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Little is known to date regarding the organisms that colonized the leaves of Carboniferous plants. This is due to a number
of factors, including how the leaves were preserved, prepared for examination, and analyzed. Nevertheless, it is becom-
ing increasingly clear that Carboniferous leaves were habitats for a wide variety of fungi. This paper describes fungal re-
mains in cordaite leaves from the Upper Pennsylvanian Grand-Croix cherts in France. Within the intercellular system of
the mesophyll occur intercalary and terminal swellings produced from an elaborate system of tenuous hyphae/filaments,
as well as isolated putative (zoo-)sporangia and clusters of small unicells. Other fungal remains occur in bundle sheath
cells. Although the systematic affinities of the fungi currently remain unknown, documenting their existence contributes
to our understanding of the multiple levels of biological association and interaction that shaped the Carboniferous terres-
trial ecosystems. • Key words: bundle sheath, Carboniferous, chert, fossil fungi, Grand-Croix, spongy parenchyma.
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Cordaites are one of the most conspicuous elements in Late
Pennsylvanian and Early Permian tropical forest ecosys-
tems (Barthel 1976, Šimůnek 2000, Martín-Closas & Gal-
tier 2005). These plants, which are thought to represent a
grade of evolution leading to modern conifers (e.g., Hilton
& Bateman 2006, Gomankov 2009), were up to 45 m tall;
the above-ground portion included massive, woody trunks
and a crown of elongate, strap-shaped leaves, some of
which were up to 70 cm in length (Šimůnek & Libertín
2006). Extending the length of the leaves are alternating
bands of fibers and vascular bundles; their spacing and ar-
rangement, together with leaf shape and epidermal ana-
tomy, have been used to distinguish various leaf morphos-
pecies (e.g., Harms & Leisman 1961, Šimůnek 2007).
Recent research suggests that the cordaites were well-
established in several different environments, including
poorly to well drained mineral soils, as well as coastal and
upland settings (Falcon-Lang 2003, 2005; Falcon-Lang &
Bashforth 2004, 2005).

Although much is known about the biology and ecology
of cordaites based on innumerable impression/compression
specimens and permineralizations (Taylor et al. 2009), one

aspect that rarely is addressed concerns the various associ-
ations and interactions of these plants with other groups of
organisms. For example, Cichan & Taylor (1982) de-
scribed arthropod borings in the woody cordaitalean root
Premnoxylon, and Strullu-Derrien et al. (2009) reported on
arbuscular mycorrhizal fungi in Radiculites-type rootlets.
While these associations have been demonstrated in sec-
ondary wood and the below-ground parts of the plants, we
are unaware of any clearly defined evidence of associations
of other organisms, especially arthropods and microorgan-
isms, with the leaves of cordaites, with the possible excep-
tion of a few questionable structures interpreted as bite
marks (Müller 1982) and leaf mines (Labandeira 1998).
This is surprising since most cordaite leaves are quite large,
and thus appear to have represented particularly suitable
sites for arthropod herbivory and colonization by
biotrophic and saprotrophic epiphyllous and endophytic
microorganisms.

In this paper we report on the occurrence of fungi in
structurally preserved cordaite leaves from the Upper
Pennsylvanian (Carboniferous) Grand-Croix cherts of cen-
tral France. The fungi occur within the intercellular system
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of the mesophyll, as well as in the parenchymatous sheaths
that surround the vascular bundles. This discovery pro-
vides the first evidence of cordaite leaves colonized by
fungi. Moreover, the occurrence of some of the fungi is re-
stricted to well-defined areas within the leaves, which may
suggest that these organisms were biotrophs.
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The thin sections containing the fragments of cordaite lea-
ves come from the Grand-Croix cherts, which occur in the
eastern part of the Saint-Étienne Basin in central France.
They occur within the so-called “Poudingue mosaïque” at
several localities in the vicinity of the city of La
Grand-Croix (Galtier 2008). The stratigraphic provenance
and age of the Grand-Croix cherts are difficult to resolve,
but generally they are interpreted as belonging either to the
terminal portion of the Rive de Gier Formation (dated as
Stephanian A; see Vetter 1971), or to the sediments overly-
ing the Rive de Gier Formation, which have been dated as
earliest Stephanian B (Pruvost 1947). Regardless of the
age, the cherts are probably reworked, and therefore may
be slightly older, i.e. late Stephanian A (equivalent to the
late Barruelian) in age (Doubinger et al. 1995).

The infected leaf fragments are contained in two differ-
ent thin sections of Grand-Croix chert deposited in the
paleobotanical collection of the Swedish Museum of Natu-
ral History (Naturhistoriska riksmuseet) in Stockholm
(Sweden) under acquisition numbers S003419-05 (Fig. 1)
and S003409-06 (Fig. 2). The fungi were examined in
transmitted light, with digital images captured with a Leica
DFC 480 digital camera and processed in Adobe
Photoshop.
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The infected leaf fragments are represented by mm-sized
pieces of leaf tissue. One fragment appears in a longitudial
(radial) section (Fig. 1), the other in a paradermal (sagittal)
plane (Fig. 2). The fragments are identified as cordaite lea-
ves based on internal structure (e.g., compare Figs 1A, 2A
with Harms & Leisman 1961, pl. 126, figs 1, 3), as well as
the morphology and arrangement of stomata (Fig. 2B). Be-

cause we are dealing with isolated leaf fragments, and thus
cannot determine whether both fragments come from the
same type (i.e. morphospecies) of cordaite leaf, we will
describe the fungal remains from each leaf piece separately
under the designation leaf fragment 1 and leaf fragment 2.
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This fragment of leaf (Fig. 1A) is approximately 20 mm
long and 0.5 mm wide. Within the leaf are several different
types of fungal remains, with the most conspicuous being a
mycelium of tenuous hyphae or filaments (each of which
up to 2 μm in diameter) producing both intercalary and ter-
minal swellings. This mycelium occurs exclusively within
the intercellular system of the mesophyll (Fig. 1B, C), most
frequently in the large intercellular spaces of the spongy
parenchyma (Fig. 1D). The swellings range from spherical
to slightly spindle-shaped and are up to 18 μm in diameter.
The wall is thin, unornamented, and lacks any observable
exit pore or tube (Fig. 1E). What is unusual about this fossil
fungus is that the swellings and hyphae/filaments appear to
have been preserved in a different state of development. In
general, the swellings show little evidence of decay. The
hyphae/filaments are preserved in place and in a configura-
tion that indicates their exact relationship with the swel-
lings during life (e.g., Fig. 1D, E). However, they appear to
have been in an advanced state of disintegration at the time
of preservation. This is evidenced by the opaqueness of
most of the hyphae/filaments (Fig. 1E). Moreover, almost
all hyphae/filaments are not represented by continuous
threads, but rather consist of irregular segments that, al-
though dissociated, are still aligned to reflect hyphae/fila-
ments. While most of the swellings occur freely within the
intercellular spaces, some are attached to the outer surfaces
of parenchyma cells (Fig. 1F).

In addition to this conspicuous fungus, there are several
other types of fungal remains within the intercellular sys-
tem. One of these consists of more or less spherical struc-
tures up to 18 μm in diameter that are attached to outer host
cell wall surfaces, preferably to outer surfaces of bundle
sheath cells (Fig. 1G). These spherical structures are rela-
tively thin-walled, and some distinctly ornamented by dis-
continuous and irregularly distributed ridges (Fig. 1H).
While most of the spheres are sessile, some possess a short,
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����	
��� Leaf fragment 1. • A – longitudinal (radial) cross section of cordaite leaf, showing mesophyll and part of a bundle sheath (to the right of im-
age); bar =100 μm. • B, C – mycelium within intercellular system of mesophyll; bar = 50 μm. • D – detail of Fig. 1C, showing mycelium with intercalary
and terminal spherical structures; bar = 20 μm. • E – spherical structures; note irregular segments that although disassociated are still aligned to reflect
hyphae/filaments; bar = 10 μm. • F – spherical structure with dissociated hyphae/filaments at both ends; bar =10 μm. • G – spherical structures attached to
outer surfaces of bundle sheath cells; bar = 50 μm. • H – detail of spherical structure ornamentation; bar =10 μm. • I – stalked spherical structures;
bar = 10 μm. • J – spheres on outer host cell surface; note basal mycelium extending out on host cell surface; bar = 30 μm. • K – spherical structure with
what appears to be an infection peg (arrow); bar = 10 μm. • L – putative mycoparasite (arrow) attached to spherical structure; bar = 10 μm.
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narrow stalk (arrow in Fig. 1I). Both unornamented and or-
namented spheres arise from, or give rise to, delicate myce-
lia extending out on the outer surface of the host cells to
which the spheres are attached (Fig. 1J). These mycelia are
identical in appearance to that seen in the intercellular sys-
tem; the individual hyphae/filaments, however, are slightly
narrower, i.e. up to 1 μm in diameter. We are unsure as to
whether this type of fungus is simply a different form of the
type that occurs freely in the intercellular system, or repre-
sents some other fungus, or is perhaps a different develop-
mental stage of the form described above.

Still other spherical structures attached to outer host
cell wall surfaces are distinctly larger (up to 25 μm in diam-
eter) and have more opaque walls (Fig. 1K, L). Some of
these latter spheres show what appears to be an infection
peg penetrating into the lumen of the host cell (arrow in
Fig. 1K). In one example there is a small, thin-walled
spherule attached to one of the larger spheres (arrow in
Fig. 1L).
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This fragment of leaf (Fig. 2A) measures 1.3 × 7 mm, and
shows several tissues of the leaf that are not well recogni-
zable in leaf fragment 1 [e.g., the stomatiferous epidermis
(Fig. 2B) and subepidermal tissue (Fig. 2C)]. Fungal rema-
ins within this leaf (Fig. 2D, E) consist of spherical to pyri-
form or elliptical structures up to 17 μm in diameter that
may be free within the intercellular spaces of the mesophyll
or attached to the outer wall surfaces of mesophyll cells
(Fig. 2F, G, J–N). The wall of some of these spheres appe-
ars double (e.g., Fig. 2K), suggesting that they contain a
slightly smaller inner body, which may represent a spore or
simply a preservational artifact caused by shrinkage of the
lumen and separation of the wall layers. It is also possible,
however, that the wall of the spheres is composed of differ-
ent wall components giving the impression of a double
wall. Some of the spherical structures have 1–2 hyphal/fi-
lament fragments attached, indicating both intercalary and
terminal development; an elaborate mycelium like that
seen in the intercellular system of leaf fragment 1, however,
is not recognizable. It is interesting to note that spheres are
more frequent toward the margin of the intercostal fields
(Fig. 2F, G), and in these regions the fungi usually occupy
the corners of the intercellular spaces that are directly adja-

cent to the bundle sheaths. In some instances (e.g., Fig. 2J)
the spheres in the corners appear to be surrounded by a dif-
fuse, translucent investment. Many of the spheres contain
slightly pointed or irregularly elongate protrusions
(Fig. 2G, M, N) that may be more opaque; some of the pro-
trusions appear to be separated from the main sphere by a
septum (arrow in Fig. 2M).

In one area of the leaf fragment, structures similar to
those that are present in the intercellular system occur
densely clustered within the parenchymatous cells of a
bundle sheath (arrows in Fig. 2C; Fig. 2O–Q), in the outer
cell layer directly adjacent to the subepidermal tissues and
spongy parenchyma. Attachment to subtending hyphae in
these clusters was not observed, and thus also infection
pathways could not be determined. Fig. 2H, I shows clus-
ters of 2–8 minute, thin-walled spherical unicells up to
5 μm in diameter, each of which is surrounded by what ap-
pears to be a translucent sheath. The arrangement of the
components in several-cell units is always regular and con-
sistent.
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Despite the fact that there is an increasing number of re-
cords of well preserved Carboniferous fungi (e.g., Taylor
et al. 1994; Krings et al. 2009a–c, 2010a–c, 2011; Strullu-
Derrien et al. 2009, 2011), very few of these are reports on
fungi associated with leaves of vascular plants. Moreover,
these few occurrences are usually based on single reports
(e.g., Oliver 1903, Barthel 1961, Krings 2001, Krings et al.
2009b, Hübers et al. 2011), rather than including several
infected specimens of the same leaf type that could provide
a more inclusive understanding of the fungi (Krings et al.
2010c). This is puzzeling since leaf endophytes represent a
significant proportion of today’s total fungal diversity (Pet-
rini 1991, Rodriguez et al. 2009), and all major groups of
fungi were in existence by the Carboniferous (Blair 2009).
The fungal remains in cordaite leaves from Grand-Croix
are special among the leaf-inhabiting fungi known from the
Carboniferous. Firstly, they do not represent single occur-
rences, but rather entire assemblages of morphologically
and in part spatially distinct fungal remains. Secondly, the
assemblages represent the first documented evidence of
fungi colonizing cordaite leaves, which are distinct among
the leaf types occurring in Carboniferous coal swamp
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�)� Leaf fragment 2. • A – slightly oblique paradermal (sagittal) section of cordaite leaf, showing vascular bundles and mesophyll; bar = 500 μm.
• B – detail of epidermis (with stomata) and subepidermal tissue; bar = 100 μm. • C – detail of subepidermal tissue; note clusters of fungal remains in bun-
dle sheath cells (arrows); bar = 50 μm. • D, E – fungal remains in intercellular system of spongy parenchyma; bars = 50 μm. • F, G – spherical structures in
intercellular spaces adjacent to bundle sheath; bars = 10 μm. • H, I – pair and small cluster of thin-walled unicells, each surrounded by what appears to be a
translucent sheath; bars = 5 μm. • J–N – spherical structures in intercellular system of spongy parenchyma; arrow in Fig. 2M indicates septum at the base
of protrusion; bars = 10 μm. • O–Q – clusters of spherical structures in bundle sheath cells (see arrows in Fig. 2C); bars = 20 μm.
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plants (i.e. microphylls and compound fronds), and thus
may have provided some special features for colonization.

We are uncertain as to what major groups the fungi rep-
resented by the remains in these two cordaite leaf frag-
ments may belong to. Moreover, it is difficult to identify
biological species because the different types of fungal re-
mains within the leaves may not all represent separate spe-
cies, but rather different life history stages of the same or-
ganism. It is also possible that the individual types of
remains each represent several morphologically similar
species. Unfortunately, this lack of preciseness is an inher-
ent problem in paleomycology that has been detailed previ-
ously (Sherwood-Pike 1991, Krings et al. 2010c), and thus
need not to be addressed here again. The fungal remains
in leaf fragment 1 based on their overall morphology might
represent rhizomycelial systems and zoosporangia of mo-
nocentric (e.g., Fig. 1K, L) and polycentric (e.g., Fig. 1D, J)
chytrids (Chytridiomycota) (see Karling 1977). However,
affinities with other groups of Fungi or fungus-like micro-
organisms (e.g., Hyphochytridiomycota, Peronosporomy-
cetes) cannot be ruled out. The same is true of the interca-
lary and terminal spherical structures occurring in the
intercellular system of leaf fragment 2 (e.g., Fig. 2F, G,
J–N). The clusters of intracellular spheres illustrated in
Fig. 2O–Q resemble chytrid-like organisms described pre-
viously from Grand-Croix (compare Fig. 2C, O–Q with
Krings et al. 2009c, pl. I, fig. 5a–c). The latter occur in cor-
tical cells of a specimen of the zygopteridalean reproduc-
tive structure Biscalitheca cf. musata. The affinities of the
pairs and clusters of small unicells illustrated in Fig. 2H, I
remain elusive, and could include algae, cyanobacteria,
and some fungal structures. It is interesting to note that
similar structures have been reported from the Lower De-
vonian Rhynie chert where they occur in the rhizome cor-
tex of the early land plant Horneophyton lignieri (Taylor et
al. 1992, figs 1–12) and from Viséan (Middle Mississip-
pian) cherts of France where they occur freely in the chert
matrix (Krings et al. 2009a, pl. III, figs 4–6). The Rhynie
and Visean unicells, however, are larger (i.e. >10 μm in di-
ameter) and distinguished from the Grand-Croix fossils by
the presence of a short discharge tube extending from the
unicells. The Visean specimens have been interpreted as
zoosporangia of an endobiotic chytrid that formed
holocarpic thalli in host cells (Krings et al. 2009a).

Another interesting but difficult question concerns the
timing of when the fungi entered and colonized the host
leaves. In general, this question relates to whether the
leaves were alive and fully intact when colonization by
the fungi occurred, or had become moribund but were
still attached to the tree, or had already been abscised and
were lying on the forest floor. Based on the conditions
of the interior tissues, especially the spongy parenchyma
(Figs 1A, B, 2A, D, E), one may suggest that the leaves
were alive at the time of colonization. Moreover, two of the

fungi in leaf fragment 1 (Fig. 1D, J) appear in a life history
stage in which sporangia/propagules have been produced,
but the producing hyphal/filament system has not yet com-
pletely undergone disintegration. This sequence of events
suggests that the time of infection predates the condition at
the time of preservation by some time. Arguing in favor
of colonization during the lifetime of the leaves is also
the occurrence of intracellular clusters of fungal remains
that are restricted to parenchymatous bundle sheath cells
(Fig. 2C, O–Q). On the other hand, the infected fragments
represent minute portions of usually rather large leaves,
and it is reasonable to assume that this fragmentation was
the result of considerable mechanical forces that occurred
prior to fossilization. If this is accurate then one might chal-
lenge the assumption that infection occurred during the
lifetime of the leaf, because the delicate hyphal/filament
systems present in leaf fragment 1 (Fig. 1B–D, J) do not
show evidence of mechanical distortion, which would cer-
tainly have occurred if the fungi were present when the leaf
became fragmented. This line of reasoning rather suggests
that colonization occurred after the leaf abscised from the
parent plant and became fragmented, and thus that the
fungi represent saprotrophs. Compounding the determina-
tion of the timing of when a fungus actually entered its host
plant with regard to the Grand-Croix fossils is a general
lack of information on the sequence of events and timing of
precisely when silicification occurred.

In spite of the inherent problems, the discovery of fungi
in cordaite leaves has scientific merit. Firstly, it provides a
general framework with which to consider the utilization of
microhabitats by fungi during the Carboniferous. In this
context it will be interesting to see if morphologically simi-
lar types of fungi were generalists and colonized the leaves
of different plants, and/or whether these particular types of
fungi were general in overall preference for plant organs
(e.g., roots, shoot axes, leaves, reproductive structures).
Secondly, despite the lack of information on the biological
affinities of the fungi, it is possible to trace certain features
of how the fungi functioned and interacted with their host.
For example, the hyphal/filament network of the fungal
morphotype shown in Fig. 1B–E is in the process of disin-
tegration, while the spherical structures formed by this net-
work are consistently intact. This suggests to us that in this
particular fungus the mycelium had completed its function
at the time of fossilization. Moreover, the spatial arrange-
ment of the fungal remains within the leaves suggests that
the spongy parenchyma may have represented a particu-
larly suitable site for fungal colonization, perhaps related
to the presence of large intercellular spaces. As a result,
the fungal remains reported in cordaite leaf fragments
from Grand-Croix expand our knowledge of both the
fungi and what kinds of plant tissues they inhabited in the
Carboniferous. Reports such as this represent initial steps
in better understanding of the Carboniferous swamp forest
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communities and the multiple levels of biological associa-
tion and interaction that shaped these complex ecosystems
some 300 Ma ago.
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