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Fossilized embryos with extraordinary cellular preservation appear in
the Late Neoproterozoic and Cambrian, coincident with the appear-
ance of animal body fossils. It has been hypothesized that microbial
processes are responsible for preservation and mineralization of
organic tissues. However, the actions of microbes in preservation of
embryos have not been demonstrated experimentally. Here, we
show that bacterial biofilms assemble rapidly in dead marine embryos
and form remarkable pseudomorphs in which the bacterial biofilm
replaces and exquisitely models details of cellular organization and
structure. The experimental model was the decay of cleavage stage
embryos similar in size and morphology to fossil embryos. The data
show that embryo preservation takes place in 3 distinct steps: (i)
blockage of autolysis by reducing or anaerobic conditions, (ii) rapid
formation of microbial biofilms that consume the embryo but form a
replica that retains cell organization and morphology, and (iii) bac-
terially catalyzed mineralization. Major bacterial taxa in embryo
decay biofilms were identified by using 16S rDNA sequencing. Decay
processes were similar in different taphonomic conditions, but the
composition of bacterial populations depended on specific condi-
tions. Experimental taphonomy generates preservation states similar
to those in fossil embryos. The data show how fossilization of soft
tissues in sediments can be mediated by bacterial replacement and
mineralization, providing a foundation for experimentally creating
biofilms from defined microbial species to model fossilization as a
biological process.
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Fossilized embryos from the Late Proterozoic and Cambrian
provide the only direct insight into embryology during the
emergence of animal phyla (1-5). These fossils exhibit excep-
tional preservation of cell geometry and cytological structure.
However, the mechanism of fossilization is not well understood.
It has been hypothesized from fossil evidence that microbial
processes are responsible for preservation and mineralization of
organic tissues, and experimental studies have revealed insights
into mineralization conditions (6-9). However, how bacteria and
biofilms function in the preservation of embryo structure has not
been observed and experimentally studied. We have carried out
experimental taphonomy by using early stage embryos from the
Australian sea urchin Heliocidaris erythrogramma (Fig. 1 A and
B) that resemble Neoproterozoic and Cambrian fossil embryos
in general features of cell morphology and size (10). Our results
illuminate the processes of decay, preservation, and mineraliza-
tion of animal embryos, as well as biases in preservation that may
influence interpretations of developmental mode (10-12).
Here, we report experiments in which we examined decay
under a variety of aerobic and anaerobic conditions to determine
the conditions under which fossilization with the fine preserva-
tion of cellular morphology that is evident in some fossil embryos
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can occur. We show that embryo taphonomy is the product of 3
distinct processes. First, and most rapid, is autolysis, the self-
destruction of cells within hours under aerobic conditions by
their own lytic enzymes (11, 12). Thus, preservation sufficient for
potential fossilization with preservation of tissue and cell struc-
ture requires that there were conditions in ancient marine
environments that provided a rapid block to autolysis on death
of the embryo. Second, during decay, bacteria invade and
consume the embryo. We found that biofilms formed by invading
bacterial communities maintain embryo form by pseudomor-
phing biological structures. Third, bacteria also produce changes
in embryo chemistry that affect mineralization potential; thus,
rapid formation of fine-grain mineralization may be catalyzed by
biofilm bacteria (8). We identify major bacterial taxa involved
with the 2 latter processes.

Results

Autolysis Versus Bacterial-Mediated Preservation. Cell boundaries
and cellular structures are rapidly degraded after death if
autolysis is not blocked (Fig. 1C). Thus, for fossilization of
embryo structures to occur, the conditions for fossilization must
block autolysis, which experimentally can be prevented by re-
ducing conditions (produced by addition of 100 mmol of B-mer-
captoethanol) (11, 12), or anaerobic conditions (see Materials
and Methods). Evidence that compatible conditions obtained
during the initial stages of metazoan fossilization is apparent in
the sediments from which fossilized embryos have been recov-
ered (13). Bacterial growth, but not autolysis, could be blocked
by the broad-spectrum antibiotic rifampicin. When both autol-
ysis and microbial activity were blocked, embryos did not
undergo any perceivable structural degradation in either aerobic
or anaerobic conditions. Bacterial action is therefore the primary
mediator of all taphonomic processes except autolysis.

Bacterial Biofilms Preserve Details of Cellular Structure by Generating
Pseudomorphs of Embryos. Biofilms are 3-dimensional aggrega-
tions of bacteria within a cohesive hydrated exopolysaccharide
matrix (14). In our experiments, embryo structure provides the
template on which bacterial biofilms form. The biofilm replaces,
replicates, and stabilizes the complete morphology of the con-
sumed embryo in fine detail. The effects of experimental
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Fig. 1. Taphonomic patterns in embryos. Scanning electron micrographs. (A-J) Experimental taphonomy of Heliocidaris erythrogramma embryos. All embryos
except Ckilled asin A. (A-G) Freeze-fractured. (A) Embryo killed during second cleavage with seawater containing 100 mmol of B-mercaptoethanol (BME); fixed
at 18 h. Cell structure and organization are intact: fe, fertilization envelope; pv, perivitelline space; cc, dense cortical cytoplasm; ic, inner cytoplasm with numerous
lipid vesicles (lipids extracted by sample preparation). (B) Cytoplasmic layers in similar control embryo. (C) Two-cell embryo killed by 10 min in seawater containing
1% NHg (11); fixed after 24 h in seawater containing rifampicin. Fertilization envelope is intact, but autolysis has destroyed internal structure. (D) Five days in
standard aerobic decay conditions (Materials and Methods). Bacteria have consumed the embryo, but resulting biofilms preserve cell organization. Fertilization
envelope is closely apposed to embryo surface. (E) Three days decay in seawater with no reducing agents; bacterially replicated cytoplasmic layers retain
morphology and lipid vesicles (arrows). (F) Embryo E, internal cytoplasm with extracellular matrix of the bacterial biofilm visible at lipid vesicle surface (arrows).
(G) Embryo D, internal cytoplasm showing extracellular matrix fibers of the bacterial biofilm (arrows). (H) Fertilization envelope after 5 days in standard anaerobic
decay conditions (Materials and Methods); anaerobic biofilm forming. (/) Dense biofilm on embryo surface after 5 days anaerobic decay with anaerobic mud
inoculum (Materials and Methods). Filamentous bacterium extends 35 um (arrows). (J) Four days anaerobic decay with anaerobic mud inoculum. Fertilization
envelope partly covers the embryo surface (s). Filamentous bacterium (arrow) exceeds 300 um. (K-M) Lower Cambrian phosphorite-preserved fossil embryos from
Kuanchuanpu, China. (K) Embryo partly covered by presumptive fertilization envelope; exposed surface has filamentous structures (arrow). (L) Embryo K surface:
100- to 200-um filaments among mineral spheroids. (M) Fossil embryo showing interior microfabric. (Scale bar: A, C, D, J-M, white, 50 um; B, E-/, black, 5 um).

biofilms on embryos are shown in Fig. 1. A section of a freshly
killed embryo shows a number of structural elements, including
the fertilization envelope, the perivitellin space between embryo
and fertilization envelope, the overall form of the embryonic
cells, and the cytoplasmic structures of cell boundaries, inner and
outer cytoplasms, and cytoplasmic inclusions, here, lipid vesicles
(Fig. 1 A and B). When autolysis is blocked, killed embryos
maintained in seawater are colonized by marine bacteria, which
rapidly consume embryonic substance and replace it with a
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biofilm (Fig. 1D). The surprising observation is that such em-
bryos constitute bacterial pseudomorphs that retain embryonic
structure with fidelity (Fig. 1 D-G). Fertilization envelope and
overall cell form are gross morphological features. However,
smaller cytoplasmic structures such as lipid vesicles are also
modeled by bacteria and biofilm extracellular material.
Patterns of bacterial growth depend on incubation conditions.
Both aerobic and anaerobic conditions allow biofilm formation,
but the bacterial constituents are different (Fig. 1 H-/). Under
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Fig. 2.
lata embryos. Transmission electron micrograph of surface bacteria froman H.
tuberculata embryo with autolysis blocked by 100 mmol of BME, then decayed
for 6 days under standard aerobic conditions (Materials and Methods). Acic-
ular crystals have formed around some of the bacteria in the surface biofilm
(arrow). (Scale bar: 1 um).

Bacterial mineralization in experimental taphonomy of H. tubercu-

anaerobic conditions, long filamentous forms appear (Fig. 1 1
and J). When autolysis was blocked and bacterial growth oc-
curred, the progress of bacterial replacement followed the same
pattern in all of the conditions we tested, with condition-
dependent differences in timing and bacterial populations. Aer-
obic bacterial growth was faster than anaerobic growth, and
faster in the absence of the reducing agent B-mercaptoethanol.
Anaerobic bacterial growth was faster and more complex in the
presence of an anerobic mud inoculum, which provided complex
environmentally derived bacterial populations distinct from the
bacteria associated with embryos or present in seawater. In all
cases, patches of bacteria first appear on the surface of the
fertilization envelope (Fig. 1H), eventually penetrating the em-
bryo. The filamentous bacteria seen under anaerobic conditions
resemble filamentous forms preserved in Cambrian fossil em-
bryos (Fig. 1 K-M). The biofilm and its extracellular matrix then
potentially provide the template for mineralization.

Bacterial Catalysis of Mineralization. In addition to H. erythro-
gramma embryos, we tested experimental taphonomic condi-
tions on the smaller (90 wm) embryos of H. tuberculata. The
mode of decay processes were the same in the smaller embryos,
but proceeded faster. Acicular 15-400-nm crystals formed
around bacteria on the surface of H. fuberculata embryos after
6 days aerobic decay (Fig. 2). Electron diffraction analyses
indicate that the structure of the crystals is consistent with
aragonite. Extracellular polymeric substances are known to
induce diagenetic mineralization, possibly as the result of the
liberation of adsorbed cations during degradation (15-17). Pre-
cipitation of calcium carbonate versus calcium phosphate is
controlled by the local environment, governed by decay-induced
pH. Higher pH favors calcium carbonate, with a fall in pH
triggering a switch to calcium phosphate (18). Fossil embryos are
preserved by calcium phosphate replacement. Thus, our exper-
imental taphonomic conditions are compatible with initiation of
mineralization by bacteria in the biofilms associated with decay-
ing embryos, a necessary precondition for eventual fossilization.

Identification of Biofilm Bacteria in Embryo Decay Processes. The
different bacterial forms in aerobic and anaerobic conditions
indicate distinct bacterial floras and metabolic capabilities. We
identified bacteria in the experimental embryo biofilms by
cloning and sequencing bacterial 16S rRNA genes from total
DNA prepared from embryos held under several taphonomic
conditions (19). Table 1 shows the complete spectrum of bacteria
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identified in 1 aerobic and 2 different anaerobic taphonomic
conditions. Fig. 3 summarizes the bacterial taxa represented in
the different conditions. The analysis reveals that gamma pro-
teobacteria, primarily Pseudoalteromonas and Vibrio species,
make up the bulk of the biofilm under aerobic conditions.

Pseudoalteromonas is also prevalent in embryos incubated in
anaerobic seawater (Fig. 1H), consistent with the reported
capability of Pseudoalteromonas species for facultative anaerobic
growth (20). Embryos held in anaerobic seawater with an
inoculum of anaerobic mud contain primarily long filamentous
bacteria, likely belonging to the Bacteriodetes phylum.
Pseudoalteromonas is reported to be a primary marine biofilm
colonizer, with additional species joining in after the initiation
of a biofilm (21). Moreover, Pseudoalteromonas and related
Vibrio are frequently associated with marine embryos (22). We
therefore suggest that the course of biofilm development in all
of our samples involves initial biofilm formation by Pseudoaltero-
monas carried by the embryos themselves. In anaerobic samples
incubated with mud, the initial biofilm is overgrown by filamen-
tous and other bacteria.

Discussion

Exquisitely preserved fossil microbial biofilms retaining bacte-
rial forms are found in some soft animal tissue fossils of
Mesozoic and Cenozoic ages (9, 23-25). The lower Cambrian
embryo shown in Fig. 1 K and L has mineralized filamentous
forms that resemble the filamentous anaerobic bacteria from
taphonomic experiments (Fig. 1 I and J). Similar filaments have
been observed in fossilized Neoproterozoic embryos from Dous-
hantuo (2). Some fossil embryos show degraded interiors that
resemble mineralized biofilm fabrics (Fig. 1M) (12), similar to
the experimental taphonomic biofilm matrices (Fig. 1F). The
majority of fossil embryos show no such interior fabric; however,
internal bacteria might not be imaged even if preserved (4). The
pattern of degradation of the embryos in our experiments
matches the spectrum of preservation seen in fossil deposits such
as Doushantuo (Fig. 4), ranging from specimens in which fine
subcellular detail is preserved (Fig. 4 B-D), to forms in which
cells may be distinguished on the outer surface, but there is little
or no structure apparent in the inner mass of the embryo (Fig.
4F). The results of our experiments suggest that although fossils
reflect their original embryological structure, they may in fact be
fossilized bacterial pseudomorphs of that original structure. This
preservational pathway likely limits the fidelity of structures that
may be replicated by biofilms and, ultimately, by mineral.
Although microbial activity has always been implicated in
decay and mineralization in fossil preservation of detailed
cellular structure, previous studies have relied mainly on rare
empirical evidence of fossilized bacteria. Our data provide direct
evidence for microbial biofilms and identification of bacterial
taxa involved in decay, pseudomorphing of cell structures, and
potential for mineralization that can lead ultimately to excep-
tional fossilization. We recognize that even when microbes are
present, mineralization of animal soft tissue may be produced
abiogenically, for example, under conditions of high phosphate
concentrations (26-28). The frequency of these mineralization
modes remains to be determined for embryos. However, all fossil
embryos show evidence of decay and, in the vast majority of
cases, decay has been so considerable that only gross features
such as the fertilization envelope or other outer coverings remain
(12, 13, 29). Thus, embryo fossils are, to a greater or lesser
degree, microbial pseudomorphs of the original cells and this
fabric can be seen replicated in mineral. We suggest that
bacterial biofilm formation within embryos is required in a
substantial number of cases for both preservation of cell struc-
ture and subsequent bacteria-generated mineralization.
Experimental taphonomy has not yet addressed variations in
microbial activity and composition, and metabolic capabilities.
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Table 1. Identification of bacteria present during embryo decay.

Bacteria Accession no. Group No. of Clones % ldentity
Aerobic decay
Pseudoalteromonas JL-96 AY745871.1 Gamma proteobacteria 14 95-99
Vibrio harveyi CP000790.1 Gamma proteobacteria 2 98
Vibrio parahaemolyticus BA000032.2 Gamma proteobacteria 1 99
Vibrio LAR2 DQ530291.1 Gamma proteobacteria 1 98
Vibrio S-11 DQ978992.1 Gamma proteobacteria 1 98
Vibrio V639 DQ146989.1 Gamma proteobacteria 1 99
Bacterium K2-890 AY345481.1 Gamma proteobacteria 1 96
Anaerobic decay
Pseudoalteromonas JL-96 AY745871.1 Gamma proteobacteria 8 86-99
Vibrio parahaemolyticus BA000032.2 Gamma proteobacteria 4 89-98
Vibrio harveyi AY332404.1 Gamma proteobacteria 1 99
U. gamma proteobacterium (SC3-6) DQ289936.1 Gamma proteobacteria 1 94
U. gamma proteobacterium (SIMO-4138) DQ421503.1 Gamma proteobacteria 1 88
Marinomonas blandensis DQ403809.1 Gamma proteobacteria 1 91
Pseudoalteromonas AS-43 AJ391204.1 Gamma proteobacteria 1 99
Pseudoalteromonas 2.3.053HS5R EU267635.1 Gamma proteobacteria 1 94
Moritella WP-02-2-25 AY346334.1 Gamma proteobacteria 1 97
Vibrio viscosus AJ132226.1 Gamma proteobacteria 1 97
U. Clostridium (B276_BX) EF092243.1 Clostridia 3 96
U. Clostridium (TSN32) EU302874.1 Clostridia 1 99
U. bacterium (BM89DS1BA10) AF365631.1 Clostridia 1 90
Thalliospora MACL12B EF198251.1 Alpha proteobacteria 2 98
U. Bacteroidetes (Pl_4t2e) AY580708.1 Bacterioidetes 1 99
Anaerobic decay with mud inoculums

U. Bacteroidetes (OMEGA pl cont.7_A10) EU052266.1 Bacterioidetes 18 92-97
U. Bacteroidetes (BBD216b_15f) EF123557.1 Bacterioidetes 6 91-93
U. bacterium (N60e_126) EF645953.1 Bacterioidetes 4 84-93
U. Cytophaga EF657862.1 Bacterioidetes 2 87-95
U. Bacteroidetes (OMEGA pl cons (3)) EU052238.1 Bacterioidetes 1 97
U. bacterium (BO1R012) AY197383.1 Bacterioidetes 1 92
U. bacterium (BB15165-13) EF433142.1 Bacterioidetes 1 98
U. bacterium (523.534) EF572435.1 Bacterioidetes 1 88
U. Spirochete (BBD216b_43) EF123536.1 Spirochetales 8 91-93
U. Spirochete (WN-HWB-155) DQ432375.1 Spirochetales 1 85
U. bacterium (ODP1227B2.10) AB177064.1 Spirochetales 1 95
U. bacterium (LaP15L87) EF667635.1 Caldithrix 8 83-86
U. bacterium (P. palm C 70) AJ441232.1 Caldithrix 2 90
U. bacterium (Sm9-4) EF582516.1 Clostridia 1 97
U. Gram-positive bacterium (K) AB116389.1 Clostridia 1 97
U. Clostridium (B276_BX) EF092243.1 Clostridia 1 94
Vibrio parahaemolyticus EF467290.1 Gamma proteobacteria 1 97
Vibrio Maj4 DQ513192.1 Gamma proteobacteria 1 97
U. Gram-positive bacterium (PICO pp37) AJ969455.1 Firmicutes 1 96
U. bacterium (Sm9-24) EF582536.1 Firmicutes 1 99
U. delta proteobacterium (JS624-5) AB121109.1 Delta proteobacteria 1 83
Ehrlichia TS37 AB074459.1 Alpha proteobacteria 1 87

DNA sequences were analyzed by using the BLASTN algorithm (National Center for Biotechnology Information). Identities and
GenBank accession numbers indicate the highest scoring match for each clone. The percentage of sequence identity to the indicated
bacteria species as determined by the BLASTN algorithm is also displayed. U., uncultured.

The relative phylogenetic simplicity of the biofilm communi-
ties we observe suggests that defined biofilms may be produced
experimentally. Experimental taphonomy is well established
(7), but, to date, it has focused on variables in the chemistry
of the environment and the biology of the subject (6). Our
results indicate that the roles of microbial processes in tapho-
nomy must now become a major focus of research. Ideally, such
experiments would use defined bacteria and conditions so that
mineralized model embryos could be generated under con-
trolled conditions. Embryos represent an ideal model system
in which to investigate the principle variables underpinning
decay, preservation, and mineralization in the process of
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fossilizing soft tissues, aiding interpretation of fossil conser-
vation lagerstdtten on which much of the narrative of animal
evolutionary history is based.

Materials and Methods

Protocols for Experimental Taphonomy and Microbial Incubations. To examine
the course of decay processes, embryos were killed by treatment with seawa-
ter containing 100 mmol of B-mercaptoethanol (BME) for 8-24 h and then
allowed to decay under aerobic or anaerobic conditions as described below.
Under these strong reducing conditions, embryos arrest after 1 to 2 cleavages
or partial cleavages and autolysis does not occur (11). Taphonomy experi-
ments were carried out at 23-25 °C.

Raff et al.



SINPAS

2N\

Aerobic

Bacterium K2-890

I

Vibrio V639

Vibrio S-11

Vibrio LAR2
Vibrio
parahaemolyticus

Vibrio harveyi

Pseudoalteromonas JL-96

Fig.3. Bacterial populations in prefossilization processes depend on taphonomic decay conditions. The 3 pie diagrams show bacteria identified in cloned DNA
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from embryos with autolysis blocked by 100 mmol of BME and then decayed for 5 days under the indicated conditions. Wedge size indicates the fraction of clones
represented for each isolate. Number of clones sequenced: aerobic, 21; anaerobic, 28; anaerobic with mud inoculum, 62. Wedge color class shows bacterial group:
purple, y-Proteobacteria; blue, Bacterioidetes; green, Firmicutes; yellow, Caldithrix; orange, a-Proteobacteria; red, Clostridia; black, Spirochetales; brown,
5-Proteobacteria. U, uncultured bacteria taxa. See Materials and Methods for DNA preparation and analysis. See Table 1 for the complete complement of bacteria

taxa present and their relative representation in each experiment.

Aerobic Decay. After 100-mmol-BME treatment, embryos were allowed to
decay in seawater containing 10 mmol of BME (standard aerobic decay
conditions) or just seawater with no reducing agent added. Fresh seawater
piped from Sydney Harbor was kindly provided by the Sydney Aquarium.
Seawater used for most experiments was prefiltered through fiberglass filter
disks to remove sand and other macrosized debris, but it was otherwise
untreated. However, we found that aerobic decay followed the same course
as illustrated in Fig. 1 when millipore-filtered seawater was used, indicating
that bacteria normally associated with marine embryos can proliferate and
mediate decay. This was confirmed by the identification of bacterial species
involved in decay (Fig. 3 and Table 1). Decay processes occurred faster in plain

seawater than under the standard mild reducing conditions, but also followed
a similar pathway.

Anaerobic Decay. Decay was examined under 2 kinds of anaerobic conditions.
In standard anaerobic decay conditions, after 100-mmol-BME treatment,
embryos were allowed to decay in seawater containing 10 mmol of BME in
containers placed in heat-sealed plastic anaerobic bags (Bio-Bag Type A
MultiPlate Environmental Chamber; catalog no. 4361216, Becton Dickinson
Microbiology Systems). Oxygen indicators showed that anaerobic conditions
were maintained for at least up to 9 days, the duration of the longest
experiment.

Fig. 4. Comparative internal taphonomy of recent and fossil embryos. (A) Cleavage stage H. erythrogramma embryo decayed under standard anaerobic
conditions (Materials and Methods) for 9 days, with initial stages of biofilm development on the surface and in the outer cytoplasm. This sample was osmicated
to retain the contents of lipid vesicles and shows bacterial consumption of cytoplasm: lipid is gone from vesicles near the outer cortex, where the biofilm is forming
(arrows), but is still present in interior vesicles not yet reached by the biofilm (arrow heads). (B—F) Fossilized embryos from the Ediacaran Doushantuo Formation
visualized by Synchrotron-radiation based X-ray tomographic microscopy, showing the range of preservational styles, from good to poor, respectively. Weak
concentric structures are scanning artefacts. (B and C) Preserved intracellular structures representing possible cell nuclei. B presents an individual slice through
the structures digitally rendered in C. (D) Intracellular structures comparable to the lipid droplets in the embryo from the experimental taphonomy study in A.
(E) Cell walls are preserved but there are no discernible intracellular structures; interior resembles the autolyzed embryo shown in Fig. 1C. (F) Only the surface
morphology of the embryo is preserved. (Scale bar: A, 72 um; B and C, 148 um; D, 200-250 um; E, 240 pum; F, 287 um).
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The second type of anaerobic experiment used the same conditions plus an
inoculum of anaerobic mud. Anaerobic muds were collected from different
locations near Sydney; ~24-cm mud cores were collected at low tide from sites
under water at high tide; mud from the bottom 10-12 cm of the core was used
for experiments. To allow retrieval, embryos in seawater containing 10 mmol of
BME in vials capped with 50-um-mesh Nitex were immersed in ~30 mL of mud,
in 50-mL beakers. Seawater containing 10 mmol of BME was added over the mud.
Beakers were then placed in the anaerobic bags.

Other experiments showed that anaerobic conditions alone can prevent au-
tolysis. Cleavage of embryos placed in anaerobic conditions arrested after a few,
abnormal divisions [similar but slightly slower than treatment in 100 mmol of
BME or killing with NH4 (11)]. Anaerobic conditions for 1 day or longer blocked
autolysis. Embryos returned to aerobic conditions after <1 day of anaerobic
conditions underwent partial autolysis. After prolonged anaerobic conditions,
embryos returned to aerobic conditions subsequently underwent rapid bacterial
decay.

Inhibition of Bacterial Growth. Bacterial growth was inhibited by addition of
rifampicin to a final concentration of 10 ug/mL (1 pul/mL of culture of a stock
solution at 10 mg/mL in DMSO) in both aerobic and anaerobic conditions. A
control experiment showed that DMSO at the same final concentration had no
effect on embryonic cleavage or taphonomic processes.

Preparation of Bacterial DNA from Taphonomy Samples. DNA was prepared
from aerobic samples and anaerobic samples with no mud inoculum by using an
UltraClean Microbial DNA Isolation Kit (catalog no. 12224-50, MO BIO Labora-
tories). DNA was prepared from anaerobic samples with a mud inoculum by using
an UltraClean Soil DNA Isolation Kit (catalog no. 12800-50, MO BIO Laboratories).

Characterization of Bacterial Species Represented in Taphonomy DNA Prepa-
rations. Lyophilized DNA from embryo samples was reconstituted in ultrapure
water and then amplified by using Phusion high-fidelity DNA polymerase (New
England Biolabs) and degenerative 165 rDNA oligos [forward, CACCAGAGTTT-
GATCMTGGTCTCAG, and reverse, TACGGHTACCTTGTTACGACTT (30)], by using
30cyclesof 10sat 98 °C, 30sat 60 °C, and 60sat 72 °C. Amplicons were separated
by agarose gel electrophoresis, purified by gel extraction (Qiagen), and then
recombined into a Gateway Entry vector pENTR/SD/D-TOPO (Invitrogen). Positive
clones were verified by restriction digestion, or PCR by using M13 and T7 specific
primers, then sequenced by using an M13 oligo and BigDye Terminator v3.1
(Applied Biosystems) on an ABI Prism 3700 nucleic acid sequencer. Sequence
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Electron Microscopy and Electron Diffraction Methods for Heliocidaris Embryos.
Taphonomy samples were fixed in 2.5% glutaraldehyde in Millipore-filtered
seawater. H. erythrogramma embryos were processed for scanning electron
microscopy after standard dehydration (Fig. 1) or after first postfixing in osmium
tetroxide (Fig. 4), and examined on a JEOL 5800LV scanning electron microscope
with a digital image archive system. H. tuberculata embryos for transmission
electron microscopy were postfixed with osmium tetroxide, embedded in epoxy,
and stained en bloc with uranyl acetate; 90-nm sections were examined with a
JEOL 1010 TEM (Fig. 2). For electron diffraction, epoxy-embedded samples were
examined by using selected area electron diffraction on a JEOL 1010 TEM,
according to standard procedures. Images were recorded on Kodak 4489 film.

SRXTM Methodology for Fossilized Embryos. Synchrotron-radiation based X-ray
tomographic microscopy (SRXTM) is a powerful nondestructive investigation
method that delivers detailed volumetric information about the inner structure
of samples by exploiting X-ray interactions with matter (29). For our experiment
we spatially mapped the X-ray absorption of fossilized embryo specimens in 3D
because the attenuation of the sample was large enough to provide sufficient
contrast (Fig. 4). Our investigations were performed at the Tomography station
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flat- and darkfield-corrected sinograms. Reconstruction was performed on a
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