube is rinsed with 70% ethanol, flamed, and a short length of cottonplugged latex tubing replaced.
THE INTRODUCTION OF FIELD-COLLECTED Pl.ANTS INTO Ax:ENIC CULTURE

The use of axenically cultured plants has been essential for our research objectives
and those of many others. A number of methods of getting field-collected plants into
axenic culture have been used successfully by different bryologists. We have not
carefully compared these techniques and therefore cannot evaluate their relative
merits. In the last analysis we think that any method that works is a good method.
We have devised a technique that we think is especially versatile for putting fieldcollected material into axenic culture. It allows us to start with either sporangia, small
pieces of vegetative tissue, gemmae, or spores. It has been used to put over 120 species
of bryophytes as well as a number of species of ferns, club mosses, horsetails, and
flowering plants (from seeds) into axenic culture. The procedures were originally
described in detail in two publications (Basile 1972, 1973a). We recommend that
anyone interested in the procedures refer to the original papers. The main steps
slightly modified from those given in Basile 1972 are given below.
Surface sterilization by the washing machine method
Some of the materials and methods used in the washing machine method are
illustrated in Figures 7-10. The directions that follow are a series of numbered steps.
It is not necessary that all steps are followed in the order given.
1. Three test tubes of sterile, distilled (or deionized) water are needed to rinse each
batch of material being surface-sterilized. We prepare large quantities of tubes in
advance so that they are readily available.
Put about 10 ml of distilled water in each 13 x 125 mm test tube. Stopper the
tubes with Wheaton type serum bottle stoppers that are pierced by a 1-1/2", 18 g
hypodermic needle plugged with cotton. The cotton-plugged needle functions as
a vent. Figure 7 shows how test tubes are set up for rinsing.
Autoclave the water for 15-20 min at 15 psi and 121°C and allow it to come to
room temperature before use.
2. Select the plant material to be surface-sterilized. When using vegetative tissue, it
is preferable to use the younger, apical portions. Parts that are damaged or are
suspected of harboring endophytes are, of course, to be avoided. The amount of
plant material to be surface-sterilized at one time is optional, but 8-10 pieces
constitute a manageable amount.
Place freshly excised material that is likely to become desiccated on moist filter
paper in a Petri dish until ready for surface-sterilization.
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Prepare fresh a solution of 7% (v/v) Clorox and ca 0.1 % (w/v) Alconox (or any
other detergent) in distilled water.
Pour about 10 ml of this solution into a clean 13 x 125 mm test tube and stopper
in the same way as the distilled water rinse tubes (Fig. 7).
Use a fresh 10 ml aliquot of this solution for each batch of material to be surfacesterilized.
Affix a 3", 20 gauge metal-hubbed hypodermic needle to a filter housing, insert
the needle through the stopper of the test tube containing the Clorox-detergent
solution, and place this assemblage in a test-tube rack as shown in Figure 7.
Remove the top half of the filter housing and transfer the excised plant parts to
the metal support grid of the filter housing as shown in Figure 8.
Place a 13 mm disc of Miracloth over the plant material (the discs are cut out of
rolls of Miracloth by means of a punch or cork borer of appropriate diameter.)
Screw on the top half of the filter housing tightly, using wrenches supplied by the
manufacturer.
Wet the surfaces of three tubes of sterile water with 70% ethanol.
Set the plunger of a 2 cc B-D Cornwall pipetting syringe to deliver 1 cc and attach
the syringe to the filter housing. This total assemblage is called a washing
machine.
Remove the washing machine from the test-tube rack and tilt it to an almost
horizontal position as shown in Figure 9. Note that the tip of the vent needle is
up out of the solution.
Pump the Clorox-detergent solution back and forth through the housing for 1
min. (Delicate material may only survive/require 30 s, whereas other material
may require longer periods. If enough starting material is available, we sterilize
separate batches at 30, 45, 60, 90, and 120 seconds.)
Rotate the washing machine to an upright position as shown in Figure 10 and
depress the plunger rapidly several times to expel most of the solution from the
housing. Make sure the plunger comes all the way back up before withdrawing
the needle from the sterilizing solution.
Withdraw the needle, pass it over the alcohol-wet surface of the fust tube's
stopper, flame the needle, and insert it through the stopper.
Tilt the tube to an almost horizontal position so that the tip of the vent needle is
up out of the water and the tip of the washing machine needle is in the water (Fig.
9).
Pump the sterile water back and forth 10 times, rotate the assemblage to an
upright position (Fig. 10), expel the rinse water, and allow the syringe plunger to
come back up while the tip of the needle is still in the tube, but not in the water.
Repeat steps 13-15 with the second and third rinses.
Place the washing machine, with its needle still in the last rinse tube, back in the
test-tube rack on an angle and remove the syringe from the filter housing (Fig. 7).
Spray the work surface with disinfectant solution. A dampened work surface
helps trap airborne contaminants. Rinse hands with 70% ethanol and loosen
housing with wrenches.
When ready to inoculate material onto nutrient medium, remove the upper half
of the filter housing and carefully lift off the upper Miracloth disc with flamed
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20.

forceps to expose sterile plant parts (Fig. 8) - some of the plant material often
adheres to the underside of the disc.
Inoculate using standard sterile techniques.

1

cotton-plugged
vent needle

~ r-- 13 mm filter
A/
("Swinny")

housing

8

3", 20 g hypodermic
,.,,_~---needle, stainless steel
n=======a~'¥;;;;;;;;;;;;;;;----i3x!25 mm test tube
with Wheaton-type
serum bottle stopper
test tube rack

11===;====:a===== = ==::iii---<-lorox-detergent
solution, or sterile,

deionized water
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Figures 7-10. 7. A washing machine - minus a B-D Cornwall pipetting syringe, 2 cc.
This is a side view of the set-up just before the material to be surface-sterilized is placed in the
filter housing. Everything shown slanted should be put back in this same position following the
final rinse step of the surface sterilization process. 8. A view of the set-up shown in Figure 7,
but from above, with top half of the filter housing removed and some excised plant parts in
place on the stainless steel grid. The view will be essentially the same before and after the
plants have been surface-sterilized. 9. A view of an assembled washing machine to show its
proper position for pumping surface sterilizing solution or sterile rinse water through the filter
housing. 10. A view of a washing machine to show its proper position for purging the
sterilizing solution or rinse water from the filter housing and syringe.
THE SUBCULTURE OF PI.ANTS FROM STOCK CULTURES

Once we have introduced a species of bryophyte into axenic culture,
there are several procedures we can use to subculture it. The one employed
depends on our objective. The procedure we most often use to maintain a
supply of stock cultures of each species is to transfer most or all of the plants
from a culture to a sterile plastic Petri dish. Using sterile forceps and scalpel,
5 or 6 shoots are excised and each of these inoculated into a culture vessel
containing freshly prepared medium.
The procedure we use when subculturing plants for experimental purposes
depends, first on whether it is necessary for the plants to proceed through a sequence
of ontogenetic stages, and second on whether the species being used in the experiment
produces gemmae. If the experimental design does not require plants to proceed
through ontogenetic stages, a method similar to maintaining stock cultures is used. The
main difference is that the pieces of plant to be used as inocula are as uniform as
possible.
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Initiation of cultures from uni/orm stem tips
In order to gain more uniformity, we put a piece of heat-sterilized graph paper
( mm ruled) under a sterile Petri dish so that we can better determine that all the pieces
of plant excised from the stock cultures are the same length and width. The pieces are
always taken from the apical, growing region. In order to have enough uniform
explants for an experiment, it is often necessary to use more than one stock culture as a
source of inoculum.
When our experimental design requires that plants are available at different stages
of ontogeny, the inoculum must consist of either spores, gemmae, or small fragments of
the gametophytes. Since spores are not consistently available, we generally use
gemmae of the species that produce them and gametophyte fragments of nongemmiferous species:
Initiation of cultures from gemmae

11

Some of the materials used for
subculturing species that produce gemmae
while in axenic culture are illustrated in
Although a wash bottle
Figure 11.
containing 70% ethanol and an alcohol B-D Cornwall
burner are not shown, it is important to pipetting
remember that each and every time that a syringe, 10 cc
needle is to be inserted through a stopper,
the stopper must first be wetted with 70%
ethanol and the needle must be passed sterile nutrient
through the flame of an alcohol medium
lamp/burner. Briefly, the procedure for
preparing a gemma-suspension to be used
as an inoculum is as follows:
1. A 10 ml aliquot of sterile mineral
medium is transferred from a serumstoppered bottle (filled to 80%
capacity) (Fig. 11, left) to a gemmaeproducing culture (Fig. 11, right).
~
2. With the needle remaining through
vi al with serum Pottle stopper
the stopper, the culture in one hand
and cotton-plugged "vent" needle
and the syringe in the other, the
Figure 11.
A set-up for preparing a
assemblage is shaken vigorously to
free the gemmae and cause them to be suspension of gemmae to be used to
inoculate/initiate cultures. The needle affixed to
suspended in the newly added culture the syringe needs to be long enough to reach the
medium.
bottom of the culture bottle.
3. The concentrated gemma-suspension thus produced is withdrawn into the syringe
and injected back into the bottle containing mineral medium (Fig. 11, left).
4. Optionally, the concentration of gemmae in this diluted suspension can be
determined before using it as an inoculum by withdrawing ca l ml and
performing a cell count by means of an haemacytometer.

=----------
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20 ml
l:::::::::=:c==:1---sterile, di sposable 0.22 µm
f ilter unit, 25 mm
hooded t ype serum bottle
s t opper ..,ith cotton -plu gged
vent needle
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15
vial ..,ith serum bottle stopper
and cotton-plugged "vent" needle

13

OJ

Figures 12-15. 12. A part of a set-up for preparing a suspension of
gametophyte fragments to be used to inoculate/initiate cultures. The bore
of the needle affixed to the syringe needs to be wide enough so that larger
fragments do not clog it (e.g. 15 gauge) and long enough to reach the
bottom of the culture bottle. 13. A Waring blender with a stainless steel
microblender accessory used to fragment gametophyte tissue into pieces
small enough to pass through a 15 gauge hypodermic needle/cannula. The
speed of the blender motor is controlled by a voltage regulator (not shown).
14. A set-up for preparing small volumes (50-l(JO ml} of sterilized solutions
of compounds that cannot be heat-sterilized. The syringe barrel is
supported by a clamp and ring stand. 15. A B-D Cornwall pipetting syringe
(2 cc) and filling outfit set up to be heat-sterilized prior to being used to
deliver solutions stored in serum bottle stoppered Erlenmeyer flasks.
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The same pipetting syringe set-up that was used to prepare a gemma suspension
(Fig. 11) is used to inoculate the suspension through the stoppers of culture vessels. In
fact, if step 4 is omitted the same syringe can be used. If the preparation of gemma
suspensions and the inoculum of cultures are done at different times, separately
prepared set-ups are needed. The following steps are used to inoculate cultures with a
gemma suspension:
1. Wet the stoppers of all culture vessels that are to be inoculated, as well as that of
the gemma suspension, with 70% ethanol.
2. Set the pipetting syringe to withdraw/ deliver 8 cc while the protective vial is still
covering the needle. Make sure that the plunger of the syringe can easily be
adjusted downward by turning the adjustment screw (Fig. 11). Fully extended
plungers are often difficult to depress by means of turning the adjustment screw.
3. Remove the protective vial and insert the (flamed) needle through the stopper of
the gemma suspension.
4. Holding the syringe in one hand and the bottle containing the gemma suspension
in the other, shake the assemblage vigorously so as to suspend the gemmae
uniformly.
5. Fill the syringe with the suspension.
6. Withdraw the needle from the bottle. Flame it and insert it through the stopper
of a culture bottle to be inoculated.
7. Shake the assemblage vigorously to keep the gemmae suspended, then 8. Turn the adjustment screw to depress the plunger and deliver the suspension
dropwise into the culture bottle. (The number of drops inoculated depends on
the number of gemmae deemed sufficient. Each drop is 0.05 cc of gemma
suspension. The number of gemmae/cc is determined by means of an
haemacytometer.)
9. Steps 6-8 are repeated until all culture bottles are inoculated.
Because relatively accurate counts of the number of cells (gemmae) that are to be
used to start replicate cultures can be determined, the foregoing is the preferred
method of starting cultures for experiments designed to yield qualitative data. Many
species of bryophytes are not gemmiferous, however. With these an alternative method
is employed.
Initiation of cultures from gametophyte fragments

Some of the materials needed to produce an inoculum of garnetophyte fragments
are illustrated in Figures 12 and 13. The procedure is as follows:
1. Using sterile technique, the contents of a culture on aqueous nutrient medium
and a bottle of sterile nutrient medium (Fig. 12) are both decanted into a heatsterilized microblender accessory on a Waring blender (Fig. 13) controlled by a
voltage regulator (not shown). The stoppers are (flamed and) reseated in the
bottles.
·
2. The contents are ground for ca 20 seconds at 60v. (More time may be necessary
for some species and this must be determined empirically.)
3. The suspension of gametophyte fragments is decanted back into one of the
bottles, the neck of which is flamed and the stopper reseated.
The suspension of fragments substitutes for a gemma-suspension, and therefore is
handled in the same way. (Please see steps 1-9 in the preceding section). The only
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important difference is that a wider bore needle (15 g) is necessary to prevent clogging
by some of the larger fragments. We cut cannulae to lengths appropriate for reaching
the bottom of the serum bottles and file a beveled point to facilitate piercing the
stoppers.
ALTERATION OF THE CULTURE MEDIUM DURING THE COURSE OF AN EXPERIMENT

Whatever progress we have been able to make in our research concerning chemical
regulation of morphogenesis has resulted from developing procedures that permit
altering the composition of a culture medium supporting the ontogenetic development
of experimental plants (i.e. from a diffuse growth, protonemal stage, to apical growth,
juvenile and mature stages). The procedures outlined here are extensions of those
reported earlier (Basile 1%4).
Preparation of organic additives to experimental cultures
Because the bioactivity of solutions of most organic molecules is altered or
destroyed by heat sterilization, cold sterilization through membrane filters is used. For
most purposes, 100 ml quantities of each additive are more than adequate. Some of the
materials and methods for preparing a cold-sterilized solution are illustrated in Figure
14. The procedure is as follows:
1.

2.

3.
4.

5.

6.

A supply of 125 ml Erlenmeyer flasks stoppered with hooded type serum bottle
stoppers and vented with a cotton-plugged 18 g needle are heat-sterilized in
advance (Fig. 14).
Supplies of 25 mm sterile disposable 0.2-0.22 µm pore-size filters designed for
use with syringes, 18 gauge sterile disposable hypodermic needles, and chemically
clean 50 cc syringes are also obtained in advance.
A solution of the additive at lOx its working strength is prepared using nutrient
medium as the solvent.
When the solution is ready to be sterilized, a sterile needle and a barrel of a
chemically clean 50 cc syringe are affixed to a sterile filter unit. The needle, after
flaming, is inserted through the alcohol wetted stopper of a flask as shown in
Figure 14. The syringe barrel is supported by being clamped to a ring stand (not
shown).
The first 50 cc of the solution is poured into the syringe barrel and allowed to
filter into the flask by gravity feed. The second 50 cc is poured into the barrel, the
syringe plunger is then inserted and the remaining solution gently forced through
the filter unit.
The filtering assembly (i.e. needle, filter unit, and syringe) is removed and the
solution is labelled and stored for future use.

The apparatus used to deliver the solution of cold-sterilized additives to
experimental cultures is illustrated in Figure 15. It is heat sterilized as shown and
allowed to come to room temperature. When we are ready to inject solutions into
cultures we proceed as follows:
1. The stoppers of the 125 ml Erlenmeyer flasks containing the additive and all the
cultures to be treated are wetted with 70% ethanol.
2. The long hypodermic needle affixed to the latex tubing of the pipetting valve is
withdrawn from its protective test-tube (Fig. 15), flamed, and inserted into the
Erlenmeyer flask containing the solution to be injected into the cultures.
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3. The plunger of the syringe is adjusted to withdraw/deliver 1 cc of additive with
the protective vial still covering the needle affixed to the pipetting valve.
4. The pipetting system is filled by repeatedly depressing and releasing the plunger
of the syringe while pointing the (vial-covered) needle toward the ceiling. It is
necessary to make sure that the barrel of the syringe is free of air before directing
the needle downwards. If the intake valve of the pipetting valve assembly is not
sealed properly, air or some medium will be forced back to the flask each time
the plunger is depressed. To remedy this, the latex tubing is pinched where it is
attached to the intake valve so that it seals the intake on the downstroke of the
plunger. The pressure is released on the uptake. This procedure is repeated
until the check valves are properly seated.
5. When the pipetting syringe is working properly, the protective vial is removed
from the nee~le. The delivery system is ready for use.
Figure lb shows a culture into which 1 cc of an additive at lOx the desired working
concentration is to be injected. The culture, by design, contains 9 ml of nutrient
medium. When the concentrated solution of the additive is injected and the medium
swirled, the additive will be quantitatively diluted to (lx) its working concentration.
The quantitative dilution approach to treating plants at different
ontogenetic/developmental stages does not require that the plants be immersed in an
aqueous nutrient medium. The technique was used successfully to treat cultures
supported on acid-washed sand (Basile 1964, 1%5). The only limiting factor with
respect to the additive is that it must be soluble at lOx the working strength. This
procedure has been used successfully to add nutrients/metabolites (Basile 1965),
antimetabolites (Basile 1%7, 1969, 1970, 1973b, 1979; Basile & Basile 1983, 1984;
Basile et al. 1985a; Basile et al. 1987), phytohormones (Basile et al. 1983), and tracers
(Basile & Basile 1982; Basile & Varner unpub).
THE REPIACEMENT OF CULTURE MEDIA DURING AN EXPERIMENT

An alternative to adding something to a culture medium in order to change its
composition during the course of an experiment is to completely remove the medium
and replace it with one of a different composition. We found the procedure is
especially useful for conducting pulse-chase type experiments involving radioactive
(tracer) compounds (Basile & Basile 1982). The provision for using this procedure,
made when the culture bottles are being prepared to receive nutrient media, can be
learned by referring to Figure 17. The only difference in the culture bottles used for
this procedure is that they include a length of Pyrex glass tubing, over the lower end of
which is a disc of Miracloth held in place by another shorter piece of Pyrex tubing of
appropriate diameter. The longer tubing is cut to reach from the bottom of the culture
bottle just to the base of its neck.
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Media removal and replacement

16

,1_r.

~l
I

Figures 16-18. 16. A set-up for delivering aliquots of a lOx concentration solution of an additive to
culture bottles. 17. A set-up used to remove medium from a culture bottle without removing the plants.
18. A set-up used to dispose of media removed from cultures in a way that permits the repeated use of a
pipetting syringe without contaminating it.

When we want to exchange media in a set of cultures we proceed as follows:
1. A syringe and an Erlenmeyer flask for each medium of different composition that
is to be removed from cultures are heat-sterilized in advance. The set-up of the
syringes is the same as for subculturing from gemma-producing stocks (Fig. 11).
The set-up of the flasks is the same as that used to receive cold-sterilized
additives (Fig. 14). A spare, sterilized syringe and a few spare sterilized flasks are
usually prepared to provide for contingencies.
2. The stoppers of all the cultures are wetted with 70% ethanol.
3. The barrel of the syringe is adjusted to withdraw 10 cc before removing the vial
covering the hypodennic needle.
4. The vial is removed from the needle, the needle lightly flamed and carefully
inserted through the stopper and into the open end of the glass tube.
5. With the bottle tilted 45° to cause the medium to collect toward one side and with
the Miracloth-covered end of the tubing immersed in the medium, the plunger is
slowly depressed and allowed to return slowly to its original position (Fig. 17).
This effectively removes most but not all of the medium. Some remains held by
capillary attraction to the plants.
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6.

The needle is withdrawn from the culture bottle, gently flamed and inserted
through the alcohol-wetted stopper of a sterile flask (Fig. 18).
7. The contents of the syringe are injected into the flask. Before the needle is
withdrawn from the flask, the plunger of the syringe MUST be allowed to return
to its fully extended position. This is to prevent contaminated room air from
being drawn into the syringe.
8. Steps 5-7 are repeated for each culture.
The medium used to replace that which has been withdrawn is prepared and
delivered to the culture vessels by the same procedures outlined earlier under the
subheadings The preparation of media and Delivery of media to culture vessels.
The usefulness of the medium replacement procedures is not restricted to
experiments in which the original medium is replaced with one of a different
composition. All during the time plants remain in culture, the culture medium is being
altered by the metabolic activities of the plants. By regularly removing the used
medium and replacing it with more of the original composition, the magnitude of
change in composition can be limited. The more frequently the medium is replaced,
the less the magnitude of change.
MONITORING CHANGES IN THE CULTURE MEDIA/ENVIRONMENT

Plants developing within a culture vessel are doing so within a closed system. The
nutrients and other compounds added to the culture medium are taken up by the plant
at differing rates. Materials taken up are metabolized and some of the metabolic
products diffuse or are excreted back into the medium or the air space above the
medium. It is often useful to know what is being removed and what is being added to
the culture environment by the metabolic activities of the plants. The system we have
developed for culturing bryophytes - especially the use of serum bottle stoppers as
closures for culture vessels · - has made sampling of the culture medium and the
atmosphere above the culture medium relatively easy.
The methods and materials required to perform any given type of analysis of the
culture environment will, of course, depend on the analysis to be performed. Obtaining
samples to be analyzed, on the other hand, requires no special methods or materials.
Essentially the same ones used to remove samples of the medium for replacement have
been used to remove samples of the medium and atmosphere above the medium for
analysis. We have monitored changes in hydrogen ion (pH), hydroxyproline, and
glucose concentrations (Basile 1967 & unpub). We have monitored the uptake of
radioactive compounds as well as the loss (return) to the medium of some of these
compounds (Basile & Basile 1982; Basile & Varner unpub). In all cases samples were
obtained by withdrawing them through the stoppers of culture vessels into sterile
syringes. In no case were transfer hoods or transfer rooms required.
SUMMARY

The development of the modular system of procedures for the culture and
experimental treatment of bryophytes reviewed in this chapter has greatly facilitated
our research. They have been used primarily to investigate the chemical regulation of
morphogenesis and the morphogenetic basis of phylogeny (Basile & Basile 1984;
Stebbins & Basile 1986). They have also been used to investigate the natural products
chemistry of leafy liverworts, (Basile et al. 1983; Law et al. 1985; Basile et al. 1986), the
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influence of nutrients/metabolites on growth and differentiation (Basile 1%5; Basile &
Basile 1980; Basile et al. 1985b), and the interaction (synecology) of liverworts and
bacterial epiphytes (Basile et al. 1%9; Corpe & Basile 1982; Basile et al. 1985b). We
think that this system is adaptable for any kind of bryological research that should be
based on axenic (single species) culture under controlled, reproducible conditions.
All the items of equipment required for the procedures described ( and illustrated)
herein are relatively inexpensive and easily obtained from most major scientific supply
companies (e.g. Fisher Scientific, 50 Faden Rd., Springfield, NJ 07081, USA. Cable
Address Fishersci, Springfield, NJ, Telex 4754246 or 138287).
REFERENCES

Basile, D. V. 1964. New procedures of bryophyte culture which permit alteration of the culture medium
during the life cycle. Bryologist 67: 141-146.
- - -. 1965. Growth, development and gemma formation in the liverwort Scapania nemorosa as
influenced by L-arginine, L-histidine, and L-glutamic acid. Amer. J. Bot. 52: 443-454.
- - -. 1967. The influence of hydroxy-L-proline on ontogeny and morphogenesis of the liverwort,
Scapania nemorosa. Amer. J. Bot. 54: 977-983.
- - -. 1969. Inhibition of proline-hydroxyproline metabolism and phenovariation of Scapania nemorosa.
Bull. Torrey Bot. Club 96: 577- 582.
- - -. 1970. Hydroxy-L-proline and 2,2' -dipyridyl-induced phenovariations in the liverwort, Nowellia
curvifolia. Science 170: 1218- 1220.
- - -. 1972. A method for surface-sterilizing small plant parts. Bull. Torrey Bot. Club 99: 313-316.
- - -. 1973a. A simple method of initiating axenic cultures of pteridophytes from spores. Amer. Fem J.
63:147-151.
1973b.
Hydroxy-L-proline and 2,2' -dipyridyl-induced phenovariations in the liverwort,
Jungermannia lanceolata. Bull. Torrey Bot. Club 100: 350-352.
- - -. 1975. A comparison of some macronutrient media used to culture bryophytes. Bryologist 78:
403-413.
- - - . 1978. Culture media for bryophytes. In M . Rehcigl, Jr. (ed.): CRC handbook series in nutrition.
Section G, Vol. III, Pp. 557- 578. CRC Pres, Cleveland.
- - -. 1979. Hydroxyproline-induced changes in form, apical development, and cell wall protein in the
liverwort, Plagiochila arctica. Amer. J. Bot. 66: 753-764.
- - - & M. R Basile. 1980. Ammonium ion-induced changes in form and hydroxyproline content of
wall protein in the liverwort, Gymnocolea injlata. Amer. J. Bot. 67: 500-507.
- -- & - - - . 1982. Evidence for a regulatory role of cell surface hydroxyproline-containing proteins
in liverwort morphogenesis. J. Hattori Bot. Lab. 53: 221-257.
- -- & - - - . 1983. Desuppression of leaf primordia of Plagiochila arctica (Hepaticae) by ethylene
antagonists. Science 220: 1051-1053.
- - - & - - -. 1984. Probing the evolutionary history of bryophytes experimentally. J. Hattori Bot.
Lat;,. 55: 173-185.
- - -, - - - & R E. Koning. 1983. Ethylene production and its possible role in regulating leaf and
branch development in Plagiochila arctica, a leafy liverwort. Amer. J. Bot. 70: 5 (part 2): 3.
- - -, - - - & Q-Y Li. 1985a. Desuppression of cell division in leaf primordia in Plagiochila arctica
(Hepaticae) by 3,4-dehydroproline. Bull. Torrey Bot. Club 112: 445-448.
- - -, - - - , Q-Y. Li & W. A. Corpe. 1985b. Vitamin B -stimulated growth in Jungermannia
12
leiantha and Gymnocolea inflata. Bryologist 88: 77-81.
- - -, - - - & J. E. Varner. 1986. The occurrence of arabinogalactan protein in Plagiochila arctica
Bryhn & Kall. (Hepaticae). Amer. J. Bot. 73: 603-<i04.
- - -, L. L. Slade & W. A. Corpe. 1%9. An association between a bacterium and a liverwort, Scapania
nemorosa. Bull. Torrey Bot. Club 96: 711-714.
Basile, M. R , D. V. Basile & J. E. Varner. 1987. Lycorene, ascorbate, prolyl-hydroxylase and
hydroxyproline proteins in relation to cellular suppression/desuppression. Ann. N. Y. Acad. Sci. 494:
175-177.
Corpe, W. A. & D. V. Basile. 1982. Methanol-utilizing bacteria associated with green plants. In
Developments in industrial microbiology 23: 483-493.
Law, D. M., D. V. Basile & M. R Basile. 1985. Determination of endogenous indole-3-acetic acid in
Plagiochila arctica (Hepaticae). Plant Physiol. 77: 926-929.
Stebbins, G. L. & D. V. Basile. 1986. Phyletic phenocopies: A useful technique for probing the genetic
and developmental basis of evolutionary change. Evolution 40: 422-425.

Glime, J.M. (ed.). 1988. Methods in bryology. Proc. Bryol. Meth. Workshop, Mainz.
Pp. 17- 24. Hattori Bot. Lab., Nichinan.

A GUIDE TO THE AXENIC CULTURING
OF A SPECTRUM OF BRYOPHYTES

Malcolm L. Sargent1
INTRODUCI10N

Although there has been a long history of growing bryophytes in culture (Doyle
1967; Frahm & Nordhorn-Richter 1984) and many investigators presently maintain
collections of various sizes (Vitt et al. 1985), any newcomer wishing to start cultures
faces a stiff challenge. The challenge results from the enormous variety of publisred
techniques and the relative randomness of the species that are presently in culture.
Frahm and Nordhorn-Richter (1984) emphasized this point and suggested a
"standardized method for cultivating bryophytes" as one approach to dealing with the
problem. Another approach is to provide the bryological community with a synopsis of
the specific conditions that have allowed the culturing of specific species. This paper is,
in fact, the result of culturing a wide variety of bryophytes over the last 20 years.
By using the conditions employed in Table 1, a newcomer should be able to get
adequate growth for the species listed with a minimum of difficulty. If other species
are desired, then useful clues to suitable growth conditions might be gleaned from the
table by looking at phylogenetically and/ or ecologically related species. Caution must
be used, however, in that different species can have quite different requirements even
though they seem to be related. In defining adequate or optimum culture conditions
one must realize that these terms can mean different things depending on the goals
involved. Although rapid growth and normal morphology are considered to be
desirable results, a more important criterion for success in this particular endeavor has
been ease of maintenance. Therefore, the conditions employed here may not give
optimum growth or morphology, but at least one has healthy growing material to use as
inocula for experiments to define those optimum conditions. With these conditions
most species need to be renewed only every 2 years and only small volumes of growth
chamber space are needed.
The species in this collection are meant to reflect bryophyte diversity; more than 80
species and 27 orders are represented. The goal is to have living material for classroom
teaching and phylogenetic studies (gene sequencing) at the higher taxonomic levels.
Efforts have been made to obtain representatives of a) all the orders (liberally
defined); b) possible living fossils, e.g. Treubia; c) possible missing links, e.g.
Andreaeobryum; and d) unique bryophytes of uncertain taxonomic affinity, e.g. Takakia
and Schistostega. Species preferences regarding temperature, nutrient solution, and
glucose supplementation are included, as well as results in terms of growth rate,
morphology, and sexual reproduction.
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Takakia tepidozioides
Calobryales
Haplomitrium hookeri
Jungermanniales
Calypogeja muelleriana
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Table 1. Growth of various bryophytes in selected culture conditions. Results are from agar-slant cultures grown on a 12:12 LD cycle (light intensity
2()00-4000 lux) with D :N temperatures of 15° :10°C unless indicated otherwise in the Medium or Comments columns.
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The production of archegonia, antheridia, and/or capsules (sporophytes) is indicated by F, M, and C respectively.

7

"rhe growth form or morphology is symbolized by OK, more or less normal; E, markedly elongated and spindly; G, gnarled and twisted; P, protonemal
growth only; S, growing submerged in the agar. The modifier + indicates a pronounced or extreme condition.

Amount of growth at 12 months is symbolized by 1, the agar surface was covered (or tube was filled) from 0-25%; 2, 26-50%; 3, 51-75%; 4, 76-100%; 5,
76-100% in less than 12 months.

5

The response to added 0.5% glucose is symbolized by - -, strongly inhibited; -, inhibited; 0, little effect; +, stimulated; + + , strongly stimu lated . A +; means that the glucose initially stimulated growth, but then promoted premature senescence. If the effect of glucose has not yet been tested, a ? is used.

4

Nutrient solutions were B: Benecke; H: Hatcher; K: Knop; TX: Texas soil; V: Viell. A + indicates that 0.5% glucose was present in the agar-slant; ver
indicates growth on vermiculite in a storage dish culture; L indicates liquid medium.

3

Citations to voucher specimens for the many, but not all, species that have been deposited in appropriate herbaria are available from the author.
*Obtained from Z. Carothers, who, in tum, had obtained them for his ultrastructural studies from the sources listed.

2

Species names are from Stotler & Crandall-Stotler (1977) and Crum et al. (1973).
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MATERIALS AND METHODS

Surface sterilization
Great effort has been expended in getting all species into axenic culture because of
the well-known ability of fungal and bacterial ( especially blue-green bacteria)
contaminants to destroy bryophyte cultures. The majority of species are surface
sterilized using the washing machine technique of Basile (1972; Basile & Basile 1988)
on either shoot tips or unopened capsules. Clorox (7%) for 1 minute works best for
most species, but the time and concentration do have to be modified for delicate and
tough specimens. Spore suspensions from surface-sterilized capsules are spread on
agar-plates, and spores from untreated capsules are spread by the tap technique
described by Doyle (1967). A few species, e.g. Treubia and Cryptothallus, have proven
to be totally recalcitrant to surface sterilization, probably due to obligate, symbiotic
fungi. They are growing, however, in contrast to Andreaea, which has totally thwarted
my efforts to put it into culture. Sterile technique · is used throughout in media
preparation, and inoculation is by fragment transfer.
Containers
All axenic species are maintained in 25 x 150 mm Pyrex, screw-cap test-tubes
containing 20 ml medium (45° agar-slants), and the tubes are put in 40-place test-tube
racks (20 tubes per rack to allow light penetration). In general, the tubes are closed by
screwing the caps down tightly to prevent desiccation. More recently, experiments with
Parafilm M closures (5 x 5 cm; American Can Co., Greenwich, CT) for troublesome
species have yielded preliminary indications that some species do, in fact, grow better
with such closures. The Parafilm presumably allows gas exchange while at the same
time preventing desiccation and contamination. When larger quantities of material are
needed, cultures are grown on vermiculite (150 ml; moistened with 150 ml of nutrient
solution) in 100 x 80 mm Pyrex storage dishes. The dishes are either left unsealed, in
which case watering is necessary every 3-6 months, or, more recently, are sealed with
2.5x10 cm strips of Parafilm.
Substrates
All media (except those for aquatic species) are solidified with 1.2% Difeo BactoAgar. This commonly-employed agar contains water-soluble compounds that are
inhibitory to many bryophytes (Hatcher 1%5, unpublished note; verified in this
laboratory), and is therefore washed by suspending it in three successive changes of
distilled water. About 5 g of acid-washed sand are added to liquid media to provide
attachment sites.
Nutrients
Of the seven selected macronutrient solutions recommended by Basile (1975), I use
two extensively: Benecke's solution (A in Basile's paper) with both ammonium and
nitrate as nitrogen sources, and Knop's (as modified by Horey-Py; I) with nitrate alone.
Benecke's solution often gives more rapid growth, but it also often causes premature
senescence. The Benecke solution usually gives the best results when vermiculite is the
substrate, but it also stimulates the most rapid growth of photosynthetic contaminants.
Hatcher's medium (Lin Basile's paper), which is employed extensively by B. CrandallStotler, has been increasingly tried on several slow-growing species.
Initial
observations suggest that many of these species are growing much more rapidly on it,
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possibly due to its higher ionic strength and/or buffering capacity. The trace element
solution of Hutner (medium II in Basile 1978) has been used throughout, but it is likely
that any standard micronutrient solution would do.
Riel/a was grown in water containing 5 g autoclaved Texas soil. Growth was
moderate at best with tightly closed tubes, but recent cultures with Parafilm closures
are doing much better. Other recent experiments with the defined Riel/a medium of
Viell (1983) are yielding vigorous growth of the two species in this collection.
Glucose at 0.5% is used in the media for many species to stimulate growth and to
warn when contaminants are present, but it cannot be used with all bryophytes because
it is inhibitory or lethal to some. There is increasing evidence that various vitamins are
required for or beneficial to the growth of certain green plants including bryophytes
(Basile et al. 1985). It is, therefore, my intention to try vitamin supplementation
routinely with these cultures, especially the troublesome ones.

Growth chambers
All cultures are maintained in growth chambers that allow photo- and thermoperiod control, and that are protected by high and low temperature cut-offs. All
chambers are on a 12:12 light-dark (LD) cycle, but three different temperature regimes
are employed. A main chamber has day/night (D /N) temperatures of 15° /10°C
respectively, whereas two smaller chambers have D/N temperatures of 20°/15° and
10° /5°C for species preferring higher or lower temperatures respectively. In
retrospect, the 14:10 LD, 18° /13°C D/N cycle employed 5-10 years ago (following the
example of Doyle) may have yielded slightly better overall growth for the majority of
species. I intend to try it again and would feel comfortable recommending it for most
species.
Light

All chambers have a 1:1 mixture of GE cool-white and Sylvania Gro-Lux
fluorescent bulbs. It is not clear that the more expensive Gro-Lux bulbs with output in
the red region of the visible spectrum are a necessity, but controlled experiments have
not been done. The bulbs are approximately 20 cm from cultures and the light intensity
is in the range of 2000--4000 lux.
RESULTS AND RECOMMENDATIONS

In Table 1 the reader will find a) the species presently in the collection of the
author; b) the best culture conditions to date (details and exceptions given below); and
c) the kind of growth results obtained for each species under these conditions over the
last 2-3 years. These are the conditions that I would recommend to a newcomer as a
means to get started. The reader can judge for oneself whether or not the conditions
would be suitable. Growth rates ranged from very good (4's and S's) to very slow (l's
and 2's). Morphology ranged from near normal (OK) to: strictly protonematal (P);
totally submerged in the agar (S + ); or extremely elongated and spindly (E +; almost all
species demonstrated at least some elongation/etiolation but were scored as "OK").
Sexual reproduction varied from totally lacking to complete success through spore
release (C). Response to glucose ranged from marked inhibition (- -) to marked
stimulation ( + +).
Most all of these species have been tested a) on both Benecke's (B) and Knop's
(K) salt solution; b) with and without added glucose; and c) on high, medium, and low

24

M. L. Sargent: A guide to the axenic culturing of a spectrum of bryophytes

temperatures (20°: 15°, 15°: 10°, and 10°: 5°C respectively). Some species grow about
the same regardless of the salt solution, the temperature, or the presence of glucose,
but most species show a distinct or marked preference and that preference is shown in
Table 1. Some of the slower-growing species have also been tested on a variety of
other salt solutions, at other temperatures, at other photo/thermoperiods, and at other
light intensities. Alternatives suggested by these tests are given in the Comments
column and in the text above.
As a generality, if one desires more rapid growth, then one should try a) higher
growth temperatures; b) longer photoperiods; c) increased light intensity; d) Benecke's
salt solution; e) glucose supplementation, and f) improved gas exchange. If one desires
morphology to be as near nonnal as possible, then one should try a) cooler
tern peratures; b) higher light intensities; and especially c) culture containers providing
lower humidity, e.g. unsealed storage dish cultures. It should be noted that the results
presented are from observations made on trial and error efforts to put these species
into culture and to keep them going, i.e. not from quantitative experiments. The
observations should, however, provide reasonably valid planning information.
The author wishes to emphasize his willingness to provide starter inocula to
bryologists everywhere for teaching and/or research, although a few species, e.g.
Andreaeob,yum, may occasionally be unavailable due to poor growth or secondary
contamination. The author would also greatly appreciate starters for other unique
bryophytes and would be willing to further their distribution to other bryologists.
ACKNOWLEDGMENTS: The advice, interest, and encouragement of William Doyle,
Barbara Crandall-Stotler, Raymond Stotler, and Dominick Basile have all played a
major role in the development of this effort and the progress that has been made. They
and the many other bryologists who have provided starters for many of the species in
the collection have my sincere gratitude.
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SPHAGNUM CULTURE TECHNIQUES
H. Rudolph 1•2, M. Kirchhoff2 and S. Gliesmann 2
INTRODUCTION

Neither the bulk of Sphagnum, which is greater than that of all other bryophyte
genera, nor the fact that there is more carbon locked up in Sphagnum than is fixed by
all terrestrial vegetation in one year as calculated by Clymo and Hayward (1982),
makes Sphagnum peculiar. Rather, it is the economic importance and the increasing
ecological, physiological, and biochemical interest in this bryophyte group during the
last two decades.
It is our intention to review published and unpublished cultivation techniques, for
each experimental approach is limited by the ability to cultivate the mosses under
controlled conditions; otherwise one cannot obtain reproducible and comparable
results.
The cultivation techniques applied can be divided into three main categories:
axenic culture techniques, monocultures in phytotrons, and the cultivation of Sphagnum
in model ecosystems under controlled conditions.
AxENIC CULTURE TECHNIQUES

Axenic cultures on solid substrates

It is easy to establish axenic cultures of liverworts and mosses on solid substrates
(Lal 1984, and references therein). Simon (1988) describes culturing of Sphagnum
colonies on solid substrates.
Axenic suspension cultures
Preparing axenic stock cultures for clonal propagation - Basile (1972) introduced

the method of surface sterilization of small plant parts. Another way to set up axenic
suspension cultures is to start with unispore cultures. After surface sterilization of the
capsules, the released spores are plated on sterilized agar plates under axenic
conditions (Fig. 1). Normally the spores germinate within 1-2 weeks (see Simon 1988).
The protonemata are picked and subcultured in a 20 ml standard nutrient solution in
100 ml Erlenmeyer flasks. For this cultivation step the nutrient solution is enriched
with 0.1% glucose to get a first test for contamination. Gentle agitation of the flasks is
favorable for the development of the inoculum. For such stock cultures we set the
following cultivation program: light 14 h, photon flux 55 µmo! m-2 s-1, temperature
20±0.S°C; dark 10 h, 15±0.S°C.
Bud formation appears in 2-4 weeks, depending on the species. As described by
Longton and Schuster (1983), Nishida (1970), Clymo and Duckett (1986) and others,
1
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SURFACE STERILIZATION OF THE CAPSULES

+
+

SPORES
■

NUTRIENT AGAR PLATE
(Rudolph & Voigt 1986)

+

GERMINATION WITHIN 1-2 WEEKS
I

I

+
PROTONEMATA

I

I

i

PROTONEMATA ISOLATION

t

■

NUTRIENT MEDIUM 20 ml
WITH 0.1% GLC

■

GENTLE AGITATION

■ CULTIVATION

PROGRAM
0 light period 14 h
_ _
o photon flux 55 µmol m 2 s 1

o temperature 20°c
• dark period 10 h
0

• temperature 15 C

i

BUD FORMATION WITHIN 2-4 WEEKS

...

ISOLATION OF THE LEAFY SHOOT

+
■

NUTRIENT MEDIUM 20 ml
WITH 0.1 % GLC

■

GENTLE AGITATION

■

CONTROL OF INFECTION

BRANCHING WITHIN 2-3 WEEKS
SHOOT TIPS 1-CM IN LENGTH

t

CLONAL PROPAGATION
Figure 1. Routine to prepare axenic cultures for clonal propagation.

the thallose protonemata each produce only one bud. The isolated leafy shoot is
transferred onto a new medium and within 2-3 weeks many lateral branches develop.
Shoot tips 10 mm long are snipped off and used for clonal propagation.
By this technique we have obtained many clones from different Sphagnum species,
including S. Jal/ax (Klinggr.) Klinggr., S. cuspidatum Hoffm., S. majus (Russ.) C. Jens.,
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and S. magellanicum Brid. They all thrive well, and from time to time the medium is
checked for possible contamination by incubating aliquots on nutrient agar, nutrient
broth, and yeast extract (DIFCO).
Batch cultures - Repeatedly researchers have described that inorganic media are
insufficient to provide normal growth and development of Sphagnum in axenic
suspension cultures (Simola 1%9; Hintikka 1972; Boatman 1978; Jones 1978; Baker &
Boatman 1985; Kajita et al. 1987). In non-agitated batch cultures the protonema
development, bud formation, and growth of shoots are poor without any addition of an
organic carbon source. Simola (1%9, 1975, 1979) studied the effect of several sugars,
amino acids, and dipeptides on the growth of Sphagnum in axenic cultures. Ca 200-230
mg dry weight were produced in 100 days when one 10 mm shoot tip was used as
inoculum per flask containing a nutrient medium with 1% sucrose as a carbon source
(Simola 1977).
In general we can confirm these results. Shoot tips (ca 5 mm long) of Sphagnum
fa/lax used as an inoculum grow vigorously when an organic carbon source is added to
the nutrient solution. Branching occurs and side shoots are produced in typical
patterns (Simon et al. unpub data).
Likewise,
when
a
shoot
tip
corresponding to a dry weight of 0.7 mg is
used as inoculum per flask, the dry weight
16
increases significantly. Flasks containing 50
ml nutrient solution are agitated; the
,.
cultivation program is the same as for the ~
stock cultures. We measured the highest 11>
12
dry weight production in a nutrient solution 1
containing 1% sucrose (Fig. 2), with more ~ "
-0
than 17 mg dry weight produced in 25 days. 11>
With 1% glucose the dry weight production E
is significantly lower than with sucrose.
Without any addition of an organic carbon
source the dry weight gain 1s nearly
,__ C--<
,___. B --<
negligible.
Jones
(1978)
found
soluble
Figure 2.
Dry weight production of
carbohydrates in inorganic culture solutions
Sphagnum fallax with additional carbon
containing aseptically cultivated Sphagnum
sources; bars = S. E. Empty bar = dry weight
of inoculum; stippled bar = dry weight per
shoots.
He concluded that, to grow
flask after 25 days. A. standard nutrient
normally in liquid culture, Sphagnum
solution; B. standard nutrient solution + 1%
requires sugars to compensate for those
glucose; C. standard nutrient solution + 1%
carbohydrates lost by leakage.
sucrose.

.

Baker and Boatman (1985) showed that the growth of Sphagnum cuspidatum in
aqueous solutions is limited mainly by the CO 2 supply. They contend that in acid
nutrient solutions a shortage of CO 2 will arise since there is no reservoir of
bicarbonate. Plants resembling those that occur naturally could be cultivated when air
enriched with carbon dioxide was passed through an inorganic nutrient solution. Data
concerning the dry weight production under the experimental conditions used are not
presented.

28

H. Rudolph, M. Kirchhoff & S. Gliesmann: Sphagnum culture techniques

The central problems in batch cultures are avoiding the deficiency of CO2 and
nutrients and the accumulation of metabolic products excreted into the medium.
Katoh et al. (1979) and Katoh (1983) describe photoautotrophic growth of
Marchantia polymorpha L. cells in suspension cultures using 1% CO2 in air as the sole
carbon source. Bopp et al. (1964) and Boatman and Lark (1971) used the cellophane
disk technique to supply moss protonemata with fresh nutrient medium; Basile (1964)
introduced the technique to remove and replace nutrient medium with syringes. The
culture by drip-feeding (fresh liquid medium is dripped directly onto the growing
protonemata of mosses such as Physcomitrel/a patens supported on a nylon net) was
described by Cove et al. (1979). An airlift fermenter for the culture of Physcomitrella
patens protonemata working with air enriched with 1% CO2 was presented at the
workshop by Boyd et al. (1988).
It is often a problem in chemical and biochemical studies to have sufficient moss
biomass grown under defined axenic conditions. For that reason we developed a
continuous feed fermenter that produces high rates of biomass via photoautotrophic
growth of Sphagnum plants. ·
The continuous feed fermenter for the culture of Sphagnum - In principle the
technique to improve the nutrient supply and to stabilize the in vitro environment is
well known. In comparison to liquid cultures in Erlenmeyer flasks, the continuous
medium replacement does provide a significant advantage. The system assures a
homeostatic environment in which a supply of nutrients and a constant pH are
maintained.
Sophisticated fermenter techniques are used for cell-suspension cultures,
microorganisms, and algae. So the way should be open for handling moss plants in the
same way as unicellular or filamentous organisms in a chemostat. Multicellular
organisms that form larger aggregates are more difficult to deal with in a fermenter, for
clumping soon takes place, together with layering. It is more difficult to achieve
adequate agitation, especially turbulence, without damaging the branched leafy moss
shoots. Therefore common types of stirrers are not appropriate. An airlift (rising
current of air) fermenter is specially suited to agitate the extremely delicate moss
shoots.
The fennenter body - Figure 3 gives a diagrammatic representation of the
complete culturing device. We have obtained useful results with fermenter bodies (3)
made from freestanding, wide-necked, globe-shaped flasks of 2 and 6 liter capacity,
fitted with an extra neck (4) and a harvest tube (26).
Feed system - Fresh sterile medium (1) is added by a feeding pump (2) to the
fermenter body (3). The feed system must be capable of working under sterile
conditions (32 & 33 membrane filter). A peristaltic pump such as a Micro Perpex
pump (LKB 2132) is the most suitable for feeding. The culture medium volume is kept
constant by a level overflow device (5); the effluent pump (6) is set at a higher rate.
Clogging of the overflow is prevented by a 230 µm gauze filter (7). The effluent
medium is collected in a receiver bottle (8) with an air vent filter (9) so that it is
possible to analyze metabolic products excreted by the mosses into the culture medium.
Agitation, gas supply - When cells are grown in a stationary liquid medium the
nutrients around them are rapidly depleted. Agitation by rising air bubbles prevent
sedimentation and the shoots are well flushed with the nutrient medium. By that
technique the fragmentation rate is very low.
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Air enriched with 0.5% CO2 (10) is first humidified by bubbling it through a
column with distilled water (11) held 2°C below the working temperature. The influent
gas is filtered by two in-line membrane filters [50 mm, Schleicher & Schilll BA 83(12)
and Millex FG50 (13) pore size 0.2 µm], and streams out via a gas distribution tube
with a filter disc of sintered glass, porosity P O (14) at the bottom of the fermenter
vessel, thus mixing the moss shoots and providing the Sphagnum with CO2. To avoid
the deposition of water in the air-out line (15) and filter (16), a condenser with a
1
special vapor bulb (Martin-Kugel) (17) is inserted. The actual flow rate (26 l h- ) of
the gas mixture set by a valve (18) is measured with a calibrated flowmeter (Rota) (19).

19"f'

8

Figure 3. Diagrammatic representation of the essential features of the continuous feed fermenter and
the associated equipment. 1. nutrient medium contained in a 5-1 bottle with air-vent filter. 2. feeding
pump. 3. fermenter body (nominal capacity 2 or 6 I). 4. extra neck. 5. constant level overflow. 6.
effluent medium pump. 7. gauze filter. 8. receiver bottle for the effluent medium. 9. filter. 10. air
enriched with 0.5% CO . 11. column with distilled water. 12, 13. 0.2 JLm membrane filter. 14. gas
distribution tube with filler disc of sintered glass, porosity P 0 . 15. air-out line. 16. filter. 17. cooler and
vapor bulb. 18. valve. 19. flowmeter. 20. magnetic stirrer. 21. rotating bar. 22. pH electrode. 23.
measuring cell. 24. pH meter. 25. recorder. 26. harvest tube. 27. harvest bottle. 28. attachment with air
filter. 29. filter. 30. vacuum pump. 31. valve. 32, 33. 0.2 /Lm membrane filter.

Sterilization, control of infection - Before setting up, the whole assembly
(fermenter body, silicone stoppers, silicone tubing, filter etc.) is sterilized for 20 min by
autoclaving at 121°C. The nutrient medium contained in 5-liter bottles is sterilized
twice at 121°C for 60 min. The whole apparatus is reassembled and inoculated under
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aseptic conditions. With care there should be no risk of contamination so that by
suitable precautions pure culture conditions can be maintained. Infection arises from
three main causes: failure in sterilization, unsystematic working, and untidiness in air
or nutrient filters. The contamination is detected by plating the culture medium to a
nutrient agar slope and inoculating into nutrient broth and yeast extract (DIFCO).
Inoculation - Inocula for the fermenter (10 mm shoot tips) are precultivated in
culture tubes (50 mm diameter, 500 mm long) containing nutrient medium without any
addition of an organic carbon source. Air enriched with 0.5% CO 2 is passed through
the medium. After 10 days of precultivation ca 10 shoots are aseptically transferred
into the fermenter body.
Culture conditions - The fermenter is illuminated with two banks of fluorescent
tubes, one bank on either side of the culture vessel, with 7 Osram L 65W /25R tubes
(photon flux density 105 µ,mol m-2 s-1, 400-700 nm, determined with a LI-COR
quantum sensor). All equipment is in a phytotron at 14 h light, 20:1:0.S°C, 10 h dark, 15
:t0.5°C.
Feed rate, pH monitoring - The flow rate of the fresh medium depends on the
amount of inoculated shoots and the growth rate of the mosses. For flow control we
use the pH of the medium monitored by an electrode (22) in a measuring cell (23)
positioned behind the effluent pump. Different factors cause acidification of the
culture medium, e.g. the continuous production of new cation exchange sites or the Nsources applied. Usually we cultivate at a pH range of 3.8 - 3.9, feeding a nutrient
medium concentrate with a pH of 5.8.
Harvest line - Samples are withdrawn via a harvest tube (26) into a harvest bottle
(27). The bottle is kept in an attachment (28) with an air filter (29) in line to the
vacuum pump (30). To take a sample, the valve (31) is opened and the material is
removed by suction.
Growth of cultures - After inoculation the Sphagnum shoots start growing
vigorously. New shoots arise from pre-existing branches or axillary buds adjacent to or
some distance from a fascicle of branches. We occasionally observe filamentous and
thalloid structures on which buds develop. Detached leaves show the lowest
regeneration ability, in general confirming the regeneration studies of Sobotka (1976),
Karunen and Kalviainen (1985), and Clymo and Duckett (1986) .
The habit of Sphagnum cultivated in that way does not equal that of plants grown
under natural conditions. If there is space enough for undisturbed development, the
inoculated shoots grow into a ball shape. Sphagnum magellanicum especially has an
extreme tendency for spherical growth; at the workshop we demonstrated a ball of 120
mm diameter. The anatomy of the leaf cells is characteristically changed (unpub data).
To increase the biomass production we use regeneration of detached fragments .
By activation of a magnetic stirrer (20) via a timer, the rotating bar (21) inside the
vessel fragments the branched shoots, so the system has the potential for large-scale
production of moss biomass.
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The dry weight production of
Sphagnum fa/lax grown for 36 days
under photoautotrophic conditions in a
2-liter fermenter is documented in
Figure 4. Within the first 30 days after
inoculation, no plant material is
harvested. During this time the moss
tissue produced increases up to 3.8 g
dry weight. After harvesting ( arrow)
the remaining shoots - corresponding
to 2.5 g dry weight - produce so much
biomass that the content must be
reduced (arrow). If the desired steady
state is ca 2.5 g, every 4 days ca 1.3 g
dry weight must be harvested.
Figure 4.
Dry weight production of
Sphagnum fa/lax in a 2-liter fermenter.
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MONOCULTURES IN PHITOTRONS

The aim of monocultures is to cultivate several species under controlled conditions
so that the mosses maintain their natural habit for many years. The method we
describe here has been used in our laboratory for 25 years for special physiological and
biochemical research (Rudolph 1%3, 1978); only the improvements are included.
Container for culturing

a

C

Figure 5. Container for Sphagnum monocultures. a. external box; b. internal container; c.
Sphagnum magellanicum with glass rods for growth measurement, cultivated since 1973.
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We put 100-120 plants in a plastic container 80 x 80 x 90 mm (Fig. 5), painted black
with Inertol 49 W (b) and provided with 5 holes (3 mm) at the bottom. This container
is placed on a grate (10 mm high) in an external box, 100 x 100 x 150 mm (a) provided
with 5 holes (10 mm) per side to provide ventilation to the upper stem parts (c).
Standard nutrient solution
The nutrient solution applied is in principle the nutrient solution described by
Rudolph and Voigt (1986). Because we found that phosphate is a growth-limiting
factor (Rudolph unpub data), we enhanced the amount of KHzPO 4 and used a
concentration three times as great. For preparing the standard medium we use the
following stock solutions:
(NH )SO
4
4
MgSO · 7H O
4
2
CaSO · 2H 0
CaCI ~2H
2
KH
4
KNb
NH ~O
3
NaOH

ffo

NH

b

3

(45mM)
6 g/I
(40mM)
10 g/I
(9.6mM)
1.67 g/I
(14mM)
2 g/I
(15mM)
2 g/I
(20mM)
2 g/I
(62mM)
5 g/I
(110 mM)
4.4 g/I
(4 m M) + 1.38 g Titriplex Ill
1 g/I
0.12 M
2
3.6 x 10· M (prepared by ammonia solution 25%,
concentration checked by nesslerization)

(a)
(b)

(c)
(d)

(e)
(f)
(g)
(h)
(i)
(k)

(I)

1

(m)
trace elements mg/I H O ( = A-Z solution of Hoagland, 10· dilution):
2
A1 (SO )
5.5
4 3
2
Kl
2.8
KBr
2.8
TiO
5.5
Snd ·2H 0
2.8
2
2
2.8
UGI
MnCI ·4H 0
38.9
2
61.4
B(OH\
ZnSO
5.5
4
CuSO ·5H 0
5.5
.
4
N1SO
·7H
5.9
5.5
Co(NO) ·1lH O
2
2
10 ml of the stock solutions a, b, d, f, g, h, i, k, I, m, and 30 ml of c and e are added to 20 I distilled
water. The ion concentration of the standard nutrient solution (µM) is Na+: 55; K+: 32; NH +: 95;
+2
+2
+3
-2
-3
4
Ca : 22; Mg : 22; Fe : 2; Cl : 20; NO : 100; SO : 58; PO : 22; pH 5.8.
3
4
4

b

Using a bottle-top dispenser, provided with a 100 x 100 mm sprinkling nozzle, we
sprinkle the 50 ml nutrient solution onto the 100 cm 2 moss surface every two days. This
corresponds to a precipitation of 900 mm per year.
Cultivation program
We cultivate Sphagnum at 12 h light, photon flux 105 µmol photons m-2 s·1; air
temperature during first 6 h light 21°c, following 6 h 18°C; 12 h dark, air temperature
16.5°C. Due to the radiant flux the temperature in the capitula is ca 2°C higher than
the air temperature.
Transpiration accounts for a water loss of 60% under the conditions in the
phytotrons (wind velocity in vertical direction ca 0.3 m s· 1). The plastic grate
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positioned on the bottom of the external container prevents the stems from contacting
the liquid. To avoid accumulation and recycling of minerals, we draw off the liquid
from the external box by suction.
Growth measurement

The growth rate is measured by 10 glass rods calibrated by a mm scale (Rudolph
1%3) (Fig. Sc).
CULTIVATION OF SPHAGNUM IN MODEL ECOSYSTEMS
UNDER CONTROLLED CONDmONS

Sphagnum carpets and the microclimate in which they grow create a specific
habitat where relatively few other species are able to flourish. Model ecosystems are
important for culture of Sphagnum together with vascular plants and other bryophytes.
To set up such cultures, pieces of naturally growing bog vegetation are planted in a
container (600 mm x 400 mm x 120 mm). Each container can be drained via a valve.
Ten-fifteen containers are placed together on a table in an air-conditioned greenhouse.
In spring and summer the moss system should be cultured at 21°C air temperature in
light, 10°C dark; relative humidity 85-90%; wind velocity ca 0.5 m s-1. The roof is
automatically shaded when light intensities increase to 30,000 lux. In autumn and
winter we use additional irradiation with Osram 400 W HQI-TS lamps (irradiance 30
W m-2), light 12 h minimum. The temperature during these seasons is reduced to
10-15°C day, 2-5°C at night. For mineral supply the bog surface is sprinkled once a
day with standard nutrient solution corresponding to a precipitation of 900 mm per
year.
We have cultivated such model ecosystems for more than 5 years with good results,
producing a homogeneous carpet of Sphagnum with no gaps. In such a system the
effects of experimental changes in environmental conditions such as mineral supply,
addition of pollutants, or water stress can be studied, and competition effects can be
analyzed.
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AXENIC CULTURES OF SPHAGNUM ON SOLID SUBSTRATES
Edda Simon 1
INTRODUCTION

Investigations concerning associations between Sphagnum and other organisms
such as fungi or Mycobacteria (Untiedt & Mueller 1985; Simon 1987) require cultures
of Sphagnum that satisfy the following demands:
The plants have to be sterile so that any changes observed in the
Sphagnum after inoculation can reliably be considered as due to the
microorganisms under investigation.
The Sphagnum plants should resemble those in their natural habitat as
closely as possible in order to rule out any effect on the association caused by
uncommon histology or morphology of the peat mosses.
The vigor of the heterotrophic organism must not be influenced by an
additional supply of nutrition; neither the substrates nor the nutrient solutions
used are allowed to contain any organic substances that might serve as a
carbohydrate source for the heterotrophic partner of the association.
For these reasons the Sphagnum plants should be grown from spores under axenic
conditions on solid substrates.
MATERIALS AND METHODS

Capsules can be obtained from the field by collecting capitula with mature capsules
and placing them in sterile dishes. In the laboratory the pseudopodia are cut and the
capsules are collected in sterile dishes. The surface of the capsule is sterilized by
dipping the capsules in Bazillol or in 70% (v/v) methanol. The wet capsules are placed
in open, sterile glass tubes and dried in the air of a clean bench. During the drying
process ripe capsules burst and release the spores. The spores can either be
immediately inoculated onto nutrient agar in sterile Petri dishes or can be stored at 4°C
in the dark.
Germination time

For the preparation of nutrient agar I have tested Beijerinck solution, as suggested
by Anderson and Crosby (1965), and the nutrient solution by Rudolph and Voigt
(1986). Though the nutrient solutions differ remarkably in their ionic concentrations,
germination rate and time needed for germination are quite the same on both nutrient
agars (Table 1). On the other hand, within each set of experiments the periods of time
needed for germination vary from five days to two months, not only between different
experiments but also even within one experiment.
A survey of the literature shows even more contradictory observations:
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As can be seen in Table 1 the periods of time needed for germination vary
from 3 days to half a year. The nutrient solutions applied differ remarkably,
but even if two authors use the same nutrient solution they may find different
germination times.
Boatman and Lark (1971) point out that a high concentration of
phosphate is necessary for germination and development of the sporeling.
Thus they ascribe the failure of development of the sporelings in bog water to
its low phosphate content that is usually 100 to 1000 fold lower than that of the
nutrient solution applied by these authors. On the other hand, Clymo and
Duckett (1986) found Sphagnum plants growing from spores on peat slices in
the laboratory under a moist atmosphere, and my own investigations show that
germination and development of the protonemata occurs as well on
phosphate-poor nutrient agar, such as that based on the solution by Rudolph
and Voigt (1986), as they do on phosphate-rich agars.
Table 1. Composition of nutrient solutions and corresponding germination times. Data taken from
literature as indicated. 1. Anderson & Crosby 1965; 2. Barker & Boatman 1985; 3. Boatman & Lark
1971; 4. Bold 1948; 5. Hintikka 1972; 6. Nishida & Saito 1961; 7. Noguchi 1958; 8. Simon, unpub data.
RUDOLPH
VOIGT
Nif.
NOi
Mg'•
Ca 2 +

K+
Na+

s o!c1H2 PC,.

(µM )
(µM)
(µM )
(µM)
( µM)
(µM)
(µM)
(µM)

95
100
22
22
17
55
57
20

( pH)

8

traceeleme n ts

'

BEIJERINCK
6250
6250
811
680
1470

-

811
1300
1470

Fe ,Al
J ,Br
Ti ,Sn
Li ,Mn
B ,Zn
Cu,Ni ,Co

f'e ,Mn
B , Zn
Cu ,Mo

-

-

pH

5.8

5.5

ti me
needed for
germinati o n

5-10 d to
2 months
(8)

gl uco se

BOA TMAN &
LARK

HINTIKKA

-

1870

+

406
1870
735

4000
913
1000
2000
1333
913
1333
f'e ,Mn
B ,Z n
Cu ,Mo

5.1

5-10 d to 7 d ( 2,3)
2 mo n ths
(8)
10-15 d ( 1)

KNOP

BENECKE

-

406
735
-

11086
576
4800
245 0

-

576
1044

Fe

o.s'

(w/v )

-

4.3-4.6
1/2 y ( 5 )

3-5 d
(1;4 )

7-10 d
(6 )
2 mont h s
( 7)

Considering these facts it seems most likely that parameters other than the
composition of the nutrient solution would affect the germination and the development
of the sporelings. First, the germinating Sphagnum spores are much larger than the
spores that are released from the capsule. That means that the spores have to take up
a considerable amount of water by imbibition before germination. For this reason
sufficient water has to be provided. On the other hand, spores should not be
submerged because this leads to slow growth, and no thalloid protonemata form .
To provide the spores with a suitable amount of water, the spores are suspended in
autoclaved water, and 100 µ,l aliquots of this suspension are placed dropwise onto the
agar surface as indicated in Figure 1.1. One ml of spore suspension per Petri dish is
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Figure 1. Sequence in establishing axenic culture of Sphagnum. A. spores suspended in water. B.
nutrient agar. C. nutrient solution. D. foam rubber. E. cotton wool. F. glass tube with NaHCO and
3
CaClz'

convenient. The Petri dishes are sealed and the lids are fixed with parafilm to prevent
drying.

Illumination
The second parameter I consider most important for germination and development
of the protonemata is a suitable illumination. The following experiment shows the
dependence of germination and development of the sporeling on different nutrient
agars on the one hand and on light intensity on the other (Table 2).
Three nutrient agars were used - those of Boatman and Lark (1971), of Beijerinck
(Anderson & Crosby 1965), and of Rudolph and Voigt (1986), the latter varied as to its
pH and its phosphate content.
To vary the light intensity, the Petri dishes were piled up in stacks of five. Thus the
spores in the top dish were exposed to the full light of the room (180 µmol m-2 s- 1).
The spores in the dishes below were consequently exposed to lower light intensities
measuring 64, 48, 40, and 34% of the full light, respectively.
The development of the protonemata was recorded 10, 25, and 50 days after
inoculation. The capital letters in Table 2 correspond to the stage of development as
indicated in Figure 2.

38

E. Simon: Axenic cultures of Sphagnum on solid substrates

The results do not show any severe differences in development of protonemata in
cultures with different nutrient agars. By contrast, the light intensity shows a
substantial effect on the development of the sporelings. Spores that had been exposed
to the full light had in no case developed further than the 1-cell stage of the protonema.
In shaded cultures, however, - especially
A
6
if the light intensity is restricted to less than
~
50% - the development of the protonemata
C
D
is rapid and buds form within 50 days after
inoculation.
These results lead to the conclusion that
germinating spores and young protonemata
- - should be sheltered from too much light by
covering the cultures with white paper.
The cultures are kept in a phytotron at
20°C during the 12 h illumination period and
at 5°C in the dark period, but they can also
H
G
be kept in a laboratory at room temperature.
As soon as buds have developed the cultures
should be exposed to the full light of the
room to accelerate the growth of the leafy
gametophyte.
K
The plants can be grown in the Petri
dishes until they have reached a height of 5 to
10 mm (Fig. 1.4a). Then they should be
transferred into taller culture vessels
containing either new nutrient agar or
different substrates such as polyurethane
Figure 2.
Stages of protonemal
foam mats or cotton-wool soaked in nutrient development of Sphagnum fallax. Scalebar
solution (Fig. 1.5a).
equals 100 µm .
This method requires little effort but the mosses grow slowly and they show the
typical pattern of Sphagnum branching only after a very long culture period. Growth
and formation of side branches can be accelerated by providing the cultures with
NaHCO 3 as a CO 2 source. For this purpose a small open glass tube containing solid
NaHCO 3 and CaC1z, both substances autoclaved separately, is placed into the culture
vessel as indicated in Figure 1.5c. Carbon dioxide is released according to the following
formula:
2NaHC03 + CaCl2 - > 2Na + + 2cr + H20 + CaC03 + CO2.
Cultures in which the mosses grow faster and resemble Sphagnum in its natural
habitat very well can be maintained employing the following method. Thalloid
protonemata, carrying buds and having been grown from spores on nutrient agar as
usual, are cultivated in liquid culture as described by Rudolph (1988). To spare
expensive equipment, the liquid culture may as well be performed as indicated in
Figure 1.4b. The plants are grown in culture vessels containing a 10-fold concentrated
nutrient liquid used by Rudolph and Voigt (1986). The culture vessel is sealed either
with a rubber stopper or with a perforated lid with an additional rubber washer.
Carbon dioxide can be injected into the culture vessel by means of a pipetting syringe
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equipped with a membrane filter holder (membranes with 0.2 µm pore size) and a
hypodermic needle as indicated.
·
Table 2. Dependence of gepnination and protonemata development on nutrient agar and light
2
intensity (1Cl0% = 180 µmo l m- s- ) for Sphagnum fa/lax. The capital letters correspond to the stages of
protonemal development as indicated in Figure 2; 0 = no germination.
nutri ent aga r
BOA TM A fl & LA RK

BEIJ ER INCK

RUDOLPH

& VO I GT

pH 4

•

1 i9ht I ')

0-A
A-0-( C)
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64
40
40
34

0- A
B-(C)
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64
4A
40
34
100
64
48
40
34

RUDOL PH & VOIGT

10 0
64
4 P.
40
34

RUDO L PH & VOIGT

pH 5. 4, with
addit io nal
HzP04 (1500 pM)

( d) after inoculation
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40
40
34

RUDOLPH
VOIGT
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HzP04 ( 1500 pH)

P" 5 . 4
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C
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(C)-0-(E)
(C) - 0 -E-(F)
A-0
C-E-(F)
(C ) -E -F
( C) - E-e
(C -E)-F
A-B

50
A- ( B)
(B)-C - (0)
(C)-F-G-H-(I)
( G-H)-I-K
(G-H) - I-K
B
C-E-F - G-H
I-K
(G-H)-I-K
I 1- (K )
A- B
I-K
I I-K
I - K1

II- K

c-( o)

A- B
I-K

(C ) -E-F
( C )-E-F
(C - E)-F

1- ,u

A- 0
( C )-E - F
( C) -E-F
( C-E)-F
(E) - F

A
I-K
I-K
I-K
I-K

B

A-0
B-C
I-K

B- C
( C) -E-F
( C ) - E-F
(C ) - ~-e

I-Kl l

I - K11

I -K I I

I - KI

As soon as leafy gametophytes with side branches have developed, they should be
transferred onto solid substrates soaked in nutrient solution as described above (Fig.
1.5b). These final cultures again can be supplied with carbon dioxide, either with the
help of a pipetting syringe or by inserting a small vessel with NaHCO 3 and CaC½.
Of course the nutrient liquid should be changed from time to time according to the
liquid volume in the vessel and the nutrient solution chosen. I prefer the nutrient
solution by Rudolph and Voigt (1986) because it resembles bog water very closely.
However, due to its low ionic concentration it has to be changed quite often. The
decision as to which nutrient solution, which substrate, and what kind and size of
culture vessels have to be applied is left to the experimenter according to the kind of
experiments being done.
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AN AIRLIFT FERMENTER FOR THE CULTURE OF THE MOSS
PHYSCOMITRELLA PATENS
Philip J. Boyd, 1 Julie Hall 1 and David J. Cove 1
INTRODUCTION

We have studied many aspects of the development, genetics, and biochemistry of
the moss Physcomitrel/a patens (Hedw.) BSG. In such studies, it is often a problem to
obtain sufficient tissue for the various experimental techniques used, and this is
particularly critical for following changes in gene expression. We describe here an
airlift fermenter system. The system was developed to provide a continuous supply of
tissue for analysis, so that the events triggered by the exogenous supply of cytokinin can
be analyzed.
To study the production of endogenous cytokinin, Wang, Horgan, and Cove (1981)
grew P. patens in 10 l batch cultures, in a simple spherical aeration vessel. They
obtained doubling times of ca 120 h, later improved to 48 h (T. S. Futers, unpub data).
It was likely that light and/ or carbon were limiting in this system. They included no
organic carbon source in the medium and did not enrich the air supply with CO 2. Our
airlift fermenter gives a doubling time of less than 30 h and this more rapid growth is
likely to be due both to the addition of CO 2 in the air input and to the higher surface
area to volume ratio of the airlift fermenter, which allows greater illumination of the
tissue than in a spherical fermenter.
In higher plants there are only a few reports of photoautotrophic growth of cell
cultures, including those of Dalton (1980) using Spinacia oleracea (spinach) and Peel
(1982) using Asparagus officinalis (asparagus). In both cases, the sole carbon source
was CO 2, supplied at 1% and 2% by volume in air respectively. Katoh et al. (1979) also
grew the liverwort Marchantia polymorpha photoautotrophically in cell suspension
culture, using 1% CO2 as the sole carbon source. These systems were used as models
for the development of our fermenter, especially the work of Dalton (1980) and Peel
(1982), who both worked on continuous culture airlift vessels.
MATERIALS AND METHODS

The fermenter has a nominal capacity of 6 l; the dimensions of the vessel and its
accessories are shown in Figures 1 - 4. The airlift principle uses the air supply to
provide mixing, and has been recommended for plant cell culture because of its low
shear characteristics compared with those of the stirred tank reactor. Air enriched with
1% CO 2 is supplied at 21/min via a ring of holes in the base plate (Fig. 2) and rises up
the inner draught tube (Fig. 3), providing the mixing force and the carbon source for
growth. Air disengages at the top, and the medium flows down the outside of the
draught tube to complete the cycle (Fig. 1).
1
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Although the design is of an airlift type, we also use a six-bladed, marine impeller
fitted through the top plate (Fig. 4), driven by a Gallenkamp Modular Fermenter
Stirrer unit, as we have found clumping of the tissue in the fermenter to be a problem.
The added shear of the impeller, even when run at 1000 rpm, does not seem to affect
the growth of Physcomitrel/a patens.
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Figure 1. Principles of fennenter continuous operation. A. Plot of log (dry weight of culture)
against time. a. lag phase. b. exponential growth phase, both in batch operatid8. c. dilution begun at a
chosen dry weight and a steady state attained, where the specific growth rate is equal to the dilution rate.
B. Simplified diagram of the fennenter (all dimensions in mm). a. peristaltic pump for dilution and
medium output. b. collection vessel kept in the dark on ice to allow the tissue to settle. c. thennometer.
d. impeller to disperse clumps. e. air entering the draught tube mixes the culture and allows good mass
transfer from the gaseous to the liquid phase. f. pH stat, an autoclavable pH electrode (Russell, UK)
measures fennenter pH; acid or alkali are added from 1 N stocks via peristaltic pumps when the pH varies
from the set value. The fennenter vessel consists of a length of 100 mm ID Pyrex glass tubing (thick
walled) with QuickFit FGlOO flanged tubing at either end, to a total length of 765 mm. All flexible tubing
connections are of translucent silicone rubber.

The fermenter is inoculated under pressure via the tube to which the sampling
device is connected. An inoculum consists of an homogenate of P. patens tissue derived
from young protonemal cultures grown on solid medium. Cell dry weight immediately
after inoculation varies from 10 to 100 mg/1, and small inocula are not found to be at a
disadvantage. On inoculation, the medium-in and medium-out pumps are off, and the
fermenter initially operates under batch conditions.
The fermenter medium used is the modified Knop's medium of Ashton and Cove
(1977) with 10 mM NaNO 3 as the nitrogen source. The pH is adjusted to 6.0 before
autoclaving, and maintained at pH 6.0 ±0.2 during fermenter operation by addition of 1
N HCl or 1 N NaOH via a pH stat. Temperature is maintained at 25±1°C by locating
the apparatus in a constant temperature room. Light is supplied by two banks of
fluorescent tubes (Philips Reflectalite 40 W), six lights per bank, one bank on either
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Figure 2. Fermenter base plate showing stainless
steel draught tube support, medium output and air
inlet (all dimensions in mm). a. medium output. b.
ring of 1 mm holes for air input. The base and top
plates are machined from type 316 S16 (EN 581)
stainless steel, a chemically inert grade. Both are held
to the glass vessel by QuickFit joint clips and sealed
with a nitrile O ring recessed into the plate.
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Figure 3. Draught tube design (all dimensions in
mm). Draught tube is made of 52 mm OD, 49 mm ID
glass tubing. Silicone rubber sleeves protect the three
equidistant glass lugs (5 mm glass rcxl) and provide a
good fit within the outer fermenter vessel.
Figure 4. Fermenter top plate showing impeller
design (all dimensions in mm). a. flexible drive shaft
from motor. b. bearing housing. c. nitrile O ring
seals. d. recessed O ring seal between the top plate
and the flange of the glass fermenter vessel. The top
plate also houses five standard fermenter ports for the
various inputs, outputs and sensing devices. The five
holes for the ports were drilled using a standard
dividing head, but were tapped with a non-standard
thread (18 mm diameter x 1.5 mm pitch) for added
strength, as the plate is only 7 mm thick. The ports
were made to these specifications by an engineering
firm in Leeds. e. impeller with six equally-spaced
blades. Each blade is 15 mm high, 9 mm wide, 1.5 mm
thick and is inclined at 35° to the vertical.
Figure 5. Sterile sampling device. To remove a
sample from the fermenter, the tap (a thumbscrew on
the silicone tubing) is opened a and the fermenter
medium withdrawn (arrowed) using the sterile syringe
b. The tap is then closed after compressing the
syringe to its original empty position. The sample in
the sterile bottle c can then be removed from the
stainless steel housing d, and a new sterile bottle put
in its place.

b

\
d-

side of the fermenter. The light intensity at the surface of the fermenter is 30 to 35 W

-2
m.

Samples are withdrawn at intervals using the device shown (Fig. 5) and the dry
weight of tissue measured by drying a known culture volume in an oven at 110°C for 2
h on a glass-fiber filter disc. The same sample is also used for a contamination test by
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streaking a small volume onto a nutrient agar plate and incubating for 2 days in a dark
incubator at 25°C. Representative growth curves are shown in Figure 6. There is a lag
period following inoculation, and there then follows a period of exponential growth
with a consistent doubling time of 26±2 h. When a chosen concentration is attained, the
fermenter is switched from batch to continuous operation by turning on the medium-in
and medium-out pumps. A steady state cell density is attained when the specific
growth rate equals the dilution rate. During continuous operation, tissue can be
harvested (either at intervals or when a suitable amount has accumulated) by replacing
the collection vessel (Fig. lB). The vessel can be of any size, but must always be full of
medium to maintain the integrity of the system.

Figure 6.
Semi-log plot of
representative fermenter results,
showing the
dry weight of
protonemata attained. Samples were
taken each day for the duration of
the run. Run 6 received 1% CO
from day O; dilution for continuoug
culture was begun at day 5 (a). Run
2 was begun without CO enrich2
ment, and 1% CO added from day 6
(b). Note the ifiitial lag in both
cases, the temporary stationary
phase in run 2, and that the growth
rate after CO enrichment is the
same for both &ns (c). Problems in
obtaining representative outflow are
highlighted in run 6, where the dry
weight of the culture increases for a
day after the start of continuous
operation. There is also considerable fluctuation around the desired
steady state dry weight.
The
production capacity of the fermenter
can be estimated from run 6. If the
desired steady state is ca 500 mg/I,
the fermenter has a nominal capacity
of 6 I and the doubling time is ca 26
h, then every 26 h almost 3 g of
tissue will be harvested.
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The air out and medium overflow, together with medium pumped from the
collecting vessel, are collected in a 10 l overflow vessel from which the exhaust gas
escapes through a condenser and two filters. This prevents wetting of the filters and
provides a backup should one filter become blocked. Sterility is maintained at all
times; the air and CO2 are filtered through two 0.2 µm PTFE filters (Aero 50, Gelman
Sciences) in series, and all inlets to supply vessels and the outlet from the medium
overflow vessel through which the air escapes have 0.2 µm PTFE filters (Aero 37fF,
Gelman Sciences). All parts of the fermenter are autoclaved at 120°C for 20 min and
the medium is autoclaved at 120°C for 80 min. All manipulations of tissue or medium
and any connections of tubing required during fermenter setup are performed under
sterile conditions.
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DISCUSSION

The airlift system described provides a supply of protonemal tissue for analysis,
and allows time courses to be followed, for example after the addition of a plant
hormone. P. patens will develop from the protonemal stage in our system to give small
plantlets, consisting of a protonemal ball with gametophores, but such development is
delayed compared with growth on solid media (20--24 days instead of 10--14 days). If
gametophytic tissue is required, then the fermenter will need some alterations, as
clogging of the outflow will be a problem. Alternatively, if longer production runs of
protonemal tissue are required, it may be possible to manipulate the culture medium in
order to extend the protonemal phase.
The culture must be kept axenic for the results of tests to be interpreted reliably.
This proved to be the most difficult problem to solve, even though there is no organic
carbon source in the medium. Only by a rigorous test of all possible contamination
sources was this problem eliminated. For continuous culture, a representative outflow
is essential, in order that the specific growth rate, calculated from the dilution rate and
the steady state dry weight, is accurate.
We believe that this system, which has been assembled at a comparatively low cost,
could be used with only minor modifications for the culture of a wide range of species.
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THE ISOLATION OF BIOCHEMICAL AND DEVELOPMENTAL
MUTANTS IN PHYSCOMITRELLA PATENS
Celia D. Knight1, David J. Cove 1, Philip J. Boyd 1 and Neil W. Ashton 2
INTRODUCTION

Many mutants have been isolated in the moss Physcomitrella patens (Hedw.) BSG,
including auxotrophs of the following kinds: ADE (adenine), AAR (amino acid), GLN
(glutamine), NIC (nicotinic acid), PAB (p-aminobenzoic acid), PHS (photosynthetic,
sucrose), THI (thiamine) -requiring strains, and NAT (nitrate non-utilizing,
ammonium-repairable) mutants (Ashton & Cove 1977; Dunlop 1982), analogueresistant mutants: AGR (8-azaguanine), DSR (D-serine) (Fig. 1), and PFR (pfluorophenylalanine) -resistant strains (Ashton & Cove 1977), tropically abnormal
mutants: GTR (gravitropically), PTR (phototropically) abnormal strains (Cove et al.
1978; Grimsley et al. 1979; Jenkins & Cove 1983; Jenkins et al. 1986; Cove & Knight
1987), morphological mutants that display abnormal gametophytic development, e.g.
OVE (gametophore overproducing) strains (Fig. 2b) (Ashton et al. 1979a), GAD
(gametophore developmental) mutants (Courtice & Cove 1983), and hormoneresistant mutants: BAR (benzylaminopurine), NAR (naphth-lyl-acetic acid) -resistant
strains (Ashton et al. 1979b; Cove & Ashton 1984).
Several mutagens, including N-methyl-N' -nitro-nitrosoguanidine (NTG) and ethyl
methane sulfonate (EMS), have been employed to induce mutations in P. patens using
haploid spores (Ashton & Cove 1977) or haploid somatic (protonemal) cells (Boyd et
al. unpub data) as the treated material. Following mutagenesis, mutant strains of
interest still need to be recognized and this may be achieved by using total isolation
(Ashton & Cove 1977, Ashton et al. 1979a) and/ or selective isolation (Ashton & Cove
1977, Ashton et al. 1979b) procedures. Somatic mutagenesis, which involves treating
protonemal tissue with a mutagen followed by digestion of the tissue to give protoplasts
that are then regenerated, is an important technique because it allows the induction of
additional mutations in strains that do not produce spores (Boyd et al. unpub data) .
Mutant induction in other bryophytes has been dealt with thoroughly in a recent review
(Cove 1983) that includes a comprehensive list of references to this work.
MUTANT TYPES

Table 1 gives a good indication of the range of mutant types that can be isolated in
P. patens. The range of biochemical mutants that has been obtained in this species is
similar to that found in other bryophytes and green plants but not nearly as extensive as
1s obtained in fungi or bacteria. Amino acid auxotrophs have proven to be particularly
1
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Table 1. Isolation frequencies of various kinds of mutants obtained in Physcomitrella patens.

Mutant

Treated Mutagen
Material
Used

Isolation Number of
Method Surviving
Clones

Number of
Mutants
Isolated

.i,.

00

Frequency Number of
of
Genes RepOccurrence resented In
this Sample
of Mutants (b)

%

Number of

References

0

Genes Known
In P.patens
that Can
Mutate to this
Phenotype (c)

~

j

~

j

Auxotrophs
AAR
ADE
ADE
NAT
NIC
NIC
PAB
PAB
PAB
THI
YET

:ti

Spores
Spores
Spores
Spores
Spores
Spores
Spores
Spores
Spores
PrFr
Spores

NTG
EMS
NTG
NTG
X-rays
NTG
EMS
NTG
NTG
EMS
X-rays

NS
NS
NS
NS
FE
NS
FE
NS

1,671
528
1,671
3,196
1,300
3,627
850
3 ,627

s

40,000

?

190
1,300

FE

2
2
2
3
1
5
1
3
1
1
1

0.12
0.38
0.12
0.09
0 .08(d)
0.14
0.12(d)
0.08
0.003
0.53
0 .08(d)

?
?
?
?

?
2
2
3
3
3
2
2
2

1
2
1
2
1
1
1

?
?

?
?

?
?

Ashton & Cove
Ashton & Cove
Ashton & Cove
Ashton & Cove
Engel 1968
Ashton & Cove
Engel 1968
Ashton & Cove
Ashton & Cove
Engel 1968
Engel 1968

1977
1977
1977
1977
1977

Spores EMS or NTG
PrTi
NTG
Spores EMS or NTG
PrTi
NTG

S (e)
S (f) ca 10,000
(g)
S (h) ca 10,000

s

28
3

0.03--0.7(i)
0.28
0.4-1.3(i)
0.03

?

?

?

?

1977
1977

?
?
?
?
?

?
?
?
?
?
?
?
?

Ashton & Cove 1977
Boyd et al. 1987
Ashton & Cove 1977
Boyd et al. 1987

Spores
Spores
Spores
Spores
Spores
Spores
Spores
Spores
Spores
Spores
Spores
Spores

NTG
NTG
NTG
NTG
NTG
NTG
NTG
NTG
EMS
NTG
EMS
NTG

S (k)
NS
NS
S (I)
S (k)
NS
S (I)
NS
NS
NS
NS
NS

~

::r

P.

§'
~

o·

=
0
....,
r::r

~-

...3

::r

;:;·

.,~

Developmental and/or hormone resistant mutants
BAR (cat 4,5,6,7,8)0)
BAR (cat 4,5,6,7,8)
GAD
NAR/BAR (cat 1)(j)
NAR/BAR (cat 1)
NAR/BAR (cat 1)
NAR (cat 2,3) (j)
NAR (cat 2,3)
OVE (cat 9)(j)
OVE (cat 9)
OVE (cat 10)(j)
OVE (cat 10)

Ill>

;z
0

Analogue resistant mutants
AGR
AGR
DSR &/or PFR
DSR &/or PFR

r

16,714
>40,000
>40,000
18,755
16,714

>40,000
18,755

>40,000
5,000

90,000
5,000
90,000

35
5
165
6
2
1
4
2
2
17
2
8

0.21
< 0.013
< 0.41
0.03
0.01
<0.003
0.02
<0.005
0.04
0.02
0.04
0.01

1

?
?
?
?
?
?

3
3
1
1

Ashton et al. 1979b
Ashton et al. 1979b
Courtice & Cove 1983
Ashton et al. 1979b
Ashton et al. 1979b
Ashton et al. 1979b
Ashton et al. 1979b
Ashton et al. 1979b
Ashton et al. 1979a
Ashton et al. 1979a
Ashton et al. 1979a
Ashton et al. 1979a

=
Q.
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ii
.g
Q.

...3

=
g_
3

C:

6i

=
fil"

Tropically abnormal mutants

PTR

(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
(i)
U)
(k)
(1)

Spores

NTG

NS

3,400

2

0.06

2

2

Cove et al. 1976

ABBREVIATIONS: 8-AG, 8-azaguanine; BAP, 6-benzyl-aminopurine; FE, filtration enrichment; NAA, naphthyl-lyl-acetic acid; NS, non-selective; PFPA,
p-fluorophenylalanine; Prfr, protonemal fragments; PrTI, protonemal tissue; S, selective; YET, yeast extract requiring mutant. Other abbreviations are
given in the introduction.
& (c) From complementation and/or recombination data reported by Ashton and Cove (1977); Courtice et al. (1978); Grimsley et al. (1977b, 1979).
Numbers given are minimum numbers since as yet undiscovered genes may also mutate to give each of the phenotypes listed.
Number is isolation frequency among filtration-enriched survivors.
Mutant strains were selected by their resistance to either 250 or 500 µM 8-AG. The 8-AG was added as a concentrated sterile solution to solid medium
on which approximately one-week-old protonemata, which had developed from mutagenized spores, were growing. This procedure was used since spore
germination appears to be more sensitive to 8-AG than does subsequent protonemal growth.
Mutant strains were selected by their resistance to 500 µM 8-AG in the mannitol-free bottom layer onto which one-week-old regenerating protoplasts
were transferred.
Mutant strains were selected by their resistance to 10 mM D-serine or 550 µM PFPA. Subsequently most of these strains were shown to be resistant to
both analogues although a minority of DSR mutants are sensitive to PFPA.
Mutant strains were selected by their resistance to 550 µM PFPA in the protoplast regeneration medium. They were subsequently found to be resistant
to 10 mM D-serine also.
The isolation frequency varied between experiments within the range given.
The definitive descriptions of mutants belonging to each of these categories has been reported by Ashton et al. (1979a, b ).
Mutants were selected by their resistance to 50, 125, 250, or 500 µM BAP.
Mutants were selected by their resistance to 5 or 15 µM NAA.
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Figure 1. Isolation of O-serine resistant mutant. Spores that had been treated with mutagen were
plated on a medium containing 10 mM O-serine and incubated for 14 days at 25°C. The more spreading
phenotype of DSR mutants allows them to be identified with ease when compared with the restricted
morphology of wild-type plants (scale bar= 5 mm).

difficult to isolate. Engel, for example, screened approximately 5000 filtration-enriched
clones from mutagenized spores specifically for amino acid auxotrophs but did not find
any (Engel 1968). We have tested many more spores than this but have been only
marginally more successful. An entirely satisfactory explanation for this restricted
range of nutritional mutants in P. patens and green plants in general is currently
lacking.
We have utilized both uninucleate haploid spores and haploid protonemal tissue as
the mutagenized material in mutant searches. The large number of spores required for
mutagenesis is readily obtainable in P. patens. A single culture growing in a 25 x 150
mm test-tube yields several hundred sporophytes, each of which contains 2.5 to 5.0 x
103 viable spores. The main disadvantage of using spores is the length of time required
to obtain mature sporophytes, the generation time between spores being approximately
two to three months. Somatic mutagenesis, using protonemal tissue that can be
generated in about a week, provides the additional benefit of allowing a second
mutation to be induced in existing mutant strains. This is especially important in the
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Figure 2. Morphology of peripheral caulonemal filaments from wild-type (a) and OVE (cytokinin over-producing) mutant (b) (scale bar
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case of mutants that are sterile or self-sterile and that cannot, therefore, be made to
produce spores.
We have used several different mutagens in our studies to date. Our mutagen of
choice has been NTG, although EMS appears to be equally effective (Table 1). EMS
may be preferable to NTG on safety grounds since it is an oily liquid that is inore easily
handled safely than NTG, which is a solid and often consists of a very fine, light
powder.
Selective isolation of nutritional mutants has so far been no more effective than
total isolation. We have tried a variety of selective methods without success (Ashton &
Cove 1977), and Engel (1%8) obtained vitamin-requiring strains by filtration
enrichment at frequencies that were no higher than ours using a non-selective approach
(Table 1). However, it is clear from the data in Table 1 that selective isolation is
considerably more effective than total isolation in the case of some other kinds of
mutants, e.g. those resistant to naphth-lyl-acetic acid (NAA) or 6-benzylaminopurine
(BAP) or both.
Although much caution is required in the interpretation of data on the frequency of
occurrence of mutants, it is encouraging to notice that the isolation frequency of
category 1 mutants is comparable to that for both vitamin auxotrophs and OVE
mutants, since this suggests that this interesting class of developmental mutants may be
generated by mutations in a relatively small number of genes. By contrast the isolation
frequency of developmental mutants resistant only to cytokinins is considerably higher,
indicating that more genes may be involved. The frequency of occurrence of GAD
mutants is higher still, suggesting that these mutants, which are known already to be
very diverse phenotypically (Courtice & Cove 1983) are likely also to be genetically very
heterogeneous.
MEDIA, SUPPLEMENTS, AND SOLUTIONS
Stock solutions for growth media

Solution A:

Ca(NO) · 4Hp
FeSO -7~ 0
distillid H

b
2

Solution B:

118
1.25

g

25

g
I

to

MgSO ·7H 0
distilled H/>

g
I

to

KH PO
25 g
. g 4
d1st1lled H 0
500 mi
2
Adjust pH to 6.5 with minimal volume of 4 M KOH and make up to 1 I with additional distilled H 0.
Solution C:

2

Hoagland's A-Z trace element solution (TES):
614 mg H B0

~~

3

3

~:
~i~~\~Ht}O
55 mg Al (SO) ~K SO ·24H 0
2
4 ;i_ ,2.
4
2
55 mg C6CI · 6H U
2
2
28 mg SnCl • 2Hp in 1 I distilled Hp

55
55
28
28
28

mg
mg
mg
mg
mg

CuS0/5H 0
2
ZnSO 4 • 7Hp
KBr
Kl
LiCI

2

Alternative TES:
55 mg CuS0 ·5Hp
4
55 mg ZnSO4 • 7Hp
614 mg HBO
25 mg N~ MgO · 2H O in 1 I distilled H 0
2

4

2

2

389 mg MnCI ·4H 0
2
2
55 mg CoCl 2 • 6Hp
28 mg Kl
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Solid minimal growth medium (ABC medium)
Solution A
1 ml
Solution B
1 ml
Solution C
ml
TES
0.1 ml
100 ml
distilled H 0
2
agar (Difeo Bacio, Sigma, or Oxoid no. 1)
1.5 g
Any desired volume of medium can be made by adjusting the quantities of the ingredients. Autoclave
the med ium at 121°C for 20 min to sterilize it. The pH of the autoclaved medium will be between 5.3
and 5.9, the actual value depending upon the type of agar used .
Protoplast regeneration medium, bottom layer (PRM-B medium)
100 ml
liquid ABC medium
agar
1.5 g
mannitol
6 g
500 mM di-ammonium ( +) tartrate
ml
Protoplast regeneration medium, top layer (PRM-T medium)

liquid ABC med ium
100 ml
agar
0.8 g
mannitol
8 g
500 mM di-ammonium ( +) tartrate
ml
Steam to melt, dispense into 5 ml aliquots, and autoclave at 121°C for 20 min.
Growth supplements
Substance

Concentration In the medium

adenine
500 µM
p-aminobenzoic acid
1. 8 µM
L-arginine HCI
2.5 mM
8-azaguan ine
250 or 500 µM
6-benzyladenine
50to 500 µM
di-ammonium ( +) tartrate
5 mM
p -fluorophenylalanine
550 µM
Na L-glutamate
10 mM
naphth-1 yl-acetic acid
5to 25 µM
nicotinic acid
8 µM
L-ornithine HCI
1.25 mM
L-proline
5 mM
D-serine
10 mM
1.5 µM
thiamine HCI
Most supplements are kept as sterile aqueous 1OOX concentrated stock solutions and added to growth
media as required to give the concentrations listed above. Substances that are not very water-soluble ,
e.g. adenine, or that are used infrequently are added in solid form directly to the medium . All of the
supplements listed may be added to the growth medium prior to autoclaving .
Protoplast wash (PW) solution

mannitol
80 g
distilled H 0
1 I
2
Dispense into appropriate aliquots, e.g. 100 or 200 ml, and autoclave.
Drlselase solution for removal of cell walls from protonemal cells

Driselase
PW

2 g
10 ml
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Stir to mix but do not shake vigorously. Centrifuge at 2500 x g for 5 min in a bench centrifuge.
Carefully remove the clear supernatant and sterilize it by passage through a Millipore filter (pore size:
0.45µm).
Tris-maleate buffer
Tris-(hydroxymethyl)-aminomethane
maleic acid
distilled Hp to a final volume of
Adjust pH to 6.0 with 10 M NaOH or KOH.

6 g
6 g
I

MurANT ISOIATION PROCEDURES
Production of sporophytes
and preparation of spores
for mutagenesis

Production of protonemal
tissue and its preparation
for mutagenesis

Mu tage nic treatments

Isolat i on of protop l asts
Germi natio n of spor es
Regeneration of protoplasts

Culture of protonemal / gametophytic clones
Recognition of mutant strains

Figure 3. Flow chart of the stages involved in the induction and isolation of mutants of Physcomitrella
pa tens. Each of these stages is described in detail in the accompanying text.

Mutagenesis using haploid, uninucleate spores
Production of sporophytes and preparation of spores for mutagenesis (Ashton &
Cove 1977) - Gametophytic cultures grown for about 4 weeks at 25°C on solid ABC
medium, containing nitrate as the sole nitrogen source, and appropriate supplements,
in test-tubes, are transferred to 15°C to induce the formation of sex organs. After 3
weeks at the lower temperature, the cultures are irrigated with sterile distilled water to
facilitate fertilization. After a further 3 to 6 weeks at 15°C, several hundred mature
sporophytes can be harvested from a culture growing in a 25 x 150 mm test-tube,
containing 15 - 20 ml of medium. Each sporophyte contains 2.5 - 5 x 103 viable,
haploid, uninucleate spores. The mature sporophytes are harvested sterilely with fine
forceps and gently squashed in an appropriate solution to give a suspension of
approximately 5 x 103 viable spores mr 1.
Mutagenic treatments (Ashton & Cove 1977) 1.
N-methyl-N' -nitro-N-nitrosoguanidine (NTG) mutagenesis - Ten ml of spore
suspension is prepared in sterile Tris-maleate buffer. One mg of NTG is
added carefully, observing strict safety procedures, to a separate 10 ml of Trismaleate buffer and incubated for 30 min at 25°C. The spore suspension is
then mixed with the NTG solution and shaken gently for an additional 30 min
at 25°C. Treatment is terminated by sedimenting the spores in a bench
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centrifuge and washing them three times with sterile distilled water. Usually
about 10% of the originally viable spores survive this treatment.
2. Ethyl methane sulfonate (EMS) mutagenesis - 0.5 ml EMS is added to 9.5 ml
of 100 mM orthophosphate buffer, pH 7, containing spores. The mixture is
then incubated for 45 min at 25°C before terminating the treatment by the
addition of 10 ml of sterile 400 mM NcizS O solution. Finally the spores are
sedimented in a bench centrifuge and wasfieJ twice with sterile distilled water.
Usually 35--40% of the originally viable spores survive this treatment.
Germination of spores and cultures of gametophytic clones - Following
mutagenesis, about 100 surviving spores are spread onto the surface of appropriately
supplemented ABC medium in 9 cm Petri dishes and incubated at 25°C under
continuous white light (4-10 Wm-2) supplied by fluorescent tubes. Each surviving spore
germinates under these conditions and gives rise to a clone of somatic cells consisting
initially of primary chloronemata but, after three weeks, of caulonemata, secondary
chloronemata, and gametophores also.
Somatic mutagenesis
Production of protonemal tissue for mutagenesis (Grimsley et al. 1979) Protonemal tissue, free of agar, is obtained by incubating 9 cm Petri dishes containing
solid ABC medium, supplemented with di-ammonium tartrate and overlaid with
sterilized cellophane discs (type 325P, 80 mm diameter; Cannings, Avonmouth, Bristol,
U.K.) with approximately 2 ml of a suspension of protonemal fragments made by
blending protonemal tissue in sterile distilled water for about 2 min at approximately
12,000 rpm using an Atomix homogenizer (M.S.E., Crawley, U.K.). The plates are
incubated at 25°C under continuous white light and, after approximately 1 week,
vigorously-growing, haploid protonemal tissue, consisting mainly of chloronemata, is
scraped off the cellophane with a sterile spatula, each plate yielding about 500 mg wet
weight of tissue.
Mutagenesis of somatic cells (Boyd et al. unpub data) - The method used for
somatic mutagenesis is identical to that employed with spores except that the NTG
solution is added to 1 g wet weight of young protonemata that have been pre-incubated
for 30 min at 25°C in 10 ml of Tris-maleate buffer. The mixture is then incubated for a
further 60 min at 25°C with gentle agitation. The treatment is terminated by filtering
the mixture sterilely using a stainless steel mesh (pore size: 100 µm x 100 µm) that
retains the protonemal tissue and by washing thoroughly with sterile, distilled water.
Production of protoplasts from the mutagen-treated tissues (Grimsley et al. 1979)
- Protoplasts are obtained from the 1 g of mutagen-treated protonemata by incubation
in 10 ml of a sterile, aqueous solution of 2% (w/v) Driselase 8% (w/v) mannitol, for
20-30 min at 20°C with gentle shaking. The protoplasts produced are then filtered
sterilely through stainless steel mesh (pore size: 100 µm x 100 µm), harvested by
gentle centrifugation (100 - 200 x g for 3 min) and washed twice with sterile 8%
mannitol. Approximately 1a5 viable protoplasts are present at the end of these
procedures. About 106 viable protoplasts are obtained from the same weight of tissue
that has not been mutagenized. Therefore, as with spores, the survival rate of somatic
cells treated with NTG is approximately 10%.
Regeneration of protoplasts and the production of gametophytic clones (Grimsley
et al. 1977) - One ml of protoplasts suspended at an appropriate density in sterile,
aqueous 8% mannitol is added gently to 9 ml of molten PRM-T kept at 35°C in a water
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bath. Aliquots, about 2 ml, are then pipetted or poured gently onto PRM-B, overlaid
with sterile cellophane, in 9-cm Petri dishes. After 1 week of incubation, the
protoplasts will have regenerated cell walls, and osmoticum is no longer required.
Since growth is more rapid in medium without mannitol, the regenerating protoplasts
in PRM-T are therefore transferred to fresh normal ABC medium. As with
germinating spores, each surviving protoplast regenerates, giving rise to a clone of
somatic cells.
The isolation of mutants following mutagenesis and the production of somatic clones
from either germinating spores or regenerating protoplasts
Biochemical mutants (Ashton & Cove 1977; Boyd et al. unpub data) - To date,
the most satisfactory method of obtaining auxotrophs has proven to be total, i.e. nonselective, isolation. This procedure involves culturing protonemata, derived from
mutagenized spores or protoplasts, initially on medium containing the substances that
are required for the growth of the classes of nutritionally-deficient mutant that are
being sought. After 1-2 weeks of growth on this medium, the protonemata can be
tested for auxotrophies by transferring half of each colony onto supplemented medium
and the other half onto minimal medium. Twenty-five protonemata can be tested in
this way in pairs of 9-cm Petri dishes. In order to isolate a particular kind of auxotroph
it may be necessary to test several thousands of somatic clones, each of which has
grown from a single mutagenized spore or protoplast. Prototrophic strains will grow
equally well on both the minimal and supplemented medium, whereas auxotrophs will
grow only on supplemented medium (non-leaky mutants) or will grow better on
supplemented than on unsupplemented medium (leaky mutants). Analogue-resistant
strains could also be obtained using total isolation, but it is easier to isolate them
selectively by including the analogue in the growth medium, either from the outset as
we do routinely in the cases of D-serine (see Fig. 1) and PFPA, or as soon as mutagentreated spores/protoplasts have germinated/begun to regenerate, as with 8-azaguanine.
The isolation of developmentally abnormal and/ or hormone resistant or
hormone-requiring strains (Ashton et al. 1979a, b; Courtice & Cove 1983) - The
easiest way to isolate a wide range of morphologically altered mutants is to inoculate
mutagenized spores or protoplasts at a density of about 100 survivors per 9-cm Petri
dish and incubate them for 3--4 weeks under the usual regime of culture conditions. At
this time, abnormal strains blocked or altered in various stages of gametophytic
development will be readily discernible and can be saved for further study by
subculturing onto fresh medium.
We have been especially interested in mutant strains that are affected in their
requirement for a response to auxins and/or cytokinins. A scheme for obtaining
mutants of these types from spores is given in Figure 4, and it can be easily modified
for use with mutagenized somatic protonemata as starting material.
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Selecti ve Method

wild-t ype spores

wild-t y pe spores

l

1

Mutagen i c treatment, usual ly with NTG or EMS

I
Plating of treated
spores on to so Ii d

Plating of treated
spores on to so I id
minimal medium CHM )

medium containing
high concentrations
of exogenous auxin

or cytokinin

l
Incubation tor 3 to 4 weeks at 25•C in constant i I I um i nation

l
Visual examination to
detect vigorously
growing strains,
l. e. resistant mutants

Visual examination to
detect mutants with
abnormal morphologies

1
Further analysis of
resistant mutants by
growth-testing on
MM, MM + auxin
and MM + cytokinln

Growth- t esting of
mo r phologicall y-abnormal
on MM, MM
au xi n CNAAl,
cytokinin CBAP )
and MM
to detec t mutants with
altered responses to
ex o genous growth subs t ances
♦

♦

Some morphologicall yMost selecti vely isolated
resistant mutants have an
altered morphology

abnorma I st r ains have

altered sensiti v ities
to exogenous auxin

and / or cytok i nin

Figure 4. Flow chart of the isolation of mutants that are altered in their responses to exogenous auxin
and/ or cytokinin (Ashton et al. 1979b).

SUPPLIES

Whenever possible, analytical grade inorganic chemicals should be used.
organic chemicals needed can be obtained from:
Sigma Chemical Company Ltd
Fancy Road
Poole
Dorset BH17 ?NH
England

Sigma Chemical Company Ltd
P.O. Box 14508
St. Louis

M063178
USA

All

Sigma Chemicals GmbH
Gruenwalder Weg 30
D-8024 Deisenhofen
FRG
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GENETIC ANALYSIS IN PHYSCOMITRELLA PA TENS
N. W. Ashton1, P. J. Boyd 2 , D. J . Cove2 and C. D. Knight2

INTRODUCllON

We will refer to three methods of genetic analysis that have been devised for use
with the moss, P. patens. These methods enable us to investigate the genetic
complexity of groups of phenotypically similar mutants, some of which were described
in the previous chapter (Knight et al., 1988). We are endeavoring by these means to
dissect genetically some of the transitions that occur during growth and development of
the gametophyte. As a first step towards a fuller understanding of the nature and
regulation of morphogenetic changes such as the growth response to gravity, we hope
to establish the number of genes that can mutate to give a particular phenotype. There
are two main stages to this analytical approach. The first of these is to obtain a
collection, ideally as large as possible, of mutant strains with the desired phenotype.
We have described the methodology required for this in the previous chapter. The
second step, which we shall discuss here, involves genetic analysis of the group of
mutants, either by sexual crossing or somatic hybridization or both.

Sexual crossing
Wild type P. patens is monoicous, and sporophytes from self-fertilization (selfed
sporophytes) are readily obtained by appropriate manipulation of culture conditions. A
mixture of selfed sporophytes and sporophytes from cross-fertilization (crossed
sporophytes) may be produced by co-inoculating two fertile strains in the same culture
vessel. Crossed sporophytes alone can be obtained by using two strains that are selfsterile but cross-fertile (Ashton & Cove 1977). Routinely, this is achieved by using
parental strains carrying non-allelic mutations that result in vitamin auxotrophy. For
such mutants it is usually possible to provide the vitamin(s) at a level that allows
normal growth and development of the gametophyte but that does not permit the
production of selfed sporophytes. However, crossed sporophytes develop normally
under these circumstances (Courtice et al. 1978).
Transmission genetics can be studied in P. patens by analyzing phenotypic ratios
among the haploid progeny derived from crossed diploid sporophytes following
me1os1s. The primary purpose of the cross, i.e. to discover whether or not two
independently isolated mutants of identical or similar phenotype are affected in the
same or different genes, will be realized if wild-type recombinant progeny are
recovered. However, should no recombinants be obtained, this may indicate either that
both strains are mutated in the same gene or that they are mutated in different but
closely linked genes. To distinguish between these possibilities either more progeny
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need to be examined to discover rare recombinants or a complementation test must be
performed.
There are two methods of complementation testing in P. patens: aposporous
regeneration of crossed sporophytic tissue and somatic hybridization. Both involve
generating hybrid plants that possess one copy of the complete genome of each
parental strain. The rationale underlying the test is that if both strains are affected in
the same gene, the hybrid between them will lack a functional copy of this gene and its
phenotype will be mutant. However, if the mutants are affected in different genes, the
hybrid will possess one normal (wild-type) copy of each gene and, providing that in
both cases, the wild-type allele is dominant to its mutant counterpart, the hybrid will be
phenotypically normal. It is clear from these comments that the meaningful
interpretation of data from complementation testing requires that dominance testing is
also done for each strain involved.
Aposporous regeneration
The aposporous regeneration of diploid tissue dissected from immature crossed
sporophytes enables us to perform both dominance and complementation tests on a
collection of mutants, providing they can be crossed sexually (Engel 1968; Ashton &
Cove 1977).
Somatic hybridization
Many developmental mutants are completely sterile and cannot therefore be
studied genetically by sexual crossing.
However, they can be subjected to
complementation analysis by means of a parasexual method of hybridization (Grimsley
et al. 1977a). This technique involves isolation and mixing of haploid protoplasts from
the strains that are to be hybridized, followed by protoplast fusion using
polyethyleneglycol (Grimsley et al. 1977b) or electrofusion (Watts et al. 1985),
regeneration of the protoplasts, and selective isolation of diploid hybrids. Auxotrophic
mutations are the forcing markers used to select hybrids, and in order to study
developmental mutants using this method, mutants are usually induced in strains that
already carry auxotrophic mutations. An alternative, more time-consuming approach
(which we have not used) might, however, be employed.
Strains possessing
developmental phenotypes of interest, but not having complementary auxotrophies,
would first be subjected to somatic mutagenesis as described in the previous chapter
(Knight et al. 1988). Additional nutritional mutations would be selected and these
would then be used for selection, on minimal medium, of somatic hybrids produced
par asexually.
Genetic transformation
Preliminary, unpublished data obtained by us and our co-workers, Z . Long, T.
Mohammed, A. Kumar, A. Radford, C. Martin, D. McClelland, and T. Wang, suggest
that we have genetically transformed P. patens protoplasts with plasmids carrying a
selectable marker gene, the expression of which confers on the transformed moss a
resistance to concentrations of the antibiotic, kanamycin, which would otherwise inhibit
growth. Our method involves subjecting protoplasts, mixed with plasmid DNA in the
presence of polyethylene glycol, to a brief heat shock followed by the selection of
kanamycin-resistant moss regenerants. By this means we have obtained stable
kanamycin-resistant strains that we are now analyzing by Southern blotting in order to
establish whether all or part of the plasmid DNA has been inserted into the moss
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genome. Since we still await the outcome of this study, we feel that it is inappropriate
to describe our transformation procedure in more detail at this time. However, we
believe strongly that this technique will soon prove to be a very powerful tool with
which to investigate moss development. The investigative approach utilizing genetic
transformation, which we currently favor as the most promising, entails the production
of new developmental mutants by insertion of identifiable plasmid DNA into the P.
patens genome.
The region of the moss genome affected would be recognizable since it would flank
the transforming DNA on both sides. Isolation, cloning, sequencing, and further
analysis of the developmental gene affected would then be feasible.
RESULTS AND SAMPLE DATA

Various strategies that have been employed in the genetic analysis of P. patens
mutants are outlined in Figure 1. These procedures facilitate acquisition of the
following kinds of information.
Phenotype segregation patterns, generated by meiosis, can show whether the
altered phenotype of a given mutant strain is the result of mutation of a single gene or
of several genes. They may also indicate the ploidy level of the cells that have divided
meiotically. Thus, the segregation patterns observed among plants grown from spores
produced within sporophytes formed by self-fertilization of somatic hybrids are
consistent with the gametophytic hybrids being diploid and the sporophytes derived
from them being tetraploid (Grimsley et al. 1977a; Featherstone 1980; Cove 1983).
Segregation patterns can also reveal pleiotropic effects of mutant alleles, e.g. most of
the auxotrophic mutations isolated in P. patens, in addition to leading to a growth
requirement, cause strains carrying them to be self-sterile, but cross-fertile (Ashton &
Cove 1977; Courtice et al. 1978). Recombinational analysis can indicate whether
different genes are linked and if so, how closely, and should ultimately allow the
detection of linkage groups and enable the order and positions of genes in linkage
groups to be determined.
The production of wild-type recombinant progeny by crossing mutant strains with
identical or similar phenotypes indicates that more than one gene can be mutated to
give the mutant phenotype being studied, e.g. nicAlO and nicBS are mutant alleles of
unlinked genes, both of which result in nicotinic acid auxotrophy (Ashton & Cove
1977; Fig. 2, Table 1). The failure to obtain wild-type progeny from such a cross can
occur either because the parental strains possess mutations in the same gene or
because they carry mutations in different but closely linked genes. Consequently, in
studies designed to ascertain how many different genes can mutate to produce the same
altered phenotype, recombinational analysis is a poor substitute for complementation
analysis (see Fig. 3 and Tables 2 & 3), which has already proved to be a powerful
method of genetic analysis in P. patens.
Complementation tests, using somatic hybrids generated from pairs of mutants by
protoplast fusion, have revealed that the following mutant phenotypes can result from
mutation in the number of genes given in brackets: NIC (3) (Grimsley et al. 1977b);
PAB (2) (Grimsley et al. 1979); PTR (3) (Courtice 1979); GTR (3) (Courtice 1979);
'narrow-leaved' GAD (2) (Courtice & Cove 1983); category 9 OVE (3) (Featherstone
1980); category 10 OVE (2) (Featherstone 1980); GAM (> 1) (Grimsley et al. 1979).
Somatic hybridization has been especially useful as a means of genetic analysis when
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Figure 1. Flow chart summarizing various strategies employed in the genetic analysis of mutants of Physcomitrella patens. Information on the right of the
chart is relevant to the cross, MUT-1 x MUT-2. Information on the left relates to the crosses, WT x MUT-1 and WT x MUT-2. Numbers in brackets refer to
publications that contain examples of the use of the indicated strategies. (1) Engel 1968; Ashton & Cove 19TI; Courtice et al. 1978. (2) Ashton & Cove 19n.
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Figure 2. Progeny of the sexual cross, thiAl nicAlO x nicBS ylo-o, grown from equal samples of spores
inoculated onto minimal medium (right Petri dish) and medium supplemented with thiamine HCl and
nicotinic acid (left Petri dish). Neither parental strain can grow on minimal medium, but recombinant
progeny having the wild-type alleles of the thiA, nicA, and nicB genes will grow. Since these genes are
unlinked, such strains comprise one eighth of all progeny. The 1:1 segregation of ylo-6 to ylo + progeny can
be seen on both media. For further details of this cross see Table 1.
Table 1. Segregation pattern observed among progeny grown from spores from a diploid sporophyte
that resulted from cross-fertilization between thiAl nicAlO and nicBS ylo-o.
Phenotype of progeny
Nutritional
Requirements
Color

none
none
thi
thi
nic
nic
thi & nic
thi & nic

green
yellow
green
yellow
green
yellow
green
yellow

Allele frequencies

Number of progeny
Observed
9

6
10
14
24
31
24

20

Expected

Observed

Expected

8.6
8.6
8.6
8.6

y/o-6

51%

50%

thiA1

49%

50%

25.9
25.9
25.9
25.9

nicA10
and/or
nic85

72%

75%

Spores from a single, crossed sporophyte were sown on medium supplemented with thiamine HCl and
nicotinic acid, allowed to germinate and grow into small protonemal colonies. The nutritional requirements
of a random sample of protonemata, each of which had grown from a single uninucleate, haploid spore,
were then ascertained by subculturing each filamentous clonal colony onto a series of appropriately
supplemented media. Within two to three weeks, the growth requirements and color of each clone were
readily discernible.
The expected progeny and allele frequencies given in this table were calculated on the assumption that
the thiamine auxotrophy/prototrophy and yellow/green character differences are each due to allelic
differences in single genes, i.e. thiAl and its wild-type allele and ylo-o and its wild-type respectively. It is
assumed that the nicotinic acid auxotrophy of the parental strains is the result of mutation in two different
genes, i.e. nicA and nicB with respect to which each progeny of the cross may be mutant or wild-type. In
addition, it is assumed that there is no linkage between any of the four genes and that none of the alleles
has any affect upon the viability of spores inoculated onto supplemented medium. The presence of
nicotinic acid non-requiring progeny from this cross confirms that two different genes must be involved in
the generation of nic auxotrophy; the production of approximately one quarter nicotinic acid non-requiring
progeny shows that these genes are unlinked.
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thiA1

pabA3

j,

J,

mutagenlse and Isolate developmentally-abnormal mutants

thiAI DAB-I

pabA3

DAB-2

Isolate protoplasts from young protonemal tissue

thiAi DAB-I protoplasts

pabA3

DAB-2 protoplasts

mix protoplasts (1:1)

.J.,
Induce protoplast fusion with high pH, PEG or electrical pulses
test for reversion
on HM

test for reversion
on HM

j..
auxotrophlc
plants

test tor survival
on SM

select hybrids
on HH

test for survival
on SH

:r:

regenerate protoplasts
j,

no
regenerants

prototrophlc
somatic hybr Ids

l
no
re gene rants

1
auxotrophlc
plants

culture prototrophic hybrids and
examine their phenotypes to determine
whether DAB-I and DAB-2 complement each other

Figure 3. Flow chart of the stages involved in a complementation test be~een two phenotypically
similar developmental mutants by means of protoplast fusion.
Abbreviations: DAB - developmentally abnormal; MM - minimal medium; SM - medium
supplemented with p-aminobenzoic acid and thiamine HCI.
Each stage is described in the accompanying text. Half of the protoplasts from each parental strain
are mixed, treated, and used for hybrid selection. The remaining halves of the protoplast suspensions are
used for reversion tests, the purpose of which is explained in the legend of Table 2.
In the survival test, a small number of unmixed and appropriately diluted protoplasts of each strain is
plated on the SM to ascertain the number of protoplasts surviving the fusion treatment.
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Table 2. The selection, after PEG-induced protoplast fusion, of somatic hybrids between thiAl
nicAlO and nicBS ylo-6.
Estimated number of viable protoplasts
Inoculated onto minimal medium
thiA1 nicA10
nicB5 ylo-6

Number of prototrophlc
plants produced

Control
Control
Mixed

0

0
ca 600

Half of the protoplasts from each parental strain were subjected individually to the fusion treatment
before inoculating them onto control plates of minimal medium. The remaining protoplasts from both
strains were mixed, subjected to fusion treatment, and plated onto minimal medium. Prototrophic
regenerants were obtained from the mixed treatment only. The absence of prototrophs on the control
plates indicates that the majority and probably all of those that arose following the mixed treatment cannot
be accounted for by spontaneous reversion or suppression of any of the original auxotrophic mutations.
The most likely explanation of these results, therefore, is that the prototrophs are somatic hybrids in which
gene complementation has occurred. Thus, nic-10 and nic-5 are in different complementation groups and
must represent different genes, hence our strain designations, nicAlO and nicBS, where A and B refer to
complementation groups. The numbers of viable protoplasts treated and inoculated onto minimal medium
were estimated from the numbers of plants that grew on plates of supplemented medium inoculated with
appropriately diluted samples of the protoplast solutions made from each parental strain.
thiA 1 spores

nk:85 spores

mutagenize spores and isolate a second mutation (MUT) in each strain

nicBS MUT-2

thiA MUT-1

co-inoculate ml114nts on sterile, solid SM in test-tubes
~he levels o1 thiamine HO and nicotinic acid in this medium support vigorous gametophytic growth
but do not allow the development o1 setted sporophytes)

culture at 25°C in continuous white light for ca 4 weeks

transfer to 1s°C to induce sex organ formation

alter ca 3 weeks at the lower temperature, irrigate cultures
with sterile distilled water to facilitate fertillzation

cotture for a fu rth er 3 to 6 weeks

germinate spores on solid SM

alter 10-1" days, growth-test a random sample o1 progeny plants, each o1 which can be seen clearly
to have grown from a singe spore, on mmimaJ and appropriately supplemented solld media

Figure 4. Flow chart of the stages involved in the genetic analysis of two mutant strains by means of
conventional sexual crossing.
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one or both of the strains to be crossed is/are sterile, thus precluding conventional
sexual crossing. A limitation of this approach is encountered when at least one of the
strains involved carries a dominant mutation. Category 1 and 2 NAR mutants have
been shown to possess dominant or partially dominant mutant alleles, and this has
prevented the complementation analysis of these interesting categories of
developmental mutants (Ashton et al. 1979). Therefore, in order to analyze these
strains genetically it will be necessary to use methods that circumvent the problems that
result from the sterility of these mutants and their possession of dominant or partially
dominant mutant alleles. For example, it may be possible to select conditional category
1 and 2 NAR strains that are NAR and sterile under the non-permissive conditions
only. Under the permissive conditions, such strains will be fertile and the analysis of
sexually produced crosses will be feasible.
Recombination analysis can demonstrate epistatic interactions between non-allelic
genes and thus provide information about the order in which genetically programmed
steps in biochemical and developmental pathways occur. However, this use of
recombination analysis has yet to be realized in P. patens.
MEDIA, SUPPLEMENTS, AND SoLtmONS

Stock solutions for growth media, solid minimal growth medium (ABC medium),
protoplast regeneration medium, bottom layer (PRM-B medium), protoplast
regeneration medium, top layer (PRM-T medium), protoplast wash (PW) solution, and
driselase solution for removal of cell walls from protonemal cells are as given in the
previous chapter (Knight et al. 1988). Growth supplements are also as given in the
previous chapter with one exception: thiamine HCl is present at a concentration of 15
nM in medium designed to promote the production of crossed sporophytes; when
present in other types of media, its concentration is 1.5 µM. Recipes of solutions
referred to in this chapter and not given in the previous chapter are as follows:
Protoplast wash solutions containing CaCl

2

Ca/PW-1
Mannitol
50 mM aqueous CaCI solution
1
(7.35 g CaCI ·2 H 0
distilled H 0)
2

f

2

2

Ca/PW-2
Mannitol
500 µM aqueous CaCI solution
2 1
(73.5 mg CaCI ·2H 0 r distilled H 0)
2

2

809
11

80g
11

2

Dispense into appropriate aliquots, e.g. 100 or 200 ml, and autoclave.
Protoplast fusion solution (Ca/PEG)

Polyethyleneglycol (PEG), M Wt 6000
50 mM aqueous CaCl solution
2

50 g
100 ml

Dissolve PEG by steaming or heating, mix, dispense into appropriate aliquots, e.g . 2, 5, or
10 ml, and autoclave.
PEG elution solution (X)

Mannitol
50 mM aqueous CaCl solution
2

Dispense into appropriate aliquots, e.g. 2, 5, or 10 ml, and autoclave.

Sg
100ml
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PROCEDURES

Sexual crossing (Ashton & Cove 1977; Courtice et al. 1978)
The experimental protocol for the genetic analysis of two mutant strains by means
of conventional sexual crossing is given in Figure 4. In the example outlined, two newly
isolated mutations, MUT-1 and MUT-2, are analyzed.
They are isolated in
auxotrophic strains to facilitate crossing. The two strains used in this example, thiAl
and nicB5, are self-sterile but cross-fertile. Thus, only crossed sporophytes will be
produced. Successful crossing of thiAl MUT-1 with nicB5 MUT-2 also depends upon
neither of the MUT mutations causing complete sterility. The results of a cross of the
type described above are illustrated in Figure 2 and Table 1.
Somatic hybridization
The usefulness of somatic hybridization as a tool for genetic analysis in P. patens
has been made clear in the introduction and results sections of this chapter and is also
evident in Figure 1. The protocol employed for complementation testing between two
phenotypically similar developmental mutants by means of protoplast fusion is given in
Figure 5. The dominance status of the mutant genes involved can also be ascertained
by using the same procedure to hybridize each developmental mutant with a
developmentally normal strain, e.g. thiAl + pabA3 DAB-2 and thiAl DAB-1 + pabA3.
Sample results from a complementation analysis of this type are given in Table 3.
All of the stages involved in somatic hybridization, e.g. protoplast isolation and
regeneration, have been described in detail earlier (Knight et al. 1988) with the
exception of the protoplast fusion methods, two of which will be dealt with here.
Polyethyleneglycol (PEG)-induced protoplast fusion (Grimsley et al. 1977b) - The
protocol for PEG-induced protoplast fusion is given in Figure 5, and the results of
hybridizing pairs of mutants by this means are illustrated in Figure 7 and Table 2.
Although the efficiency of this method of somatic hybridization is low, hybrids are
readily obtained by using complementary auxotrophic mutations as selective markers in
the strains being hybridized. The PEG method can be performed sterilely and requires
no sophisticated apparatus.
An alternative method of chemically induced protoplast fusion involving a high pH
(10.5) treatment (Grimsley et al. 1977a) has also been used successfully in P. patens, but
PEG-induced fusion is currently the method that we prefer.
Electrofusion of protoplasts - The method outlined in Figure 5 is adapted from
protocols described by Watts and King (1984) and Watts et al. (1985). It presents the
following advantages and disadvantages when compared with chemically, e.g. PEG,
induced protoplast fusion.
Advantages
1. A voids the use of toxic chemicals.
2. Increased efficiency. Therefore, fewer protoplasts are required and less
material needs to be cultured both before and after crossing.
3. Requires less time than PEG-induced fusion.
Disadvantage
Optimization of conditions needed to produce predominantly dikaryons,
formed by fusion of pairs of protoplasts, may be necessary. This is routinely
achieved by manipulating the density of protoplasts and the Ca+ + concentration in
the fusion medium (Watts & King 1984) and is only a minor inconvenience.

4

4

X
5

10

1 X 10

1.5

>10
4

0

0

0

0

0

0

0

0

0

0

on minimal
medium
strain 1
strain 2

144

144

>100

>100

123

Number of regenerants
on minimal medium
after fusion of
6
2 x 10 protoplasts
6
(10 strain 1 +
6
10 strain 2)

abnormal

normal

normal

normal

normal

Gravitropic
phenotype
of hybrid

gtrA12 and gtrC5
complementary
gtrA 12 and gtrA2
non-complementary

gtrC5 recessive

gtrA2 recessive

gtrA 12 recessive

Conclusion

Experimental data to illustrate complementation analysis of developmentally abnormal strains. Note that it is only possible to select hybrids between
strains carrying complementary auxotrophic mutations; hence in this example it has not been possible to obtain a hybrid between gtrA2 pabA3 and gtrC5
pabA3. The numbers of regenerants on supplemented medium from protoplasts of individual strains subjected to the fusion treatment were calculated from
the numbers of regenerants obtained in survival tests performed using small, appropriately diluted samples taken from treated, unmixed protoplast
suspensions of each strain. The numbers of regenerants on minimal medium from unmixed and mixed protoplasts, given in this table, are the numbers actually
observed. The numbers of protoplasts present in suspensions prior to fuiion treatment were estimated from counts made using a haemacytometer. Protoplast
concentrations were adjusted so that aliquots contained approximately 10 protoplasts.

gtrA2pabA3

2.5 X 10

thiA1

gtrC5pabA3

4

4
> 10

X

>104

4.8

4
10

>104

gtrA12thiA1

thiA1

gtrA2pabA3

2.5 X

2.5 X 10

pabA3

gtrA12 thiA 1

4
10

on supplemented
medium
strain 1
strain 2

gtrA 12 thiA 1 gtrC5pabA3

Strain 2

Strain 1

Number of regenerants after fusion of
6
10 protoplasts of lndlvldual strains

Table 3. Complementation analysis of GTR mutants.
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Isolate and wash protoplasts <PP> from the two strains to be hybrid i sed
mix PP s o that approximately equal numbers of each strain are present

centrifuge at 100 to 200 x g for 3 min
resuspend PP In Ca/PW-2
at ca. 2 x 10 1 PP ■ 1- 1
pipette 1.5 ml of PP mixture into
20 mm x 20 mm chamb~r of an Internally
divided 100 mm square pet,! dish

resuspena PP in 250 ul
of Ca/PW• l ~t ca. 10' pp mJ-•
at tCtlmel = 0, add 750 ul of
Ca/PEG, mtx by gentle shaking
and Incubate at 20 •c

J,.
Insert pre-sterilized transferable
elec t rode (inter-electrode
distance 5 mm> into fusion chamber
apply AC field (IOV RHS,
500 KHz> for 2 to 4 min
alllgnment of PP Into
"pearl-chains" para! lei to
electrical field (see fig 6a)

at t = 40 min, add 1.5 ml of
elution medium X and mix
at t = SO min, add 10 ml
of Ca / PW-I and mix
at t = 60 min, add further
10 ml of Ca / PW-1 and mix
at t = 80 min, centrifuge
at 100 to 200 x g for 3 min

apply DC pulse (800 V cm-•
for 1 msec), with AC field
left on, to fuse PP <see fig 6bl

resuspend PP in Ca / PW

leave AC field on for
a further 3 to 4 min
remo ve electrode

J,
add 2.5 ml of ABC medium containing
8% mannitol to t he fusion chamber,
mix gently and al low to stand for
1 h to complete fusion process
add PP to PRM-T and pour on to PRH-8

Figure 5. flow chart of the stages involved in the electrofusion or PEG-induced fusion of
Physcomitrella patens protoplasts.

70

Ashton, Boyd, Cove & Knight'. Genetic analysis in Physcomitrella pateris

Figure 6. Electrofusion of Physcomitrella patens protoplasts. a. alignment of protoplasts in an AC
field. b. fusion following a DC pulse. Scale bars: 500 µm.

Figure 7. The selection, after PEG-induced protoplast fusion, of somatic hybrids between two
independently isolated GTR mutants. The central, upper left, and upper right Petri plates contain minimal
medium; the lower left and right plates contain medium supplemented with the vitamins, thiamine HCl and
p-aminobenzoic acid. Plates on the left were inoculated with protoplasts from thiAl gtrC13; plates on the
right were inoculated with protoplasts from pabA3 gtrA202; the central plate was inoculated with
protoplasts of both strains, which had been mixed prior to subjecting them to the fusion treatment.
Protoplasts of each parent were individually subjected to the fusion treatment before inoculating them onto
the control plates of minimal medium (to demonstrate that the rate of spontaneous reversion of each
parental strain to prototrophy is too low to account for the regenerants growing on the central, hybrid
selection plate) and of supplemented medium (to ascertain the viability of protoplasts of each strain after
fusion treatment). In this case, the nutritional mutations of the parents are used as forcing markers for the
selection of hybrids. The ability of the hybrids to respond to gravity is tested by subculturing individual
hybrids onto fresh medium containing 05% sucrose and growing them in the dark.
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+
PU
B

•
FC

SWG

C

R1

z
D

Figure 8. Circuit diagram for power/control unit for protoplast electrofusion. PU: power unit, 0-000
V D.C. SWG: Sine wave generator, approximately 05 MHz. Z:. zener diode. D: diode (IN4002). C: 8 uf
800 V electrolytic capacitor. S: D.P.D .T. charge/discharge switch (rated 15 A). R1 : 560 Ohm, 1 Watt.
R2: 250 Ohm, 10 tum, 3 Watt potentiometer. R3: 4700 Ohm, 1 Watt. FC: fusion cell with electrodes.
SUPPLIES AND EQUIPMENT ·

The transferrable electrode and its manufacture, used in our protoplast
electrofusion method, has been described in detail elsewhere (Watts & King 1984).
Figure 8 provides the circuit diagram for the AC field and DC pulse generator.
An alternative method of electrofusion, involving the micromanipulation and
fusion of pairs of protoplasts of defined origins, has been used to make somatic hybrids
in Funari.a hygrometrica (Mejia et al. 1988).
Most of the equipment required for the procedures described in this paper will be
available in any microbiology laboratory. Details and sources of more unusual
apparatus are given in the methods section.
Whenever possible, A. R. grade inorganic chemicals should be used. All organic
chemicals needed can be obtained from:
Sigma Chemical Company Ltd.
Fancy Road
Poole
Dorset BH17 ?NH
England

Sigma Chemical Company Ltd .

P.O. Box 14508
St. Louis
M063178

Sigma Chemicals GmbH
Gruenwalder Weg 30
D-8024 Deisenhofen
FRG

USA
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PROTOPLASTS AS A TOOL FOR ISOLATING INTACT
CHLOROPLASTS FROM THE MOSS
LEPTOBRYUM PYRIFORME
Rainer Gottwald 1, Peter Beutelmann 1 and Elmar Hartmann 1
INTRODUCTION

Little is known about the compartmentalization of the lipid metabolism in mosses,
especially about the participation of the desaturating systems. The importance of this
metabolism is stressed by the formation of arachidonic acid and acetylenic acids, which
seem to be important, physiologically active fatty acids in mosses. We approach the
elucidation of these special metabolite pathways by inserting radioactively labelled
precursors. But the first step in this project is the isolation of intact chloroplasts, as
these cell organelles are the compartments in which the biosynthesis of the
polyunsaturated fatty acids occurs.
Not long ago Spinacia o/eracea and a few others were the only suitable plant
material for this purpose, but in the last years the number of plant species from which
intact plastids can be isolated has increased rapidly. One reason for this progress is the
application of the protoplast technique, which allows a very smooth and careful
fractionation of the cells (Nishimura et al. 1976).
There are few papers dealing with the isolation of intact plastids from bryophytes.
Therefore it was necessary to develop a successful isolation method. The following
procedure delivers intact chloroplasts from Leptobryum pyriforme (Hedw.) Wils., which
are able to produce photosynthetic oxygen for about 45 minutes. Leptobryum pyriforme
is a useful organism for the above-mentioned project because a submersed mass
culture under defined conditions is possible.
CULTURE TECHNIQUES

The moss is cultivated at a constant temperature of 20°C, 2000 lux white light, 16 h
light : 8 h dark phase. One-liter Erlenmeyer flasks with 400 ml medium are used as
culture vessels. The medium has the following composition: JSPO4 408 mg/I; KNO 3
300 mg/I; CaC½ · 2H2O 31.8 mg/I; MgSO4 · 7H2O 30 mg/I; FeC1:J 5.4 mg/I; glucose 1
g/1; CuSO4 · 5H2O 165 µ.g/1; ZnSO4 · 1ttiO 165 µ.g/1; H 3BO4 1842 µ. g/1;
MnC½ · 4H2 O 1167 µ.g/1; CoC½ · 6H2O 165 µ.g/1; KI 84 µ.g/1; N32MoO 4 · 2H2O 75
µg/1.
About 100 mg (fr wt) protonemata are inoculated into 400 ml medium. After 7-12
days the cells are transferred into fresh medium from which the protonemata are
harvested after 4 days. This treatment guarantees that the cultures contain only young,
vigorously growing cells with thin walls that can be digested easily. Older, non-dividing
protonema cells are not suitable for protoplast isolation.
1
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ISOIATION PROCEDURE

Enzymatic digestion of the protonema cell wall to produce intact protoplasts
Enzymes - Cellulase from Trichodenna viride (Onozawa RlO from Serva,
Heidelberg, FRG), concentration 3% (w/v); pectinase from Rhizopus spp. (Macerozym
from Serva), concentration 1% (w /v), dissolved in a medium containing 0.5 M Sorbitol,
1 mM CaC1i, 5 mM MES (pH 5.5).
Two - three g (fr wt) of protonema is incubated in 35 ml of enzyme solution for 3 h
in the light and at ambient temperature. The solution is then passed through a 100 µm
nylon mesh to separate protonema fragments and protoplasts, which are washed by
centrifugation at 100 x g and taken up in 1 ml chloroplast isolation medium (see
below). Purified chloroplasts are shown in Figure 1.

Figure 1. Phase contrast micrograph of purified chloroplasts from Leptobryum pyriforme (lOSOX).

Rupture of the protoplasts
The following procedures have to be carried out in a cold room at 4°C. The
protoplasts are passed (three times) slowly through a 15 µm nylon mesh with a 5 ml
plastic syringe directly into a small vial with 1 ml of the following chloroplast isolation
medium in order to prevent rapid damage of the plastids by, e.g. phenolics, which are
present in many moss cells in a considerable amount.
Isolation medium (Leegood & Walker 1983; Mendiola-Morgenthaler et al. 1985;
Leegood & Malkin 1986):
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2 mMK HPO
1 % PViJ (pol~inylpyrrolidone)
0.4 % BSA (bovine serum albumin)
1000 U/ml catalase
50 mM Hepes buffer (pH 7.8)

330 mM sorbitol
5 mM EDTA
1 mM MgCI
2
1 mM MnCl
10 mM NaHCO

3

Purification of the chloroplasts

A discontinuous Percoll (Pharmacia) density gradient with the following layers: 2
ml 18% (v/v), 4 ml 25% (v/v), and 2 ml 70% (v/v) Percoll. After centrifugation at 400
x g/5 min, the intact chloroplasts lie on the 70% phase. Broken chloroplasts remain in
the upper phases (Mills & Joy 1980; Stitt & Heldt 1981). To isolate the chloroplasts,
the layers above and below the chloroplast band are carefully aspirated with a Pasteur
pipette. For the measurement of 0 2-production the chloroplast fraction is adjusted to
4 ml with isolation medium and transferred to a cuvette of the oxygen monitor.
Oxygen measurement

The measurement is carried out with a YSI model 53 oxygen monitor (Yellow
Springs Instruments, Ohio, USA) with a Clark electrode. The sample volume is 4 ml;
the cuvette temperature is set to 20°C. Before the monitoring of the oxygen
production, the 0 2-saturation of chloroplast suspension has to be lowered about 50%
by gently flushing with nitrogen. The oxygen content of the chloroplast suspension is
recorded for one hour (F~. 2). Oxygen production or consumption is expressed in
µmol 0 2 · mg chlorophyff h- 1. For chlorophyll determination 0.2 ml of chloroplast
suspension is mixed with 5 ml 80% acetone and treated according to Amon (1949).
(See also Edwards et al. 1%8, Mourioux & Douce 1981, Seftor & Jensen 1986).
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Figure 2. Oxygen evolution of a purified chloroplast preparation from Leptobryum pyriforme,
measured with a Clark-type oxygen electrode.

The lipid composition of the chloroplasts is analyzed by different chromatographic
methods (column-, thin layer-, and gas chromatography). The purity of the
chloroplasts and the composition of the other fractions of the gradient are determined
by marker enzymes (acid phosphatase, glycolate oxidase, cytochrome oxidase), and
percentage of intactness, by phase contrast microscopy.
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It is important to note that lipid analysis of isolated chloroplasts is not possible in
the presence of Polyvinylpyrrolidone (PVP), as the different lipid classes (glycolipids,
phospholipids) can then not be separated by thin layer chromatography. A careful
washing of the chloroplasts with PVP-free medium is necessary.
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ISOLATION OF PLASMA MEMBRANES FROM MOSSES
BY AQUEOUS TWO-PHASE PARTITIONING
Helmut Pfaffmann1, Walter Wolf1 and Elmar Hartmann 1
INTRODUCTION

The plant plasma membrane has received much attention due to its functions in
cell wall biosynthesis, ion transport, hormone binding, phytochrome responses, and
stress responses. For those studies the plasma membrane has to be isolated from the
intact tissue with sufficient purity and quantity. The most commonly used methods for
isolation of plasma membranes are density gradient centrifugations. These techniques
cause some difficulties when analyzing green tissues, because chloroplast fragments are
hardly to be separated from other membranes on the basis of differences in size and
density.
As an alternative to gradient centrifugation, partition in aqueous dextranpolyethylene glycol systems is used to purify plasma membranes (Albertsson 1985;
Larsson 1985). When aqueous solutions of dextran and polyethylene glycol are mixed,
a two-phase system with a polyethylene glycol-rich upper phase and a dextran-rich
lower phase can be obtained. Different membrane particles are distributed between
the two phases mainly due to their different surface properties.
Since the distribution of membranes in the two-phase system is highly affected by
polymer concentrations, salt concentrations, and the properties of the membrane
material, the method has to be modified for each application. As plasma membrane
fractions have a very high affinity to the upper phase, conditions have to be chosen
supporting the strongest separation of plasma membranes into the upper phase,
compared with intracellular membranes, which are preferentially distributed to the
lower phase (Fig. 1).

upper phase

plasma membrane

PEG3350
lower phase

Intracellular membrane

DextranT500

Figure 1. Distribution of membranes in a dextran-polyethylene glycol two-phase system.
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MATE~ AND METHODS

A protonema culture of Ceratodon pwpureus (Hedw.) Brid., grown in a modified
Benecke (1903) liquid medium, is used for membrane isolation. (10 µ.M KN0 3, 0.1
mM CaC½, 50 µ.M MgSO4 · 7H2O, 1 mM KH2PO4, 8 µM Fe-citrate, 10 mM glucose,
pH 5.2) The collected cells are homogenized with a mortar and pestle in a buffer (20
mM Hepes-KOH pH 7.0, 0.25 M sucrose, 10 mM EDTA, 5 mM cystein, 5 mM
ascorbic acid, 2% PVP, 2% BSA).
The homogenate is centrifuged at 10,000 x g for 20 min to remove most of the
mitochondria and chloroplasts. The supernatant is centrifuged at 100,000 x g for 60
min to obtain a microsomal pellet. This pellet is resuspended in a phosphate buffer (10
mM potassium phosphate, 0.25 M sucrose, pH 7.8) and transferred to a 20 gram twophase system with 5.9% (w/w) polyethylene glycol 3350, 5.9% (w/ w) dextran T500 in
10 mM potassium phosphate buffer, 0.25 M sucrose, 70 mM NaCl, pH 7.8.
The mixture is inverted 40 times and centrifuged at 1,000 x g for 10 min. The
resulting upper phase (ul) has to be removed and washed two more times with fresh
lower phases (Fig. 2).
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Figure 2. Procedure for isolation of plasma membranes by two-phase partitioning.
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After diluting the last upper phases (u3 + u3•) with water (1:10) the plasma
membranes are spun down at 100,000 x g for 60 min, and after discarding the
supernatant the pellet is resuspended in an appropriate buffer.
The following enzyme assays and methods are used to check the purity of the
plasma membrane fraction.
Marker for plasma membrane
K+ -Mg++ -ATPase (E.C. 3.6.1.3.) - The procedure for K+ -Mg++ -ATPase assay
is described by Hodges and Leonard (1974). The assay buffer (30 mM Tris-Mes pH

6.0, 3 mM ATP, 1.5 mM MgSO4, 50 mM KCl) is incubated at 30°C. The reaction is
stopped by addition of ice-cold 1% ammonium molybdate and 1% ascorbic acid in 2N
H 2SO4. After 30 min, OD at 660 nm is determined.
Glucan synthase II (E.C. 2.4.1.12.) - Glucan II is assayed according to Ray (1977).
100 µl of the resuspended membrane fractions are added to 40 µl of test assay (50 mM
Tris-HCI pH 8.0, 1 mM OTT, 0.03% digitonin, 35 mM cellobiose, 20 µmol UDP-(14C)
glucose (100 MBq/mol)). The samples are incubated for 15 min at 25°C. Reaction is
stopped by addition of 1 ml 70% ethanol, 50 µl 50 mM Mg+ +, and 2 mg cellulose,
immediately boiled for 1 min, and after cooling in ice, centrifuged at 1,000 x g for 5
min, and washed 4 times with 70% ethanol. The ethanol-insoluble glucans are
resuspended in scintillation fluid and counted for radioactivity.
Phosphotungstic acid stain - Small pieces of each membrane pellet are fixed in
glutaraldehyde (2.5% in 10 mM sodium phosphate, pH 7.2) for 15 min at 20°C and
placed on ice for 60 min. The pellets are rinsed and post-fixed in 1% osmium tetroxide
in 10 mM sodium phosphate (pH 7.2). The samples are dehydrated in an acetone
series, embedded in Epon, and thin sections are cut and stained with lead citrate or
phosphotungstic acid at low pH for identification of plasma membranes (Roland et al.
1972).
Marker for mitochondria
Cytochrome c oxidase (E.C. 1.9.3.1.) -

The enzyme actlVlty is assayed by
measuring the aerobic oxidation of reduced cytochrome (Appelmans et al. 1955).

Marker for endoplasmic reticulum
NADH cytochrome c reductase (E.C. 1.6.99.3) -

The NADH cytochrome c

reductase is assayed according to Donaldson et al. (1972).
Marker for chloroplasts
Chlorophyll content -

Chlorophyll content of the membrane fraction was
measured after Arnon (1949).
The plasma membranes isolated from Ceratodon purpureus by two-phase
partitioning are rather pure.
Contamination with mitochondria, endoplasmic
reticulum, and chloroplasts is less than 1.0%. The membrane vesicles are inside-out
vesicles.
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A MODEL FOR CELL MEMBRANE ISOLATION
USING VALLISNERIA LEAVES
Shingo Takagi1, Shizuo Yoshida 2 and Reiko Nagai 1

INTRODUCTION

Although bryophytes present unique physiological processes that often differ in
their basic mechanisms from those of higher vascular plants, higher plant studies
usually provide the models for the methodology developed for bryophytes. Because of
their aquatic habit, plants such as Vallisneria can sometimes be more similar to
bryophytes than to their vascular relatives. Early physiological studies on aquatic plants
usually included bryophytes for comparison, and it is therefore appropriate to suggest
the possibility of using an aquatic angiosperm as a model for the study of bryophyte
processes.
In mesophyll cells of the aquatic angiosperm Vallisneria gigantea, rotational
streaming of the cytoplasm is induced by red light irradiation and inhibited by far-red
light irradiation. Ca+ + concentration in the cytoplasm decreases with red light
irradiation and increases with far-red light irradiation (Takagi & Nagai 1985). To
examine whether Ca+ + concentration regulates streaming, we treated the mesophyll
cells with Ca++ -EGTA buffer solution at various Ca++ concentrations in the presence
of the divalent cationophore A23187.
The streaming was induced at Ca++
concentrations lower than 10-6M, and Ca+ + at higher than 10-5 M exhibited a definite
inhibitory effect (Takagi & Nagai 1986a). From the results, we have concluded that red
light irradiation induces the streaming by decreasing the Ca+ + concentration in the
cytoplasm and far-red light irradiation inhibits the streaming in the opposite way.
Neither cessation of the streaming nor increase in Ca+ + concentration in the
cytoplasm is observed in the presence of La3 +, a highly specific Ca++ channel blocker
(Takagi & Nagai 1985). Cessation of the streaming may be attributed to Ca++
transported from the outside into the cytoplasm through Ca+ + channels under far-red
light irradiation. We have further examined Ca++ fluxes across the cell membrane
using mesophyll cell protoplasts. Red light irradiation induces Ca+ + efflux from the
protoplasts. Both the streaming and the Ca+ + efflux induced by red light irradiation
are sensitive to an ATPase inhibitor vanadate (Takagi & Nagai 1986b} The results
suggest that red light irradiation accelerates the energy-dependent Ca + efflux from
the cells, which in turn induces the streaming. The Ca+ + transport system in the cell
membrane may play a role in the mediation of light perception and the physiological
reaction of cytoplasmic streaming.
Many significant aspects of ion transport systems in plant cells have been revealed
using isolated membrane fractions, which are free from the cellular metabolism (Gross
1
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& Marme 1978; Dieter & Marme 1981; Sze 1985). For the precise investigation of a

light-regulated Ca++ transport system in the cell membrane, we have attempted to
isolate the cell membrane fraction from V. gigantea leaves by the two-phase partition
method (Yoshida et al. 1983).
ABBREVIATIONS
ATP = adenosine 5 '-triphosphate
BHT = butylated hydroxytoluene ( = 2,6 - ditertialbutyl-p<resol)
BSA = bovine serum albumin
Cyt c = cytochrome c
EDTA = ethylenediaminetetraacetic acid
EGTA = ethyleneglycol - bis (2 - aminoethylether) - N,N,N' ,N '- tetraacetic acid
ER = endoplasmic reticulum
IDP = inosine 5 '-di phosphate
MES = 2 - (N - morpholino) ethanesulfonic acid, monohydrate
MOPS = 3 - (N - morpholino) propanesulfonic acid
NADH = nicotinamide - adenine dinucleotide, reduced form
Pi = inorganic phosphate
PMSF = phenylmethylsulfonyl fluoride
TRIS = Iris - (hydroxymethyl) - aminomethane

METHODS AND MATERIALS

Plant material

Val/isneria gigantea Graebner can be purchased at a tropical fish store and cultured
in water-filled buckets with soil at the bottom. The culture is kept under a 12-h light
(2000 lux) and 12-h dark regime at 19-21°C. Our light source was a bank of 20 W
fluorescent lamps (FL.20S.PG, National, Japan).
Homogenization and differential centrifugation

Vallisneria leaves are washed with distilled water and cut into small pieces with a
razor blade, and then homogenized with a Polytron homogenizer (PT35/2ST"OD",
Kinematica, Switzerland). The homogenizing medium consists of 50 mM MOPS-KOH
(pH 7.6), 300 mM sucrose, 10 mM EGTA, 5 mM EDTA, 5 mM ~S 2 0 5 , 0.2 mM
PMSF, 0.5% (w/v) defatted BSA, 50 µg/ml leupeptin, 10 µg/ml BHT, and 20 mg/ml
Polyclar AT. Usually 100 g fresh weight of the leaves are homogenized with 300 ml of
the medium. After squeezing through four layers of gauze, the brei is successively
centrifuged at 8,000 x g for 10 min and at 156,000 x g for 20 min. The pellet is
suspended in about five times volume of buffer A (250 mM sucrose and 10 mM Kphosphate at pH 7.8) and centrifuged again at 156,000 x g for 20 min. The resultant
pellet is designated as the crude microsomal fraction. All the procedures are carried
out at O to 4°C.
Two-phase partition using aqueous polymers

The phase partition method to isolate a pure plant cell membrane fraction was
established by Yoshida et al. (1983). The crude microsomal fraction is suspended in
buffer A. An aliquot of the suspension is added to the polymer mixture consisting of
5.6% (w/w) each of polyethylene glycol P-3640 and dextran T500 in buffer A in the
presence of O to 30 mM NaCl. The phase system is thoroughly mixed by 20-30
inversions and centrifuged at 400 x g for 4 min to speed the phase separation. The
upper phase is carefully removed from the lower phase and loaded onto a new lower
phase. After the second partition as described above, the upper phase is diluted with
the same volume of buffer B (5 mM MOPS-KOH at pH 7.6, 250 mM sucrose, 10 mM
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KCl, 1 mM EDTA, 0.2 mM PMSF, 50 µg/ml leupeptin, and 10 µg/ml BHT) and
centrifuged at 156,000 x g for 20 min to remove polymers. The pellet is suspended in
buffer B. All the procedures are carried out at O to 2°C.
Enzyme assays
ID Pase is measured according to the methods of Ray et al. (1969) and Nagahashi
and Kane (1982). The released Pi is determined by the method of Fiske and
SubbaRow (1925) with a slight modification (Nagahashi & Kane 1982). Cyt c oxidase
and NADH - Cyt c reductase are spectrophotometrically assayed at 25°C by following
the rate of oxidation and reduction of Cyt c, respectively, at 550 nm (Yoshida 1979).
Acid and alkaline phosphatase is assayed in Na-acetate buffer (pH 5.0) and TRIS-MES
buffer (pH 8.5), respectively, with p-nitrophenyl phosphate as the substrate (Yoshida et
al. 1983). ATPase activity is measured according to the method of Hodges et al. (1972)
in the presence or absence of 100 µM Na-orthovanadate. The released Pi is
determined as described above. Protein is determined by the method of Bradford
(1976). BSA is used for the standards.
Linear sucrose density gradient centrifugation
210 g fresh weight of leaves are homogenized as described above. After the second
partition, the upper phase is washed with buffer B to remove the polymers and
suspended in 17 ml of the same buffer. The membrane suspension is loaded on a 30 ml
linear sucrose gradient of 15 to 45% (w /w) in the same buffer, and centrifuged at
80,000 x g for 16 h at 2°C. After centrifugation, 30 fractions of 1.2 ml aliquots are
collected from the top of the gradient.
Electron microscopy
After the second partition, the upper phase is washed with buffer B and suspended
in the same buffer. The cell membrane fraction is further purified by centrifugation on
42% (w/w) sucrose in the same buffer at 123,000 x g for 60 min. The carefully
collected interface is suspended in buffer C (300 mM sucrose and 15 mM K-phosphate
at pH 7.3), and fixed with 3% (v/v) glutaraldehyde in buffer Cat 0°C for 1 hand at
20°C for another 1 h. After washing twice with buffer C by centrifugation, the cell
membrane fraction is further fixed with 2% OsO4 in the same buffer at 4°C for 1 h and
at 20°C for another 1 h. The specimen is embedded in Spurr's resin (Spurr 1969) after
dehydration through a graded series of ethanol, and then sectioned with an LKB
ultrotome (LKB 2088 Ultrotome V, LKB, Sweden).
The sections are stained with the periodic acid - chromic acid - phosphotungstic
acid method (Roland et al. 1972; Nagahashi et al. 1978). Briefly, the sections are first
treated with 1% periodic acid solution for 30 min, and then stained with 1%
phosphotungstic acid - 10% chromic acid solution for 10 min. A JEM 100-S electron
microscope (JEOL, Japan) is used at 80 kV.
Chemicals
BSA and polyethylene glycol P-3640 can be purchased from SIGMA (USA). BSA
is defatted by washing with ethanol-acetone solution. Dextran T500 can be purchased
from Pharmacia Fine Chemicals (Sweden). Leupeptin is available from Peptide
Institute (Japan). Polyclar AT (Kaseihin shoji, Japan) is a commercial name of
polyvinylpolypyrrolidone, and is used after washing with EDTA solution. Spurr's resin
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is available from Polysciences (USA). Other chemicals and reagents should be of the
highest purity commercially available.
RESULTS USING VALLISNERIA GIGANTEA

After the differential centrifugation, the crude microsomal fraction was subjected
to a two-phase partition using polyethylene glycol and dextran. Table 1 and Figure 1
represent the distribution of membrane marker enzyme activities in the upper phase.
NaCl markedly improves the recovery of cell membrane in the upper phase. Vanadatesensitive ATPase, one of the plausible cell membrane marker enzymes (Quail 1979;
Yoshida et al. 1983), shows higher specific activity with the addition of NaCl. In
contrast, other enzyme activities (IDPase for Golgi bodies, Cyt c oxidase for
mitochondria, NADH - Cyt c reductase for ER, unspecific acid and alkaline
phosphatases) become almost negligible at 30 mM NaCl. About 30% of the protein,
which is partitioned into the upper phase in the absence of NaCl, remains at 20 and 30
mM NaCl. The results mean that the cell membrane has been isolated in high purity
under these conditions.
Table 1. Distribution of membrane marker enzyme activities and protein in the upper phase.
NaCl ([mM])

10

0

30

20

TA

SA

TA

SA

TA

SA

TA

SA

35.4

20.0

3.8

5.1

0.0

0.0

0.0

0.0

Cyt c oxidase
([nmoles Cyt c/min])

526.0

297.0

92.0

124.0

23.0

42.0

0.0

0.0

NADH-Cyt c reductase
([nmoles Cyt c/min])

407.0

230.0

110.0

149.0

25.0

46.0

5.0

9.0

10.6

6.0

2.8

3.8

0.9

1.6

0.0

0.0

4.1

2.3

0.2

0.3

0.0

0.0

0.0

0.0

16.1

9.1

22.8

30.8

24.4

44.3

25.3

50.5

IDPase
([µmoles Pi/h])

Acid phosphatase
([µmoles Pi/h])
Alkaline phosphatase
([µmoles Pi/h])
ATPase #
([µmoles Pi/h])
Protein(%)

100

42

31

28

TA= total activity
SA = specific activity

# = activity (-100 µM vanadate)- activity ( + 100 µM vanadate)

To characterize the membrane density, the upper phase after the second partition
was washed with buffer Band loaded on a linear sucrose gradient of 15 to 45% (w/w).
After centrifugation, the gradient was separated to 30 fractions. As shown in Figure 2,
vanadate-sensitive ATPase activity has its peak at fraction number 26, which
corresponds to 39% (w/w) of sucrose. The peak of NADH - Cyt c reductase (ER
marker) and Cyt c oxidase (mitochondria marker) activity is at 16 - 21 % of sucrose and
40 - 41 % of sucrose, respectively (data not shown).
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The further purified cell membrane fraction after centrifugation on 42% (w/w)
sucrose was fixed for electron microscopic observation. Figure 3 demonstrates that the
cell membrane is isolated as smoothly sealed vesicles positively stained with periodic
acid - chromic acid - phosphotungstic acid treatment, which is a fairly specific staining
method for the plant cell membrane (Roland et al. 1972; Nagahashi et al. 1978; Yoshida
et al. 1983). The vesicle size is 50 to 300 nm in diameter.
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Figure 1. Distribution of membrane marker enzyme activities in the upper phase. The crude
microsomal fraction was subjected to a two-phase partition in the presence of O to 30 mM NaCl. Specific
activities of each marker enzyme described in Table 1 are expressed in relative values to that in the absence
of NaCl, and plotted against NaQ concentration. The ordinate for specific activities of vanadate-sensitive
ATPase (open circle) is to the right.
DISCUSSION

As observed in the cases of orchard grass (Yoshida et al. 1983) and winter rye
(Uemura & Yoshida 1983), the cell membrane fraction was readily isolated from
Vallisneria gigantea leaves by the two-phase partition method. The distribution of
marker enzyme activities (Table 1 & Fig. 1) indicates high purity of the fraction. We
often observed brownish materials sedimented at the bottom after the last
centrifugation on 42% (w/w) sucrose. Some membranes that have a higher density
than 42% sucrose could be partitioned into the polyethylene glycol-enriched upper
phase; however, preferential acid and alkaline phosphatases were not detected in this
fraction. Together with the electron microscopic observation of the cell membrane
fraction after the centrifugation on 42% sucrose (Fig. 3), we can conclude that the cell
membrane fraction that we have isolated is satisfactory for further biochemical and
physiological studies both in purity and in quantity.
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Figure 2. Linear sucrose density gradient of the cell membrane fraction. After the phase partition,
the cell membrane fraction was loaded on a linear sucrose gradient of 15 to 45% (w/w) and centrifuged.
Vanadate-sensitive ATPase activity (open circle) and protein content (closed circle) were determined in
each of 30 fractions separated according to the density.

For the effective homogenization of Va/lisneria leaves, one of the most important
steps for cell membrane isolation, we have used a rather high concentration of EGTA,
defatted BSA, protease inhibitors PMSF, and leupeptin to suppress protease activities.
BHT is an antioxidant and JSS 20 5 is a reducing reagent to protect membranes from
oxidative reactions. The phenolic compounds can be successfully removed by the
addition of Polyclar AT at homogenization.
The cell membrane vesicles m~y be partitioned into the upper phase because of
their physical surface properties rather than their size and/or density. From inspection
of Figure 3, we conclude that the cell membrane is mainly isolated as right-side-out
vesicles. Some electron dense materials are observed immediately underneath the
vesicle membrane. Yoshida et al. (1986) have reported that detergent-stimulated
ATPase activity in the cell membrane fraction is not diminished after protease
treatment. They have attributed the finding to the right-side-out topology of
membrane vesicles. Our observation here is consistent with their interpretation.
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0.5 µm
Figure 3. Electron micrograph of the isolated cell membrane vesicles. The sections were stained with
the periodic acid-chromic acid-phosphotungstic acid method.
Using isolated membrane vesicles, several predecessors have precisely
characterized H+ -translocating ATPases both in the cell membrane and in the
tonoplast (Sze 1985). Gross and Marme (1978) prepared the crude microsomal
fraction from several species of plants, and succeeded in detecting energy-dependent
Ca++ transport activity. However, they determined neither the vesicle sidedness nor
the membrane origins. They further investigated effects of light irradiation and could
find no change in Ca+ + transport activity in the crude microsomal fraction (Dieter &
Marme 1981). Right-side-out cell membrane vesicles of high purity will provide
valuable information on the Ca+ + transport system under light regulation.
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PROTOPLASTS AND TRANSPORT
Martin Bopp 1 and Ulrike Geier1
INTRODUCTION

Polar transport of auxin is a prerequisite for the coordinated development of
plants. According to the chemiosmotic hypothesis of Rubery and Sheldrake (1974;
Rubery 1980) the polar transport as well as the cellular accumulation of IAA depends
on a pH gradient and the electrical potential difference. There are three features of
this model:
1. Permeation of the neutral lipophilic form of IAA across the lipid bilayer ( anion
trap).
2. A saturable IAA-;proton uptake.
3. An efflux carrier specific for !AA-anions, which can be blocked by transport
inhibitors like TIBA or NPA.
In higher plants the efflux carrier could be in higher density at the morphologically
lower end of the cells to make a polar transport possible. Also in the caulonema
filaments and rhizoids of Funaria hygrometrica, auxin is transported in a polar manner
from the tip to the base (Rose & Bopp 1983); whether this polarity depends on a polar
structure of the whole filament or of each cell is not known even if some arguments
support the polarity of the filament.
To provide more evidence for the chemiosmotic theory, studies on the influx and
efflux of auxin can be carried out using the vesicles (Lomax 1986; Hertel 1986; Clark &
Goldsmith 1986) or protoplasts as tools. Protoplasts can be used only if the vacuole
does not accumulate substantial amounts of auxin and the measurement can be
performed fast enough to avoid metabolic changes. Then transport processes can be
studied at the plasmalemma without a perturbance by the cell wall, which may
accumulate auxin in a rather unspecific way.
ABBREVIATIONS: CCCP = carbonylcyanid-3--i:hlorophenyl-hydazone; FDA = fluoresceindiacetate ;
IAA = indole-3-acetic acid; NPA = 1-N-naphthyl-phthalamid acid; TIBA = 2,3,5-triiodobenzoic acid;
KMC = medium with KCI, MgC1 , CaC1 only.

2

2

MATERIALS AND METHODS

Protoplasts of Funaria hygrometrica Hedw.
One important point to produce protoplasts of Funaria is the developmental stage
of the protonema. Protonemata of an age of only 8 days are the best sources for
protoplasts (Fig. 1). With increasing age the yield of protoplasts is negligible. Because
for experimental purposes a high number of intact and similar protoplasts is necessary,
we use only 8-day-old protonemata.
Figure 2 gives the details of the procedure for protoplast preparation. The
protoplasts in the KMC-medium are separated from cell ·fragments as follows : The
1
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protoplasts are filtered through a net of 30 µm width mesh because the average
diameter of the protoplasts is 19 µm. After filtration protoplasts are washed twice with
KMC solution.
prolopl OIi s x 10-6 K (J°I f w_

10

20

15
days

Figure 1. Yield of protoplasts of Funaria hygrometrica depending on the age of the protonema.
(Abscissa: age of the protonema, starting with spores. Ordinate: number of protoplasts).
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Figure 2. Procedure for production of moss protoplasts.

To test the intactness, the protoplasts are stained with FDA, which results in a
yellow fluorescence in UV-light for intact protoplasts. To determine the yield, the
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protoplasts are suspended in 1 ml KMC solution and then counted in a FuchsR.osenthal chamber. Using this procedure, about 2 x 106 protoplasts per g 8-day-old
protonemata are obtained.
Protoplasts without vacuoles and isolated vacuoles
As we have mentioned before, it is necessary to show whether the vacuoles

accumulate auxin. Therefore one must separate the cytoplasm from the vacuoles. Best
results are obtained by a method adapted from Griesbach and Sink (1983) (Fig. 3).
One ml protoplasts in KMC are suspended in 9 ml percoll mixture and centrifuged
for 1 hat 35,000 rpm (ca 160,000 x g). After this step, the vacuoles and subprotoplasts
can be separated as different phases with a Pasteur pipette.

9 ml

Percoll-solution contoining

100 lw1 CoC1 , 5 Iii'! Hepu, pH 7
2
9 % Hannitol
1 al

protoplost auspension in KMC
6
CDf'ltaining 11 • 10 protoplosts/1111

e.ntrifU90tion in a

for 1 hour

high apMd centrifuge

RPM = 35.000

at 20°C

Fl

4 - - •green band" {cell frog.,.nh and aome vacuole s)

I

•ubprotoplosh

~

I

ailiec pdlet

Figure 3. Procedure for separation of vacuoles.

Then the two phases are stained with neutral red and examined microscopically
(Fig. 4 a-c). A comparison of the diameter of the total protoplasts, the vacuoles, and
the subprotoplasts shows that intact vacuoles have just half the volume of protoplasts.
With neutral red, vacuoles with only intact tonoplasts are stained. Subprotoplasts do
not contain vacuoles. With FDA, in more than 90% of the subprotoplasts the
plasmalemma is undisturbed.
Influx experiments

To study the influx, protoplasts are incubated for 2-20 min in 14 C-IAA solution
during continuous shaking. Then they are separated quickly from the solution as
follows (Fig. 5):
100 µl 0.6 M mannitol solution covered with 100 µI silicon oil (AR 20 : AR 200 =
1 : 2) is overlaid by 100 µ1 protoplast suspension. The centrifugation is performed in
450 µl Eppendorf centrifuge tubes for one min at 4°C and 9000 rpm immediately after
the layering. With this procedure protoplasts go through the oil layer quantitatively
into the pellet. The tubes are frozen in liquid nitrogen, the cap with protoplasts
containing
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a

b

C
Figure 4. Microscopic examination of the phases of separation of protoplasts. a. isolated protoplast.
b. subprotoplasts after removing of the vacuoles. c. isolated vacuoles. Scale bar = 20 µm .
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496 µI protoplasts In KMC

after certain incubation times
100 µI protoplasts with incubation solution

Illicon oil AR 20 : AR 200
1:2
0.8 M mannilol

l

centrifugation fOC' 1 min and 9,000 RPM

protoplasta with accumulaled

14

C•IAA

freezing in liquid nitrogen
cutting off the cap with protoplasts

incubation solution
sllicon oil

protoplasts

measurement of accumulated

14

C·IAA

Figure 5. Procedure for influx experiments.

mannitol solution cut off, and the accumulated
scintillation counter.

14

C-IAA

1S

determined using a

Efflux Experiments

Efflux means the delivery of auxin into the medium after saturation of the
protoplasts with auxin. The efflux during the accumulation phase is not taken into
account (Fig. 6). After 10 min of incubation, the incubation medium is diluted 1:10
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with KMC solution. A further influx can be neglected, and the amount present in the
protoplasts after different times can be determined as before except that the total
quantity of protoplast suspension is 1 ml.
After centrifugation for one minute at 10,000 rpm, incubation solution and silicon
oil are removed by aspiration and the radioactivity of the protoplasts is counted in the
scintillation counter as for the influx experiments.
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•111oon oil
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I

, '

,
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l
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tnou b l\ t t on medium

11.nd ti1 l t oo n o t I removed
by an p1r&t 1on
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~

measurement of l ◄ C -TAA at.ill preeent
in t he pro topl 8e t e

Figure 6. Procedure for efflux experiments.
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pH 6
/(){)
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2

Figure 7.

14

5

20

10

t(min)

C-IAA accumulation in different pH-values of the incubation medium (see Fig. 2).
RESULTS

pH dependence of IAA accumulation

Based on the chemiosmotic hypothesis, the net accumulation of IAA depends on the
pH gradient between the external medium and the cytoplasm. Whether this will fit for
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protoplasts in the same way as for intact cells can be tested by incubating the
protoplasts in 14C-IAA at different pH values (Fig. 7).
It is evident that the accumulation within the first 10 min depends on this gradient.
After 10 min no further substantial accumulation is found even at the lowest pH.
When the outer and inner pH values are identical (pH 7.0), only a very small
accumulation occurs even after a longer incubation time. This result can be explained
by the fact that at lower pH values IAA is present (pK of 4.7) as an undissociated
molecule that can pass the plasmalemma without hindrance. In the cytoplasm, with a
pH of 7.0, IAA molecules are dissociated, as in the external medium too, and therefore
are unable to enter the cell!
In the following experiment (Fig. 8) we show that subprotoplasts without vacuoles
accumulate exactly the same amount of auxin as the protoplasts, so that the amount of
IAA entering the vacuole can be neglected. All IAA is accumulated within the
cytoplasm and all transport processes studied in this experiment concern the
plasmalemma.
DPM
protopta, I•
2000
1ubprotopl ast,

1000

2

5

10

20

l(minJ

14

Figure 8. Accumulation of C-IAA at pH 5 in subprotoplasts and protoplasts for identical numbers
of protoplasts.

control

CCCP I0-6M
1000

25

Figure 9. Accumulation of
auxin solution.

14

35

l(min)

C-IAA under the influence of CCCP applied simultaneously with the
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Furthermore, to calculate the accumulation at different pH values, only the volume
of the cytoplasm must be taken into account, which results in a maximal accumulation
of 76 times in comparison to the surrounding concentration. Each value is determined
at the point where influx and efflux are equal, so that no further accumulation occurs.
To test whether the pH gradient is the relevant component of the accumulation,
protoplasts are incubated at pH 5 with and without the protonophore CCCP. Under
the influence of the protonophore, the pH difference diminishes (Lomax 1986). After 5
min of IAA- and CCCP-incubation the accumulation is reduced drastically (Fig. 9).
This result confirms the hypothesis that the pH-gradient is at least one of the driving
forces for IAA movement in protoplasts.

Influence of IAA transport inhibitors
Earlier experiments of Rose and Bopp (1983) have shown that TIBA reduces the
polar transport in rhizoids by about 25-30%. If this depends on a reduced efflux as the
hypothesis says, one should expect that the inhibitors of the polar transport enhance the
net accumulation in protoplasts too as far as the protoplasts can be used for such
experiments. The data in Figure 10 show that with both TIBA and NPA (10 µM, pH
5.0) the accumulation of IAA is enhanced at the same value of 30%. Therefore the
experiments support the assumption that the inhibition of polar transport is the
consequence of an inhibited active efflux of IAA measurable at protoplasts.

125

0

6
A

TJBA 10-5
NPA 10-5
control

~ 75
~

II.

'q

50

25

2

5

10

20

.
t(mm)

14

Figure 10. Accumulation of C-IAA. The incubation medium contained either 10 µM TIBA or 10
µM NPA. The values are given in% of the final accumulation in the control.

Efflux
14
This efflux was directly determined after saturation of protoplasts with C-IAA
for 10 min (Fig. 11). After dilution, samples are collected at different times and
counted in the scintillation counter. In experiments with whole filaments (cells with a
cell wall), in the first few minutes the efflux is several orders of magnitude higher (Rose
et al. 1983) than that of protoplasts in which about 50% of the total radioactivity is
released in the first two minutes. These experiments may show the importance of
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protoplasts because the efflux from whole cells can be attributed mainly to substances
(auxin) located in the cell wall. It seems that with protoplasts the real cytoplasmic
efflux is detectable, which is not reduced by disturbing the efflux carrier due to the
producing process of the protoplasts.
DPM

t(min)

Figure 11. Efflux experiment (according to Fig. 6) showing the decrease in activity remaining within
the protoplasts.
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ISOLATION AND MAINTENANCE OF CALLUS AND CELL
SUSPENSION CULTURES OF BRYOPHVTES
Kenji Katoh 1
INTRODUCTION

Many investigators have used unicellular green algae as the simplest form of green
land plants in biochemical, genetic, developmental, and molecular biological studies.
Obviously, this is due to the enormous structural complexity of land plants that have a
highly differentiated organization. Recent progress in the field of plant cell culture,
especially cell suspension culture that provides a homogeneous population of cells and
allows for easy application of exogenous chemicals, enables us to use cell culture
techniques as tools in these studies.
However, the lack of active chloroplasts in most cultured cells, which are one of the
most remarkable features of plants, severely limits the utility of cultured cells as a
model system for green land3 plants. Bryophytes are unique organisms in that they are
the only plants whose cultured cells have active chloroplasts and can grow under
photoautotrophic conditions (Katoh 1983). Moreover, bryophytes have additional
advantages as a tool for these studies: 1) They are relatively simple organisms
compared to the higher plants. 2) Their dominant vegetative phase is haploid. 3) They
have small chromosome numbers.
Bryophyte cell culture techniques are now widely used in a variety of basic research
fields. Unfortunately, no comprehensive manual describing practical methods is
available. It is hoped that this manual will be useful not only for the entrants but also
for the experienced researchers.
MATERIALS AND MEDIA PREPARATION
Table 1. Media formulas and other chemicals.
MSK-1 medium
Mineral salts (mg/I) (according to Murashige & Skoog 1962)
NH NO
1650
KNO
Ca
~H O
440
Mg
7H 0
2
4
2
KH
170
H BO
2
4
3
3
Kl
0.83
Na~MoO4 • 2Hp
Cu SO · SH O
0.025
Cot;! · 6H 0
2
Na -EDTA
37.3
FeScf -7~ O

Cl ·
f1o

2

1

Sb ·

4

2

1900
370
6.2
0.25
0.025
27.8

Suntory Institute for Bioorganic Research, Wakayamadai, Shimamoto, Osaka 618, Japan.
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Organic constituents (mg/I) (modification of Kao & Michayluk 1975)
Vitamins
inositol
pyridoxine HCI
calcium pantothenate
p-aminobenzoic acid
choline chloride
ascorbic acid
Organic acids
sodium pyruvate
malicacid
Other sugars and sugar alcohols
fructose
rhamnose
mannose
sorbitol

100

1
1
0.02
1
2

nicotinamide
thiamine HCI
folic acid
biotin
riboflavin
cyanocobalamin

1
1
0.4
0.01
0.2
0.02

citric acid
fumaric acid

20
40

40
40

xylose
ribose
cellobiose
mannitol

2.5
2.5
2.5
2.5

2.5
2.5
2.5
2.5

pH: 5.7 before autoclaving
Carbon source: glucose 20 g/I
Growth regulator: 2,4-dichlorophenoxyacetic acid (2,4-D) 1 mg/I
Agar: for solid medium 1%
MSK-3 medium

A modification of the MSK-1 medium containing only the mineral salts of MSK-1 medium at 0.1
strength and 1% agar
MSK-4 medium
Same as the MSK-1 medium except that the mineral salts are at 0.5 strength and 1% agar
Other chemicals
10% Tween 80
benzalkonium chloride (cationic detergent, e.g. Sigma B-1383)
antiformin (ca 5% aqueous solution of sodium hypochlorite).
concentration would be 0.35%)
ethanol, absolute
double distilled water

Dilute to 0.07 of antiformin (final

Stock solution of MSK-1 medium
Stock A (per 21) stored at 4°C
NH NO
CaCI -~H 0
2
KH
Mn~O ~4H 0
4
2
Kl

ffo

g
g
3.4 g
446 mg
16.6 mg
33

8.8

·4H 0
Na M60 -~H 0

g
38
7.4
g
mg
124
172
mg
mg
5
745

mg

5

mg

KNO
MgS~\-1H O
2

~:g

3

2

4

2

Stock C (per 100 ml) stored at 4°C

557

mg

Na -EDTA

5

mg

CoCI ·6H O

Stock E (per 100 ml) stored at -20°C
inositol
5
pyridoxine HCI
50
calcium pantothenate
50
p-aminobenzoic acid
1
choline chloride
50
ascorbic acid
100

g
mg
mg
mg
mg
mg

nicotinamide
thiamine HCI
folic acid
biotin
riboflavin
cyanocobalamin

FeSO/7HP
Stock D (per 200 ml) stored at 4°C
CuSO ·5H O
4

2

2

2

2

50
50

mg
mg
20
mg
0.5 mg
mg
10
mg
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Stock F (per 100 ml) stored at -20°C
sodium pyruvate
1
malicacid
2

g
g

Stock G (per 200 ml) stored at -20°C
fructose
250
xylose
250
cellobiose
250
mannitol
250

mg
mg
mg
mg

citric acid
fumaric acid
rhamnose
mannose
ribose
sorbitol

2
2

g
g

250
250
250
250

mg
mg
mg
mg

2,4-D solution
5 mg of 2,4-D is dissolved in a minimal volume of ethanol and diluted to 5 ml with distilled water
Prepare immediately prior to use.

Preparation of medium

1. To make 1 l of medium combine the following stock solutions: 100 ml of Stock
A, 5 ml of Stock C, 1 ml of Stock D, 2 ml each of Stocks E, F, and G, 20 g of
glucose and 1 ml of 2,4-D solution added to a 1-1 glass (plastic) beaker on a
magnetic stirrer.
2. Mix well to dissolve completely and dilute with distilled water to ca 900 ml.
3. Adjust the pH to 5.7-5.9 with 0.1 N KOH or 0.1 N HCl.
4. Transfer the medium to a 1-1 graduated cylinder and dilute to 1 l with distilled
water.
5. Transfer the medium to the 1-1 beaker used in (1) and mix well.
2
6. Distribute the medium into appropriate flasks before autoclaving at 1.2 kg/cm
for 15 min.
7. For liquid culture, dispense 100 ml of liquid medium into a 500 ml Sakaguchi
flask (a long-necked, straight-shouldered, round shaking flask). Plug the flask
with a formed silicon plug (gas permeable, T-32; Shin-Etsu Polymer, Tokyo) and
autoclave.
8. For solid culture, add 1% agar to the liquid medium and heat to dissolve the agar
(it may be convenient to autoclave for 1-2 min). Do not allow the medium to
solidify before transferring into the culture flasks.
Dispense 40 ml of the medium into a 125-ml Erlenmeyer flask and autoclave.
Dispense 7 ml of the medium into test-tubes (for culture), autoclave, and then
make slants.
In case a compound is thermolabile (cannot be autoclaved) in solution, sterilize the
solution by passing through a 0.33 µm pore size disposable membrane filter, e.g.
Millipore, Millex-GS (water soluble compounds), Millex-GV (lipophilic compounds).
Occasionally, it is necessary to centrifuge the solution at high speed (10,000 rpm, 10
min) or pre-filter the solution prior to filtration.
EsrABLISHMENT OF BRYOPHYfE AXENIC CULTURE

From spores

It is easier to obtain axenic cultures when starting with spores because of the
difficulty in decontaminating bryophyte gametophytes (Takeda & Katoh 1981).
1. Fully grown capsules (usually black in the case of liverworts) are collected in early
spring. (Note: capsules open easily; do not desiccate). Plants with immature
sporophytes are placed in a plastic chamber and put in a growth chamber or
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culture room (17-is<'C) with weak illumination (5-7 µ.M, 500-600 lux) until the
spores mature.
2. Soak the capsules in a 0.1 % benzalkonium chloride solution for 10 min at room
temperature.
3. Surface sterilize the capsules in a 1% sodium hypochlorite solution for 5 min (do
not bleach the capsules) at room temperature. Capsules are more resistant to
sodium hypochlorite than are gametophytes.
4. Wash with an excess amount of sterile (autoclaved) double-distilled water (40 ml
x5 times).
5. Put capsules on the surface of freshly prepared MSK-3 medium.
6. The spores within the capsule are aseptically taken out by opening the capsule
with a cooled flame-sterilized needle.
7. Sow (disperse) the spores on the MSK-3 medium.
8. Put the culture flask under dim light (5-7 µ.M at 17-25°C). After 7-10 days,
gametophytes will develop from the spores.
9. Transfer a small gametophyte to a freshly prepared medium every month.
Developmental, biochemical, and genetic studies should be carried out on a subculture
of a gametophyte derived from the germination of a single spore.
From gametophyte
1.

2.
3.
4.
5.

6.
7.
8.
9.
10.

11.
12.
13.

Excise an apical portion of gametophytes (5 mm from the tip) to be surface
sterilized.
Float the freshly excised materials on water before use to avoid the damage of
desiccation.
Load 5-10 pieces of material into a stainless steel syringe holder. Plant pieces are
held between two stainless steel fine grid screens separated by an O-ring spacer.
Tighten the assembly to prevent leakage.
Affix a 2.3 mm (diameter) x 110 mm (length) metal needle with a luer to a 10 ml
plastic disposable syringe (luer lock type) and attach to the assembly. This total
assembly is called the washing machine (Basile 1972; Basile & Basile 1988).
Put the needle of the washing machine into the detergent solution (1-2 drops of
10% Tween 80 in 10 ml double-distilled water).
Pump the detergent solution (in a test-tube) back and forth through the assembly
for 30--60 seconds.
Withdraw the needle from the detergent solution and put it into the sodium
hypochlorite solution (final 0.35%).
Punip the sodium hypochlorite solution (in the test-tube) back and forth through
the assembly for 30--60 seconds.
Withdraw the needle from the sodium hypochlorite solution and immediately
insert it into 20 ml of sterile double-distilled water. Prepacked water for injection
is useful.
Draw the sterile water into the syringe and expel (do not pump back and forth)
the rinsed water. Rinse 5 times (total 20 ml x 5 times) more.
Remove the needle and syringe from the washing machine in the clean bench
(after this step, every procedure should be done under axenic conditions).
Loosen the assembly by hand (rinse hands with 70% ethanol-soaked cotton) or
wrenches.
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14. Remove the upper half of the assembly (male screw body) and carefully lift the
upper grid screen with flame-sterilized forceps ( check the underside of the screen
for adhered plant materials).
15. Transfer plant materials to MSK-3 medium with flame-sterilized and cooled
forceps.
16. Inoculate using standard sterile technique.
Culture conditions
1. Stock cultures of axenic gametophytes are routinely maintained periodically
(every 1-4 months, depending on the growth of bryophyte) by aseptically
transferring a plant fragment onto the surface of an agar medium.
2. These cultures are kept in a culture room at constant temperature (10, 17, &
25°C) under continuous illumination with a bank of fluorescent lamps (60 µM, ca
3000 lux).
Callus induction
All manipulations are carried out under axenic conditions (inside a clean bench).
1. Cut the apical portion of gametophyte (ca 1 cm) and transfer to a sterilized
plastic Petri dish containing wet filter paper.
2. Transfer the pieces of gametophyte to MSK-4 medium. The concentration and
mutual ratio of glucose and 2,4-D in the MSK-4 medium are varied over a wide
range for callus induction. Best results are obtained from a combination of 4 or
6% glucose and 1 ppm 2,4-D; however, it may vary depending on the species of
bryophyte.
3. Press and embed the pieces of gametophyte into the agar medium.
4. Put the culture vessels in a growth chamber under a dim light (12 µM, ca 1000
lux) at 17-25°C. If a suitable medium has been selected, most gametophyte
pieces should produce callus within 4-6 weeks.
5. Remove the newly formed callus from the initial gametophyte (if necessary,
cutting with a sterile scalpel). Do not remove calli that are too small, because
further growth may be inhibited.
6. Transfer the callus to fresh MSK-1 medium.
7. Once the callus culture is established (usually after 6 months), subculture it every
4weeks.
8. Select friable and rapidly growing callus for subculturing ( depending on the
purpose). The minimum inoculum size of the callus is usually half a teaspoon.
Suspension culture
1. Transfer ca 4 teaspoons of friable callus to the liquid medium. A relatively large
initial inoculum is advantageous to provide high cell density suitable for
subsequent growth.
2. Agitate the culture flask on a reciprocal shaker at 118 strokes per min with a
stroke of 8 cm or on a rotary shaker at 80 rpm at 25°C, and illuminate up to 3000
lux (60 µM) from the bottom of the flasks with a bank of fluorescent lamps (FL
40W).
3. Exclude large cell aggregates from the first subculture by transferring the
suspension using a 10 ml Komagome pipette (a bulbed pipette, e.g. K-Pipette 10;
Iwaki-Corning, Tokyo) or by letting the culture flask stand for a short time and
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then transferring the upper part of the culture containing single cell and small cell
aggregates.
4. Stock cultures are maintained by inoculating 10 ml of cell suspension into 100 ml
of freshly prepared MSK-1 medium in a 500 ml Sakaguchi flask.
5. Note that below a minimum inoculum size, the culture will not be maintained.
Under conditions of low cell density, the growth may be induced by addition of
conditioning medium. Conditioning medium is prepared by filtering a volume of
culture with high cell density that is in the stationary phase. Filtrate is sterilized
by filter-sterilization and stored in batches at -80°C. Some cultured cells grow as
non-friable cell aggregates and do not form a homogeneous cell suspension.
However, in some cases the friability may increase following repeated
subculturing.
6. For growth under photoautotrophic conditions, use MSK-11 and MSK-12
(Katoh 1983). The culture flask should be a flat, oblong 700 ml flask with an
inner thickness of 28 mm and a single neck that is sealed with a cotton plug
surrounding a long glass tube, the lower end of which almost reaches the bottom
of the flask. The upper end of this tube is widened and filled with cotton to serve
as an air filter. The upper opening of the tube is fitted with a rubber stopper
carrying a glass tube, which serves to conduct the carbon dioxide-enriched
atmosphere into the culture medium. The flask is sterilized at 180°C for 3 h in an
oven.
Stock cultures are maintained by inoculating 15 ml of cell suspension into a flask
containing 500 ml of freshly prepared medium. The flask is illuminated from the
direction perpendicular to the flat surface of the flask, the illuminated area being
202 cm 2 per flask. The bank of fluorescent lamps (FIAOW x 3) gives a photon
flux density of ca 90 µM ( 400-700 nm). A 1% carbon dioxide-enriched
atmosphere passes through the culture (0.1 vvm; 50 ml/min) at 25°C, and
provides aeration and agitation to keep the culture in suspension. No foaming
occurs in the case of Marchantia polymorpha cells.
Measurement of cell growth
Cell number - Transfer the cell suspension by pipetting with an autoclaved
Komagome pipette into a suitable size test-tube under axenic conditions. Use for the
following measurements. The number of living cells is directly counted in a
haemacytometer (Thoma type, 1/400 mm 2) .
Cell dry weight - Cell dry weight is measured by suction-filtering the cell
suspension (see above) with a membrane filter (Floropore-1000; 10 µm pore size, 25
mm diameter, made of tetrafluoroethylene by Sumitomo Electric Industries, Osaka,
Japan) and drying for 3 h at 105°C. Note: Fresh weight and packed cell volume are
not recommended as measurements of cell growth because these measurements are
not reproducible.
Chlorophyll content - Cells are macerated and the pellet is extracted 3 times with
boiling 90% methanol. Optical densities at 653 nm (A 65 ) and 666 nm (A666 ) are
measured on a spectrophotometer and the concentration of the total chlorophyll ( c =
µg/ml) is calculated using the formula:

C = 23.6 x A653 + 2.57 X A666
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Specific growth rate - The specific growth rate is expressed by µ.x, which is
defined by the formula:
µ.x = d ln(Q)/dt
where Qx refers to cell number (x : cell) or cell dry weight (x : dw) or chlorophyll (x :
chi) per ml; t is time interval in days. The values of µ. are calculated by regression
analysis of the relationship t vs Qx. The correlation coefffcient (r) is used as an index of
the straight line for exponential growth and should be greater than 0,99 for each
regression analysis. Significant differences are assessed by the F-test, and all values
should be significant at the 5% level of probability ( a = 0.05). Each value is presented
as a mean ±SE (standard error) of more than four repetitions.
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EXTRACELLULAR SECRETION OF POLYSACCHARIDES
FROM MOSS CALLUS CELLS

M. K. C. Menon 1 and E. Hartmann2
INTRODUC110N

Plant cells have the capacity to synthesize wall precursor polysaccharides and
transport them across the cell membranes to the exterior of the cell (Ray et al. 1976).
Much of the data implicate the Golgi apparatus and its vesicles as the primary site of
the synthesis and transport mechanism (Moore et al. 1967; Robinson et al. 1976;
Robinson & Ray 1977). However, Bowles and Northcote (1974, 1976) have argued that
the endoplasmic reticulum is also the site of synthesis of the slime polysaccharides. It is
postulated that the slime polysaccharides are transported on protein carriers within the
membrane system (Green & Northcote 1978), and that the uptake of exogenously
supplied sugars by plants is by a hexose-proton symport mechanism located at the
plasmalemma (Komar & Tanner 1975). Cell transport of sugars probably occurs after
hydrolysis by an enzyme complex bound to the cell wall (Bowen & Hunter 1972;
Maretzki & Thom 1972). Progress in this field with moss tissue has been hampered by
the unavailability of uniform, undifferentiated tissue for experimentation.
Cells of the moss callus have the potentiality to differentiate apogamous
sporophytes from zygote-like cells in addition to normal gametophytes. The sequence
of events occurring during callus differentiation has been characterized by several
authors (Bauer 1967; Hartmann 1970; Menon & Lal 1972, 1977). Sucrose is an
essential requirement not only for maintaining the growth of the cells but also for the
differentiation of apogamous sporophytes.
The callus cells produce numerous vesicles of dictyosomal origin. These vesicles
fuse with the plasma membrane when its quantity increases during growth and
subsexual differentiation.
A specific membrane secretion is involved in this
differentiation (Menon & Bell 1981).
The purpose of the present work is to investigate the short-term transport of cell
wall polysaccharides from callus cells and compare it with gametophytic tissue by
means of autoradiography and pulse-chase experiments. Since light has a role in the
special cell determination, we also conduct control experiments on dark-grown tissues.
TISSUE CULTURES

Gametophytes of Physcomitrium pyrifonne (Hedw.) Brid. are grown under sterile
conditions in Moore's mineral nutrient medium (Moore 1908). Callus is induced on
the secondary protonema arising from the gametophytes, and is maintained as
described (Menon & Lal 1972, 1974). Clones of callus cells and gametophytes are
1
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isolated and maintained in semisolid agar medium under a light regime (12,000 erg s- 1
cm-2; Osram 40W/25) that was interrupted with a dark period of 8 h. Proliferating
callus cells and gametophytes are removed for experiments from these growing cultures
and subcultured in liquid medium under light and dark in reciprocal shakers moving at
110 rpm as described earlier (Menon et al. 1980). The callus cells are harvested over a
double layer of nylon net (55 µm pore size) and the fresh weight determined before
transfer to the incubation medium.
LIBELLING PROCEDURE

The radioactive labelling is initiated in Erlenmeyer flasks contaunng 100 ml
Moore's mineral nutrient medium (Moore 1908) supplemented with yeast extract
(0.2%) and 740 kBq of labelled sugar on a reciprocal shaker at 20°C. D-(U-1 4 q
glucose (spec. activity 8.5 GBq/mmol), myo-(2-3H)-inositol (spec. activity 167
GBq/mmol and (U-1 4 C)-sucrose (spec. activity 13 GBq/mmol) (Amersham Buchleri
are used as tracers. The experiments are performed under white light ~12,000 erg scm-2) regime and in the dark at 20°C. A weak green safelight (200 ergs- cm-2) is used
for manipulation in the dark. The pulse is terminated after 30 min in light and in dark
by washing the cells over a nylon net and then suspending them in a chase medium
containing 0.1 M each of carrier sucrose/glucose/myoinositol either singly or in
combination. The experiments are then continued under the same conditions as for the
pulse. In experiments where inhibitors (atropine 104 M, cytochalasin B 10 µg/1) are
used, the inhibitors are applied during the chase period in the medium. Cytochalasin B
(10 µg/ml) is dissolved in 1% (v/v) dimethylsulfoxide. At this concentration
dimethylsulfoxide has no effect on the cells. The samples of cell suspension taken at
various times are frozen in liquid nitrogen and stored at -20°C for analysis.
AUfORADIOGRAPHY

The material for autoradiography is pulsed for only 10 min with 37 kBq/g fresh
weight of D-(U-1 4 q glucose (specific activity 8.5 GBq/mmol), then thoroughly washed
in 4 changes of medium, and chased for 1 h and 6 h with carrier sugar. Protonema
filaments are fixed in formaldehyde: acetic acid: alcohol (1:1:1, v/v), dehydrated and
mountecl on gelatin-coated slides. Callus cells are embedded in wax after fixation and
dehydration, and sections are cut at 6 µm with a hand microtome. The ribbons are
placed on gelatin-coated slides on a film of water and dried. After dewaxing, the
materials are covered with Kodak stripping film AR 10 or Ilford nuclear Emulsion IA
and exposed in darkness for 3 weeks at 4°C. Silver grains are developed using standard
procedures and photographed with phase-contrast-optics.
ELECfRON MICROSCOPY

The procedure for electron microscopy follows the method of Woodcock and Bell
(1967) and is described in detail by Menon and Bell (1981). Small fragments of
protonemata, callus, and apogamous sporophytes are detached from the agar surface
with a microscalpel and plunged into 4.5% glutaraldehyde (TAAB labs, Reading, UK)
in 0.05 M phosphate buffer for 4 hat room temperature. The material is then washed
in ice-cold buffer overnight, and post-fixed in 2% osmium tetroxide for 2 h.
Dehydration is in acetone and the embedding is in low viscosity resin (Spurr 1969).
Sections are first cut at 4 µm and examined with phase contrast optics. Those
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containing the desired cells are remounted for fine sectioning. Sections are stained
with uranyl acetate and lead citrate (Reynolds 1963). Some sections are collected on
gold grids for the identification of polysaccharides by the method of Thiery (1967),
using silver proteinate as the reactant.
OPTICAL MICROSCOPY

Fresh material and 1.5 µm resin sections are used for the localization of insoluble
polysaccharides by means of the periodic acid-Schiff reagent (PAS) following the
method of Feder and O'Brien (1968). Lipids are stained with Sudan Black B, using
fresh material (Jensen 1962). Callose is detected by staining fresh material with
Aniline Blue and examining with the fluorescence microscope. For localizing nucleic
acids, material is fixed in Carnoy's fluid for 1 h on ice and subsequently stained with
acridine orange (Bertlanffy 1963). Fluorescence is induced with far-blue light using a
Zeiss photomicroscope fitted with a mercury vapor lamp and appropriate filters. For
DNA measurements fresh material is hydrolyzed in 5M HCl at room temperature for
30 min, stained in Schiff s reagent for 1 h at 30°C, and rinsed in freshly prepared
acidified metabisulfite (Dodds & Philips 1977). After washing, the material is lightly
squashed and the coverslips removed following freezing on dry ice. Both slide and
coverslip are air dried and then reassembled with DPX mountant. The relative
amounts of DNA in nuclei are estimated with a Vickers M 85/86 Scanning
microdensitometer at 565 nm.
TISSUE FRACilONATION

The tissues are homogenized for 1 min with an Ultraturrax homogenizer. The
homogenization buffer contains sodium phosphate 0.05 M with 0.5% EDTA. Cell
walls are collected by centrifugation at 1000 x g for 10 min. Differential centrifugation
of the supernatant is carried out at 10,000 x g for 30 min (pellet I) and 100,000 x g for 1
h (pellet II) using a Beckman Spinco L 2 centrifuge with Sw 50/30 rotors. The pellets
obtained are washed with buffer and ethanol (70% v/v) and the washings combined
with the supernatants. We call this fraction cytosol. Lipids are extracted from the
membrane pellets by a modified method (chloroform : water : methanol at the ratio of
1:1:1) of Bligh and Dyer (1959).
EXTRACTION, HYDROLYSIS, AND CHROMATOGRAPHY

Wall fractionation and extraction of pectins, cellulose, and hemicellulose are
carried out by a modification of the procedure used by Heath and Northcote (1971).
Wall fractions are suspended in sodium phosphate buffer (pH 6.8) containing EDTA
and boiled for 1 h at 100°C. Pectic substances are precipitated by addition of 4
volumes of ethanol. The residue is treated overnight with NaOH (3.8 M) and boric
acid (0.7 M) at room temperature; hemicelluloses ate precipitated by 4 volumes of
ethanol : acetic acid (10:1). The residue contains mainly cellulose. Aliquots of the
fractions are placed in counting vials, and 10 ml of scintillation cocktail is added
(Unisolve 1, Zinsser). The radioactivity is measured in a liquid scintillation counter
(Berthold, BF 8000). Measurement of single and double-labelled samples is made with
automatic DPM calculation using the external standard channel ratio method. The
remaining samples of the cell wall fractions are dissolved in 500 µl of H 2SO4 (3% w/w)
and then dialyzed against water. The samples are hydrolyzed by autoclaving at 120°C
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Figure 1. A. Secondary protonemal filaments of Physcomitrium pyriforme showing an abrupt change in
cell morphology from elongated cell to globular cells in basal medium supplemented with glucose (6%)
(400X). B. A part of an electron micrograph of callus cell showing the plasmalemma amplification growth
(x) and the secretion of mucilage to the cell wall periphery (arrow) (40,000X). C. A regenerating globular
cell after an intercalary division breaking open its parent ¥ell wall. Note the remains of parental cell wall
1
(420X). D. Autoradiograph of callus cells after feeding C-glucose for 10 min and chasing for 1 h. Note
and the plasma membrane on the plasmalemmathe aggregation of grains over the surface of the cell
rich cells (arrow) (350X). E. Callus cells after feeding C-glucose and chasing after 1 h (different plane of
D). The grains are reduced and are spread all over the cell periphery jf the plasmalemma-rich cells (arrow)
(350X). F. Autoradiograph of protonemal cell fed for 10 min with C-glucose and chased for 1 h. Note
the grains dispersed over the cytoplasm (120X).
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for 1 h. Insoluble debris is removed by centrifugation and neutralized. These
hydrolysates are evaporated to dryness, dissolved in a small quantity of water, and
chromatographed either on silica gel precoated TLC plates (Merck) with ethyl
acetate:propanol-1 (65:35) as the solvent, or on Whatman chromatographic paper No.1
developed by the descending method using pyridine : ethylacetate : acetic acid : water
(5:5:1:3, v/v) as the solvent. The chromatograms are sprayed with anilinephthalate
reagent (Merck), and the sugars are identified by co-chromatography with test
substances. The corresponding sugar regions are isolated and put in a scintillation vial,
and after elution the radioactivity is determined.
CONCLUSIONS

Using these methods gametophytes and callus cells of a moss [Physcomitrium
pyrifonne (Hedw.) Brid.] are pulsed with 3H-myo-inositol, 14C-glucose and 14C-sucrose
in order to study the transport and metabolism of cell wall polysaccharides. There
appears to be a rapid accumulation of sugars between the plasmalemma and cell wall in
the plasma membrane-amplified callus cells (Fig. 1). The callus cells accumulate the
sugars in the dark period, whereas during the light regimes they are released into the
medium. The decrease in the radio labelling of the cytosol fraction in dark-grown
gametophytes indicates rapid uptake in the membrane system and utilization for wall
synthesis. Callus cells utilize the sugars for synthesis of non-cellulosic polysaccharides
in the dark. Cytochalasin B does not influence the secretory pattern, but atropine
inhibits the uptake of sucrose by the callus cells. We are trying to correlate these
findings with the current knowledge of cell shape in moss development.
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GERMINATION AND PROTONEMATA

Kunito Nehira1
INTRODUCTION

It is biologically very important to recognize the early stages of bryophytes in
nature. But in the natural condition, details of the bryophyte cannot always be
understood completely because of their microscopical features. Instead, it is necessary
to use culture methods. During the past three decades there have been many
publications on the pure culture of bryophytes (Geldreich 1948; Nehira 1964; Basile
1964, 1975; Shaw 1986).
It is well known that bryophytes have several ways of reproduction through
germination of spores and propagules and through regeneration of fragments. Of the
three reproductive processes, the sporeling represents a fundamental morphological
characteristic because it is a distinct stage in the gametophyte development. I have
already summarized the morphological sporeling types in bryophytes (Nehira 1983).
The purpose of this paper is to describe the methodology of culture treatment and
to confirm the sporeling pattern in 25 bryophyte species collected from April to June of
1987, according to the Nehira classification (1983).
CULTURE METIIODS

If only germination and protonemata are needed, the culture method is very
simple, and numerous methods are presented elsewhere in this manual. Freshly
collected material bearing nearly mature sporophytes is brought into the laboratory.
Plants can be wrapped in paraffin paper and stored dry until needed. In the completely
matured state, sporophytes with sporangia are softly tapped over a nutrient medium in
a clean bench (Hitachi, Ltd.) and the spores are immediately spread on the surface of
the solution (Fig. 1).
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Figure 1. Procedure for spreading spores on nutrient solution.
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In this study, liquid medium of one-half strength Knop's solution is used:
Ca(NO ) ·H O
3 2
MgS04·7H2b
KH PO

Kd

4

FeCI (3%)
Distilfed Hp

0.5g
0.175 g
0.175 g
0.06 g
1 drop
1000 ml

The pH of the medium is kept at 6.0-7.0. The medium is autoclaved preceding its
use. About 15 ml of the medium is placed in a sterilized Petri Dish (6 cm in diameter).
After sowing spores, the dish is closed and placed near a window under diffused light,
avoiding direct exposure to sunlight. Plates are also kept in a growth cabinet (NKBiotron, LH-100-RD) at 20-22°C under ca 1200 lux of white light from fluorescent
tubes (usually 12 h light and 12 h dark).
For the observation of spore germination and protonema development, the spores
are picked up from the surface of the solution with a syringe and put on a glass slide.
After covering the material with a cover glass, we can easily observe the sporelings.
Hoyer's solution (Anderson 1954) or lactophenol gel (Zander 1983) can be used to
fix the material permanently, but the results are not very good. A more satisfactory
method is to use gum syrup (gum 1 g:sucrose 30 g per 100 ml H 20) (Pearse 1961). The
sporelings must be saturated with formalin before the gum syrup treatment.
OBSERVATION OF SPORE GERMINATION AND PROTONEMATA

Spore germination is the first step in the development of the gametophyte in
bryophytes. After spore gern;.ination, a protonema develops, from which a young plant
eventually arises. The spore germination and sporeling development are sometimes
susceptible to modification induced by environmental conditions. However, the spore
dehiscence and whether the protonema development occurs outside or inside the
exospore are not modified. Under favorable conditions, the structure of the protonema
likewise is constant. These traits should be regarded as the basic characters to be
employed to classify sporeling types, because of being distinct and unique for individual
species or genera. Table 1 summarizes sporeling types I have identified (Nehira
(1983), with new examples. Material for the examples of these types (Fig. 2) was
collected from Hiroshima, Yamaguchi, and Shimane Prefectures during 11 April - 28
June 1987. Spores were sown within a few days of collection.
Spore coat dehiscence - The spores in the Marchantiales are grouped into the
three major types, apolar, cryptopolar, and polar (Inoue 1960). The spore coat
dehiscence pattern is also divided into four types in relation to the polar axis of the
spore (irregular, proximal, distal, and tangential).
Exosporous or endosporous germination - In bryophytes the two basic types of
spore germination are exosporous and endosporous. In one the spore ruptures in the
early stage of spore germination and remains at the base of the protonema (exosporous
or exosporic). In the other the spore does not rupture, but is stretched to mapy times
its original size, thus covering all or a large part of the protonema (endosporous or
endosporic). In the latter case, the spores are shed or may undergo precocious
germination and become multicellular before the capsule dehiscence. These two types
of spore germination are not modified by environmental conditions and are usually
quite distinct for genera.
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Protonema structure - In any discussion of sporeling types, the ability of the
protonema to be modified by the environment should be considered as an important
character. It is well-known that both shape and structure of the protonema are easily
changed by external conditions.
SPORELING TYPES

Detailed descriptions are available in Nishida (1978) for Musci, in Fulford (1956,
1975) and Nehira (1966, 1974) for the Jungermanniidae, in Inoue (1960) for the
Marchantiidae, and in Renzaglia (1978) for the Anthocerotae.
Table 1. Sporeling types and examples based on culture studies (Nehira 1983).
MUSCI
Sphagnum type
Andreaea type
Tetraphis type
Diphyscium type
Buxbaumia type
Encalypta type
Ptychomitrium type
Glyphomitrium type
Schistostega type
Funaria type
Pogonatum inflexum (Undb .) Lac.
Polytrichum commune Hedw.

Bryum type
Bartramia pomiformis Hedw. var. e/ongata
Turn .
Fissidens japonicus Doz. et Molk.
Hypnum plumaeforme Wils.
Plagiomnium maximowiczii (Undb.) Kop.
Macromitrium type
Macromitrium japonicum Doz. et Molk.
Drummondia type
Hedwigia type
Hedwigia ciliata (Hedw.) P. Beauv.

HEPATICAE-JUNGERMANNIIDAE
Haplomitrium type
Nardia type
Geocalyx /ancistipulus (Steph.) Hatt.
Heteroscyphus planus (Mitt.) Schiffn.
Jungermannia tortica/yx Steph.
Scapania stephanii K. Muell.
Bazzania type
Bazzania oshimensis (Steph.) Hatt.
Cephalozia type
Cephalozia otaruensis Steph.
Nowellia cuNifolia (Dicks.) Mitt.
Trichoco/eopsis type
Trichocoleopsis sacculata (Mitt.) Okam.
P/eurozia type

Ceratolejeunea type
Radula type
Frul/ania type
Lopholejeunea type
Lejeunea type
Pallavicinia type
Makinoa crispata (Steph.) Miyake
Pal/avicinia /ongispina Steph.
Metzgeria type
Riccardia type
Riccardia jackii Schiffn .
Pelliatype
Pellia endiviaefolia (Dicks.) Dum.

HEPATICAE-MARCHANTIIDAE (for rhizoid formation)
Targionia type
Marchantia type
Dumortiera hirsuta (Sw.) Reinw. et al. (irregular pattern of spore coat dehiscence)
Neohodgsonia type
Stephensoniel/a type
Reboulia type
Rebou/ia hemisphaerica (L.) Raddi (proximal germination to spore coat dehiscence)
Wiesnerel/a denudata (Mitt.) Steph. (proximal germination to spore coat dehiscence)
Mannia type
Conocephalum type
Conocephalum conicum (L.) Dum.
ANTHOCEROTAE
Phaeoceros laevis (L.) Prosk. subsp. caro/inianus (Michaux) Prosk. (exosporous massive
sporeling)
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Figure 2. Examples of spore germination and protonema in several bryophytes. 1. Filamentous
protonemata from a spore of Bartramia pomiformis Hedw. var. elongata Turn. (Bryum type) . 2.
Filamentous protonema of Nowellia cwvifolia (Dicks.) Mitt. (Cephalozia type). 3. Protonemata of the
Makinoa crispata (Steph.) Miyake (Pallavicinia type). 4. Protonema of Riccardia jackii Schiffn. (Riccardia
type). 5. Sporeling of Dumortiera hirsuta (Sw.) Reinw. et al. The pattern is irregular in spore coat
dehiscence and is of the Marchantia type in germ rhizoid formation. 6. Sporeling of Reboulia
hemisphaerica (L.) Raddi. The pattern is proximal in spore coat dehiscence, of the Reboulia type in rhizoid
formation , and of the Reboulia type in plate formation. Scale bar = 50 µm.
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MEDIUM ACIDIFICATION BY PHYSCOMITRELL.A PATENS
N. W. Ashton 1
INTRODUCTION

The protoplasts within a wide variety of plant cells are capable of acidifying their
surroundings, i.e. the bathing medium in which the cells or tissues have been placed
and/ or the cell wall solution. Theoretically, several mechanisms might be responsible
for medium and/or wall acidification, including: (1) proton extrusion by protoplasts,
(2) uptake of hydroxyl ions, (3) leakage from protoplasts of organic acids resulting from
anaerobic processes, (4) diffusion from protoplasts of carbon dioxide produced by
respiration or fermentation, (5) proton displacement by other cations, e.g. K+, Ca++,
from binding sites in the cell wall.
While one or more of the mechanisms (2) to (5) may operate in certain plant cells
at least under some circumstances, it seems likely that most living plant cells are
capable of a basal level of proton extrusion (mechanism 1). The rate and extent of this
activity may be increased in many cases by the fungal toxin fusicoccin (FC) (Cleland
1976; Marre 1978; Rubenstein & Cleland 1981), and in some cases by plant hormones,
e.g. auxins (Cleland 1975, 1976; Rubenstein & Cleland 1981), and/or other stimuli such
as blue light (Shimazaki et al. 1986).
It has been proposed that an energy source for proton translocation across the
plasma membrane (PM) is adenosine triphosphate (ATP), which drives a PM-located
H+ -ATPase. The operation of this electrogenic proton pump causes medium
acidification and hyperpolarizes the electrical potential difference across the PM
(Marre 1978, 1979). It has also been suggested that cytoplasmic reductants, e.g.
reduced nicotinamide adenine dinucleotide phosphate (NADPH) (Qiu et al. 1985), may
donate electrons to an artificial, e.g. ferricyanide, or natural, e.g. molecular oxygen,
external oxidant via a PM-located redox chain and, by doing so, provide energy for
electrogenic extrusion of protons (Belkoura et al. 1986; Barr & Crane 1987).
Whatever mechanism(s) is responsible for proton extrusion by plant cells, its
consequences are highly significant. Evidence has been obtained, for example, that
shows that proton pumping at the PM is necessary for: (1) production of an
electrochemical gradient across the PM, which is the driving force for the active uptake
of indole acetic acid (IAA) (Rubery & Sheldrake 1974; Benning 1986) and some other
plant hormones, e.g. abscisic acid (Astle & Rubery 1983), sugars, amino acids and
inorganic anions, e.g. sulfate ions (Lass & Ullrich-Eberius 1984), (2) cell wall
acidification leading to wall loosening and rapid cell elongation in response to auxin
(Hager et al. 1971; Cleland 1971; Vanderhoef & Dute 1981), (3) maintenance of
cytosolic pH at a value that is favorable for enzyme activity, (4) modulation of
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intracellular pH in response to external signals resulting in cell differentiation (Gross et
al. 1983).
Many observations on bryophytes provide compelling grounds for studying proton
extrusion in these lower plants, e.g. (1) auxin uptake by the mosses Physcomitrella
patens (Ashton 1987; Ashton & Bridge 1987) and Funaria hygrometrica (Rose et al.
1983) has been shown to be dependent upon the pH of the external medium, (2) uptake
of the amino acid, methionine, is pH-dependent in P. patens (Albone, Ashton, Cove &
Woodward unpub data), (3) protonemal cell differentiation in both P. patens (Ashton
1987) and F. hygrometrica (Johri et al. 1987) is sensitive to the pH of the culture
medium, (4) mosses exhibit tropic responses to directional stimuli (Cove & Knight
1987) that, theoretically, may depend upon asymmetrical proton extrusion leading to
asymmetrical growth. In the liverwort Pellia, suggestive evidence exists already
indicating that a phototropic response results from a light-induced asymmetrical
distribution of auxin followed by asymmetrical proton efflux and growth (Thomas &
Ellis 1984).
In this article, a technique for monitoring unstimulated and FC-stimulated medium
acidification by P. patens gametophytic tissue is described and various means of
displaying graphically the results obtained are illustrated. By suitably modifying this
technique, the capacity of other bryophyte cells and tissues to acidify their surroundings
as well as the mechanism(s) responsible for medium acidification and its regulation can
be investigated. Some results obtained already using P. patens will be mentioned.
Reference will be made also to other methods that may be employed to study medium
acidification by bryophyte tissues.
RESULTS, SAMPLE DATA, AND DATA PRESENTATION

Physcomitrel/a patens (Hedw.) BSG gametophytic tissues, comprised mainly of
chloronemal and caulonemal protonemal filaments, respond to FC by acidifying their
surroundings at a faster rate and to a greater extent than untreated protonemata (Fig.
la, b, & c; Reichert et al. 1982); unstimulated tissues also acidify their bathing medium
but more slowly and to a lesser extent (Fig. la, b, & c). The pH of incubation medium
containing no moss (no moss control) exhibits no significant change during the course
of the experiment; instead it fluctuates within very narrow limits. Also, 10 µM FC,
added to a no moss control, has no effect upon the pH of the solution ( data not shown).
Figures la, b, and c illustrate the most common ways in which data of this kind are
published.
Other major characteristics of medium acidification by P. patens that have been
ascertained are as follows (Ashton unpub data). It is: (1) inhibited by the uncoupling
agent, 2,4-dinitrophenol, (2) dependent upon the presence of a monovalent cation, e.g.
K +, in the incubation medium, (3) stimulated greatly by a low concentration of Ca+ +
ions when K+ ions are also present, (4) stimulated greatly by FC with a lag period
between FC application and response of approximately 8 minutes, (5) unaffected by
IAA or the ethyl ester of IAA. A wide concentration range has been tested, including
concentrations that induce changes in the differentiation of P. patens cells and that
promote medium acidification by auxin-sensitive higher plant tissues, (6) affected by
the age of the moss tissue, (7) affected by the composition of the culture medium,
especially the nature of the nitrogen source, used for growing the moss. These findings
are similar to those obtained using some higher plant tissues in which it is generally
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Figure 1. Medium acidification by P. patens gametophytic tissues. The experimental procedure used
to obtain the data displayed in these figures is outlined in Figure 2. The 14-day-old moss tissue, comprised
mainly of chloronemal and caulonemal cells, was grown on solid medium containing nitrate as sole nitrogen
source, overlaid with sterile cellophane, according to the method described in detail in another chapter in
this volume (Knight et al. 1988). The abscissa of all three graphs represents incubation time in minutes.
The ordinates are as follows: a. pH of the incubation medium, b. proton concentration (µM) in the
medium, c. proton efflux from the moss cells (nano-equivalents per 05 g aliquot of moss tissue). At arrow,
10 µM FC and 0.1% (v/v) ethanol (open squares) or 0.1% (v/v) ethanol (filled circles) were added.
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accepted that medium acidification results from active proton extrusion, i.e. mechanism
(1). The data collected so far do not allow firm conclusions to be made about the
molecular process( es) underlying proton secretion by P. patens tissues. However, it
should be noted that no artificial electron accepter was added to any of the incubation
media employed and the experiments were performed in weak light incapable of
supporting a high rate of photosynthetic oxygen production. It seems reasonable to
surmise that these conditions would not favor the activity of a PM-redox system.
Recently Johri (1987) reported that Funaria hygrometrica tissues, incubated in liquid
growth medium under bright light, exhibit a reduced rate of medium alkalinization
( equivalent to an increased rate of acidification) in response to the application of IAA.
The effect was small but it could represent the first evidence that proton secretion by
moss cells is sensitive to IAA. Under the same conditions, no response to FC by F.
hygrometrica was detected.
METIIODS

Procedures

The procedure used to obtain the data displayed in Figures la, b, and c is given in
Figure 2. Various aspects of this procedure including (1) volume, composition, and
pH of the pre-incubation and wash media, (2) weight of moss aliquots, (3) volume,
composition, and pH of the incubation medium, (4) frequency of pH measurements,
(5) time, type, and quantity of additions such as FC and IAA, can be altered as
required. Measurements of pH were made with a standard or Ross combination, glass,
spear-tip electrode connected to a Beckman 1:,.71 pH meter. However, any high quality
pH meter equipped with an electrode that has fairly small tip dimensions is suitable for
this kind of experimentation. Ross combination electrodes are recommended because
of their rapid response time, a factor that becomes especially significant when many
samples are being monitored in the same experiment. In experiments involving only
one or a few samples, the pH of the incubation medium may be monitored
continuously by connecting the pH meter to a chart recorder.
Two other methods can be used to study medium acidification by bryophyte
tissues. (1) Periodic titration of the incubation medium to its original pH, described by
Cleland (1976), is somewhat more tedious than the one outlined in Figure 2 and
discussed above but has the advantage that the electrochemical gradient, against which
proton secretion must operate, does not increase continuously during the experiment.
(2) Techniques employing agar (Mulkey et al. 1981) or sephadex beads (Versel & Pilet
1986) containing bromocresol purple as a pH indicator, which is yellow at pH 4.8 or
less, orange at pH 5.0, red at pH 5.5-6.4, and purple at a pH greater than 6.4, have
aided studies on the role of asymmetrical proton secretion in tropic responses of higher
plant organs, e.g. gravireactive roots of maize (Versel & Pilet 1986) and bryophytes, e.g.
Pellia epiphylla (Thomas & Ellis 1984).
Solutions
Stock solution of 10 mM fuslcoccln In ethanol

fusicoccin
absolute ethanol

11 mg
1.62ml

If available, use absolute ethanol that is denaturant-free. Store the solution at

-20°c.
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Harvest moss

!
Submerge in 1 mM potassium phosphate buffer, pH 6.2
(100 ml buffer per g wet weight of moss tissue)

!
Pre-incubate at room temperature, under continuous white illumination
(ca 100 µmol m·2s·\ with shaking, for 1 h

!
Collect moss by filtration

!
Wash with a further aliquot of phosphate buffer

!
Place 0.5 g wet weight aliquots of moss in polypropylene test-tube caps

!
Add 4 ml of 50 mM KCI, pH 6.3, to each cap

!
Measure pH of incubation medium immediately and thereafter at 15 min intervals

!
Between pH measurements, place caps on an orbital shaker and shake gently
2 1
(ca 90 rpm) under room lighting (ca 10 µmol m· s· ) at room temperature

!
After 4 or 5 pH measurements, add 4 µI of 10 mM FC in absolute ethanol or 4 µI of absolute ethanol

!
Continue pH measurements every 15 min

Figure 2. Flow chart of the stages involved in investigating the effect of 10 µM fusicoccin on medium
acidification by P. patens gametophytic tissues. The results of this experiment are depicted in Figures la, b,
and c. Illumination is supplied by cool-white fluorescent tubes, and photon flux is measured with a
quantum photometer ~model LI-185A; Li-cor, Lincoln, Neb., USA) connected to a quantum sensor. Room
temperature was ca 25 C. Moss was collected after pre-incubation and washed by filtration using Whatman
number 1 filter paper. (Dressmaker's interfacing material is also suitable for this application and I now use
it routinely for this purpose.) Incubation vessels are disposable, colorless, and translucent (natural),
polypropylene Kim-Kaps (Kimble catalog number 73660-16) for 16 mm (outer diameter) test-tubes.
Adjustments to the pH of solutions used in this experiment were made using a minimal volume of 100 mM
KOH. For each pH reading, the solution was stirred by gently rotating the cap around the electrode until
the pH had stabilized. With a Ross electrode, this usually takes 1 to 2 min. An aliquot of stock ethanolic
FC solution was added after 90 min incubation, giving concentrations in the medium of 10 µM FC and 0.1 %
(v/v) ethanol. In controls, only 0.1 % (v/v) ethanol was present. Higher concentrations of ethanol should
not be used since they are toxic to moss cells.

SUPPLIES AND EQUIPMENT

Most of the equipment required for the procedure described in this paper will be
available in any microbiology laboratory. Both of the specialized pH electrodes are
manufactured by Orion Research. The Ross electrode is model number 81-63, Orion
catalog number 816300 (with US standard cable connector) or 8163BN (with BNC
connector) and the standard line electrode is model number 91-63, Orion catalog
number 916300 (US standard) or 9163BN (BNC). Additional product information may
be obtained from:
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Orion Research Incorporated
840 Memorial Drive
Cambridge
MA02139

Orion Research AG
Fahnlibrunnenstrasse 5
CH 8700 Kiisnacht
Switzerland

USA

Whenever possible, A.R. grade inorganic chemicals should be used. All organic
chemicals needed, including fusicoccin, can be obtained from:
Sigma Chemical Company Ltd
P.O. Box 14508
St Louis
MO 63178

USA

Sigma Chemical Company Ltd
Fancy Road
Poole
Dorset BH17 7NH
England

Sigma Chemicals GmbH
Gruenwalder Weg 30
D-8024 Deisenhofen
FRG
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TIME-LAPSE MICROSCOPY OF GRAVITROPISM IN THE MOSS
PHYSCOMITRELL.A PATENS
C. D. Knight1 and D. J. Cove1
INTRODUCTION

In the moss Physcomitre//a patens (Hedw.) BSG, single cells of dark-grown
protonemata and multicellular apical regions of etiolated gametophores respond to
gravity in the absence of light by growing away from the gravitational vector. The
kinetics of the wild type protonemal response, determined by the analysis of filaments,
is described by Jenkins et al. (1986). This paper describes a method of cell culture that
allows the microscopical observation and time-lapse video recording of responses of
individual protonemata and is currently being used to characterize the responses of
wild type and mutant strains (Cove & Knight 1987).
MATE~ AND METHODS

Cultures are prepared by inoculating protonemal fragments (Ashton & Cove 1977)
onto a 1 mm thick layer of agar medium. The medium is as described by Futers, Wang,
and Cove (1986), but is solidified by 0.6% (w/v) Special Agar-Noble (Difeo
Laboratories, Detroit, Michigan, USA) and supplemented with nicotinic acid, p-amino
benzoic acid, and thiamine (Ashton & Cove 1977) and 0.5% (w/v) sucrose. The agar is
supported by a glass coverslip, 24 mm x 50 mm, 100 µ.m thickness, that was sterilized by
flaming in alcohol. Approximately 1 ml of molten medium is dispensed onto the
coverslip, which is placed on a sterile glass support in a sterile Petri dish and, when
nearly set, a second sterile coverslip placed on top. After chilling at 4°C for 2-3 hours,
the top coverslip can be removed with two pairs of flamed forceps to leave a uniformly
thin layer of agar. Two-three spot inocula of protonemal fragments are placed close to
one of the long edges and the culture covered with a 24 x 50 mm rectangle of uncoated
fine grade cellophane (Walter E. Canning, Bristol, U.K.) that has been autoclaved wet
in distilled water. The culture is inverted over a well cut into agar contained in a 90
mm diameter Petri dish. Petri dishes are incubated horizontally under white light
(Ashton & Cove 1977) at 25°C for 5-7 days and then transferred on edge to darkness
for a further 10-12 days, oriented with gravity perpendicular to the long axis of the
coverslip.
The culture chamber for microscopic observation, constructed from 1 mm thick
glass and 100 x 35 x 25 mm in size, is shown in Figure 1. The chamber, filter paper
wicks, and unsolidified medium are autoclaved and set up under sterile conditions and
the culture transferred to the chamber with forceps, retaining the same orientation
relative to gravity. This procedure is carried out under "safe"-light conditions; the
screen of a television monitor and a microscope lamp-housing can be covered with 1
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sheet of 3 mm thick blue Plexiglass (GS Blau 602, Roehm Ltd, London, U.K) and 1
layer of no. 46 Cinemoid (Rank Strand Electrics, London, UK). This does not appear
to affect the gravitropic response and provides enough visible light for manipulations.
The chamber is transferred to a rotatable stage on a Nikon Optiphot microscope, fitted
with Differential contrast "NT" (Nippon Kogaku KK, Tokyo, Japan). The microscope
is laid on its side so that the filaments retain the same orientation with respect to
gravity. Light from a tungsten halogen bulb (12 V, 50 W, M32, Thorn E.M.I. Lighting,
UK) is passed through an infra-red transmitting filter (RG 850, Schott Glasweke,
Mainz, FRG) and the culture is observed using an infra-red-sensitive television camera
(TC2014 fitted with Ultricon 4833U tube, RCA, Lancaster, PA, USA). The camera is
linked to a time-lapse video recorder (Panasonic/National NV-8050, Matsushita
Electric Trading Co., Osaka, Japan) into which a time/date generator
(Panasonic/National NV-F85) has been fitted and images of the culture are displayed
on a video monitor (Hitachi VM-129). During the recording period the microscope is
contained within a light-proof box. After 1-2 hours of growth in orientation 1, the stage
is rotated to the required angle. A video pointer (VP-380, FOR-A Co. Ltd., Tokyo,
Japan) supplies a cursor that is positioned at the apex at the same time of
reorientation. Medium, to which growth inhibitors could be added, is pumped into the
top reservoir at a rate of about 40 µl per minute and similarly removed from the
bottom reservoir. Sterility cannot be ensured hereafter, but sufficient reproducible
results have been obtained to suggest that contamination does not become a problem
until at least 30 hours after transfer of the culture to the microscope. Measurements
such as angles of bend or distances between organelles are made using a ruler and
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Figures 1-2. 1. Culture chamber for time-lapse microscopy of P. patens. The culture (C) is irrigated
via filter paper wicks CH) by pumping medium into the top reseivoir (T) and from the bottom reseivoir
(B). 2. The angle of bend of a representative wild type filament reoriented by 90°, against time. Dashed
lines indicate periods during which measurements could not be taken from the recording. Arrows denote
the time at which the mitotic spindle was most clearly visible and the hatched flanking regions indicate the
estimated time of mitosis from nuclear breakdown to new cell wall formation.
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protractor resting on the television monitor. The horizontal lines on the screen serve
as a baseline and individual frames are selected with the pause button.
RESULTS USING PHYSCOMITRELLA. P.ATENS

Figure 2 is a graph of the angle of bend of a representative wild type filament from
its position at the time of reorientation by 90°, measured at 30-minute intervals. These
data agree with those obtained from population experiments (Cove & Knight 1987).
They demonstrate that the ability of protonemata to bend away from gravity is
influenced by the cell cycle. The arrows denote the time at which the mitotic spindle
was observed at each cell division and the hatched flanking regions indicate the
estimated duration of mitosis. The spindle is visible for about 20 minutes and is the
most reproducible marker of cell division because it is associated with an obvious
clearing of etioplasts from this region. Other mitotic events are often more difficult to
determine but the complete pro~ess, from nuclear breakdown to cell wall formation,
has been estimated to take about 100 minutes, and the time of each cell cycle is
approximately 6 hours. During the first 3 cell cycles, when bending is rapid, it is clear
that mitosis occurs after the filament has begun a reverse bend, and this implies that a
pre-mitotic event influences bending. It is possible that the depolymerization of
microtubules, known to occur at about this time (Doonan 1983), could be responsible,
and we are currently testing cytoskeletal inhibitors to see if the cytoskeleton is an
integral part of the gravitropic response.
The advantages of observing a growing culture are numerous. The fine detail
analysis, made possible by this technique, has revealed a number of features hitherto
undetected from the responses of populations of filaments. This technique can also be
applied to the observation of cultures growing in the light and in so doing will allow
analysis of a wide range of developmental processes in P. patens.
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ELECTROBLOTTING AND IMMUNODETECTION IN BRYOLOGY
Holger Deising 1 , Hansjorg Rudolph 1 and Michael Kirchhoff1
INTRODUCI10N

Immunochemistry, though often used for studying proteins and enzymes from
higher plants (Smarrelli & Campbell 1981; Somers et al. 1983; Vierstra et al. 1984;
Notton et al. 1985; Campbell & Remmler 1986; Maki et al. 1986; Remmler & Campbell
1986), has yielded little attention in bryology (Deising & Rudolph 1987, 1988; Duckett
& Renzaglia 1988).
The advantage of immunological methods is the combination of extremely high
specificity and high sensitivity. Furthermore, these methods can be conducted with
highly purified samples as well as with crude extracts, thus allowing the analysis of
rather unstable protein compounds.
If, however, it is not only important to obtain the protein pattern of a sample by
PAGE (Davis 1%4; Ornstein 1%4; Laemmli 1970), but to correlate a certain protein or
enzyme activity with a particular protein band, different methods like in situ detection
of active enzymes (Gabriel 1971) or immunoelectrophoresis (Kleinhofs et al. 1986)
have been used. In a modification of the latter technique the antigen can be detected
by directly incubating the gel containing the separated samples with antiserum,
resulting in cross-reaction and precipitation of the antigen (Showe et al. 1976; Zubke et
al. 1977). The success of an experimental setup like that might be limited by the pore
size of the gel, restricting the diffusion of immunoglobulins (IgG). Since Towbin et al.
(1979) have developed a procedure to transfer proteins from gels to nitrocellulose
membranes where they are immobilized, thus giving access to antibody action (Western
blots), a wide variety of analytical procedures can be applied, comparable with the
power that the Southern technique (Southern 1975) has brought to analysis of DNA
Immunological techniques for specific protein detection commonly use a primary
antibody that recognizes the antigen and binds to it. Secondary antibodies, directed
against the primary antibodies, might be radioactively labelled, conjugated with
fluorescein, peroxidase, alkaline phosphatase, or gold particles, allow the detection of
the antigen by autoradiography, UV-light, enzyme reaction products, or electron
microscopy.
As a demonstration of specific protein detection by antigen-antibody recognition,
Western blots analysis of nitrate reductase (NR: EC 1.6.6.2) from Sphagnum species
was demonstrated at the Bryological Methods Workshop.
METHODS

Western blots analysis requires the following experimental steps:
1. Preparation of protein samples
1
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2. Separation of proteins by PAGE
3. Transfer of the separated proteins onto nitrocellulose sheets ( electroblotting)
4. Immunological detection of a protein.
Preparation of protein samples

A general problem in protein extraction is to prevent degradation by proteases;
another aspect to be considered, especially when working on enzymes from Sphagnum,
is that these plants, due to large amounts of cell wall material, contain low protein
concentrations. Taking this as well as the lability of certain enzymes into account, an
extraction procedure starting with lyophilized moss powder is favorable and is now
routinely used in our laboratory: After grinding under liquid nitrogen the plant
material is lyophilized at -60°C. Then the powder is extracted in 6 volumes of SDSbuffer [10% (v/v) glycerol, 1% (w/v) SDS, and 1% (v/v) 2-mercaptoethanol, 50 mM
Tris-HCI, pH 6.8] for 10 min at 100°C. After boiling, the extract is filtered and
centrifuged at 15,000 x g for 15 min. The supernatant is directly used as a sample for
protein separation on SDS-gels.

SOS-PAGE
SDS-PAGE is carried out on vertical slab gels (100 x 145 x 1.5 mm) using the
system described by Laemmli (1970). The gel consists of a large-pore stacking gel (5%
polyacrylamide) and a small-pore running gel (10% polyacrylamide). The electrode
buffer used is 24.8 mM Tris, 192 mM glycine, 1% (w/v) SDS, pH 8.3 (Fig. 1). In this
system of leading and tailing ions the proteins are concentrated on their way toward the
running gel. The current is set to 15 mA until the marker dye (Bromophenol blue,
BPB) reaches the running gel and is then set to 30 mA constant current. In the smallpore running gel and in the presence of SDS the proteins are separated according to
their molecular weight. When the BPB reaches the end of the gel the electrophoretic
run is stopped and the gel is used for protein staining or prepared for horizontal
protein transfer onto nitrocellulose sheets.
The staining solution used consists of 250 mg Coomassie Brilliant Blue, 250 ml 2propanol, 100 ml glacial acetic acid, and H 20 up to 1000 ml. Gels are destained in
10% acetic acid with several changes of the acid. It should be mentioned that besides
Coomassie blue other methods of protein staining like fast green, amido black, or silver
stain can be used (Maurer 1971; Heukeshoven & Dernick 1985).
Transfer of the separated proteins onto nitrocellulose sheets (electroblotting)

Prior to electroblotting the gels should be washed with trans blot buffer [25 mM
Tris, 192 mM glycine, 20% (v/v) methanol at pH 8.3] for 10 min at 4°C to decrease the
ion concentration.
The experimental setup for electroblotting is shown in Figure 2. The gel holder (1)
of the trans blot cell (BioRad Laboratories) should be loaded under ice-cold trans blot
buffer to exclude air bubbles: Three sheets of Whatman N° 1 chromatography paper
(3) are laid on a scouring pad (Scotch-Brite)(2). Then the gel (4) is put on the paper
and carefully covered with a preliminarily buffer-soaked nitrocellulose sheet (5). Three
more layers of chromatography paper and another scouring pad complete the
assembly, and by closing the gel holder the gel is firmly pressed against the
nitrocellulose. The assembly is then set into the buffer tank, with the polyacrylamide
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Figure 1. Experimental setup of protein separation by SDS-polyacrylamide gel electrophoresis. Prior
to the application of a constant current the protein sample is loaded onto the top of the gel (A). During the
electrophoretic run the proteins are separated according to their molecular weight and appear as distinct
bands at different positions of the separation gel after electrophoresis (B).
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Figure 2. Electroblotting of proteins. The gel holder (1) is submerged into the buffer-tank,
containing trans-blot buffer (7). The polyacrylamide gel (4) and the nitrocellulose sheet (S) are firmly
pressed together by chromatography paper (3) and Scotch brite pads (2). Stirring the solution (stir bar, 6)
prevents the rise of concentration gradients.
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gel facing the cathode. Applying 125 mA constant current overnight ensures a
sufficient though not quantitative transfer of the separated proteins onto nitrocellulose.
Proteins can be stained even after electroblotting. Hancock and Tsang (1983),
using India ink for visualizing the protein patterns on nitrocellulose, show that staining
by this method is more sensitive than using Coomassie blue, amido black, or fast green
stains.
Immunological detection of NR protein
Incubating the nitrocellulose membrane with a protein solution after
electroblotting saturates free binding sites of the nitrocellulose so that
immunoglobulins G (IgG) introduced to the system are not unspecifically bound to the
matrix. Different proteins like BSA, gelatine, or skimmed milk p·o wder can be used as
blacking agents, but best results are obtained with 3% mild powder in Tris-b1.1ffered
saline (TBS, 150 mM NaCl in 50 mM Tris-HCI, pH 7.2) (Deising & Rudolph 1987,
1988).
The access to monospecific antibodies, however, is a prerequisite of Western
blotting. In the described experiments monospecific polyclonal antibodies from rabbit,
raised against NR from Zea mays (maize) leaves (cv. W64A X W182E) are used (the
donation of the antibodies by Prof. Dr. A. Oaks, Hamilton, Ontario is greatly
acknowledged).
The protein saturated nitrocellulose sheet is incubated with a 2000-fold dilution of
antiserum in TBS containing 3% skimmed milk powder at room temperature for 2 h.
After three washes with TBS (10 min each) the secondary antibody, goat antibodies
raised against rabbit IgG, is allowed to react with the primary antibody (Fig. 3A). A
1000-fold dilution of horse radish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(Sigma) is used in these experiments. After three more washes with TBS the NR
protein band is visualized by incubating the nitrocellulose membrane with 100 mM
phosphate buffer, pH 7.2, containing 0.63 mM o-dianisidine and 2.1 mM H 20 2• When
bands of desired intensity appear the reaction is stopped by rinsing the nitrocellulose
sheet with distilled water.
If it is necessary to increase the sensitivity of the method, a tertiary antibody, e.g.
alkaline phosphatase (AP)-conjugated rabbit antibodies raised against goat IgG, can be
introduced to the system (Fig. 3B). By specifically in situ staining of AP the NR protein
is detected on the nitrocellulose. The reaction mixture used is 104 mM Tris-HCl, pH
9.0, 100 mM NaCl, 5 mM MgC½ containing 0.15 mg BCIP (5-bromo-4-chloro-3indolylphosphate) and 0.3 mg NBT (nitro blue tetrazolium) per ml.
Using Blue Sepharose affinity chromatography, NR from Sphagnum has been
purified up to 500-fold (Deising 1987b; Deising & Rudolph 1988), but there is still
some contamination with other proteins. So these preparations cannot be used for
producing monospecific antibodies. The work of the groups around Kleinhofs and
Campbell suggests that NR consists of a conserved active site and another moiety that
is relatively variable (e.g. Smarrelli & Campbell 1981; Snapp et al. 1984). So, with a
certain degree of probability polyclonal antiserum prepared against NR from one
species can be used for analyzing that enzyme protein from other, even evolutionarily
remote species. Deising and Rudolph (1988), using antiserum raised against NR from
Zea mays, report on immunotitration of Sphagnum NR: all NR-associated activities
(NADH-, NADPH-, and FMNHfNR) are inhibited by the antiserum. At a 250-fold
dilution the enzyme activities are inhibited by about 55%, and at a 50-fold dilution NR
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Figure 3. Immunological detection of NR protein on nitrocellulose membranes. After electroblotting
and saturation of the membrane with blocking agents, primary antibodies ( ~ ) are allowed to react with
the antigen (open circles). Then the secondary antibodies ( ~ ), which are HRP-conjugated are used to
detect the primary antibodies (A). The use of tertiary antibodies ( Y ), which are AP-conjugated IgG (B),
increases the sensitivity of the method. NR protein is detected by in situ staining of the enzymes. Symbols
on the nitrocellulose, other than open circles, represent different unknown proteins that have been
electroblotted onto the membrane. HRP, horse radish peroxidase; AP, alkaline phosphatase.

is almost completely blocked. So antiserum against maize NR can be used as the
primary antibody in Western blots analysis of Sphagnum NR (Deising & Rudolph 1987,
1988).
APPLICATION OF THE METHOD

Three examples may briefly illustrate which problem concerning the enzyme NR
can be answered by the aid of immunochemistry.
The determination of the molecular weight is important in characterization of
Sphagnum NR. The detection of the native enzyme as well as subunits after native- and
SOS-PAGE is difficult because, due to highly active nothing dehydrogenases in the first
case and denaturation of the enzyme in the latter, in situ staining as described for other
enzymes is prevented (Gabriel 1971). After electroblotting onto nitrocellulose,
however, NR protein can be easily detected immunochemically. According to the
mobility of the protein in the electric field and comparison to molecular weight marker
proteins, the Mr values have been calculated after in situ staining of bound HRP or AP
(Deising & Rudolph 1988).
Using in vivo and in vitro NR assays the substrate-inducible nature of the enzyme
activity has been found for different Sphagnum species (Woodin et al. 1985; Deising
1987b; Deising & Rudolph 1987a; Rudolph et al. 1987). The question whether the
N0 3--triggered increase of activity is related to, e.g. enzyme activation, synthesis from
inactive precursor molecules, or de novo synthesis, remained unanswered. Using the
described immunological method, Deising and Rudolph (1987) have shown that plants
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depleted of NO - contain only trace amounts of NR protein. These amounts increase
with the time Jer NO 3- application, and the densitometrically quantified NR protein
can be correlated well with the increase in NR activity. The application of NO 3- in
combination with cycloheximide does not lead to increase of NR activity and protein.
On the basis of these experiments we have concluded that the induction of NR is due to
de novo synthesis of the enzyme protein.
Applying heavy metals like cadmium or lead drastically changes the protein
concentration in Sphagnum. For instance, 300 J.,LM of these metals in the NR induction
medium (500 J..LM NO 3- plus 1 J.,LM N'½MoO4) significantly reduces the capability of
inducting NR activity. These results hold in vitro. The isolated and partially purified
enzyme is non-competitively inhibited by Cd and Pb (Kirchhoff & Deising, in prep.),
and parts of the inhibitory effect of heavy metals are probably due to interactions with
SH-groups of the NR protein. Whether additional Cd and Pb effects on protein
biosynthesis result in reduced NR protein amounts has been analyzed
immunochemically. Those experiments demonstrate a reduction in the amount of NR
protein after heavy metal challenge and support the hypothesis that reduced NR
activities are in part due to a reduced rate of NR synthesis.
In conclusion, we have shown that the method of electroblotting and
immunodetection of proteins, originally developed by Towbin et al. (1979), is a
powerful tool in the analysis of NR from bryophytes and will be used for analyzing
other protein compounds.
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ANALYSIS OF DIFFERENTIATION-SPECIFIC-PROTEINS BY
ISOELECTRIC FOCUSING, USING HORMONE-SENSITIVE
MUTANTS OF FUNARIA HYGROMETRICA
Satish C. Bhatla1 and Martin Bopp2
INTRODUCTION

The protonema of the moss Funaria hygrometrica Hedw. constitutes one of the
best-analyzed "morphogenetic systems" for the study of hormonal regulation of cell
differentiation. Auxins and cytokinins interact sequentially in regulating the transition
from chloronema to caulonema and bud formation (Lehnert & Bopp 1983). Whereas
auxins are a prerequisite for differentiation from chloronema to caulonema, cytokinins
are necessary for bud induction on caulonema filaments. Keeping in view the
hormone-dependency of Funaria hygrometrica for its development, investigations
employing its mutants can be used for a better understanding of the mechanism
underlying hormone action. For the present studies, auxin-sensitive mutants were
obtained according to Ashton et al. (1979), by the mutagenesis of spores with NTG (Nmethyl-N 1 -nitro-N-nitrosoguanidine), followed by screening on substrate containing
NAA (naphthalene acetic acid). Estimations using the technique of radioimmunoassay
have revealed that the level of free indole-3-acetic acid (IAA) in the mutant is less than
one-third of that in the wild type (Bopp & Bhatia 1985). The mutant in question
(NAR-2) remains in the chloronema state when raised on minimal medium. Auxin
treatment leads to visible formation of caulonema filaments along the periphery
(Bhatia & Bopp 1985).
Variations in protein patterns are expected during cell differentiation. There is,
however, no concrete information on the type of protein changes accompanying auxininduced response. It is not known whether auxins simply maintain or enhance general
protein synthesis in moss protonemata, or they alter the types or enhance the synthesis
of a limited number of polypeptides. Qualitative and quantitative changes in protein
patterns of a system can be studied with precision using the techniques of
electrophoresis. A protein molecule in solution, at any pH other than its isoelectric
point, has a net average charge. This causes it to move in an applied electric field. The
inert matrix of highly cross-linked gel of polyacrylamide is commonly used as a medium
for the migration of proteins. Depending upon the molecular weight range of proteins,
their electrophoretic separation is conducted on polyacrylamide gels of 5-20%.
In conventional electrophoresis, separation of proteins occurs in a buffer solution
of constant pH and ionic strength. The electrophoretic mobility will simultaneously
depend upon net charge, molecular weight, and shape of protein, and rigidity of
packing of the polyacrylamide gel. Electrophoresis in PAGE in the presence of sodium
1
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dodecyl sulfate (SOS-PAGE) allows proteins to be fractionated according to their
molecular weight. Completely ionized sulfonate groups of this detergent bind the
proteins, making them negatively charged, and leading to their dissociation into
constituent polypeptides. Upon electrophoresis these proteins migrate toward the
positive electrode, and a series of discrete protein bands is produced from the mixture,
arranged in the order of their molecular weights. Isoelectric focusing (IEF) involves
setting up of a continuous, stable, and linear pH gradient, allowing the proteins to
migrate in an electric field to the point when pH equals their isoelectric point.
The present paper will deal in detail with the theory and methodology of isoelectric
focusing (IEF) of soluble proteins that were applied to extracts of moss protonemata.
PREPARATION OF PROTEIN

EXTRACTS FROM THE PROTONEMA FOR IEF

Protonema cultures are raised on Petri plates containing Knop's nutrient medium
solidified with 2% agar. The medium is overlaid with cellophane sheets and
protonemata inoculated over them as described earlier (Bopp et al. 1964). Protonema
cultures of different days of growth, and subjected to auxin (IAA, 10-5M) treatment,
are isolated with the help of forceps and frozen in liquid nitrogen. Until further use
they are stored at -20°C.
Material is homogenized with pestle and mortar, using phosphate buffer (pH 6.0;
50 mM) and a small amount of sand. The ratio of material to buffer used is 1:1 (g:ml).
The material is centrifuged at 27,000 x g for 15 min and the supernatant is dialyzed for
4 h against phosphate buffer (pH 6.0; 25 mM). Ampholyte (0.5 ml of 40%) is added to
5 liters of dialysis buffer for equilibration of the sample. All samples are recentrifuged
after dialysis and then subjected to protein determination, according to Bradford
(1976). Protein (16 µ,g) is loaded for each sample in a volume ranging 9-15 µ,l.
PRINCIPLE OF ISOELECTRIC FOCUSING

Isoelectric focusing may be defined as electrophoresis in a pH gradient. The pH
gradient is established between two electrodes and is stabilized by carrier ampholytes.
In this technique proteins migrate until they align themselves at their pis, at which
point a protein possesses no net charge and will, therefore, concentrate at this point as
migration stops. This technique is, thus, a kind of equilibrium technique in which
diffusion is minimized. It leads to highest resolution, in which components that differ
by 0.001 of a pH unit, or less, can be resolved.
pH gradient
Under the influence of electric current, the anode naturally becomes acidic, and
the cathode naturally becomes alkaline:
Anode reaction
6H 0-> 0 + 4H 0+ + 4e2

2

3

Cathode reaction
4H 0 + 4e- -> 2H + 40H2

2

The amphoteric property of amino acids and proteins is fundamental to the
principle of isoelectric focusing. A simple example is glycine. Thus' at acidic pH,
glycine is positively charged, whereas at alkaline pH it is negatively charged. Because
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the charge of the molecule is dependent upon pH these types of molecules possess
zwitterionic or amphoteric properties. At some points the amino acid will carry no net
charge, and this is the pl, the isoelectric point of the amino acid (Fig. 1).

NH 3

COOH

\/
CH 2

NH +
3

Coo-

\/

NH 2

COO-

\/
CH 2

Low pH

CH 2
pl

High pH

-excess H+

point

-excess OH-

Figure 1. Amphoteric behavior of amino acids and proteins.

Let us assume that this amino acid is applied in a pH gradient established by
electrode reactions, with the anode (the positive electrode) pH at 3.0 and cathode (the
negative electrode) at pH 10.0. If this amino acid is applied at pH 3.0, it is positively
charged, and will therefore move toward the cathode. If it is applied at pH 10.0, it
becomes negatively charged, and will, therefore, migrate toward the anode. These two
samples are, therefore, migrating toward each other. When a certain point is reached,
at which the amino acids carry no net charge, migration ceases. This is the isoelectric
point, pl, and one can observe when the two samples coalesce.
Generation of pH gradient and carrier ampholytes
The continuous production of H 30 + and OH" ions at the electrodes causes the pH

to rise at the cathode and fall at the anode so that there is a very steep micro pH
gradient in the vicinity of the electrodes (Fig. 2a).
Under the influence of field strength, an amphoteric substance A, with a pl = pH,
will migrate toward its pl point (Fig. 2b), where it will concentrate (Fig. 2c). If this
amphoteric substance has any buffering capacity at its pl, it will then form a small pH
plateau. Several amphoteric substances in the system with different pis will tend to
generate a pH gradient (Fig. 2d). With very many ampholytes, each with its own
buffering capacity, a continuous pH gradient will build up. The individual ampholytes
will align, and will also overlap, so that a smooth pH gradient results.
Synthetic ampholytes (amphoteric substances) that are used to generate such pH
gradients are termed carrier ampholytes. They are available as aqueous solution of a
mixture of a large amount (40-50) of amphoteric molecules (ampholytes) of relatively
low molecular weight, ca 300-900. Such mixtures consist of synthetic zwitterionic
species that differ in their pl values, and a set of ampholytes covers more or less
uniform pl ranges from 2-3 to 10-11. These ampholytes contain amino groups (basic
groups) and carboxylic or sulfogroups as acidic groups (Osterman 1984).
Ampholytes that cover a wide pH range are used for a preliminary analysis of a
protein mixture whose pl is not known, whereas those with narrow pH ranges are used
for fine fractionation of closely related proteins of known pl. Ampholytes are usually
delivered as sterile 30% or 40% aqueous solutions. When preparing the operating pH
gradients, these stock solutions must be diluted to attain an optimal concentration of
1-2% (Pharmacia Fine Chemicals AB 1982).

142

S. C. Bhatia & M. Bopp: Analysis of differentiation-specific-proteins by isoelectric focusing

PRACilCE OF ISOELECTRIC FOCUSING

Silianization of glass plates and polyester films
Polyacrylamide gels do not normally adhere well to glass plates or polyester films .
Because of this, the gels can become easily damaged or torn, either during gel
preparation or during its further handling. The process of silianization eliminates all
these problems by chemically bonding the gel to the glass plate with covalent linkages.
The gel remains firmly attached to the glass/polyester film surface. Silianization has no
adverse effect on isoelectric focusing and in particular on proteins being focused. The
commonly used silane, methacryloxypropyl trimethoxy-silane, is commercially available
as Polyfix 1000 from Desaga (FRG) or as Silane A from LKB or Pharmacia (Sweden).
pH
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Figure 2. Development of natural pH gradient using carrier ampholytes. a. vicinity of electrodes. b.
migration toward pl point. c. area of concentration. d. pH gradient resulting from presence of several
amphoteric substances.

Glass plates, cleaned with detergent, rinsed with water, and defatted with acetone,
are immersed in 0.2% solution of Polyfix 1000 in ethanol-water (1:1; v/ v), followed by
air drying for 15 min. Polyester films (180 µm thick) are pretreated for 15 min in 6N
NaOH, rinsed with water (deionized) and air dried. This treatment turns the initially
hydrophobic surface into hydrophilic. The alkali-pretreated films are silianized by
immersion in 0.2% solution of Polyfix 1000 in ethanol-water (1:1; v/v). The films are
dried for 20 min at 80°C. The silianization solution must always be made fresh (Radola
1980).
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Cover films
Handling and storage of ultrathin gels is greatly facilitated by using cover films of
low affinity for the polymerized gel. For this purpose, alkali-pretreated films are
superior to untreated ones. Cover films are prepared by treating 100 µm films with 6N
NaOH for 15 min. After washing with water and air drying, the hydrophilized films are
stored until use.
Preparation of 100 µ.m thick polyacrylamide gels
Polymerization process - Polyacrylarnide gels are extensively used for isoelectric
focusing. They have the advantage of possessing an exceptionally low number of
charged groups. As a result high voltage can be applied for separation, giving rise to
exceptionally high resolution and faster run times. Also, polyacrylarnide gels are highly
adaptable for use in ultrathin layers, which offer easy visualization, small sample size,
and permanent records.
Polyacrylamide gels are formed by the polymerization of the monomer acrylarnide
together with a cross-linking agent, normally N,N ' -methylene bisacrylamide (BIS).
Polymerization of the acrylamide monomers occurs in the presence of free radicals.
These are chemically produced by the presence of persulfate ions. Tertiary amine
groups are required as accelerators and frequently the base N,N,N ' ,N 1 tetrarnethylethylenediarnine (TEMED) is added for this purpose. But when a gel is
polymerized in the presence of ampholytes (for IEF), the addition of such a base as
TEMED is unnecessary because the ampholyte itself possesses the necessary tertiary
amine groups. The polymerization reaction is strongly inhibited by high levels of
oxygen. Therefore, the gel solution must be degassed under vacuum. Once initiated,
the reaction itself is autocatalytic.
Gel composition - The concentration of polyacrylarnide gels is usually defined by
the terminology recommended by Hjerten (1%2), i.e. T and C. T denotes the total
percentage concentration of the monomer and bisacrylamide. C denotes the
percentage of the cross-linking agent in the total gel composition.
T = Acrytamide (g) + BIS (g) x 100%
Voh.me Cml)

C = ---=-BI"""S~<S~)_ _ _ __
Acrylamide (g) + BIS (g)

X

100%

In isoelectric focusing the most commonly used gel composition is T5C3, i.e. 5%
total acrylamide and BIS concentration, while the gel is 3% cross-linked. This is
suitable for focusing molecules up to ca 500,000 in size.
The composition of 10 ml T5C3 gel mixture is as follows:
0.5 ml glycine
4.75 ml distilled water
1.7 ml 30% acrylamide solution (g/v)
1.5 ml 1% BIS (g/v)
0.75 ml 40% ampholyte

Degas the solution
0.8 ml of 1.5% ammonium persulfate

Gel casting - One of the easiest ways to cast ultrathin gels is by using the "flap"
technique (Radola 1980). The mold is readily made between two glass plates, using
adhesive tape of a known thickness as a gasket. Typically one uses a standard size glass
plate, i.e. 115 x 230 x 2 mm. Several layers of adhesive tape are placed down each edge
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of the plate. A suitable tape is a water proof tape, ca 50 µm thick. This tape is
arranged so that it covers both sides of the glass plate. This glass plate is not silianized.
Spacer thickness can be readily checked with a micrometer gauge. The plate is placed
on a horizontal surface, and sufficient polymerization mixture (with an excess of
20-50%) is carefully placed in a broad band at one end. Now the silianized plate is
placed down on its edge at one end and is carefully lowered like a hinge, avoiding
entrapment of air bubbles. It is not necessary to seal the ends, as the capillary effect is
sufficient.
Ultrathin gels (0.1- 0.5 mm thick) can also be cast using the ultramold gel casting
apparatus, which uses the technique of sliding one glass plate over another, separated
by a spacer of known thickness, thereby forming uniformly thick gel.
Electrode solutions
The following electrode solutions give the best results for the present work:
Anode solution:
0.025 M DL-aspartic acid
0.25 M L-glutamic acid
Cathode solution:
2 M ethylenediamine
0.025 M DL-arginine (free base)
0.025 M l•lysine (free base)

Solutions are always made fresh before use. Electrode strips are soaked in appropriate
solutions. The strips should be wet but drip-free. The electrode strips are placed onto
the gel 1 mm from the edge. Strips should not overhang onto the cooling plate;
otherwise a short circuit may occur. Place the gel on the cooling plate.
Prefocusing
There are three main advantages of prefocusing.
1. The charged contaminants including acrylic acid and persulfate ions can be
electrophoresed out of the gel, which could otherwise cause artifacts.
2. It increases protein stability because proteins are applied to a position of
suitable pH.
3. It helps in the formation of straight bands. At the beginning of an experiment,
when a pH gradient is just starting to form, the iso-pH lines can be easily
disturbed both by the sample and its buffer. Therefore, it is better to prefocus,
and then apply the sample.
The lid is placed over the apparatus, coolant is put on, and power is switched on.
Prefocusing is done until the gradient is formed, i.e. the current ceases to fall. A typical
period for prefocusing of 9 cm separation distance is 15 min at the initial voltage of 200
volts, which increases up to 500 volts. The electrode strips are replaced with fresh ones
for focusing.
Sample application
Samples are applied to the gels by placing a plastic sample application mask
directly onto the gel surface. Sample volume should be kept in proportion with gel
thickness, with not more than 10 µI of sample containing up to 16 µg of total protein.
It is generally recommended to apply the sample near the middle of the gel, as
there is always a slight temperature rise near the anode and cathode during gradient
formation. The application position should be at least 1 cm from either electrode.

145

Methods in Bryology

After sample application, replace the lid, again ensuring good contact between the
electrodes and electrode strips.
Experimental time and electrical conditions
As the pH gradient is generated, charge on the individual carrier ampholytes
decreases. As a result the gel resistance increases ( conductivity decreases) with
gradient formation. A power supply that provides only constant current or constant
voltage is unable to maintain optimal voltage under such circumstances. A constantpower mode of power supply is particularly recommended for IEF, in which the power
supply automatically multiplies the voltage and current to a preset level, and adapts
itself to the changing conditions in the gel. In this way, voltage automatically increases
as the current decreases (Fig. 3). It is also possible to preset the initial current and
final voltage to maintain tight control over experimental conditions.
For the present experiment, the power supply was set at 15 watts constant power.
Focusing was complete in 2 h. The initial voltage (E) of 310 went up to 970 v, while
current dropped from 78 to 25 MA. Voltage was set at maximum.
p

Set value

Vmax

p

Set value Pma,

E
Time
Figure 3. Graph showing the dependence of current (I), voltage (E) and power (P) during a typical
thin layer isoelectric focusing experiment. By using constant power mode, the optimal voltage is always
guaranteed, ensuring speed and resolution.

Determination of isoelectric points of proteins
In order to identify and determine isoelectric points (pl) after IEF, pH is measured
along the gradient. For this purpose, use of pl markers, i.e. proteins of well-established
pl values, seems particularly useful. Colored pH markers for IEF are available from
United States Biochemical Corporation and BDH, England.
Colored pH markers from BDH, which have been used in the present work,
consist of the following stable, salt-free, and highly purified lyophilized proteins:
Proteins
C-phycocyanin
azurin
trifluoroacetylated myoglobin
myoglobin met (porcine)
myoglobin met (equine)
myoglobin met (sperm whale)
cytochrome c

pl
4.75, 4.85
5.65
5.92
6.45
7.3
8.3
10.6
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The contents of the vial are reconstituted with 100 µl of distilled water and mixed
gently. Five µl aliquots are placed on the appropriate marker tracks. A more dilute
sample may be used if the markers are only to be visualized after staining. The protein
markers should be stored at -'2J.)°C before and after solubilization. Reconstituted
markers should be thawed carefully and mixed gently prior to further application.
Protein staining, gel preservation, and densitometry
After the electrofocusing is completed, gel laid on polyester film is removed from
the cooling plate and placed in a tray containing 20% trichloroacetic acid for 15 min.
This will fix the proteins in respective positions on the gel and allow the carrier
ampholytes to diffuse out. The gel is then washed and brought to the correct pH for
staining by placing it in destaining solution (methanol-acetic acid-water; 4: 1 : 6) for 5
min. It is then placed in staining solution for 30 min. Staining solution consists of 0.2%
PAGE Blue (from BDH, England) in methanol-acetic acid-water (4: 1: 6) . The gel is
then destained with several changes of destaining solution until the background is clear.
Wet ultrathin gels on polyester film are overlaid with a cellophane sheet and dried
as such on the LKB gel dryer. The dry gel on polyester film is used for densitometric
screening of protein bands, using the Laser Densitometer from LKB (Sweden).
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THIN-LAVER CHROMATOGRAPHY (TLC) OF FLAVONOID
COMPOUNDS FROM BRVOPHVTES

Rudiger Mues 1
INTRODUCI10N

Natural plant products have been widely used in the last few decades as additional
markers in plant systematics and taxonomy (Gershenzon & Mabry 1983; Kubitzki &
Gottlieb 1984; Harborne & Turner 1984; Hegnauer 1986). In the last twenty years
about 800-900 liverwort and 200 moss species have been extracted, a large number of
chemical constituents being identified (Asakawa 1982; Huneck 1983). In most cases
the chemical studies were performed with the aim of isolating new or unusual natural
products, but there is an increasing number of papers in which bryologists and chemists
cooperate to find new characters for distinguishing bryophyte taxa at different
taxonomic levels. Among the secondary plant products being most important for
bryophytes, terpenoids and flavonoids are the most widely analyzed types of
compounds. This contribution describes some basic information on isolation and
identification techniques by two-dimensional thin-layer chromatography (2D-TLC) for
flavonoids.
PREPARATION

Collection
The selection and preparation of plant material is the first and one of the most
important steps for subsequent chemical analysis. Normally developed plants should
be collected. This means brownish or pale plants, dead plant parts, or plants covered
with fungi, algae, or lichens should be rejected.
The analyst should decide whether to work with gametophytes, sporophytes, or
both generations, and this should be described in the experimental part of his paper.
Compound patterns of gametophytes might be different from those of sporophytes.
Gametophytes entering into the reproductive stage may start to produce different
compounds than simple vegetative ones (Markham et al. 1978).
Cleaning
Before a chemical analysis is started an expert should determine the plant material
and guarantee the uniformity, so that the chemist does not analyze a mixture of taxa,
which certainly will lead to misinterpretations. This is easily possible, especially in the
case of complex moss and liverwort genera. Voucher specimens of plants used for
extraction must be kept in a herbarium or collection accessible to everybody and this
should also be indicated in the experimental part of the publication. After collection
and identification the plant material must carefully be purified; other plants or plant
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parts such as seeds, needles, grass must be removed. For the smaller liverwort and
moss species this procedure has to be accomplished with the help of a binocular
microscope, enlargement about ten times.
In those cases where a careful cleaning of the whole amount of collected plants (i.e.
several hundred grams or more) would take months, it might be possible to clean some
grams carefully, extract this material, and study the compound patterns by 2D-TLC,
gas-chromatography (GC), and/or high performance liquid chromatography (HPLC).
Those compounds that are selected for chemical analysis must be marked. After this
procedure one can clean the necessary plant material as carefully as possible in a
reasonable time and analyze only those compounds that were shown to be present in
the extract of the absolutely pure material. All additional compounds, perhaps
originating from contaminating plant material, have to be excluded from analysis unless
detected as a trace constituent of the pure material. Plants are best purified while
fresh; never wash plants that were dry already because polar compounds might be
leached out by this procedure, being missed in the following analysis.
Drying
Normally air-dried plants are extracted. This means that the plants are dried at
room temperature for several days, preferably in a room without direct sunlight.
Drying in an oven may, but not necessarily, cause decomposition or loss of certain
natural products. This has to be checked in each case. The analysis of air-dried plants
had the advantage that they are easily handled and normally no change in compound
patterns occurs after the plants are dry. Nevertheless, whenever possible the analyst
should compare compound patterns of extracts from freshly collected and those from
air-dried plants. This is only possible when an analysis can be performed with fresh
plants kept cool in a plastic bag for no longer than three days. After this time
degeneration processes of the plant material may start. For volatile compounds it
might be better to extract the plants immediately after collection. For flavonoid
analysis, in most cases the compounds in extracts of freshly collected and dried plants
are identical. Extracts of 50-year-old or older herbarium specimens still contain the
same compounds as those of freshly collected plants (Mues 1984). This is an important
advantage for chemotaxonomic investigations because the taxonomist is generally
forced to work with more or less old herbarium specimens, and the chemist who is
asked to support this taxonomic work must draw his conclusions from analysis of the
same plants.
Quantity
In practice one can perform a partial chemical analysis with 20 or 30 milligrams

(mg) of air-dried plants, but this is the smallest amount from which any results on the
structure of a compound are reliable. For the first informative steps on the compound
patterns, 200 mg of air-dried plants should be extracted and tested by 2D-TLC, GC, or
HPLC. If the compound pattern is rather complex or the structures of single
compounds prove to be complex, more plant material has to be collected, always
keeping in mind not to destroy the natural habitat of the plants by collecting too much.
Therefore in several laboratories bryophytes are cultivated under aseptic conditions.
For preliminary screening studies by 2D-TLC, between 50 and 200 mg of air-dried
plants are sufficient. This amount may represent a patch of moss or liverwort of 2 x 2
up to 10 x 10 cm, depending on species size and growing type.
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For a standardized procedure that makes the results on chemical compounds of
different species comparable, one should use equal amounts of plants and identical
techniques of extraction and identification. Thus before different plant specimens or
species are extracted the analyst should weigh them to know the exact amount of
investigated plants.
EXTRACilON

Liverworts, especially the smaller species, can easily be ground in amounts of less
than one gram (g) with the relatively cheap mortar and pestle. Mosses, especially
larger specimens, are easier to grind with a Waring blender, and Ultra-Turrax, a simple
mixer, a coffee-mill, or any other grinder. The plant material can be ground with or
without the solvent to be used for extraction. Addition of a portion of sea sand, reagent
grade, may make the grinding with a mortar and pestle easier. In general, a mixture of
methanol (MeOH) -water (Hp) = 80:20 v/v is useful for . flavonoid extraction,
especially for the glycosides, which most commonly occur in bryophytes. In order not
to lose polar glycosides one may additionally use 50% aqueous MeOH or 50% aqueous
acetone or even H20 _ Lipophilic aglycones are preferably extracted with pure MeOH,
ethylacetate (EtOAc) or chloroform (CHC'3). For extraction of 200 mg air-dried plant
material we use 20 ml solvent. The suspension of solvent and powdered plant material
is kept in a 50 ml Erlenmeyer flask, sealed with aluminium foil and put on a shaker or
stirrer for one hour. If a shaker or stirrer is not available, shake the extract yourself
from time to time; in this case allow the extract to stand for two hours. Afterwards
filter the extract through a glass funnel (8 cm diam) with fluted filter paper (15 cm
diam) into a 50 ml round bottom flask or through flat filter paper on a Buchner funnel
(5 cm diam) under water-jet vacuum into a suction bottle (100 ml).
The powdered plant material can be re-extracted or discarded. The 20 ml extract
is now evaporated to a smaller volume of 0.5 ml 8i0 up to 2 ml MeOH/H20 ,
depending on the extracted specimens and their amount. To speed up this procedure a
rotary evaporator is used; this should be available in every chemical laboratory. A
cheaper but slower method is leaving the extract in a beaker or Petri dish, perhaps in
an oven at 30-35°C, until most of the solvent is evaporated. This may take several
hours; the procedure using the rotary evaporator takes only 10 minutes. Do not
evaporate to complete dryness; this may cause decomposition of oxygen-sensitive
components. Digest the remaining liquid first with about a half ml MeOH; transfer
this solution using a disposable pipette to a small vial (5 ml) and digest again with 1 ml
MeOH to dissolve the rest of the extract from the walls of the round bottom flask in
which the extract was evaporated. Now mainly chlorophyll and other MeOH-soluble
compounds will be dissolved. Transfer this solution to the vial too. Rinse finally with a
half ml MeOH; in this way the last traces of extract are dissolved. Pipette it into the
vial and label it. Altogether you have now a clear, more or less dark-green solution (in
the case of old herbarium specimens the extract will be brown due to chlorophyll
decomposition) of about 2-3 ml extract, mainly MeOH, with a small amount of water.
For the subsequent chromatographic analysis such a clear solution is absolutely
required. Precipitated compounds will not move on the chromatogram and are
consequently missed later on the 2D-TLC. If the solution is cloudy, try to clarify it with
more MeOH or H 20, depending on the nature of the extract.

150

R Mues: Thin-layer chromatography (fLC) of flavonoid compounds from bryophytes

The clear extract is now ready for chromatography and the chromatograms should
be prepared as quickly as possible, because often within half an hour or less the extract
may start to become cloudy again.
SELECilON AND PREPARATION OF TLC PLATES, MICROCAPS, AND SOLVENTS

Basically it is possible to prepare TLC plates by yourself. This makes sense only if
you use the technique regularly. For those who only occasionally use the TLC method,
it is easier and cheaper to buy ready-made TLC glass plates or TLC plastic sheets,
which are offered by several companies. We regularly use 20 x 20 cm sheets with
cellulose microcrystalline as sorbent from Schleicher and Schilll, Dassel, FRG. For
spotting the extracts on the plates, commercially available microcaps can be used with a
definite volume of 2, 4, 6 etc. µ1. Their advantage is the definite volume, so that one
can easily count how many microliters (µl) of extract are spotted on the plate and thus
can compare precisely the concentration of extracts from different species. Their
disadvantage is the relatively high price, although after use they can be cleaned with
acetone-water and used again. On the other hand, one can also work with selfprepared microcaps without definite volume for routine work.
The 2D-TLC is best done in a separation chamber for 20 x 20 cm plates (from
CA.MAG, Heidelberg, FRG) with a flat bottom and absolutely flat edges. The solvent
volume is generally 100 ml. For 1D-TLC one can use any jar at least 12 cm high that is
completely sealable. The volume depends on the width of the strip of plastic sheet used
for TLC; in this case use only a 0.5 cm depth of solvent. As solvents for 2D-TLC, we
regularly use TBA (Table 1) in the frrst and 15% HOAc in the second dimension. A
list of useful solvents for flavonoids and other phenolics on cellulose, polyamide and
silica gel and the time required for development of the TLC plate are given in Table 1.
All solvent mixtures are v/v. The solvents should be prepared under a hood to avoid
inhaling poisonous vapors. For each solvent of the final mixture use its own graduated
cylinder and mix the different portions in the separation chamber. Those solvents from
which only the upper layer is used have to be prepared first in a separatory funnel
before they are poured into the chamber. Solvent mixtures should not be used for
longer than one week. To achieve an equal vapor pressure a piece of filter paper is put
on the inner side and back walls of the chamber. Its edge must be greased to close
tightly. The solvent should be poured into the chamber at least one hour before the
plate is put in to allow the atmosphere to become saturated with vapor. When dipping
the TLC plate into the chamber, the lid should be removed for as short a time as
possible so that the vapor saturation is not disturbed. The technique for TLC is
ascending.
Before you start spotting the extract on your plate, mark gently with a pencil a
small point on the adsorbent, 2 cm from the left hand corner and 2 cm from the lower
edge of the plate. The mark on the sorbent is necessary in order to spot always on
exactly the same point and to indicate the starting point.
CHROMATOGRAPHY

All the preparation for TLC described in the above section must be done before
starting to spot the extract on the thin-layer plate. For 2D-TLC, apply only one spot on
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Table 1. Solvent mixtures (v/v) useful for the separation of flavonoid aglycones (A) and/or glycosides
(G) and other phenolics on lLC.

1

Solvent Mixture
cellulose

TBA= t-BuOH:HOAc:Hp (3:1:1)

Sorbent
polyamlde silica
gel

approximate
running time
in hours
(only for+)
6-7

+ (G)2

4

BEW= 2nd-BuOH:HOAc:H 0 (14:1:5)

+ (G)

SAW= n-BuOH:HOAc:H 0 (4:1:5;upperlayer)

+ (A/G)

+

AEW = n-pentanol:HOAc:Hp (2:1:1 )

+ (A/G)

+ (A/G)

15% HOAc = H0Ac:H 0 (15:85)

+ (G)

1 1/2- 2

40% HOAc = H0Ac:H 0 (40:60)

+ (A/G)

2-3

2

2

2

2

3-4

+

3-4

WEMA = H2 0: M(~~ ~~:~)0H:3,5-pentanedione
33

+(G)

2-3

TEMA = toluene: MeOH: MeCOEt:3,5-pentanedione
(8:6:4:2)

+ (A)

1-2

BMM = benzene:MeCOEt:MeOH (4:3:3)

+ (A)

TWM = toluene:EtOAc:MeOH (30:13:17)

+

1/2-1

(A)

3/4

EtOAc:MeCOEt:HCOOH:H 0 (5:3:1:1)

+ (G/A)

+ (G)

1 1/2

EtOAc:HOAc:Hp (67:19:20)

+ (G/A)

+ (G)

1 3/4

2

CAA= CHCl :Me CO:HCOOH (9:2:1)

+

SPA= benzene:pyridine:HCOOH (36:9:5)

+

TEA= toluene:ethylformate:HCOOH(5:4:1)

+

3

1

2

(A)
(A)
(A)

1
1 - 1 1/2
3/4

+ = solvent useful on the sorbent; - = solvent not useful on the sorbent.

2

G = solvent useful for glycosides; A = solvent useful for aglycones; A/G = solvent useful for
aglycones and glycosides.

the lower left corner of the plate as described above. For preparative 1D-TLC one can
apply the extract as a band, ca 2 cm above the lower edge of the plate and 2 cm from
each side edge. The separation results in more or less many bands that can later be
scraped out and the compounds eluted from the adsorbent. If the extract is clear and
ready for spotting, dip the microcap in. It will be filled completely by capillary action.
The full microcap is cautiously dabbed on the adsorbent of the thin-layer plate; the
sorbent layer should not be damaged. As soon as the microcap touches the sorbent
layer the solvent will flow out onto the layer to produce a circular spot. This spot
should have a diameter of no more than 4-5 mm. The bigger the diameter of the
original spot, the bigger are the compound spots after development. Big compound
spots may overlap after development, resulting in a poorer separation. On the other
hand, if the original spot is too small, the concentration of dry extract on the layer
might prevent efficient movement of the components and will produce a more or less
big tailing. From a normal extract you may apply 6-8 µl of extract on the TLC plate;
from extracts with higher compound concentration one may apply only 2 µl; from
others with lower concentration 12-14 µI. In general if you have spotted enough, you
see a green-colored spot in daylight and a bright fluorescing or dark absorbing spot in
ultraviolet (UV) light. Between each spotting allow the sorbent layer to dry. If you lio
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not wait long enough, your spot will enlarge too much. You can accelerate the drying
process by using a hair dryer. Be careful with heating; oxygen-sensitive compounds
may decompose on the adsorbent spot when the spot is heated too much. It is useful to
work with a cold air stream. When enough extract is applied on the adsorbent spot, it
should dry for ca 10 minutes; avoid direct sunlight, because some compounds may
decompose by photo-oxidation. Now the plate is ready to be put into the separation
chamber.
The solvent ascends through the sorbent and transports the compounds according
to their solubility in the solvent and possible adsorption on the surface of the adsorbent.
The solvent should reach at least 10 cm; for 2D-TLC we normally allow the solvents to
run up to 15-16 cm to get well-separated spots. The room temperature should be kept
if possible at 22-2.s°C. If it is much warmer, the solvents move faster; if it is colder the
solvents move more slowly; in any case the separation might be worse.
After the first dimension (when the first solvent has reached the line it should
have), the plate is taken out and put under the hood to dry; if necessary one can use a
fan to accelerate the drying process. If a hood is not available, put the plate near an
open window. The dry chromatogram should be viewed under UV-light (366 nm) to
see how the extnct was separated after the first dimension; one can already detect
whether flavonoid-like spots are present or not. Flavonoids appear in general as deep
purple in UV-light on the lighter adsorbent background (for exceptions see Markham
1982) . In daylight these spots are normally invisible. Only anthocyanins appear as red
to purple spots in daylight. Do not mark the spots on the adsorbent after the first
dimension because the spots will move afterwards in the second dimension. Usually as
a solvent for the second dimension we use the polar solvent 15% HOAc. For this
process the plate is turned 90°, so that the line of spots of the first dimension is now at
the base of the plate (Fig. 1).
t urn 90°

front 1

front 2

rr------+-1-~
V

I

l
fron t 1 -1--

front1 f--------

0

r

dirvct ion of
di r Ktion of
solven t 1 move ment

s.olv.nt 2 ll"Otement

0
start al Tl( -pt a tv a Her t he fi rst dimension

Dex=::,
bl Tl[ - pl ate af ter the
turnael 90° left

c=>o .
first

dimQns i on

0

0
0

[) 0 0

.

c)Tl! - p(ate attor t .... o- dimensional
development

Figure 1. TIC-plates after the first and the second dimension.

Chlorophyll appears as a deep red spot in UV-light in the front of the first nonpolar solvent (TBA). The plate is now put in the way shown in Fig. lb into the second
solvent (15% HOAc). After about 11/2 hours the chromatogram is ready to be taken
out and dried again under the hood. After drying the 2D-chromatogram is ready for
interpretation.
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INTERPREfATION OF 2D-TLC OF BRYOPHITE EXTRACTS WfI1I REGARD TO FIAVONOID
PATTERNS

On a well-developed and not overloaded 2D-TLC one usually observes under UVlight a number of spots with various fluorescence or absorbance. Deep purple spots
presumably represent flavones and/ or flavonols. Other spots with various degrees of
blue, light-green, brown etc. may represent phenolics of different structural types. So
far there are only a few cases for bryophytes when yellow, olive, or light-blue spots
representing flavonoid compounds with unusual structures have been observed
(Markham 1982). Flavonoids, especially the flavone 0- and C-glycosides known for
many bryophyte species, are further indicated after treatment of the 2D-TLC with
different diagnostic reagents.
Ammonia (NH3 , 25%)

Fuming the plate with ammonia results in turning of the deep purple original spots
into a yellow or yellow-green fluorescence. Those spots may represent flavones and/or
flavonols with a 4' -hydroxyl group (OH) at the B-ring (Fig. 2).

OH

OH

Rt H

OH 0
Flavone

Flavonol

Figure 2. Flavone and flavonol structure types with 4' -hydroxyl group, turning to a yellow or yellowgreen spot in UV after fuming with NHJ'

Deep purple spots not changing their absorbance after treatment with NH -vapor
are probably substituted at the oxygen at the 4 1 -position or not substituted at ~ at this
position (Fig. 3).

or

R=I: H

Figure 3. Flavone and flavonol structure types lacking a free 4 1 -hydroxyl group at the B-ring showing
no change of original spot appearance after fuming with NH •
3

In bryophytes 6-hydroxylation of a flavone is not uncommon. In these cases the
rules mentioned here for the treatment with NH3 and the following spray reagents do
not work. Those spots may not change their brown-purple absorbance, depending on
their substitution patterns.
Naturstoffreagenz A (NA)
Spraying with a 0.3% methanolic solution of NA ( = diphenylboric acid-,8aminoethylester; Roth, Karlsruhe, FRG) results in typical irreversible complexes with
flavones and flavonols. Deep purple spots turning to green or yellow-green
fluorescence usually result from compounds substituted with a single 4' -OH in the Bring or with adjacent substituents other than OH (for example 3' - and/or 5' -OCH3).
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Those compounds whose fluorescence changes to orange-yellow are substituted with a
3 1 ,4 ' -orthodihydroxyl group or even with 3 adjacent hydroxyls (Fig. 4).
For spraying one may use a commercially available spray gun or glass spraying
atomizer and a compressed air or nitrogen stream. Use the hood for spraying in any
case, because the NA-vapor is poisonous! If no hood is available, you may spray at an
open window, but this should be an exception. For chemical analysis a hood is part of
the basic equipment.

NA : => green to yellow -green fluorescence

OH
~OH

NA ⇒

__dH
~nLOH
OH

OCH

-<@:oH
OH

yellow to orange-yellow fluorescence

Figure 4. Examples of B-ring hydroxylation patterns of flavones and flavonols with regard to reaction
with NA.

Benedict's reagent
This reagent is prepared as follows (for reference see Reznik & Egger 1961; Krebs
et al. 1967). The reagent is kept in two bottles as stock solutions I and II. For
preparation of stock solution I (900 ml), 173 g sodium citrate and 117 g sodium
carbonate are dissolved in 900 ml distilled H 20 (if necessary, warm up!); for
preparation of stock solution II (100 ml), 17.3 g copper sulfate are dissolved in 100 ml
distilled H 20 . The complete reagent is composed of 9 volume parts of stock solution I
and 1 volume part of stock solution II. It is a deep blue solution of copper-citrate
complex. This solution is stable for about one day, the stock solutions themselves are
stable in closed bottles for years. After a plate is sprayed with this reagent ( another
plate than the one sprayed with NA), dry it under the hood; after complete drying the
whole adsorbent color is weakly light-blue. In daylight, flavonoid spots are all
characteristic, but non-diagnostic, lemon-green. In UV-light those compounds with an
isolated 4' -OH group (turning green or yellow-green with NA) show a green or lightblue fluorescence, whereas those with an orthodihydroxy group (yellow or orangeyellow with NA) show a dark absorbance.
Thus after treatment with these diagnostic reagents one can get information about
the flavonoid structure from the TLC plate before isolation of single compounds.
Further information on the nature of the compounds is given by the Rf-values of the
compounds [Rf-value: quotient of distance (start to middle of spot), divided by
distance (start to solvent front)].
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Figure 5 shows an idealized 2D-TLC (sorbent microcrystalline cellulose) with
areas in which most of the common aglycones, mono-, di- and higher glycosides of
flavones and flavonols are observed.
1. TBA

@

0

_

aglycone region

2.
monoglycoside

.... ....... ..

region

.,,, .-*

15%H0Ac

,/".•" region of diglycosides

~

V

region of higher
glycosides and acylated
-dig lycos ides
1.solvent

..

,.l'· ,l

** •*

.

I~----------------'----'
x'-..__

start

~

2. solvent
Figure 5. Idealized 2D-1LC showing flavonoid aglycone and glycoside areas.

There are numerous exceptions, so that this figure can give only a very rough idea
of possible structures. Nevertheless by 2D-TLC one can observe the basic compound
pattern of an extract within one day and can compare the compound patterns of several
specimens and/or species. Of course from complex compound patterns it is hard if not
impossible to decide whether the 2D-chromatogram of one extract is exactly the same
as one of a second extract, because the spot-separation might be so insufficient that one
spot may represent two or more compounds. Thus a final knowledge about exact
compound patterns and especially about exact structures can only be obtained by
isolation and identification of compounds. This procedure is too difficult for the
untrained bryologist and needs so much special equipment that for more detailed work
a cooperation between the bryologist and a chemist is more useful. Training courses
for interested bryologists in that field might be possible.
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SEPARATION AND ISOLATION OF TERPENOIDS FROM
LIVERWORTS AND THEIR ANALYSIS BY THIN LAYER
AND GAS CHROMATOGRAPHY

Yoshinori Asakawa 1
Liverworts are rich sources of terpenoids and aromatic compounds that are very
valuable for chemosystematic study. Our laboratory has analyzed ca 700 species by thin
layer
chromatography
(TLC),
gas
chromatography
(GC),
and
gas
chromatography/mass spectrometry (GC/MS) to determine their chemical and
pharmaceutical properties. We have confirmed that 35 families of the Hepaticae
produce terpenoids. This paper describes the methodology of separation, isol-a~on, and
analysis of terpenoids from liverworts.
SAMPLE COLLECflON

We collect as much as possible of the same or different species of liverworts (100
mg of fresh sample is sufficient for TLC, GC and GC/MS analysis of terpenoids). The
fresh samples are cleaned, identified by a bryologist, and a part of the sample is stored
in the Herbarium of the Institute of Pharmacognosy, Tokushima Bunri University.
LABORATORY METHODS

Extraction of terpenoids
The remaining fresh sample is directly extracted with organic solvents in an
ultrasonic apparatus for 1 h or the sample is dried for one day in a dark room and then
ground mechanically. Each powder is extracted with organic solvents (Fig. 1). When
one uses n-hexane, n-pentane, or diethyl ether (non-polar solvents), non-polar
components are extracted. When one uses methanol or ethyl acetate (polar solvents),
polar substances are obtained. Usually we extract liverworts with diethyl ether for 2
weeks and then with methanol for a further 2 weeks in the refrigerator. The oil bodies
are well extracted with the former solvent. When the chemical components of the
species are compared with those of the same species collected in different places or at
different seasons or with those of different species, the extraction condition should be
the same.
Filtration of the extract and evaporation of the solvents
The crude extracts are filtered through a small column packed with a small amount
(1-2 g) of silica gel (Fig. 2). The solvent is then evaporated in vacuo at 20-30°C (Fig. 3)
and the dark green oil is obtained from each crude extract.
Thin layer chromatography (TLC)
Each crude extract is then analyzed in TLC plates. Commercially available silica
gel plates (0.25 mm layer thickness, 20 x 20 cm) are cut into appropriate sizes (e.g., 3 x
1
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10 cm; it depends on the number of samples). The crude oil is diluted with a small
amount (0.5-1 ml) of the solvent such as diethyl ether or ethyl acetate and then the
solution is spotted on the TLC plates with a capillary tube (Fig. 4) and the plate is
developed in the solvent (n-hexane/ethyl acetate 4:1 or benzene/ethyl acetate 4:1 for
non-polar components or methanol/chloroform 9:1 for polar components) in a small
glass jar with a stopper (a coffee jar is useful) (Fig. 5). The spots on TLC plates in the
solvent jar should be above the solvent front; if not, the components, including those in
the spots, will be dispersed into the developing solvent.
When the solvent front has
ascended 10 cm on the plate, the
plate is removed from the solvent
crude ext r act
jar and the plate is dried in the
fume hood. Then the developed
components on the TLC plate are
checked under UV light (254 & 360
nm) (Fig. 6). If the crude extract
silica gel
contains
compounds
with
conjugated double bonds, then
strong blue (under 254 nm) or
1
fluorescent spots (under 360 nm)
appear on the TLC plate. The
detected spots are marked with a
pencil. Then the plate is sprayed
with 30% H 2SO4 (Fig. 7) and is
heated at 100-120°C for 1-3 min
(Fig. 8).
Various colored spots (pink,
red, blue, green, black) appear on
3
the plate. This is a thin layer
chromatogram that is stuck in a
notebook
with
cellotape.
Sometimes only one or two spots
appear on a TLC plate, as with the
UV light
crude extracts of Schistochila
appendiculata and some Bazzania,
solv ent
Riccardia, and Pellia species. This
means
that
these
species
biosynthesize only a few lipophilic
6
5
chemical components. Sometimes
Figures 1 - 6. Procedure. 1. Extraction of the
I~-vapor (iodine) is used for the
liverwort.
2.
Filtration of the crude extract.
3.
detection of the spots.
The Evaporation of the solvent. 4. Spotting the sample on a
developed TLC plate is exposed to TLC plate with a capillary tube for TLC analysis. 5.
12-vapor from 12 crystals in a glass Development of the spots in the solvent for TLC analysis.
6. Detection of the spots under UV light (254 & 360 nm).
bottle with a stopper (a coffee jar
is useful). The spots are confirmed by their dark yellow color. In order to check for
the presence or absence of carbonyl compounds, the TLC plate is sprayed with 2,4dinitrophenylhydrazine solution (1.5 g of 2,4-DNP dissolved in 10 ml of cone H 2SO4
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and 10 ml of H 2O and then this solution is diluted with 80 ml of H 2O). This produces
yellow or red spots with carbonyl compounds.
Comparison of the chemical
components of several Bazzania
species on TLC plates
Eight Bazzania collections
were made in different places.
I
'/
These collections were treated in
'
the same manner as described
above to obtain the crude oils.
7
Each extract (Nos. 1-8) is spotted
on the TLC plate (silica gel, 20 x
r,
20 cm) with a capillary tube, and
the plate is developed in the
solvent bottle (n-hexane/ethyl
TLC plate
acetate 4:1) (Fig. 9) and then this
I 2345678
plate is treated in the same
Thin layer chromatogram
solvent
manner as described above to
10
produce a chromatogram (Fig.
9
10). From the chromatogram, it
is suggested that four of the
Bazzania species (1-4) are
TLC plate
identical and that the remaining
TLC plate
(20 x 20 cm)
four species (5-8) are quite
: =)
different from each other.
TLC analysis is a very simple
method for checking the number
12
11
of chemical components and the
presence or absence of non-polar
Figures 7 - 12. Procedure. 7. Sp~ying 30% H SO on
or polar components. In addition, the TLC plate. 8. Heating (100-120 C) the crudI: ofi of
Bazzania species.
9. TLC analysis (20 x 20 cm plate)
quantitative analysis can be of the crude oil of Bazzania species. 10. Thin layer
performed by determining spot chromatogram of the crude oil of each Bazzania species. 11.
stze. Sometimes the functional Spotting the crude extract as a band on the TLC plate (20 x
20 cm) with a capillary tube for TLC preparative purposes.
groups of the components on TLC 12. Scratching the bands off with a thin razor.
will be suggested by the spots'
forms; a tailing spot from the original spot (using benzene/ethyl acetate 4:1 as the
solvent) is an acidic component, and the round arrow-like spot is an alcohol. The color
of the spots on the TLC plate after spraying with 30% H 2SO4 and heating on a hot
plate is also characteristic. For example, eudesmane-type and germacrane-type
sesquiterpene lactones appear as deep pink spots. It is difficult to determine the
volatile components by TLC analysis, because these substances immediately evaporate
upon heating on the hot plate. Even if only one spot appears on the TLC plate in two
different developing solvent systems, we cannot say that it is a single component. These
are the problems with TLC analysis.
f
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Gas chromatography

The gas chromatograph is now widely available in botanical laboratories for
studying chemosystematics. This is a very important analytical apparatus for
confirming volatile components. In our laboratory, SE-30 and PEG 20M glass columns
(3 mm x 2 m) are used for the analysis of non-polar components and DEGS (3 mm x 2
m) for polar components. Helium (He) or nitrogen (N2) is used as a carrier gas.
Flame ionization or a thermal conductivity detector is used for the detection of
components.
Modern gas chromatographs are equipped with a temperatureprogramming system and a computer to calculate peak area (quantitative analysis).
The components with low boiling points appear first and gradually high boiling point
components follow (Fig. 13). The gas chromatograms thus obtained are very important
in the same way as thin layer chromatograms; they show the endogenous characters of
each species. Thus, if each chromatogram is identical, then we can say immediately
that the two samples represent the same species. We can count the number of peaks
(components) and determine the largest peak that is the chemical marker of the
lipophilic fraction of each species.
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Figure 13. Gas chromatogram obtained by GC/MS.
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One must be aware of several problems when using GC analysis. The very nonpolar components, such as terpene glycosides and sugars, are not detected by GC
analysis without derivation. Sometimes the compounds pyrolize in the injection block;
for example, linalool (1), a monoterpene alcohol, decomposes to give limonene (2),
myrcene (3) and ocimene (4) (Fig. 14), the monoterpene hydrocarbons, in an injection
block heated to 150-170°C.

Figure 14. Decomposition of Iinalool in a heated GC-injection block. 1. Iinalool, 2. limonene, 3.
myrcene, 4. ocimene.

Gas chromatography and mass spectrometry (GC/MS)

Although the number of chemical
components present in the crude extract
is confirmed by GC analysis, GC/MS
gives more precise information for each
component that appeared on the gas
chromatogram. Each compound shown
as a peak on the gas chromatogram is
introduced automatically into a mass
spectrometer where it is decomposed by
electron impact to give a mass spectrum
(Figs. 15 & 16). The mass spectra (A &
B) correspond to the compounds of
peaks 1 and 2 on the gas chromatogram
(Fig. 13).
The modern mass
spectrometer is equipped with a
computer and the mass spectra are
drawn automatically on paper. Each
mass spectrum thus obtained is like a
finger print.
We can confirm the
molecular weight (not usual) and the
fragment ions of the compound, and
very often we can elucidate directly the
chemical structure (except for the
absolute configuration)
of each
component by these mass spectra. Our
chemosystematic studies are aided
considerably by this GC/MS instrument. Furthermore, high resolution
GC/MS gives the molecular formula of
each peak appearing on GC.
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Figure 15. Mass spectrum of peak 1 on GC (Fig.
13.)
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Figure 16. Mass spectrum of peak 2 on GC (Fig.
13).
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After the major group of the chemical constituents of the crude extract is
confirmed, we try to separate and isolate terpenoids by column chromatography, high
pressure liquid chromatography (HPLC), preparative TLC, and preparative GC.
Column chromatography

When a large quantity of the crude extract is obtained, column chromatographies
are carried out to separate or isolate each component. The sample is passed into silica
gel or Sephadex LH-20 packed in an appropriate glass column and then the sample is
eluted with a solvent (usually n-hexane/ethyl acetate/methanol gradient for the silica
gel column and CHCliMeOH 1:1 for Sephadex LH-20 column). Each fraction is
further checked by TLC, GC, and HPLC and then purified by prep. TLC, prep. GC,
and prep. HPLC.
HPLC analysis

HPLC is the modern technique used to analyze or isolate chemical components,
although the analytical and preparative column are very expensive. We use a reverse or
normal phase column to analyze terpenoids.
The UV or refraction index is used as a detector. The latter is useful for analysis
of compounds with no UV absorption (compounds with non-conjugated double bonds).
HPLC is very useful for the separation and isolation of water-soluble components, such
as terpenoid glycosides and sugars. H 2O-MeOH or CH3CN-H2O solvent systems are
used with the reverse phase column.
Preparative TLC
In order to isolate the chemical components apparent as spots on TLC,

commercially available or handmade silica gel plates (0.25 mm or 1 mm thickness and
20 x 20 cm) are used. The concentrated crude oil is spotted on the plate with a
capillary tube (Fig. 11) and the plate is developed in the solvent as described above. If
the spot required is visible under UV light, then the spot is marked with pencil and this
band is scratched off with a thin razor blade (Fig. 12). The silica gel, including the
component, is ground in the bottom of a small flask or with a flat microspatula and
then extracted with the solvent. Later the solvent is removed in vacuo to obtain a
rather pure compound. If there is no band under UV light, 90% of the developed TLC
plate is covered with a 20 x 20 cm glass sheet and the remaining edge of the plate
(10%) is sprayed with reagent; this part is cut and heated to 100-120°C on a hot plate
to detect the spots. Both plates are linked together and each blank band is marked
with pencil by looking at the colored spots; these bands are scratched and then
extracted with the solvent as described above.
Preparative GC

The chemical components apparent on GC can be isolated by GC apparatus
equipped with a thermal conductivity detector. When the large peak appears on the
GC chart, a glass tube is inserted into the exit of the carrier gas including the
component. The glass trap should be cooled at 0°C or below 0°C. We repeat the
injection of the fraction obtained by column chromatography several times. Finally,
one component is isolated from the many other peaks on the GC in milligram or gram
of sample. Modern gas chromatography isolates the components apparent on GC
automatically.
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After we have obtained pure materials, the structure elucidation is carried out by
13
extensive spectroscopic analyses; using 1H NMR (90 & 400 MHz), C NMR (100
MHz), UV, IR, CD, ORD and MS (low and high resolution) and X-ray
crystallographic analysis, the correct absolute stereostructures are established. This
information on chemical structures provides an important component of
chemosystematic investigations of liverworts.

Glime, J.M. (ed.). 1988. Methods in bryology. Proc. Bryol. Meth. Workshop, Mainz.
Pp. 165----172. Hattori Bot. Lab., Nichinan.

HPLC ANALYSIS OF PHENOLICS IN MOSSES

Jurgen Wilschke 1 and Hansjorg Rudolph 1
INTRODUCTION

A large number of phenolic compounds, not only e.g. flavonoids, indane
derivatives, and biphenyl derivatives, but also benzoic-, cinnami'c acids and derivatives
have been found in bryophytes. These aromatic metabolites have received considerable
attention due to their role in plant metabolism, e.g. differentiation, host pathogen
interaction, monomers in cell wall biosynthesis, and their biological activities to
microorganisms, fungi, insects, tumor cells, etc. (e.g. Huneck 1983).
For separation and determination of different phenols many authors use methods
like paper chromatography, thin-layer chromatography, gas chromatography, or
column chromatography. Usually the quantitative as well as the qualitative analysis is
based on the absorption characteristics of these compounds in the UV-region or on the
formation of colored complexes (Schulz & Herrmann 1980).
HPLC/Reversed Phase Chromatography (RPC e.g. Engelhardt 1977; Melander &
Horvath 1980; Meyer 1985), with its high speed, sensitivity and lack of necessity for
sample derivitization before separation, offers a promising system in analyzing plant
substances such as phenolic compounds (e.g. Murphy & Stutte 1978, Vande Casteele et
al. 1983). Generally the term RPC is associated with the use of a nonpolar solid
stationary phase and a polar eluent. The widely applied RPC uses hydrocarbonaceousbound stationary phases with different organic substituents, such as octadecylsilica
(ODS). As a result of the conversion from silica to ODS, by reacting silica surface with
the adequate alkyldimethylchlorosilane, the polarity of the stationary phase has
changed from polar to nonpolar.
The method demonstrated at the Bryological Methods Workshop is designed as a
fast, reliable, and precise procedure for isolation, separation, and determination of
monophen9lic substances in Sphagnum by High-Performance Liquid Chromatography.
ISOLATION PROCEDURE

First, after collecting the moss material, the capitula must be frozen as soon as
possible to exclude reactions by enzymes as a result of injury.
The standard extraction procedure (Fig. 1) that we use starts with a
prehomogenization of the lyophilized Sphagnum capitula twice in a Waring blender for
two min, followed by a ball mill homogenization for 30 min. Moss powder (500 mg),
dried over P 20 5, is transferred into an extraction thimble, extracted with alkaline
ethanol (100 ml 96% ethanol/0.1 N NaOH, v/w) in a solvent hot extractor for 72 h.
After every 24 h the distillation flask is substituted and the solvent interchanged. Then
every fraction is brought to neutral pH, concentrated in a rotary vaporizer, and

1
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Figure 1. Standard extraction procedure of Sphagnum capitula.

ultrafiltered (Sartorius Ultrafilter SM 12136 25N). This ultrafiltrate is concentrated to
5 ml by evaporation, extracted with methanol for three times to precipitate salts and
sugars, and further evaporated to dryness.
The residue is dissolved in 7%
methanol/water (v /v) and represents the sample for HPLC-analysis.
DETECTION

Generally the HPLC equipment consists of two pressure pumps, a loop injector, a
UV- or variable wavelength detector, an integrator, a printer, and a plotter. For the
HPLC separation of aromatic acids we found the experimental conditions listed in
Table 1 to be optimal.
The stationary phase of spherical-shaped silica particles with n-octadecyl-function
with a mean diameter of 5 µm in combination with the eluent water /methanol, which
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contains formic acid to suppress any ionization of phenolic hydroxyl or carboxylic
groups, gives a good separation and symmetrical peaks. The water used is desalted by
ion exchange and glass distillation, formic acid is p.a., and methanol of HPLC-grade.
All solvents are degassed by supersonic treatment. The elution strength increases by
changing the volume ratio of the organic component in a given hydroorganic eluent.
Table 1. Experimental HPLC conditions for separation of benzoic and cinnamic acids and derivatives.
Stationary phase

ODS II, 5 µm particles, steel-column (750 x 4.6 mm)

Mobile phase

Two solvents are used :
B methanol

Elution profile
Flow rate

O- 5 min : 7% Bin A (isocratic)
5 - 45 min : 7 - 80% Bin A (linear gradient)
1 mlmin· 1

Detection

280nm

A formic acid-water (5:95, v/v)
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Figure 2. Sequence of different aromatic acids in HPLC-gradient run: 1 gallic acid, 2 protocatechuic
acid, 3 p-hydroxy-benzoic acid, 4 caffeic acid, 5 Sphagnum acid, 6 cis-p-coumaric acid, 7 trans-p-coumaric
acid, 8 cis-ferulic acid, 9 trans-ferulic acid, 10 salicylic acid, 11 cis-cinnamic acid, 12 trans-cinnamic acid.
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The variable wavelength detector, set on 280 nm, detects phenolic compounds, so
that impure mixtures (e.g. those containing sugars) will be detected as well. A
chromatogram with commercially available aromatic acids as a reference mixture (Fig.
2), represents a sequence of increasing non-polarity of aromatic acids.
The clear separation of cis-/trans-isomers should be especially noted. While
usually the trans-form is present, in UV-light trans-/ cis-isomerization may occur due to
the presence of a vinyl group in the side chain. By using such a standard
chromatogram, unknown compounds from plant extracts can be identified by:
- comparing the retention times
- peak-addition after alloying the expected compound
- photometric scanning in the range between 200 and 400 nm
- chemical methods - using chromogenic spray reagents (e.g. Schulz &
Herrmann 1980) such as methanolic ferrochloride, or 20% titanium chloride in
concentrated hydrochloric acid or alkaline diazobenzene sulfonate after
treatment with ferrochloride.
The reactions of color tests suffer from the disadvantage of relative non-specificity,
so that a combined employment of all listed steps will give the basis for final
identification.
APPLICATION OF THE METHOD

Comparison of isolation procedures
The extractable amount of phenolic acids and their qualitative composition depend
on the choice of the used extraction solvent, pH, and the homogenization procedure.
The results in the extraction of Sphagnum acid, the dominating phenolic compound in
Sphagnum species (Fig. 3), show two remarkable results:
1. The comparison of homogenization procedures, by microdismembrator and
ball mill, shows the advantage of ball mill homogenization. The extractable
amount of Sphagnum acid is approximately 30% higher than by
microdismembrator homogenization.
2. The alkaline pH in extraction, using 0.1 N potassium hydroxide in ethanol
(w / v), results in higher amounts of extractable substances.
3. Sphagnum acid can be extracted from Sphagnum powder even after 384 h of
pre-extraction.
This combined procedure, homogenization of moss powder by ball mill and
alkaline ethanolic extraction in a hot solvent extractor, results in an enhanced value of
Sphagnum acid (83.25 µg:3.15 µg 100 mf1), which is 2.6 fold of that obtained from
ethanolic microdismembrator extraction.
The principal location of this cinnamic acid derivative is the cell wall of Sphagnum .
Generally the histochemical detection of cellulose is masked by the incorporation of
phenolic substances into the cell wall of Sphagnum, which can be stained intensively red
by Millon's reagent (Tutschek et al. 1973, 1978; Rudolph & Samland 1985).

Phenolic compounds in Sphagnum
Phenolics in Sphagnum have been analyzed by many authors, using different
extraction procedures, experimental conditions, and detection techniques. The
summary of detected substituted cinnamic and benzoic acids, given in Table 2, shows
some remarkable points:
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1. Most compounds except for m-coumaric acid are of the p-substitution type.
2. The detection depends on the solvents used (boiling water, ethanol, or ether).
3. Another aspect is the condition of extraction, whether the researchers use pure
solvent or hydrolytical conditions such as alkaline or acidic pH. The
superiority of the bipolar ethanol justifies its utilization as a standard method.
A 24-h alkaline ethanol extract of Sphagnum magel/anicum Brid. results in a number of
peaks in the HPLC-chromatogram (Fig. 4). The aromatic compounds p-hydroxybenzoic acid, p-coumaric acid, Sphagnum acid, and its derived product X, produced by
Sphagnum-peroxidase degradation of Sphagnum acid (Wachter et al. 1987), can be
shown. Phenolic acids, especially the high amount of Sphagnum acid (0.1 % dry
weighr 1) and its unique appearance in Sphagnum (Rudolph & Samland 1985), their
physiological roles, and their metabolic regulation require further investigations.
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Figure 3. Comparison of extraction procedures in dependence on homogenization and pH for
Sphagnum acid: oe ethanolic extract,
◊ alkaline ethanol extract (0.01 M KOH/EtOH, w/v),
6 A alkaline ethanol extract (0.1 N KOH/EtOH, w/v). Open symbols represent homogenization by ball
mill, solid symbols homogenization by microdismembrator.
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Table 2. Summary of detected benzoic and cinnamic acids and derivatives, isolated from Sphagnum in
dependence on the conditions of extraction:
t:,. ethanolic extract, 0 ether extract, • H O or 1% Na OH
(130°C),
◊ liberated upon saponification of solvent-extracted material, .& alkalinl ethanol extract,
■ detected. References: 1 Rudolph & Engmann 1%7, 2 Bland et al. 1968), 3 Engmann 1972, 4 Tutschek
1975, 5 Caldicott & Eglinton 1976, 6 Tutschek 1978, 7 Rudolph & Samland 1985, 8 Wilschke & Rudolph
present paper. X: 2,5-dihydro-5-hydroxy-4-(4 '-hydroxy-phenyl)-2-furanone (Rudolph et al. unpub data).
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ANALVSIS OF BRYOPHYTE LIPIDS

Peter Beutelmann1, Rolf Euler1, Gerhard Kohn 1 and Elmar Hartmann 1

INTRODUCfION

The study of bryophyte lipids is in many respects of particular interest. Bryophytes,
for example, contain higher amounts of neutral lipids in green tissue than most other
plants.
Their glycerolipids are characterized by high levels of long-chain
polyunsaturated fatty acids, which are not common in other plants. We suspect that
this unique lipid composition is important for the ability of many bryophytes to survive
harsh environmental conditions, and furthermore, there is evidence that the
environment can influence the lipid composition within certain limits (Vandekerkhove
et al. 1984).
Although the lipid composition of bryophytes is quite unique, it is not uniform at
all. Many characteristic variations exist in the patterns of esterified fatty acids of
different bryophyte species and there is evidence that the fatty acid composition is of
taxonomic significance (Kohn et al. 1987).
Many bryophytes can be kept in axenic culture easily. Therefore they are excellent
tools for the study of the influence of various experimental conditions on the lipid
metabolism. Thus the analysis of bryophyte lipids can be tempting for several reasons.
The following method describes the analysis of the acylglyceroles, the most
abundant group of lipids in organisms. For other lipid components, e.g. terpenoids and
waxes, we recommend special methods (Liljenberg & Karunen 1978; Karunen &
Ekman 1981; Asakawa 1988).
ABBREVIATIONS
DGDG: diagalactosyldiglyceride; MGDG: monogalactosyldiglyceride; PC: phosphatidylcholine; PG:
phosphatidylglycerol; PE: phosphatidylethanolamine; Pl: phosphatidylinositol.

MATERIALS AND METHODS

Inactivation of enzymes, homogenization, and extraction
The procedure is a modified method of Folch et al. (1957). Dry or fresh material

can be extracted, but whenever possible fresh material should be used, since a marked
decrease of the lipid content during the drying process is possible.
The plant material (50 - 100 mg dry wt. or 300 - 600 mg fresh wt.) is put into a
mortar and 5 ml boiling isopropanol and 1-2 g sand are added. The mixture is ground
thoroughly, then diluted with 10 ml of chloroform and filtered over cotton wool that is
covered with a layer of sand (0.5 cm). The homogenate is then washed thoroughly on
the filter with chloroform/MeOH (2:1) until the filtrate is colorless. The extract is

1
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evaporated to dryness under vacuum and taken up in 2-3 ml of hexane for column
chromatography.
Column chromatography
One g of silicic acid (Sil LC, 325 mesh SIGMA) is suspended in 15 ml of hexane
and poured into a glass column of 1 cm diameter. When the silicic acid has
sedimented, it is covered with a 0.5 cm layer of sand. Excess solvent is removed and
the hexane extract is carefully pipetted on the column. The elution is carried out
according to the following scheme that is a modified procedure of Gellerman et al.
(1975) (Hartmann et al. 1986). The flow rate can be increased by air pressure to about
2 ml/min.
Table 1. Elution procedure.
Fraction No.

Solvent

Volume (ml)

Eluted Lipids

hexane/diethylether

15

carotene, steryl
and wax esters

15

triglycerides
free fatty acids

99:1
2

hexane/diethylether

4:1
3

chloroform

25

chlorophylls
sterols

4

acetone/chloroform

12

MGDG

5

acetone

30

DGDG

6

acetone

25

suifolipids

7

acetone /methanol

12

PG+ Pl

8

methanol

8

PE

9

methanol

20

PC

The column fractions are evaporated under vacuum and repeatedly taken up in 0.5
ml benzene/acetone (1:1) and finally dissolved in 100 µl chloroform. Aliquots of 20 30 µ1 are used for analytic TLC; the rest is analyzed by GLC.
Some of the acyl glyceroles can be purified sufficiently by column chromatography,
but fractions that contain more than one component have to be separated by
preparative TLC. In this case the column fractions are applied completely to TLC
plates.
Thin layer chromatography
TLC is carried out on silica gel plates (Kieselgel 60 Merck) with the following
solvent systems:
n-heptane/ether/acetic acid, 75:25:4 for separation of the neutral lipids, (triglycerides,
column fraction 2) (Korte & Casey 1982).
chloroform/MeOH/acetic acid/water, 85:15:10:3.5 for separation of galactolipids and
phospholipids ( column fractions 4-9) (Nichols 1965).
The different lipids are identified on the TLC plates by co-chromatography of a
known standard and visualizing by the following reagents:
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Iodine vapor - The plates are put in a tank with crystalline iodine for a few
minutes. All lipids appear as brown spots. The stain will disappear after a few hours.
Other spray reagents can be used after iodine treatment.
Cu-acetate - The chromatogram is sprayed with a Cu-acetate solution and is
heated for 25 min at 180°C. All lipids become visible as dark spots.
Preparation of the reagent: 3 g of Cu-acetate is dissolved in an 8% aqueous solution of
phosphoric acid (Fewster et al. 1969).
a-Naphtole - This reagent is specific for glycolipids. After spraying, the
chromatogram is heated to 150°C for 5-10 min. Galactolipids form dark purple;
sulfolipids form pink spots.
Preparation of the reagent: Mix 10.5 ml of a 15% solution of naphtole in ethanol
with 6.5 ml of H 2SO4 cone, 40.5 ml ethanol and 4 ml H 2O (Stahl 1967).
Molybdenum reagent - The plates can be sprayed or immersed in the reagent
solution. It is specific for phospholipids that form blue spots.
Preparation of the reagent: Solution 1 - 40.11 g of MoO 3 are dissolved in 11 of the 25
N H 2SO4 . Solution 2- 1.78 g of molybdenum powder are boiled in 500 ml of solution
1 until the powder is dissolved. For the spray reagent, solution 1, solution 2, and water
are mixed in a ratio of 1:1:2 (v/v) (Dittmer & Lester 1964).
Preparative TLC
When it is necessary to remove the lipids from the TLC plate after development,
lipids can be visualized and marked under UV-light after spraying with difluorescine
reagent, which does not disturb subsequent GLC analysis. After spraying, the
chromatogram is dried under a nitrogen stream, then sprayed with water and viewed
under UV-light. The lipid spots are scraped from the plates and the adsorbent is filled
into a Pasteur pipette that is plugged with cotton wool. The lipids are extracted from
the adsorbent by washing with 5 ml of chloroform/methanol 2:1.
Preparation of the reagent: 200 mg of 2 1 ,7 1 -difluorescine are dissolved in 100 ml
ethanol (Harwood 1980).
Gas chromatography
Aliquots of the column fractions or extracts from TLC separations are dried under
nitrogen, repeatedly taken up in 0.5 ml benzene/acetone 1:1, and finally dissolved in
100 µl benzene and 400 µI 5% H 2SO4 in methanol. The mixture is transferred into a
glass ampule that is conveniently made from a Pasteur pipette by melting the ends.
The samples are heated for 3 hr at 80°C. Then 200 µl of water are added and the fatty
acid methyl esters are extracted from the methanolic solution by partitioning four times
with 0.5 ml of petrolether (Bp 40 - 60°C). The extract is dried over sodium sulfate,
evaporated under nitrogen, and taken up in 20 - 50 µl of petrolether (Bp 100 - 140°C).
One ml of this solution is usually applied to the gas chromatograph.
Various kinds of GC-columns are available for the separation of fatty acid methyl
esters. Packed columns can be used, but the more expensive capillary columns will
yield better separations. Reasonable results are obtained with a packed column (2 mm
ID x 1.80 m) filled with 15% DEGS-PS (Supelco) on chromosorb WAW. Separation is
carried out isothermically at 200°C. Best results are obtained with a fused silica
capillary column (0.23 mm ID x 50 m) coated with 0.2 µm CP SIL 88 (Chrompack)
that is also operated isothermally at 200°C.
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Most of the fatty acids can be identified by comparison with known standards. For
the identification of unusual components, combined gas chromatography/mass
spectrophotometry will be very helpful, but this can only be done by specially equipped
laboratories. Quantification is carried out by a computing integrator that is connected
to the gas chromatograph.
As an internal standard, pentadecanoic acid or
heptadecanoic acid, neither of which normally occurs in plants, is added in known
amounts before transesterification (Kohn et al. 1987).
Chemicals
All chemicals used can be obtained from various sources, but they should be,
particularly the solvents, of analytical grade.
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ANALYSIS OF PHOSPHOLIPIDS AND ASSAY FOR
PHOSPHOLIPASES FROM MOSS TISSUE

Helmut Pfaffmann 1 and Elmar Hartmann 1
INTRODUCI10N

Like all organisms, mosses show a broad range of different sensory reactions
(Hartmann 1986). It is assumed that those reactions are specifically triggered by
effectors regulating cellular responses concomitant to the transduction of the signal.
The involvement of membranes in primary reactions is becoming more obvious. The
metabolism of special lipids is modulated in an interaction with membrane-localized
receptors.
Mosses show an involvement of phospholipid turnover in light-triggered responses
by stimulating a phospholipase C that catalyzes the hydrolysis of phosphatidylinositols.
The degradation products of these phospholipids, diacylglycerol and inositol
phosphates, play an important role in the regulation of cell metabolism. Diacylglycerol

phospholipase A

1

E.C. l.1.1.)2.

1
0

H

II

I

R 1- C - 0 - C - H

~

I

R2-C-O-C-H

t

I

9.

H

0

H-C- 0 - P-0 I
I

phosphol ipase A2

j

8

R

j

E.C . l.1.4 .l.
phosphol ipase C

phosphol ipase D

E.C.

E.C.

).1. 4 .).

l.1.4.4.

or E.C. 3.1.4.10.

phosphol ipase A :
1

---+ .

\yso-phosphol ipid •

fatty acid

phospholipase A :
2

----+

lyso-phospholipid

+

fatty acid

ph osp holipas e C :

--------1>

diacylglycerol

+ alcohol

phosphol ipase D :

------,.

phosphat idic acid

+

phosphate

alcohol
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stimulates a proteinkinase C, whereas inositol phosphates generate a calcium release
from calcium stores.
The phospholipid turnover seems to be a key in progressing the understanding of
the complex reaction of signal transduction. Thus, the analysis of phospholipids and
the study of phospholipid hydrolyzing phospholipases are important first steps in the
physiological evaluation of this metabolism.
The phospholipases show different substrate affinity and different modes of action
on phospholipids (Fig. 1). Therefore the identify of each phospholipase in moss
material has to be checked by the analysis of products formed during the enzymatic
reaction.
MATERIALS AND METHODS

Analysis of phospholipids

The moss material is homogenized in hot isopropanol and phospholipids are
extracted with chloroform/methanol. Rough separation of this crude extract is
performed on a silicic acid column (for more details see Beutelmann et al. 1988).
The phospholipid fractions are separated on TLC-plates (Kieselgel 60, 20 x 20 cm,
0.25 mm Merck, FRG) using chloroform/methanol/acetic acid/water (85 : 15 : 10 : 3;
v/v) as solvent. After removing the solvent, the phospholipids are made visible by
iodine vapor (Fig. 2).
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Figure 2. Separation of phospholipids on TLC plates.

The identified spots are scraped off and transferred into very carefully acid-washed
centrifuge glass tubes. 500 µI of 70% perchloric acid are added to each tube, heated
for 60 min at l90°C, and after cooling to room temperature, 2 ml of 1% ascorbic acid
and 2 ml of 1% ammonium molybdate are added. The mixture is heated to 60°C for 60
min, which results in formation of a blue phospho-molybdate complex. The mixture is
centrifuged for 20 min at 5,000 x g and absorption of the supernatant is determined at
800 nm (Fig. 3). The reaction is linear to 250 nmoles of phosphate per assay.
~

perchloric acid

aicort>ic acid
ammonium molybdate+
60CC
---+

11
~

---+

o. d. 600 nm

Figure 3. Quantification of phospholipids separated on TLC plates.
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Assay of phospholipases

Protonema cultures of mosses grown in liquid media are used for enzyme isolation.
The collected cells are homogenized with mortar and pestle in a buffer (20 mM HepesKOH pH 7.0, 0.25 sucrose, 10 mM EDTA, 5 mM cystein, 5 mM ascorbic acid, 2%
PVP, 2% BSA).
The extract is filtered through two layers of a 50 µ.m net and centrifuged at 10,000
x g for 20 min (pellet I, mostly mitochondria and chloroplasts). The supernatant is
centrifuged at 100,000 x g for 60 min. The resulting supernatant (cytosol) is membrane
free, whereas the pellet II (microsomal fraction) may be used for plasma membrane
isolation (Pfaffmann et al. 1988). All pellets and the supernatant show phospholipase
activities.
The reaction mixture for phospholipases contains 50 mM potassium maleate
buffer, pH 6.6, 1.2 mM potassium deoxycholate, 12.5 µ.l BSA, 200 µM 3H-labelled
phospholipids, calcium chloride, and 50 µl resuspended moss membranes in a total
volume of 250 µl (Pfaffmann et al. 1987; Pfaffmann & Hartmann in press).
Phosphatidylinositol specific phospholipase C is assayed in the presence of 200 µM
phosphatidyl-(2- 3H) inositol and 0.5 mM calcium, whereas phospholipase D exhibits
the greatest activity with 200 µ,M phosphatidyl-3H-choline and 10 mM calcium
chloride. The reaction is incubated at 30°C for 15 min and stopped by addition of 200
µ,l 1 N HCl and 1 ml chloroform/methanol (1:1, v/v). The mixture is centrifuged at
1,000 x g for 10 min, which results in a formation of two phases (Fig. 4).
enzyme ---.,

chloroform
,.------ methanol

- w
buffer
+ substrate

~

waier/methanol
chloroform

Figure 4. Assay for phospholipases.

Three aliquots of the upper phase, which contains the labelled, water-soluble
products, are transferred into scintillation vials with 3 ml scintillation fluid and counted
for radioactivity.
Separation of water-soluble products by ion exchange chromatography

The water-soluble products of phosphatidylinositol breakdown are separated by
ion exchange chromatography on Dowex 1 (X, formate form, column 30 mm long, 4
mm in diameter). 100 µl of the upper phase are neutralized by 2 ml of 6.25 mM
sodium tetraborate and transferred to a column. The products are eluted by 5 ml of
each of the following solvents:
solvent

product eluted
3

water
5 mM sodium tetraborate/
60 mM sodium formate
100 mM formic acid/
200 mM ammonium formate

H-inositol

gly~rolphosphoryl
H-inositol
3

H-inositol 1-phosphate

Fractions of 1 ml are taken and measured for radioactivity.
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Separation of the lipoidal products

The lipoidal products are separated by TLC on silica gel plates (Kieselgel 60, 20
cm x 20 cm, 0.25 mm, Merck, FRG) using a double development in one dimension with
the following solvents:
chloroform/methanol/acetic acid/water (85: 15: 10: 3; v/v)
n-heptane/diethyl ether/acetic acid (75: 25: 4; v/v)
Pure substances are cochromatographed for identification (Fig. 5). The lipids are
stained by iodine vapor or cupric acetate reagent (Fewster et al. 1%9).
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Figure 5. Separation of lipoidal
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added; PLC = phospholipase C;
PLO = phospholipase D; DG =
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PREPARATIVE TECHNIQUES FOR TRANSMISSION ELECTRON
MICROSCOPY OF BRYOPHYTES
Jeffrey G. Duckett1, Karen S. Renzaglia 2 and E. Anne Smith 1•3

INTRODUCT10N

Mosses and liverworts were some of the first botanical materials used to pioneer
the then new techniques of shadowing, resin-embedding, and fine sectioning at the
dawn of the electron microscope era in cell biology in the 1950's. Since these very
early, but still frequently cited, works by Sato (1954), Manton and Clarke (1952),
Manton (1957) and Heitz (1959), transmission electron microscope (TEM) studies
have not only made a major contribution to current understanding of cell organization
and developmental processes in bryophytes (see Advances in Bryology Vol. 3) but have
also yielded data of far-reaching significance for systematics and phylogeny (reviews by
Duckett 1986; Duckett & Renzaglia 1988b). It is now increasingly recognized that
investigations of morphogenesis in bryophytes, using a wide range of modern
techniques including TEM, are producing data pertinent to developmental phenomena
common to all eukaryotic cells (for example see Lloyd 1982, 1987).
The list of over 500 publications containing TEM of bryophytes is increased by up
to 30 new titles annually. Conspicuously absent however from this substantive
literature are contributions devoted to techniques. Bryophytes have seldom been
selected as the plant material for the development of new EM protocols - hence the
fact that they are rarely m·entioned in journals concerned with EM techniques. As far
as we are aware there has never been a critical appraisal of specimen preparation of
bryophytes for TEM - nor even any attempt to bring together all the different methods
used to date. The reasons for these lacunae are not hard to find. Firstly the overriding
interests of the authors of these TEM works have been bryological problems rather
than techniques. For scanning electron microscopy the situation has been rather
different (see Duckett 1986). Secondly the aldehyde/osmium fixation procedures, used
routinely since the early 1960's on other plant and animal materials, produce more than
adequate preservation of subcellular detail in most bryophytes. It is only the relatively
recent realization that certain features of plant cytoplasm are destroyed by these
conventional methods that has produced the impetus to search for improved protocols
(see Special Procedures). In this guide to the preparation of bryological specimens for
TEM, we have aimed to provide practical details useful both to novitiates at TEM and
experienced electron microscopists unfamiliar with some of the problems inherent in
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bryological materials. Rather than merely reiterate in detail standard protocols that
are readily available in EM handbooks, we have drawn together different techniques
widely scattered through the literature and added hints from our first-hand experience
in handling diverse mosses, hepatics, and hornworts. In addition we have set out
practical guidelines and key references on some of the newer preparative procedures
currently being used to great effect on animal, fungal, and higher plant tissues, but
which are being developed for the first time on bryophytes. Although reflecting our
own specialist interest in the use of antibody probes to investigate cytoskeletal
architecture (Miller et al. 1983; Parke et al. 1987; Doonan & Duckett 1988), our
remarks will perhaps broaden the technical foundation for future immunocytological
studies on bryophytes and stimulate the wider application of techniques hitherto used
only on other biological materials.
ROU'l'INE FIXATION PROCEDURES

Specimens to be fixed for TEM should be actively growing, freshly collected, and
fully hydrated [except where desiccation (see Noailles 1978) or senescence (see
Karunen & Kalviainen 1985) are under investigation). Material that has been
artificially rehydrated with distilled water prior to fixation, though apparently healthy
when screened by optical microscopy, frequently shows extensive cell damage under
TEM - a situation only apparent after considerable expenditure of effort on fixation,
embedding, and sectioning (see Duckett et al. 1982, p. 108 for a discussion of necrotic
antheridia) . Specimens kept for any length of time in sealed polythene bags are liable
to produce similar unsatisfactory results. This problem is not only confined to wild
material. The use for TEM of samples taken from ageing cultures should likewise be
avoided.
A further problem too easily overlooked is the risk of water stress that may occur
when cutting up specimens prior to immersion in fixative. The few seconds it takes to
transfer protonemata from culture vessel to fixative may produce extensive cell damage
through dehydration. Even removal of a Petri dish lid to observe cultures can have
similar devastating effects. We recommend that bryophytes be flooded with water or
fixative during any preliminary handling.
Table 1 summarizes the fixation protocols that have been widely used on
bryophytes. These data were abstracted from the publications cited in Duckett (1986)
and Duckett and Renzaglia (1988a). Apart from a few earlier studies that used
permanganate fixatives (these give excellent preservation of membranes in bryophytes
but give little or no information on the cytoplasmic matrix), most workers have used
glutaraldehyde alone as the primary fixative. There appear to be no obvious
differences between fixative concentrations or fixation times but 2-3 h in 2 or 3%
aldehyde is currently preferred. Mixtures of glutaraldehyde and formaldehyde (always
freshly prepared from paraformaldehyde) sometimes give better specimen preservation
(but see Hebant 1974) and enhanced contrast, particularly with hepatics and the
symbiotic fungi therein (Pocock & Duckett 1984). Acrolein, either alone or in
conjunction with other aldehydes, besides being unpleasant and difficult to handle,
appears to offer no obvious advantages for bryophytes except perhaps to achieve
improved penetration in a few special cases (see Ligrone et al. 1982b; Sack & Paolillo
1985).
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Phosphate and cacodylate are the buffers most widely used, with no clear cut
differences between them. In the light of the effects of calcium ions on microtubule
stability (Alberts et al. 1983), the addition of CaCL, to the primary fixative, except for
studies on the endomembrane system (see Conrad et al. 1986), is not recommended.
Pipes buffer appears to enhance detail - particularly of the cytoplasmic matrix and the
stroma of plastids and mitochondria - and should be used more widely ( also see
Special Procedures - The cytoskeleton). Differences in osmication times and
concentrations appear to have little effect on the final appearance of micrographs of
bryophytes, but since osmium is now known to cause extensive damage to the
cytoskeleton (Maupin & Pollard 1983; Boyles et al. 1985) we recommend that this
should be reduced to a minimum (1 % for 0.5 h or less; also see Special Procedures The cytoskeleton).
Table 1.
microscopy.

Routine procedures used for preparing bryophyte materials for transmission electron
Range of
Concentrations

Time (h)

Tem~rature

1.5-g-~%
0.5+0.5; 1 + 1;
2+2; 2.5+2; 3+2%
1.5+1; 2+1; 2.5+1.5%

0.5-g-H-24
1-2

4 or 20
20

1-2

20

('C)

FIXATIVES
Glutaraldehyde
Glutaraldehyde
Formaldehyde

+

Glutaraldehyde +
Acrolein
Glutaraldehyde
Os0

+

2 + 2%

4

4

Glutaraldehyde +
Formaldehyde + OsO
Glutaraldehyde
CaCl

+

0.5+0.5+0.5%
4

2-4 + 0.0005M

2

Formaldehyde

LiMn 0

4

KMn 0 4

4%
5%
1-2%

0.5

20

2

4

1-4

20

o.s-1-g-15

4or 20

BUFFERS
Phosphate
Cacodylate
Hepes
Pipes
Osmium tetroxide

0.025-0.05-0.1--0.15M
0.05-0.1-g M
0.03M
0.05-0.06 M
1-2%
EMBEDDING

Undoubtedly the greatest general problem in preparing bryological materials for
TEM concerns embedding. Despite their apparently delicate nature and often very
thin walls, they are among the most difficult of all biological materials to infiltrate with
resins (there are similar problems in permeabilizing bryophyte walls to the ingress of
antibodies - Doonan & Duckett 1988). Embedding protocols standard for most other
plant tissues rarely work satisfactorily with bryophytes. Halfway through the infiltration
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schedule the specimens float to the top of the resin and thereafter are poorly
infiltrated. Vacuum embedding produces little or no improvement. The most difficult
specimens are leafy liverworts, especially the primitive taxa in Schuster's schemes
(1979, 1984), those with highly incrassate walls, epiphytes, and submerged aquatics. In
the last context, materials grown in liquid culture are significantly more difficult to
embed than their counterparts on solid media.
We suggest at least a doubling of the embedding steps and times recommended by
manufacturers - even with low viscosity resins we routinely use 5-10% steps overnight,
and should the material float, return to a lower resin concentration for at least 24 h.
Low temperature resins (e.g. Lowicryl) now being widely used in freeze
substitution and immunogold labelling studies on higher plants and fungi (e.g. Dehesh
et al. 1986; Gubler et al. 1986; Hippe & Hermanns 1986; Sossountzov et al. 1986; Speth
et al. 1986) in our experience produce problems with bryophytes. Cells are infiltrated
satisfactorily but fine sections tend to fall apart at the resin-specimen interfa<,:e. By
contrast, L. R. White, an embedding medium especially recommended for immunogold
labelling (Causton 1984; Graber & Kreutzberg 1985), is perfectly satisfactory for
hepatics, mosses, and hornworts.
Apostolakos and Galatis (1985a, b and earlier works therein cited) regularly treat
their material with 1% ethylene-diamine-tetra-acetic acid (EDTA) for 12 h after
glutaraldehyde fixation. EDTA removes significant quantities of wall matrix (Roland
1978), thus improving cell infiltration by the resin. These authors also record better
visualization of cellulose microfibrils after EDTA, but that ribosomes are no longer
observable, resulting in enhanced contrast of the nuclear envelope and cytoplasmic
membranes. Our use of EDTA in this manner on a variety of bryophytic materials has
improved the embedding, especially in hepatics. However, many moss and hornwort
tissues treated with EDTA show considerable disruption of organelles and loss of
membrane integrity. For this reason, we routinely divide the material in two parts and
fix with and without EDTA. Contrast in materials embedded in Spurr's resin is
enhanced by the addition of 1% DMSO to the alcoholic uranyl acetate used to stain the
grids.
CYI'OCHEMICAL METIIODS

Relatively few of the wide range of cytochemical tests now available to electron
microscopists have so far been applied to bryophytes (Feder & O'Brien 1968; Pearse
1972, 1980; Hall 1978; Gahan 1984). However, where they have been used they have
been just as effective as on other plant and animal materials with little or no
modification. Thus further extension of cytochemical studies on bryophytes would
appear to be a most promising area for future research.
ATPase activity (see Chaffey & Harris 1985; Sossountzov & Habricot 1985 for
protocols) has been localized along the plasma membrane lining the wall ingrowths at
sporophyte-gametophyte junctions (Maier & Maier 1972; Ligrone 1988 and references
cited in Duckett 1986), at the fungus/host interface in hepatics (Pocock & Duckett
unpublished data, but also see Scannerini & Bonfante-Fasolo 1983; Gianinazzi-Pearson
et al. 1984 for references on localization of ATPase and glucose-6-phosphatase in
mycorrhizal associations), and in oil body membranes in Aneuraceae (Renzaglia &
Duckett, unpub data).
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Acid phosphatase has been detected in the ER, perinuclear space, and region of
cytoplasmic breakdown in spermatids of mosses (Miller & Duckett 1986), in Golgi
cisternae in vegetative gametophytic cells of Cryptothal/us (Renzaglia & Duckett, unpub
data) and in the Golgi bodies and endoplasmic reticulum of actively secreting mucilage
hairs in Timmie/la (Ligrone 1986). A peak of acid phosphatase activity associated with
lysosomal degeneration of the protoplast is a characteristic feature of the final stages in
the differentiation of water-conducting elements in both bryophytes and tracheophytes
(Hebant 1977, 1979; Schofield & Hebant 1984).
Catalase activity has been
demonstrated in the microbodies of both mosses and hepatics (Gambardella et al. 1979;
Ligrone et al. 1982a; and discussion in Duckett & Renzaglia 1988a).
The cytochemical tests most widely used to date on bryophytes have been for the
detection of non-cellulosic carbohydrates. These have proved highly effective in the
elucidation of the nature and origin of wall materials in the placental labyrinth in
Funaria (Browning & Gunning 1977) and around differentiating spores (Brown et al.
1982; Brown & Lemmon 1986). By this means Galatis et al. (1977) and Ligrone (1986) traced the secretion of polysaccharides from Golgi vesicles in mucilage papillae of
Marchantia and mucilage hairs of Timmie/la respectively.
Although sometimes reported as unreliable on plant materials the phosphotungstic
acid - chromic acid (PTA-CA) procedure of Roland et al. (1972) has been shown to be
an effective specific stain for the plasma membrane in both mosses (Browning &
Gunning 1977; Ligrone 1986) and hepatics (Brown & Lemmon 1986). In our
experience with hepatics, 1% sodium silicotungstate produces better contrast than the
more widely used PTA-CA.
A mixture of osmium tetroxide and potassium ferricyanide (OsFeCN), when
applied, after glutaraldehyde fixation, to Funaria protonemata, selectively enhances the
contrast of Golgi vesicles and cisternae whilst the ER and associated vesicles
accumulate lesser amounts of the stain. OsFeCN also heightens the staining of the
outer mucilaginous coat of the cell wall, thus facilitating detection of wall exfoliation
during bud formation (Conrad et al. 1986). On other plant tissues, for example pollen
grains and pollen tubes (Cresti & Keijzer 1985), OsFeCN specifically stains the ER and
nuclear envelope, and this is our experience with liverworts. Although the specificity of
this procedure must remain open to question (Schnepf et al. 1982) it would appear to
be a useful guide in the identification of particular endomembrane domains in
bryophytes. Particularly inviting are investigations on the possible occurrence of
partially coated reticulum (Pescreta & Lucas 1984, 1985) in moss spermatids (Miller &
Duckett 1986), protonemal tips (Jensen & Jensen 1984), and associated with oil body
ontogeny in liverworts (Duckett & Renzaglia 1987). The report that OsFeCN fixation
improves microfilament preservation in animal cells (McDonald 1984) suggests that its
use with cytoskeleton-stabilizing buffers should also be explored (see section on Special
Procedures -The cytoskeleton).
EDTA regressive staining for RNA .(Bernhard 1969) has been used to determine
the ribonucleoprotein composition of large cytoplasmic bodies found in the vegetative
gametophyte cells of the moss Timmie/la (Ligrone 1985). Our initial attempt to apply
the Bernhard procedure to similar bodies that are common in moss spermatids and
widespread in the gametophyte apices of mosses and liverworts (see Doonan &
Duckett 1988 for a discussion of the possible nature of these structures) produced
negative results. However staining of sections in aqueous uranyl acetate overnight at
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60°C prior to EDTA treatment produced the characteristic bleaching effect but only on
specimens embedded in Taab or Epon and not Spurr's resin (see Pearson & Davies
1982 for an evaluation of the Bernhard technique). This method appears to have
considerable potential for investigating nucleolar ultrastructure in vegetative cells of
bryophytes and the diverse chromatin configurations seen during spermatogenesis
(Duckett & Carothers 1979).
We have also discovered (Renzaglia & Duckett unpub data) that treatment of
sections of spermatids with EDTA selectively bleaches the lamellar strip of the
multilayered structure, whereas staining with aqueous silver nitrate (Sato 1985) results
in heavy impregnation of the lamellar strip together with regions of dense material in
spermatid nuclei. Although it would be highly uncritical to accept the presence of RNA
in the lamellar strip from these results alone, they nevertheless give a firm indication
that cytochemistry may provide the key to elucidating the biochemical nature and hence
likely function of this structure.
FREEZE FRACTURING AND FREEZE SUBSTITUTION

Freeze-fracturing has been employed to study thylakoid membrane substructure in
mosses (Valanne 1984), plasma membrane organization in relation to the development
of spore ornamentation (Niedhart 1979), wall formation in protonemal tips (Schnepf et
al. 1985), and the wall labyrinth in the placenta of Funaria (Browning & Gunning
1977). As far as we are aware application of this technique to bryophytes presents no
special problems, but it should be noted that first-hand experience on our part is
lacking.
Browning and Gunning (1977, 1979) describe a freeze-substitution technique for
investigating transfer cells, including those in the placental region of Funaria. A critical
appraisal of the freeze-substitution images in conjunction with these from freezefracturing indicates that this gives a more accurate picture of wall labyrinth morphology
than that seen in conventional preparations. These findings, together with the fact that
freeze-substitution gives better structural preservation of plant materials, especially the
cytoskeleton (Hippe & Hermanns 1986), strongly suggest the need for more
widespread use of this procedure on bryophytes.
SPECIAL PROCEDURES

Oil bodies
The detailed study of oil body ontogeny in Marchantia by Galatis et al. (1978a, b)
carefully records that leakage of osmiophilic materials in specimens fixed at room
temperature is prevented by fixation at 0° or 4°C. However our experience with other
hepatics (Aneuraceae and diverse jungermannialian taxa) indicates that oil bodies are
still prone to leakage even when fixed at low temperatures (Duckett & Renzaglia 1987).
The frequent appearance of lipid films on the boat surface of the knife during fine
sectioning is a clear indication of unsatisfactory stabilization of oil body contents by
standard fixation procedures. 1% picric acid in combination with glutaraldehyde ( also
see Wick & Duniec 1986) at 4°C appears to confer greater stability to the oil bodies in
some taxa [e.g. C,yptothallus and Radula (Crandall-Stotler 1981)] and should perhaps
be more widely used in future studies on oil body development. The stabilization of
lipids in mosses by conventional fixation appears to present no difficulties. It is
noteworthy that problems of redistribution of reserve materials during fixation for
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electron microscopy is not confined to hepatics (see Bergfeld & Schopfer 1984; Craig
1986). Those embarking on electron microscope investigations should consult the
literature on storage proteins and lipids in vascular plants.
The cytoskeleton
Immunofluorescence (Doonan & Clayton 1986; Wick & Duniec 1986; Lloyd 1987;
Traas et al. 1987) and freeze-substitution studies (Tiwari et al. 1984; Hippe &
Hermanns 1986) have led to the increasing realization that the cytoskeleton
[microtubules, microfilaments, and probably intermediate filaments (Parke et al. 1987)]
in plant cells - and bryophytes are no exception (Doonan & Duckett 1988), is far more
extensive than that visualized by conventional aldehyde/osmium fixations. The actin
networks in plants are particularly sensitive not just to osmium damage but also to
osmotic shock (Traas et al. 1987). Similarly some microtubules visualized by
immunofluorescence (e.g. cortical arrays extending to the tips of moss protonemata)
are not generally noted in electron micrographs.
We have now begun to adopt the cytoskeleton-stabilizing buffers widely used on
animal cells and in immunofluorescence studies on plants (Doonan & Clayton 1986;
Wick & Duniec 1986) for electron microscopy of bryophytes - with most encouraging
results. Specimens are fixed in mixtures of glutaraldehyde and formaldehyde ( or
formaldehyde alone) in the following buffer at pH 6.9: 100 mM Pipes containing 2 mM
EGTA, 1 mM MgSO4 and 0.4 M mannitol (cytoskeleton-stabilizing buffer - CSB).
Addition of tannic acid (TA) to this fixation cocktail has little effect unless the cells are
simultaneously or previously permeabilized by the inclusion of a non-ionic detergent
(e.g. Nonidet NP40, saponin, or Triton X-100). TA, and similarly the fungal toxin
phalloidin (Doonan & Duckett 1988; also see Traas et al. 1987), in permeabilized cells
stabilizes cytoskeletal elements that are particularly prone to damage during osmication
(Maupin & Pollard 1983).
Detergent insolubility of the cytoskeleton is well
documented (Parke et al. 1987). The effectiveness of detergent permeabilization, thus
rendering the cell contents accessible to TA, may be monitored by placing a sample of
the fixing material in a solution of osmium tetroxide. Permeabilized specimens turn
black immediately compared with conventionally fixed bryophytes that gradually
blacken only during dehydration or resin infiltration. Following detergent and TA,
osmication can be reduced to 0.05% for 15 min.
Wacker et al. (1986) found that prolonged (12 h) fixation of caulonemal tip cells of
Funaria in glutaraldehyde (2.5%) in combination with TA (0.5%) (but not using special
buffers or detergents) induced the formation of electron-dense globules with a high
calcium and phosphorus content. The polar distribution of these globules (high at the
tip and decreasing towards the base of the caulonemal tip cells) parallels the calcium
gradients shown by other methods.
Using CSB in conjunction with detergents and TA, we have found cortical
microtubule arrays extending to the tips of protonemal filaments in Sphagnum and
bundles of microtubules running through the cytoplasm in differentiating cells in stem
apices of Polytrichum. Longitudinally oriented filament bundles (most likely actin) are
visible in protonemata, and filamentous elements associated with the blepharoplast in
differentiating spermatids are clearly visible (also see Duckett et al. 1984). The
distribution of other filament arrays, extending from the nucleus, plastids, and
mitochondria in vegetative moss cells, correlates with immunofluorescence images
obtained with a universal antibody to animal intermediate filaments (Dawson et al.
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1985; Parke et al. 1987). Using these new protocols there is now a closer
correspondence between electron micrographs of bryophyte cytoskeletons and
immunofluorescence data.
The ultimate aim however is not just to establish full morphological correlation,
but to label the cytoskeleton antigens at the EM level using colloidal gold. For such
labelling osmication should be omitted.
Although TA preserves filamentous
cytoskeletal elements against gross structural damage by osmium, this element tends to
destroy their antigenicity. Lack of micrograph contrast resulting from non-osmication
can be compensated by staining with aqueous uranyl acetate overnight at 60°C in a
sealed container (the latter to prevent precipitation of the stain). This procedure is
also especially effective for staining coated vesicles in, for example, protonemal tips,
spermatids, and at the host-endophyte interface in hepatics.
CSB and non-ionic detergents can also be used to isolate the cytoskeleton from
spermatozoids (Miller et al. 1983) and protoplasts (Doonan & Duckett 1988). It is
interesting to note that detergent treatment of spermatozoids by Sato (1954, 1956) led
to the discovery of the spline. Negative staining of such preparations (using
phosphotungstic acid, uranyl acetate, or gold thio-glucose) may provide new high
resolution information on the macromolecular architecture of both the cytoskeletal
elements themselves and the links between them. Alternatively these materials would
appear highly suitable for gold labelling following the procedures developed for drycleaved plant materials (Traas & Kengen 1986) or quick freezing of animal cells
(Lawson 1986).
Detergent extraction highlights the difference between the spline-nuclear
association in hepatics and mosses (Duckett et al. 1982, 1984; Renzaglia & Duckett
1988). In the former, brief exposure to detergent results in complete separation of the
blepharoplast from the nucleus, whereas in the latter these links are detergent-resistant
(Miller et al. 1983).
One further extension of detergent permeabilization is that it permits the use of
lanthanum salts as a negative stain for cytoplasmic contents. Lanthanum salts have
been used more frequently to define the apoplast in multicellular organisms since they
do not normally cross an intact plasma membrane (Burton & Fernandez 1973; Hubner
et al. 1985). Staining with lanthanum gives excellent visualization of bryophyte
microtubule subunits in fine sections and produces very different images of the tubular
elements comprising the Fibrillenscheide in the spermatozoid plastids of hepatics
(Duckett & Renzaglia 1988a, Fig. 5b).
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FLUORESCENCE MICROSCOPY IN BRYOLOGY
Gisela Nordhorn-Richter1
INTRODUCTION

The fluorescence microscope has only been used during the last 80 years, since
Koehler in 1904 recognized fluorescence in many parts of plant material after UVradiation (cited in ZEISS-Fluoreszenz-Mikroskopie 1981). Only a few years later this
new method was used as a scientific method in microscopy. As Koehler mentioned, not
all parts of plant material show this fluorescence. Only those structures that contain
special chemical compounds are able to fluoresce.
Fluorescence means in the physical sense the emission of light from a substance
irradiated by light energy. By absorbing this energy the electrons of the substances are
elevated to a higher energy level. In this very unstable state the electrons only rest a
veri short time. They return to their ground level within a fraction of a second (e.g.
10- 5 sec.) by emitting the absorbed energy as light energy, as fluorescence light.
According to the physical law of Stokes, the radiation energy has a higher energy
content and a shorter wavelength than the emitted light because there is energy lost as
heat. The radiation light may be UV-light or blue light, whereas the fluorescence light
is yellow, orange, or red.
The energy content of the radiation light must correspond with the energy
conditions of the electrons of the excited substance. It is typically an all-or-nonereaction; this means only light of a defined energy content may excite the electrons. To
irradiate an unknown substance you have to use a broad spectrum of light energy to be
certain that the exact radiation energy is included.
Chemical structure of fluorescing substances
Because fluorescing substances have the capacity to absorb light energy, they are
called chromophores and they are colored. All chromophores contain azo groups:
-N=N- and/or a system of conjugate double bonds: -C=C-C=. The number of
double bonds determines the color and the energy content of the absorbed light. Five
double bonds e.g. bring about a green-yellow color and an absorbing maximum of 400
nm wavelength, six double bonds yellow color and 420 nm, seven double bonds orange
color and 440 nm wavelength. The system of conjugate double bonds has delocalized
electrons that can be easily excited. The more delocalized electrons there are, the less
energy is necessary to excite them. One example of a system of conjugated double
bonds is shown by the structure of the chlorophyll molecule. Others are carotenoids
and phenolic compounds of plant material. Atomic groups with free electron bindings
as
-NH2 or -N0 2 and -OH are often bound on these structures. They are called
auxochromic groups, because they change the color of the substances and they are
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responsible for absorption maxima changes ( compare the differences between
chlorophylls a and b).
Primary and secondary fluorescence

It is well known that chlorophyll absorbs light of high energy (blue light about 430
run) and low energy (red light about 680 run). Both energies can be converted into
fluorescence light of about 700 run. The red fluorescence of chlorophyll is well known
and it is only repeated here to illustrate the physical background of colored substances
and fluorescence.
In addition to chlorophyll, other plant compounds fluoresce, as for example some
proteins, flavonoids, oils, and waxes. When these fluorescing substances were
described the first time (Klein & Linser 1932), the microscopic techniques had just
started; soon afterwards all interesting fluorescing things in plant material seemed to be
explored. The fluorescence microscope was little used until a new technique was
developed and chemical fluorescing substances could be used in microscopic
preparation. The new microscope with a vertical illuminator will be described later.
The fluorescing substances are called fluorochromes and they have the ability to
combine very specifically with cell compounds and chemical structures within the cells.
This makes it possible to see very small or indiscernible structures under the
microscope. In contrast to primary fluorescence, this is secondary fluorescence.
METHODS

The investigation of primary fluorescence is practicable without expense. Only a
fluorescence microscope is needed (Fig. 1). Different types are offered from all major
microscope manufacturers. Instructions do exist to construct a self-made fluorescence
microscope, but this mostly has insufficient light intensity. Much easier and more
effective is the use of a professional fluorescence microscope.
Microscopy

For the investigation of fluorescence it is important to separate the irradiating light
from the emitted light, because the irradiating light will mask the very weak
fluorescence light (Fig. 1). The light source is a high-pressure mercury-vapor lamp
with a high intensity of ultraviolet rays. An excitation filter (BP 350-410 or BP 450-490)
absorbs all wavelengths except violet light of 350 to 410 nm or blue light of 450 to 490
run wavelength. This violet or blue light is reflected by a beam-splitting mirror (FT 455
or 510) that passes all wavelengths longer than 455 nm or 510 run. This light
illuminates the object from above. The fluorescence light of the object passes the
beam-splitting mirror and a suppression filter (LP 455 or 515) and can then be
observed and photographed. For some investigations a second suppression filter of 650
run wavelength is useful to absorb the red fluorescence of chlorophyll.
This fluorescence microscope with a vertical illuminator (Fig. 1) is much more
effective than the transmission microscope used earlier. Since the development of this
type of microscope, fluorescence microscopy found a new field of investigations in very
weakly fluorescing preparations.
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Figure 1. Fluorescence microscope lighting system.

Preparation of the bryophyte material

The bryophyte plant can be observed directly under the fluorescence microscope.
The preparation is the same as that for a normal light microscope. The plants can be
observed in water or as permanent slides. Sometimes the embedding material is
preserved by phenolic compounds or it consists of synthetic resin. In this case the
embedding disturbs the observation. Using "Kayser's glycerine gelatine" (No 9242
Merck, Darmstadt), this background fluorescence is not important.
When using water preparation, there may be problems with air bubbles; the
radiation light can be reflected at the border of the air bubbles. So, it is important to
expel the air from the preparation completely. When using dried plant material,
attention must be paid to rewetting the material; this cannot be done twice, because in
dried plants the membranes are destroyed. When these plants are wet, the watersoluble substances will diffuse slowly out of the cells. When dried out once more, the
water-soluble fluorescing substances will disappear from the preparation and primary
fluorescence cannot be observed afterwards.
Except for the very photosensitive chlorophyll, most fluorescing substances in
higher plant and bryophyte material are very stable. Therefore the investigation even
of very old herbarium specimens is exciting. The rhizoid bulbils of more than 100-yearold Poh/ia specimens show the same brilliant fluorescence as those from fresh material.
Friedrich and Schaarschmidt (1978/79) detected primary fluorescence even in the
epidermis of fossil plants.
In fresh plant material the red fluorescence of chlorophyll will mask the other
fluorescing compounds. In this case it is suitable to use additionally a suppression filter
of 650 nm to absorb the red fluorescence. If this microscopic equipment is lacking,
chlorophyll must be extracted without destroying the substances that will be
investigated. If chlorophyll is extracted by 80% acetone or DMSO (dimethyl sulfoxide),
those substances will remain in the cell. This extraction can be done in a test tube or
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on the microscope slide directly. Especially in the latter case you have to take care that
the extraction medium is often changed to a fresh one to extract chlorophyll optimally.
Photomicrography
Because the fluorescence light and not the artificial light of the lamp exposes the
film, a daylight film can be used, but the colors are not altered using an artificial light
film. If the exposure time is measured automatically you should use a spot
measurement because the contrast is extreme between the fluorescing part and the
black background. Otherwise you have to increase the sensitivity of the film by 9 /10
DIN (4 x the ASA value).
RESULTS

The fluorescence microscope enables the identification of fluorescing structures
and substances within bryophytic plants. Remarkably, there are differences between
even closely related species. Even the same structures in bryophytes do not have the
same behavior, in contrast to higher plants. With this technique a first localization of
the fluorescing substances in bryophytes is possible.
Vegetative propagations
All known vegetative propagation forms of bryophytes show very intensive primary
fluorescence. Remarkably, this fluorescence is more intensive in younger gemmae than
in older ones (Nordhorn-Richter 1984a, b). Sometimes the differentiation between
rhizoidal gemmae of bryophytes and fungal or animal structures is not easy. In these
cases the fluorescence helps to detect the bryophytic origin of the form, because the
non-bryophytic structures, e.g. galls of insects on the rhizoids, never show primary
fluorescence (Nordhorn-Richter 1985). The fluorescence microscope can be very
suitable for detecting rhizoid gemmae within the sandy substrate of the bryophytes.
Vitality of spores
The red fluorescence of chlorophyll has been used by Paolillo and Kass (1973) and
Genkel and Shelamova (1981) to estimate the vitality of moss spores. For quantitative
studies one can use a fluorescence spectrophotometer.
Fluorescence of the cell wall
Different compounds are located within or on the cell walls of many bryophyte
species. The fluorescence microscope makes obvious the membership of these
substances to the so-called secondary plant metabolism - mainly phenolic acids such as
Sphagnum acid (Tutschek 1975) and lignin-like compounds. Examples of fluorescing
cell walls are given by Lal & Chauhan (1982) and Nordhorn-Richter (1984, 1985). As
mentioned before, even the fluorescence of the cell wall is not uniform within one
bryophyte genus and even within one species. Perhaps only the walls of the peristome
fluoresce whereas the other cells of the capsule and also the cell walls of the
gametophyte show no remarkable fluorescence.
Many bryophytes have papillae on the surface of the leaf cells (e.g. Thuidium
tamariscinum). These cutin-like structures on the cell walls cause very intense primary
fluorescence under violet radiation (Nordhorn-Richter 1984b).
Fluorescing substances within the cells
Besides chlorophyll other substances fluoresce in the cells of the bryophytes
(Bienfait & Waterkeyn 1976; Nordhorn-Richter 1984, 1985). First results from
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chemical analyses verify that they are part of secondary plant metabolism. Beside the
fluorescence of flavonols (Mues 1988) and phenolic acids, there are strong hints that
also lipid drops in the plasma as have been investigated by Beutelmann et al. (1988) are
causes of primary fluorescence in bryophytes. But mostly, the chemical structures are
still unknown.
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FLUORESCENCE LABELLING OF MOSS PROTONEMAL CELLS
BY THE FLUOROCHROME CHLOROTETRACYCLINE
Elmar Hartmann 1 and Martina Weber1
INTRODUCTION

The positive phototropism of moss protonemata is a growth reaction of the apical
tip cell that results from the dislocation of the growth center toward the irradiated side
of the filament, leading to a light-directed new polarity of the tip cell. The response is
regulated by the phytochrome system (Hartmann 1984; Hartmann & Jenkins 1984).
Due to this reaction, factors controlling cell polarity should be considered.
Induction of polarity in apolar moss and fern spores as well as the polar growth in
tubular plant cells is accompanied by traversing electrical currents and intracellular ion
gradients. In Lilium pollen tubes, the currents responsible for polar growth consist of
K+, H+, and Ca++ ions (Weisenseel 1979). Tip-growing plant cells generally exhibit a
tip-to-base gradient of membrane-bound Ca++ (Reiss & Herth 1979). This specific
Ca+ + distribution is thought to be involved in the feedback mechanisms maintaining
and establishing polarity (Schnepf 1986).
The number of studies reporting Ca++ as an intracellular trigger in light-stimulated
responses of plants (Hepler & Wayne 1985; Roux et al. 1986) is increasing. In the algae
Nite//a and Mougeotia, changes in the cellular Ca++ fluxes have been implicated as an
early response to the photoactivation of phytochrome (Haupt 1986). We used the
fluorochrome chlorotetracycline (CTC) to make visible the membrane-associated
calcium gradients in the tip cell of moss caulonemal filaments, where we found a tip-tobase Ca+ + gradient.
PlANT MATERIAL AND GROWfH CONDmONS

Sterile cultures of Ceratodon purpureus (Hedw.) Brid. protonemata, derived
originally from a single spore, illustrate the technique here. The spores are isolated
from sporophytes, in this case collected in the Wispertal, Hessen, Germany, in 1979.
Since this date the protonemal cultures have been aseptically subcultured by vegetative
regeneration. The cultures are grown in constant temperature rooms at 20°C in a light
regime of 16 h light : 8 h dark (Osram fluorescent tubes 40 W /25, 15 W · m-2). Each
experiment is done with fresh protonemal inocula. Small fragments of protonemata
consisting of about 20-30 cells are transferred onto cellophane (Kalle, Hochst AG;
Kraft) on fresh agar substrate in small (50 mm diameter) Petri dishes and kept in
absolute darkness for 5 days in a vertical position in special boxes. Cultures grown in
this way produce many parallel negatively gravitropic protonemal filaments. This habit
greatly facilitates subsequent measurement of the bending response to a light stimulus.
The autoclaved cellophane has no influence on growth, differentiation, or nutrient
1
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maintenance. The protonemata can be transferred easily to fresh medium, or handled
for fluorochrome staining without being damaged or disturbed. The medium used is 10
mM KNO 3, 0.1 mM CaC1z, 50 µ.M MgSO4 · 7H2O, 1 mM KH2PO4, 8 µ.M Fe-citrate,
10 mM glucose, 1.5% agar, pH 5.2.
IRRADIATION EXPERIMENTS

The dark-grown protonemata are transferred onto vertically-positioned optical
glass cuvettes (20 x 10 mm) and are unilaterally irradiated with red light (664:t12 run, 12
W · m-2) or far-red light (720:tlO run, 15 W · m-2) by projectors (System Zeutschel,
Tiibingen) equipped with interference filters (Schott, Mainz). All manipulations,
including sample preparation and staining, are performed in green light (0.2 W · m-2).
Dim green light has no effect on phototropic bending in moss protonemata (Hartmann
et al. 1983).
FLUORESCENCE MEASUREMENT

Chlorotetracycline (CTC) (Sigma, Miinchen), a lipophilic chelate probe, is used for
monitoring membrane-associated Ca+ + gradients. The fluorochrome is dissolved in
the standard culture medium to give a final concentration of 100 µM and the pH is
adjusted to 5.0 with 0.1 M KOH. 100 µ.l of the dye solution is added directly to the
protonema sample. The cells are incubated for exactly 5 min, and rinsed for 1 min in
standard medium 3 times. The protonemal samples are carefully taken off the
cellophane, mounted on a microscope slide in a drop of standard medium, and
examined microscopically (Zeiss microscope, type Universal with phase contrast and
epifluorescence) . For fluorescence excitation an HBO 100 W mercury vapor lamp is
used in conjunction with the interference filter combination, BP 450-490/FT 510/LP
520.
An additional 590 nm barrier filter is used to block the chloroplast
autofluorescence.
A
Fluorescence emission is measured with a custom-made instrument.
photomultiplier (Hamamatsu 1 P 28A in C 956-4 socket) is fitted on the phototube of
the microscope and is connected with an amplifier and digital voltmeter. The data are
collected on a recorder or a time-programmed printer (Kontron OEM Printer 5019).
The diameter of the measuring spot is 2 or 10 µ.m. It is possible to scan the slide by
moving the microscope object table by motor positioning equipment or manually by a
calibrated table micrometer. Each position of the cell is measured for a distinct time
or the cell is continuously scanned. Exact timing is important because of fluorescence
fading. The fading is linear during the chosen measuring times used here. The data
are corrected by a calibration standard curve for time 0. Photographs (Fig. 1) are
made with the Zeiss automatic exposure equipment on Kodak Ektachrome 400 or
Ilford HP5.
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Figure 1. Distribution of chlorotetracycline (erC) fluorescence in caulonemal tip cells. ere labels
membrane-bound calcium. (1) Control tip cell, only red fluorescence of chloroplasts detectable. (2) ere
fluorescence in the non-irradiated filament, sharp tip-to-base gradient of calcium. (3) 2 min after turning
on of red light (660 nm). (4) 5 min after the beginning of unilateral red light irradiation, showing the
bulging of the tip cell toward the light. (5) 60 min after unilateral application of red light. (6) Reversion
of the positive phototropic response by far-red light (730 nm); irradiation program for 60 min with
continuously changing 5 min red/ 5 min far-red light (other programs delivered the same results). (From
Hartmann 1984, permission of Hattori Botanical Laboratory).
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FLUORESCENCE LABELLING OF MOSS PROTOPLASTS
WITH CALCOFLUOR

Elmar Hartmann1, Eugen Wilbert1 and Willi Jahnen 1
INTRODUCTION

Many studies reported on the production, genetics and fusion, and regeneration
processes of moss protoplasts (Ashton & Cove 1977; Grimsley et al. 1977; Saxena &
Rashid 1980, 1981; Batra & Abel 1981; Burgess & Linstead 1981; Jenkins & Cove
1983). The main advantages of using moss protoplasts in scientific studies are high
vitality and regeneration capacity (plating efficiency) compared with protoplasts derived
from higher plants. The cells need no complex culture media and show good responses
to exogenous stimuli, especially light conditions (Jenkins & Cove 1983).
Cell wall regeneration is the first necessary step in regeneration, followed by other
differentiation steps like cytokinesis (Binding 1966). Although not well known, it is
important to recognize which exogenous factors influence the first regeneration steps.
Calcofluor staining seems to be a method to elucidate these questions (Nowak &
Mlodzianowski 1980; Galbraith 1981; Jahnen & Hartmann 1983; Hahne et al. 1983;
Meadows 1984). The microfluorometric method is very useful to get quantitative data
about fluorescence changes correlated with early events of moss protoplast
regeneration processes.
CULTURE CONDffiONS

Sterile cultures of the moss Ceratodon purpureus (Hedw.) Brid. are grown in liquid
culture in continuous illumination (Philips TL40/20 fluorescent tube, 4 W · m-2). The
medium is a modified Kofler's medium described by Saxena and Rashid (1980), with
the glucose concentration reduced to 1% (w/v). The pH value is adjusted with KOH
to 5.8 before autoclaving. Subcultures are done weekly; the only type of filamentous
cells are chloronemata. The mosses for isolation of protoplasts are 2 - 3 days old.
PROTOPLAST ISOLATION AND REGENERATION

Protonemata are harvested on a nylon net with 100 µm pore size. The protonemal
tissue is digested by an enzyme solution of 3% (w/v) Cellulase Onuzuka, 1% (w/v)
Mazerozyme R 10 (Serva, Heidelberg) in an isolation medium consisting of 1.0 mM
CaC½, MES 5.0 mM, and sorbit 0.5 M with a pH of 5.5. The protonemata are treated
for 3 - 4 h at 28°C. The suspension is poured on a 50 µm mesh nylon net: The
resulting protoplast solution is washed 4 times in the culture medium [3.05 mM
CaN03 , 1.24 mM KN0 3, 0.92 mM KHlO 4 , 0.51 mM MgSO4 · ?HzO, 0.025 mM
FeS04 ·7H20, 1 ml/I Hoagland's A-Z solution (see Knight et al. 1988) and 0.44 M
mannitol; pH 5.8]. All substances should be analytical grade (Merck Darmstadt). First
1
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washing is 100 x g for 5 min, and then 3 times by repeated centrifugation at 100 x g for 3
min and resuspended in the culture medium. The protoplast yield is determined in a
Fuchs-Rosenthal cell-counting plate. The media for tissue digestion and protoplast
handling are sterile-filtered with membrane filters of 0.2 µ.m pore size. All
manipulations are carried out in a horizontal laminar flow bench.
Another very successful isolation procedure is the method introduced by Grimsley
et al. (1977). This method is especially useful to obtain high yields of viable protoplasts.
The crucial point of this method is the purity of the mannitol, which has to be of
highest purity. 200 mg Driselase (Sigma, Miinchen) is dissolved in 5 ml mannitol
solution (6%), the suspension thoroughly stirred and then centrifuged at 2500 x g for 5
min. The supernatant is sterilized by a Millipore filter (pore size 0.33 µ.m). 200-400
mg of 5-day-old protonemal tissue is soaked for 30 min in mannitol solution (6% w/v).
The sterile enzyme solution is added to the tissue suspensions to give a final enzyme
concentration of 2%, and incubated for ca 30---40 min with gentle agitation (50
strokes/min). This method yields about 9 x 106 protoplasts per g fresh weight.
Protoplasts are cultured in darkness or in continuous white light with an irradiance
of 6 W · m-2 at 25°C. Isolated protoplasts are capable of regeneration into moss
protonemata or moss plants in the absence of any exogenous phytohormone supply.
The culture is performed in plastic multidishes (Nunc Nuncolon, Roskilde). Each
chamber contains 1 ml culture medium and about 5000 protoplasts. Samples of 100
protoplasts of each test sample are counted at various times and the regeneration status
determined. Plating efficiency is evaluated by plating 100 protoplasts and counting the
number of divided cells after 5 days.
PROTOPIAST STAINING AND MICROFLUOROMETRY

The ' protoplast suspension (1 ml) is transferred to a test-tube. 10 µ.l of a 0.1%
(w/v) Calcofluor White M 2 R solution (Polyscience Inc., Warrington) are added to
give a final concentration of 0.001 % (w/v) of fluorochrome. Protoplasts are stained for
2 min in the dark, washed once with culture medium, and put on microscope slides.
The observation and microfluorometry are performed with a Zeiss Universal episcopic
fluorescence microscope equipped with a 200 W mercury lamp, filter set G 365, FT 395
LP 420, and Neofluar objectives. Chlorophyll fluorescence is suppressed by an
additional 590 nm barrier filter.
The microfluorometer consists of a photomultiplier housing fixed to the phototube
of the microscope and signal processing equipment. We use a Hamamatsu C956-04
socket photomultiplier assembly with an integrated high voltage power supply and an
IP 28 photomultiplier. The signal is further stabilized and amplified. The data
registration is made with a recorder or a printer. The whole instrument is custom
made. Any commercially available microscope photometer can be used.
Protoplast fluorescence is measured in a test field of 50 µ.m diameter, produced by
a centerspot-diaphragm in the measuring ocular. The relative fluorescence is the ratio
of protoplast fluorescence to background fluorescence (PrfBr)· Measurements should
be restricted to sub-protoplast-free cells, showing strictly angular fluorescence and
well-developed chloroplasts.
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PHOTOGRAPHY

Bright field and fluorescence microphotographs can be taken with Ilford FP 4 or
Kodak Ektachrome 400 film. Color slides are duplicated for black and white prints on
Kodak Technical Pan Film (ISO 22) (Figs. 1-2).
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Figure 1. Calcofluor staining of developing moss protoplasts until outgrowth of a protonemal tip cell.
The course of regeneration is A ➔ B ➔ C within 48 h.
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Figure 2. Calcofluor-stained moss protoplasts showing the beginning of cell wall regeneration (A) and
disturbances of regular cell wall development (B, C). Calcofluor was not present during regeneration.
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FUSION OF SINGLE PROTOPLASTS OF FUNARIA
HYGROMETRICA WILD TYPE AND MUTANTS
A. Mejia1, G. Spangenberg 2 and M. Bopp1
The determination of genetic changes in protonemata derived from UV-treated
protoplasts is possible by analyzing fusion products of protoplasts from wild type
protonemata with protoplasts of the deviate forms as well as looking for
complementation by fusing protoplasts of the different mutated forms. Problems due
to a lack of selection markers for a screening of the fusion products can be overcome
by fusing pairs of two defined protoplasts. For this purpose, a method developed for
higher plant protoplasts was adapted to Funaria hygrometrica Hedw.
MICROCULTURE OF SINGLE PROTOPIASTS

To prepare Funaria protoplasts for electrofusion and for microculture of the fusion
products, the enzyme solution (Table 1) as well as the culture medium (Table 2) used
were changed compared with earlier used media (Bopp et al. 1980, 1987).
Single protoplasts were selected from the original suspension out of a selection
chamber with a microcapillary connected to an hydraulic system filled with mineral oil
and individually transferred together with 25 nl culture medium into a microculture
chamber. Figure 1 shows the preparation of the microculture chamber for the
individual culture of single protoplasts, which consists of an array of 50 microdroplets
of 1 µl mineral oil, each containing 100 nl culture medium, positioned onto a coverslip.
The procedure and all details of selection and transfer of protoplasts are the same as
described by Koop and Schweiger (1985) and Spangenberg et al. (1986).
Table 1. Enzyme solution.
Knop solution + Heller trace elements (normal concentration)
mannitol
driselase
1
polybuffer 74 (PB 74)

6
2
1

%

%
%

pH 5.7

\Koop & Schweiger 1985)
Table 2. Culture medium for protoplasts in microdroplets.
Knop solution + Heller trace elements
glucose
0.5
mannitol
5
glutamine
0.05
polybuffer 74 (PB 74)
1

%
%
%
%

pH5.7

1
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After two days in microculture the first cell divisions occur. Ten to twelve days
later about 60% of the individually microcultured protoplasts of F. hygrometrica form
branched protonemata. These can be transferred out of the oil microdroplets onto
solidified Knop medium (Table 3).
Table 3. Solid medium for protonema culture.
Knop solution + Heller trace elements
glucose
0.5 %
2

~fil

D

CAPILLARY PIPET

I

)

pH 5.7

%
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Figure 1. Preparation of a microculture chamber for single cells or protoplasts (Koop & Schweiger
1985).

ELECTROFUSION OF DEFINED PAIRS OF PROTOPIASTS

The electrofusion of defined pairs of individually selected protoplasts (homologous
or heterologous) was performed according to the method of Koop et al. (1983) and
Spangenberg (1986) (Fig. 2). Immediately after isolation the protoplasts were washed
in 6% mannitol + 2µg/ml proteinase K at 4°C for 1 - 4 hours until selection for
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electrofusion. The two selected protoplasts were automatically injected into 500 nl
microdroplets of 5.5% mannitol in which the electrofusion was performed.
MICROSCOPE CONDENSOR
FRONT
LENS
~---MINERAL OIL
~ - - SELECTED
ADJUSTABLE ELECTRODES-=~~:::::::f"'
PROTOPLASTS
PLATINUM WI RE ------:::;;::;:;::;::;::::~..,.....,~~_,..j......J_
FUSION MEDIUM
SILICONE
COVERSUP

-----X-AXIS--

/

--

Y-AXIS

/
MICROSCOPE
OBJECTIVE

Figure 2. Electrofusion of defined pairs of protoplasts (Spangenberg 1986).

After dielectrophoretic collection of both protoplasts at one electrode by an ACfield (1 MHz, 60--80 V · cm- 1 for a few sec) the fusion took place by applying one or
several negative DC-pulses (80 µs, 0.9 - 1.1 kV· cm- 1). The fusion process can be
monitored under optical control on an inverse microscope. With this method the
production of fusion products succeeded in 25 - 40% of the selected pairs of protoplasts
from wild type and different mutants of F. hygrometrica. The fusion products were
cultured in microdroplets, formed cell walls, and by undergoing multiple cell divisions
grew to protonemata. No differences in protonema formation efficiency from fusion
products or unfused controls could be detected.
REFERENCES
Bopp, M., S. Zimmermann & B. Knoop. 1980. Regeneration of protonema with multiple DNA content
from isolated protoplasts of the moss Funaria hygrometrica. Protoplasma 104: 119--127.
- - & U. Geier. 1988. Protoplasts and transport. In J. M. Glime (ed.): Methods in bryology. Proc.
Bryol. Meth. Workshop, Mainz. Pp. 89--97. Hattori Bot. Lab., Nichinan.
Koop, H.-U., J. Dirk, D. Wolff & H.-G. Schweiger. 1983. Somatic hybridization of two selected single cells.
Cell Biol. Int. Rep. 7: 1123-1128.
- - & H.-G. Schweiger. 1985. Regeneration of plants from individually cultivated protoplasts using an
improved microculture system. J. Plant Physiol. 121: 245-257.
Spangenberg, G. 1986. Manipulation individueller Zellen der Nutzpflanze Brassica napus L. mit Hilfe von
Elektrofusion, Zellrekonstruktion und Mikroinjektion. Ph. D. Thesis, University Heidelberg, FRG.

212

A Mejia, G. Spangenberg & M. Bopp: Fusion of single protoplasts of Funaria hygrometrica

- - - , H.-U. Koop, R Lichter & H.-G. Schweiger. 1986. Microculture of single protoplasts of Brassica
napus. Physiol. Plant. 66: 1-8.

Glime, J.M. (ed.). 1988. Methods in bryology. Proc. Bryol. Meth. Workshop, Mainz.
Pp. 213-220. Hattori Bot. Lab., Nichinan.

A POSTERIORI DETECTION OF HEAVY-METAL POLLUTION
OF AQUATIC HABITATS
Alain M. Empain 1
INTRODUCTION

There are different advantages to the use of bryophytes instead of water chemistry
as indicators of heavy metal pollution (Empain et al. 1980):
1. Analysis of mosses decreases the variance and increases the reliability and
stability of the chemical parameters investigated after a pollution event. For
example Figure 1 shows the copper concentrations in water and mosses of the
River Sambre (Belgium). Several analyses of the water did not increase our
understanding of the pollution problem. However, in using bryophytes, one
sampling trip was enough to show a smooth decontamination curve that did not
change in either summer or winter.
2. Bryophytes have a rapid absorption rate as demonstrated in the kinetics of zinc
absorption by Cinclidotus danubicus Schiffn. & Baumg. (Fig. le).
3. The slow desorption rate (Fig. ld) and the partial desorption (Fig. le) allow us to
detect and to evaluate pollutants weeks after the pollution event.
4. There is a large ratio for the heavy metal concentration between bryophytes and
water (Table 1.); this improves the analytical working conditions by more than 3
orders of magnitude, compared to the trace levels found in waters.
5. Bryophytes are a direct probe of biologically important pollutants. The bioaccumulation of heavy metals concerns essentially the metals in their ionic state
so that the assessment of heavy-metal pollution by bryophyte monitoring is a
direct estimation of the bio-availability of heavy metals. On the other hand,
direct analysis of the metal speciation in water is dependent on an array of
physico-chemical factors, is technically difficult, expensive, and not appropriate
for large monitoring projects.
Table 1. Mean accumulation factor [ratio of mg heavy metal/kg dry weight versus mg heavy metal/I
water; Cinclidotus danubicus Schiffn. & Baumg., C. nigricans (Brid.) Wijk & Marg., Fontinalis antipyretica
Hedw., and Platyhypnidium riparioides (Hedw.) Dix.; species means are within 15% (Empain 1977)].
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MATERIALS AND METHODS

Sampling
Locality - Choose, if possible, fast-flowing or oxygenated rivers to avoid clogging
of samples by sediments and potential reduction of heavy metals. It is important to
1
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214

A. Empain: A posteriori detection of heavy-metal pollution of aquatic habitats

sample bryophytes in permanent contact with the main water flow. In rivers with much
industrial traffic, the best sites are just downstream from the artificial waterfalls, where
continuous mist and waves wet the emergent mosses during low level periods. Stairs to
reach the mosses can usually be found along the stone or concrete walls (Fig. 2a).
Copper

In water

A

Copper

In bryophytes

B

mg/kg d.w.

~g/1
2000

100

-sites

mg Zn/kg dry w.

C

mg Zn/kg w.

D

Zn release :
% of initial contamination

E

100

20

day

day
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Figure 1. Bryophyte versus water analyses. A, B. comparison between copper concentrations in
mosses (black dots) and in waters (white dots) along a polluted river (Sambre, Belgium). C. kinetics of
zinc adsorption by Cinclidotus danubicus. D. kinetics of zinc desorption by Cinclidotus danubicus. E.
percentage of desorption at the equilibrium, depending on the initial contamination (in standard culture
medium mimicking a calcareous river).

Period - All year round, except during flood or ice coverage.
Procedure - Sample, if possible, manually or with a special grasping tool (Fig. 2b)
to collect remote mosses in a torrential flow without losing the detached material. As a
handy solution for the grasping tool, a telescopic handle is used with a self-made end
(handle designed to prune trees; Wolff, Germany). A plate of stainless steel (20 x 15
cm, 2 mm thick) is sawed to obtain a row of contiguous narrow teeth ( 5 cm long, 1 cm
wide at the base; the narrowest part between two teeth corresponds to just one saw
path). To avoid eventual contamination due to contact with the metal, the moss shoots
are cut above the teeth.
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C

--------

Figure 2. Sampling procedures at the sampling site. A. scheme of an artificial site. B. tool to collect
remote samples. C. example of a favorable site, with easy access.

The prototype was made in brass, with longer teeth (10 cm), but I found that long
teeth bend and need frequent reshaping.
A safety jacket should always be worn when the river is deep or rapid. When it is
impossible to access the sampling site, some kind of climbing equipment is needed (Fig.
2c) .
A stainless steel flexible stairway ( as used for cave climbing) is secured on an
existing anchor point (pole, tree ... ) or on an artificial one (8 mm 8.8 high tensile bolt, a
hanger, and a karabiner). For a long stay, it is easier to work on a swinging seat
clamped with a karabiner on the flexible stairway, the collector being tied to a security
nylon rope ( diameter 6-8 mm) held by another person. A more flexible approach
implies a climber harness used in conjunction with a descender and two ascenders; a
good technical and practical knowledge is required to employ safely this method (see
ter Steege & Cornelissen 1988).

Conservation of the samples
At the sampling site, the samples are hand-washed in the river to discard
sediments since organic matter can induce some desorptions under anaerobic
conditions during storage. Excess water is released by a gentle pressure. The samples
are stored in light paper bags (10 x 15 cm) to allow quick drying, which is very
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First cleaning batch during
automatic work

Second batch In preparation phase

Figure 3. Sample manipulation. A. storage in the car. B. hand-washing. C . plastic box for
automatic cleaning of the mosses. D. complete setup of automatic cleaning equipment.

important to obtain reliable analysis. In the car the bags should be placed in a
ventilated place, e.g. a perforated plastic tray used to store vegetables (Fig. 3a).
In the laboratory, the collected samples should be stored in a dark, dry, and cool
place. Good storage conditions are necessary to avoid an eventual release of adsorbed
metals; moreover, these conditions enable most species to remain viable for a long time
(from days to weeks at 15-20°C).
Cleaning procedures

I facilitated this boring step through an automatic cleaning of several batches. This
only needs an initial manual cleaning of one batch, which can be done during the
automatic washing of a previous batch. Manual cleaning is performed with deionized
water (Fig. 3b) and should be stopped when no more particles are visible in the water.
All the equipment is made from polyethylene (PE), polyvinyl chloride (PVC), perspex
(PX), and nylon. Figure 3 c,d shows a schematic representation of the automatic
cleaning device. Compressed air provides pulses of jet streams of deionized water
during the automatic stage. The heavy particles fall down and the lighter ones are
removed by the water flow (Wehr et al. 1983).
A plastic kitchen box (PE; base 75 x 75 mm; height 100 mm) is modified to
enable the attachment of air and water tubes. The cover is reinforced by a circular
plate of PVC (diam. 60 mm, thickness 5 mm) fastened with 3 nylon screws (M3 size).
A perspex tube (diam. 10/8 mm, length 50 mm) is fastened in a central hole (diam. 10
mm) through the reinforced cover and keeps the box firm. The lower end of the tube is
squeezed into a narrow slit in order to increase compressed air flow. The slit can be
obtained by insertion, under gentle heating, of a metal plate into the tube (plate width 8
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mm, thickness 1 mm, insertion 5 mm). Numerous little holes are drilled through the
corners of the cover, to expel water with floating sediments. Water and air providing
tubes are connected to the perspex tube as follows: a narrow, flexible PVC tube ( diam.
4/2 mm) for compressed air is forced into a lateral hole (diam. 3.5 mm) in the perspex
tube at 20 mm above the cover; a wider flexible PVC tubing (diam. 10/8 mm) for
deionized water is heated in boiling water and forced over the top of the perspex tube.
At least four of these plastic kitchen boxes are kept within a larger PVC box; their
covers are easily fastened with a self-made PVC cover (see Fig. 3d).
Wet acid digestion for atomic absorption analysis.
A batch approach is needed for a rapid treatment of the many samples obtained
during monitoring work. As such, field variability due to local or temporal industrial
discharges and hydrobiological characteristics are reduced by increase in sample size
rather than by unnecessary increased analytical precision. High beakers (50 ml,
identified by engraved numbers) are used for digestion; a glass plate covers the beakers
of each batch during storage (Fig. 4).

one night

B

A

+ 5 ml cone HN0 3

500 mgdryw

+ 10 ml 20% HO04

paper separatoN!
with references

E

D
filter

Figure 4. Wet digestion of moss samples. A. weighing. B. predigestion in HNOf C. hot digestion
in HNO/HCI0 mixture. D. filtration. E. dilutions.
4

The digestion procedure is as follows:
- Weight 2 x 500 mg of dry sample, each in a 50 ml beaker (Fig. 4a)
- Add 5 ml of concentrated HN03 and leave the batch overnight under a
ventilating hood. This predigestion avoids hazards with HClO4 (Fig. 4b).
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- Add 10 ml of 20% (v/v) HC1O4 and put the batch on a hot plate (Fig. 4c).
Water boils at first, then as the temperature rises HNO 3 boils, and finally
HClO4 boils with its characteristic white and heavy fumes.
- Each beaker should be removed from the hot plate when the HClO4 starts
boiling to keep the reagent concentration constant and to prevent contamination
of the other samples by spattering of overheated parts; the temperature is set so
that the samples in the center of the hot plate are digested after ca 20 minutes;
it is a good compromise between efficiency and security.
- Filter the solution and adjust to 50 ml with deionized water. Weighed ordinary
analytic paper will do the job, due to the high levels of heavy metals found
within the mosses (Fig. 4d).
- Weigh the rinsed and dried filter. Its increase of weight accounts for the
remaining sediment or attached diatoms not removed by the washing stage; the
weight of the moss sample is corrected accordingly ( only organic matter
concerns us, not silicates).
- Use polystyrene disposable beakers, prepare batch dilutions to provide final 1%,
10%, or 100% dilutions of samples and standards. The HClO4 concentration of
samples and standards should be matched to lower the interferences during
atomic absorption (Fig. 4e).
- Blanks are processed through all the sequence, to control any contamination
arising during the procedure.
- Store the polystyrene beakers in ordered, stackable trays, and cover each batch
of beakers with a glass plate to speed up the Atomic Absorption analysis.
ESTABLISHMENT OF A REFERENCE FRAMEWORK

Through multivariate analysis of numerous physico-chemical characters, water
bodies can be classified by their buffering capacities (e.g. alkalinity). In natural waters,
CO 2 buffering is of major biological importance. Moreover, it is linked to major cation
concentrations (Ca++ ... ) and influences heavy-metal speciation. Alkalinity thresholds
are used to define five classes of natural waters (Descy & Empain 1981, 1983). For
each class, statistics are computed using natural sites as references (polluted sites are
discarded) (Table 2). The alkalinity range is used to assess the heavy metal pollution
with respect to the normal amount of heavy-metals found at each alkalinity range. For
example, it is natural to find in the mosses larger concentrations of cadmium (8 times!)
in rather acid than in calcareous water. So a given level of cadmium can be interpreted
as abnormal in calcareous locations but as natural in acid ones; the diagnostic based on
a typologic approach is more accurate.
Table 2. Typology of South Belgium rivers: maximum level for heavy metals found in mosses,
depending on the type of water (from acid to calcareous waters).
Class

1
2
3
4
5

Alkalinity
(mg/I CaCO}

0-5
6-20

21-50
51-110
> 110

Cd

Co

10
32
18
9
4

51
376
122
32
53

Cr

Cu
Fe
Mn
(mg/kg dry weight)

14

47
70
61
30

46

30
16
22

84

40k
25k
32k
15k
17k

2k
55k
47k
32k
30k

NI

Pb

Zn

51
362
267

275
137
102
50
127

450
2565
2001

63

79

384

1722
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A network of reference sites (200 points for 65 tributaries of the River Meuse
watershed in Wallonia, Belgium) was monitored each year to establish natural
concentration levels and to yield valid references for eventual future problems.
Automatic diagnostics about significance and gravity of pollutions are used to plot
contextual pollution maps; these maps are more easily interpreted by administrators
than the usual concentration maps.
A CASE STUDY

A large fish mortality occurred in the Our, a little river, 15 km upstream from one
of our reference points (village OUR: 49°58 'N, 5°7 1 E). Only nine months later, the
local administration requested a study to search the cause of the fish mortality. We
collected samp\~s along the river and its tributaries (Fig. 5a), analyzed the mosses, and
found the possible origin of the problem: heavy-metal pollution of chromium and
copper. Fortuµately, the existing network of reference sites provided an historical
background. Data of moss samples collected at our reference site (OUR) were
available for 5 periods, spanning two years, with one unprocessed sample collected just
one month after the fish mortality occurred (Fig. Sb, c).
Location of the sampli~ts
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Figure 5. Case study. A. map (the reference point is at number 5). B, C. chromium and copper
concentrations within the mosses, at the reference point, before and after the problem. D, E. chromium
and copper concentrations within the mosses collected at all the sites of the map, nine months after the
problem.
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The existence of these historical and geographic baseline data, over a long period
and along the river Our and its tributaries, proved to be a key factor in the elucidation
of a pollution event, despite the late investigation request.
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HEAVY-METAL ANALYSIS OF SPHAGNUM

Michael Kirchhoff1 , Hansjorg Rudolph 1, Christine Struck1
and Holger Deising 1
INTRODUCilON

The capability of bryophytes, in particular Sphagnum, to accumulate heavy metals
indicates their importance for heavy-metal pollution monitoring (Wandtner 1981).
This is due to the high cation exchange capacity of the cell wall (Clymo 1%3; Rudolph
& Brehm 1%5; Schwarzmaier & Brehm 1975; Clymo & Hayward 1982), growth
without being in contact with the ground water, and leaf cells with generally no or a
very thin cuticle. For this reason, a lot of research has been done on the distribution
and translocation of chemical elements in raised bogs (e.g. Pakarinen & Tolonen 1977;
Damman 1978; Ferguson et al. 1984.)
Although many toxic effects of heavy metals on mosses are well documented, little
information is available on the effects of heavy metals on the metabolism of bryophytes
combined with a detailed study of the heavy-metal distribution within these plants
(Brown & Beckett 1985).
The objective of this paper is to present a technique for the sequential
determination of the Cd and Pb content of some Sphagnum species.

PlANT PREPARATION
The Sphagnum plants are divided into three segments: capitula, green stems, and
brown stems. The heavy metal content of each segment is further apportioned in the
amount of adhering water, the amount bound to the ion exchanger of the cell wall, and
the intracellular rate of uptake.
HEAVY METAL DETERMINATION

Sf

Figure 1 outlines the method of determining heavy metals. Thirty
hagnum
capitula (ca 500 mg dry weight) are pressed for about one min at 0.5 kg cm- to yield
most of the adhering water. The residue of adhering water held by the plants is
removed by padding between several layers of cellulose wadding. Then the hyaline
cells of the mosses are evacuated and the plants are put into a column. The ion
exchanger of the cell wall is regenerated with 330 ml of 0.01 N HN03. The obtained
solution contains the heavy metals that are bound by ion exchange to the cell wall.
After freeze drying, the dry weight is determined to calculate the heavy-metal content
of the samples per gram dry weight. At last, the freeze dried samples are pulverized
and extracted in 1 N HNO 3 at 60°C for two h. Filtration of the solution through filter
paper (Schleicher & Schull, 5893 Blauband) prepares the solution for heavy-metal

1
Botanisches Institut der Christian-Albrechts-Univertsitiit zu Kiel, Biologiezentrum, Olshausenstra/3e
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Figure 1. Outline for the sequential determination of heavy metals in the adhering water, bound to
the cation exchanger of the cell wall, and the intracellular rate of uptake of Sphagnum species.

determination. All elements are determined by atomic absorption spectroscopy in an
air-acetylene flame.
Determination of the heavy-metal content of the adhering water - Figure 2
describes in detail the technique to gain the adhering water for heavy-metal analysis.
Thirty Sphagnum capitula are put into a disposable syringe. After weighing, the mosses
are pressed for 1 min at 0.5 kg cm-2, and the weight is determined again. The
difference gives the amount of the frrst fraction of adhering water and its heavy-metal
content is determined. The second fraction (residues) of adhesively bound water is
determined by placing the mosses into a gauze bag, weighing them, and pressing the
plants (3 g cm-2) between several layers of cellulose wadding for about 2 h (one change
of the wadding.) Finally, the weight is determined once again. The difference gives the
amount of the second fraction of adhesively bound water. The sum of the differences
(1 and 2) is the total amount of adhering water.
Determination of the heavy metal content of the cell wall - To quantify the heavy
metals bound to the cation exchanger of the cell wall, the mosses are at frrst put into a
beaker containing 60 ml of 0.01 N HNO . The air of the hyaline cells is evacuated by
stirring the plants into a vacuum (0.9 bar) for three minutes. Then the mosses and the
acid are poured into a column (L = 30 cm, ¢ = 2 cm) and the plant material is eluted
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Figure 2. Outline of gaining the adhering water of Sphagnum species for heavy-metal analysis.
with 330 ml of 0.01 N HNO 3 at a flow rate of 150 ml h-1. After this elution process,

the
mosses are poured into a gauze bag and freeze dried to determine the dry weight. The
heavy-metal content of the samples is expressed as µg per g dry weight (ppm).
Determination of the intracellular rate of uptake - The freeze-dried material is
then pulverized in a ball mill (Retsch). An aliquot of the moss powder, usually 0.2 to
0.4 g, is shaken with 10 ml of 1 N HN0 3 at 60°C for two hours in a water bath. This
temperature is necessary for Sphagnum. For other mosses, neither pulverizing, nor
heating is needed, as described by Brown and Beckett (1985) and Brown and Wells
(1988). After filtration, the heavy-metal content is determined.
APPLICATION AND DISCUSSION

Several cations, like e.g. Cd, can be removed by eluting the cation exchanger of the
cell wall with a strong acid (HNO 3) or a solution of NiC1z. Figure 3 shows the elution
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profile of Cd-treated Sphagnum mage/lanicum; Figure 4 shows it for Pb treatment. As
can be seen in Figure 3, HNO 3 and NiC½ give the same elution profile. It requires ca
330 ml of eluent passed through the column (arrow in Figs. 3 & 4) to remove the wallbound Cd or Pb.
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Figure 3. Elution profile of Cd-treated Sphagnum magellanicum . Mosses were treated with 8 µM Cd
every two days during 10 days; 30 capitul~ were eluted with 0.01 N HNO (-•-), or with 20 mM NiCI (-0-)
2
respectively. The flow rate was 150 ml h- . Each fraction was approxim£tely 12.5 ml.

It is very important to find an eluent that does not damage the plasma membranes
during the elution process. Since most of the K is located inside the cytoplasm, the K
concentration of the fractions can be used as a parameter of membrane damage.
Figure 5 shows the elution profile of K from S. magellanicum, using 0.01 N HNO 3 as a
replacing agent. It is evident that after replacing the cell-wall-bound K, no increased
permeability of the membranes can be observed. This confirms the results of Brehm
(1968), who used 0.01 N HCl as a replacing agent. The relatively high K concentration
of the cell wall exchanger (first fraction) is a result of the culture technique used in the
experiments. The plants are sprinkled with nutrient solution every two days until two
days before the start of the experiment. Rudolph and Voigt (1986) describe the culture
technique in detail.
The following examples will demonstrate the importance of detailed information
on the heavy-metal distribution within plants with respect to some physiological
parameters.
The effect of Cd and Pb on photosynthesis has been studied in vivo in relation to
their accumulation and distribution within the plants. Application of a nutrient solution
with 8 µM Cd (50 ml every two days) caused an inhibition of net photosynthesis by
50% in S. mage/lanicum after 10 days. The intracellular rate of Cd uptake was only
5-10% of the total Cd amount of the capitula. Most of the Cd was bound to the cell
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Figure 4. Elution profile of Pb-treated Sphagnum magellanicum. Mosses were treated wit~i750 µM
Pb. Three days later 30 capitula were eluted with 0.01 N HNO . The flow rate was 150 ml h . Each
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wall by ion exchange. Comparable results were obtained with Pb. After 75 µ.M Pb was
applied to the nutrient solution every two days during 10 days, net photosynthesis was
inhibited by 50% in S. fa/lax and S. magellanicum. The rate of ion uptake differed in
these two species. In S. fa/lax the intracellular rate of uptake was only 18% of the total
amount of Pb found in the capitula, whereas in S. magellanicum the corresponding
value was 34% (unpub data).
Nitrate-reductase (NR) activity in S. magellanicum was studied in vitro after heavymetal treatment [in vitro assay followed the method of Deising (1987) ]. Six hours after
application of 0.5 mM NO 3- with 300 µ.M Cd or Pb the NR activity was inhibited
respectively by 43% (Cd) and 29% ~Pb). The total Cd and Pb content of the capitula
was 1206 (Cd) and 2212 (Pb) µ.g f dry weight. The intracellular rate of Cd and Pb
uptake was respectively 21 (Cd) and 244 (Pb) µ.g f 1 dry weight. These results show
that only 2% of the total amount of Cd is located inside the cells, whereas for Pb the
intracellular rate of uptake is 11% (Kirchhoff & Deising, in prep).
We can conclude that a method to remove the total wall-bound Pb and Cd in one
step with nitric acid without high concentrations of replacing agents in the eluting
solution is available. Furthermore, these examples demonstrate the protective character
of ion exchange in the cell walls of Sphagnum and emphasize the necessity to apply
those methods that allow us to divide the total heavy-metal content of the plants into
intra- and extracellular portions.
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SEQUENTIAL ELUTION TECHNIQUE FOR DETERMINING THE
CELLULAR LOCATION OF CATIONS

Dennis H. Brown 1 and John M. Wells 1
INTRODUCilON

Analyzing bryophytes for their total content of a particular mineral element
provides only limited information. Elements may be (a) present in the form of trapped
particulate material, (b) bound by precise physi:co-chemical processes to extracellular
sites or ( c) incorporated by biologically-selective systems into the cell interior (see
general discussion in Brown 1984). Without knowledge of the proportions of each
element present at the three locations it is not possible to use bryophytes accurately as
predictive pollution monitors or comprehend their biological response to
environmental chemical conditions.
In laboratory studies on the effects of mineral cations on bryophyte physiology, we
have devised a simple and rapid technique that permits a distinction to be made
between quantities of extracellular and intracellular cations (Brown & Buck 1979;
Beckett & Brown 1984a; Wells & Brown 1987). During development of this technique
we have established a number of conditions that influence its effectiveness. In addition
to being used to study the kinetics of extra- and intracellular cation uptake, the
technique has been employed to follow changes in extra- and intracellular cation
location with plant age and under a number of stressed conditions.
SEQUENTIAL ELUfION TECHNIQUE

The following is an outline of the sequential elution technique, as currently
employed in laboratory studies of heavy metal uptake. Notes are provided on general
points of the method, followed by a commentary on more specific points of the
technique.
1. Wash samples thoroughly in deionized water. (Further details below.)
2. Elute extracellular exchangeable cations by shaking for 30 min with 10 ml 20 mM
NiC½ twice. Wash with 10 ml of deionized water. Retain solution for analysis.
3. Dry plant at 80°C for at least 16 h before determining dry weight.
4. Displace residual elements by shaking for at least 1 h with 10 ml 1 M HNO 3.
Retain acid for analysis. Wash with deionized water.
5. Dry plant at 80°C before determining dry weight.
6. Analyze solutions using atomic absorption spectrophotometry.
Notes: In all cases samples are shaken in small glass specimen tubes (2.5 cm x 1.25
cm) and either solutions decanted or plants removed mechanically with forceps.
Filtration is not used as this causes a loss of sample solution and, unless care is taken to
use washed filter papers, can add or remove elements.
1
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The above conditions are suitable for batches of ten 2-cm apical segment tips of
Rhytidiadelphus squa"osus (Hedw.) Warnst., representing about 10-15 mg dry weight
or 100 mg fresh weight of material washed with deionized water and blotted with filter
paper to remove surface water. For cation uptake or release studies, samples are cut
and washed thoroughly to remove particulate matter, soluble intercellular metals, and
surface-contaminating metals. Uptake studies involve exposing 30 to 80 apical
segments in 11 of solution, stirred by aeration (Wells & Brown 1987).
Where only cation uptake is being studied, samples are washed in a large volume
of deionized water that is discarded because it only contains uncombined surfacecontaminating material. However, when information is required on the material
present in an uncombined form between the cells, samples are washed at least twice, in
10 ml of deionized water, and the washings retained for analysis. This is necessary
when studying loss of ions in response to desiccation or ionic stress. Analysis of the
second water washing should show low or undetectable levels of the elements of
interest. Efficient washing can frequently be achieved with only 10-minute shakings.
The use of deionized water chilled in a refrigerator may also reduce further ion uptake
during the washing period (Brown & Beckett 1985a.)
If unwashed material is being used, the first wash may displace any particulate
mineral matter present in the original sample. It is often necessary to acidify strongly
the washing solutions in order to detect and quantify any such particulate matter. As
this technique has been devised to study the uptake of cations it has not been
thoroughly tested for the behavior of particulate matter at each stage of the sequential
elution sequence.
Care must be taken to avoid membrane damage before the first drying period. If
samples have been allowed to become dry before placing them in solution, many
species will show loss of intracellular soluble cations. Some of this loss is recovered in
the incubation solution, but a proportion, particularly divalent cations, may also
become bound to the extracellular exchange sites and hence cause (a) an underestimate
of loss from within the cell (stage 1) and (b) an overestimate of the amount bound to
the cell wall (stage 2) (Brown & Buck 1979).
Prolonged storage of moist samples should also be avoided as it has been shown
that elements can move in the reverse direction, i.e. from the wall to the cell interior
(Brown & Beckett 1985b; Wells & Brown 1987). While this may represent only a
minor percentage of the amount bound to the cell wall, it can be of major biological
significance if the mobile element is potentially toxic. When comparisons are being
made between ion location and ion effects, it is important to ensure that the sequential
elution technique and other assays are conducted at the same time.
Weighing the samples after both the nickel and the acid treatments enable data to
be expressed on either a total dry weight (post nickel), wall dry weight (post acid), or
cytoplasmic weight basis (difference between the two weights). The latter is an
approximation to the cytoplasmic weight; electron microscopy has shown that after acid
treatment there is almost no detectable cytoplasm remaining within the cell wall in R.
squa"osus.
Nitric acid (1 M) has been found to rupture the cell plasma membrane and release
soluble and exchangeable elements. However, it is probably not sufficient to displace
metals incorporated into large polymeric molecules, e.g. iron in cytochromes.
Complete digestion is achieved by heating samples at 300°C in 3 ml concentrated
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HNO 3 in wide test-tubes, with complete removal of HNO 3 by distillation with
prolonged heating. The inorganic residue is redissolved in 10 ml 1 M HNO 3 before
analysis (Beckett & Brown 1984a). Total digestion will also dissolve any contaminating
particulate material that is liable to be less susceptible to the previous treatments.
An earlier procedure incorporated a step immediately after the nickel treatment in
which samples were boiled in 10 ml deionized water for 20 minutes in a test-tube
covered with a glass ball to reduce evaporation (Buck & Brown 1979). We no longer
use this step as it has been shown that during boiling soluble cations can become bound
to exchange sites that become exposed to the intracellular soluble cations during
membrane rupture.
The actual proportions of the sample weight to solution volume may need to be
adjusted for different plants and the nature and the contents of elements. Gently
shaking samples during washing accelerates equilibration, but the efficiency of the
displacement must be checked for each moss species. Multiple washings at each stage
improves displacement, but results in either more solutions for, analysis or, if solutions
from the same fractions are combined, diluted solutions.
Analysis of each
eluate/washing, including the water washings, can be used to verify the efficiency of the
displacement at each stage. Shaking for 30 min is often adequate for equilibration, but
time may need to be extended with dense multicellular tissues.
COMMENTARY

A number of further technical points need to be considered before reliable
intracellular uptake rates can be obtained. These reflect both the biology of the
process and details associated with the method of analysis.
Extracellular binding

A number of studies with both lichens and bryophytes have established that the
binding of one cation to extracellular anionic sites causes the displacement of another
cation. This process is governed by strict physico-chemical rules. Binding is rapid,
passive, and reversible. The time-course of cation uptake shows saturation kinetics due
to the establishment of an equilibrium between soluble and bound ions. In practice we
have found with Rhytidiadelphus squa"osus that equilibrium is achieved with a solution
of 0.1 mM or above within 30 min. Data produced by Mouvet (1987) at lower and
environmentally more realistic metal levels indicate that equilibration in nature may
take much longer, i.e. days rather than minutes, and release may be even slower (see
also Empain 1988).
The valency of the cation is important; the addition of a divalent cation (e.g. Ni++)
causes the loss of either another divalent (e.g. Ca++, Mg++) or two monovalent
cations (e.g. Na+, K+), whereas two monovalent ions are required to replace a single
divalent cation. Bound protons (H+) behave as monovalent cations.
When equal concentrations of different cations are supplied, the quantity bound
depends on the affinity of the element for the anionic binding site. Element binding
depends on the nature of the binding site. Elements generally showing high affinity for
O-containing ligands, but low affinity for N and S ligands, are referred to as Class A
elements (K+, Ca++, Mg++); Class B (Cu++, Hg++) elements show the reverse
preference; and there is a large group of borderline elements (Cd++, Ni++). The
binding sites of bryophyte cell walls have been considered to be dominated by O-rich
pectic carbohydrate polymers. However, some of our data suggest the presence of
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Class B type anionic sites, probably proteins, within the cell wall matrix or on the
exterior of the plasma membrane. Binding efficiency for any ligand shows the
sequence of monovalent Class A < divalent Class A < borderline divalent < divalent
Class B. Binding affinity sequences such as Pb+ + > Cu+ + > Ni+ + > Zn+ + > Cd+ +
> Ca++ > Mg++ > Na+ have been reported, with some variations (see Brown 1984).
At a particular cation concentration, an element will effectively displace another lower
in the sequence but will be less efficient with elements higher in the sequence. Nickel
was chosen as the main displacing agent because of its borderline characteristics and
demonstrated low toxicity.
Increasing the concentration of the displacing ion will enhance its efficiency. Thus,
for example, while low concentrations of Ni++ may readily displace most
physiologically important elements, very high concentrations are required to remove
heavy metals with Class B characteristics (e.g. Cu++ and Pb++). When Ni++ is
supplied at a sufficiently high concentration to remove the latter elements, it appears to
damage the plasma membrane, probably by displacing essential Ca+ +, as detected by
the loss of soluble K+ from intracellular sites (Brown & Buck 1985). Under these
conditions the origin of the heavy metal becomes ambiguous. In practice it has been
found that Pb+ + is a reasonable displacing agent for Cu+ + but the reverse is not true.
Displacement of low levels of Pb++ can be achieved with EDTA, although at high
concentrations EDTA is an efficient Ca++ -chelating agent and causes membrane
damage. Despite the thiol-rich amino acid cysteine appearing to be suitable for Class B
cation binding, we have found it to be less effective than Ni+ + as a displacing agent for
Pb++.
The efficiency of a displacing agent is modified by the concentration of the element
to be displaced. Because lichens have a lower cation exchange capacity than
bryophytes, it has been shown that 20 mM NiC1z is adequate to displace bound Cd++
following exposure to 0.1 M Cd++ (Beckett & Brown 1984a). The efficiency of the
displacement was judged by demonstrating that intracellular Cd++ uptake showed the
expected kinetics with a zero intercept. In R. squarrosus, non-zero intercepts may occur
following exposure to 100 mM Cd+ +, apparently implying a very rapid initial
intracellular Cd++ uptake (Wells & Brown 1987). In practice the non-zero intercept
probably represents a failure to displace fully the extracellular bound Cd+ +, as its size
depends on the concentration, volume, or nature of the displacing agent. In all cases
the subsequent rate of intracellular Cd+ + uptake remains the same. Rates of
intracellular Cd+ + uptake based on values obtained after a single incubation period are
therefore liable to be overestimates of the actual values.
Failure to achieve further detectable displacement with a particular reagent cannot,
alone, be used as sufficient evidence of its ability to release totally the material from the
extracellular exchange site (Brown & Beckett 1985a; Kirchhoff et al. 1988). Wells and
Brown (1987) showed that the scale of this effect was altered in cultured material,
probably because the nature of the cell wall differs in young and mature states.
Intracellular uptake
Whereas certain elements (ef Ca++) occur mainly at extracellular sites, others
are primarily intracellular (e.g. K ) or show a variable proportion at these sites (e.g.
Mg++, Zn++). Intracellular uptake of an ion generally shows linear kinetics with time,
for at least the first 30 minutes, and a rate substantially below the initial rate for
extracellular uptake. In order to study cation uptake we have used the element Cd+ +
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because it is rarely encountered in field material in greater than background amounts,
and low concentrations can be accurately determined by atomic absorption
spectrophotometry. Studies of the uptake of physiologically important elements are
complicated by the need to trace the uptake of material into the intracellular pool in
which the element is likely to be already at near optimal levels. Radioisotopes are,
therefore, required in order to distinguish net rather than gross cation uptake.
Increasing the concentration of the supplied ion results in saturation of the uptake
process (Beckett & Brown 1984a; Wells & Brown 1987). From the relationship
between concentration and rate of uptake, it is possible to derive the equivalent of
Michaelis-Menten constants. These imply that transport across the plasma membrane
involves the association and dissociation of the ion with some carrier molecule
embedded in the membrane. The constant V
represents the maximum velocity of
uptake for the ion considered, whereas K m is defmed as the supplied ion concentration
required to achieve half the maximum rate of uptake. These constants can be used to
characterize and compare uptake systems from different samples or treatments. Any
change indicates some modification of the uptake system of the plant material used.
Uniform plant material is required in order to obtain reliable and reproducible
kinetic constants. Comparisons between field-grown samples of R. squarrosus have
shown a range of both kinetic constants for intracellular Cd+ + uptake and response to
this toxic element. Recent studies (Wells & Brown 1987) have utilized morphologically
distinct samples from an apparently uncontaminated site, growing within meters of
each other. Plants growing in exposed short grass have a much branched, creeping
form (short population = S) compared to material from shaded long grass that is more
upright and unbranched (long population = L). There is no reason to believe that
these populations are genetically distinct. Using 2-cm apical segments we showed that,
with a 30-min incubation period, greater extra- and intracellular Cd+ + uptake occurred
with the L samples, and their photosynthesis was mo~ sensitive to added Cd++.
However, the relationship between supplied Cd++ concentration and amount bound
showed no significant difference between the two morphologies. The kinetic constants
for intracellular Cd+ + uptake differed between the samples, the Km being significantly
greater for the S samples.
Further analysis showed that the different responses found with two
morphologically distinct samples were related to dissimilar cell wall to cytoplasm
weights, this ratio being larger in the S samples. Culturing both samples in the
laboratory under identical conditions enabled the development of new apical segments
with substantially closer cell wall : cytoplasm ratios. The kinetics of extra- and
intracellular Cd+ + uptake were almost identical in cultured material (Wells & Brown
1987). This shows that the differences in field-grown samples merely reflect
differences, in nature, of the cell dimensions in the 2-cm apical segments and not some
inherent difference in Cd++ uptake ability and sensitivity.
The significance of the cell wall : cytoplasm ratio also emphasizes the importance
of the basis on which calculations are made. Calculations made of intracellular
concentrations or uptake rates utilizing weight values dominated by the quantity of wall
material are clearly likely to be inappropriate. The cytoplasm weight estimates
mentioned earlier are a first attempt at a more suitable basis for such calculations. Use
of the post acid weight, rather than the post nickel weight, for calculations of cell wall
bound ions appears more justifiable.
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For a charged element to cross the cell membrane system rapidly, it must combine
with some kind of carrier system. The specificity of the carrier is generally not
absolute. Hence the presence of other elements may inhibit uptake of a particular
element if it can also bind to the carrier system. Such competitive inhibition appears to
be shown with the intracellular uptake of Cd+ + and Ca+ +. Magnesium appears to act
as a non-competitive inhibitor, implying some interactions between Mg+ + and the
transporting systems of Cd+ +, i.e. altering its effectiveness without competing for the
actual binding site. The same is probably true also for H+ because intracellular uptake
of Cd++ is pH-affected.
When samples from different populations are tested for Cd++ uptake, the process
is not only complicated by the cellular form, as discussed above, but also by the nature
of the chemicals bound to the cell wall. This is because when Cd+ + is added to the
solution it displaces other cations such as Ca+ +, Mg+ +, and H + into solution. These
interact with the passage of Cd+ + across the plasma membrane as described above.
Without control of the cell-wall-ionic composition prior to Cd++ uptake, the final
Cd+ + rate may reflect the previous chemical environment experienced by the sample.
Comparisons between L and S morphological populations showed that many of the
differences in Km and V ax could be eliminated by prior incubation of the sample in 80
mM KCl, which is sufficient to replace most cell wall cations with K+. As K+ does not
inhibit intracellular Cd+ + uptake at the solution concentration that is achieved when
Cd++ is added and displaces K+ from the cell wall, it can be used as a simple system in
order to eliminate complications due to cell wall chemistry. Potassium increases the
V
value and reduces the K value. It appears that H + may be mainly, but not
max
ll,l
++
++
exclusively, responsible for the tormer change, and Ca
and Mg
the latter. The
K + pre-treatment has been used to show that while there are no differences in
extracellular or intracellular Cd+ + uptake between populations of R. squa"osus taken
from the site of an old zinc/cadmium mine and an uncontaminated area, the former
still showed some additional photosynthetic tolerance to added Cd+ +. Hence the
difference between the two populations cannot be attributed to reduced intracellular
Cd++ uptake as postulated for lichens of the genus Peltigera obtained from the same
habitats (Beckett & Brown 1984b).
CONCLUSIONS

The present discussion shows that the sequential elution technique can f rovide a
detailed insight into the process of extra- and intracellular uptake of Cd+ by one
bryophyte species. A number of precautions must be applied to ensure reliable results.
Recent publications, not previously mentioned, using essentially the same technique
have provided information on the response of bryophytes ( and lichens) to stresses of
desiccation (Brown & Buck 1979; Buck & Brown 1979), herbicides (Brown et al. 1986),
Ca+ + (Bates 1982), Cu+ + (Brown & House 1978), and Hg++ (Brown & Whitehead
1986). In its present form, the sequential elution technique has been regularly and
successfully used in undergraduate practical classes.
Before critically applying the technique to other species or circumstances, however,
it will be necessary to check that the displacing agent is supplied for an adequate
period, at a concentration that does not cause loss of intracellular material and is
sufficiently concentrated to displace all of the extracellular exchangeable elements of
interest before determining amounts of intracellular cations. A confirmatory study to
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demonstrate that intracellular uptake of the element of interest shows linear kinetics,
with a zero intercept, is probably the most rigorous test of the efficiency with which the
displacing agent used removes extracellularly bound elements.
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A METHOD TO GENERATE A NOISY ELECTROMAGNETIC
FIELD TO STUDY EFFECTS OF DISTURBANCES OF THE
ELECTROMAGNETIC COMPATIBILITY OF BRYOPHYTES

Zofia Wiewiorka1 and Jan Sarosiek1
INTRODUCTION

The natural electromagnetic environment of the earth contains a wide range of
radiation from constant electric and magnetic fields to high-energy ionizing radiation at
a frequency of 1024 Hz. Radio-atmospheric noises belong to natural phenomena of the
earth's atmosphere. They are one of the many possible storm discharge effects. The
atmospheric disturbances emitted during storms, as well as the attenuation they
undergo during propagation, change. The broad-band frequency spectrum of the
atmospheric noises fall within a wide range from hundreds of Hz to MHz. Their
greatest intensity occurs at a frequency of 10 kHz and then diminishes with increasing
frequency. The intensity of the electric component of atmospheric noises around
atmospheric discharge centers of about 10 kHz reaches an order of tens to thousands
V/m (Coroniti 1%3; Chalmers 1%7). Solar and cosmic electromagnetic radiations in a
particular range reveal a noisy character too.
The electromagnetic fields from artificial sources of radiation are within a range of
a few to hundreds of MHz and overlap with the natural background electromagnetic
field. The artificial electromagnetic fields cause disturbances of electromagnetic
compatibility of the natural environment. Disturbances of plants under the influence of
low-intensity electromagnetic fields may selectively change the level of growth
regulatory substances (Bratton & Henry 1977; Ellis & Turner 1978; Morris 1980).
Electromagnetic compatibility concerns all forms of undisturbed coexistence between
living organisms and the natural electromagnetic field and is a result of artificial
radiation.
We describe here a method to study the influence of broad-band continuous
spectrum electromagnetic field disturbance on plants in order to identify
electromagnetic compatibility. Since we do not know whether non-ionizing radiation is
a crucial electromagnetic factor, we investigated the effect of electromagnetic noisy
continuous spectrum field on bryophyte populations (Lundegardth 1957). This is
important to understand further the electromagnetic effects on plants as initiated by
experiments of Grodzienski (1983) and other scientists. It is very complicated to
calculate the distribution of electric field intensity in a natural environment. That is
why efforts were undertaken to use an artificial system of emission to control the
intensity of the emitted electric field in a relatively simple way.

1
Wroclaw University, Institute of Botany, Wroclaw 50-328, ul. Kanonia 6/8, Poland.

Z Wiewiorka & J. Sarosiek: A method to generate a noisy electromagnetic field

236

MATERIALS AND METIIODS

An electromagnetic field that simulates natural electromagnetic events can be
obtained from a broad-band noisy generator with a continuous spectrum (Fig. 1). The
frequency of the output voltage of the system ranges from 1 Hz to 30 MHz (Fig. 2).
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Figure 1. Electrical circuit diagram for noisy generator.

1

[V)

I
!
I

I

I II'~~
I

>1
/
~

,...i--

~

~

I-'~

/,,..

i\

'

''
~

I'-.. r-..~
r--..!'--

106
107
1c8
Frequency [Hz]
Figure 2. Frequency characteristic of the broad-band noisy generator of the continuous spectrum.

In the experiments the electrodes of the condenser are connected to a generator
(Fig. 3). The plants are placed in the electromagnetic field of the condenser with one
electrode above the plants and a grounded metal plate as the other electrode under the
plants. The upper electrode is made of an insulated copper conductor spread on a
wooden frame. The conductor is fixed by wooden nails. As such the upper electrode
acts as a uniform metal plate, and access of light is not limited, which is important in
the experimental set up. Construction of the electrode according to this scheme has a
relatively small inductance and enables an even distribution of the electromagnetic
field, especially in the central part where the plants are placed. It is particularly
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important to use a very high electromagnetic frequency (107 - 108 Hz). In order to
create an homogeneous electromagnetic field, we use flat electrodes with a large
surface area and short distance between them. The intensity of the electromagnetic
field is given by the formula E = U/d, where E = electric field intensity, U = voltage
between condenser plates, and d = distance between condenser plates.
Upper electrode

+
NOISY
GENERATOR

Lower electrode
Figure 3. Experimental design showing noisy generator location.

The plants can be cultivated in terrestrial or aquatic cultures. We found that the
following species are suitable to test effects of electromagnetic radiation: Riccia
fluitans L., Ricciocarpus natans (L.) Corda, Drepanocladus aduncus (Hedw.) Warnst.,
and Fontinalis antipyretica Hedw. They reveal characteristic symptoms of radiation
intensity (Sarosiek & Wiewiorka 1986) and may be used as bioindicators of
electromagnetic disturbance of the natural environment.
To demonstrate the utility of bryophytes in assessing effects of electromagnetic
radiation, liverworts of five habitats with different water chemistries were collected for
this experiment and were grown in culture. Because Riccia fluitans and Ricciocarpus
natans are surface-floating plants, the microhabitats of these populations have a
different water chemistry from that of the other species (Sarosiek & Wiewiorka 1986).
All sites are eutrophic in character. However, the populations of Riccia fluitans
and Ricciocarpus natans differ from each other in their elemental content. The
correlations found between P concentration in the water and the P content in the
plants, between Mg++ in the water and Mg++ in the plants, and between NO 3- in the
water and No3- in the plants, suggest some ecotypic differentiation of the populations
of Ricciocarpus natans with respect to the chemical characteristics of the microhabitat.
COMPARISON OF BRYOPHYrE SPECIES

The populations of Riccia fluitans and Ricciocarpus natans showed electromagnetic
radiation reactions that were different for each species (Figs. 4-5). The varying
sensitivity of populations to increasing radiation is expressed as a change in thallus
development and variation in population size and biomass. The populations of both
liverworts show ecological radiosensitivity to electromagnetic radiation. For example,
stimulation of the vegetative reproduction of population 4 of Ricciocarpus natans occurs
at a field intensity of 80 V /m, but in population 1 at only 30 V /m. Stimulation of Riccia
fluitans reproduction of population 5 appears to be at 160 V /m, but in population 4 at
20V/m.
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Different populations require different minimal doses of radiation in order to
decrease population size or biomass. The number of developmental changes in the
plants also increases with increasing radiation intensity as shown by negative
correlations between field intensity and number of plants in the population and
biomass of the population, as well as the size of the individual Riccia fluitans and
Ricciocarpus natans plants. Significant correlations were noted between the K content
of the water in the original habitat and the population biomass of Riccia fluitans grown
at 50 V /m. In the case of Ricciocarpus natans, there was a similar correlation between
the K content of the water and the size of the population grown at 20 V/m. This
suggests that the influence of the electromagnetic radiation on a liverwort population
may be dependent upon the prevailing chemical environment. Reactions peculiar to
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certain species are manifested in disturbances in the thallus development with
increasingly higher radiation. Ricciocarpus natans shows deformation of the thallus,
asymmetry, decline of dichotomy, and accessory outgrowths. Riccia fluitans reveals an
increase in thallus length and heterotaxis of descendant segments. Both species showed
necrosis and chlorosis at higher radiation doses.
Sensibility to radiation of the electromagnetic field is demonstrated by
Drepanocladus aduncus, for which stimulation intensity appeared at 50 V /m with
simultaneous limitation of lateral branch growth. At higher intensities of radiation
Drepanocladus aduncus shows filamentous branches of the gametophytes.
Limiting factors such as an electromagnetic field influence the value of the
electrical parameters of Fontinalis antipyretica (Sarosiek & Wiewiorka 1987).
Frequency-dependent electrical parameters (impedance, phase shift, resistance, and
capacitance) can be used as quantitative characteristics of the physiological conditions
of the plant. The reactions of liverworts to electromagnetic radiation are similar to the
reactions of plants to ionizing radiation. The individual reactions of bryophytes to
electromagnetic fields are seen as an anomalous growth and development. They may
be used as bioindicators of electromagnetic radiation in the natural environment.
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METHODS IN BIOELECTRICITY
Tadeusz Zawadzki1, Kazimierz Tr~bacz1 and Halina Dziubifiska1
The hypothesis about the existence in plants of a mechanism that controls
physiological processes and operates on the principle of impulse conduction has not
been sufficiently confirmed yet. Nevertheless, the problems and methods of plant
electrophysiology are generally the same as in animal electrophysiology and include:
(1) passive and active electrical properties of cell membranes [resistance and
capacitance; ionic mechanism, characteristics and conditions of resting, and action
potential (AP) occurrence], (2) characteristics and conditions of the conduction of APs
in cells, tissues, organs, and whole organism of a plant, (3) the physiological function of
electrical activity in plants. The problem of function is particularly controversial. The
APs control processes that require rapid movements, such as petiole movement,
fertilization, and nutrition. Their role in the so-called ordinary plants is at present
almost unknown and unexamined (Pickard 1984; Iijima & Sibaoka 1985)
The liverwort Conocephalum conicum (L.) Lindb. is a very good object for studies
due to its high electrical activity. Its multicellular thallus constitutes a relatively
morphologically uniform tissue. The shape, size, and structure of the cells do not
essentially differ from those of the cells in higher plants. The plant remains in good
physiological state even during several hours of experiments performed on thallus
fragments, isolated thalli in air or immersed in solutions, or in situ. It also belongs to
ordinary plants.
In examining biopotentials it is important to achieve a correct plant-electrode
contact and to choose a proper site for the reference electrode in respect to the
measuring electrode. Extracellular measurements usually involve contact electrodes
(wet contact with the thallus surface). Such electrodes are also used as reference
electrodes. Intracellular measurements employ glass microelectrodes (filled with a 3 M
KCl solution; Clark Electromedical Instruments, P.O. Box 8, Pangbourne Reading
RG8 7HU, Pangbourne (07357) 3888, GB, Cat. No. GC150F-10). In extracellular
measurements the reference electrode should be placed as far as possible from the
measuring electrode or in a site where no electrical activity appears, in intracellular
measurements - as close as possible to the site of microelectrode insertion or
immersed in a solution washing the thallus (Figs. 1 & 2). Recording employs DC
followers or amplifiers of R.m 2:1010 n coupled with a recorder and/ or oscillograph. By
using an appropriate analog-digital converter one may record bio-potentials and
process the data in a computer. The measuring apparatus with several channels
considerably widens the possibilities of experiments, while in many cases it is necessary
to carry out measurements in a Faraday cage.
Conocepha/um reacts with an AP to every kind of stimulus: electrical, thermal,
chemical, mechanical, and light. The AP is subject to all the excitability laws, such as
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all-or-nothing response, refractory periods, and lack of dependence on the kind of
stimulus (Fig. 2). In the case of a thallus-damaging stimulus, there appears a series of
APs. No spontaneous activity seems to occur in Conocephalum. The source of the APs
is to be found in potential changes throughout the plasmalemma, whereas the state of
hydration, ionic composition, and geometry of the apoplast significantly affect AP
conduction in the thallus.
The examination of the mechanism of excitation and conditions of AP conduction
consists of using ion-selective microelectrodes, immersing the thallus in solutions of
varied ionic composition, treatment with biologically active substances, such as e.g.
DCMU, taking into consideration other parameters such as temperature, season,
illumination, day or night, while simultaneously recording the APs.
The examination of the functions of the APs consists of a simultaneous
combination of two methods: the evoking and recording of the APs and the
measurement of the course of a given physiological process. Here the condition is the
unavoidably long period of experiments while preserving a proper physiological state of
the plant, or the immediate interruption and fixing all the processes in appropriate time
after AP passage. These conditions are difficult to achieve and most biochemical
methods fail in this respect. Our attempts to study the effects of the excitation on the
intensity of thallus respiration indicate that the plants stimulated by an electrical
stimulus reveal no statistically significant changes in the intensity of respiration,
whereas after mechanical stimulation (a cut) an increase in respiration takes place only
when the APs simultaneously occur (unpub data). The ATP level also seems an
appropriate process to study. Apart from methodological conditions, an important role
may probably be played by the investigator's intuition in selecting a physiological
process appropriate for examination.
ACKN0WLEDGMENfS: This paper was supported by the Institute of Biocybernetics
and Biomedical Engineering of the Polish Academy of Sciences. Project CPBR 11.9.
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Figure 1. Extracellular recordings of APs in Conocephalum conicum in situ. On the left side, the
thallus in a scale of 1 : 2. Arrows marked from I to Vindicate the positions of the recording electrodes of 5
independent channels; c (cathode) and a (anode) denote the attachment sites of the stimulating electrodes.
Arrows indicate the moment of electrical stimulation, which was the same for all five records. The
reference electrode was placed on another thallus in the same pot. (From Zawadzki & Trfbacz 1985).
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Figure 2. Intracellular recordings of APs in Conocephalum conicum evoked by alternately applied
electrical and light stimuli. Electrical stimuli (depolarizing current) are denoted by bold arrows. Light on
and off is marked by upward and downward pointing arrows, respectively. a. response to light stimulus
applied in the refractory period after an AP evoked by an electrical stimulus; b. response to electrical
stimulus in a refractory period after light-triggered AP; c, d. APs caused by electrical and light stimuli,
respectively, which were applied after refractory periods. (From T"cbacz & Zawadzki 1985).
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226 RA / 228 RA QUOTIENT IN SOME SPECIES OF MOSSES

AS A NEW METHOD OF ESTIMATION OF THE INFLUENCE
OFA POWER STATION
Jerzy Kwapulinski 1 and Jan Sarosiek2
INTRODUCTION

The main source of radium burden for the environment is dust coming from
electric power stations. Radium concentration in dust from power stations oscillates in
wide ranges. Meteorological conditions influence the time of residence of radium and
its distribution on the land surface. We have concluded that the increase of some
climatological parameters, i.e. wind speed and height of inversion layer, increase many
times the influence of an industrial center on other areas. In these areas, radium
arrives directly by atmospheric precipitation of dust onto mosses, or indirectly through
the soil.
Many moss species accumulate radioisotopes such as 137Cs, 226Ra, and 90Sr. They
have been found to be especially sensitive to artificially induced changes and have been
employed to determine the impact of air pollution on the environment (Kwapulinski &
Sarosiek 1985). Their ability to accumulate makes them suitable organisms for
monitoring anthropogenically derived radioisotopes in the air, for instance as a result of
long-term emission of dust (Kwapulinski & Pastuszka 1983).
Radioisotopes of radium in mosses is many times higher than in soil. Careful
observations of some species of mosses show that the average accumulation factor
oscillates from 35-85X that of dust. Radium content depends mainly on the amount of
atmospheric precipitation in a given area. It is expected that if there is proportional
radium accumulation by the mosses, we shall observe a proportional radium content in
mosses (Kwapulinski & Sarosiek 1981).
METHODS
226

The concentration of
Ra and 228 Ra in Hypnum sp. collected from several
localities in the industrial region of southern Poland was determined by a modification
of the method described by Goldin (1961). As a basic preliminary, we sampled for five
years to establish the absolute minimum quantity required for sampling; this was found
to be 6 g. Measurements were repeated six times, using a scintillator produced by
Tesla (Czechoslovakia). The error measurement of a-radioactivity and ,8-radioactivity
was :1:15%.
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RESULTS AND DISCUSSION

All moss samples contained 226Ra and 228 Ra; the 226 Ra content varied in a wide
228
Ra was discriminated by the Hypnum sp. and was
range from 8.6 to 30.1 B~
1
2
Ra and 228Ra accumulation by Hypnum sp. decreases
about 0.9-5.3 Bq · t .
proportionally to the increase in distance from coal power stations. In general, it may
be stated that in localities characterized by greater amounts of dust fall-out, the
concentration of 226 Ra and 228Ra in mosses is also higher. These facts justified our
investigations on the application of the 226Ra / 228Ra quotient in some mosses for the
estimation of the influence of the coal power station.
The average content of radium in some species of mosses indicates that the radium
concentration characteristic of a given species of moss differs, depending on the
concentration of this element in the habitat. In the vicinity of ~ower stations that
produce energy from the combustion of coal, the concentration of 2 6Ra and 228 Ra was
always very high in the ashes (58 Bq · g-1 and 13 Bq ·
respectively). This was in
contrast to recreational areas, where it was 8 Bq · f 1 and 0.7 Bq · g-1 of ashes,
respectively. The above-mentioned observations have been confirmed by the quotients
of radioisotopes of radium concentrations in mosses. The values of quotients of 226Ra
228
/
Ra for Hypnum sp. were higher durin~ the rai~ period than during the sunny
period (Fig. 1). Moreover, the quotients of 26Ra / 2 Ra were higher near the power
station than far distant from the power station.
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The usefulness of the Ra / 228Ra quotient as an indicator of the influence of the
coal power stations is confirmed by results presented in Table 1.
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Table l. The change of

226

Ra /

228

Ra quotient in relationship to dust fall, air, and mosses.
Distance (km)

Sample

dust fall
air
mosses

near
power station

0.5

1.186
1.20
128

1.183
1.18
100.3

2.5

6.0

1.19
1.20

1.191
.120

75

45

10
1.196
1.20
28

The average radium radioisotope content in mosses within industrial and
recreational areas and their quotients in given localities have been measured for
comparative purposes. The average concentration of radium in Hypnum sp. depends
on its concentration in emitted dust and in rain and also from the amount of dust
precipitated. The 226Ra / 228 Ra quotient for dust fall and air in relationship to distance
is equal. This can be explained by the kind of dust, content of radium radioisotopes in
these samples, and the properties of selected accumulation by mosses, in particular
Hypnum sp. Around each investigated coal ~ower station emitting radiation, in all
directions, according to the wind direction the ~a / 228 Ra quotient became smaller
as distance increased.
The distance of the influence can be estimated by the change of the 226Ra / 228 Ra
.
. the changes m
. the concentration
. of 226 R a
quotient
content .m mosses. Whil e observmg
228
228
and Ra in mosses within a year, we have found high values of Ra. Hypnum sp.
has a great ability to accumulate various radioisotopes of radium during the first few
minutes of precipitation. These short periods are decisive in determining the quantity
of radium transferred to the mosses and soil. The investigated quotient of these
radioisotopes of radium are strongly correlated with the distance from coal power
stations. The respective correlation coefficients vary within 0.7--0.8. The relationship
for both rainy and sunny periods can be described by the regression equation:
Y=A·e·x (Fig . 1)

CONCLUSION

The moss Hypnum sp. can play a role as a bioindicator of radium poisoning and of
radium contamination in the environment, particularly in providing useful information
on previous levels of airborne radioactivity.
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MEASUREMENT OF BRYOPHYTE GROWTH
1. BIOMASS (HARVEST) TECHNIQUES

Shaun Russell 1
INTRODUCTION

Measurement of the growth of mosses and hepatics is important in base level
ecosystem studies in regions where bryophytes form a significant component of the
total biomass. Examples of such habitats include the tundra biome, the forest floor
stratum in northern coniferous taiga woodland, and the epiphyte synusium in montane
tropical forests (Richardson 1981). The amount of bryophyte growth can influence
diverse ecological processes, e.g. mineral cycling in temperate forest ecosystems and
precipitation throughfall in tropical forests (Rieley et al. 1979; P6cs 1982). Knowledge
of bryophyte production may also be of direct importance to man where mosses are
used for horticultural and energy purposes (Clymo 1970; Jacobsen 1978).
Bryophyte growth has been studied most intensively at sites in circumpolar regions,
principally during the Tundra Biome Project of the International Biological Program,
1964-1975. However Wielgolaski et al. (1981) concluded that insufficient data and a
lack of conformity in methods used to measure bryophyte growth restricted the
interpretation and comparison of results from this study. In a survey of epiphytic
bryophyte ecology, Smith (1982) was able to fmd only one reference to the
measurement of productivity (Jacobsen 1978). However, the data of this study were
also incompatible with results from other investigations.
There is an increasing interest being shown in the potential for exploitation of
bryophyte-rich habitats such as the tundra biome (Kelly et al. 1986; O'Dell 1986) and
montane tropical and sub-tropical forests (Whitmore 1984; Rosemarin 1987).
Knowledge of bryophyte growth will therefore continue to be important when seeking
an understanding of ecosystem processes in such regions. Hence, it is appropriate to
survey the range of techniques that have been used to measure bryophyte performance,
to identify limitations in existing methodology, and to suggest lines for future research
toward increasing the accuracy of our estimates of bryophyte productivity.
METHODOLOGY - THEORY

Methods for the measurement of bryophyte growth can be classified into two
major categories:
1. biomass or harvest techniques
2. gas exchange techniques
Gas exchange techniques give an instantaneous measure of photosynthesis and
respiration that can be related to dry matter production using accepted conversion
factors (Sestak et al. 1971). Such methods have been most useful for gauging the
1
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response of photosynthesis and respiration to environmental changes in the short term.
Biomass techniques, on the other hand, usually involve harvesting plant material over
extended time periods, and they integrate the effects of environmental and
physiological variables within those periods. In addition, biomass techniques may more
readily take account of changes in large areas of vegetation, compared with the few
individual plants that are commonly used in gas exchange experiments. Information on
gas exchange techniques will be given in the next chapter.
Growth can be expressed as:
Pn = tiB + L + G
where P
net primary production between times T 1 and T2
ti~
change in quantity of plant (biomass) from T 1 to T2
L
losses by death and shedding (includes decomposition, leaching and
exudates) from
to T.2
G = losses by grazing herb1vory (primary consumption) from T 1 to T2
(Newbould 1967; Milner & Hughes 1968).
The change in biomass (B) can be measured by the direct method of harvesting the
entire biomass from a sample area for comparison with a similar (often adjacent)
sample at a later date (Teczynska Kameca 1974; Tishkov 1978; Sonesson 1980). The
difference in dry weights of the samples will be the net production over the
experimental period (or decomposition in the case of a negative value).
Variability between replicate clip quadrats can be great, however, in the case of
bryophyte communities, and many samples of large areas of vegetation may be needed
to ensure statistical accuracy of results. Such replication may be especially necessary
where the difference between biomass values at the beginning and end of the
experiment is small, due to the balancing of production by decomposition, as occurs in
some stable vegetation formations. Harvesting enough replicates of representatively
large areas of the total bryophyte biomass may therefore be difficult and timeconsuming due to contamination with soil and non-bryophyte plant material. It can
also be unjustifiably destructive to natural communities.
Indirect methods are therefore often used, for example measuring the increase in
stem length over a period of time and calculating from this the corresponding increase
in total biomass in grams dry weight of plant tissue per m 2 of ground area. The spatial
biomass increment for a given amount of shoot extension growth is then found by
subsampling to determine areal stem densities and shoot length-to-weight ratios. The
latter measurement will also involve some clipping of plant material, and therefore both
direct and indirect biomass measurement techniques have been grouped under the
heading harvest methods (Richards 1959).
Problems with applying the above formula in studies of bryophyte growth center on
the concept of biomass in bryophytes, and methods for determining the contribution of
Land G. The role of back-translocation of photosynthate and growth in older parts of
the shoot and sporophyte production may also be significant. Further discussion of
these problems may be found in Longton (1980) and Russell (in prep.).
It is theoretically possible to take account of growth in the older parts of the shoot
by dividing the stem into equal annual segments based on extension growth
measurements and measuring the biomass of the largest age class (Skre & Oechel
1979). This will represent mean net production, irrespective of differences in biomass
partitioning with age of the shoot (Figs. la, 2a). However, the approach makes the
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Figure 1. Diagrammatic representation of methods applicable to the measurement of bryophyte shoot
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assumption of a steady state growth rate, i.e. production in balance with
decomposition. Although such a situation is approached in stable climax community
types, many bryophytes occur as pioneers, or in later seral stages where the steady state
criterion is unlikely to apply.
As absolute measurement of net production taking full account of the above
factors is often not possible, the terminology annual shoot production (ASP) has been
coined to describe the values for production obtained from yearly measurement of stem
length/mass increments (Clarke et al. 1971). Examples of methods for measuring the
amount of shoot extension growth taking place over a given time period are given
below. Much of the information in this section is adapted from the discussion in
Russell (1984).
METHODOLOGY -

PRAcnCE

Innate markers - Many species of bryophytes show visible annual growth
segments resulting from seasonal differences in leaf size and spacing, branch zonation,
production of sporophytes etc. Such innate markers may be well defined in mosses of
highly seasonal climates and are often present in bryophytes with dense, vertical growth
forms (cushions, turfs), e.g. Andreaea, Campy/opus, Dicranolo,:na, Ditrichum, Meesia,
Philonotis, Pohlia, Polytrichum, Tortu/a (Hagerup & Peterson 1960; Bellamy & Rieley
1%7; Clarke et al. 1971; Gremmen et al. 1975; Vitt & Pakarinen 1977; Longton 1979).
Close scrutiny may also reveal evidence of rhythmic growth patterns in species with less
compact growth form from more equable regions, e.g. Acrocladium, Hylocomium,
Pleurozium, Ptilium, Racomitrium, Sphagnum, Thuidium (Lackner 1939; Tamm 1953;
Tallis 1959; Streeter 1%5; Clymo 1970; Busby et al. 1978). Such zonation may be
preserved for many years in species of bryophytes with slow decomposition rates, e.g.
Polytrichum, Racomitrium. This allows correlation of production rates with climatic
data for past years of growth (Fig. la). Adverse environmental conditions may prevent
the expression of annual segments, e.g. by suppressing branching or sporophyte
production in a particular year. Segments should therefore be checked for their
relationship to a true year's growth before the assumption of annual periodicity is
made.
Much reliance was placed on innate markers for defining annual growth during
studies in the tundra biome. Elsewhere, however, annual markers are often cryptic or
lacking, and indirect methods must be used to provide a datum on or near the plant,
from which extension growth measurements can be made.
Cranked wires - Stakes or wires may be inserted into a bryophyte turf, with a bent
( cranked) or otherwise marked section at the level of the colony surface, to define a
starting point for growth measurements. Variations of this technique have been used
successfully by many authors (Leisman 1957; Clymo 1970; Baker 1972; Kallio &
Heinonen 1975; Pitkin 1975; Busby et al. 1978; Rieley et al. 1979; Sonesson 1980).
Clymo (1970) suggested the use of a small perforated disc that could slide down the
wire to help define the average level of the moss surface. Using a modified disc gauge
(Russell 1984), one can make marks on the wire, using an indelible pen, before and
after periods of growth (Fig. lb). Wires may then be withdrawn from the turf and
growth increments measured from the marks on the wire. This can be done in the
laboratory if weather conditions make extended periods of field measurement difficult.
Wires may also be color coded with spots of enamel paint to facilitate monitoring of
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growth at individual microsites (Glime pers. comm.). Dull colors may have to be used
where the risk of disturbance from foraging birds or animals is high (Baker 1972;
Russell 1984).
Cranked wires are useful where growth form of the bryophyte is predominantly
vertical. Problems arise, however, where compaction of the bryophyte colony takes
place, for example due to deep snow overlying the surface, and where there is a
dominant creeping or horizontal growth component as in many pleurocarpous types.
Tags - Many workers have attempted to measure growth in bryophytes with a
diffuse or creeping habit (pleurocarpous mats and wefts) by tying pieces of cotton
around the stems (Fig. le). Distance from this point to the stem apex may be
measured to define shoot extension growth (Overbech & Happach 1956; Tallis 1959;
Chapman 1965; Longton & Greene 1979). Numbered labels can be attached to the
tags to facilitate relocation, although the above provisos concerning visibility to foraging
animals also apply.
In some species, rapid growth may submerge the tags and make them hard to find,
or difficult to locate for measurement without unduly disturbing the colony. Tightly
tied tags may interfere with external conduction of water along the stems of ectohydric
bryophytes. The use of small strips of VelcroR pressed around the stem in place of a
cotton knot can lessen this problem (Raeymaekers & Glime 1986; Glime 1987).
A large number of tags may be necessary to encompass microsite-related variation
in stem growth rates in weft and loose-turf-forming species. Application of the
technique may therefore be tedious and time-consuming, especially where bad weather
conditions prevail and where stems are small and fragile.
Cut stems (bags) - Several authors have cut bryophyte stems to a standard length
and reinserted them into the moss turf in bags made of various materials ( celluloid,
cotton gauze, nylon cloth etc). Stems may be removed at a later date for remeasurement and calculation of extension growth. The method is useful for species
with compact, parallel, vertical shoot growth that show little lateral branching (e.g. tall
turfs) (Fig. ld). The technique also allows measurements to be made in the comfort of
the laboratory where adverse weather conditions prevent long periods spent in the field
(Smith 1981).
Stems must be cut well below the zone of active growth in case excision affects
growth potential. The subjectiveJudgment of the researcher regarding the extent of the
active region can be assisted by <tc tracer experiments where time and facilities allow
(Skre & Oechel 1979).
Nets - Several workers have placed nets over the surface of a moss colony and
measured growth beyond the level so defined (Kallio & Heinonen 1975; Rieley et al.
1979; Skre & Oechel 1979). The method is also more applicable to bryophytes with
vertical growth forms, where little lateral growth beneath the surface of the net is
expected (Fig. le). Mesh size will need to be adapted to the size of the moss, and the
gauge of the netting material should be fine enough to preclude significant shading
effects on the plants beneath.
Coring to a reference level - Gremmen et al. (1975) and Russell (1984) cut
horizontally through the soil beneath a bryophyte carpet, using a sheet of glass, and
spread small pieces of PVC or polystyrene pellets to define a reference level on the
exposed soil surface (Fig. lf). After replacing the moss turf, cores of bryophyte
material can be taken down to the reference level and their depths and biomass
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measured for comparison with similar cores taken at a later date. The method is thus
useful for direct measurements (change in total biomass) or for shoot extension growth
measurements.
Compression and distortion of bryophyte columns can occur during coring, and a
large soil component may make biomass determinations difficult. With good
replication, the method may be applied to bryophytes that show a well-defined plantsoil boundary. The soil texture should be susceptible to undercutting of the bryophyte
colony so as to cause minimal disturbance to the plant cover.
Stains - The spraying of stains on the plant has been suggested as a method for
providing a stem marker in bryophyte growth studies (Pickard 1980). Colored dyes
may interfere with the absorbance of photosynthetically active radiation, although I
have used green dyes with some success. Fluorescent brighteners such as Calcafluar
(American Cyanamid), Calcafluor (Polysciences), and Blancophor (Bayer) are
potentially useful in this regard. These substances are relatively inert and should not
interfere with growth. They are transparent, i.e. unlikely to block photosynthetically
active radiation, and they are cellulose specific, binding to the cell wall and thus
reducing the possibility of leaching of the stain over long periods of measurement. The
fluorescence of these dyes can be viewed under ultra-violet light in shaded conditions in
the field or laboratory.
An aqueous solution of calcafluar with a concentration of 1 - 10% is usually
sufficient to fix a permanent fluorescent layer on the surface of the plant (Fig. lg). This
bright zone can be traced at a later date in colony cross sections (e.g. in small cushions)
or on single stems. Spraying of the stain should be carried out during dry conditions to
prevent leaching by rain before it has fixed on the cell walls. Microscopic examination
with a fluorescent light source will confirm successful application of the dye.
I have experimented with a limited selection of brighteners. Controls showed no
interference with plant growth due to the chemicals, although there is the possibility
that these substances may chelate calcium (Hartmann pers. comm.). Some species
show a resistance to fixing of the stain in the cell wall in sufficient quantity to be visible
macroscopically (Russell 1984). The method has proven successful in the case of small
cushion species whose growth was difficult to measure by other methods. The
simplicity of the technique is appealing and further studies are recommended to test
additional fluorescent compounds on a wider range of bryophyte species.
Photography - Proctor (1979) evaluated the use of serial close-up photography to
measure growth in saxicolous bryophytes (Fig. lb). The method proved useful in my
study of small turf and cushion-forming mosses of exposed habitats, e.g. Andreaea.
Critically scaled photographs are required, and are of most use where growth takes
place as radial extension of an appressed colony, or constant hemispherical expansion of
a cushion. Shoot extension measurements can be made accurate to within fractions of
a millimeter where careful photographic technique is employed.
CONCLUSIONS

Techniques for the measurement of shoot extension growth in bryophytes must be
appropriate to the growth form of the species under study. A high degree of variability
of bryophyte growth is commonplace in relation to spatial heterogeneity of the
microhabitat, and large numbers of samples may be required for one to be confident of
growth estimates. Methods should preferably be applied in combination to allow
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mutual corroboration of findings, as there is no absolute means of determining the
accuracy of results obtained using these techniques (Clymo 1970).
A comparison of results from different measurement techniques is indicated in
Figure 2lrd (data from Russell 1984). The examples are of stem length increment of
three bryophyte species from Marion Island during 1981-1982. A good general
correspondence between values is apparent for the methods used, except in the case of
coring to a reference level. The poor precision (large standard error) of this measure
shows that in this study the technique was inappropriate for the two species concerned.
Biomass or harvesting methods are cheap and generally simple in execution,
although some techniques may be tedious to apply to difficult growth forms, and timeconsuming where particularly large numbers of replicates are required for statistically
valid results. There is a need for controlled studies, on the effects of the experimental
techniques currently used, on the growth of bryophytes. Further testing of techniques
that show promise for future use is also required, e.g. fluorescent staining.
Rigorous studies of net production will take account of decomposition, grazing and
litter losses, basipetal/acropetal metabolite translocation, exudates, etc. Some of these
factors may be insignificant or counteractive in their effects, but their potential
influence on production should be appreciated nevertheless. Better understanding of
these factors, plus the comparison of results from biomass experiments with long-term
climate-correlated studies of gas exchange, may allow a more absolute measure of the
accuracy of harvesting techniques in future research.
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MEASUREMENT OF BRYOPHYTE GROWTH
2. GAS EXCHANGE TECHNIQUES

S. Russell 1 and C. E. J. Botha1
INTRODUCTION

Biomass (harvest) techniques are generally preferred for the measurement of
bryophyte growth over long periods (see Russell 1988). However, gas exchange
methods are often more suitable for obtaining information on short-term dry matter
gain, and for determining the relationship of growth to specific and limiting
environmental factors.
Gas exchange technique refers principally to the measurement of carbon dioxide
assimilation by plants (measurement of oxygen evolution is also possible but presents
greater technical difficulties). The carbon content of plants accrued as a result of
photosynthetic CO 2 assimilation is fairly constant, and conversion factors for relating C
content to total dry matter are also known and/or easily measured for different classes
of plant material (Scott & Billings 1964; Sestak et al. 1971). With application of the
appropriate conversion factor, therefore, a measure of CO 2 exchange rate in
bryophytes can provide an accurate index of growth.
Research into photosynthesis and bioproductivity has received considerable
stimulus owing to the wider availability of modern equipment capable of accurately
measuring the carbon dioxide concentrations of an atmosphere by spectroscopic means
viz: Infra-Red Gas Analysis (IRGA). An excellent and up-to-date survey of the theory
of photosynthetic physiology may be found in Coombs et al. (1985). Long and Hallgren
(1985), in the same volume, give a comprehensive review of the principle of operation
of infra-red gas analyzers and the application of modern IRGA technique to the
measurement of photosynthesis in vascular plants. There have been many studies on
bryophyte photosynthesis carried out using IRGAs that were designed for use in the
laboratory. To our current knowledge, there are, however, no published details of
results from studies using the latest generation of light-weight, field-portable IRGAs.
The following review of methodology is based first on our own experience with a
laboratory IRGA used for measuring the photosynthesis of both bryophytes and
vascular plants. Information will also be given based on our initial experiences with a
portable IRGA that has recently become commercially available. This device has been
used for measuring bryophyte photosynthesis at remote field localities.
METIIODS

The micrometeorological approach

It is possible to gauge net photosynthesis in a plant population by measuring CO 2
flux in the atmosphere immediately above the plant canopy. Measurements (made with
1
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an IRGA or other CO 2-sensitive apparatus) may be made at one point to monitor, for
example, diurnal changes (eddy co"elation) or at several points vertically above the
canopy (flux gradient analysis) (Unsworth 1981; Long & Hallgren 1985). The method is
non-destructive and has been applied to vegetation types that include a bryophyte
component (Coyne & Kelly 1975). However, the requirements for a large area of
homogeneous vegetation and stable climatic conditions preclude application of the
technique in most bryological studies.
Alternatives to IRGA technique
Early methods for measuring uptake of CO 2 or the corresponding efflux of 0 2
during photosynthesis involved chemical techniques and/or cumbersome apparatus
best suited to use in the laboratory. The CO 2 concentration-dependent change in pH
of a NaHCO 3 solution, for example, was a method commonly used in early assimilation
studies (e.g. Hosokawa et al. 1%4). It is also possible to determine by manometric
means the change in pressure in a closed reaction vessel, occurring as a result of
CO/O2 flux in a photosynthesizing plant.
The Warburg Apparatus, typified
commercially by the Gilson Differential Respirometer, has been commonly used for
this purpose in many studies (Rastorfer & Higinbotham 1%8; Rastorfer 1970; Hinshri
& Proctor 1971). Conditions within sealed reaction vessels, however, may rapidly
depart from physiological norms, and the technique does not lend itself easily to
application in the field.
The measurement of oxygen evolution during photosynthesis presents greater
technical difficulties than the measurement of CO 2. However, the measurement of 0 2
in suspension is less problematical (Walker 1985) and the oxygen electrode has
therefore been used to measure photosynthesis in aquatic bryophytes (Shimizu et al.
1982). The method also allows an assessment of oxygen evolution from isolated
organelles, protoplasts, and cells, for which IRGA technique is inappropriate.
The use of radioactively labelled 14 CO 2 became the method of choice for
measuring photosynthesis after its refinement during the 1950's. The technique is
relatively inexpensive ( assuming that one has access to radiographic equipment or a
scintillation counter) and is easily adap,ted for use in the field (Shimshi 1969; Tieszen &
Johnson 1972; Tieszen et al. 1974). 4CO 2 labelling may also provide information on
the partitioning of photosynthate in different regions of the plant. Pulsed application of
the label, however, means that the technique is unsuitable for continuous
measurements of photosynthesis. The method is necessarily destructive to the plant
material under study, and the photorespiratory efflux of labelled gas will not be
recorded. 14CO labelling has been applied to the measurement of photosynthesis in
bryophytes (see for example Collins & Oechel 1974), but the method has been largely
supplanted by the use of IRGA techniques in recent years.
Infra-red gas analysis
Modern infra-red gas analyzers are accurate (to 1 vpm), allow continuous
monitoring of photosynthesis, and may be used non-destructively when working with
robust plant material (but, see later with regard to bryophytes). A wide range of
laboratory quality IRGA equipment is now available on the open market, ranging in
price from US $2000--$20,000 for the basic analyzer. Characteristics of laboratory
IRGAs from 14 manufacturers are given in Long & Hallgren (1985), to which the
reader should turn for further information on this subject.
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Early IRGAs employed in photosynthetic studies were often adapted from
instruments used in industrial situations, e.g. the popular models from Beckman and
Grubb & Parsons. More recently several machines have come on the market designed
specifically for use in plant physiology, e.g. from ADC. Much of the following
discussion is based on our personal experience with ADC equipment, but is offered
without prejudice concerning the equipment available from other manufacturers.
Due to differences in growth form, and therefore restrictions that may be placed
on the gas flow system and cuvette design used in bryophyte photosynthetic studies, it is
useful to have an IRGA that can measure in both absolute and differential modes. A
broad range of CO2 concentrations (e.g. 0-1000 vpm) may be measured with an IRGA
in absolute mode, for example when measuring dark respiratory CO2 build-up in a
closed chamber. The differential mode, on the other hand, allows accurate assessment
of the difference in CO2 concentration between two gas streams, over a narrow range
(e.g. 25 vpm). This is most useful when using an open system (see later), where CO2depleted air from inside an assimilation chamber containing a photosynthesizing plant
is compared with the ambient CO2 level of air surrounding the cuvette.
Laboratory IRGAs usually require a high voltage [alternating current (AC)]
electricity supply. Most bryophyte IRGA studies have therefore taken place in the
laboratory (Bazzaz et al. 1970; Skre 1974; Kallio & Heinonen 1975; Tobiessen et al.
1977; Tobiessen et al. 1979; Green & Snelgar 1982; DiNola et al. 1983; Aro 1984; Balo
1987; Masarovicova & Elias 1987; Tuba 1987). One drawback of this approach is that
plants may have to be maintained in unnatural or quasi-natural conditions in the
laboratory before photosynthetic experiments can be carried out, with the attendant
possibility of acclimation changes in the plant's photosynthetic response. On the other
hand, the advantages of laboratory studies include the possibility that, if programmable
controlled environment facilities are available, the entire envelope of a plant's
photosynthetic response to various environmental variables can be characterized by
modifying the growth chamber conditions as appropriate. Realistic light levels are,
however, rarely available in controlled environment chambers. High intensity lamps,
e.g. xenon arc, can offer photon flux densities comparable with environmental levels,
but impose a high heat load on the cuvette. A combination of high pressure sodium
and mercury vapor lamps offers good spectral properties and relatively low heat output
(Long & Hallgren 1~85).
Early attempts to use AC-powered IRGAs in the field were elaborate and
expensive (Mooney et al. 1971). Only large-scale projects could afford the luxury of
building field laboratories with generator facilities at remote localities for truly in situ
measurements, e.g. the U.S. International Biological Program studies in the tundra
biome at Point Barrow, Alaska (Oechel & Collins 1973; Collins & Oechel 1974;
Hicklenton & Oechel 1976; Oechel 1976; Oechel & Collins 1976; Hicklenton & Oechel
1977; Sveinbjornsson & Oechel 1981a, b; Oechel & Sveinbjornsson 1982). The
comprehensive results of these studies, however, coupled with long-term microclimatic
records, allow reasonably accurate predictions of annual production from the IRGA
studies. Good agreement between gas exchange-based estimates of productivity and
values obtained from biomass harvesting was also found by Forrest (1971) in a study of
a Ca/luna/Sphagnum community. With extensive data sets it has also been possible to
simulate seasonal trends in bryophyte productivity for a broader range of conditions
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that were experienced during the experimental period (Miller et al., 1978; Collins &
Callaghan 1980; Davis 1983).
In recent years, microminiaturization of electronics has allowed the development
of the first self-contained and truly portable IRGAs with low power demands. These
are light-weight and compact enough to be carried by a single person, and allow rapid
and frequent measurements to be made at remote sites. Long and Hallgren (1985) list
four currently available portable photosynthetic systems (Appendix 2).
The
instruments from Heinz Walz are appreciably heavier and more bulky, and have a
lower degree of accuracy than the other two machines. The Licor Li-6000 was the first
truly portable IRGA to become commercially available on a large scale, and is
relatively inexpensive. Recent development has unfortunately led to an increas~ in bulk
and weight of this instrument, with a concomitant decrease in portability. The ADC
LCA is a recent design, and is compatible with custom-designed photosynthetic
chambers, pump units, and a data logger supplied by the same manufacturer (Figs.
1-3). The ADC data logger is computer-compatible, and a small portable computer is
available from ADC for rapid analysis of results in the field. For a further independent
discussion of the operation of the ADC LCA and examples of its use, see Long and
Hallgren (1985).
The gas circuit

IRGAs can be used in three basic gas flow configurations, i.e. closed, semi-closed,
and open. The closed system (Fig. 4a) is used with the Licor 6000, and is the simplest
system. The plant is enclosed in an airtight assimilation chamber and depression of
CO 2 concentration in this chamber as photosynthesis progresses is measured in the
closed gas flow circuit (CO 2 concentration is usually allowed to drop by, for example,
30 vpm, or to the compensation point in closed circuit experiments). Critical
measurement of flow rate is not required, but an assessment of total system volume is
necessary.
The major drawback of the closed gas circuit is that, because of the dropping CO 2
level, photosynthesis is not measured at a steady state. Recirculation of gas, and
pressure build-up through release of water vapor during photosynthesis, leads to CO2
adsorption/ absorption problems and the possibility of leakage from the system.
The semi-closed system allows measurement of photosynthesis at steady state.
This is accomplished by controlling CO 2 flux with the aid of a CO2 reservoir and
electronic flow controllers. The arrangement is more complicated and expensive than
the closed system, and is generally restricted to use with a single cuvette. Hysteresis in
the gas circuit and metering control system may result in failure to record
photosynthetic fluctuations of short duration.
The open gas flow system (Fig. 4b) allows continuous measurement of assimilation
at steady state. The arrangement is sensitive to transient photosynthetic responses and,
by the controlled switching of gas streams, can be configured to measure the gas flow
from several cuvettes in rapid succession with a single IRGA (ADC offers a six channel
switching system for one of its laboratory IRGAs, for example). In the open system,
gas flow through the cuvette needs to be measured accurately. ADC offers a mass
flow-metered pump for supplying air to the cuvette. The pump may also be linked to
the data logger for ease of calculation of the final assimilation rate. Increases in water
vapor concentration are inevitable in cuvette enclosures, and this has to be taken into
consideration when calculating CO2 concentration fluxes. Gas stream humidity
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in the field.

Figure 2. Four different designs of hand-held photosynthesis cuvettes available from ADC Ltd.
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Figure 3. Mass flow pump for ADC portable IRGA system.
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metering is therefore necessary; and capacitative sensors for this purpose are integrated
in the Parkinson leaf chambers supplied by ADC. These sensors also provide an output
to the ADC data logger, which can be used to calculate gas phase conductance in
bryophytes (equivalent to stomatal and boundary layer conductance in vascular plants).
The versatility and advanced features of the ADC portable system are offset to
some degree by its complexity and expense.
Cuvette design

Except in the micrometeorological approach, use of an infra-red gas analyzer
generally involves confining the sample plant material in a container that is transparent
to light, and from which a gas sample can be withdrawn to be measured for CO2.
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Except in the micrometeorological approach, use of an infra-red gas analyzer generally
involves confining the sample plant material in a container that is transparent to light,
and from which a gas sample can be withdrawn to be measured for CO2 content after a
period of photosynthesis has occurred. The assimilation chamber is termed a cuvette,
and the approach is known as an enclosure technique (Long & Hallgren 1985).
Cuvettes may range in size from glass vials containing a few cubic cm or less of gas
volume, to giant plastic cylinders enclosing entire portions of forest (Odum & Jordan
1970). The major disadvantage of enclosure systems is the alteration of the internal
environment that they cause. Condensed water vapor builds up on the inside walls of
the cuvette due to transpiration during photosynthesis, and will interfere with light
transmittance and absorbance. Temperature increases in the cuvette due to the
greenhouse effect may also cause unnatural physiological responses, especially under
conditions of high radiation load found in open, sunny habitats. Much of the success of
IRGA work, especially in the field, will therefore depend on careful cuvette design.
This is particularly important in bryophyte studies where plants occur with a broad
variety of growth forms and on a wide range of substrates. Examples of cuvettes used
by the author are shown in Figure 5.
Figure 5a shows a simple cuvette made from a tube of perspex with a flat disk of
the same material glued into the top. A single port is supplied for inserting a
temperature probe, and two additional orifices are provided for gas through-flow.
Cores of bryophyte turf are inserted into the base of the tube, which is then sealed with
a bung. This crude cuvette design was used in 1982 at Marion Island in the subAntarctic, during initial tests of an IRGA system designed to measure moss
photosynthesis from afield laboratory. In the cloudy, high rainfall conditions of Marion
Island, moss tissue was always fully hydrated and the low temperatures and high wind
speeds over the cuvette at the experimental site ensured that no chamber conditioning
was necessary during measurement periods of up to 10 minutes duration. Such
advantageous conditions are rarely available to the bryo-physiologist, however. A later
cuvette design (Fig. 6a) incorporates a stirring fan for breaking down gas gradients due
to corners in the cuvette. Ports for humidity, temperature, and light sensors are
included, and a collar beneath the cuvette provides for a gas seal when inserted into a
moss peat substrate. A later design (Fig. 6b) moves the fan motor outside the cuvette
(measurements showed it to be a source of CO 2). In this case a section of a perspex
goldfish bowl is used to provide a cosine-co"ected hemispherical chamber, which
refracts light more equally over its surface compared to a flat-walled angular enclosure.
The hemispherical design also reduces the possibility of formation of unstirred gas
pockets.
Polyethylene offers better spectral transmissivity and relative freedom from the
greenhouse effect in cuvettes when compared with perspex (for properties of other
materials used in assimilation chambers see Sestak et al. 1971; Long & Hallgren 1985).
It is more difficult to construct cuvettes with non-rigid polyethylene, but the author has
had some degree of success adapting polyethylene bags as cuvette enclosures for
epiphytic bryophytes on tree bark.
Rates of photosynthesis in bryophytes of dry habitats are often low. Long
experimental times may therefore be required for measurable gas exchange to occur in
dry specimens. This, in turn, will allow temperature build-up inside the cuvette,
especially in bright sunshine, and a means of cooling the chamber, e.g. by a water
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jacket, may be necessary. Figure 5b shows a simple distillation tube adapted as a
cuvette for pendant bryophytes in a subtropical forest. Figure Sc shows a waterjacketed and domed cuvette for cushion mosses of rock and soil substrates from arid
environments. However, both of these. cuvettes require the use of a cooling water
circulator that can only be operated in the field with an auxiliary power supply.
Condensation build-up presents problems with water-jacketed cuvettes, but can be
combatted by use of desiccants in the chamber for short periods. An alternative design
for a cooled cuvette utilizes a double copper-walled chamber with cooling coils and a
glass top (Hicklenton & Oechel 1976). Again, the cooling system has a high power
demand. A large photosynthesis chamber using reverse thermocouple (Peltier) cooling
is commercially available from Siemens Ltd. (Siemens House, Eaton Bank, Congleton,
Cheshire CW121PH, Great Britain).
ADC offers several designs of hand-held cuvettes (Parkinson leaf chambers) that
can be clamped over robust or pendant moss specimens in situ, or into which pieces of
detached moss tissue may be placed directly. The chamber may be oriented to a
suitable angle for reception of light. It is easy to move the chamber about to obtain
readings in shade or sun flecks, for example. No cuvette conditioning is available other
than stirring in the Parkinson chambers. However, the cuvette size is conveniently
small for bryological studies, and measurements may be obtained rapidly. Light,
temperature, and humidity are monitored inside the chamber and made available to the
optional data logger and portable computer, which can integrate the entire data set to
provide a final, transpiration-corrected photosynthetic rate reading.
Experimental technique

Infra-red gas analyzers need to be calibrated at regular intervals using gas of a
known CO2 concentration (accurate to 1 vpm). Calibration can be expensive and CO 2
should be contained in non-adsorbent aluminium cylinders, e.g. a 10 kg cylinder
containing ca. 350 vpm CO 2 in nitrogen is convenient. Several concentrations of gas
can be prepared using precision gas mixing pumps if a multi-point calibration is
required for greater accuracy. ADC supplies a gas diluter (model GD 600) for this
purpose, and the use of Wostoff pumps for preparing a range of gas concentrations is
described in Bate et al. (1%9). To avoid the necessity for carrying a cylinder of
calibration gas when making extended IRGA measurements in the field, a smaller
quantity of gas can be stored in a metallized foil-plastic bag, for example. Such bags
are readily available in spent cask or box wine containers in western countries.
When using an IRGA in an open gas flow circuit, care should be taken to position
the air intake at a point distant from any source of contamination with gas of abnormal
CO 2 concentration (e.g. vehicle exhausts). The researcher's exhaled breath contains
approximately 50,000 vpm CO 2, compared with ca 340 vpm in the ambient atmosphere.
ADC supplies a portable telescopic siphon, 5 m in height, that can be set up on a tripod
to draw air from above the zone of influence due to the experimenter's activity, or
other plant canopy effects, etc.
The tubing used to connect the different components of the gas flow system should
also have low CO2 absorbency and good resistance to diffusion/leakage etc. PTFE is
superior to PVC (e.g. Tygon) tubing in this regard.
Field measurements of photosynthesis may be made at different times of day in
order to build up a response surface at different temperatures and light intensities, for
example. Layers of muslin or shade cloth can be placed over the cuvette in sunny
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conditions, to simulate lower light intensities. The cuvette must be completely shaded
by enclosing it within a light-tight box or aluminium foil, for example, in order to obtain
dark respiration readings after the net photosynthetic measurements have been made.
It should be remembered that IRGA techniques will fail to discriminate the
photorespiratory component of CO 2 exchange that may be important in a given
situation. Methods for determining photorespiration are surveyed in Coombs (1985) ,
but are outside the scope of the present discussion.
Most IRGAs give read-outs in percent or volumes per million (vpm) of CO 2.
Results should be expressed in moles of CO 2 assimilated (1 vpm = 1 µmol · mor1) to
allow eas~ comparison with light intensity and transpiration readings (measured in
µmol · m- s-1) . It is rarely feasible with bryophytes to express assimilation rates on a
leaf area basis as is done with vascular plants, but colony surface area may be used in
some species with compact growth form. It is usual instead to express bryophyte
photosynthetic readings on a dry weight basis (µmol · f 1s- 1) although this necessitates
destruction of the plant tissue, thereby negating one of the advantages of IRGA
compared to 14 CO 2 labelling, for example.
DISCUSSION

In the past, the technical difficulty of IRGA measurements have usually restricted
their use to small areas of vegetation over short time periods. Although seasonal
differences in physiological response may be small among bryophytes compared to
vascular plants, more careful areal sampling may be necessary due to microhabitatrelated variability in performance potential among many bryophytes. Long-term
microclimatic data are required before predictions of areal productivity can be made
from photosynthetic readings, and the extrapolation of results from controlled
environment studies is not straightforward. IRGA measurements of photosynthetic
productivity have therefore been regarded as of questionable value in the prediction of
community level production (Whittaker & Marks 1975).
Problems of cuvette design and chamber conditioning and the expense and
maintenance requirements of sophisticated IRGA equipment add to the difficulty of
this kind of work. An area that has been disregarded by many earlier authors is the
field of energy transformations at the plant surface, especially in relation to
( evapo)transpiration in mosses and its effect on photosynthetic measurements. These
problems and the need for careful understanding of the physico-chemical processes
attending photosynthetic CO 2 assimilation as measured by IRGA, mean that use of the
technique should not lightly be embarked upon.
Design of the most modern equipment has, however, been undertaken to minimize
many of the above problems, and accurate determinations of bryophyte photosynthetic
productivity may now be made with a degree of confidence. With the advent of the new
generation of field-portable IRGAs, combining computer data logging and analysis
facilities, it is now possible to obtain a relatively rapid characterization of the most
important aspects of bryophyte performance in respect to metabolic response to a
broad envelope of environmental variables.
In early 1988 development of the ADC company's portable equipment included
larger leaf chambers, including a spherical type for providing a more homogeneous
cuvette light environment. A more sophisticated system for chamber air circulation
was also being tested, including the provision of humidity sensors at chamber inlet and
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outlet. Design philosophy for the future included efforts toward further miniaturization
and integration of the equipment, e.g. the pump with the analyzer, without increasing
overall bulk and weight of the system. As a result of developments such as these, we
can expect to see an explosion of published data in the field of bryophyte
photosynthesis, where investigation has proved so difficult in the past Careful
consideration should be given to the problems outlined above, however, and the design
of IRGA experimental procedures should be oriented toward answering specific
questions of bryophyte eco-physiological interest while guarding against the potential
for the uncritical collection of large amounts of data that the modern equipment offers.
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APPENDIXl

An inexpensive alternative to the use of an IRGA for CO 2 measurement in
cuvettes has bee suggested by Wielgolaski and Kjelvik (1975). With this technique the
sample plant is allowed to photosynthesize in an airtight cuvette and a sample of gas of
known volume is withdrawn from the chamber after a short time period (e.g. 5 minutes)
using a Drager pump (available from Dragerwerk, Lubeck, FRG or some scientific and
industrial suppliers). The sample is drawn through a hydrazine compound in a
calibrated glass tube. The chemical responds to the CO2 level with a color change, the
extent of which along the tube indicates CO 2 concentration to within 10% accuracy
(reading error as a fraction of tube length). The method was used in the field, on
vegetation with a bryophytic component, during the Swedish IBP Tundra Biome studies
(Wielgolaski & Kjelvik 1975).
Disadvantages of the Drager system are the same as for the closed IRGA system.
Additionally, CO2 level in the cuvette may become depressed to a level below which the
Drager tubes cannot indicate during periods of rapid photosynthesis, and small CO2
concentration differences will not be discernible within the accuracy limits of the
method. CO 2 concentration can also change markedly within the time taken for the
Drager pump to evacuate a sample from a small cuvette. We have personally been
unable to obtain results accurate enough for publication using this method. Gross
measurements of photosynthesis are, however, obtainable using the technique, at a cost
of only US $0.50 per sample, and the method is useful for demonstrating CO 2
assimilation in a teaching situation.
APPENDIX2
Price of individual components of a complete portable gas analysis system. Courtesy of ADC
Ltd ., January 1988.
LCA portable IRGA
ASU mass flow pump
DL-2 data logger
PLC leaf chambers (various designs)

£
2800
1100

940
840---940 each, depending on type

Price of laboratory IRGA
225 Mk 3 IRGA
6-channel gas handling unit
Analytical Development Co .
Pindar Rd., Hoddesdon, Herts.
EN11 OAQ, Great Britain

3100
1800

Glime, J. M. (ed.). 1988. Methods in bryology. Proc. Bryol. Meth. Workshop, Mainz.
Pp. 275-284. Hattori Bot. Lab., Nichinan.

RECORDING BRYOPHYTE MICROCLIMATE IN REMOTE
AND SEVERE ENVIRONMENTS

R. I. Lewis Smith 1
INTRODUCTION

One of the most important variables affecting plant processes is the influence of
microclimate, i.e. the climate at and immediately below the interface between
vegetation or its substratum and the atmosphere. An understanding of both organismspecific processes such as growth, reproduction, metabolic rate, and enzyme activity, or
of community processes such as decomposition rates, nutrient cycling, and water
availability, requires detailed microclimatic data for interpretation of biological
activities. Temperature is one of the most important and easily measured variables.
Recording temperature (or any other microclimate parameter) at short time intervals
allows good estimates of absolute values, rates of change, and the frequency of critical
events, as, for example, the number and duration of times in a day that the temperature
exceeds or drops below the threshold at which significant photosynthesis occurs, or the
number of soil freeze-thaw cycles during a day or season and how this substratum
instability may affect colonization processes.
In polar regions the simplified structure and composition of terrestrial plant
communities offer ideal opportunities for experimental studies of ecosystem dynamics,
as well as of individual plant performance. The entirely cryptogamic vegetation of
continental Antarctica represents some of the least complex ecosystems in the world
and therefore allows detailed analysis of biological and environmental processes that,
elsewhere, are usually confounded by a much greater diversity of life forms, organisms,
and interactions.
To undertake experimental field research in Antarctica, where working conditions
are often very harsh, requires equipment that is robust, portable, easy to install, and
from which appropriate data can be readily obtained. The equipment should operate
automatically and reliably over long periods under the prevailing weather conditions,
which include very low temperatures. This paper describes a simple, lightweight, small,
reliable, and inexpensive data logger that was used for recording temperature (and
relative humidity) during an ecophysiological and community dynamics study of
bryophyte and lichen vegetation at a continental Antarctic site. Examples are
presented to illustrate what temperature data can be recorded, how they may be
applied to specific ecological questions, and how large data sets may be manipulated by
computer to provide analyses relevant to ecological processes. However, no attempt is
made here to correlate or interpret biological activity and temperature fluctuations.
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SITE

The study was undertaken in a Site of Special Scientific Interest (SSSI) near the
Australian Casey Station on Bailey Peninsula, Budd Coast, Wilkes Land (lat 66°17 ' S,
long 100°32 1 E) from November 1985 to January 1986. The climate is typical of coastal
continental Antarctica. Mean annual air temperature is -9.2°C, the warmest month
being January (0.2°C) and coldest August (-15.1°C); extreme temperatures range from
-41°C to 8°C. Strong winds are frequent (ca 100 days of gales per year) and are
predominantly from the east, off the polar plateau. Summer snowfall is also frequent,
but rain is rare.
Although several study sites within the SSSI were investigated in detail, only one is
discussed here to illustrate the use of the microclimate logger. A brief account of the
aims of the study and of the floristic composition of the site is given by Smith (1986).
The macroscopic vegetation of the area is exceptionally well developed and comprises a
cryptogamic flora that is relatively diverse by the standards of the continental Antarctic
biome (3 mosses, 1 liverwort, at least 25 lichens, and a few algal taxa).
The study site covered an area of ca 20 m2 . The central area is a flat-bottomed
depression about 50 cm below the surrounding rocky terrain on level ground. The
hollow is dominated by a turf of Ceratodon purpureus deeply convoluted into a network
of ridges and hollows with a vertical amplitude of about 10 cm. These are believed to
have been developed through the action of freeze-thaw activity, since no downhill
movement was possible here. The crests of the ridges are usually wind-eroded and
encrusted with the lichen Rinodina o/ivaceobrunnea. The moist hollow (moisture
content often 100--200% of the turf dry weight) also supports small mats of
Cephalozie//a exi/iflora among the moss shoots. In one part of the depression epiphytic
Usnea antarctica provides a dense canopy up to 5 cm thick over the moss. Around the
depression, small scattered cushions of Schistidium antarcticum grow on the dry soil
(moisture content less than 10% dw), whereas stones and boulders are covered with
black Usnea sphace/ata, and several other lichens are also frequent.
At this site temperatures were monitored on the moss, lichen, and soil surfaces and
also at 2 cm depth, as well as at several subsurface depths at specific microsites to
provide data over periods of up to 3 weeks. Measurements were expected to reveal,
first, the thermal patterns that the dominant species experience and, indirectly, how this
influences their water relations, growth, and metabolic activity investigated in separate
studies. Second, the diurnal temperature pattern in profiles through the moss turf
would provide an insight into freeze-thaw activity and its relationship to and influence
on surface microtopography.
EQUIPMENT

During the past decade instrumentation for recording microclimatic data in remote
situations or under adverse conditions has become increasingly versatile, yet simple in
operation. Many of the problems reviewed by Walton (1982a) have been overcome by
improved electronic technology and, even now, instruments of the type described here
are being continually modified and their capabilities expanded.
Instrument operation

The instruments used in the present study were Grant Squirrel loggers [Grant
Instruments (Cambridge) Ltd, Barrington, Cambridge CB2 5QZ, England]. Two 8-bit
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loggers were used: a four-channel (two temperature and two relative humidity) and a
16-channel (all temperature) model, which could be used independently or in sequence
when connected by a master-and-slave cable (Fig. 1). Each logger is powered by a
small 9V PP3 battery. Both loggers were housed in an insulated, weatherproof plastic
case with watertight ports at the sides to accommodate the sensor cables. The
instruments were programmed to record over a range of -50° to 50°C. Readings are
taken from each channel and stored in the memory at user-selected intervals (from 1 s
to 100 min). A visual display of current readings may be obtained at any time during
operation without affecting the continuity of recording. Both instruments store up to
8000 readings in their memories, although versions with 32 K or greater memory are
available. Thus, the 16-channel Squirrel, recording temperature at an interval of 6 min
(i.e. 10 times per hour) can operate for only 2.08 days before the memory is full,
whereas at an interval of one hour the operating time will be 20.8 days. In the
examples provided in this study I used an interval of 10 min.

Figure 1. Two Grant Squirrel loggers in weather-proof box (right) downloading data to an Epson
HX-20 microcomputer (ten) in the field. The cables of 18 temperature sensors and two relative humidity
sensors lead from the loggers to various micro-niches on a partially vegetated boulder in the background;
two stainless steel temperature probes can be seen attached by adhesive tape to the rock face.

Apart from the on-off switch, there are only three controls, which allow the user to
start and stop recording and carry out all other functions. These include using the
instrument as a meter to display any channel; review all stored readings, displayed at a
rate of one per sec; set real-time and date; set recording interval between 1 s and 100
min; display battery life in recording days; set format for output to computer. As well
as the readings themselves, the following information is stored for later transfer to a
computer: recorder reference number; number of channels in use with input type and
range for each channel; date and time of first reading; recording interval; number of
readings recorded; check sum of all readings.
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Data are transferred to the memory of an Epson HX-20 portable microcomputer
and subsequently stored on magnetic tape in a microcassette recorder within the
computer (standard programs are available for use with other microcomputers). Data
may be downloaded in the field, even under the most adverse conditions, without
disconnecting the sensors from the logger. At a maximum baud rate of 4800, all data
are transferred within 30 s. Following a simple series of instructions displayed on the
computer's miniature screen, the user is guided through every stage of data transfer
and analysis. A printout may be obtained for each channel displaying all or selected
readings, maximum and minimum readings, or the mean ± standard deviation for the
recording period, and a continuous graph of all or averaged blocks of readings. This
can also be done quickly in the field and the latter analysis is a useful check on the
operation of the logger.
The 4-channel logger measures 18 x 12 x 4 cm and the 16-channel is 18 x 12 x 7 cm,
with weights of 500 g and 780 g, respectively. The Epson, measuring 37 x 21.5 x 5 cm,
weighs 1.7 kg and is carried in the field in a small, robust briefcase.
Some technical specifications
The loggers are unaffected by ambient temperatures in the range -30° to 65°C,
although the liquid crystal display is very slow or fails below -20°C. The resolution is 1
bit (0.4% span), and accuracy is :1:2 bits (0.8% span). All channels are hard-wired for a
specific transducer when the instrument is ordered, so that the type of sensors or their
operating range cannot subsequently be changed by the user. The temperature probes
used were YSI 1-18920 (Type U) mini-thermistors with a resistance of 2 Kat 25°C.
Those used for inserting into soil or moss were 5 cm long by 3.2 mm wide stainless steel
probes, whereas those used in or on vegetation, soil, or rock were flexible catheter
probes 10 cm long with 2 mm diameter terminal bead sensors. These probes have an
overall range of -50° to 150°C, and the sensitivity is 0.2°C over the temperature range
experienced (i.e. ca -20° to 45°C).
Relative humidity probes (Vaisala, Type L) comprise a solid state sensor inside a
sintered mesh screen (20 mm diameter). Their sensitivity is 1% rh over a range of
0-100% in ambient temperatures between -S°C and 55°C.
Although sensors are normally supplied with PVC cables (any length), PTFEcoated cables are preferable, as the former become brittle and crack at freezing
tern peratures.
The battery may be replaced without loss of data from the logger's memory by
connecting a new battery within 10 s of disconnecting the old one. Battery life is
normally 120-140 days (using an alkaline type, e.g. DuracellR), although the instrument
tends to become erratic with less than ca 40 days indicated life remaining. However,
battery life is reduced below 0°C and by -30°C may be only 1/lOth of that indicated.
This is a serious consideration if the instrument is to be operated during winter. The
instruments are sensitive to radio frequencies and care should be taken to avoid their
use in the immediate vicinity of, for example, radio transmitters.
ANALYSIS AND APPLICATION OF DATA

In any long-term microclimate monitoring study the main problems are not so
much in obtaining the data but in what to do with them once they have been recorded.
Many published accounts present microclimate (especially temperat~re) data solely as
continuous traces over a period of time without any attempt to interpret their influence
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Figure 2. Continuous temperature traces for channels 5 and 15 over a seven-<lay period, commencing
at midnight (28 December 1985 - 3 January 1986) as printed by the Epson HX-20 microcomputer at the
time of downloading data from a Squirrel logger in the field. Upper: 10 cm below surface of Ceratodon
turf. Lower: Surface of Schistidium turf. The time marks are at 4-hour intervals.
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Figure 3. Daily temperature cycle over two days on the surface of north, south, east, and west faces
and crest of a steep-sided hummock in a convoluted Ceratodon turf.

in biological terms or correlate the dynamics of microclimate with biological activity.
The analyses of the data should reflect the aims of the study. A useful guide to the
treatment of such long runs of data ( derived from chart recorders) has been given by
Walton (1977, 1982b). It is all too easy to reproduce the data as a continuous trace to
illustrate the thermal fluctuations experienced at each microsite (Fig. 2), but unless this
is related to some biological or physico-chemical process it is likely to be of little real
value. This example illustr-ates the difference between the huge diurnal cycle at the
surface of a Schistidium cushion (from -9.2°C to 42.8°C on 3 January), with peak
temperatures in early afternoon, and an almost negligible cycle experienced at 10 cm
depth in a Ceratodon turf ca 1 m away. In the latter microsite, heat transfer through
the moist turf is greatly reduced and peak temperatures are not attained until around
midnight, when surface and air temperatures are lowest. Over a prolonged period of
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sunny days, temperatures at that depth remain consistently above 0°C and the highest
temperatures are reached progressively later in the day.
In order to derive more detailed and ecologically meaningful summaries than the
Epson program provides, programs have been written to analyze the present data on a
VAX 8600 mainframe computer. Similar software can be readily prepared for most
other computers, and programs may be written to analyze data sets obtained from
other loggers or to analyze data to suit different study aims. Figures 3--6 are graphical
representations to illustrate three ways of displaying selected data sets.
Multiple continuous traces (Fig. 3) - For five channels, representing the north,
south, east, and west faces and crest of an almost vertical four-sided hummock of
Ceratodon turf, the continuous temperature traces were superimposed to illustrate the
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diel pattern in temperature as the sun traversed the hummock surface from east
through north to west. Peak temperatures were reached at about 1100 h, 1400 h, and
1800 h, respectively, on 1 January. The south face intercepted hardly any sunshine,
while the lichen-encrusted crest exposed to air movements received almost continual
sunshine. Having several freeze-thaw cycles occurring asynchronously each day within
such a short distance may have a significant effect on the expansion and contraction of
the undulating moss surface and may be important in the formation of the typical
convoluted Ceratodon turf.
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Figure 5. Isothermal maps showing changes over two days (29-31 December 1985) in mean hourly
temperature, upper: through a turf ridge down to 10 cm depth in a convoluted Ceratodon stand, lower:
through a nearby turf covered by a dense canopy of Usnea antarctica.
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Threshold histograms (Fig. 4) - For each
channel (i.e. sensor in a specific microsite)
the frequency distribution of temperatures,
averaged over the recording period (i.e.
every 10 min over 13 days), above and below
5 or 10°C thresholds, was calculated as the
mean number of hours per day and as the
mean percentage of the day. Figure 4
expresses surface and subsurface values for
three contrasting moss microsites (a), and at
four depths at two moss microsites (b). The
maximum and minimum temperatures (°C)
attained during the recording period are
also given. Thus, at the surface and at 2 cm
below the surface of the Schistidium cushion
the temperature was > 0.1°C for 72% and
75% of the day, respectively; > 10°C for
44% and 34%, respectively; > 20°c for 24%
and 4%, respectively; > 30°C for 7% and
> 40°C for 0.5% at the surface only; < 0°C
for 28% and 25%, respectively; and < 5°C
for 12% at the surface only. This simple
summary indicates significant differences in
the temperature regime over very short
vertical distances within the moss cushion.
Isothermal maps (Figs. 5, 6) Temperature profiles were recorded at two
adjacent Ceratodon microsites, one being an
exposed moss ridge and the other a flat turf
hollow covered by a dense canopy of the
fruticose lichen Usnea antarctica. For each
24-h period the mean hourly temperature at
each depth was plotted and contours at 2°C
intervals drawn. The resulting isothermal
maps present a graphical display of daily
changes in temperature down to 10 cm
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Isothermal maps showing
warmer conditions exhibited in the moss constant temperatures over 24 h (15 January
beneath the lichen is attributed to the 1986) through a ridge and hollow down to 15 cm
depth in a convoluted Ceratodon stand 38 hours
heating of the air within the canopy during after commencement of continuous snowfall.
periods of sunshine and the subsequent
transfer of heat downward into the turf. At no time did the air temperature exceed
0°C. Temperatures throughout the profile change rapidly during periods of sunshine,
but when the sun is obscured there can be a lapse of several hours before maximum
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subsurface temperatures are attained. At two different microsites ( a Ceratodon ridge
and hollow) within the same stand, the insulating effect of summer snow cover and
overcast sky very quickly reduce heat penetration (i.e. within 24-36 hours) and the
temperature throughout the profile remains virtually constant within 0.S°C above or
below freezing point (Fig. 6).
The selected examples provide evidence that, in an environment where air
temperatures seldom rise above freezing, bryophytes may experience exceptionally
large diurnal temperature fluctuations (up to 55°C). Temperatures can rise or fall
20°C within a few minutes during the growing season, which may impose severe
physiological stress on the plants and invertebrates occupying such niches.
CONCLUSIONS

Grant Squirrel loggers have been used under severe operating conditions by British
Antarctic Survey biologists at a continental Antarctic site during summer ( air
temperature range -18°C to 5°C) and also at a maritime Antarctic site (Signy Island,
South Orkney Islands) throughout a year (range -3.s°C to 10°C). Others have been
used under summer conditions on Ross Island and in South Victoria Land (Block
1985), and in vegetation and soil in areas of geothermal activity on Deception Island,
South Shetland Islands. They have also been used at a continental site by Australian
and West German biologists. The loggers are equally versatile in hot and humid
climates. In all instances the instruments performed successfully at sites remote from
their operators, over varying periods of time (up to several weeks) without inspection,
battery change, or downloading of data. Occasional problems were encountered,
resulting from a faulty microchip, loose cable connection, or from static electricity
interference within the aerial array of powerful radio transmitters. These are small,
lightweight, robust, reliable, and relatively inexpensive loggers (see Table 1) that can
provide valuable information for a wide range of field studies. The data may be readily
subjected to computer analyses to provide a more dynamic approach to the
understanding of biological and environmental processes in situ.
Although many other makes of miniature dataloggers are available for automatic
monitoring of microclimate, few can compete with the Squirrel logger in terms of
compactness, light weight, ease of operation, and low cost.
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Table 1. Comparative cost of four models of Grant Squirrel loggers and accessories.
Model

2

Sensors

3

4

Total cost

S08-2U/2L: 4 channel , memory SK readings
(2 temperature, 2 relative humidity) £550

2 temperature £41
2 humidity £464

SQ8-16U: 16 channel, BK
(all temperature) £560

16 temperature £328

£888

SQ8-14U/2L: 16 channel, SK
(14 temperature, 2 relative humidity) £800

14 temperature £287
2 humidity £464

£1551

4 temperature £82
2 humidity £464
2 PAR £240
1 pyranometer £ 120
1 tilting rain gauge £300
2 wind speed £700
1 wind direction £300

£2816

Olivetti M15 with prograr,,
(for model S08-14U/2L)
£1250

£2050

5

1201 : 13 channel, 20 K
(4 temperature, 2 relative humidity,
4 voltage or current, 2 pulse count
or pulse rate , 1 event or 8-bit
digital) £610

£1055

Microcomputers

Epson HX-20 with standard program
(for models S08-2U/2L, SQ8-16U,
and 1201) £800

1

Approximate cost in UK prices (pounds sterling), 1 July 1987 (excluding Value Added Tax). These
costs are not directly comparable in other countries or currencies.
2

Several versions of all-analogue, pulse-counting, and event/digital loggers are available. All models
can have their memory increased to at least 32 Kbytes. Weatherproof cases are not included in the costs.
8-bit Squirrels can also be used to log many other inputs, e.g. currents, pulses, events, etc. Loggers can be
linked, using one as a master unit that controls the other slave units.
3

All temperature and humidity sensors include 10 m PVC-coated cables. Both types of sensor can be
supplied with any length of cable (PVC-coated at ca £0.25 perm; PTFEkoated at £1.80 perm). A wide
range of temperature sensors is available at about the same cost. Other sensors for the 1201 have 3 m
cables.
4

Excluding microcomputer.

5Toe sensors listed for the 1201 are for a typical micro-weather station; various other sensors may be
used with the voltage, pulse, or event channels (e.g. pH, water flow, dissolved oxygen, conductivity).
~e Olivetti MIS can be used with the other models, but the Epson is less expensive.
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COLLECTING AND STUDYING BRYOPHYTES IN THE CANOPY
OF STANDING RAIN FOREST TREES

H. ter Steege1 & J. H. C. Cornelissen 1
INTRODUCTION

Due to problems of access, the canopy of rain forests is one of the least-studied
parts of the vegetation of the tropics. Often trees are cut down to collect epiphytes, but
this damages the forest and destroys valuable ecological information. Botanists
collecting vascular plants often hire local people to climb trees and collect the
specimens desired. Bryologists, however, generally prefer to collect themselves,
especially when they are interested in particular taxa or ecological data.
Several methods are available to reach the canopy and make long-term studies
(Mitchell 1982; Sugden 1985). For collecting or short-term studies trunk climbing
techniques and rope techniques (free climbing) are available, the equipment for which
can be carried by a single person. Both of these methods are based on direct contact
with the trunk. Since the authors have no extensive experience with trunk climbing
techniques, they are only briefly discussed here. Emphasis is put on rope techniques.
TRUNK-CLIMBING TECHNIQUES

The lumber-jack method, using a belt and spikes, is widely applied in temperate
areas, especially in silviculture. For tropical trees it has proved to be inconvenient and
even dangerous, as bark is generally thin and the wood too hard to be penetrated by
spikes, so that one may easily slip down the trunk. Furthermore, the spikes damage the
trunk, leaving holes in which insects or fungi may freely attack.
The Swiss tree grippers or tree bicycle, as described by Mori (1984), make the climb
up to the first branch safer and more comfortable. Vascular plants in the higher
canopy layers or branches of the tree itself can be collected using a telescopic
clipperpole. This method is less useful for collecting appressed bryophytes in the
middle canopy. Disadvantages of the tree grippers are their weight (ca 12 kg), large
size, and high price.
With experience, both methods described above guarantee fast sampling of several
trees a day. They may also precede free climbing in the canopy as described below.
Common disadvantages are
- interference with and from animals living on the trunk
- only trunks with a diameter not exceeding certain upper or lower limits may be
climbed; also buttresses may cause great difficulties
- trunks entangled by lianas must be avoided.

1

Institute of Systematic Botany, P. 0. Box 80.102, 3508 TC Utrecht, The Netherlands.

286

H. ter Steege & J. H. C. Cornelissen: Collecting bryophytes in the canopy of the rain forest
ROPE TECHNIQUES

A safe and more versatile way of climbing a tree is by use of ropes, as first
described by Perry (1978) and further developed by Perry and Williams (1981) and
Whitacre (1981). In bryology, rope techniques for access to the tree canopy were
applied for the first time by Pike et al. (1975). The techniques, a combination of those
used in mountaineering and in spelunking, demand a thorough knowledge of knots;
they should be practiced extensively and preferably together with an experienced
person, for instance at the nearest mountaineering or spelunking club. Rope
techniques for mountaineers are described by Schubert (1976), Miiller (1979), and
March (1980). Single rope techniques (SRT) are very well described by Meredith (no
date) . Many clubs have excellent guides, such as the guide book of the Oesterreichische
Alpenverein (Hoi 1984). Additional knots and splices are found in sailing books, such
as the one by Day (1962).
The climbing method described below is based on Perry (1978), with modifications
after Hoi (1984) and Day (1962). We used it successfully during a 3-month epiphyte
study in Guyana in early 1985 (ter Steege & Cornelissen 1986; Gradstein 1988), in
Colombia during a year's epiphyte study in 1986 (Wolf 1986), and during a 4-month
epiphyte study in French Guiana in 1986 (Ek & Montfoort in prep.). These studies are
coordinated by Dr. A. M. Cleef (Amsterdam), Dr. S. R. Gradstein, and Prof. M. J. A.
Werger (Utrecht), and are carried out within the framework of the ECOANDES
project and the Flora of the Guianas project.
Selecting the tree is important and may take some time. The tree should at least
reach the upper canopy and its branches should look strong enough to hold an adult's
weight. The branch over which the climbing rope will be hung has to be clearly visible
from ground level and should slope less than 45°. Branches infected by parasites or
hemiparasites, such as Loranthaceae, should be avoided, even if the branches seem
healthy.
Using a strong hunting bow (ca 40 lbs pull), an arrow is fired over the selected
branch. The arrow is connected to a strong nylon fishing line (50-60/100). The line is
wound on a fishing reel attached to the bow. The reel must be large and strong - a
sea-fishing reel is appropriate. The arrow is made heavier at its tip by a piece of lead to
help its descent through the vegetation. By unwinding the reel it is carefully lowered
through the vegetation to ground level. When the arrow has been removed, a 3 mm
cord is tied to the fishing line (double sheet bend, Fig. lB, F). Winding the reel pulls
the cord over the branch. Once the 3 mm cord reaches ground level again an 11 mm
speleocord (e.g. Edelrid speleo) or a non-elastic rope is attached to it, again using a
double sheet bend. This knot should be streamlined to ease its way over the limb or
fork. If the knot has to pass a lot of vegetation or a bulk of humus, a French marine
knot (Fig. lH, I), with a small wedge inserted, may be used. By hand power the speleo
rope is hauled over the limb. A lasso, constructed using a figure of eight knot (Fig. U),
is pulled against the limb (Fig. lD), the 3 mm cord being attached to the free end of
the knot in order to pull the knot down after use. If other branches or lianas prevent
the use of this lasso, one end of the speleo cord can be fixed to the base of another tree
(Fig. lK) - of course only one end of the rope is then left for the climber.
Once the speleo rope is hanging, the strength of the branch must be tested, which
means that at least two people must hang on to it with their full weight. Be prepared to
run fast!
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For climbing, two ascenders or jumars are hung on the rope. These ascenders
permit free movement up the rope, but block downward slippage. One of the
ascenders is attached to a seat belt [we use a Troll Mark VI, but a seat belt in
combination with a breast harness (Barrow Hepburn supersafe) is more comfortable
and should be used in free climbing]; the other ascender is attached to the climber's
feet. Always use locking karabiners for linking the ascenders. All equipment and knots
are shown in Figure 2. By consecutively sitting and moving up the foot jumar, then
standing and moving up the seat belt jumar, one can reach the canopy in a few minutes.
If the technique is performed well, it is done mainly by leg power. One can make the
first observations and collections while hanging in the rope. One may hang comfortably
in a seat belt for about 3/ 4 of an hour. It is advised not to climb with only a breast
harness as shown in Whitacre (1981), as one will not be able to work comfortably for
the length of time necessary in epiphyte studies.

C

Figure 1. Attaching the rope to a branch. A. An arrow has been shot over the branch and is lowered
by a nylon line (broken line). B. A 3 mm cord (solid line) has been attached to the nylon line (knot F). C.
The speleo rope has been attached to the 3 mm cord (F, G, or I). D. A lasso has been constructed (J) and
pulled up the branch. The 3 mm cord is attached to this knot (F) to permit pulling down the lasso after use.
E. alternative possibility for fixing the climbing rope (knot K). F. double sheet bend. G. variation on the
double sheet bend, used when the lines differ much in diameter. H. French marine knot. I. French marine
knot finished. J. lasso constructed with the figure-of-eight knot pulled toward the branch. K. figure-ofeight knot used to fix the climbing rope near ground level.

The upper canopy can be reached by hanging the other end of the rope ( or another
rope) over a higher branch, for which a load is attached to a 3 mm cord and thrown
over the desired branch. The procedure of hanging in a rope (see above) is then
repeated.
Moving from one rope to the other is done using a third jumar also
connected to the seat belt, which is hung in the second rope. This jumar should have its
own karabiners. Never open a karabiner that one is hanging on!
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Another way to reach
the higher canopy is by
means of free climbing
(Fig. 3). While climbing
freely from the speleo
rope, the climber 1s
secured
by
modern
mountaineering
techniques. The second
person below does the
belaying.
In free climbing a
second rope (this time an
elastic one, e.g. Edelrid
superdry) is attached to
both seat belt and breast
harness.
The climber
carries loops of flat nylon
webbing 2.5 cm wide and
ca 1.25 m long (Fig. 3F).
These webbings are hung
around a branch and
by
locking
closed
karabiners. The climber
secures oneself by leading
the second rope through
these karabiners (Fig. 3E).
By means of a figure-ofeight or Italian hitch he is
fastened to another tree by
means of flat webbing and
a karabiner (Fig. 3B, C).
The second person holds
the rope in both hands and
may lower the climber
whenever desired. For this
the rope length has to be
twice the distance from
ground level to the highest
karabiner in the tree.
For active rappelling
or abseiling, the figure-ofeight can be used too, in
combination with a prnsik
knot for security.
This
prusik knot (made of a 5
mm cord) can be moved

Figure 2. Oimbing gear. A. small jumar. B. double prusik knot
for constructing loops of 7 and 5 mm cords. C. bowline on a bight for
constructing the foot loops.

Figure 3. Free-climbing technique. A. fixation point below. B.
securing a ftgure-of-eighl. C. securing using an Italian hitch. D.
belaying in the canopy. E. two possible ways of hanging the nylon
webbin~ over a branch. F. the only suitable knot applied in flat
nylon webbing, basically an overhand knot.
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freely over the rope by hand, but blocks
when weight is applied. (It can also be
used, instead of an ascender, for rope
climbing; see Whitacre 1981. A variety of
sliding knots exist, some of which are
shown in Figure 4). Active abseiling is
shown in Figure 4A: one hand controls
the hanging end of the rope, the other
hand controls the prusilc knot. For more
comfort a descender may be purchased
(e.g. a Petzl descender), which blocks if
hung correctly on the rope and allows
rappelling only as long as force is
applied.
It should be stressed again, that
Figure 4. Active rappelling. A. figure-of-eight
although all techniques required for tree attached to the seat belt. A karabiner prusik knot is
climbing have been described, one is not used for security. B. karabiner prusik knot. C.
prusik knot. D. modified arbs knot when
encouraged to start climbing trees simple
using flat nylon webbing for securing.
immediately. A thoroughly guided training in applying knots and climbing in a safe place is necessary. At least one book on
modern rope techniques should be carefully studied.
GUYANA STUDIES

Since the canopy itself is one of the least investigated parts of the rain forest,
numerous new findings may be expected. For cryptogams, the method is appropriate
for making vegetation analyses from the base of a tree up to the high canopy. The
highest canopy twigs are reached by sawing out a branch and carefully lowering it
down, using the same rope techniques as described above. Habitat parameters can be
measured in situ, e.g. light conditions, humidity, inclination of the substrate.
Archilejeunea julifonnis
n:34

Sematophyllum subsimplex

n• 39

Fr ul Jan ia nees i i

Frul Jania mu crona ta

n-= 21

n•l 4

1

2

3
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';

6

Figure 5. Some vertical distribution patterns of bryophytes on standing mature trees in Guyana, in
terms of mean Tansley cover value (Y-axis) per height zone (X-axis). Zone 1 is the tree base, Zone 6 the
upper canopy. (For full explanation see Cornelissen & ter Steege in prep.)
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In Guyana, clearcut vertical distribution patterns of species were found (see Fig. 5
for some examples). Groups of cryptogam species appeared to be associated in
communities, characteristic for a certain vertical part of the tree. Furthermore, within
one genus of tree (Eperua Aubl., Caesalpiniaceae) a strong host preference was found
among epiphytic cryptogams, mostly among foliose lichens and mosses. This was most
striking in the canopy, where the most species are found.
Several species new to Guyana were found in the canopy flora, including
Diplasio/ejeunea cobrensis Gott. ~ Steph., from the outermost twigs, formerly only
known from Cuba (Reyes 1982). The scientific results will be published elsewhere.
EQUIPMENT
climbing spurs
Yamaha hunting bow
10 arrows
fishing reel
2 Troll mark VI seat belts
1 special jumar for 12 mm rope
1 karabiner extra large
8 locking karabiners
8 non-locking karabiners
4 HMS karabiners
2 glog ascenders small
2 glog ascenders large

Barrow Hepburn safety harness supersafe
1 Petz! descender Bolquer Stop
2 figure-Of-eights
2 50-m lengths 11 mm Edelrid speleo rope
50 m 11 mm Edelrid superstatic rope
25 m 2.5 cm nylon webbing
400 m nylon line, 50/100
80 m 3 mm nylon cord
20 m 9 mm cord
12 mm 3-string nylon cord
15 m 5 mm Edelrid prusik cord
lead
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A WATER-CONTENT GRADIENT FOR THE GROWTH
OF BRVOPHYTES
T. D. Noakes1 and R. E. Longton 1

INTRODUCTION

The technique described here has been employed during a current investigation
into the water relations of mosses from the cold-Antarctic (Longton in press). In work
of this kind, plant performance can usefully be related to factors like water supply as
influenced by precipitation, microtopography, and edaphic conditions, or to
evaporation rates as controlled by saturation deficit, wind velocity, and plant resistance
to water loss. Ultimately, however, the critical parameter that is influenced by all these
factors is the water content of the moss shoots, for this is directly related to water
potential and thus to rates of metabolic activity (Bayfield 1973; Busby & Whitfield
1978).
We therefore sought a method of maintaining moss shoots at a range of controlled
water contents on a long-term basis, to permit us to investigate relationships between
water content and growth. As no appropriate method had previously been described,
the present water-content gradient was devised and developed during the investigation,
and is still being improved and refined.
The technique has the advantage that no expensive equipment is required beyond
standard plant growth facilities, but the degree of control over water content that is
attained remains somewhat imprecise, as discussed below. In addition to its application
in growth experiments, it is conceivable that by clamping a cuvette lightly over the cloth
(Fig. 1) the method could be adapted to control shoot water content during infra-red
gas analysis experiments of CO 2 exchange in bryophytes and also lichens, thus
alleviating one of the major problems associated with IRGA studies.
EXPERIMENTAL MATERIAL

Material of the hygrophytic species Drepanocladus uncinatus (Hedw.) Warnst.
from Signy Island in the cold-Antarctic has been used in initial trials of the method and
compared with the lithophyte Schistidium apocarpum (Hedw.) Br. Eur. from the
university campus at Reading. Experiments are performed on the apical region of
individual shoots initially cut to lengths of 8 mm in S. apocarpum and 10 mm in D.
uncinatus. Shoots of the latter are taken from colonies maintained as stock cultures at
10°C in a growth room, whereas S. apocarpum was freshly collected.
WATER CONTENT AT FIELD CAPACITY AND AT FULL TURGOR

The water content of a moss shoot can vary widely. When saturated, water is held
both in external capillary spaces and internally in the cell walls and cytoplasm. Two
1

Department of Botany, School of Plant Sciences, The University of Reading, Reading RG6 2AS, UK.
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useful reference points are first, water content at field capacity that, by analogy with the
terminology applied to soils, is defined as the maximum amount of water the shoot can
hold against gravity, and second, water content when no external water is present but
the cells remain fully turgid. Methods used to determine these parameters are outlined
in Tables 1-2, with results for the present material given in Table 3. Water contents at
both field capacity and full turgor are higher in Drepanocladus uncinatus than in
Schistidium apocarpum, but both species can clearly store large amounts of external
water. Water content at full turgor in freshly collected D. uncinatus was 300%, i.e.
higher than in the cultivated material considered in Table 3.
Centrifugation methods (Table 2) in previous studies have given results
comparable with ours for water content at full turgor, e.g. 173-443% for different
growth forms of D. uncinatus on Signy Island and 142% for the lithophytic moss
Racomitrium lanuginosum from Britain (Gimingham & Smith 1971; Dilks & Proctor
1979). However, it may be noted that the results vary somewhat with centrifugation
speed and time, as we shall discuss in a later paper. We predicted that maximum
growth rates would occur at water contents close to full turgor since water potential,
and thus rates of metabolic activity, decline below this level of hydration, and
externally-held water can inhibit photosynthesis by restricting CO2 exchange.
Table 1. Determination of water content at field capacity.
1.
2.
3.
4.
5.

Five carefully washed shoots are loosely bound together in bundles with fine (5 amp) fuse wire.
Results for single shoots are very similar to those for bundles of 5 shoots.
The bundles are soaked overnight in deionized water.
The bundles are suspended in air by the wire for 10 seconds to drain. Very little water is lost
after the first 2-3 seconds.
Fresh weights (FWFC) and oven-dry (80°C) weights (OW) are determined.
Water content at field capacity (FC) is calculated from:

FC = 100 (FWFC - OW)

ow
Note: After step 3, the shoots are sealed in aluminium-foil packets to prevent water loss by
evaporation, or water gain by absorption of water vapor. The packets are opened while the shoots are
in the oven.

Table 2. Determination of water content at full turgor.
1.
2.
3.
4.

Bundles of carefully washed shoots (Table 1) are soaked overnight in deionized water.
The bundles are centrifuged for 5 minutes at 1500 x g (3,000 rpm on a 14.5 cm rotor).
Fresh weights (FWFT) and oven dry (80°C) weights (OW) are determined.
Water content at full turgor (FT) is calculated from:

FT= 100 (FWFT - OW)

ow
Note: Foil packets are used after step 2, as described in Table 1.

Table 3. Critical water contents in the experimental material (% dry wt). Data are means (n
sample standard deviation.

Drepanocladus uncinatus
Schistidium apocarpum

= 8) ± 1

Fleld Capacity

Full Turgor

3072 ± 455

176 ± 14
133 ± 14

1807 ± 356
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THE WATER-CONTENT GRADIENT- BASIC PRINCIPLE

The basic principle underlying the water-content gradient is illustrated in Figure 1.
A smooth, inclined surface is covered by a sheet of absorbent cloth. The lower edge of
the cloth is immersed in water, and water rises by capillarity. After equilibration for a
few hours a decreasing water-content gradient becomes established in the cloth from
the water level upward, and a comparable gradient is maintained among absorbent
objects such as moss shoots placed at different positions on the surface. The surface
must be maintained at a constant angle, since the intensity of the gradient is dependent
on the angle of slope.

SMOOTH PLASTIC CONTAINER
SUPPORTED AT A FIXED ANGLE
WATER:
CONSTANT LEVEL

Figure 1. Basic principle of the water-content gradient. A gradient of decreasing water content from
A to B is maintained in the cloth. A comparable gradient is maintained among absorbent objects placed in

different positions on the surface of the cloth.

EXPERIMENTAL PROCEDURE

In early experiments we formed the slopes with a base of clear plastic sandwich
boxes 25 cm long. Water was contained in the angle between the base and the lower
side of each box as shown in Figure 1. A close-fitting lid maintained a high relative
humidity within the box. Under these conditions, there was variation in water content
between moss shoots placed at different positions along the slope, but the lowest water
contents obtained, in shoots near the top of the slope, were commonly above full turgor
for the species concerned. Condensation falling from the box lid onto the slope
represented a further problem.
We have extended the range of water contents downward in more recent
experiments by using a longer slope without a cover. Here the slopes are formed by
the base of polystyrene trays ca 45 cm square with slides ca 8 cm high. The trays are
supported at 40° from the horizontal on stands specially prepared from aluminium
sheet. Water is again contained in the angle between the base and lower side of each
tray. Considerable evaporation takes place, and water is continually added to the pool
at the bottom of the slope as a slow drip, at a rate exceeding loss by evaporation. The
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excess is drained via a plastic tube inserted through a hole drilled in the side of the tray,
so that a constant water level is maintained.
The shoots are initially soaked for 12 h in 10% strength Benecke's solution of
mineral nutrients (Basile 1975), but distilled water is used to maintain the watercontent gradient. In preliminary experiments, use of nutrient solutions in place of
water (Fig. 1) gave rise to problems with contaminants (mainly algae) without
significantly increasing moss growth rates during experiments lasting 4-6 weeks. Brown
discoloration commonly develops along the upper edge of the cloth as the experiments
proceed, even when there are no plants on the slope, despite the use of distilled water
and thorough washing of the cloth before use. We therefore avoid placing
experimental shoots near the top of the slope, and replace the cloth periodically during
the experiments.
The experimental shoots are placed in rows at various distances from the water
level. To date we have arranged them parallel with the slope (Fig. 2a, b), and the water
content of the cloth substratum can thus be expected to vary along the length of each
shoot. Arranging the shoots across the slope (Fig. 2c) might be a more sensitive
approach but space constraints have so far prevented its adoption.
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Figure 2. Possible ways of arranging moss shoots (S) on a water-content gradient. W = water level.

In the experiments reported here, four rows of shoots were arranged one above the
other on the slope (Fig. 2a), and represented different treatments. In current
experiments the rows of shoots are staggered on separate pieces of cloth placed sideby-side (Fig. 2b), to avoid the possibility of upper rows of shoots being influenced by
leachates from the lower rows. There is as yet no evidence that this precaution has
influenced the results. Tests in which small squares of chromatography paper were
placed on the cloth at different positions indicated that water content at equilibration in
paper squares at a given distance from the water reservoir showed no significant
difference between the center and edge of a piece of cloth.
Provision can also be made to vary the water content of some shoots, e.g. on a
diurnal basis as is often the pattern in the field. In several experiments we have
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included a treatment whereby shoots on a separate strip of cloth are shifted between
the uppermost position on the slope during 8 h in the middle of each 16-h daily light
period, and the lowest position for the remainder of each 24 h. This is done by rolling
part of the cloth strip downwards into the water during the wet period.
It is advisable to check the water content in a sample of shoots from each position
on a regular basis, thereby necessitating a large number of shoots in each experiment.
Shoots of comparable robustness are cut to constant length and arranged in several
groups of five. At least two groups of shoots from each treatment are dry weighed at
the beginning of the experiment to indicate initial dry weight. At weekly intervals the
length of each shoot is recorded to the nearest 1.0 mm, and fresh and dry (80°C)
weights are determined for groups of shoots from each treatment. We ensure that two
groups of shoots per treatment remain at the end of the experiment so that final length
and dry weight .determinations are made on samples of ten shoots. Foil packets are
routinely used during weighing (Table 1).
The experiments re:forted here were carried out in a growth room at 15°C with
irradiance of 60 µMm- s-1 during a 16-h daily photoperiod. Relative humidity varied
from 65--90%.
RESULTS

Variation in the water content of the cloth substratum was investigated by setting
up a slope with five pieces of cloth, each 7 cm wide arranged side-by-side. Four
horizontal strips, each 1 cm wide, were marked out on each piece, centered at distances
of 1, 11, 21, and 31 cm from the water level. After 6 h equilibration the strips were
carefully cut using a razor blade, and weighed wet and after drying at 80°C. Mean
water content ranged from ca 650% 1 cm from the wa,ter to ca 200% at the highest
position (Fig. 3). There was little variation in water content between strips from a
given height, particularly at the upper levels. There was a slight tendency for the rate
of decline in water content with distance from the water level to decrease upslope.
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Figure 3. Relationship between water content in the cloth and distance from the water level on a
water-content gradient inclined at an angle of 40° from the horizontal.
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Figure 4 shows variation in water contents of D. uncinatus and S. apocarpum
during a typical experiment. Samples of five shoots from each treatment were
harvested on three occasions at weekly intervals and weighed fresh and dry. The
relationship between water content and distance from the water level resembled that in
the cloth. Except at the uppermost position, water contents in D. uncinatus were
considerably higher than those in S. apocarpum, reflecting differences between the
species in water contents at field capacity and at full turgor (Table 3). The difference
was greatest at the lowest position, where water content in D. uncinatus was
substantially higher than that in its substratum. The maximum water contents achieved
were 40-60% of those at field capacity, with the minima considerably lower than those
at full turgor. While the pattern is consistent, one can see from Figure 4 that variation
in water content between the three replicate samples in some cases exceeds 200% in
the lower positions. It is not yet clear how far this variation is related to changes in
relative humidity within the growth room or other factors.
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Figure 4. Relationship between water content in shoots of Drepanocladus uncinatus (•) and
Schistidium apocarpum (o), and distance from the water level, on a water-content gradient inclined at an
angle of 40° from the horizontal.

Shoot elongation after four weeks under these conditions is indicated in Table 4.
In D . uncinatus mean elongation exceeded 5 mm at a water content of 1800% and 2
mm at 500%, but is negligible at water contents continuously below full turgor. Growth
was also negligible in shoots alternating between the 1800% position for 16 h and the
55% position for 8 h daily. These shoots rapidly hydrated when lowered, but took
several hours to equilibrate to 55% water content when raised.
In a subsequent experiment, mean elongation in plants from a second population
of D. uncinatus from Signy Island was 4.5 mm in four weeks at water contents with
daily fluctuation between 1300% and 100%. A similar relationship between water
content and growth was recorded in S. apocarpum (Table 4), but here mean elongation
in four weeks was only 0.6 mm under the wettest conditions tested. Low maximum
growth rates have consistently been recorded in lithophytes throughout our
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experiments. The occurrence of maximum growth at the highest water contents tested
is contrary to our initial prediction, a point that will be discussed in later papers.
Table 4. Mean (n
shoot water content.

= 10) shoot

elongation in the experimental material after 28 days, in relation to

Drepanocladus uncinatus
Distance from water (cm)

1.5

7.5

13.5

29.5

Mean water content (% dry wt)
Mean shoot elongation (mm)

1800

500
2.4 +

120
0.2

55

1800/55

0.2

0 .3

5.6*

1.5/29.5

Schistidium apocarpum
Distance from water (cm)

1.5

7.5

13.5

29.5

1.5/29.5

Mean water content (% dry wt)
Mean shoot elongation (mm)

671
0 .6

189
0 .3

55
0 .0

50
0 .0

671/50
0 .0

• Sample standard deviation = 0.9
+Sample standard deviation = 1.3

SUPPLIES

The plastic containers (Fig. 1) currently used to form the slopes are polystyrene
drawer trays manufactured and supplied by Gratnell's Ltd., 256 Church Road, London
ElO 7JQ at about £7.00 each. Other similar containers would be just as effective, as
would sheets of rigid plastic with the lower edge immersed in water contained in a
separate trough.
The cloth we use for the substratum is 90% viscose/10% nylon raised interliner
(intended for the manufacture of curtains) made by Superspun Fabrics, UK and
retailed through shops in the John Lewis Partnership at about £2.00 per meter. It is ca
2 mm thick and has one side considerably rougher than the other; the rough side was
placed downwards in the experiments reported here. Again, other thick, absorbent
cloths of man-made fiber would probably be equally effective, and we have had some
success using chromatography paper instead of cloth.
Preliminary trials are necessary to determine an appropriate combination of
substratum, length, and angle of slope for a given type of material.
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FOSSIL BRYOPHYTES AND PALEOENVIRONMENTAL
RECONSTRUCTION OF PEATLANDS

Jan A. Janssens1
INTRODUCfION

Although individual moss taxa are poor indicators for macroclimate reconstruction,
the composition of many species assemblages is excellently correlated with edaphic and
microclimatic situations (Miller 1980; Dickson 1986). Dickson (1986) reviewed recently
the literature on paleoenvironmental reconstruction with fossil bryophytes. However,
little quantitative reconstruction has been attempted (Janssens 1983b). Birks (1985,
1987) discusses new and innovative mathematical methods for quantitative
paleoecology with their limits and problems. My approach in using the fossil-bryophyte
assemblages of peatlands is primarily geological (Birks 1985): the quantitative
reconstruction forms the basis for inferring and describing the past peatland
environment.
Mire systems can be studied from three viewpoints, each related to a different
discipline: hydrology, chemistry, and vegetation (Horton et al. 1979; Sjors 1983;
Janssens & Glaser 1986). DuRietz (1954) initially viewed vegetation differences as
distinct types, but Sjors characterized them later along hydrological and chemical
gradients. Three directions of variation were considered as primary in relation to mire
vegetation: (1) ombrotrophic to minerotrophic, (2) dry to wet, and (3) shade. These
major gradients are partly characterized by the following measurable parameters: (1)
pH, specific conductivity, alkalinity, calcium-ion concentration, and flushing rate (the
latter can be inferred from water color as absorbance at 320 nm); (2) height above local
water table, water-level fluctuations, and microtopography; (3) percent cover of
vascular plants. An exhaustive bibliography, focusing on biogeochemistry, hydrology,
and ecology of Sphagnum bogs, has been published by Gorham et al. (1984a).
Recent anthropogenic acidification of peatlands is presently our main interest
(Gorham et al. 1984b). In the autecology section of this paper I discuss briefly the
method developed for the construction of a reference database. The third section
contains the stratigraphical techniques and the basic paleoenvironmental reconstruction
procedures. In the fourth section I illustrate the reconstruction of pH profiles from the
quantitative bryophyte stratigraphy. A regularly updated manual treating each of these
techniques and procedures in detail is available from the author (Janssens 1987).
AUI'ECOLOGYMETIIODS

Ecotope selection
We define an ecotope as a uniform part of a wetland ecosystem that is dependent
upon the same hydrologic and minerotrophic influences. Examples of wetland
1
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ecotopes are forested bogs, rich fens, water tracks, or laggs. They correspond with the
landform unit (Glaser & Janssens 1986), being characterized by its vegetation structure,
flora, water chemistry, and substrate. Microtopographic relief - hollows and
hummocks - forms the next level below the ecotope in the hierarchy of scale, and
watersheds, e.g. a mire system with a raised bog and its surrounding lagg, form the next
level up.
In practice ecotope selection is based on uniformity of vegetation and its
physiognomy. This uniformity should be indicative of a similar water chemistry and
hydrology throughout the ecotope, except for local gradients associated with hummockhollow relief.
Water-level characterization of the ecotope

At each ecotope we select at least three populations (or clones) of the most
abundant bryophyte growing nearest the local water table. If standing water is absent
- for instance in continental forested bogs - we select a species forming a carpet in
the depressions. In the presence of standing water, we select a carpet-forming
bryophyte surrounding the pools. For each of these three selected clones (water-level
datum clones: see below) we measure the vertical distance from the water table to the
growth apices of plants at the lowest and at the highest spot of the clone.
Plots

We select the quadrat positions with the intention to represent each major peatforming bryophyte of the ecotope by at least one plot. We position the 50 x 50 cm
quadrat frame with the dominant clone in the center and try to minimize
microtopographical relief.
We fill one water-sample bottle with standing water from as near to the plot as
possible. (See Janssens 1987 for details on field measurements, acid-washing, and on
standard measurements of pH, Ca-cation concentration, and absorbance.)
We determine shading over the plot as an estimate of the canopy cover (%),
projected down from overhanging forbs, shrubs, and trees, separately for each stratum.
We consider the sum of % canopy cover of forbs, shrubs, and trees as a reliable
estimate of shading over the plot.
To determine water level of the plot we select the nearest depression with standing
water or use the water level in a pit if no standing water is available. We determine
water-level height with a manometer (Janssens 1987) to the nearest mm for the highest
spot on the plot. We repeat the procedure for the lowest spot on the plot.
We are building a database in which height of plots is related to a Water-table
Reference Value (WRV), rather than the local water-level heights. WRV is the
arithmetic average of the mean heights of each of the water-level datum clones (see
above) . It is characteristic for each ecotope during the time collections were made at
the ecotope, and it is characteristic for the specific taxon that forms the pure clones in
the depressions. It is thus possible to relate water-level data from several ecotopes with
the same WRV species to one another and thus restrict the influence of seasonal and
weather-related variability in such a comparison.
We collect all taxa from inside the quadrat frame and code the cover for each
taxon on an arbitrary 5-point scale (5 = from 100 to 76%; 4 = 75 to 26; 3 = 25 to 6; 2
= 5 to 1; and 1 = < 1%).
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All field and laboratory data are then compiled in a computer database.
Numerous micro- and mainframe software programs exist that will be suitable. We
have satisfactorily employed the database-management and number-crunching
capabilities of SIR (Scientific Information Retrieval). Details on database layout,
construction, and retrievals are given in Janssens (1987).
STRATIGRAPHY METHODS

In addition to removing bulk peat samples as monoliths (1) from surficial peat
deposits, we have used three different types of coring devices (2-4). Janssens (1987)
discusses in detail construction of the corers and their advantages and shortcomings for
bryophyte stratigraphy.
1. Monoliths can be extracted during any season. In winter we use a large pruning
saw with coarse teeth to cut through the surficially frozen peat. When the peat is
not frozen, we use a serrated-edge breadknife.
2. With a large-diameter open-tube corer we have sampled surficial peat strata to a
depth of 70 cm. The open-tube corer and the monolith technique are the only
two practical ways of obtaining reasonably undisturbed surficial peat samples.
3. We have used a 10-cm piston corer with excellent success to obtain nearcomplete peat profiles down to 8-m depth.
4. The Macaulay peat auger is a modified Russian sampler also suitable for
sampling deep peat profiles.
A number of physical variables, such as bulk density and ash content, are quickly
determined. We perform these and peat component analyses routinely because they
indicate major stratigraphic zones in the peat profile and the sampling interval
necessary for the more time-consuming analyses of biological variables (bryophytes,
etc.) . More detailed instructions on any of the physical-variable, peat-component, and
pollen analyses of peats are found and further referenced by Janssens (1987) . After the
volumetric contribution of the peat components in a dispersed coarse fraction are
estimated on a ten-point scale, i.e. deciles (Janssens 1987), macrofossils, Sphagnum,
and Musci remains are extracted for identification.
Entire Sphagnum plant fragments (stems with attached fascicles and leaves) can be
picked out by forceps and prepared with the techniques described for living or
herbarium material (Janssens 1987). The species are identified with the help of a
compound microscope, critical keys (Nyholm 1954-1969; Andrus 1980; Crum 1984),
and annotated reference collections. A dichotomous key for the identification of fossil
Sphagnum fragments is available in Janssens (1987), similar to the one developed for
Drepanocladus (Janssens 1983a).
Most frequently, however, fragmented material of Sphagnum is extracted from the
dispersed screened subsample in the macrofossil tray with a syringe (without needle) .
The detached branch and stem leaves are recovered from the water by screening the
content of the syringe through a small 300 µ.m mesh-size sieve that retains all
fragments. Staining with gentian violet can take place by immersing the entire screen
in stain for a few seconds with repeated rinsing afterward. A subsample of leaves is
mounted on a microscope slide and studied under the compound microscope or under
the high power of the stereoscope. We tally branch leaves belonging to each of the
Sphagnum sections. Stem leaves included in the preparation or extracted separately
from the batch of stained leaves are then used to confirm or identify species belonging
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to each of the Sphagnum sections. More than three different Sphagnum species are
rarely present in a single fossil assemblage. The microslides can be preserved as
voucher collections by attaching the corners of the coverslip to the slide with glue after
the preparation has dried.
Transverse sections of branch leaves and stems must often be prepared for critical
identifications. We never use stained material for sectioning. Single branch leaves (or
a stem) are transferred from a drop of glycerine to a clean slide. We use a checkered
background below the slide, such as a patch of press-on dots (27.5 per inch, 40%
density) to enhance contrast during the dissection. The glycerine that is transferred
with the leaf or stem will ensure that the sections stay glued to the slide and that the
fragments do not dry out too rapidly. We place a plastic, flexible coverslip halfway over
the leaf and support a new, single-edge razor blade against the corner of the coverslip.
The sections are rapidly cut by moving the razor blade up and down (no slicing!) and
inward toward the coverslip (Fig. 1). Up to ten different leaves can be sectioned on the
same slide by judicious placement and then ten piles of sections can be covered with a
single 22 x 40 mm coverslip without undue disturbance. When some small drops of
Hoyer's solution are added before the coverslip is put down, a permanent voucher slide
results. For each fossil assemblage we prepare at least one such slide with 10
haphazardly selected branch leaves of Sphagnum section Sphagnum species. A tally of
the sectioned leaves belonging to different taxa can then be made. If more than 2
species of the section Sphagnum are present (rare indeed!), an additional slide of 10
leaves is prepared.
Well-preserved Musci fragments are extracted, temporarily stored in glycerine, and
prepared with techniques similar to those used for herbarium material. Voucher slides
can be stored after enclosing the prepared material in Hoyer's mounting medium. A
review of identification literature is given in Dickson (1986) but an extensive reference
collection of herbarium material and microslides is indispensable.
A single fossil assemblage rarely contains both Musci and Sphagnum remains. In
Table 1 an example is given of an assemblage with such a complex composition, and of
the calculations to derive species ratios. These percentages are then converted into
abundance classes, similar to cover values for plots.
Quantification of bryophyte remains and other macrofossils is also discussed in
Janssens (1983b, 1987), Barber (1981), and Watts (1978). An updated preservation and
reliability index for fossil bryophytes is given in Janssens (1987). The same manual
gives also details on or references to the extraction and identification of seeds, fruits,
wood, other macrofossils, and macroscopic charcoal particles.
PALEOENVIRONMENTALINFERENCE

Webb and Clark (1977) review the construction of calibration functions to estimate
quantitatively past climatic conditions from paleontological data. Janssens (1987)
summarizes briefly our environmental adaptation to their climatological model. It
outlines the assumption that a linear empirical model can be used for
paleoenvironmental reconstruction. The mathematical technique of multiple linearregression analysis has been commonly used to translate the linear model into
calibration functions ( or transfer functions, which are the coefficients of the linearregression function). A major assumption, particular to this technique of quantitative
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Figure 1. Technique for preparing sections of a Sphagnum branch leaf. The unstained leaf (1) is
transferred with some glycerine (2) onto a clean microscope slide (3). It is partly covered by a plastic
coverslip (4) . The comer of a single-edge razor blade (5) is pressed against the edge of the coverslip that is
held in place by pressure of an index finger (6), which also stabilizes the razor blade. Transverse sections
(7) are cut by an up-and-down movement (8) of the razor blade. At every cut the angle between the razor
blade and the edge of the coverslip (9) is slightly decreased. The process has to be controlled by viewing
through a stereoscope with sufficient working space below the objectives. For clarity, only one section (7) is
shown here. After a number of sections are prepared, the razor blade, coverslip, and uncut leaf portions
are removed. A small drop of Hoyer's mounting medium is added to the pile of sections and a glass
coverslip placed on top. The glycerine initially transferred with the leaf keeps the sections in place. If the
sections are cut thin enough, the pressure of the glass coverslip will push the sections sideways for
convenient viewing through the compound microscope.

bryophyte inference, concerns the equivalence of abundance values for fossil taxa in
assemblages from cores with the cover class values for taxa in the 50 x 50 cm plots of
the living reference populations. We thus assume that the temporal integration of the
1-cm peat increments of a core is equivalent to the spatial integration of the selected
plots of 50 cm square.
Figures 2 and 3 are stratigraphical diagrams of two Minnesota peat cores; both
show depth along the vertical axis. The Arlberg core (Fig. 2) is an example of a longcore analysis, in contrast to the detailed analysis of the short Marcell core (Fig. 3). The
spectra for physical and biological variables were calculated using the procedures
outlined in this paper and presented in detail in Janssens (1987). We did not plot
individual bryophyte taxa in Figure 2 (there are 6 major peat-forming taxa present in
this core, in addition to 2 good indicator taxa in low concentration). In Figure 3 only
three Sphagnum species figure importantly in reconstructing the 18 upper cm of this
core. The pH is inferred from fossil-bryophyte assemblages analyzed with the methods
outlined in the third section. The autecological database for Minnesota peatland
bryophytes was used to derive the necessary transfer functions. The error range around
the inferred pH is calculated as the 90% confidence interval, using the standard error
for the prediction.
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Table 1. Calculation of relative bryophyte species concentration of a peat sample from a moderately
minerotrophic fen with a complex fossil assemblage. For each of n Sphagnum (i = 1 ton) and of m Musci
G = 1 to m) species with number of counted fragments FR and FR, calculate its relative concentration (C
and C.) in % (~ C. + ~ C{ = 100) in a peat sample with a Sphagnuni component (S: in deciles) and a Musel
1
comp6nent (M: in decilesJ-

Sphagnum species:
C

I

=

Musel species:

C =
I

100 x FR

xM

Example:
S = 2 and M = 1 (volumetric estimate in deciles; 1 decile = 10% of screened peat sample)
Tallies for sections (stained-leaves slide)

Acutifolia
Cuspidata
Sphagnum

64 branch leaves
117 branch leaves
38 branch leaves

Tallies for section Sphagnum species (transverse sections slide)

S. magellanicum
S. centrale

13 branch leaves
7 branch leaves

Tallies for other than section Sphagnum sections (stained-leaves slide) :

Acutifolia stem leaves:
Cuspidata stem leaves:

all S. wamstorfii
3 S. angustifolium and 14 S. majus

Result
species
Sphagnum
S. wamstorfii
S. angustifolium
S. majus
S. magellanicum
S. centrale
Musci
Aulacomnium palustre

FR

%

64
21
96
25
13

19

all

6
30

8
4
33
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Figure 2. Stratigraphical analyses of a long peat core (ARL8504), extracted from a bog island in the
extensive Arlberg Peatland in northern Minnesota (St. Louis Co., 46°55'41"N, 92°43'18"W, 115N R19W
S2). Depth is along the vertical axis and basal dates in nearby cores approximate 4000 y BP. Below 300 cm
the intermediate- and rich-fen peats are characterized by relatively high ash and detrital matter (fines), by
the absence of Sphagnum remains, by numerous herbaceous and rootlet remains, and by a higher inferred
pH. Bog conditions developed about 2000 y BP, and the peat above 300 cm is characterized by low ash and
detritus. The bog peat was produced mainly by oligotrophic taxa of Sphagnum, as summarized by the low
inferred-pH profile. However, a distinct ash peak, associated with high humification and the presence of
minerotrophic moss species, is found at about 50 cm. This peak is obvious in most Minnesota cores, from
paludified as well as from infilling types of peatlands, and pollen accumulative-concentration dating
suggests it dates from around 1930, during the "dust bowl" years.
tlRRCELL S-2 WATERSHED: t1RR83O7
ITASCA COUNTY . MN

Figure 3. Stratigraphical analyses of a short peat core (MAR8307), extracted from the small, infilling
type of forested bog Marcell S-2, in north central Minnesota (Itasca Co., MN, 47°31 'N, 93°28 1 W, T58N
R25W S13). Depth is along the vertical axis and each sample represents a 1-cm increment. Increment 1314 represents the 1930 ash peak, as dated by the pollen accumulative-concentration method. The cultural
horizon is at 18 cm (1985). No significant pH change is suggested during the deposition of the shallow bog
peat at the top of this core. (The total depth of the peat column is 8 m, with the basal date 9700 y BP.
Limnic sediment is found at the base of this long core, above which minerotrophic sedge and moss peats
alternate with less minerotrophic Sphagnum peats throughout the profile).
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METHODS IN EXPERIMENTAL BRVOGEOGRAPHV
A PRELIMINARY REPORT
K. A. Meesters1 and B. 0. van Zanten 1

INTRODUCTION

By their distribution patterns bryophytes of the continents and oceanic islands of
the temperate southern hemisphere can be classified into two broad categories:
1. Endemic species, occurring only in one continent ( or remote archipelago)
2. Transoceanic species, occurring in more than one continent ( or remote
archipelago).
One can assume that the endemic species attained their present-day distribution
via step by step dispersal, without the necessity of aerial transport over long distances
(ca 2000 km or more). The ancestors of these endemic species may have reached their
ranges via step by step dispersal before the disruption of the ancient Mesozoic
landmass, or the species have evolved locally. The transoceanic species may have
established their present-day range either via effective aerial long-range dispersal in
relatively recent times (e.g. following the climatic changes as a result of the Pleistocene
glaciations) or by dissection of a formerly continuous range, following the break-up of
Gondwanaland, along with a nearly absent morphological evolution.
Aerial long-distance transport may take place via dry air streams at high altitudes,
e.g. the southern polar jet streams circling the earth between ca 30°S and 60°S at
10,000-12,000 m altitude from west to east. It is generally assumed that spores smaller
than ca 25 µm can be transported over long distances by air streams. During this
transport, spores would be subjected to desiccation, dry-freezing (to -70°C), low
atmospheric pressure (ca 250 mb), high ozone concentration, and strong UV radiation.
Also air streams at lower altitudes ( and consequently less severe stress conditions) may
be possible media for long-range dispersal (Zanten & P6cs 1981).
For an effective dispersal (meaning that spores are capable of establishing
themselves in a new area) two prerequisites are of paramount importance, viz. that (1)
the spores can survive the hazards of transport and (2) the newcomer can compete
successfully with the autochthonous vegetation. In this paper only the former issue is
considered.
EXPERIMENTS

The survival chances of moss spores were tested at three different altitudes, at jet
stream altitudes (ca 10,000-12,000 m) on an airplane of the Royal Dutch Airlines
(KLM), at 3000 m alt. in the Swiss Alps, and at sea level in the Netherlands.
Attempts to simulate in the laboratory the stress factors at jet stream altitudes that
are acting simultaneously on the spores were not successful, primarily because of
1
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differences in the UV spectrum of the sun and that of the available artificial light
sources (Coolidge 1944). The problems could only be solved satisfactorily by
introducing the spores to the jet stream altitude. Because long-range commercial
airliners cruise at this altitude, we considered that a device containing the moss spores
and installed on such an aircraft could be a good simulation of a "natural" flight. This
device had to be designed and constructed in such a way that all the above-mentioned
stress factors can act simultaneously on the spores. It is also important that spores
cannot be lost from the device during handling and flights. We asked KLM to help us
in realizing such a device, and they immediately offered us, free of charge, the
opportunity to develop, in cooperation with their technical staff, a device suitable for
our purpose. Figure 1 shows a longitudinal section of a single test-tube in which spores
are placed on a non-toxic cellulose-nitrate membrane filter with a pore size of 3 µ.m
(the smallest moss spores known are ca 6 µ.m). The spores are hermetically sealed
between UV radiation-transmitting Herasil I quartz glass (1 mm thick) and the filter.
The compressed "O" ring makes losing spores or contamination by particles larger than
3 µ.m impossible. Because of this filter and the fact that the lower end of the test-tube
is open, the spores are in free contact with the surrounding air. Fifteen of these tubes
are fit into a panel. There are two of these panels installed flush with the horizontal
upper surface on the wings (one on each wing tip) of a Boeing 747.
upper surface
of wing tip
panel

UV quartz glass
bu s h i ng KLM4H 12705
"0"-ring MS 9386-110

spacer KLM4H 12707
bushing KLM4H 12706

open end

Figure 1. Longitudinal section of test-tube.

During flights at jet stream altitude the spores are simultaneously subjected to all
the stress factors at that altitude, viz. (1) high UV radiation and visible light, (2) low
pressure, (3) very low moisture contents of the air, (4) high ozone concentration (free
contact, via filter, between the surrounding air in the non-pressurized wing tips and the
air in the spore-chamber), and (5) low temperature (temperature of the horizontal
upper surface of the wing tips is nearly the same as that of the surrounding air, because
of the absence of "ram-rise").
Besides the two wing tip panels, an aluminium plate containing 30 spore tubes
(identical to those in the wing tip panels) was constructed. During test flights this plate
is installed inside the left wing, behind the leading-edge flaps of the same airplane.
During the flights this plate does not receive direct sunlight. The spores in the tubes in
this plate are in free contact with the surrounding air inside the non-pressurized wing
(like the spores in the tubes in the wing tips).
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This method enables us to measure the total effect of all stress factors minus UV
radiation and visible light. By comparing the germination rates of the spores on the
wing tips and inside the wing, the effect of UV radiation on the spores can be deduced
(it is assumed that a possible harmful effect is caused by UV radiation only).
We found that mainly the high UV radiation is harmful and this is therefore
probably the limiting factor for survival of spores of bryophytes during long-distance
transport via polar jet streams (Zanten & Gradstein 1988).
For a supposed "natural" transport of spores in a jet stream from New Zealand to
southern South America during local spring (October), with an average speed of 200
km/h, we calculated, with the aid of astronomical formulae, a relative measure of the
theoretical minimum UV radiation spores would receive (Duffie & Beckman 1980).
We calculated that return flights (non-stop) from Amsterdam to Los Angeles (KL 601
and KL 602) between 15 May and 15 July provide approximately the same UV
radiation dose as spores would get during direct long-distance transport via jet streams
from New Zealand to southern South America.
The limitations of this method are that (1) the period in which a good simulation of
"natural" transport via polar jet streams can be done is only two months during
summertime, (2) the non-stop flying time cannot be adjusted to the experiments, and
(3) compared to a "natural" transport, the spores are subjected to one extra landing and
take-off (in Los Angeles).
The survival chances at an altitude of ca 3000 m has been tested in similar devices
mounted on the roof of a restaurant on the Weissfluh near Davos (Switzerland). With
the same devices experiments have been executed at sea level in the Netherlands. The
limitations mentioned for the airplane tests are not present here.
We conclude that bryophytes whose spores survive a return flight from Amsterdam
to Los Angeles between 15 May and 15 July can, potentially, successfully be dispersed
by polar jet streams in the southern hemisphere from one continent to another,
provided they can establish themselves in the new area, and can compete successfully
with the autochthonous vegetation.
·
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COMPUTER APPLICATIONS IN BRYOLOGY

J.-P. Frahm 1
INTRODUCTION

During the past ten years, the use of micro-computers has become more and more
frequent. Increasing capacity and possibilities and decreasing prices made these
computers into useful tools for many users, including bryologists. Computers provide
many advantages for text-editing, statistics, data-management for herbaria, literature,
addresses, and distribution maps. In 1984 a computer column was established in the
Bryological Times, dealing with computer applications, software, and book reviews.
Recently a software library has been set up by the International Association of
Bryologists (IAB), providing colleagues with software. Meanwhile, special journals,
such as CAB/OS (Computer Applications in the Biosciences) and Science Software
Quarterly, and books (e.g. Ireland & Long 1984 - see O'Shea 1986 for review) inform
us about use of microcomputers in biology.
Although the use of micro-computers is very common, only a small percentage of
bryologists are using the advantages, according to a questionnaire distributed in 1985 by
the JAB. Similar surveys have been undertaken by Beynon (in Ireland & Long 1984)
and Stirton (enclosure to Herbarium News 5 1985). Therefore computer applications
for bryology are not very common and special software solutions for bryologists are
rare. The following paragraphs will give a short account of computer applications for
bryology that are used either by the help of specially written programs or the
application of purchasable software (including taxonomy, floristics, vegetation analysis).
Additional applications can be found for phytochemistry, cytogenetics, chromatography
and related fields, software for teaching, interfacing laboratory equipment, control
monitoring systems, or connections to data networks. For those special applications
the literature survey in the journal CAB/OS gives valuable information. The
information herein is restricted to the use of home, micro-, personal, or desktop
computers, and not of mainframes.
A survey of computer applications for taxonomy has been published by Bisby
(1984). In the same volume, Heywood (1984), in an introductory chapter to Cun-ent
Concepts in Plant Taxonomy, has shortly outlined computer use in systematics,
numerical taxonomy, and information processing. However, most of the literature
cited before 1980 concerns the use of mainframe computers.
One serious disadvantage of the computer remains in contrast to all the progress in
this field: the incompatibility of many computers (see Frahm & O'Shea in press a).
Different operating systems, disk formats, and even cable connections limit the
exchange of programs and data to the user of the same system or a few compatibles.
Beynon (in Ireland & Long 1984), in an analysis of 142 questionnaires completed by
1
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departments of life sciences, stated that "there were almost as many systems in use as
there were respondents." The same was true for the results of the IAB questionnaires
distributed.
The programs referenced in this chapter are either purchasable, written by various
authors who are mentioned and may be contacted, or consist of public domain
software. A list of free software for bryological purposes, which consists either of
public domain software or programs that have been placed by their authors at the
disposal of bryologists, has been published in Bryological Times 42: ~ (1987). An
updated list for MS-DOS computers is available from the author.
COMPUfER APPLICATIONS

Bryological databases

One serious advantage of computer use is the access to immense amounts of data
stored by oneself or colleagues. An account of the role of databases for taxonomy has
been given by Bisby (1984). He classifies taxonomic databases for curatorial
(herbaria), phytogeographic (checklists, distributions, floras), nomenclatural (indices of
taxa), bibliographic, and descriptive purposes. At present there are efforts at the
Missouri Botanical Garden toward a taxonomic database for mosses (Crosby 1986).
However, compared with activities of phanerogamists (cf. European Floristic
Taxonomic and Biosystematic Documentation System, Bisby 1984), the development in
bryology is somewhat behind.
Baudoin et al. (1984) have developed an ecological database of the Mediterranean
region, accessible to other bryologists. Gomez-Pampa and Nevling (1973) have used
databases for the Flora of Vera-cruz project, showing how the data input (literature,
identifications, citation of specimens, field records) can be processed for the output
(herbarium labels, listings, checklists, maps) and thus for compiling a flora. Numerous
examples of applications of databases in phanerogamic taxonomic projects such as
automatic setting up of keys and descriptions, herbarium catalogs, and curatorial
systems are given by Allkin and Bisby (1984) and Pankhurst (1986).
Herbarium labels

Herbarium labels are usually typewritten and duplicated by photocopies. This
method has several disadvantages: it is relatively time-consuming; the labels are copies
and not original prints; it is cumbersome to make special additions in the labels as
species names or additional information on the habitat become available; it is not so
easy to produce quickly a label of a certain locality some years later. In contrast,
computerized herbarium labels are easily written, speedily printed in any number,
easily stored on disk and easily produced again years later.
As a rule, labels can be produced with every text program. However, one needs a
lot of experience to run text programs. They have lots of facilities that are never
needed for labels and are difficult to handle. Besides, there are often serious problems:
some programs (as the famous WordStar up to version 3.4) do not allow one to print
several copies one after the other, and many other programs do not allow one to store
a label under a number (but a short keyword with a number), some have an automatic
line feed to the page end, and other small but serious problems.
The other possibility is to use a database program, which allows one also to search
and list data appropriate for labels. In this case, label production is combined with
herbarium database management. However, some database programs do not allow the
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outprint of duplicates, and a general disadvantage in many programs is the lack of a
facility for foreign characters. An example is described by Zander (1985), using
dBASE III, with macros for special label facilities. With database programs, special
label formats can be designed, and often the use of different type styles for header or
species name is possible using a dot matrix printer. At Michigan State University a
program package LABELS3 has been developed using dBASE III+, allowing multiple
copies of labels and print of diacritical marks and foreign characters. A similar
program was produced by R. May (Univ. Duisburg, FRG) in dBASE II for CP /M
computers. Both are fully dialog-oriented and allow the use of these programs without
any special knowledge. orientated
The easiest method is the use of a special label program. Vitt et al. (1977)
provided the first computer program for herbarium labels, using FORTRAN IV, and
that is in use on a terminal connected to a mainframe computer. The spread of microcomputers permitted use of such programs for more users. Frahm and Rettig (1984)
published a short note on a small program written in BASIC and running on a
Commodore 4/8000, now available in a compiled version for MS-DOS. This version
has an English dialog and in addition prints the first label with a normal header
(herbarium ...) and all the following labels with a different header ( ex herb ...) to indicate
the duplicates. The outprints can be made either on normal paper, which must be cut
to the right size, or on self-adhesive labels, which is another way to facilitate the
handling of herbarium labels.
Other programs have been written for CP /M computers (Kaypro II, Osborne 01)
by R. E. Magill (Missouri Botanical Garden) and R. M. Wadsworth (Dept. Botany,
University of Reading). As shown by a program of J. Glime it is also possible to
combine a label program with a word processor, which allows outprints in different
fonts or even with a laser printer, but has a fully dialog-oriented operation.
The role of computerized labels for building a database for a flora has been
pointed out by some authors ( cf. Heywood 1984). However, as with storing herbarium
label data for curatorial purposes, it requires the input of enormous masses of old label
data, which cannot easily be worked up. This may be the reason that computer
applications in herbaria are so few, and therefore "subsequent progress in
implementing EDP applications in major herbaria ... has been disappointingly slow''
(Heywood 1984). It may, however, have importance for all new projects or new
herbaria, which do not depend on such a large amount of old, non-computerized data.
None of these methods is universal and perfect. Therefore it is advisable to use a
special label program for printing either numerous duplicates of one specimen or
numerous labels per locality, in which the species name can be inserted later, and in
which duplicates can be marked automatically by a different header. Also when
persons not familiar with computers, text, or database programs operate this program,
it is recommended to use special dialog-oriented programs.
Revision strips
Revision or annotation strips are commonly used in taxonomy for verification,
identification or revision of specimens. They may contain merely "det./rev./conf." and
the name and date, perhaps additionally the institute and university, the reference to a
project in which the examination has been undertaken, or the name of the taxon to
which the specimen has been revised or identified. Since many such strips are usually
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needed, the computer print is the easiest and quickest method. Such outprints can be
provided by
- a normal text program, which gives the possibility to print numerous copies and to
suppress page feed. Some programs allow no copies, some only up to 9. Here other
print facilities as boldface or underlining are possible.
a special program. A modified version of a herbarium label program can be used
for it, allowing one to print, save, and load different texts for different purposes. A
program for the Commodore 8000 series according to the suggestions of Dr.
Ihlenfeldt of the Dept. Botany, University of Hamburg, can be purchased. Other
programs have been made by G. P. Ibbett (Dept. Botany, University of Reading) in
BASIC 86 for ACT Sirius and by the author in BASIC IV for Commodore 64 and
Commodore 4/8000.
a data program. In this case a data file containing a list of all taxa to be used can be
combined with a standard text. This allows one to load a species name from the
data file and to append the text of the revision strip. This is especially useful if the
name of a taxon is long (with subspecies and authors) and a blank revision-strip
needs not be filled out type- or hand-written 67 or 94 times with the name of a taxon
during a revision of herbarium material.
a label program as used for address labels, if these are not too specially formatted
for this purpose (by inserting "Mr./Mrs." etc.). For users of IBM and compatible
computers, numerous programs are available as freeware from computer user
groups.
Herbarium management

Already 15-20 years ago the possibilities for the use of computers for museums
(archiving, collecting label data, type information) have been pointed out (see reviews
in Cuthill 1971). Although this application can be performed today much more easily
with desktop computers and even by using purchasable software (database programs),
it has not been widely accepted, probably mainly because of the time-consuming work
for data input, especially to work up the large amount of old, non-computerized data.
But there are also less time-intensive applications such as the preparation of a type
register. An account of the use of computerized data processing for herbaria was given
by Brenan et al. (1975). This concerns the conference in 1973 on the use of mainframe
computers operated by punched cards, a system which is still of general interest. At
this conference a resolution was passed to promote the start of data banks and type
registers and to set up standards for such data processing. However, little happened
during the following years, perhaps due to the rapid development of "micros" and the
long phase of incompatibility of the systems. According to Greene (1985) the British
Museum Marine Algal collections (25,000 specimens) are stored in a micro-computer,
which generates listings for different species, authors, countries, or collectors.
Loan systems - A program recording loans of specimens and material sent out for
exchange has been made by D. J. Farmer (Dept. Botany, University of Reading). For
this purpose a text program (for loan forms) can also be combined with a database
program for keeping the address file and the balance of the exchange. This is, however,
not yet realized, although it would make the traditional file system with white, pink, and
blue copies of loan forms superfluous, and a quick examination of all loans and
exchange would be possible.
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The calculation of the balance of specimen-exchange is also possible with the help
of a simple calculation program in which all herbaria are listed, the number of
specimens sent or received in exchange are filled in, and the balance is automatically
calculated. Loan forms, address files, spreadsheet for calculation, and even graphic
display or outprint of the balance can be combined in one package of integrated
software (as Open Access, Framework, or Symphony), which allows the easiest and
most comfortable handling of exchange and loans. The use of integrated software is
explained by Frahm and O'Shea (in press c).
Records of collections - By desktop computers, documentation of collections for
various purposes is possible, such as listing specimens for taxonomic studies (with a
portable computer during herbarium stays, replacing the written file card), making type
catalogs, storing entire contents of herbaria, searching for special collectors, and
locating material from special geographic regions. In all cases, a database program can
be used for one or several of these applications. A self-made database program has
been presented by Ammann (1984). In contrast to the traditional herbarium work,
information can be extracted easily from the herbarium. A data bank for the storage of
specimen data has been developed at the Botanical Research Institute in Pretoria
(Magill et al. 1983).
In small herbaria, all specimens kept can be easily listed and examined, whereas
for larger herbaria, the initial task of entering information about the existing herbarium
would be immense. However the storage capacities of at present up to 30 megabytes
(available to MS-DOS) for a desktop computer would allow such work.
A program for herbarium maintenance called BACCHUS has been developed by
B. J. O' Shea in BASIC 80 for the CP /M operating system. Listings are available from
the author on request.
Magill et al. (1983) presented a data bank for larger herbaria. By this system, all
specimen information is stored and specific information on taxa, collectors, or
specimen numbers can be queried. Besides, collector's registers, specimens labels,
registers of localities, list of type specimens, or lists of specimens to be sent on loan can
be printed.
Distribution maps
Compared with manual preparation of distribution maps, computerized maps are
printed extremely quickly (a map with 50 dots usually in less than one minute). In
addition, special selections of records and the use of different symbols are possible.
The only problem is that software is not purchasable but must be provided by oneself,
which is understandable, because every mapping project differs, uses different base
maps, and has different priorities. Furthermore, computerized distribution maps are
usually only possible with right-angled base maps, for they are using x/y coordinates.
Problems and techniques are generally discussed by Soper (1975). Although EDP
(Electronic Data processing) mapping has been widely used for phanerogams,
applications for bryophytes are sparse. Examples for mapping bryophytes by microcomputers were proposed by Magill (1982) and Frahm (1985a). In both cases, plotters
are used to print symbols according to x/y coordinates into grid-maps. Longitude and
latitude of a locality or the grid of a series of topographical maps can be used as grid
coordinates. The program mentioned by Magill (1982) is written in BASIC and runs
on a Hewlett-Packard desktop computer at the herbarium in Pretoria.
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The program published by Frahm (1985a), running on a Commodore 4/8000
series, is combined with some kind of data program. It stores species name, grid
number, altitude, locality, collector etc. and outprints can be provided of all data files.
Either horizontal or vertical distributions of species can be plotted with six different
symbols, which are used for selected ranges of elevation or periods of collecting.
Another possibility is to provide a base map on the screen, which can be prepared
either by programming or with the help of a graphic program or a graphic table with a
light-pen. This map can be printed on a dot matrix printer. Examples for the use of
this method are given in the publications of De Zuttere and Schumacker (1984);
Schumacker (1983) used these on an Apple III. Here different symbols can be used for
different time periods and several possibilities for computations are possible.
R. May (University of Duisburg) has developed another program for computerized
distribution maps for part of Germany, using the Epson OX 10. Malloch (1987)
presented a distribution mapping package (MICRO MAP) for a BBC-B
microcomputer; this package allows data conversion to or from mainframe computers.
Identification programs

Although identification seems to be a special domain of computers, programs for
identifying specimens are rare. J. Geibel has created a computer version of the punchcard-keys for the Swiss bryophytes by M. Strasser, and B. J. O' Shea has developed a
program BIDS, which allows the input of taxa with their character states, asks for the
characters in the identification menu, and sorts out the right species. J. M. Glime has
designed one in BASIC for teaching (KEYOUT) that allows the instructor to enter
names of selected taxa that students must identify; when students enter a wrong
character, the computer immediately notifies them. Johnson (1980) has discussed the
theory and application of computer-generated polyclave keys.
A 1973 survey of biological identifications by help of computers is given by
Pankhurst (1975).
Although outdated now, it gives theoretical background.
Surprisingly, numerous references are given at this early stage of computer application,
whereas it seems as if the period of testing new methods is over and people have come
back to classical methods because the computer has not brought the results that were
anticipated.
Statistics for taxonomy

Carpenter et al. (1984) have published a review of 24 statistical packages. Most of
them provide in a data matrix the results of calculations of various statistical methods.
Abbott et al. (1985) give an explanation of computer methods of taxonomic analysis. A
special application, cluster analysis, which is mostly used only on mainframes, has been
adapted to a Commodore 4/8000 microcomputer (Frahm 1985b) and has been
transformed for the use on a Commodore 64 by W. Vanmaele and A. Empain. Kelly
(1987) and Kibby (1985, 1986a, b) have adapted the use of spreadsheets as a tool for
automatic calculations.
Tables for plant sociology

Since the early seventies of this century, phytosociologists tried to produce
phytosociological tables on computers. In the first attempts, the data input was done by
punch cards and the results were not perfect. Recent programs gave better results, but
worked on larger computer systems, e.g. PHYTOPAK (Huntley et al. 1981) or
TABORD (van der Maarel et al. 1978). TABORD allows automated table
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arrangements using clustering programs. These programs (see Huntley et al. 1981; van
der Maarel et al. 1978), running in FORTRAN, can be copied on disk as described by
Callauch and Austermuehl (1984), and are also available for IBM and compatible
desktop computers.
Recently the use of spreadsheets (calculation programs) for arranging plantsociological tables has been pointed out (Moeseler & Rinast 1986). The authors used
Microsoft Multiplan for an easy changing of vertical and horizontal columns and also
prepared an auxiliary program to calculate and print constancy values.
Bibliographies

For bibliographies, one can use a database program or special library catalogue
program, as discussed by Ammann (1984) and Frahm (1986). Bibliographic programs,
which are specialized and easier versions of general database programs, are also
available as public domain software, mainly for the IBM-standard. Catalogue Card
system has been developed by D. J. Farmer in BASIC 86 for ACT Sirius.
All these programs allow a quick data input and printouts on file cards or lists.
Database programs also allow one to search for authors, titles, or keywords. Thus such
programs are replacing file card systems. Depending on the capacity of the disk and
the way in which the program stores the data, entries are usually limited to about 1000
on one disk. Larger bibliographies are only possible by Winchester disks, which can
have a capacity of 90 or more floppies.
A disadvantage of some programs is that the outprints are listed line by line (in the
same way as the input) or as tables. Thus such programs generally cannot provide a
bibliography ready for a manuscript. Some programs, as the IRL press program
Bibliographer, the public domain program REFLIST, or the Martz-Bibliofile, which
are compatible with word processors, automatically print a bibliography from the
citations on a manuscript, sort the authors alphabetically and chronologically, and edit
the citations in different journal styles. A bryological bibliography, the "Recent
Literature on Mosses" published in The Bryologist, is available on disks (Crosby 1986).
Word processors

As pointed out by Heywood (in Heywood & Moore 1984), taxonomic manuscripts
can easily be updated, and revised versions of manuscripts can be easily produced as
typescripts or provided on disks. A recent advantage is that publications can be directly
printed from files on disk by preparing a camera-ready manuscript with comfortable
word processors either in graphic mode editing in several fonts, styles, and sizes or in
text mode supporting a laser printer, saving typesetting costs. When purchasing a word
processor, one must take special requirements into account, such as special characters
like the Greek mu, symbols for degree and minute, and italics. A test of different
commercial and freeware programs is presented by Frahm and O'Shea (in press b, d).
Graphics and diagrams

Stoehr and Boecker (1985, 1986) discuss computer graphics for vegetation analysis.
Graphics programs may permit drawing on the screen or use special graphic
configurations and can be printed by a needle-printer (see Magill 1982). More
comfortable input methods are the use of a light pen or a graphic tablet or the "mouse,"
which allow one easily to draw diagrams and even graphics, to add symbols and fill
blocks with different signatures.
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DATA EXCHANGE
TELECOMMUNICATION, STANDARDS, COMPATIBILITY

The first bryological Bulletin Board has been opened by Zander (1987). On-line
searching of the bibliography of The Bryologist is under preparation (Crosby, msc.).
Such data exchange is facilitated via telephone through a modem. Modems also
function as transmitters of data or programs between non-compatible computers.
The most important thing in data exchange is that standards have to be proposed
to allow the highest possible compatibility for reading and transferring data from and to
other databases. Text files must be written in or transformed to ASCII files. Standards
for databases ( as for exchange of record or literature files) are more difficult.
Although dBASE is probably the database that is most commonly used and dBASE
data files are also read by many other database programs, there must be a constancy in
the number and size of data fields. For taxonomic descriptions~ a coding system has
been proposed by Dallwitz (1980). A special MS-DOS program for conversion of
W ordStar files is available on request.
Standards for EDP in taxonomy have already been set up for phanerogamists
working on mainframe computers, defining scopes for descriptions, collections, and
type registers (Brenan et al. 1975). All these aims can be realized today easily by the
help of microcomputers.
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AN ' EXPERT SYSTEM ' APPROACH
TO BRYOLOGICAL IDENTIFICATION

Brian J. O'Shea1
INTRODUCilON

There have been a number of attempts to use computers to help the process of
plant identification (see, for example, Pankhurst 1975), but they have concentrated on
emulating the existing standard methods of bifurcating or polythetic keys. Little work
seems to have been done recently, and none so far has attempted to use the technique
of emulating not the books that expert bryologists write, but the process of
identification used by the expert bryologists themselves. This proves to be a fruitful
approach.
WHAT IS AN EXPERT SYSTEM?

The concept of an expert system in computer science is a by-product of work in
artificial intelligence (AI), although many expert systems contain very little that could
be regarded as AI - including BIDS (Biological IDentification System), the prototype
described in this paper. An expert system is a computer system that emulates the
expertise of a human being in some particular field - such as medical diagnosis,
mineral prospecting, or in this case, biological identification. Expert systems can only
communicate their expertise via whatever interface to the real world is provided, and
most operate as if they were an expert in total physical isolation - say at the other end
of a telephone - and have to be told things that would have been immediately obvious
to a human expert. Since the computer system is being fed by one of our most
inefficient methods of communication (the typed word), it is not always easy to be
accurate about the information that is given (for instance on color or shape), whereas
this causes few problems to the human expert.
Some of the earliest expert systems (Shortliffe 1976) established that the system
could be structured in such a way that the application-specific parts of the system could
be isolated. These parts could then be replaced by other similar applications that could
operate with the same type of expertise.
An expert system could be characterized structurally as follows:
Information
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The areas outlined with double lines are application dependent - the rest constitutes a
shell that can be used for other applications. The nature of expert system shells at
present is that they are fairly specific about the type of task they can perform: some are
general purpose diagnostic systems, others are better as handlers of large volumes of
text, and so on. BIDS is a system that could in theory identify anything that can be
defmed by up to three names (i.e. a mono-, bi- or trinomial), although concepts such as
genus would not make a lot of sense in a non-biological context.
The relative emphasis given to the elements of an expert system shown above
obviously vary in different products. BIDS places a heavy emphasis on the user
interface, and at present has a very simple inferencing mechanism (both of these are
discussed further below). Associated with the application-dependent part of the system
are tools to allow one to create the knowledge base, which again in BIDS are adequate
but unsophisticated.
APPLICATION OF EXPERT SYSTEMS TO BRYOLOGICAL IDENTIF1CATION

Taxonomy as a science presents many problems that are not amenable to objective
analysis. New work in genetics, phytochemistry, electron microscopy, numerical
taxonomy etc. are able to add significantly to the tools available to the taxonomist and
perhaps make it easier to fmd the appropriate slots in which to fit taxa, and to elucidate
unsatisfactory taxonomic decisions made in the past. Nevertheless, the most robust
taxonomies require the sifting of evidence by a particular mentality that has a talent for
understanding and managing the fuzzy areas that often prevent a clear view of the
discontinuities between taxa.
Fuzziness is anathema to most computer programs (or rather programmers); it is
much simpler dealing with precise information in terms of preset procedures. In terms
of developing a taxonomy, computer programs can be very useful tools but suffer in
their very limited ability to deal with data that the taxonomist fmds difficult to express
in sufficiently precise terms [although attempts are being made to remedy this - e.g.
Empain (1987, 1988), considered further below].
It is also useful to consider the association of attributes with taxa in two ways causal (i.e. a manifestation directly related to the taxon, such as cell size) and noncausal (i.e. those that provide useful information but are not unique to the taxon, such
as habitat).
A program to emulate an expert thus requires first an unstructured, non-sequential
approach to the gathering of information from its users, and second the ability to
approach the solution from three directions: either from the data given by a user, by
the program being able to ask the user for information that will allow it to reduce the
number of possibilities, or by allowing the users to select the taxon they think they have
and the program directing questions to support or deny that hypothesis. The first of
these three approaches would be described as data directed, the other two as goal
directed (with one being general about the goal, and the other being specific).
Before considering the implication of this for an expert computer system for
bryological identification, it is first necessary to consider the nature of the expertise of a
field bryologist, and to consider how such experts would operate. Faced with a
specimen, they make a series of quick assumptions that allow them to focus on a very
small number of possibilities for the identification. The process of focusing involves a
knowledge, with respect to bryophytes, of ecology, specific plants in the field,
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biogeography, structure, appearance, and anatomy, and this knowledge will be
combined with various techniques of processing knowledge, including sophisticated
pattern recognition, that allow short cuts to a result. In practice, an expert often knows
the identification of a plant almost instantly from an unconscious processing of
information, and only needs a few extra pieces of data to confirm either what the
identity is, or that microscopic examination is needed.
The sort of thoughts likely to go through the expert's head as a precursor to this
focusing might be as follows:
"I am in a wet, north-facing valley at 1000 m on a granite mountain on the west coast of Scotland;
I will therefore expect to see .. ."

or at a more detailed level:
"I have seen x at a site similar to this, and it was on a grassy bank like that one."
"This is just the sort of place to find x. It is found at similar sites in Scandinavia, so it might be
here in Scotland."

(All of these approaches are strongly predictive.)
Experts also display their expertise in other ways when trying to explain to others why
they know the identity of a species:
"If you look at this with a microscope you should find that the leaves have large cells and are
rather broad at the base, compared with y, which is otherwise very similar."

If the expert is less definite:
"I think it is x. If it is, it will display the following characteristics ... "
"This specimen displays character x. That means it is one of the following ... "

Any expert system for bryological identification must attempt to address the
underlying processes behind such statements. The BIDS system is a long way from
doing this, but there seemed to be two areas in particular that needed attention before
any such system could be developed: first a way of allowing the identification to be
either goal or data directed, and for that to be a fairly natural process for the user, and
second a way of determining the most appropriate inferencing mechanism.
USER INTERFACE

People who use experts are not usually experts themselves. The user may be a
non-bryologist who occasionally needs to know about bryophytes, (e.g. an ecologist who
has bryophytes in his transect or quadrat), or perhaps a bryologist working in an
unfamiliar geographical area. It will be some time before computer programs can
eliminate the need for at least some prior knowledge and understanding from the user
of the system even if explanations and glossaries are available - mainly to avoid
ambiguity (computer programs usually have a very low ambiguity threshold) - but the
computer should be as uninhibiting as possible. The user should not have to battle
against the computer as well as with moss identification.
For BIDS it seemed important therefore to have a standard, consistent way to
communicate with the system, and also to provide a constantly updated position of the
progress of the consultation. To do this BIDS uses a technique known as windowing the screen is divided into areas (windows) displaying different aspects of the system.
title window

~--m_e_n_u_w_in_d_o_w_~l l~_t_ax_o_n_w_in_d_o_w_~
option window
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In BIDS the windows are fixed in position ( although in some circumstances the
middle two windows are replaced with another one that runs the full width of the
screen). The idea is to show what is going on, what options are available, the status of
the session etc. The concept of movable and overlayable windows (common now in
modern microcomputer software) seems unnecessarily complex for such a system, and
in conflict with the comfortably non-fussy view that this program is trying to create. If
there is an art to computing, it is in providing functions that look easy, straightforward,
and intuitive in operation - but in striving toward this ideal, it may be necessary to
write a lot of program code.
During an identification session, one can select all options from a menu - no other
typing is required. For various standard functions, there are special keys on the
keyboard: for example, one key allows you to leave the session to use other facilities of
the system. The function of these special keys is given in the option window.
What I have tried to do with BIDS is produce a system that requires no real
keyboard skills (i.e. it is driven by selections from a menu), and which tries to present
to users a picture of what is going on, and what options there are available to them.
This means that all information is presented in a standard way, and users are given the
feeling that they know what is going on, and that it is under their control.
INFERENCE MECHANISM

The inference mechanism is usually called the inference engine, but the reasoning
mechanism varies. Most existing expert systems use what are called production rules:
expertise is defined as rules - e.g. if genus = Tortu/a, and excurrent nerve = reddish,
then species = T. norvegica. This is particularly useful where the underlying knowledge
is already expressed as rules, and the context dependence is low (i.e. information has
the same importance in whatever context it is acquired or needed). One system of this
type in the UK is used for unravelling the complex rules for social security payments.
In this case the inference engine is the mechanism that interprets and uses these rules.
All rules are considered in parallel, with all available data, and the system will keep
firing off rules, getting new conclusions, and feeding these back until it has run out of
data.
It is clear from the way the rules are expressed that at least one rule will be
required for each object for which the system is an expert. In a reasonably large
system, several hundred rules will be used, and this will use a lot of computer power.
For identifying bryophytes, typically one rule will be necessary for each bifurcation of a
key - which might lead to thousands of rules for the bryophytes of Europe, and a very
slow response from the system.
An alternative approach is sometimes called hypothesize and test, and this is useful
when a knowledge base exists as descriptions, and a mixture of probabilistic and
categorical decision making is required, and where context dependence is important.
In general this is useful for diagnostic problem solving - and ideally suited for
bryophyte identification. It works on the basis of minimum set recovery - that is,
forming a subset relating only to those data of interest to the current session - data
that are irrelevant are discarded such that only relevant data are considered.
This is not a new idea, and is the basis of any hierarchical data structure such as an
identification key [and closely resembles the approach to data adopted by some of the
systems mentioned in Pankhurst (1975)], but appears to be fairly new to the theory of

Methods in Bryology

325

expert systems - I only know of one commercially available program that uses this
technique; all the other dozens use production rules.
The theory of expert systems is based on the concept of goals ( representing the
desired result of an expert consultation), and the steps toward this goal are viewed as a
search space. The potential search space is obviously immense: BIDS has in theory a
very large scope, and it is being limited artificially here solely to bryophytes, which
limits the search space significantly. The minimum set recovery concept attempts to
reduce this further by focusing on the most important considerations in a problem by
abstracting a solution space - by eliminating from consideration inappropriate
solutions. Obvious though this may sound, it is not necessarily an easy thing to achieve,
especially in the bryophytes, with such wide phenotypic variation, and it has to be
associated with the ability to re-insert previously eliminated classes of solution if it
appears that a wrong decision has been taken over a subjective character (e.g. whether
a leaf has a long apiculus or a short hairpoint).
Such wrong decisions reflect the general difficulty in taxonomy in describing
objects by text descriptions, and in particular describing their plasticity, even when
diagrams are used. This is a problem that is highlighted in attempting to use
computers in such areas. The papers by Empain (1987, 1988) already mentioned
provide a valuable contribution in this area in the use of computers in considering the
description of leaf shape variation. Where detailed numerical/statistical information
has been gathered in taxonomy it has usually been a means to an end, and is likely to be
summarized in such statements as "spore diameter (7- )10-12(-14) µ.m" - with no
indication of the distribution curve. Until such data are gathered and made available as
a matter of course (and this is only likely with the use of computers) it will be difficult
operating on bryological data.
Statistical methods are nevertheless available; for instance, where there is a large
body of existing data (as there is for bryophytes) it is possible to express this as
probabilities and to use Bayes' Theorem to perform pattern classification. Existing
knowledge is used to bias the interpretation of new data, and is particularly useful in
backward chaining - that is, in determining the most useful area in which to seek new
data. The relative frequency of the occurrence of an attribute in the population will
thus bias its selection by the system for further examination. Although in theory this
seems a promising approach, the bryological literature does not contain such
probabilistic information, and there are very few experts who could provide the very
large amount of data required with any accuracy and in sufficient detail (it may vary
geographically, for instance). A cruder algorithm might be more appropriate.
APROTO'IYPE

After an examination of some commercial expert system packages, it became clear
that none was appropriate for the task of bryological identification (O'Shea 1986).
Although there were deficiencies in the implementation of the packages, the major
drawback was the impossibility of expressing bryological data using the facilities that
were provided. Considering the problem empirically, the most suitable data structure
seemed to be a two-dimensional matrix, with taxa along one axis, and attributes along ·
the other, and because of the potentially large size of this matrix, the search algorithm
should seek to reduce the table size (and thus reduce the processing time) by
eliminating any rejected solutions. This was effected by linking all the taxa in a list, and
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reforming the list after each new piece of evidence was obtained. The identification
session builds up a profile of the taxon being identified, continually reducing the size of
the data matrix. There are thus no rules as such, and the first few pieces of information
gathered usually reduce the data being examined significantly, to give a fast session for
the user.
By far the largest part of the program is spent managing the user interface,
including screen handling ( already described), and the conduct of an identification
session, which means providing the user with access to attribute data. Capturing both
taxon and attribute data is also a time-consuming task. The attribute data are
presented to the user as a hierarchy of menu selections, like an upside down tree,
where the leaves are the attributes, and each "owns" a column. Conceptually, the data
structure can be seen as follows:
Main Menu

Subsidiary
menus
Attributes
Taxon 1
Taxon 2

One can change the data structure quite easily, but data for any new attribute must be
input for all relevant taxa before the new data are of use. As any changes are made ( or
new attribute data added for taxa) they are also stored to disk so that they can be
loaded again at the start of each session. Copies of the program, samples of data files,
and instructions on using the program can be obtained from the IAB Software Library
(Frahm 1988). All of this is described in detail in O'Shea (1986).
SUMMARY

Expert systems are a potentially useful addition to the bryologists' computer tool
kit. Existing taxonomic data for bryophytes are on the whole insufficiently quantified to
be of use in statistical analysis of the data, and are not always comprehensive, but the
nature of the data as published provides a good foundation for preliminary work.
Although an adequate user interface is difficult to develop, it is an important aspect
to get right. In taxonomic work, the number of taxa is likely to be too great for a rulebased system to be useful, and a system that operates directly on existing data by
narrowing the field to be searched seems the most appropriate approach. A prototype
using this approach has been developed.
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A TAXONOMY-ORIENTED COMPUTER LANGUAGE
Alain M. Empain 1
Taxonomic data are difficult to collect or to compare for several reasons:
- the types or publications can be difficult to find
- descriptions are written in various languages, the Latin version being often
shrunk to a minimum
- the a~thors sometimes use the same words with different semantic concepts,
or use different words for the same meaning
- the authors give not necessarily the wanted data.
We are facing a huge information problem, with perhaps 70% of the tropical moss
names being in synonymy. But at the same time, we are in a deep revolution of
information handling: the foreseeable data supports are incredibly cheap and huge
(gigabytes . ..); the performance and price of equipment evolves faster than we can
adapt our methods. In the near future, it will be cheaper to exchange WORM optical
disks containing freshly updated data (including microscopic pictures, drawings,
structured data ... ) than to wait endlessly for publications restricted for economy and
not adapted to computerized treatment.
STRATEGY TO COPE WITH THE FAST-EVOLVING TECHNOLOGY

The main concern for the designer point of view is portability, the ease to develop,
to revise, and to adapt the software: the language FORTH-83 has been chosen for
pertinent technical reasons (Empain 1987a, 1988a, b).
The FORTH language is well suited to implement higher level languages adapted
to a particular problem, as TAXTOOL is implemented to deal with the needs of the
taxonomists. TAXTOOL has various levels: a practical problem solver (e.g. interface
with a digitizer), a stand-alone environment able to deal with the taxonomist's usual
work, or a research tool to develop new approaches. TAXTOOL is implemented on
the most ubiquitous computers: the cheap Commodore 64 and the powerful IBM
XT /AT. It is portable on many others (ATARI ST, APPLE II, AMIGA. ..).
The long-term goal is to provide some means to define a well-accepted set of
standard descriptors and valid states, allowing data exchanges in the context of the
rising technology.
DATA STRUCTIJRE

dedicated stacks for list-handling selection lists ( characters or species) or result
lists
2. fully portable file structure based on usual sequential files; context handling and
sizable virtual access to records are provided (Fig. la, Table 1)
1.

1
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a

BUFFER IN RAM
Rec# Key

Ptrl Ptr2

23
12

SEMAT .. X
GLOSD •. X

32

Xxxxx ..

y
y

Fixed DATA ...

Dynamic DATA {memo)

212B 45E3 1. .•

.... .... . . . .

Texts, Comments .. ·•
Glossadelphus . . .

. .. . . ... . ...

.... ... . ........ ..

Fixed DATA ...

Dynamic DATA {memo)

FILE ON DISK
Rec# Key

Ptrl Ptr2

1
2
3

EOF

N#

b
TAXDATA 1
(user file)

PARCODE
general
use

general
use)

Figure 1. Data structures. a. file structure with virtual access, fixed length data fields, and dynamic
data fields (for comments); b. file organization: the references TAXCODE and PARCODE are used by
the user's data files (descriptions, keys).

3. standardized taxonomic descriptions:
- 16 bits cells for all the taxonomic descriptors
- at least, the confidence interval or the usual states are kept
- another 16-bit cell encodes nuances as "always, generally, rarely, never" or the
observed minimum and maximum
4. exhaustive definition of the descriptors (TAXCODE) and the allowed states or
';'alues (PARCODE); (tentative for the actual definitions; Fig. lb)
- more than one PARCODE is allowed for a particular descriptor (e.g. MO or
BR definitions for shapes)
- hierarchically codified TAXCODE names and PARCODE names enter
within the 16-bit standard for all data
- this property allows easy context saving, so HETEROGENEOUS files can
be matched or easily decoded elsewhere.
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Table 1. Data types.

DATA TYPES
0

1

2
3
4
5
6
7
8
9

10
11

2
1
2
2
4
2
2

bytes integer
0
byte, scaled
1
bytes, scaled
2
bytes, packed 3 letters
3
bytes, double scaled
4
bytes,ICCOMPLEX TAXONOMIC~ 5
bytes, packed 4 char. (HEX)
6
reserved
7
reserved
8
reserved
9
N bytes, fixed length text
10
x bytes, dynamic length text
11
12
13
14
15

count
packed metric
spanned metric
ranked categories (min .. max)
ordered multistates
multistates
3 conditionned multistates
4 related multistates
categories (0 .. 254)
packed color (quadrichromy)

Selection of PANTONE color set
ID

Date
Location (long/lat)

INTERACI1VE INPUT

The creation of a data file (using an interactive file editor) allows one to define all
the contextual information needed for versatile later use:
- allocations (record size, number of records, memo size)
- description of the MASTER records, each datum being matched by its
position:
■ list of codified descriptor names
■ list of index to TAXCODE data base
■ list for data information (type, range, digitizer trigger, condition ...)
■ list of master description names (to detect nonsense)
2. Encoding of specimen data:
- the prompts use full textual information
- the inputs are made in a natural way, but are immediately codified and
stored within the standard 16-bit cell
- the actual schemes are directed by selection lists of specimens and
characters, allowing the grouping of related operations on many specimens or
the full encoding of each specimen
- detected nonsense prompts are automatically inhibited (e.g. no questions
about branch leaves if there are no branches)
- the automatic use of the digitizer is triggered within the flow of direct screen
prompts
- input checking is performed if possible
1.

DIGmZER (AN EXAMPLE OF SPECIFIC TOOL DEFINmON)

1.

The use of a digitizer (Fig. 2a) is easy when well-adapted tools are at hand. A
more extensive presentation of the creation of a digitizer tool is given elsewhere
(Empain 1988a)

332

A Empain: A taxonomy-oriented computer language

2. Problem analysis:
Figure 3 illustrates the top-down approach: the problem is split within welldefined steps, until each little problem can be implemented and tested using
previously defined WORDS (the FORTH term for the procedures).
After that analysis, the programming work can begin.
3. The input procedure is a simple list of prompts involving digitizer inputs (the
WORD DOT "prompt" hides all the intricacies).
4. For each parameter, the computation procedure uses the concerned dot numbers
and calls the provided computing procedures for lengths, area, barycenter
location ...

I
I

C

# Acanthocladium loucoubense'\

I
I 0,7 1,3/11 3,3/4 4,3/4 5,42-90 6,26-91
I •••••••
-------

a

------,--------I

I
I
I

I
I
I
I

0

b
Figure 2. Interfaces. a . microscope + digitizer + micrcxomputer; b. maps;
compact 16-bit cells to the DELTA code.

c.

conversion of the

(I) TO WORK LEAVES

(2) SET UP
DEDICATED
STACKS

(7) COMPUTE ITS
PARAMETERS

(10) SAVE RESULTS

Figure 3. Problem analysis for the creation of a digitizing tool.

All the WORDS implementing the steps are imbedded within one general WORD (the
user's tool) . To invoke this tool, one must type only its name; it can also be enclosed
within a menu-driven procedure.
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VARIOUS INTERFACES

1.

2.
3.
4.

5.

Using classical notions of WINDOW, VIEWPORT (e.g. Tektronix) and
CLIPPING, a generalized tool is available for versatile map generation (in
progress; Fig. 2b). Hard-copy of the high resolution screen can be printed (.HR).
A simple tool converts the 16-bit codes to the textual conventions of the DELTA
code (Fig. 2c).
Import/export tools generate or use standard sequential files accepted by other
applications.
The herbarium data, exported from commercial data bases as temporary
sequential files, are decoded (environment, vegetation) and modified for specific
printing applications such as labels.
A context-saving format, implementing the main aspects of AMIGA's IFF
format, is tested in backup files related to the digitizer functions.
DESCRIPTIONS OF TAXA

The use of different national versions of the TAXCODE and PARCODE
references allows the textual descriptions of specimens in different languages, as
previous applications have shown.
Due to the cost of publication, these
extensive descriptions are not well adapted to a structured layout. However,
owing to the flood of ever more cheap and powerful computers, the actual
printing on paper will fade to the more flexible (optical) disk storage.
2. With a few data, a powerful algorithm for graphical descriptions can compute
the best approximation of the curves describing such things as leaf shape (see Fig.
Sb).
3. The new graphic possibilities of computers, the new data bases dealing with
pictures, and the incoming of cheap and huge disk capacities (optical disks) will
open exciting possibilities for morphologic descriptions.
1.

LEAF SHAPE ANALYSIS

An automatic leaf shape analysis is performed during the digitizer work (Empain
1987b). A versatile SLOPE ANALYSIS provides a compact and information-rich
code, compatible with our standard 16-bit code (Figs. 4a, b). A standard definition of
usual terms is provided for compatibility (Fig. 4c; extension of the SYSTEMATIC
ASSOCIATION's chart of standard shapes). If kept, the raw data (10) allow one to
draw a synthetic but very close picture of the original leaf (spline algorithm).
DESCRIPTION OF A TAXON OF HIGHER LEVEL

Analysis - A list of selected taxa can be worked to find for each descriptor the
constant states, the variable states, all the observed states, and the observed
frequencies. For an homogeneous analysis, the metric descriptors are automatically
converted within ranked multistates. The metric descriptors are subjected to a
statistical analysis, giving usual parameters (Fig. 5a).
Synthesis - Using the results of the analysis, the synthetic higher level taxon is
built up (Fig. 5b):
- for multistates, the usual states are kept, owing to a preset threshold
- for metric ones, the confidence limits are kept
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- nuances as always, often, rarely, never, and minimum-maximum are coded
within a shadow record, allowing compactness and speed for the basic code,
without discarding the acquired information.
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Figure 4. Leaf shape analysis. a. slope analysis, on four pairs of straight lines; b. example of slope
codes; c. adaptation of the Systematic Association's chart for leaf shapes to moss leaves.
COMPARISON

The MASTER records allow automatic matching of heterogeneous records (each
character is identified and searched within the target record). Quick or extensive
procedures can be chosen; a threshold cuts off the non-significant differences. The
WHYNOT tool selects the significant differences between the worked taxon and
another taxon.
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ONLINE BINARY KEY

Coded binary key (referring to the TAXCODE and PARCODE texts) can be used
in various languages, in an interactive approach or in an AUTO MATIC approach:
- owing to the search procedure, a standard coded description is searched to
answer the key questions
- when the answer is not found, a screen prompt asks a manual answer

a
a
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il:
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Figure 5. Analysis and synthesis. a. frequency analysis for some parameters of Sematophyllaceae
leaves; b. graphical display for the synthesis of leaf shapes.

ClAVES

The program uses polyclaves and global matching as particular cases of the same
algorithm. The selection lists of species and of characters as well as the use of
WHYNOT provide a flexible means to deal with identifications.
Action on the list of character selection:
1 character ....... n characters ....... all the characters
(polyclave) ......... (oligoclave) .......... (global matching)
Action on the list of taxon selection:
n taxa (sub-sample) ............. all the taxa
(stratified matching) ...........(global matching)
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DIGITAL IMAGE ANALYSIS OF DEVELOPING MOSSES
Miriam Michaelis1, Martin Michaelis2 and Elmar Hartmann 1
INTRODUCTION

A microcomputer-based video image analyzer can be used for the shape analysis of
fast phototropic response of tip-growing filamentous protonemata of the moss
Ceratodon purpureus (Hedw.) Brid. Video recordings of irradiated protonemata are
digitized with a real-time video scanner and further processed by an on-line IBM XTcompatible microcomputer. Automated shape tracking from a digital image sequence
detects minor changes in the cell shape. An exact shape analysis of protonematal
response to light under different conditions (e.g. light intensity, temperature, inhibitors)
supports research on the mechanism of light stimulus transduction, i.e. what happens
between the phytochrome-mediated stimulus perception and the visible reaction of the
protonema tip cell. Other computer-based systems have been developed for e.g.
gravitropic bending (Jaffe et al. 1985; Nelson & Evans 1986) or cell locomotion (Noble
& Levine 1986). The fundamentals of video microscopy are described by Inoue (1986)
and general methods of digital image processing and analysis by Haberacker (1985),
Huang (1981), and Niemann (1981).
EQUIPMENT

The following hardware equipment is used for the present implementation (Fig. 1):
- closed circuit TV-camera and video recorder
- real-time video scanner (own development, 480 x 273 pixel, 16 gray levels)
- IBM XT-compatible microcomputer (Tandon PCX) with 640 KRAM, 8088 and
8087 processor, 20 MB hard disk, 360 K disk drive, real-time clock, 8255 1/0
card, monochrome display adapter & monochrome monitor, enhanced graphics
adapter (EGA with 256 KRAM) & high resolution color monitor (640 x 350),
Microsoft mouse, NEC P6 printer.
DIGfflZING IMAGES

Before digitizing the video signal, the contrast of the protonema cell to its
background is optimized by image enhancement using the digitizer controls of the realtime video scanner. While turning the controls, changes can be seen immediately on
the digital screen of the scanner. All further commands, referring for instance to the
moment of digitizing, are sent by the on-line microcomputer via a standard parallel
interface (8255 1/ 0 card). A complete digital image (requiring 64 K memory) can be
sequentially transmitted from the scanner to the computer, which takes about four

1
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seconds. Images can be saved to the hard disk or evaluated immediately. They can be
passed through a threshold filter to reduce background noise.

Videorecorder
Microscope

Scanner

Camera

'Digital'
Image

D

COMPUTER

1111 11 11

□1

Video recordings of irradiated protonemata
are digitized with a real-time video scanner
and further processed by an on-line IBM
XT-compatible microcomputer.

I

Printer

Figure 1. Computer hardware configuration.

The menu-driven program for scanner control, image file management, and filter
functions was developed using the IBM Macro Assembler MASM ver. 1.0. It is to be
installed as a software interrupt, like other installable device drivers (for instance the
mouse driver). As interrupt No 211 it can be used by any image evaluation program
written in any language. The interrupt routine prepares memory to handle 64 K
images, which otherwise would be quite problematic for languages like Turbo Pascal
ver 3.0.
To display an image it has to be written into the EGA card. The driver directly
accesses the EGA memory, avoiding the slow BIOS functions. This reduces image
reconstruction time from 1 minute to 3-4 seconds. Then the digital image is visible on
the color monitor and control is passed to the evaluation program. For the installation
of interrupts and other interna of IBM-compatible microcomputers see Norton (1985).
AurOMATED SHAPE TRACKING

For analyzing the early phototropic response of irradiated protonemata, a special
evaluation program was developed, using Borland's Turbo Pascal, including the Turbo
Graphix Toolbox. This program is specialized in automated shape tracking and
comparison of changing shapes. It could also be useful for other fields of application,
like tracking of leaf, bud and branch development, gravitropic bending, or slow
motions. The areas of changing shape can be detected exactly. The only requirement
is a satisfactory intensity contrast between the object and its background, so that the
object can be isolated by using a threshold filter.
The 16-level false color presentation (each gray level becomes a different color,
which has nothing in common with real colors) facilitates finding the most suitable
threshold. The image is inverted to get a light object in front of a dark background.
For evaluation the image is treated as a binary image, which means that each pixel can
be on (object) or off (background) and there are no graduations in between.
The only interactive steps that have to be done by the operator are marking a
single point inside of the cell tip, further called the reference point, and choosing a
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window as the evaluation area. For automated shape tracking, coming from the
reference point (0/0), the program searches for the furthest pixel belonging to the
object in each direction. The cell shape is represented as an array of degrees, each
degree connected with a distance (cell border). The graduation is 0° to the top and
180° to the bottom (Fig. 2). To distinguish between both sides, the left side is marked
as negative.
The areas of change can be detected by assembling a sequence of shapes of an
irradiated protonema tip (Fig. 3a-d) in one drawing (Fig. 4).
CONVERSION FROM CARTESIAN TO POI.AR COORDINATES

This section describes further details of the automated shape tracking. Several
steps are required for each pixel belonging to the evaluation area:
- testing whether the pixel is on or off
- assigning the pixel to an angle
- calculating the distance from the pixel to the reference point (0/0).
In the original image each pixel is given in Cartesian coordinates (X/Y) (Fig. 5a).
For assigning each pixel to an angle, the data must be converted to polar
coordinates (0,d), which is done by the arctangent function and the Pythagorean
equation (Fig. 5 b, c).
For each angle the distance of the shape is given by the furthest pixel under this
angle that is on. Short distance pixels belong to cell organelles. There might be angles
with no pixel belonging to the cell border. In this case a cell organelle or nothing is
found as the furthest distance. Contour breaks caused by this phenomenon can be
corrected by combining several angles as a group and taking the furthest distance found
in that group. Also general smoothing can be done this way.
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function convert(x,y:integer):inteqer;
var anglel,angle2 : integer;
begin
if (x
0) and (y > 0)
0
then angle2 :=
if (x = 0) and (y < 0)
then angle2 := 180
i f (y ,: 0) and (x > 0)
then anqle2 := +90
if (y = 0) and (x < 0)
then angle2 := -90
i f (x<>O)
and
(y<>O)
then
begin
anglel := round(arctan(y/x) • 180/pi);
if X > 0 then anqle2 := +90 - anqlel ;
if X < 0 then angle2 := -90 - anglel
end;
convert := angle2
end ;
function distance(x,y:integer) : integer;
begin
distance := round(sqrt(sqr(x) + sqr (y)))
end;

Figure 5. Conversion from Cartesian coordinates ()(/Y) to polar coordinates (8,d). a. Cartesian
coordinates (X/Y). b. conversion to polar coordinates (8,d). c. converting functions in Turbo Pascal (9
= anglel, 8' = angle2, d = distance).

.

Glime, J. M. (ed.). 1988. Methods in bryology. Proc. Bryot. Meth. Workshop, Mainz.
Pp. 343-346. Hattori Bot. Lab., Nichinan.

MICROCOMPUTER APPLICATIONS TO LARGE TAXONOMIC
AND BIOGEOGRAPHIC DATA FILES

Henry 0. Whittier1, Barbara A. Whittier1, H. A. Miller1, and H. Pringle 1
INTRODUCilON

Among the many problems that confront biologists is management of data and
manipulation for analysis.
Within the last several years, relatively low-cost
minicomputers and general purpose programs of great power and flexibility require
relatively limited training in computer programming for initial use. One of these,
dBase III, produced by the Ashton-Tate Corporation, is in wide use and is
accompanied by extensive documentation that enables experienced programmers to
adapt it to the specialized requirements of large data base management and
manipulation. For these reasons, Hale Pringle selected dBase III as a programmable
data base management system for our operational environment.
BACKGROUND

In the mid-1950's H. A Miller began assembling nomenclatural and biogeographic
information for the Bryophyta of the islands of the vast tropical Pacific Basin, beginning
with the earliest known published records. He had no choice but to use the timehonored traditional 9 x 16 cm (4 x 6 in) alphabetic card files, and painstakingly record
each taxon, synonymy, and geographic distribution record cited in each relevant
publication. In 1960 H. 0 . Whittier, and later in 1971 B. A Whittier, joined the
project. New collections from field explorations of the islands of Hawaii, Marquesas,
Societies, Samoa, Cooks, Carolines, Fiji [and more recently New Caledonia, Loyalty,
and Vanuatu (the New Hebrides)] gave impetus. By 1970 we concluded we had
reviewed and indexed most of the significant literature. Nearly 10,000 index cards were
assembled in Miller's files, but it was obvious further refmement was necessary to make
useful the information contained in them. It was imperative to have access to the
widely scattered nomenclatural, taxonomic, and geographic information and the card
files very often were inefficient for these purposes. We distilled the files into the
Prodromus Florae Muscorum Polynesiae and Prodromus F/orae Hepaticarum Po/ynesiae
(Miller, Whittier & Whittier 1978, 1983, respectively). For the Muse~ 62 families, 254
genera, and 1427 species were cited; for the Hepaticae and Anthocerotae, there were
53 families, 155 genera, and 1516 species. Included were synonymy, important
bibliographic references, and world distribution records.
Publication limitations restricted Prodromus formats to alphabetic arrangement by
genera and species. Tedious search was required to extract the bryoflora of an island
or island group, assemble taxa of a particular family, arrange families in phyletic order,
use information for biogeographic analysis, or simply to keep information current. To
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remedy the foreseen problem, in 1971, H. 0. Whittier began assembly of key-punched
IBM card files for Polynesian taxa and distribution records. Hale Pringle created
Fortran programs for the University of Central Florida's Harris computer to handle the
new data bases.
PRESENT PROGRAM DEVEWPMENT

The dBase III programs utilize three sets of files: (1) moss, hepatic, fern, or lichen
coded name files (each has three separate subfiles that code for a) families, b) genera,
and c) combined genera and species); (2) geographic areas file [area code numbers
plus names of geographic areas, now expanded from the original 163 to 198 (the
additional areas presently unused), with files recoded by the program as necessary to
permit use of combinations of geographic areas]; and (3) species code
number/ geographic areas file (contains the code numbers of taxa plus code numbers of
geographic area appropriate to each taxon); this file differs from the original in that
each geographic area represents a fixed field. To record the presence of a species for
the Hawaiian Islands requires a 1 be placed in the first column; for the Society Islands,
a 1 is placed in column 29, and for Tahiti proper, another 1 is placed in column 31 - a
format easily read by the computer, and thanks to Pringle's program menu system, easy
to edit.
Pringle's programs reproduce all the essential functions or operations previously
provided by the University Harris computer - but offer some new and useful
advantages. Annotated species reports were one of the last developments for the old
University computer system, and present problems only now being resolved in the
development of the new dBase III programs - partly because we wanted to determine
their scope and potential limitations. The simplest species file consists of a four-digit
code number plus the name of the species. The annotated Master file includes (1)
species code number, species, authority, and date of publication on one line, followed
on successive lines by (2) bibliographic citations (author, date: page number, figure
numbers) in ascending chronological order; (3) synonymy (alphabetic by genus and
species), with full literature citations (author, date, journal, page number); (4)
description(s) (original description, followed by other useful descriptions in reverse
chronological order, most recent first); (5) geographic distribution citations of Pacific
islands; (6) general distribution citations; and (7) notes (comments by various authors
in ascending chronological order, earliest first) .
The basic program for dBase III offers what are called memo (memorandum) files.
These may be added to fixed-format fields that contain routine information as species
code numbers, names of families, and species. Memo files allow inclusion of text
information nearly three pages long (about 32K). In the present files at least one
species has accompanying information in excess of that value, and program
modifications are being made to permit about 500 lines of text to be associated with a
given species. Used in conjunction with the geographic areas file, the master file
makes possible printing documented reports for any given geographic area or group of
areas (e.g., Tahiti, the Society Islands, southeastern Polynesia) - either alphabetically
by genus and species or alphabetically by family, genus, and species, or in a numerical
order reflecting presumptive phylogenetic relationships for floristic analysis. It is
equally easy to print the taxa associated with any given family or genus for taxonomic
monographic review.
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CONCLUSION

It has been rewarding to use our data to generate island species-area curves and
species-elevation curves - to compare and contrast them with data obtained from the
study of other insular organisms; to consider the various reasons for similarities and
disparities between populations of Musci and Hepaticae on different islands; to note
the similarities and dissimilarities in distribution patterns already demonstrated by
phanerogams - exploring relative information values provided by comparisons at the
levels of species, of genus, or of family. Present experimentation includes the addition
of selected illustrations to the annotated master file. Figure 1 presents graphs resulting
from some of the data analyses in dBase III.
One value of the system lies in the ease p 2300 a
with which it may be kept current. In the new H~2100
1900
programs, the master file and the geographic I 1700
0 1580
areas files may be used or displayed simultane- ~ 1300 ously, so that new distributional information Rue0
can be entered in either or both files. Minimal J 900
computer requirements to operate the
programs are an IBM XT or (preferably) AT S 300
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only one species record for the new site should
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found that there was too much uncertainty in
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Pacific insular phanerogam nomenclature at
the species level, and chose to report
600
biogeographic relationships at the level of
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genus. In Pringle's dBase III programs, data
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Figure 1. Examples of the kinds of data
that can be generated. a. species-area curve.
Elements of these programs have been applied b. species-elevation curve. c. Pacific speciesto small case history studies by undergraduate area curve.
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students using ferns and f1owering plants and a wide variety of non-Pacific geographic
areas in plant geography classes, southeastern United States bryophytes in independent
studies research, and most recently by a Master's candidate conducting baseline studies
on Florida lichens as potential indicators of air pollution - using records for Florida's
67 counties.
ACKNOWLEDGMENTS:
We gratefully acknowledge the University of Central
Florida Division of Sponsored Research for generous support over a period of years for
the development of the new programs.
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MACROPHOTOGRAPHICAL TECHNIQUES OF BRYOPHYTES
DEVELOPED BY M. IZAWA, A PROFESSIONAL
PHOTOGRAPHER 1

Zennoske lwatsuki 2
It is not always easy to take a good picture of bryophytes in the field. The
bryophytes are small, and they are usually growing in dark sites in the forests.
Photographic techniques for vascular plants are not always applicable to bryophytes.
In 1986 Mr. M. Izawa, a young professional photographer, and I published a book
of bryophytes and ferns with many color photographs. The title of the book is Shida,
Koke (Ferns and bryophytes, Iwatsuki & Izawa 1986) and all pictures in this book were
taken by Izawa It took more than three years to prepare, and during these years,
Izawa and I worked together - I taught Izawa how to identify bryophytes, while Izawa
taught me how to take good macrophotographs of bryophytes. I will describe here the
techniques that Izawa uses in the field; many of them are techniques he developed
during the last 10 years while he took many pictures of cryptogams, especially
bryophytes, lichens, mushrooms, and ferns, as a professional photographer. He has
published more than 10 books of cryptogams. Glime (1984) has described part of his
technique in The Bryological Times.
CAMERAS AND FILM

To take a good macrophotograph of bryophytes, a single-lens reflex camera, with
macrolens or standard lens with a set of extension tubes or close-up lenses, is
necessary. Izawa uses cameras for a large film (6 x 7 cm or larger), but cameras for 35
mm film may be good enough for most amateur photographers. Most 35 mm cameras
have nearly equal performance, but among them, we recommend the Olympus OM-2
or OM-4 (not OM-10 or other models) because of their TTL (through the lens) direct
light measurement.
TRIPOD USE

As Izawa does not like to use flash because of its harsh contrast, he usually uses
long exposures. He always carries a heavy and sturdy tripod with a ball joint head in
addition to the usual head with a handle (Fig. la, b). In this case, the ball joint head is
used for holding the camera at the desirable angle to the subject (mosses), while the
handle of the standard head is used as one of the legs of the tripod so that the camera
can be held very near to the ground and moss (Fig. le). If you use the handle of the
head as a leg, the camera can be held at a right angle to the bryophytes growing at any
place in the field. Various positions of the camera and tripod are shown in Figure lb--e.
1
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This method was developed by Izawa when he was trying to take better pictures of
vegetative wasps in natural habitats. I believe that this may be the best tripod to use for
small plants like bryophytes.
PREPARATION FOR TAKING Moss PICTURES

The most important thing before taking a good bryophyte picture is to select the
best colony or individual plant. For lzawa, it takes a long time to select the best one, as
he takes pictures of only a few species of bryophytes, even though he works the entire
day in the field. As a photographer, he likes to express not only a moss but the whole
atmosphere with delicate habitat conditions.
This means he wants to show
morphological characters of the bryophyte and the environmental conditions, such as
substrate, light condition, water condition, other plant species (including ferns and
phanerogams) at the same habitat. Sometimes these things cannot be taken in the
same picture; then he needs more than two different compositions: one for the
bryophyte with the habitat usually taken by a short-angle lens, and the other for a closeup view to show detail of the species. Once he decides the composition, he carefully
sets the tripod. It is not a rare case for lzawa to take 20-30 minutes to select the best
colony before he sets up the tripod. Then he carefully cleans the colony using forceps,
taking out some of the fallen leaves or other plants mixed with the bryophytes.
However, he does not take all the fallen leaves out, as some leaves should be left
among colonies to indicate the habitat condition. He usually carries a spray with water,
and uses it after he has taken some pictures of dry bryophytes so that he can take some
pictures in the wet condition.
LENSES, FOCUSING, EXPOSURE

Izawa usually uses wide-angle lenses such as 24-28 mm lenses for a 35 mm camera
to show habitats and bryophytes. He uses the smallest f stop to have large depth of
focus. In this case, the bryophyte occupies a relatively small area in the picture, but the
focusing should be set for the bryophyte.
As mentioned before, lzawa uses a long exposure of more than one second. For
most pictures he uses 1-10 seconds, sometimes 1-2 minutes. Even with such a long
exposure, bryophytes usually do not vibrate, but using a tripod is essential.
He uses Ektachrome ER120. He usually gives 50% longer exposures if the meter
reads 1 sec, 2 times longer if it reads 5 sec, and three times longer if it reads 10 sec or
more.
I often use flash with Kodachrome 64 and do not make such corrections of
exposure. However, Kodachrome film is not recommended if you use exposures longer
than one second. Izawa thinks that Ektachrome film is better for such a long exposure
and uses it most of the time. However, recently he found Fujichrome film (RD & RDP
for ASA 100; RFP for ASA 50) is best for long exposures and has switched to
Fujichrome.
For long exposures, color does not reproduce correctly. Therefore color should be
corrected by using appropriate filters. lzawa uses Ektachrome ER120 film, and this
film is more reddish if the exposure lasts more than one second. However,
reproduction of color is also slightly changed by weather, such as sunny days (red) vs
rainy (blue) days, and by time of day, such as morning (red), late afternoon (red), and
evening (blue· after sunset). Sunny sides and shaded sides also affect color
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reproduction. Reproduction of color is also slightly different in each lens. For
correction of color one should know various conditions, and should select appropriate
filters. The standard lens used by Izawa usually produces a slightly reddish picture;
then he does not use any filter when he takes pictures on a cloudy day. When he uses a
standard lens, he uses a cyan filter for the red morning light. To use appropriate filters,
one must know the characters of each lens.
Izawa usually takes at least 12 pictures for a composition, using slightly different
exposures, and selects the best picture when the film is developed.
It is usually quite difficult to identify the bryophytes in the photographs. For this
reason, lzawa takes voucher specimens for each of his pictures.
FIASH TECHNIQUES

Before I obtained a TTL flash system, I used a small flash (guide no. 20 for ASA
100 film). The flash was tested for various speeds of film (ASA) for close-up pictures
(Table 1). When one uses a tripod, the flash can be connected to the camera by a
cable; then the flash can be held by hand and directed at the bryophytes. If there is no
tripod, the flash must be connected directly to the camera as one must hold all
equipment in one's hands. In this case one needs a special connector for the flash.
Then the flash can be directed at the bryophytes (Fig. la).
Table 1. F stop values using a flash with a guide number of 20.

ASA

24cm

100
64
32
25

f22
16
11
11

Distance
30cm
50cm

100cm
f16
11

f16-22
11-16
8-11

f16
11

8

8

8

6.3

6.3

Table 1 shows distance between the front edge of a lens and the bryophytes.
Usually it is best to take 3-4 exposures at various f stops around the value shown. This
method is useful for most of the single-lens reflex cameras. You must test your camera
and flash and make your own table.
REFLECTORS

Although Izawa does not usually use flash, when he takes pictures in the late
afternoon, or very bad light conditions, he uses flash with his own techniques to prevent
the shadow and high contrast that are so objectionable for bryophyte pictures.
Izawa uses a reflector made of aluminium foil that is available in the kitchen. He
takes a piece of aluminium foil ca 25 x 100 cm and folds it twice to make it ca 25 x 25
cm of 4-ply aluminium foil. Then he crumples it to make it rough. This sheet of finely
crumpled aluminium foil will make diffused reflection of light from a flash. This
handmade reflector is easy to carry, and when you use it, it can be placed at the side of
a colony of bryophytes, using a split bamboo stick of about 15 cm long, or a chopstick
(Fig. lh). If you use this reflector at an appropriate position, diffused reflection will
prevent the deep shadow caused by flash.
I have been using an American-made small reflector called an air-brella (Fig. lg).
This is a kind of balloon, and the bottom of this UFO-shaped balloon reflects the light
from a flash. A combination of diffused light from the bottom of the air-brella and
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TIL direct light measurement of the Olympus OM-2 gives a good lighting result. To
use these reflectors, you need a tripod.
MULTIFLASH METHOD

When Izawa uses the Olympus OM-2 camera with flash (T 32), he repeats flashing
with the battery test button until the OM-2 shutter closes. A panel at the rear of the T
32 flash should be turned over for normal auto manual (Fig. lf); then select the f stop
for one of the normal auto markings (white). The f stop of the lens should be set at the
largest number, such as f22 or f32. If you are ready to take a picture, push the red test
button to flash. This way, you can flash more than 10 times before the shutter closes.
You can distribute these 10 flashes in as many different directions as you wish: some in
the front of the moss, some from the side, some from the rear. The combination of the
flash directions will make the picture quite natural in light conditions. This method
may require some experience to get a better combination of flash directions.
ACKNOWLEDGMENTS: I am much indebted to Mr. Masana Izawa for his technical
advice, Dr. Masanobu Higuchi for help with the illustrations, and Dr. Janice M. Glime
for reading the English text.
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Figure 1. Equipment and techniques used for bryophyte pictures. a - f. camera with a ball joint head
and flash. b. position of tripod and camera used for a moss on vertical surfa.::e. c - e. various positions of
camera using the handle of the standard head as one of the legs of tripod. f. panel at rear ofT 32 flash of
the OM-2. g. American-made small reflector called an air-brella. h. reflector made of aluminium foil.
(Photos by Iwatsuki).

Glime, J.M. (ed.). 1988. Methods in bryology. Proc. Bryol. Meth. Workshop, Mainz.
Pp. 353-358. Hattori Bot. Lab., Nichinan.

STARCH GEL ELECTROPHORESIS: A TOOL FOR STUDYING
THE PHYLOGENETIC SYSTEMATICS
AND POPULATION GENETICS OF MOSSES
Annelies Hofman 1
INTRODUCI1ON

Populations that are reproductively isolated from each other will progressively
diverge genetically from each other, eventually leading to different species. The degree
of genetic differentiation is a good indicator of systematic relationships. Structural
genes can be examined through their primary products (proteins). Proteins are
composed of one or more polypeptides, which are chains of different amino acids. The
sequence of these amino acids is defined by the sequence of the triplets in the DNA.
Point mutations, involving changes in a triplet, may lead to an amino acid substitution.
The maximum genetic information would be available if the complete amino acid
sequence of proteins could be compared, but amino acid sequencing techniques are
very time consuming. Indirect ways, however, can be used to compare the amino acid
composition of proteins.
Electrophoresis (the migration of charged particles under the influence of an
electric field through a gel matrix) is a relatively quick and cheap indirect technique.
This technique utilizes the fact that some amino acids possess charged groups at a
certain pH. When proteins differ in their amino acid composition, they may vary in the
magnitude and polarity of their net charge at a given pH, and they will consequently
differ in electrophoretic mobility. This electrophoretic mobility is used as an indicator
of similarity in amino acid composition to compare orthologous proteins (allozymes,
the gene products of the same enzyme locus) between individuals. By staining the gel
after electrophoresis for a particular enzyme with a special staining solution, one can
visualize the positions of the allozymes on the gel. The enzyme converts its specific
substrate, and in a coupled reaction it brings about the oxidation or reduction of a
soluble chemical into an insoluble, colored form. Thus a colored precipitate is formed
at the site of the enzyme.
About 30% of all mutations occurring can be detected by electrophoresis
(Lewontin 1974). Using only standard electrophoretic conditions the amount of genetic
variation is therefore underestimated. By using various buffer systems and other
extensions of the method, the resolution can be highly increased.
THE USE OF ELECTROPHORESIS IN SYSTEMATICS

Electrophoresis allows a quantitative comparison of populations and species for
their genetic resemblance. The enzyme phenotypes (electromorphs) observed on the
gel may be interpreted genetically as (co-dominant) alleles of an enzyme locus. The
1
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Mendelian inheritance of these can be verified by crossing experiments. From the
observed allele frequencies, coefficients of genetic similarity between pairs of taxa can
be calculated. Nei's (1972) genetic identity measure (I) and its derivative, the genetic
distance (D), have been most widely used. By studying many different enzyme loci a
larger random sample of the genome is considered. It has been demonstrated that the
accuracy of the distance measure is more strongly influenced by the number of loci
scored than by the sample size (Sarich 1977; Gorman & Renzi 1979).
Phylogenetic trees can be constructed from a genetic distance matrix, or directly
from allele frequencies (Felsenstein 1985). In spite of the claims originally made by
Nei, his coefficient has turned out to be non-metric (the triangle of inequality rule does
not hold). Rogers' (1972) measure of genetic distance, among others, has been shown
to be metric (Swofford 1981), and thus has recently gained more widespread use in
systematic studies.
The advantage of a molecular approach to evolutionary systematics is that some
problems attached to more traditional methods are avoided. The success of the latter
methods depends largely on the ability to distinguish between primitive (plesiomorphic)
and derived (apomorphic) character states (which is not necessary in electrophoretic
studies). The "commonality principle" (Eldredge 1979), in which common equals
primitive, has often been used to determine the polarization of characters. Today the
out-group comparison method of character analysis is considered to be a more reliable
indicator of polarity (Watrous & Wheeler 1981).
Decisions on systematics should be based upon as many kinds of information as
possible, and molecular data can add valuable, independently obtained, information.
Moreover, proteins are less influenced by ecological factors, and less subject to
convergent evolution than morphological characters are.
Electrophoresis can also be used to test biogeographical theories, as it may confirm
or reject recent common ancestry of taxa. From a population genetic point of view, it
also offers exciting possibilities: the comparison of the amount of genetic variation
found in related taxa with different breeding systems is a very interesting field of study.
It is possible to estimate the gene flow distances effected through sperm dispersal. The
amount of cross fertilization in monoecious populations can be studied.
SOME ELECl'ROPHORETIC METIIODS

Gels of polyacrylamide, starch, or agar are most widely used as semi-solid
supporting media for electrophoresis. In starch and polyacrylamide gels the pore size
approximates the molecular size of proteins, and large proteins are retarded more than
smaller ones as they move through the gel. Even if proteins have the same electric
charge but are of different sizes or shapes, they may migrate at different rates in these
gels during electrophoresis. Agar gels have large pores, and here separation is
primarily on electric charge. This large pore size also means that there is little
resistance to diffusion, and proteins appear more readily as smudges rather than bands
on agar gels. Agar also has the disadvantage that it affects the net charge of proteins,
sometimes resulting in a movement of the protein opposite to the direction normally
expected. Separation on polyacrylamide is better than on starch gels, because the pore
size can be manipulated over a wide range. Polyacrylamide gels can be used in a
vertical position, which offers the possibility of stacking the enzymes first in a zone with
larger pore size, before they enter the denser separation gel. Polyacrylamide gels are
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easier to handle and take less time to run, but some of the constituent parts are
poisonous. An advantage of starch is that one thick gel can be cut into several
horizontal slices, which can each be stained for a specific enzyme. Furthermore, the
activity of most enzymes is higher on starch, requiring much less plant material, a
major advantage when working with mosses.
At the Genetics Department of the U Diversity of Groningen, horizontal starch gel
electrophoresis is used to study the allozyme variation in the genus Plagiothecium. In
the past, horizontal polyacrylamide electrophoresis has been successfully used to study
two species of Racopilum (De Vries et al. 1983).
DETAILED PROCEDURES IN HORIZONTAL STARCH GEL ELECfROPHORESIS

A 12% starch gel is prepared by heating 300 ml gel buffer (see Appendix for all
recipes) with 36 g hydrolyzed starch to boiling point in a 1-l vacuum flask, under
continuous stirring. A hot plate with a magnetic stirrer that automatically changes
stirring direction approximately every 10 seconds is best suited for this purpose, but the
gel can also be prepared with a Bunsen burner and shaking by hand. At first the gel
solution is milky, but during heating it clarifies and gets more viscous ( after ca 8
minutes). After about 12-15 minutes of heating the gel solution is more or less clear
and small bubbles appear throughout the solution. Then the heating is stopped and the
gel is immediately degassed with a vacuum pump. This is sustained until 10 seconds
after a change in the sound of the pump has indicated the moment of maximum
vacuum. The gel is then quickly poured into a tray (220 x 110 x 15 mm) and allowed to
cool down for at least several hours (mostly overnight). It is very important to cover
the gel, after it has cooled down a bit, with plastic wrap against dehydration ( and it
should be kept wrapped during the next steps of electrophoresis). The next morning
the ca 10 mm high gel is cut out of the tray and mounted on cooling plates between the
electrode buffer tanks. It cools down (ca 4°C) while the protein extracts are being
prepared.
Protein extracts are produced by crushing single moss shoots (to be sure to have
only one genotype), on a precooled porcelain spot plate in ca 80 µl extraction buffer,
with also precooled pestles. It is important that all actions are carried out on crushed
ice, to prevent loss of enzyme activity. PVP and mercapto-ethanol are added to
prevent the release of phenolic compounds. Small pieces of paper (5 x 11 mm,
Whatman 3M) are dipped in the extracts. When the paper is saturated the pieces are
placed in a vertical slot (the origin), which is made by cutting the gel longitudinally at
3.5 cm from the cathodal end of the gel. After both halves of the gel have been pressed
firmly together again, wicks are applied on both ends of the gel and current is applied.
To improve the resolution, the pieces of paper are removed after 20 minutes (by then
the proteins have moved into the gel), and the current is slightly increased.
Bromocresol green is used as a marker. This marker moves slightly faster than most
enzymes through the gel. About 28 samples can be studied on one gel.
The faster the electrophoresis is carried out the less diffusion takes place, but when
the applied current is too high, the gel will become heated and the proteins will
denature. The maximum current which can be applied without overheating depends,
among other things, on the ionic strength of the electrode buffer used and the thickness
of the gel.
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When the marker almost reaches the wicks on the cathodal side of the gel (the
direction into which most of the enzymes move), electrophoresis is terminated (after ca
5 h). The gel is cut in seven horizontal slices, and each slice is stained (at 37°C, in the
dark) for a different enzyme system. When activity bands appear, the gel slice is rinsed
well with tap water, and kept overnight in a fixation solution in the refrigerator. After
that the gel slice is sealed airtight in plastic, and it may be preserved in a dark place for
several years.
Slight modifications of the stain recipes of Shaw and Prasad (1970) are used at our
laboratory in Groningen. A detailed compilation of them, as well as of the buffer
systems used, and the current applied to the different gels is given in the appendix. The
choice of buffer system is very important and depends on the taxa being studied.
Discontinuous buffer systems (with different components in the gel and electrode
buffer) often give a higher resolution (sharper bands). These buffer systems have,
however, the disadvantage that they sometimes decrease mobility differences and thus
mask variation. Only by examining many different buffer systems can one explore
which buffer system gives the highest resolution and activity for a particular enzyme,
providing an optimal detection of the variation present in the taxa under study. More
recipes of buffer systems and enzyme stainings are given by Soltis et al. (1983), Wendel
and Stuber (1984), and Vallejos (1983).
Harris and Hopkinson (1976) and Shields et al. (1983) give some examples of the
genetic interpretation of electrophoretic variation in diploid organisms.
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APPENDIX
ELECTROPHORESIS BUFFER SYSTEMS
Tris-citrate buffer pH 7.0
105.07 g citric acid /1 (0.10 M)

Adjust to pH 7.0 by adding tris (trizma base) to the solution.
Use this buffer undiluted as electrode buffer.
Gel buffer

Dilute 20 ml electrode-buffer to 300 ml with H 0 .
(Add 36 g hydrolyzed starch to produce a 12<ti gel.)
LiOH-borate buffer pH 8.3
11 .75 g boric acid/I (0.19 M)
Adjust to pH 8.3 by adding LiOH to the solution (ca 0.04 M) .
Use this buffer undiluted as electrode buffer.
Gel buffer

Bring 30 ml electrode buffer together with 60 ml stock solution to a total volume of 300 ml with
H 0.
Sfuck solution: 27.55 g tris /1
6.62 g citric acid /1
Adjust to pH 8.3 by adding citric acid .
APPLIED CURRENT
Start
After 20 min
Tris-citrate pH 7.0
(10 mm thick gel)
150 V, 75 mA
200 V, 110 mA
Li OH-borate pH 8.3
(5 mm thick gel)*
200 V, 30 mA
450 V, 65 mA
*Only half high gels are run on this buffer system, as electrophoresis would otherwise take too long
(high ionic strength).
·
EXTRACTION BUFFER

1 ml Tris-citrate electrode buffer (pH 7.0)
9 mlH 0
200 µI 2-rflercapto ethanol
Before grinding the moss shoots, ca 1-2 mg Polyclar AT (PVP insoluble) is added to each sample. To
facilitate grinding, add a few milligrams of sand .
FIXATION SOLUTION
MARKER
20 mg bromocresol green (pH indicator)
450 ml methanol
450 ml H 0
10 ml ethanol (50%)
100 ml g~cial acetic acid
Incubate the gel slices with staining solution in the dark at 37°C until bands appear. Wash and
fix. The staining solutions can be prepared in advance, and remain stable for several weeks in the
freezer (-20°C).
The underlined chemicals should not be added to the staining solution until immediately before
use. PMS (phenazine methosulfate) is added only after 30 minutes because it decreases the enzyme
activity.
The staining procedures for hexokinase, phosphoglucomutase, triose phosphate isomerase and
glucose phosphate isomerase can be considerably reduced in cost by using a glucose-6-phosphate
dehydrogenase form which can utilize either NAD or NADP as the pyridine nucleotide, instead of the
form normally used which can only utilize NADP. The cost of NADP is several times that of NAD, and
when a large number of individuals is screened for these enzymes, the use of NAD instead of NADP
will result in substantial financial savings. Buth and Murphy (1980) state that they achieved identical
results after applying both NAO-dependent and NADP-dependent forms of G-6-PDH in enzyme stains
in electrophoretic studies of many different groups of animals.
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STAINING RECIPES
MDH = malate dehydrogenase (E.C. 1.1.1.37)

GOT = glutamate-oxaloacetate transaminase

30 ml Tris-HCI-MgCI pH 7.5
(E.C. 2.6.1.1.)
60 mg DL-malic acid (readjust to pH 7.5 with
30 ml phosphate buffer pH 8.2
NaOH)
160 mg L-aspartic acid
30 mg EDTA
20 mg a-ketoglutaric acid (readjust pH)
4 mg NAD+
3 mg MTT
15 mg pyridoxal-5-phosphate
Add 1 mg PMS after 30 minutes
60 mg Fast Blue BB (Light-sensitive! Cover.)
ME = malic enzyme (E.C. 1.1 .1.40)
HK= hexoklnase (E.C. 2.7.1.1)
30 ml Tris-HCI-MgCI pH 7.5
1~ ;~T~:~CI-MgCl2 ~ 7;g ATP
60 mg DL-malic acicf(then adjust to pH 7)
3 mg NADP+
3 mg MTT
3 mg NADP+
3 mg MTT
Add 1 mg PMS after 30 minutes
20 units glucose-6-phosphate dehydrogenase
ICD = lsocltrate dehydrogenase (E.C. 1.1.1.42) Add 1 mg PMS after 30 minutes
30 ml Tris-HCI-MgCI pH 7.5
PGM = phosphoglucomutase (E.C. 2.7.5.1.)
2
40 mg isocitric acid
30 ml Tris-HCI-MgCI pH 7.5
3 mg MTT
3 mg NADP+
(adjust to pH 8 with ~aOH)
Add 1 mg PMS after 30 minutes
60 mg glucose-1-phosphate (containing at
least 1% G 1,6-diphosphate to catalyze
PGD = phosphogluconate dehydrogenase
the reaction)
(E.C. 1.1 .1.44)
3 mg MTT
3 mg NADP+
30 ml Tris-HCI-MgCI pH 7.5
35 units glucose-6-phosphate dehydrogenase
6 mg 6-phosphogtJconate
Add 1 mg PMS after 30 minutes
3 mg NADP-.
3 mg MTT
Add 1 mg PMS after 30 minutes
ACP = acid phosphatase (E.C. 3.1.3.2)
30 ml sodium acetate pH 4.0
GLUD = L-glutamate dehydrogenase
150 mg polyvinylpyrrolidone
(E.C. 1.4.1.3)
30 mg fast garnet GBC
30 ml phosphate buffer pH 7.0
30 mg a-naphthyl phosphate (Na)
250 mg sodium glutamate
3 mg MTT
4 mg NAD+
ACN = aconltase (E.C. 4.2.1.3)
Add 1 mg PMS after 30 minutes
30 ml Tris-HCI-MgCI
25 mg cis-aconitic a6id
PEROX = peroxidase (E.C. 1.11 .1.7)
3 mg NADP+
3 mg MTT
30 ml sodium acetate buffer pH 5
2.5
units
isocitrate
dehydrogenase
9 mg CaCI ·2H 0
Add 1 mg PMS after 30 minutes
20 µI 30% H20 rTPI = trlose phosphate lsomerase (E.C. 5.3.1.1)
15 mg 3-amfnd'-9-ethylcarbazole
(Dissolve in 1.5 ml dimethyl formamide.)
30 ml Tris-HCI-MgCI pH 7.5
3 mg dihydroxyace¥one phosphate
SOD = superoxlde dlsmutase (E.C. 1.15.1.1)
12 mg EDTA
150 mg arsenic acid
30 ml Tris-HCI-MgCI pH 7.5
4 mg NAD+
3 mg MTT
(adjust to pH 8.5 tith NaOH)
80 units glyceraldehyde-3-phosphate
3 mg PMS
dehydrogenase
6 mg NAD+
12 mg MTT
Expose to light for several minutes, then incubate Add 1 mg PMS after 30 minutes
at 37°C and Sod activity will appear as pale bands GPI = glucose phosphate isomerase
on a darker background . Check regularly!
(E.C. 5.3.1.9)
30 ml Tris-HCI-MgCI pH 7.5
2
3 mg MTT
3 mg NADP+
50 mg fructose-6-phosphate
20 units glucose-6-phosphate
Add 1 mg PMS after 15 minutes

STAINING BUFFERS
Tris-HCI-MgCI staining buffer pH 7.5

12.11 g Tris /1 (b.10 M)
Adjust to pH 7.5 with 25% HCI
2.03 g MgCl /1 (0.01 M)
2

Sodium acetate staining buffer pH 4.0 / 5.0

5.91 ml acetic acid (96%) /1 (0.10 M)
Adjust to desired pH with 5N NaOH-solution.
Phosphate staining buffer pH 7.0 / 8.2

15.60 g NaH PO · 2H O /I aquadest (0.10 M)
2
Adjust to de~red'pH.

Glime, J.M. (ed.). 1988. Methods in bryology. Proc. Bryol. Meth. Workshop, Mainz.
Pp. 359-366. Hattori Bot. Lab., Nichinan.

USEFULNESS OF ELECTROPHORESIS FOR TAXONOMY
AND GENETICS OF BRYOPHYTES

Maria Krzakowa1
INTRODUCI10N

Classical taxonomic and phylogenetic investigations are based on description and
comparison of phenotypes. Phenotypes have consisted of morphological attributes of
plants. Morphological characters are controlled by several to many genes. Secondary
compounds such as flavonoids have also been utilized as phenotypes and present
similar problems of multiple gene control. Some enzymes, however, with non-specific
substrates such as phosphatases and esterases provide a large number of bands, which
may lead to some difficulties in genetic interpretation and in this case are also
described as phenotypes.
A number of factors affect the complexity of banding patterns, and formal genetic
analysis gives valid comparison of genetic similarities or differences between
investigated taxa. Genetic analysis allows one to distinguish homozygous from
heterozygous individuals for given loci as well as different forms of enzymes that are
allozymes (coded by alleles of the same gene) from those that are isozymes (specified
by different structural genes).
Isozymes usually express codominantly and segregate in normal Mendelian ratios;
therefore isozyme technique is still the best method for measuring genetic variation at
the single gene level. Isozymes also can be applied as genetic markers even when their
genetic control is unknown. As genetic markers, isozymes may serve strictly as genetic
labels of different individuals or populations. In the role of representing the genome,
isozymes are most often used to estimate levels and distribution of genetic variation in
populations (Lewontin 1974; Gottlieb 1981). Isozyme investigations in higher plants
over the last ten years have revealed their tremendous variability and have made
enzyme electrophoresis a powerful tool in taxonomic studies (Hurka 1980) and
evolutionary biology (Crawford 1983).
Electrophoresis offers a large spectrum of theoretical genetic investigations, like
discovery of enzyme polymorphism versus fixation, selection of isozyme genotypes,
differences in allele frequency (genetic races), gene flow (mating system),
determination of isozyme gene location and mapping other isozymic and morphological
genes, and description of linkage of isozyme markers (for example in connection with
male sterility).
Practical use of isozymes is displayed in breeding of crop plants and forest trees, in
plant disease research, and in establishing genetic purity of commercial seed lots.
Enzyme electrophoresis was first introduced to bryophytes twenty years ago
(Maravolo et al. 1%7). Bryophytes are an excellent object for electrophoretic
1
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investigations. Each individual plant, like the gamete, has only one gene locus, and this
excludes the presence of heterozygotes. This fact makes interpretation of the results
much easier in comparison to higher plants. Introduced to our laboratory ten years
ago, directly from the University of California at Davis, where this method is in routine
use for studying genetic variability of higher plants (Kahler et al. 1980), isozymes have
been applied in investigation of interspecific differences in hepatics (Krzakowa 1977).
For liverworts, the enzyme variability has been described in Chiloscyphus (Krzakowa
1984), Conocephalum (Szweykowski & Krzakowa 1979; Odrzykoski et al. 1981;
Szweykowski et al. 1981; Yamazaki 1981, 1984), Mannia (Odrzykoski & Szweykowski
1981), Marchantia (Maravolo et al. 1967; Brewer 1970; Krzakowa & Bischler 1987),
Pellia (Krzakowa 1977, 1981; Krzakowa & Szweykowski 1977a; Zielinski et al. 1984;
Prus-Glowacki et al. 1986), Plagiochila (Krzakowa & Szweykowski 1977b, 1979),
Ptilidium (Krzakowa & Kozlicka 1988) and Scapania (Zehr 1980; Krzakowa &
Urbaniak 1988).
Isozyme variation has also been discovered in several mosses including Atrichum
(Cummins & Wyatt 1981), Funaria (Brewer 1970; Meyer 1974), Plagiothecium
(Szweykowski & Zielinski 1983), Polytrichum (Kahlem & Hebant 1973), Racopilum
(Vries et al. 1983), and Sphagnum (Daniels 1982, 1985).
The intention of this paper is not to restate the results received by authors
mentioned above or offer a new point of view, since such publications are also known
(Szweykowski 1982; Wyatt 1985), but only by description of this simple
chromatographic technique to stimulate its utilization for broader employment.

Pl.ANT MATERIAL
The best plant materials are young and well-growing leafy stems or young thalli.
To avoid environmental influence, plants can be cultivated in the greenhouse in similar
conditions (Krzakowa & Kozlicka 1982).
EQUIPMENT

1.
2.
3.
4.
5.

6.
7.
8.

Large refrigerator maintaining 2-S°C with enough space for running gels, and one
smaller refrigerator with low temperature for chemical storing.
Power supply capable of delivering up to 400 V and 100 mA is suitable.
Two balances with possibility of weighing 10 mg and 1 kg.
Electric heating plate to boil buffer.
A suction flask and vacuum for removing air bubbles from the freshly prepared
gel. Cotton or asbestos gloves are needed for a comfortable hold of a hot flask of
boiling buffer.
pH meter for preparing buffers and staining solutions.
Double distilled (and/or deionized) water is recommended for buffers.
Gel apparatus. There are many commercially available systems for starch-gel and
polyacrylamide electrophoresis (Shields et al. 1983). The procedure for setting up
the gel apparatus is demonstrated in Figures 1--{5.
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Figure 1. The complete gel electrophoresis set is composed of a plexiglas plate with mobile traces
necessary for preparing wider or thicker gels and to cut gels horizontally in 2-4 slices.

Figure 2. A ready gel is cut at a 4-cm distance from the cathodal part of the gel, and paper wicks are
inserted into the gel.

362

M. Krzakowa: Usefulness of electrophoresis for taxonomy and genetics of bryophytes

Figure 3. Now, the plate is put into the middle part of the chamber, connected by two wet buffersoaked sponges that serve as electrical bridges, and the apparatus is connected with the equalizer. The
power value depends on the thickness of the gel.

Figure 4. After ca 2 h, the electrophoresis is over and sponges are removed.
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Figure 5. The gel is cut horizontally.

Figure 6. About 2-mm thick slices are removed to the developing dishes and subjected to specific
staining procedures.
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GEL PREPARATION

Most often in use is the lithium-boric buffer system of Scandalaios (1969):
A.

0.6

g LiOH

5.945

g boric acid

Dissolve both substances in 0.5 I double distilled water.
8.

3.1

g tris-(hydroxymethyl)-aminomethan

0.8

g citric acid

Dissolve both substances in 0.51 double distilled water.

Prepare buffer mix taking 315 ml of B and 35 ml of A; check pH. Then leave 100 ml
and heat the remainder in the bulb until boiling. In the meantime weigh 42 g of
hydrolyzed starch (Sigma, Serva, Merck) and mix with 100 ml of buffer previously left
in the soak flask (1 1). When buffer starts boiling, the hot liquid should be poured
quickly, shaking vigorously, to emulsify the starch well for making a homogeneous
solution without lumps. Now is the time to soak air bubbles for a moment and the gel
is ready to be poured on the plate. This proportion is for 4 slices, each 2 mm thick.
Keep the gel overnight at room temperature, then place for about 2 h in a cool place
( + 5°C) just before electrophoresis. Protect gel against becoming dry.
EXTRACTION

Working with most enzyme systems, the crude extract can be used with good
results. The fresh thallus (or leafy stem) should be macerated into about 50 µ1 double
distilled water or buffer in small tray or tube. If the plant is juicy enough, no additional
solutions are needed. The crude extract is generally taken into filter paper wicks 5-8
mm long (3MM Whatman) and the gel can be loaded with as many as 20-25 wicks.
ELECTROPHORESIS

Put gel with extracts in the center of the apparatus, fill both chambers with 200 ml
of buffer A as a tray buffer, use wet sponges, and contact apparatus with equalizer. If
the'gel is prepared for 4 slices, 300--400 V is needed for about 15 minutes for moving
protein molecules into the anodal or cathodal section of the gel; then the electricity
should be turned off and paper wicks removed rapidly with forceps . After this,
electrophoresis is conducted for about 3 h; however, the apparatus should be checked
from time to time to be sure that the gel is still cool and the two cut parts are in proper
contact. If the gel becomes warmer, it should be immediately cooled to avoid thermal
denaturation of enzymes. When the borate front reaches 8 cm, the electrophoresis is
finished and the gel can be sliced and stained.
There are a lot of specific staining procedures (see Vallejos 1983 and literature
cited therein) that should be adopted according to the plant examined. The most
frequently used for bryophytes and the cheapest staining procedure is for peroxidases:
A.

0.05 g 3-amino-9 ethylocarbasol (Sigma)
3.5

8.

90
2
0.5
5

ml dimethylphormamid
ml HP
ml CaCl

2

ml3% H 0

2 2

ml 1 M NaAc pH 5
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Mix these two liquids and pour on one gel slide. The red bands appear quite
quickly and usually are present in both anodal and cathodal parts of the gel.
Other slices can be used for investigations on other enzyme systems. When bands
are sharp enough, the gel should be rinsed twice in distilled water and left in 50%
ethanol until the next day. The gel can be wrapped in cellophane wrap and kept in a
cool place for a few months or years.
Interpretation of the results received for peroxidases needs some training from the
literature concerning higher plants (Benito et al. 1980; Garcia et al. 1982; Brewbaker et
al. 1985), although when working with bryophytes one should be prepared for
unconventional discoveries.
REFERENCES
Benito, C., M. Perez de la Vega & J. Salinas. 1980. The inheritance of wheat kernel peroxidases. J. Hered.
71: 416-418.
Brewbaker, J. K., C. Nagai & E. H. Liu. 1985. Genetic polymorphism of 13 maize peroxidases. J. Hered.
76: 159-167.
Brewer, G. J. 1970. Introduction to isozyme techniques. Academic Press, New York.
Crawford, M. T . 1983. Phylogenetic and systematic inferences from electrophoretic data. In S. D . Tanksley
& T. I. Orton (eds.): Isozymes in plant breeding and genetics. Elsevier Scientific Publishing Co.,
Amsterdam.
Cummins, H. & R Wyatt. 1981. Genetic variability in natural populations of the moss Atrichum
angustatum. Bryologist 84: 30-34.
Daniels, R E. 1982. Isozyme variation in British populations of Sphagnum pulchrum (Braithw.) R Warnst.
J. Bryol. 12: 65-76.
- -- . 1985. Isozyme variation in populations of Sphagnum recurvum var. mucronatum from Britain and
Finland. J. Bryol. 13: 563--570.
Garcia, P., M. Perez de la Vega & C. Benito. 1982. The inheritance of rye seed peroxidases. TAG 61:
341- 351.
Gottlieb, L. D . 1981. Electrophoretic evidence and plant populations. Prog. Phytochem. 7: 1-46.
H urka, H. 1980. Enzymes as taxonomic tools: A botanist's view. In F. A. Bisby, I. G. Vaughan & C. A.
Wright (eds.): Chemosystematics. Principles and practice. Pp. 1- 103. Academic Press, New York.
Kahlem, G. & C. Hebant. 1973. Electrophoretic study of acid phosphatases in Polytrichum commune.
Bryologist 76: 554- 556.
Kabler, A. L., R W. Allard, M . Krzakowa, C. F. Werhahn & E. Nevo. 1980. Association between isozyme
phenotypes and environment in the slender wild oat (Avena barbata) in Israel. TAG 56: 31-47.
Knakowa, M. 1977. lsozymes as markers of inter- and intraspecific differentiation in hepatics.
Bryophytorum Bibliotheca 13: 427-434.
- --. 1981. Evolution and speciation in Pellia, with special reference to the Pellia megasporaendiviifolia complex (Metzgeriales). IV. Isozyme investigations. J. Bryol. 11: 447-450.
- - - . 1984. Esterase and acid phosphatase as taxonomic characters in two Chiloscyphus species. Ch.
polyanthus (L.) Corda and Ch. pallescens (Ehrh.) Dum. In J. Vana (ed.): Proc. Third Meeting Bryol.
Central, East Europe, 14-18 June 1982, Praha. Pp. 21-24.
- - - & H . Bischler. 1987. Peroxidases variation in Marchantia polymorpha: A preliminary report.
Symposia Bot. Hungarica 35: 551-554.
- - - & M . Kozlicka. 1982. The problem of herbarium versus cultivation methods in leafy liverworts. In
P. Geissler & S. W . Greene (eds.): Bryophyte taxonomy. Nova Hedwigia 71: 111-116.
- - - & - - - . 1988. Peroxidases polymorphism in Ptilidium pulcherrimum (Web.) Hampe. Bull.
Acad. Polon. Sci. Ser. Biol. (in press).
- - - & J. Szweykowski. 1977a. Peroxidases as taxonomic characters in two critical Pellia taxa. Ibidem
3: 203--204.
- - - & - - -. 1977b. Peroxidases as taxonomic characters. II. Plagiochila asplenioides (L.) D um.
sensu Grolle ( = P. major S. Amell) and Plagiochila porelloides ( = P. asplenioides Aucti, non Grolle)
Bull. Soc. Amis Sci., Ser. D27: 33--36.
- -- & - - -. 1979. lsozyme polymorphism in natural populations of the liverwort Plagiochi/a
asplenioides. Genetics 93: 711-719.
- - - & L. Urbaniak. 1988. Peroxidases as taxonomic characters. IV. Scapania undu/ata (L.) Dum.
versus Scapania uliginosa (Sw.) Dum. J. Hattori Bot. Lab. (in press).
Lewontin, RC. 1974. The genetic basis of evolutionary change. Columbia Univ. Press, New York.

366

M. Krzakowa: Usefulness of electrophoresis for taxonomy and genetics of bryophytes

Maravolo, N., E. Garber & P. Voth. 1967. Biochemical changes during sexual development in Marchantia
polymorpha. I. Esterases. Am. J. Bot. 54: 1113-1117.
Meyer, M. W., J. Greenberg & S. Tedschi. 1974. Enzymes of the moss Funaria hygrometrica. II. The
isozymes of malate dehydrogenase. Bryologist 77: 577-581.
0drzykoski, I., M. A. Bobowicz & M. Krzakowa. 1981. Variation in Conocephalum conicum - the
existence of two genetically different forms in Europe. In J. Szweykowski (ed.): New perspectives in
bryotaxonomy and bryogeography. Pp. 22-32. UAM Poznan.
- - - & J. Szweykowski. 1981. An interesting enzymatic polymorphism in some European populations
of the liverwort Mannia fragrans (Balbis) Frye and Oark. In J. Szweykowski (ed.): New perspectives
in bryotaxonomy and bryogeography. Pp. 33-37. UAM Poznan.
Prus-Glowacki, W., R Zielifiski & R Nowak. 1986. Serological variability of Pellia endiviifolia - P.
megaspora complex. Acta Soc. Bot. Pol. 55: 565-575.
Scandalios, J. C. 1969. Genetic control of multiple molecular form s of enzymes in plants: A review.
Biochem. Genet. 3: 37-79.
Shields, C. R , T. J. Orton & C. W. Stuber. 1983. An outline of general resource needs and procedures for
the electrophoretic separation of active enzymes from plant tissue. In S. D. Tanksley & T . I. Orton
( eds.): lsozymes in plant breeding and genetics. Elsevier Scientific Publishing Co., Amsterdam.
Szweykowski, J. 1982. Genetic differentiation in liverwort populations and its significance for bryotaxonomy and bryogeography. J. Hattori Bot. Lab. 53: 21-28.
- - - & M. Krzakowa. 1979. Variation of 4 enzyme systems in Polish populations of Conocephalum
conicum (L.) Dum. (Hepaticae, Marchantiales). Bull. Acad. Sci. Pol. Ser. Biol. 27: 37-41.
- - - & R Zielinski. 1983. Isoenzymatic variation in Polish populations of the moss Plagiothecium
undulatum (Hedw.) B.S.G. - a preliminary report. J. Hattori Bot. Lab. 54: 119-125.
- - -, - - - & M. Mendelak. 1981. Variation of peroxidase isoenzymes in central European taxa of
the liverwort genus Pellia. Bull. Acad. Sci. Pol. Ser. Biol. 29: 9-19.
Vallejos, C. E. 1983. E nzyme activity staining. In S. D. Tanksley & T . J. Orton (eds.): Isozymes in plant
breeding and genetics. Elsevier Scientific Publishing Co., Amsterdam.
Vries, A. D., B. 0 . van Zanten & H . van Dijk. 1983. Genetic variability within and between populations of
two species of Racopilum (Racopilaceae, Bryopsida). Lindbergia 9: 73-80.
Wyatt, R 1985. Species concepts in bryophytes: Input from population biology. Bryologist 88: 182-189.
Yamazaki, T . 1981. Genetic variabilities in natural populations of haploid plant Conocephalum conicum.
I. The amount of heterozygosity. Jap. J. Genet. 56: 373-383.
- - -. 1984. The amount of polymorphism and genetic differentiation in natural populations of the
haploid liverwort Conocephalum conicum . Jap. J. Genet. 59: 133-139.
Zehr, D. R 1980. An assessment of variation in Scapania nemorosa and selected related species
(Hepatophyta). Bryophytorum Bibliotheca 15: 1-140.
Zielinski, R 1984. Electrophoretic evidence of cross-fertilization in the monoecious Pellia epiphylla , N =9.
J. Hattori Bot. Lab. 56: 255-262.

Glime, J. M. (ed.). 1988. Methods in bryology. Proc. Bryol. Meth. Workshop, Mainz.
Pp. 367-368. Hattori Bot. Lab., Nichinan.

EXPERIMENTAL METHODS OF STAINING WITH
DIFFERENT COLORS IN THE STEM OF POL YTRICHUM
I. Kawai 1 and J. M. Glime2
The studies of Hebant (1977) on conducting tissues in bryophytes are well known.
Yet, little information is available on the special staining requirements of bryophyte
hydroids, leptoids, and associated tissues. Because of various associated compounds,
the techniques differ among taxa. Early methods can be found in papers by Kawai
(1971a, b, c, 1974, 1975, 1976, 1977, 1978, 1979, 1980a, b, 1981, 1982), but these lack
details on time required, specific tissues responding to the stain, and protocol. This
paper reviews three staining combinations for staining the hydrome, leptome,
epidermis, and cortex of Polytrichum.
METHODS

Aniline blue method

Place the moss in a solution of aniline blue and eosin for absorption into the
gametophyte for 48 hours. The cell walls of the hydrome are stained violet-brown by
the solution of aniline blue and eosin.
After washing, place the moss in a solution of eosin for absorption for 48 hours.
The eosin solution will stain the cell walls of the epidermis and the cytoplasm of the
leptome red.
After washing again, place the moss in a solution of methyl green for absorption
into the moss, again for 48 hours. This solution will stain the cell walls of the cortex
blue-green.
Janus green method

Place the moss gametophyte in a solution of Janus green and eosin for 48 hours.
This solution will stain the cell walls of the hydrome violet-brown.
After washing, place the moss in a solution of eosin for a further 48 hours. The
eosin will stain the cell walls of the epidermis, the cytoplasm of the leptome, and the
chloroplast red.
After washing again, place the moss in a solution of methyl green for absorption
for another 48 hours. The methyl green solution will stain the cell walls of the cortex
blue-green.
Congo red method

Place the gametophyte into a solution of gentian violet and Congo red for 48 hours.
This solution will stain the cell walls of the hydrome violet-brown.
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After washing, place the moss in a solution of eosin for a further 48 hours. The
eosin will stain the cell walls of the epidermis, the cytoplasm of the leptome, and the
chloroplasts red.
After washing again, place the moss in a solution of methyl green for another 48
hours. This solution will stain the cell walls of the cortex blue-green.
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BRYOPHYTES IN EDUCATIONAL CONTEXTS

Harvey A. Miller1
It is perfectly clear that despite their considerable diversity, great antiquity, and
undeniable role in many of the earth's ecosystems, bryophytes have been under-utilized
in both the teaching of biological principles and the education of botanists, let alone
biologists in general. The challenge thus presented is as awesome as the opportunity to
broaden the knowledge of new generations of educators now being nurtured. We
cannot assume that a view of bryology as a center of biological interest will ever be
dominant, but having read the foregoing pages, we can recommend bryophytes as tools
useful in the teaching of biological principles. Nearly every specialized presentation in
this volume contains the germ of an idea or method that can be moved to the lecture
hall or teaching laboratory.
Let us look first at those bryological attributes that can be used to demonstrate and
enhance understanding of some basic biological concepts.
What could be more biologically basic than sexual reproduction? It provides for
many of the mechanisms of evolution and for the protection of future generations by
sustaining diversity in the gene pool, among other things. What are the constant
features among all organisms and what are the critical structures and processes?
Whenever sexual reproduction occurs, the specialized sex cells, gametes, fuse together,
combining one set of characteristics from each parent. In bryophytes, these gametes
are the sperm produced in an antheridium and an egg produced in an archegonium.
The gametes are formed on a green, usually leafy, plant with one set of chromosomes.
The sex organs may both appear on such a haploid (monoploid) plant or the plants may
produce but one kind of sex organ. We must remind ourselves that the basic sexual
cycle originated in water and that a liquid environment is always required for gametes
to fuse.
Bryophytes are mostly terrestrial plants, which means that they somehow must
have developed adaptations that permit survival in an aerial, as opposed to an aquatic,
environment. What are the conditions that had to be met to achieve successful
transmigration to the land?

1.
2.
3.
4.
5.
6.
7.

Survival under evaporative stress.
Growth sufficient to compete for light, minerals, and water.
Anchorage sufficient to support larger size.
Strength sufficient to attain competitive size.
Conduction system for water and minerals.
Protection of gametes.
Dispersal of gametes and propagules in an aerial environment.
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The bryophytes are very close to the level of evolution that seems to have existed at
the time of establishment of transmigrants onto the land. Thus, it is reasonable to use
the bryophytes as a model system for discovering some evolutionary solutions to the
aforementioned problems. As soon as one begins to list specific examples of
adaptation, the discovery is made that many distinct solutions have survived and that
considerable radiate evolution has occurred. For instance, responses to evaporative
stress have evolved very differently. Some species of Grimmia growing on sunny
mountain tops are capable of withstanding extreme daily fluctuations in moisture, and
some desert species of Pottiaceae are able to begin growing again after years of storage
in herbaria. At the other extreme, some cloud forest species of Leucobryum survive
less than 24 hours if relative humidity falls below 70 percent. Herbertus species are
reportedly tolerant of 30 percent relative humidity for periods of only a few hours. In
these cases, and many more, the adaptations are apparently cytological. In some
thalloid hepatics, a well-developed waxy cuticle that is formed on the upper surface
mechanically reduces direct water loss. Most moss sporophytes develop a waxy cuticle,
and the growing tip is protected by the calyptra, which is often waxy or hairy.
Numerous other examples can be found representing both physiological and
mechanical adaptations to moisture stress.
The totality of adaptations associated with the terrestrial environment impinges
directly upon the overall pattern and devices employed to accomplish sexual
reproduction. The structures and the sequence of events in the bryophyte life cycle can
be considered as logical consequences of the adaptations evolved during the
evolutionary process of transmigration. The basic sexual life cycle for all terrestrial
embryophytes is essentially comparable to, and understandable in the context of, the
bryophyte life cycle. The heteromorphic diplobiontic life cycle of the bryophytes
demonstrates clearly alternation of generations. Once the logical basis for the life cycle
as a series of adaptations to living on land is grasped, then each step follows the other
naturally. Thus, the reproductive cycles for the diploid vascular plants become
modifications of the bryophyte cycle with an ever more reduced gametophytic
generation. Such a conceptual framework, while admittedly simplistic, has proved
useful as a means to communicate a series of fundamental biological principles,
particularly as they relate to plants.
Students who become interested in the mosses often come forward with questions
about how to make them grow. I usually provide them with some simple instructions
for isolating spores and planting them on mineral agar. Spores are best gathered from
closed mature capsules that have been surface-sterilized in a 0.5-1.0% Clorox (a 5.25%
sodium hypochlorite household bleach) solution for about one minute and rinsed twice
in sterile distilled water. The capsule can be broken open and the spores sprinkled on
the medium. An alternative is to smash the sterilized capsule gently in a small volume
of sterile distilled water and pour the resulting spore suspension over the medium. For
observing spore germination and growth, I find a simple mineral medium such as
Beijerinck's (1000 ml distilled water; 0.5 mg NH4NO 3; 0.2 g MgSO 4 · 7H2O; 0.2 g
JSHPO 4 ; 0.1 g CaC½ · 2HiO), which may be supplemented with trace elements, to
work well in class. The addition of 10 g of agar per liter of medium prior to autoclaving
produces a satisfactory solid medium for Petri plate culture. Putting the plates on a
dull black surface reduces the tendency for part of the protonema to grow downward.
A single 60 watt bulb at a distance of about one meter seems to provide sufficient light
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for the protonema to begin to grow. Students are encouraged to follow the
development of the protonema and subsequent growth, keeping records of the process.
This experience has led some of my students into such areas as growth regulator
responses, tissue culture, developmental morphology, and plant physiology.
The teacher who is not a specialist, but who nonetheless is charged to deal with
mosses and liverworts, needs help. It is to this audience that the following suggestions
maybe helpful.
OBSERVATION TECHNIQUES

Cutting cross-sections
After years of struggling with carrots, pith sticks, and even mucilage, I have finally
settled on the fearless fat finger technique. Place the item to be sectioned in a drop of
water on a slide. Hold the specimen flat with an extended horizontal index finger
covering most of the specimen. Press a new, single-edged, vertically oriented, razor
blade against the fatty tissue of the finger and slice (not chop) downward to the slide.
Discard this first cut material by pushing it aside. Make a second cut parallel to the
first with a slight blade pressure against the fixed forefinger. Repeat the process
increasing the lateral pressure each time a new cut is made. With practice, 15-20 µm
thick sections can be produced relatively consistently.
Observing a peristome
The peristome is often an object of considerable beauty and it also can be used
most effectively to demonstrate hygroscopic movement. To see detail of the peristome
architecture, split a newly opened capsule lengthwise and mount half in water with the
outside upward and half with the inside upward. This mount can be made permanent.
To observe hygroscopic movement, it is usually best to select a moss with a double
peristome, such as Mnium, Hypnum, or Sematophyllum. Remove the sporophyte with
the seta intact. Thread the seta through a pin-hole in a stiff piece of paper until the
capsule is clasped firmly by the paper so that the peristome can be observed at 40X to
lOOX magnification while a moist breath is blown across it. Observation of the
immediate action is easiest when the moist breath is supplied by a second person. The
peristome never gets tired and I have had success with Mnium capsules that had been
preserved in FAA solution for at least five years.
Making semi-permanent mounts
Nearly all dissections are made in water and initial observations are of water
mounts. To preserve such a mount, it is easiest to apply small amounts of Hoyer's
solution at opposite edges of the coverslip. Given time, the water will evaporate and
the miscible Hoyei:'s solution will replace it. It may be necessary to add more Hoyer's
from time to time as the mount dries and the mounting medium shrinks. The
advantage to a Hoyer's mount is that it clears the specimen so that only the cell walls
are obvious. But that can also be a disadvantage if cellular inclusions are important for
observation leading to identification. A few species or structures may shrivel in
Hoyer's, so it does have limitations. A useful formulation for Hoyer's solution is: 50
ml distilled water; 30 g gum arabic; 200 g chloral hydrate; 20 ml glycerine, mixed in
order. Allow the mixture two to four days to clear if cloudy. The gum arabic tends to
clump, so it should be added very slowly to the water during constant stirring and all
clumps broken up before adding the last of the chloral hydrate.
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IDENTIFICATION

Identification of bryophytes is not extraordinarily difficult and requires modest
manual skill. Of course, the vocabulary must be learned as well as use of hand lens and
microscope. It is important to learn to use a lOX to 20X hand lens well in the field as it
allows one to be a more selective and effective collector. All large scientific supply
houses have metal-framed hand lenses, as do many coin and hobby shops. To use the
hand lens, both the lens and the specimen must be brought close to the eye in good
light. Sometimes features can be more easily observed if the specimen is held up
toward the sky to provide a lighted background.
The compound microscope must provide magnifications of about lOOX and
400-500X to show diagnostic features. A lower power scanning lens giving 25X to 40X
magnification is very useful for locating leaves or other structures in dissections.
Because observations are made in water mounts, the stage should remain flat when
using the instrument.
Once you have selected the leafy stem for dissection, place it on the 1 x 3 inch (25 x
75 mm) glass slide in a drop of water with the growing point toward one end of the
slide. Hold the stem with forceps, or under a finger, and scrape the stem downward
from the apex to remove leaves. A dissecting needle or a sewing needle in a pin vise
will work satisfactorily for most things. However, a Moos-Messer (German for mossknife) makes removal of leaf bases and delicate dissections easier. Just sharpen a
needle point with a stone or flatten the point into a small blade; a curved blade
facilitates removal of alar cells or basal auricles from the stem. Once 15-25 leaves are
removed, take away the leafy stem and apply a cover glass over the water drop and
suspended leaves. If there are no large air bubbles and there is sufficient water under
the cover glass, the mount is ready for examination. If the identification key calls for
stem features, spores, peristome structure, or cross-sections, additional mounts will be
necessary. Unless otherwise specified, leaves from the main stem are the structures of
reference in the keys.
COLLECTION AND PRESERVATION

Because of close attachment of the moss to the substrate, some means of removing
specimens is often necessary. The single most useful tool is a large sheath knife with a
heavy blade. The tip will become dull from scraping rocks and digging tufted forms,
but the rest of the blade can be kept sharp enough that it can cut small branches or
serve as a drawknife to remove bark-inhabiting species. If one carries a machete to
slash through under-brush, it can also be a very effective drawknife. Care should be
taken to remove the specimen with only the outer bark in a manner that does not harm
the tree. A bit of the colony should be left, especially if the species is locally rare, so
that new growth can continue the natural population.
A good specimen is about the size of the palm of one's hand, although sometimes
only smaller amounts can be found. As long as enough material exists for necessary
dissections plus a few normal stems, the specimen is adequate to establish a record, but
such minimal collections should be limited to rare or unusual species. Very tiny species
lack bulk, but one should endeavor to get 50 to 100 plants if possible. Sphagnum
species and other large species should be collected as whole plants if the specimen is to
be of maximum value. Bark- and leaf-inhabiting species may be preserved directly on
the substrate. Be sure to trim bark and twigs or split stems while the wood or bark is
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still moist or green - it becomes incredibly hard and unyielding once it is dry and does
not soften satisfactorily. Tufted species should be separated into thin slabs and as
much soil removed as possible. Sometimes it is necessary to remove a few plants from
the substrate and packet them separately when the species is small and individuals are
somewhat scattered.
Many bryologists use small kraft paper bags of the 1 or 2 pound size and write
collecting data directly on the bag with soft pencil or waterproof ink. Others prenumber the bags and keep notes by that number in their field notebooks. Both systems
are effective ways to record observations at the time of collection. In lieu of paper bags
other bryologists use pre-folded packets, but these may have a tendency to spill their
contents if not carefully handled. In either case, each collection is separately packaged
in the field for later study under the microscope. Light-weight and brightly colored
laundry bags are a favorite collecting sack because they can be easily found if left along
a trail and because they can be quickly and securely closed. On prolonged field trips,
specimens can begin to dry right in the laundry bag. If one is going to visit several
localities, it is often useful to have a separate collecting sack for each locality. Plastic
bags of all sorts are discouraged for collecting herbarium specimens of bryophytes
because the wet specimens have a tendency to mold. Collections in paper bags may be
air dried in the bag without transfer. It is wise when so doing to arrange the specimen
in the bag so that it will go directly into a packet without additional handling.
Sometimes a plant press is used to dry bryophytes, but the pressure should be very light
so that specimens do not become distorted upon drying. Thallose liverworts, especially,
and many mosses do not recover their original form when dried under the high
pressures needed for flowering plants and ferns.
Once your specimens are dry, they are ready for preparation for deposit in an
herbarium. Steps in recording that must be done for the specimen to be of value are
discussed below. The herbarium packet is the final storage place for your specimen
and it should be made of a good grade of rag content bond paper (but not the easily
erased types) and bear a typewritten or neatly written label. If names of places are
unusual it will save confusion if they are typed or printed in capital letters. Use only
permanent inks - please no ball point pens - such as India ink for hand-prepared
labels. Many botanists use a special fountain pen (Rapidograph) that can be used with
India ink for their labels. Computer-generated labels have been discussed in an earlier
chapter.
Nearly all collections can be accommodated in a packet folded from a standard 81/2 x 11 inch sheet to a finished size of 5-1/2 by 4 inches. Getting packets of uniform
size is easily done by making a simple packet machine from an old file folder. Carefully
cut the tabs off the folder to leave all edges straight and square. Then carefully
measure and fold a flap exactly 4 inches wide on one end of the opened folder. Staple
or tape the ends so that it forms a pocket. On the opposite end prepare a similar
pocket 1-1/2 inches deep. Now you are ready to prepare a supply of packets. Two to
three sheets can be handled at once for the first two folds. Place one end of the 8-1/2
inch wide paper in the 4 inch pocket and fold it over the pocket. An old stainless steel
spoon under the thumb helps to get a good crease. Next fold the longer part of the
sheet over the 4 inch part so that when folded the dimensions are 4 by 8-1/2 inches.
Separate the sheets and be sure the shorter flap is over the 4 inch part. Place the flap
side down in the packet machine and slide one end into the 1-1/2 inch pocket, fold it up
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and crease. Repeat the operation on the other end of the packet and it is ready to use.
Some bryologists use other styles of packets.
The label can be printed directly on the packet, as some professional bryologists
do, or it can be printed separately and firmly glued on the packet after it is typed or
written out. Labels may be very plain or have maps of the area where the specimens
were collected, or even be a bit whimsical, but the information contained should be as
complete as possible. Minimum information for specimens should include: 1)
scientific name and authority; 2) state; 3) county; 4) township; 5) locality as precisely as
possible; 6) vegetation type; 7) substrate; 8) other observations such as altitude; 9)
name of the collector(s); 10) a field or collection number; 11) date of collection; and
12) name of the identifier and date of determination. Latitude and longitude make
phytogeographic work easier. Inadequate data on collections made a long time ago
have created many problems for botanists trying to relocate rare species.
Fully identified and curated specimens are stored in an herbarium that is an
organized collection of plants arranged in such a way that any species can be easily
located. Institutional collections are usually kept in trays in airtight metal herbarium
cabinets with fumigant or pest strips inside to prevent damage by insects and other
vermin. Large herbaria may use a natural system whereby related families and genera
are located near to one another. Small herbaria and private collections can be
conveniently used with genera alphabetized and species similarly arranged within the
genus. Because of the cost (approaching $800 each) of a proper herbarium cabinet
with a capacity of about 5000 packets of pressed specimens, most private collectors file
their packets in shoe boxes or other: covered boxes on shelves or in inexpensive metal
storage cabinets such as 4 x 6 inch card files. A homemade cabinet with a lightweight
plywood skin can be constructed for far less materials cost than a herbarium case. A
well-built and properly sealed unit can provide satisfactory protection from silverfish
and herbarium beetles.
Private herbaria often provide valuable records of local plants as well as material
of other species useful for comparisons. Many species can be obtained through
specimen exchange with other bryologists. Keeping a personal bryophyte herbarium is
encouraged because of its immediate value to the owner. However, most people do not
know what a herbarium is, and problems can arise in settling an estate when no will
exists to direct a proper disposal of the collection. Therefore, everyone who keeps a
private collection assumes an obligation to provide for its future preservation and
should indicate in a legal will the name of a permanently established institutional or
University herbarium to receive the collection. Not all herbaria are willing to accept
collection:s from unknown sources and so it is wise to develop a working relationship
with a herbarium of your choice. Often technical assistance with botanical problems is
given to those who show interest in plant identification and a mutually beneficial cooperation may be established.
If no herbarium is nearby, assistance is available to members of the American
Bryological and Lichenological Society and other national societies. Societies often
maintain separate herbaria for mosses and liverworts. Curators of these plants often
will assist with identification problems in return for a specimen for the herbarium, but
they normally cannot accept more than 2-3 problem specimens at a time from any one
person. Also, the society may operate separate exchanges for mosses and liverworts so
that members may obtain specimens from other areas to compare with local plants.
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140, 141, 142, 144, 145, 211, 236, 237,
241,242,260,355,356,357
electrode-buffer 357
electrofocusing 146
electrofusion 60, 67, 69, 70, 71, 209, 210,
211
electrogenic 119
electrolytic 71
electromagnetic 235, 236, 237, 238, 239
electromedical 241
electron-dense 187
electrophoresis 132, 133, 139, 140, 144,
353,354,355,356,357,359,360,361,
362,364
electrophysiology 241
elongation 23,119,296,297
eluate 229
eluent 165, 166, 167, 224
elution 66, 111, 151, 162, 167, 174, 179,
222,223,224,225,226,227,228,232
embed 79, 83, 103, 108, 182, 183, 184,
186,195,231
Encalypta 115
endemic307
endomembrane 183, 185
endophyte 6
endoplasmic 79, 82, 107, 185
endosporic 114
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entrapment 144
enzyme 74, 75, 79, 83, 84, 85, 107, 119,
131, 132, 134, 135, 136, 165, 173, 179,
180,203,204,209,275,353,354,355,
356,357,358,359,360,364,365
eosin 367, 368
Eperua 290
Ephemerum 20
epidermis 195, 367, 368
epifluorescence 200
epiphyte 16, 184, 249, 266, 276, 285, 286,
287,290
episcopic 204
epistatic 66
Epson printer 277,278,279,280,284,316
equalizer 362, 364
equilibration 140, 229, 293, 294, 295, 296
ester 120, 174, 175
esterase 359
esterify 173
ethanesulfonic 82
ethanol 2, 3, 5, 6, 7, 9, 11, 12, 14, 79, 83,
100, 101, 109, 121, 122, 123, 165, 168,
169,170,171,175,357,365
ethanol-acetone 83
ethanol-insoluble 79
ethanol-soaked 102
ethanol-water 142
ether 157, 158, 169, 170, 174, 180
ethyl47,55, 111,120,157,158,159,162
ethylacetate 111, 149
ethylenediamine 144
ethylenediaminetetraacetic 82, 184
ethyleneglycol 82
ethylformate 151
ethylocarbasol 364
etiolation 23, 127
etioplast 129
EtOAc 149, 151
EtOH 169, 171
Eubryales 20
eudesmane-type 159
eukaryotic 181
eutrophic 237
evacuate 3, 221, 222, 273
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evaporate 111, 149, 157, 158, 159, 166,
174, 175, 229, 291, 292, 293, 369, 370,
371
evolution 75, 134, 259, 260, 307, 354, 359,
369,370
exchanger221,222,223,224
excise 6, 7, 8, 9, 102
excision 253
excitability 241
excitation 194, 200, 242
exfoliation 185
exospore 114, 115
explant 9
externally-held 292
extracellular 107, 226, 227, 228, 229, 230,
232,233,241,242
extract 27, 30, 49, 108, 131, 132, 140, 148,
149, 150, 151, 152, 153, 155, 157, 158,
159, 161, 162, 168, 169, 170, 171, 173,
174,175,178,179,188,195, 1%, 302,
343,355,357,364
extractor 165, 168
exudate 250, 256
F-test 105
FAA371
fall-out 246
far-blue light 109
far-red light 81, 200, 201
fatty acid 73, 173, 174, 175,176,371
Fe 3, 32, 48, 49,213,218
Fe-citrate 78, 200
FeC~ 32, 73,114
feedback 199
fen 300,304
fermentation 119
fermenter 28, 29, 30, 31, 41, 42, 43, 44, 45
fern 6, 199, 344, 346, 347, 348, 350, 373
ferricyanide 119, 185
ferrochloride 168
fertile 59, 66
fertilization 54, 65, 241, 354
FeSO4 52,99, 100,203
field-collected 1, 6
field-grown 231
field-portable 259, 270
figure-of-eight knot 287, 288, 289, 290
filter-sterilization 104
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filtrate 104, 173
filtration 49, 52, 90, 101, 123, 157, 158,
217,221,223,227
filtration-enriched 49, 50
Fissidens 19, 115
Fissidentales 19
fixative 182, 183
Fl 82,103
flame-sterilized 102, 103
flavone 153, 154, 155
flavonoid 147, 148, 149, 150, 151, 152,
153,154,155,165,194,359
flavonoid-like 152
flavonol153, 154,155,197
flight 308, 309
flora 276, 286, 290, 300, 312, 313, 343
floristic 276, 311, 312, 344
Floropore-1000 104
flowmeter 29, 262
fluoresce 193, 194, 1%
fluorescein 131
fluoresceindiacetate 89
fluorescence 23, 30, 42, 55, 82, 90, 103,
104,109,114,123,151,153,154,158,
193, 194, 195, 1%, 197, 199, 200, 201,
203,204,205,254
fluoride 82
fluorochrome 194, 199, 200, 204
FMNH 2-NR 134
foil-plastic 268
Fontinalis 20, 213, 237, 239
formaldehyde 108, 182, 183, 187
formalin 114
formamide 358
formate 179
formic 167, 179
FORTRAN 313, 317, 344
fossil 17, 195, 299, 301, 302, 303, 304
Fossombronia 18
fractionation 73, 109, 140, 141
free-climbing 288
freeware 314, 317
freeze-dried 223
freeze-fracturing 186
freeze-substitution 186, 187
freeze-thaw 275, 276, 281
frequency-dependent 239
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fructose 100, 101
fructose-6-phosphate 358
Fmllania 115
Fuchs-Rosenthal 91,204
fumaric 100, 101
fumigant 374
Funaria 20, 71, 89, 90, 115, 120, 122, 139,
185,186,187,209,360
Funariales 20
fungus 22, 35, 47, 119, 147, 165, 182, 184,
187,196,285
fusicoccin 119, 122, 123, 124
galactolipid 174, 175
gall 196
gamete 360, 369
gametophore 45, 47, 55, 127
gametophyte 9, 10, 11, 38, 39, 45, 47, 54,
55, 56, 59, 61, 65, 101, 102, 103, 107,
108,111,113,114,147,120,121,123,
185,196,239,367,370
gas-chromatography 148, 157, 160, 161,
162
GC-column 175
GC-injection 161
gel 111, 114, 131, 132, 133, 134, 139, 142,
143, 144, 145, 146, 150, 151, 157, 159,
162,174,180,353,354,355,356,357,
360,361,362,363,364,365
gelatin-coated 108
gelatine 134, 195
gemma 6, 8, 9, 11, 14, 19, 196
gemma-suspension 9, 11
generation 50, 63, 141, 147, 259, 270, 333,
369,370
genetics 17, 41, 48, 49, 52, 59, 60, 61, 62,
63, 65, 66, 67, 99, 102, 203, 209, 231,
322,353,354,355,356,359,360,369
genome 60, 61, 354, 359
genotype 355, 359
Geocalyx 115
geographic 220, 315, 323, 325, 343, 344,
345,346
geology 299
Geothallus 18
geothermal 283
germacrane-type 159
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germination 25, 35, 36, 37, 38, 39, 49, 55,
56, 63, 65, 102, 113, 114, 115, 116,
309,370
Gigaspennum 20
glacial 132, 357
glaciation 307
glass-fiber 43
glassware 4
GLC 174,175
glucan 79
glucose 2, 15, 17, 20, 21, 23, 24, 25, 27, 73,
78, 79, 100, 101, 103, 108, 111, 200,
203,209,210,357,358
glucose-1-phosphate 358
glucose-6-phosphatase 184
glucose-6-phosphate 357, 358
glutamate 358
glutamate-oxaloacetate 358
glutamine 47, 209
glutaraldehyde 79, 83, 108, 182, 183, 184,
185,186,187
glyceraldehyde-3-phosphate 358
glycerine 195, 302, 303, 371
glycerol 132
glycerole 174
glycerolipid 173
glycerolphosphoryl 179
glycine 132, 140, 143
glycol 60, 77, 78,82,83,84
glycol-enriched 85
glycol-rich 77
glycolate 75
glycolipid 76, 175
glycoside 149, 151, 155, 161, 162
Glyphomitrium 115
Golgi apparatus 84, 107, 185
Gondwanaland 307
gravireactive 122
gravitropism 47, 68, 127, 128, 129, 199,
337,338
gravity-feed 3
greenhouse 33, 266, 360
grid-map 315
Grimmia 20, 370
Grimmiales 20
grinding 132,149,357
Gro-Lux23
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growth-limiting 32
growth-test 65
Gyrothyra 18
H-inositol 179
H-labelled 179
H-myo-inositol 111
Hz 140
HzO 2, 3, 32, 38, 52, 53, 54, 66, 73, 78, 99,
100, 114, 132, 140, 149, 151, 154, 159,
170,175,200,203,357,358,364,370
H 2O-MeOH 162
H 20 2 134, 358, 364
H 2S04 79, 109, 158, 159, 175
H 3B0 3 3, 52, 99,100
H 3B04 73
H 30 140,141
haemacytometer 9, 11, 68, 160
halogen 128
haploid 47, 50, 54, 55, 59, 60, 63, 99, 369
Haplomitrium 18, 115
harvest 28, 29, 30, 31, 44, 54, 55, 65, 73,
108,123,203,249,250,259,261,296
HCl 42, 53, 63, 64, 65, 66, 70, 100, 101,
109,179,224,358
HClO4 217,218
HCOOH 151
heat-labile 2
heat-sterilized 2, 3, 4, 9, 10, 11, 12, 14
heavy-metal 213, 218, 219, 221, 222, 223,
224,226
helium 160
hemicellulose 109
hemiparasite 286
Hepaticae 115, 157, 182, 184, 185, 186,
187,188,249,343,344,345,360,370
Hepes 75, 183
Hepes-KOH 78,179
heptadecanoic 176
Herasil 308
herbarium 21, 147, 148, 149, 157, 195,
301,302,311,312,313,314,315,333,
370,373,374
Herbertus 18, 370
herbicide 232
herbivory 250
hermetically 308
heterologous 210
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heteromorphic 370

Heteroscyphus 115
heterotaxis 239
heterotrophic 35
heterozygote 359,360
hexane 174
hexokinase 357, 358
hexose-proton 107
Hg 229,232
high-pressure 194
histochemical 168
histogram 282
histology 35
HN0 3 32, 217, 218, 221, 222, 223, 224,
225,227,229
HOAc 150, 151, 152
Hoagland solution 32, 52, 203
homogenization 82, 86, 109, 165, 168, 169,
173
homogenizer 55, 82, 109
homologous 210
homozygous 359
Hookeria 20
Hookeriales 20
hormone 45, 48, 56, 77, 119, 139
hormone-dependency 139
hormone-requiring 56
hormone-resistant 47
hormone-sensitive 139
hornwort 182, 184
horticulture 249
host-endophyte 188
Hoyer's solution 114,302,303,371
HPLC 148,162,165,166,167
HPLC-analysis 166
HPLC-chromatogram 169
HPLC-grade 167
HPLC-gradient 167
HRP 134,135
HRP-conjugated 135
humidity 24, 29, 33, 262, 266, 268, 270,
275,277,278,284,289,293,295,296,
370
humification 305
hummock 279, 280, 281, 300
hummock-hollow 300
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humus286
Hurey-Py 22
Hutner's medium 3
hybrid 60, 61, 64, 65, 67, 68, 70, 71
hybridization 59, 60, 61, 67
hydazone 89
hydrate 182, 266, 296, 371
hydration 242, 292
hydrazine 273
hydrocarbonaceous-bound 165
hydrocarbon 161
hydrochloric acid 168
hydrogen 15
hydroid 367
hydrolysate 111
hydrolysis 107, 109, 177
hydrome 367
hydrophilic 142
hydrophilized 143
hydrophobic 142
hydroxide 168
hydroxyl 119,153,154,167
hydroxylation 153, 154
hydroxymethyl54,82,364
hydroxyproline 15
hydroxytoluene 82
hygrophytic 291
hygroscopic 371
Hylocomium 252
hyperpolarize 119
Hypnobryales 20
Hypnum 20, 115, 245, 246, 247, 371
hypochlorite 100, 102, 370
hypodermic 1, 4, 6, 7, 10, 12, 14, 39
hysteresis 262
12158
1i-vapor 158
IAA 89, 91, 93, 94, 95, 96, 119, 120, 122,
139,140
identification 79, 109, 147, 149, 155, 168,
176, 180, 185, 196, 301,302,312, 313,
316,321,322,323,324,325,326,335,
371,372,374
IDP82
IDPase 83, 84
illumination 30, 37, 38, 41, 102, 103, 104,
123,194,203,242
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illuminator 194
image128,186,187,188,337,338,340
imbed 332
imbibition 36
immersion 3, 13, 14, 142, 175, 182, 241,
242, 293, 297, 301
immunochemistry 131, 135, 136
immunocytological 182
immunodetection 131, 136
immunoelectrophoresis 131
immunofluorescence 187, 188
immunoglobulin 131, 134
immunogold 184
immunological 131, 132, 134, 135
immunotitration 134
impedance 239
impeller 42, 43
impregnation 186
inactivation 173
incrassate 184
incubation 27, 44, 50, 54, 55, 56, 74, 79,
91, 93, 94, 95, 96, 108, 120, 121, 122,
123,127,131,134,179,200,204,228,
230,231,232,357,358
incubator 44
indicator 122, 213, 246, 299, 303, 346, 353,
354,357
indole-3-acetic 139
inductance 236
inducting 136
induction 20, 47, 54, 103, 136, 139, 199
Inertol 32
infection 29, 30
inference 302, 303, 322, 323, 324
inferred-pH 305
influent 29
influx 89, 91, 93, 94, 96
infra-red light 128, 259, 260, 263, 265,
266,268,291
infra-red-sensitive 128
inheritance 354
inhibition 23, 96, 224, 232
inhibitor 81, 86, 89, 96, 108, 128, 129, 232,
337
inhibitory 22, 23, 81, 136
inhibit 20, 81, 111
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injection 5, 6, 9, 12, 13, 15, 38, 102, 161,
162,211
injector 166
injury 165
inoculation 7, 8, 9, 10, 11, 22, 29, 30, 31,
35, 37, 38, 42, 44, 56, 63, 65, 70, 73,
103,104,127,140
inoculum 8, 9, 11, 17, 24, 25, 27, 30, 42,
103,104,127,199
inosine 82
inositol 100, 177, 178, 179
insect 165, 196, 285, 374
interactive 331, 335, 338
intercalary 111
intercellular 228
inversion 82, 245
invertebrate 283
iodine 158, 175, 178, 180
ion 15, 32, 77, 81, 119, 120, 132, 141, 143,
144, 161, 167, 179, 183, 199, 221, 226,
228,229,230,231
ion-selective 242
ionic 23, 35, 39, 139, 213, 228, 241, 242,
355,357
ionization 104, 160, 167, 235, 239
IRGA 259, 260, 261, 262, 264, 265, 266,
267,268,270,271,273,291
iron 228
irradiation 33, 81, 87, 193, 194, 199, 200,
201,204,295,337,338,339,340
irrigate 54, 65, 128
iso-pH 144
Isobryales 20
isocitrate 358
isocitric 358
isocratic 167
isoelectric 139, 140, 141, 142, 143, 145
isolation 47, 48, 49, 50, 52, 54, 56, 57, 60,
61, 62, 67, 73, 74, 75, 77, 78, 81, 86,
99, 147, 154, 155, 157, 162, 165, 168,
179,203,204,210,321
isomerase 357, 358
isopropanol 173, 178
isothermal 175, 281, 282
isozyme 359,360
Janus green 367
Jubula 18

Index

J ungermannia 115
Jungermanniales 18, 186
J ungermanniidae 115
juvenile 12
kanamycin 60
kanamycin-resistant 60
karabiner 215, 287, 288, 289, 290
Kaypro computer 313
KC179,83,89, 114,123,232,241
key 301, 312, 316, 321, 324, 330, 372
key-punched 344
keyboard 324
KEYOUT316
keyword 312,317
JSHPO4 75, 370
.
KH2PO 4 3, 32, 52, 78, 99, 100, 114, 200,
203
kHz235
KI 32, 52, 73, 99, 100
KNO 3 3,32, 73, 78,99,100,200,203
Knop's medium 2, 3, 21, 22, 23, 42, 114,
140, 209, 210
Knudsen's medium 3
Koehler 193
KOH 52, 54, 101,123,169,171,200,203
Komagome pipette 103, 104
K-phosphate 82, 83
K-pipette 103
JSP04 73
JSS 2O5 82, 86
JSSO4 52
L-arginine 53
L-aspartic 358
L-glutamate 53, 358
L-glutamic 144
L-lysine 144
L-ornithine 53
L-proline 53
labelling 108, 111, 184, 188, 199, 203, 260,
270
lactone 159
lactophenol 114
lacuna 181
lagg 300
lamellar 186
laminar 204
lamp-housing 127
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lanthanum 188
laser 146, 313, 317
latex 2, 3, 4, 6, 12, 13
latitude 315, 374
layering 28, 91
leachate 294
leaching 148,250,254
lead 1, 36, 38, 79, 109, 136, 139, 147, 262,
277,286,290,324,353,359
Leading-Edge computer 308
leaf 30, 196, 221, 252, 265, 268, 270, 273,
302,303,325,333,334,335,338,372
leaf-inhabiting 372
Lejeunea 115
lens 347, 348, 349, 350, 372
Lepidozia 18
Leptob,yum 20, 73, 74, 75
leptoid 367
leptome 367, 368
lethal 23
Leucob,yum 19,370
leupeptin 82, 83, 86
liana 285, 286
lichen 147, 229, 230, 232, 275, 276, 282,
290,291,344,346,347
lichen-encrusted 281
LiCl 32, 52
Licor 262
ligand 229,230
light 18, 22, 23, 24, 25, 30, 32, 33, 37, 38,
39, 41, 42, 43, 52, 55, 65, 73, 74, 81,
82, 87, 90, 102, 103, 107, 108, 109,
111, 114, 119, 122, 127, 128, 129, 151,
158,162,183,193,194,195,196,199,
200,201,203,204,214,215,236,241,
243,254,261,265,266,268,270,283,
289,295,308,309,317,337,338,347,
348,349,350,358,369,370,372,373
light-directed 199
light-induced 120, 339
light-pen 316
light-proof 128
light-regulated 82
light-sensitive 358
light-stimulated 199
light-tight 270
light-triggered 177, 243
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light-weight 259,262,373
lighting 123, 128, 195, 350
Lilium 199
limnic 305
limnology 305, 306
limonene 161
linalool 161
linear-regression 302
linkage 61, 63,142,359
LiOH 357, 364
LiOH-borate 357
lipid 73, 75, 76, 89, 109, 173, 174, 175,
177,180,186,187,197
lipoidal 180
lipophilic89, 101,149,158,160,200
list-handling 329
lithium-boric 364
lithophyte 291, 292, 296
litter 256
liverwort 15, 16,25,41, 101,120,147,148,
149, 157, 158, 163, 181, 184, 185, 237,
238,239,241,276,360,371,373,374
locomotion 337
locus 353,354,359,360
logger 262, 263, 265, 268, 273, 275, 276,
277,278,279,280,283,284
logging 270
Lomax 89, 96
longitude 315, 374
loose-turf-forming 253
Lophocolea 18
Lopho/ejeunea 115
Loranthaceae 286
Lorentziel/a 20
lowicryl 184
luer 102
Lunularia 19
lux 18, 23, 33, 73, 82, 102, 103, 114
lyophilize 132, 145, 165
lysosomal 185
m-coumaric 169
macerozym 74
macroclimate 299
macrofossil 301, 302
macrolens 347
Macromitrium 115
macromolecular 188
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macronutrient 1, 2, 3, 22
macrophotograph 347
macro 313
macroscopic 254, 276, 302
magnesium 232
magnetic 29, 30, 101, 235, 278, 355
magnification 371, 372
mainframe 280, 283, 301, 311, 313, 314,
316,318
maize 122, 134, 135
Makinoa 18, 115, 116
malate 358
male 103, 359
maleate 179
maleic 54
malic 100, 101, 358
Mannia 115, 360
mannitol 53, 55, 56, 66, 91, 93, 100, 101,
187,203,204,209,210,211
mannitol-free 49
mannose 100, 101
manometer 260, 300
Marchantia 19, 28, 41, 104, 115, 116, 185,
186,360
Marchantiales 19, 114
Marchantiidae 115
master-and-slave 277
medical 321
medium 1, 2, 3, 4, 5, 6, 7, 8, 9, 11, 12, 13,
14, 15, 18, 19, 20, 21, 22, 23, 26, 27,
28, 29, 30, 32, 41, 42, 43, 44, 45, 49,
50, 52, 53, 54, 55, 56, 60, 63, 64, 65,
66, 67, 68, 70, 73, 74, 75, 76, 78, 82,
89, 93, 94, 95, %, 99, 100, 101, 102,
103,104,107,108,111,113,114,119,
120, 121, 122, 123, 127, 128, 136, 139,
140,179,184, 1%,200,203, 204,209,
210,214,302,303,307,354,370,371
medium-in 42, 44
medium-out 42, 44
Meesia 252
meiosis 59, 61
membrane 2, 3, 4, 12, 28, 29, 39, 77, 78,
79,81, 82,83, 84,85,86,87, 101,104,
107, 109, 111, 119, 131, 134, 135, 177,
179,182,184,185,186,188,195,204,
224,228,229,230,231,232,241,308
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membrane-amplified 111
membrane-associated 199, 200
membrane-bound 199, 201
membrane-localized 177
membrane-sterilize 4
membrane-sterilized 4
Mendelian 354, 359
menu-driven 332, 338
MeOH 149,151,162,173,174
MeOH-soluble 149
mercapto-ethanol 355
mercury 109, 200, 204, 261
mercury-vapor 194
mesh-size 301
mesophyll 81
Mesozoic 307
metabisulfite 109
metabolic 15, 28, 89, 169, 270, 275, 276,
291,292
metabolism 73, 81, 111, 165, 173, 177,
178, 1%, 197,221
metabolite 13, 16, 73, 165, 256
metal 2, 3, 7, 102, 136, 213, 214, 216, 218,
221,222,227,228,229,230,236,269,
374
metal-framed 372
metal-hubbed 7
metallized 268
meteorological 245, 309
methacryloxypropyl 142
methane 47, 55
methanol 35, 104, 109, 132, 149, 157, 158,
162,166, 167, 174, 175, 178, 179, 180,
357
methanol-acetic 146
methanolic 153, 168, 175
methionine 120
methosulfate 357
methyl175,367,368
Metzgeria 18, 115
Metzgeriales 18
Michaelis-Menten 231
microbiology 71, 123
microblender 10, 11
microbody 185
microcap 150, 151
microcapillary 209
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microcassette 278, 283
microchip 283
microclimate 33, 261, 270, 275, 276, 278,
279,283,299
microcomputer 277, 278, 279, 284, 311,
313,314,315,316,318,324,332,337,
338,343
microcomputer-based 337
microcrystalline 150, 155
microculture 209,210
microdensitometer 109
microdismembrator 168, 169
microdroplet 209,210,211
microelectrode 241,242
microfibril 184
microfilament 185, 187
microfluorometry 203, 204
micrograph 74, 87, 111, 183, 187, 188
microhabitat 237, 254
microhabitat-related 270
micromanipulation 71
micrometeorological 259, 265, 266
microminiaturization 262
micro-niche 277
micronutrient 1, 2, 3, 23
microorganism 28, 35, 165
microphotograph 205
microscalpel 108
microscope 75, 83, 108, 109, 127, 128,
131, 148, 181, 182, 183, 187, 193, 194,
195,1%, 200,204,211,228,301,303,
322,323,332,337,372,373
microscopic 85, 91, 92, 113, 127, 194, 195,
200,254,323,329
microscopist 181, 184
microsite 253, 276, 279, 280, 282, 283
microsite-related 253
microslide 302
microsomal 78, 82, 84, 85, 87, 179
microspatula 162
microtome 108
microtopographic 300
microtopography 276, 291, 299
microtubule 129, 183, 187, 188
micro-weather 284
migration 139, 140, 141, 142, 353
Millipore 54,101,204
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mineral 2, 9, 33, 99, 100, 107, 108, 209,
227,228,249,294,321,369,370
minerotrophic 299, 304, 305
mini-thermistor 278
miniature 278, 283
miniaturization 271
minicomputer 343
minimum-maximum 334
Miracloth 7, 13
Miracloth-covered 14
mire 299,300
mist 214
mitochondrion 78, 79, 84, 179, 183, 187
mitosis 128, 129
MnC1i 32, 52, 73, 75
Mnium 20, 371
MnSO4 3, 100
model 25, 33, 41, 75, 81, 89, 99, 123, 261,
268,277,284,302,347,370
modem 318
modular 1, 15, 42
molybdate 79, 178
molybdenum 175
monitoring 1, 15, 30, 75, 120, 122, 127,
128,129,187,200,211,213,217,219,
221,227,245,252,260,268,276,278,
283,311,337,338
monochrome 337
Monoc/ea 18
Monocleales 18
monoculture 25, 31
monoecious 354
monogalactosyldiglyceride 173
monohydrate 82
monoicous 59
monophenolic 165
monoploid 369
monoterpene 161
monovalent 120,229,230
montane 249
Moos-Messer 372
MOPS82
MOPS-KOH82
morphogenesis 12, 15, 181
morphogenetic 15, 59, 139
mortality 219
moss-knife 372
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Mougeotia 199
mountain 323, 370
mountaineering 286, 288
mountaineer 286
mountant 109
mounting 302, 303, 309, 371, 372
mouse 317,337,338
MS-DOS 312, 313, 315, 318
mucilage 111, 185, 371
multidish 204
multi.flash 350
Multiplan 317
mushroom 347
muslin 268
MUT65, 67
MUT-1 62, 65, 67
MUT-2 62, 65, 67
mutagen 47, 48, 50, 52
mutagen-treated 55, 56
mutagenesis 47, 49, 50, 54, 55, 56, 60,
139
mutant 47, 48, 49, 50, 51, 52, 54, 56,
59, 60, 61, 62, 63, 64, 65, 66, 67,
70,127,139,209,211
mutate 48, 49, 59, 61, 209
mutation 47, 50, 52, 59, 60, 61, 63, 65,
67,68, 70,353
Mycobacteria 35
mycorrhiza 184
myoglobin 145
myoinositol 108
myrcene 161
N 2 160
Na 32, 38, 53, 153, 154, 229, 230, 358
Na-acetate 83
Na-orthovanadate 83
NA-vapor 154
N¾-EDTA 99, 100
N¾MoO4 52, 73, 99,100,136
N¾S 2O 3 55
N¾VO4 3
NAA 49, 52, 139
NaAc364 ·
NaC178,82,84,85,134
NAD 357,358
NAD-dependent357
NADH 79, 82, 83, 84, 134

NADP 357, 358
NADP-dependent357
NADPH 119, 134
N~PO 4 358
NaHCO 3 37, 38, 39, 75, 260

NaN0 3 42
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57,
68,

66,

NaOH 32, 42, 54, 109, 142, 143, 165, 170,
358
NaOH-solution 358
naphth-lyl-acetic 47, 52, 53
naphthalene 139
naphthyl 89
naphthyl-lyl-acetic 49
naphtole 175
Nardia 115
naturstoffreagenz 153
N-BuOH 151
ND-BuOH 151
NEC337
necrosis 182, 239
needle-printer 317
Neofluar 204
Neohodgsonia 115
nesslerization 32
net 28, 90, 94, 96, 108, 139, 140, 141, 179,
203,224,226,231,250,252,253,255,
256,259,270,353,354
netting 253
network 187, 219, 276, 311
NH 57, 71, 124
NH2 141
NH 3 32,141,153
NH3-vapor 153
NH4 3, 32
N-heptane 174, 180
N-hexane 157, 158,159,162
NH4NO 3 32, 99, 100, 370
Ni 218,229,230
NIC 47, 48, 61, 63
nic-10 65
nic-5 65
nicA 63
nicAlO 61, 63, 65
nicB 63
nicB5 61, 63, 65, 67
niche 283
nickel228,229,230,231
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NiC¾ 52, 223, 224, 227, 230
nicotmamide 82, 100, 119
nicotinic 47, 53, 61, 63, 65, 127
Nikon 128
NiS04 32
Nitella 199
nitrate 22, 47, 54, 121, 131, 186
nitrate-reductase 226
nitric 226, 228
nitrile 43
nitro 134
nitrocellulose 131, 132, 133, 134, 135
nitrogen 22, 42, 54, 75, 91, 108, 120, 121,
132,140,154,160,175,268
N-methyl-N 47, 54, 139
NMR 163
N0 3 2, 3, 32, 52, 114, 135
n-octadecyl-function 166
noise 235, 236, 237, 338
nomenclature 312, 343, 345
non-allelic 59, 66
non-cellulosic 111, 185
non-dividing 73
non-gemmiferous 9
non-ionic 187, 188
non-ionizing 235
non-irradiated 201
non-leaky 56
non-osmication 188
non-polar 152, 157, 158, 159, 160, 161,
165
non-polarity 168
non-selective 49, 52, 56
non-sequential 322
non-specific 168, 359
non-toxic 308
Nowellia 115, 116
NP40 187
NPA89,%
n-pentane 157
n-pentanol 151
NR 131, 134, 135, 136, 226
NR-associated 134
nuclear 108, 128, 129, 184, 185, 188
nucleolar 186
nucleotide 357
nucleus 109, 186, 187, 188
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number-crunching 301
numbering machine 373
nutrient 1, 2, 5, 7, 11, 12, 13, 15, 16, 17,
21, 22, 25, 27, 28, 29, 30, 32, 33, 35,
36, 37, 38, 39, 44, 107, 108, 113, 140,
199,224,226,275,294
nutrition 35, 50, 52, 60, 63, 65, 70, 241
nutritionally-deficient 56
nylon 28, 74, 108, 203, 215, 216, 253, 286,
287,288,289,290,297
O-containing 229
O-dianisidine 134
O-rich 229
O-ring 102
02 75, 140, 260
O 2-production 75
O:fsaturation 75
ocllllene 161
octadecylsilica 165
ocular 204
Oedipodiella 20
OH32, 153
oligoclave 335
oligotrophic 305
Olivetti computer 284
Olympus 347, 350
OM-2 347, 350
OM-4347
OM-10347
ombrotrophic 299
on-line 318, 335, 337
ontogeny 8, 9, 12, 13, 185, 186
optical 104, 108, 109, 182, 200, 211, 329,
333
optimization 67
Optiphot 128
organism-specific 275
Orion 123, 124
orthodihydroxy 154
orthologous 353
orthophosphate 55
Orthotrichales 20
Orthotrichum 20
oscillograph 241
OsFeCN 185
osmication 183, 187, 188
osmiophilic 186
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osmium 79, 108, 181, 183, 185, 187, 188
osmotic 187
osmoticum 56
OsO 4 83,183
Osram 30, 33, 108, 199
out-group 354
outgrowth 206, 239
OVE 47, 48, 51, 52, 61
oven-dry 292
over-producing 47, 51
oxidant 119
oxidase 75, 79, 83, 84
oxidation 79, 83, 353
oxidative 86
oxoid 53
oxygen 73, 75, 119, 122, 143, 153, 259,
260,284
oxygen-sensitive 149, 152
Oxymitra 19
ozone 307,308
PAAG 139
PAB 47, 48, 61
PABA3 67, 68, 70
paleoecology 299
paleoenvironmental 299, 302
paleontological 302
Pallavicinia 18, 115, 116
p -amino 127
p -aminobenzoic 47, 53, 64, 70, 100
Panasonic 128
pantothenate 100
papilla 185, 1%
PAR 284
paraffin 113
Parafilm 22, 23, 37
paraformaldehyde 182
parasexual 60
parasite 286
parental59,60,61,63,64,65, 70,111
Pascal 338, 341
Pasteur 75, 91, 175
pathogen 165
Pb 136, 209, 213, 218, 221, 224, 225, 226,
230
Pb-treated 225
p -coumaric 169, 171

Index

peat 35, 36, 266, 269, 282, 301, 303, 304,
305
peat-component 301
peat-forming 300, 303
peatland 299,303,305
pectic 109, 229
pectinase 74
PEG 66, 67, 160
PEG-induced 65, 67, 69, 70
pellet 78, 79,82,83,91,104, 109,179,253
Pellia 18, 115, 120, 122, 158, 360
Peltigera 232
pendant267,268
penetration 22, 182, 283
pentadecanoic 176
peptide 83
perchloric 178
Percoll 75, 91
perinuclear 185
periodicity 252
peristaltic 28, 42
peristome 196, 371, 372
permanganate 182
permeability 101, 183, 187, 188, 224
permeation 89
PEROX358
peroxidase 131, 134, 135, 358, 364, 365
peroxidatic 171
perspex 28,216,217,266,267,269
persulfate 143, 144
Petalophyllum 18
petiole 241
Petri dish 6, 8, 9, 35, 36, 37, 38, 55, 56, 63,
70, 103, 114, 127, 140, 149, 182, 199,
370
p-fluorophenylalanine 47, 49, 53
PFPA 49, 56
PFR47, 48
PG 82,173,174
PGD 358
PGM358
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pH 15, 28, 29, 30, 32, 37, 42, 52, 53, 54,
55, 67, 74, 75, 78, 79, 82, 83, 89, 94,
95, 96, 100, 101, 109, 114, 119, 120,
121,122,123,132,134,139,140,141,
142,144,145,146,165,168,169,179,
187,200,203,209,210,260,268,284,
299,300,303,305,353,357,358,360,
364
pH-affected 232
pH-dependent 120
pH-gradient%
Phaeoceros 18, 115
phalloidin 187
phanerogam 312, 315, 345, 348
pharmaceutical 157
phase-contrast-optics 108
phenazine 357
phenolic 74, 86, 150, 151, 153, 165, 167,
168,169,193,195, 1%, 197,355
phenol165
phenotype 48, 49, 50, 52, 59, 60, 61, 63,
64,65,67,68,325,353,359
phenylmethylsulfonyl 82
Philonotis 252
phosphatase 75, 83, 84, 85, 131, 134, 135,
185,358,359
phosphate 32, 36, 37, 78, 79, 82, 83, 108,
109,119,123,134,140,177,178,183,
357,358
phosphate-poor 36
phosphate-rich 36
phosphatidic 180
phosphatidyl- 179
phosphatidyl-3H-choline 179
phosphatidylcholine 173, 180
phosphatidylethanolamine 173
phosphatidylglycerol 173
phosphatidylinositol 173, 177, 179, 180
phospho-molybdate 178
phosphoglucomutase 357, 358
phosphogluconate 358
phospholipase 177, 178, 179, 180
phospholipid 76, 174, 175, 177, 178, 179
phosphoric 175
phosphorus 187
phosphotungstic 79, 83, 85, 185, 188
photoactivation 199
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photoautotrophic 28, 31, 41, 99, 104
photography 205, 254
photometer 123, 168, 204
photomicrography 1%
photomicroscope 109
photomultiplier 200, 204
photon 25, 30, 32, 104, 123, 261
photo-oxidation 152
photoperiod 24, 295
photorespiration 260, 270
photosensitive 195
photosynthate 250, 260
photosynthesis 22, 47, 73, 122, 224, 226,
231,232, 249, 250, 254, 259, 260, 261,
262,263,266,267,268,269,270,271,
273,275,292
phototropism 47, 120, 199, 200, 201, 337,
338
phthalamid 89
p-hydroxy-benzoic 167, 169, 171
phylogeny 15, 17, 181, 343, 344, 353, 354,
359
Physcomitrella 20, 28, 41, 42, 47, 48, 54,
59,62,69, 70,119,120,127,129
Physcomitrium 20, 107, 111
physiognomy 300
physiology 25, 31, 73, 81, 85, 169, 178,
224,227,230,231,239,241,242,250,
259,260,261,266,270,283,370,371
phytochemistry 311, 322
phytochrome 77, 199
phytochrome-mediated 337
phytogeographic 312, 374
phytohormone 13, 204
phytosociology 316
phytotron 25, 30, 31, 32, 38
picric 186
pipetting 1, 3, 4, 6, 7, 8, 10, 11, 12, 13, 14,
38, 39, 56, 75, 91, 103, 104, 149, 174,
175
pipettor 6
pith 371
pixel 337, 338, 340
placenta 186, 186
Plagiochila 360
Plagiomnium 115
P/agiothecium 355, 360
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plant-electrode 241
plant-sociology 317
plant-soil 254
plantlet 45
plasma 77, 78, 79, 107, 111, 119, 179, 184,
185,186,188,197,224,228,230,231,
232
plasmalemma 89, 91, 95, 107, 111, 242
plasmalemma-rich 111
plasmid 60, 61
plastid 73, 74, 183, 187, 188
plating 30, 203, 204
Platyhypnidium 213
pleiotropic 61
Pleistocene 307
plesiomorphic 354
pleurocarpous 253
Pleurozia 115
Pleurozium 20, 252
plexiglas 128, 361
ploidy 61
plotter 166, 315
PM-located 119
PM-redox 122
p-nitrophenyl 83
PO 4-3 32
Pogonatum 115
Pohlia 195, 252
poisonous 150, 154, 355
polar 89, %, 114, 148, 149, 152, 157, 158,
159,160,165,187,199,275,276,307,
309,339,340,341
polarity 89, 165, 199, 353, 354
polarization 354
pollen 185, 199, 301, 305
pollutant 33, 213
pollution 213, 214, 218, 219, 220, 221, 227,
245,346
polyacrylamide 132, 133, 139, 142, 143,
354,355,360
polyamide 150, 151
polybuffer 209
Polyclai 82, 83, 86, 357
polyclave 316, 335
polyclonal 134
polyester 142, 146

Index

polyethylene 60, 77, 78, 82, 83, 84, 85,
216,266
polyethyleneglycol 60, 66, 67
Polyfix 142
polymer 77, 82, 83, 101, 229
polymeric 228
polymerization 143, 144
polymer 82, 83, 229
polymorphism 359
polypeptide 139, 140, 353
polypropylene 123
polysaccharide 107, 109, 111, 185
polystyrene 218, 253, 293, 297
polythene 182
polythetic 321
Polytrichales 19
Polytrichum 19, 115,187,252,360,367
polyunsaturated 73, 173
polyurethane 38
polyvinyl 216
polyvinylpolypyrrolidone 83
polyvinylpyrrolidone 75, 76, 358
population 99, 129, 231, 232, 235, 237,
238,259, 2%,300, 303,325,345,353,
354,359,372
porcelain 355
porcine 145
pore-size 12
porosity 29
portability 262, 329
portable 1, 259, 262, 263, 264, 265, 268,
270,273,275,278,315,329
post-fixed 79, 108
potentiometer 71
Pottiaceae 370
precipitate 109, 149, 166, 247, 353
precipitation 32, 33, 131, 188, 245, 247,
249,291
precision 139,217,256,268
precoated 111
precultivation 30
precursor 73, 107, 135, 323
predictive 227, 323
predigestion 217
pre-extraction 168
pre-filter 101
prefocusing 144
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prehomogenization 165
pre-incubation 55, 122, 123
pre-mitotic 129
pre-number 373
preservation 146, 181, 182, 185, 186, 302,
372,374
pre-treatment 232
probe 182, 200, 213, 266, 277, 278
processor 313, 317, 337
production 21, 27, 30, 31, 41, 44, 45, 54,
55,56, 59,61, 63,66, 75,90, 119,122,
141,203, 211, 249, 250, 251, 252, 255,
256,261,270,312,324,325
productivity 249, 261, 270
progeny 59, 61, 63, 65
programming 66, 261, 277, 316, 322, 332,
343
propagation 25, 26, 1%, 235
propagule 113, 369
propanesulfonic 82
propanol-1111
protease 86, 132
protection 369, 374
protective 4, 11, 12, 13, 226
protein 83, 84, 86, 107, 131, 132, 133, 134,
135,136,139,140,141,142,144,145,
146,187,194,230,353,354,355,364
proteinase 210
proteinate 109
proteinkinase 178
proton 89, 119, 120, 121, 122, 229
protonema 12, 21, 23, 25, 26, 27, 36, 37,
38, 39, 42, 44, 45, 47, 49, 50, 53, 55,
63,66, 73, 74, 78,89,90,91, 107,108,
111,113,114,115,116,120,127,129,
139,140,179,182,185,186,187,188,
199,200,203,204,206,209,210,211,
337,338,339,340,370,371
protonophore %
proton 119,229
protoplast 47, 49, 53, 55, 56, 60, 61, 64,
65, 66, 67, 68, 69, 70, 71, 73, 74, 81,
89, 90, 91, 92, 93, 94, 95, %, 97, 119,
185,188,203,204,206, 207,209,'210,
211,260
prototrophy 56, 63, 65, 70
pruning 214,301

397

pseudopodium 35
p-substitution 169
PTFE44, 268
PTFE-coated 278, 284
Ptilidium 360
Ptilium 252
Ptychomitrium 115
pulse-chase 13, 107
pulse-counting 284
pulverizing 221, 223
pumping 3, 7, 8, 28, 29, 30, 42, 44, 102,
119,128,166,262,264,268,271,273,
355
punch-card-key 316
purification 75
PVC216,217,253,268,278,284
PVP 75, 76, 78,179,355,357
PVP-free 76
Pylaisiella 20
pyranometer 284
Pyrex 13, 22, 42
pyridine 111, 151, 357
pyridoxal-5-phosphate 358
pyridoxine 100
pyruvate 100, 101
quadrat250,300,323
quantitative 13, 24, 91, 134, 139, 159, 160,
165,176,178, 1%, 203,239,299,302,
353
quantum 30, 123
quartz 308
Racomitrium 252, 292
Racopilum 355, 360
radiation 193, 195, 1%, 235,237,238,239,
247,254,266,307,308,309
radioactivity 13, 15, 73, 79, 94, 96, 108,
109,111,131,179,247,260
radio-atmospheric 235
radiographic 260
radioimmunoassay 139
radioisotope 231, 245, 246, 247
radiosensitivity 237
radium 245, 246, 247
Radula 115, 186
rainfall 246, 247, 266, 348
ram-rise 308
randomness 5, 17, 63, 65,354
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Rapidograph 373
rappelling 288, 289
RDP348
reagent 84, 86, 109, 111, 149, 153, 154,
162,168,174,175,180,218,230
real-time 277, 337
Reboulia 115, 116
receptor 177
recessive 68
recirculation 262
recoding 345
recombinant59,60,61,63
recombination 49, 66
redox 119
reductant 119
reductase 79, 83, 84, 131
re-extracted 149
refinement 260, 283, 343
reflectalite 42
reflector 349, 350
REFLIST317
refraction 162
refractory 242, 243, 266
refrigerator 157, 228, 356, 360
regenerant60,65,68, 70
regeneration 30, 47, 49, 53, 55, 56, 60, 66,
67, 111, 113, 199, 203, 204, 206, 207,
221
rehydrate 182
re-insert 325
re-measurement 253
remote 134, 214, 215, 259, 261, 262, 275,
276,283,307
replication 11, 250, 254, 256,2%
reproduction 17, 23, 113, 147, 237, 275,
348,349,353,369,370
reservoir 4, 27, 128, 262, 294
residual 227
residue 109, 166, 221, 222, 229
resin 83, 108, 109, 183, 184, 186, 187, 195
resin-embedding 181
resin-specimen 184
respiration 119, 242, 249, 250, 261, 270
respirometer 260
retrieval 301
reversion 64, 65, 70, 201
revision-strip 314

Index

rewetting 195
Rf-value 154
rhamnose 100, 101
rhizoid 89, %, 115, 116, 195, 196
Rhizopus 74
rhythmic 252
Rhytidiadelphus 228, 229
riboflavin 100
ribonucleoprotein 185
ribose 100, 101
ribosome 184
Riccardia 115, 116, 158
Riccia 237, 238, 239
Ricciocarpus 19, 237, 238, 239
rich-fen 305
Riel/a 18, 23
Rinodina 276
RNA 185,186
rootlet 305
root 122
safelight 108
Sakaguchi flask 101, 104
salicylic 167
saline 134
salt-free 145
sampler 301
sampling 15, 42, 43, 213, 215, 245, 270,
285,301
sand 13, 22, 140, 149, 173, 174, 357
saponification 170
saponin 187
saxicolous 254
scanner 337, 338
Scapania 18, 115, 360
Schistidium 276, 279, 282, 291, 292, 296,
297
Schistochila 158
Schistostega 17, 19, 115
Schistostegales 19
scintillation 79, 93, 94, %, 109, 111, 179,
245,260
Scotch-Brite 132
SDS 132
SDS-buffer 132
SDS-gels 132
SDS-PAGE 132, 135, 139, 140

Methods in Bryology

SDS-polyacrylamide 133
secretion 107, 111, 122, 185
secretory 111
sectioning 83, 109, 181, 182, 186, 302, 371
sediment213,215,217,218,305
sedimentation 28, 54, 55, 85, 174
seed 6, 148, 302, 359
self-adhesive 313
self-fertilization 59, 61
self-sterile 52, 59, 61, 67
selfed 59, 65
Sematophyllaceae 335
Sematophyllum 371
senescence 21, 22, 182
sensor 30, 123, 265, 266, 270, 277, 278,
282,284
separatory 150
Sephadex 122, 162
Sepharose 134
septa 4
septum-type 1
sequencing 17, 61, 353
serum 1, 4, 6, 10, 12, 15, 75, 82
serum-stoppered 9
Serva 74, 203, 364
sesquiterpene 159
seta 371
set-up 2, 4, 5, 8, 9, 10, 11, 14
sex 54, 65, 369
sexual 17, 23, 59, 60, 63, 65, 66, 67, 369,
370
shaded33,38, 181,231,254,270,348
shading 253, 300
shaking 11, 54, 55, 91, 101, 103, 108, 123,
149,227,228,229,355,364
SH-group 136
shoot 8, 19, 20, 22, 26, 27, 28, 29, 30, 31,
214,250,251,252,253,254,255,276,
291, 292, 293, 294, 295, 2%, 297, 355,
357
Silane 142
silianization 142
silianized 142, 144
silica 111, 150, 151, 157, 159, 162, 165,
166,174,175,180
silicate 218
silicic 174, 178
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silicon 91, 94, 101
silicone 29, 42, 43
silicotungstate 185
silver108,109, 132,186
silviculture 285
simulation 236, 261, 270, 307, 308, 309
single-lens camera 347, 349
siphon 268
slant 101
SO4 3, 32, 52
so~-2 32
sodmm 79, 100, 101, 102, 109, 139, 154,
175,179,185,261,358,370
solubility 13, 27, 101, 140, 152, 228, 229,
230,353
solubilization 146
solution 2, 3, 4, 5, 7, 8, 10, 12, 13, 14, 17,
21, 22, 23, 24, 25, 27, 32, 33, 35, 36,
37, 38, 39, 49, 52, 53, 54, 55, 65, 66,
74, 77, 81, 83, 90, 91, 93, 94, 95, 100,
101, 102, 113, 114, 119, 120, 122, 123,
132,133,134,139,141,142,143,144,
146,149,153,154,158,159,175,187,
200,203, 204, 209, 210, 214, 218, 221,
223,224,226,227,228,229,232,241,
242,254,260,294,302,311,322,325,
353,355,356,357,360,364,367,368,
370,371
solvent 12, 111, 149, 150, 151, 152, 154,
157,158,159,162,165,167,168,169,
174,176,178,179,180
solvent-extracted 170
sorbent150, 151,152,155
sorbit 203
Sorbitol 74, 75, 100, 101
species-area 345
species-elevation 345
specificity 131, 185, 232
specimen-exchange 315
spectrophotometry 83, 104, 157, 161, 163,
176, 1%,222,227,231,259
spectrum 17, 23, 161, 193, 235, 236, 261,
266,303,308,359
speleocord 286
spelunking 286
sperm 145,354,369
spermatid 185, 186, 187, 188
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Index

spermatogenesis 186
spermatozoid 188
Sphaerocarpales 18
Sphaerocarpos 18
Sphagnales 19
Sphagnum 19, 25, 26, 27, 28, 29, 30, 31,
32, 33, 35, 36, 37, 38, 39, 115, 131,
132,134,135,136,165,166,167,168,
169, 170, 171, 187, 196, 221, 222, 223,
224,225,226, 252,261,299,301,302,
303,304,305,360,372
Sphagnum-peroxidase 169
Spinacia 41, 73
Splachnum 20
splice 286
spline 188, 333
sporangium 6, 113
spore 6, 9, 22, 23, 25, 35, 36, 37, 38, 47,
48, 49, 50, 52, 54, 55, 56, 61, 63, 65,
90, 101, 102, 113, 114, 115, 116, 139,
185,186,196,199,307,308,309,325,
370,372
spore-chamber 308
sporeling 36, 37, 38, 113, 114, 115, 116
sporophyte 21, 50, 54, 59, 60, 61, 63, 65,
66, 67, 101, 107, 108, 113, 147, 199,
250,252,370,371
sporophyte-gametophyte 184
spot-separation 155
spotting 150, 151, 158, 159
spreadsheet315,316,317
Squirrel logger 276, 277, 279, 283, 284
stability 144, 183, 186, 213
stabilization 28, 123, 140, 186, 187, 204,
303
stable 2, 60, 140, 145, 154, 195, 250, 252,
260,357
stain 79, 83, 85, 87, 90, 91, 109, 132, 134,
168, 175,180,184,185,188,204,254,
255,301,302,355,356,357,364,367,
368

staining 85, 109, 132, 134, 135, 146, 185,
186,188,200,203,204,206,256,301,
353,356,357,358,360,363,364,367
starch 353, 354, 355, 357, 364
starch-gel 360

statistics 218, 242, 250, 311, 316, 325, 326,
333
steel-column 167
stem 9, 32, 33, 187, 221, 250, 252, 253,
254,256,301,302,304,360,364,367,
372
Stephensonie/la 115
stereoscope 301, 303
stereostructure 163
sterile 3, 5, 6, 7, 8, 9, 11, 12, 15, 22, 28, 35,
43, 44, 49, 52, 53, 54, 55, 56, 60, 65,
66, 102, 103, 107, 121, 127, 141, 199,
203,204,370
sterile-filter 204
sterility 44, 66, 67, 128, 359
sterilization 2, 6, 7, 8, 10, 12, 14, 22, 25,
29, 30, 35, 53, 54, 55, 101, 102, 103,
104,114,127,204,370
sterol 174
steryl 174
stimulation 23, 237, 239, 242
stoma 265
storage 3, 21, 22, 24, 143, 187, 215, 216,
217,228,313,315,333,360,370,373,
374
strain 18, 19, 20, 47, 49, 50, 52, 56, 59, 60,
61,62,63,64,65,66,67,68, 70,127
strata 301
strategy 61, 62, 329
stratified 335
stratigraphy 299, 301, 303, 305
stratum 249, 300
streaking 44
stream 29, 152, 154, 175, 216, 261, 262,
307,308,309
stress 33, 73, 77, 182, 227, 228, 232, 283,
289,307,308,309,369,370
strip 22, 144, 145, 150, 186, 253, 295, 313,
314,374
stripping 108
stroma 183
subcellular 181
subculture 1, 8, 9, 14, 56, 63, 70, 25, 102,
103,104,108,199,203
subsample 250, 301
subsexual 107
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substrate 22, 25, 35, 38, 39, 83, 139, 178,
1%,199, 266,268,275,289,294,295,
2%,297, 300,348,353,359,372,373,
374
substrate-inducible 135
substructure 186
subsurface 276, 280, 282, 283
sucrose 27, 47, 70, 78, 82, 83, 84, 85, 86,
107,108,111,114,127,179
suction 30, 33, 149, 360
suction-filtering 104
Sudan 109
sugar 27, 100, 107, 108, 111, 119, 161, 162,
166,168
sulfate 119, 140, 154, 175
sulfogroup 141
sulfolipid 174, 175
sulfonate 47, 55, 140, 168
sulfoxide 195
sunlight 114,148,152,308
supernatant 54, 78, 79, 109, 132, 140, 178,
179,204
superoxide 358
supersonic 167
surface-contaminating 228
surface-floating 237
surface-sterilization 6
surface-sterilized 6, 7, 8, 22, 370
suspension 9, 10, 11, 22, 25, 27, 28, 36, 41,
54, 55, 64, 65, 68, 75, 82, 83, 91, 94,
99, 103, 104, 108, 149, 203, 204, 209,
260,370
symbiotic 22, 182
Symphony 315
synecology 16
synthase 79
synusium 249
syringe 1, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13,
14, 15, 28, 38, 39, 43, 74, 102, 114,
222,301
T-32101
t-BuOH 151
taiga 249
Takakia 17, 18
Takakiales 18
tannic 187
Targionia 115
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tartrate 53, 55
TAXCODE 330, 331, 333, 335
taxonomy 17, 147, 148, 173, 311, 312, 315,
316,317,318,322,325,326,329,330,
343,344,359
taxonomy-oriented 329
TAXTOOL329
teaching 17, 24,273,311,316,369
Tektronix 333
telecommunication 318
telephone 318, 321
telescopic 214, 268, 285
television 127, 128, 129
Telex 16
TEM 181, 182, 183
TEMA 151
TEMED 143
temperature-programming 160
terpene 161
terpenoid 147, 157, 162, 173
terrestrial 25, 237, 275, 369, 370
tertiary 134, 135, 143
test-tube 7, 12, 22, 50, 54, 65, 101, 102,
104,123,204,229,308,309
tetraacetic 82
tetraborate 179
tetrafluoroethylene 104
Tetraphidales 19
Tetraphis 19, 115
tetraploid 61
tetrazolium 134
tetroxide 79, 108, 183, 185, 187
text-editing 311
thallose 26, 373
thallus237,239,241,242,360,364
thallus-damaging 242
thermal 160,162,241,276,279,364
thermo-period 23
thermocouple 268
thermolabile 101
thermometer 42
thermoperiod 24
thiamine 47, 53, 63, 64, 65, 66, 70, 100,
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