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Fossil lichens from the Lower Devonian and their bacterial 
and fungal epi- and endobionts

Rosmarie HONEGGER

Abstract: A short overview on fossil lichens and  lichen-like organisms from Cenozoic 
amber to the Proterozoic Doushantuo fossils is presented. The focus is on structural pe-
culiarites of Cyanolichenomycites devonicus and Chlorolichenomycites salopensis, fossil 
cyanobacterial and green algal lichens from the Lower Devonian (Lochkovian, approx. 
415 Myr old), the earliest lichens with heteromerous thallus anatomy found up to now, 
and their bacterial and fungal epi- and endobionts, as seen in scanning electron micro-
scopy preparations. 

sediments of the Welsh borderland. The microbiome of C. salopensis was ultrastruc-
turally investigated: bacterial colonies were found on the surface of the cortical layer, 

the phylogeny, biology and potential economic importance of the microbiome of extant 
lichens is currently intensely investigated by various teams worldwide. 

1. Introduction
Extant lichen-forming ascomycetes are a diverse assembly of nutritional 

specialists comprising representatives of the classes Arthoniomycetes, Do-
thideomycetes, Lichinomycetes, Coniocybomycetes, Eurotiomycetes and 
Lecanoromycetes within the subphylum Pezizomycotina. During ascomycete 
evolution there were probably more losses than gains of lichenization, even 
the predominantly non-lichenized Eurotiomycetes, with many economically 
and medically important taxa such as Penicillium and Aspergillus spp., derive 
from lichenized ancestors (LUTZONI et al. 2001, 2004). Depending on the cali-
bration of the fungal tree of life the earliest common ancestor of the main clas-
ses comprising lichenized ascomycetes was estimated to originate between 
the Cambrian at the earliest and the Carboniferous at the latest (BERBEE & 
TAYLOR 2010, PRIETO & WEDIN 2013, BEIMFORDE et al. 2014). 

Terrestrial ecosystems prior to and during the advent of vascular plants 
most likely were dominated by epilithic microbiota and soil crust communi-
ties, i.e. extremophiles similar to the ones found in extant climatically extreme 
habitats such as rock surfaces, hot and dry steppe or desert sites, tundras or 
Arctic and Antarctic ecosystems. Late Devonian to Middle Triassic, rock-in-

and pathogen-rich lineages (GUEIDAN et al. 2008, 2011). Nematophytes, now 
being interpreted as lichens whose photobiont was not preserved during fos-
silization, presumably common and widespread organisms in Late Silurian 
to Lower Devonian terrestrial ecosystems (EDWARDS & AXE 2012, EDWARDS 
et al. 2013), were part of food chains, surprisingly well preserved fragments 
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of Nematothallus, Nematosketum und Cosmochlaina having been found in 
fecal pellets of  arthropods (presumably millipedes; EDWARDS et al. 2012). 
Extant soil crust communities comprise mainly cyanobacteria, lichens and 
bryophytes (see various contributions in BELNAP & LANGE 2003, YEAGER et 
al. 2004, B  2009). 

Despite the presumed ancient age of lichen-forming ascomycetes the fos-
sil records are poor. This is partly due to the fact that palaeomycologists and 
palaeolichenologists are a minority group among palaeontologists. While 
investigating fossil lichens one has to cope with problems unkown to sci-
entists studying extant specimens. By subjecting extant lichens to simulated 
fossilization such as high pressure and heat (TOMESCU et al. 2010) or charring 
(HONEGGER et al. 2013a, see Fig. 3E–G) valuable cues were obtained for the 
structural interpretation of fossil samples. 

-
cheophytes with cutinized and/or suberized walls of dermal tissues lichen 
thalli comprise no compounds which resist comparatively fast microbial de-
gradation. Nevertheless, the term “cuticle” is often used in the palaeontologi-

or algal photobionts may fossilize differently than the fungal cells with their 
chitinous walls (examples see below) or may be lost during fossilization (e.g. 
in Nematophytes; EDWARDS et al. 2013). 3) The majority of fossil lichens fos-
silized ex situ, partly far away from their previous terrestrial habitats and may 
be intermixed with limnic (e.g. the Triassic Schilfsandstein fossils of the Ger-
man Basin; ZIEGLER 1997, 2001) marine, or freshwater fossils (e.g. the Late 
Silurian and Lower Devonian fossils of the Red Sandstone in the Welsh Bor-
derland, i.e. the coastal zone of the former Welsh Basin; see below); therefore 
nothing is known about their former distribution and habitat preference (terri-
colous, saxicolous, epiphytic). 4) The majority of well-preserved lichen thalli 
were found in the Cenozoic (amber fossils; Fig. 1), i.e. are comparatively 
young and morphologically and anatomically comparable with extant taxa, 
even lichenicolous ascomycetes having been retained (SADOWSKI et al. 2012). 

-
tation due to partly very limited or even missing similarities with extant taxa 
(e.g. Prototaxites, see below), to structural changes during fossilization (ex-
amples among Lower Devonian fossils; see below), or to presumed taxonomic 

Winfrenatia 
reticulata, presumed lichenized Zygomycete with cyanobacterial and possibly 
coccoid green algal photobionts; TAYLOR et al. 1995, 1997, KARATYGIN et al. 
2009) or to extict phyla (e.g. Nematophytes; EDWARDS et al. 2013), the latter 
problem being widespread in palaeontology.
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2. Fossil lichens and lichen-like fossils: an overview
Fig. 1 summarizes published data on fossil lichens and lichen-like orga-

nisms. Only comparatively few fossils have so far been found whose fungal 

The title “The oldest fossil lichen” for the Lower Devonian crustose Win-
frenatia reticulata (TAYLOR et al. 1995, 1997) from the Rhynie Cherts, which 
is roaring through the internet, is no longer valid, since 18 years after the 
detection of this enigmatic fossil two lichens of the same geological era but 

Fig. 1: Fossil lichens, an overview.  1. YUAN et al. (2005); 2. RETALLACK (2009); 3. EDWARDS & AXE 
(2012), EDWARDS et al. (2013); 4. HONEGGER et al. (2013a); 5. TAYLOR et al. (1995, 1997), KARATYGIN 
et al. (2009); 6. JURINA & KRASSILOV (2002); 7. STEIN et al. (1993), JAHREN et al. (2003), TAYLOR et 
al. (2004); 8. ZIEGLER (2001); 9. WANG et al. (2010); 10. MATSUNAGA et al. (2013); 11. MÄGDEFRAU 
(1957), RIKKINEN & POINAR (2002), RIKKINEN (2003), HARTL et al. (2015), KAASALAINEN et al. (2015); 
12. POINAR et al. (2000), RIKKINEN & POINAR (2008); 13. MACGINITIE (1937), PETERSON (2000). Chro-
nostratigraphy (according to the  International Commission on Stratigraphy, Aug. 2012. www.stra-
tigraphy.org): Neoproterozoic Era (1000–540 Myr). Periods in Myr: Cam: Cambrian (541–484); 
Ord: Ordovician (485–442); Sil: Silurian (443–418); Dev: Devonian (419–356); Carb:  Carboni-
ferous (358–299); Perm: Permian (298–253); Tri: Triassic (252–202); Jur: Jurassic (201–146); 
Cretac: Cretaceous (145–67). Cenoz: Cenozoic era (comprising the Palaeogene, Neogene and 
Quarternary periods: 66–now). 
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with distinctly more anatomical similarity with extant taxa were described: 
Cyanolichenomycites devonicus and Chlorolichenomycites salopensis (HO-
NEGGER
foliose Lecanoromycetes with dorsiventrally organized thallus. Similarly mis-
leading is the statement of lichens being 600 Myr old (e.g. in KAASALAINEN 
et al. 2015), based on the publication of YUAN et al. (2005) on the lichen-like 
proterozoic Doushantuo fossils. These are marine, benthic microbial mats, 
presumably formed by cyanobacterial colonies, which were invaded by ac-

m, a characteristic of the 
Doushantuo fossils, are not features of fungal hyphae, as assumed by YUAN 

ONEGGER et al. 2013a). Compa-
rable cyanobacterial mats, formed by Prattella massanuttense -

in early Silurian (Llandovery; 440 Myr old) Massanutten Sandstone (Virginia, 
USA; TOMESCU et al. 2008, 2009). 

– the enigmatic Precambrian (approx. 2500 Myr old) Thuchomyces liche-
noides, as isolated from Thucholite (acronym for Thorium, Uranium, Carbon 
and Hydrogen [TH, U, C, H], a variety of Pyrobitumen) among gold-bearing 

-

an alga or photosynthetic bacteria with fungal anatomy and morphology, a 
photosynthetical active fungus or a lichenous plant with symbiosis between a 

HALLBAUER et al. 1977, p. 486). 
– Prototaxites spp., (Late Silurian to Late Devonian, approx. 420–370 Myr 

old), terrestrial, presumably erect, branched  fossils with stem-like base, partly 
of giant dimensions (up to > 1 m diameter, up to >8 m height). Prototaxites 

at least  two types of  tubes being evident: unbranched thick ones (18–50  
diameter), usually arranged longitudinally within the stem, and profusely 

of tubes (15–45 �m diameter). The genus Prototaxites was widespread, fossils 
having been found, e.g. in the Scottish Rhynie Cherts, in Red Sandstone of 
Wales, Holland, Belgium and Germany (Eifel, Taunus, etc.), in Gaspé (Cana-
da), New York State (USA), Saudi Arabia, Australia. Prototaxites was inter-
preted as a giant marine alga, rolled carpets of liverworts, a fungus or a lichen 
(EDWARDS 1982, HUEBER 2001, SELOSSE 2002, GRAHAM et al. 2010, HOBBIE 
& BOYCE  2010, review: STEUR 2015). Due to structural similarities with Ne-
matophytes, an extinct, presumably lichenized group of fungi, wide spread 
members of cryptogamic covers from the mid-Ordovician to Late Devonian, 
Prototaxites was interpreted as a member of Nematophytales (ED WARDS et 
al. 2013, RETALLACK & LANDING 2014). Currently no-one can explain how a 
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predominantly fungal axis should have been able to stand more than 8 m high. 
The lichen hypothesis (SELOSSE 2002, HOBBIE & BOYCE  2010) gives an idea 
about the nutritional strategy of these extinct, impressive, presumably hete-
rotrophic organisms. 

– the foliicolous, subcuticular Pelicothallos villosus DILCHER (Eocene, ap-
prox. 45 Myr old), originally described as a foliicolous ascomycte (DILCHER 
1965). It was interpreted as Cephaleuros virescens, a foliicolous green alga 
(Trentepohliales; PIROZYNSKI 1976; see images in PITALOKA et al. 2015) or as 
a foliicolous lichen, respectively, close to extant Strigula spp.with Cephaleu-
ros photobiont (SHERWOOD-PIKE Pelicothallus 
villosus REYNOLDS & DILCHER (1984), a foliicolous green alga closely related 
to extant Cephaleuros spp.

3. The oldest lichens kown up to now with internally strati-

Lower Devonian (Lochkovian, approx. 415 Myr old) Cyanolichenomycites 
devonicus and Chlorolichenomycites salopensis, two ascomycetous lichens 

-
ON-

EGGER et al. 2013a). These terrestrial «mini-crumbs» had been charred during 

to sinking into coastal sediments of the Welsh Basin; they are easily distingu-
ishable from freshwater or marine fossils by their dark colouration (EDWARDS 
& AXE 2004, EDWARDS & RICHARDSON 2004, GLASSPOOL et al. 2004, 2006, 
SCOTT & DAMBLON 2010). 

2 contents) causes che-
mical and physical changes in organic matter (POOLE et al. 2002) but, in con-

2 content), leads to an asto-
nishing structural preservation; this feature is well known to palaeontologists 

or wood samples at species level ever since Oswald HEER’s pioneering studies 
on botanical remains in neolithic lake side dwellings (HEER 1865, FIGUERIAL 
& MOOSBRUGGER 2000, RAST-EICHER & DIETRICH 2015). 

the fossil-containing material (siltstone) in concentrated hydrochloric acid 

thorough washings in between and afterwards, followed by sieving through a 
250 m polyester mesh: dissolved mineral matters passed, organic debris were 
retained. After drying the minute samples were examined with a dissecting 
microscope (Figs. 2A–B); promising samples were mounted on specimen hol-
ders for scanning electron microscopy (SEM) and sputter coated with a palla-
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-
mens were turned over, sputter-coated, re-imagined, then broken apart with a 
razor-blade, sputter coated and re-imagined (protocol of Lindsey AXE, in HO-
NEGGER
obscured by the comparatively thick layer of gold and palladium; this is espe-

Chlorolichenomycites sa-
lopensis, part of which can no longer be properly resolved. Both fossils are 
deposited in the Welsh National Museum at Cardiff. 

The holotype of Cyanolichenomycites devonicus comprises a small lobule 
and an adjacent pycnidium with developing pycnospores (Fig. 3A–B). In the 
photobiont layer below the several cell layers thick peripheral cortex the ma-
jority of cyanobacterial cells were lost but the massive mucilaginous sheaths 
of the cyanobacterial colonies were retained, revealing the characteristic holes 

-
biont very strongly resembles extant Nostoc spp., common and widespread 
diazotrophic cyanobacteria (Fig. 3D) in terrestrial and freshwater habitats, 

-

tracted from grey siltstone of the Welsh borderland. A
organic material ready for mounting on specimen holders for SEM investigation; diameter of the 
Petri dish: 11 cm. B: Promising specimens are selected with the aid of a dissecting microscope. 
C–D -
cium with an actinobacterial contaminant growing over the the paraphyses and polysporic ascus 
on the hymenial layer.
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xing symbionts of bryophytes (Anthoceros, Phaeoceros and Blasia spp.) and 
of the angiosperm genus Gunnera (ENGELHARDT 2014, MALDENER 2014). In 
charring experiments with extant, freshly collected Nostoc commune, Peltige-
ra praetextata and Leptogium lichenoides (two lichen-forming ascomycetes 
with Nostoc sp. as photobiont) a very similar specimen preservation was ob-
tained (Fig. 3E–G): the cyanobacterial cells were lost during heating but their 
mucilaginous sheaths were retained, together with the fungal cell walls of the 
charred lichens (HONEGGER et al. 2013a). 

The minute holotype of Chlorolichenomycites salopensis reveals a one cell 
layer thick cortex, built up by conglutinate, globose to ovoid cells, a photobiont 
layer and a medullary layer built up by loosely interwoven fungal hyphae. The 
photobiont cells proper, presumed coccoid green algae, are not retained, but 
replaced by pyrite framboids, spherical aggregates of microcrystalline iron 

2); only rarely was a thin algal cell wall preserved (Fig. 4A). Or-

nucleation sites of pyrite formation (MARTÍN-GONZÁLEZ et al. 2009), and many 

pyrite. Nevertheless, the fascinating pyrite framboids were experimentally 
synthesized even in the absence of organic matter (OHFUJI & RICKARD 2005). 
The globose structure and the dimensions of the presumed green algal pho-
tobiont cells resemble those of Trebouxia spp., the most common and wide-
spread photobiont taxon associated with extant lichen-forming ascomycetes. 
A tight cell-to-cell-contact  is evident at the mycobiont-photobiont interface 
(Fig. 4A), but neither appressorial nor haustorial structures were found, cha-
racteristic features of extant Lecanoromycetes and sites of exchange not only 
of either photosynthates or water with dissolved nutrients and mycobiont-de-
rived apoplastic compounds, respectively (HONEGGER 1991), but also of hori-
zontal gene transfer between lichen-forming ascomycetes and their Trebouxia 
photobionts (BECK et al. 2015). 

4. The microbiome of the Lower Devonian Chlorolichenomyci-
tes salopensis
The thalli of extant lichens represent not dual or, as in the case of cephalo-

diate taxa, triple symbioses but are consortia with an unknown number of 
participants (HONEGGER 1992). Beside the lichen-forming fungus proper (my-
cobiont) and its green algal and/or cyanobacterial partner (photobiont) are 
lichenicolous (parasitic) fungi present and an astonishing diversity of symp-
tomless endolichenic fungi, the latter being currently intensely studied not 

RNOLD et al. 
2009, U’REN et al. 2012, FLEISCHHACKER et al. 2015, SPRIBILLE et al. 2016, 
review: this book, HAFELLNER 2018), but also as potential producers of bioac-
tive compounds (GIDDINGS & NEWMAN 2014, p. 67 ff.). The same is true of 
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bacterial epi- and endobionts, as found in association with lichen thalli world-
wide (POELT & MAYR HOFER 1988, GRUBE et al. 2009, 2012, 2015, HODKINSON 
& LUTZONI 2009, HODKINSON et al. 2012, this book, GRUBE 2018). 

Fig. 3: SEM micrographs of the Lower Devonian fossil Cyanolichenomycites devonicus (A–B) in 
comparison with extant, charred Peltigera canina (E–F) and Nostoc commune (G). D: TEM micro-
graph of a photosynthetic cell (P) and adjacent heterocyst (H) of the Nostoc photobiont of extant 
Peltigera canina. The asterisks in C refer to two cyanobacterial cells, all others having been lost 
while their gelatinous sheaths are retained. Arrows in C and F–G refer to the characteristic holes 

–C and E–G 
from HONEGGER et al. (2013a, with permission of New Phytologist/John Wiley & Sons).
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Many endolichenic fungi are recognized ultrastructurally by their dimen-
sions and rarely by special features such as clamp connections, as observed 
in aphyllophoralean taxa (Fig. 4C). The fungal hyphae within the algal and 
medullary layers of C. salopensis
endolichenic fungi, reveal a distinctly lower diameter (Fig. 4B).

Colonies of rod-shaped bacteria were resolved on the cortical surface of 
C. salopensis (Fig. -
laments were found,  partly in close contact with medullary hyphae of the 
mycobiont (Fig. 4B). No bacterial epibionts could be resolved on Cyanoliche-
nomycites devonicus whose surface layer was lost, probably due to mechani-
cal abrasion post mortem. 

as seen on and within the 415 Myr old thallus fragment of Chlorolichenomy-
cites salopensis, cohabitants or contaminants? Microbial contamination after 
collecting the fossil-bearing rock samples can be excluded (see the chemical 
treatment during maceration, as summarized above). Considering the time 
between charring and sedimentation one might expect these fossil specimens 

post mortem by contaminating microbes. 
However, in contrast to fresh fragments of lichen thalli a charred specimen 
has hardly any nutritional value and thus might provide a colonizable surface, 
but not a nutritious substrate for microbial decomposers. As concluded from 
other specimens (e.g. a yet undescribed  apothecial fragment of the same age; 
Fig. 2C–D) minor contamination occurred, recognizable, e.g. as actinobac-

(coccoid or rod-shaped) would be found on all surfaces, not only on very loca-
lized sites, as seen on the cortex  of C. salopensis (Fig. 4A). We are therefore 

Why is the detection of endolichenic fungi and of tight contact sites be-
tween endolichenic actinobacteria and medullary hyphae of this ancient lichen 
so exciting? Based on molecular phylogenies lichens were proposed to be 

-
dophytism’, multiple trophic transitions from endophytism to saprotrophism 
(and rarely vice versa) having been found in ascomycete evolution (ARNOLD 
et al. 2009; this book, HAFELLNER 2018). 

The astonishing biodiversity of bacterial epi- and endobionts of lichen thal-
li and their biological activities are currently intensely investigated (this book, 
GRUBE 2018). Innumerable Lecanoromycetes, Eurotiomycetes and Coniocy-
bomycetes produce interesting secondary metabolites, similar to those formed 
by actinobacteria. Molecular phylogenies of the enzymatic machinery, i.e. the 
polyketide sythetase (PKS) genes, reveal horizontal gene transfer from actino-



556

R. Honegger

bacteria to ancestors of extant lichen-forming ascomycetes (SCHMITT & 
LUMBSCH 2009). Similarly a methylammonium permease (MEP) gene was 

-
mentous ascomycetes (Pezizomycotina; MCDONALD et al. 2012); it was sub-

forming taxa. In the non-lichenized Aspergillus nidulans (an Eurotiomycete 
with lichenized ancestors) the intimate contact of bacterial cells with fungal 
hyphae was shown to trigger the biosynthesis of archaetypal polyketides 

Fig. 4: Scanning electron micrographs of the Lower Devonian fossil Chlorolichenomycites salo-
pensis with bacterial epi– and endobionts and endolichenic fungal hypha (A–B) in comparison 
with extant Peltigera spp. with endolichenic fungi and bacteria (C–D). The asterisk in A refers to a 
photobiont cell whose wall is preserved.  C: Clamp connections in a hypha of an aphyllophoralean 
endolichenic fungus are encircled. From HONEGGER et al. (2013b, with permission of New Phyto-
logist/John Wiley & Sons).
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(SCHROECKH et al. 2009). In the light of these results, as achieved by various 
research teams worldwide, the more than 400 Myr old interactions of bacteri-
al epi- and endobionts with a lichen-forming ascomycete are particularly inte-
resting.

5. Acknowledgements
This review is dedicated to the memory of the late Prof. Josef POELT (1924–

1995), outstanding scientist, passionate lichenologist, inspiring mentor and 
dear friend. My sincere thanks are due to Prof. Dianne EDWARDS and Lindsey 
AXE, my colleagues and dear friends from the School of Earth and Ocean 
Sciences at the University of Cardiff, Wales UK, for the fruitful collaboration, 
and to Prof. Ueli GROSSNIKLAUS, director, for providing access to the infra-
structure of the Institute of Plant Biology and Microbiology of the University 
of Zürich post retirement. 

6. References
ARNOLD, A.E., MIADLIKOWSKA, J., HIGGINS, K.L., SARVATE, S.D., GUGGER, P., WAY, A., HOF-

STETTER, V., KAUFF, F. & LUTZONI, F. 2009: A phylogenetic estimation of trophic 
transition networks for ascomycetous fungi: are lichens cradles of symbiotrophic 

58: 283–297.
BECK, A., DIVAKAR, P.K., ZHANG, N., MOLINA, M.C. & STRUWE, L. 2015: Evidence of 

ancient horizontal gene transfer between fungi and the terrestrial alga Trebouxia. — 
Org. Div. Evol. 15: 235–248. (doi: 210.1007/s13127-13014-10199-x)

BEIMFORDE, C., FELDBERG, K., NYLINDER, S., RIKKINEN, J., TUOVILA, H., DÖRFELT, H., GUBE, 
M., JACKSON, D.J., REITNER, J., SEYFULLAH, L.J. & SCHMIDT, A.R. 2014: Estimating 
the Phanerozoic history of the Ascomycota lineages: Combining fossil and molecu-
lar data. — Mol. Phylo. Evol. 77: 307–319.

BELNAP, J. & LANGE, O.L. 2003: Biological Soil Crusts: Structure, Function and Manage-
ment, 2nd edition, vol. 150. — Berlin: Springer.

BERBEE, M.L. & TAYLOR, J.W. 2010: Dating the molecular clock in fungi – how close are 
we? — Fungal Biol. Rev. 24: 1–16.

BÜDEL, B. 2009: Funktion von Flechten in biologischen Krusten: Wüstenböden und tro-
pische Inselberge. — In: Ökologische Rolle der Flechten. Rundgespräche der Kom-
mission für Ökologie 36, Bayer. Akad. Wissensch., pp. 67–81. —  München: Verlag 
Dr. Freiderich Pfeil.

DILCHER, D.L. 1965: Epiphyllous fungi from Eocene deposits in western Tennessee, 
U.S.A. — Palaeontographica B 116: 1–54.

EDWARDS, D. 1982: Fragmentary non-vascular plant microfossils from the late Silurian of 
Wales. — Bot. J. Linn. Soc. 84: 223–256.



558

R. Honegger

EDWARDS, D. & AXE, L. 2004: Anatomical evidence in the detection of the earliest wild-
19: 113–128.

EDWARDS, D. & RICHARDSON, J.B. 2004: Silurian and Lower Devonian plant assemblages 
from the Anglo-Welsh Basin: a palaeobotanical and palynological synthesis. — 
Geol. J. special issue: The Lower Old Red Sandstone of the Anglo-Welsh Basin 39: 
375–402.

EDWARDS, D. & AXE, L. Nematasketum, a close 
ally of Prototaxites. — Bot. J. Linn. Soc. 168: 1–18.

EDWARDS, D., SELDEN, P. & AXE, L. 2012: Selective feeding in an Early Devonian terres-
trial ecosystem. — Palaios 27: 509–522.

EDWARDS, D., AXE, L. & HONEGGER, R. 2013: Contributions to the diversity in crypto-
gamic covers in the mid-Palaeozoic: Nematothallus revisited. — Bot. J. Linn. Soc. 
173: 505–534.

ENGELHARDT, H. 2014: Mikrobe des Jahres 2014: Nostoc – Multitalent mit bewegter Ver-
gangenheit. — BioSpektrum 20: 234–235. (http://www.biospektrum.de/blatt/d_bs_
pdf&_id=1258161)

FIGUEIRAL, I. & MOSBRUGGER, V. 2000: A review of charcoal analysis as a tool for as-
sessing Quaternary and Tertiary environments: achievements and limits. — Palaeo-
geogr. Palaeoclimatol. Palaeoecol. 164: 397–407.

FLEISCHHACKER, A., GRUBE, M., KOPUN, T., HAFELLNER, J. & MUGGIA, L. 2015: Community 
analyses uncover high diversity of lichenicolous fungi in alpine habitats. — Micro-
bial Ecol. 70: 348–360. (doi: 10.1007/s00248-00015-00579-00246)

GIDDINGS, L.-A. & NEWMAN, D.J. 2014: Bioactive compounds from terrestrial extremo-
philes. —  Cham CH: Springer. (doi: 10.1007/978-3-319-13260-0)

GLASSPOOL, I.J., EDWARDS, D. & AXE, L. 2004: Charcoal in the Silurian as evidence for the 
32: 381–383.

GLASSPOOL, I.J., EDWARDS, D. & AXE, L. 2006: Charcoal in the Early Devonian: A wild-
142: 131–113.

GRAHAM, L.E., COOK, M.E., HANSON, D.T., PIGG, K.B. & GRAHAM J.M. 2010: Structu-
ral, physiological, and stable carbon isotopic evidence that the enigmatic Paleozoic 
fossil Prototaxites formed from rolled liverwort mats. — Am. J. Bot. 97: 268–275. 
(http://www.amjbot.org/content/297/262/268.full)

GRUBE, M., CARDINALE, M., DE CASTRO, J.V., MÜLLER, H. & BERG, G. 2009: Species-spe-
-

bioses. — ISME J. 3: 105–115. (http://www.nature.com/ismej/journal/v103/n109/
full/ismej200963a.html)

GRUBE, M., CARDINALE, M. & BERG, G. 2012: Bacteria and lichen symbiosis. — In HOCK, 
B. (ed.): Fungal associations, 2nd edition. The Mycota IX, pp. 363–372. — Heidel-
berg, Berlin: Springer.

GRUBE, M., CERNAVA, T., SOH, J., FUCHS, S., ASCHENBRENNER, I., LASSEK, C., WEGNER, U., 
BECHER, D., RIEDEL, K., SENSEN, C.W. &  BERG, G. 2015: Exploring functional con-
texts of symbiotic sustain within lichen-associated bacteria by comparative omics. 
— ISME J. 9: 412–424.



559

Fossil lichens from the Lower Devonian

GRUBE, M. 2018: The lichen thallus as a microbial habitat.  — Biosyst. Ecol. Ser. 34: 
528–545. — Wien: Verlag der ÖAW. 

GUEIDAN, C., RUIBAL, C., DE HOOG, G.S. & SCHNEIDER, H. 2011: Rock-inhabiting fungi 
originated during periods of dry climate in the late Devonian and middle Triassic. 
— Fungal Biol. Rev. 115: 987–996.

GUEIDAN, C., RUIBAL, VILLASEÑOR, C., DE HOOG, G.S., GORBUSHINA, A.A., UNTEREINER, 
W.A. & LUTZONI, F. 2008: A rock-inhabiting ancestor for mutualistic and pathogen-
rich fungal lineages. — Stud. Mycol. 61: 111–119.

HAFELLNER, J. 2018: Focus on lichenicolous fungi: Diversity and taxonomy under the 
principle “one fungus – one name”.  — Biosyst. Ecol. Ser. 34: 227–243. — Wien: 
Verlag der ÖAW. 

HALLBAUER, D.K., JAHNS, H.M. & BELTMANN, H.A. 1977: Morphological and anatomical 
observations on some precambrian plants from the Witwatersrand, South Africa. — 
Geol. Rundschau 66: 477–491.

HARTL, C., SCHMIDT, A.R., HEINRICHS, J., SEYFULLAH, L.J., SCHÄFER, N., GRÖHN, C., RIKKINEN, 
J. & KAASALAINEN, U. 2015: Lichen preservation in amber: morphology, ultrastructure, 
chemofossils, and taphonomic alteration. — Foss. Rec. 18: 127–135; doi:110.5194/fr-
5118-5127-2015. (http://www.foss-rec.net/5118/5127/2015/fr-5118-5127-2015.pdf)

HOBBIE, E.A. & BOYCE, C.K. 2010: Carbon sources for the Palaeozoic giant fungus Pro-
totaxites inferred from modern analogues. — Proc. Biol. Sci. 277: 2149–2156. (doi: 
2110.1098/rspb.2010.0201)

HODKINSON, B.P. & LUTZONI, F. 2009: A microbiotic survey of lichen-associated bacteria 
reveals a new lineage from the Rhizobiales. — Symbiosis 49: 163–180.

HODKINSON, B.F., GOTTEL, N.R., SCHADT, C.W. & LUTZONI, F. 2012: Photoautotrophic sym-
biont and geography are major factors affecting highly structured and diverse bac-
terial communities in the lichen microbiome. — Environ. Microbiol. 14: 147–161.

HONEGGER, R. 1991: Functional aspects of the lichen symbiosis. — Ann. Rev. Plant Phy-
siol. Plant Mol. Biol. 42: 553–578.

HONEGGER, R. 1992 : Lichens: Mycobiont-photobiont relationships. — In REISSER, W. 
(ed.): Algae and Symbiosis, pp. 225–275. —  Bristol: Biopress.

HONEGGER, R., EDWARDS, D. & AXE, L.
cyanobacterial and algal lichens from the Lower Devonian of the Welsh Borderland. 
— New Phytol. 197: 264–275.

HONEGGER, R., AXE, L. & EDWARDS, D. 2013b: Bacterial epibionts and endolichenic acti-
nobacteria and fungi in the Lower Devonian lichen Chlorolichenomycites salopen-
sis. — Fungal Biol. 117: 512–518.

HUEBER, F.M. 2001: Rotted wood-alga-fungus: the history and life of Prototaxites DAW-
SON 1859. — Rev. Palaeobot. Palynol. 116: 123–158.

JAHREN, A.H., PORTER, S. & KUGLITSCH, J.J. 2
Devonian terrestrial organisms. — Geology 31: 99–102.

JURINA, A.L. & KRASSILOV, V.A. 2002: Lichenlike fossils from the Givetian of central 
Kazakhstan. — Paleontol. Zhurnal 5: 100–105.



560

R. Honegger

KAASALAINEN, U., HEINRICHS, J., KRINGS, M., MYLLYS, L., GRABENHORST, H., RIKKINEN, J. & 
SCHMIDT, A.R. 2015: Alectorioid morphologies in paleogene lichens: new evidence 
and re-evaluation of the fossil Alectoria succini MÄGDEFRAU. — PLOS ONE 10:  
e0129526,

KARATYGIN, I.V., SNIGIREVSKAYA, N.S. & VIKULIN, S.V. 2009: The most ancient terrestrial 
lichen Winfrenatia reticulata
43: 107–114.

LUTZONI F., PAGEL, M. & REEB, V. 2001: Major fungal lineages are derived from lichen 
symbiotic ancestors. — Nature 411: 937–940.

LUTZONI, F., KAUFF, F., COX, C., MCLAUGHLIN, D., CELIO, G., DENTINGER, B., PADAMSEE, M., 
HIBBETT, D., JAMES, T.Y., BALOCH, E., GRUBE, M., REEB, V., HOFSTETTER, V., SCHOCH, 
C., ARNOLD, A.E., MIADLIKOWSKA, J., SPATAFORA, J., JOHNSON, D., HAMBLETON, S., 
CROCKETT, M., SHOEMAKER, R., SUNG, G.-H., LÜCKING, R., LUMBSCH, T., O’DONNELL, 
K., BINDER, M., DIEDERICH, P., ERTZ, D., GUEIDAN, C., HANSEN, K., HARRIS, R.C., HO-
SAKA, K., LIM, Y.-W., MATHENY, B., NISHIDA, H., PFISTER, D., ROGERS, J., ROSSMAN, 
A., SCHMITT, I., SIPMAN, H., STONE, J., SUGIYAMA, J., YAHR, R. & VILGALYS, R. 2004: 

-
lular traits. — Am. J. Bot. 91: 1446–1480.

MACGINITIE, H.
with descriptions of the plant-bearing beds. — In SANBORN, E.I., POTBURY, S.S. & 
MACGINITIE, H.D. (eds.): Eocene Flora of Western America, pp. 83–151. —  Car-
negie Institution of Washington Publications Nr. 465.

MÄGDEFRAU, K. 1957: Flechten und Moose im baltischen Bernstein. — Ber. deutsch Bot. 
Ges. 9: 433–435.

MALDENER, I. 2014: Nostoc: ein prokaryotischer Vielzeller. — BIUZ 44: 304–311. (doi: 
10.1002/biuz.201410545)

MARTÍN-GONZÁLEZ, A., WIERZCHOS, J., GUTIÉRREZ, J.-C., ALONSO, J. & ASCASO, C. 2009: 
Double fossilization in eukaryotic microorganisms from Lower Cretaceous amber. 
— BMC Biology 7: 9. (doi:10.1186/1741-7007-1187-1189;  http://www.biomed-
central.com/1741-7007/1187/1189)

MATSUNAGA, K.K.S., STOCKEY, R.A. & TOMESCU, A.M.F. 2013: Honeggeriella complexa 
gen. et sp. nov., a heteromerous lichen from the Lower Cretaceous (Valanginian-
Hauterivian) of Vancouver Island (British Columbia, Canada). — Am. J. Bot. 100: 
450–459.

MCDONALD, T., DIETRICH, F. & LUTZONI, F. 2012: Multiple horizontal gene transfers of am-
monium transporters/ammonia permeases from prokaryotes to eukaryotes: toward a 

29: 51–60.
MOTOHASHI, K., TAKAGI, M., YAMAMURA, H., HAYAKAWA, M. & SHIN-YA, K. 2010: A new 

angucycline and a new butenolide isolated from lichen-derived Streptomyces spp. 
— J. Antibiotics 63: 545–548. (doi:510.1038/ja.2010.1094)

OHFUJI, H. & RICKARD, D. 2005: Experimental synthesis of framboids – a review. —  
Earth-Sci.  Rev. 71: 147–170. (doi: 110.1016/j.earscirev.2005.1002.1001)

PETERSON, E.B. 2000: An overlooked fossil lichen (Lobariaceae). — Lichenologist 32: 
289–300.



561

Fossil lichens from the Lower Devonian

PIROZYNSKI, K.A. 1976: Fossil fungi. — Ann. Rev. Phytopath. 14: 237–246.
PITALOKA, M.K., PETCHARAT, V., ARIKIT, S. & SUNPAPAO, A. 2015: Cephaleuros virescens, 

the cause of an algal leaf spot on Para rubber in Thailand. — Australas. Plant Dis. 
Notes 10: 4 pp. (doi: 10.1007/s13314-13015-10158-13311)

POELT, J. & MAYRHOFER, H. 1988: ber Cyanotrophie bei Flechten. — Plant Syst. Evol. 
158: 265–281.

POOLE, I., BRAADBAART, F., BOON, J.J. & VAN BERGEN, P.F. 2002: Stable carbon isotope 
Geochem. 33: 1675–1681.

POINAR, G.O., PETERSON, E.B. & PLATT, J.L. 2000: Fossil Parmelia in New World amber. 
— Lichenologist 32: 263–269.

PRIETO, M. & WEDIN, M -
cota (Fungi). — PLOS ONE 8: e65576. (doi: 65510.61371/journal.pone.0049777)

PRINTZEN, C. & LUMBSCH, H.T. 
lichens in the Late Cretaceous and Tertiary. — Mol. Phylogenet. Evol. 17: 379–387.

RAST-EICHER, A. & DIETRICH, A. 2015: Neolithische und bronzezeitliche Gewebe und Ge-
46.

REYNOLDS, D.R. & DILCHER, D.L. 1984: A foliicolous alga of Eocene age. — Rev. Palaeo-
bot. Palynol. 43: 397–403. (doi: 310.1016/0034-6667(1084)90007-90001)

RETALLACK, G.J. 2009: Cambrian–Ordovician non-marine fossils from South Australia. 
— Alcheringa  33: 355–391.

RETALLACK, G.J. 2013: Ediacaran life on land. — Nature 493: 89–92.
RETALLACK, G.J. & LANDING, E

Prototaxites loganii. — Mycologia 106: 1143–1158. (doi: 1110.3852/1113-1390)
RIKKINEN, J. 2003: Calicioid lichens from European Tertiary amber. — Mycologia 95: 

1032–1036.
RIKKINEN, J. & POINAR, G.O. 2002: Fossilised Anzia (Lecanorales, lichen-forming 

Ascomycota) from European Tertiary amber. — Mycol. Res. 106: 984–990.
RIKKINEN, J. & POINAR, G.O. 2008: A new species of Phyllopsora (Lecanorales, lichen-for-

ming Ascomycota) from Dominican amber, with remarks on the fossil history of 
lichens. — J. Exp. Bot. 59: 1007–1011.

SADOWSKI, E.M., BEIMFORDE, C., GUBE, M., RIKKINEN, J., SINGH, H., SEYFULLAH, L.J., HEIN-
RICHS, J., NASCIMBENE, P.C., REITNER, J. & SCHMIDT, A.R. 2012: The anamorphic ge-
nus Monotosporella (Ascomycota) from Eocene amber and from modern Agathis 
resin. — Fungal Biol. 116: 1099–1110.

SCHMITT, I. & LUMBSCH, H.T. 2009: Ancient horizontal gene transfer from bacteria en-
hances biosynthetic capabilities of fungi. — PLOS ONE 4: e4437.

SCHROECKH, V., SCHERLACH, K., NÜTZMANN, H.-W., SHELEST, E., SCHMIDT-HECK, W., SCHUE-
MANN, J., MARTIN, K., HERTWECK, C. & BRAKHAGE, A.A. 2009: Intimate bacterial–
fungal interaction triggers biosynthesis of archetypal polyketides in Aspergillus 
nidulans. — PNAS 106: 14558–14563.



562

R. Honegger

SCOTT, A.C. & DAMBLON, F.
botany and archaeology. — Palaeogeogr. Palaeoclim. Palaeoecol. 291: 1–10.

SELOSSE, M.A. 2002: Prototaxites: a 400 MYR old giant fossil, a saprophytic basiodiomy-
cete, or a lichen? — Mycol. Res. 106: 641–644.

SHERWOOD-PIKE, M.A. 1985: Pelicothallos Dilcher, an overlooked fossil lichen. — Li-
chenologist 17: 114–115.

SHUKLA, U.K. & BACHMANN, G.H. 2007: Estuarine sedimentation in the Stuttgart Forma-
tion (Carnian, Late Triassic), South Germany. — Neues Jahrb. Geol. Paläont. Abh. 
243: 305–323. (doi: 310.1127/0077-7749/2007/0243-0305)

SPRIBILLE, T., TUOVINEN, V., RESL, P., VANDERPOOL, D., WOLINSKI, H., AIME, M.C., SCHNEI-
DER, K., STABENTHEINER, E., TOOME-HELLER, M., THOR, G., MAYRHOFER, H., JOHAN-
NESSON, H. & MCCUTCHEON, J.P. 2016: Basidiomycete yeasts in the cortex of as-
comycete macrolichens. — Science 353: 488–492. (http://mccutcheonlab.org/
pubs/16_spribille_science.pdf)

STEIN, W.E., HARMON, G.D. & HUEBER, F.M. 1993: Spongiophyton from the Lower Devo-
nian of North America reinterpreted as a lichen. — Am. J. Bot. 80 (6): 93.

STEUR, H. 2015: Prototaxites, a huge, 400 million years old, fungus? Or an enormous 
lichen? (http://steurh.home.xs4all.nl/engprot/eprototx.html)

TAYLOR, T.N., HASS, H. & KERP, H. 1997: A cyanolichen from the Lower Devonian Rhynie 
Chert. — Am. J. Bot. 84: 992–1004.

TAYLOR, T.N., HASS, H., REMY, W. & KERP, H. 1995: The oldest fossil lichen. — Nature 
378: 244.

TAYLOR, W.A., FREE, C., BOYCE, C., HELGEMO, R. & OCHOADA, J. 2004: SEM analysis of 
Spongiophyton interpreted as a fossil lichen. — Intern. J. Plant Sci. 165: 875–881.

TOMESCU, A.M.F., HONEGGER, R. & ROTHWELL, G.W. 2008: Earliest fossil record of bacte-
rial-cyanobacterial mat consortia: the early Silurian Passage Creek biota (440 Ma, 
Virginia, USA). — Geobiology 6: 120–124.

TOMESCU, A.M.F., ROTHWELL, G.W. & HONEGGER, R. 2009: A new genus and species of 
-

ronments (lower Massanutten Sandstone, Virginia, USA). — Bot. J. Linn. Soc. 160: 
284–289.

TOMESCU, A.M.F., TATE, R.W., MACK, N.G. & CALDER, V.J. 2010: Simulating fossilization 

terrestrial assemblages. — Biblioth. Lichenol. 105: 183–189.
U’REN, J.M., LUTZONI, F., MIADLIKOWSKA, J., LAETSCH, A. & ARNOLD, A.E. 2012: Host and 

geographic structure of endophytic and endolichenic fungi at a continental scale. — 
Am. J. Bot. 99: 898–914.

WANG, X., KRINGS, M. & TAYLOR, T.N. 2010: A thalloid organism with possible lichen 
162: 

591–598.
YEAGER, C.M., KORNOSKY, J.L., HOUSMAN, D.C., GROTE, E.E., BELNAP, J. & KUSKE, C.R. 

2004: Diazotrophic community structure and function in two successional stages 



563

Fossil lichens from the Lower Devonian

of biological soil crusts from the Colorado Plateau and Chihuahuan Desert. — 
Appl. Environ. Microbiol. 70: 973–983. (doi: 910.1128/AEM.1170.1122.1973-
1983.2004)

YUAN, X., XIAO, S. & TAYLOR, T.N. 2005: Lichen-like symbiosis 600 million years ago. 
— Science 308: 1017–1020.

ZIEGLER R. -
cally developed in Triassic vascular plant cuticles and thallophytes. — Documenta 
naturae 112: 1–24.

ZIEGLER  112: 
1–64.

Address of the author:

Prof. Dr. Rosmarie HONEGGER
Institute of Plant Biology and Microbiology
University of Zürich
Zollikerstrasse 107, CH-8008 Zürich, Switzerland
Email: rohonegg@botinst.uzh.ch



564


