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Cover image: Three filamentous lichen photobiont genera iaposymbiotic and symbiotic states. ArC, Trentepohlia. A,
branching filament free-living on bark. B, lichenized by oenogoniumhyphae (arrows) growing over morphologically
unchanged algal filament and its new branches (horizontal arrow). C, lichenized Bythoniarubrocincta; the alga is largely
broken up into individual cells or short segments. BF, Rhizonema D, cultured isolate fromDictyonema; note false
branching (arrowhead). E, trichome ensheathed by cells of mycobiomictyonema. F, contorted or broken filaments
(arrow) within thallus ofCoccocarpia palmicola. GrJ.Nostoc. G, freeliving thallus-like macrocolony on soil. H, cultured
strain. |, more or less intactfilaments (arrows) within thallus ofCollema furfuraceum. J, contorted or broken up into cell
groups (arrows) withincyanomorph of Sticta canariensis. Scales: AF, Hrs | NM_ 0§ 6 LWI] WI NH&dlnaoioc202i1)1J |



Lichens contain algae... or are they algae?

CAROLI LINNAI
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HOLMIZE,
ImrExsts LAURENTII SALVIL
1753,

1146 CRYPTOGAMIA ALGZE.

Habibas in Europe fylvis wmbrofis [uper arbores antie
guas , prafertim in Fagis i Quercubus.  arborems.

furfuracess, 33. LICHEN folisceus decumbens furfuraceus : laciniis
acuris: fubtas lacunofis atris. Fl. fucc. 953,

Lichen foliis planis laxis faccidis inequaliter laciniatis:
fopra alins Lodtns atris. Fi. dapp. 450.

Lichen arboreus lewcomeianus: ramulis altera parte
amnc}pi., altera candidifi:mis, Buxb. cent. 2. p.12.
{5 78 s

Lichenoides cornutum amarum : defuper cinereum , ia-
ferne nigrem. Dill. mufc. 157 7. 21 f. 52,

Mulcus amarus, abiithii folis, Bawh. bafi, 3. p.764.

Hav:tatin Europz arborsbas. arborexs,

empailaces 39. LICHEN foliacens planiu{culus lobatus crenatus, pel-
s globolis inflatis. .
Lichen foliis !aciniatis, marginibus convolutis in vefi-
cuiam abcantibus. Roy. lagdé yc9.
Lichenoides tinftorum  glabram  veficulofum. Dilh
mufc. 188. ¢. 24. f. 82.
Habitat in Lancailtia Avgliz.

pannscens 35, LICHEN foliacens ereftes compreffus ramofus fa-

rinaceus ; latesious vesrucofis. Fi. fuec. 957.

Licheu foliis multifidis, ealycibus in margine foliorum
fefliiibus. Koy, lugdé. s10.

Lichen cinereus auguilior, feutis in marginibus fegmen~
torum. Vaill parif. 114, 2.20. . 14. 15. 13.

Lichenoides fegmentis angultiaribus ad margines verre
colis & pulverulentis. D/l muic, 172. ¢. 23. £.63.

Habitat in Europz arbersbus, preaferzim Qaercens
Fraximetis,

calicarir. 36, LICHEN faliscens erelus lincaris ramofus lacuno-
fas convexus mucronatus. M. jice, 956,
anhcr} ciéner:us Istifolius ramofvs. Vaiil. parifi1is. 2.
20 f 6.
Lichenoides coralliforme roftratuin & canaliculatom.
Dill. mufe. 170. 2. 23. f. 01.
Mulco- fongus arborens, capitulis rofiratis. Mers. biff,
3. p-634. /. 15. 2.7.f. 5.
Habitat 1n Europm arbersbus, rupibas.
frasnens, 37 LACHEN foliacens erelus oblongus lanceolatus fub-
laciniatus lacunofus giaber, feurcllis fubpedunculatis.
£1. fnee. 953 o

Pseudeverniafurfuracea
(Lichenfurfuraceus, tree moss)
Photo: J.~ ¢ i R(dlalibtcz)



mehrschichtigen - Flechtenlagers. 65

wir, den chemischen und dynamischen Zusammenhang
auf das Feinste versetzen kinnten; auf der andern aber,
die gegenseitige Anniherung des Gelb an Griin auch
anderwirts zu hervorstechend, als dals wir, wegen
eines Beyspiels, die von der Natur selbst eingeleitete
Anordnung der Brutzellen nach den Farbenverhiltnis-
sen, iibersehen sollten. Fast alle aus den HKnospen
sich entwickelnden Blitter (besonders auffallend an
Prunus domestica , desculus, Tilia und Quercus) sind ja
matigelb gefirbt und griinen erst lebhaft durch An-
hauchung des Sauerstoffs; oder umgekehrt: entfirbt
sich das Gelb bey Primula officinalis und Hieracium stati-
caefolivm , in ein Stahlgriin! Vielleicht waltet hier ein
dhnlicher Prozels ob, durch welche goldgelbe Brat-
zellen individuell griinlich werden kinnen.

Dadurch glauben wir uns berechtigt, ochne Bertick-
sichtigung der Mittelfarbenniiangen, von den goldgel-
ben, die griinen (chlorogonidium) forthin zu trennen
und dieselben in der Mehrzahl und Einhiillung, als
stratum chiloregoninon anzuzeigen. Die Verbreitung der
griingefirbten Brutzellen ist so weitliufig, dafs wir die-
selben beynahe zur Charakteristik aller hiher organi-
sirten, heteromerischen Flechtenlager rechnen mich-
ten, in dieser Hinsicht daher wenigstens weit eher
Ramond’'s und De Candolle’s Vorschlag, in der
Gegenwart derselben ein Familienmerkmal der Flech-
ten anzunehmen, halb billigend verzeihen, als dafls,
aufser Link, die ibrigen Schriftsteller die gelben,
mit Einschluls aller, von denselben abhéngigen Umge-
staltungen bis auf heutigen Tag libersehen haben! Sa

-

Microscopic observations
revealed green cells
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germ cells can become individually greener.

We must thereby be careful, however, to separate, in professional
consideration, the nuances of color from the goldenyellow, the green
(chlorogonidium ) from now on, and to count these in the majority and
counting asstratum chlorogoninicum appositions. The spread of the

greenish germ cells is so extensive that we would rather attribute them

to the character of all highly organizedheteromeroust RH 6 1IJU Wa 6 ¢ G ¢
(Wallroth, 1825)
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iIndependent organisms (algae)

ALGENTYPEN

FLECHTENGONIDIEN.

PROGRAMM FUR DIE RECTORATSFEIER
DER UNIVERSIT/ET

S. SCHWENDENER.
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aThe | i chen
independent organisms
themselves, unicellular and
filamentous algae, which,

however, grow in the lichen

thallus as serviceable nutrient

plants for a parasitic fungus

The task | set for myself in the
present work was to

substantiate this view with

decisive anatomical and
developmental-hi st or i c al
(Schwendener 1869)
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Traditional POV: Fungal dominance

j N6 IJWI 2 G WRY We WneaUNeat LY
Ascomycetes, a parasite
accustomed to living off the work of
others; its slaves are green algae,
which it has either sought out or
Hc Gael DI We Ul WnY!l #II
(Schwendener, 1869)




Terminology

AAlgae
ACyanobacteria
AGreen algae
APhotobiont
ACyanobiont
APhycobiont

cyanobacteria

photobiont




How are used algal assimilates?

Acyanobacteria export
glucose

Aeukaryotic
phototrophs export
polyols with four
(tetritol : erythritol),
five (pentitol: ribitol)
ortrarelytsix (hexitol:
sorbitol) carbon
atoms (Smith, 1980)

Models of fungal carbon assimilation in lichen symbioses with
cyanobacteria and pentitoFlJ + GY | qqRUNLWe G N ¢ IJOWbI ¢ b
biHeh U6! T | YARY qR # WG Spiibilldiek dlll2628).h ¢ | H



Photobiont gains protection and stability

- kgao \5\5

Athallus structure:
Aphotoprotection (Gauslaaet al., 2017) o A s
Awater management (hydrophobic/philic hyphae) e

A prolong periods of hydrationd aktivity (Gauslaa, 2014; Fernandez iR 6 .8

~ ¢ | atdll, 2019) Ee € §

A slowing rate of dryingA desiccation tolerance (Gasullaet al., 2009 1E §

A reduce depression of photosynthesis by water saturation (Lakatos "E

et al., 2006; Honegger & Peter, 1994) B g t’é
Asecondary metabolites: 1" 2
Aprotection from herbivory (Stahl, 1904Gauslaa, 2005; P 8.
Asplund & Wardle, 2016)
Aabsorbtion of light in the ultraviolet (UV) or visible range i@ €} e
(Solhaug et al., 2003) v - o e

reavcens (BERD) A kg S

ol

TLC platet secondary metabolites (Mdncada et al., 202Q



Sometimes more?

Afungal partner might apportion carbohydrate, nitrogen, or other
substances back to the algal symbiont to regulate its growth
(Ahmadjian, 1995)

Aheterotrophic tendencies shown by many lichen algaeTfebouxia
Asterochloris, Elliptochloris, Coccomyxa, Apatococcus) when
cultured in the laboratory Ahmadjian, 1993; Gustavs et al., 2016;

2017)

Alichen symbioses diverseA parameters of the relationship vary
among taxa, along environmental gradients, and perhaps also
l 2l RUDWc W RUNGUDWIRHSGIJUKY W 32130 Y



Uneven degree of diversity/knowledge of
different symbiotic partners

AY2 1Jl WUINOWMMMW]j] GRHSIIULWLY GUHRIIt b
2017)

Aonly about 100 species of photobionts (Sanders & Masumoto,
2021)

Alichens still usually considered symbioses of two symbionts
(derived from classical light microscopy methods)

Adegree of knowledge (using molecular methods) highest for the
mycobiont among all partners GEpribille et al., 2022)

bl U



Diversity of interactions between symbiotic
partners

Number of P,
. . Ascomycota, Basidiomycota,
lichen symbioses i X .
.9 Pezizomycotina Agaricomycetes
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Diversity of lichen symbioses based on matckups of fungal lineages at the taxonomic level of order (top tree) and major
lineages of algae and cyanobacteria (left treeSpribille et al., 2022)



Diversity of interactions between symbiotic
partners

Afull range of phylogenetic disparity among lichefforming algae
much wider than that found among the licherforming fungi

Acommon features might permit those disparate algal lineages to
form comparable symbioses with lichenforming fungi remain
enigmatic

AApproximately 85% of licherforming ascomycetes associate with
green algal photobionts, approximately 10 % with cyanobacteria
and approximately 3 % simultaneously with both (Tschermak
Woess, 1988)



Diversity of interactions between symbiotic
partners

Amost lineages of basidiomycete fungi
that independently adopted the lichen
lifestyle did not domesticate novel algal
genera, instead, they chose taxa that
associate with ascolichens, such as
Coccomyxa, Elliptochloris and
Rhizonema(summarized by Sanders &
Masumoto (2021))




Specificity and selectivity

AThe term specificity delimits the taxonomic range of acceptable
partners, whereas selectivity refers to the preference for a certain
group of partners Ramboldet al. 1998; Yahr et al. 2004, 2006)

AMycobionts (generally) associate with a single photobiont genus

AThe highest diversity of lifestyles and photobiont taxa is found
among the lichenizedEurotiomycetes, especially among the
Verrucariales (Chaetothyriomycetidae), which comprise marine,
maritime, freshwater as well as epllithic, epiphytic andoliicolous
terrestrial species in a broad geographic range



Photomorphs different morphology

Lobaria discolor
Dendriscocaulon sp. 1
Sticta oroborealis

Dendriscocaulon sp. 4
Dendriscocaulon sp. 5
Sticta wrightii
Dendriscocaulon sp. 2
Dendriscocaulon sp. 3
[ Lobaria patinifera
Lobaria subexornata

Lobaria amplissima
{ Dandrsscacauy h
Lobaria quercizans

Sticta bavillaria

Sticta duplolimbata
Sticta weigelii
Sticta sublimbata

Sticta filix

Sticta lacera
Dendriscocaulon dendroides

Sticta dichotoma 1
Sticta dichotoma 2

Sticta dichotoma 3
Sticta latifrons

Sticta macrophylla
Eicta caperata
Sticta variabilis

Sticta gaudichaudia
——=
{'—_Sticea caulescens
Sticta hypochroa

Sticta cyphellulata
M. longia carnosa
oWf NEW7¢! It ReUWeUch! t Rt WYL obka&hd Sictag 1 I LWy EEB}H&i@ddwblé@Bdﬂ bld € ﬁ]b]’,bHQdSﬁ.é;t@djmmdﬂ)ma C) most common
including all available accessions ofDendriscocaulon-like cyanomorphs. Bold chloromorph of Lobariadiscolor, D) Freeliving Dendriscocaulon-like

blue - with Nostoc; not bold but in green with a green algalflagainet al. 2012). cyanomorph of Lobariadiscolor (Magainet al. 2012).



Study photobiont systematics

Alichen algae may look and behave quite differently in symbiosis
with different lichen-forming fungi, in the freeliving condition In
nature and inaposymbiotic laboratory culture (Ahmadjian, 1967,
Bubrick, 1988)

Amostly using DNA methods
Amany taxa unresolved

Aeven intensively studied genera (e.glrebouxig largely unresolved
on a species level

Acyanobacteria - horizontal gene transfer events may obscure the
vertical components of phylogenies Zhaxybayeveet al., 2006)




Photobionts and mycobionts usually studied
(described) separately

Aphotobionts in studies
focused on lichen taxonomy
usually mentioned only
briefly

Mediterranean regions of western North America.
This group was strongly supported as monophyletic
(BP=97), sister to L. calcicola (BP=82) from the
British Isles, and includes L. americanum Lendemer
& B.P.Hodk, L. knudsenii Lendemer & B.P.Hodk.,
and L. textum Knudsen & Elix. It is important to
note that there are additional species of sterile
leprose lichens that produce usnic acid and zeorin,
and were not included in the present molecular
study because they lack sequence data. These are all
morphologically and chemically distinct from the
new MNorth American species, and discussed in detail
in the taxonomic section below. Nonetheless, the
relationship between such taxa and the Chilean
material studied here requires further study.

Taxonomy

Leprocaulon beechingii Lendemer, sp. nov. Fig. 2
MrooBark MB 833050

Similar to Leprocaulon nicholsiae in the production of

usmic acid and zeorin, and occurring in the
southern Appalachian Mountains of North Amer
ica, but differing morphologically in having a
normandinoides-type placodioid thallus with dis
tinctly crisped margins (vs. a caesiella-type

aggregate thallus composed of dispersed piles of

granules that eventually merge to form a
continuous crust without distincgt margins).

Trype: U.S.A. Georcia: Rabun Co., Double Top Knob,
Beartown Trail, on underside of rock outcrop, 7
October 2010, 5.Q. Beeching 10528 (NY
01218206!, holotype).

times separating from the hypothallus and then
producing abundant projecting hyphae; photobiont
green, coccoid, cells globose, [4.8|-(8.0)-10.6
(13.6)=[16.3] pm (n=85).

Chemistry. Usnic acid and zeorin. Spot tests:
K-, C—, KC4 vellow, PD-, UV-.

Etymology. The new species is named in honor
of Sean (). Beeching, lichenologist, author and
natural philosopher based in Atlanta, Georgia.
Beeching is well known as a keen observer and
collector who has discovered many new and
interesting lichens, particularly in the State of
Georgia (Beeching 2007; Knudsen & Lendemer
2007; Knudsen et al. 2011; Lendemer 2007; Lend
emer & Knudsen 2008). Together with colleague
Malcolm Hodges, the two have formed a team that
has substantially advanced education about lichens
in the southeastern United States through hands-on
workshops. In addition to scientific and floristic
endeavors, Beeching is a scholar of literature with
wide ranging interests (e.g., Beeching 2016a). He has
also written several books about his experiences in
nature, lichens, and adventures in the field,
including the near blinding of the present author
in Newfoundland (Beeching 2009, 2016b). Given his
particular affinity for the granite rock outcrops of
northern Georgia, it is only fitting that a new species
from these unique habitats should be named in his
honor.

Emi'ogy and distribution. The new species is
known from scattered occurrences on exposed rock
outcrops at middle and high elevations in the
southernmaost portions of the southern Appalachian

(Lendemer, 2020)




Photobionts and their fungal partners

ATschermakWoess (1988) listed 44 of lichen
photobionts: 15 cyanobacterial, 27chlorophycean, .
one xanthophyceanand one phaeophycean et A‘f |

Al D2RUs WYnWt OYs aRT DUWAR N, = o
Acurrently, the total number of genera is similar, but ESEEEs &

many of them have undergone taxonomic revision, =g == o

new species (and genera) have been described,
and a number of formally undescribed lineages
have been discovered (Honegger, 2023)

Aln 2021, Sanders and Masumoto summarized the
current state of the art

Elisabeth TschermakWoess(191712001)



Cyanobionts

Awide range of cyanobacterial species (12 genera) was identified as
lichen photobionts, including representatives ofChroococcales,
Nostocales, Pleurocapsalesand Stigonematales(Tschermak
Woess, 1988; Friedl and/ T |, BOD8; Sanders & Masumoto, 2021)

Asome taxa are known to associate with only one or few lichen
forming fungi

Acyanobacterial lichens significantly increase the nitrogen
contents of their ecosystems (Rogers et al., 1966; Evans & Lange,
2001; Antoine, 2004, Knowles et al., 2006)



Cephalodia

Adense, hypoxic structures containing colonies
of cyanobacteria

AExternal or internal, mostly surrounded by
fungal cortex

Aprovides nitrogen primarily- heterocysts at
elevated frequencies compared to freeliving s 07
cyanobacteria orcyanolichens (Kershaw, 1985)' | ‘

- L -

Acgphaloc_:lia may not form in environments With  cephalodiaof Stereocaulon
higher nitrogen concentrations (Crittenden et vesuvianum scale bar =1 mm

al., 2022) (photo: B. McCune).




Tripartite lichens

Aassociate simultaneously with a green
alga as primary photobiont and a
cyanobacterium as donor of fixed nitrogen

Agreen algal cell population is maintained
In the thalline algal layer

Athallus size increase and a fungal
diversification event inPlacopsis lichens Placopsis sp. with cephalodia
(Schneider et al., 2016) as well as other ~ (photo: Katrina Syme)

lichen symbioses (Nelsen et al., 2020)




CyanobacterialNostoc

Afree-living worldwide in fresh water and upon
soll, bark and lowgrowing plants, with some
strains highly desiccationtolerant (Dodds et
al., 1995)

Apolyphyletic: several distinct clades of the
Nostocales (Rajaniemi et al., 2005;
GagunashviliCl Ul | ui b YUuauw=

Adarkly pigmented, mucilaginous
macrocolonies, uniseriate trichomes within
gelatinous matrix

Macroscopic colony ofNostoc commune(photo F Rlndl)



CyanobacterialNostoc

Ain lichenized with discrete algal layer usually broken into cell
clusters

Ain gelatinous lichens form is not fundamentally altered in
lichenization

|, more or less intact
filaments (arrows) within
thallus of Collema
furfuraceum. J, contorted or
broken up into cell groups

/ (arrows) withincyanomorph
. of Sticta canariensis.
EH#CGII NM, O Wbl E
- Masumoto, 2021).




CyanobacterialNostoc

ANostocH G ¢ | IJWf f We HAY I 1
al. (2005)T the most common
cyanobacterial lichen photobionts over
a wide geographic range, but also
symbiont of various plants

APeltigerales. principal photobiont, or in
cephalodia (N-fixation)

Ae.g. generaCollema, Degelia,
Leptogium, Nephroma, Peltigera,
Pseudocyphellaria

Calloe uIipartita (photo: A. Stridvall)



CyanobiontsRhizonema

ARhizonemauntil recently considered to live
exclusively in lichens

Afree-living or liverwortassociated populations have e e
also been reported (Cornejo et al., 2016; Rancel SRS IR EEw o~ &
AYT | RNz 1 JAWWJq e G A W=M=TT bl st Ay & il

APeltigerales Coccocarpia, Erioderma L R

Abasidiomycetes Acantholichen, Dictyonema, Cora, K P B 3
Corella and Cyphellostereum (all Hygrophoracea¢

Acephalodia of Stereocaulon ’

Various species ofCora(x T Ht R U N WY & .



Trebouxia

MyrmGCia

>

©

)

g
§
7}

Overview phylogeny of green
algal photobiont genera
blé1Jt W CWIqglle al



Trebouxiophyceae

Aof the approximately 40 genera within
Trebouxiophyceae 22 are known to form
lichen associations (Muggia et al., 2018)

Asymbionts of freshwater ciliates, amoebae, |
sponges and cnidarians Chlorella spp.)

AApatococcus:
Aomnipresent subaerial unicellular alga

Aphotobiont of Scoliciosporum (Beck, 2002) and |
Fuscideabiid ¢ 01 ¢ | URTt Y 2 CLWIJq LE

Fuscideapusilla (photo: F. Bouda)



Trebouxiophyceadsterochloris

Adiverse morphology of chloroplastr
species-specific

Anumerous species ofCladonia,
Leprariaand Stereocaulon
(summarized by Sanders and
Masumoto (2021))

ABagliettoa(N 6 Etal., 2011),
Diploschistes (E t ¢ u&(l%elksa
2010), Squamarina(Beck et al., 2002

Schematic drawings of particular chloroplast and lobe termination types iAsterochloris. (arg) Chloroplast types (left:
surface view; right: view in optical section): (a) deeply lobed, (b) shallowly lobed, (c) crenulate, (d) parietal, (e) fidadd, (f)
echinate, (g) globular. (htk) Lobe termination types: (h) elongated,)simple, (j) flat, (k) fingetdike (E t ¢ TeYf a&.]2015).



Trebouxiophycea&hloroidium

Aelliptical cells

Adiverse taxa found in a wide variety
of habitats (Darienkoet al., 2018),
Including extremophiles (Nelson et
al., 2017)

AGomphillaceae, Verrucariaceae
Lecidea, Stereocaulon, Sticta,
Trapelia(summarized by Sanders &
Masumoto (2021))

3
Stereocaulonvesuvianum



Trebouxiophycea&occomyxa

Awidely distributed, notably well represented in cold
high latitude climates (Metz et al., 2019)

Afree living on terrestrial substrata and in aquatic
environments, incl. highly polluted by heavy metals
and radioactive materials (Gustavs et al., 2017)

Adiverse lichen-forming fungi: Icmadophila, Micarea, W
Nephroma, Peltigera, Solorina, Dibaeisand 3
Phyllobaeis, and the basidiomyceteLichenomphalia iR E==Eta &

Asymbioses withinmolluscs (Stevenson & South ?‘bae‘beanF“yceS
: photo: J. Haine)
1974; Syasinaet al., 2012)




Trebouxiophycea®iplosphaera

Acontain the most of unicellular photobiont strains attributed until
recently to the relatedStichococcus

Athis two morphologically plastic genera are often not
distinguishable microscopically

Amain fungal partnerst Verrucariaceae(N 6 etal., 2011)

Ain Endocarponand Staurothele, Diplosphaera photobionts
hIdJt HC GUKkW2INUJgqc qR21IJWGE! GE¢ G WHY Uaq
hymenial layer of developing perithecia (much smaller than those
within the algal layer of the vegetative thallusSanders &
Masumoto, 2021)



Trebouxiophycead:lliptochloris

Asister to Coccomyxa
Adiverse array of habitats
Astrongly heterotrophic in culture A less frequent

Amycobionts of diverse genera includingCatillaria,
Catolechla Fuscidea, Micarea, Sticta, Stictis,
Verrucaria, and thebasidiolichens Bryoclavulaand
Multiclavula

Aas endosymbionts of the marine anemone AR N N
Anthopleura (Letsch et al, 2009). Anthopleura (photo: R.Droker)




Trebouxiophyceaddyrmecia =

Afree-living as well as in lichen symbiosis g a 2

APsoradecipiens (Moya et al, 2018):
photobionts previously reported asTrebouxia .
and Asterochloris due to primer bias 3 £¢

ACladonia subturgida (Pino-Bodas et al., 2023): -
not recognized for a long time (probably we to
primer bias too)

Amany species in theVerrucariaceae(N 6 Bt
al., 2011)

L40 s
Myrmeciaisraeliensiscells in isolated state by LM (Moya et al. 2018



Trebouxiophycead’rasiola

Athe only known laminal, multicellular green algal
photobiont

Alichen Mastodiatessellata (Verrucariaceae)

Adiscussion, on structural grounds, as to whether
this fungal-algal partnership ought to be
considered a true lichen (Lud et al. 5
2001;Kohlmeyeret al, = MMT1 6 HDAegh dia,
2010)

Ano fungal cortex, nor does symbiosis substantially
change algal thallus morphology

Mastodiatesselatabl | ¢ | t




Trebouxiophycea&ymbiochloris

ALobariaceaefamily (genera
Crocodia, Dendriscosticta, Lobaria,
Lobariella, Pseudocyphellaria,
Ricasolia, and Sticta s.l.)

AChaenothecopsis, Brigantiaea, }
Megalospora Phlyctis, Chaenotheca '5*-** g
(DaI Grande et al., 2014; Singh et al .k s :
= MN ® 6 LHBra] cbeHa‘R ,2023) 4 _
Byssoloma (Sanders et al., 2024), LR Sl v
Leprocaulon (Honegger 2004 Ghezag - S 7 e
et al., 2025) i e S LT g e R

Ca AR N P e

SN e e
Thv2C

Chaenbthecabrunneola(pﬁ to: Z.E 1J



Trebouxiophyceadrebouxia

Alarge central chloroplast with central pyrenoid,
cellulosic cell walls, desiccation tolerance,
the ability to rehydrate from humid air and the
ability to photosynthesize already in the
partially hydrated state (summarized by
Honegger (2012))

Adominate in climatically extreme terrestrial
ecosystems

Aabout 30 species ofTrebouxiawithin four g
major clades, numerous undescribed Ilneagec"

Cuture of Trebouxiasp., scale bar = 2 mm (Muggia et al., 201.




Trebouxiophyceadrebouxia

Aalmost 50 % of all lichens (among the knowr
Interactions; Sanders& Masumoto, 2021)

Protoparmelia, Rhizoplaca Tephromela,
Xanthoparmelia, Xanthoria, and

Xanthomendoza(Leavitt et al., 2016, 2013; ?

Muggia et al., 2013; Muggia et al., 2018;




UlvophyceaeTrentepohliaPhycopeltisand
Cephaleuros

Aphotobionts of large numbers of temperate
and tropical lichens

Acommonly found in the freeliving ST e Qs 15 WS 2
(aposymbiotic) state (TschermakWoess, BRI A SR A T
1988; Rindi and Guiry, 2002\Neustupa, 2003) SR e RS T S

Afrequently associated withfoliicolous lichens

Afree-living e.g. on bark of leaves e .

APhycopeltis from Trentepohliapoorly resolved \; Ee
uslng DNA sequence data’ desplte Clearly Free-living hycopeltisrundinaea
different morphology (Zhu et al, 2015, 2017  (photo: Malcolm Storey)




UlvophyceaeTrentepohliaPhycopeltisand
Cephaleuros

APhycopeltis: photobiont of Chroodiscus, Mazosia,
Opegrapha Porina, Trichothelium, and e <2
supracuticular taxa of Strigulaceae

A Cephaleuros: lichen Strigula

ATrentepohlia(Printzina): Arthoniomycetes,
Coniocybomycetes, Dothidiomycetes,
Eurotiomycetes (Pyrenulales) andostropalean
Lecanoromycetessuch as the speciesrich
Graphidaceae

(summarized by Sanders Masumoto (2021))

Coenogoniumsp. (photo: Jason Hollinger)



UlvophyceaeDilabifilum

Aphotobiont of aquatic lichens
Arecently separated to numerous genera

AHalofilum: photobiont of Hydropunctaria maura and
Wahlenbergiellastriatula (Verrucariaceae), as well as freeliving
(Darienko& Al Bt F20Y/7) |

ALithotrichon: photobiont of the freshwater lichenHydropunctaria
rheitrophila (Darienko & A | Bt #20Y7)i |

APaulbroadyaphotobiont of the marine intertidal lichen
Wahlenbergiellamucosa (Darienko& A | Bt HBOY7 |

APseudendoclonium: photobiont and free-living on intertidal rocks



ChlorophyceaeBracteacoccus

Asmall, spherical unicells

Athe only genus of the class Chlorophyceae into which lichen
photobionts have been placed with supporting DNA sequences

Abasidiomycete Sulzbacheromyces(Lepidostromatales;
Hodkinson et al, 2014; Masumotg 2020)

TR W > 9 & i
o ».‘;_ A o oo > >
L — >/ R -_.."® © T m—"
v g G P el W . = W e
. % : o

hSuIzbacheromycnensis(photo: D.Liu)



StramenopilgHeterokonta¢

AHeterococcus:
A xanthophyte algae, lack fucoxanthinh confuse with green algae

Aphotobiont of three species ofVerrucariaceae(Hydropunctaria N
rheitrophila, Verrucariafunckii and V. hydrela), not closely related N 6 et

al., 2011)

APetroderma:

Asmall crustose brown alga (Phaeophyceae) found on rocks in the lower
Intertidal zone of western North America and Europe

Aphotobiont of Wahlenbergiella(Verrucaria)tavaresiae
(summarized by Sanders& Masumoto (2021))



Algal switching changes lichen niches

Aphotobiont lineages differ greatly in their metabolic capabilities
A ability to fix nitrogen
A efficiency of fixing CQ under different conditions
A physiological limits

Acyanobionts

As?lt%t(i)%%?l change in form and functiont originally green photobionts (Nelsen et
al.,

A benefit from fixed nitrogen in nutrientlimited environments
A limited by the cyanobacterial need for liquid water to photosynthesize

ACO,-concentrating mechanism (CCM; Palmqvist, 1993)
A algae with pyrenoids (e.gTrebouxid

A convergent loss of a CCM associated with lowight conditions T aquatic algae,
Trentepohlia



Lower specificityr wider niches
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(a) Bayesian linear regression of algal niche space (hypervolume) as a predictor of the number of accepted spede®l
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Altitude (m)

Symbiont turnover zones and algal plurality
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Samples

The relationship between altitude (m above sea level) and
occurrence of Coccomyxaphotobiont strains L2a and L2b in
Lichenomphalia meridionalis, together with the presence of
detectable cyanobacteria associated with the thalli (filled
circles). Incolour online (Gasullaet al., 2020).



Algal plurality

100% -

[]
AAlgal plurality: presence
of multiple photobiont ...
genotypes in a single
thallus
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Various lichen species differ significantly in the
occurrence of algal plurality Smith et al., 2020)
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Relative abundance (%)

Center

0 20 100 0
A

Intermediate

Position in the thallus

Trebouxiophyceanand ulvophyceanalgae in the
thallus of Cladonia squamosain Antarctica shows
vertical (from top of the thallus to the ground) and Centar Intermediate
horizontal (from the center of the "colony" to the
margin) stratification (Noh et al, 2020).

Margin

m EukCL3 EukCL14  EukCL9 wEukCL35 wEukCL/0 wEukCL32
®m EukCL50 wmEukCL56 mEukCL24 mEukCL46 mothers



Once upon a time

Aancestral state T
trebouxiophycean photobiont

Aearly photobiont loss

Alichens with Trentepohliales
originate from nonlichenized
ancestors

Acephalodia show evolutionary
iInstability

(Nelsen et al., 2020)

Transition Rate Frequencies

A ML (ML Tree)

Growth Form
O Micro
] Macro

Transition rate frequencies estimated for the ML tree
(Nelsen et al, 2020)



Lecideales

Time-scaled ML phylogeny of 3,373
Lecanoromycetesfungi.
Concentric rings surrounding the
phylogeny indicate binary
character state for growth form
(inner), primary photobiont
(middle), and presence of
cephalodia (outer) for individual
species. Branches are shaded
according to BAMMderived
| speciation rate estimates, and pie
o Sg%‘giaticzf:&Rate | charts on nodes indicate the

: | probability of each state as
estimated for a single multistate
character. Pie charts are only
shown for nodes in which the most
Tip States likely state differs from that of the

Growth Form (inner)

Mo parent node. Geological periods

® Macro

e (concentric rings) underlie the

Umbilicariomycetidae

l Acarosporomycetidae

Teloschistales

Node States ~\ :
&, None

Growth Form—Primary Photoblont—Cephaiodia e | Tromtspotiisles phylogeny, and dashed lines are

Micro None None 97 eeeu“uopelo 5001 @ Trebouxiophyceae I d 5 O M . | N I
@ Micro Trentepohliales None - ou @ Cyanobacteria - (
@ Micro Trebouxiophyceae None see] None & Trebouxiophyceae p Otte at y Inte rva S e Sen
@ Macro Trebouxiophyceae None Trebouxiophyceae & Cyanobacteria

Micro Cyanobacteria None » Hosee : et al "y 2020)
@ Macro Cyanobacteria None Cephalodia (outer)
@ Micro Trebouxiophyceae Present None
@ Macro Trebouxiophyceae Present

@ Present



Contact of symbionts

AhGYslWneUN¢tWzRI
| Jt Rt q¢ UHIJKk Wu ¢ !
(Kranneré& Lutzoni, 1999)

Amycobiont secretes a hydrophobic sealant
enveloping cell surfaces of both symbionts at their £55
contact zones - funnelling carbohydrate released
by the alga to the fungus (Honegger, 1991, el e
Trembley et al, 2002) Rosmarie Honegger

2 @
L H




Contact of symbionts

Athe majority of mycobionts do not even
penetrate the cell wall of their photobiont
(Honegger 1986, 1991, 2009)

Aintragelatinous fungal protrusions within
the gelatinous sheaths of cyanobacterial
colonies - the most common in
cyanolichens (Honegger, 1991)

TEM micrograph of the mycobiagghotobiont interface. Colonies dostocsp. CY in the
photobiont layer ofPeltigera caninare invaded by the fungal partneM{) (Honegger, 2012).



Contact of symbionts

Atrebouxioid andtrentepohlioid taxa - cellulosic
walls (cellulose fibrils + amorphous matrix of
glucans and proteins (Brunne& Honegger, 1985))

Agrowing hyphal tip in contact with the algal wall >
surface secretes hydrolasesr partial degradation of ESSEEF=q

algal cell wall o)

Afinger-shaped, transparietal bl /JbR U q | ¢ #I1J T \,
haustoria penetrating cellulosic wall ofTrebouxiaor §

Trentepohliaspp. formed by numerous crustose e 285
summarized by Honegger (2012)) crustoseAmandinegpunctatawith

fingerlike,transparietalfungal
haustoria th; Honegger2012.



Contact of symbionts

Aintraparietal haustoria (in ascomycetous
lichens with trebouxioid photobionts):
grow into, but do not penetrate the algal
cell wall (Honegger, 1991)

1) appressoria and very short fungal
Infection pegs not penetrating the algal
cell wall (crustose andplacodioid taxa)

SEM micrograph of crosssection placodioid Ophioparmaventosawith intraparietal haustoria of type 1 (Honegger, 2012)



Contact of symbionts

2) short fungal infection pegs becoming ensheathed by modified cell wall of
trebouxioid photobiont

A Trebouxiaor Asterochloris spp.
A placodioid taxa (e.g.Protoparmeliopsis muralis), squamulose and fruticoseCladonia spp.

Ve e ‘LA B i ¢
(d, ) SEM micrographs of crossections, (f) TEM micrograph of ultrathin section. (d, e) fruticos€ladonia arbuscula and
(f) squamulose Cladonia caespiticia, both with intraparietal haustoria of type 2; short fungal infection peg is ensheathed L

the modified algal cell wall (Honegger, 2012).



Contact of symbionts

3) very short infection pegs, arising from i
the centre of an appressorium with
very thin fungal cell wall at the contact
site growing into the outer layer of the ;
algal wall

their final size still ensheathed by the
disintegrating mother cell wall

A haustorial apparatus of the contacting

hypha growsco-ordinately with the _ _
maturing algal cell (h) SEM micrographs of crossections, ()TEM

micro graphs of ultrathin sections. Foliose
Xanthoriaparietina with intraparietal haustoria
of type 3 (Honegger, 2012).

A Parmeliaceaeand Teloschistaceae



Contact of symbionts

ASimplewall-to-wall apposition

Ainteraction with Coccomyxa and Elliptochloris
(Trebouxiophyceae thin, trilaminar outer cell
wall layer composed ofalgaenans I.e.
enzymatically non-degradable, sporopollenin
like compounds; Honegger& Brunner, 1981,
Brunner & Honegger, 1985)

AMyrmeciaand Symbiochloris
(Trebouxiophyceae trilaminar outermost wall
layer not containingalgaenans Brunner&
Honegger, 1985).

TEM micrograph of the mycobionphotobiont interface in lichen with Coccomyxasp. as

photobiont. Wall-to-wall apposition in the crustoselcmadophila ericetorum (ultrathin section).
Numerous algal mother cell walls (ncw) accumulate in the thallus (Honegger, 2012).




Spreading to new habitats

Acodispersal within symbiotic vegetative
propagules

Athallus fragmentation

Aendozoochorically: lichenivorous oribatid
mites (Acari, Arachnida; Meier et a.
2002), land snails[ | B HebJdl., 2001,
Boch et al, 2011)

Mycobates nymph (in dorsal view) walking
on lichen thallus (Pfingstlet al., 2025).



Spreading to new habitats

Aepizoochory (summarized by Honegger (2023

Agrowing on animals (limpets, insects
Gymnopholus and Choeradodis, some giant .
tortoises) .

Abuilding nests (birds and flying squirrels)
Acamouflage of insects and snails
Apassive transport (mites, termites, woodpeckers)

Along-distance anthropogenic dispersal of
epiphytic lichens on plants (Bailey1976)

45 % '\
Hummingbird nesting with lichen
(photo: B. Lally)



Spreading to new habitats

Aair currents (photobionts independently
YI WRUY RT IW2UINUJaqc¢ aqR:

2023)
Awith lichen spores
Awith other fungal propagules

Liberation and potential co-dispersal of photobionts from the sporeproducing structures. Diplosphaera photobiont
(arrows) within perithecium ofEndocarponpusillum; note much smaller size compared to photobiont cells within thalline

tissue (t); s =ascosporgSanders & Masumoto2021).



Free living photobionts

Afree-living populations of Trebouxiaand Asterochloris historically
thought unlikely or impossible

Alichenologists reported on freeliving Trebouxiaspp. (Tschermak
Woess, 1978; Bubrick et al., 1984; Mukhtar et al., 1994¢ 131 [JUg {
et al., 2007)

Afree Trebouxiacells on microscopy slides exposed in tropical
rainforests or Mediterranean oak stands (Sanders, 2001, 2005;
Sanders&x THAt RUNRDALW=MM=b



Free living photobionts

Agenetic evidence of changing symbiotic partners (Nelsen &
Gargas, 2007)

Aleaving thallus in vegetative propagules (bounded by fungi)

Afreeliving stage is a major part of the lifecycle oTrentepohlia
(Honegger, 2006)

Alichen fungi require the presence of photobiont to complete
sexual cycle (Honegger, 1993)



Photobiont diversity Is independent of pool of
soll algae

SWE2 Gl W ReNI ¢4t wi
ITS2 rDNA haplotypes recovered from
selected Stereocaulonthalli (n=8) using
lllumina metabarcoding, from all
Stereocaulonsamples (n=147) using
Sanger sequencing and from soill
samples (n=12) using lllumina
metabarcoding.b1é ¢ UT 21 Y 2 C LW

Relative abundances of algal clades within soil (first line) anS8tereocaulon (second line) samplessi € ¢ UT 21 Y2 C LW



