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Abstract

Parasitic fungi occur in virtually every ecosystem, where they can significantly affect the functions of other organisms. Fungal

parasites were probably also widespread in the geologic past. However, evidence of fossil fungi and their ecological roles is

relatively rare. Here we demonstrate a spectrum of (putative) parasitic relationships in ancient continental ecosystems, using

fossil examples of Chytridiomycota, zygomycetous fungi, Basidiomycota, and Ascomycota, along with several fungal fossils

whose affinities remain unknown, from different periods of the Phanerozoic. Although many of the hosts no longer exist, the

fungi involved mostly appear morphologically very similar to extant forms.

Introduction

The kingdom Fungi comprises an estimated 2 to 13 million extant species, many of which play important
roles as constituents of continental ecosystems (Blackwell, 2011; Hawksworth and Lücking, 2017; Wu et
al ., 2019; Cheek et al ., 2020). Fungi exhibit an extensive diversity of morphologies, reproductive strategies,
and metabolic pathways; moreover, they enter into a broad spectrum of ecological relationships with other
organisms, which may be dead or alive at the time of colonization (Willis, 2018). The ecological role of the
common ancestor of the true Fungi remains elusive. However, early-diverging branches of the fungal stem
lineage are parasites (Anderson et al ., 2010).

Fossil fungi have been documented throughout the Phanerozoic (Taylor et al ., 2015a), but fungal relationships
with land plants and other fungi from the Lower Devonian, Carboniferous, Triassic, Cretaceous, and Cenozoic
have attracted increased attention. The simple reason for this is the existence of exceptional rock or amber
deposits from these periods of time that faithfully preserve numerous fungi together with their hosts, and thus
provide direct insights into different levels of fungal interaction with other organisms in ancient ecosystems
(Taylor and Krings, 2010; Taylor et al ., 2015a, 2015b; Krings et al ., 2017b, 2018; Halbwachs et al ., 2021).

Documented fossil evidence of parasitic fungi in general is relatively rare, due primarily to the fact that,
of all the potential levels of fungal interaction, parasitism is probably the most difficult to demonstrate
based on fossils (Harper and Krings, 2021). Cherts, which are a dense microcrystalline or cryptocrystalline
type of sedimentary rock deposits that may preserve organisms three-dimensionally and down to the finest
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cellular details, represent the most important sources of new evidence of fossil parasitic fungi. Coal balls,
which typically are concretions of calcium carbonate, are another matrix that may yield exquisite fossils of
parasitic fungi. A third copious source of information on parasitic fungi since the Cretaceous is fossilized
plant resin called amber.

The fossil record of fungi as parasites was recently reviewed by Harper and Krings (2021). While these authors
focus on the hosts, and describe fungal parasites of fossil land plants, algae, other fungi, and animals, here
we use the (assumed) systematic affinities of the parasites as the guiding thread. This book chapter is aimed
primarily at students and colleagues interested in having a concise overview of fossil parasitic representatives
of the major lineages of fungi, and is complementary to the Harper and Krings (2021) review.

Fossils of parasitic fungi

Because not all branches of the fungal tree of life have a fossil record (Taylor et al ., 2015a, 2015b; Krings
et al ., 2017b), and not all fungal lineages with a fossil record include parasites, the following compilation is
limited to those lineages for which parasitism has been documented or suggested based on fossils, namely
Chytridiomycota, zygomycetous fungi, Basidiomycota, and Ascomycota. Several fossil fungi that probably
were parasites, but whose systematic affinities remain unresolved, are also included. Examples of fungal
parasitism have been documented throughout the Phanerozoic (Harper and Krings, 2021). However, the
Lower Devonian Rhynie chert of Scotland (˜410 Ma), which is the oldest rock deposit containing compre-
hensive information on fungal life in a continental palaeoecosystem (Taylor et al ., 2003, 2015a), and also
several Mississippian and Pennsylvanian cherts (˜331 Ma and ˜304 Ma, respectively) from France and Early
Pennsylvanian coal balls (˜319 Ma) from England have been more systematically studied to date, and thus
have yielded the largest number of examples.

Chytridiomycota (chytrids)

Rhynie chert

The oldest fossil bona fide parasitic chytrids come from the Rhynie chert, and include holocarpic and eucarpic
forms as parasites of land plants, charophytes, and other fungi (Kidston and Lang, 1921; Taylor et al .,
1992b, 2015a; Krings et al ., 2018). Three different forms have been identified as parasites of the charophyte
Palaeonitella cranii (Fig. 1A; Taylor et al ., 1992a). One of them, Milleromyces rhyniensis, is characterized
by an endobiotic zoosporangium with a discharge tube extending out from the host cell wall. The other
chytrids associated with P. cranii are Lyonomyces pyriformis and Krispiromyces discoides, which differ from
one another in thallus morphology, but are comparable with several extant chytrid parasites of freshwater
algae, including members of Entophlyctis and Phlyctochytrium. The host response in P. cranii is visible as
a massive hypertrophy of cells, which grow to approximately five times the diameter of normal cells (Fig.
1B).

Rhizophydites matryoshkae is a monocentric chytrid from the Rhynie chert that parasitizes spores of the land
plant Horneophyton lignieri (Fig. 1C; Krings et al ., 2021). Zoosporangia are epibiotic, inoperculate, and
possess 1–4 discharge papillae or short tubes. Several specimens comprise two or more successive generations
of zoosporangia occurring one inside another (Fig. 1D), a feature that allows for a direct comparison with
the extant genus Rhizophydium (Rhizophydiales).

Perhaps the most impressive parasitic chytrid from the Rhynie chert occurs on propagule clusters of unknown
nature and affinity that are frequently encountered in microbial mats (Krings and Harper, 2019). Thalli
consist of a robust, endobiotic or intramatrical rhizoidal system and an epibiotic sporangium, which is
situated on the surface of the host cluster and arises from a prominent subsporangial inflation or apophysis
(Fig. 1E). Some of the distal rhizoidal branches penetrate individual propagules and extend into their lumen.
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The rhizoid first forms a distally inflated, appressorium-like structure from which a narrow penetration peg
is then pushed through the host wall.

Other monocentric and polycentric chytrids are colonizers and likely parasites of spores of arbuscular mycor-
rhizal fungi (Glomeromycota) in the Rhynie chert (Hass et al ., 1994; Krings, 2022). Most are characterized by
epibiotic zoosporangia and rhizoidal systems extending into the host spore lumen, others develop entirely wi-
thin the spore lumen. An example of the former is Illmanomyces corniger, which consists of a zoosporangium
with 4–5 conical discharge tubes (Fig. 1F) and a rhizoidal system that originates from a proximal protru-
sion on the sporangium (Krings and Taylor, 2014). Conversely, Globicultrix nugax is a polycentric thallus
comprised of branched filaments and apophysate sporangia that are exclusively terminal (Fig. 1G; Krings et
al ., 2009b). The form has been compared with the extant genera Nowakowskiella and Cladochytrium (both
Cladochytridiales). Finally, Brijax amictus develops largely within the wall of certain glomeromycotan acau-
lospores (Fig. 1H; Krings and Harper, 2020). Thalli consist of an inoperculate sporangium (zoosporangium
or resting spore stage) located in the outer, ephemeral host spore wall component, and a rhizoidal system
that extends into the inner, persistent spore wall. Briax amictus resembles certain present-day species of
Phlyctochytrium (Chytridiales) and Rhizophydium (Rhizophydiales).

Hass et al . (1994), Krings and Harper (2018), and Krings (2022) describe penetration rhizoids of Rhynie chert
mycoparasitic chytrids on glomeromycotan spores that extend into the host spore lumen and, once inside the
lumen, become encased in a prominent, elongate-conical formation of newly synthesized spore wall material,
termed a callosity (Fig. 1I). This host response is believed to prevent the rhizoid from extracting nutrients
from the host. However, callosities in longitudinal section view reveal series of convex and concentric layers
of varying thickness. This configuration indicates that the rhizoids continued to grow longer in spite of the
presence of the callosity, and that the spores responded to the continued growth of the rhizoid by addition
of new layers to the callosity. Krings and Harper (2018) regard callosity formation as evidence of biotrophy.
Biotrophic relationships represent physiologically balanced systems, in which the parasite coexists with the
host for an extended period of time and often forms specialized infection structures or host-parasite interfaces
(Jeffries and Young, 1994; Jeffries, 1995). The arms race between the penetration rhizoid and the callosity
can be viewed as a specialized host-parasite interface, in which the parasite is contained to a certain extent
by the host, but is still able to grow and extract sufficient nutrients to provide for sporangium development
and maturation. The consecutive layers comprising the callosities indicate that the host remained viable for
an extended period of time while being parasitized.

Carboniferous, Mesozoic, and Cenozoic records

Fossil chytrids have also been reported from several Mississippian (Visean, ˜331 Ma) and Late Pennsylvanian
(˜304 Ma) chert deposits in France. For example, Grilletia spherospermii and Oochytrium lepidodendri are
two chytrid parasites of gymnosperms and arborescent lycophytes that have been described from these
cherts more than 120 years ago (Renault and Bertrand, 1885; Renault, 1895, 1896). Additional evidence of
chytrids has more recently been documented in (degrading) vascular plant tissues (xylem, periderm, cortical
parenchyma, leaf mesophyll) and sporangia, as well as in various plant and fungal spores (Krings et al .,
2007a, 2009a, 2009c, 2011b; Dotzler et al ., 2011). Host responses possibly linked to chytrid infection occur in
the form of callosities, some with a distinct penetration canal, in lycophyte xylem and periderm (Fig. 1J),
as well as in glomeromycotan spores (Krings et al ., 2009a).

Conspicuous spheroidal inclusions are sometimes present in gymnosperm pollen grains from the Upper Per-
mian (˜265 Ma) of India (Aggarwal et al ., 2015). They occur in the corpus of the pollen grain, and have
been interpreted as the remains of a pollen-colonizing organism, perhaps the endobiotic zoosporangia of a
chytrid (Fig. 1K). Another putative endoparasitic chytrid, Synchtrium permicus, occurs in silicified plant
remains from the Upper Permian of Antarctica (˜255 Ma) (Garćıa Massini, 2007). The thallus is holocar-
pic and consists of thick-walled resting sporangia, thin-walled sporangia, and zoospores in different stages
of development. The host cells are often hypertrophied. Morphology and development of the fossil suggest
similarities with the extant genus Synchytrium (Chytridiales). Other fossils resembling Synchytrium have
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been reported from the roots of a Pennsylvanian calamite (˜310 Ma) (Agashe and Tilak, 1970). They consist
of mostly intercellular, oval to spheroidal sporangium-like structures containing numerous globular bodies.

The record of Mesozoic and Cenozoic chytrid parasites is exceedingly meagre. Pollen grains and spores
obtained through palynological sampling sometimes contain structures that may represent chytrids. However,
these structures do not normally receive attention because the focus of the research is directed at the pollen
and spores, rather than their contents (Taylor et al ., 2015a). A Mesozoic example of such an occurrence
is Rhizophidites triassicus, a putative chytrid parasite of some Triassic spores that resembles the extant
Globomyces pollinis-pini, which is a parasite of pine pollen (Daugherty, 1941).

Zygomycetous fungi

Fossil evidence of zygomycetous fungi and their interactions with other organisms is rare. Not even the
famous Rhynie chert has produced conclusive evidence of them (Krings et al ., 2013a). The oldest bona fide
fossils of zygomycetous fungi come from the Lower Pennsylvanian of England (˜319 Ma) and occur in the
form of several types of structurally preserved reproductive units interpreted as zygosporangia with attached
gametangia (Krings and Taylor, 2012a, 2012b; Krings et al ., 2013b). These fossils all have been discovered
within the confines of plant parts, such as ovules and degraded wood. This is unusual since most modern
zygomycetes produce zygospores aerially, on or in the soil, or on organic debris (Benny et al ., 2001). As to
whether the occurrence within plant parts reflects some life history strategy of Carboniferous zygomycetous
fungi, perhaps plant parasitism, cannot be determined.

There are a few reports of putative parasitic zygomycetous fungi preserved in amber. For example, asep-
tate hyphae that resemble the assimilative hyphae of certain modern nematophagous zygomycetes occur in
Miocene amber fossils of nematodes from Mexico (˜20 Ma) (Fig. 1L; Jansson and Poinar, 1986). Another
example is present in Cretaceous amber from Spain (˜120 Ma) (Speranza et al ., 2010), and occurs in the form
of a thrip containing hyphae and reproductive structures similar to those seen in certain extant zygomycetes.
Moreover, Poinar and Thomas (1982) describe an entomophthoralean fungus from a termite preserved in
amber from the Miocene Dominican Republic (˜18 Ma). The body of the animal is covered with a white
mat composed of closely appressed (Fig. 1M), supposedly coenocytic hyphae. A layer of conidia lines the
surface of the mycelial covering. Some of the conidia are budding and a number of smaller conidia (secondary
conidia) are present in the amber close to the mycelial covering.

4
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Figure 1: Examples of fossil fungal parasites: Chytridiomycota and zygomycetous fungi. A. Portion of cha-
rophyte Palaeonitella cranii showing normal cell size from Lower Devonian Rhynie chert; colour version of
fig. 1 in Taylor et al. (1992a); bar 100 μm. B. Hypertrophied cells of P. cranii from Lower Devonian Rhynie
chert; colour version of fig. 26 in Taylor et al. (1992c); bar 200 μm. C. Partially degraded sporangia of Hor-
neophyton lignieri colonized by Rhizophydites matryoshkae (arrows) from Lower Devonian Rhynie chert; fig.
1E in Krings et al. (2021); bar 100 μm. D. Rhizophydites matryoshkae with four generations of zoosporangia
occurring one inside another from Lower Devonian Rhynie chert; fig. 5A in Krings et al. (2021); bar 10 μm.
E. Fungal intruders of enigmatic propagule clusters in microbial mats from Lower Devonian Rhynie chert;
fig. 2a in Krings and Harper (2019); bar 10 μm. F. Illmanomyces corniger zoosporangium on host spore
from Lower Devonian Rhynie chert; fig. 2a in Krings and Taylor (2014); bar 50 μm. G. Globicultrix nugax
in glomeromycotan spore from Lower Devonian Rhynie chert; fig. 2.2 in Krings et al. (2009b); bar 20 μm.
H. Thalli of Brijax amictus in ephemeral outer wall component of glomeromycotan acaulospore from Lower
Devonian Rhynie chert; pl. III, fig. 8 in Krings and Harper (2020); bar 25 μm. I. Callosity (white arrows)
in glomeromycotan spore; note sporangium of parasite on host spore surface (black arrow) from Lower De-
vonian Rhynie chert; fig. 31 in Krings (2022); bar 10 μm. J. Callosities in lycophyte periderm from Visean
(Mississippian) chert deposits in France; pl. II, fig. 12 in Krings et al. (2009a); bar 20 μm. K. Chytrid-like
inclusions in gymnosperm pollen grain from Upper Permian of India; fig. 2C in Aggarwal et al. (2015);
bar 20 μm. L. Developing spore of a fungal pathogen inside a nematode from Miocene Mexican amber; fig.
2A in Jansson and Poinar (1986); bar 10 μm. M. Termite bearing white colonies of an entomophthoralean
fungus (arrow) from Miocene Dominicam amber; colour version of fig. 1 in Poinar and Thomas (1982); bar
1.0 mm. A, B. Courtesy of Hagen Hass and Hans Kerp, University of Münster. L, M. Courtesy of George
O. Poinar, Oregon State University.
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Basidiomycota

The oldest basidiomycetous fossils occur in a structurally preserved fern stem from the Upper Mississippian
(˜331 Ma) of France, and comprise septate hyphae with clamp connections that pass from cell to cell (Krings
et al ., 2011a). The clamp-bearing hyphae co-occur with elongate callosities in several of the host cells (Fig.
2A); however, hyphae and callosities have not been observed physically connected. If the callosities in fact
formed in response to invading clamp-bearing hyphae, then this host response would be evidence of a parasitic
interaction, which would support the hypothesis that ancestral Basidiomycota were parasites (Oberwinkler,
2012). Hyphae with clamp connections co-occurring with callosities have also been described in an Early
Permian Psaronius tree fern root mantle from Germany (Krings et al ., 2017a).

Fossilized wood-rot also provides possible evidence of basidiomycetous parasitism and pathogenicity.
Tracheids and vessels of extant plants have a diversity of passive defense mechanisms to ward off or con-
tain microbial attacks (Blanchette, 1992), while living cells may also employ active mechanical defences
in the form of appositions, tyloses, and chemical defence strategies (Schwarze and Baum, 2000). Silicified
Glossopteris wood from the upper Permian (˜255 Ma) of Antarctica show irregular areas lacking cells, and
septate hyphae with clamp connections (Harper et al ., 2016). The decay pattern in this fossil is comparable
to present-day rots caused by Basidiomycota. Moreover, the lumina of some of the tracheids are sealed by
opaque matter, while the cell walls of other tracheids are swollen and partially occlude the lumen (Fig.
2B). Both types of occlusion could have developed to contain antagonistic fungal expansion. Basidiomycota
have also been identified as the causal agents for decay in conifer wood from the Jurassic (˜160 Ma) and
Cretaceous (˜75 Ma) of Argentina (Sagasti et al ., 2019; Greppi et al ., 2022) and the Cretaceous (˜120 Ma)
of China (Tian et al ., 2020), either directly based on the presence of clamp-bearing hyphae in the decayed
areas of the wood, or indirectly based on micro-patterns that are consistent with patterns generated by
xylophagous Basidiomycota in present-day conifer wood.

Another structural detail of fossil woods that has been discussed in connection with fungal infection is tyloses
(Decombeix et al ., 2022). Harper et al . (2012) describe a Jurassic permineralized conifer axis from Antarctica
(˜180 Ma) in which tylosis formation co-occurs with abundant fungal remains, suggesting that the tyloses
served as mechanical barriers against the advancing hyphae (Fig. 2C). However, the fact that the hyphae
also occur within and around the tyloses, as well as in the rays and phloem, suggests that the fungus was able
to surmount this barrier. A similar interpretation has been offered by Khan et al . (2018) for Plio-Pleistocene
(˜2.5 Ma) angiosperm wood from Tibet that also contains both tyloses and fungal remains.

Ascomycota

The bulk of evidence of fossil parasitic Ascomycota comes from amber fossils and cuticle preparations of com-
pressed leaves. However, the hitherto oldest putatively parasitic Ascomycota, Paleopyrenomycites devonicus,
is from the Lower Devonian Rhynie chert, and is preserved in leaf-like enations, stems, and rhizomes of the
early lycophyte Asteroxylon mackiei, where it produced ostiolate perithecia in substomatal chambers just
beneath stomatal pores (Taylor et al ., 1999, 2005). Necrotic areas in the host suggest that the fungus was a
parasite. Hyphae and spores of another fungus, probably a mycoparasite, occur in several of the perithecia.

Amber fossils, and a permineralization

Fossils of parasitic fungi associated with animals primarily come from specimens enshrined in Cretaceous
and Cenozoic amber. Perhaps the most spectacular example is a fungus described as Paleoophiocordyceps
coccophagus, which was a parasite of scale insects and morphologically similar to present-day Ophiocordyceps
(Sung et al ., 2008). This fossil occurs in mid-Cretaceous Kachin amber (˜100 Ma) from Myanmar in the form
of synnemata emerging from the head of the insect (Fig. 2D). Another possible fungal parasite has recently
been described from a Camponotus ant in Baltic amber (˜45 Ma) as Allocordyceps baltica (Hypocreales:

6
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Clavicipitaceae) (Poinar and Maltier, 2021). The fungus is characterized by a stalked, cup-shaped ascoma
with partially immersed perithecia that emerges from the rectum of the ant, two separate stromata with
septate mycelium that emerge from the base of the neck and the abdomen of the ant, respectively, and free-
standing putative perithecia bearing putative asci with multicellular ascospores. A third remarkable amber
fossil preserving a fungus–animal interaction is a springtail (Collembola) covered in hyphae and conidiophores
of an Aspergillus species that is also preserved in Eocene Baltic amber (Dörfelt and Schmidt, 2005). Most
conidiophores extend directly from the host surface. The fungus may have penetrated and parasitized the
living organism, and may have sporulated after the host had become entangled in liquid resin. The dominance
of a single insecticolous fungus, together with the excellent preservation of the springtail, suggest a parasitic
mode of life of the fungus (Fig. 2E).

A fossil member of the order Laboulbeniales, which are obligate ectoparasites (Haelewaters et al ., 2021),
is preserved on the thorax of a stalk-eyed fly in Bitterfeld amber (˜24 Ma) from Germany (Rossi et al .,
2005). The authors stated that the fungus is preserved in Baltic amber, but it is actually Bitterfeld amber
(Perreau et al ., 2021). This fossil was assigned to the extant genus Stigmatomyces, of which representatives
are parasites of Diptera, and described as S. succinii. It is the oldest bona fide fossil representative of the
class Laboulbeniomycetes (Fig. 2F, G). Another fossil attributed to the Laboulbeniales with confidence
has recently been discovered in Miocene Dominican amber (˜18 Ma) (Perreau et al ., 2021). This fungus,
Columnomyces electri, occurs on the leg of a leiodid beetle, and its discovery indicated that these beetles
and their parasitic Laboulbeniales have coevolved at least since the Miocene (Fig. 2H, I).

A parasitic relationship involving an ascomycete has also been suggested for what has been interpreted
as a Claviceps-like sclerotium, Palaeoclaviceps parasiticus, that occurs on a grass floret in Kachin amber
(Fig. 2J; Poinar et al ., 2015). The fossil is believed to demonstrate the existence of intricate interactions
between Clavicipitaceae and the plant family Poaceae in the Cretaceous. Recently, Poinar (2020) reported
on epiphyllous pycnidia, formally described as Palaeomycus epallelus, from an angiosperm leaf in Kachin
amber, and suggested that, albeit no modern equivalents to these pycnidia are known, they are most similar
to leaf spot-producing Coelomycetes (Fig. 2K). Finally, lichenicolous fungi of the genus Lichenostigma
(Lichenostigmatales) occurring on the apothecial margin and crustose thallus of two lichen fossils preserved
in Paleogene Baltic amber (˜45 Ma) have been interpreted as parasites (Kaasalainen et al ., 2019).

Examples of putative mycoparasitism and hypermycoparasitism have been reported from Kachin amber by
Poinar and Buckley (2007). The gilled mushroom Palaeoagaracites antiquus is parasitized by an ascomycete,
Mycetophagites atrebora. The mycelium of the parasite overgrows the pileus of P. antiquus and its hyphae also
occur within the host tissue (Fig. 2L). A third organism involved in this interaction is Entropezites patricii,
which appears to be a necrotrophic hyperparasite based on hyphae invading and apparently destroying
the mycelium of M. atrebora (Fig. 2M). Another report of a fungal hyperparasite comes from the Eocene
Princeton chert of Canada (Currah et al ., 1998). Paleoserenomyces allenbyensis is an ascomycete preserved
on permineralized leaves of the palm Uhlia allenbyensis. The fossil fungus shares certain features with
extant Serenomyces (Phyllachorales), which also forms spots on palms (Hyde and Cannon, 1999). Present
in some of the locules of P. allenbyensis are globose ascomata formally described as Cryptodidymosphaerites
princetonensis (Melanommatales) that share morphological traits with Didymosphaeria, a genus of plant
pathogens in Pleosporales.

Plant cuticles

The oldest fossil evidence in plant cuticles of a host response to the presence of a fungus comes from the
Mississippian of Germany (˜350 Ma) (Hubers et al ., 2011). Pronounced cuticle rims bordering the margins
of fungal thalli are interpreted as a host response suggestive of parasitism. A similar host response has
been observed in a Jurassic Sphenobaiera (Ginkgophyta) leaf from China (˜170 Ma) (Fig. 2N; Sun et al .,
2015). Cuticle alterations probably linked to a fungal colonization have also been observed in Cenozoic
angiosperm leaves from Australia (˜30 Ma) (Tarran et al ., 2016). Cuticular rims present on these leaves
appear to have directed fungal hyphae away from the stomata, and thus away from the entry points into the
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leaves. Pteropus brachyphylli (Pleosporales) is a fossil ascomycete that occurs on leaves of a conifer from the
Upper Cretaceous of Belgium (˜67 Ma). Nearly all stomata of the host leaves are occupied by the fungus,
suggesting that the association was parasitic rather than saprotrophic (van der Ham and Dortangs, 2005).

Compression fossils of Paleocene conifers of the Cupressaceae and Pinaceae from Russia (˜60 Ma) show
various types of damage, most of which were caused by Ascomycota (Maslova et al ., 2021). Fungal remains
obtained through cuticle preparations of the damaged areas include hyphae, chains of conidia, various types of
fruiting bodies, and dispersed spores. The diversity of Ascomycota on these Paleocene conifers is consistent
with previously obtained data on the existence of these plants in a temperate humid climate with a hot
summer and without a dry season. There is astonishing diversity of fungal hyphae, fruiting bodies (e.g.,
thyriothecia, pycnidia), and hyphopodia, mostly of microthyriaceous fungi, also on Cenozoic angiosperm
leaves. The vast majority of these remains have been obtained through maceration of compression fossils
(e.g., Dilcher, 1965; Bannister et al ., 2016). The nutritional modes of most of these fungi remain unknown;
however, some authors have noted morphological similarities to present-day plant parasites and pathogens,
such as Asterina, Vizella, and Trichothyrina (Taylor et al ., 2015a).
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Figure 2: Examples of fossil fungal parasites: Basidiomycota, Ascomycota, and unclassified fungi. A. Callosity
extending into lumen of Botryopteris antiqua cortical cell from Visean (Mississippian) chert deposits in
France; fig. 1n in Krings et al. (2011a); bar 20 μm. B. Swollen tracheid wall extending into cell lumen
(arrow) adjacent to ray from Upper Permian of Antarctica; fig. 2A in Harper et al. (2017); bar 25 μm. C.
Transverse section of wood from Jurassic of Antarctica showing crushed vascular ray (dark line in center),
with tyloses in adjacent tracheids; bar 25 μm. D. Paleoophiocordyceps coccophagus with two synnemata
(arrows) arising from head of a scale insect from mid-Cretaceous Kachin amber of northern Myanmar; fig.
1A in Sung et al. (2008); bar 1.0 mm. E. Conidial heads of Aspergillus collembolorum extending from
surface of a springtail from Eocene Baltic amber; fig. 2 in Dörfelt and Schmidt (2005); bar 500 μm. F.
Stalk-eyed fly Prosphyracephala succini with tuft of Stigmatomyces succini (arrow) attached to thorax from
Oligocene Bitterfeld amber, colour version of fig. 1 in Rossi et al. (2005); bar 1.0 mm. G. Detail of S. succini,
colour version of fig. 2 in Rossi et al. (2005); bar 250 μm. H. Proptomaphaginus alleni with Columnomyces
electri located on the right leg from Miocene Dominican amber; fig. 1a in Perreau et al. (2021); bar 500
μm. I. Propagation phase-contrast synchrotron X-ray microtomography (PPC-SRμCT) image of mature
thallus of C. electri; fig. 5a in Perreau et al. (2021); scale bar 50 μm. J. Grass spikelet with sclerotium
(arrow) of Palaeoclaviceps parasiticus from mid-Cretaceous Kachin amber of northern Myanmar; fig. 1 in
Poinar et al. (2015); bar 2.0 mm. K. Angiosperm leaf portion with dorsal view of 5 pycnidia (arrows) of
Palaeomycus epallelus from mid-Cretaceous Kachin amber of northern Myanmar; fig. 1 in Poinar (2020); bar
1.0 mm. L. Pileus of Palaeoagaricites antiquus overgrown by mycoparasite Mycetophagites atrebora from
mid-Cretaceous Kachin amber of northern Myanmar; fig. 1A in Poinar and Buckley (2007); bar 0.5 mm. M.
Mycetophagites atrebora parasitized by Entropezites patricii (arrows); fig. 1C in Poinar and Buckley (2007);
bar 20 μm. N. Ascoma surrounded by incomplete ring (arrows) of thickened leaf cuticle from Jurassic of
China; pl. II, fig. 15 in Sun et al. (2015); bar 50 μm. O. Section through Nothia aphylla rhizoidal ridge
showing zig-zag boundary line (arrows) of secondarily thickened cell walls from Lower Devonian Rhynie
chert; fig. 2e in Krings et al. (2007c); bar 100 μm. P. Triskelia scotlandica with tube-like projection (arrow)
from Lower Devonian Rhynie chert; fig. 4k in Krings (2021); bar 10 μm. Q. Callosities around penetrating
hyphae (arrows) of Cashhickia acuminata in calamite root cortical cells from Pennsylvanian Grand-Croix
chert of France; pl. III, fig. 1 in Taylor et al. (2012); bar 50 μm. D, J–M. Courtesy of George O. Poinar,
Oregon State University. E–G. Courtesy of Alexander R. Schmidt, University of Göttingen. H, I. Courtesy
of Michel Perreau, Université de Paris.
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Other unidentified fungi

Very often it is impossible to determine the systematic affinities of a parasitic fungus based on fossils.
For instance, three morphologically different types of endophytic fungi occur in the prostrate axes of the
Rhynie chert land plant Nothia aphylla (Krings et al., 2007b, 2007c). In spite of the exquisite preservation
of the fungi, their affinities remain unclear. The association is nevertheless noteworthy because axes heavily
infected by one of these fungi show a hypodermal zigzag line composed of secondarily thickened cell walls
that appears to represent a specific host response effective in separating infected from uninfected tissues
(Fig. 2O). Another fungus in N. aphylla triggers a host response in the form of encasement layers consisting
of cell wall material that exclusively form around hyphae of this endophyte.

A truly enigmatic fossil from the Rhynie chert is Triskelia scotlandica, an acritarch-like structure with
a prominent surface ornamentation. The form had been initially described as a green algal resting stage
(Strullu-Derrien et al ., 2021), but the subsequent discovery of specimens that occur in situ in prominent
swellings of fungal hyphae provided strong evidence that it was not algal, but rather fungal in nature (Krings,
2021). Moreover, specimens with a discharge tube suggest that T. scotlandica may be a zoosporangium or
resting spore stage of an endoparasite (Fig. 2P), perhaps with affinities to holocarpic Oomycota (e.g.,
Olpidiopsis), Cryptomycota (e.g., Rozella), or zoosporic Fungi (e.g., Olpidium), in which case the hyphal
swellings would be either dilatations resulting from the expansion of the parasite inside, or a host response
(hypertrophy).

A geologically younger, presumably parasitic fungus of unknown affinity is Cashhickia acuminata, which is
preserved in permineralized calamite roots from the Upper Pennsylvanian of central France (˜304 Ma) (Taylor
et al ., 2012). Infected roots contain intracellular hyphae in the outer cortex that arise from a meshwork-like
mycelium extending between cortical cells. All intracellular hyphae are oriented towards the root centre.
Within the cortical cells are host responses in the form of callosities that indicate the roots were alive at the
time of infection (Fig. 2Q). Fossils similar to C. acuminata have been described in roots from the Triassic of
the Svalbard archipelago by McLoughlin and Strullu-Derrien (2016). Other evidence of fungal parasitism in
Pennsylvanian plants occurs in a Lasiostrobus polysaccii cone from Illinois, USA (˜310 Ma) (Stubblefield et
al ., 1984). On the inner surface of cortical cells containing fungal hyphae are peculiar swellings that appear
to represent wall appositions produced by the host in response to the infection.

Septate fungal hyphae present in silicified Agathoxylon (Araucariaceae) wood from the Upper Cretaceous
(˜84 Ma) of South Africa have been compared with blue-stain fungi colonizing the wood of present-day Pinus
strobus (Strullu-Derrien et al ., 2022). They represent the first documented evidence of these wood-colonizing
Ascomycota in the geological record. Structures interpreted as fungal mycelia of uncertain affinity have also
been found in sections of dinosaur egg shells from the Upper Cretaceous (˜80 Ma) of central China (Gong
et al ., 2008). Based on fungal morphology and the areas in the shells in which the fungi occur, it has been
hypothesized that the fungi were parasitic and invaded the eggs before they became lithified.

Concluding Remarks

Fungi today master very different levels of interaction with various other organisms. They form lichens, enter
into mutualistic relationships with plants and animals, occur as endophytes in virtually all land plants, and
negatively affect the functions of other microorganisms, plants, animals, and even humans as parasites and
pathogens (Kaishian et al., 2022). Fungi probably had similar roles in the geologic past. Documenting these
roles based on fossils is a challenging task, foremost because of the low preservation potential of most fungal
life cycle stages, and because the majority of fungal fossils occur dispersed and are fragmented (Taylor et al .,
2015a). It is clear from the examples of fossil fungal parasitism presented in the sections above that the key
to understanding fungi as constituents of past ecosystems is the extraordinary preservation found in certain
rock deposits. While the Rhynie chert of Scotland is perhaps the prime illustration of this, there are other
fossil ecosystems that have been preserved in a similar manner, but to date have received less attention (e.g.,
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Garćıa Massini et al ., 2012; Klymiuk et al ., 2012; Harper et al ., 2016). As more information is gathered
on the fungi preserved in these deposits, and as further rock deposits containing well preserved fungi are
unearthed, additional examples of fungal parasitic interactions will be discovered and described. This will
provide increasing opportunities to relate fossils to extant analogues to better understand the past diversity,
evolutionary history, and past ecological functions of parasitic fungi.

Acknowledgments

C.L. is supported by the Strategic Priority Research Program of the Chinese Academy of Sciences
(XDB26000000), the Second Tibetan Plateau Scientific Expedition and Research (2019QZKK0706), and
the National Natural Science Foundation of China (42125201, 41688103). D.H. was supported by the Re-
search Foundation – Flanders (FWO Junior Postdoctoral Fellowship 1206620N). M.K.’s research on fossil
fungi received funding from the U.S. National Science Foundation (EAR-0542170, EAR-0949947, and DEB-
1441604–S1696A-A), the Alexander von Humboldt Foundation (V-3.FLF-DEU/1064359), and the Deut-
sche Forschungsgemeinschaft (KE584/13-2, KR2125/5-1). M.K. thanks Hans Kerp and Hagen Hass (both
Münster, Germany), Nora Dotzler (Munich, Germany), Jean Galtier (Montpellier, France), Carla J. Harper
(Dublin, Irleand), Christopher Walker (Gloucester, UK), Edith L. Taylor (Lawrence, KS, USA) and Thomas
N. Taylor (+) for fruitful collaboration over many years. The chapter benefited greatly from constructive
comments and suggestions by Alexander R. Schmidt (Gottingen, Germany).

Literature

Agashe, S.N., Tilak, S.T., 1970. Occurrence of fungal elements in the bark of arborescent calamite roots
from the American Carboniferous. Bulletin of the Torrey Botanical Club 97 (4), 216–218.

Aggarwal, N., Krings, M., Jha, N., Taylor, T.N., 2015. Unusual spheroidal inclusions in Late Permian
gymnosperm pollen grains from southern India revisited: evidence of a fungal nature. Grana 54 (3), 174–
183.

Anderson, J.P., Gleason, C.A., Foley, R.C., et al ., 2010. Plants versus pathogens: an evolutionary arms
race. Functional Plant Biology 37 (6), 499–512.

Bannister, J.M., Conran, J.G., Lee, D.E., 2016. Life on the phylloplane: Eocene epiphyllous fungi from
Pikopiko Fossil Forest, Southland, New Zealand. New Zealand Journal of Botany 54 (4), 412–432.

Benny, G.L., Humber, R.A., Morton, J.B., 2001. Zygomycota: Zygomycetes. In: McLaughlin, D.J.,
McLaughlin, E.G., Lemke, P.A. (Eds.), Systematics and evolution. Berlin, Heidelberg: Springer–Verlag,
pp. 113–146.

Blackwell, M., 2011. The Fungi: 1, 2, 3 . . . 5.1 million species? American Journal of Botany 98 (3), 426–438.

Blanchette, R.A., 1992. Anatomical responses of xylem to injury and invasion by fungi. In: Blanchette, R.A.,
Biggs, A.R. (Eds.), Defense mechanisms of woody plants against fungi. Berlin, Heidelberg: Springer–Verlag,
pp. 76–95.

Cheek, M., Nic Lughadha, E., Kirk, P., et al ., 2020. New scientific discoveries: Plants and fungi. Plants
People Planet 2 (5), 371–388.

Currah, R.S., Stockey, R.A., LePage, B.A., 1998. An Eocene tar spot on a fossil palm and its fungal
hyperparasite. Mycologia 90 (4), 667–673.

Daugherty, L.H., 1941. Upper Triassic flora of Arizona. Carnegie Institute of Washington Publication 526,
1–108.

11



P
os

te
d

on
28

O
ct

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

69
67

14
.4

99
94

88
9/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Decombeix, A.L., Harper, C.J., Galtier, J., Meyer-Berthaud, B., Krings, M., 2022. Tyloses in fos-
sil plants: New data from a Mississippian tree, with a review of previous records. Botany Letters.
https://doi.org/10.1080/23818107.2022.2099461.

Dilcher, D.L., 1965. Epiphyllous fungi from Eocene deposits in western Tennessee, USA. Palaeontographica
Abteilung B 116 (1–4), 1–54.

Dorfelt, H., Schmidt, A.R., 2005. A fossil Aspergillus from Baltic amber. Mycological Research 109 (8),
956–960.

Dotzler, N., Taylor, T.N., Galtier, J., Krings, M., 2011. Sphenophyllum (Sphenophyllales) leaves colonized
by fungi from the Upper Pennsylvanian Grand-Croix cherts of central France. Zitteliana (Series A) 51, 3–8.

Garcia Massini, J.L., 2007. A possible endoparasitic chytridiomycete fungus from the Permian of Antarctica.
Palaeontologia Electronica 10 (3), 16A.

Garcia Massini, J., Channing, A., Guido, D.M., Zamuner, A.B., 2012. First report of fungi and fungus-like
organisms from Mesozoic hot springs. Palaios 27 (1–2), 55–62.

Gong, Y., Xu, R., Hu, B., 2008. Endolithic fungi: A possible killer for the mass extinction of Cretaceous
dinosaurs. Science in China Series D: Earth Sciences 51 (6), 801–807.

Greppi, C.D., Alvarez, B., Pujana, R.R., Ibiricu, L.M., Casal, G.A., 2022. Fossil woods with evidence of
wood-decay by fungi from the Upper Cretaceous (Bajo Barreal Formation) of central Argentinean Patagonia.
Cretaceous Research 136, 105229.

Haelewaters, D., Blackwell, M., Pfister, D.H., 2021. Laboulbeniomycetes: intimate fungal associates of
arthropods. Annual Review of Entomology 66, 257–276.

Halbwachs, H., Harper, C.J., Krings, M., 2021. Fossil Ascomycota and Basidiomycota, with notes on fossil
lichens and nematophytes. In: Zaragoza, O., Casadevall, A. (Eds.), Encyclopedia of mycology. Oxford:
Elsevier, pp. 378–395.

Harper, C.J., Bomfleur, B., Decombeix, A.-L., et al ., 2012. Tylosis formation and fungal interactions in an
Early Jurassic conifer from northern Victoria Land, Antarctica. Review of Palaeobotany and Palynology
175, 25–31.

Harper, C.J., Decombeix, A.-L., Taylor, E.L., Taylor, T.N., Krings, M., 2017. Fungal decay in Permian
glossopteridalean stem and root wood from Antarctica. Iawa Journal 38 (1), 29–48.

Harper, C.J., Krings, M., 2021. Fungi as parasites: a conspectus of the fossil record. In: De Baets, K.,
Huntley, J.W. (Eds.), The evolution and fossil record of parasitism: Identification and macroevolution of
parasites. Cham, Switzerland: Springer Nature, pp. 69–108.

Harper, C.J., Taylor, T.N., Krings, M., Taylor, E.L., 2016. Structurally preserved fungi from Antarctica:
diversity and interactions in late Palaeozoic and Mesozoic polar forest ecosystems. Antarctic Science 28 (3),
153–173.

Hass, H., Taylor, T.N., Remy, W., 1994. Fungi from the Lower Devonian Rhynie chert: mycoparasitism.
American Journal of Botany 81 (1), 29–37.

Hawksworth, D.L., Lucking, R., 2017. Fungal diversity revisited: 2.2 to 3.8 million species, in: Heitman, J.,
Howlett, B.J., Crous, P.W., et al . (Eds.), The fungal kingdom. Washington, D.C.: American Society for
Microbiology, pp. 79–95.

Hubers, M., Bomfleur, B., Krings, M., Kerp, H., 2011. An Early Carboniferous leaf-colonizing fungus. Neues
Jahrbuch fur Geologie und Palaontologie - Abhandlungen 261 (1), 77–82.

Hyde, K.D., Cannon, P.F., 1999. Fungi causing tar spots on palms. Wallingford, UK: CABI.

12



P
os

te
d

on
28

O
ct

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

69
67

14
.4

99
94

88
9/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Jansson, H.-b., Poinar, G.O., Jr., 1986. Some possible fossil nematophagous fungi. Transactions of the
British Mycological Society 87 (3), 471–474.

Jeffries, P., 1995. Biology and ecology of mycoparasitism. Canadian Journal of Botany 73 (S1), 1284–1290.

Jeffries, P., Young, T.W.K., 1994. Interfungal parasitic relationships. Wallingford, UK: CABI.

Kaasalainen, U., Kukwa, M., Rikkinen, J., Schmidt, A.R., 2019. Crustose lichens with lichenicolous fungi
from Paleogene amber. Scientific Reports 9, 10360.

Kaishian, P., Lubbers, M., de Groot, M.D., Schilthuizen, M., Haelewaters, D. 2022. Definitions of parasites
and pathogens through time. Authorea. https://doi.org/10.22541/au.165712662.22738369/v1

Khan, M.A., Bera, M., Spicer, R.A., Spicer, T.E.V., Bera, S., 2018. Evidence of simultaneous occurrence of
tylosis formation and fungal interaction in a late Cenozoic angiosperm from the eastern Himalaya. Review
of Palaeobotany and Palynology 259, 171–184.

Kidston, R., Lang, W.H., 1921. XXXIII.—On Old Red Sandstone plants showing structure, from the Rhynie
Chert Bed, Aberdeenshire. Part V. The Thallophyta occurring in the peat-bed; the succession of the plants
throughout a vertical section of the bed, and the conditions of accumulation and preservation of the deposit.
Transactions of the Royal Society of Edinburgh 52 (4), 855–902.

Klymiuk, A.A., Taylor, T.N., Krings, M., Taylor, E.L., 2012. The Princeton Chert: An unprecedented
window into fungal diversity during the Eocene. In: O’Brien, L.J., Brown, C.M., Brink, K.S. (Eds.),
Canadian Paleontology Conference Proceedings. St. John’s, Canada: Geological Association of Canada –
Paleontology Division, pp. 38–42.

Krings, M., 2021. Triskelia scotlandica, an enigmatic Rhynie chert microfossil revisited. PalZ 95, 1–15.

Krings, M., 2022. Angriff und Abwehr vor 410 Millionen Jahren: Die Pilzpartner der Rhynie Chert
Landpflanzen und ihre Parasiten. Jahresbericht und Mitteilungen der Freunde der Bayerischen Staatssamm-
lung fur Palaontologie und Historische Geologie Munchen e.V. 50, 53–68.

Krings, M., Dotzler, N., Galtier, J., Taylor, T.N., 2009a. Microfungi from the upper Visean (Mississippian)
of central France: Chytridiomycota and chytrid-like remains of uncertain affinity. Review of Palaeobotany
and Palynology 156 (3–4), 319–328.

Krings, M., Dotzler, N., Galtier, J., Taylor, T.N., 2011a. Oldest fossil basidiomycete clamp connections.
Mycoscience 52 (1), 18–23.

Krings, M., Dotzler, N., Taylor, T.N., 2009b. Globicultrix nugax nov. gen. et nov. spec. (Chytridiomycota),
an intrusive microfungus in fungal spores from the Rhynie chert. Zitteliana (Series A) 48/49, 165–170.

Krings, M., Dotzler, N., Taylor, T.N., Galtier, J., 2007a. A microfungal assemblage in Lepidodendron from
the Upper Visean (Carboniferous) of central France. Comptes Rendus Palevol 6 (6–7), 431–436.

Krings, M., Galtier, J., Taylor, T.N., Dotzler, N., 2009c. Chytrid-like microfungi in Biscalitheca cf. musata
(Zygopteridales) from the Upper Pennsylvanian Grand-Croix cherts (Saint-Etienne Basin, France). Review
of Palaeobotany and Palynology 157 (3–4), 309–316.

Krings, M., Harper, C.J., 2018. Deciphering interfungal relationships in the 410 million-year-old Rhynie
chert: Glomoid spores under attack. Geobios 51 (2), 151–160.

Krings, M., Harper, C.J., 2019. Fungal intruders of enigmatic propagule clusters occurring in microbial mats
from the Lower Devonian Rhynie chert. PalZ 93, 135–149.

Krings, M., Harper, C.J., 2020. Deciphering interfungal relationships in the 410-million-yr-old Rhynie chert:
Brijax amictus gen. et sp. nov. (Chytridiomycota) colonizing the walls of glomeromycotan acaulospores.
Review of Palaeobotany and Palynology 281, 104287.

13



P
os

te
d

on
28

O
ct

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

69
67

14
.4

99
94

88
9/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Krings, M., Harper, C.J., Taylor, E.L., 2018. Fungi and fungal interactions in the Rhynie chert: a review of
the evidence, with the description of Perexiflasca tayloriana gen. et sp. nov. Philosophical Transactions of
the Royal Society B: Biological Sciences 373 (1739), 20160500.

Krings, M., Harper, C.J., White, J.F., et al ., 2017a. Fungi in a Psaronius root mantle from the Rotliegend
(Asselian, Lower Permian/Cisuralian) of Thuringia, Germany. Review of Palaeobotany and Palynology 239,
14–30.

Krings, M., Serbet, S.M., Harper, C.J., 2021. Rhizophydites matryoshkae gen. et sp. nov. (fossil Chytrid-
iomycota) on spores of the early land plant Horneophyton lignieri from the Lower Devonian Rhynie chert.
International Journal of Plant Sciences 182 (2), 109–122.

Krings, M., Taylor, T.N., 2012a. Fungal reproductive units enveloped in a hyphal mantle from the Lower
Pennsylvanian of Great Britain, and their relevance to our understanding of Carboniferous fungal “sporo-
carps”. Review of Palaeobotany and Palynology 175, 1–9.

Krings, M., Taylor, T.N., 2012b. Microfossils with possible affinities to the zygomycetous fungi in a Car-
boniferous cordaitalean ovule. Zitteliana (Series A) 52, 3–7.

Krings, M., Taylor, T.N., 2014. An unusual fossil microfungus with suggested affinities to the Chytridiomy-
cota from the Lower Devonian Rhynie chert. Nova Hedwigia 99 (3–4), 403–412.

Krings, M., Taylor, T.N., Dotzler, N., 2013a. Fossil evidence of the zygomycetous fungi. Persoonia 30, 1–10.

Krings, M., Taylor, T.N., Dotzler, N., Galtier, J., 2011b. Fungal remains in cordaite (Cordaitales) leaves
from the Upper Pennsylvanian of central France. Bulletin of Geosciences 86 (4), 777–784.

Krings, M., Taylor, T.N., Harper, C.J., 2017b. Early fungi: Evidence from the fossil record. In: Dighton,
J., White, J.F. (Eds.), The fungal community, its organization and role in the ecosystem, 4th edition. Boca
Raton, Florida: CRC Press, pp. 37–52.

Krings, M., Taylor, T.N., Hass, H., et al ., 2007b. An alternative mode of early land plant colonization by
putative endomycorrhizal fungi. Plant Signaling & Behavior 2 (2), 125–126.

Krings, M., Taylor, T.N., Hass, H., Kerp, H., Dotzler, N., Hermsen, E.J., 2007c. Fungal endophytes in a
400-million-yr-old land plant: infection pathways, spatial distribution, and host responses. New Phytologist
174 (3), 648–657.

Krings, M., White, J.F., Jr, Dotzler, N., Harper, C.J., 2013b. A putative zygomycetous fungus with mantled
zygosporangia and apposed gametangia from the Lower Coal Measures (Carboniferous) of Great Britain.
International Journal of Plant Sciences 174 (3), 269–277.

Maslova, N.P., Sokolova, A.B., Kodrul, T.M., Tobias, A.V., 2021. Consortia of conifers and fungi in the
Paleocene of the Amur Region, Russia. Paleontological Journal 55, 1525–1553.

McLoughlin, S., Strullu-Derrien, C., 2016. Biota and palaeoenvironment of a high middle-latitude Late Tri-
assic peat-forming ecosystem from Hopen, Svalbard archipelago. In: Kear, B.P., Lindgren, J., Hurum, J.H.,
Milan, J., Vajda, V. (Eds.), Mesozoic Biotas of Scandinavia and its Arctic Territories. London: Geological
Society, pp. 87–112.

Oberwinkler, F., 2012. Evolutionary trends in Basidiomycota. Stapfia 96, 45–104.

Perreau, M., Haelewaters, D., Tafforeau, P., 2021. A parasitic coevolution since the Miocene revealed by
phase-contrast synchrotron X-ray microtomography and the study of natural history collections. Scientific
Reports 11, 2672.

Poinar, G.O., Jr., 2020. A mid-Cretaceous pycnidia, Palaeomycus epallelus gen. et sp. nov., in Myanmar
amber. Historical Biology 32 (2), 234–237.

14



P
os

te
d

on
28

O
ct

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

69
67

14
.4

99
94

88
9/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Poinar, G.O., Jr., Alderman, S., Wunderlich, J., 2015. One hundred million year old ergot: psychotropic
compounds in the Cretaceous? Palaeodiversity 8, 13–19.

Poinar, G.O., Jr., Buckley, R., 2007. Evidence of mycoparasitism and hypermycoparasitism in Early Creta-
ceous amber. Mycological Research 111 (4), 503–506.

Poinar, G.O., Jr., Maltier, Y.-M., 2021. Allocordyceps baltica gen. et sp. nov. (Hypocreales: Clavicipi-
taceae), an ancient fungal parasite of an ant in Baltic amber. Fungal Biology 125 (11), 886–890.

Poinar, G.O., Jr., Thomas, G.M., 1982. An entomophthoralean fungus from Dominican amber. Mycologia
74 (2), 332–334.

Renault, B., 1895. Chytridinees fossiles du Dinantien (Culm). Revue de Mycologique 17, 158–161.

Renault, B., 1896. Bassin houiller et permien d’Autun et d’Epinac. Paris: Imprimerie Nationale.

Renault, B., Bertrand, C.-E., 1885. Grilletia spherospermii , Chytridiacee fossile du terrain houiller superieur.
Comptes Rendus de l’Academie des Sciences 100, 1306–1308.

Rossi, W., Kotrba, M., Triebel, D., 2005. A new species of Stigmatomyces from Baltic amber, the first fossil
record of Laboulbeniomycetes. Mycological Research 109 (3), 271–274.

Sagasti, A.J., Garcia Massini, J.L., Escapa, I.H., Guido, D.M., 2019. Multitrophic interactions in a geother-
mal setting: Arthropod borings, actinomycetes, fungi and fungal-like microorganisms in a decomposing
conifer wood from the Jurassic of Patagonia. Palaeogeography, Palaeoclimatology, Palaeoecology 514, 31–
44.

Schwarze, F.W.M.R., Baum, S., 2000. Mechanisms of reaction zone penetration by decay fungi in wood of
beech (Fagus sylvatica). New Phytologist 146 (1), 129–140.

Speranza, M., Wierzchos, J., Alonso, J., et al ., 2010. Traditional and new microscopy techniques applied
to the study of microscopic fungi included in amber. In: Mendez-Vilas, A., Diaz, J. (Eds.), Microscopy:
Science, technology, application and education. Badajoz, Spain: Formatex Research Center, pp. 1135–1145.

Strullu-Derrien, C., Le Herisse, A., Goral, T., Spencer, A.R.T., Kenrick, P., 2021. The overlooked aquatic
green algal component of early terrestrial environments: Triskelia scotlandica gen. et sp. nov. from the
Rhynie cherts. Papers in Palaeontology 7 (2), 709–719.

Strullu-Derrien, C., Philippe, M., Kenrick, P., Blanchette, R.A., 2022. Blue stain fungi infecting an 84-
million-year-old conifer from South Africa. New Phytologist 233 (3), 1032–1037.

Stubblefield, S.P., Taylor, T.N., Miller, C.E., Cole, G.T., 1984. Studies of Paleozoic fungi. III. Fungal
parasitism in a Pennsylvanian gymnosperm. American Journal of Botany 71 (9), 1275–1282.

Sun, C., Taylor, T.N., Na, Y., Li, T., Krings, M., 2015. Unusual preservation of a microthyriaceous fun-
gus (Ascomycota) on Sphenobaiera (ginkgophyte foliage) from the Middle Jurassic of China. Review of
Palaeobotany and Palynology 223, 21–30.

Sung, G.-H., Poinar, G.O., Jr., Spatafora, J.W., 2008. The oldest fossil evidence of animal parasitism by
fungi supports a Cretaceous diversification of fungal–arthropod symbioses. Molecular Phylogenetics and
Evolution 49, 495–502.

Tarran, M., Wilson, P.G., Hill, R.S., 2016. Oldest record of Metrosideros (Myrtaceae): Fossil flowers, fruits,
and leaves from Australia. American Journal of Botany 103 (4), 754–768.

Taylor, T.N., Hass, H., Kerp, H., 1999. The oldest fossil ascomycetes. Nature 399 (6737), 648–648.

Taylor, T.N., Hass, H., Kerp, H., Krings, M., Hanlin, R.T., 2005. Perithecial ascomycetes from the 400
million year old Rhynie chert: an example of ancestral polymorphism. Mycologia 97 (1), 269–285.

15



P
os

te
d

on
28

O
ct

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

69
67

14
.4

99
94

88
9/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Taylor, T.N., Hass, H., Remy, W., 1992a. Devonian fungi: Interactions with the green alga Palaeonitella.
Mycologia 84 (6), 901–910.

Taylor, T.N., Klavins, S.D., Krings, M., Taylor, E.L., Kerp, H., Hass, H., 2003. Fungi from the Rhynie chert:
a view from the dark side. Transactions of the Royal Society of Edinburgh 94 (4), 457–473.

Taylor, T.N., Krings, M., 2010. Paleomycology: the rediscovery of the obvious. Palaios 25 (5), 283–286.

Taylor, T.N., Krings, M., Galtier, J., Dotzler, N., 2012. Fungal endophytes in Astromyelon-type (Spheno-
phyta, Equisetales, Calamitaceae) roots from the Upper Pennsylvanian of France. Review of Palaeobotany
and Palynology 171, 9–18.

Taylor, T.N., Krings, M., Taylor, E.L., 2015a. Fossil fungi. London: Academic Press.

Taylor, T.N., Krings, M., Taylor, E.L., 2015b. Fungal diversity in the fossil record. In: McLaughlin, D.J.,
Spatafora, J.W. (Eds.), Systematics and evolution: Part B, second edition. Berlin, Heidelberg: Springer
Verlag, pp. 259–278.

Taylor, T.N., Remy, W., Hass, H., 1992b. Fungi from the Lower Devonian Rhynie chert: Chytridiomycetes.
American Journal of Botany 79 (11), 1233–1241.

Taylor, T.N., Remy, W., Hass, H., 1992c. Parasitism in a 400-million-year-old green alga. Nature 357 (6378),
493–494.

Tian, N., Wang, Y., Zheng, S., Zhu, Z., 2020. White-rotting fungus with clamp-connections in a coniferous
wood from the Lower Cretaceous of Heilongjiang Province, NE China. Cretaceous Research 105, 104014.

van der Ham, R.W.J.M., Dortangs, R.W., 2005. Structurally preserved ascomycetous fungi from the Maas-
trichtian type area (NE Belgium). Review of Palaeobotany and Palynology 136 (1–2), 48–62.

Willis, K.J., 2018. State of the world’s fungi 2018, Kew: Royal Botanic Gardens.

Wu, B., Hussain, M., Zhang, W., Stadler, M., Liu, X., Xiang, M., 2019. Current insights into fungal species
diversity and perspective on naming the environmental DNA sequences of fungi. Mycology 10 (3), 127–140.

16


