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I. Introduction

Probably the first study on the physiology of lichens was carried out by
De Candolle (1798). He was concerned mainly with the various ways by
which lichens absorb water, but noted also that "if one places a Pixide lichen
(=pyxy-cup lichen Cladonia pyxidata) under water in the sun, one sees a few
air bubbles cover the superior surface of the leaves but in the interior of the
cup a bubble is formed which eventually surpasses the edge of the cupule.
This little phenomenon seen in the sun makes a charming spectacle." In
1867, Schwendener stated that lichens were composed of two separate
entities, a fungus and an alga. Since that time it has generally been assumed
249
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that the major part of the organic material used by the lichen fungus for
growth and metabolism comes from the photosynthetic products of the
symbiotic alga. It is now possible to show experimentally that carbohydrate
fixed by the alga does pass to the fungus, but it is also conceivable that
organic materials are absorbed by the fungus from water which flows over
the lichen. This energy input may be important in terricolous lichens such
as Peltigera sp. which grow beneath deciduous trees. The rotting leaves
leached by rain provide organic, nutrient-rich solutions from which lichens
could derive benefit. The importance of this energy input to lichens has still
to be assessed experimentally.
II. Photosynthesis by the Intact Lichen
A. Rates of Carbon Fixation

in Lichens

1. METHODS

Most of the studies that have assessed the rates of carbon fixation in
lichens have used manometric techniques (Jumelle, 1892; Smyth, 1934;
Stalfelt, 1936; Butin, 1954; Ried, 1960a,b). A colorimetric technique was
used by Lange (1956) to measure gas exchange, while Baddeley et al. (1971)
employed an oxygen electrode for this purpose. The advantages of the latter
method are that only a small amount of lichen is required and the results are
gained rapidly. Also, the method is useful for studies on the relation of light
intensity and photosynthetic rates (K. A. Kershaw, personal communica
tion). Recently, it has been possible to examine gas exchange in lichens in
the field with an infrared gas analyzer under conditions that approximate
those of the natural microenvironment (Bliss and Hadley, 1964; Lange,
1969, 1970; Lange et al., 1970a,b). This apparatus enables a measure of the
amount of carbon dioxide fixed, per unit area of lichen-covered ground, to be
calculated accurately. However, it is essential that adequate monitoring of
temperature and moisture be done in the aerial environment and in the lichen
(inside and outside the experimental cuvette) before such data may be
used to interpret what occurs in the field.
In many experiments that measure photosynthesis the amount of carbon
dioxide absorbed from the air around the specimen is measured. This dis
regards the simultaneous respiration that is occurring and the results
obtained are designated as apparent or net photosynthesis. In higher green
plants, rapidly photosynthesizing tissues have a rate of photosynthesis which
is 10-20 times greater than the rate of respiration. Thus the "net" photo
synthetic rate, although an underestimate, is not appreciably less than the
"true" rate. Values for the "true" rate of photosynthesis are obtained by
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correcting the net rates for the quantity of carbon dioxide released, during
the measurement period, by samples placed in complete darkness.
In lichens, where the autotrophic algae make up only a small fraction (by
weight or by volume) of the complete thallus, net photosynthesis is significantly less than the true rate. Thus,
Amount C 0 assimilated by lichen = amount of C 0 removed from air
+ amount of C 0 produced by fungal respiration
+ amount of C 0 produced by algal respiration
2

2

2

2

The second term on the right-hand side of the equation can be large,
particularly under laboratory conditions where the water content of a thallus
is high and the temperature between 18°-25°C. Thus, measurements of net
photosynthesis can greatly underestimate the amount of carbon assimilation
by lichen algae.
The third term on the right-hand side of the above equation is probably
small compared with the second but there is no experimental evidence to
prove this. It should be noted that respiratory rates of green plants in the
dark are not always the same as their respiratory rates in the light when
photosynthesis occurs simultaneously. In many plants, under light conditions, photorespiration occurs and this may be greater or less than dark
respiration depending on conditions and the plant involved. Photorespiration takes place via the glycolate oxidase pathway and sufficient amounts of
glycolate are produced only during active photosynthesis to support this
type of respiration (Jackson and Volk, 1970). In order to learn the true rates
of carbon fixation by lichens several corrections should be applied to the
measured net photosynthesis. These corrections have not been applied in
the past.
In many experiments on lichen material, net photosynthesis is measured
as mg of C 0 fixed per hour per gram dry weight. It is questionable whether
this is the best way to express results since the proportion of alga to fungus
varies from lichen to lichen and the dry weight changes during the year.
If photosynthesis were expressed in terms of unit area the results could be
compared with higher plant leaves where net photosynthesis is usually between 10 and 20 mg C 0 per square decimeter of leaf area per hour. Also,
by knowing the area covered by a particular lichen on a tree trunk or other
habitat, one could calculate the amount of energy fixed by lichens in a
particular situation. Another index of apparent photosynthesis is the gain
in dry weight. In higher plants under conditions favorable to photosynthesis
this gain is usually between 0.50 and 2.0 gm per square meter per hour (Meyer
et al., 1960). Perhaps the most satisfactory way to express the rate of
photosynthesis is per milligram of chlorophyll because the amount of alga in
2

2
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lichens varies. However, the practical difficulties of extracting the pigments
completely and an inability to compare such results with data available for
other plants dictates that data in published work should be expressed on the
basis of at least two parameters.
2. RESULTS

The maximum rate of net photosynthesis by a range of lichens was calcu
lated by Ried(1960a)tobebetween0.34-3.2mg/CO /50cm7hour. Bliss and
Hadley (1964) reported optimal rates of 0.30-0.38 mg/C0 /gm dry weight/
hour for three alpine lichens. Many estimates of photosynthetic rate have
failed to take into account a seasonal variation in photosynthetic rate due
to a change in the physiological activity of lichen algae or number of algae
within a given area of thallus. Schulze and Lange (1968) gave comparative
figures for higher plants and a lichen expressed as mg C 0 assimilated per
square decimeter per hour. (Table I). The lower figure for the lichen was
explained in terms of its lower chlorophyll content, i.e., from one-fourth to
one-tenth that of leaves (Wilhelmsen, 1959). In addition, the upper fungal
cortex of lichens is more opaque than the epidermis of leaves and absorbs
26-43% of the incident light instead of 4-13% (Ertl, 1951). Further, the
opacity of the upper cortex increases by up to 30% as the thallus dries out.
Bednar (1963) estimated that the algae in Peltigera aphthosa made up only
3-5% of the total volume.
There is considerable variability in the number of algae per square centi
meter of lichen thallus. Harris (1971) found that there were 0.9-4.2 χ 10°
2

2

2

TABLE
A
OF

I

COMPARISON OF THE M A X I M U M N E T C 0
S E E D PLANTS A N D THE LICHEN Hypogymnia

2

ASSIMILATION OF LEAVES
physodes

UNDER CONDITIONS OF LIGHT SATURATION, OPTIMAL

IN L A T E W I N T E R
TEMPERATURE,

G O O D W A T E R SUPPLY, A N D N O R M A L ATMOSPHERIC C 0
CONCENTRATION

Organism

2

0

mg C 0 / d n r 7 h o u r
2

Herbaceous plants of economic importance
Sun plants
Shade plants
Deciduous broad-leaved trees (sun leaves)
Deciduous broad-leaved trees (shade leaves)
Evergreen conifers

20- -24
12- -24
4- -16
10- - 2 0

around 6
4- -8

Hypogymnia

at 2 . 8 ° C and 3 0 , 0 0 0 lux

3.8

Hypogymnia
Hypogymnia

at 0 ° C and 1 2 , 0 0 0 lux
et - 6 ° C and 1 2 , 0 0 0 lux

0.44

° F r o m Schulze and Lange ( 1 9 6 8 ) .

3.5

253

8. PHOTOSYNTHESIS AND CARBOHYDRATE MOVEMENT

algae in Parmelia sp. Hill and Woolhouse (1966) estimated a mean chloro
phyll content of 3.0-4.8 χ 10~ mg chlorophyll per algal cell in Xanthoria
β

aureola.
B. Ecological Factors Affecting the Photosynthetic

Rate

1. MOISTURE CONTENT

Lange (1969) found that the rate of net photosynthesis increased rapidly
with hydration up to 60% saturation in Ramalina maciformis. A hydration
compensation point was found at 20% of the water-holding capacity at 10°C
and 10,000 lux. In this species hydration above 60% saturation had no
significant change in gas exchange as measured with an infrared gas analyzer.
Kershaw and Rouse (1971), however, found that Cladonia alpestris from
moist shaded habitats in the Canadian low arctic had an optimum rate of
net photosynthesis at 52% saturation and assimilation fell off rapidly when
the thallus was wetter or drier. They suggested that this characteristic could
explain the absence of this species from wet fens and bogs. Samples of
Cladonia alpestris from open habitats in the Canadian arctic showed an
adaptive response to drier habitats—the maximum net photosynthesis rates
were at 30% saturation and assimilation fell only slowly as thallus satura
tion was reduced to 10%. In a more recent study Kershaw (1971) found that
the optimum net assimilation rates occurred between 35 and 70% of thallus
saturation in different species. A close relationship was found to exist be
tween the ecology of a species and the percentage saturation at which
maximum assimilation occurred. The interpretation and comparison of data
from different studies is difficult unless it is realized that percent saturation
is calculated in two ways. Zero percent saturation may be the oven-dry
weight or the weight obtained by drying the thallus over calcium chloride for
24 hours. The first method removes about 10% more water but perhaps is
ecologically less valid.
The effect of the water content of a thallus on net photosynthesis has been
noted earlier. Ried (1960b) showed that for Umbilicaria cylindrica the opti
mum rate was at 65% saturation but this was reduced by half when the thalli
were fully saturated. He found, however, that in more loosely organized
thalli, i.e., those without lower cortices (Peltigera) or with cyphellae (Sticta),
photosynthesis was most rapid at 90% saturation with only a small decline
above this level. He felt the decline was due to the difficulty of gas exchange
in fully saturated leathery thalli such as Umbilicaria. However, the findings of
Kershaw and Rouse (1971) with Cladonia alpestris, which has a hollow tubu
lar thallus, casts doubt on this.
Below a critical moisture content most lichens assume a state of suspended
animation in which no carbon assimilation occurs and the respiration rate is
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very low. Some lichens from moist or aquatic habitats, e.g., Verrucaria elaeomelaena, are damaged by as little as 24 hours of drought (Ried, 1960a). Other
lichens from desert habitats, e.g., Ramalina maciformis, can withstand 51
weeks of drought with a thallus water content of only 1% and quickly regain
their initial photosynthetic activity when rewetted (Lange, 1969). Short-term
drying did not influence subsequent gas exchange but prolonged drying in
hibited photosynthesis in desert lichens. The longer the drought the more
time was required for reactivation of photosynthesis.
The amount of water required to induce minimum net photosynthesis
varies considerably. Lichens from mesic habitats usually have to be wetted
with water before photosynthesis can begin. However, lichens from deserts
can absorb enough water from the humid night air to enable brief periods of
photosynthesis. Lange (1969) found that Ramalina maciformis could absorb
sufficient moisture to reach the water compensation point when it was in
equilibrium with air at 80% relative humidity (-287 atm water potential).
The desert lichens exhibited 90% of maximum rate of net photosynthesis
when they were in equilibrium with saturated air. Under natural conditions,
Ramalina maciformis and Teloschistes lacunosus were moistened by nightly
dew and photosynthesized for 3 hours after sunrise. As the lichens dried the
moisture compensation point was crossed and carbon dioxide was emitted
for a short period. No gas exchange was detected for the rest of the day until
the thallus was moistened again in the evening. The C 0 balance of lichens
over any 24-hour period with a nightly dewfall averaged 0.54 mg/C0 /gm dry
weight. Crustose and foliose lichens from the Negev desert showed similar
characteristics to the fruticose species mentioned above (Lange etal., 1970b).
Lange (1970) calculated that the annual photosynthetic gain would allow for
a thallus growth of 5-10% and that the dewfall in the Negev desert contribut
ed decisively to this production.
2

2

2. LIGHT

Some lichens species are found on sun-exposed rocks and others grow
only under shaded rock overhangs; corticolous lichens have a similar range
of habitats. These ecological preferences have been explained in terms of
different compensation points. For example, Usnea dasypoga, which grows
on tree trunks, reaches the compensation point at 400 lux while Ramalina
fraxinea, which is typical of sunlit branches, has a compensation point at
2000 lux. The light intensity that resulted in half maximum photosynthesis was
found to be 2000 lux in the first example and 7000 lux in the second. Thus
Barkman (1958) found a fairly good relationship between light requirements
and habitat preference (see Haynes, 1964). Hosokawa and Odani (1957)
found that treetop species of lichen had a higher 24-hour compensation

8. PHOTOSYNTHESIS AND CARBOHYDRATE MOVEMENT

255

point than species growing on the base of the tree. Harris (1971) confirmed
this but felt that the variation in respiration and photosynthetic rates will
reflect the temperature and variation in algal numbers with time of year and
habitat. Thus, the 24-hour compensation point may change for any lichen
species from month to month and habitat to habitat. He showed that thalli
of Parmelia caperata from the lower parts of a tree had a lower rate of net
photosynthesis (under laboratory conditions) than specimens from the
top of the tree. This was explained in terms of the number of algal cells per
square centimeter of thallus. Thus, in thalli at the top of the tree were
34.2 χ 10 cells/cm whereas those from the base of the tree only contained
24.0 χ 10 cells/cm . Harris also found that algal numbers increased by
1.2-1.7 times between January and September in species of Parmelia growing
in England.
In a detailed study, Lange (1969) found that the desert lichen Ramalina
maciformis reached light saturation at 20,000 lux at 2° C. The light compensa
tion point of fully saturated thalli of this species varied with temperature. At
low temperatures ( - 5° to + 2° C) it was 200-300 lux but at 27° C it was 8000
lux. This is hardly surprising since the algae have to fix much more carbon
dioxide at the higher temperature to balance the greatly increased respira
tory activity of the fungal portion of the thallus.
5

2

5

3. Low

2

TEMPERATURES

"Lichens are among all plants those which can most easily tolerate very
low temperature. They are found in abundance at high altitudes and in polar
regions where no other vegetation could exist" (Jumelle, 1890). The research
by Jumella pioneered a facet of lichenology which still attracts interest.
The lowest temperatures at which lichens have assimilated are shown in
Table II. Photosynthesis at these temperatures is surprisingly efficient. For
example, Lange (1965) found that in Letharia vulpina, an alpine lichen, car
bon dioxide uptake was maximal at 7°C, only slightly depressed at 0°C, and
still half the optimum at - 5 ° C . However, at temperatures between — 5° and
— 10°C, Atanasiu (1969) found that photosynthesis of lichens collected
during winter months in Bucharest, Rumania was very low, about 2 mg C 0 /
100 gm fresh weight of lichen. As the temperature rose above — 5°C at the
end of February, photosynthesis increased noticeably.
The ability to withstand adverse conditions is necessary for lichens grow
ing in an arctic environment. Umbilicaria arctica and Umbilicaria lyngei
colonize rock surfaces which are blown free of snow in winter and they must
be able to withstand prolonged temperatures of around — 40° C and 3 months
of darkness each year in the Canadian High Arctic. Of eight lichens tested,
only Umbilicaria vellea showed damage after exposure to - 196°C as mea2
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T A B L E II
T H E LOWEST TEMPERATURES AT WHICH LICHENS S H O W N E T PHOTOSYNTHESIS

Minimum temperature
(°Q

Lichen

20

Alpine lichens
Anaptychia
leucomelaena
Cladonia alcicornis
Hypogymnia
physodes
Lobaria
pulmonaria
Neuropogon sp.
Parmelia
shimperi
Stereocaulon
alpinum
Usnea ceratina
Usnea submollis

a

a

24
6
7
18.5
3
24
10
10

Worker
Henrici (1921)
Lange (1962)
Lange (1962)
Schulze and Lange (1968)
Atanasiu (1969)
Gannutz (1967)
Lange (1962)
Lange (1962)
Atanasiu (1969)
Atanasiu (1969)

T r o p i c a l lichens.

sured by respiratory activity. However, as measured by photosynthetic
ability, only five survived slow cooling to — 196° C and subsequent slow thaw
ing. In Caloplaca elegans and Rinodina frigida normal photosynthesis rates
were observed within a day after cold treatment. Xanthoria mawsonii took 2
days to recover and Umbilicaria decussata 7 - 8 days. Rapid cooling resulted in
a slower return to normal photosynthesis, i.e., 2 1 - 2 6 days. Some of the
lichens showed more permanent damage; thus Buellia sp. respired but did not
assimilate (Lange and Kappen, 1 9 7 2 ; Kappen and Lange, 1 9 7 2 ) . These
authors concluded that the lichen alga is more sensitive to low temperature
damage than the lichen fungus. As noted by Jumelle ( 1 8 9 0 ) and Scholander
et al. ( 1 9 5 3 ) , dehydration increased the cold resistance of lichens—probably
because less intracellular ice was formed.
4.

HIGH TEMPERATURES

Lichens are found in habitats which are subjected'to high temperatures,
but the effects of light and water regime on photosynthesis at these temper
atures has not been examined in detail. Lange ( 1 9 5 3 ) recorded temperatures
of 5 3 ° - 6 9 ° C within or below thalli. One specimen of Cladonia pyxidata re
mained at 6 2 . 5 ° C or above for 4 | hours. Lange defined the limit of heat resis
tance of lichens as the temperature which caused normal respiration to be
reduced by one-half. Dry lichen thalli could withstand a 3 0 minutes exposure
to temperatures from 70° C (Alectoria sarmentosa) to 1 0 1 ° C (Cladoniapyxi
data). However, moist thalli had a much lower limit of heat resistance which
varied from 3 5 ° to 4 6 ° C .
In a recent study, Lange ( 1 9 6 9 ) subjected the desert lichen Ramalina maci
formis to high temperatures, then moistened the samples and measured gas
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exchange using infrared gas analysis. He found that this lichen was un
affected by 30-minute exposures to 65°C. Heating to 67.5°C for the same
time resulted in a 50% depression of net photosynthesis but the lichen parti
ally recovered during the period of gas-exchange measurements. Above this
temperature Ramalina maciformis was permanently damaged and, after ex
posure to 85° C, samples showed no "real" photosynthesis while parts of the
thalli showed red discolorations. At these very high temperatures there was a
clear correlation between the amount of damage to the lichen (as measured
by gas exchange) and the length of the high temperature exposure period.
Ramalina maciformis proved to be less tolerant to high temperatures when
fully water saturated. An exposure to 36°C led to a severe but reversible de
pression in "net" photosynthesis but heating to 38° C or higher resulted in
irreversible damage to the lichen. Thus, even desert lichens are required to be
dry to avoid damage at the temperatures prevailing in the middle of the day
(highest recorded air temperature being 46.4° C).

III. Interactions between Lichen Symbionts

Since the advent of radioactive tracer techniques and their first application
in lichen physiology by Smith (1961), much information has accumulated on
the interaction between alga and fungus. About 35 lichen species with 12
different types of algal partners have been studied to determine the nature of
the substances which pass from the autotrophic alga to the fungus. When a
lichen is allowed to photosynthesize in the presence of radioactive C 0
(or N a H C 0 solution) the following events occur.
1 4

2

14

3

-co,

>

A 1
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>

"
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gus

A
F
Carbon-14 is incorporated first into algal photosynthetic products (A), then
transferred in some form (T) to the fungus where it finally accumulates in
fungal products (F). Each of these steps will be considered in the succeeding
sections, but first it is important to consider the various methods that have
been used to examine these steps and the kind of information and limitations
obtained from each method.
1

A. Methods for Studying the

Interaction

Most experiments done by Smith and his co-workers (Bednar, Drew,
Richardson, Hill, and Green) incubated washed lichen samples in liquid
media with C-labeled sodium bicarbonate for a few minutes to several
days. A light intensity of5000lux and temperature of 18°-20° C were regularly
14
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employed. Since different lichens have different ecological preferences, the
conditions were obviously not optimum for all. Also, as discussed in the
previous section, many lichens show a reduced net photosynthesis when they
are fully saturated. Thus, the tracer techniques did not give a direct measure
of the gross amount of carbon supplied by the alga to the fungus under
natural conditions. Further, the specific activity of the compounds that in
corporated C was seldom measured to determine how much carbon passed
between the symbionts under laboratory conditions. The failure to measure
specific activity was due to technical difficulties but these are now reduced
because of the development of gas-liquid chromatography (Drew and
Holligan, 1971).
Although it was desirable that conditions for photosynthesis of lichens in
laboratory experiments should be optimum, limited availability of fresh
material and the difficulty of preparing samples resulted in the application of
standard conditions. This enabled qualitative differences between lichen
species to be measured on small amounts of material. After exposure to r e 
labeled sodium bicarbonate solutions in the light, various methods were
used to study the fate of fixed C .
14

1 4

1. DISSECTION

The algal layer and upper fungal cortex of lichens can be separated from
the underlying, purely fungal medulla by dissecting thallus disks into two
parts with a fine scalpel under a binocular microscope. The arrival of photosynthetically fixed C in the medulla therefore can be studied. Interesting
results have been obtained with this technique. It has been demonstrated, for
example, t h a t C moved to the medulla more rapidly in some lichens than in
others (Table III). The disadvantages of this method are that few species have
thalli thick enough to dissect and it does not measure the rate or amount of
movement from the algae to the adjacent fungal hypae. However, it does
show the rate and amount of transfer between different regions of a thallus.
1 4

14

2 . DIRECT ISOLATION OF THE ALGA

In many lichens relatively clean preparations of the phycobiont can be
obtained by centrifuging thallus homogenates and thereby separating the
fungal fragments from the algal cells. The latter are then washed. The pro
ducts which these washed algae release into the medium during photosyn
thesis in C-labeled sodium bicarbonate solutions can then be studied. Im
mediately after the algae are isolated, the major part of t h e C they release is
in one simple carbohydrate. The disadvantage of this method is that the algae
change physiologically as soon as they are separated from the lichen thallus.
If directly isolated algae are cultured, or allowed to age for 2 4 hours by being
,4

14
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T A B L E III
THE

R A T E O F MOVEMENT O F F I X E D

L 4

C FROM T H E A L G A L L A Y E R TO THE

M E D U L L A O F VARIOUS

LICHENS

P e r c e n t C that moved
from algal layer
to medulla
14

Alga

Lichen
Dermatocarpon
miniatum
Lobaria
amplissima
Peltigera
polydactyla
Lobaria
scrobiculata
Roccella
fuciformis

Reference

Hyalococcus

19.9 in 24 hours

Richardson et al. (1968)

Myrmecia

Richardson et al. (1967)

Nostoc

2.9 in 3 hours
7.5 in 24 hours
4 0 in 4 hours

Smith and Drew (1965)

Nostoc

40 in 3 hours

Richardson et al. (1967)

Trentepohlia

3.5 in 24 hours

Richardson et al. (1968)

placed in distilled water, they show a marked and progressive change in their
photosynthetic pattern.
Significant differences have not been found in the amount or pattern of
C fixation between directly isolated algae from marginal thallus lobes and
algae from the center of the thallus in Xanthoria aureola (Green, 1970). The
algae in both young and old parts of the thallus were physiologically active
and could be used in experiments. This raises the question as to whether
algae in the center of a lichen thallus have a reduced rate of senescence or are
replaced progressively during growth of the lichen.
1 4

3. ENTRY OF

L 4

C

INTO FUNGAL PRODUCTS

In most lichens the soluble carbohydrates of the fungus are different from
those of the algae. For example, mannitol is exclusively a fungal product in
the great majority of lichens so that the accumulation of C in this compound gives information about movement and accumulation of C by the
fungus under particular experimental conditions. In Peltigera polydactyla,
Drew and Smith (1967b) directed [ C ] mannitol after 2 minutes of photosynthesis by thallus samples, while in Xanthoria aureola it was detectable
after 3 minutes (Bednar and Smith, 1966). The main limitation of this technique is that many intermediary metabolites are common to both alga and
fungus and therefore cannot be used to examine C transfer. In addition, it is
not certain how fast lichen fungi convert the mobile algal carbohydrate into
mannitol. Thus, in some lichens the delayed appearance of [ C ] mannitol
could reflect slow rates of conversion to this compound rather than slow
rates of carbohydrate transfer.
1 4

14

1 4

1 4

14
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This technique is useful but the results require interpretation in the light of
certain exceptions. In lichens containing Trentepohlia it has been suggested
that both the alga and the fungus contain mannitol (B. Feige, personal com
munication). Also, de Lestang Laisne (1966) found mannitol in Rivularia
bullata which she considers is closely related to the Calothrix phycobiont of
Lichina

pygmaea.

4. THE INHIBITION TECHNIQUE

Experiments using the methods described in the previous sections showed
that glucose moves from alga to fungus in Peltigerapolydactyla and is rapidly
converted to mannitol. Drew and Smith (1967b) devised an "inhibition
technique" whereby lichen samples were able to photosynthesize in solu
tions of 1% [ C] glucose which also contained sodium [ C]bicarbonate.
Under these conditions [ C]glucose appeared in the medium but [ C]mannitol could not be detected in the thallus. At some stage during the
passage of photosynthate from alga to fungus, the [ C] carbohydrate com
peted successfully with the [ C] carbohydrate formed by the alga. The [ C] carbohydrate, unable to move to the fungus, diffused into the medium.
Chromatography and autoradiography of the medium showed that the radio
active sugar released by the alga and the nonradioactive form used to induce
inhibition were closely similar and usually the same. This technique was
specific in that sugars different from the mobile one could not cause inhibi
tion. Exceptions to this were the glucose analogues, 3-methylglucose and
2-deoxyglucose and to some extent mannose. Similar experiments with
Xanthoria aureola found that the three pentitols, ribitol, arabitol, and xylitol,
caused inhibition but C in the medium appeared only as ribitol. Appre
ciable inhibition in this lichen was evident only after 12-24 hours of incuba
tion whereas in Peltigera there was considerable inhibition after 3 hours.
Using this technique, the carbohydrate that moves between the symbionts
can be identified as follows: lichen samples are incubated in solutions of
[ C] sodium bicarbonate with individual sugars that are suspected of mov
ing from alga to fungus. For each sugar solution the amount of radioactivity
released into the medium is determined as a percentage of the total C fixed.
The sugar which stimulates the greatest release o f C is probably the mobile
carbohydrate. This can be confirmed by chromatography and autoradio
graphy of the medium to see whether the [ C] sugar that is released is
identical to the [ C]sugar used for inhibition. Various lichens have been
tested in this manner. The results with Xanthoria aureola are shown in Table
IV.
The disadvantage of this technique is that a 1% carbohydrate solution is
not a natural medium for photosynthesis. In many of the experiments the
12

14

14

14

12

14

14

14

14

14

14

14

12
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T A B L E IV
E F F E C T O F EXTERNALLY SUPPLIED
ON THE RELEASE O F F I X E D

1 4

1%

, 2

C

CARBOHYDRATES

C FROM Xanthoria

(PHOTOSYNTHESIZING) ON ILLUMINATED
SOLUTIONS

aureola

NaH

1 4

Co

3

0

Percent total fixed C
released t o medium
in 24 hours
1 4

[ C]Carbohydrate
12

None
Disaccharide
Sucrose
Trehalose
Hexose
Glucose
Hexitol
Mannitol
Pentose
Ribose
Pentitol
Arabitol
Ribitol
Xylitol

T o t a l C fixation
1 4

1.1

75

1.4
1.7

98
57

1.8

93*

3.6

58

0.7

70

20.2
23.6
10.5

71
77
64

^Sample size, 100 mg fresh weight, incubated on 3 ml distilled
water with 10 Ci carrier-free N a H C O at 18°C and 5000 lux for
24 hours. Total C fixation given as thousands of counts per
minute.
D a t a from separate similar experiment.
, 4

a

1 4

6

total fixation was less than that of control samples incubated on distilled
water. In particular [ C] glucose suppressed the net fixation of C. This was
due possibly to stimulated respiration by the lichen samples resulting in C 0
which lowered the specific activity of the sodium [ C] bicarbonate in the
sample tubes.
12

14

I 2

2

14

B. Photosynthetic Products of Lichen Algae

In experiments aimed at understanding the roles of alga and fungus in a
lichen, the photosynthetic products of the lichen alga can be investigated by
examining it in pure culture as though it were a free-living form. However,
lichen algae have a number of unusual characteristics which make studies of
this type questionable. First, they usually require organic compounds such
as glucose in the culture medium to grow reasonably quickly and they can
grow heterotrophically in darkness. Second, the pigment systems are unusual as they form chlorophyll in complete darkness and are very sensitive to
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strong light. Some strains of Trebouxia, at light intensities above 2000-5000
lux, will bleach irreversibly.
Finally, these algae show a progressive change in photosynthetic pattern
after isolation from the thallus. Therefore, results of studies with the cultured
algae should be used together with studies on algal cells directly isolated from
the thallus and short-term experiments on the intact thallus.
Experiments using all these techniques have shown that lichen algae in
corporate C during photosynthesis on N a H C 0 into sugar phos
phates, simple sugars, amino acids, and insoluble compounds. Depending on
the genus of algae, one particular sugar or sugar alcohol incorporates most of
the C in algae which are examined immediately after isolation from the
thallus.
, 4

14

3

14

1. BLUE-GREEN SYMBIONTS

Studies on Nostoc from Peltigera polydactyla showed that the photosyn
thetic carbohydrate was glucose (Drew and Smith, 1967a) and further studies
suggest that this is true for most other lichens with blue-green algal symbionts
(Richardson et al., 1968). B. Feige (personal communication 1971) found
that mannisidomannitol is an important additional photosynthetic product
in Lichina pygmaea which contains Calothrix. He suggested that this com
pound acts as an osmoregulator like the galactosidoglyerols of the red algae
and Chrysophyceae. Feige (1969) also identified a pentitol as a short-term
photosynthetic product of Scytonema, the blue-green symbiont of the
tropical basidiolichen Cora pavonia, but this has yet to be confirmed:
2. GREEN SYMBIONTS

During photosynthesis of directly isolated algae most of the C accumul
ates in sugar alcohols. The type of sugar alcohol depends on the genus of
alga, i.e., ribitol in Coccomyxa, Myrmecia and Trebouxia; erythritol in
Trentepohlia; and sorbitol in Hyalococcus. In all cases, virtually nothing is
known about the biochemical pathway from the initial fixation of C 0 to
the formation of radioactive sugar alcohol. This is in contrast with related
free-living algae such as Chlorella pyrenoidosa where both the pathways and
probable mechanisms controlling the rates of the various steps are well
known (Bassham, 1971).
14

1 4

2

3. LICHEN ALGAE ON SEPARATION FROM THE INTACT THALLUS

a. CHANGES WITHIN THE CELLS. Green (1970) found that when algal
symbionts are isolated from the lichen thallus, aspects of their physiology
change very rapidly. For example, in the cells of newly isolated Trebouxia,
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large amounts of radioactivity occurred in ribitol and sucrose. However,
after 24 hours of isolation the proportion of ribitol to sucrose diminished and
much more radioactivity was found in ethanol-insoluble compounds. In
addition, the algae in pure culture incorporated only a trace of C into ribitol
during photosynthesis. The reason for the small incorporation of C into
ribitol may be because the glucose, peptone, and growth substances that are
normally added to the culture medium enhance protein synthesis and
growth. Green (1970) found that algae cultured in a medium without glucose
incorporated more C into ribitol while Hill (1970) noted a similar situation
in cultured cells after a period of drying.
Hyalococcus, a green phycobiont of Dermatocarpon
sp., was studied by
Green who found that immediately on isolation some 70% of the fixed C
in the ethanol-soluble fraction appeared in sorbitol, 18% in sucrose and the
remainder in other compounds. Of the C fixed, 26% was released into the
medium. If the algae were suspended for 24 hours in distilled water before
photosynthesis, the distribution of radioactivity in the soluble fraction was
about the same. However, there was an increased incorporation of Cinto
ethanol-insoluble compounds and less C released from the cells (Table V).
In newly isolated cells of Coccomyxa, 50% of the fixed C occurred in
ribitol but after 72 hours on distilled water radioactivity could not be
detected in ribitol within the cells.
14

1 4

14

14

14

14

1 4

14

b. SUBSTANCES RELEASED BY THE CELLS. It has been observed generally that directly isolated symbiotic algae release considerable amounts of
photosynthate immediately after isolation from the thallus. If algae are
allowed to age for several hours in distilled water in the light, the release
of C during photosynthesis diminishes considerably. Moreover, the re1 4

TABLE v.
T H E DISTRIBUTION O F F I X E D

1

4

C BETWEEN T H E M E D I U M A N D

C E L L FRACTIONS O F

Hyalococcus

0

% distribution of fixed C
1 4

Time from isolation
(hours)

Medium

Ethanol
soluble

Ethanol
insoluble

Directly isolated algae
0
24
Cultured algae

26.1
6.2
1.3

44.3
53.6
48.4

29.6
40.2
50.3

"Incubated at 5000 lux, 20° C, 6.25 ^uCi/ml for 3 hours. Algae
kept on distilled water prior t o incubation. Total fixed C similar
for all treatments. (From Green, 1970).
1 4

264

D . Η . S.

RICHARDSON

leased compounds have a low chromatographic mobility and are not the
sugars or sugar alcohols that are released immediately after isolation (Drew
and Smith, 1967a; Richardson and Smith, 1968b; Green, 1970). The nature
of the compounds which remain close to the origin of chromatograms is not
known but they probably are glucose polymers of low molecular weight. The
type and proportion of the carbohydrates released from cells directly after
their isolation from a thallus and after 24 hours of aging is shown in Table VI.
Qualitative and quantitative changes occur in the products released by the
lichen algae as time elapses after isolation. Apparent anomalies in some of
these results are discussed in the following paragraphs.
Nostoc has been directly isolated from two lichens. The isolate from Pelti
gera polydactyla released principally glucose (Drew and Smith, 1967a) while
the isolate from Peltigera canina released other substances as well (Green,
1970) (Table VI). This may be due to a different strain of alga, more sensitive
detection techniques, or differences in treatment of the thallus homogenate.
Green's preparations were washed more frequently with distilled water so
that the suspension of algae contained fewer fungal fragments or fungal sub
stances that could influence the release of carbohydrates. However, washing
with distilled water, a hypotonic solution, may have had deleterious effects
on the membrane systems in the cells resulting in the release of several types
of organic compounds.
Directly isolated algae, even after 24 hours, released more C than algae
grown in pure culture. Drew and Smith (1967a) found that cultured Nostoc
from Peltigera polydactyla had a different pattern of carbohydrate fixation
and a different morphology from directly isolated cells. The cultured alga
formed a thick mucilagenous sheath which was vestigial in the intact thallus.
Richardson et al (1968) found that Coccomyxa newly isolated from Pelti
gera aphthosa released C in the form of ribitol when allowed to photosynthesize on solutions of sodium [ C] bicarbonate. However, Green (1970)
in similar experiments found that other compounds also were released. After
72 hours of separation from the fungus, ribitol could not be detected either
in the algal cells or in the medium. The algae which had been separated from
their fungal partners for 3 days showed a pattern of carbohydrate dis
tribution similar to strains grown in pure culture for many generations. The
different results obtained by Richardson and Green can most likely be ex
plained by slightly different extraction techniques and experimental condi
tions.
It would be interesting to know in some of these experiments whether the
absolute amount of fixation changes in comparable suspensions of algal cells
as time elapses from the moment of isolation. It is possible that the algae have
a decreased photosynthetic rate after separation from the thallus because the
production of the mobile carbohydrate is no longer being stimulated by the
, 4

14

14

polydactyla

canina

miniatum

aphthosa

aureola

Peltigera

Peltigera

Dermatocarpon

Peltigera

Xanthoria

fl

36 hours of incubation.

Species

Genus

T H E NATURE A N D AMOUNT or

TABLE V I

Trebouxia

Coccomyxa
(thallus alga)

Hyalococcus

Nostoc

Alga

8

20

26

15

46

% Released
on isolation

Ribitol 80%,
sucrose 5%,
organic acids 4%,
baseline CH 9%

7

Glucose 22%,
baseline CH 44%,
organic acids 25%,
unidentified CH 9%
Sorbitol 91%,
baseline CH 9%
Ribitol 83%,
organic acid 16%.
baseline CH 1%
1

4

6

12
fl

% released
after 24 hours

Glucose 100%

Nature of CH
(carbohydrate)

I N C U B A T I O N ON D I S T I L L E D W A T E R

Sorbitol 15%,
baseline CH 85%
Ribitol 1%,
organic acids 9%.
baseline CH 80%
Ribitol 15%,
baseline CH 85%

Baseline CH 100%

Baseline CH

Nature of CH

Green (1970)

Green (1970)

Green (1970)

Drew and Smith
(1967a)
Green (1970)

Reference

C A R P O H Y D R A T E R E L E A S E D BY A L G A I M M E D I A T E L Y A F T E R ISOLATION F R O M T H E L I C H E N T H A L L U S A N D A F T E R
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T A B L E VII
RELEASE A N D INCORPORATION O F

1 4

INSOLUBLE C O M P O U N D S BY A L G A E

Xanthoria

C INTO
FROM

aureola

C in insoluble
compounds (%)

C released
from alga (%)

2
21
58

40°
8

l 4

Alga
Thallus alga
Freshly isolated alga
Cultured alga

, 4

2.5

°Data from inhibition experiments (Green, 1970).

lichen fungus. This might be an alternative way to explain changes in the
percentage of C in the ethanol-soluble and -insoluble fractions.
In summary, as time elapses after separation from the fungus, lichen
algae (a) synthesize less simple sugar or sugar alcohol, (b) form more
ethanol-insoluble compounds (c) develop cell sheaths not observed in direct
ly isolated cells; e.g., in Trebouxia (Ahmadjian, 1959) and Nostoc (Drew and
Smith, 1967a), (d) release less photosynthate into the suspending medium.
Studies on isolated lichen algae are interesting and valuable but experiments
on the intact thallus suggest that lichen algae release a greater proportion of
C to the fungus than they do to the medium after being isolated (Table VII).
Thus, there is limited value in extrapolating results from studies on isolated
algae to explain what is happening in the intact thallus.
1 4

14

IV. The Mobile Carbohydrate and Its Release
A.

Nature of the Transferred

Carbohydrate

Information gained from inhibition experiments and studies on directly
isolated algae have indicated that glucose is the typical mobile carbohydrate
in lichens containing blue-green algae and sugar alcohols in those lichens
containing green algae. More than thirty lichens have now been examined
and the results are summarized in Table VIII. Inhibition experiments have
shown that the movement of carbohydrate is substantial and in many cases
amounts to some 40% of the C fixed by the alga in a 3- to 24-hour period.
Most of this movement is as a single carbohydrate although the methods used
would not detect small amounts of amino acids, vitamins, or other sub
stances.
14

B. Mechanism of Carbohydrate

Release

Studies on the algal symbionts of animals showed two ways of inducing
the algae to release carbohydrate to the host. Cernichiari et al. (1969) de-

TABLE VIII
CHARACTERISTICS OF CARBOHYDRATE
SYMBIONTS OF

MOVEMENT BETWEEN THE

LICHENS'

1

Rate of C
movement
between
symbionts*
, 4

Lichens with
green algae

Lichens with
blue-green
algae

Lichens with
both green
and bluegreen algae

Lichen species

Algal
symbiont

Dermatocarpon hepaticum
Lobaria laetevirens
L. pulmonaria
Lecanora conizaeoides
Lepraria chlorina
Lepraria incana
Parmeliafurfuracea
P. saxatilis
Sphaerophorus globosus
Umbilicaria pustulata
Xanthoria aureola
Gyalecta cupularis
Lecanactis stenhammarii
Roccellafuciformis
R. montagnei
R. phycopsis
Porina lectissima
Verrucaria hydrella
Dermatocarpon fluviatile
D. miniatum
Polyblastia hencheliana
Lichina pygmaea

Myrmecia
Myrmecia
Myrmecia
Trebouxia
Trebouxia
Trebouxia
Trebouxia
Trebouxia
Trebouxia
Trebouxia
Trebouxia
Trentepohlia
Trentepohlia
Trentepohlia
Trentepohlia
Trentepohlia
Phycopeltis
Heterococcus
Hyalococcus
Hyalococcus
Trochiscia
Calothrix

Collema auriculatum
Leptogium spp.
Lobaria scrobiculata
Peltigera canina
P. horizontalis
P. polydactyla
Sticta fuliginosa
Sticta spp. (Cyanicaudata
group)
Coccocarpia spp.
Lobaria amplissima

Nostoc
Nostoc
Nostoc
Nostoc
Nostoc
Nostoc
Nostoc
Nostoc
Scytonema
Myrmecia
with
Nostoc in
cephalodia
Coccomyxa
with
Nostoc in
cephalodia

Peltigera aphthosa

Mobile
carbohydrate
Ribitol
Ribitol
Ribitol
Ribitol
Ribitol
Ribitol
Ribitol
Ribitol
Ribitol
Ribitol
Ribitol
Erythritol
Erythritol
Erythritol
Erythritol
Erythritol
Erythritol
Sorbitol
Sorbitol
Sorbitol
Sorbitol
Glucose
glucan
Glucose
Glucose
Glucose
Glucose
Glucose
Glucose
Glucose

Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Very slow
Very slow
Very slow
Very slow
Very slow
Slow
Intermediate
Intermediate
Intermediate
Slow
Slow

Glucose
Glucose
Ribitol
and
glucose

Fast
Slow
Slow

Ribitol
and
glucose

Intermediate

Fast
Fast
Fast
Fast
Fast
Fast
Fast

Fast

Fast

"Adapted from Richardson et al. (1968) and Hill (1970).
*The adjectives used to describe rate of C movement are defined in terms of the percentage of total fixed C released in "inhibition" experiments after 3 or 24 hours as
follows: "fast," approximately 20-40% released in 3 hours; "intermediate," approximately
10-15% released in 3 hours; "slow," approximately 2-4% released in 3 hours and 20-40%
released in 24 hours; "very slow," approximately 1-2% released in 3 hours and 5-2% released in 24 hours.
, 4

, 4
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monstrated the probable occurrence of a pH sensitive surface enzyme in
viridissima. They suggested that the host controlled the release
of fixed Cby varying the pH in its cells. Muscatine (1967) and Trench (1971)
induced zooxanthellae from Tridacna spp. and Pocillipora damicornis to
excrete glucose, alanine, and glycerol using homogenates of the host tissue.
The mechanism of release was thought to be a "factor" which increased the
permeability of the algal cell membrane. However, since the pattern of dis
tribution of C between intracellular and extracellular compounds was
very different, it was suggested that the host factor only affected the plasma
lemma of the algal cell and not the membranes bounding the chloroplast
and other organelles so that only some of the intracellular compounds were
released.
Experiments have been conducted on lichen algae to see whether they
were sensitive to the two mechanisms that stimulated carbohydrate release
in animal symbionts. In addition, a range of substances have been applied
to induce renewed release of carbohydrate from algal cells which have been
separated from the fungus for a period of time. These experiments are
described in the following sections.
Chlorohydra
14

, 4

T A B L E IX
T H E E F F E C T OF pH ON THE RELEASE O F F I X E D
DIRECTLY

ISOLATED A L G A

, 4

C

BY THE

Trebouxia

0

Total
Radioactivity in
various fractions

pH
3
4
5
6
7
8
Control
distilled
water
(pH 5.8)

Soluble
116
245
330
428
1116
1386
767

Insoluble Medium
112
69
157
209
304
492
270

99
72
20
23
29
131
35

"C

fixed
(counts/
minute
χ 10*)

C
in
medium

327
386
507
660
1449
2009
1072

30.3
18.6
4.0
3.5
2.0
6.5
3.3

l 4

("»)

"Material: 0.5 cm wet-packed volume algae per sample; period
of photosynthesis, 18 hours; temperature, 18°C; light, 5000 lux;
vessels, 2 χ 1 inch specimen tubes; radioactivity 20 Ci N a H ' C O ;
medium; 3 ml distilled water buffered with Mcllvaine buffer.
1
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FACTORS

of pH. Richardson ( 1 9 6 7 ) , using Trebouxia from Xanthoria
found that the release of fixed C w a s stimulated by media buffered
to pH 3 and pH 4 but reduced by media at higher pHs. (Table IX). However,
it was not certain to what extent the phosphate-citrate buffer affected the
results. For example, both sucrose and ribitol were released from the samples
incubated on buffer, especially at high pH levels. In contrast, control samples
incubated on distilled water released C predominantly as [' C] ribitol.
Further, the proportion of C fixed into sucrose within the cells was greater
in samples incubated on buffer than those on distilled water.
Green ( 1 9 7 0 ) examined the effects of pH on directly isolated cells of
Nostoc and found a marked pH optimum of pH 5.9 for release of fixed
a.

EFFECTS

l4

aureola,

1 4

4

14

01

4.0

*

1

5.0

6.0

7.0
pH

L

8.0

9.0 Water
control
pH 6.7

F I G . 1. The effect of pH on the fixation and release of " C by Nostoc from Peltigera
polydactyla immediately after isolation. Period of photosynthesis 3 hours, temperature 2 0 ° C ,
light intensity 5000 lux, 6.25 fiC'\ of N a H C O used per ml of medium. A
• total ' C fixed;
Ο
Ο , C in medium; ·
· ,
C in ethanol soluble fraction; χ
χ , C in ethanol
insoluble fraction. (From Green, 1970).
1 L

1

; {

U

1

4

I 4
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carbohydrate (Fig. 1). However, even at this pH, the ability to release
carbohydrate was lost if the algae were aged in distilled water. Thus, fac
tors other than pH must be involved in the release of carbohydrate. Directly
isolated cells of Coccomyxa did not show a pH optimum for carbohydrate
release when they were tested at pH 4.2-9.0.
Green (1970) made further studies on the effect of pH on directly isolated
algae of Xanthoria aureola. He used the buffer devised by Clark and Lubs
(1916) rather than the citrate-phosphate buffers (Mcllvaine, 1921) which had
been shown to affect the pattern of carbohydrate fixation. Green found that
at any of the pH levels he used, very little fixed C was released as sucrose in
the former buffer system. He compared the directly isolated algae with cells
grown in pure culture. The directly isolated algae were treated as follows:
(1) allowed to photosynthesize at once on solutions of sodium [ C] bi
carbonate buffered at various pH levels; (2) maintained on distilled water for
24 hours before being placed on sodium [ C] bicarbonate buffered to
various pH's: (3) placed on buffer at various pH levels at once for 24 hours and
then sodium [ C]bicarbonate was added and photosynthesis was studied.
The results showed that although net fixation was little affected by the pH
of the buffer, the pH did affect the release o f C by the cells. However, the
pure culture of Trebouxia released very little C under any pH conditions
(Table X). It was argued that low pH maintained the ability of the algae to
14

14

14

14

14

l 4

TABLE
T H E PERCENTAGE OR T O T A L

Trebouxia

1 4

C

X

R E L E A S E D IN 3 H O U R S BY THE

PHYCOBIONT OF Xanthoria
VARIOUS pH

aureola

IN MEDIA BUFFERED TO

LEVELS

0

Placed on distilled water

Placed on

Directly isolated

for 24 hours and

buffer for

photosynthesis

Cultured

then on buffer

24 hours

at once

algae

4.0^.2

17.7

25.0

26.6

1.1

4.9-5.2

6.3

11.7

8.3

1.0

5.8-6.0

3.0

4.5

3.1

1.0

6.3

—

6.7

—

—

7.0-7.2

2.2

—

3.1

1.1

8.0

1.9

—

4.1

1.2

9.0

2.8

—

4.5

0.8

Distilled

5.7

5.9

3.6

1.1

pH

water
a

A d a p t e d from Green, 1970.
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release carbohydrate but could not induce algae which have lost this ability
to regain it. An interesting experiment was done by Green (1970) in which
samples of Xanthoria aureola were given a pulse of sodium [ C] bicarbonate
in the light for 3 hours and then the algae were isolated directly. The algae
were placed on buffer at various pH levels and the release of C was determined over an 18-hour period. At pH 4.2, 32% of the initial pulse was released into the medium and at pH 5.9 very little was released.
In the foregoing experiments where stimulation of carbohydrate release
occurred, the carbohydrate was found as one or two substances and not as a
spectrum of the labeled compounds which occurred in the ethanol-soluble
fraction within the algal cells. Thus, the release was selective and Green suggested that in lichens containing Trebouxia there was a pool of ribitol in the
cytoplasm which could be lost to the medium. He suggested, however, that
the cell organelles contained pools of sucrose, other substances, and possibly
a second ribitol pool which were not released to the medium or to the fungus
when the alga was in the intact lichen. Finally, although pH levels between
3 and 4 stimulated carbohydrate release in lichens, it seems unlikely that this
is the release mechanism in the intact thallus. No information is available
about the pH at the algal/fungal interface or within the algal layer of lichens,
but Tuominen (1967) did measure the pH of thallus suspensions of Cladonia
alpestris and found it to be between 3 and 4. However, such a pH within the
intact lichen would seem remarkable.
14

14

b. THALLUS HOMOGENATES. Green (1970) retained the supernatant
produced during centrifugation of thallus homogenates and added it back to
the washed, directly isolated, algae. In one experiment there was a significant
increase in carbohydrate release by the algae of Xanthoria aureola. However,
he was unable to verify these results. Water extracts of powdered lichen thalli
had no effect. Thus, mechanisms for photosynthate release that are analagous to those found in algal symbionts of animals have not been found in
lichens.
c. LICHEN ACIDS AND OTHER SUBSTANCES.

Lichen

substances

have

increased the permeability of the protoplasts of Allium cepa, Elodea cana-

and Spirogyra juergensii (Follmann and Villagran, 1965) and affected
the germination of higher plant seeds (Pyatt, 1967). Lichen acids were not
effective in influencing the release of carbohydrate from lichen algae possibly because of their insolubility in water. Atranorin and usnic acid were
tested. The latter affected release but it seemed to be due to pH since
buffered solutions of usnic acid did not significantly increase the release of
carbohydrate. The effects of lichen acids on higher plants may not be relevant since in lichens there is a selective rather than generalized increase in
permeability of algal cell. Indeed, lichen acids may play a number of other
densis,
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roles in the lichen thallus (Hale, 1967, p. 118; Kinraide and Ahmadjian,
1970).
A number of other substances have been tested and found to be ineffective
in influencing the release of photosynthate by algae. These substances in
cluding benzylaminopurine, kinetin, coconut milk, and a range of sugars and
sugar alcohols (Green, 1970).
d. DILUTION. Many free-living algae release a proportion of photo
synthate into the culture medium. For example, Fogg (1966) found that
Chlorella sp. released glycolic acid into the medium until an equilibrium was
established between the internal and external concentration of this sub
stance. Dilution of algal suspension resulted in a further release of glycolic
acid until the equilibrium was reestablished. By analogy, Green (1970)
wondered whether Trebouxia released ribitol until a similar equilibrium was
established. He supposed that within the thallus the lichen fungus removed
the ribitol and thus maintained a low external concentration and a contin
uous flow to the fungus. Green investigated this possibility by measuring the
proportion of fixed C which appeared in the medium at different dilutions
of the directly isolated alga from Xanthoria aureola. He found that dilution
increased the percent of the radioactive photosynthate released from 5 to
21%. If the cells were aged for 24 hours, dilution still increased the amount of
fixed C that was released but to a lesser extent, i.e., from 0.8 to 9.9%. In
the dilute suspensions Green noted that the same amount of radioactive
sucrose was released but more radioactive ribitol than in the dense suspen
sions. However, dilution of pure cultures of Trebouxia only produced an
increase in photosynthate release of 1.1-1.7%. Thus, other factors must at
least initiate the observed release. These results could also be explained in
terms of end-product inhibition. Ribitol in sufficient concentration in the
medium could inhibit the release mechanisms in the algal cell.
14

14

e. POLYSACCHARIDE BREAKDOWN. Hill (1972) recently exposed discs
of Peltigera polydactyla to the light for 10 minutes in the presence of sodium
[ C] bicarbonate solutions and then studied the redistribution of this
pulse in the light on media without radioactivity. He found that within an
hour, concomitantly with the rise in C in mannitol, there was a fall in the
C in (1) the insoluble (glucan) fraction, (2) an unknown substance which is
probably sugar phosphate, and (3) glucose. Hill further showed that feeding
of [ C] glucose to the algal layer or fungal medulla resulted in [ C] man
nitol being produced by the fungus. Little C was found in the sugar phos
phate or glucan regions of chromatograms during this experiment. Since it is
known that the alga of this lichen provides the fungus with [ C] glucose,
the C in sugar phosphate and glucan observed during photosynthesis must
be in algal products. Because of these experiments it is suggested that the alga
14

14

14

14

14

14

14

14
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does not release glucose directly from the cells but forms a glucan outside
the plasmalemma. This is then hydrolyzed by an extracellular enzyme produced by the fungus.

co

Sugar
phosphates
2

Mannitol
• Glucan

ALGA

• Glucose

L

- Enzyme-

FUNGUS

The resulting free glucose is rapidly absorbed by the fungus. The principal
evidence for this theory is the rapid turnover of C in the ethanol-insoluble
fraction during transfer of C to the fungus. Also, the fact that Drew and
Smith (1967a) found that directly isolated Nostoc cells, which initially
released glucose into the medium, formed a glucose polysaccharide (glucan)
after 24 hours and the release of glucose ceased.
In the foregoing section several theories have been advanced to explain
carbohydrate release by lichen algae. None of these theories is satisfactory
for all lichens and work is needed to determine if there is one mechanism for
all lichens or several mechanisms dependent on the type of algal symbiont.
The fact that some lichens contain more than one type of alga indicates that
there is still value in searching for a single mechanism.
14

14

V. Fate of the Transferred Carbohydrate
A.

Mannitol

Mannitol is one of the compounds into which the mobile sugar from the alga
is converted. Mannitol has been identified in all of the 80 lichens examined
by various workers (Lewis and Smith, 1967), Experimental evidence confirming that sugars such as glucose were converted into mannitol was first
published by Smith (1963). Disks of Peltigerapolydactyla incubated on [ C] glucose for 24 hours incorporated approximately 45-50% of the radioactivity in mannitol. Of the remainder, some 20% was converted into
insoluble compounds, 20% was released as C 0 , and 5% incorporated into
a glycoside.
In photosynthetic studies on samples of Peltigera polydactyla incubated in
the light on sodium [ C] bicarbonate solutions, Drew and Smith (1967b)
found that in 45 minutes over 60% of the radioactivity was incorporated into
mannitol and about 10% in insoluble compounds. Similar results were
obtained with other lichens although the rate of incorporation into mannitol
varied, e.g., in Xanthoria aureola it took 24 hours of photosynthesis before the
14
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same proportion of radioactivity was found in mannitol. Thus, mannitol can
be regarded as one of the principal soluble storage carbohydrates of lichens.
The fate of this product depends on conditions. If the lichen continues
to photosynthesize, then some of the mannitol is converted into insoluble
compounds. Jacobs and Ahmadjian (1971) investigated the accumulation of
these compounds in both the alga and fungus of lichens during photosyn
thesis. They used a combination of radioautography and electron micro
scopy to trace the accumulation of radioactivity within the thallus of
Cladonia cristatella. They found that after 24 hours of photosynthesis in
solutions of sodium [ C] bicarbonate most of the radioactivity was in
insoluble compounds within the algal chloroplasts. Radioactivity was indi
cated by silver grains which were found over starch grains but not within
the pyrenoid or over the pyrenoglobuli. This observation suggested that
the pyrenoid might not be the center for starch formation as is generally
believed. Silver grains were found also in the fungus but were few in number
and mainly restricted to the cell-wall area.
If lichens are kept moist in the dark then the mannitol within the fungus
is used as a respiratory substrate. Drew (1966) found that in samples of
Peltigera polydactyla maintained in the dark at 18°C the mannitol content
dropped by 40% during the first 48 hours. In another dark experiment where
the mannitol pool was labeled with [ C] mannitol there was a redistribution
of C so that approximately 20% was incorporated into ethanol-insoluble
compounds, 45% was converted to other soluble substances such as organic
and amino acids, 15% was respired, and only 20% of the initial radioactivity
remained in mannitol. Similarly, when Xanthoria aureola was starved in the
dark its mannitol content fell to 50% of its initial concentration after 5 days
(Richardson and Smith, 1966).
14

14

14

B. Other Sugar Alcohols

Sugar alcohols other than mannitol or those which have been found to be
algal products do occur in lichens. The most common of these is arabitol
which was found in 55 of 60 lichens examined (Lindberg et al., 1953).
Arabitol is found in Xanthoria aureola and its role was suggested by photo
synthetic studies on this lichen over 24 hours (Richardson and Smith, 1968a).
Samples of lichen were placed on sodium [ C] bicarbonate solutions for 2
hours. The lichen was then removed, washed, and replaced in the light on
distilled water. After intervals of 4-48 hours samples were analyzed. A study
of the soluble products (Fig. 2) showed that initially most of the radio
activity was in pentitol but as time progressed the amount of C in mannitol
rose. After 48 hours the amount of activity in the soluble fraction declined
as the pulse of radioactivity was respired or converted to ethanol-insoluble
compounds. A detailed study of the pentitol area showed that at first this
14
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C on c h r o m a t o g r a m s of soluble e x t r a c t

Pentitols

F I G . 2 Chromatogram scans illustrating redistribution of a pulse of fixed C in the soluble
fraction of Xanthoria aureola during 48 hours photosynthesis on distilled water. O, Origin;
A, arabitol; R, ribitol. Sample size, 200 mg fresh weight; incubated on 3 ml distilled water
at 18°C; light intensity 5000 lux. Preliminary incubation of each sample before start of
experiment for 2 hours in 20 μ Ο N a H C O (carrier-free). Solvent system, ethylmethyl
ketone: acetic acid: water saturated with boric acid (9:1:1). (From Richardson and Smith,
1968a.)
1 4

, 4

a

radioactive peak was composed almost exclusively of [ C] ribitol (the main
photosynthetic product of the alga Trebouxia). As time elapsed both radio
active ribitol and arabitol were found. After 48 hours the pentitol peak con
sisted principally of [ C] arabitol. Arabitol may be formed in the fungus
during conversion of ribitol to mannitol probably by a pathway similar to
that suggested by Lewis and Smith (1967). This has not been confirmed.
14
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Since some 90% of lichens contain ribitol-synthesizing algae, the common
occurrence of arabitol is not surprising if the above pathway is operative.
Volemitol has been found in Dermatocarpon spp. and Endocarpon adscendens (Lindberg et al, 1953) but the exact role of this sugar alcohol in the
physiology of these lichens is unknown.
The carbohydrate transferred to the fungus by the lichen alga, at least
in part, ends up as structural components of the growing thallus. This is
principally in the form of the glucose polymers lichenin and isolichen (Hale,
1967) and some protein. No experimental studies have been done on the rate
of production of these components. The importance of the sugar alcohols
may, however, be indicated by the fact that these substances accumulate in
the thallus. Mannitol was found to comprise approximately 2.5-4% of the
dry weight of Peltigera polydactyla in England (Hill, 1972) and Pueyo (1960)
in France found that the polyol content of eleven species varied from 1.7 to
4.9%. This contrasts with the fact that free sugars which are important in
higher plants are only found in minute amounts in lichens (Solberg, 1970).
VI. Carbohydrate Movement between the Symbionts
A. Amount of Movement

A question which remains to be answered is "How much carbohydrate
does the fungus receive from the alga to account for the observed thallus
growth rates of approximately 2-0.2 cm radial increase per year?" Hill and
Smith (1972), using 2-deoxyglucose to inhibit carbohydrate transfer in
Peltigera polydactyla during photosynthesis on sodium [ C] bicarbonate,
have estimated (using gas chromatography which is able to separate the
[ C ] glucose produced by the alga from the 2-deoxyglucose used for inhibi
tion) that the amount of [ C]glucose available to the fungus is 0.7-1.1
mg/gm dry weight of thallus per hour. A study of the rate of accumulation of
C 0 into mannitol under as nearly natural conditions as possible would
also provide information on the amount of carbohydrate passed between the
symbionts. Thus, samples could be exposed to C 0 and the amount of
radioactivity in mannitol plus the absolute amount of mannitol could then
be determined. By assaying samples over a time period one could determine
the change in specific activity and also the amount of photosynthate being
converted into this soluble storage carbohydrate. The same might be done
to the ethanol-extracted residue of the sample when hydrolyzed. Thus, it
should be possible to follow quantitatively the incorporation of radioactivity
into glucose polymers such as lichenin. The dissection technique could be
used to partially distinguish incorporation into fungal as opposed to algal
insoluble products.
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B. Rates of Movement

The rate of movement between lichen symbionts is still not fully determined. Carbohydrate moves from the alga to the medulla region of the
thallus at different rates in various lichens (Table III). However, the rate
at which carbohydrates move from the algal cells to the fungal hyphae
immediately adjacent are not known. Some indication of this rate can be
obtained during inhibition experiments where lichens are given a short
pulse of sodium [ C] bicarbonate in the light before being washed and
placed on a solution of an appropriate [ C] sugar. The proportion of the
pulse which is released into the medium in 24 hours may indicate the rate of
movement of the pulse out of the alga (uptake by the fungus being inhibited
by the [ C] sugar). Experiments with different lichens showed that there
was a considerable variation in the proportion of a pulse released into the
medium over a fixed period (Table XI). However, the interpretation of these
results may be complicated by the varying pool size of the mobile carbohydrate.
Another way in which the movement of carbohydrate from alga to fungus
may be followed is by a further modification of the inhibition experiment
technique (Richardson et al., 1968). Samples of each lichen were given
preliminary short exposure to N a H C 0 in the light. They were then
washed with distilled water and allowed to resume photosynthesis on dis14
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12

14

3

TABLE
T H E PROPORTION OF P U L S E OF
11

1 4

C

XI

R E L E A S E D DURING " I N H I B I T I O N " IN

SPECIES OF

LICHEN*

Lichen

Algae

Carbohydrate
released

Porina lectissima
Roccella montagnei
Coccocarpia sp.
Peltigera
polydactyla
Dermatocarpon
hepaticum
Lepraria chlorina
Lepraria incana
Peltigera
aphthosa
Sphaerophorus
globosus
Xanthoria aureola
Verrucaria hydrella

Phycopeltis
Trentepohlia
Scytonema
Nostoc
Myrmecia
Trebouxia
Trebouxia
Coccomyxa
Trebouxia
Trebouxia
Hyalococcus

Erythritol
Erythritol
Glucose
Glucose
Ribitol
Ribitol
Ribitol
Ribitol
Ribitol
Ribitol
Sorbitol

"From Hill (1970).

Proportion
of pulse
released

(%)
31
9
30
33
26
61
40
65
57
40
68

Time allowed
for C
release (in
hours)
1 4

24
48
24
19
24
10
24
24
24
24
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tilled water without radioactive bicarbonate. At increasing time intervals
samples were then transferred to 1% solutions of either glucose (for Peltigera
polydactyla) or ribitol (for Xanthoria aureola) and replaced in the light. It was
assumed that the residual C available for transfer would then diffuse out of
the tissues. The total C available for transfer was assumed to be equivalent
to the amount released by lichens transferred directly from [ C] bicarbonate
to [ C] carbohydrate solutions. The amount of C moving from alga to
fungus during a particular time on distilled water will be equivalent to the
total amount available for transfer minus the amount released subsequently
in [ C] carbohydrate. From these measurements it was possible to estimate
the rate at which an initial pulse moved between the symbionts. It appears
that the pulse of fixed C passes more rapidly between the symbionts of
Peltigera polydactyla than between those of Xanthoria aureola (Fig. 3). Under
this experimental procedure the rate of C movement is related both to the
overall rate of carbohydrate movement and to the size of the pool of mobile
carbohydrate that has to be labeled. Under identical conditions, the pulse
of C moved about twelve times more quickly between the symbionts in
Peltigera polydactyla (containing Nostoc) than in Xanthoria aureola (contain14

14

14

12

14

12

1 4

14

14

2

3

6
I
Time (hours)

3

6

9

12

24

FIG. 3. Comparison of the rate of transfer of a pulse o f C from alga to fungus in Xanthoria
aureola and Peltigera polydactyla during photosynthesis. Sample size, 100 mg fresh weight
for Xanthoria, ten disks (7 m m diameter) for Peltigera. All material incubated at 18°Cat 5000
lux light intensity on 3 ml media per sample. Preliminary exposure to N a H C 0 (10
μ Ο carrier-free per sample), 10 minutes for Peltigera, 2 hours for Xanthoria. Percentage
of total fixed C subsequently moving to fungus in 24 hours, 41% for Peltigera; 23% for
Xanthoria. (From Richardson et al., 1968.)
1 4

1 4

3

1 4
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ing Trebouxia). However, the pool of glucose in Peltigera polydactyla is very
small, amounting to 0.01 mg/gm dry weight, and is scarcely detectable in the
thallus (Hill, 1972); by contrast, ribitol may comprise up to 1% of the dry
weight of Xanthoria aureola which means that the pool of ribitol may be large
and take a long time to saturate with C in photosynthesis experiments.
This experiment needs to be repeated with the modification that the
lichens are first allowed to photosynthesize for a period of a few hours on
distilled water without added C . This would allow the various carbohydrate
pools to fill and attain equilibrium with one another. A pulse of C 0 would
then be given and followed by the inhibition procedure outlined above. If
this were done then the rates of C movement observed should be related to
the rate of total carbohydrate movement and not depend on the pool size
of the mobile sugar produced by the alga. If the specific activity of the
released carbohydrate were measured then the amount of carbohydrate
transferred could also be determined.
14

14

1 4

2

14

C

Factors Affecting Carbohydrate

Transfer

Very little is known about the factors which affect the rate or amount of
carbohydrate movement between lichen symbionts. A considerable amount
of work could be done in this area using the techniques outlined in Section
III.
1. LIGHT

Although some carbohydrate movement occurs in the dark, it is much
more rapid in the light (Smith, 1961; Smith and Drew, 1965). Samples of
Xanthoria aureola and Peltigera polydactyla when given a pulse of C 0 in the
light and then subjected to the inhibition technique showed a rate of [ C]carbohydrate movement in the dark which was only approximately 10% of
that in the light (D. J. Hill, unpublished).
I 4

2

14

2. pH
This can influence movement by affecting both the rate of release from the
algal cells (see Section III) and fungal uptake. For example, in Xanthoria
aureola low pH stimulated algal release but partly inhibited fungal uptake so
that carbohydrate was released from the tissues into the incubating medium.
At high pH release from the algal cells seemed to be reduced although fungal
uptake appeared normal (Richardson, 1967). In Peltigera polydactyla a
marked reduction in carbohydrate uptake was noted at low pH (Harley and
Smith, 1956). Movement of carbohydrates in lichens therefore seems to be
reduced at extremes of pH.
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An interesting observation is that lichen algae when directly isolated from
the thallus show a sharp reduction in fixation at lowpH (Richardson, 1967).
However, intact lichens, especially those growing in areas adjacent to indus
trial areas, e.g., Cladonia deformis and Stereocaulon paschale, show little or
no reduction in fixation when incubated on media buffered to pH 3 and 4
as compared with distilled controls (K. J. Puckett, unpublished). It is possible
that these lichen fungi may moderate the effects of low pH. It may be
significant that Harley and Smith (1956) and D. J. Hill (unpublished) noted
that when samples of Peltigera polydactyla and Xanthoria aureola were in
cubated in weak buffer solutions they tended to change the pH of the
medium towards the region 5-6 and not to more acid levels.
3. THE SYMBIONTS

One problem is to decide which symbiont controls the rate and amount
of carbohydrate movement. The type of mobile carbohydrate depends on
the genus of alga within the thallus (Table XI). There is also an obvious
correlation between the rate of movement (as measured by inhibition experi
ments) and the type of alga present in a particular lichen.
In a series of experiments, Richardson et al. (1967) showed that it was the
alga rather than the fungus which controlled the rate of C movement
between the symbionts. The authors examined several species of Lobaria. In
this genus the fungal components of the lichens are closely related but the
algal symbionts are different. Lobaria scrobiculata contained Nostoc, Lobaria
laetivirens contained the green alga Myrmecia, and Lobaria
amplissimahada.
thallus containing Myrmecia and upright-growing cephalodia containing
Nostoc. The cephalodia could be excised and studied separately.
Experiments carried out on samples of these lichens gave the following
results. With the thallus of Lobaria scrobiculata and the cephalodia of Lobaria
amplissima, inhibition could be affected using [ C] glucose in the medium.
With this sugar present, [ C] glucose was released from the samples in
considerable amounts after 3 hours and little [ C] mannitol was found
within the thallus or cephalodia. The presence of ribitol in the medium had
no detectable influence except in the case of the cephalodia of Lobaria
amplissima where there was a slightly increased release of C probably due
to attached fragments of thallus that contained Myrmecia (Table XII).
In Lobaria laetivirens and the thallus of Lobaria amplissima inhibition was
brought about only by the presence of [ C] ribitol in the medium and was
substantial only after 24 hours. [ C] glucose had no effect of Crelease into
the medium although a reduction in total C fixation was noted. The rate at
which inhibition could be affected in these lichens was also reflected in the
rate at which C moved from the algal layer to the medulla as measured by
14
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14

14

14

14

14

14

14
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RELEASE OF PHOTOSYNTHETICALLY F I X E D
THE PRESENCE O F [ C ] G L U C O S E
1 2

AND [

, 2

1 4

XII
C TO M E D I U M BY VARIOUS LICHENS IN

C ] RIBITOL ( R E S U L T S EXPRESSED AS PERCENT

IN M E D I U M OF T O T A L SOLUBLE F I X E D

Lobaria
amplissima
(thallus)
Myrmecia

Lobaria
laetivirens
Mymecia

Lichen:
Contained alga:
3 hours, 18°C
Water
Glucose*
Ribitol
6

24 hours, 18°C
Water
Glucose
Ribitol*
b
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C)

L4

A

Lobaria
amplissima
(cephalodia)
Nostoc

Lobaria
scrobiculata
Nostoc

0.2
0.2
1.7

1.6
0.6
1.7

2.3
22.6
1.3

0.5
21.3
0.6

0.2
1.1
45.1

0.9
4.2
39.1

2.3
56.0
15.3

0.7
56.8
1.4

All material as samples of 5 χ 7 mm thallus disks except Lobaria amplissima thalli ( 5 x 5
mm disks with no cephalodia) and cephalodia (200 mg fresh weight). All samples incubated
in shaker bath on 3.05 ml distilled water with 5 ^Ci carrier-free N a H C O in 2 χ 1 inch
specimen tubes covered with 1-inch diameter cover glasses sealed on with petroleum jelly.
Light intensity 5000 lux; controls showed dark fixation to be not greater than 5% light fixation,
and no significant release of fixed C from lichen material in any medium in the dark.
^Glucose and ribitol as 1% (w/v) aqueous solutions.
a

1 4

a

1 4

dissection experiments. In Lobaria scrobiculata (containing Nostoc) some
40% of the fixed C moved to the medulla in 3 hours. In the thallus of Lobaria
amplissima (containing Myrmecia) only 2.9% moved in this time. Therefore,
the rate of C movement depended on the alga and not the fungus. This was
exemplified by the situation in Lobaria amplissima where the same fungal
component is symbiotic with two different algae. These experiments, how
ever, only examined the rate of movement. Hence, although the speed at
which the fungus receives C is dependent on the type of alga, the absolute
amounts of carbohydrate which pass to the fungus over a long period may
be similar.
14

14

14

VII. Conclusions

In nearly all studies on photosynthetic rates of lichens, the results are
expressed in the same way as those from photosynthetic studies on higher
plants. Thus, net photosynthesis has been determined under various condi
tions. While this enables a comparison with other groups of plants it does not
elucidate the effect of such conditions on the two symbionts which constitute
the intact lichen. If the true photosynthetic rate were calculated by taking
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fungal respiration into account, then it would be possible to explain varia
tions in net photosynthesis or compensation points in terms of either reduced
photosynthesis by the alga or increased respiration by the fungus. When the
relationship between these parameters and moisture content or temperature
has been determined, it will be possible to assess the likely effect of a set of
naturally occurring conditions on a particular lichen. At the moment this
basic information is not available but such studies could be conducted even
in large cities using growth chambers fitted with a simple air-filtration system.
Samples of lichen can be kept and grown for several months in this sort of
apparatus (Kershaw and Millbank, 1969; Dibben, 1971). It is now evident
that fluctuating conditions are necessary for the growth and maintenance
of lichens in the laboratory. When the optimum conditions are determined
for a particular species, it will enable the preparation of lichen material with
as little physiological variability as is found in higher plant material used in
photosynthetic studies (see Harris and Kershaw, 1971).
Particular attention should be directed to measuring the microclimate
in physiological studies on lichens. Lichenologists appreciate the impor
tance of this in the field but rarely is critical monitoring of experimental
chambers of cuvettes done in the laboratory. Thermocouples placed inside
thalli or incubating solutions often show that conditions in the lichen are
significantly different from those recorded by temperature sensors in the
growth chamber or water bath. Insufficient data are usually collected on
the light quality of sources employed to illuminate apparatus for photo
synthetic studies. Light meters, calibrated in calories per square centimeter,
which measure red, far red, and blue portions of the spectrum separately
are now available.
The effects of low temperature on net photosynthesis by lichens has been
studied extensively and the results show that these plants are remarkably
adapted for living in cold conditions. Although there is an equally rich
tropical lichen flora, it is not known whether these lichen are specially
adapted to photosynthesize at high temperatures. Studies of tropical lichens
would be especially valuable since many of them contain Trentepohlia and
little is known about the physiology of lichens that contain this alga.
Much of the foregoing chapter has been concerned with carbohydrate
transfer in lichens. Most of the work has been done in D. C. Smith's labora
tory at Oxford. The techniques which have been developed are not difficult
and it is hoped that carbohydrate transfer will be studied in many lichen
genera in different continents. In most studies standard conditions have
been applied but detailed investigations on the effects of different tempe
ratures, light regimes, and moisture content on the rate of carbohydrate
transfer in lichens from particular geographical areas would provide interest
ing information.
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The difficult problem as to what causes the alga to release carbohydrate
to the fungus has been the subject of much study. It is still not certain whether
the role of the fungus is active or passive. It is possible that the fungus (1)
maintains a low pH around the alga whose membranes are more permeable
under these conditions, (2) produces an enzyme hydrolyzing products which
would normally form part of the algal wall, (3) absorbs photosynthate which
would be excreted until a particular external concentration had been developed, (4) produces a factor or enzyme causing a direct increase in algal
permeability. None of these suggestions have been fully confirmed by experimental findings. D. C. Smith (personal communication) has recently suggested that movement out of the alga may be induced simply by physical
contact with the fungus and has suggested the following theoretical model to
explain how this might occur.
In the nonsymbiotic condition, the general direction of membrane transport of neutral or weakly ionized molecules is inwards. In symbiosis, physical
contact results in either the elimination of this tendency to inward movement
or even a positive reversal of direction to produce an outflow from the cell.
It is assumed also that in the nonsymbiotic condition the feature which
determines the generally inward direction of molecule transport is the membrane potential which operates in a manner analagous to that proposed to
explain ion transport (see Robertson, 1968). The maintenance of membrane
potential by electron and/or proton flow is necessary for molecule transport
across the membrane.
Fungi in general have much higher rates of uptake of molecules such as
glucose than algae. This higher rate of uptake would be reflected in a higher
membrane potential (e.g., the membrane potential of Neurosporacrassahas
been measured at 200 mV, and Chlorella at 40 mV). If the fungal membrane
was placed in direct contact with the algal membrane, the potential of the
latter might be eliminated or even reversed. This would result in an outflow
from the alga. Of course in actual practice the membranes are separated by
cell walls. For the model to operate it would be necessary for the charge to
be conducted across the cell walls between the membranes. Although such
conduction might occur by a flow of charged particles across this space, it is
proposed that there is a definite physical contact between the membranes
possibly in the form of protein or glycoprotein bridges. Such connections
have never been seen but appropriate techniques have not been applied to
show them in electron microscopic studies. Fungi and algae have an appreciable protein content in their walls, usually about 7—15%. The existence of
these connections is postulated to explain (a) the relative insensitivity to
medium pH of movement between the symbionts in the intact thallus, and (b)
the absence of any movement for a prolonged period during the initial stages
of synthesis from isolated symbionts in laboratory experiments (Hill and
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Ahmadjian, 1972), a period when such protein connections were being slowly
established.
This theoretical model is now being studied experimentally as there are
areas of particularly close association between the fungus and alga in lichens.
In most foliose and fruticose forms the fungus develops an appressorium
on the algal cell wall but does not seem to penetrate further. In many crustose
lichens, at least a proportion of cells have haustoria which invaginate the
algal membrane. These might be areas where protein or glycoprotein con
nections are numerous, However, not all lichens show the structures de
scribed above, e.g., lichens containing blue-green algae. In general, lichen
thalli kept in the dark or growing in unfavorable situations contain a greater
proportion of algae with haustoria; indeed, the fungus under conditions of
starvation may attempt to induce maximum flow of metabolites via an
increased number of close contact areas.
In most lichens the transferred carbohydrate is rapidly converted to man
nitol. This presumably maintains a concentration gradient facilitating the
outflow of the mobile carbohydrate. The fungus benefits further by this
conversion. Under fluctuating conditions, if the hypothetical model pro
posed above operates, a reversal in direction of flow to the alga could occur
for a period, but if the alga were not able to utilize the polyol the fungus
would not be at disadvantage. Such flow reversals could be the time when
symbiotic algae obtain vitamins or growth factors necessary for growth and
this might explain why fluctuating conditions are necessary for the health
of both symbionts in a thallus.
Sugar alcohols have other roles in plants. They form valuable storage
products as they contain more reducing power than the corresponding
hexoses. They can function also in coenzyme regulation, the reversible
synthesis of polyols to sugars being coupled with coenzyme oxidoreduction.
Gluconate 6-phosphate
Glucose 6-phosphate

NADPH

Finally, these compounds may function as osmoregulators as they fre
quently accumulate in large amounts in plants subject to desiccation or
living in environments of high osmotic pressure. Polyols are nonpolar and
relatively inert and so may be preferable to other substances such as hexoses.
The various roles of polyols in plants and symbiotic associations are dis
cussed in detail by Lewis and Smith (1967) and Smith et al. (1969). In lichens
experiments have yet to show whether sugar alcohols have all these func
tions. In particular, the biochemistry and enzymology of the glucose to
polyol conversion, or polyol to polyol conversion have yet to be examined.
The final fate of much of the transferred carbohydrate in lichens is as pro
tein and polysaccharides such as lichenin. These form the structural com-
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ponents of the thallus but here again virtually no experimental work has been
published.
In summary, lichens have proved interesting in every aspect of their
physiology that has been studied. The large number of gaps in the present
state of knowledge of just one aspect of lichenology is evident. It is hoped
that biochemists, enzymologists, and physiologists will be enticed to study
these plants, which have no obvious economic significance but which are
part of any natural plant community and are of increasing importance in
conservation and pollution studies.
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