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●
Most microbiologists can recall lichens as
examples, along with hydra and rumen
bacteria, of symbiosis. Seen as coloured patches

on rocks and tree trunks (Fig. 1), or fuzzy stuff on the
ground on heaths and moors, lichens are still somewhat
of an enigma to most biologists and probably to some
microbiologists.

Lichens are taxonomically fungi, but biologically
grouped because they occur in symbiosis with an alga 
(or cyanobacterium). The fungus (mycobiont) forms the
main part we see (thallus) which contains the microbial
algal or cyanobacterial cells (photobiont) inside.

To become a mycobiont, the fungus has evolved to 
live on a steady stream of carbohydrate from the living
photobiont cells, rather than foraging for a less regular
supply from more unpredictable sources. Though a
built-in constant supply of carbohydrate seems like
gastronomic paradise for a fungus, it has to be paid for
with some severe evolutionary trade-offs. The resulting
adaptations that mycobionts have evolved make the
existence of lichens one of the most fascinating biological
wonders of the world.

About a fifth of all known 13,500 fungal species 
have followed this evolutionary path. In fact, if we
include the number of mycorrhizal fungi and species
forming other symbioses, the fungi are party to the
greatest number of symbiotic associations in nature. We
are now beginning to piece together the phylogenic tree
of lichens by the use of DNA sequencing and PCR
techniques with fungal primers and we can see that the
symbiotic state has evolved many times over the past 200

million years. By the sheer number of species, and their
diversity, abundance and ubiquitousness, lichens should
not be thought of as a peculiar group of oddball
organisms but rather as great unexplored biological
mysteries from one of the most important groups of
organisms (fungi) on earth.

But, it has been said, should any serious-minded
biologist in mainstream science develop an interest in
lichens? People tend to believe that they are simple
primitive plants of no economic importance. Is there 
any point in trying to do any serious research when they
cannot even be grown in the laboratory? But are these the
right criteria for finding out what is scientifically
interesting in the opening of new vistas of scientific
knowledge?

● Pollution monitors
Sensitivity to air pollution is a generally well-known
feature of lichens. They have been described as a litmus 
(a product of a lichen – Roccella spp.) of air quality. The
paradigm ‘air fit for lichens and rivers fit for fish’
encapsulates a standard that our industrial society desires
and needs for a healthy environment. Indeed, Professor
Pier Luigi Nimis and his colleagues undertook a survey
of the lichen flora in Northern Italy in relation to the
frequency of lung cancer whose cause, incidentally, is 
not solely tobacco smoking. By very careful inclusion of
detailed historic, demographic and occupational data
with the medical data to overcome bias, he was able to
identify a strict and inverse relationship between the
diversity of lichens and the frequency of lung cancer.
People in lichen-rich rural areas had a much lower
probability of falling victim to the disease. Although
such associations are fraught with problems of
interpretation, this work emphasizes that rural lichen
clad environments are likely to be much more healthy 
for humans as well as lichens than urban lichen-deserts.

Sulphur dioxide, the invisible culprit of so much
damage to buildings, apart from being damaging to
people’s health, is lethal to most lichen species. Indeed,
lichens can be used to estimate accurately and monitor
the mean winter (when it is at its highest) concentration
of sulphur dioxide. Lichens are also extremely sensitive
to many other air pollutants; for example, they scavenge
and accumulate heavy metals and radionuclides. Lichens
are also very valuable indicators of environmental change
(‘ecological continuity’) or disturbance and more
recently they have been cited as indicating a major
increase in aerial nitrogen deposition which may well
come from current farming practices. This has a drastic
effect not only on lichen floras in western Europe but in
the longer term may well have very damaging effects on
wildlife conservation in general by affecting higher plant
communities. Why are lichens such excellent organisms
for monitoring our environment? Clearly there must be a
biological explanation.
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ABOVE:
Fig. 1. Evernia prunastri
(fruticose thallus), Lecanora
chlarotera (crustose thallus with
brown apothecia) and Lecidella
elaeochroma (crustose thallus with
black apothecia) on the bark of a
tree, Ilminster, Somerset.
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● Metabolism and growth
The biology of lichens centres on symbiosis because that
is what makes them what they are. The lichen thallus as 
a photosynthetic entity has to be capable of receiving
solar radiation and usually lots of it. The photobiont cells
have to support not only themselves but also the much
more massive mycobiont which may be 90–95% of the
biomass of the thallus. This could be a reason why lichens
grow so slowly: many species only grow less than 1 mm
each year. Unable to compete with faster-growing higher
plants, lichens occur where other plants cannot: hence
their presence on rocks and other exposed surfaces.
Indeed, the ground in the Arctic where permafrost
prevents higher plants from rooting is a lichen haven, 
as are nutrient-depleted soils where plant growth rate 

is slowed to less than that of a lichen. Without the
capacity to exploit the water resource of soil and rock,
lichens trade exposure to light with mechanisms to
survive desiccation. This is carbohydrate-expensive
because high concentrations of carbohydrate molecules
are required to provide the hydroxyl groups which
replace water in supporting the macromolecular
structure of components in the cell in the desiccated
state. Rehydration, with leakage and repair processes, is
also metabolite-expensive.

● Self defence
For a slow-growing organism like a lichen to survive, it
requires protection, especially from browsing by
molluscs and other herbivores to whom all this
carbohydrate is just what they want. Mycobionts have
responded by evolving biosynthetic pathways that
produce an amazing arsenal of interesting chemical
substances on the surface of the hyphae which act as
antifeedants to molluscs. Molluscs have responded by
evolving mechanisms for coping with these chemical
nasties such as acquiring tolerance and sequestering the
intolerable ones into special parts of their bodies. One 
of these molecules, erythrin, from species of Roccella
collected from the Canary Islands among other places,
was used, coincidentally, to make the actual indicator
dye in litmus paper. Other molecules also have
antimicrobial properties and have attracted the interest
of pharmaceutical companies which were keen to exploit
them, but were stymied by the persistent slow growth of
the mycobiont in culture. In fact, the mycobiont can be
cultured, but it does not form a thallus-like structure,
nor does the photobiont, when it is cultured, release
carbohydrate from its cells as it does in the lichen thallus.

● Photobiont characteristics
Living in the safety and shade of the mycobiont, the
photobiont (Fig. 2) has some interesting adaptations too.
Not every microbial alga or cyanobacterium is capable of
such an exacting role. About 20–25 genera of algae and
around 15 genera of cyanobacteria (a total of 100+
species) have been reported as occurring as lichen
photobionts. Using internal transcribed spacer rDNA
sequences, the difficulty of distinguishing cultures and
strains of photobionts is just being resolved and we 
are discovering how the different genotypes and species
are distributed in lichen thalli of the same and different
species. In one recent study, Tom Friedl’s group in
Germany found that in the Physciaceae there was a greater
genetic diversity (perhaps at a species level) of Trebouxia
photobionts than had previously been  suspected and,
although general algal primers were used that would
detect any alga, the photobiont was just a single strain 
of Trebouxia and no other algae were present. Spore-
reproducing lichens like Xanthoria parietina have 
to establish a new symbiosis each generation by 

LEFT:
Fig. 2. (a) Section though living
thallus of Xanthoria parietina
showing green photobiont cells
(Trebouxia) and mycobiont hyphae.
(b) Section through Ramalina
siliquosa showing densely stained
photobiont (Trebouxia) cells in
clusters with mycobiont hyphae
and dense mycobiont cortex above.
(c) Section through Ramalina
siliquosa (enlarged) showing
groups of Trebouxia photobiont
cells in section with mycobiont
hyphae and the clusters of young
photobiont cells being separated by
penetrating hyphae (see Fig. 3).
PHOTOS D.J. HILL
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locating non-symbiotic alga cells in the substrate or 
by stealing photobiont cells from another lichen.
Although the second alternative is attractive because
Trebouxia is very hard to find outside lichen thalli, Friedl
showed that stealing did not appear to be Xanthoria’s
method of photobiont selection.

To be a photobiont, each alga or cyanobacterium has 
to be able to fill the precise biochemical and develop-
mental role demanded by the mycobiont. The function
of the photobiont in the thallus is to provide
carbohydrate and this is done by secretion of a single,
simple soluble molecule – algal photobionts release a
polyol (one of three depending which genus of alga) and
cyanobacterial photobionts glucose. About 80% or more
of the photosynthate is released and is immediately
absorbed and metabolized by the mycobiont. The two
symbionts are in close contact so the distance the
carbohydrate moves is only a few micrometers. So close 
is the contact that in primitive crust lichens, the
mycobiont enters the photobiont cells and forms
haustoria (outgrowths from a parasite which penetrate 
a tissue or cell of its host and act as an organ for absorb-
ing nutrients). In larger, more advanced leafy species 
the mycobiont holds the photobiont cells on special 
pads (appressoria) at the ends of branching hyphae. 
The mycobiont of many lichens also makes a plethora 
of different cell and tissue types producing an 
amazing display of complex and organized structures in
the thallus that have no equivalents in non-lichenized
fungi.

● Symbiosis and development
To be a capable photobiont, not only must the alga or
cyanobacterium cell be able to survive the attachment 
of the mycobiont hyphae and release a suitable
carbohydrate, but it must also integrate into the 

co-developmental pattern that allows regulation of
growth in parallel and co-ordinated differentiation 
of the two organisms. Otherwise one would outgrow the
other, or fail to function in the right way in the right
place in the thallus. At the growing point photobiont
cells divide rapidly. The cycle of cell growth and division
follows the autosporous cell cycle while, at the same
time, the cells are  also continuously in contact with 
the mycobiont hyphae. Held on an appressorium, the
growing cell reaches a certain size (about 10 µm), when
it divides by nuclear division and the contents round 
up into the usual four autospores (Fig. 3). (Autosporous
division differs from usual division in that a cross wall is
not formed and each new cell forms a completely new
wall inside the old cell.) Then the hypha invades the
mother cell wall and grows between the autospores,
branches into four and pushes the four new cells apart, 
in doing so forming new appressoria. The cycle then
starts again. Clearly this whole process causes expansion
(growth) of the thallus tissue. Growth only occurs at the
tips of the lobes at the margin of the thallus. In the
mature parts of the thallus, growth ceases and here 
the photobiont cells do not divide. However they are
programmed to continue to produce more cell materials
and the cells continue to enlarge, well above the size
which triggers autospore formation (‘outsized’ cells).
There appears therefore to be a mechanism by which 
the mycobiont can turn off cell division and hence 
arrest the cell cycle in the photobiont. Growth has to
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BELOW:
Fig. 3. Cell cycle in Trebouxia
photobionts.

Cell cycle
arrested

‘Outsized’ cellsAutosporous
cell cycle
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FAR LEFT (OPPOSITE PAGE):
Fig. 4. Lobaria virens showing
lobes and the development of
ascocarps in the centre of the
thallus which is no longer growing
(Killarney, Ireland).
PHOTO J.M. GRAY

TOP LEFT:
Fig. 5. Parmelia pastillifera
showing development of vegetative
reproductive organs (isidia) in the
central part of the thallus
(Widicombe, Devon).
PHOTO J.M. GRAY

BOTTOM LEFT:
Fig. 6. Mosaic of crustose
lichens showing diversity of
species locked in competitional
combat with black hypothalline
bourndaries (Martinshaven,
Pembrokeshire).
PHOTO J.M. GRAY
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occur at the margins and cease in the centre as the 
thallus is topographically fixed to the substratum on 
the underside and cannot move.

The central part of the thallus is important to the
survival of the lichen as this is where the thallus is kept 
in place and fruiting bodies (Fig. 4) and vegetative
propagules (Fig. 5) are usually formed. In the event that
the mature part of the thallus does not produce fruiting
bodies or vegetative propagules and nor does the
mycobiont produce more medullary hyphae, there ceases
to be a sink for the carbohydrate and photosynthetic rate
is turned down. These mature parts of the thallus 
are just ticking over and are the most vulnerable to the

effects of pollution. Indeed,
the centre parts of the
thallus frequently die out
in partially polluted sites.

● Conclusions
The biological explanation
of the sensitivity of 
lichens to pollution and
disturbance is therefore

open to speculation. Living on exposed surfaces, growing
slowly, naked mycobiont hyphae are recruiting naked
photobionts from a population of algae in the
surrounding biofilm. Thus developing lichens are in
direct contact with the atmosphere and a microscopic
change in the biofilm could be catastrophic. The slowly
developing stages that follow and a thallus which may
need to last tens of years before it reproduces are very
vulnerable to a change in the environment which could
destroy them. These intricate and slow steps are so
sensitive to atmospheric conditions that the pattern of
lichen distribution over a relatively small area can be
used to reflect small differences in microclimate. Lichens
also require very strong metal-binding mechanisms 
and nutrient uptake mechanisms to acquire sufficient
nutrients from rain and run-off water for their growth, 
so exposure to xenochemicals as well as increased
concentrations of natural substances can have lethal
effects on the thallus.

Understanding photobiont/mycobiont specificity, 
the selection of competent photobionts, and the effect 
of the environment on the development, growth and
reproduction of the thallus is essential if we are to learn
how lichens respond to the environment and what they
are telling us about it. Such sensitive and powerful
monitors of the environment and pollution are potential
tools in helping the human race to survive the next
century on Earth. Lichens are certainly worthy of serious
scientific research.
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