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Abstract

Structurally preserved (permineralized) Sphenophyllum leaves from the Upper Pennsylvanian (Carboniferous) Grand-Croix cherts
(Saint-Etienne Basin, France) host a diverse assemblage of fungal remains, including several types of spherical structures that differ from
one another in size, wall thickness, and ornamentation, as well as mycelia constructed of narrow hyphae/filaments and intercalary swell-
ings. The affinities of the fungi, as well as their nutritional mode(s), are difficult to determine. Some of the remains resemble resting spores
and zoosporangia seen in extant chytrids. This discovery provides the first evidence of fossil sphenophyte leaves colonized by fungi, and
provides new insights into the diversity of leaf-inhabiting microorganisms in Carboniferous forest ecosystems.

Key words: Carboniferous, Chytridiomycota, fossil fungi, permineralization, sphenophytes

Zusammenfassung

In strukturbietend erhaltenen (permineralisierten) Sphenophyllum-Blattern aus den ober-pennsylvanischen (Karbon) Grand-Croix
Cherts (Saint-Etienne Becken, Frankreich) wurden diverse Reste von Pilzen gefunden, unter Anderem mehrere Arten kugeliger Strukturen,
die sich voneinander in GréBe, Wanddicke und Ornamentierung unterscheiden, sowie Myzelien bestehend aus diinnen Hyphen/Filamen-
ten und interkalaren Schwellungen. Die systematische Zugehdérigkeit der Pilzreste sowie ihre Beziehung zur Wirtspflanze sind schwer zu
bestimmen. Einige der Strukturen erinnern an Dauersporen und Zoosporangien heutiger Chytridien. Der hier beschriebene Fund stellt den
ersten Nachweis fir die Besiedlung fossiler Sphenophytenblatter durch Pilze dar, und liefert neue Informationen zur Diversitat blattbewoh-

nender Mikroorganismen in karbonischen Wald-Okosystemen.

Schliisselworter: Chytridiomycota, fossile Pilze, Karbon, Permineralisation, Sphenophyta

1. Introduction

The leaves of land plants today function as habi-
tats for a wide variety of fungi. Moreover, fungi play
an important role in the decomposition of leaf litter
(Osono 2002). Although the available estimates of
the diversity of fungi associated with leaves are still
preliminary, there is strong evidence to suggest that
leaf-colonizing fungi represent a significant proporti-
on of today’s total fungal diversity (e.g., Petrini 1991;
Arnold 2007; Rodriguez et al. 2009).

Leaves (microphyllous and megaphyllous types)
evolved early in the history of plant life on land, and
leafy plants were predominant elements of the ter-
restrial vegetation at least from the Middle Devonian
onward (Gensel 2008). Although it is likely that fungi
utilized leaves as habitats as soon as these plant or-

gans became available, the fossil record of leaf-colo-
nizing fungi remains poor. The oldest fossil evidence
of fungi colonizing leaves comes from the Carbon-
iferous, and includes ferns (Krings et al. 2009a,
2010b), seed ferns (Oliver 1903; Krings 2001), and
cordaites (Krings et al. 2011) as hosts. On the other
hand, fungi associated with the leaves of Carbonif-
erous lycophytes and sphenophytes have not been
described to date. The lack of documented evidence
of fungi on/in lycophyte leaves is puzzling since di-
verse assemblages of fungi have been described in
other aerial parts of these plants (Krings et al. 2007,
2010a). We are not aware of any study reporting on
fungi associated with the above-ground parts of fos-
sil sphenophytes, with one possible exception (see
Ryberg et al. 2008); however, fungal endophytes
have been recognized in Carboniferous calamite
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roots (Agashe & Tilak 1970; Krings et al. in press).

The Upper Pennsylvanian Grand-Croix cherts
of central France have been known for more than
100 years for their exquisite structurally preserved
vascular plants (surveyed in Doubinger et al. 1995;
Galtier 2008). More recently, they have also become
increasingly important as a source of new informa-
tion about fungal life in the Pennsylvanian (Krings et
al. 2009a,b, 2010b; Strullu-Derrien et al. 2009). The
Grand-Croix flora is dominated by seed plants (55%
of specimens) and ferns (25%), whereas lycophytes
(8%) and sphenophytes (i.e. calamites and spheno-
phylls) (17%) represent subordinate elements (Gal-
tier 2008).

In this paper we report on the occurrence of fun-
gal remains (hyphae, spores, sporangia, and other
propagules) in structurally preserved Sphenophyllum
Brongniart leaves from Grand-Croix. Sphenophyllum
has been reconstructed as relatively small plant that
formed a portion of the understorey in Carboniferous
forests. The plants are characterized by relatively
narrow shoot axes and wedge-shaped leaves borne
in whorls (Taylor et al. 2009). The discovery of fungal
remains in Sphenophyllum leaves from Grand-Croix
provides the first evidence of fossil sphenophyte
leaves colonized by fungi.

2. Material and methods

The Upper Pennsylvanian Grand-Croix cher-
ts come from the eastern part of the Saint-Etienne
Basin in central France, where they occur within the
“Poudingue mosaique” at several localities around
the city of La Grand-Croix (Galtier 2008). The pre-
cise stratigraphic provenance and age of the cherts
remain controversial. Some have interpreted these
rocks as belonging either to the terminal portion of
the Rive de Gier Formation, which has been dated as
Stephanian A (Vetter 1971), or to the overlying depo-
sits, which are earliest Stephanian B in age (Pruvost
1947). Nevertheless, the general consensus is that
the cherts are reworked, and hence may be slightly
older, i.e., late Stephanian A (equivalent to the late
Barruelian) in age (Galtier & Scott 1981; Doubinger
et al. 1995).

The infected Sphenophyllum leaves were identi-
fied in thin sections prepared by cementing a wafer
of chert to a glass slide, and then grinding the wa-
fer to a thickness sufficiently thin for examination in
transmitted light. The thin sections are part of the
historical slide collection prepared by Carl Rudolf
Florin and co-workers in the 1930’s that is today
housed in the Naturhistoriska riksmuseet in Stock-
holm (Sweden). The slides containing the infected
Sphenophyllum leaf fragments have the accession
numbers S038071-12, S038070, and S003404-02.

3. Results

Fungal remains occur within the mesophyll (or
what remains of the tissue) of 19 Sphenophyllum leaf
fragments from Grand-Croix contained in three thin-
section preparations from the Florin slide collection.
The fragments are between 0.2 and 1 mm long and
up to 3 mm wide, and most appear in the thin sec-
tions in an oblique paradermal (sagittal) plane (e.g.,
Pl. 1, Figs 1, 2). The leaf fragments are identified as
belonging to Sphenophyllum based on the epider-
mis that consists of elongate cells with strongly un-
dulating anticlinal walls (e.g., see Barthel 1997). Whi-
le the epidermis and vascular tissues of the leaves
appear largely intact, the mesophyll is consistently
in an advanced state of disintegration, and individual
cell outlines are no longer visible. In places, howe-
ver, irregularly shaped structures containing opaque
material occur that might represent the remains of
parenchymatous mesophyll cells (e.g., PI. 1, Figs 1,
2,18).

Six morphotypes of fungal remains have been dis-
covered in the Sphenophyllum leaf fragments from
Grand-Croix. Since the remains represent isolated
stages of possibly complex fungal life cycles, there
is no way to determine the precise systematic affini-
ties or to distinguish between species. As a result,
we refer to the remains simply as type 7 through 6.
All types of fungal remains occur in Sphenophyi-
lum leaves, but are present in different numbers of
leaf fragments. Types 4, 5, and 6 are the least en-
countered forms, each with only a single documen-
ted occurrence; the remaining types are common

Plate 1: Fungal remains in Late Pennsylvanian Sphenophyllum leaves from Grand-Croix. (1) Paradermal (sagittal) section of leaf fragment,
showing vascular bundles and mesophyll; slide S038071-12; bar = 200 pm. (2) Oblique paradermal section, showing epidermal cells with
undulating anticlinal walls and fungal remains (arrows); slide S038071-12; bar = 100 pm. (3) Cluster of fungal remains (t1 = type 7; t2 =
type 2; 13 = type 3); slide S003404-02; bar = 20 pm. (4) Type-1 (lower spheres) and type-3 (upper sphere) structures; note pore in wall
of type-3 structure (arrow); slide S038071-12; bar = 10 pm. (5) Type-1 (left sphere) structure with attached filament (arrow) and type-3
structure (right sphere); slide S038071-12; bar = 10 pm. (6) Type-1 structure with irregular outer wall; slide S038071-12; bar = 10 pm. (7,
8) Type-1 structures showing papilla-like protrusions or germination site; slide S038071-12; bars = 10 pm. (9) Cluster of type-2 structures;
slide S003404-02; bar = 20 pm. (10) Type-2 structure with knob-like protrusions; slide S038071-12; bar = 10 pm. (11) Type-2 structure
with tube-like extension; slide S003404-02; bar = 10 pym. (12) Stalked type-2 structures attached to host cell wall; slide S038071-12; bar
= 10pm. (13) Type-3 structures; note subtending hypha/filament in one specimen (arrow); slide S038070; bar = 10 pm. (14-16) Type-3
structures; arrows indicate delicate parental hyphae/filaments; slide S038070; bars = 10um. (17) Type-4 structure; slide S003404-02; bar
= 10pm. (18) Type-5 assemblage; note swellings separated by septations (arrows); slide S038071-12; bar = 10um. (19) Type-6 structure
located in an intercalary position within network of tenuous filaments; slide S003404-02; bar = 10 pm. (20) Type-6 structure, showing what
appears to be a discharge tube (arrow); slide S003404-02; bar = 10um.
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and usually also co-occur in dense spacing in the
leaf fragments (PI. 1, Fig. 3).

Type 1 (Pl. 1, Figs 4 [lower two spheres], 5 [left
sphere], 7, 8) is the most frequent fungal remain in
the Spenophyllum leaves, and often occurs in loose
clusters. This form consists of spherical to ellipsoid
or pyriform, sometimes slightly irregular structures,
between 5 and 17 um in diameter, that are characte-
rized by a double wall which may be smooth (PI. 1,
Fig. 5) or wrinkled (PI. 1, Fig. 6). Some of the struc-
tures appear to be at some stage of germination or
possess papilla-like protrusions (PI. 1, Figs 7, 8). In
a few specimens, a tenuous subtending hypha/fila-
ment is recognizable (PI. 1, Fig. 5 [arrow]). Type 2 (PI.
1, Figs 9-12) is similar to type 1 in size and shape
and is also common, but differs from type 7 in ha-
ving a thinner and consistently single-layered wall.
Some of the type-2 specimens possess one or two
bud-like protrusions (Pl. 1, Fig. 10). In others, a sin-
gle tube-like structure up to 9 pm long extends out
from the surface (PI. 1, Fig. 11), while in still others a
narrow subtending hypha or filament is attached to
host cell walls (PI. 1, Fig. 12 [arrows]).

Type 3 (PI. 1, Figs 4 [upper left], 5 [lower right], 13-
16) is consistently spherical, 8-10 pm in diameter,
and distinct from all other fungal remains occurring
in the Sphenophyllum leaves. This type is characte-
rized by a prominent surface ornament composed
of densely spaced bristles or hairs. Several speci-
mens show what appear to be pores in the wall (PI.
1, Fig. 4 [arrow]), while others possess one or two
delicate, thread-like appendices (PI. 1, Figs 13, 15,
16 [arrows]), which probably represent the remains
of the parental hypha.

Type 4 (Pl. 1, Fig. 17) is reported from a single leaf
fragment. This form is spherical, up to 14 pm in dia-
meter, and characterized by a prominent surface or-
nament composed of irregular ridges. Type 5 (PI. 1,
Fig. 18) and type 6 (PI. 1, Figs 19, 20) also have been
discovered in only one of the leaf fragments. Type 5
consists of series of spherical to pyriform, smooth-
and single-walled swellings up to 14 ym long and
11 pm wide that occur in the intercalary region on
narrow hyphae or filaments. The swellings are some-
times separated from the parental hypha by septa
(PI. 1, Fig. 18 [arrows]). Type 6 is represented by a
dense network of tenuous, multi-branched hyphae
or filaments. Unornamented, thin-walled, more or
less spherical to pear-shaped structures, each up to
13 pym in diameter, occur in an intercalary position
within the network of tenuous hyphae/filaments. Ex-
tending from one of these structures is what appears
to be a discharge tube (PI. 1, Fig. 20 [arrow]).

4. Discussion

The fungal remains described in this paper pre-
sent the first evidence of fungi colonizing the aerial
parts of a fossil sphenophyte. Previous records of
fungi associated with fossil sphenophytes include
unidentified hyphal fragments and spores in the cor-
tical tissues of Pennsylvanian calamite roots from
North America (Agashe & Tilak 1970), as well as a
complex fungal interaction with calamite rootlets
from Grand-Croix (Krings et al. in press; Taylor et al.,
in prep.) In addition, Ryberg et al. (2008) speculate
that tiny spherical bodies occurring in large numbers
in upright axes of the sphenophyte Spaciinodum col-
linsonii Osborn et Taylor from the Triassic of Antarcti-
ca may represent fungal spores. However, the fungal
nature of the spherical bodies remains questionable.
The scarcity of documented evidence of fungi asso-
ciated with fossil sphenophytes is somewhat surpri-
sing since modern representatives of this group of
plants (i.e. members of the genus Equisetum L.) are
hosts to several epiphytic and endophytic fungi (e.g.,
Seaver 1932; Ellis & Ellis 1997; Klinkele et al. 2005;
Hodson et al. 2009), some of which may even be-
come major pathogens (e.g., Schaffner 1931). As to
whether the scarcity of documented fossil evidence
of fungi on/in sphenophytes indicates that these
plants were rarely colonized by fungi, or simply re-
flects study bias, cannot be determined at present.

Although the fungal remains in the Sphenophyllum
leaves are generally well preserved, they are difficult
to interpret for several reasons. All of the remains re-
present isolated stages of fungal life cycles, and thus
cannot be assigned to a particular group of fungi
with any degree of confidence. Moreover, it is high-
ly probable that two or more of the types reported
here based on morphology may in fact represent dif-
ferent life history stages of the same organism, or
different varieties of the same life history stage of a
single organism. It is also possible that the individual
types each represent several morphologically similar
species. What can be suggested from the material
described here is that the type-2 and type-6 struc-
tures may represent chytrid zoosporangia based on
their overall morphology (see Karling 1977), whereas
the type-3 and type-4 forms resemble chytrid resting
spores. It is interesting to note that the modern chy-
trid Nowakowskiella sculptura Karling produces re-
sting spores that vary considerably in the type and
degree of sculpturing; some spores are smooth,
whereas others have fusiform ridges, or are warty or
tuberculate in appearance (Karling 1961). As a result,
if the type-3 and type-4 fungal remains are in fact
chytrid resting spores, they may have been produ-
ced by the same organism. However, the affinities of
all fungal remains described in this paper with other
groups of Fungi or fungus-like microorganisms, in-
cluding Hyphochytridiomycota and Peronosporomy-
cetes, cannot be ruled out.



The type-1 and type-2 fungal remains in Sphe-
nophyllum leaves are quite similar to fungal fossils
described previously in cordaite leaves from Grand-
Croix (Krings et al. 2011: fig. 2C, F-Q), and the type-
6 structure is comparable to chytrid-like organisms
documented in the rachidal cortex of a specimen of
the fern reproductive structure Biscalitheca cf. mu-
sata Mamay from Grand-Croix (Krings et al. 2009b:
pl. ll, figs 1-6d). Moreover, type 4 is somewhat si-
milar to another type of fungus reported in cordaite
leaves from Grand Croix (compare PI. 1, Fig. 17 with
Krings et al. 2011: fig. 1H). Also present in the cor-
daite leaves from Grand-Croix is a structure that re-
sembles the type-5 form (compare PI. 1, Fig. 18 with
Krings et al. 2011: fig. 1B-E). Only the spiny type-3
form (PI. 1, Figs 4, 5, 13-16) has not been recorded
previously from Grand-Croix. This provokes the que-
stion as to whether the organism that produced the
type-3 structures might have been a specialist that
only was associated with sphenophytes, while the
producers of the other structures rather were gene-
ralists. Although this question is difficult to address,
especially when there are only a few assemblages of
fungal remains recorded from Grand-Croix, we still
find the restricted occurrence of this characteristic
structure interesting.

The time of fungal colonization of the Sphenophyl-
lum leaves is uncertain, and thus not much can be
said about the ecological role(s) that the fungi played
in the Grand-Croix paleoecosystem. It is possible
that the leaves were infected by parasitic fungi whi-
le they were alive and still attached to the plant, or
that the fungi were saprotrophs that invaded senes-
cing or dead and partially decomposed plant parts on
the forest floor or in water. The host leaves are highly
fragmented, which indicates that they were exposed
to mechanical forces and/or biological degradation
for a considerable period of time prior to fossilization.
On the other hand, most of the fungal remains in the
Sphenophyllum leaves appear in a life history stage
in which the mycelia have completely disintegrated,
which suggests that the time of infection predates the
condition of the leaves at the time of preservation by
some time. Krings et al. (2009b) have argued, howe-
ver, that the three-dimensional configuration of deli-
cate (and mostly ephemeral) vegetative systems of
fungi such as the type-6 form (PI. 1, Figs 19, 20) would
probably not survive and become preserved intact if
these systems were already established during the li-
fetime of the leaf. As a result, neither the condition of
the leaves nor that of the fungal remains provides in-
controvertible evidence allowing for the determination
of the time of colonization of the leaves.

While leaf-inhabiting fungi from Grand-Croix have
been described to date based on single occurrences
(e.g., Krings et al. 2009a,b, 2010b) or at best based
on two infected leaf fragments (Krings et al. 2011),
the fungal remains in Sphenophyllum provide the first
account on fungi occurring in a larger number of leaf
fragments contained in different thin sections. This
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may suggest that Sphenophyllum leaves, either mori-
bund or alive, were more susceptible to colonization
by fungi than the leaves of other plants in the Grand-
Croix paleoecosystem. Since the leaf fragments oc-
cur in clusters in all three thin sections, it is also possi-
ble that several or all leaves came from the same plant
that was heavily infected by parasitic fungi, or that all
leaves rested in the same area on the forest floor or
the bottom of a body of water and were simultane-
ously invaded by the same fungal saprotrophs.

Despite the fact that neither the systematic af-
finities nor the ecological role(s) of the fungi in the
Sphenophyllum leaves from Grand-Croix can be re-
solved, it is important to document these fossils. The
few fungal assemblages in leaves that have been re-
ported to date from Grand-Croix suggest that cer-
tain fungi occurred more widely distributed, while
others appear to have had a rather limited host ran-
ge. This inevitably raises the question as to whether
this observation reflects generalists and specialists
among the fungi or is due merely to the current lack
of resolution. The application of the inappropriate
technique to the study of fossil fungi (Taylor et al.
2011), together with a lack of knowledge about their
preservation potential, has resulted in a failure to
fully appreciate the diversity of these organisms in
paleoecosystems. However, the discovery and de-
scription of additional fossil fungi and fungus-like
organisms in recent years now makes it possible to
ask a second-level set of questions pertaining to the
role of these organisms in interactions and associa-
tions with their hosts. Information gathered to date
clearly indicates that many of the fungal interactions
present today also existed in ancient ecosystems.
We believe that describing various types of fungi in
time and space will ultimately make it possible to
address such questions as to whether certain fungi
were generalists, or were in fact host specific, and
what types of adaptations evolved in certain plants
to counteract the arms race with their fungal con-
temporaries. We also believe that it will be possible
to more fully discuss hypotheses about the transiti-
onal stages leading from parasitism and/or sapro-
phytism to various degrees of mutualism. The plants
that existed during the late Paleozoic have few mo-
dern relatives, and in those instances in which they
occur, the plant body, tissue system development,
and general morphology and organ adaptation are
quite different. This means that for those plants the-
re were additional host niches available to be colo-
nized by the fungi that were present. On the other
hand, the fossil record is replete with examples of
plant groups that have become extinct although they
were once major elements of the paleoecosystems
in which they lived. Both of these scenarios provi-
de the opportunity to view the interactions between
fungi and their hosts in time and space, and in some
instances to track the fungal interactions within diffe-
rent types of ecosystems based on plant community
and physical parameters.
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