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ABSTRACT Phylogenetically diverse environmental ANME archaea and sulfate-
reducing bacteria cooperatively catalyze the anaerobic oxidation of methane oxida-
tion (AOM) in multicelled consortia within methane seep environments. To better
understand these cells and their symbiotic associations, we applied a suite of elec-
tron microscopy approaches, including correlative fluorescence in situ hybridization-
electron microscopy (FISH-EM), transmission electron microscopy (TEM), and serial
block face scanning electron microscopy (SBEM) three-dimensional (3D) reconstruc-
tions. FISH-EM of methane seep-derived consortia revealed phylogenetic variability
in terms of cell morphology, ultrastructure, and storage granules. Representatives of
the ANME-2b clade, but not other ANME-2 groups, contained polyphosphate-like gran-
ules, while some bacteria associated with ANME-2a/2c contained two distinct phases of
iron mineral chains resembling magnetosomes. 3D segmentation of two ANME-2 con-
sortium types revealed cellular volumes of ANME and their symbiotic partners that were
larger than previous estimates based on light microscopy. Polyphosphate-like granule-
containing ANME (tentatively termed ANME-2b) were larger than both ANME with
no granules and partner bacteria. This cell type was observed with up to 4 granules
per cell, and the volume of the cell was larger in proportion to the number of gran-
ules inside it, but the percentage of the cell occupied by these granules did not vary
with granule number. These results illuminate distinctions between ANME-2 archaeal
lineages and partnering bacterial populations that are apparently unified in their
ability to perform anaerobic methane oxidation.

IMPORTANCE Methane oxidation in anaerobic environments can be accomplished
by a number of archaeal groups, some of which live in syntrophic relationships with
bacteria in structured consortia. Little is known of the distinguishing characteristics
of these groups. Here, we applied imaging approaches to better understand the
properties of these cells. We found unexpected morphological, structural, and vol-
ume variability of these uncultured groups by correlating fluorescence labeling of
cells with electron microscopy observables.
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The development of electron microscopy (EM) over 6 decades ago provided an
unprecedented view into the fine structure, complex organization, and positioning

of key molecular machinery within bacterial, archaeal, and eukaryotic cells and tissues
of plants and animals. In the study of bacteria and archaea, the vast majority of EM
investigations have been of cultured microorganisms. While genomic knowledge of
microbial interactions and diversity in the environment has increased significantly in
the past decade (for example, see references 1 and 2), there is a critical gap in our
understanding of the structural and functional specializations within uncultivated
microorganism. Ultrahigh-resolution observation of phylogenetically identified uncul-
tured environmental microorganisms can offer unique insights. For example, recently
discovered “hami” grappling hooks within the altiarchaea (3, 4), unique intracellular
structures in “ARMAN” archaea (5), multicellular magnetotactic bacteria (6), and intra-
cytoplasmic anammoxosome membrane-bounded organelles in Planctomycetes (7)
have all revealed continued insights that are being derived from high-resolution
microscopy studies of diverse microbes.

In this study, we applied correlative microscopy methods that directly couple 16S
rRNA identification by fluorescence in situ hybridization (FISH) and transmission elec-
tron microscopy (TEM; collectively termed FISH-EM) on uncultured methanotrophic
microbial consortia living in deep-sea methane seep sediments to study the ultra-
structure of phylogenetically distinct methanotrophic ANME-2 archaeal subgroups
(ANME-2b and ANME-2c) and their associated syntrophic sulfate-reducing bacterium
(SRB) partners. To quantify the ultrastructural features and variation in ANME and SRB
biovolumes within these consortia, we additionally developed protocols for serial block
face scanning electron microscopy (SBEM). These cells together perform sulfate-
coupled anaerobic oxidation of methane (AOM) (8–10), and molecular 16S rRNA surveys
and FISH microscopy have shown these archaeal and bacterial groups are phyloge-
netically and morphologically diverse, forming structured, multicelled consortia, each
comprised of one ANME and one bacterial group per microbial consortium, most
commonly in conjunction with a sulfate-reducing member of the Deltaproteobacteria
(see, for example, references 8, 11, and 12). While inquiry into the genomes of these
organisms (13–19) and their physiology (20–26) continues to expand our knowledge,
basic elements of cell physiology and ultrastructure remain to be determined. In
particular, very little is known about physiological differentiation between the various
phylogenetic groups thought to be involved in the AOM process.

RESULTS AND DISCUSSION
FISH-EM reveals ultrastructure variation between distinct clades of ANME-2

archaea and partnering Deltaproteobacteria. To target a broad diversity of ANME
lineages and examine potential clade-specific variation in ultrastructural features, FISH
probe combinations, including ANME-2 (ANME-2-538) (27) and a deltaproteobacterial
(DELTA495a) (28) probe, were used. In separate experiments, more specific probes
targeting ANME-2c (ANME-2c-760) (12), the seep1a group within the Desulfobacter-
aceae (seep1a-1441) (29), and ANME-2b (ANME-2b-729) (25, 30) were used (Table 1).
The application of these probes with different specificities allowed for the assignment
of ultrastructural features to specific ANME-2 lineages.

FISH-EM description of the ultrastructure of ANME-2b archaea and chemical
characterization of intracellular storage granules. A previously developed FISH
probe (25, 30) was utilized to investigate ANME-2b archaea by EM (Fig. 1). 16S rRNA
sequences from this ANME-2 subgroup have been commonly recovered from methane
seeps from Hydrate Ridge, OR; Eel River basin, CA; and Mound 12 in Costa Rica and at
a methane hydrate site in the Nankai Trough, Japan (9, 33, 34).

Identified ANME-2b cells frequently occurred as Methanosarcina-like packets remi-
niscent of Methanosarcina mazei (35). A prominent ultrastructural feature of the FISH-
identified ANME-2b was the occurrence of �100-nm-diameter intracellular granules,
frequently occurring as one granule per cell but observed with as many 4 per cell (see,
for example, the inset in Fig. 1i and similar features in the other panels). These
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structures were observed in 16 of the 18 consortia analyzed by FISH-TEM. After FISH
hybridization, these granules appeared to lose much of their electron-dense contents,
likely due to incubation with detergents like Triton X-100 and the metal chelator EDTA;
however, enough material remained for analysis by energy dispersive spectroscopy
(EDS) to determine elemental composition. This analysis revealed that the electron
contrasting material in the granule is likely polyphosphate, containing P with variable
amounts of metal cations, including (in granules from cells in different consortia) Zn, Ca,
Fe, occasionally Ba, and possibly Cu (Fig. 2 and 3). To confirm the chemical identifica-
tion of the granules, we also analyzed morphologically similar consortia not subjected
to the detergent- and EDTA-containing FISH hybridization protocol. These consortia
were fixed with glutaraldehyde and appeared to better preserve the electron-dense
granule content, although some granules still appeared empty after this treatment.
Intact granules in these preparations were much darker (more electron beam imper-
meable) and produced enhanced EDS intensity, with clear P signal and iron, which
presumably functions as a charge-balancing cation (Fig. 3). Similar results were ob-
served for cells from both the 5133 incubation (Fig. 3) and 3730 (see Fig. S1 in the
supplemental material). As information about the molecular configuration of the atoms is
currently unknown, we conservatively refer to these granules as polyphosphate-like gran-
ules (pPLGs) in this study. The mechanism causing removal of the pPLG material is not
known but could be a preparation artifact or be associated with the physiological state of
the cell, where the cell has metabolized the polyphosphate material and retained the
vacuole. Phosphorus granules in Alphaproteobacteria have also been observed in an empty
state (36, 37), but the cause of these observations together warrants additional study.

The composition of the ANME-2b pPLG is similar to that of granules previously
described in some methanogens, including members of the Methanosarcinales and
Methanospirillum hungatei (38–40), and, to a lesser extent, to that of the smaller
granules found in Methanosarcina mazei (41). The anionic phosphate within these
granules has been shown to bind various cations, including those of Fe, Ca, Mg, and Cu,
suggesting that these granules function as metal storage components in addition to a
source of phosphate (38). Toso and others (40) studied granules in M. hungatei by
cryo-EM and reported similar elemental composition, suggesting that the ability to
produce these granules exists across diverse euryarchaeal methanogens and ANME. It
is yet to be determined how these granules are synthesized in archaea, but some
euryarchaea contain genes encoding proteins for polyphosphate kinase 1 and 2 (42);
however, the vacuolar (VTC) system has yet to be identified in ANME or other archaea
(43).

Since phosphate bonding in polyphosphate inclusions occurs through repeating
phospho-anhydride units, they could represent a significant store of cellular energy.
Assuming the molecular stoichiometry of polyphosphate, Toso and coworkers esti-
mated the potential chemical energy available during hydrolysis of these granules
based on volume and density and suggested that 13 � 10�5 pmol of ATP equivalents
could be stored within them, approximately 100-fold more phospho-anydride bond
energy than could be expected in the cytoplasm assuming a 2 mM intracellular
concentration of ATP (40). This possible storage of energy by both methanogens and
methanotrophs (ANME) warrants further investigation, as both physiologies are be-
lieved to persist in low-available-energy environments.

TABLE 1 FISH probes and formamide percentage used in FISH-EM hybridization

Probe
% formamide in
hybridization buffer Reference(s)

ANME-2c-760, dual Cy3 60 12
DSS658, dual Cy5 60 31
ANME-2-538, dual Cy3 45 27
seep1a-1441, dual Cy5 45 29
ANME-2b-729, dual Cy3 35 25, 30
DELTA495a, dual Cy5 35 28, 32
cDELTA495a (competitor) 35 28
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The finding of pPLG in ANME-2b hybridized cells (observed in all but two FISH-
hybridized ANME-2b consortia in Fig. 1), but notably not in other ANME-2 archaeal
subgroups hybridized by either the ANME-2-538 or the ANME-2c-760 probes (see
below), may be indicative of important ecophysiological differences between the
various ANME-2 subgroups. Very little is understood as to how the ANME groups differ
from one another or which factors enable coexistence in the same habitat, but if we
take a lesson from what is known about the methanogens where different lineages
utilize differing enzyme complexes associated with niche adaptation (44, 45), significant
diversity in ANME physiology is also likely (46). The function of pPLG found in ANME-2b

FIG 1 FISH-EM analysis of ANME-2b archaea and deltaproteobacterial consortia recovered from two methane seep sediment incubations. Aggregates were
hybridized using a Cy3-labeled ANME-2b-729 probe (shown in red) and a Cy5-labeled DELTA495a probe (shown in green in panels p and o). Aggregates were
stained with DAPI (shown in blue). (a to l) Images are from the 5133 methane seep incubation, with aggregate thin sections being approximately 130 nm thick.
(m to r) Images are from the 3730 methane seep sample, with aggregate sections of �170 nm. Scale bars are 5 �m in each panel except for the inset (in which
the scale bar is 1 �m).
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is a target for future investigations, where pPLG content could be monitored as a
function of various nutrient regimens, for example.

FISH-EM description of the ultrastructure of non-ANME-2b lineages of ANME-2.
The ultrastructures of other ANME-2 consortia (ANME-2a or ANME-2c) recovered from
the same sediment sample as the ANME-2b aggregates were also analyzed. These
consortia were identified using either a general ANME-2 (ANME-2-538) or clade-specific
(ANME-2c-760) oligonucleotide probe. Notably, none of the ANME-2 consortia, aside
from those stained by the ANME-2b FISH probe, contained visible pPLG (FISH-TEM
observation of more than 20 consortia recovered from two different methane seep sites
within Hydrate Ridge). Figure 4 shows ANME-2c-760 and DSS658 probe (Desulfosarcina/
Desulfococcus [DSS])-hybridized aggregates, and Fig. 5 shows non-ANME-2b aggregates
hybridized with the ANME-2-538 and seep1a-1441 probes. Intracellular pPLG were not
observed in either of these different ANME-2 aggregate types.

Aggregates shown in Fig. 4a to d were from a FISH hybridization containing 0.01%
SDS while 0.01% Triton X-100 was used for panels e and f, but significant differences
between these two detergents were not observed. In Fig. 5, only two of the thin-
sectioned ANME-2-538 FISH hybridized consortia were observed to associate with the
common syntrophic bacterial partner, SEEP-SRB1a (29), targeted with a specific seep1a-
1441 FISH probe (Fig. 5b and e). This observation contrasts with earlier findings
reported previously in a survey of bacterial partners of ANME from multiple seep sites
(29) and with data collected from these same samples in an independent FISH survey
of whole aggregates. Using conventional whole-cell FISH, approximately one-half of the
ANME-2-538 consortia were found to pair with seep1a-DSS in sample number 5133
(25). Some consortia showed a weak seep1a-DSS Cy5 signal, but high background from
adjacent minerals precluded positive identification, or, alternatively, the hybridization
signal from this particular probe was not present at sufficient strength in these
thin-section samples (�150 nm thick).

FIG 2 Energy dispersive spectroscopy of ANME-2b cells (red) and associated intracellular polyphosphate-
like granules (pPLG) from consortia recovered from sample 5133 (Fig. 1a and d). (a to d) Positively
hybridized cells with the ANME-2b-729 probe (a and c) and the corresponding TEM images (b and d). The
white boxes in panels a and c indicate where the TEM images were acquired. (e and f) EDS spectra of the
granules (black traces) and the cytosol (gray traces) from the areas marked by the white arrows in panels
b and d. Six individual ANME-2b cells were analyzed and produced similar spectra. *, note that the Ni in the
spectra is derived from the Ni grid on which the thin section was located.
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Analysis of intracellular magnetosome-like minerals within select ANME-2-
associated bacterial partners. In a subset of consortia, bacterial partners in associa-
tion with ANME-2 archaea hybridized with the general ANME-2-538 probe were ob-
served to contain intracellular magnetosome-like structures (Fig. 5l and u and insets).
These magnetosome-containing bacteria did not hybridize positively with the seep1a-
specific probe Cy5 signal used here and await phylogenetic identification. They were
relatively rare, representing only �10% of the archaeal-bacterial aggregates screened
(2 in 20 consortia) (Fig. 5). Cells were observed in different consortia with one or two
magnetosome-like chains (Fig. 5l and u). In the case of two chains, they were visually
and compositionally distinct (for example, Fig. 5u, inset). This difference was subse-
quently shown to be attributable to two distinct material phases identified by energy
dispersive spectroscopy (EDS) analysis (Fig. 6). The darker chains were comprised
primarily of Fe and S, while the lighter chains were found to be primarily Fe. Presumably
this Fe would be coordinated by O; however, the oxygen peak (K� of 0.525 keV) was
occluded in those spectra by a sharp rise at low keV.

Work by Reitner and coworkers (47, 48) also reported the presence of iron sulfide
magnetosome-like structures (putatively identified as greigite) by EDS analysis in some
of the Deltaproteobacteria within the ANME-1-dominated large methanotrophic reef
structures discovered in the euxinic Black Sea (49). In that case, only an FeS material was
reported, but the coexistence of FeS and FeO in a single cell has been observed before
(50, 51), and in the case where mineralogy could be assigned, the presence of greigite
and/or magnetite was related to the external environmental conditions and redox
potential (52).

The occurrence of magnetosome structures poses questions as to their physiological
relevance within ANME-associated bacteria. Generally, magnetosomes in bacteria are
thought to function for motility purposes where the alignment of the mineral chain
allows cellular orientation with magnetic field lines for taxis and cell positioning within
an oxygen gradient (53). Magnetotactic multicellular bacteria are also known to navi-
gate en masse (6, 54); however, the magnetosomes in cold seep sediments, such as
those observed here, as well as those from the Black Sea (48, 55–57), were not observed
to be aligned, implying both that the bacteria cannot move inside consortia and that

FIG 3 EDS analysis of polyphosphate-like granules (pPLG) in putative ANME-2b aggregates without FISH
hybridization. Here, samples were fixed with glutaraldehyde to enhance cellular preservation and granule
contents. (a) TEM image of an �200-nm thin section of an ANME-2 aggregate on an Ni grid from sample
5133. (b and d, inset) TEM images of a second ANME-2 aggregate from the same sample sectioned to
�100 nm thick and transferred onto a Cu grid. (c and d) EDS spectra of the pPLG (black) and cytosol of
the cell (gray trace). Shown are two spectra in panel c and four spectra in panel d. In panel d, the trace
for the cell shown in the inset in panel d is dashed, and that for the cell depicted in panel b is shown
by solid lines. *, Ni and Cu signals in the spectra are derived from the TEM grids the samples are on. Panel
b shows a TEM image after EDS acquisition, which caused a blackening of the analyzed area.
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FIG 4 FISH-EM analysis of ANME-2c/bacterial consortia from Hydrate Ridge 5546-5549/5556-5560
samples. ANME-2c aggregates were hybridized with the group-specific ANME-2c_760 probe (red), and

(Continued on next page)
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the consortium does not move as a whole, since they should naturally align with the
geomagnetic field (58, 59).

An alternative hypothesis for the function of these magnetosome-like structures
other than magnetotaxis is based on the idea proposed by Kopp and Kirschvink (60).
In that work, the authors noted that intracellular Fe bodies could function as a redox
battery, with the cell utilizing this material as an electron donor or acceptor depending
on its current physiology. Empirical support for this idea can be seen in Shewanella
putrefaciens CN32, which stores mixed-valent iron granules (not magnetosomes) which
seem to be linked to respiratory activity (61) and may function as an iron lung (62). Such
a function seems to fit the observations reported here, where bacteria in association
with ANME cells find themselves in the midst of strong redox gradients and may be
limited by the diffusion of electron acceptors; as such, the ability to periodically store
or draw electrons from an internal source could be a survival strategy based on redox
activity rather than a taxis response associated with the Earth’s geomagnetic field.

3D serial block face analysis of biovolume and ultrastructure of 2 morpholog-
ically distinct ANME-SRB consortia. Conventional TEM and the FISH-EM analysis
described here are based on a single cross-section of material in thin section, which
lacks valuable information about the morphology, ultrastructure, and biovolume of
these complex multicellular consortia in three dimensions (3D). To overcome this
limitation, we developed a protocol compatible with high-resolution 3D analysis of
environmental consortia recovered directly from sediments using mechanical serial
block face scanning electron microscopy (63). This technique allows image acquisition
on stacks of planes obtained from the same sample at different depths and, subse-
quently, 3D reconstruction. Using this technique, cellular biovolumes of ANME and their
bacterial partners were measured. In addition, the relationship between pPLG size and
cell size was investigated.

Cellular biovolumes of ANME and SRB cell type. The uncultured sediment-hosted
ANME bacterial aggregates prepared for serial block face imaging were not identified
by FISH, as the introduction of osmium and other contrasting agents used to make
samples more conducive to partially reduce sample charging during the analysis
rendered the resin opaque and has been shown to damage fluorophores (M. H.
Ellisman and T. J. Deerinck, personal communication; see also reference 64 for a recent
advance which eliminates charging). In this work, we selected two aggregates, referred
to here as consortium number 1 and number 2, representing common morphologies
observed in our study (Fig. 7a). Consortium number 1 was analyzed by using 155
images taken at 70-nm steps and had a maximum diameter of 33 �m. Consortium 2
was analyzed by using 188 images taken at 70-nm steps and had a maximum diameter
of 22 �m. Archaeal cells in consortium 1 contained pPLG and were tentatively assigned
to the ANME-2b subgroup based on our parallel FISH-EM analysis indicating the
presence of pPLG in this cell type. The segmented volume of consortium 1 was 530
�m3 and included 124 archaeal cells and 30 bacterial cells. Consortium 2 was distin-
guished from consortium 1 by the absence of pPLGs and was broadly classified as
associated with the ANME-2 archaea from previous 16S rRNA and FISH analysis of the
archaeal diversity within this sample. The segmented volume of consortium 2 con-
tained 55 �m3 and 30 archaeal and bacterial cells (each). ANME cells in consortium 1
were observed to be, on average, nearly four times larger than the other ANME group
in consortium 2 (mean ANME type with pPLG volume, 4.0 �m3; mean ANME volume
without pPLG, 1.1 �m3). These cells were also larger than either of the bacterial types
measured in consortium 1 (mean pPLG ANME paired SRB volume, 0.97 �m3) or
consortium 2 (mean SRB paired with non-pPLG ANME volume, 0.76 �m3) (Fig. 7b).

FIG 4 Legend (Continued)
coassociated deltaproteobacteria belonging to the Desulfobacterales were hybridized using the DSS 658
probe (green). Aggregates were stained using DAPI (blue). The section used in this FISH-EM analysis was
�0.5 �m thick. On the right are corresponding TEM images (scale bars, 2 �m).
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FIG 5 ANME-2 (red) and seep1a or other unidentified bacterial partners (green or blue, respectively). DAPI staining is shown in blue. (a to h) Images are derived from
seep samples 5546-5549/5556-5560. The section was blue (�220 nm). (k to u) Images are from seep sample 5133. The section was purple/gold (�150 nm thick). The
cells were hybridized with a dual Cy3-labeled ANME-2-538 (27) probe and a dual Cy5-labeled seep1a-1441 probe targeting the most common deltaproteobacterial
partner of the ANME-2 (29). Panels l and u contain higher magnification images showing the presence of magnetosomes in these particular ANME-2 partners. Panel
q shows the raw FISH image in grayscale in the absence of the DAPI channel. FISH was performed in the presence of 0.005% Triton X-100.
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The volumes of both ANME and SRB measured here with three-dimensional electron
microscopy are larger than those in previous reports based on light microscopy (e.g.,
see references 8 and 65), where volumes were calculated from diameters assuming a
spherical shape to be �0.07 �m3 for ANME and �0.03 �m3 for the SRB. The differences
observed here between ANME groups and previous reports may hold implications for
modeling and metabolic rate estimation studies (e.g., see references 66 and 67).
Furthermore, these differences argue against the application of a universal conversion
factor between cell number and biomass (e.g., see references 68 and 69) and indicate
the need for coupling individual cell measurements with the appropriate conversion
factors (e.g., see reference 70) when estimating the magnitude of these cell’s ecological
contributions. Finally, the larger variance in size reported here for ANME-2b-like cells
compared to the other ANME group is another indication of intragroup variations
between ANME.

ANME-2 biovolume of intracellular polyphosphate-like granules is correlated
with cell biovolume. Serial block face imaging of consortium 1 revealed that less than
3% of the putative ANME-2b cells lacked intracellular pPLG (4 out of 124 ANME cells).
Of the remaining 120 ANME cells, the majority contained one large pPLG, with a subset
of ANME containing multiple granules (up to 4 in a cell). Cells with more granules were
larger (Fig. 7c), and the volumes of the pPLG were largest in ANME-2 cells containing

FIG 6 EDS of intracellular mineral phases of bacteria paired with ANME identified by the ANME-2-538 probe. The cells were from the 5133
methane seep sample. (a) FISH image with ANME-2-538 hybridized cells in red and bacterial partners in blue (DAPI). (b) TEM of the boxed region
of panel a, where bacteria are positioned at the top of an ANME-2 archaea. (c) Different cells of the same aggregate showing another example
of mineral phases in the bacterial cell. (d and e) EDS spectra taken from multiple particles in each of the two chains present in the cell shown
in panel b, showing Fe:S composition of the darker material phase in panel b and the absence of S in the lighter phase. Arrows in the image inset
above the spectra indicate where the spectra were acquired; arrows and spectra are correlated by shades of gray. (f) Single EDS measurements
of each of the chains shown in panel c revealing a similar pattern found in panels d and e, one FeS chain and another without S. Arrows on the
TEM images mark the location of EDS acquisition. Panels d, e, and f also contain spectra that were acquired in the cytosol, and no major signal
was observed for Fe or S. *, Ni in the spectra is derived from the TEM grid the samples are on.
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FIG 7 Comparison of cell and polyphosphate-like granule (pPLG) volumes for 2 morphologically distinct
ANME-2/bacteria consortia. (a) SEM images acquired during serial block facing of two consortia analyzed

(Continued on next page)
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one granule (mean value, 0.069 �m3 [Fig. 7d]). The individual pPLG volumes in cells
containing 2, 3, and 4 granules were similar (mean value, 0.044 �m3; P value of �0.05
by Tukey’s honestly significant difference [HSD] test between groups) (Fig. 7d). Inter-
estingly, even though cell size varied significantly within the group of pPLG cells, the
average summed volume of these granules was �1.9% of the total cell volume (Fig. S2).
Relationships between cellular polyphosphate and the cell cycle have been observed in
bacteria (e.g., see references 71–73), and it will be interesting to examine potential
relationships between cell biovolume, pPLG number, and cell cycle in these metha-
notrophic archaea in future work.

Concluding remarks. Previous efforts to correlate phylogenetic identity to EM
observation of microbes were reported as early as 2005, when Gérard and coworkers
used whole-cell FISH followed by immunogold detection in mixed pure cultures (74).
Later, Halary and coworkers (75) applied 16S rRNA targeted FISH on thin-sectioned,
symbiont-bearing metazoans that had been embedded in LR white resin. This work
provided a significant advance over the work carried out by Gérard et al. because
permeabilization agents were not used, enhancing the preservation of cell ultrastruc-
ture. A similar protocol was also used recently on symbiotic poribacteria (76) in
combination with freeze substitution and imaging by SEM after epifluorescence and
staining with uranyl acetate and lead citrate. Finally, Knierim and coworkers (77)
reported the application of catalyzed activity reporter deposition FISH (CARD-FISH) to
thin-sectioned material in a manner similar to what Halary and others reported, that is,
they performed plastic resin embedding and later applied FISH probes for phylogenetic
identification. In addition, that work demonstrated an additional significant advance by
applying the CARD-FISH technique to cells on the same TEM grid on which they had
previously been imaged by cryoelectron microscopy. In this study, we performed FISH
first and followed this by sectioning and imaging by epifluorescence, since FISH after
sample embedding was unsuccessful in our hands.

In archaeal AOM systems, the application of epifluorescence microscopy was invalu-
able for developing models of cellular interactions within this system (for example, see
references 11 and 12). Subsequent immunological and histological investigations of the
ANME-associated reef structures in the Black Sea with TEM (55, 57) and with epifluo-
rescence microscopy on other Black Sea-derived samples (78) made it possible to verify
predictions of which cell types contain which enzymes. TEM observations have also
been employed on archaeal AOM systems to gain insight into cell-cell interactions in
the form of direct interspecies electron transfer (25, 26).

The morphological and chemical characterization of ANME archaeal groups re-
ported here points to the possibility that substantial physiological differences exist
among ANME and their bacterial partners. As shown here, ANME-2b from multiple
cores were observed with intracellular polyphosphate like granules, yet ANME-2a/2c
cells did not contain these granules. Storage granules also were not reported for
“Candidatus Methanoperedens nitroreducens” (81). Given the energy-limited nature of
this syntrophy and the energetic cost of forming phospho-anhydride linkages, these
granules stand out as targets to be investigated in the future. Previous estimations of

FIG 7 Legend (Continued)
in this study. Consortium 1, on the left, is an example of the ANME-2/bacterial aggregate type (putative
ANME-2b) with pPLG. Consortium 2, on the right, is an example of an ANME-2/bacterial aggregate
lacking intracellular inclusion bodies (likely ANME-2a/2c). Note that the pPLGs on the left appear to be
empty, with granule contents likely lost during 3View sample preparation. (b) Comparison of cell
volumes of segmented ANME cells (a, blue) and bacterial cells (a, red) from the serial block face image
stacks. Each data point represents one cell. (c) Comparison of cell volumes of archaea in consortium 1 to
the number of pPLGs contained in the cell. Each data point represents one cell. (d) Individual pPLG
volumes compared to the total number of granules observed in the cell. In panels b, c, and d, center lines
show the medians; box limits indicate the 25th and 75th percentiles, as determined by R software;
whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles; data points are
plotted as open circles. A black bar above the groups in panels b and d links data that are not
significantly different (P � 0.05 by Tukey’s HSD test). The number above or below the x axis indicates the
number of observations for each category.
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ANME-2b and ANME-2c/2a cell doubling times using 15NH4
� stable isotope probing

and nanoSIMS revealed that the archaea paired with seep1a bacteria (including ANME-
2c/2a) had a mean 15N enrichment value (fractional abundance) of 0.0698, whereas the
other archaeal group (including ANME-2b) had a lower mean enrichment value of
0.0525 (P value of �0.001 by two-sample t test) (25). Whether the observed difference
in growth could be related to the energetic cost of phospho-anhydride bond formation
for pPLG synthesis or is related to the larger biovolume of the ANME-2b cells remains
to be determined.

Another possible differentiating feature between ANME groups has to do with
sulfur. From Raman microscopy spectra, it was previously suggested that some ANME-2
archaea contain an intracellular sulfur (S0) storage capacity, and that partner bacteria
contain iron phosphate particles (24). In bacteria, S0 is stored in intracellular sulfur
globules (79), and granules have also been observed in archaea in the Thermococcales
in association with the membrane and cell surface layer (80). During EDS-based
chemical analyses of the ANME-SRB consortia observed in this study, the occurrence of
concentrated S in the form of S granules was not detected in ANME archaea, and iron
phosphate particles were not detected in partner bacteria. Whether these differences
represent examples of physiological or species-specific differences between the diverse
environmental ANME and bacterial lineages or is attributed to differences in sample
preparation and analytical methodology requires further study.

Very recently, relatives of “Ca. Methanoperedens nitroreducens” (16) were studied
by electron microscopy (81), and cell diameters of �1.5 �m were observed using TEM
for cells of irregular coccoid morphology. Assuming a spherical shape, this would
equate to �1.7 �m3, which is in the range of volumes observed here but diverges from
the previous estimates based on epifluorescence microscopy (8, 65). Epifluorescence
observation of the ANME-SRB consortia analyzed as part of this study yields biovolume
estimates that agree with those obtained by TEM (data not shown), arguing against a
methodological basis to account for the differences. In addition, recent observations by
TEM showed archaea (putative ANME-2c) of the size range observed here paired with
bacteria (putative SEEP-SRB2) smaller than those observed here (21). We have yet to
fully understand the cause of the apparent size differences between these cells, but
physiological and phylogenetic variation could contribute to these observational dif-
ferences.

Future correlated electron microscopy studies in environmental microbiology will
be enhanced if studies integrate (i) EM observables with (ii) molecular phylogeny of
individual cells (e.g., FISH), (iii) information on metabolic activity (e.g., with stable
isotope probe experiments analyzed by SIMS or Raman), and (iv) functional molecular
biology approaches (e.g., by antibody application or mRNA-FISH). By combining these
techniques we can better explore microbial activities in the same natural environments
that host microbial evolution and are the foundation of microbial biogeochemical
cycles. The work reported here on uncultivated subgroups of methane seep sediment-
hosted ANME consortia is a step in this direction.

MATERIALS AND METHODS
Site location and sample description. Sediment incubation samples 5133 and 5546-5549/5556-

5560 were collected during the R/V Atlantis expedition AT 18-10 in August and September of 2011 using
the ROV Jason II as previously described (25). Sediment incubation 3730 was collected in 2010 during A/V
Atlantis cruise AT15-68 on dive AD4635 using the HOV Alvin as described elsewhere (30, 34).

Chemical fixation of microbial consortia. Fixation protocols were varied for different visualization
goals. For the goal of FISH imaging, glutaraldehyde was used at low concentrations. In cases where
fluorescence imaging was not a goal, higher glutaraldehyde concentrations were used. Following the
fixation procedures described below, samples were subjected to Percoll density separation as described
in reference 25, with the exception that HEPES buffer was substituted for phosphate-buffered saline
(PBS).

Sample preparation for FISH-EM. The primary fixative mixture was prepared by mixing 5 ml 20%
paraformaldehyde from a sealed glass ampule (EMS; EM grade and methanol free) and 0.25 ml 10%
glutaraldehyde (EMS; EM grade and methanol free) with 7.25 ml of 0.22-�m filtered 50 mM HEPES, pH
7.4, 35 g/liter NaCl in NANOpure water to achieve a final volume of 12.5 ml. The final concentrations were
8% paraformaldehyde, 0.2% glutaraldehyde, 29 mM HEPES, and 20 g/liter NaCl. The low concentration
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of glutaraldehyde was chosen to prevent glutaraldehyde-derived autofluorescence. This fixative solution
was then aliquoted into 1-ml volumes and frozen in 1.7-ml Eppendorf tubes at �80°C until further use.
For fixation of consortia in sediment, an aliquot of the sediment slurry was removed with a sterile
disposable needle and syringe from the overpressurized microcosm incubations and immediately mixed
1:1 volumetrically with the aldehyde fixative on ice in 2-ml Eppendorf tubes (final concentrations in the
tube of 4% paraformaldehyde, 0.1% glutaraldehyde, 14.5 mM HEPES, pH 7.4, 10 g/liter NaCl). The tubes
were incubated for 60 min on ice and periodically inverted to mix during the fixation period.

After fixation, the slurry was centrifuged at 2,000 � g in an Eppendorf microcentrifuge for 1 min, and
the supernatant was removed and replaced with �1.8 ml 50 mM HEPES, pH 7.4, 35 g/liter NaCl (enough
buffer to fill the 2-ml centrifuge tube). This was repeated for a total of four buffer replacements to remove
traces of fixative, and after the final replacement, the sediment was resuspended in 500 �l of 50 mM
HEPES, pH 7.4, 35 g/liter NaCl and stored at 4°C until further use. We recommend using the fixed material
immediately for FISH (as was done for the images shown in Fig. 1). However, we found that hybridization
of the ANME-Deltaproteobacteria consortia was stable for at least 10 days in buffer (as was done for Fig.
2 and 3; longer periods of time were not tested).

Fixation of samples for traditional TEM and energy-dispersive X-ray spectral analyses. Sedi-
ment was fixed by adding one volume of 5% glutaraldehyde (EMS) in 25 mM HEPES buffer (pH 7.5)
containing 17.5 g/liter NaCl to the sediment. The sample was left on ice for 1 to 3.5 h during fixation and
then processed as described above for FISH (aldehyde was removed by sequential buffer resuspensions
and centrifugations).

Fixation of samples for SBEM. Sediment slurry was directly fixed on ice for 1 h, using final
concentrations in the tube of 2.5% glutaraldehyde and 2% paraformaldehyde, 7.25 mM HEPES, pH 7.5,
5 g/liter NaCl, and then processed as described above for FISH (aldehyde was removed by sequential
buffer resuspensions and centrifugations).

FISH hybridization of consortia bound in noble agar. FISH hybridization was carried out on
microbial consortia which were bound in blocks of noble agar as prepared in reference 25. This
procedure was adopted to achieve high concentrations of aggregates which could be visualized later
and to facilitate transfer of buffers between hybridization steps. Between 2 and 3 agar blocks containing
concentrated aggregates from the Percoll density separation described above were submerged in a
single 1.7-ml Eppendorf tube containing 200 �l of FISH hybridization buffer. FISH hybridization strin-
gency was adjusted in the hybridization and wash buffers by varying the concentrations of formamide
and NaCl solutions depending on the oligonucleotide probes used (Table 1) (82, 83). High-performance
liquid chromatography (HPLC)-purified oligonucleotide probes were purchased from Integrated DNA
Technologies (IDT) with fluorophores attached to the 5= and 3= ends (DOPE-FISH) (84). The final
fluorescent oligonucleotide probe concentration in the hybridization solutions was 2.5 ng/�l. Triton
X-100 is a commonly used detergent for electron microscopy preparations (85), and in the experiments
described here, 0.005% Triton X-100 was used in the hybridization buffer in place of the 0.01% SDS that
is typically used during FISH. Hybridization was conducted at 46°C for 60 to 90 min in a hybridization
oven, after which the hybridization buffer was removed and replaced with 1 ml wash buffer adjusted to
match the formamide concentration (82, 83) in a 48°C water bath. This wash buffer was replaced three
times over a period of 15 min. The first two additions and removals of wash buffer were performed as
quickly as possible, with the tubes maintained in Styrofoam holders to minimize temperature fluctua-
tions. After the third addition, the samples were placed back into the water bath for the remainder of the
15-min period (�8 min). After this period, the wash buffer was removed and the agar blocks were
transferred into 1 ml of 50 mM HEPES, pH 7.4, 35 g/liter NaCl, followed by immediate embedding in LR
white resin as described below.

LR white embedding of microbial consortia for FISH-EM and traditional TEM. A protocol for
embedding consortia in LR white resin for thin sectioning was adapted from reference 86. Agar blocks
containing FISH hybridized microbial consortia were dehydrated in 1.7-ml Eppendorf tubes through a
graded ethanol series (25%, 50%, 75%, and 100%) with three 100% ethanol solution changes. Solutions
were changed with 1-ml additions and occurred for 15 min with slow mixing on a rocker table for each
step. The ethanol solutions were made by diluting 100% ethanol into 50 mM HEPES (pH 7.6). Following
the dehydration series, samples were transferred into 50% LR white resin, 50% ethanol and incubated at
room temperature on a rocker for 30 min. This solution was then exchanged for 100% LR white resin and
incubated again for 1 h on a rocker. At the end of the incubation, the LR white resin was exchanged with
1 ml of fresh LR white resin (100%), the Eppendorf tubes were capped, and the agar blocks with consortia
were placed in a 58°C oven for 2 days. Before polymerization, an attempt was made to orient the agar
block face containing consortia face down at the bottom of the tube, although this is not strictly
necessary. After 2 days, if the sample had not hardened appropriately, it was placed back in the oven
overnight, after which time polymerization was achieved.

Staining and embedding of cells for SBEM. The staining and embedding protocol was adapted
from the original one developed at the National Center for Microscopy and Imaging Research (NCMIR;
UC San Diego, San Diego, CA) for serial block face scanning electron microscopy of biological tissue
specimens (87, 88). After fixation, Percoll separation, and immobilization in noble agar (described above
and in reference 25), microbial consortia were subjected to a heavy-metal staining protocol to achieve
conductivity and contrast (87). Right before use, a solution containing 3% potassium ferrocyanide in 0.3
M cacodylate buffer with 4 mM calcium chloride was combined with an equal volume of 4% aqueous
osmium tetroxide (EMS). The agar blocks sat in this solution for 1 h on ice.

Thiocarbohydrazide (TCH) solution was then freshly prepared by adding 0.1 g thiocarbohydrazide
(Ted Pella) to 10 ml double-distilled water (ddH2O) in a 60°C oven for 1 h and agitating periodically. The
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solution was filtered through a 0.22-�m Millipore syringe filter. At the end of the osmium tetroxide
incubation, the samples were washed with ddH2O at room temperature 5 times for 3 min each time (�15
min total) and then incubated in the filtered TCH solution for 20 min at room temperature. The samples
were then rinsed again 5 times for 3 min each in ddH2O at room temperature and thereafter placed in
2% osmium tetroxide (not osmium ferrocyanide) in ddH2O for 30 min at room temperature. Following
this second exposure to osmium, the cells were washed 5 times for 3 min each time at room temperature
in ddH2O and then placed in 1% uranyl acetate (aqueous) and left in a refrigerator (�4°C) overnight. The
next day, en bloc staining with Walton’s lead aspartate staining was performed by dissolving 0.998 g of
L-aspartic acid (Sigma-Aldrich) in 250 ml of ddH2O. Lead nitrate (0.066 g) was then added to 10 ml of
aspartic acid solution, and the pH was adjusted to 5.5 with 1N KOH. The lead aspartate solution was
placed in a 60°C oven for 30 min. The cells were washed 5 times for 3 min each time in ddH2O at room
temperature, placed in the lead aspartate solution, and then returned to the oven for 30 min. The cells
were then washed 5 times for 3 min each in room temperature ddH2O and dehydrated using ice-cold
solutions of freshly prepared 20%, 50%, 70%, 90%, and 100% (two separate additions of 100%)
anhydrous ethanol for 5 min each, placed in anhydrous ice-cold acetone, and left at room temperature
for 10 min.

Durcupan ACM resin (EMS) was formulated by weight as 11.4 g part A, 10 g part B, 0.3 g part C, and
0.05 to 0.1 g part D, yielding a hard resin when polymerized. The resin was mixed thoroughly. Samples
were placed into 25% Durcupan-acetone for 2 h, into 50% Durcupan-acetone for 2 h, and then into 75%
Durcupan-acetone for 2 h. The cells were placed in 100% Durcupan overnight and then into fresh 100%
Durcupan for 2 h. The agar blocks were then embedded in a thin layer of fresh resin in an aluminum
weigh boat and placed in a 60°C oven for 48 h.

Sectioning of resin-embedded consortia. Resin blocks containing concentrated microbial consortia
were cut into thin sections, ranging from 100 nm to 500 nm, using a Leica Ultracut UCT ultramicrotome
equipped with a diamond knife. The sectioning was done with the knife positioned parallel to the layer
of concentrated microbial consortia, so that the maximum amount of consortia could be observed on
each section. Sections were floated on water and placed on Ni or Cu London Finder 135 grids (EMS)
which had been briefly exposed to a flame to become hydrophilic. For correlated light-electron
microscopy, glow-discharged Formvar/carbon-coated grids were used. For samples designated only for
electron microscopy analysis, uncoated grids were used after being briefly flamed with a cigarette lighter
and rinsed in deionized water to make them hydrophilic.

Epifluorescence microscopy. Sections on grids were placed in a 46°C oven for at least 1 h after
sectioning to ensure LR white sections adhered to the TEM grids through subsequent handling steps. The
grids were then mounted on a glass microscope slide containing a drop (3 �l) of 5 �g/ml 4=,6-diamidino-
2-phenylindole (DAPI) mixed in Vectashield mounting medium (89). After floating the grid onto the
droplet, another (�2 �l) droplet of the DAPI-Vectashield mixture was placed directly on top of the grid
and covered with a coverslip. Slides were viewed on an upright epifluorescence Olympus BX51 micro-
scope equipped with the following Olympus objectives: Uplan FLN 100�/1.3 oil ∞/0.17/FN 26.5 UIS2,
PlanApoN 60�/1.42 oil ∞/0.17/FN 26.5 UIS2 BFP 1, and UPlanFL N 10�/0.30 Ph1 ∞/-/FN26.5. The light
source was an X-Cite 120 Q, and typically images were acquired at an illumination setting of 25%
maximum lamp intensity and a camera gain setting of 10. QImaging’s Q-capture Pro software was used
for image acquisition. The order of image acquisitions was Cy5, Cy3, 6-carboxyfluorescein, and finally
DAPI, motivated by the idea that Cy5 dyes often photobleach but DAPI is robust in comparison. A 10�
image taken in the DAPI channel was used for orientation during subsequent TEM analyses. The
grids were removed from the microscope slide by gently sliding off the coverslip, nudging the grid
to the edge of the microscope slide, and gently picking the grid up with tweezers, taking care not
to bend the grid. The DAPI solution was removed by briefly dipping the grid into a container of
Millipore water. The grid was then dried by wicking the water away with a piece of Whatman filter
paper. The analyzed and dried grid was then stored in a TEM grid box at room temperature for
subsequent TEM analysis.

TEM analyses. Electron microscopy images of FISH hybridized consortia were acquired using a JEOL
JEM-Z3200EF TEM operated at 300 kV. Conventional transmission electron microscopy (4K by 4K; 16
megapixel) and zero-loss energy-filtered transmission electron microscopy (4K by 4K) images were
acquired using a Gatan UltraScan 4000 charge-coupled device (CCD) camera. Alternatively, samples for
energy-dispersive analysis (EDS) were imaged using an FEI Tecnai Spirit TEM operated at 120 kV.
Conventional transmission electron microscopy images (2K by 2K) were acquired using a TVIPS F224 CCD
camera. EDS analyses were performed on a Tecnai F30ST operated at 300 kV. The EDS system used was
an Oxford INCA.

Analysis of consortia with SBEM. Specimens were cut out of the Durcupan resin blocks, precision
trimmed with a glass knife, mounted on aluminum pins, and imaged using a Zeiss Merlin compact
scanning electron microscope fitted with a serial block face sectioning system (3View; Gatan, Inc.).
Specimens were imaged at 3 keV in a 30-Pa pressure chamber to reduce specimen charging, using 70-nm
cutting intervals. Image stacks were converted to 8 bit for analysis and for manual segmentation of
individual cells using IMOD software (Boulder Laboratory for 3-D Electron Microscopy of Cells, University
of Colorado, Boulder, CO) (90–92). Objects were segmented at various slice intervals, and the resulting
data were plotted using BoxPlotR, a web tool for generation of box plots (http://shiny.chemgrid.org/
boxplotr/) (93, 94). Statistical analyses were carried out with the online calculator at http://astatsa.com/
and using analysis of variance (ANOVA) with post hoc Tukey’s HSD and the Tukey-Kramer formula.
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