
Photobionts



Cover image: Three filamentous lichen photobiont genera in aposymbiotic and symbiotic states. AтC, Trentepohlia. A, 
branching filament free-living on bark. B, lichenized by Coenogonium hyphae (arrows) growing over morphologically 
unchanged algal filament and its new branches (horizontal arrow). C, lichenized by Arthonia rubrocincta; the alga is largely 
broken up into individual cells or short segments. DтF, Rhizonema. D, cultured isolate from Dictyonema; note false 
branching (arrowhead). E, trichome ensheathed by cells of mycobiont Dictyonema. F, contorted or broken filaments 
(arrow) within thallus of Coccocarpia palmicola . GтJ. Nostoc. G, free-living thallus-like macrocolony on soil. H, cultured 
strain. I, more or less intact filaments (arrows) within thallus of Collema furfuraceum. J, contorted or broken up into cell 
groups (arrows) within cyanomorph of Sticta canariensis. Scales: AтF, HтsӀΝΜ͓ůбШ]ШӀΝĦůШыÉċŰĬĲƖƚШ& Masumoto, 2021).



Lichens contain algae... or are they algae?

Pseudevernia furfuracea 
(Lichen furfuraceus, tree moss)
Photo: J. ~ċũŖĨĲť (dalib.cz)



Microscopic observations 
revealed green cells

јÂĲƖőċƓƚШőĲƖĲЯШƣŸŸЯШċШƚŔůŔũċƖШƓƖŸĦĲƚƚШƓƖĲƻċŔũƚЯШĤǃШƽőŔĦőШŊŸũĬĲŰ-yellow 
germ cells can become individually greener.
We must thereby be careful, however, to separate, in professional 
consideration, the nuances of color from the golden-yellow, the green 
(chlorogonidium ) from now on, and to count these in the majority and 
counting as stratum chlorogoninicum appositions. The spread of the 
greenish germ cells is so extensive that we would rather attribute them 
to the character of all highly organized, heteromerous ũŔĦőĲŰШƣőċũũŔЮЮЮљ
(Wallroth, 1825)



ÂőŸƣŸĤŔŸŰƣƚШыјũŔĦőĲŰШŊŸŰŔĬŔċљьШċƖĲШ
independent organisms (algae)

ăThe lichen gonidia are thereby 

independent organisms 

themselves, unicellular and 

filamentous algae, which, 

however, grow in the lichen 

thallus as serviceable nutrient 

plants for a parasitic fungus . 

The task I set for myself in the 

present work was to 

substantiate this view with 

decisive anatomical and 

developmental-historical facts.ò

(Schwendener, 1869)



Traditional POV: Fungal dominance

јÑőĲШƖƨũĲƖШŔƚШċШŉƨŰŊƨƚШŸŉШƣőĲШĦũċƚƚШ
Ascomycetes, a parasite 
accustomed to living off the work of 
others; its slaves are green algae, 
which it has either sought out or 
ĦċƓƣƨƖĲĬШċŰĬШŉŸƖĦĲĬШŔŰƣŸШƚĲƖƻŔĦĲЮљ
(Schwendener, 1869)



Terminology

ÅAlgae
ÅCyanobacteria
ÅGreen algae
ÅPhotobiont
ÅCyanobiont
ÅPhycobiont

algae

green algae

cyanobacteria

photobiont

cyano-
biontphyco-

biont



How are used algal assimilates?

Åcyanobacteria export 
glucose
Åeukaryotic 

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

Models of fungal carbon assimilation in lichen symbioses with 
cyanobacteria and pentitol-ĲǂƓŸƖƣŔŰŊШċũŊċĲЮШыċьћ ƨƣƖŔƣŔŸŰċũШůŸĬĲũќШ
ыĤьћ ŰőǃĬƖŸĤŔŸƣŔĦШůŸĬĲũќШыĦьћcǃĤƖŔĬШůŸĬĲũќШыSpribille et al., 2022).



Photobiont gains protection and stability

Åthallus structure:
Åphotoprotection (Gauslaa et al., 2017)
Åwater management (hydrophobic/-philic hyphae)
Åprolong periods of hydration Ą aktivity (Gauslaa, 2014; Fernandez-
~ċƖŕŰ et al., 2019)
Åslowing rate of drying Ą desiccation tolerance (Gasulla et al., 2009
Åreduce depression of photosynthesis by water saturation (Lakatos 

et al., 2006; Honegger & Peter, 1994)

Åsecondary metabolites: 
Åprotection from herbivory (Stahl, 1904; Gauslaa, 2005; 

Asplund & Wardle, 2016)
Åabsorbtion of light in the ultraviolet (UV) or visible range 

(Solhaug et al., 2003)

TLC plate т secondary metabolites (Moncada et al., 2020)



Sometimes more?

Åfungal partner might apportion carbohydrate, nitrogen, or other 
substances back to the algal symbiont to regulate its growth 
(Ahmadjian, 1995) 
Åheterotrophic tendencies shown by many lichen algae (Trebouxia, 

Asterochloris, Elliptochloris, Coccomyxa, Apatococcus) when 
cultured in the laboratory (Ahmadjian, 1993; Gustavs et al., 2016; 
2017)
Ålichen symbioses diverse Ą parameters of the relationship vary 

among taxa, along environmental gradients, and perhaps also 
ĬƨƖŔŰŊШċШƚŔŰŊũĲШũŔĦőĲŰќƚШĬĲƻĲũŸƓůĲŰƣШыÉċŰĬĲƖƚШѼШ~ċƚƨůŸƣŸЯШΞΜΞΝь



Uneven degree of diversity/knowledge of 
different symbiotic partners
ÅŸƻĲƖШΝΦШΜΜΜШјũŔĦőĲŰШƚƓĲĦŔĲƚљШыůǃĦŸĤŔŸŰƣШƚƓĲĦŔĲƚбШxƬĦťŔŰŊШĲƣШċũЮЯШ

2017) 
Åonly about 100 species of photobionts (Sanders & Masumoto, 

2021)
Ålichens still usually considered symbioses of two symbionts 

(derived from classical light microscopy methods)
Ådegree of knowledge (using molecular methods) highest for the 

mycobiont among all partners (Spribille et al., 2022)



Diversity of interactions between symbiotic 
partners

Diversity of lichen symbioses based on match-ups of fungal lineages at the taxonomic level of order (top tree) and major 
lineages of algae and cyanobacteria (left tree; Spribille et al., 2022)



Diversity of interactions between symbiotic 
partners
Åfull range of phylogenetic disparity among lichen-forming algae 

much wider than that found among the lichen-forming fungi
Åcommon features might permit those disparate algal lineages to 

form comparable symbioses with lichen-forming fungi remain 
enigmatic
ÅApproximately 85% of lichen-forming 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
Åmost 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))

Common basidiolichen Lichenomphalia ericetorum with Coccomyxa photobiont (photo: J. ~ċũŖĨĲť)



Specificity and selectivity

ÅThe term specificity delimits the taxonomic range of acceptable 
partners, whereas selectivity refers to the preference for a certain 
group of partners (Rambold et al. 1998; Yahr et al. 2004, 2006)
ÅMycobionts (generally) associate with a single photobiont genus
ÅThe highest diversity of lifestyles and photobiont taxa is found 

among the lichenized Eurotiomycetes, especially among the 
Verrucariales (Chaetothyriomycetidae), which comprise marine, 
maritime, freshwater as well as epilithic, epiphytic and foliicolous  
terrestrial species in a broad geographic range



Photomorphs: different morphology

әШfÑÉШ7ċǃĲƚŔċŰШċŰċũǃƚŔƚШŸŉШƚĲũĲĦƣĲĬШƚƓĲĦŔĲƚШŔŰШƣőĲШŊĲŰĲƖċШLobaria and Sticta 
including all available accessions of Dendriscocaulon-like cyanomorphs. Bold 
blue - with Nostoc; not bold but in green - with a green alga (Magain et al. 2012).

әШ-B) Assemblage of both morphs of Sticta dichotoma, C) most common 
chloromorph of Lobaria discolor, D) Free-living Dendriscocaulon-like 
cyanomorph of Lobaria discolor (Magain et al. 2012).



Study photobiont systematics

Ålichen algae may look and behave quite differently in symbiosis 
with different lichen-forming fungi, in the free-living condition in 
nature and in aposymbiotic laboratory culture (Ahmadjian, 1967; 
Bubrick, 1988)
Åmostly using DNA methods
Åmany taxa unresolved
Åeven intensively studied genera (e.g. Trebouxia) largely unresolved 

on a species level
Åcyanobacteria - horizontal gene transfer events may obscure the 

vertical components of phylogenies (Zhaxybayeva et al., 2006)



Photobionts and mycobionts usually studied 
(described) separately 
Åphotobionts in studies 

focused on lichen taxonomy 
usually mentioned only 
briefly

(Lendemer, 2020)



Photobionts and their fungal partners

ÅTschermak-Woess (1988) listed 44 of lichen 
photobionts: 15 cyanobacterial, 27 chlorophycean, 
one xanthophycean and one phaeophycean 
ÅƖĲƻŔĲƽШŸŉШťŰŸƽũĲĬŊĲШĤĲŉŸƖĲШј?  ШĲƖċљ
Åcurrently, the total number of genera is similar, but 

many of them have undergone taxonomic revision, 
new species (and genera) have been described, 
and a number of formally undescribed lineages 
have been discovered (Honegger, 2023)
ÅIn 2021, Sanders and Masumoto summarized the 

current state of the art

Elisabeth Tschermak-Woess (1917т2001)



Cyanobionts

Åwide range of cyanobacterial species (12 genera) was identified as 
lichen photobionts, including representatives of Chroococcales, 
Nostocales, Pleurocapsales and Stigonematales (Tschermak-
Woess, 1988; Friedl and 7ƬĬĲũ, 2008; Sanders & Masumoto, 2021)
Åsome taxa are known to associate with only one or few lichen-

forming fungi
Åcyanobacterial lichens significantly increase the nitrogen 

contents of their ecosystems (Rogers et al., 1966; Evans & Lange, 
2001; Antoine, 2004; Knowles et al., 2006)



Cephalodia

Ådense, hypoxic structures containing colonies 
of cyanobacteria
ÅExternal or internal, mostly surrounded by 

fungal cortex
Åprovides nitrogen primarily - heterocysts at 

elevated frequencies compared to free-living 
cyanobacteria or cyanolichens (Kershaw, 1985)
Åcephalodia may not form in environments with 

higher nitrogen concentrations (Crittenden et 
al., 2022)

Cephalodia of Stereocaulon 
vesuvianum, scale bar = 1 mm 
(photo: B. McCune).



Tripartite lichens

Åassociate simultaneously with a green 
alga as primary photobiont and a 
cyanobacterium as donor of fixed nitrogen
Ågreen algal cell population is maintained 

in the thalline algal layer
Åthallus size increase and a fungal 

diversification event in Placopsis lichens 
(Schneider et al., 2016) as well as other 
lichen symbioses (Nelsen et al., 2020)

Placopsis sp. with cephalodia 
(photo: Katrina Syme)



Cyanobacteria: Nostoc

Åfree-living worldwide in fresh water and upon 
soil, bark and low-growing plants, with some 
strains highly desiccation-tolerant (Dodds et 
al., 1995)
Åpolyphyletic: several distinct clades of the 

Nostocales (Rajaniemi et al., 2005; 
Gagunashvili ѼШ ŰĬƖĳƚƚŸŰЯШΞΜΝΥь
Ådarkly pigmented, mucilaginous 

macrocolonies, uniseriate trichomes within 
gelatinous matrix

Macroscopic colony of Nostoc commune (photo: F. Rindi)



Cyanobacteria: Nostoc

Åin lichenized with discrete algal layer usually broken into cell 
clusters
Åin gelatinous lichens form is not fundamentally altered in 

lichenization

I, more or less intact 
filaments (arrows) within 
thallus of Collema 
furfuraceum. J, contorted or 
broken up into cell groups 
(arrows) within cyanomorph 
of Sticta canariensis. 
ÉĦċũĲӀΝΜ͓ůШыÉċŰĬĲƖƚШѼШ
Masumoto, 2021).



Cyanobacteria: Nostoc

ÅNostoc ĦũċĬĲШffШċĦĦŸƖĬŔŰŊШƣŸШ§ќ7ƖŔĲŰШĲƣШ
al. (2005) т the most common 
cyanobacterial lichen photobionts over 
a wide geographic range, but also 
symbiont of various plants
ÅPeltigerales: principal photobiont, or in 

cephalodia (N-fixation)
Åe.g. genera Collema, Degelia, 

Leptogium, Nephroma, Peltigera, 
Pseudocyphellaria

Callome multipartita  (photo: A. Stridvall)



Cyanobionts: Rhizonema

ÅRhizonema until recently considered to live 
exclusively in lichens
Åfree-living or liverwort-associated populations have 

also been reported (Cornejo et al., 2016; Rancel-
ÅŸĬƖŖŊƨĲǍШĲƣШċũЮЯШΞΜΞΠь
ÅPeltigerales: Coccocarpia, Erioderma
Åbasidiomycetes Acantholichen, Dictyonema, Cora, 

Corella and Cyphellostereum (all Hygrophoraceae)
Åcephalodia of Stereocaulon

Various species of Cora (xƬĦťŔŰŊШĲƣШċũЮЯШΞΜΝΠ)



Overview phylogeny of green 
algal photobiont genera 
ыéĲƚĲũČШĲƣШċũЮЯШΞΜΞΠьЮ



Trebouxiophyceae

Åof the approximately 40 genera within 
Trebouxiophyceae, 22 are known to form 
lichen associations (Muggia et al., 2018)
Åsymbionts of freshwater ciliates, amoebae, 

sponges and cnidarians (Chlorella spp.)
ÅApatococcus: 
Åomnipresent subaerial unicellular alga
Åphotobiont of Scoliciosporum (Beck, 2002) and 

Fuscidea ыüċőƖċĬŰŖťŸƻČШĲƣШċũЮЯШΞΜΝΤь

Fuscidea pusilla (photo: F. Bouda)



Trebouxiophyceae: Asterochloris

Ådiverse morphology of chloroplast т 
species-specific
Ånumerous species of Cladonia, 

Lepraria and Stereocaulon 
(summarized by Sanders and 
Masumoto (2021))
ÅBagliettoa (ÑőƬƚ et al., 2011), 

Diploschistes (ËťċũŸƨĬ & Peksa, 
2010), Squamarina (Beck et al., 2002)

Schematic drawings of particular chloroplast and lobe termination types in Asterochloris. (aтg) Chloroplast types (left: 
surface view; right: view in optical section): (a) deeply lobed, (b) shallowly lobed, (c) crenulate, (d) parietal, (e) flat lobed, (f) 
echinate, (g) glob ular. (hтk) Lobe termination types: (h) elongated, (i) simple, (j) flat, (k) finger-like (ËťċũŸƨĬ et al., 2015). 



Trebouxiophyceae: Chloroidium

Åelliptical cells
Ådiverse taxa found in a wide variety 

of habitats (Darienko et al., 2018), 
including extremophiles (Nelson et 
al., 2017)
ÅGomphillaceae, Verrucariaceae, 

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

Stereocaulon vesuvianum



Trebouxiophyceae: Coccomyxa

Åwidely distributed, notably well represented in cold 
high latitude climates (Metz et al., 2019)
Åfree living on terrestrial substrata and in aquatic 

environments, incl. highly polluted by heavy metals 
and radioactive materials (Gustavs et al., 2017)
Ådiverse lichen-forming fungi: Icmadophila, Micarea, 

Nephroma, Peltigera, Solorina, Dibaeis and 
Phyllobaeis, and the basidiomycete Lichenomphalia
Åsymbioses within molluscs (Stevenson & South, 

1974; Syasina et al., 2012)
Dibaeis baeomyces 
(photo: J. Haine)



Trebouxiophyceae: Diplosphaera

Åcontain the most of unicellular photobiont strains attributed until 
recently to the related Stichococcus
Åthis two morphologically plastic genera are often not 

distinguishable microscopically
Åmain fungal partners тVerrucariaceae (ÑőƬƚ et al., 2011)
Åin Endocarpon and Staurothele, Diplosphaera photobionts 
ћĲƚĦċƓĲќШƻĲŊĲƣċƣŔƻĲШőǃƓőċũШĦŸŰƣċĦƣƚШċŰĬШƓĲŰĲƣƖċƣĲШŔŰƣŸШƣőĲШ
hymenial layer of developing perithecia (much smaller than those 
within the algal layer of the vegetative thallus; Sanders & 
Masumoto, 2021)



Trebouxiophyceae: Elliptochloris

Åsister to Coccomyxa 
Ådiverse array of habitats
Åstrongly heterotrophic in culture Ą less frequent 

recovery in isolation procedures (Gustavs et al., 2017)
Åmycobionts of diverse genera including Catillaria, 

Catolechia, Fuscidea, Micarea, Sticta, Stictis, 
Verrucaria, and the basidiolichens Bryoclavula and 
Multiclavula 
Åas endosymbionts of the marine anemone 

Anthopleura (Letsch et al., 2009). Anthopleura (photo: R. Droker)



Trebouxiophyceae: Myrmecia

Åfree-living as well as in lichen symbiosis
ÅPsora decipiens (Moya et al., 2018): 

photobionts previously reported as Trebouxia 
and Asterochloris due to primer bias
ÅCladonia subturgida (Pino-Bodas et al., 2023): 

not recognized for a long time (probably due to 
primer bias too)
Åmany species in the Verrucariaceae (ÑőƬƚ et 

al., 2011)

Myrmecia israeliensis cells in isolated state by LM (Moya et al. 2018)



Trebouxiophyceae: Prasiola

Åthe only known laminal, multicellular green algal 
photobiont
Ålichen Mastodia tessellata (Verrucariaceae)
Ådiscussion, on structural grounds, as to whether 

this fungal-algal partnership ought to be 
considered a true lichen (Lud et al., 
2001;Kohlmeyeret al., ΞΜΜΠбШÂĳƖĲǍ-Ortega et al., 
2010)
Åno fungal cortex, nor does symbiosis substantially 

change algal thallus morphology
Mastodia tesselata ыĬċƖťШĦŸũŸƖбШƓőŸƣŸаШ7ЮШ[ĲƖŰČŰĬĲǍ-~ċƖŖŰь



Trebouxiophyceae: Symbiochloris

ÅLobariaceae family (genera 
Crocodia, Dendriscosticta, Lobaria, 
Lobariella, Pseudocyphellaria, 
Ricasolia, and Sticta s.l.)
ÅChaenothecopsis, Brigantiaea, 

Megalospora, Phlyctis, Chaenotheca 
(Dal Grande et al., 2014; Singh et al., 
ΞΜΝΦбШ]ċƖĦŖċ-Breijo et al., 2023) 
Byssoloma (Sanders et al., 2024), 
Leprocaulon (Honegger, 2004, Gheza 
et al., 2025)

Chaenotheca brunneola (photo: Z. ÉĲŢŉŸƻČ)



Trebouxiophyceae: Trebouxia

Ålarge 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))
Ådominate in climatically extreme terrestrial 

ecosystems
Åabout 30 species of Trebouxia within four 

major clades, numerous undescribed lineages
Cuture of Trebouxia sp., scale bar = 2 mm (Muggia et al., 2018)



Trebouxiophyceae: Trebouxia

Åalmost 50 % of all lichens (among the known 
interactions; Sanders & Masumoto, 2021)
Åmost Lecanorales and Teloschistales, as 

well as many other taxa of the other species-
rich lecanoromycetid orders: e.g. 
Protoparmelia, Rhizoplaca, Tephromela, 
Xanthoparmelia, Xanthoria, and 
Xanthomendoza (Leavitt et al., 2016, 2013; 
Muggia et al., 2013; Muggia et al., 2018; 
Nyati et al., 2013; Miadlikowska et al. 2014)

Rhizocarpon geographicum (photo: L. Stridvall)



Ulvophyceae: Trentepohlia, Phycopeltis and 
Cephaleuros
Åphotobionts of large numbers of temperate 

and tropical lichens
Åcommonly found in the free-living 

(aposymbiotic) state (Tschermak-Woess, 
1988; Rindi and Guiry, 2002; Neustupa, 2003)
Åfrequently associated with foliicolous  lichens
Åfree-living e.g. on bark of leaves
ÅPhycopeltis from Trentepohlia poorly resolved 

using DNA sequence data, despite clearly 
different morphology (Zhu et al., 2015, 2017)

Free-living Phycopeltis arundinacea 
(photo: Malcolm Storey)



Ulvophyceae: Trentepohlia, Phycopeltis and 
Cephaleuros
ÅPhycopeltis: photobiont of Chroodiscus, Mazosia, 

Opegrapha, Porina, Trichothelium, and 
supracuticular taxa of Strigulaceae
Å Cephaleuros: lichen Strigula
ÅTrentepohlia (Printzina): Arthoniomycetes, 

Coniocybomycetes, Dothidiomycetes, 
Eurotiomycetes (Pyrenulales) and ostropalean 
Lecanoromycetes such as the species-rich 
Graphidaceae

(summarized by Sanders & Masumoto (2021))

Coenogonium sp. (photo: Jason Hollinger)



Ulvophyceae: Dilabifilum

Åphotobiont of aquatic lichens
Årecently separated to numerous genera
ÅHalofilum: photobiont of Hydropunctaria maura and 

Wahlenbergiella striatula (Verrucariaceae), as well as free-living 
(Darienko & ÂƖƁƚĦőŸũĬ, 2017)
ÅLithotrichon: photobiont of the freshwater lichen Hydropunctaria 

rheitrophila (Darienko & ÂƖƁƚĦőŸũĬ, 2017) 
ÅPaulbroadya photobiont of the marine intertidal lichen 

Wahlenbergiella mucosa (Darienko & ÂƖƁƚĦőŸũĬ, 2017)
ÅPseudendoclonium: photobiont and free-living on intertidal rocks



Chlorophyceae: Bracteacoccus

Åsmall, spherical unicells 
Åthe only genus of the class Chlorophyceae into which lichen 

photobionts have been placed with supporting DNA sequences 
Åbasidiomycete Sulzbacheromyces (Lepidostromatales; 

Hodkinson et al., 2014; Masumoto, 2020)

Sulzbacheromycessinensis(photo: D.Liu)



Stramenopila (Heterokontae)

ÅHeterococcus:
Å xanthophyte algae, lack fucoxanthin Ą confuse with green algae
Åphotobiont of three species of Verrucariaceae (Hydropunctaria 

rheitrophila, Verrucaria funckii and V. hydrela), not closely related (ÑőƬƚ et 
al.,  2011)

ÅPetroderma:
Åsmall crustose brown alga (Phaeophyceae) found on rocks in the lower 

intertidal zone of western North America and Europe
Åphotobiont of Wahlenbergiella (Verrucaria) tavaresiae

(summarized by Sanders & Masumoto (2021))



Algal switching changes lichen niches

Åphotobiont lineages differ greatly in their metabolic capabilities
Åability to fix nitrogen
Åefficiency of fixing CO2 under different conditions
Åphysiological limits

Åcyanobionts
Åsaltational change in form and function т originally green photobionts (Nelsen et 

al., 2020)
Åbenefit from fixed nitrogen in nutrient-limited environments
Ålimited by the cyanobacterial need for liquid water to photosynthesize

ÅCO2-concentrating mechanism (CCM; Palmqvist, 1993)
Åalgae with pyrenoids (e.g. Trebouxia)
Åconvergent loss of a CCM associated with low-light conditions т aquatic algae, 

Trentepohlia



Lower specificity т wider niches

(a) Bayesian linear regression of algal niche space (hypervolume) as a predictor of the number of accepted speciesȤlevel 
fungal lineages. (b) Bayesian linear regression of fungal niche space (hypervolume) as a predictor of the number of 
accepted speciesȤũĲƻĲũШċũŊċũШũŔŰĲċŊĲƚЮШ?ċƚőĲĬШũŔŰĲƚШƚőŸƽШƣőĲШΦΡӖШ9ÅfШċƖŸƨŰĬШƣőĲШƖĲŊƖĲƚƚŔŸŰШũŔŰĲШыéċŰĨƨƖŸƻČШĲƣШċũЮЯШΞΜΝΥьЮ



Symbiont turnover zones and algal plurality

The relationship between altitude (m above sea level) and 
occurrence of Coccomyxa photobiont strains L2a and L2b in 
Lichenomphalia meridionalis, together with the presence of 
detectable cyanobacteria associated with the thalli (filled 
circles). In colour online (Gasulla et al., 2020).



Algal plurality

ÅAlgal 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)



вĤƨƣШċũƚŸШƻċƖŔŸƨƚШƓċƖƣƚШŸŉШċШƚŔŰŊũĲШƣőċũũƨƚ
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Trebouxiophycean and ulvophycean algae in the 
thallus of Cladonia squamosa in Antarctica shows 
vertical (from top of the thallus to the ground) and 
horizontal (from the center of the "colony" to the 
margin) stratification (Noh et al., 2020).



Once upon a time

Åancestral state т 
trebouxiophycean photobiont
Åearly photobiont loss
Ålichens with Trentepohliales 

originate from non-lichenized 
ancestors
Åcephalodia show evolutionary 

instability
(Nelsen et al., 2020)

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



Time-scaled ML phylogeny of 3,373 
Lecanoromycetes fungi. 
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 BAMM-derived 
speciation rate estimates, and pie 
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-
likely state differs from that of the 
parent node. Geological periods 
(concentric rings) underlie the 
phylogeny, and dashed lines are 
plotted at 50-My intervals (Nelsen 
et al., 2020).



Contact of symbionts

ÅћũŸƽШŉƨŰŊċũШƻŔƖƨũĲŰĦĲоőŔŊőШƓőŸƣŸĤŔŸŰƣШŔŰŉĲĦƣŔŸŰШ
ƖĲƚŔƚƣċŰĦĲќШůċǃШĤĲШċШƓƖĲƖĲƕƨŔƚŔƣĲШƣŸШƚǃůĤŔŸƚŔƚШ
(Kranner& Lutzoni, 1999)
Åmycobiont secretes a hydrophobic sealant 

enveloping cell surfaces of both symbionts at their 
contact zones - funnelling carbohydrate released 
by the alga to the fungus (Honegger, 1991; 
Trembley et al., 2002) Rosmarie Honegger



Contact of symbionts

Åthe majority of mycobionts do not even 
penetrate the cell wall of their photobiont 
(Honegger 1986, 1991, 2009)
Åintragelatinous fungal protrusions within 

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

TEM micrograph of the mycobiontςphotobiont interface. Colonies of Nostoc sp. (CY) in the 
photobiont layer of Peltigera canina are invaded by the fungal partner (MY) (Honegger, 2012).



Contact of symbionts

Åtrebouxioid and trentepohlioid taxa - cellulosic 
walls (cellulose fibrils + amorphous matrix of 
glucans and proteins (Brunner & Honegger, 1985))
Ågrowing hyphal tip in contact with the algal wall 

surface secretes hydrolases т partial degradation of 
algal cell wall
Åfinger-shaped, transparietal ыљŔŰƣƖċĦĲũũƨũċƖњьШ

haustoria penetrating  cellulosic wall of Trebouxia or 
Trentepohlia spp.  formed by numerous crustose 
taxa (e.g. Lecidella, Lecanora and Amandinea; 
summarized by Honegger (2012))

SEM micrograph of cross-section of 
crustose Amandinea punctata with 
fingerlike, transparietal fungal 
haustoria (th; Honegger, 2012).



Contact of symbionts

Åintraparietal 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 and placodioid taxa)

SEM micrograph of cross-section placodioid Ophioparma ventosa with intraparietal haustoria of type 1 (Honegger, 2012)



Contact of symbionts

2) short fungal infection pegs becoming ensheathed by modified cell wall of 
trebouxioid photobiont 
ÅTrebouxia or Asterochloris spp.
Åplacodioid taxa (e.g. Protoparmeliopsis muralis), squamulose and fruticose Cladonia spp.

(d, e) SEM micrographs of cross-sections, (f) TEM micrograph of ultrathin section. (d, e) fruticose Cladonia arbuscula and 
(f) squamulose Cladonia caespiticia, both with intraparietal haustoria of type 2; short fungal infection peg is ensheathed by 
the modified algal cell wall (Honegger, 2012).



Contact of symbionts

3) very short infection pegs, arising from 
the centre of an appressorium with 
very thin fungal cell wall at the contact 
site growing into the outer layer of the 
algal wall 
Åyoung age of the algal cells not yet reached 

their final size still ensheathed by the 
disintegrating mother cell wall
Åhaustorial apparatus of the contacting 

hypha grows co-ordinately with the 
maturing algal cell
ÅParmeliaceae and Teloschistaceae

(h) SEM micrographs of cross-sections, (i)TEM 
micro graphs of ultrathin sections. Foliose 
Xanthoria parietina with intraparietal haustoria 
of type 3 (Honegger, 2012).



Contact of symbionts

ÅSimplewall-to-wall apposition 
Åinteraction with Coccomyxa and Elliptochloris 

(Trebouxiophyceae; thin, trilaminar outer cell 
wall layer composed of algaenans, i.e. 
enzymatically non-degradable, sporopollenin-
like compounds; Honegger & Brunner, 1981; 
Brunner & Honegger, 1985)
ÅMyrmecia and Symbiochloris 

(Trebouxiophyceae; trilaminar outermost wall 
layer not containing algaenans; Brunner & 
Honegger, 1985).

TEM micrograph of the mycobiont-photobiont interface in lichen with Coccomyxa sp. as 
photobiont. Wall-to-wall apposition in the crustose Icmadophila ericetorum (ultrathin section). 
Numerous algal mother cell walls (mcw) accumulate in the thallus (Honegger, 2012).



Spreading to new habitats

Åcodispersal within symbiotic vegetative 
propagules
Åthallus fragmentation
Åendozoochorically: lichenivorous oribatid 

mites (Acari, Arachnida; Meier et al., 
2002), land snails ([ƖƁĤĲƖŊ et al., 2001; 
Boch et al., 2011)

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



Spreading to new habitats

Åepizoochory (summarized by Honegger (2023):
Ågrowing on animals (limpets, insects 

Gymnopholus and Choeradodis, some giant 
tortoises)
Åbuilding nests (birds and flying squirrels)
Åcamouflage of insects and snails
Åpassive transport (mites, termites, woodpeckers)

Ålong-distance anthropogenic dispersal of 
epiphytic lichens on plants (Bailey, 1976)

Hummingbird nesting with lichen 
(photo: B. Lally)



Spreading to new habitats

Åair currents (photobionts independently 
ŸƖШŔŰƚŔĬĲШƻĲŊĲƣċƣŔƻĲШƓƖŸƓċŊƨũĲƚбШéĲƚĲũČЯШ
2023)
Åwith lichen spores
Åwith other fungal propagules

Liberation and potential co-dispersal of photobionts from the spore-producing structures. Diplosphaera photobiont 
(arrows) within perithecium of Endocarpon pusillum ; note much smaller size compared to photobiont cells within thalline 
tissue (t); s =ascospore(Sanders & Masumoto, 2021).



Free living photobionts

Åfree-living populations of Trebouxia and Asterochloris historically 
thought unlikely or impossible
Ålichenologists reported on free-living Trebouxia spp. (Tschermak-

Woess, 1978; Bubrick et al., 1984; Mukhtar et al., 1994, cĲĬĲŰğƚ 
et al., 2007)
Åfree Trebouxia cells on microscopy slides exposed in tropical 

rainforests or Mediterranean oak stands (Sanders, 2001, 2005; 
Sanders & xƬĦťŔŰŊЯШΞΜΜΞь



Free living photobionts

Ågenetic evidence of changing symbiotic partners (Nelsen & 
Gargas, 2007)
Åleaving thallus in vegetative propagules (bounded by fungi)
Åfreeliving stage is a major part of the lifecycle of Trentepohlia 

(Honegger, 2006)
Ålichen fungi require the presence of photobiont to complete 

sexual cycle (Honegger, 1993)



Photobiont diversity is independent of pool of 
soil algae

Relative abundances of algal clades within soil (first line) and Stereocaulon (second line) samples ыéċŰĨƨƖŸƻČШĲƣШċũЮЯШΞΜΞΜь.

әШEƨũĲƖШĬŔċŊƖċůƚШĬĲƓŔĦƣŔŰŊШƚĲƣƚШŸŉШċũŊċũШ
ITS2 rDNA haplotypes recovered from 
selected Stereocaulon thalli (n=8) using 
Illumina metabarcoding, from all 
Stereocaulon samples (n=147) using 
Sanger sequencing and from soil 
samples (n=12) using Illumina 
metabarcoding. ыéċŰĨƨƖŸƻČШĲƣШċũЮЯШΞΜΞΜь.


