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WHAT MAKES LICHENS UNIQUE?

Aa Teir self- construct and self - replicate characteristic
body plan arises only with a symbiotic lifestyle and
differs strongly from life - forms of the organisms
participating in this symbiosis when they live
iIndividually o (Spribille , 2018)

AOnce the symbiotic phenotype is established, the
lichen thallus can be maintained for several thousand
years

AThe ability to live in extreme environments where few
other macroscopic organisms can survive

(approx. 20 000 mycobiont + 130 photobiont species)
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WHAT IS A
LICHEN?

- latest definition (Hawksworth
and Grube, 2020): a A | i

by the interaction of an exhabitant

fungus and an extracellular
arrangement of one or more
photosynthetic partners and an
indeterminate number of other

mi croscopic

chen
self - sustaining ecosystem formed

organi

Table 1 Selected definitions of the lichen symbiosis according o various sources throughout history, in chronological order

References

Definition

Finfstiick (1907, p. 3)

Fink (1913, p. 117)

Ainsworth and Bishy (1943, p. 160}

Alexopoulos (1952, p. 440)

Ainsworth et al. (1971, p. 318) (see also
Hawksworth 1978, p. 212)

Ahmadjian (1982, p. 18)

Hawksworth et al. (1983, p. 216)

Hawksworth and Hill (1984, pp. 2-3)

Hawksworth (1988, p. 17}
Honegger (1991, p. 553)

Ahmadjian (1992, p. 1)

Goward (1994, p. 17)
Hawksworth and Honegger (1994, p. 79)

Honegger (2001, p. 165) {see also Hon-
cgmer 2012, p. 288)

Kirk et al. (2008, p. 378)

Hawksworth and Grube (2020, p. 1282)

“Die Flechten sind komplexe Gebilde und bestefien aus hitheren Fadenpilzen, welche mit bestimmten
einzelligen Algen, selten Fadenalgen, gemeinschaftlich vegetieren. Die Flechtenpilze, welche durch
relativ diinne Membranen ausgezeichnet sind, gehiven mit einer einzigen Ausnahme den Ascomy-
ceten, die Algen, im Flechtenkiirper speciell als Gonidien bezeichnet, sowohl den Schizophveeen als
auch den Chlorophyceen an.” ["The lichens are complex structures and consist of higher filamentous
Sfungi, which vegetate together with ceriain unicelluwlar algae, rarely filamentous algae. The lichen
fungi, which are characterized by relatively thin membranes, belong to the Ascomyeetes, with a
single exception; the algae, specifically designated as gonidia in the lichen body, belong to both the
Schizophyeeae and the Chlorophyeeae.")

“A lichen is a fungus which lives during all or part of its life in parasitic relation with an algal host
and alxo sustains a relation with an organic or an inorganic substratum.”

“The lichens are commonly taken as a special group, but each one is a self-supporting symbiotic
association of a fungus and an alga "

“... a combination of an alga and a fungus in which the fwo components are so inferwoven as to form
what appears o be a single individual."”

"... a self-supporting symbiotic association of a fungus (mycobiont) and an alga (photobion).”

“A lichen is an association of a fungus and a photosynthetic symbiont resulting in a stable thallus
af specific structure.” [result of and International Association for Lichenology (IAL) Terminology
Committes poll in 1981]

“The lichens are g biclogical and not a systematic group and each is basically a siable self-supporting
association of a fungus (mycobiont) and an alge or cyanobacterium (photobion).”

“A lichen is an association of a fungus and a photosynthetic symbiont resulting in a stable thallus of
specific structure” (following Ahmadjian 1982); ... a stable self-supporting association of a myco-
biont and a photobions” (following Hawksworth et al. 1983); "The mycobiont {the exhabitant ) is
the fungal parmer in a lichen association, and the photobions (the inhabitane) is the photosynthetic
partner.”

“A lichen is a stable self-supporting association of a mycobiont and a phatobiont in which the mycobi-
ot is the echabitant.”

“Lichens are the symbiotic phenotype of muritionally specialized fungi that live as ecologically obli-
gate biotrophs in symbiosis with algal andfor cvanobacterial photobionts."

“A lichen is a symbiotic association of a fungus (rvcobiont) and a photosvathetic partner {photobi-
antl, which may be an alga or a cyanobacterium. ... the fungus produces a thallus, or body, within
which the photobionts are housed.”

“... lichens are fungi that have taken up agriculture.”

“... lichen is an ecologically obligate, stable mutualism between an exhabitant fungal partner and an
inhabitant population of extracellularly located unicellular or filamentous algal or cyanobacterial
cells.”

“Lichens are the symbiotic phenotype of lichen-forming fungi, a pelyphyletic, taxonomically heteroge-
neous [diverse | assembly [group | of nutritional specialists which acquire [derive, in a mutualistic
symbiosis, | fived carbon from a populartion of minute, extracellularly located green algal or cvano-
bacterial cells; these are referred to ax the photobiont.”

“A lichen is a stable self-supporting association of a fungus (mycobiont) and an alga or cvancbacte-
i (photabiont ). Mere precisely, a lichen is an ecologically obligate, stable mutwalism between
an exhabitant fungal parimer and an inhabitant population of extracellulanly located unicellular or
filamentous algal or cyvanobacterial cells.”

"A lichen is a self-sustaining ecosystem formed by the interaction of an exhabitant fungus and an
extracellular arrangement of one or more pholosyathetic partners and an indeterminate number of
ather microscopic organisms.”

et al . 2021
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SYMBIOSIS

aSymbiosis is a relationship between two or more
organisms that live closely together. 0

Prey - [ predator
predator R Prey

Commensalis [ commensal
m O host

Parasitism [ parasire
R host




Species A Species B
Mutualism Benefit (+)

Benefit (+) e

Commensalism

Parasitism

Neutralism

No effect (0) No effect (0)

Amensalism

Competition

Harm (-) ® Ham (-)



THE EVOLUTION OF VIEWS ON
LICHEN NATURE OVER TIME

AFirst classified by Linnaeus (1753) as part
of the algae

ALater, lichens were moved around in the
classification systems of life for over a
century, including to the mosses, to the
fungi, and to a standalone group
transitional between fungi and algae
(Krempelhuber , 1867)

ASymbiotic nature of lichens discovered
iIN1867 by Simon Schwenderer (1867 o
public presentation, 1869 paper
published)
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Figure 2. Title page of Schwendener’s 1869 publication (42 pp., three lithographs) where he summarized his com-
parative studies of cyanobacterial and green algal photobionts of lichens and their free-living counterparts. Presented

at the annmal academic celebration (Fektoratsfeier) of the University of Basel and published by the Basel University i
Press of C. Schultze. From Honneger (2000): Bryologist



A&Gonidia & Ygonidial layer): outgrowths of
hyphae with a reproductive function.

ASchwenderer did not observe different
developmental stages of gonidia, but he did
notice their similarity to algae (cyanobacteria).
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ASchwenderer defined the so - called dual nature
of lichens

Medulla

ST RO Lower cortex
AThis discovery inspired de Bary, who later IRt
Il ntroduced the term o0syml 4 ‘

describe the broader concept of living together Fig: 2.4-5 Trarsverse sectionofa foliose lichen
of different organisms.
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FIGURE 3.Tafel IlI (the third out of three
lithographs) of the 1869 publication (see
Fig. 1). The figure legend, liberally
translated, reads as follows:

06 F.i glg7. (x 500) Polycoccus
punctiformis .  Various  developmental
stages of the colonies. Figs. 8011.
(x1000 ) Gloeocapsa. Larger and smaller
colonies being transformed to
Omphalaria - like tissues by invading
fungal fibres . Fig. 12. (x 500) Phylliscum
endocarpoides . A gonidium after
division, identical with Chroococcus
turgidus Kul tz. fig. 13. (x 500) Pannaria
triptophylla . Corticate thallus squamule
overgrown algal group on the so- called
prothallus of the lichen. figs. 14019.
(x6001 ) Roccella fuciformis . Groups of
gonidia , identical with  Chroolepus 5.
Multicellular  groups were preferentially
drawn, although more simple ones, as
shown in Fig. 19, are distinctly more
common . Fig. 20823. (x 500) Chroolepus
umbrinum 6. More or less intensely
overgrown cell groups . Drawn after an
original specimen of Kul tzing . Fig. 24. (x
500) Pleurococcus vulgaris 7 (x 500) A
group of four daughter cells. Fig. 25.(x
500) Cystococcus humicola . Single cell
with  nucleus and an excentric bright
zone 9.0 Remarks: 1. slightly reduced;
dimensions of the original plate are 19
x16.4 cm (frame). 2. free-living Nostoc
punctiforme  (Kul tz.) Hariot, known as
the cyanobacterial photobiont of
numerous lichen - forming fungi . 3.
Thyrea. 4. hyphae. 5. Trentepohlia . 6.
free-living Trentepohlia umbrina (Kul tz.)
Bornet, known as the photobiont of
Roccella spp. and of a range of other
lichen - forming ascomycetes . 7. common
and widespread aerophilic green alga. 8.
Trebouxia arboricola De Puymaly. 9.
Schwendener assumed the very
conspicuous  pyrenoid of the large,
central chloroplast to be the nucleus ; the
latter is located at the cell periphery in
the 6ekxcentric bright zoneod
mentioned in the figure legend .

Honneger (2000): Bryologist



Most lichenologists initially rejected the idea; other biologists accepted it
Schwendener suggested resynthesis experiments to test the theory

First attempts in the 1870s  81880s showed that fungi and algae could associate,
but fully functional lichen thallus was not reliably reconstituted

Thomas (1939, Z¢rich) achieved the first su
aposymbiotically cultured Cladonia pyxidata and its alga

Schmidt (1953) attempted to refute the dual - nature theory, 15 years after Thomas

Alga Lichen thallus
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Belosokhov and
Spribille 2025




ALichens & first scientifically documented
symbiotic association - concept of
oOosymbi osi s 0 dary, B8

AOther symbioses discovered later:

0 Zoochlorellae and zooxanthellae of
invertebrates and protists (Brandt 1881,
1883)

0 Mycorrhizal fungi with plant roots 0
Frank (1885)

0 Nitrogen - fixing bacteriain  root nodules
of Fabales 6 Hellriegel & Wilfarth (1886 0
1888)

0 Various microbial partnerships 0
observed by Winogradsky (late 19th
century)




(... FORTHE RECORD)

The term symbiosis was first used by Frank (1877) in his study of crustal

lichens and later adopted by de Barym (1879) in the more general sense of
"living together of dissimilar organisms."

The term mutualism was first used by van Beneden (1875) for mutually
beneficial animal associations



Schwenderer
considered the
relationship between
fungus and algae to
be parasitic: H: wise

parasite, Q:
(slaves in ancient
Sparta)
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Some lichens have haustoria inside in algal
cells, advanced only on the surface



ARE LICHENS PRISONS OR REFUGES FOR
PHYCOBIONTS? (SANDERS 2023)

Different opinions (sometimes provocative: oTo call a I ichen asso
mutualistic is similar to believing that domestic cattle and humans have a

comparable relationship because we provide them with food and shelter and

l ncrease their popul ati ons,Ammafllandd®3)we sl aught

Carbohydrates are not removed from photobiont cells by fungal haustoria

but rather actively released in quantity by the alga itself over its entire cell
surface

30 - 90% of the carbon fixed by the photobiont may be transferred to the
mycobiont

a L i c thadlus more closely resembles a base rather than a prison for algal
symbionts. The rent may be high, and sexual activity prohibited, but from
this sanctuary, a phycobiont manages the ri

(N



Mycobiont
gains  povides

Photosynthesis products from a Thallus (safe and stable place)
photobiont

Water regime

UV and grazing protection
(secondary metabolites)

(Reproduction)

Photobiont
gans —— Jpoviles

Shelter Photosynthesis products

Longer period of hydration (plus (Nitrogen fixation)
protection against over saturation)

Chemical protection

Can | i ve where it
alone



POLYOLS:
NUTRITION OR
PROTECTION
AGAINST
DESICCATION?

Spribille et al. 2022




RECENT VIEW

AToday, lichens are perceived
as meta - organisms in which
many different "roommates”
live, that contribute to the
prosperity of the whole  system
In various ways

/Other potential partners:
0 Microscopic fungi

0 Bacteria

Dominant & abundant fungal mutualist. Photosynthetic mutualists.
>20,000 described species of fungi. Green algae and/or cyanobacteria.

( |

R

QY
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Endolichenic fungal community.
Commensalists & parasites.

Microinvertebrate community. Secondary metabolites.
Nematodes & tardigrades dominant. Intra-thalline functions & ecosystem interactions.

Allen and Lendemer

/Endolichenic bacterial community.

Mutualists & commensalists.

2022



OTHER FUNGI

AEither they affect the
morphology of lichen:
lichenicolous fungi

Aor do not affect (are
asymptomatic): endothalic
fungi ( endolichenic fungi)

ASpribille (2016):

SYMEIOSIS

Basidiomycete yeasts in the cortex of
ascomycete macrolichens

Toby Spribille,"”* Veera Tuovinen,™* Philipp Resl," Dan Vanderpool,” Heimo Wolinski,”
M. Catherine Aime,” Kevin Schneider,"t Edith Stabentheiner,’ Merje Toome-Heller,"t
Giran Tlmr," Helmut Mayrhofer," Hanna .If.l-ha.l'lrln&::.':.'url,:g John P. McCutcheon™?

For over 140 years, lichens have been regarded as a symbiosis between a single fungus,
usually an ascomycete, and a photosynthesizing partner. Other fungi have long been
known to occur as occasional parasites or endophytes, but the one lichen—one fungus
paradigm has seldom been guestioned. Here we show that many common lichens are
composed of the known ascomycete, the photosynthesizing partner, and, unexpectedly,
specific basidiomycete yeasts. These yeasts are embedded in the cortex, and their
abundance correlates with previously unexplained variations in phenotype. Basidiomycete
lineages maintain close associations with specific lichen species over large geographical
distances and have been found on six continents. The structurally important lichen
cortex, long treated as a rone of differentiated ascomycete cells, appears to consistently
contain two unrelated fungi.
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https://youtu.be/Fkw VF5zDTO0
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https://youtu.be/Fkw_VF5zDT0

YEAST AS ANOTHER
PARTNER?...

ABryoria tortuosa and Bryoria fremontii  differ
in the production of  vulpi nic acid

Ayeasts of the order Cyphobasidiales were
found in the cortex (in B. ftortuosa ca. 10
times more thanin  B. fremontii )

_ more than one fungus
Its (cortex) construction”

Athe authors did not explicitly use the term
"third partner ("Here we show that many
S o : common lichens are composed of the known
| o € ascomycete, the photosynthesizing partner,
h : \ . and, unexpectedly, specific basidiomycete
- : ' yeasts").

Two flgal partnegSingtone p. 438 -



(A) B. fremontii , with ( B) few FISH-
hybridized live at the level of
the cortex. ( C) B. fortuosa , with ( D)
abundant FISH - hybridized cortical yeast
cells (scale bars, 20 | m.

Bryoria fremontii

Bryoria tortuosa

Fluorescent cell imaging of dual fungal elements in lichen thalli. (A)

Scanning electron microscopy image of a thallus filament of B. capillaris
(scale bar, 200 . ). (B) FISHhybridization of B. capillaris thallus, showing
Cyphobasidiales yeasts (green) and the lecanoromycete (blue) with algal
chlorophyll A autofluorescence (red). The volume within the two vertical

lines is visualized on the right; the unclipped frontal view is shown at the

top. Movie S2 shows an animation of the three - dimensional ~100 -, m -z
stack. (C) Detail of yeast cells (scale bar,5 | m).

Spribille et al. 2016




o Cyphobasidium
(Basidiomycete 1)

® Tremella
(Basidiomycete 2)

@ Letharia (Ascomycete)

@ Alga

-

Current Biclogy

Letharia vulpina

Tuovinen et al. 2019



... YEAST AS ANOTHER PARTNER?

This strong conclusion was later criticized: " In summary, it is obvious that
basidiomycetous yeasts in lichen thalli are not a third component of
symbiosis, but rather the vegetative propagules of mycoparasites.
(Oberwinkler , monograph on Pucciniomycotina : 2017)

In a 2018 paper (and later on) , T. Spribille already emphasizes the role of
complex biofilm in the bark rather than the yeast itself

contribution of other partners to phenotype formation???



RESEARCH ARTICLE

Botany

A taxonomically broad metagenomic survey of 339 species
spanning 57 families suggests cystobasidiomycete yeasts
are not ubiquitous across all lichens

James C. Lendemer™*
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melagenomic survey of 339 species spanning 57 families suggests
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, Kyle G. Keepers?, Erin A. Tripp**, Cloe 5. Pogoda’, Christy M. McCain™, and Nolan C. Kane?

PREMISE: Lichens are fungi that enter into obligate symbioses with photosynthesizing
organisms (algae, cyancbacteria). Traditional narratives of lichens as binary symbiont
pairs have given way to their recognition as dynamic metacommunities. Basidiomycete
yeasts, particularly of the genus Cyphobasidium, have been inferred to be widespread and
important components of lichen metacommunities. Yet, the presence of basidiomycete
yeasts across a wide diversity of lichen lineages has not previously been tested.

METHODS: We searched for lichen-associated cystobasidiomycete yeasts in newly
generated metagenomic data from 413 samples of 339 lichen species spanning 57 families
and 25 orders. The data set was generated as part of a large-scale project to study lichen
biodiversity gradients in the southern Appalachian Mountains Biodiversity Hotspot of
southeastern Morth America.

RESULTS: Qur efforts detected cystobasidiomycete yeasts in nine taxa (Bryoria
nadvornikiana, Heterodermia leucomelos, Lecidea roseotincta, Opegrapha vulgata,
Parmotrema hypotropum, P. subsumptum, Usnea cornuta, U. strigosa, and U, subgracilis),
representing 2.7% of all species sampled. Seven of these taxa (78%) are foliose (leaf-like)
or fruticose (shrubby) lichens that belong to families where basidiomycete yeasts have
been previously detected. In several of the nine cases, cystobasidiomycete rDNA coverage
was comparable to, or greater than, that of the primary lichen fungus single-copy nudlear
genomic rDNA, suggesting sampling artifacts are unlikely to account for our results.

CONCLUSIONS: Studies from diverse areas of the natural sciences have led to the need
to reconceptualize lichens as dynamic metacommunities. However, our failure to detect
cystobasidiomycetes in 97.3% (330 species) of the sampled species suggests that
basidiomycete yeasts are not ubiguitous in lichens.

KEY WORDS Biodiversity inventory; endophyte; lichenicolous; metagenome; obligate
symbiont; parasite.

Cystobasidiales confirmed in only 2.7% of
the total number of 339 species studied
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Contrasting co-occurrence patterns of photobiont and
cystobasidiomycete yeast associated with common epiphytic

lichen species
Kristiina Mark"* (%), Lawri Laanisto’ (%), C. Guillermo Bueno” (7, Ulo Niinemets™* (), Christine Keller® and
Christoph Scheidegger” |
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# The popular dual definiion of lichen symbicss is under question with recent findings of
additional microbial partners living within the lichen body. Here we compare the distribution
and co-occumence pattems of lichen photobiont and recently described secondary fungus
{Cyphobasidiales yeast) to evaluate their dependency an lichen host fungus (myycobiont) .
* We sequenced the nuchear imtemal transcribed spacer (ITS) strands for wmbm%
and from six ead northem e lichen species collected
from 25 sites in Switzerland and Estonia. htuacﬂmnehmrl:mdysuandnnmmiateamly
ses whene coindy cted cin operational ta e o - -
-mlﬂwydﬂmmmsﬂnﬁWHﬂpmnfcMMﬁMh tusdlic
lichens and shows that they are much less mycobiont-specific than the photobionts. Individu-
als of different lichen species growing on the same tree trunk consistently hosted the same or

dosely related mycobiont-specific Trebowxa lineage over geographic distances while the cys-
tobasdiomycete yeasts were unevenly distributed over thestudy area — contrasting communi-
ties wiere found between Estonia and Switzedand.
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strong geographic pattern for yeasts



MILLANES ET AL. 2025

A Tremella in Hypogymnia
physodes and H. tubulosa

Afilamentous phase restricted
to galls

Agall - free lichen thalli
contained 7remella yeasts in
the cortex, soredia and

medulla, and pseudohyphae In
the cortex

Ayeasts in soredia (dispersed
with other partners)

Tremella hypogymniae and T. tubulosae

Lichen specificity: Location within the thallus: FISH-CLSM
Tremella DNA detection

Lichens in the Parmeliaceae “
(hypogymnioid clade)

Filamentous

phase
o Q \‘ -l
O 2%
#2235 © |

QO 00 8 7 *H. physodes

O ' [“H. tubulosa

Hypogymnia*

_<
_I_—< Pseudevernia
[ \_< Brodoa
4< Arctoparmelia
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Lichens redefined as complex
ecosystems

The work of Mark er gl (2020 pp. 1362-13735), in this issuc of
New Phytologiss, prompred us to revisichow the term ‘lichen” should
now be defined, as they dig deeper into the biogeography and
specificity of apstobasidiomycere yeases and algae in lichens raising
into question issues of specificicy.

The symbioticconcepr af “lichen” needsto take into account

the diverse array of associated microscopic organisms.’

Lichens were the asodatons for which the term symbiosis (as
'Symbiotismus’) was originally used in a biological sense by Albert
Bernhard Frank (1876) following micoscopic smdies of five
cristase lichens. From a lecnire he gave in 1878, Die Bary is often
cited as the originator of the usage of the term for differencly named
organisms living togerther (Qulhen eral, 2016), bur he knew of
Frank's work as he refers w i laer (De Bary, 1884). The basic
recogniton of lichensas adual associadon beoween a fungus and an
alga, however, was made earlier by Schwendener in 1867 (Mirchell,
20077).

Imespectve of this new understanding of lichens as symbiosss,
they were already being recognized a5 hoss of other fungi in the
preceding decades (Berkeley, 1844; Mylander, 1857), and Zopf
(1897) referred w them asan additional parcof the lichen symbiosis
forming a 'parasymbiosi’. Some formead necroses bur athers were
sympromless, or were associared with brain-like local ourgrowths of
cerrain lichen thalli; some 2319 species of maosdy obligae
lichenicalous (i.c. lichen-inhabiting) fungi have now been named
(Diederich eral, 2018). In addition to those evidenced by spore-
bearing srucmres, it has long been lmown thar many other fungi
can be culnired from crushed lichen thalli (Perrind er al, 19940);
these asympromaric fungi have been wrmed ‘endolichenic’.
Sequencing shows rhar endolichenic fungi lagey bedong w
familics and genera also known as endophytes of plants (Triparhi
& Joshi, 2019) rather than w the groups of obligate lichenicolous
fungi; they can be very numerous, with up to 48 reporied from a
single lichen spedes (U'Ren er all, 2012). The associared fungi in
lichens may vary vastly in their biological impacr w the associadon.
Depending on abiotc and biotc condidons (such as the host
lichen-forming species) they may vary from being wapped rescing

This article &5 2 Commentary on Mark o af, (20020), 227:1362-1375.

spores, more or less une H
pen o dine e 1 NE disadvantages of current

lichenicolous fungi may dev s .
s by g D lon proposals to redefine lichens

archieaure of the overall

determined by the principa
Recently and controves A comment on Hawksworth & Grube (2020): “Lichens

fungal parmer in determipe dofined as complex ecosystems’

challenged by an apparendy
Basidiomycewous yeast (1Lichen-forming fungi and their algal symbionts wgether produce
were degantly visualized by compasite thalli that often have the appeamnce and properties of
in the thallus corcex “FP‘-'“"un'Lu:}r arganisms. Although the exact conwurs of the concepr
eells were corrdated with Imay vary according w viewpoint, lichens have been commonly
(Bryoria fremoni); i“"ﬂ":i"disrln.guishu'l from other Fungal-algal symbicses by a useful
branches had been chissifio, g widely cited definition (Hawksworth, 1988; Hawksworch &
“'m:k Ipmvmg dw" _wcrc m Honegger, 1994), wherein the mycobiont comprises the external
“':p“hl”,c "”_i‘ [f,u _“'] WEICA compaonent (exhabitant thar houses the incerior but exrracellular
|Lr:.cagc1na»a:tcrynf|td‘wn'ﬂg=] symbiont(s). More recendy, increased awention has been
primers, they conduded thepy o0g o addicional microorganisms, particularly fungi and
companent of the upper 1 oy thar farm par of the lichen thallus microbiome (Grube
high degree of spedficity, . oy 215, Spribille e af, 2016; Cernava ef al, 2017; Smith
carried "I Wﬁ"n;.“”“" ?“““mri. 3020: Tzovaras eral, 2020: Cometo aral, 2022). This has
ECGTL:':M‘ ‘mfvrzr\emﬂni a new dimension w lichen biclogy, similar w that
m:f:ufnimth-;r.l © “recognizable in planis and animals as the diverse microbial
) inhabitants of their internal and external surfaces are explored
(Porras-Alfaro & Bayman, 2011; Ezenwa et al, 2012; Gilbert
) - eral, 2018), Such research highlights the deg ree vowhich biclogical
'mglﬁi:c:?;r:'ﬁh;mmmmlﬁbcmﬁ at wqﬁiﬂrs&ﬂ;‘?ﬁ plant, an anlma.lu.gand
discussedby d'l.cl..u:cf-'mn.sz.a lichen thallus are all components of a broader community of

It was perhaps kess nowed
smme year for two Chsrobs

it is obviows that hasidiom (EEFaCting macm-organisms, while at a finer level of organization,
third component of ym hig €ach may individually harbor its own microbial communicy or
of mycoparasites’. Moreoycommunities. Alchough microbiome research has changed how we
I through nwmgcnamirhi“k about plants and animals, it has not resulted inany effort w
;rdcm}l confirmed the vess Fedefine them. By contrast, a number of lichen bidlogists have
(Lendemer et al, 2019), zrecently proposed expanding the definition of a lichen w© include
may be much less sensirive (other microorganisms that colonize the thallus. These proposals,
wmained, therefore, uncleand indeed the question of whethera new definition is warranted or
yeast asexual stages ‘,,_-“_,__,“},-dc-simb]c. ought w be considered cricically.

Mark er af, used specific  Hawksworth 8 Grube (2020) redefine a lichen as an ecosystem
nuder inerna manscribeformed by the interacionofan exhabitant fungus, its photosyncheric
parmers as well as yeasspartners, and an indeterminare number of ather MiCroorganisms.
Hemisphere cpiphyric lich«This new inrerpremation elevates microbiome inhabitans w a
and Estonia. They demonsdefining starus equivalent to that of the mycobiontand photobiont(s),
basidiomycere veass in cheeven though their roles and significance are still poorly understood
nerwork and multivariare ;and their critical impomance w the symbiosis far from proven. Tt
much less lichen-specific dmerges the lichen and is microbiome into one and the same
differentlichen species fromconcept, a treatment not suffered by the plant or the animal, Of
the same or closely relared course, as Lilcking eral (2021) point our, the lichen's relationship
geographic dismnces, with to its microbiome might be viewed differently, since, unlike the

plant or animal, a lichen is already defined as a parmership of

ergenisms. Buc consider | R eflections on lichens as
ichens are frequently cor

]duulfsc]:llarbnrsdlmst mf ecosystems
contributions to the symbi
not figure in the definidon
wssociates does not imply
indicates that the cor rel Response to Sanders (2024): The disadvantages of
autotroph remains a me cument proposals to redefine lichens'
hiclogists prefer not to |
lichen symbionts are quite Ever sine lichens were first recognized as parmerships in the 1860s,
induced w release massive there have been debates as how w interpret the interactons in these
etal, 1968; Smith, 1980), associations, including algal slavery by the fungal partner, as a
mycobiont by pathways s¢ mutualistic symbiosis, oras fungal farming. While their symbiotic
materials (Honegger, 199/ namre was still becoming accepred by the scientific mmmuniry, it
present, there is no reason o was realized that additional phomaumtrophic partners could be
has a comparable degree of imvolved, such as cyanobacreria as well as algal symbions. Recent
imporant services, It is thest moleailar analyses have now revealed addidonal fungi (especially
photobion: that create the pl yeasts) integrated into lichen thalli and a plethora of often
microorganisms dwell. If  specialized bacreria on the surfaces of the partners. In ordernot to
microrganisms are essential mislead researchers, we recently endeavored o cpure this
lichen thallus, then their ind addidonal complexity by inerpreting lichens as =lf-mn@ined
Such an argument was prop SCOsystams, without trying to devalue the importance of the
associate with cenain macr carbon-fixing phototrophic partnership or presume funcrionalitics
up studies found low co-ocof the addidonal microbial parmers. Further commens on our
& arl, 2020) or far lower spe interpretation are presmnted here in the light of discusions
shown by the lichen photob our views have stimulated in the scientific communiry.
Grube [ 2020) are appropria The first author is gradfied cthar the definition of lichen he
that additional microbiome first devedoped 35years ago (Hawlsworth, 1988) was sall
partnes in the lichen s).m'bicnnsi.dcmd ‘useful' by Sanders (2024; in this isue of New
they fedl the definition ofa Phytologist pp. 969-971). However, the debate on the namure of
In redefining the lich lichens has a much longer history extending back to the mid-1 860s
Grube (2020) implicidy & When their composite nature was first exposed (Mitchell, 2014).
The proposal thatlichens b The issue became o controversial that the International Associa-
ariginated with Farmr (197 tion for Lichenology had a poll on possible definitions in the carly
there was evidence that an 19805 (Ahmadjian, 1982), butthe option with the most vors failed
lichen symbiasis bﬁﬁuﬁm cover the breadeh of algal-fungal rdationships studied by
In recent years, applicatio lichenologists thisresult prompred my aiggestion. The wording of
thalli has become momwe o Hawksworth (1988) was inspired by the conceps of symbiologist
microbiome is increasing David Lewis (Law & Lewis, 1983) who was heavily involved with
Cardinale er af, 2012 B the development of New Physologin as a forum for papers
2022). Bu this usage dio contributing to our knowledge of plant symbioses
definition of ecosystem, wh Beause of the recent insighs on the complexity of lichen dhalli,
thatof the community, Thi™® considered that the time was ripe for a revised definidon
New Phytalogis) to exp]i(Hawmm & Grube, 2020): a simplistic definition was no
the physical and chemical longer adequate and was potentially misleading. Rescarchers
communities they sustain (uplnring the symbiosis, or undertaking physiological, moleaslar,
exthooks maincain this u©F Piochemical studies, need to be aware of the complicaed nature
lichen as an ecosystem — of their experimental subjects. This necessity has been remgnized
require inclusion of the mi by some other authors following our publicadon (Licking
within which the lichen £f@ 2021; Allen & Lendemer, 2022).

Sanders' mmment provid es us withan op porounity  emphasize
the complexity of what faces a lichenologist. The realization that
there can be several photosynthedc partners, somerimes cyano-
bacreria as well as algae, and even different spedes of the same
genus, within a particular thallus needs to be considersd. We agree
thar much remains to be discovered on the role of bacreria thar can
dothe thesurfaces of hyphacandalgal clls, butstresstheseare often
@mxa unknown to science and so far have only been found in lichen
asmciations. Their roles may be as diverse as those of
lichen sendary metabolices. The situadon with so-called
endolichenic Fungi is a scparate marer as one of us (DLH) seill
waits to sec evidence that these are anything more than trapped
spores that germinate when out of the lichen, or are pidked up by
molecular primers. The reason for thar doube is thar such a variery
of different hyphae is not evident in microsmpic (includ ing SEM)
preparadons, and thar the fung demcred are generally of
widespread sprobic fungal genera. Sped fic fluorescent antibodies
seem a way forward to resolve the mue simaton with these Fungi'.
such methods have already proved valuable in demonsmating the
loction of obligate lichenicolous fungi (Spribille er 2, 2016).

In our view, interpredng a lichen as an ecosystem s justified as
they are selfconmined, funcrionally independent operating units,
and real izing this stimulated Farrar (1976) to apply thar wrm. We
now appreciate that there are more parmers and other assoctared
organisms emphasizes the need for that point © be made. It
mnforms to the current concept of the ecosystem as a ‘complex of
living organisms, their physical environment, and all their
interrelarionships in a particular unit of space’ (Encyclopedia
Britannica, 2023), and this echoes the original use of the term by
Tansley (1935). We acept thar this definition indudes the
immediate abiotic and biot chabiratand hope thaticwill encourage
firture experimental work on lichens to include the physico-
chemical aspeas of the lichen habirac

This is not the mme with myaorrh izas where thatterm isused for
the interface of a root and the fungus as it is not a discrere self-
mnnrined funcrionally independent unit The wrm mycorrhiza
refers m just part of the plant and part of the fungus (or fungi) along
with other organisms involved at the point of contact (Frey-Klex
etal, 2007). In the case of mycorrhizas, it would be, for ccample,
the whole hiological community, induding surrounding soils that
would constitute the cosysem. Mycorrhizas arean impormnt pare
of that comsysem especially as they form nerwnrks interlinking
different species of plant

Most animals that have been invesigawd (including Homo
sapiens) have Funcrional micobiomes, but an animal withour an
aumtrophic partner cannot be equivalent o the lichen associarion.
Coclenterates, such as corals and some other animals that
incorporate autotrophs into their bodies, might possibly be on
the same level of organizadon as the lichen, but animals that are
wholly heterotrophic are not.



BACTERIA

ABacteria in lichens were first detected by
Uphof in 1925 & then silence for a long
time

AFirst decade of the 21st century &
development: cultivation and molecular -
biological procedures

AStudy of the composition of the lichen
microbiome & both taxonomic and
functional

Cardinale et al. 2012



CONTRIBUTION OF BACTERIA

ACurrent use of metagenomics,  metatranscriptomics and proteomics

b Wu’gd provision of resistance aganst
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Grube et al. 2014



LICHEN SPECIALISED BACTERIA?
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Schneider et al. 2012 Bates et al. 2011



FACTORS INFLUENCING COMPOSITION OF
BACTERIAL COMMUNITIES IN LICHENS

viromental conditions
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substrate
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... 10 CONCLUDE

AExtremelly s uccessful
(nutritional) strategy:
lichenized 17% of all fungi (27%
of all Ascomycot a)

Alt has arisen several times in
evolution —

A98% Ascomyc etes, 2%
Basidiomyc etes (+/ -)

Fig. 3B
Fig. 3A

L ¢ ¢ k ietrmlg2017 Bryologist
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® Biochemistry and secondary
; metabolites
y > : [ —
&
S ‘Ind Flf.' n : 7.1  Intracellular and extracellular products

‘There are two main groups of lichen compounds: primary metabolites
and secondary Commen intracells-
lar products ocourring in lichens include proteins, amino acids, polyels, car-
otenoids, polysacharides, and vimmins, which are bound in thecell walls and
the protoplasts, are often watersoluble, and ean be extmeted with boiling
water (Fahselt 1994h). Some of these products are synthesized by the fingus
and some by the alga. Since thelichen thallusis a composite stmucture, itis not
always possible 1o decide where a particular compound is bissynthesized.
Maost of the intracellular products isolated from lichens are nonsperific. and
also oceur in freediving fungi, algae and in higher green plants (Hale 1953 The
‘majority of organic compeunds found in lichens are secondary metbolites of
the fungal component, which are deposited on the surface of the hyphae
rather than within the cells. These products are usually insoluble in water
and ean only be extracted with organic solvents. Carbon for the lichen is
furnished primarily by the photesynthetic activity of the algal parmer.
Mosbach (1969) summarized the overall carbon metabolic sequence as invol-
ving photosynthesis in the photobiont followed by transport of the carbo-
hydrate to the fungus, of the and
hiosynthesis of ichen secondary metabolites. The type of carbohydrate
released by the alga and supplied o the fimgus i determined by the photo-
biont. while in lichens ini the released
and tothe fingusis glucose. In lich ini Igae, the
carbohydmte released and tmansferred 1o the fungus s a polyol: rivitl, ery-
thitel, or serbitel (Section 10.2.1).

Lichen Bidogy, e Thomas H. Mash I Pubiliched by Cambridge Unbrersiy Press.
7 Cambridge Unmersiey Presa.
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Two basic groups of compounds in lichen:

Primary metabolites (intracellular)
A produced by algae and fungus
A ensure the basic processes of life
A proteins, amino acids, polysaccharides, carotenoids,

vitamins, etc.
A in the protoplast or in the cell wall
A often soluble in water

Photosynthesis products delivered by a photobiont to mycobf nt:

cyanobacteria; glucose

green algae so-called polyols (sugar alcoholsjibitol, erythritol, sorbitol

The mycobiont modifies them so that they are no longer usable for th
photobiont

Secondary metabolites (extracellular)
A produced by mycobiont
A they do not provide basic life processes

A mostly on the surface of hyphae
A insoluble in water




Secondary metabolites:

A currently known ca. 1050 secondary metabolites

A most substances produced exclusively in lichenized thallus; Ca. 50-60 substances by other
organisms i e.g. anthraguinone parietin, and in non-lichenized fungi (e.g. Aspergillus, Penicillium)
and plants (e.g. Rheum, Rumex)

OH O OH
\O
0

Parietin
R )

apothethecia (Ophiparma ventosa)

Culberson 1969: Basilidiolichens do not produce secondary metabolites i data scarce, but it turns out
that some do

For some lichens, sec. metabolites present e.g. only in the apothecium, soralia, in the cortex or vice
versa in the medulla

Some species of lichens can produce up to 20 different substances, others have not been shown to
produce any secondary metabolites



Biosynthetic pathways:

1) Acetyl-polymalonyl pathway i
2) Mevalonic acid pathway
3) Shikimic acid pathway

most lichen substances synthesized by this pathway

ALGA 3
polysacchandes usnic acids anthraquinones xanthones, chromones
glucase
ceythnol
nibitol
manaiwl
glycolysis
FUNGUS ——~ Supn — acciylCoA ———- |ACETYRROLYMALONYLY _ _  icubonylic acid
\ / >
l malonyl CoA ‘
pentose phosphate
cycle higher aliphatic
amino acids MEVALONIC ACI e
‘ BATI B-orsellinic acid  orsellinic acid and
homologues
SHIKIMIC ACID
/\ PATHWAY /
# terpenes carotenoids para-depsides g uidepsides
phenylpyruvic acid * / \
/ \ i \ tetradepsides
) meta-depsides
phenylalanine terphenylquinones benzyl esters
depsoncs dipheny) ethers
'
pulvinic acid / \
denivatives depsidones dibenzofurans

Fig. 7.1 Probable pathways leading to the major groups of lichen products.



Table 7.1. Major classes of secondary metabolites in lichens

1. Acetyl-polymalonyl pathway
1.1 Secondary aliphatic acids, esters and related derivatives (45)

1.2 Polyketide derived aromatic compounds

1.2.1 Mononuclear phenolic compounds (19)

1.2.2 Di- and tri-aryl derivatives of simple phenolic units
1.2.2a Depsides, tridepsides and benzyl esters (185)
1.2.2b Depsidones and diphenyl ethers (112)
1.2.2c Depsones (6)
1.2.2d Dibenzofurans, usnic acids and derivatives (23)

1.2.3 Anthraquinones and biogenetically related xanthones (56)

1.2.4 Chromones (13)

1.2.5 Naphthaquinones (4)

1.2.6 Xanthones (44)

2. Mevalonic acid pathway
2.1 Di-, sester- and triterpenes (70)
2.2 Steroids (41)

3. Shikimic acid pathway
3.1 Terphenylquinones (2)
3.2 Pulvinic acid derivatives (12)

in brackets the number of known substances of the group (Orange 2011)



Study of secondary metabolites

A differentiation of the genera Physcia and
Xanthoria based on the colour of the
thallus (presence vs. absence of parietin)
I the beginning of the use of sec.
metabolites as important traits for
taxonomy

A However, most secondary metabolites
are colorless! T it is more difficult to
detect them

A Nylander (Helsinki, Paris) in the 60s of
the 19th century begarrtotse-the-so-
called thallus spot reactions 17 K, C; |

A Hesse + Zopf: 1st extensive research on
lichen chemistry

A great progress i Japan, the 30s i
Asahina, Shibata i and the structure of
substances

Prof. ¥ Iﬁmahinﬂ




Spot reactions:

A

A
A
A

Fast, simple T can be used in the field
Rather suitable for pre-determination i a specific substance should be further confirmed by a more sensitive

method

help to detect not only the presence of the studied substances (or groups of substances), but also their
specific location in the insole

also suitable for distinguishing closely related species differing in the presence of a certain substance

Table 7.2. Reagents for thalline spot tests

K =10% aqueous KOH solution
a. Turns yellow then red with most o-hydroxyl aromatic aldehydes.
b. Turns bright red to deep purple with anthraquinone pigments.

C =saturated aqueous Ca(OCl), or common bleach (NaOCl) solution

a.  Turns red with m-dihydroxy phenols, except for those substituted between the hydroxy
groups with a -CHO or -CO:zH.

b. Turns green with dihydroxy dibenzofurans.

KC=10% aqueous KOH solution followed by saturated aqueous Ca(OCl), or common bleach
(NaOCl) solution

a.  Turns yellow with usnic acid.

b. Turns blue with dihydroxy dibenzofurans.

¢. Turns red with C- depsides and depsidones which undergo rapid hydrolysis to yield a
m-dihydroxy phenolic moiety.

PD =5% alcoholic p-phenylenediamine solution

a. Turns yellow, orange or red with aromatic aldehydes.

| T polysacharides

parietin present in the thallus reacts with K (K+ red) ma



Spot reactions

Ochrolechia subpallescens

http://lichens.science.oregonstate.e
di



