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Lichen-associated fungi from
Paleogene amber

Lichens are highly specialized and obligate symbioses between
fungi and green algae and/or cyanobacteria. In addition to the
fungal partner (mycobiont) and algal or cyanobacterial symbionts
(photobionts), lichen thalli often house diverse assemblages of
associated microfungi and bacteria (Girlanda et al., 1997; U’Ren
et al., 2012; Aschenbrenner et al., 2014).More than 1750 species of
obligately lichenicolous fungi have already been described and at
least 5000 species are estimated to exist (Hawksworth, 1982a,
2003; Lawrey & Diederich, 2003, 2015; Werth et al., 2013). The
true lichenicolous fungi are obligate associates of lichen-symbiotic
organisms and can thus only live on lichen thalli. The nature of their
associations can vary from parasitism to commensalism and some
lichen parasites appear to have evolved from saprotrophic ancestors
(Rambold & Triebel, 1992).

Lichen-symbiotic fungi (mostly ascomycetes) produce many
unique lichen compounds. Some of these secondary metabolites
protect lichens from stress factors such as UV-radiation and
herbivory (Asplund & Wardle, 2013; Nguyen et al., 2013).
However, many lichen-associated fungi are able to tolerate or even
degrade bioactive lichen compounds and can thus effectively
colonize lichen thalli (Hawksworth, 1982b; Lawrey et al., 1999;
Torzilli et al., 1999). The high diversity of extant lichenicolous
fungi and the concurrent diversity of bioactive lichen compounds
suggest that some associations between lichen symbionts and
associated saprotrophic and parasitic fungi have long coevolution-
ary histories (Lawrey et al., 1999; Rankovi�c et al., 2007). However,
direct evidence for this is difficult to find as lichen fossils are very
rare and lichenicolous fungi have so far not had a fossil record.
Despite their apparent low frequency in the fossil record the earliest
lichen-like symbioses date back to the Lower Devonian (Taylor
et al., 1997, 2015; Karatygin et al., 2009) and some of the early
stratified fossils closely resemble modern lichens (Honegger et al.,
2013). It seems probable that lichens were a component of early
terrestrial ecosystems, which bore a resemblance to modern
cryptogam covers (Selosse et al., 2015).

Cenozoic fossils of lichens clearly assignable to modern families
and genera have been preserved as amber inclusions from different
Paleogene deposits (Rikkinen & Poinar, 2002, 2008; Hartl et al.,
2015; Kaasalainen et al., 2015). Amber, which is fossilized tree
resin, has an ability to preserve tiny microorganisms in exquisite
detail, and several fossils of filamentous microfungi have been
discovered fromdifferent amber deposits around the world (Taylor
et al., 2015).

Here we report on the first fossils of lichen-associated filamen-
tous fungi. Several distinct morphologies of darkly-pigmented

fungi growing on crustose and foliose lichens are beautifully
preserved, suggesting that hyphomycetous microfungi have colo-
nized lichen surfaces at least since the Paleogene.

The amber fossils

Different darkly-pigmented hyphomycetes associated with corti-
colous lichen thalli (Fig. 1; Supporting Information Fig. S1 and
Methods S1) were found enclosed in Bitterfeld amber from central
Germany that has a minimum age of 24 million years (Dunlop,
2010). Two amber specimens contain darkly pigmented, torpedo-
shaped conidia of fungi closely resembling the extant genus
Sporidesmium growing on degraded crustose lichen thalli (Fig. 1a,
c). Facultatively lichenicolous Sporidesmium-like fungi appear to be
relatively common on extant lichens, but they have as yet hardly
been studied. The fossils most resemble S. lichenicola described
from decomposing Leptogium (a cyanobacterial lichen) in
Venezuela (Iturriaga et al., 2008), but have longer conidia with
much longer apical extensions.

Another amber specimen contains a fungus closely resembling
extant Taeniolella growing on what appears to be a decomposing
crustose lichen (Fig. 1b). Extant species of the genus are princi-
pally saprophytes on decaying plant material such as bark or wood,
but some species are also obligately lichenicolous (Hawksworth,
1979).

The associated fungi of the fossilized lichens also include robust,
tapering hyphae with globular cells that are assignable to sooty
moulds of the family Metacapnodiaceae (Capnodiales) which are
common in Paleogene amber (Schmidt et al., 2014), and some
modern species of which are known to grow on extant lichens
(Braun et al., 2009). Sooty moulds usually grow on plant exudates
and honeydew, and their occurrence on lichens is interpreted as
incidental.

Palaeoecological implications

Possibly up to 95% of all presently known lichenicolous fungi are
ascomycetes, but also some highly specialized basidiomycetes have
adapted to grow on lichens (Lawrey & Diederich, 2003, 2015).
Many of them cause visible symptoms on their hosts, such as
discolorations or deformations on infected lichen thalli
(Hawksworth, 1979).

All the newly found fossil fungi appear to be saprotrophic or at
most weakly parasitic fungi growing on dying or dead and
decomposing lichen thalli. However, we suppose that some of
them were able to also infect weakened lichens and then persist on
the substrate after the host’s death (Hawksworth, 1982a,b). The
intact superficial reproductive structures (conidiophores) and the
generally excellent condition of the fossil fungi demonstrate that
they had already developed on the lichens before the thalli were
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engulfed by fresh resin. While none of the fossil species are here
interpreted as being truly lichenicolous (i.e. obligate parasites or
commensals of lichen symbionts), they most probably were not
growing on lichens by accident. This interpretation is supported by
the growth patterns and non-random placement of the fungi on
their substrates. For example, the Sporidesmium-like fungi dis-
tinctly favoured elevated spots on the lichen surface and produced
most conidia on thallus ridges (Fig. 1a,c). This may have increased
the likelihood of wind dispersal and also ensured rapid drying of
conidia after rain.

Iturriaga et al. (2008) noted that not only Sporidesmium but also
several other genera of tropical lichenicolous hyphomycetes include
species with ‘torpedo-shaped’ conidia and suggested that such a
conidial shape would have some adaptive value. Possibly the
relatively robust but very streamlined conidia can effectively
penetrate the boundary layer and become attached to lichen
surfaces in often windy epiphytic habitats. In any case, the fossils
show that torpedo-shaped conidia were produced by lichen-
associated hyphomycetes already in the Paleogene.

Conclusions

The new fossils demonstrate that Paleogene lichens already
supported lichen-associated, presumably saprotrophic fungi. As
the fossils are essentially identical to their modern analogues, the
evolutionary associations between lichen-associated microfungi
and their substrate must extend back much further, most probably
to the Mesozoic.
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Fig. 1 Lichen-associated microfungi from
Bitterfeld amber. (a) Sporidesmium-like
fungusoncrustose lichen thallus (Geoscientific
Collections of the University of G€ottingen
GZG.BST.27298). The filamentous fungus
grew mostly inside the lichen thallus but also
produced superficial clusters of dark, upright
hyphae (conidiophores) from which asexual
spores (conidia) were produced (arrowheads).
The structural details of two such colonies are
illustrated in (c), and the general placement of
the colonies on the fossil lichen is shown in the
Supporting Information Fig S1(a). (b)
Taeniolella-like fungus on crustose lichen
thallus (GZG.BST.27299). Also this fungus
mainly grew immersed in the lichen thallus and
produced dark superficial colonies of
multicellular conidia in simple or sparingly
branched chains. Some detached conidial
chains can be seen on the lichen surface just
left of the main colony (arrowhead). (c) Close
up of Sporidesmium-like fungal colonies
(GZG.BST.27294). The long, multicellular
conidia were produced solitarily and have
apical cells tapering gradually towards the tip.
Some of the tips have produced globular
extensions likely representing initial stages of
new conidia (arrowheads). Bars: (a) 200 lm;
(b) 100 lm; (c) 50 lm.

� 2015 The Authors

New Phytologist� 2015 New Phytologist Trust
New Phytologist (2016) 209: 896–898

www.newphytologist.com

New
Phytologist Letters Forum 897



(*Author for correspondence: tel +358 50 4150426;
email jouko.rikkinen@helsinki.fi)

References

Aschenbrenner IA, Cardinale M, Berg G, Grube M. 2014.Microbial cargo: do

bacteria on symbiotic propagules reinforce the microbiome of lichens?

Environmental Microbiology 16: 3743–3752.
Asplund J,Wardle DA. 2013.The impact of secondary compounds and functional

characteristics on lichen palatability and decomposition. Journal of Ecology 101:
689–700.

Braun U, Heuchert B, Diederich P. 2009. Two new and another interesting

lichenicolous hyphomycete. Herzogia 22: 165–171.
Dunlop J. 2010. Bitterfeld amber. In: Penney D, ed. Biodiversity of fossils in amber.
Manchester, UK: Siri Scientific Press, 57–68.

GirlandaM, IsocronoD, Bianco C, Luppimosca AM. 1997.Two foliose lichens as

microfungal ecological niches.Mycologia 89: 531–536.
Hartl C, Schmidt AR, Heinrichs J, Seyfullah LJ, Sch€afer N, Gr€ohn C, Rikkinen J,

KaasalainenU. 2015. Lichen preservation in amber: morphology, ultrastructure,

chemofossils, and taphonomic alteration. Fossil Record 18: 127–135.
Hawksworth DL. 1979. The lichenicolous hyphomycetes. Bulletin of the British
Museum for Natural History 6: 183–300.

Hawksworth DL. 1982a. Secondary fungi in lichen symbioses: parasites,

saprophytes and parasymbionts. Journal of the Hattori Botanical Laboratory 52:
357–366.

Hawksworth DL. 1982b. Co-evolution and the detection of ancestry in lichens.

Journal of the Hattori Botanical Laboratory 52: 323–329.
Hawksworth DL. 2003. The lichenicolous fungi of Great Britain and Ireland: an

overview and annotated checklist. Lichenologist 35: 191–232.
Honegger R, Edwards D, Axe L. 2013. The earliest records of internally stratified

cyanobacterial and algal lichens from the Lower Devonian of the Welsh

Borderland. New Phytologist 197: 264–275.
IturriagaT,HawksworthDL,Crane JL. 2008. ‘Sporidesmium’ lichenicola sp. nov., a
new lichenicolous fungusonLeptogium fromVenezuela.Mycologia100: 392–396.

Kaasalainen U, Heinrichs J, Krings M, Myllys L, Grabenhorst H, Rikkinen J,

Schmidt AR. 2015.Alectorioidmorphologies in Paleogene lichens: new evidence

and re-evaluation of the fossil Alectoria succiniM€agdefrau. PLoS ONE 10:

e0129526.

Karatygin IV, Snigirevskaya NS, Vikulin SV. 2009. The most ancient terrestrial

lichenWinfrenatia reticulata: a new find and new interpretation. Paleontological
Journal 43: 107–114.

Lawrey JD, Diederich P. 2003. Lichenicolous fungi: interactions, evolution, and

biodiversity. Bryologist 106: 80–120.
Lawrey JD, Diederich P 2015. Lichenicolous fungi – worldwide checklist, including
isolated cultures and sequences available. [WWW document] URL: http://

www.lichenicolous.net [accessed 16 March 2015].

Lawrey JD, Torzilli AP, Chandhoke V. 1999. Destruction of lichen chemical

defenses by a fungal pathogen. American Journal of Botany 86: 184–189.
Nguyen K-H, Chollet-Krugler M, Gouault N, Tomasi S. 2013. UV-protectant

metabolites from lichens and their symbiotic partners. Natural Products Reports
30: 1490.

Rambold G, Triebel D. 1992. The inter-lecanoralean associations. Bibliotheca
Lichenologica 48: 1–201.

Rankovi�c B, Misi�c M, Sukdolak S. 2007. Antimicrobial activity of extracts of the

lichens Cladonia furcata, Parmelia caperata, Parmelia pertusa, Hypogymnia
physodes and Umbilicaria polyphylla. British Journal of Biomedical Science 64:
143–148.

Rikkinen J, Poinar GO. 2002. Fossilised Anzia (Lecanorales, lichen-forming

Ascomycota) from European Tertiary amber. Mycological Research 106:

984–990.
Rikkinen J, Poinar GO Jr. 2008. A new species of Phyllopsora (Lecanorales, lichen-
forming Ascomycota) fromDominican amber, with remarks on the fossil history

of lichens. Journal of Experimental Botany 59: 1007–1011.
Schmidt AR, Beimforde C, Seyfullah LJ, Wege S, D€orfelt H, Girard V,

Grabenhorst H, Gube M, Heinrichs J, Nel A et al. 2014. Amber fossils of sooty

moulds. Review of Palaeobotany and Palynology 200: 53–64.
SelosseM-A, Strullu-Derrien C,Martin FM, Kamoun S, Kenrick P. 2015. Plants,

fungi and oomycetes: a 400-million year affair that shapes the biosphere. New
Phytologist 206: 501–506.

Taylor TN, Hass H, Kerp H. 1997. A cyanolichen from the Lower Devonian

Rhynie Chert. American Journal of Botany 84: 992–1004.
Taylor TN, Krigs M, Taylor EL. 2015. Fossil fungi. London, UK: Academic Press.

Torzilli AP, Mikelson PA, Lawrey JD. 1999. Physiological effect of lichen

secondary metabolites on the lichen parasiteMarchandiomyces corallinus.
Lichenologist 31: 307–314.

U’Ren JM, Lutzoni F, Miadlikowska J, Laetsch AD, Arnold AE. 2012.Host- and

geographic structure of endophytic and endolichenic fungi at a continental scale.

American Journal of Botany 99: 898–914.
Werth S,Millanes AM,WedinM, Scheidegger C. 2013. Lichenicolous fungi show

population subdivision by host species but do not share population history with

their hosts. Fungal Biology 117: 71–84.

Supporting Information

Additional supporting information may be found in the online
version of this article.

Fig. S1 Location of the lichen-associated fungi on the surface of the
lichen thalli in three Bitterfeld amber pieces.

Methods S1 Geology, preparation and imaging.

Please note: Wiley Blackwell are not responsible for the content or
functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
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