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T H E  P L A Y E R S

Life on Earth was single-celled for a long time. Several important milestones 
mark the path to where we are now, and symbiosis—the “living together” 
and toolbox-sharing of two organisms—features prominently in this lineup. 
Scientists are now convinced that the switch to cells with nuclei—
eukaryotes—happened around 2.5 billion years ago, when an early 
unicellular organism in a group called Archaea enveloped, but did not 
digest, a bacterial cell.

Lichen fungi 
and their relatives

This new cell—nicknamed by scientists LECA, for Last 

Eukaryotic Common Ancestor—is thought to have 

acquired a powerful advantage over its predecessors. 

Not only could it carry on with its archaean predator 

machinery, it could tap into the bacterial baggage it had 

incorporated to generate adenosine triphosphate, or 

ATP, a major source of energy for the cell. The 

twinning of these two toolboxes propelled LECA into 

places where no archaean had gone before. Passed from 

generation to generation, the captured bacterium 

would eventually evolve into what we call 

mitochondria.

 Ourasphaira giraldae, 
an enigmatic Late Mesoproterozoic 
to Early Neoproterozoic fossil 
considered the oldest fungus-like 
fossil known to date, from around 
one billion years ago.

Something similar happened again around a billion 

years later. Some of the eukaryote descendants of 

LECA took up another group of nifty bacteria that 

had been on the scene for a while: cyanobacteria. 

Cyanobacteria had previously evolved the ability to 

�x carbon through photosynthesis, giving them the 

luxury of not having to eat other organisms to make 

a living. The green descendants of this event are now 

called plants.

THE RISE OF PROTOLICHENS?
So how did we get from there to lichens? Fungi 

(and animals) are descended from one of the eukaryotic 

lines that did not go green. Some of the earliest fungi 

have been estimated to have arisen around one billion 

years ago, at the end of the Mesoproterozoic era, 

probably in shallow marine environments when much 

more of the Earth’s surface was covered in water than 

it is today. The Mesoproterozoic saw some important 

advances in the evolution of life, including sexuality 

and multicellularity. At the same time, fungi had to 

contend with challenges such as low oxygen levels.
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Keeping tabs on our timeline, Mesoproterozoic fungi would 

have been in the aqueous company of both a well-established 

veteran community of cyanobacteria that had already been 

around for a respectable billion years, as well as some upstart 

plant prototypes in the form of early green algae that were 

themselves probably not more than a few cells in size. What kind 

of lifestyle these early fungi led, and how the terrestrial fungi 

we know today got started, is the matter of much debate. One 

intriguing hypothesis is that they began appearing on ancient 

seashores as lichens—the so-called “protolichen hypothesis.” 

Under this scenario, the majority of modern fungi we are 

familiar with, from yeasts to mushrooms, would be the 

descendants of fungi that got their �rst leg up, so to speak, 

in a lichen-themed amphibious landing vessel.

As intriguing as this idea is, we do not have a lot of data to 

back it up. Fossils of fungi and lichens do not preserve well and 

are exceedingly rare, especially this far back in time. Even with 

the most sophisticated DNA-based reconstruction techniques, 

it is di�cult to be certain about evolutionary events that far back 

 Mycosphaerella punctiformis is 
a saprotrophic microfungus occurring on 
dead or dying leaves, especially of oaks, 
but is also found in healthy leaves. It is 
closely related to Cystocoleus ebeneus, a 
fungus involved in tiny, filamentous lichens.
The genus Trichoglossum (here T. hirsutum) 
likely forms mycorrhizae with plants, but 
is part of a clade containing the likes of 
the Candleflame Lichen (Candelaria 
concolor), certain pin lichens, and concolor), certain pin lichens, and concolor
certain cyanolichens.

 The mushrooms Hydnum repandum and 
Arrhenia spathulata, the first mycorrhiza-
forming, the second associated with mosses, 
are close to the lichen-forming genera 
Multiclavula and Dictyonema.
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in the past. The uncertainty is compounded by the 

fact that for both fungi and algae, a billion years might 

be long enough for them to transition from one 

lifestyle to another and back again, perhaps multiple 

times. What we know from DNA sequence data is 

that fungi do indeed go back around a billion years. 

Recently, the oldest fungus-like fossils have been 

reported from right where we suspected they would 

have �rst evolved: the Late Mesoproterozoic.

A LONG FLIRT WITH SYMBIOSIS?
Many fungi are associated with terrestrial plants, 

but it is thought that plant life conquered the land 

“only” about 500 million years ago. So what happened 

in the 500 million years between the appearance of 

the earliest fungi and the appearance of the �rst land 

plants? Were fungi and algae already “tinkering” with 

a relationship during this long period? And if so, 

in what way and with what outcomes?

Pondering how fungi began to get involved in making 

lichens goes hand in hand with the question of what 

kind of lifestyle the predecessors of those fungi had. 

While the earliest origins of fungi are too far back to 

reconstruct these lifestyle transitions, a few of the 

origins of lichens are recent enough that DNA is 

starting to yield some clues. By reconstructing the 

genomes of recent common ancestors, scientists have 

found that lichen fungi in the early phases of a switch 

to symbiosis have genomes similar to those of 

saprotrophs—fungi that feed on dead material, such as 

decaying plants, or algae, for that matter. Some lineages 

of lichen fungi are indeed still closely related to 

saprotrophs, or even switch back and forth between 

a saprotrophic and a lichen lifestyle. Only a few such 

transitions have been studied using genome data, and 

more surprises may be in store.
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T H E  P L A Y E R S

As humans, we tend to relate to other animals in proportion to how closely 
related they are to us. Other mammals? Those adorable eyes! They care 
for their babies! The empathy rapidly breaks down when it comes to more 
distantly related animals such as fish or insects, and it is safe to say it is gone 
altogether when we consider animals’ next of kin, the fungi. To begin life, 
go through middle age, and eventually die as a fungus is all but impossible 
for us to imagine. But it doesn’t mean we can’t try.

The life of 
a fungal symbiont
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T H E  L I F E  O F  A  F U N G A L  S Y M B I O N T

 Most lichen fungi studied so far 
are heterothallic, such as the New 
Zealand and Tasmanian endemic 
Knightiella splachnirima.

Animals and fungi are siblings in the tree of life, and 

both derive their nutrition from eating things—they 

are heterotrophs. When, early in evolution, the �rst 

fungi and animals went their separate ways, animals, 

even single-celled ones, maintained their ability to 

engulf their food, a subset of the heterotroph lifestyle 

known as phagotrophy. Fungi, by contrast, secrete 

degradative enzymes to break down their food outside

of their cells and then vacuum it up through the cell 

membrane. This, in turn, is called osmotrophy, and it 

fundamentally de�nes what it means to be a fungus.

MAT MEETS MAT, A LOVE STORY
Fungi begin life as a spore. They sporulate, producing 

a sporeling. They can proceed to forming hyphae, 

which make up a mycelium. Their sex is determined 

by a speci�c gene sequence they inherit at an address 

on their genome known as the mating type locus. 

Most lichen fungi, about 99 percent, belong to the 

large group known as sac fungi, or ascomycetes, and 

these typically possess two di�erent sexes, or mating 

types. Fungal biologists refer to these rather 

unglamorously as MAT1 and MAT2. Curiously, some 

fungi, including many basidiomycetes (the group that 

includes mushrooms, bracket fungi, and their relatives), 

have more than two sexes, and some have thousands.

So far, so binary, at least for the sac fungi. But even 

with only two sexes, to get the job of reproduction 

done, di�erent fungi take wildly di�erent paths. In the 

scheme that may seem most familiar to us humans, 

a fungus may begin life with a single MAT sequence—

a sex determinant—and then needs to �nd a di�erent 

individual of the same species with the opposite mating 

type. How a fungus �nds a mate is not trivial, as fungi 

don’t bellow out mating calls and travel to �nd partners. 

But if the search goes well, they happily conjugate, 

their nuclei fuse, and a fruiting body, such as an 

apothecium, is formed. This approach to mating is 

called heterothallism.

That’s all well and good for some fungi, but it is not 

always such a straightforward MAT-meets-MAT love 

story, and here is where it gets harder to relate to. 

Oddly perhaps for us, the important thing for fungi, 

including those involved in lichens, is that the two 

MAT DNA sequences may both be there somewhere 

in the cell. So some fungi carry both MAT types on the 

same genome from a spore onwards, and can form 

sexual fruiting structures without any second fungal 

individual at all. This is called homothallism. One of the 

downsides of homothallism is the lack of genetic 

diversity, and much e�ort has been invested in studying 

the long-term e�ects of homothallism in fungi related 

to those in lichens.

A PHOTOBIONT IN THE BEDROOM
For the many fungal species that are heterothallic, 

the two mating types need each other to form sexual 

spores. Since fungi do not have the mobility of animals, 

getting to each other is a bit of an engineering 

problem. The solution that has evolved is that mycelia 

form tiny asexual buds called conidia that are dispersed 

by wind, rainwater, or the leg of a passing beetle, and 

some small percentage of these will reach a mycelium 

of the compatible mating type. Here, they might get 

lucky and stick to a trichogyne, a hypha sent up by the 

opposite mating type (see page 53).

 And then it’s Valentine’s Day—but only if the 

fungi are in a lichen. Remarkably, lichen fungi never 

reproduce sexually unless a photobiont—an alga or 

cyanobacterium—is present. Nobody yet understands 

what exactly the fungus receives to initiate this process, 

but it must be something that helps get the job done. 

And this leads us to the next set of players.
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T H E  P L A Y E R S

As we saw earlier, the path to recognizing that green, 
photosynthesizing cells inside a lichen are a separate organism 
from the fungus in which they are embedded was a long and 
tortuous one. But that only led to more discoveries. It turns out that 
these green microorganisms have complex lives of their own.

Lichen algae

PHOTOBIONTS
Not all of the algae identi�ed as such by 

scientists in the 1860s were in fact algae. Cell 

traits and later DNA data revealed that alga-like 

organisms arose multiple times in the tree of life, 

and many are not even closely related to each 

other. Nonetheless, the name “algae” continues 

to be used for all such organisms that are not 

bacteria, and “cyanobacteria” for those that are. 

Lichenologists refer to the photosynthesizing 

partners, regardless of evolutionary origin, as 

photobionts.

Of the 20,000+ lichen symbioses that 

scientists have named, the large majority involve 

algae. Algae, for their part, are no better o� than 

fungi when it comes to human relatability. 

 Trebouxia (T. jamesii) and 
Symbiochloris (S. symbiontica) are common 
green algal lichen symbionts, the latter 
found in lung lichens and their relatives, 
such as the neotropical Yoshimuriella 
peltigera (bottom).

 The parasitic green alga Cephaleuros 
virescens (top) attacks leaves of several 
trees. The lichenized fungal genus Strigula
(bottom) associates exclusively with this 
photobiont, and often causes wounds in the 
leaves (or growing around them).
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L I C H E N  A L G A E

Depending on your perspective, the word 

“alga” may conjure images of nori, kelp, or 

toxic blooms, but the algae that occur in lichens 

are none of the above. They are single-celled, 

or simple multicellular thread-like organisms. 

When they occur as free-living organisms, 

we perceive them as powdery green coatings 

or minutely hairy orange fuzz on tree bark and 

rock, if we notice them at all. Like fungi, these 

algae interact with their surroundings by 

secreting and taking up biomolecules through 

their cell walls. Where fungi and animals 

are heterotrophs, algae are almost always 

autotrophs—deriving their food from 

sunlight, water, and carbon dioxide.

SECRET CRAVINGS
But are they only autotrophs? It has long been 

known that some algae, including those found 

in lichens, grow as well or better in total 

darkness as in the light, and for prolonged 

periods of time. This is something that cannot, 

for the most part, be said of plants. It suggests 

that, while these algae can live autotrophically, 

making their own food from water and CO
2
, 

they have a secret back-up plan. Indeed, it is 

now understood that algae, in addition to 

performing photosynthesis, can use other 

sources of carbohydrates for food much as fungi 

do, and when they do, they are at least partially 

heterotrophs, just like fungi.

Organisms that switch in such a way 

between di�erent nutrient modes are called 

mixotrophs. One curious example is the algal 

genus Cephaleuros, which behaves more like 

a fungus than an alga, living parasitically on 

plants, including important fruit trees such as 

citrus. Cephaleuros is also the photobiont of 

the lichenized fungus Strigula.
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T H E  P L A Y E R S

 Trentepohlia algae (left and 
middle left, with close-up middle 
right) are the only eukaryotic lichen 
photobionts readily visible when 
they occur outside lichens. Lichens 
containing these algae—such as 
Thelotrema lepadinum, the Bark 
Barnacle Lichen (right)—often have 
specific habitat requirements.

ALGAL REPRODUCTION
Algal sex, like fungal sex, is a cryptic business, and it is not often 

they are caught in �agrante. In fact, algae are thought to rarely 

reproduce sexually when in lichens, so much so that until 30 years 

ago lichen textbooks stated matter-of-factly that they were 

incapable of sex. (Notable exceptions are the aforementioned 

Cephaleuros and the genus Phycopeltis, which often produce 

sporangia in healthy lichens found on leaves in the tropics.) 

Since then, many lichen algae have been cultured in vitro in labs.

In contrast to the fungus, algae almost never reproduce 

sexually when inside a lichen, and to say these single-celled 

organisms are di�cult to observe in nature when outside of 

a lichen is an understatement. Nonetheless, they can sometimes 

be observed reproducing sexually in a petri dish. When a lichen 

algal cell is feeling frisky, it begins to internally di�erentiate into 

specialized structures called zoospores that bear �agella at one 

end. These are basically little motile whips that can be wiggled to 

move the cell around, most e�ectively in water. Algae, like fungi, 
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L I C H E N  A L G A E

come in di�erent mating types, and with luck one 

of these �agellum-whipping zoospores might meet 

another of the opposite mating type. They fuse, lose 

their �agella, and grow into a new algal cell.

LICHEN ALGAE OUT AND ABOUT
Lichen algae grow well without having fungi around, 

and most are thought to also live outside of lichens in 

nature. But where do they live when they are not in 

lichens? The Austrian phycologist Elisabeth Tschermak-

Woess set out to �nd free-living lichen algae over 

45 years ago, and found them on rock and on the bark 

of various tree species. Lichen algae are generally 

“aeroterrestrial” algae, meaning that they occur outside 

water, and exposed to the air, in terrestrial ecosystems. 

But even so, �nding free-living algae (aside from the 

�ashy orange ones—page 62) is a tricky business, and 

not something that your local iNaturalist community 

can help with on Saturday-morning outings with hand 

lenses. Detection of single-celled algae requires careful 

swabbing and culturing, and then constant babysitting 

to pick out algal cell colonies and prevent them from 

being overgrown by microbial contamination.

In recent years, researchers have resorted to 

sequencing characteristic DNA signatures from the 

environment to get a handle on where these elusive 

microbes occur when they are not in lichens. We still 

do not have a de�nitive answer, but some of the most 

intriguing results show that lichen algae most de�nitely 

are �oating about in the air we breathe. In fact, both 

Japanese and French researchers have shown that lichen 

algae are among the most common microbes in snow 

and rain—suggesting that precipitation droplets may 

well even nucleate around these microbial specks.
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Cyanobacteria: 
metabolic powerhouses

For most of the history of modern 
biology, cyanobacteria were not 
universally recognized to be bacteria. 
Instead, they were referred to as “blue-
green algae,” and in some languages 
they continue to carry this name.

The slow migration of cyanobacteria in the classi�cation 

system from the plant kingdom to bacteria started with 

an 1853 proposal that they were more closely related to 

non-blue-green bacteria than to algae. This idea was 

only fully accepted with the application of biochemical 

techniques and a formalized de�nition of bacteria. It 

was not until 1962 that the Canadian microbiologist 

Roger Stanier proposed a new name, “cyanobacteria,” 

and this was not fully accepted in bacteriology 

textbooks until 1974. Old habits die hard.

Early scientists can be forgiven for classifying 

cyanobacteria as algae, and indeed just like the 

mitochondria discussed at the beginning of this chapter, 

the chloroplasts that are the photosynthetic hubs of 

algal cells are now generally accepted to descend from 

an ancient cyanobacterial symbiont. That being said, 

algae and cyanobacteria could hardly come from more 

distant branches of the tree of life.

Cyanobacteria are true bacteria, and their cellular 

organization is completely unlike that of algae. They 

also do not reproduce sexually, instead reproducing by 

specialized vegetative outgrowths called hormogonia. 

In contrast to green algal symbionts, most cyanobacteria 

found in lichens are �lamentous, even if in the lichen 

thallus this organization may be modi�ed to resemble 

single-celled or colonial organisms.

FIXING NITROGEN
Cyanobacteria serve many functions in ecosystems on 

land and in the sea, but most can do one thing 

outstandingly well: �x atmospheric nitrogen. All of life 

needs nitrogen as a building block of basic molecules like 

amino acids, and in many places on Earth it is scarce. 

Cyanobacteria possess a special enzymatic pathway to 

convert nitrogen gas out of the air into molecules such as 

ammonium that are more chemically reactive, and thus 

more accessible to other forms of life (page 200). The 

importance of this process is so central to life on Earth that 

cyanobacteria are credited with playing a role in the early 

colonization of land around 2.6 billion years ago.

The nitrogen-�xing abilities of cyanobacteria make 

them attractive partners in symbiosis. Many organisms, 

from cicadas to plants, have evolved close partnerships 

with cyanobacteria. One of the groups of cyanobacteria 

most commonly involved in lichens is the genus Nostoc. 

Nostoc species usually form chains when living in lichens, Nostoc species usually form chains when living in lichens, Nostoc

and are typically embedded in a gel of their own making.

A common misunderstanding about Nostoc in Nostoc in Nostoc

lichens is that they are always involved in nitrogen 

�xation. The cells of cyanobacterial �laments essentially 

divide labor, with special enlarged cells called heterocysts 

engaged in nitrogen �xation but not photosynthesis, and 

smaller cells engaged in photosynthesis but not nitrogen 

�xation. The proportion of heterocysts in a Nostoc

photobiont can be used as a proxy to estimate how much 

nitrogen �xation the cyanobacterium does in the lichen, 

if indeed it is �xing nitrogen at all.
 Nostoc (A), Nostoc (A), Nostoc Rhizonema (B), and Stigonema (C) are the most 
common cyanobacterial lichen photobionts. Stigonema is found as 
the primary photobiont in Spilonema lichens (here S. paradoxum, D).
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Understanding the biology of individual symbionts is key to piecing 
together the puzzle of lichen symbiosis. Their individual needs must 
be met. But when they join in making a lichen, many things become 
possible that neither could accomplish alone. 

A lichen life: 
from cradle to grave

So far we have discussed the life cycles of the symbionts, but we haven’t 

especially focused on the lichen itself. How does the lichen, which does 

not resemble any of its component parts, come to be? One useful 

metaphor, proposed by the Canadian microbiologist Ford Doolittle, is 

that of a song sung by a choir with a variable cast of voices. The song 

remains largely the same—though not exactly—even if individual 

singers are swapped out, and the song itself can evolve. The rotating 

door of fungal and algal (and other) symbiont composition makes new 

lichen songs possible, which can be advantageous to exploring new 

ecological possibilities. But lichen symbioses have also evolved a 

way to temporarily lock down the existing singer 

combination and take some of the luck out of the equation.

MAINTAINING THE LICHEN SYMBIOSIS
Many lichens forgo fungal sexual reproduction and 

produce just-add-water go-packs that have everything 

needed to make a new lichen at a fraction of the cost 

of sexual reproduction. One of the most common 

versions of go-pack is called the soredium (plural: 

soredia), in which a few algal or cyanobacterial cells 

are enmeshed by a small number of fungal hyphae 

(see also page 136). Soredia can also carry other 

symbionts, such as yeasts or bacteria. The success rate 

of lichen formation from soredia is very high in lab 

experiments, which suggests that it is in nature as well.

A variation on the soredium theme is the isidium (plural: 

isidia), in which the package is enclosed in a secreted layer of 

polysaccharides and thus appears to have a hard shell (see page 136). 

T H E  P L A Y E R S

 Lichen fungi reproducing 
like fungi. The crust-lichen-forming 
Astrothelium megaspermum disperses 
its sexually produced spores, which 
then need to find a new Trentepohlia
alga to establish another lichen.
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Sexual life cycles of common lichen 
symbionts 
The fungus (scheme top left) of a sexual 
Physcia stellaris lichen starts life as an 
ascospore that germinates outside of 
symbiosis and, once it has found a 
compatible alga, forms a new thallus. Sexual 
reproduction initiates when a microscopic 
trichogyne from this fungus is fertilized by a 
conidium from a thallus of a compatible 
mating type. A Trebouxia alga (bottom right) Trebouxia alga (bottom right) Trebouxia
meanwhile reproduces sexually outside of 
symbiosis, but can also reproduce asexually 
while in symbiosis, using autospores.

Isidia likely carry even more microbial cargo and probably retain 

water better than soredia, but have the apparent disadvantage that 

they are quite heavy as propagules go. Numerous lichens threatened 

with severe decline or extinction reproduce with isidia. This might 

be because they cannot readily disperse to new habitats—even if 

nearby habitat is suitable, it cannot be reached.

Soredia and isidia make it possible not only for fungus and 

photobiont to co-disperse, but also lichens carry other symbionts 

such as bacteria and secondary fungi that hitch a ride on thallus 

propagules; these may play important, if still poorly understood, 

roles in lichen establishment.
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In the early 1920s, an Italian 
microbiologist by the name of 
Maria Cengia Sambo was culturing 
cyanobacteria from jelly lichens when 
she encountered growths of much 
smaller bacteria on her culture plates. 
Another key player in lichens entered 
the picture, but it would be decades 
before the discovery would begin to 
be widely appreciated.

Cengia Sambo concluded that the bacteria she 

cultured could �x nitrogen (which indeed many 

bacteria other than cyanobacteria can do). She was 

clearly excited by the discovery, and convinced they 

Lichen bacteriobionts

were part and parcel of the lichen: “In simbiosi con 

l’alga stessa e col fungo,” she wrote, “in symbiosis with 

the alga itself and with the fungus.” She was not the 

only one excited by the discovery. Soviet researchers, 

in particular, followed up with numerous studies from 

the 1930s through to the 1980s, trying to nail down 

more evidence of the role of these “other” bacteria in 

lichens.

UBIQUITOUS BACTERIA
We now know that almost all lichens carry these 

bacteria. As with us humans, bacterial cells can 

sometimes outnumber all the other cells put together. 

In lichens, the most common bacteria worldwide come 

from just four small groups, treated in the bacterial 

classi�cation system as families. The most common 

single line of bacteria of these is called Lichenihabitans, 

because, well, it inhabits lichens.

Despite Cengia Sambo’s start a century ago, it’s still 

early days in the science of lichen bacteria. It appears 

likely that many of the pioneering studies did not, in 

fact, tap into the bacteria we now know to be 

ubiquitous in lichens, and these, in turn, have rarely 

been extracted in culture. We only know they exist in 

so many lichens because when we grind up lichens and 

extract their DNA, the DNA of the four bacterial 

families is very often present. While we still don’t have 

experimental evidence on what they do, their DNA has 

been helpful in this department too, giving many hints.

T H E  P L A Y E R S

 A pioneer in lichen microbiology, 
Maria Cengia Sambo (1888–1939) 
isolated numerous bacteria from 
lichens and hypothesized about their 
function in the symbiosis.
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From the genes the DNA codes for, we now know 

that the most common lichen bacteria do not, after all, 

have the machinery for �xing nitrogen; they appear 

to live o� free carbohydrates in the lichen, and they 

produce vitamins the fungus and alga need. Also, 

perhaps most oddly of all, they photosynthesize, but not 

in the way plants do. Instead of generating oxygen with 

sugar byproducts, they generate high-energy molecules 

for the bacterium to power other cellular processes. 

L I C H E N  B A C T E R I O B I O N T S

These closely lichen-associated bacteria have been 

dubbed “bacteriobionts” by Gabriele Berg and Martin 

Grube, two of the leading researchers in the �eld.

One of the most debated topics in lichen science 

today is whether bacteriobionts are necessary to form 

a fully developed lichen. Resynthesizing a lichen in 

the lab is a complicated business with many caveats 

(page 22), and as of now, we do not know the answer 

to this question.

Other habitants of lichens
Bacteria make up a major component of the cellular 
composition of lichens. Advanced sequencing 
technologies have made it possible to map the relative 
frequency of different lineages of bacteria in over 350 
different lichen symbioses (shown as radiating bars; the 
taller the bar, the more frequent the bacterial lineage in 
lichens worldwide).
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Lichens may have enjoyed a long time in the scientific limelight as two-
partner tangos of fungus and alga, but keen-eyed observers have long 
known that other fungi often produce fruiting bodies on the surface of 
a lichen thallus. Some familiarity with the lichen at hand provides telltale 
evidence that these fungal fruiting structures are not from the main 
lichen fungal symbiont. What are they doing there?

More than one fungus?

With few exceptions, early lichenologists considered 

these additional fungi to be parasites, or, as they have 

increasingly come to be known in recent years, 

lichenicolous fungi. Hunting for, collecting, and 

identifying lichenicolous fungi is a lichenology 

subculture of its own, with its own literature, 

websites, and social media groups. But what does 

“lichenicolous” really mean, and what kinds of lives 

do these fungi lead?

FRIEND OR FOE?
“Lichenicolous” roughly translates to “living in lichens,” 

which helps to establish their address, but tells us little 

about how these fungi get along with the lichen 

symbionts. Until very recently, the fruiting bodies of 

the fungus have typically been the only part that is 

visible. Only a few fungi, which kill lichen thalli, have 

visible, spreading mycelia or engender obviously 

unhealthy symptoms in their hosts. Many others appear 

to emerge from healthy thalli or apothecia of the 

lichens themselves, not actually damaging the lichen. 

What is problematic about this, from the standpoint 

of interpreting the lifestyle of these fungi, is that the 

full extent of their mycelium is not easy to ascertain. 

How much of the lichen do they inhabit?

Studies on the lichenicolous fungi of leaf-dwelling 

lichens, with their thin thalli, brought to light a notable 

correlation between the apparent biology of these fungi 

and their phylogenetic relationships. When growing in 

a lichen, lichenicolous fungi principally have one of 

two means of association: either with the lichen fungus 

or with its photobiont. It turned out that lichenicolous 

fungi visibly associating with the photobiont of their 

host generally provoked little or no damage to the host 

lichen, suggesting that they might be acting as 

commensals—that elusive category of symbiosis where 

a partner takes resources, does no harm, but also gives 

nothing obvious in return. These fungi are often 

relatives of the lichen fungi that provide their host 

thalli. On the other hand, lichenicolous fungi 

associating with the lichen fungus may cause visible 

and often severe damage to the host lichen, and most of 

these fungi come from pathogen lineages only distantly 

related to lichen fungi, such as the genus Fusarium.

T H E  P L A Y E R S

 More than 2,000 species of fungi are 
known to associate with or attack lichens. 
This small selection features Biatoropsis 
usnearum on Usnea lichens (A), 
Illosporiopsis christiansenii on diverse Illosporiopsis christiansenii on diverse Illosporiopsis christiansenii
lichens (B), Pronectria robergei on Pronectria robergei on Pronectria robergei Peltigera 
(C), and Tremella xanthomendozae on 
Xanthomendoza (D).
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LICHEN YEASTS
The application to lichens of laser microscopy 

techniques more usually encountered in medical 

research has made it possible to “turn the lights on” 

inside a lichen and see who is who in the fungal 

matrix and where they are hanging out. The �rst 

applications of this research have revealed additional 

fungi in the yeast form—single, tiny cells that 

reproduce by budding—in the outer layer of perfectly 

healthy-looking lichens. Using DNA signatures, 

researchers have been able to determine that these 

yeasts were exactly the same species as some of the 

surface fruiting bodies named by the intrepid 

“parasite” collectors of yore. In fact, in several lichen 

symbioses that have been carefully surveyed to date, 

they appear to always be there. A prominent scienti�c 

journal proclaimed lichens to be “two fungi, not one.” 

But does this hold up?

Lichen yeasts are only beginning to be studied 

in detail. They are found in one way or another in as 

many as two-thirds of known lichens, but certainly not 

all. Even so, evidence is mounting that in speci�c lichen 

symbioses—colloquially called “lichen species”—they 

are an intrinsic part of the lichen wherever it occurs, 

anywhere in the world. By this measure, they are an 

easy �t for the term “symbiont,” which in the trade is 

used for any organism that constantly “lives together” 

with another, irrespective of any bene�t or harm to 

either. But is there bene�t or harm? It is currently not 

possible to selectively eliminate yeasts and leave the 

other symbionts untouched, so we cannot tell how 

a lichen might react if we did.  The yellowish color of the lichen 
that has been called Bryoria tortuosa
(above) is caused by the toxic substance 
vulpinic acid. Its abundance correlates with 
that of basidiomycete yeasts from the genus 
Cyphobasidium, visualized using 
fluorescent microscopy in a section of one 
of the lichen’s hairlike filaments (below). 
The yeasts, which are unicellular, appear in 
green; the hyphal ascomycete fungus that 
gives the lichen structure is shown in blue; 
and the algae are rendered in red.

T H E  P L A Y E R S

Yeasts have also yet to be cultured alone. 

Attempts at divining the biochemical give and 

take of yeasts and the “main” fungi based on their 

genomes have yielded promising leads, but no 

smoking guns. Lichen yeasts appear to be involved 

in triggering the production of secondary metabolites 

such as lichen acids, and they have the enzymes for 

producing water-absorbing polymers. One can think 

of many ways in which these traits could be useful 

to the symbiosis that carries them, and we won’t 

bet against them being necessary and intrinsic 

components of lichens. But it may be a while 

before the bets are decided.
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Best not try to carry out a survey of lichen photobionts 
armed with a hand lens and cell-phone camera. Most 
are single-celled, and identifiable only on the basis 
of internal cell structures and DNA sequences. As 
a result, the classification of photobionts has lagged 
behind that of the fungi involved in lichens, and even 
some of the commonest species are still being given 
scientific names.

Break open the thallus of a lichen and squint really hard, and 

you might make out an extremely thin green line sandwiched 

between the upper and lower fungal layers. It’s the world’s 

thinnest burrito, a fungal tortilla with algal �lling. Better yet, 

use a standard light microscope or a scanning electron 

microscope (page 21), and you will get a sharper view of 

round cells wrapped in fungal nets or suspended at the ends 

of what look like fungal suction cups. More often than not, 

these cells are members of the genus Trebouxia, one of the 

most common groups of photobionts worldwide.

A decision to study Trebouxia is a conscious decision to 

become a microbiologist. The methods are much the same 

as those one might use to culture bacteria from a mouth 

swab in a hospital, and analyzing the resulting growth 

requires patience and a well-stocked lab. The classi�cation 

of Trebouxia is a technical business, and many species have 

yet to be given formal scienti�c names. One of the more 

common species in large foliose and fruticose lichens was 

named as recently as 2022 by a team led by the Spanish 

researcher Eva Barreno. She named the species for Lynn 

Margulis, one of the leading �gures of symbiosis research 

and the person who discovered that mitochondria are 

descendants of intracellular bacterial symbionts.

 Trebouxia lynnae.

A photobiont of large and common lichens

Lynn Margulis’s 
Trebouxia

SCIENTIFIC NAME

PHYLUM, FAMILY

GROWTH FORM

SPECIES IN GENUS

HABITAT

NOTABLE FEATURES

Trebouxia lynnae BarrenoTrebouxia lynnae BarrenoTrebouxia lynnae
Trebouxiophyceae, Trebouxiaceae
Single cells that reproduce quickly to form 
a green mass, but not usually visible in nature
27 named, but many are not yet named
Extremely common in terrestrial environments
One of the most common lichen photobionts
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Like the other major algal genus we profile here, 
Trebouxia (page 60), Trebouxia (page 60), Trebouxia Trentepohlia is a genus of 
“aeroterrestrial” algae—in other words, algae that 
live on land, exposed to air. But in many ways, 
that is where the similarities end.

Unlike Trebouxia, Trentepohlia algae are capable of complex 

multicellularity. Together with a few close relatives, they are 

also unique among algae in possessing phragmoplasts, which 

students of plant anatomy might recall are cellular structures 

involved in laying down the beginnings of new cells. 

Furthermore, despite being formally classi�ed as green algae, 

they are usually orange in appearance on account of large 

carotenoid pigment bodies contained in every cell.

Trentepohlia algae are important symbiotic partners of 

fungi in lichens in several di�erent distinct biomes. They 

feature prominently in tropical lichens that grow in deep 

undergrowth of rainforests, but also appear in high-humidity 

coastal environments from the Mediterranean to Baja 

California. Despite this decidedly beach-holiday ecology, 

species of Trentepohlia can also pop up as symbionts in some 

of the most inhospitable places on Earth, at the bases of trees 

close to the Arctic treeline. And just in case you thought you 

had the ecology of the genus narrowed down to humid 

environments, they also occur in lichens (and indeed also 

as free-living algae) on the sparse vegetation of the Atacama 

Desert in Chile, one of the driest places on Earth.

 Trentepohlia aurea, on rock 
in the mountains of Colombia.

Orange is the new green

Golden 
Trentepohlia 

SCIENTIFIC NAME

PHYLUM, FAMILY

GROWTH FORM

SPECIES IN GENUS

HABITAT

NOTABLE FEATURES

Trentepohlia aurea (L.) C. MartiusTrentepohlia aurea (L.) C. MartiusTrentepohlia aurea
Ulvophyceae, Trentepohliaceae
Single to multiple chain-forming cells with one 
or more large carotenoid bodies, giving the 
alga a carrot-orange color
54
Common in foggy coastal regions on trees 
and rocks, and inland near the ground on 
tree trunks
A common lichen photobiont

T H E  P L A Y E R S

Mobile
The life cycle of Trentepohlia aurea
includes flagellate spores. These are 
only known from free-living algae and 
not from the algae when in symbiosis.

Approximately 20 µm
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Given that lichens are known as slow-growing 
organisms, their occurrence on a short-lived substrate 
such as leaves is surprising. Leaf-dwelling lichens have 
solved this conundrum not by growing faster but by 
reaching maturity at extremely small sizes. One such 
lichen is Microtheliopsis uleana, happily reproducing 
with spores made in dark perithecia. And the 
photobiont joins in the reproductive frenzy.

The phyllosphere is a world of its own. It is a miniature 

ecosystem made up of organisms inhabiting the surface 

of living plant leaves. Given that the trees in temperate 

forests are typically lea�ess for several winter months, 

the phyllosphere is best developed in tropical rainforests. 

It consists of lichens and other surface fungi, liverworts and 

mosses, algae and cyanobacteria (and other bacteria), 

and invertebrates.

A common element of the phyllosphere is Ule’s Leaf-

dwelling Brownspot. It is found in rainforests on all 

continents. Its characteristic feature is the small, round, brown 

patches that develop spore-bearing, dark perithecia, often 

arranged in a concentric pattern. It also has what look like 

tiny hairs. These are actually the sporangia of the photobiont, 

an alga of the genus Phycopeltis, closely related to the aerial 

alga Trentepohlia. Microtheliopsis is the only genus of lichen 

fungi in which the photobiont produces such conspicuous 

reproductive structures with regularity. Why the alga 

reproduces in this manner in the presence of this particular 

fungus is unknown, but it suggests that they have a rather 

unusual relationship. Live and let live?

 Microtheliopsis uleana growing 
on a leaf in a Costa Rican rainforest. 
The tiny hair-like structures are the 
sporangia of the associated alga.

Photobiont going rogue

Ule’s Leaf-Dwelling 
Brownspot 

SCIENTIFIC NAME

PHYLUM, FAMILY

GROWTH FORM

SPECIES IN GENUS

HABITAT

NOTABLE FEATURES

Microtheliopsis uleana Müll. Arg.Microtheliopsis uleana Müll. Arg.Microtheliopsis uleana
Ascomycota, Microtheliopsidaceae
Tiny crust lichen forming round, brownish 
patches
4
Strictly on living leaves of tropical rainforest plants
The photobiont always produces reproductive 
structures in this lichen
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Most people, lichenologists included, do not think 
of bacterial cultures when they think of lichens. 
They were not one of the symbionts originally 
discovered in lichens, and until recently it was not 
even known that they were a constant part of lichen 
life. But like us humans, lichens have distinctive 
bacterial assemblages. The role they play in the 
lives of lichens is still being studied.

The culturing of bacteria from lichens began in the 

1920s (page 54). As with exploration of the human 

gut microbiome, however, it was not until recently that 

technologies have been developed to survey the vast 

bacterial world associated with lichens using DNA 

sequencing technology. It turns out that many of the 

bacterial strains that have been isolated from lichens are 

one-o� occurrences that may be picked up from the 

environment, but a few seem to have a strong association 

with lichens and are more or less always there.

Although it is early days in this line of research, 

this appears to be the case with the bacterial genus 

Lichenihabitans. The genus was given a name in 2019 

by a Korean research group led by Yung-Mi Lee, based 

on a strain isolated from the lichen Psoroma antarcticum. 

Subsequent screening of DNA data from lichens has shown 

that close relatives, probably also members of the genus 

Lichenihabitans, are found in over 90 percent of lichens 

sampled from di�erent parts of the world. What 

Lichenihabitans does in lichen symbiosis is not known with 

certainty. Genomes from closely related strains have been 

predicted to be able to synthesize vitamin B
12

, which 

photobiont algae need to make the amino acid methionine.

 A species of Lichenihabitans
in culture at the University of Alberta.

Obligate lichen dweller

Lichenihabitans 
bacterium 

SCIENTIFIC NAME

PHYLUM, FAMILY

GROWTH FORM

SPECIES IN GENUS

HABITAT

NOTABLE FEATURES

Lichenihabitans spp.
Alphaproteobacteria, Beijerinckiaceae
Bacterial colonies, in lichens incorporated in 
and on the cortex
1, plus many unnamed species
Originally cultured from Psoroma antarcticum
lichens in Antarctica
Represents a wider group of bacteria found 
worldwide on lichens
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We have seen that lichens are not just the stereotypical 
symbiosis between fungi and algae or cyanobacteria. 
Rather, lichens are miniature ecosystems involving and 
supporting a range of organisms. These also include 
a diversity of other lichen-inhabiting (lichenicolous) fungi. 
Not surprising, given that parasitism is one of the major 
fungal lifestyles.

Some of the lichenicolous fungi seem to live in peaceful 

coexistence with the main lichen fungus, taking advantage of the 

photobiont as commensals, but others �ercely attack the host.

The pink-red reproductive structures (bulbils) of 

Marchandiomyces corallinus are a beautiful sight. But make no 

mistake: this basidiomycete fungus kills. And it does so on 

a broad range of lichen hosts.

Studies led by lichen ecologist James Lawrey have shown 

that lichens do have chemical defenses against this fungus, 

one of these being lecanoric acid, another gyrophoric acid, 

the same lichen substances employed in dye production 

(page 250). These apparently “multitasking” compounds 

inhibit the growth of the attacking fungus and its cell-wall-

degrading enzymes. 

But then there is another fungus, the ascomycete 

Fusarium, which is able to degrade these lichen acids, 

overcoming the host defense. Once the Fusarium attacks 

a lichen, the Marchandiomyces (and other lichenicolous fungi) 

may come in and take advantage of the weakened host. 

Notably, Fusarium is the asexual morph of a species of Nectria, 

some of which are used as biological control agents. 

A striking example of all the things lichens can teach us.

 The pink-red pustules (bulbils) 
of the lichen-attacking basidiomycete 
fungus Marchandiomyces corallinus 
make for a striking color splash. 
For the host lichen, here a species 
involving a fungus from the Parmeliaceae, 
Parmelia sulcata, the attack usually 
ends in death, at least for portions of 
the thallus.

Team player and killing machine

Marchand’s Coral 
Fungus 

SCIENTIFIC NAME

PHYLUM, FAMILY

GROWTH FORM

SPECIES IN GENUS

HABITAT

NOTABLE FEATURES

Marchandiomyces corallinus (Roberge) 
Diederich & D. Hawksw.
Basidiomycota, Corticiaceae
Lichen-attacking fungus producing pink-red 
fruiting bodies
4
On a diversity of host lichens, but often 
on Parmeliaceae
Teaming up with another lichenicolous 
fungus to overcome host defense

T H E  P L A Y E R S
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INDEX
Abominable Coal Dot  230, 231
Acanthotrema brasilianumAcanthotrema brasilianumAcanthotrema   136, 137 brasilianum  136, 137 brasilianum
Acarosporaceae  86
Acharius, Erik  15, 16, 176, 182
acid rain  91, 94
adenosine triphosphate (ATP)  40
African Gold Lichen  102, 103
age of lichens  80–3, 216
agriculture  264, 265
air quality  90, 93
Alectoria spp.  20, 244Alectoria spp.  20, 244Alectoria
algae, blue-green see cyanobacteria see cyanobacteria see

(lichen)
algae, green (lichen)  6, 24, 26, 46–9

“aeroterrestrial”  49, 60, 62
autotrophic/heterotrophic  47
cell walls, as carbon source  77
death, with temperature rise  94
detection, di�culties  48, 49
di�erent, with same fungus  134
discovery as part of lichen  20–1, 46
evolution  42, 50
free-living  49, 62
functions/roles in lichens  24, 26, 

72, 77, 78
“gonidia” discovery and  15, 16, 

18, 20–1
isolation, lichen resynthesis  22–3
lichen architecture  16, 58, 59, 113, 

115, 116, 120, 121, 132, 230
parasitic  46, 47, 226
photosynthesis  46–7, 148
reproduction  48–9, 265
restoration in museum  88
services/protection from 

symbiosis  26, 86
sugar alcohols secreted  26, 77, 86
in tripartite lichens  30, 132, 132, 

133, 134
see also Trebouxia; Trentepohlia

Allographa chrysocarpa  129Allographa chrysocarpa  129Allographa chrysocarpa
alpha taxonomy  176
Amber Black-foam Lichen  180, 181
amber fossils  160, 161, 180, 181
ammonia/ammonium ion  50, 148, 

201, 250
Ancient Coral Lichen  236, 237
Andea paramos  196, 197
Andine Shingle Lichen  228, 229
animals, feeding on lichens  85, 202–

3, 205, 272
Antarctica  66, 80, 88, 106, 199
anti-aging substance (“lichenin”)  264
antibiotics, from lichens  244, 266
Anzia centrifuga  214Anzia centrifuga  214Anzia centrifuga
Anzia electra  180, 181Anzia electra  180, 181Anzia electra
Anzia parasitica  180, 181Anzia parasitica  180, 181Anzia parasitica
apothecia (apothecium)  32, 34, 36, 

45, 150, 151, 236
Haematomma accolens  98Haematomma accolens  98Haematomma accolens
scarlet, Cladonia cristatella  28, 29Cladonia cristatella  28, 29Cladonia cristatella
script lichens  184, 185, 186
species pairs and  140, 141

Archaea  40, 148
architecture of lichens  110–51, 114

algal role  58, 59, 113, 115, 120, 132
basic growth forms  112, 114, 115
of co-dispersal  136–41
convergence/divergence  116, 

126, 127, 128–9
driven by symbiosis  113–19, 120
fungal (non-lichen) homology  

118, 119
fungus as sca�old  113, 118, 119, 

120, 121, 136, 142, 230
one fungus, two lichens  132–5, 

148, 174
plant morphology similar  114, 

116, 117, 118
range of forms  110, 111, 112, 113
saltational shape change  130–1
shaped by selection  120–31
tripartite lichens  132, 133, 134, 

135, 148
wicker-furniture analogy  113, 120

Arctic Kidney Lichen  30
Arctic Mushroom Scales  34, 35
Arctic Paw Lichen  30, 31, 134
Armaleo, Daniele  132
aroma, Peltigera hydrothyria  232Peltigera hydrothyria  232Peltigera hydrothyria
Arrhenia chlorocyanea  127Arrhenia chlorocyanea  127Arrhenia chlorocyanea
Arrhenia spathulata  42Arrhenia spathulata  42Arrhenia spathulata
art, lichens in  256–61
Arthonia  210Arthonia  210Arthonia
Arthoniales  146Arthoniales  146Arthoniales
Arthoniomycetes  168
arti�cial substrates, lichens on  113, 

216–21
Ascomycota/ascomycetes  34, 45, 58, 

68, 166, 179
evolution  162, 166, 179

ascospores  53, 98, 150, 186
asexual reproduction  16, 45, 50, 132, 

144, 150
Aspergillus  166, 168, 170Aspergillus  166, 168, 170Aspergillus
Asterochloris  28Asterochloris  28Asterochloris
astrobiology  88, 106, 107
Astrothelium spp.  52, 194, 195, 243, Astrothelium spp.  52, 194, 195, 243, Astrothelium

244, 245
Atacama Desert  85, 88, 100, 122, 219
autotrophs  47
Avicenna (Ibn Sina)  10, 11
Avicenna’s Moss (Usnea articulata)  11

bacteria (lichen) (bacteriobionts)  52, 
53, 54–5, 66–7

nitrogen �xation  54, 55, 148, 201
photosynthesis, vitamin formation  

55, 66
see also cyanobacteria (lichen)

Badimia vezdana  150, 151Badimia vezdana  150, 151Badimia vezdana
Bagliettoa calciseda  262–3Bagliettoa calciseda  262–3Bagliettoa calciseda
“Ball Moss”  252
bark, lichens on  6, 122, 146, 147, 

182, 183, 184, 186, 187, 197, 
212, 234, 239

bark chemistry and  214
urban lichens  222, 224
see also tree(s)

Bark Barnacle Lichen  48
barklice  85, 204
Barreno, Eva  60
basidiolichen  188, 243
Basidiomycota/basidiomycetes  34, 

45, 58, 68, 166, 179
beard lichens  12, 112, 113, 117, 210, 

211
bedrock, lichen composition  212, 

214, 219
Benge-Abbott, Bryony  256, 257
Berg, Gabriele  55
Biatoropsis usnearum  56, 57Biatoropsis usnearum  56, 57Biatoropsis usnearum
The Big Bang Theory  256The Big Bang Theory  256The Big Bang Theory
bioaccumulation of elements  93
biocrusts  74, 164
biodeterioration by lichens  255
bio�lms, and removal  255
Biology and Mars Experiment 

(BIOMEX)  88, 89
biology of lichens  71–107

daily cycle  72, 74, 77, 94
environmental monitoring  90–3, 

94, 104, 215
extreme conditions  88, 89, 90, 94
see also color of lichens; growth ratesee also color of lichens; growth ratesee also

biomass, lichen, conditions favoring  
192–9

BIOPAN-5 experiment  88
Biston betularia  224, 225Biston betularia  224, 225Biston betularia
Black Spruce (Picea mariana)  94
Black-rimmed Byssus  146, 147
bleaching, lichen  94, 96, 97
bloodspot lichens  98, 99
blue-green algae see cyanobacteriasee cyanobacteriasee
Bonnier, Gaston  22, 23
books, early, on lichens  11, 15, 21, 

242, 243
Boreal Felt Lichen  238, 239
Boreal Oak Lichen (Evernia 

mesomorpha)  94, 97
boreal rainforest  238
bottles, lichens on  219
Brännström, Ioana  174
brewing, lichen use  249
British Soldier Lichen  28, 29
bromeliads  116
“brood cells” (Brutzellen)  15Brutzellen)  15Brutzellen
Bryoria  205Bryoria  205Bryoria
Bryoria fremontii  272, 273Bryoria fremontii  272, 273Bryoria fremontii
Bryoria nepalensis  205Bryoria nepalensis  205Bryoria nepalensis
Bryoria tortuosa  58, 59, 272Bryoria tortuosa  58, 59, 272Bryoria tortuosa
Buellia frigida  80, 81Buellia frigida  80, 81Buellia frigida
Buellia violaceofusca  134Buellia violaceofusca  134Buellia violaceofusca
bulbils  68, 69
bull’s-eye lichens  148, 149
byssus lichens  12, 146

“C test”  250
caesium-137  93
Caliciaceae  102
calicioids  234
Calicium  212–13, 234Calicium  212–13, 234Calicium
Callopisma candelaria  176Callopisma candelaria  176Callopisma candelaria
Calopadia spp.  210, 211Calopadia spp.  210, 211Calopadia
Caloplaca  100Caloplaca  100Caloplaca

camou�age  206–11, 224
campylidia  53, 150, 151
Canal Zone Tree Frog  206–7
canarione  268
Candelaria  179Candelaria  179Candelaria
Candelaria concolor  42, 140–1, 170, Candelaria concolor  42, 140–1, 170, Candelaria concolor

222, 224
Candelaria �brosa  140–1Candelaria �brosa  140–1Candelaria �brosa
Candelina mexicana  126Candelina mexicana  126Candelina mexicana
Candle�ame Lichen  42, 170, 222, 

224
carbohydrates  76
carbon

�xation  24, 26, 72, 76
rising temperature e�ect  97
sources, for lichens  77

carbon dioxide  24, 26, 94, 97
Carbonea vorticosa  230, 231Carbonea vorticosa  230, 231Carbonea vorticosa
Caribou  85, 202–3, 205, 272
caterpillars  210
Central American Tailed Wax Bug  

210
Cephaleuros spp.  46, 47, 48, 226Cephaleuros spp.  46, 47, 48, 226Cephaleuros
cephalodia  30, 134, 148, 149, 201
Cetraria islandica  13, 244, 249, 252, Cetraria islandica  13, 244, 249, 252, Cetraria islandica

253, 266, 267
Chaenotheca  212–13Chaenotheca  212–13Chaenotheca
chemical defenses  28, 68, 85
chemotaxonomy  276
Chewing Gum Lichen  22, 170, 222, 

223, 224
chimera  20
chitin  158
Chlorolichenomycites salopensis  154, 157Chlorolichenomycites salopensis  154, 157Chlorolichenomycites salopensis
chlorophyll degradation  90
chloroplasts, evolution  50, 264
Choeradodis rhombicollis  209Choeradodis rhombicollis  209Choeradodis rhombicollis
Christmas Lichen  210
Chrysothrix candelaris  144, 145Chrysothrix candelaris  144, 145Chrysothrix candelaris
Chytonix griseorufa (moth)  210Chytonix griseorufa (moth)  210Chytonix griseorufa
Circinaria jussu�i  270, 271Circinaria jussu�i  270, 271Circinaria jussu�i
Circinaria spp.  270, 271
Cislaghi, Cesare  93
cities, mapping, by lichen growth  90
citizen science  97, 215
Cladia  142, 160Cladia  142, 160Cladia
Cladia aggregata  122–3Cladia aggregata  122–3Cladia aggregata
cladogram  160
Cladonia  12, 13, 110, 119, 194, 218, Cladonia  12, 13, 110, 119, 194, 218, Cladonia

219, 246
lichenscape, N. America  192–3, 

202
species number, diversity  28, 276

Cladonia bellidi�ora  172, 173Cladonia bellidi�ora  172, 173Cladonia bellidi�ora
Cladonia cristatella  28, 29Cladonia cristatella  28, 29Cladonia cristatella
Cladonia grayi  276, 277Cladonia grayi  276, 277Cladonia grayi
Cladonia imperialis  118, 119Cladonia imperialis  118, 119Cladonia imperialis
Cladonia polydactyla  172, 173Cladonia polydactyla  172, 173Cladonia polydactyla
Cladonia pyxidata  13Cladonia pyxidata  13Cladonia pyxidata
Cladonia stellaris  252, 253Cladonia stellaris  252, 253Cladonia stellaris
Cladoniaceae  28, 142, 164, 274
classi�cation  170–1

fungi  170–1, 178, 179
“kingdoms” and lichen di�culty  

18
lichens as distinct branch  16
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I N D E X

Linnaeus  12–13, 14
orders, lichens  170–1
photobionts  60

Clerc, Philippe  132
climate change, lichens and  94–7
club fungi  119
Clustered Pox Lichen  171, 182, 183
coal dot lichens  230
Coal Miner’s Snot Lichen  74–5
Coccocarpia spp.  114, 136, 137, 218, 219Coccocarpia spp.  114, 136, 137, 218, 219Coccocarpia
Coccomyxa  34Coccomyxa  34Coccomyxa
Coconut Palm Rosette Lichen  86
Code, nomenclature  172
co-dispersal  53, 136–41
Coenogonium spp.  115, 130–1Coenogonium spp.  115, 130–1Coenogonium
Collema spp.  22, 126Collema spp.  22, 126Collema
color of lichens (pigments)  84–7, 250

drying out e�ect, green to gray  
76–7

natural selection  124–5
orange  101, 106, 107
red  28, 85, 98, 99, 124–5
secondary metabolites, role  85, 86
yellow/yellow-orange  86, 87, 

102, 126, 244, 250, 268
commensals  56
common names, lichens  142
Common Script Lichen  186, 187
Compartmented Fleshscript Lichen  

184, 185
conidia  45, 53, 150
conservation of lichens  215
contact resynthesis  23
convergence, body plan  126, 127
cooking, lichens  246
Cora (heart lichens)  127, 177, 188, Cora (heart lichens)  127, 177, 188, Cora

189
Cora benitoana  166, 167Cora benitoana  166, 167Cora benitoana
Cora elephas  188, 189Cora elephas  188, 189Cora elephas
Cora paraciferrii  127Cora paraciferrii  127Cora paraciferrii
coral bleaching  97
coral lichens  142, 215, 236
Coralloides  12Coralloides  12Coralloides
“cortical window”  86
cosmetics, lichen use  248, 266
Cottonwood Glasswhiskers Lichen  

171, 234, 235
Critically Endangered Species  214
Crocodia aurata  264Crocodia aurata  264Crocodia aurata
crust(ose) lichens  12, 112, 113, 114, 

136, 146, 150, 182, 199, 215, 
243, 244

insects resembling  210
“cryptic species/speciation”  174, 

188
Culberson, Chicita and Bill  176
cultures  22, 66
cyanobacteria (lichen)  18, 20, 24, 

50–1, 91, 132, 215
evolution  40, 42, 50
glucose secretion  26, 30
nitrogen �xation  30, 50, 74, 148, 

200, 201, 228
photosynthesis  6, 26, 40, 50, 148, 

238
structure, reproduction  50, 132

tripartite lichens  30, 132, 133, 
134, 135, 148, 201

Cyanolichenomycites devonicus  157Cyanolichenomycites devonicus  157Cyanolichenomycites devonicus
cyanolichens  91, 201, 215, 238

see also cyanobacteria (lichen)
Cyphobasidium  58Cyphobasidium  58Cyphobasidium
Cystocoleus ebeneus  42Cystocoleus ebeneus  42Cystocoleus ebeneus

daily cycle, for lichens  72, 74, 77, 94
Dal Forno, Manuela  188
Daohugouthallus ciliiferus  154, 155, Daohugouthallus ciliiferus  154, 155, Daohugouthallus ciliiferus

157
darkness, lichen algal growth  47
de Bary, Anton  24
de Tournefort, Joseph Pitton  11, 13
decorative lichens  252–3
defense, chemical/pigment  28, 68, 85
Delicate Leaf-mining Lichen  226, 

227
Delise, Dominique François  132
Dendriscocaulon  132, 134Dendriscocaulon  132, 134Dendriscocaulon
Dermatiscum thunbergii  102, 103Dermatiscum thunbergii  102, 103Dermatiscum thunbergii
deserts, lichens in  62, 85, 88, 100, 

121, 122, 194, 198, 199, 201
desiccation survival  72, 76–7, 78, 94, 

121, 194, 201
see also dry conditions, survival

Dibaeis  115Dibaeis  115Dibaeis
Dickens, Charles  90
Dickinsonia costata  156, 157Dickinsonia costata  156, 157Dickinsonia costata
Dictyochloropsis  236Dictyochloropsis  236Dictyochloropsis
Dictyonema  42, 115Dictyonema  42, 115Dictyonema
Dictyonema huaorani  243Dictyonema huaorani  243Dictyonema huaorani
Dictyonema sericeum  166, 167Dictyonema sericeum  166, 167Dictyonema sericeum
dieback, lichens  90, 91, 97
diet, lichens in  202–5

human diet and  10, 246–7, 266, 
270, 272

for megafauna  85, 202–3, 205, 272
for microscopic feeders  204
poisoning by  205, 274

Dillenius, Johann Jakob  11, 12, 13
dimorphic lichens  112, 113, 115
dinosaurs, and lichens  162, 163, 165
Dioscorides  242
Dirinaria  86Dirinaria  86Dirinaria
dispersal  150, 184, 236

co-dispersal  53, 136–41
rain-splash method  150, 276

Dissonulichen hebardi  210, 211Dissonulichen hebardi  210, 211Dissonulichen hebardi
divergence, morphology  127, 128–9
diversity, lichen  11–12, 15, 256, 276

environmental conditions  194
lichen biomass not predictive of  

197
lung cancer correlation  93

DNA  54–5, 144, 160–1
DNA sequencing/sequences  54–5, 

132, 174
bacterial lineage  55
free-living algae  49
“hidden” diversity (cryptic)  174, 

188
lichen taxonomy  174, 176, 177
lichens in fungal tree of life  178, 

179

molecular clock  162, 163
“species pairs”  140

Doctrine of Signatures  242, 244
Doolittle, Ford  52
dormancy, recovery after  88
Dothideomycetes  168
“drip tips”  219, 220, 221
dry conditions, survival in  88, 94, 116

thallus surface area  122
see also desiccation survival

drying out, lichens  72, 76–7, 201
daily requirement for  72, 74, 77, 94
temperature rise e�ect  94, 97

Dufourea �ammea  198Dufourea �ammea  198Dufourea �ammea
dust lichens (leprose lichens)  12, 

136, 144
Dusty Rim Lichen  91–2
dyes, lichen  68, 245, 250, 251, 266
Dyplolabia afzelii  129Dyplolabia afzelii  129Dyplolabia afzelii

Earth’s ground surface, lichen 
coverage  192

Easter Island, moai statues  80
eating lichens see diet, lichens insee diet, lichens insee
“ecological continuity”  215
ecosystems, lichen  68, 191–239

conditions favoring lichens  
192–9

see also habitats
Ediacaran macrofossils  156, 157, 

158–9, 160
Elegant Sunburst Lichen  104, 105
Elephant Heart Lichen  188, 189
Enchylium spp.  74–5, 114Enchylium spp.  74–5, 114Enchylium
Endocarpon pseudosubnitescens  262–3Endocarpon pseudosubnitescens  262–3Endocarpon pseudosubnitescens
endosymbiosis  264
environment, reading, through 

lichens  212–14
environmental changes  94–7
environmental monitoring  90–3, 

94, 104, 215
environmental stress, convergence 

(body plan)  126, 127
Erioderma boreale  238Erioderma boreale  238Erioderma boreale
Erioderma pedicellatum  238, 239Erioderma pedicellatum  238, 239Erioderma pedicellatum
European Space Agency (ESA)  88, 

192, 193
Eurotiomycetes  166, 168, 170–1
eutrophication  91
Evernia mesomorpha  94, 97Evernia mesomorpha  94, 97Evernia mesomorpha
Evernia prunastri  248, 249, 256, 257Evernia prunastri  248, 249, 256, 257Evernia prunastri
evolution  40, 42–3, 153–89, 264

algae  42, 50
convergent/divergent  126, 127, 

128
cyanobacteria  40, 50
fungi (lichen)  40, 42, 43, 166
fungi (non-lichen)  166, 168, 170
land colonization  43, 50
lichens  40–3, 154, 166, 179
macrolichens  161, 164–5, 236
saltational change  130–1
see also fossils; natural selection

evolutionary age, of lichens  162–5
evolutionary tree of life  162–3, 166, 

178, 179

Expose-E project  88, 106
extinction, threat  53, 214, 215, 238
extreme environments  80, 88, 106, 

194, 199

feeding on lichens see diet, lichens insee diet, lichens insee
felt lichens  238, 239
fertilizer use  91
�lamentous lichens  112, 113, 115
Firedot lichens  100, 101
�tness, thallus shape  120, 121
Flakea  115Flakea  115Flakea
Flaky Freckled Pelt Lichen  134, 135
Flesh Script Lichen  170
�uorescent lichens  85, 86, 276
foliose lichens  12, 112, 113, 114, 

122, 182
Follmannia spp.  100, 219Follmannia spp.  100, 219Follmannia
food, lichens as see diet, lichens insee diet, lichens insee
forests

conifer  144, 194, 270
lichen composition, reading  214
old  212, 215, 234, 236
threats to lichens  91, 104, 106, 

234, 236, 238
tropical  64, 85, 98, 180, 196, 197
see also rainforests; tree(s)

fossils, lichens  154–61, 180
amber  160, 161, 180, 181
Ediacaran  156, 157, 158–9, 160
fungus-like, protolichens  40, 41, 

42, 43, 164
how to recognize  156–7
macrofossil  154, 155, 156, 157, 161
oldest known  154, 156–7, 162
see also evolution

Fox Lichen  274
Frank, Albert  20
Freckled Pelt Lichen  76–7
Fries, Elias  16
Fries, Theodor Magnus  176
Fringed Rosette Lichen  178
frogs, camou�age as lichens  206
Frost, C.C.  232
fruiting bodies  45, 56, 119, 140, 236

apothecia see apotheciasee apotheciasee
perithecia  32, 64, 182, 272

fruticose lichens  60, 114, 122, 142, 
236

Fuchs, Leonard  243
fungi (lichen)  6, 34, 40–5

carbon sources for  77
classi�cation  34, 164, 170–1, 176, 

178, 179
dependence on algae  24, 113
evolution  40, 42, 43, 45, 166, 168
families involved in lichens  164
fossils  40, 41, 42, 43
functions/roles  26, 72, 86
in lichen, discovery  20–1
lichen architecture  113, 118, 119, 

120, 121, 136, 142, 230
lichenicolous fungi and, damage  

56
LLE group  168, 170–1
naming  172, 178
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non-lichen fungi relationship  
118, 168, 170–1

osmotrophy  45
reproduction, life cycle  45, 52, 

113, 120, 265
resynthesis experiments  22–3
same in two lichens  132–5, 148, 

174
saprotrophs related to  43
slow growth rates  23, 78, 83
“species pairs”  140, 141
sugar alcohol use  77, 78
tree of life  163, 178, 179

fungi (lichenicolous)  56, 58, 68
fungi (non-lichen)  170, 171

evolution  166, 168
lichen fungi relationship  118, 

168, 170–1
mushrooms  34, 118, 119, 246

Furbacken, Oscar  256, 258
Fusarium  56, 68Fusarium  56, 68Fusarium

Gabura fascicularis  126Gabura fascicularis  126Gabura fascicularis
geckos  206, 207, 208
gelatinous lichens see jelly lichenssee jelly lichenssee
generalists (habitats)  214, 216
genome, reconstruction  43
Geoglossum  119, 168, 170, 179Geoglossum  119, 168, 170, 179Geoglossum
Gibbosporina nitida  133Gibbosporina nitida  133Gibbosporina nitida
Gilbert, Scott  262
Gintarasia lamellifera  128Gintarasia lamellifera  128Gintarasia lamellifera
glucose  26, 30
Glyphis cicatricosa  129Glyphis cicatricosa  129Glyphis cicatricosa
Gold Dust Lichen  144, 145
gonidia, discovery  15–19

as algae, discovery  20–1
go-pack, symbiont co-dispersal  52–

3, 136
Goward, Trevor  122, 215
Graphidaceae  6, 128, 184, 186
Graphis  114Graphis  114Graphis
Graphis myrtacea  168, 169Graphis myrtacea  168, 169Graphis myrtacea
Graphis scripta  186, 187Graphis scripta  186, 187Graphis scripta
grasshoppers, camou�age  210, 

211
gravestones, lichens on  216
grayanic acid  276
Gray’s Pixie Cup  276, 277
grazing, on reindeer lichens  85, 

202–3, 205
green algal lichen see algae, green see algae, green see

(lichen)
Green Specklebelly  264–5
Gri�ths, David  264, 265
growth form see architecture of see architecture of see

lichens
growth rate, fast  83
growth rate, slow  80–3

carbon sources and  76, 77, 78
lichen fungi  23, 78, 83

Grube, Martin  55
Guzow-Krzemiśka, Beata  22
Gyalecta ulmi  168, 169Gyalecta ulmi  168, 169Gyalecta ulmi
Gyalectidium  210, 211Gyalectidium  210, 211Gyalectidium
Gymnopholus  210Gymnopholus  210Gymnopholus
gyrophoric acid  68

habitats  212–15
arti�cial substrates  113, 216–21
for generalist lichens  214, 216
high altitude  228, 230
nutrient-poor  124, 148, 201
for substrate specialists  212–14
for urban lichens  222–5
see also speci�c habitats e.g. forests

Haeckel, Ernst  110, 111, 276
Haematomma accolens  98, 99Haematomma accolens  98, 99Haematomma accolens
hair lichens  10, 83, 205, 272, 273
heart lichens (Cora)  127, 177, 188, 189Cora)  127, 177, 188, 189Cora
“heavenly bread” lichens  270
Heppia adglutinata  18Heppia adglutinata  18Heppia adglutinata
herbal and traditional medicine  

242–3, 244, 245, 266
Herpothallon rubrocinctum  210Herpothallon rubrocinctum  210Herpothallon rubrocinctum
heterocysts  50, 148
heteronormative sexuality  264, 265
heterothallism  45
heterotrophs  47
Heyderia  119Heyderia  119Heyderia
“hidden” diversity/species  188
Highlighter Lichen  140, 250, 274, 

275
history of lichen knowledge  10
HIV, inhibition  245
Ho�mann, Georg  15
homothallism  45
Honegger, Rosmarie  154, 157
Honeggeriella complexa  157Honeggeriella complexa  157Honeggeriella complexa
Hooded Rosette Lichen  138
Hooded Tube Lichen  13, 106, 107
hormogonia  50
humidity  72, 76–7, 90, 94
Hydnora  15Hydnora  15Hydnora
Hydnum repandum  42Hydnum repandum  42Hydnum repandum
Hygrocybe  34Hygrocybe  34Hygrocybe
hyperspecialists (habitats)  212–13
hyphae  45, 52, 83, 146, 228

fossil lichens  156
lichens vs other fungi  119vs other fungi  119vs
organization/network  113, 118, 

119, 120, 121, 136, 138, 230
in soredia  52, 136, 138, 144

Hypogymnia  243Hypogymnia  243Hypogymnia
Hypogymnia physodes  13, 106, 107Hypogymnia physodes  13, 106, 107Hypogymnia physodes
hypothallus  228

Ibn al-Baytar  10
Ibn Sina (Avicenna)  10, 11
Icecold Button Lichen  80, 81
“Icelandic Moss” (Cetraria islandica)  

13, 244, 249, 252, 253, 266, 267
Illosporiopsis christiansenii  56, 57Illosporiopsis christiansenii  56, 57Illosporiopsis christiansenii
in vitro lichens  23
“industrial melanism”  224
Ingaderia friabillima  85Ingaderia friabillima  85Ingaderia friabillima
“inhibition technique”  26
insects, camou�age as lichens  206, 

209, 210
International Space Station  88, 89, 

106
International Union for the 

Conservation of Nature (IUCN)  
214, 238

invasive lichens  36
isidia  52–3, 136, 137, 138, 139, 140

James, Peter  132
Janus carbohydrates  76
jelly lichens  12, 74, 75, 112, 113, 

114, 126, 201
jewelry, lichen  259

Kaasalainen, Ulla  161
keystone species  202
Knightiella splachnirima  45Knightiella splachnirima  45Knightiella splachnirima
kodama  72kodama  72kodama
Körber, Gustav Wilhelm  21
Kützing, Friedrich Traugott  16

laboratory re-creation of lichens  
22–3

Lace Lichen  83
laser microscopy  58
Lawrey, James  68, 259
leaf, structure, lichen comparison  

116
leaf-dwelling lichens  196, 226

on arti�cial substrates  219, 220
barklice feeding on  204
diversity  196
on insects  210
large size  122–3
lichenicolous fungi  56
short life cycle  64, 150
speci�c species  53, 64, 65, 150, 151

Leaf-Tailed Gecko  206, 207
LECA (Last Eukaryotic Common 

Ancestor)  40
Lecanographa amylacea  134Lecanographa amylacea  134Lecanographa amylacea
Lecanora candelaria  176Lecanora candelaria  176Lecanora candelaria
Lecanora conizaeoides  91–2Lecanora conizaeoides  91–2Lecanora conizaeoides
Lecanora sphaerospora  121Lecanora sphaerospora  121Lecanora sphaerospora
lecanoric acid  68
Lecanoromycetes  162, 163, 164, 

166, 168, 170–1
Lepidostroma calocerum  166, 167Lepidostroma calocerum  166, 167Lepidostroma calocerum
Lepra corallina  142Lepra corallina  142Lepra corallina
leprose lichens (dust lichens)  12, 

136, 144
Leptogium phyllocarpum  201Leptogium phyllocarpum  201Leptogium phyllocarpum
Letharia spp.  140, 250, 274Letharia spp.  140, 250, 274Letharia
Letharia vulpina (Highlighter Lichen)  Letharia vulpina (Highlighter Lichen)  Letharia vulpina

140, 250, 274, 275
Lethariella cashmeriana  268–9Lethariella cashmeriana  268–9Lethariella cashmeriana
Letrouit-Galinou, Marie-Agnès  119
Leucodermia lutescens  122–3Leucodermia lutescens  122–3Leucodermia lutescens
Lichen, genus  12, 13
lichen acids  58, 68
“lichen barrens”  202
Lichen candelarius  176Lichen candelarius  176Lichen candelarius
Lichen corallinus  142Lichen corallinus  142Lichen corallinus
lichen economics  24–6
lichen resynthesis experiments  22–

3, 34, 52, 55
Lichen scriptus  186Lichen scriptus  186Lichen scriptus
Lichen species, Linnaeus’s listing  13, Lichen species, Linnaeus’s listing  13, Lichen

274
“lichen species”  58
Lichen vulpinus  274Lichen vulpinus  274Lichen vulpinus

Lichen Weevil  210
Lichenastrum  12Lichenastrum  12Lichenastrum
lichenicolous fungi  56, 58, 68
Lichenihabitans (bacteria)  54, 55, 66, Lichenihabitans (bacteria)  54, 55, 66, Lichenihabitans

67
lichenin  249, 264
Lichenipolystoechotes  154Lichenipolystoechotes  154Lichenipolystoechotes
lichenivores  85
Lichenographia Universalis  15, 16Lichenographia Universalis  15, 16Lichenographia Universalis
Lichenoides  12, 13Lichenoides  12, 13Lichenoides
lichenology  6, 15–19, 21, 46
lichenometry  80–3
Lichenomphalia  34Lichenomphalia  34Lichenomphalia
Lichenomphalia hudsoniana  34, 35Lichenomphalia hudsoniana  34, 35Lichenomphalia hudsoniana
Lichenomphalia lobata  166, 167Lichenomphalia lobata  166, 167Lichenomphalia lobata
lichenscapes  192–4
lichexanthone  85, 86
Lichinomycetes  168, 170–1, 179
life cycle, lichens  53, 64, 136, 150, 

220
fungi  45, 52, 113, 120, 265
see also reproduction

limestone  106, 214, 262
Linnaeus, Carl  12–13, 14, 15, 172, 

186, 274
lipstick lichens  85
litmus test, and paper  248, 249
liverworts  11, 12, 13, 163
LLE group  168, 170–1
Lobaria pulmonaria see Lung Lichensee Lung Lichensee
Lower Saxony, Germany  91
lung cancer, lichen diversity 

correlation  93
Lung Lichen (Lobaria pulmonaria)  

13, 46, 134, 135, 164, 165, 242, 
243, 249

classi�cation  170
evolution  164, 165
herbal/medicinal use  242, 243, 244
tripartite lichen  134, 135

Lungwort  242
Lustrous Camou�age Lichen  138, 

139
Lynn Margulis’s Trebouxia  60, 61

Machu Picchu  254, 255
macrolichens  16, 112, 199, 215, 236, 

237, 244
aquatic  232, 233
evolution  161, 163, 164–5, 236
fossils  154, 155, 156, 157, 161, 164

“manna”, manna lichens  270
Map Lichen (Rhizocarpon geograph-

icum)  80, 82, 83, 88, 112, 113, 170
Marchandiomyces corallinus  68, 69Marchandiomyces corallinus  68, 69Marchandiomyces corallinus
Marchand’s Coral Fungus  68, 69
Margulis, Lynn  60, 264
Maritime Sunburst Lichen see Yellow see Yellow see

Wall Lichen
Marshall, Nina  28
marshmallow test  78
Mastodia tessellata  32, 33Mastodia tessellata  32, 33Mastodia tessellata
mating type locus  45
mazaedia  236
medical uses of lichens  10–11, 86, 

242–5, 266
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Melanohalea exasperatula  138, 139Melanohalea exasperatula  138, 139Melanohalea exasperatula
Mellanby, Kenneth  90
Methuselah’s Beard Lichen  83, 204–5
Meyer, Abigail  94, 97
Micheli, Pier Antoni  11–12, 13
microfungus  42
microscopy of lichens  14–21

gonidia discovery  15–19
lichen diversity (Acharius)  15, 16, 

17
symbiosis discovery 

(Schwendener)  19, 20–1
Microtheliopsis uleana  64, 65Microtheliopsis uleana  64, 65Microtheliopsis uleana
Mihashi, Kozue  258, 259
mimesis  209, 210
Miniatur Wunderland  252, 253Miniatur Wunderland  252, 253Miniatur Wunderland
mites, lichenivorous  28, 204, 210
mitochondria  40, 60
mixotrophs  47
Molar Lichen (Ochrolechia subplicans)  

73, 170
molecular clock  162–3
Moncada, Bibiana  188
monuments, lichens on  254–5
Morison, Robert  11, 13
Morsches, Kristen  256, 258, 259
“moss walls”  253
moss-fungi (“musco-fungi”)  12, 13
moths  206, 210, 224, 225
Mountain Caribou  205
Multiclavula spp.  42, 166, 167Multiclavula spp.  42, 166, 167Multiclavula
mushrooms  34, 118, 119, 246
mutualism  24
mycelia  45, 56, 118, 119
Mycosphaerella punctiformis  42Mycosphaerella punctiformis  42Mycosphaerella punctiformis
Myriotrema microsporum  128Myriotrema microsporum  128Myriotrema microsporum

Namib Desert  100, 160, 194, 198
naming lichens  11–12, 172–9

“Code”  172
di�culties  172, 174, 176, 177
DNA sequencing and  174, 176, 

177
fungus in more than one lichen  

172, 173, 174
lichen “species” as fungal species  

172, 174
lichens have no names  178
origin of term/name  10, 11–12, 13
system used in book  178

natural selection  78, 113, 120–5, 
130, 264

factors driving  124–5
thallus shape  120–1, 122
thallus surface area  122–3
see also color of lichens; evolution

Nectria  68Nectria  68Nectria
nematodes  204
Nephroma arcticum  30, 31Nephroma arcticum  30, 31Nephroma arcticum
Nesolechia  130–1Nesolechia  130–1Nesolechia
net-coral lichens  142, 143
Nilpenia rossi  158–9Nilpenia rossi  158–9Nilpenia rossi
Nimis, Pier Luigi  93
nitrate  201
nitrogen  30, 36, 50, 90, 201
nitrogen cycle  200, 201

nitrogen �xation  148
by bacteria  54, 55, 148, 201
by cyanobacteria  30, 50, 74, 148, 

200, 228
nomenclature see naming lichenssee naming lichenssee
Nostoc  50, 74, 228Nostoc  50, 74, 228Nostoc
number of lichen symbioses  46
nutrient  76–7, 78, 116, 124

cycling  200–1
nutrient-poor habitats  124, 148, 201
Nylander, William  21, 222

Oak Moss  248, 249
Ochrolechia subplicans  72, 73, 170Ochrolechia subplicans  72, 73, 170Ochrolechia subplicans
old-growth forests  215, 234, 236
orange bush lichens  6, 7
orcein  245
orcinol  250
oribatid mites  85
orsellinic acid  248, 250, 251
O’Shea, Eileen  259
osmotrophy  45
Ostropomycetidae (ostropos)  168
Ourasphaira giraldae  40, 41Ourasphaira giraldae  40, 41Ourasphaira giraldae

Palmer, Laurie  262
Palmetto Lichen  78–9
Pannaria andina  228, 229Pannaria andina  228, 229Pannaria andina
Paracelsus (Theophrastus von 

Hohenheim)  242, 243
parasitic green alga  46, 47, 226
Parmelia  16, 17, 243Parmelia  16, 17, 243Parmelia
Parmelia saxatilis  177Parmelia saxatilis  177Parmelia saxatilis
Parmelia sulcata  68, 69Parmelia sulcata  68, 69Parmelia sulcata
Parmeliaceae  104, 164, 210, 211
“parmelioid lichens”  104
Parmotrema perlatum  246Parmotrema perlatum  246Parmotrema perlatum
Pasteur, Louis  22
Pebbled Cup Lichen  13
Peltigera (pelts)  56, 57, 127, 232Peltigera (pelts)  56, 57, 127, 232Peltigera
Peltigera aphthosa group  76–7Peltigera aphthosa group  76–7Peltigera aphthosa
Peltigera britannica  134, 135Peltigera britannica  134, 135Peltigera britannica
Peltigera canina  127Peltigera canina  127Peltigera canina
Peltigera gowardii  232, 233Peltigera gowardii  232, 233Peltigera gowardii
Peltigera hydrothyria  232Peltigera hydrothyria  232Peltigera hydrothyria
Peltigera polydactylon  24, 25, 26, 232Peltigera polydactylon  24, 25, 26, 232Peltigera polydactylon
Peltigeraceae  164, 232
Penicillium  166, 168, 170, 246Penicillium  166, 168, 170, 246Penicillium
people and lichens  241–77

art, lichens in  256–61
decorative lichens  252–3
eating lichens  10, 246–7, 266, 

270, 272
industrial uses  248–51, 253, 266
lichens as metaphor  262–5
medical uses  10–11, 242–5, 266
monuments  254–5
obstacle to lichen use  245

Peppered Moth  224, 225
Pereira, Eugênia  245
perfumes, lichen use  248
perithecia (perithecium)  32, 64, 182, 

272
Petalostroma kuibis  158Petalostroma kuibis  158Petalostroma kuibis
“petri dish hypothesis”  215
Pezizomycetes  166

pH, polarized lichen composition  
214

Phaeographis lobata  128Phaeographis lobata  128Phaeographis lobata
phagotrophy  45
“phantom phenotypes”  174
phosphorus  36, 91
photobionts  45, 46–7, 56, 60, 72, 

172, 265
in tripartite lichens  30–1, 133, 

134, 135, 148, 149
see also algae (lichen); cyanobacteriasee also algae (lichen); cyanobacteriasee also

photographic time series  83
photomorphs  132, 133, 134, 148
photosymbiodeme  132, 133, 134, 

148, 174
two di�erent green algae  134

photosynthesis  16, 26, 40, 46–7, 116, 
148

by algae  46–7, 148
assimilates  26, 76
by bacteriobionts  55
by cyanobacteria  6, 26, 40, 50, 

148, 238
temperature e�ect on  94, 97
timing, daily cycle  72, 77, 94

Phycopeltis  48, 64Phycopeltis  48, 64Phycopeltis
phyllosphere  64
Physcia adscendens  138Physcia adscendens  138Physcia adscendens
Physcia stellaris  53Physcia stellaris  53Physcia stellaris
Physcia tenella  178Physcia tenella  178Physcia tenella
pigments see color of lichenssee color of lichenssee
pin lichens  212–13, 215, 234
pixie cup lichens  13, 276
Placopsis  148Placopsis  148Placopsis
Placopsis rhodocarpa  148, 149, 170Placopsis rhodocarpa  148, 149, 170Placopsis rhodocarpa
plant morphology  114, 116, 117
plastics, lichens on  219, 220
Platygramme caesiopruinosa  129Platygramme caesiopruinosa  129Platygramme caesiopruinosa
Platythecium grammitis  129Platythecium grammitis  129Platythecium grammitis
players, lichen see symbiontssee symbiontssee
podetia  28, 112, 113, 115
poisoning, by lichens  205, 274
pollution

lichen decline  90, 104, 224
lichen diversity and lung cancer  93
lichens thriving in  36, 91, 92

Polycauliona candelaria  176Polycauliona candelaria  176Polycauliona candelaria
polyols see sugar alcohols (polyols)see sugar alcohols (polyols)see
Polyozosia dispersa  92, 93Polyozosia dispersa  92, 93Polyozosia dispersa
polysaccharides, lichen  244, 246
Pored Net-coral Lichen  142, 143
Porpidia �avocaerulescens  127Porpidia �avocaerulescens  127Porpidia �avocaerulescens
postage stamps  260
Prasiola borealis (seaweed)  32Prasiola borealis (seaweed)  32Prasiola borealis
primary succession  200
Pringle, Anne  216
Pronectria robergei  56, 57Pronectria robergei  56, 57Pronectria robergei
protolichens/“protolichen 

hypothesis”  40–3, 164
protolichesterinic acid  266
Protoparmeliopsis muralis  22, 170, 222, Protoparmeliopsis muralis  22, 170, 222, Protoparmeliopsis muralis

223, 224
Pseudevernia furfuraceae  248Pseudevernia furfuraceae  248Pseudevernia furfuraceae
Pseudocyphellaria citrina  136, 137Pseudocyphellaria citrina  136, 137Pseudocyphellaria citrina
Pseudocyphellaria rufovirescens

(P. murrayi)  132, 133P. murrayi)  132, 133P. murrayi

psilocybin  243
Psora crystallifera  121Psora crystallifera  121Psora crystallifera
Psoroma antarcticum  66Psoroma antarcticum  66Psoroma antarcticum
Puiggariella  226Puiggariella  226Puiggariella
Pulchrocladia retipora  142, 143Pulchrocladia retipora  142, 143Pulchrocladia retipora
Pulmonaria o�cinalis  242Pulmonaria o�cinalis  242Pulmonaria o�cinalis
Punctelia lichens  130–1Punctelia lichens  130–1Punctelia
pycnidia  142
Pyrenula anomala  171, 182, 183Pyrenula anomala  171, 182, 183Pyrenula anomala
Pyrenula ochraceo�ava  243, 244, 245Pyrenula ochraceo�ava  243, 244, 245Pyrenula ochraceo�ava
Pyrenulaceae  182
Pyxine cocoes  86Pyxine cocoes  86Pyxine cocoes
Pyxine eschweileri  219Pyxine eschweileri  219Pyxine eschweileri

queer theory  262–5

Raciborskiella  226Raciborskiella  226Raciborskiella
Racoplaca subtilissima  226, 227Racoplaca subtilissima  226, 227Racoplaca subtilissima
radioactivity, lichens registering  93
rainforests  62, 64, 122, 150, 182, 194, 

195, 196, 197, 204
rain-splash dispersal method  150, 

276
Ramalina  83, 115, 116, 117, 244Ramalina  83, 115, 116, 117, 244Ramalina
Ramalina celastri  78–9Ramalina celastri  78–9Ramalina celastri
Ramalina dilacerata  20Ramalina dilacerata  20Ramalina dilacerata
Ramalina portosantana  214Ramalina portosantana  214Ramalina portosantana
Ramboldia russula  124–5Ramboldia russula  124–5Ramboldia russula
Ray, John  11
Razi’s Moss (Avicenna’s Moss)  11
recreation of lichens  22–3, 34, 52, 55
Red Lists  214, 215, 238
Red Snow Tea Lichen  268–9
Reess, Maximilian  22
Reindeer  85, 202–3, 205
reindeer lichens  194, 202–3, 246, 

252, 253
reproduction  45, 52–3, 136, 140, 

265
algae (lichen)  48–9, 265
asexual  16, 45, 50, 132, 144, 150
cyanobacteria  50, 132
fungi (lichen)  45, 52, 113, 120, 

265
sexual  45, 48, 113, 132, 140, 216, 

264, 265
see also isidia; soredia; sporessee also isidia; soredia; sporessee also

respiration rate, temperature and  97
resynthesis of lichens  22–3, 34, 52, 55
Retallack, Gregory  158
Rexiella  142, 260Rexiella  142, 260Rexiella
rhizines  122
rhizocarpic acid  102
Rhizocarpon  83Rhizocarpon  83Rhizocarpon
Rhizocarpon geographicum (Map Lichen)  Rhizocarpon geographicum (Map Lichen)  Rhizocarpon geographicum

80, 82, 83, 88, 112, 113, 170
Rhizonema  50, 51Rhizonema  50, 51Rhizonema
rhodocladonic acid  85
Ricasolia amplissima  132Ricasolia amplissima  132Ricasolia amplissima
Roccella tinctoria (Roccella tinctoria (Roccella tinctoria R. phycopsis)  10, 

248, 249, 250
Rock Tripe  163, 246
rocks, lichens on  88, 177, 199, 217, 

218, 219, 230
pigmented species  86, 87, 126, 

149, 217
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slow growth and age  81, 82, 83
“umbilicate” lichens  102, 103

Rosy Bull’s-eye Lichen  148, 149, 170
Rubikia evansii  168, 169Rubikia evansii  168, 169Rubikia evansii
Rusavskia elegans  104, 105Rusavskia elegans  104, 105Rusavskia elegans
Russell, John Lewis  232

sac fungi see Ascomycota/see Ascomycota/see
ascomycetes

Sagenidiopsis isidiata  146Sagenidiopsis isidiata  146Sagenidiopsis isidiata
Sagenidiopsis undulata  146, 147Sagenidiopsis undulata  146, 147Sagenidiopsis undulata
saltational change  130–1
Salted Shield Lichen  177
Sambo, Maria Cengia  54
saprotrophs  43
Sarcographa heteroclita  129, 184, 185Sarcographa heteroclita  129, 184, 185Sarcographa heteroclita
Scarlet-Crested Cladonia  28, 29
schizidia  136
Schlegel, Kathrin  256
Schwendener, Simon  18, 20, 21, 24, 

172
Sclerophora  212–13Sclerophora  212–13Sclerophora
Sclerophora amabilis  171, 234, 235Sclerophora amabilis  171, 234, 235Sclerophora amabilis
script lichens  6, 184, 185, 186, 187
seaweed, in Mastodia  32Mastodia  32Mastodia
Seaweed Lichen  32, 33
secondary metabolites  85, 106

defense role  85, 250, 272
sun protection  86, 106, 124
toxic  272, 274

Selaginella  116Selaginella  116Selaginella
Sernander, Greta  90
sexual reproduction  45, 48, 113, 132, 

140, 216, 264, 265
Showy Namib Firedot  100, 101
shrub lichens  12, 112, 113, 114, 

122–3, 194, 201
Siberian Musk Deer  205
sizes of lichens  80, 122–3, 270
“skull lichens”  243, 244
Smith, David Cecil  24, 26
sni�ng, crust lichens used for  243, 

244
Sohrabi, Mohammed  270
Soil Ruby  18
soil-dwelling lichens  34, 74, 201, 

202, 217, 218
soralia  136, 137
soredia  16, 52, 136, 138, 140, 141, 

144, 276
space, lichens sent into  88, 89
Spanish Moss  116, 117
“species complex”  186
species pairs  140–1, 146
Species Plantarum  12–13Species Plantarum  12–13Species Plantarum
Speerschneidera euploca  262–3Speerschneidera euploca  262–3Speerschneidera euploca
Sphaerophorus  142Sphaerophorus  142Sphaerophorus
Sphaerophorus venerabilis  236, 237Sphaerophorus venerabilis  236, 237Sphaerophorus venerabilis
Spilonema lichens  50, 51Spilonema lichens  50, 51Spilonema
sporangia  48, 64, 65
spores  15, 36, 45, 52, 53, 169, 182, 184

ascospores  53, 98, 150, 186
SPRUCE, experiment  94, 95, 96, 97
squamulose lichens  115
Stanier, Roger  50
Stanton, Daniel  94, 97

Stegobolus radians  128Stegobolus radians  128Stegobolus radians
Stegobolus subwrightii  128Stegobolus subwrightii  128Stegobolus subwrightii
Stellarangia  100, 158, 159Stellarangia  100, 158, 159Stellarangia
Stellarangia elegantissima  100, 101Stellarangia elegantissima  100, 101Stellarangia elegantissima
Stereocaulon  50, 51, 201Stereocaulon  50, 51, 201Stereocaulon
Sticta  16, 17, 246Sticta  16, 17, 246Sticta
Sticta aongstroemii  122–3Sticta aongstroemii  122–3Sticta aongstroemii
Sticta latifrons  134, 174Sticta latifrons  134, 174Sticta latifrons
Stigonema  50, 51Stigonema  50, 51Stigonema
Stocker-Wörgötter, El�e  22, 34
Strigula  46, 47, 226Strigula  46, 47, 226Strigula
substrate specialists  212–14
sugar alcohols (polyols)  26, 30, 76, 

97, 270
as nutrient or desiccation survival  

76–7, 78
sugars (“non-reactive”)  76
sulfur dioxide  90, 91
sun protection (sunscreens)  86, 98, 

106, 124
Symbiochloris symbiontica  46Symbiochloris symbiontica  46Symbiochloris symbiontica
symbiogenesis  264
symbionts  6, 24, 32, 39–69

bacteria  52, 53, 54–5, 66–7
lichenicolous fungi  53, 56, 58, 68
seaweed  32
yeast  58, 59
see also algae (lichen); cyano-

bacteria (lichen); fungi (lichen)
symbiosis  9–37, 26, 52–3, 110, 132, 

262
bene�ts to symbionts  24–30
Bryoria fremontii for studying  272Bryoria fremontii for studying  272Bryoria fremontii
discovery (Schwendener)  20–1, 

24, 172, 265
Kützing’s description  16–17
maintaining  52–3
other types (not lichen)  26, 262
queer theory and  262, 264

synanthrope  36

tanning, lichen use  248–9
tardigrades (water bears)  204
taxonomy  153–89

alpha  176
see also classi�cation; naming 

lichens
Teloschistaceae  36, 86, 100
Teloschistes exilis  6, 7Teloschistes exilis  6, 7Teloschistes exilis
temperatures (environmental)  88, 194

lichen sensitivity, wetness and  76–
7, 78, 94, 121

range for lichens  194
rising, e�ects  94, 96, 97

thallus  15, 16, 20, 113, 119, 136
bleaching, temperature rise  94, 

96, 97
brittle, fragmenting  136
fast-growing lichens  83
isidia and soredia on  136
measurement, lichenometry  80
shape, selection for  120–1
shapes  28, 102, 104, 113, 114, 115, 

122
surface area, selection for  122–3

Thamnolia spp.  174–5Thamnolia spp.  174–5Thamnolia

Thelotrema lepadinum  48Thelotrema lepadinum  48Thelotrema lepadinum
Theophrastos (371-287BCE)  10
thread-like (�lamentous) lichens  

112, 113, 115
Threatened and Endangered Species  

214, 232, 234
Tillandsia usneoides  116, 117Tillandsia usneoides  116, 117Tillandsia usneoides
tracheophytes  116
traditional medicine  242–3, 244, 

245, 266
Trebouxia  22, 46, 53, 60, 61, 106, 134, Trebouxia  22, 46, 53, 60, 61, 106, 134, Trebouxia

178
Trebouxia lynnae  60, 61Trebouxia lynnae  60, 61Trebouxia lynnae
Trebouxia suecica  106Trebouxia suecica  106Trebouxia suecica
tree(s), lichens on  46, 62, 84, 85, 147, 

182, 194, 195, 197
hyperspecialists  212–13, 214
urban/industrial area  222, 224
see also bark; forests

Tree Bloodspot Lichen  98, 99
Tree Moss  248
tree of life  162–3, 166, 178, 179
Tremella spp.  12, 56, 57Tremella spp.  12, 56, 57Tremella
Trentepohlia (algae)  48, 52, 62, 63, Trentepohlia (algae)  48, 52, 62, 63, Trentepohlia

134, 186
Trentepohlia aurea  62, 63Trentepohlia aurea  62, 63Trentepohlia aurea
Trichoglossum hirsutum  42Trichoglossum hirsutum  42Trichoglossum hirsutum
tripartite lichens  30–1, 133, 134, 

135, 148, 149
trumpet lichens  13
Trypetheliaceae  182, 186
Trypethelium  182Trypethelium  182Trypethelium
Tschermak-Woess, Elisabeth  49
Tube Lichen  13
Tumbleweed Lichen  205

Ule’s Leaf-dwelling Brownspot  64, 65
Uluguru Forest Tree Frog  206
Umbilicaria  114, 163, 164, 251Umbilicaria  114, 163, 164, 251Umbilicaria
Umbilicaria calvescens  164Umbilicaria calvescens  164Umbilicaria calvescens
Umbilicaria esculenta  245, 246Umbilicaria esculenta  245, 246Umbilicaria esculenta
Umbilicariaceae  102
umbilicate lichens  102, 103, 112, 

113, 115
“umbrella species”  238
UNESCO World Heritage Site  253, 

254, 255
urban lichens  90, 222–5
Uroplatus sikorae  208Uroplatus sikorae  208Uroplatus sikorae
uses of lichens see people and lichenssee people and lichenssee
ushnah  10, 11ushnah  10, 11ushnah
Usnea  10, 12, 56, 57, 83, 120, 121Usnea  10, 12, 56, 57, 83, 120, 121Usnea

medicinal/other uses  243, 244, 249
Spanish Moss vs  116, 117vs  116, 117vs

Usnea articulata  11Usnea articulata  11Usnea articulata
Usnea aurantiacoatra  199Usnea aurantiacoatra  199Usnea aurantiacoatra
Usnea cranii humani  244Usnea cranii humani  244Usnea cranii humani
Usnea longissima  83, 204–5Usnea longissima  83, 204–5Usnea longissima
Usnea perplexans  120, 121Usnea perplexans  120, 121Usnea perplexans
usnic acid  205, 244
Ustilago maydis  246Ustilago maydis  246Ustilago maydis
UV light  85, 86, 205

pigments to protect lichens  86, 
88, 98, 106, 124–5

secondary metabolites �uorescing  
85, 86

vegetation coated in lichens  196, 
197

see also leaf-dwelling lichens; tree(s)see also leaf-dwelling lichens; tree(s)see also
Vězda’s Leaf Dot  150, 151
Viridothelium virens  186Viridothelium virens  186Viridothelium virens
vitamins, lichen bacteria producing  

55, 66
vitri�cation  76
von Hohenheim, Theophrastus 

(Paracelsus)  242, 243
Voytsekhovich, Anna  260, 261
vulpinic acid  58, 250, 272

Wallroth, Karl Friedrich Wilhelm  15
walls, lichens on  36, 37, 222, 223, 

254
see also Yellow Wall Lichen

Wapusk National Park, Canada  
192–3

“war of the lichenologists”  21
water

absorption by lichens  74, 75, 116, 
194, 201, 228

aquatic lifestyle, Watershields  232
uptake and daily cycle  72, 74, 94

water bears (tardigrades)  204
waterlogging  121, 122, 232
Watershield  232
weathering of rocks  255
Western Waterfan  232, 233
wet environment  232

heat sensitivity in lichens  78, 94, 
121

thallus surface area  76, 122–3
Wetmoreana variegata  126Wetmoreana variegata  126Wetmoreana variegata
wetting–drying, daily cycle  72, 74, 94
White-tailed Deer  205
Wila (Bryoria fremontii)  272, 273Bryoria fremontii)  272, 273Bryoria fremontii
Wolf Lichen (Highlighter Lichen)  

140, 250, 274, 275
Worm Lichen  174–5
Wyndham, John  264

Xanthomendoza  56, 57Xanthomendoza  56, 57Xanthomendoza
Xanthoparmelia spp.  205, 219, 244Xanthoparmelia spp.  205, 219, 244Xanthoparmelia
Xanthoria aureola  26–7Xanthoria aureola  26–7Xanthoria aureola
Xanthoria candelaria  176Xanthoria candelaria  176Xanthoria candelaria
Xanthoria parietina see Yellow Wall see Yellow Wall see

Lichen

yeasts (lichen)  58, 59
Yellow Wall Lichen (Xanthoria 

parietina)  16, 22, 36, 37, 86, 170, 
255

in art  258, 259
eutrophication, response  36, 91
in experimental extremes  88
spores  36
as urban lichen  222, 223, 224

Yoshimuriella peltigera  46Yoshimuriella peltigera  46Yoshimuriella peltigera
Yousse�’s Manna Lichen  270, 271
Yunnan Snub-Nosed Monkey  204–

5

Zahlbruckner, Alexander  132, 172
zoospores  48, 49
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