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ABSTRACT

Paleoecological interactions among fossil microorganisms have garnered
significant interest within the paleobotanical community; however, an
understanding of the early diagenesis of associated plant material is of
critical importance when assessing putative body fossils of fungi and
bacteria. Structures preserved within permineralized petioles of the
Carboniferous fern Botryopteris tridentata Felix (Scott) have been
interpreted as the earliest remains of Actinobacteria found in association
with vascular plants, but re-examination of the specimens indicates
instead that these biomimetic structures (BMS) are authigenic carbonate
minerals. Using spinning disk confocal microscopy, we generated
monochromatic luminescence maps of BMS found within the phloem
cells of Botryopteris. Luminescence was captured at wavelengths of
665 nm, consistent with an interpretation of these structures as disordered
dolomites, an inference subsequently corroborated with energy-dispersive
X-ray spectrometry (SEM-EDS). The presence of high-magnesium
carbonates within Botryopteris is suggestive of an early anaerobic stage
of plant tissue degradation characterized by metabolic activities of
sulfate-reducing bacteria. Anaerobic biodegradation may also have been
performed by chytridiomycetes, and we interpret larger (5-8 pm) unicells
found within the specimens as fossils of chytrid zoosporangia. Under-
standing microbial contribution to the early diagenesis of plants preserved
within calcium carbonate concretions (coal balls) is dependent upon both
characterizing diversity of microbial communities within fossil plants, and
elucidating the geomicrobiological parameters of mineralization. As such,
this study underscores the necessity of integrating geomicrobiology with
plant taphonomy in investigations of the microbial component of ancient
ecosystems.

INTRODUCTION

For nearly half a century, microbial fossils have been the focus of
intense interest among researchers who have attempted both to
understand the early conditions under which life evolved, and to
characterize the fossil record of bacteria (e.g., Barghoorn and Tyler,
1965; Barghoorn and Schopf, 1966; Knoll, 1982; Schopf, 1993; Wacey
et al., 2011). As a result, we are moving toward a more sophisticated
understanding of hydrogeochemical conditions under which bacteria
may fossilize (e.g., Van Lith et al., 2003; Lalonde et al., 2005; Garcia-
Valles et al., 2008; Dupraz et al., 2009), and some of the abiogenic
processes that can mimic bacterial morphologies (e.g., Hofmann, 1972;
Garcia-Ruiz, 1994; Lowe, 1994; Grotzinger and Rothman, 1996;
Garcia-Ruiz et al., 2002, 2003; McLoughlin et al., 2008). As living
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hosts or decaying substrates, plant tissues constitute a physical and
biochemical landscape in which distinct microbial ecosystems have
evolved (Bianciotto et al., 1996; Lodwig et al., 2003; Kotsyurbenko et
al. 2004; Bouwmeester et al., 2007). The interactions between microbes
and vascular plants have a deep evolutionary history (e.g., Pirozynski
and Malloch, 1975; Bateman et al., 1998; Tomescu et al., 2006; Wang et
al., 2010), and understanding how such interactions have developed and
changed throughout the Phanerozoic is a rapidly expanding field of
paleobotanical research (Beimforde et al., 2011; Massini et al., 2012). A
reinvestigation of structures originally interpreted as the earliest
representatives of Actinomycetes (Actinobacteria) in association with
vascular plants (Smoot and Taylor, 1983) underscores the necessity of
approaching some putative microbes with an understanding of early
diagenetic processes that can produce biomimetic structures (BMS).

The actinomycetes are physiologically diverse, high G-C (guanine-
cytosine) content Gram-positive bacteria (Stackebrandt and Woese,
1981; Embley and Stackebrandt, 1994; Fox and Stackebrandt, 1987),
many of which occur as branching septate filaments that are
morphologically reminiscent of fungal hyphae, although generally
much smaller (Waksman, 1950; Lechevalier and Lechevalier, 1967).
Actinomycetes are known to play a vital role in the ecology of plant
communities. Within the rhizosphere, they function as saprobes
(Goodfellow, 1983; Jaatinen et al., 2008; Aliasgharzad et al., 2010),
and many also have intimate associations with vascular plants, such
as the nitrogen-fixing mutualist Frankia (Reddell and Bowen, 1985;
Sellstedt et al., 1986). Endophytically, some actinomycetes occur as
plant pathogens or parasites, but most have a commensal relationship
with their hosts, conferring resistance to pathogenic fungi (Goodfellow,
1983; Doumbou et al., 2001, Taechowisan et al., 2003; Conn et al.,
2008). Understanding the evolution of such mutualistic associations
may offer insight into the early evolution of terrestrial plants, and may
also allow us to better conceptualize ecological constraints within
ancient plant communities.

At present, however, the fossil record for actinomycetes is sparse, and
predominantly Cenozoic (Waggoner, 1993, 1994a, 1994b; Wilkinson,
2003; Fostowicz-Frelik and Frelik, 2010; Poinar, 2011; Saint Martin
et al., 2012). The oldest known records of filamentous bacteria in
association with plant tissue are specimens described from within three-
dimensionally permineralized cells of a Pennsylvanian fern, Botryop-
teris tridentata (Felix) Scott (Smoot and Taylor, 1983). A re-
examination of these specimens, however, demonstrates there is little
support for considering them actinomycete bacteria. Instead, we
suggest that these structures are authigenic carbonate minerals, formed
in conjunction with the anaerobic degradation of plant cell material.

While there is no evidence of actinomycete remains within these
Carboniferous specimens, the Botryopteris tissue is not devoid of
microbial fossils, and we reinterpret larger spherical unicells (Smoot
and Taylor, 1983, fig. 8) as chytridiomycete zoosporangia. Chytrids
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(Chytridiomycota) are morphologically simple fungi (James et al.,
2006a, 2006b), that occupy environmental niches in polar to tropical
terrestrial, freshwater, estuarine, and marine ecosystems (Powell, 1993;
Barr, 2001; Hibbett et al., 2007), where they function as saprotrophs,
bioeroders, parasites, mutualists, and pathogens (Karling, 1977,
Gleason et al., 2008; Kilpatrick et al., 2010). Chytrids exhibit a
plesiomorphic form of reproduction where motile, flagellated spores
(zoospores) are borne in larger, saclike structures termed zoosporangia
(James et al., 2006a), and representatives of these life cycle stages are
well known in the chytrid fossil record (e.g., Millay and Taylor, 1978;
Taylor et al., 1992; Trewin et al., 2003; Krings et al., 2009a, 2009b;
Massini et al., 2012). The body fossils we interpret as zoosporangia
provide additional evidence for the role of these fungi as saprotrophs
within ancient environments.

The microbial paleoecology of plant tissues is a field of inquiry that
is gaining significant momentum, and these studies continue to offer
insight into the interactions between microbes and the plants that both
host them and act as substrates (e.g., Taylor and Krings, 2010; Krings
et al., 2011, 2012; Harper et al., 2012). As has been indicated by other
studies (Buick et al., 1990; Van Zuilen et al., 2002; Brasier et al., 2005;
Schopf, 2004), our reinvestigation of putative actinomycete remains
demonstrates the necessity of appreciating abiogenic processes that can
produce microscopic pseudofossils. In this study, we illustrate that
critical examination of such structures can reveal features suggestive of
abiogenicity, and utilize both monochromatic luminescence mapping
and energy-dispersive X-ray spectrometry (SEM-EDS) to characterize
their mineralogy. In addition to suggesting methods by which to
identify legitimate microbial body fossils from biomimetic carbonates,
our results indicate that comprehensive investigation of degrading plant
tissue in a geomicrobiological context will further our understanding
of taphonomic processes that lead to both information loss and
preservation in the paleobotanical record.

MATERIAL AND METHODS

Material investigated in this study occurs within calcium carbonate
concretions, commonly known as coal balls, which were collected from
the Lewis Creek locality (37°0'0.35"N, 83°17'34.39"W) of Leslie County,
Kentucky, United States. The concretions, within which plant remains
are anatomically preserved, are associated with the Copland (Taylor)
coal (Smoot and Taylor, 1983). The Copland coal is considered the
uppermost unit of the Moscovian (Middle Pennsylvanian) Hyden
Formation (Fm) of the Breathitt Group (Chesnut, 1996; Greb et al.,
1999), and is overlain by shales of the Magoffin Member of the Four
Corners Fm (Schopf, 1961; Smoot and Taylor, 1983; Chesnut, 1996).

The specimens were originally prepared using the cellulose acetate peel
technique (Joy et al., 1956), and resultant sections were mounted on
microscope slides using xylene-soluble Harleco (EMD Millipore) Synthetic
Resin (Smoot and Taylor, 1983). Additional material was prepared for
scanning electron microscopy (SEM) by etching portions of the phloem
tissue (Smoot, 1979), and the original SEM micrographs are refigured in
this reinvestigation. In addition to photomicrographing specimens from
slides prepared by Smoot and Taylor (1983), we also mounted several
acetate peels for SEM-EDS analysis; these comprised serial sections #4,
#13, #19, #25 from specimen 6809 D3 side. All specimens and slides are
deposited in the Paleobotanical Collections, Natural History Museum and
Biodiversity Institute, University of Kansas, (Lawrence, Kansas). Slide
accessions comprise 7523, 7525, 7532, 7554, 7556, 7563, and 7566, and
were made from accessioned specimens 6592 C top 7, 6592 D side 11, 6592
D side 15, 6809 D3 side B 22, 6809 D3 side B 29, 6809 D3 side B 43, and
6809 D3 side B 50. In the course of our investigations, we also reexamined
specimens originally figured as mycorrhiza (Andrews and Lenz, 1943, fig.
6), using slides from the Henry N. Andrews collection, deposited at the
George Safford Torrey Herbarium, Department of Ecology and
Evolutionary Biology, Storrs, Connecticut.

All digital images were captured with a Leica DC500 CCD attached
to a Leica DMS5000B transmitted-light compound microscope and
minimally processed using Adobe Photoshop CS5 v12.1. Multiple
photomicrographs of the same specimen, taken at different focal planes,
were compiled (after Bercovici et al., 2009) to produce the composite
images of chytrid body fossils. Focal stacking was performed in Adobe
Photoshop CS4 v11.0.2 by erasing specific areas to reveal three
dimensionality of the specimen as is visible under transmitted light.
Measurements were performed in ImageJ 1.43u (W.S. Rasband, U.S.
National Institutes of Health, Bethesda; Abramoff et al., 2004).

Spinning disk confocal microscopy was performed using an Olympus
IX71 microscope equipped with a Yokagawa CSUI10 spinning disk
confocal illumination system. Excitation was performed with a 641 nm
Coherent solid-state laser. Emission was collected using a Semrock
longpass 665 nm filter, and image capture was performed with a
Hamamatsu 512 X 512 back-thinned electron multiplying CCD
(quantum efficiency ~94%). Images were captured using Slidebook
5.0 (Intelligent Imaging Innovations, Denver, Colorado) and were
pseudocolored green with ImageJ 1.45s, to optimize visibility.

Elemental composition of structures of interest was assessed using
SEM-EDS. Select specimens, as previously indicated, were coated with
15 nm Au, using a Quorum EMS 150T ES. Scanning electron
microscopy was performed using a Carl Zeiss LEO 1550 Field Emission
Scanning Electron Microscope with an Everhart-Thornley detector.
Spectrometry was conducted at 15 kV, and spectra were collected with
an EDAX SiLi detector, using the collection package Genesis (EDAX
Inc., Mahwah, New Jersey, United States).

RESULTS

Biomimetic Structures.—Smoot and Taylor (1983, p. 2252) originally
described inclusions within some petioles of the Pennsylvanian fern
Botryopteris tridentata (Figs. IA-B) as “smooth, knobby filaments and
spheres.” They suggested that some (Figs. IB-E) represent body fossils
of filamentous bacteria most similar to extant actinomycetes, whereas
others are dried mucilage or cytoplasm (Figs. 1F-L). The inclusions are
distributed within cells interpreted as phloem mucilage cells (Fig. 1A); cells
that contain inclusions with a so-called bacterial morphology are adjacent
to those in which acicular or amorphous inclusions occur (Figs. 1A-B).

The 0.5-1.0 um sporelike structures are spheroidal, but are neither
isodiametric nor consistent in size (Figs. 1C-E). Furthermore, by shifting
the focal plane, the so-called filaments are revealed as dense aggregates of
spheroids (Figs. 1D-E). Additionally, the spheroidal structures occur as
interwoven lattices, a morphology that is inconsistent with the manner in
which the coccoidal spores of extant actinomycetes are borne (see
Supplementary Data!). Smoot and Taylor (1983) originally interpreted
reticulate aggregations of acicular precipitates (Figs. 1F-L) as dried
mucilage or coagulated cytoplasm, but these structures grade into
pyriform and spheroidal morphologies (Figs. IG-H), consistent with
those interpreted as bacterial body fossils. Moreover, patterns within the
reticulate aggregates which superficially resemble septa (Fig. 1J-K,
arrows) are in fact fractures (Figs. 1J-L). Some cells also contain larger,
2.0-4.0 um, spheroidal or oblate structures (Fig. 1M), which are irregular,
amorphous, translucent aggregations that are in close proximity with
both acicular and spheroidal structures (Fig. 1M, arrows).

Laser excitation of three types of inclusions (Figs. 2A-C) in
Botryopteris resulted in emission that was captured at 665 nm; the
monochromatic map of luminescence observed with spinning disk
confocal illumination (Figs. 2D-F) indicates that despite very differing
morphologies, these biomimetic structures contain similar activating
and sensitizing cations. Luminescence was not observed at wavelengths
typically associated with organic polymers or calcium carbonate, and
could not be detected using standard epifluorescence techniques.
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FIGURE 1—Photomicrographs of biomimetic structures (BMS) preserved within phloem mucilage cells of Botryopteris tridentata. A) Oblique transverse section of
Botryopteris tridentata petiole; arrows = BMS, Slide No. 7523, scale 500 um. B) BMS originally interpreted as actinobacteria; Slide No. 7563, scale 100 um. C) Higher
magnification of BMS originally interpreted as actinobacteria; Slide No. 7563. D-E) Spheroidal BMS viewed in different focal planes to demonstrate optical illusion of
filament-like morphology. Note that putative filaments are composed of aggregated spheroids (arrows); Slide No. 7556. F-H) Acicular aggregated BMS originally interpreted
as dried mucilage or protoplasm. Arrows denote spheroids similar to the actinobacteria-like BMS; F = Slide No. 7525, G-H = Slide No. 7523. I) Acicular BMS with features
resembling septa. Upper box = Fig. J; lower box = Fig. K; Slide No. 7556. J-K ) Magnification of putative septa in acicular BMS demonstrates that these features are fractures
(arrows); Slide No. 7556. L) Fractured BMS; Slide No. 7523. M) Spheroidal to oblate BMS, in association with spheroidal (upper- and lowermost arrows) and acicular BMS

(medial arrows); Slide No. 7554, scales for C-M = 10 um.

Elemental composition of inclusions was characterized with com-
parison to plant cell walls and intracellular calcium carbonate cement
(Fig. 3). Calcium (Ca) and magnesium (Mg) are present in both cell
walls and cement, although the spectral signature for Ca is more robust;
furthermore Ca is highly represented within the intracellular cement, in
accordance with expectations (Figs. 3A-B). Typical spectra associated
with inclusions have peaks for both Ca and Mg that are of similar
magnitude (Fig. 3C). Iron (Fe) was not observed in the plant cell walls,
but a slight peak at ~6.04 keV was observed in intracellular cement
(Fig. 3B), consistent with the Ka shell of Fe. Within inclusions, spectral
peaks concordant with both the Lo and Ko electron shells of Fe are
evident (Fig. 3C). Iron sulfide, or pyrite, is also present within some of
the Botryopteris tissues (Fig. 4). It occurs as small, 1-2 um euhedral
crystals that are typically surrounded by a rind of translucent mineral
(Fig. 4, inset), containing both Ca and Mg.

Cell Wall Microstructure—Slender, scalalike protrusions, 1 um wide,
occur in the intercellular spaces between some phloem cells when
viewed in longitudinal section (Fig. SA). The projections are continu-
ous with the cell walls, which may be shrunken into the lumen
(Fig. 5B). Where projections do not extend entirely across the
intercellular space, they may be terminated by spheroidal masses, some
of which have a bilobed, or slightly dumbbell-shaped morphology
(Fig. 5C, arrow). Mineral halos may be observed around some of the
projections (Fig. 5B, inset).

Microbial Body Fossils.—Smoot and Taylor (1983, fig. 8) originally
figured large (5.0-8.0 um diameter) spherical structures within phloem
mucilage cells of Botryopteris (Figs. 6A-B), but did not discuss their
possible affinities. Reexamination of these fossils indicates that they
represent the remains of chytridiomycete zoosporangia. Each has a
single pore, 1.0-2.0 um in diameter (Fig. 6B), and there are minute,
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FIGURE 2—Monochromatic mapping of luminescence in biomimetic structures. A-C) Bright field image of BMS corresponding to monochromatic maps of luminescence.
D-F) Monochromatic maps of emission spectra captured at 665 nm. A, D = Slide No. 7563; B, E = Slide No. 7523; C, F = Slide No. 7523, all scales 15 um.

amorphous precipitates encrusting the exterior surface of the fungal cell
wall. Individual precipitates vary significantly in size, and they are
continuous with similar subspheroidal precipitates lining the plant cell
tissue beneath the fungal remains (Fig. 6B). The discovery of additional

fungal remains, namely a cluster of unicells in close association with
a fern spore adjacent to the Botryopteris petiole (Fig. 6C), provides
additional features not observed in the original study. These unicells are
identical to those figured by Smoot and Taylor (1983); they range in
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B FIGURE 4—Representative SEM-EDS spectrum of pyrite within Botryopteris
1.6+ Ca tridentata. Inset, photomicrograph of euhedral pyrite (upper arrow) encrusted with
carbonate minerals (lower arrow); Slide No. 7563. Scale 10 um.
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FIGURE 3—Representative spectra from scanning electron microscope energy-
dispersive X-ray spectrometry (SEM-EDS) of cellulose acetate peels of Botryopteris
tridentata. A) Cell wall. B) Intracellular cement. C) Spheroidal biomimetic structure.

10,00

diameter from 5-8 um, and a faint collar surrounds the 1.0 um diameter
discharge pore (Fig. 6D). Additionally, an operculum is visible on a
single zoosporangium (Fig. 6D, upper arrow), and a 0.7-um-diameter
zoospore is present near a discharge pore (Fig. 6D, lower arrow).

fact aggregates of spheroids. Although of similar size to coccoid spores,
these spheroids are neither isodiametric, nor consistent in size.
Furthermore, as spore production is most frequently accomplished
through septation of aerial filaments (Lechevalier and Lechevalier,
1967), the latticelike morphology of the Carboniferous structures is
problematic to an interpretation of these structures as so-called
sporulated actinobacterial colonies, as no extant actinomycetes produce
interwoven filaments (Supplementary Datal).

These Carboniferous structures likewise do not resemble other fossils
that have been ascribed to Actinobacteria. Although these bacteria are
thought to be exceptionally ancient (Embley and Stackebrandt, 1994;
Ventura et al., 2007), their fossil record is sparse. Most body fossils of
actinomycetes have been described from amber (Girard and Adl, 2011).
These include: coccoid spores borne on substrate filaments with simple
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FIGURE 5—Photomicrographs of microstructural components of degraded phloem cells. A) Scala-like structures (arrows), interpreted as intercellular pectic protuberances
(IPP), cl = cell lumen, ics = intercellular space; Slide No. 7523. B) Distribution of IPP in degraded middle lamella of mucilage cell (right) adjacent to phloem parenchyma cells
(left). Magnification (inset) shows a mineral halo surrounding some IPP (arrow); Slide No. 7523. C) IPP with terminal masses morphologically similar to spheroidal BMS
(arrow); Slide No. 7523, all scales 10 um.
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FIGURE 6—Microbial body fossils associated with Botryopteris tridentata. A) Reimaged SEM micrograph of zoosporangia in degraded phloem cells; Box = Fig. 3B.
B) Magnification of Figure 3A. Note collar surrounding pore (arrow) and mineral precipitates on cell surfaces. C) Photomicrograph of zoosporangia clustered adjacent to fern
spore near Botryopteris petiole; Slide No. 7523. D) Magnification of clustered cells. Note operculum (upper arrow) and discharged zoospore (bottom arrow); Slide No. 7523, all

scales 10 um.
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branching, described from fecal pellets of beetles preserved in
Oligocene-Miocene Dominican amber (Poinar, 2011); 1.0-2.0 um
coccoid spores from Eocene amber from Washington State (Waggoner,
1993); and dark, blue-black 1.0-4.0-um-long filaments with spores
1.0 um in diameter that are preserved in Eocene-Oligocene Dominican
amber (Waggoner, 1994a). Older records include filaments up to 6.0 um
long, with 1.0 um coccoid spores, described from Cretaceous amber,
where they occur in association with other prokaryotes (Waggoner,
1994b; Saint Martin et al., 2012). The Carboniferous structures
described by Smoot and Taylor (1983) were thought to have been the
earliest record of actinomycetes in association with vascular plant
tissue. As these structures closely resemble neither extant Actinobac-
teria, nor any of the known fossil actinomycetes (all of which exhibit
both filaments, and spores, the latter of which are of uniform diameter
and morphology within a specimen), we henceforth refer to them as
biomimetic structures (BMS). Thus, a streptomycetelike actinomycete
from the Eocene (Wilkinson, 2003) can now be said to constitute the
oldest evidence of Actinobacteria in direct association with plant
tissues.

The spheroidal BMS originally interpreted as actinomycetes are in
close spatial association with acicular to amorphous structures that
Smoot and Taylor (1983) interpreted as dried mucilage or cytoplasm
(Smoot and Taylor, 1983). These stalactitic, translucent precipitates can
form dense meshes similar to the spheroidal BMS (i.e., Fig. 1F), and in
some cases, those that have a filamentous morphology appear to be
septate. Close examination, however, reveals that putative septa are
fractures ergo these structures are also merely biomimetic. Addition-
ally, the fractures indicate that the substance these BMS are composed
of was frangible prior to the permineralization of surrounding plant
cells. Because subbotryoidal and spheroidal so-called sporelike masses
are sometimes continuous with acicular BMS (i.e., Figs. IG-H), and
filamentlike BMS may be found in proximity to larger, oblate or
amorphous structures, it is likely that all are composed of the same
substance, which we suggest is an authigenic carbonate mineral.

Compositional Characterization of the Biomimetic Structures.—De-
spite their differing morphologies, the BMS preserved within these
Botryopteris specimens appear to be composed of the same substance,
as evidenced by similarities in luminescence (Fig. 2). Luminescence,
inclusive of both fluorescence and phosphorescence, is a well-known
feature of some organic compounds and many minerals. Luminescence
occurs when the electrons of specific trace dopants within the crystal
lattice have been excited to a higher energy level, and release a photon
upon relaxation to a lower energy state (Marfunin, 1979; Gaft et al.,
2005). Many of these activator dopants have characteristic emission
spectra that can aid in identification of minerals (Gaft et al., 2005;
McRae and Wilson, 2008). The most common activators are the
transition metals Mn?*, Mn*, Sn2*, Pb*, and Fe3* (Gorobets and
Rogojine, 2002; Gotze, 2002). While several rare earth elements can
act as activators (e.g., Marfunin, 1979; Machel and Burton, 1991),
luminescence in carbonates is most often attributed to Mn2* cations, as
they easily substitute for Ca2+ and Mg2* cations, resulting in emission
within red wavelengths (Waychunus, 1988; El Ali et al., 1993; Gotze,
2002).

Where Mn2* has replaced Mg2* in dolomite, Ca(Mg)CO;, emission
spectra peak at 661 nm (McRae and Wilson, 2008); it is therefore likely
that luminescence observed in these BMS results from interactions
between Mn2+ and sensitizer dopants in a disordered dolomitic mineral
species. The intensity of emission was low, however, such that the BMS
appeared nonluminescent using standard epifluorescence microscopy
techniques. Although luminescence quenching likely resulted from the
presence of Fe2* cations, a variety of factors can result in nonradiative
decay, including imperfections in crystal lattice (Marfunin, 1979; Gaft
et al., 2005). The interactions between quenching dopants, sensitizers,
and lattice structure complicate the positive mineralogical identification
of carbonates through cathodoluminescent techniques alone (Marfunin,

1979; Machel, 1985; Machel and Burton, 1991; Gaft et al., 2005), but
corroboration of the chemical composition of BMS using SEM-EDS
indicates that luminescence mapping may be a useful proxy. SEM-EDS
analyses indicate the presence of Ca, Mg, and Fe ions within BMS,
substantiating the inductive inference that these mineral inclusions are a
species of disordered ferrous dolomite.

Biomimetic Features of Cell Wall Microstructure.—Scalalike protru-
sions are present within the intercellular spaces of phloem cells, and
aspects of their morphology superficially resemble filamentous bacteria
or fungi. Comparison with microanatomy of extant plants (e.g., Carr
and Carr, 1975), however, indicates instead that these features represent
intercellular pectic protuberances (IPP). Variously termed pectic
filaments, thickenings, scala, strands, and projections, IPP have been
noted in the intercellular spaces of eudicots, monocots, and pterido-
phytes (Carlquist, 1956; Carr and Carr, 1975; Potgieter and van Wyk,
1992; Veys et al., 1999; Leroux et al., 2007). IPP are composed
predominantly of polysaccharides rich in galacturonic acid and in some
ferns, may also contain proteins and callose (Veys et al., 1999; Leroux
et al., 2007). They are generally thought to form from middle lamella
pectins during the expansion of cells, but may also be laid down later,
sometimes in response to stress or wounding (Carlquist, 1956; Carr and
Carr, 1975; Potgieter and van Wyk, 1992). The structures observed
between phloem cells of Botryopteris (Fig. 5) mark the first identifica-
tion of IPP in a fossil fern; however, similar structures were figured
by Williamson and Scott (1894, figs. 31 A-C) in Calamites, and a
reinvestigation of other Carboniferous fossils is likely to yield further
examples.

The IPP between Botryopteris phloem cells do differ from the pectic
scalae of extant ferns in two respects (Carr and Carr, 1975). First, the
regular, scalalike IPP observed in Botryopteris are slightly larger in
diameter than those described in other plants (Carr and Carr, 1975;
Potgieter and van Wyk, 1992), and secondly, individual strands are
sometimes terminated by spheroidal masses reminiscent of BMS seen
elsewhere in the specimen (c.f. Figs. 1H, 5C). The difference in size
likely resulted from mineral nucleation upon the original pectin strands
(i.e., Fig. 5B, inset), and the spheroidal to subbotryoidal masses that
occur on some strands appear morphologically congruent with
disordered dolomite that has been synthesized in the presence of
sulfides (Zhang et al., 2010).

Processes of Authigenic Mineralization—Many common sulfate,
silicate, and carbonate minerals can be precipitated in the presence of
organic polymers, or as a result of biological processes. The production
of authigenic minerals strictly through abiogenic processes is termed
organomineralization, while biologically mediated mineral precipita-
tion is identified as biomineralization (Trichet and Defarge, 1995).
These processes differ in that organomineralization encompasses
mineral precipitation in the presence of carbonaceous polymers,
whereas biomineralization occurs in the presence of living cells (Trichet
and Defarge, 1995). Biomineralization is subdivided into mineral
formation that is either directly controlled, as in the case of magnetite
crystals formed within magnetotactic, microaerophilic bacteria (Bazy-
linski, 1996), or passively induced, which may occur by mineral
nucleation on microbial surfaces or extracellular polymeric substances
(e.g., Ferris et al., 1987; Thompson and Ferris, 1990; Fortin et al., 1997;
Léveill¢ et al., 2000; Van Lith et al., 2003), or by metabolic processes
that alter local hydrochemistry permitting stoichiometric precipitation
(Lovley and Phillips, 1986; Lovley et al., 1987; Roh et al., 2003; Straub
et al., 2004). Biomimetic carbonates within Botryopteris may have
resulted from a combination of both organomineralization and passive
biomineralization.

Although many minerals passively nucleate on microbiogenic
surfaces, most can also be precipitated through strictly abiogenic
processes, including a number of biomimetic carbonates (Reitner,
2004). Humification reactions have been implicated in abiotic
precipitation of rhodochrosite, MnCOs, (Hardie et al., 2009), and
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biomimetic crystals have been experimentally grown in aqueous
solutions containing pectin, cellulose ethers, and xanthan (Butler et
al., 2009; Zhang et al., 2009, Yang and Xu, 2011), and on Langmuir
monolayers of stearic acid (Chen et al., 2009). As noted by Smoot and
Taylor (1983), the Carboniferous BMS are restricted to phloem cells of
Botryopteris tridentata (see Fig. 1A), which may indicate that similar
soluble organic polymers played a role in mineral nucleation. Similarly,
SEM-EDS analyses suggest the presence of carbonate minerals in
association with plant cell walls, and components of the cell wall
microstructure (the intercellular pectic protuberances) appear to have
been nucleation sites for authigenic minerals.

While organomineralization processes may have contributed to
permineralization of cell walls, microbial contribution to authigenic
mineral formation is implicit in the presence of Mg2*-rich carbonates
that form biomimetic structures, as naturally occurring dolomite is
known to readily form at low temperatures only in the presence of
microbial activity (Vasconcelos et al., 1995; Wright and Wacey, 2004).
Bacteriogenic dolomites typically have a distinctive dumbbell-shaped
morphology (e.g., Warthmann et al., 2000; Van Lith et al., 2003) similar
to some of the spheroidal BMS and the spheroidal masses associated
with some IPP. Dolomite is most often, although not exclusively,
formed by microbes employing anaerobic sulfate reduction (Warthman
et al., 2000; Roberts et al., 2004; Wright and Wacey, 2005; Sanchez-
Roman et al., 2008). The occurrence of pyrite (Fig. 4) within the
Botryopteris petiole provides additional evidence for the presence of
anaerobic sulfate reduction, as euhedral pyrite grains like those present
within  Botryopteris are considered evidence for early diagenetic
mineralization resulting from the metabolic activities of sulfate-
reducing bacteria (Grimes et al., 2002; McKay and Longstaffe, 2002).
These pyrite crystals are encrusted with amorphous Mg-enriched
carbonates, indicating that mineralization throughout the plant tissue
was protracted, and likely progressed through several stages.

We hypothesize that early diagenesis mineralization of the decaying
Botryopteris tissues began in an anoxic setting, where the metabolic
activities of anaerobic sulfate-reducing bacteria facilitated stoichiomet-
ric precipitation of disordered ferrous dolomite; soluble organic
polymers derived from humic reactions of phloem tissue may have
functioned as initial mineral nuclei. Local changes in pore-water
chemistry resulting from sulfate reduction may also have favored the
precipitation of MgZ+-enriched carbonates along cell walls, the
microstructural components of which appear to have acted as
nucleation sites. As bacterial proliferation declined, calcium carbonate
precipitation was favored, filling cell lumens and intercellular spaces.
Thus, individual permineralized plants may be microcosms of the
concretions within which they are preserved, as the formation of
Carboniferous coal balls is suggested to have occurred in multiple
stages (Scott and Rex, 1985; Scott et al., 1996; Diettrich et al., 2000,
2001; Boyce et al., 2001; Scott and Collinson, 2003).

Comprehensive investigation of the stages and processes involved in
microscale mineralization necessitates an understanding that degrading
plant substrates constitute highly localized chemical environments,
resulting from combinations of pore-water chemistry, temperature,
substrate composition, and the interactions within and among
saprotrophic assemblages. Such microbial assemblages are themselves
influenced by these extrinsic environmental factors, in addition to
oxygen and metal cation availability (Eriksson et al., 1990; Jenkins and
Suberkropp, 1995; Robertson et al., 2000; Zhou et al., 2002;
Kravachenko and Sirin, 2007). Characterizing the microbial paleoecol-
ogy of fossil plant substrates, then, is an obvious first step in
understanding early diagenetic processes at the tissue level, as the
activities of saprotrophic organisms were intimately tied to the chemical
regimes under which mineralization occurred.

Chytridiomycete Fossils Indicate Diversity of Saprotrophic Assem-
blage—Of the many saprotrophic organisms identified in modern
rhizospheres, fungi, like bacteria, are ubiquitous agents of biodegradation

and nutrient cycling (Goodfellow, 1983; Newell, 1996; Dighton
et al., 2005). The association of legitimate microbial remains with
degraded Botryopteris tissue indicates that the anaerobic degradation of
these plant remains need not have been accomplished by sulfate-reducing
bacteria alone, as some extant free-living chytrids also engage in
anaerobic fermentation (Emerson and Natvig, 1981).

Although figured by Smoot and Taylor (1983), the unicells preserved
within some Botryopteris cells were not attributed to a microbial group.
Here, we interpret them as holocarpic, monocentric chytridiomycete
zoosporangia. Although small, the size of these fossils accords with that
of some other fossil chytridiomycete zoosporangia (Taylor et al., 1992;
Krings et al., 2009a, 2009b). Traditional classifications of chytrids that
employ morphological and developmental features of zoosporangia are
known to be artificial, and these characters are acknowledged to be of
little use in higher-level taxonomy (Blackwell et al., 2006; James et al.,
2006b). The thallus is holocarpic, and the presence of an annular collar
provides evidence that zoospores were released via an operculate
discharge pore as in other monocentric chytrids, in which thallus
development occurs through enlargement of an encysted zoospore
(Beakes et al., 1992). We are unable to characterize aspects of zoospore
development and morphology (i.e., flagellae), however, precluding
further identification of the fossils at this time.

The external surfaces of the zoosporangia are covered by fine
precipitates, which are continuous with those that occur on the surface
of associated plant cell walls. As the zoosporangial walls of extant
chytrids are typically smooth (Longcore, 1995), these precipitates are
unlikely to reflect cell ornamentation, and we interpret them instead
as authigenic minerals. As precipitates are less prevalent near the
discharge pore, local mineralization probably commenced prior to
removal of the operculum by zoospore discharge. As such, these fossils
not only provide evidence for the diversity of microbes involved in the
taphonomy of fossil plants, but demonstrate that some stages of
mineralization were likely to have been synchronous with microbial
proliferation.

Further Research.—Biomimetic structures similar to those examined
in Botryopteris tridentata may be ubiquitous in permineralized plants.
For instance, Rothwell and Taylor (1972) have noted small dark masses
that are similar in size and arrangement to the BMS identified here, as
have Andrews and Lenz (1943, fig. 6), who describe such structures as
mycorrhizal haustoria. During this study, we reexamined these latter
structures, and found that they are visually indistinguishable from those
preserved in the phloem of Botryopteris. Similarly, material which has
been identified as possible callose in a number of Carboniferous seed
ferns, including Callistophyton boyssetii (Renault) Rothwell (1980),
Schopfiastrum decussatum Andrews (1945), Medullosa pandurata
Stewart (1951), and Callistophyton poroxyloides Delevoryas et Morgan
(1954), may in fact be additional examples of bacteriogenic ferrous
dolomite, and this possibility bears reinvestigation. Because many of
these figured specimens were prepared as cellulose acetate peels, the use
of monochromatic luminescence mapping may be preferable as a
nondestructive alternative to SEM-EDS compositional analyses.

CONCLUSIONS

Expanding the known microbial fossil record in association with
plant remains is essential to furthering our understanding of the diverse
roles of microbes in ancient ecosystems, but as this study demonstrates,
the biogenicity of putative body fossils must be definitively established,
as early diagenetic processes can produce biomimetic pseudofossils.
Inclusions within the phloem of a Carboniferous fern, Botryopteris
tridentata, although originally interpreted as filamentous actinomycete
bacteria, are in actuality disordered ferrous dolomites. The carbonate
mineralogy of these inclusions was inferred from critical examination
of morphology and monochromatic luminescence mapping, and was
corroborated by SEM-EDS, which identified magnesium, calcium, and
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iron within the biomimetic structures. The precipitation of these
structures within cell lumens is likely to have been biologically mediated
by sulfate-reducing bacteria, and may also have involved organominer-
alization around nuclei of soluble organic polymers. The presence of
similar mineral morphologies in association with intercellular pectic
protuberances suggests that the chemical and biological regimes that
resulted in the biomimetic structures also contributed to permineraliza-
tion of the surrounding plant tissue.

Although we hypothesize that the metabolic activities of anaerobic
sulfate-reducing bacteria were of primary importance in producing
local hydrochemical environments favoring the precipitation of
dolomite over calcite (and thereby contributing to the preservation of
plant tissue), it should be noted that other microbial remains—to wit,
uniporate cells which we interpret as holocapric chytridiomycete
zoosporangia—are also present within these plant tissues. As such,
the suite of anaerobic microorganisms involved in microbial precon-
ditioning of plant tissues prior to, and concurrent with, the
precipitation of authigenic minerals was likely to have been diverse.
Further characterization of biomimetic carbonates in association with
permineralized plants may provide insight into the microbial paleo-
ecology of these ancient environments, by allowing more sophisticated
inferences as to the metabolic strategies of associated fossil microbes.
Such investigations are also likely to afford novel opportunities to
characterize the hydrogeochemistry of early stages of diagenesis,
thereby expanding our understanding of taphonomic controls and
processes within the paleobotanical record.
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