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a Bayerische Staatssammlung für Paläontologie und Geologie und GeoBio-CenterLMU, Richard-Wagner-Straße 10, 80333 Munich, Germany
b Department of Ecology and Evolutionary Biology, and Natural History Museum and Biodiversity Research Center,

The University of Kansas, Lawrence, KS 66045–7534, USA
c CIRAD TA A-51/PS2, bd de la Lironde, 34398 Montpellier, France

Received 25 May 2007; accepted after revision 20 September 2007
Available online 26 November 2007

Written on invitation of the Editorial Board

bstract

A diverse assemblage of microfungi and fungi-like microorganisms, composed of several types of hyphae, putative reproductive
ructures (sporangia), and a variety of spores, occurs in permineralized Lepidodendron xylem and periderm from the Upper Visean
f central France. Some of the remains can be attributed to the Chytridiomycota and Peronosporomycetes (Oomycota) with some
egree of confidence. We suggest that this assemblage represents a community of saprotrophic organisms that colonized the tissues
ost mortem and participated in the decay process. The permineralized Lepidodendron tissues from France offer a rare direct
sight into the diversity of microfungi and fungi-like organisms in a Carboniferous terrestrial paleoecosystem. To cite this article:
. Krings et al., C. R. Palevol 6 (2007).
2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

ésumé

Une association de champignons microscopiques dans des Lepidodendron du Viséen supérieur (Carbonifère) du Massif
entral français. Une association variée de champignons microscopiques et de microorganismes de type champignon, composée de
lusieurs types d’hyphes, de structures reproductrices (sporanges) et de diverses spores, est présente dans le xylème et le périderme
e tiges de Lepidodendron perminéralisés du Viséen supérieur du Massif central français. Certains restes peuvent être attribués aux
hytridiomycota et aux Peronosporomycetes (Oomycota), avec un degré certain de confiance. Nous suggérons que cette association
présente une communauté d’organismes saprotrophiques qui colonisaient les tissus post mortem et contribuaient au processus de

écomposition. Les tissus de ces Lepidodendron perminéralisés de France offrent l’exemple rare d’un aperçu direct de la biodiversité
es champignons microscopiques et des organismes de type champignon dans un paléoécosystème terrestre du Carbonifère. Pour
iter cet article : M. Krings et al., C. R. Palevol 6 (2007).
2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Microorganisms were critical components of ancient
ecosystems, and entered into a wide variety of associa-
tions and interactions with other organisms. However,
only recently have they received increased scholarly
attention based on the fossil record [23]. This is because
most information on ancient microorganisms comes
from indirect evidence and dispersed specimens, rather
than from those preserved in the precise environment
in which they lived (in situ). Adding to the paucity of
documented fossil microorganisms in situ has been the
historical belief that these life forms are too delicate to be
adequately preserved, and, if they are preserved, cannot
be analyzed properly with the techniques available.

One of the first scholars to systematically docu-
ment Late Paleozoic microorganisms preserved in situ
was the French paleobotanist Bernard Renault [9–19].
Renault’s success in detailing fossil microbial life was
directly attributed to the exceptional preservation of
the fossils in a siliceous chert matrix, his ability to
produce high quality thin sections of the cherts, and
his obvious understanding and appreciation of details
of the microbial world. Although Renault discovered
microorganisms in a variety of cherts and other rocks
of Carboniferous and Permian age, the majority of these
organisms were reported from Late Visean (∼330 Ma)
cherts of Combres/Lay and Esnost in central France. Par-
ticularly interesting are several forms (bacteria, fungi
or fungi-like organisms, and microalgae) that occur in
association with land plants. Unfortunately, Renault’s
extraordinary work and insights into the microbial realm
in ancient ecosystems was not followed after his death;
only three papers detailing various levels of biological
interaction have been published since (i.e. [5,7,24]).

Renault was meticulous in documenting the morpho-
logy of the individual microorganisms and, in some
instances, their distribution within host plant tissues.
Moreover, he was concerned with the natural affinities
of these organisms, and in fact was correct in many of his
taxonomic identifications. He was less interested, howe-
ver, in elaborating on the complexity attained by some
of the land plant/microbial associations preserved in the
cherts. This was certainly due to a large degree by the fact
that such topics were not of particular scientific interest at
that time. Today, however, the levels of complexity attai-
ned by land plant/microbial associations represent key
areas in ecological and ecophysiological research. This

modern focus has initiated questions at several levels
regarding the origin of land plant/microbial associations,
and hypotheses that explore how they may have evolved
(e.g., [4]). Answers have primarily come from molecular
ol 6 (2007) 431–436

analyses of modern systems, whereas the fossil record
has been used only in a limited sense. However, where
preservation of microorganisms permits detailed macro-
and microscopical documentation, the fossil record is
becoming increasingly important as the only method of
documenting complex land plant/microbial associations
within an evolutionary context [8].

Here, we report on a diverse fossil assemblage of
microfungi and/or fungi-like microorganisms consis-
ting of hyphae, reproductive structures, and spores that
occurs within the xylem and endophelloderm (i.e. the
inner portion of the periderm) of Lepidodendron rho-
dumnense Renault from the Upper Visean of central
France.

2. Material and methods

The cherts containing the infected Lepidodendron
rhodumnense xylem and periderm come from the Upper
Visean (Mississippian [= Lower Carboniferous]) of
Combres (approximately 12 km south of Roanne), Mas-
sif Central, central France. They occur as loose blocks
within rhyolitic tuffs, and were collected in cultivated
fields or in stream sections. The geological setting and
paleoenvironment of the Late Visean in the Roanne area
have been interpreted as analogous to that in the Autun
basin at the locality of Esnost, about 10 km north of
Autun, Massif Central, central France [3]. Information
on the geological setting of the Esnost locality can be
found in [21]; for details on the preservation of fos-
sils and a paleoecological reconstruction of the Visean
wetland ecosystem at Esnost see [20].

The microfungi were identified in two thin sections
(i.e. 1. xylem and endophelloderm, radial section, slide
No. B49/1118; 2. endophelloderm, tangential section,
slide No. B50/1137) prepared by cementing a wafer of
chert to a glass slide and then grinding the wafer to a
thickness sufficiently thin to be examined in transmit-
ted light. The thin sections were prepared by B. Renault
and co-workers during the late 19th and early 20th cen-
turies, and are today housed in the ‘Muséum national
d’histoire naturelle’ (‘Laboratoire de paléontologie’) in
Paris (France).

3. Description of microfungi and fungi-like
microorganisms

The permineralized Lepidodendron tissues from the

Upper Visean of Combres contain abundant remains of
intracellular microfungi and fungi-like microorganisms
in the form of three distinct types of hyphae, several puta-
tive reproductive structures (sporangia), and a variety of
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Fig. 1. Intracellular microfungi and fungi-like microorganisms in Lepidodendron from the Upper Visean of central France. (a) Clusters of small
spherical spores in the endophelloderm. Slide B49/1118; bar = 20 �m. (b–d) Various types of intracellular spherical spores or sporangia: (b)
unattached, large, and without orifice; (c) attached, small, stalked, and with distal orifice; (d) attached, small, unstalked, and with distal orifice.
Slide B50/1137; bars = 20 �m (b) and 5 �m (c,d). (e,f) Oosporangia with repeatedly forking surface extensions and wide, aseptate subtending
hyphae. Slide B50/1137; bars = 20 �m. (g) Medium-sized, irregularly septate hypha; arrows indicate simple septa. Slide B50/1137; bar = 10 �m.
(h) Wide aseptate hypha with short, terminally swollen lateral branch (arrow). Slide B50/1137; bar = 10 �m. (i) Narrow aseptate hyphae.
Slide B50/1137; bar = 10 �m. (j) Pear-shaped ?zoosporangium with narrow, aseptate subtending hypha growing along the inner surface of a tra-
cheid. Slide B49/1118; bar = 40 �m. (k) Pear-shaped ?zoosporangium with apical cleft, attached to a cell wall. Slide B50/1137; bar = 10 �m. (l) Large,
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spores. Some of the organisms are attached to cell walls,
while others appear in the cell lumen. Although the thin
sections come from two different chert blocks, the micro-
fungal assemblages found within the tissues are largely
composed of the same forms of organisms.

The most abundant fungal remains in the endophel-
loderm are three distinct types of hyphae, including (1)
loose meshworks of narrow, septate, and rarely bran-
ching hyphae (Fig. 1i), between 0.9 and 1.1 �m wide,
that occur in ∼55% of the cells; (2) medium-sized, sep-
tate, and usually unbranched hyphae, between 2.5 and
3.5 �m wide (Fig. 1g) that have been observed in <5%
of the cells; and (3) large, aseptate or occasionally sep-
tate hyphae, between 4.5 and 12 �m wide, that occur
in >75% of the cells and give off medium-sized, typi-
cally aseptate hyphae. Most of the large hyphae extend
parallel to the long axis of the elongate cells; rarely do
they extend perpendicular to the orientation of the cells.
Wide hyphae sometimes produce short lateral branches
that are terminally swollen (Fig. 1h [arrow]). All hyphal
types appear to extend from one cell to another through
the pits in the cell walls; host responses to fungal pene-
tration have not been observed. Hyphae also occur in the
xylem, but are less well preserved.

Also present in the tissues are numerous forms of
spores. In many cells, they occur in large number (e.g.,
Fig. 1a) and are associated with narrow hyphae. Most
spores are spherical, between 5.0 and 15 �m in diame-
ter, and possess thin and translucent or relatively thick
and opaque walls. One spore type (Fig. 1m–o) is charac-
terized by a thick but translucent wall and two, usually
oppositely positioned, circular openings (Fig. 1o). Other
spherical structures in the tissues cannot be identified as
to whether they are fungal spores or sporangia. These
include (1) large, thin-walled spherical bodies (Fig. 1b),

between 30 and 35 �m in diameter, that are borne on
narrow hyphae and do not display any surface ornamen-
tation or what can be termed preformed openings; (2) tiny
spherules, up to 8.0 �m in diameter, that are attached to

double-walled sporangium containing a single dark-walled, ornamented spore
two oppositely positioned openings (best seen in Fig. 1o). Slide B50/1137; ba
Fig. 1. Champignons microscopiques et microorganismes de type champig
France. (a) Groupes de petites spores sphériques dans l’endophelloderme.
sporanges sphériques intracellulaires : (b) non attaché, grand et sans orifice
sessile et avec orifice distal. Lame B50/1137 ; échelles = 20 �m (b) et 5 �m
plusieurs fois ramifiées, terminant une large hyphe non septée. Lame B50/11
septée ; les flèches désignent des cloisons simples. Lame B50/1137 ; échelle =
terminaison renflée (flèche). Lame B50/1137 ; échelle = 10 �m. (i) Hyphes étro
pyriforme à l’extrémité d’ une hyphe étroite, non septée, qui s’étend le long
(k) ? Zoosporange pyriforme avec une ouverture apicale, attaché à une paro
double paroi, contenant une seule spore à paroi sombre et ornementée. Lame
deux ouvertures diamétralement opposées (bien visible en Fig. 1o). Lame B5
B49/1118 ; échelle = 10 �m.
ol 6 (2007) 431–436

the cell walls by a short stalk, up to 3.0 �m long, and
characterized by a distal circular orifice, 2.0 �m in dia-
meter (Fig. 1c); (3) medium-sized spherical bodies, up
to 15 �m in diameter, that are similar in shape to the pre-
viously described structures but lacking stalks (Fig. 1d);
(4) large, double-walled structures, 25–30 �m in diame-
ter, containing a single, usually dark-walled sphere that
may be ornamented (Fig. 1l); and (5) large, relatively
thin-walled spheres, up to 35 �m in diameter, in which
the contents have a wrinkled surface and are variously
shaped (Fig. 1p).

We interpret two types of structures as probably repre-
senting some form of fungal sporangium. One of these
is borne terminally on aseptate hyphae that grow along
the inner surfaces of cell walls (Fig. 1j). This structure
is pear-shaped, up to 60 �m high, and composed of a
relatively thick-walled basal sphere (30–40 �m in dia-
meter) to which is distally attached a thin-walled tube.
The second form is also pear-shaped, between 45 and
55 �m high, but to date not found in organic connec-
tion to a subtending hypha. Rather, this structure is
attached directly to the host cell wall; most of the speci-
mens possess an apical cleft embracing a small opening
(Fig. 1k).

The most conspicuous structures occur exclusively
in cells of the endophelloderm. These are thick-walled
spheres, between 25 and 35 �m in diameter, characteri-
zed by repeatedly forking, antler-like surface extensions,
each up to 6.0 �m high. These spheres are always borne
on prominent, aseptate subtending hyphae (Fig. 1e and
f), up to 15 �m wide. Most specimens contain a single
opaque globe, 10–25 �m in diameter, surrounded by a
relatively thin, wrinkled wall (Fig. 1f).
4. Discussion

Bernard Renault’s systematic analysis of Visean
microorganisms preserved in cherts from central France
represents a benchmark contribution to our understan-

. Slide B49/1118; bar = 20 �m. (m–o) Small thick-walled spores with
rs = 5 �m. (p) Large ?resting spore. Slide B49/1118; bar = 10 �m.

non intracellulaires dans un Lepidodendron du Viséen supérieur de
Lame B49/1118; échelle = 20 �m. (b–d) Types variés de spores ou
; (c) attaché, petit, pédicellé et avec orifice distal ; (d) attaché, petit,
(c,d). (e,f) Oogones/Oosporanges avec des expansions superficielles
37 ; échelles = 20 �m. (g) Hyphe de taille moyenne, irrégulièrement
10 �m. (h) Large hyphe sans cloison, avec une courte ramification à
ites non septées. Lame B50/1137 ; échelle = 10 �m. (j) ?Zoosporange

de la face interne d’une trachéide. Lame B49/1118 ; échelle = 40 �m.
i cellulaire. Lame B50/1137 ; échelle = 10 �m. (l) Grand sporange, à
B49/1118 ; échelle = 20 �m. (m–o) Petites spores à paroi épaisse avec
0/1137 ; échelles = 5 �m. (p) Large spore ? non fonctionnelle. Lame
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ing of the diversity of microbial life in Late Paleozoic
on-marine ecosystems. The significance of Renault’s
ork parallels that of Kidston and Lang’s study of micro-

copic life in the Early Devonian Rhynie chert [6]. Unlike
he Rhynie chert microorganisms, however, the existence
f exquisitely preserved minute life forms in Visean
herts from France has largely been forgotten since
enault’s death. Nevertheless, his meticulous work and
etailed studies represent another chapter in the inves-
igation of microorganisms in ancient ecosystems, and
onstitute a largely untapped source of information about
icrobial life some 330 Ma ago.
The microfungal remains discovered in the Lepi-

odendron tissues indicate that these life forms were
bundant and diverse, and therefore played an impor-
ant role in the ecology of the Visean ecosystem at this
ite. It is difficult at present to accurately determine the
ystematic affinities of most of the microfungal remains
ecause they consist of isolated parts and propagule,
r stages of the life cycle in which critical features
equired in microfungal systematics are lacking. Only
few of the specimens documented here can be refer-

ed to a particular group of microfungi or fungi-like
icroorganisms with some degree of confidence based

n comparisons to extant and other fossil forms. For
xample, the specimen illustrated in Fig. 1k probably
epresents an empty chytrid zoosporangium. There is
ome morphological resemblance to Lyonomyces pyri-
ormis T.N. Taylor, Hass et W. Remy described as a
arasite of the green alga Palaeonitella cranii (Kidston
t W.H. Lang) J. Pia from the Rhynie chert [25]. An orga-
ism described from Carboniferous lycophyte tissues
y Renault [14] as Oochytrium lepidodendroni consists
f narrow hyphae and spherical or spindle-shaped spo-
angia. The narrow hyphae depicted in Fig. 1i and
he spore-like structures illustrated in Fig. 1m–o might
elong to this organism, which we interpret as a per-
nosporomycete (oomycete). Other structures described
y Renault [14] from lycophyte tissues closely resemble
he fossils illustrated in Fig. 1c and d, and probably also
epresent peronosporomycetous oospores/oosporangia.
imilar structures have been found in the Carboniferous
eed-like structure Nucellangium glabrum (Darrah) H.N.
ndrews from North America, and interpreted as oogo-
ia/oosporangia of an Albugo-like microorganism [22].

The most conspicuous microfossils occurring in the
epidodendron endophelloderm are the specimens illus-

rated in Fig. 1e and f. This fossil is abundant in both

amples (more than 60 individuals), and thus makes it
ossible to provide a detailed description and assess-
ent of the organism that produced these structures.
he structures most closely resemble the oosporangia
ol 6 (2007) 431–436 435

produced by extant peronosporomycetes. This hypo-
thesis is based principally on the presence of several
specimens displaying a laterally adpressed antheridial
hypha with terminal antheridium that resembles antheri-
dia seen in modern members of the Peronosporomycetes.
While the oosporangia in most extant peronosporomy-
cetes are thin-walled and non-ornamented, some forms
are characterized by a relatively thick wall, which may be
variously ornamented [1]. However, we are not aware of
any extant peronosporomycete that produces antler-like
surface ornamentation. Within the extant peronospo-
romycetes, the number of oospores contained in an
oosporangium is variable, ranging from one to several.
The fossils consistently contain a single oospore. Extant
pernonosporomycetes producing oosporangia with a
single oospore are found in the Peronosporaceae, Pythio-
getonaceae, Verrucalvaceae, and in some members of
the Leptomitales and Rhipidiales [2]. It is possible that
the fossil oogonia/oosporangia were borne on the wide
hyphal type (Fig. 1h) based on the corresponding dia-
meters of these hyphae and the subtending oogonial
hyphae. The possibility exists that the short, terminally
swollen lateral branches produced by the wide hyphae
(Fig. 1h [arrow]) represent the initial stage in oogonium
formation. If this hypothesis is accurate, then the process
of oogonium formation in this Carboniferous organism
resembles that of the Early Devonian peronosporomy-
cete Hassiella monospora T.N. Taylor, M. Krings and
Kerp, which includes short, terminally swollen hyphal
branches that also represent the initial stage in oogonium
formation [26].

It is equally difficult to determine the nature of the
associations between the individual microorganisms
and the Lepidodendron rhodumnense plant based on the
fossils. The microorganisms may represent space endo-
phytes or true parasites that entered the host plant while it
was alive and subsequently colonized the interior tissues.
On the other hand, host reactions have not been obser-
ved, which may indicate that the fungi were saprotrophs
that entered the tissues post mortem and participated
in the decay process. This interpretation, however, is
somewhat problematic since some of the infected cells
are tracheids, which are non-living at maturity, and
thus not capable of producing any structural alteration
in response to an invading parasite. Adding support
to the hypothesis that the microorganisms represent
saprotrophs colonizing the tissues after death of the plant
is perhaps their abundance and ubiquitous occurrence

in the samples. In addition, some of the structures
discovered inside the tissues have also been observed in
other thin sections where they occur in the chert matrix,
associated with an accumulation of small degrading
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plant fragments. Moreover, the cauline system of L. rho-
dumnense is to date known only from narrow twigs, up to
2.0 cm in diameter, which probably were positioned high
up in the plant, and thus in vivo not easily accessible for
soil-borne microbial endophytes. Additional material
will be required to more accurately define the systematic
affinities of the specimens, and to more fully understand
the diversity and nature of this complex community of
microfungi and fungi-like microorganisms that lived
inside the tissues of L. rhodumnense.

The initial work by Renault in describing some of
these microorganisms has opened a new window into the
microbial world that existed during the Late Paleozoic.
Documenting these minute life forms and the orga-
nisms in which they occur makes it possible to infer
the existence of various levels of biological interaction.
Renault’s work clearly indicates that he understood the
significance of the biological interactions represented in
the fossils he prepared and examined. It is our intent
to completely analyze the slides from the ‘collection
Renault’ and other collections in order to fully document
the microbial diversity and associations and interactions
with other organisms in the Visean ecosystems from cen-
tral France. We believe that continuing the work that
Renault initiated more than 100 years ago will help to
underscore the incredible genius of this paleobotanist.
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