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I. Introduction

Of all the life systems known to biologists, symbiosis can be singled out as
unique. Depending on how widely one interprets symbiosis it encompasses
all shades of physiological and behavioral associations. In the physiological
sense, symbiotic systems are life-support systems. They have evolved into
systems which are physiologically so closely unified that each participant
necessarily is life supported by, as it supports the life of, its coparticipant.
This is a step further than mutual aid which has long been the criterion of
numerous classes of symbiosis. Mutual aid is a misnomer as a generalized
description of the mutualistic type of symbiosis for there is implicit, in many
symbiotic systems, a deeper physiological interdependence than "aid."
The mutual-aid phase in the evolutionary development of symbiotic systems
is transitory. It is but one phase in the progression from casual association
toward the physiologically highly integrated, obligatory association exemplified by the lichen symbiosis and several plant-animal systems.
The ultimate in the evolution of symbiotic systems—one organism-one
physiological entity—has apparently not been achieved; or perhaps it has in
the guise of the chlorophyllous terrestrial plant. Where two recognizable
organismal entities remain, however, in any symbiotic system, the highest
known degree of integration is still well short of the physiologically unified
individual organism.
581

582

G. D. SCOTT

A retrospective consideration of symbiosis serves not only to indicate the
probable pathways along which evolutionary progression or retrogression
has taken place but to indicate the probable ways in which physiological
association has developed and to indicate the probable stresses that have
contributed to or, indeed, have been the dominant guideline, of, this development.
Perhaps the greatest misfortune for the study of symbiotic evolution is
the paucity of fossilized remains that can be clearly categorized as symbiotic.
In particular, there is little conclusive evidence of the lineage of the lichen
symbiosis. A fossil record, however, would not help to elucidate the physiological circumstances surrounding the development and progression of
symbiosis. Past probabilities in this respect can only be evaluated from
existing symbiotic systems, their physiological differences and such lines
of physiological development as can be seen within the various types.
In prospect, our thinking might be governed by the pattern of development which we can discern in present symbiotic systems (Henry, 1966,1967;
Cheng, 1970). A rational survey of these systems and of the interrelations
between the symbionts—of the pressures that impinge on these developing
symbiotic systems, of the general direction in which symbiotic systems are
evolving toward mutual life support and composite autotrophy—leads
unerringly to the conclusion that the concept of symbiosis can well provide
a basis for future research into the capacity of the earth's productive surfaces
sustain its ever-increasing heterotrophic population.
II. Symbiosis in Retrospect
A.

The Free-Living

Organisms

Separate existence preceded symbiosis. We accept this as fact because we
cannot conceive of two organisms, which we know by experimentation to be
genetically different, evolving from a common ancestor at one and the same
time in one and the same space as a physiologically interdependent unit.
Rational proof can never be provided, however, so we state categorically
that all symbiotic systems known to us at the present time did not formerly
exist as such, and that the individual symbionts were at one time free-living
organisms. But there is much more to symbiosis in retrospect than this statement of what we take to be fact. When considering the lichen symbiosis in
particular, it is apparent that numerous physiological and ecological characteristics have been responsible, both jointly and separately, for the discontinuance of the free-living status of certain algae and fungi. Whether such
organisms are to be regarded as degenerate or opportunistic is a matter of
opinion. We can only assemble here some of the relevant facts and suppositions.
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1. PHYSIOLOGICAL AND ECOLOGICAL CONSIDERATIONS

All free-living organisms are either heterotrophic or autotrophic. The
evolution of autotrophic plants is to be correlated with the existence of
carbon chemically combined with oxygen as carbon dioxide, and hydrogen
chemically combined with oxygen as water. Air is present over the entire
surface of the earth, in every space that is not occupied by solid or liquid
matter. This implies that C 0 is the most readily available source of carbon
to all plants. Those which can use this source of carbon have a clear advantage over those which cannot.
Liquid matter, and particularly water, because of high surface-tension
forces, tends to occupy that shape and volume consistent with the dissipation
of the least surface energy. Gases, however, are relatively unrestricted in
their flow by surface-tension forces and therefore tend to occupy all available space. Thus we have two contrasting characteristics of the "parent
compounds" of carbon and hydrogen. Carbon dioxide diffuses throughout
the maximum possible space and is therefore of continuous distribution over
the earth's surface while water is confined to the least possible space and is
of discontinuous distribution.
Any plant that has attained the capacity to assimilate carbon from carbon
dioxide and hydrogen from water will have the greatest possible chance to
colonize all spaces on the earth's surface from which it is not barred by other
physiological or ecological deficiencies. Such a plant is, of course, a chlorophyllous or autotrophic plant. We should more correctly term such plants
autotrophic for carbon because autotrophism for both carbon and nitrogen
is displayed by the blue-green algae, certain species of which are lichen phycobionts. So the autotrophic plant is one which we should expect would
colonize those areas in which no more than a minimal demand on the nutritional capacity of the substratum can be met.
This is in sharp contrast to the situation for heterotrophic organisms. The
physiological demands of heterotrophs on the substratum are heavy and
may be termed absolute, except for oxygen and relatively small amounts
of C 0 involved in acid fixation. All heterotrophic organisms depend on the
previous existence of one or more species of autotrophic organism at or
near to the point of their colonization. This dependence is manifest in the
absolute sense in all parasitic heterotrophs. They are what one might term
physiological appendages of the host organism.
The spatial distribution of the parasite coincides at all times with that of
the host and therefore the survival of the host determines the survival of the
parasite. This is a physical contact relationship which is attended by a high
degree of physiological adaptation on the part of the parasite.
In general terms, host species selectivity and physiological adaptation
show high correlation in parasites. If the host is an autotroph, there is
2
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a close link between the heterotroph and the carbon supply from the atmosphere. It is evident, however, that there is, in the host-parasite relationship,
an effective barrier to the direct extraction of carbon compounds by the
parasite from the host chloroplasts. Whether or not chloroplasts are derived
from a symbiotic system, they are the seat of carbon assimilation. It is rather
surprising that no parasite has gained, through evolution, the supreme
advantage of direct association with the chloroplasts of the autotrophic host.
In contrast, the saprophytic organism is dependent only on the remote
presence of the living autotroph and there is necessarily a time lag of at
least one generation between the two. There is little or no direct physical
contact and no direct physiological relationship. The nutritional requirements of the saprophyte are met from a heterogeneous mass of decaying
vegetable or animal matter. This mass is discontinuous in time and in space
and therefore the greater the degree of discontinuity the less is the chance of
survival of the saprophyte.
A chain of numerous links between the living autotroph and the heterotroph, be it parasitic or saprophytic, is thus a physiologically inefficient
system. With the elimination of each successive link, efficiency is increased
until the point is reached at which there is direct physical contact between
the heterotroph and the host chloroplast. This near ultimate in proximity
of association appears to have been approached only by the lichens and a
few other symbiotic systems.

2. PROGRESS TOWARD ASSOCIATION

Symbiotic, parasitic, and saprophytic fungi have been labeled with
different degrees of physiological efficiency according to their physical
closeness to chloroplasts of the "host" organism. Such a categorization is
not intended to indicate a series of evolutionary advances, nor does it indicate that one group is ecologically more successful than another. What is
indicated is the existence of numerous examples of different levels of association between fungi and other organisms-mostly autotrophic plants.
The saprophyte, dependent on the previous presence of an autotroph, and
the parasite, dependent on the immediate presence of an autotroph, are no
less dependent than is the lichen mycobiont on the phycobiont. Both
examples of association can be regarded as representing probable stages in
the convergence of autotroph and heterotroph which led to the evolution of
symbiotic systems.
From the least specialized saprophyte to the most highly specialized
parasite, there runs a common thread of increasing dependence on specific
organic substances of autotroph origin. The ultimate in specialization is
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complete dependence of the parasite on the metabolic products of a single
species of autotroph (Quispel, 1951). At this level, a relatively stable state
has been reached in which the defense-reaction mechanisms of the host are
sufficiently powerful to prevent self-elimination but yet are insufficiently
powerful to effect the elimination of the parasite. Physiological symbiosis,
in the sense of mutual life support, is only one step further. The circumstance
can easily arise, and presumably has arisen, in which the host organism
through mutation develops a metabolic deficiency which is made good by the
associated organism. The host becomes dependent on the parasite just as the
parasite is dependent on the host, and a state of symbiosis ensues.
It is probable that the green lichens evolved by such a process, starting with
the casual association of fungal hyphae and free-living green algal cells, and
continuing through stages of progressive adaptation of both fungus and alga
to the conditions of the new environment thus created. The present-day
green lichens represent, so far as we are aware, those stages in symbiosis
evolution at which the autotrophic symbiont has become fully dependent,
ecologically and perhaps physiologically, on close association with the
heterotrophic symbiont.
Although this may have been the general pattern of evolution of the lichen
symbiosis, it is clear that not all present-day examples have reached comparable stages in the development of interdependence. The phycobionts of
many blue-green lichens, for example, appear to be facultative symbionts.
There is no concrete evidence that any such phycobiont cannot lead an
independent existence from one generation to the next. It is evident, too, that
the secondary phycobionts of cephalodial lichens, such as Stereocaulon,
Peltigera (Peltidea), Nephroma, etc., are facultative associates only. Whether
these blue-green lichens are to be regarded as intermediate stages in the
progression to obligatory association is a matter for conjecture. The only
pertinent evidence in favor appears to be the fact that Nostoc, and perhaps
other blue-green phycobionts, are nitrogen fixers. So long as this attribute
remains inherent to the species, there is only a slender chance of physiological adaptation to exclusive utilization of nitrogenous metabolites of the
mycobiont.
The lichen symbiosis is thus a classic example of the progression from
facultative to total interdependence of the symbionts. It is certain, however,
despite the lack of evidence, that there is a stage of independence prior to the
initiation of every individual symbiosis. This may be, and perhaps usually
is, brief, but no symbiosis arising from a mycobiont ascospore can be initiated
without the previous independent existence of the phycobiont. This is one
instance when the lichenologist should not be confounded by the mathematical nicety that one plus one equals one—itself a fair, if not very illuminating,
definition of symbiosis.
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In the course of the history of the lichen symbiosis and, indeed, in the
histories of all symbiotic systems, there must, because of the trial and error
nature of evolution, have been numerous examples of incipient symbiosis.
Interaction between various algae and fungi at the unicellular and multicellular level is a matter of common observation, particularly with reference to
"algal covers" on tree trunks. But we still cannot identify a single example of
early interaction between alga and fungus as a case of incipient lichen
symbiosis.
There are many recorded instances of fungal hyphae associating with
unicellular algae under cultural conditions but again we are largely ignorant
of the physiological interrelationships that exist in these ephemeral associations. At best, we can say that numerous observations indicate that some of
them could represent early stages of symbiosis. We need a great deal more
information before we can arrive at any tenable conclusions. In the meantime, we may look closely at the circumstances that perhaps contribute to
the evolution of symbiotic systems, and attempt to derive what we might call
the laws of symbiosis.
1. THE " L A W S " OF SYMBIOSIS

In order to fully appreciate the complexities of the circumstances surrounding the evolution of lichen symbiotic systems, we must attempt to
"think" for evolution. Evolution is not a random process in the sense that it
is by pure chance that any pathway is followed. If we accept the basic premise
that the physiologically and ecologically more successful plants are those
that have attained the autotrophic state and those whose reproductive
systems expose the filial generation to the least vulnerability before "safe"
establishment, then we can perhaps establish criteria by which these ends
have been achieved.
The simplest definition of a lichen is that it is a photosynthetic fungus. This
definition would not be accepted by the purists among lichenologists and
mycologists, but the fact remains that the principal feature of distinction between fungi and lichens is that the latter are photosynthetic.
It seems evident that among the 16,000-18,000 distinct species of lichens
there has been a "common pathway" in the sequence of evolutionary events.
This common pathway is most certainly the advance of certain groups of
fungi toward the autotrophic state (Chadefaud et al, 1968). Underlying
this move of heterotrophic systems toward autotrophy must be a basic
factor, presumably physiological, which has "steered" the numerous paths
of evolution in this common direction. The nature of this factor is one of the
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major questions confronting those who are concerned with this aspect of
symbiosis.
Let us consider the numerous physiological and ecological characteristics
of the fungi which might be contributory factors in this evident move toward
the autotrophic state by way of symbiosis. For the purpose of this exercise,
we must think of the primitive fungus from the physiological point of view.
The individual concept of the primitive organism, of course, can only be
highly subjective in nature. If this fact is recognized, however, there is every
excuse to consider the primitive fungus as being an organism of a diffuse
mycelial nature and a saprophytic type of physiology.
Among saprophytic fungi there are several well-recognized types of
physiology which center around the presence of particular constitutive or
adaptive enzyme systems. For example, there are saprophytes that can
metabolize simple carbohydrates only, such as glucose; those that can
metabolize higher carbohydrates, such as starch or other polysaccharides,
and those that, although they may normally metabolize the simple carbohydrates, seem to have an adaptive enzyme system that can incorporate a
polysaccharide substrate if simpler forms of carbohydrate are not available.
One might suppose that one way in which fungi were induced toward
symbiosis may have been because of a purely ecological situation, i.e., the
scarcity in the gross medium of the carbohydrate to which a species was
physiologically adapted. Under these circumstances one can visualize the
possible gradual elimination of that fungal species.
All organisms have an exosphere of varying dimension—a sphere of
influence which is exerted through organic or inorganic molecules exuded
from, or accumulated on the surface of the organism. The limits of the
exosphere are defined by factors that include the following: the intensity or
concentration of exudation; the degree of volatility of the exudate; the
physical nature of the medium in which the organism is growing, be it soil,
water, air, or other substrate; the presence of barriers to diffusion such as the
electrical properties of the medium and of the organism itself; the occurrence
of flow patterns of air or water in the vicinity of the organism.
The exosphere of motile organisms in a liquid medium will thus be very
small indeed if the organism is of fairly large proportions and is capable of
considerable movement through the medium. If the organism is small or
microscopic and unable to progress significantly against any current in the
medium, it will be relatively large and uniform. In both instances, frequent
violent movement of the liquid medium, such as occurs by wave action, will
tend to erase the exosphere even of microscopic organisms. Despite these
physical circumstances, however, chemotactic responses are indispensible
stages in the life cycle of many aquatic organisms.
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So far as static terrestrial organisms are concerned, the dimensions of
the exosphere frequently vary with changes in the water tension of the soil,
in the physical characteristics of the soil, in air movement over aerial plant
organs, in relative humidity, and in relative proportions of the constituent
gases of the air.
It follows that the chance growth of one organism within the exosphere of
another will result in a physiological and probably an orientation reaction.
The extent and biochemical composition of the exosphere will profoundly
influence the intensity of such reactions. As an example, the presence of
unicellular algae might, through exosphere exudation, create a localized
increase in the population density of a saprophytic fungal species. Adaptation to utilization of the exosphere exudations of the algae might take place
and the distribution of the fungal species would gradually coincide with that
of the algal species with which it has become associated. This is the physiological threshold of symbiosis.
The motivating force behind this apparent move toward autotrophy
through symbiosis might, of course, be looked at from an entirely different
point of view. Carbohydrates and other organic nutrients in the soil are
derived principally from autotrophic plants. The distribution of such plants
over any substrate is discontinuous in space and in time. Thus the distribution of derived organic matter must also be so discontinuous. This being so,
it is obvious that there is an unfavorable comparison between the soil or
other substrate environment and the environment within the exosphere of
unicellular algae. In the latter, there is a degree of constancy that is unparalleled by any situation which could conceivably occur within the organic
matter fraction of any soil. Fungal hyphae growing within soil organic matter
will continue to produce new growth so long as the supply of the requisite
organic nutrients is available. When this is depleted, as may frequently occur,
that particular individual of the fungal species must die unless some of its
hyphae have been able to bridge the gap between the original locus of colonization and another pocket of organic matter.
If by chance, however, the fungal species can colonize the exosphere of
unicellular algae through an ability to use the exudation products as total
or partial nutrition, its survival is more assured. The algal colonies, although
of sporadic occurrence, are self-perpetuating with a constancy that is
characteristic of the living organism. This is patently not the case for any
saprophytic system that is dependent for its supply of energy on the chance
deposition of litter.
The total nutrition of unicellular algae is normally inorganic. These
organisms are autotrophic—their only disability relative to the saprophytic
chain of events in the soil is that colonization of a substrate is confined to
regions where light is available. Thus, within these limitations, the fungal
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species can continue living and reproducing so long as the colony of algae
does likewise.
2. A " M O D E L " OF EVOLUTION

We can perhaps better understand the evolution of the lichen symbiosis if
we consider various aspects of the colonization of available space and
attempt to draw some conclusions on the theoretical progress of evolution.
All plant species have the potential to colonize all available space on
the earth's surface because every plant produces more than one diaspore.
The ability of the individual species to compete for the available space is a
function of its growth habit and this, together with environmental factors,
tends to prevent universal coverage. So we have the model situation in which
the progress of colonization is governed on the one hand by the endogenously
controlled factor of growth habit and, on the other hand, by the numerous
exogenous factors of the environment. The interplay between these results
in limitations of varying degree on the colonization of available space by
different species.
Many of these exogenous factors are of too obvious function to warrant
mention here, but there are several that may not be quite so obvious. An
autotroph, for example, cannot colonize the light-facing surface of another
autotroph without interfering with the photosynthetic capacity of the host.
But an autotroph can colonize the light-facing surface of a heterotroph without causing such interference. The importance of these basic observations, in
relation to the numerous forms of lichen symbiosis, can be readily appreciated.
Following this concept we can see that, unless there is a marked difference
in size, it is virtually impossible for any foliose lichen to colonize the surface
of another foliose lichen without the eventual destruction, through lack of
light, of the species serving as the substrate. Equally, it is impossible for an
autotrophic lichen to colonize the ventral surface of either an autotroph or
a heterotroph because insufficient light is available for growth. But it is
perfectly possible for any heterotrophic species to colonize the ventral
surface of an autotroph, i.e., the ventral surface of any foliose lichen is freely
open to colonization by heterotrophic species. Here, of course, the limitations on colonization lie in the normally low availability of organic carbon
supply.
As a general concept, each type of surface colonized can be related to the
nature of the organism and to the nature of the interference with neighboring
organisms. It is against this background that we may profitably look at
various facets of the lichen symbiosis as a means of building up a "model" of
evolution within this large group of plants.
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A cursory survey of existing symbiotic systems reveals the fact that one of
the major trends is toward the attainment of the autotrophic state by the
holobiont, even though one of the symbionts is heterotrophic. We can include within this trend the entire lichen symbiosis and all other systems
involving an autotroph. It is also evident in the cross-kingdom symbioses,
i.e., associations between unicellular chlorophyllous organisms and protozoans or molluscs. Symbiosis, exemplified by the "attachment" of aheterotroph to an autotroph, is manifest in every phylum of chlorophyllous plants.
None has escaped the "attempt" of heterotrophic organisms to associate
with them in their evolutionary progress toward autotrophism by the frequently spectacular but effective back door of symbiosis.
Further elucidation of symbiosis is probably to be found in an examination
of the possible ways in which one of the symbionts has influenced the behavior, or the physiology, of its partner. The casual relationship, dwelt upon
earlier, is fairly obviously a "forced association" of a heterotrophic organism
with an autotrophic partner. This is because the association is favored by the
fact that the autotroph presents an alternative and perhaps "easier" source
of nutrition.
If we accept that the heterotrophic organism is the driving force in the
association, it is not too difficult to accept that it will preferentially associate
with specific individuals of the autotrophic symbiont. This may be promoted
by genetic variation in either symbiont. The process of natural selection is
thus evident at two distinct phases of the life history of every symbiotic unit.
Genetic recombination takes place during reproduction of the individual
symbionts and phenotype recombination occurs during reconstitution of the
symbiosis. This implies that change in genetic makeup, and hence in
morphological and physiological characteristics of the holobiont, might take
place more rapidly than in nonsymbiotic organisms.
Taking this a step further, it is quite possible that the heterotrophic
symbiont might be the cause of variation within the autotrophic symbiont.
Any such change which leads to a physiological or morphological variation
in the autotrophic symbiont might confer a growth advantage and thus an
enhancement in distribution and survival of the holobiont.
This is the successful line which develops through normal evolution and it
is perhaps thus that the autotrophic symbiont has gained success in ecological amplitude, but at the expense of free existence (Ahmadjian, 1970). In
other words, evolutionary advantage and ecological amplitude have become
dependent on symbiosis. Reversion of the symbionts to the free-living condition would quickly result in their elimination.
This line of thought is in accord with the concept that all symbiotic systems
had their origin as a system of host versus parasite and that this antagonistic
system has gradually developed towards a system of true symbiosis. It is
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essential in this scheme to regard the heterotrophic partner as the dominant
force in the evolutionary pathway of the holobiont. Physiologically, it is
always the partner at the greatest disadvantage. One can only marvel at the
remarkable evolutionary "guile" of the heterotroph in acquiring the per
manent services of a C 0 fixation system of its own by the ingenious method
of inducing such profound physiological change in the autotroph that it can
no longer continue as a free-living organism.
Thus we have one version of the model or template by which symbiotic
systems have perhaps evolved. Implicit in this model is the fact that physio
logical necessity is the driving force, as it is in all living systems. Physiological
independence, on the part of the autotrophic symbiont, has been bartered
for the evolutionary advantage of wider ecological amplitude and increase
in population density—the inevitable law of nature. The heterotrophic
symbiont, be it the macro- or microsymbiont, in relation to its autotrophic
2

partner, is clearly the force majeur in the ascent of the unending evolutionary

stairway.

III. Symbiosis Achieved

If the achievement of the symbiotic state is accepted as being the result of
a sequence of chance processes, it might be considered that the pathway
toward symbiosis would be strewn with the remnants of unsuccessful
attempts. That this is not so is indicative of the fact that either the determina
tion of success takes place at a very early stage in the evolution of associa
tion, or the participants in abortive efforts at symbiosis are quickly eliminated.
Among the lichens there are very few examples indeed of what could be
called half-way stages towards symbiosis. Even in the least sophisticated
associations, there is a degree of constancy that warrants the designation of
symbiosis. Facultative symbiosis, so far as mycobionts are concerned,
appears to be unknown in the lichens. It is thus evident that there is a large
gap in the evolution of this particular symbiotic system; we are presented
with a series offaits accomplis with but little hint of what has gone before. We
can, however, gain some idea of immediate past trends and perhaps also of
future trends by an examination of the status of present-day lichens in
relation to other symbiotic systems.
Apart from the fact that the majority of lichens can be categorized as either
basidiolichens or ascolichens, and the numerous sterile species that have
obvious affinity with the latter, lichen taxonomy is very much an arbitrary
system. Classifications so far developed are artificial and based, to a large
extent, on seemingly constant morphological characteristics or more
recently on chemical constituents (Culberson and Culberson, 1970Ϊ It is
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impracticable to apply to lichens the criteria that are used to distinguish
between, for example, the primitive and the advanced angiosperm.
Even if it were possible to adopt a natural classification of lichens, such
a system would have to be based on mycobiont characteristics. This would
tell us very little, if anything, of the evolution of symbiosis, for it would
take no account of any contribution that the microsymbionts have made to
the evolution of the holobiont. Further, it is evident that there is strong selection against increase in species populations by recreation of the symbiosis
from ascospore and algal cell. The dissemination of ascospores from any
fertile lichen has one chance in several million of resulting in the initiation of
symbiosis with a physiologically compatible phycobiont colony. In the immediate neighborhood of the parent thallus, or of a distant individual of the
same species, if the ascospores are disseminated by wind or water, the
chance will be considerably higher. But it must still be negligible in comparison with the chance of reproduction by thallus fragmentation.
All lichens with the possible exception of certain aquatic and marine
species—and even they are doubtfully excepted—are exposed to various
patterns of change in moisture content depending on their growth habitat.
Whatever this habitat, there is no significant physiological control of
moisture loss although there is evidence of a purely fortuitous control
resulting from unequal rates of moisture loss from dorsal and ventral surfaces. This causes a certain amount of inrolling of the thallus and consequent
protection of the vulnerable phycobiont layer.
Lichens are very brittle when they are air-dry. In this condition, which
frequently persists for a significant part of the daytime, they are exposed to
environmental abrasive forces. Even windblown sand particles can cause the
removal of sizable fragments of lichens such as Sphaerophorus and Stereocaulon. Fissuring of lichen thalli by hygroscopic flexing is a standard feature
and is perhaps the primary cause of fragmentation. Saxicolous lichens
exhibit a strong tendency toward erosion of their own substrate with consequent dispersal of the loosened fragments. Corticolous species likewise
have a limited existence which depends on the morphology and longevity of
the bark substrate. In both cases, dissemination by thallus fragmentation is
a corollary of their existence on these particular substrata.
Since minute particles from any part of a lichen thallus are theoretically
capable of species regeneration, provided they contain both symbionts, it
follows that clonal reproduction is characteristic of most lichen species and
probably far surpasses the extent of reproduction from ascospores. It is thus
to be expected that, although there is an obviously large gene pool in the
lichen symbiosis, rates of gene interchange will be very slow compared with
free-living fungi or higher plants. This leads to the conclusion that the whole
lichen symbiosis, with perhaps certain exceptions, is a relatively stable
system whose evolution, like the rates of growth, is very tardy.
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There are, nevertheless, numerous indicators of evolutionary advance
within certain groups of lichens. The primitive symbiosis is presumably of the
type represented by any one of the numerous species with little or no tissue
differentiation and with a fairly well circumscribed distribution. They are
usually confined to habitats such as calcareous rocks, permanently shaded
damp situations, or to specific microhabitats on trees. Narrow ecological
amplitude is a characteristic of these lichens even though some are of worldwide distribution wherever these specialized habitats occur. Relative to the
majority of lichens, inefficient protection of the phycobiont is to be viewed
as a factor prevailing against widening amplitude.
In contrast, development of heteromerous dorsiventral construction, with
confinement of the phycobiont layer to a subcortical position, is perhaps
the key to the wide distribution of lichens in habitats exposed to high insolation. It compensates the lichen symbiosis for the lack of a root system and a
transpiration stream. Additionally, the vulnerable area of high physiological
activity, represented by the phycobiont layer, is rendered secure from
excessive insolation by the dorsal cortex functioning as a light barrier in the
low moisture condition.
The relegation of the phycobiont layer to the subcortical position is probably correlated in part, at least, with the morphogenetic effect of light. With
the exception of pigmented species such as Trentepohlia, neither green nor
blue-green algae are notably resistant to high insolation. It is therefore to be
expected that a significant growth advantage accrues to lichen phycobionts
under the screen provided by the cortex. Light transmission by the cortex is
proportional to moisture content and inversely proportional to the density of
colored lichen acids and other pigments. Xanthoria, Peltigera, Umbilicaria,
and many others are singularly low in acid content when growing in shade,
but are deeply colored in high insolation habitats.
These two control mechanisms undoubtedly act in unison to effect a
coarse and a fine adjustment of the amount of light reaching the phycobiont
layer. The lichen-acid screen contributes a seasonal control while variation
in moisture content of the cortex exerts a variable diurnal control within the
limits of light transmission set by the lichen-acid screen. The dorsal limit of
the phycobiont layer can be considered to coincide with that part of the
thallus above which the majority of the phycobiont cells cannot survive because of excessive light. Similarly, the ventral boundary indicates the limit of
light intensity below which the majority of cells cannot survive.
There is an interesting comparison, in relation to the light susceptibility of
the phycobiont, between the heteromerous lichen construction and that of
other symbiotic systems involving algae as autotrophic symbionts. Three
major groups of living organisms that have effected symbiosis with algae
are the protozoa, coelenterates, and molluscs. In these, the phycobiont
although strictly endosymbiotic, is afforded little protection from excessive
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sunlight by ectodermal tissue. A protective mechanism does operate,
however—one that is a consequence of symbiosis and is not displayed by the
asymbiotic zoobionts. The physiological activity of the phycobiont confers,
in an imperfectly understood manner, the property of light sensitivity on the
holobiont. This is related to tentacle orientation in anemones and to locomotory adjustments toward positions of tolerable light intensity in both
anemones and molluscs.
The most interesting feature of this light sensitivity is that compensatory
movements are effected in terms of minutes or hours. The deleterious effect
of failure to compensate would not, however, be evident for a considerably
longer period. That is to say, the lethal effect of excessive insolation of the
phycobiont is measurable in days rather than in hours, particularly in the
marine environment of many of these organisms. It is therefore necessary to
postulate a further factor in these symbiotic systems. This is most likely to
be a waste-product feedback reaction which triggers a locomotory response.
In coelenterates, the spatial orientation of the phycobiont is maintained
at the optimum level of light intensity by movement of the holobiont up or
down the light intensity gradient. The phycobionts of these organisms gain
protection against excessive insolation through autonomous movement of
the whole organism while, in the lichens, protection is achieved by a particular spatial disposition of the phycobiont within the thallus. These two types
of symbiosis, one locomotory, the other static, have achieved the same end
by radically different means. The important point, however, is not the means
toward the end but the end itself. It is highly significant that the most successful symbiotic systems have become dependent for survival on the evolution of intricate and sensitive light-control mechanisms.
Parallel mechanisms to these are to be found in chlorophyllous vascular
plants in which discoid chloroplasts show change in spatial orientation within
the palisade cells of the leaf in relation to incident light intensity. The fact
that a means of ensuring maintenance of a safe environment for chloroplasts
is essential to survival of the nonsymbiotic higher plant is sufficient indication that no autotrophic symbiotic system could have evolved without the
evolution of a comparable system built into the symbiosis.
Whether or not these theories provide the total answer, it is clear that there
can be no genetic factor controlling the position of the phycobiont layer.
We are dealing with two genetically distinct organisms and this precludes
any direct morphogenetic interaction at gene level. Morphogenesis there
must be, but it can only be brought about indirectly either by symbiont
exudations or by environmental factors.
There is ample evidence of progression of the lichen thallus from the
dorsiventral squamulose type to the erect or ascending foliose type. The
existence of such development series indicates that, as in marine molluscs
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and coelenterates, the presence of an autotrophic symbiont has the effect of
imparting morphological change in the heterotrophic symbiont.
The same physiological principles apply to this situation as apply to the
chlorphyllous vascular plant. Efficiency is increased by the orderly arrangement of the photosynthetic tissues in space. Dissection and elevation in the
vertical plane are primarily advantageous to optimum utilization of energy
for carbon fixation and secondarily to efficient dispersal of diaspores. This is
no less true for the lichen symbiosis than for the higher plant in which these
traits are so evident.
These facts render the comparison between the lichen thallus and the
green leaf even more valid. In both cases the morphogenetic effect of light is
twofold. It controls the distribution of chlorophyll within the tissues over
short time sequences, and its distribution in space by stimulating physiological responses which lead to elevation and orientation.
The most successful photosynthetic organism, be it higher plant or
symbiotic system, is that which succeeds in orienting its chlorophyll in the
optimum position in space. Numerous species of Sticta, Cladonia, Stereocaulon, Ramalina, and various others represent close approaches to this
optimum. It would appear, in fact, that there is considerable truth in imitation being the highest form of flattery.

IV. Symbiosis in Prospect

It would be very difficult to find a single example of a lichen which shows
an advanced state of integration of the symbionts. But, just as in the case of
the highly specialized parasitic fungi such as the rusts, it is evident that
integration in some lichens may have progressed further than that shown by
the majority. The number of lichen mycobionts successfully isolated in
culture runs into the hundreds, although genera such as Lobaria, Peltigera,
and Sticta have been notably resistant to isolation. The probability in these
genera is that the mycobiont has become so specialized in its nutrition, as a
result of symbiotic association, that the spores are unable to germinate
except in the presence of the phycobiont. This can perhaps be interpreted as
a move toward closer physiological integration than in other lichens. But it
is no more of a step in this direction than is evident in Endocarpon and allied
genera in which phycobiont cells are ejected with the ascospores, thus
ensuring elimination of the most hazardous phase in the life history of the
species.
Perhaps, in a rather negative sense, we can say that those lichens, for which
no sexual reproductive system is known, have attained a higher degree of
integration than any others. In the total absence of a mycobiont reproductive
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system, integration is complete in the sense that the holobiont is entirely
confined, in its dissemination mechanisms, to thallus fragmentation and
perhaps the dispersal of soredia or isidia. Phenotypic recombination in such
lichens is only possible if the propagules are exposed to an environment
conducive to breakdown of the symbiosis and outgrowth of the mycobiont.
This would create a situation in which a new symbiosis might be initiated
with a different strain of phycobiont.
These levels of integration within the lichen symbiosis, however, are a
long way from that to be found sporadically in other systems. The relationship between the symbionts in certain flagellates and rhizopods might be
taken as representing a probable future stage in evolution of the lichens.
The Cyanophora phycobiont, for example, shows little semblance of a cell
wall. It is the nearest approach in any symbiotic system to reduction of the
autotrophic symbiont to the function of a chloroplast. Some hint of a development in this direction is evident in the lichen symbiosis, however. Higher
membrane permeability and thinner cell walls, compared to the free-living
condition, are characteristic of some phycobionts in symbiosis. These differences may represent the initial stages of development through which
Cyanophora has already passed.
The difficulties attending this supposition, of course, appear to be great.
In flagellates, rhizopods, and other plant-animal symbiotic systems, the
dissimilarity in size of the symbionts is compatible with ingestion of the
autotrophic microsymbiont. In these cases the microsymbiont probably
responds to a chemotactic stimulus to make contact with the macrosymbiont. There is no known instance, however, of a motile algal cell actively
penetrating the cell wall or membrane of another species. A parallel can be
drawn with the fusion process of motile unicels such as Chlamydomonas.
Here, there is mutual attraction through the medium of chemotactic
stimulus and response, but this only serves to bring the unicels into contact.
Subsequently, there is only localized dissolution of the cell wall and passive
fusion of the protoplasts.
This reveals the barrier to further integration of the symbionts in lichens.
In terms of size, green phycobiont cells are usually considerably larger than
the diameter of the mycobiont hyphae. This raises an immediate mechanical
barrier to possible inclusion of phycobiont cells within the mycobiont
hyphae. Just as the small size of the higher plant chloroplast, relative to the
diameter of pathogenic fungal hyphae, seems to be one of the principal
factors in their freedom from direct parasitization by pathogens, so does the
size difference noted for lichen symbionts present an effective barrier to
evolution toward the level of symbiotic flagellates and rhizopods.
We have noted that, in the fusion of motile unicels, there is no active
penetration of one into the other. Similarly, there can be no active penetra-
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tion of the phycobiont cell into the mycobiont hypha. The former is normally
spherical, and linear growth is not one of its characteristics. It is thus impossible for any phycobiont cell to "grow" into a mycobiont hypha.
There are, of course, exceptions to this general statement, the most notable being blue-green phycobionts. Nostoc and related species have the
property of "pseudolinear" growth, i.e., new cells are added by cell division
thus increasing the length of the filament. Such filaments are motile at a
certain stage of their life history, and they are more closely related to the size
of the mycobiont hypha than is the green phycobiont cell. Mechanically, this
line of development is possible in the blue-green lichens.
In the cycad symbiosis, Nostoc filaments penetrate fractures in the root
cell walls to form an intracortical phycobiont layer similar in form to that
of heteromerous lichens. It is conceivable, therefore, that the blue-green phycobiont might become incorporated in the mycobiont hyphae even though
the present morphology of the phycobiont cells seems to preclude this. They
are not known to be motile within the thallus and are usually much enlarged
in size and aggregated compared with the motile free-living condition.
The mechanical construction of the green lichen thallus is more compatible with the incorporation of the mycobiont hyphae within the phycobiont cells—appressoria and haustoria being of frequent occurrence. This
is the normal parasitic trend in which penetration of the host is achieved
by enzymatic dissolution and mechanical rupture of the host cell wall by
growth in length of the parasite hyphae.
There are thus two opposing trends to be seen within the green lichens at
the present time. The parasitic tendency of the mycobiont hyphae to
penetrate the phycobiont cells can be viewed as a retrogressive feature in that
it tends to preserve the status of parasitism rather than symbiosis. On the
other hand, the tendency toward elimination of the phycobiont cell wall
and increase in membrane permeability can be viewed as a progressive step
if we can legitimately consider such trends to be homologous to those evident
in other symbiotic systems.
I have already remarked on the similarity of the foliose lichen thallus to
the angiosperm leaf and particularly on the subcortical location of the
phycobiont layer. There is little doubt that, physiologically, one is closely
mirrored by the other. To dwell on the probabilities and patterns of further
evolution of the green leaf is an instructive exercise and not wholly irrelevant
to the foregoing discussion, but it goes somewhat beyond the intention of the
present chapter. It is thus concluded with a brief but pertinent query into
the future. Since the course of evolution has succeeded in producing the
lichen symbiosis from a template remarkably similar to that from which the
green leaf has been molded, can we except further convergence toward the
green-leaf pattern?
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