A fungal community in plant tissue
from the Lower Coal Measures
(Langsettian, Lower Pennsylvanian) of Great Britain
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A diverse assemblage of microfungal remains occurs in periderm cells of a lycophyte from the Lower Coal Measures
(Carboniferous) of Great Britain. Among the remains are several types of hyphae, including septate forms with
catenulate swellings and small, narrow forms that are multi-branched. There are also several types of spherical structures
that differ from one another in size, wall thickness, and ornamentation. The most common of these is interpreted as
peronosporomycete oogonia based on specimens with attached antheridia. Other forms may also represent
Peronosporomycetes, but might as well belong to the Zygomycota. Oval or tear drop-like structures that occur in clusters
or chains are interpreted as conidia. Host reactions in the periderm cells are rare, with the exception of small callosities.
Although it is not possible to conclusively identify the (precise) systematic affinities of the fungi, this discovery is signif-
icant because it demonstrates that one of the most common plant tissues in the Carboniferous (i.e. lycophyte periderm)
provided a suitable habitat for several endophytic organisms at the same time. The overall excellent preservation of the
host tissue, together with the evidence of host reactions, indicates that at least some of the endophytes were biotrophic.
 Key words: arborescent lycophyte, Carboniferous, coal ball, fossil fungi, host response, periderm, Peronosporomycetes.
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The level of complexity attained by ecosystems today re-
presents a key area of ecological research (Green & Sade-
din 2005), and one of the measures used to define this com-
plexity is the patterns and processes resulting from
associations and interactions between individuals, popula-
tions, species, and communities (Colwell 1998). This focus
has initiated questions at several levels as to how these as-
sociations and interactions may have evolved. Answers to
date have primarily come from analyses of modern sys-
tems. However, where preservation and preparation tech-
niques permit detailed assessment, the fossil record is be-
coming increasingly important as the only method of
documenting associations and interactions within an evo-
lutionary context.

It has been suggested that associations between fungi
(in the broad sense of including members of the Perono-
sporomycetes and Hyphochytridiomycota) and land plants
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were highly diverse and complex in Carboniferous ecosys-
tems (Taylor & Krings 2005) based on the fact that all ma-
jor lineages of fungi, as well as several groups of fun-
gus-like microorganisms, were in existence by this period
of time (e.g., Heckman e al. 2001, Bhattacharya et al.
2009). Moreover, intricate land plant-fungus interactions
have existed long before the Carboniferous (Taylor ef al.
2004). In addition, many Carboniferous plants were
long-lived and complex in morphology and internal orga-
nization (Taylor ez al. 2009), and thus have provided multi-
ple contact sites and ecologically distinct (micro-)habitats
for fungi. Finally, the vast coal swamp forests were highly
productive ecosystems, and thus provided an abundance of
biomass for saprotrophic fungi.

To date evidence of Carboniferous land plant-fungus
associations is relatively rare. This is especially true of
complex associations, in which different fungi co-occur in
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a single host plant (Krings et al. 2007, in press b). The scar-
city of descriptions of fungi associated with Carboniferous
plants is due in part because the most common types of fos-
sils from this period of time (i.e. impressions, compres-
sions) do not normally provide sufficient resolution to de-
tect the presence of fungi. On the other hand, even the most
common mode of structural preservation (i.e. coal balls) of
Carboniferous plants has yielded relatively few studies of
fungi (see Stubblefield & Taylor 1988, Taylor & Krings
2005). One important reason for this is the commonly used
cellulose acetate peel technique. Since this technique relies
on the acid digestion of the coal ball matrix, many of the
fungi embedded in the matrix are lost during preparation.

The Coal Measures of Great Britain have provided evi-
dence of well-preserved Pennsylvanian coal ball floras,
which have been studied intensively and documented for
more than 100 years, most notably by E.W. Binney and
W.C. Williamson (see Galtier 1997). Co-occurring with
the plants are various types of fungi. Although the presence
of fungi in the coal balls was noted in several early studies,
including Cash & Hick (1879), Williamson (e.g., 1880,
1881, 1883), Weiss (1904), and Ellis (1918), their diversity
and significance as ecosystem constituents have not been
fully appreciated.

This paper reports on a community of fungi composed
of various types of hyphae and propagules that occurs
within lycophyte tissue from the Lower Coal Measures
(Bashkirian/Lower Pennsylvanian) based on a thin sec-
tion preparation in the collection of the late Prof. Max
Hirmer of Munich, Germany. Although the systematic af-
finities of the fungi and the biological nature of their rela-
tionship(s) with the host plant cannot be fully evaluated,
this discovery provides new information on the diversity
of land plant-fungus associations in the Carboniferous,
and thus helps to formulate or refine ideas about the levels
of biological complexity and their evolution in ancient
ecosystems.

Material and methods

The material used in this study comes from a single thin
section preparation that was prepared by W. Hemingway
from a coal ball collected in the Lower Coal Measures of
Great Britain. The provenance of the coal ball is not docu-
mented on the slide, but since the slide belongs to a set of

Hemingway and Lomax slides labeled Dulesgate or Hali-
fax it is clear that the specimen comes from either of these
two localities. Dulesgate is one of the Lancashire locali-
ties where the Union Seam was the source of the coal balls
that were initially described by Binney (1865). Coal balls
from Halifax (Yorkshire) were collected from the Halifax
Hard Seam, which is regarded as a stratigraphic equivalent
to the Union Seam. Both coal seams have been dated as
Westphalian A or Langsettian (Bashkirian, Lower Penn-
sylvanian). The Union and Halifax Hard seams, together
with the contemporaneous Bouxharmont Seam in Belgium
and the Finefrau-Nebenbank Seam in the Netherlands and
Germany, represent the source strata of the richest Euro-
pean coal-ball floras (Galtier 1997).

The Union and Halifax Hard seams were two of the
principal sources of coals balls used by Lomax and Hem-
ingway, among others, in the preparation of commercial
thin sections of Carboniferous plant fossils from Great
Britain that were subsequently sold worldwide (Howell
2005). Thin sections were prepared according to standard
procedures (for details, see Hass & Rowe 1999) in which a
piece of the coal ball was cemented to a glass slide and sub-
sequently ground with an appropriate abrasive until it was
thin enough to be examined in transmitted light.

The slide containing the infected lycophyte periderm
described in this paper belongs to the teaching collection of
the late Prof. Max Hirmer that today is deposited in the
palaeobotanical collection of the Bayerische Staats-
sammlung fiir Paldontologie und Geologie in Munich, Ger-
many, under acquisition BSPG 1964 XX 25. The slide was
analyzed using normal transmitted light microscopy equip-
ment; digital images were captured with a Leica DFC-480
camera.

Results

One of the plant remains in the slide is a piece of lycophyte
periderm approximately 1.5 cm long by 0.4 cm wide. In
an oblique section, cells of the periderm are rectangular, ar-
ranged in distinct files, with each cell approximately
400 um wide and 100 um high (Fig. 1A, B). There are appa-
rently no regions within the tissue that contain intercellular
spaces. Extending throughout the tissue are several mor-
phologically different types of intracellular microfungal
remains, which may occur scattered (Figs 1C-I, 2A-L,

Figure 1. A, B - oblique section of lycophyte periderm from the Lower Coal Measures of Great Britain, showing the arrangement of thin-walled cells
and numerous microfungal remains; bars = 200 um. ¢ C — detail of periderm cells showing various types of spherical structures; arrows indicate mas-
sive-walled type 2 individuals associated with host cell walls; bar = 50 um. ¢ D — close up of periderm cells containing type-1 spheres; arrow indicates
short fragment of subtending hypha; bar = 20 pm. ¢ E — catenulate hyphae with irregular swellings and constrictions; arrow indicates branch hypha termi-
nating in a large thin-walled sphere (type 5); bar = 10 um. « F-H — same type of hypha as in Fig. 1E, showing details of irregular swellings, constrictions,
and (pseudo-)septa; bars = 5 um. * I — cluster of narrow, multi-branched hyphae; bar = 5 um.
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3A-J,4A-M) or clustered (Fig. SA-E) in regions of the pe-
riderm.

Hyphae

From this single section it appears that the most common
form of hypha is septate or pseudoseptate, and from 1 to
5 um in diameter (Fig. lE-H). Hyphae consist of numerous
catenulate swellings that alternate with more or less dis-
tinct constrictions in which the (pseudo-)septa are located.
The size and morphology of the swellings varies within a
single hypha, from pronounced and spherical-ovoid
(Fig. 1G, H) to indistinct and rod-shaped (Fig. 1F). Branch-
ing occurs repeatedly in this type of hypha, so that loose
aggregations are formed. In one instance, a branch hypha
terminates in a large, thin-walled sphere (arrow in Fig. 1E).
Similar spheres have also been found isolated in some of
the cells (Fig. 4F).

A second type of hyphae in the periderm cells is more
delicate (up to 1 um in diameter) and probably aseptate
(Fig. 1I). Some specimens show more or less pronounced
hyphal constrictions, but these hyphae lack swellings. We
are uncertain whether these constrictions are the result of
fossilization (i.e. a shrinkage artifact), or are a reflection of
the presence of (pseudo-)septa. In a few periderm cells
there are dense, peg-like clusters of delicate hypha around
regions of host cell walls that are ruptured (Fig. 21). These
hyphae appear to be regularly segmented, either by septa or
simple constrictions, but are too narrow to allow for a more
detailed analysis.

Reproductive structures and propagules

Within many of the periderm cells are one to multiple sphe-
rical, ovoid, or drop-shaped structures, between <5 and
~35 pm in diameter, which we have informally classified
into six different morphotypes (type I through 6) based on
size and shape, degree of opaqueness, wall thickness, and
surface ornament. The different morphotypes co-occur in
the periderm (sometimes even in the same cells), but vary
in the number of specimens.

Type 1. — The most abundant (>100 specimens) type of

spherical structure ranges from 5 to 15 ym in diameter, is
translucent to brown in the fossil, and characterized by
a smooth (psilate) wall (Figs 1D, 2A—F). Most of these
spheres are solitary and lack evidence of attachment to the
host cell wall and/or parental hypha (Fig. 2A, B). In some,
however, there is a distinct extension that may represent an
attachment point to the subtending hypha (arrows in
Figs 1D, 2D), while in a few the actual subtending hypha
is intact, demonstrating that the spheres were originally at-
tached to the host cell wall (Fig. 2E, F). Distinct septa are
evident in some of the hyphae that attach the spheres (ar-
row in Fig 2F); some spheres appear to have been interca-
lary based on the presence of two hyphal remnants on op-
posite sides (arrow in Fig. 2A). The specimen illustrated in
Fig. 2C is particularly interesting with regard to suggesting
possible affinities of these propagules. It shows a smooth-
walled spherical structure of the same size and morphology
as those noted earlier, to which are attached four
club-shaped terminal swellings of narrow hyphae, each ap-
proximately 3—4 um in diameter; the arrow in Fig. 2C indi-
cates that there is a distinct septum at the base of one of the
swellings.

Type 2. — There are other, less abundant (<100 specimens)
spherical structures in the periderm that are distinctly larger
(i.e. up to 30 pum in diameter), may occur solitary or in
small clusters of up to six individuals, and are typically as-
sociated with a host cell wall (Fig. 3A-J). These spheres
are distinguished from all other fungal remains in the peri-
derm by a massive, non-layered outer wall or wall compo-
nent up to 5 pum thick with an irregularly wrinkled outer
surface. This outer wall or wall component appears to be
ephemeral (evanescent) because in most specimens it is
partially degraded (e.g., Fig. 3B, D, E); in a few specimens,
the outer wall or wall component is (largely) absent, leav-
ing a translucent, thin- and smooth-walled (arrow in
Fig. 3A) or finely ornamented (Fig. 3B) sphere. We inter-
pret the wall of this sphere as the persistent wall (or wall
component) that delimits the outer surface of the propa-
gule. Most specimens of this type are broadly attached to
the inner surface of the host cell wall; Fig. 3C, D demon-
strate the broad attachment region that appears to be for-
med by the sphere’s massive outer wall or wall component,
which perhaps was mucilaginous or contained some adhe-
sive properties that allowed the spheres to attach to the host

Figure 2. A, B — smooth-walled rype-1 spheres in periderm cells; arrow in Fig. 2A shows a sphere that formed in an intercalary manner, arrows in
Fig. 2B indicate rype-1 spheres interpreted as being immature based on thinner and more translucent wall (note single verrucate fype-3 sphere in upper left
of Fig. 2A); bars =20 um. * C —smooth-walled type-1 sphere interpreted as peronosporomycete oogonium with four attached paragynous antheridia; large
arrow indicates oogonial stalk, small arrow shows septum between antheridium and antheridial hyphae; bar = 5 um. ¢ D — type-1 spheres; arrow indicates
fragment of subtending hypha; bar = 10 um. * E, F — stalked type- I spheres; arrow in Fig. 2F indicates septum; bars = 5 um (Fig. 2E) and 10 pm (Fig. 2F).
* G, H, J-L — type-4 structures interpreted as chains or clusters of conidia; arrows in Fig. 2H show areas where the conidia will disassociate, arrows in
Fig. 2K and L indicate a beak-like region that may represent the point of attachment to other conidia or some type of discharge tube; bars = 5 um
(Fig. 2G, H, J) and 10 um (Fig. 2K, L). « I — aggregation of narrow, multi-branched hyphae; bar = 10 pm.
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walls. Other specimens of this morphotype are attached to
the host cell wall by a narrow stalk (Fig. 3G), while one
specimen appears to be anchored within the host cell wall
(Fig. 3)). In spheres that are attached to the host cell wall, the
actual propagule is characterized by an extension that is di-
rected toward the point of attachment (Fig. 3C, D). This re-
gion is rather inconspicuous in the specimens adhering to the
surface of the host cell wall, but prominent in the specimen
that is embedded in the host cell wall (e.g., compare Fig. 3D
with 3J). We estimate that approximately 50% of the
massive-walled spheres are closely associated with, and
most likely also physically attached to, a slightly or dis-
tinctly smaller and more opaque, smooth-walled spherical
structure (e.g., arrows in Fig. 3E, F). In one specimen there
appears to be a circular pore in the small sphere through
which an organic connection with the large sphere is main-
tained (arrow in Fig. 3I). Moreover, in several specimens a
narrow dark line between the two spheres (Fig. 3F — lower
sphere) may represent either a hypha or some type of fila-
ment, or is a wall remnant of the smaller sphere.

Type 3. — This morphotype is slightly less abundant than
type 2 (<<100 but >10 specimens). Specimens are approxi-
mately 15-25 um in diameter, and represent the most easily
recognizable spherical structures in the periderm due to a
prominent, verrucate surface ornament (Fig. 4A-E). The
wall of these spheres appears to be thin and translucent.
Verrucae form a regular pattern of penta- to heptagonal
(usually hexagonal) fields (e.g., Fig. 4B), each of which
ranges from 1 to 3 pm in width. Many of these spheres
(~25% of specimens) are closely associated with, or per-
haps in organic attachment to, smaller, smooth-walled
spherical structures, which are between 7 and 15 um in dia-
meter and may be thin-walled and translucent (Fig. 4E —
right side of image) or relatively thick-walled and more
opaque (Fig. 3E — left side of image). The presence of sub-
tending hyphae/filaments on both the large and small sphe-
res in several specimens indicates that neither sphere is a
derivative of the other (arrows in Fig. 4C).

Infrequent types (types 4—-6) and host reactions. — While
the types of structures previously described are present in
the periderm in (relatively) large numbers, there are also
several interesting microfungal remains that occur infre-
quently or sporadically. One of these types (type 4) is re-
presented in Fig. 2J-L. This type consists of ovoid to
drop-shaped structures up to 15 um long and 13 pm wide
that may occur in clusters (e.g., Fig. 2J, L) or bead-like
chains (Fig. 2G, H). In most chains of these cells it is pos-
sible to identify slightly constricted and more opaque regi-
ons that probably represent septa between the individual
units (arrows in Fig. 2H). Some of the type-4 structures oc-
curring in clusters appear stalked and arise from a common
point on the host cell wall (Fig. 2L). Several of the drop-
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shaped bodies possess a beak-like region that may repre-
sent either the point of attachment to other units, or some
type of preformed discharge tube (arrows in Fig. 2K, L). A
small spherule is present in the interior of one of the
drop-shaped structures illustrated in Fig. 2K (below the ar-
row). Other infrequent microfungal remains consist of a
variety of thin-walled structures that may be variously atta-
ched to the host cell wall. One type (type 5), up to 33 um in
diameter, is relatively large and always appears as a perfect
sphere (Fig. 4F). Another of these specimens appears orga-
nically attached to the catenulate hyphae occurring in the
periderm (arrow in Fig. 1E). Other thin-walled structures
(type 6) are smaller, spherical to pear-shaped, and typically
distorted (Fig. 4G-I); some specimens possess what appe-
ars to be a discharge pore (arrows in Fig. 4H, G). These
thin-walled structures always occur in clusters and are con-
fined to single host cells or small groups of adjacent cells.
One (Fig. 4)) has an internal membrane and a structure that
appears to be an infection peg that penetrates the host cell
wall (arrows in Fig. 4]). At the base of the infection peg on
the inner surface of the cell wall is a thickened region that is
interpreted as an early stage in the formation of a host reac-
tion callosity (also called an apposition, lignotuber, or pa-
pilla, among other terms; see Stubblefield et al. 1984). In
the immediate vicinity of this structure is a second,
well-developed tube-like callosity (Fig. 4] — left side of
image). There are other host cell walls in the periderm that
display one to multiple callosities, which are cone-shaped,
densely opaque, and up to 7 um long (Fig. 4K-M). In the
section of periderm on this slide, however, the presence of
callosities is relatively rare.

Concentration of fungal remains. — Despite the uniformity
of the periderm cells, there is one small region that consists
of approximately 20 cells in which fungal remains are highly
concentrated (Fig. SA-E). In these cells there are three gene-
ral types of fungal remains, including tubular and catenulate
hyphae with prominent spindle-shaped to oval swellings (ar-
rows in Fig. 5A, E), uniform spores (conidia?) similar to the
type-4 form described above but smaller (Fig. 5A, B, E), as
well as larger, smooth-walled spheres similar to the type-1
morphology, each with one or two hyphal remnants sugges-
tive of terminal or intercalary formation (Fig. 5C).

Discussion

Although there is one report of a diverse fungal assemblage
from the periderm of a lycophyte from the Middle Missis-
sippian of France (Krings et al. 2007), this paper provides
the first report of morphologically diverse microfungal re-
mains in lycophyte periderm from the Pennsylvanian. Dur-
ing the last several years we have examined the microorga-
nisms (mostly fungi and fungus-like organisms) associated
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Figure 3. A-J—massive-walled rype-2 spheres; bars = 10 um. ¢ A — cluster of spheres with the arrow indicating one sphere in which the evanescent wall
or wall component is almost completely gone. * B — sphere showing partially disintegrated outer wall or wall component; note the three spores below in
which the outer wall is absent. « C, D — spheres showing broad attachment to host cell wall; arrows in Fig. 3D show region where outer ephemeral wall is
partially fused with host cell wall. « E-G — spheres showing attached single, small sphere (arrows); note the delicate structure between the lower large and
small spheres in Fig. 3F and the subtending hypha in Fig. 3G. « H, ] — type-2 spheres to which are attached smaller, single spheres that are larger than those
in Fig. 3E-G; arrow in Fig. 31 indicates what appears to be an organic connection between the large and small spheres. * ] — type-2 sphere with nearly com-
plete outer wall showing truncated point of attachment that is integrated in host cell wall.

with Carboniferous plant remains preserved in cherts and
coal balls from France, Germany, and Great Britain based
on thin section preparations from the Renault and Roche
collections in Paris, France, and the Hirmer collection in
Munich, Germany. While evidence of the presence of fungi
(e.g., hyphae, spores efc.) was encountered in nearly every
slide, the high concentration and structural diversity of fun-
gal remains have to date only been discovered in lycophyte
periderm. This provokes the question as to whether lyco-
phyte periderm may have represented an especially suitable

habitat for microfungi. Although this question is difficult
to address, especially when there are only two recorded oc-
currences, we still find the abundance of microfungi in this
type of tissue as opposed to other types of plant remains in-
teresting. Arborescent lycophytes were important elements
of the vegetation in Euramerica during a considerable part
of the Carboniferous (e.g., Kerp 2000). Lycophyte peri-
derm occurs in virtually every coal ball from Lancashire
and Yorkshire, and sometimes may represent the only plant
tissue present. Phillips ef al. (1985) estimated that 91-95%
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of the biomass preserved in the Union Seam coal balls
(Lower Coal Measures, GB) was produced by lycophytes,
including Diaphorodendron vasculare, Lepidodendron
hickii, Lepidophloios fuliginosus, Bothrodendron mun-
dum, as well as species of Paralycopodites and Sigillaria
(Galtier 1997). We speculate that the simple abundance of
periderm in these ecosystems, irrespective of whether
the tissue was dead or alive, together with the fact that the
cells of this tissue are characterized by thin walls, may
have made this tissue a preferred habitat for fungal coloni-
zation.

It is equally difficult to evaluate the nature of the bio-
logical relationship between the endophytes and the host
because of the incompleteness of both the host plant and
fungi. The endophytes could have been either biotrophic or
saprotrophic. The only evidence of a biotrophic (parasitic)
relationship occurs in the form of two types of small callos-
ities found in several of the cortical cells (Fig. 4J-M). Cal-
losities represent inwardly directed projections consisting
of newly synthesized wall material that are formed by liv-
ing plant cells (but also by certain fungal spores; see Hass
et al. 1994) in response to invading fungi or some other bi-
otic cause. Callosities encase the fungal infection hypha or
filament, and it is widely believed that they are effective
in preventing or retarding penetration by the parasite
(e.g., Aist 1977, but see Moerschbacher & Mendgen 2000).
This type of host reaction has been observed in cells of nu-
merous extant plants (e.g., Young 1926, Archer & Cole
1986, Rioux & Biggs 1994), but is also known to occur in
several fossil plants, including a lepidodendralean lyco-
phyte and a zygopterid fern from the Carboniferous of
France (Krings et al. 2009, in press a). Unfortunately, the
cone-shaped callosities described here (Fig. 4K-M) cannot
be conclusively associated with a single fungus in the peri-
derm. In one host cell, however, there is evidence of the
early formation of a tube-like callosity that surrounds the
proximal portion of a penetrating hypha (arrows in Fig. 4])
adjacent to a well-developed tube-like callosity (Fig. 4] —
left side of image).

Another dimension of uncertainty involves the actual
diversity of the endophytic microfungi in the periderm. It is
difficult to accurately record the number of different types
of biological species because the types of fungal remains
within these tissues may not all represent separate species,
but rather different developmental or life history stages of

the same organism. Conversely, it is also possible that the
individual morphotypes each represent several morpholog-
ically similar species. In spite of this, we feel confident that
there are several forms that possess a consistent comple-
ment of features, which makes it possible to distinguish
them from other forms. One of these are the spherical
forms that possess a highly verrucate surface ornamenta-
tion pattern (fype 3; Fig. 4A-E). A second type is also
spherical and delimited by a massive outer wall or wall
component (type 2; Fig. 3A-J) that appears to be evanes-
cent based on several specimens that show various stages
of wall disintegration (arrow in Fig. 3A). The third distin-
guishable type (type I) has a smooth wall that is opaque
and relatively thick at maturity (Figs 1D and 2A-F). We
hypothesize that the slightly smaller and more translucent
specimens (arrows in Fig. 2B), which consistently occur
with the larger smooth-walled spheres, represent earlier
developmental stages of the fype-1 form.

Attached to the surface of some of the large type-1
spheres are one to several club-shaped structures (e.g.,
Fig. 2C). This association is strikingly similar morphologi-
cally to a peronosporomycete oogonium to which are at-
tached several paragynous antheridia (for details, see Dick
1969, 1995, 2001). It is interesting that among the type-2
and rype-3 spheres are also specimens that show a similar
association between the large spheres and smaller ones
(e.g., Figs 3E-1,4C-E). In contrast to type I, in which there
may be multiple small spheres attached to the wall, these
other forms have only a single sphere attached. We cannot
rule out that the small(er) spheres represent rype-1 speci-
mens which incidentally became closely associated and
perhaps physically connected with the type-2 and type-3
spheres. The frequency of occurrence (i.e. in ~50% of the
type-2 and ~25% of the type-3 specimens), however, and
the fact that constellations with more than one small(er)
sphere have not been found, argue against the interpreta-
tion of these associations as incidental. We therefore wonder
whether fypes 2 and 3 also represent some type of pero-
nosporomycete oogonium to which are adpressed single
paragynous antheridia. On the other hand, in this type of
association the small spheres are sometimes quite large and
thick-walled (e.g., in Figs 31, 4D), a condition that may per-
haps contradict affinities with the Peronosporomycetes. An
alternative hypothesis is that the type-2 and type-3 spheres
represent members of the Zygomycota. According to this

Figure 4. A, B —rype-3 spheres characterized by prominent verrucate ornamentation; bars = 5 um. » C — verrucate sphere with smaller sphere attached;
note separate parental hyphae of the spheres (arrows); bar = 10 um. D, E — verrucate spheres with smaller spheres attached; note differences in size and
level of translucency between the three smaller spheres attached (arrows); bars = 10 pm. ¢ F — thin-walled rype-5 sphere attached to host cell wall;
bar = 10 um. * G-I — thin-walled type-6 structures interpreted as empty zoosporangia; arrows in Fig. 4G and H indicate what appear to be discharge open-
ings; bars = 20 pm (Fig. 4G) and 10 um Fig. 4H, I). * J — spherical structure showing penetration hypha (arrows) and early stage in callosity development;
note the more prominent, tube-like callosity to left of hypha; bar = 10 pm. « K-M — small cone-shaped callosities extending from host cell walls into cell

lumen; bar = 10 pm.

686



Michael Krings et al. * A fungal community in plant tissue from the Lower Coal Measures of Great Britain

[
aF
‘P\ -l- N

687



Bulletin of Geosciences * Vol. 85, 4, 2010

Figure 5. A-E —region of the periderm in which fungal remains are highly concentrated. * A-C, E — details of fungal remains in this region, showing in-
tercalary swellings or spores (arrows in Fig. 5SA), catenulate hyphae (arrows in Fig. SE), and highly concentrated small (Fig. 5B) and large (Fig. 5C)
spheres morphologically similar to types 4 and /; bars = 20 um. * D — note concentration of fungal remains in a single cell; bar = 50 um.

interpretation, the large sphere would be the zygo-
sporangium, while the smaller ones represent the suspen-
sor. The massive ephemeral wall or outer wall layer of the
type-2 spheres would represent the zygosporangial wall
that gradually disintegrated once the zygospore became
fully developed. If this hypothesis is accurate, then these
fossil zygomycetes have produced one prominent and one
undifferentiated, inconspicuous suspensor (see Benny et
al. 2001). Unfortunately, wall features are of little help in
distinguishing specimens as either related to the Pero-
nosporomycetes or Zygomycota since thick-walled and/or
prominently ornamented oogonia/sporangia occur in both
groups (e.g., Zycha et al. 1969; Benjamin 1979; Dick 1995,
2001). Moreover, it has been shown in several Carbonifer-
ous peronosporomycetes that oogonial wall features can
differ from those seen in any extant member of this group
(Dotzler et al. 2008, Krings et al. 2010a). Since this may
also be the case in fossil Zygomycota, wall thickness and
composition are of little value in determining the affinities
of these spheres. What can be stated with some certainty,
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however, is that the large spheres do not represent some
form of outgrowth from the small spheres (as, for instance,
in apophysate chytrid zoosporangia; for details, see
Karling 1977), or the reverse, because there are several
specimens showing that each sphere has its own stalk or
subtending hypha (e.g., Figs 3G, 4C). One final thought on
the possible affinities of these structures is that some of the
small spheres might represent mycoparasites.

The other, rather infrequent fungal remains in the
periderm (types 4 through 6) are even more difficult to at-
tribute to any larger fungal group. One of the characteris-
tics of type 6 are spherical to pear-shaped, thin walled
structures that typically are slightly deformed, and a
broadly attached to the cell wall (Fig. 4G-I). We interpret
these as zoosporangia of a chytrid (Chytridiomycota) or
chytrid-like organism (e.g., Hyphochytridiomycota) that
have already discharged the zoospores; the specimen illus-
trated in Fig. 4] may represent a sporangium of the same
type that is immature. Some of the ovoid or drop-shaped
structures (type 4; Fig. 2G, H, J-L) may represent some
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type of anamorphic stage in a fungal life history. This sug-
gestion has some merit since these typically occur in clus-
ters arising from a common point or well-defined chains
(e.g., Adams 1994, Hennebert & Sutton 1994). Moreover,
there are areas in the periderm in which there are catenulate
hyphae with irregular swellings that may represent stages
of coniodiogenesis (Fig. 1F-H). Whether they represent
one or several types of conidia cannot be determined. In
one region of the periderm are cells that contain large num-
bers of small ovoid bodies of the type-4 form as well as
catenulate hyphae (Fig. 5E), which might suggest that
these two structures represent different stages of the same
organism. Many of the bodies in these host cells possess
opposite attachment scars, suggesting that they were in fact
produced in chains. Among the small bodies in this region
of the host tissue are larger spheres (Fig. 5C) that resemble
the rype-1 morphology. The relationship between these lat-
ter structures and the catenulate hyphae and small bodies
remains unclear.

Conclusions

There has been an increasing body of evidence in recent
years documenting that within the Carboniferous swamp
forest ecosystems there were extensive and diverse assem-
blages of microorganisms, mainly fungi and fungus-like
organisms such as peronosporomycetes (see Krings et al.
in press b). In several instances the microorganisms were
identified as endophytes of certain types of land plants, in-
cluding arborescent lycophytes as described in this paper.
These plants produced great amounts of biomass, and thus
probably provided the most important carbon source for
the ecosystem saprotrophs and parasites. The large number
of microbial remains within lycophyte tissues has made it
possible in a few cases to place the endophytes systemati-
cally and piece together stages in their life history biology
(e.g., Dotzler et al. 2008); in other instances, however, en-
dophytic microfossils associated with land plants remain
difficult, if not impossible to interpret (e.g., Krings et al.
2010b). We believe that this report, which describes di-
verse microfungi in lycophyte periderm from the Lower
Coal Measures of Great Britain, adds important informa-
tion about the biodiversity of fungi and fungus-like orga-
nisms in Carboniferous coals swamp communities, and
also provides a new source of data that can be incorporated
into the understanding of the complexity and interrelated-
ness of all components of these palaeoecosystems. While
there is an increasing awareness and interest in the micro-
bial component of modern ecosystems and their impor-
tance as drivers and sustainers in ecosystem function, we
are only beginning to decipher their complexities in the
fossil record. We hope that this paper not only highlights
the excellent preservation potential of fossil fungi in coal

balls, but also stimulates interest in these organisms, and
encourages other researchers to prepare and study thin sec-
tions of coal ball material in their collections for fungi and
other microorganisms.
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