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The Ediacaran Doushantuo biota has yielded fossils interpreted as eukaryotic organisms, either animal
embryos or eukaryotes basal or distantly related to Metazoa. However, the fossils have been interpreted
alternatively as giant sulphur bacteria similar to the extant Thiomargarita. To test this hypothesis, living
and decayed Thiomargarita were compared with Doushantuo fossils and experimental taphonomic path-
ways were compared with modern embryos. In the fossils, as in eukaryotic cells, subcellular structures are
distributed throughout cell volume; in Thiomargarita, a central vacuole encompasses approximately
98 per cent cell volume. Key features of the fossils, including putative lipid vesicles and nuclei, complex
envelope ornament, and ornate outer vesicles are incompatible with living and decay morphologies
observed in Thiomargarita. Microbial taphonomy of Thiomargarita also differed from that of embryos.
Embryo tissues can be consumed and replaced by bacteria, forming a replica composed of a three-
dimensional biofilm, a stable fabric for potential fossilization. Vacuolated Thiomargarita cells collapse
easily and do not provide an internal substrate for bacteria. The findings do not support the hypothesis
that giant sulphur bacteria are an appropriate interpretative model for the embryo-like Doushantuo
fossils. However, sulphur bacteria may have mediated fossil mineralization and may provide a potential
bacterial analogue for other macroscopic Precambrian remains.
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1. INTRODUCTION

The ca 570 Ma Ediacaran Doushantuo fossil assemblage
appears to contain one of the oldest records of the animal
evolutionary lineage. The Doushantuo Tianzhushania
fossils have been widely interpreted as metazoan embryos,
based on the complex nature of their cell structure and
the similarity of their morphology to features of modern
animal embryos, including reductive cell division, a
bounding membrane comparable with a metazoan fertili-
zation envelope, large size and the absence of rigid cell
walls [1-3]. Other interpretations identify these fossils
as representing non-metazoan holozoans [4]. These fos-
sils may thus provide a snapshot of very early events in
the evolution of animals.
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However, an alternative hypothesis suggests that the
fossils may not be eukaryotic cells but, rather, the remains
of giant prokaryotic cells. Bailey ez al. [5] argued that
many of the Doushantuo globular microfossils might
also be interpreted as bacteria, based on comparisons
between the fossils and Thiomargarita, extant giant
sulphur-oxidizing bacteria that are capable of reductive
cell division [6,7]. Living Thiomargarita in reductive division
stages show a remarkable resemblance to eukaryotic
embryos and to the Doushantuo fossils in size and cell div-
ision boundaries (figure 2a). This interpretative model
offers a solution to a number of problems with the animal
embryo interpretation, including the absence of later devel-
opmental stages, the superabundance of specimens, and
the bias towards one-, two- and four-cell specimens [5].
Furthermore, Thiomargarita cells are able to control phos-
phate mineral precipitation under both oxic and anoxic
conditions [8,9], thus providing a potential mechanism for
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the preservation of the fossils and of other organisms in the
assemblage [5].

Nonetheless, there are inherent problems with the
giant-sulphur-bacteria interpretation. There is no struc-
ture in Thiomargarita comparable with the multi-layered
ornate envelope observed in the fossils [10], though
Bailey er al. [11] compared the ornamentation of the
fossil envelope walls with the surface features seen in
Achromatium (a close relative of Thiomargarita) that reflect
the shape of calcite and sulphur inclusions in the cell [12].
Nor is there in the bacteria anything resembling the highly
ornamented organic vesicles that surround the dividing
cells in silicified Doushantuo specimens [13]. Thiomar-
garita also differs from the fossils in having a very large
central vacuole in each cell, rather than having subcellular
structures distributed throughout the cell volume, as seen
in many of the Doushantuo globular microfossils [14].
Furthermore, reports of nucleus-like bodies in the fossils
[15—17] are seemingly at odds with a prokaryote hypoth-
esis. In spite of these problems, giant sulphur bacteria
offer a potential explanation of the Doushantuo fossils,
whose kingdom-level identification remains uncertain.
Moreover, giant sulphur bacteria might also account for
other fossils interpreted as eukaryotes mostly on the
basis of their large size.

Debate over the interpretation of the embryo-like
Doushantuo fossils has hitherto relied on comparisons
between living organisms and fossilized remains. However,
as fossils have invariably undergone death, post-mortem
decay and diagenetic alteration, it is not meaningful to
compare them directly with living organisms [18].
Although patterns of decay in animal embryos are now
being studied [17,19-22], nothing is known about decay
processes or preservation potential in giant sulphur-oxidiz-
ing bacteria. Previous studies on decay of bacteria (see
earlier studies [23,24] for reviews) are of limited relevance
because of the comparatively small size, lack of central
vacuole and lack of successive reductive division in the
species studied. In order to address this issue, we exper-
imentally infer a decay sequence for Thiomargarita, and
compare the results with the patterns observed in the
Doushantuo fossils and other putative fossil eukaryotes.
We use the data to assess whether the inferred decay
pathways of giant sulphur bacteria are compatible with
the patterns observed in the fossil remains.

We also assess the potential of giant sulphur bacteria
for stabilization and preservation by biofilm-forming bac-
teria. We have shown that animal embryo tissues can be
replaced and replicated by bacterial biofilms and hypoth-
esized that this process is key to their fossilization [17].
Here, we report the results of applying to Thiomargarita
the same experimental microbial taphonomic conditions
that we have previously applied to animal embryos.

2. MATERIAL AND METHODS

(a) Sequence of decay in giant sulphur bacteria
Populations of Thiomargarita namibiensis collected off the
Namibian coast between 24° S and 26° S at less than 100 m
depth were obtained from Heide N. Schulz-Vogt and stored
in a container with the original sea water and host sediment.
This container was sealed and maintained at a temperature
of 15°C continuously before the experiments. Attempts to
kill the bacteria in a consistent manner using strongly reducing
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conditions induced with beta-mercaptoethanol (BME)
[17,19-21] were ineffective. Preliminary trials placing
Thiomargarita in oxic, anoxic and reducing conditions to
assess preservation potential under different environmental
conditions using standard protocols [19] produced no dis-
cernible difference between samples. Consequently, we
relied on a decay pathway from the natural taphonomic
spectrum in the population.

Batches of the bacteria—sediment mixture were fixed in
4 per cent paraformaldehyde, then viewed with differential
interference contrast on a Zeiss Photomicroscope III and
photographed using Q-IMaGING QCAPTURE Pro v. 6.0 soft-
ware. In other cases, colonies were isolated from the
mixture using a Pasteur pipette and transferred to sea
water. These were then fixed in 4 per cent paraformaldehyde,
stained with streptavidin-Alexa 488, washed in sea water and
mounted in Mowiol on a slide with a coverslip. These speci-
mens were analysed using a Leica SPS confocal microscope.

(b) Experimental microbial taphononmy

Sea wurchins, Heliocidaris erythrogramma (egg diameters
approx. 400 pm), were collected in Sydney, Australia.
Embryos were raised to early cleavage stages, then killed
and stabilized with 100 mM BME in sea water as previously
described [17,19]. BME-stabilized embryos do not undergo
autolysis and can be stored for more than a year at 4°C.
Embryos were fixed with 2.5 per cent glutaraldehyde in sea
water at 4°C for study using scanning electron microscopy
(SEM), or washed in sterile sea water for use in microbial
taphonomy experiments (figure 2). For SEM, embryos
were fractured and processed as described previously
[17,19], or embedded and processed as described below for
Thiomargarita.

Multicellular reductive division stages of Thiomargarita bac-
teria that are morphologically similar to Thiomargarita nelsonii
(Candidatus Thiomargarita nelsonii [25]) used for microbial taph-
onomy were collected from Hydrate Ridge, Oregon, USA, by
Gregory W. Rouse, and were provided courtesy of the Scripps
Institution of Oceanography, San Diego, California, USA. At
the time of collection, Thiomargarita samples were either fixed
in 2.5 per cent glutaraldehyde or stabilized with 100 mM
BME, and stored at 4°C. BME-stabilized specimens were used
for taphonomy experiments. For SEM, Thiomargarita fixed at
the time of collection or following microbial incubation were col-
lected on a Millipore filter, embedded in agarose, and then
fractured and processed as previously described for embryos.

For experimental bacterial taphonomy [17], cultures of the
aerobic marine bacterium Pseudoalteromonas tunicata were
introduced to embryos or Thiomargarita in sterile sea water
(seawater filtered through a 0.22 pm Millipore filter). Pseudoal-
teromonas tunicata was used for microbial taphonomy based on
the prevalence of Pseudoalteromonas spp. in natural sea water
bacteria populations that resulted in pseudomorphing [17].
Incubations were done for 6 days at 23°C in Nitex mesh-
bottomed baskets (mesh pore size 150 pm for embryos;
70 pum for Thiomargarita) in Corning six-well cell culture
plates. Following bacterial taphonomy, specimens were fixed
in 2.5 per cent glutaraldehyde and processed as described.

(¢) Processing and imaging of fossil material

Figured fossil specimens originate from the upper Doushan-
tuo Formation in Guizhou and Hubei Provinces, China.
Fossils were extracted from carbonate host rocks using 10
per cent acetic acid. Figured specimens are deposited in
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Figure 1. (a—#) Decay in the giant sulphur bacterium 7hiomargarita namibiensis and (i—/) comparison with Doushantuo micro-
fossils. (a—d) Differential interference contrast (DIC) microscopy images of Thiomargarita. (@) Living Thiomargarita cell with
diffuse sulphur vesicles surrounding the central vacuole (black arrow, mucous sheath; white arrow, sulphur vesicle; white-lined
black arrow, laminar sheets; black-lined white arrow, microbial process). (b) Cell showing sulphur vesicles (region around asterisk)
coalescing on the surface of the vacuole. (¢) Internal contents have decayed but cell wall (white-lined black arrow) and mucous
sheath (black-lined white arrow) remain. (d) Chain of cells where only the distorted mucous sheath remains. (e—%) Confocal
microscopy of Thiomargarita. (¢) Living cell showing the large central vacuole (image courtesy of V. Salman, Max Planck Institute,
Bremen). (f) Cell showing clustered vesicles on the surface of the vacuole. (g) The same cell as in (f), showing the vacuole.
(h) Decayed cell showing diffuse organic material. (—/) Synchrotron radiation X-ray tomographic microscopy images of
Tianzhushania specimens from the Ediacaran Doushantuo formation. () Specimen showing putative nuclei (NRM-PZ X
4469); (7) single-celled specimen showing putative lipid droplets (NRM-PZ X 4470); (k) cell morphology, but not internal struc-
ture, is preserved (NRM-PZ X 4471); (I) only surface morphology is preserved INRM-PZ X 4472). Scale bars: (a) 100 pum;

(6) 95 pm; (c,d) 120 pm; (e) 60 pm; (f,g) 25 pm; (£) 65 pm; () 180 wm; (7)) 160 pm; (k) 170 pm; (/) 115 pm.

the Swedish Museum of Natural History (NRM). The syn-
chrotron radiation X-ray Tomographic Microscopy
(stXTM) investigations were conducted at the X04SA and
X02DA (TOMCAT) beamlines of the Swiss Light Source
(SLS) using methods outlined previously [26]. The data
were visualized and analysed using Avizo software.

3. RESULTS

(a) Sequence of decay in giant sulphur bacteria

In life, Thiomargarita specimens have a large central mem-
brane-bound vacuole that occupies 98 per cent of the cell
volume [6]. Surrounding the vacuole is a thin layer of
cytoplasm in which vesicles of elemental sulphur are
stored alongside granules of glycogen and polyphosphate
(figure la,e). When examined under confocal microscopy
with fluorescein isothiocyanate, the vacuole does not take
up the stain as the vacuole contains aqueous nitrate, not
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biomass [6]. The sulphur globules are distributed throughout
the cytoplasm layer but are never found within the central
vacuole in intact cells [6]. The vacuole and outer cytoplasm
are surrounded by a multi-layered envelope [5], and the
entire organism is frequently enveloped in a mucous
sheath, which commonly plays host to epibiont bacteria of
various morphologies. In 7. namibiensis, the sheath is typically
thick and contains chains of cells in comparison with other
Thiomargarita-like sulphur bacteria in which the sheath can
be thin or absent. Cells within a single chain can exhibit a
broad taphonomic spectrum.

Shortly before death, sulphur globules begin to amass on
the surface of the vacuole as a response to stress (H. N.
Schulz-Vogt 2007, personal communication; figure 1b).
This progresses until globules become polarized on the
vacuole and tightly aggregated (figure 1), although in the
specimens we observed they did not tend to coalesce to
form a single body (figure 15). In figure 1/—g, the aggregate


http://rspb.royalsocietypublishing.org/

Downloaded from rspb.royalsocietypublishing.org on December 7, 2011

4 J. A. Cunningham ez al.

Taphonomy of giant sulphur bacteria

is situated on the upper surface of the vacuole; these
figures show confocal slices through the clustered vesic-
les (figure 1f) as well as through the vacuole below
(figure 1g). The region immediately surrounding the sul-
phur globules is stained strongly, suggesting that the
cytoplasm is concentrated in this region. The remainder
of the region outside the vacuole is filled with diffuse
amorphous organic material, possibly representing more
strongly degraded cytoplasm.

As decay progresses, sulphur globules begin to disap-
pear from the cytoplasm. The remaining cytoplasmic
material contains no other subcellular structures visible
under light microscopy. At the same time, the cytoplasm
continues to collapse, the vacuole shrinks and the internal
membrane loses integrity, allowing material that has taken
up fluorescent stain to penetrate into the vacuole, which is
ultimately lost. The outer laminar sheets and mucous
sheath, along with attached microbial filaments, show
no signs of physical degradation at this stage (figure 1c).

Subsequently, the laminar envelope is lost and the
mucous sheath is all that remains. At this stage, the
sheath begins to show evidence of physical distortion
(figure 1d). The interior contains diffuse and entirely
amorphous material in which no structures are discernible
(figure 14). At this stage, individual 7. namibiensis cells fre-
quently remain joined to form chains bound by the outer
mucous sheath, in which microbial filaments are still pre-
sent. Eventually, the sheath disintegrates and diffuses into
the surrounding sea water, though sheaths can remain
intact for months or years before degradation.

(b) Experimental exposure of giant sulphur
bacteria to biofilm-forming heterotrophic bacteria
Embryos of the sea urchin H. erythrogramma, which
approximate the size and morphology of the Doushantuo
fossils, have been used previously as experimental models
for taphonomy of soft tissues [17,19]. The key initial step
in the preservation of organic substrates for potential
mineral replication is stabilization of the embryos under
conditions that block the rapid autolysis (e.g. reducing
conditions [17]) that would otherwise rapidly ensue
after death. The second step in long-term preservation
is a microbial process, in which the soft tissues are con-
sumed and replaced by bacteria, producing a stable
three-dimensional replica of the tissue. In the resulting
‘pseudomorph’, the external morphology and internal
cellular structure of the entire embryo are replaced by
bacterial biofilm components [17].

We found that although fixed H. erythrogramma embryos
can be directly fractured for SEM observation [17,19],
Thiomargarita are too fragile to section this way. We sec-
tioned samples successfully by collection on Millipore
filters and embedding in agarose. Sections of embedded
embryos and Thiomargarita were compared by SEM. Helio-
cidaris erythrogramma embryos show the typical cellular
morphology, including external and internal cell bound-
aries, the sub-surface cortical cytoplasm and the internal
cytoplasm containing many lipid vesicles (figure 26). The
internal structures of Thiomargarita are distinct from those
of embryos, with Thiomargarita cell volume being nearly
filled by a huge vacuole rather than containing a dense cyto-
plasm (figure 2¢,d). In these sectioned Thiomargarita
samples, the external sheaths (arrowheads) are visible at
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the bottom edges; an external lamina (composed of the
outer cell wall and thin layer of cytoplasm) was present
under the sheath (white arrows); internal cell boundaries
and sites of intracellular sulphur inclusions (black arrows)
are visible.

For experimental bacterial taphonomy, BME-stabilized
H. erythrogramma embryos and Thiomargarita were
incubated for 6 days with P runicata, a marine gamma pro-
teobacterium, then fixed in glutaraldehyde and observed by
SEM. Embryo tissues were replaced by a dense, three-
dimensional biofilm composed of bacterial bodies and
secreted material, yielding a robust and stable microbial
pseudomorph that replicates both overall morphology and
cell structure [17]. Figure 2e,f shows internal views of pseu-
domorphed embryos revealing the dense surface biofilm
(arrowheads) and the microbially replaced intracellular
fabric (arrows). In figure 2e¢, the pseudomorphed cell
boundary and other cellular features of a two-cell embryo
can be seen, preserved as bacterial cells surrounded by a
tight three-dimensional biofilm (white arrow). Figure 2f
shows the bacterially replaced internal structure of a pseu-
domorphed embryo that was embedded in agarose and
processed like the Thiomargarita samples.

Figure 2g,h shows Thiomargarita cells after the same
bacterial taphonomy process. Under the conditions
used, Thiomargarita cells gave distinctly different tapho-
nomic outcomes than H. erythrogramma embryos.
Embedded pseudomorphed embryos deformed slightly
(figure 2f), indicated by the oval shape of the lipid
vesicles, as opposed to rounder vesicle shapes in unem-
bedded pseudomorphs (figure 2¢). However, both
embryos and their microbial pseudomorphs retained
their overall morphology (figure 25,f). In contrast, the
bacterially treated Thiomargarita ruptured easily and col-
lapsed into the central vacuole as a set of laminar sheets
(figure 2g). Bacteria do not fill the vacuole, consistent
with the absence of a cytoplasmic mass that can be
consumed and replaced by biofilm-forming bacteria.
However, partial bacterial biofilms formed on some of
the surfaces of the laminar sheets (figure 24, arrows).

4. DISCUSSION

(a) Comparison with fossil data

The decay sequence presented for Thiomargarita and the
evaluation of its interaction with biofilm-forming bacteria
allow certain comparisons to be drawn between the
decayed giant sulphur bacteria specimens and the
embryo-like fossils that have undoubtedly undergone
post-mortem decay, phosphatization and diagenetic
alteration [17,20,27]. This allows a taphonomically
based test of the hypothesis that the Doushantuo fossils
represent the remains of giant sulphur bacteria [5,11].
Any phylogenetic interpretation of the Doushantuo
embryo-like fossils must account for the various stages
of decay recorded in the assemblage. These range from
specimens that preserve putative nuclei (figure 1z) or
putative lipid vesicles (figure 1j), through those in
which the cell surface but no internal features are pre-
served (figure 1k), to those in which only the surface
morphology of the specimen is preserved (figure 1/7)
[17]. Bailey ez al. [5,11] draw comparison between Thio-
margarita and a subset of the Doushantuo embryo-like
fossils. The available evidence suggests that there are no
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Figure 2. (Caption overleaf.)
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Figure 2. (Overleaf.) Taphonomic comparison of Thiomargarita with marine invertebrate embryos. (a) Light micrograph of multi-
cellular reductive division-stage Thiomargarita fixed with 2.5% glutaraldehyde. External gelatinous sheath, outer cell wall, internal
cell boundaries and intracellular sulphur inclusions are visible. (b—%) Sections viewed by scanning electron microscopy. (b) Clea-
vage stage embryo of the sea urchin H. erythrogramma, fixed, settled on a Millipore filter and embedded in agarose. Outer
fertilization envelope has contracted down onto the embryo; outer cell boundaries, internal cell boundaries, denser cortical cyto-
plasm and cavities of characteristic lipid droplet vesicles scattered through the internal cytoplasm are visible. (¢,d) Reductive
division stage Thiomargarita fixed with 2.5% glutaraldehyde at time of collection, then settled on a Millipore filter and embedded
in agarose. Unlike embryos, Thiomargarita specimens collapsed. In Thiomargarita sections, external sheaths (arrowheads) are vis-
ible at bottom edges; external lamina are present under the sheath (white arrows); internal cell boundaries and sites of intracellular
sulphur inclusions (black arrows) are visible. Note the vast central vacuole (black cavity). In (b—d), the Millipore filter substrate is
a rough texture at lower left of the panels and embedding agarose is a smooth texture surrounding the specimen. (e,f) Microbial
taphonomy of H. erythrogramma embryos. BME-stabilized embryos were incubated with Psuedoalteromanas tunicata, a marine
gamma proteobacterium, for 6 days and then fixed in glutaraldehyde. (¢) Internal views of a pseudomorphed two-cell embryo
sectioned after fixing. The dense surface biofilm (arrowheads) and microbially replaced intracellular fabric (arrows) are visible.
The white arrow indicates the pseudomorphed cell boundary between the two embryonic cells. (f) Pseudomorphed embryo
embedded before sectioning, as in (b—d). Arrowhead indicates the boundary between embryo surface biofilm and the agarose;
arrow shows exterior surface of the embryo. The embryo is partially compressed in the vertical plane by the embedding procedure,
as indicated by the slightly flattened lipid vesicle droplets. (g,%) Microbial taphonomy of Thiomargarita stabilized in BME at the
time of collection, incubated for 6 days with P tunicata under the same conditions as in (e,f ), then embedded and sectioned as in
(bye,dyf). (¢) Microbial-treated Thiomargarita cell. Bacteria do not fill the vacuole, and the specimen is partly collapsed.
(h) Enlarged view of part of another microbial-treated Thiomargarita cell. Bacteria do not fill the internal spaces, but partial
bacterial biofilms have formed on some of the surfaces of the laminar sheets; arrows indicate bacterial bodies in the biofilm.

In (g), the Millipore filter substrate is visible at the bottom right. Scale bars: (a—d,g) 100 pm; (e,f,4) 10 pm.

more than two, very similar embryo-like genera in the
Doushantuo assemblage [4,10]. It has been argued that
the vast majority of these globular microfossils are
taphonomic variants and developmental stages of
Tianzhushania, a senior synonym of Megasphaera
(single-celled specimens with a smooth—AM. inornara—
or ornamented—M. ornata—envelope), Parapandorina
(specimens with multiple polygonal cells) and
Megaclonophycus (specimens with hundreds of spheroidal
cells) [10,13,28]. ‘Megasphaera inornata’ specimens
were interpreted by Xiao er al. [10] as taphomorphs of
Tianzhushania ornata in which the ornate envelope has
been lost.

In life, the sulphur globules of Thiomargarita occupy a
thin band of cytoplasm surrounding the large central
vacuole. This is in marked contrast to the pattern
observed in mineralized Tianzhushania, where structures
interpreted as vesicles are sub-evenly distributed through-
out the cell [14]. Prior to death, Thiomargarita individuals
undergo a significant change in morphology, where the
sulphur vesicles aggregate in one area on the surface of
the vacuole. Bailey ez al. [5,11] argued that these aggrega-
tions might be a better interpretation of the structures
reported in a relatively small number of ‘Parapandorina’~
stage fossils and interpreted as possible nuclei [15-17].
However, when the bacteria are considered in three
dimensions, the structures are not compatible. The ves-
icles form sheet-like aggregations in the thin layer of
cytoplasm that surrounds the large central vacuole. Con-
versely, the structures observed in the fossils are
consistently close to spherical and often lie in the centre
of each cell of a specimen. The structures documented
in Tianzhushania are not composed of many smaller,
rounded entities, and aggregates such as those seen in
the decay of Thiomargarita have not been documented
in the Doushantuo assemblage. The vacuole itself and
the surrounding cytoplasm are also distinct from the
putative nuclei: the vacuole shrinks from occupying
almost the entire cell as decay progresses, and it becomes
irregular in morphology, whereas the structures observed
in the fossils are consistent in both shape and size.
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As decay progresses in Thiomargarita, the sulphur ves-
icles degrade and disappear, and there is concomitant
collapse of the vacuole; eventually only the laminar
envelope and mucous sheath remain, with the space
filled with diffuse amorphous organic matter. At this
stage, the cells have an overall resemblance to those of
Tianzhushania ornata fossils in which subcellular features
are absent. Bailey ez al. [11] considered the multi-layered
envelope and surrounding mucous sheath of Thiomargar-
ita, if phosphatized, would make an ‘excellent textural
match’ to the Doushantuo envelopes. They showed
that Achromatium, a genus in the same family as Thio-
margarita, bears a simple polygonal surface texture that
reflects the shape of mineral inclusions [12]. However,
there are important differences between the unminera-
lized envelopes of Thiomargarita and Tianzhushania.
The sheath in Thiomargarita bears small microbial fila-
ments [5] and appears to carry small inclusions and
attachments of particulate matter and other debris, but
in its unmineralized state, it bears no resemblance to
the polygonal, cerebral or fractal-like structures with
associated dimples corresponding to the position of pro-
cesses in the outer organic vesicle, which are present in
the envelopes of Tianzhushania ornata [10,28]. Criti-
cally, there is also no analogue in bacteria or other
prokaryotes for the highly ornate organic outer wall in
which rare silicified fossil specimens can be found
when examined in thin section [13]. In summary,
while there is an overall similarity between the structure
of the walls of Thiomargarita and Tianzhushamia, the
latter has a level of complexity that is incompatible
with that of known giant sulphur bacteria and is found
only in eukaryotes (e.g. invertebrate resting stages [1]).

The final structure to decay in Thiomargarita is the
mucous sheath, which breaks down slowly until little
but amorphous organic matter remains. This process
can take a number of years, indicating that there is a
much longer temporal window for potential mineraliz-
ation than there is, for example, in metazoan embryos
that have not been pseudomorphed by bacterial biofilms;
these typically decay to amorphous material in a matter of
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weeks [19,20]. The exopolymeric substances present in
bacterial sheaths have, in some circumstances, been
shown to have a relatively high potential to become
mineralized [29] and to enhance the preservation of
organic matter [30]. Given the high preservation potential
relative to other structures, the likelihood of finding such
specimens in the fossil record should be high. These
specimens, if infilled with void filling phosphate, would
resemble ‘M. inornata’ specimens that preserve no
internal features. However, this comparison cannot
account for the evidence discussed above that ‘M. inor-
nata’ is a taphonomic variant of Tianzhushania, which
has a number of features that are incompatible with T%io-
margarita. Nor can it account for the fact that fossils
comparable with Thiomargarita at earlier decay stages
(e.g. with sulphur vesicles or the collapsing vacuole pre-
served) or later decay stages (e.g. with flaccid sheaths)
are not known from the Doushantuo assemblage.

Opverall, the decay sequence of Thiomargarita has much in
common with those of other bacteria [24]. As in other bac-
teria, the Thiomargarita sheath is the most resistant
structure to decay. Within the sheath, adjacent Thiomargarita
and other bacterial cells can exhibit the entire taphonomic
spectrum, whereas adjacent cells in Doushantuo fossil speci-
mens invariably show an approximately equal grade of decay.

The fact that there was only limited interaction
between Thiomargarita and biofilm-forming bacteria,
and that these bacteria did not pseudomorph the cell
interior, has potentially important implications for under-
standing the preservation potential of Thiomargarita. Our
taphonomy experiments show that Thiomargarita and
animal embryos have distinctly different properties that
might affect taphonomic outcomes. If the conditions of
our bacterial taphonomy experiments are relevant to pro-
ducing a Doushantuo-like mode of preservation, we
would expect large eukaryotic cells to be preserved in
the round, similar to our embryo taphonomic models
that are completely pseudomorphed by biofilm-forming
bacteria. On the other hand, giant sulphur bacteria—
which collapse easily and have only patchy biofilms that
are limited to the multi-layered envelope—would more
probably be represented as layers of laminar structures.
Bacterial biofilm pseudomorphosis is therefore not a poten-
tial vector for fossilization of three-dimensionally preserved
giant sulphur bacteria. If other modes of preservation
in which apatite is secreted into the giant cell vacuole are
feasible (perhaps associated with their ability to mediate
phosphate precipitation [8,9]), then Thiomargarita-like
forms could yield uncrushed fossils; there is, however,
no available evidence to support this scenario. The combi-
nation of the lack of a known preservation mechanism
and the morphological incompatibilities between decayed
Thiomargarita and the fossils provides evidence against
the interpretation of Tianzhushania as the remains of
Thiomargarita-like giant sulphur bacteria or of other bac-
teria that achieve large size by means of a vacuole that
takes up the majority of the cell volume.

5. CONCLUSIONS

Interpretations of the Doushantuo Tianzhushania fossils as
giant sulphur bacteria, which seem plausible based on gross
morphological comparisons with living organisms and their
demonstrated mediation of phosphorite formation, are not
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supported by our observations of taphonomic processes in
Thiomargarita. In life, Thiomargarita difters from Tianzhush-
ania in having a large central vacuole occupying up to 98
per cent of the cell volume, rather than having subcellular
structures throughout the cell. A number of key structures
observed in Tianzhushania cannot be explained by any of
the features exhibited by Thiomargarita as it undergoes
death and decay. These include the putative nuclei, the puta-
tive lipid vesicles, the complex fractal ornament of the
Tianzhushania ornata envelope and the ornate outer vesicles
of silicified Tianzhushania fossils. Moreover, bacteria that
readily replicate animal embryos do not pseudomorph 7%io-
margarita; it seems unlikely that the vacuole could be
preserved in this way.

However, Thiomargarita does have important impli-
cations for understanding the Precambrian fossil record as
it provides an alternative interpretative model for other Pre-
cambrian fossils that have been identified as eukaryotes
primarily or partially on the basis of their large size
[31,32]. Furthermore, in light of the fact that some prokar-
yotes like Thiomargarita can reach large size, identifications
of eukaryotes should now rely on other features, such as
complex wall ultrastructure or surface ornament, in addition
to size alone [33—35]. Bacterial interpretations should be
considered for fossil cells that are of large size but lack any
definitively diagnostic eukaryote features [31,36,37].
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