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In this study we investigated by using 16S rRNA-based methods the distribution and biomass of archaea in
samples from (i) sediments above outcropping methane hydrate at Hydrate Ridge (Cascadia margin off
Oregon) and (ii) massive microbial mats enclosing carbonate reefs (Crimea area, Black Sea). The archaeal
diversity was low in both locations; there were only four (Hydrate Ridge) and five (Black Sea) different
phylogenetic clusters of sequences, most of which belonged to the methanotrophic archaea (ANME). ANME
group 2 (ANME-2) sequences were the most abundant and diverse sequences at Hydrate Ridge, whereas
ANME-1 sequences dominated the Black Sea mats. Other seep-specific sequences belonged to the newly defined
group ANME-3 (related to Methanococcoides spp.) and to the Crenarchaeota of marine benthic group B.
Quantitative analysis of the samples by fluorescence in situ hybridization (FISH) showed that ANME-1 and
ANME-2 co-occurred at the cold seep sites investigated. At Hydrate Ridge the surface sediments were domi-
nated by aggregates consisting of ANME-2 and members of the Desulfosarcina-Desulfococcus branch (DSS)
(ANME-2/DSS aggregates), which accounted for >90% of the total cell biomass. The numbers of ANME-1 cells
increased strongly with depth; these cells accounted 1% of all single cells at the surface and more than 30% of
all single cells (5% of the total cells) in 7- to 10-cm sediment horizons that were directly above layers of gas
hydrate. In the Black Sea microbial mats ANME-1 accounted for about 50% of all cells. ANME-2/DSS
aggregates occurred in microenvironments within the mat but accounted for only 1% of the total cells. FISH
probes for the ANME-2a and ANME-2c subclusters were designed based on a comparative 16S rRNA analysis.
In Hydrate Ridge sediments ANME-2a/DSS and ANME-2c/DSS aggregates differed significantly in morphology
and abundance. The relative abundance values for these subgroups were remarkably different at Beggiatoa sites
(80% ANME-2a, 20% ANME-2c) and Calyptogena sites (20% ANME-2a, 80% ANME-2c), indicating that there
was preferential selection of the groups in the two habitats. These variations in the distribution, diversity, and
morphology of methanotrophic consortia are discussed with respect to the presence of microbial ecotypes,
niche formation, and biogeography.

The microbially mediated anaerobic oxidation of methane
(AOM) is the major biological sink of the greenhouse gas
methane in marine sediments (49) and serves as an important
control for emission of methane into the hydrosphere. The
AOM metabolic process is assumed to be a reversal of metha-
nogenesis coupled to the reduction of sulfate to sulfide involv-
ing methanotrophic archaea (ANME) and sulfate-reducing
bacteria (SRB) as syntrophic partners (7, 20, 21, 23, 69). Nei-
ther the ANME groups nor their sulfate-reducing partners
have been isolated yet, and the enzymes and biochemical path-
ways involved in AOM remain unknown (18, 19). Very re-
cently, however, Krüger et al. described a candidate enzyme
(Ni-protein I) that may catalyze methane activation in a re-
verse terminal methyl-coenzyme M reductase reaction (27),
supporting the hypothesis that reverse methanogenesis occurs
in the ANME groups. Field and laboratory studies have pro-
vided ample evidence that AOM can be mediated by struc-
tured consortia consisting of archaea (ANME group 2
[ANME-2]) belonging to the order Methanosarcinales and SRB

belonging to the Desulfosarcina-Desulfococcus branch (DSS) of
the Deltaproteobacteria (7, 40); below these consortia are re-
ferred to as ANME-2/DSS aggregates. These consortia oxidize
methane with sulfate, yielding equimolar amounts of carbon-
ate and sulfide (37). A second archaeal group (ANME-1),
which is distantly related to the Methanosarcinales and Metha-
nomicrobiales, has also been shown to mediate AOM (34, 41).
Using fluorescence in situ hybridization (FISH) combined with
secondary ion mass spectrometry, Orphan and coworkers were
able to measure carbon isotopic signatures of single aggregates
of ANME-1 and ANME-2 cells (40, 41). Their �13C values
were extremely low and thus provided direct evidence for
methanotrophy in both phylogenetic clusters. At hot spot sites
of AOM in different marine environments phylogenetic anal-
yses based on 16S rRNA gene sequencing of microbial com-
munities showed that there was relatively low diversity of ar-
chaea compared to the bacterial diversity in these habitats (21,
26, 28, 39, 58) (GenBank accession numbers AY593257 to
AY593349 and AF357889 to AF361694 [http://www.ncbi.nlm
.nih.gov]) and indicated the co-occurrence of several ANME-1
and ANME-2 populations. However, such studies so far have
not provided quantification of the biomasses of the different
groups and their distribution in the environment.

The presence of several microbial populations with essen-
tially the same function in a given environment is still a major
puzzle in our concept of biodiversity and microbial ecology. In
this study we dealt with methanotrophic archaea, which are
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limited to extreme environments with anoxic, methane-rich,
and sulfate-containing sediments. Hence, the rest of the ocean
represents a barrier to the dispersal of these organisms, mak-
ing them an interesting case study for the central question of
microbial biogeography, which is “Is everything everywhere?”
(3, 5, 15, 71). To find clues to potential niche occupation by the
different ANME groups, we investigated the phylogenetic di-
versity, distribution, and abundance of the methanotrophs at
selected seep sites with high rates of AOM (34, 65), including
sediments from three different types of chemosynthetic com-
munities (Beggiatoa mats, Calyptogena fields, and Acharax
fields) above outcropping methane hydrate at Hydrate Ridge
(Cascadia margin off Oregon) and massive methanotrophic
microbial mats at Black Sea methane seeps.

MATERIALS AND METHODS

Study sites, sampling, and geochemical description. Sediment samples from
Hydrate Ridge were obtained during R/V SONNE cruises SO143-2 in August
1999 (9) and SO148-1 in August 2000 (30) at the crest of southern Hydrate Ridge
at the Cascadia convergent margin off the coast of Oregon. At Hydrate Ridge,
discrete methane hydrate layers occur on the seafloor at a water depth of 600 to
800 m, which corresponds to the hydrate stability limit (50, 57). The hydrates are
located a few centimeters beneath the sediment surface and form mounds that
are several meters in diameter (56). The mounds are covered by sediment and
are populated by sulfide-oxidizing communities, which benefit from large quan-
tities of hydrogen sulfide generated as a by-product of AOM (4, 37, 50, 67). The
sediments above the hydrates were covered by mats of giant filamentous sulfur-
oxidizing bacteria belonging to the genus Beggiatoa extending several millimeters
into the overlying bottom water (stations 105–1 and 19–2; referred to as Beggia-
toa mats below) or by clam fields consisting of Calyptogena spp. (stations 185-1
and 38-1; referred to as Calyptogena fields below). Layers of gas hydrate were
found in cores with Beggiatoa mats at sediment depths of �13 cm and in cores
with Calyptogena fields at sediment depths of �16 cm. Strong degassing from
decomposing hydrates was observed. Sediments not covered by either commu-
nity often contained subsurface-dwelling chemosynthetic Acharax bivalves. The
concentrations of methane and sulfide were low in the upper 15 cm in these
Acharax fields. Sediment cores that were 20 to 40 cm long were obtained by using
a video-guided multiple corer from gas hydrate-bearing sediments and from
Acharax fields not enriched in methane in the surface sediments. Geochemical
parameters are described in detail in Table 1. Upon recovery all sediment cores
were immediately transferred to a cold room (4°C). Samples were processed
within 4 h after sampling by using the methods described below.

The second study area is located in the Black Sea and represents a field in
which there is active seepage of free gas on the slope of the northwestern Crimea
area. Here, a field of conspicuous microbial reefs forming chimney-like struc-
tures was discovered at a water depth of 230 m in anoxic waters (29, 34, 46). The
reef structure consists of porous carbonate structures covered by microbial mats
that are up to 10 cm thick. The chimneys are up to 4 m high and 1 m wide. They
are composed mainly of magnesium calcite and aragonite with �13C values of ca.
�30‰, indicating that the carbonate is predominantly derived from AOM (59).
Gas seeping from the seafloor at the Ukrainian shelf edge contains 95 to 99%
methane and minor amounts of N2, CO2, and H2. In cross sections of the mat, the
outside is dark gray to black. The interior part of the mat is pink to brownish (34).
Major portions of the mat (ca. 30%; Knittel et al., unpublished data) consist of
irregularly distributed cavities and channels containing seawater and gases. Nod-
ules had the same morphology but contained less carbonate. The microbial mats
were sampled by using the manned submersible JAGO during the R/V Prof.
LOGACHEV cruise in July 2001 (Table 1, station 55-4). Furthermore, material
from a nodule (station 14; 31°58.877�N, 44°46.616�E; depth, 182 m) and material

from a gel within the mat cavities and channels (station 10; 31°59.559�N,
44°46.515�E; depth, 235 m) were used in this study.

DNA extraction, PCR amplification, and clone library construction. Sediment
cores from Hydrate Ridge were sectioned into 1-cm layers and deep frozen
(�20°C) for DNA extraction at the home laboratory. Total community DNA was
directly extracted from 2 g of sediment from station 19–2 (depths, 2 to 4 and 6
to 7 cm) and station 38 (depth, 2 to 6 cm) as described by Zhou et al. (72). The
following two primer sets were used for PCR amplification of 16S rRNA genes
from extracted chromosomal DNA: (i) primers ARCH20F (33) and Uni1392
(42), which resulted in an almost 1,400-bp product; and (ii) primers ARCH20F
and ARCH958R (10), which resulted in a ca. 950-bp product. Both primer sets
were used with an annealing temperature of 58°C. PCR products were purified
with a QiaQuick PCR purification kit (QIAGEN, Hilden, Germany). Clone
libraries in pGEM-T-Easy (Promega, Madison, Wis.) or the TOPO pCR4 vector
(Invitrogen, Karlsruhe, Germany) were constructed as described previously (48).

For construction of Black Sea clone libraries, a fresh mat (station 55–4) was
cut into the following sections: (i) surface biomass, which was dark gray to black
(thickness, ca. 1 to 2 mm; clones having designations beginning with BS-S); (ii)
material from the black-to-pink transition zone (ca. 2 to 4 mm below the mat
surface; clones having designations beginning with BS-M); and (iii) the interior
portion of the mat, which was pink (ca. 4 to 8 mm below the mat surface; clones
having designations beginning with BS-R). DNA was extracted with a
FASTDNA spin kit for soil (Bio 101 Inc., Carlsbad, Calif.). In addition, two clone
libraries were constructed from formaldehyde-fixed samples from station 14
(clones having designations beginning with BS-K) and station 55–4 (clones hav-
ing designations beginning with BS-SR). Aliquots (1 �l) of fixed cells were
directly used for PCR and cloning as described above.

Amplified rRNA gene restriction analysis. Clones known to contain the inserts
that were the correct size (ca. 1.4 or 0.95 kb) were screened by amplified rRNA
gene restriction analysis in order to identify clones with different inserts. Two
restriction enzymes (HaeIII and RsaI) were used for screening as described
previously (48).

Sequencing and phylogenetic analysis. Taq cycle sequencing of plasmid DNAs
from selected clones with vector primers and universal rRNA gene-specific
primers was performed by GATC Biotech (Konstanz, Germany) and AGOWA
(Berlin, Germany). Sequence data were analyzed with the ARB software pack-
age (31). Phylogenetic trees were calculated with sequences from Hydrate Ridge
sediments and Black Sea microbial mats together with sequences which are
available in the EMBL, GenBank, and DDJB databases by performing parsi-
mony, neighbor-joining, and maximum-likelihood analyses with a subset of 200
nearly full-length sequences (�1,300 bp). Filters which excluded highly variable
positions were used. In all cases, general tree topology and clusters were stable
(a maximum-likelihood tree is shown in Fig. 1). Partial sequences (�1,300 bp)
were inserted into the reconstructed tree by parsimony criteria with global-local
optimization with no changes in the overall tree topology.

Quantification and measurement of ANME-2/DSS aggregates. 4�,6�-Dia-
midino-2-phenylindole staining (DAPI) was used to measure sizes of ANME-2a/
DSS and ANME-2c/DSS aggregates by epifluorescence microscopy of FISH-treated
samples (Hydrate Ridge stations 19–2 and 38 [depth, 1 to 2 cm] and Black Sea mats
from station 55–4). The numbers of cells in the aggregates were calculated based on
the assumptions that the aggregates were completely surrounded by SRB and that
both the aggregates and the cells within the aggregates were spheres.

FISH. Subsamples of Hydrate Ridge sediment cores were sliced into 1-cm
sections, fixed for 2 to 3 h in 3% formaldehyde, washed twice with 1� phosphate-
buffered saline (130 mM NaCl, 10 mM sodium phosphate; pH 7.2), and finally
stored in 1� phosphate-buffered saline–ethanol (1:1) at �20°C. A Black Sea
microbial mat was fixed with paraformaldehyde, embedded in Tissue Tek OCT
compound (Ted Pella Inc., Redding, Calif.), and sectioned with a cryostat
(HM505 E; Microm, Walldorf, Germany) as previously described (52). Hybrid-
ization and microscopic counting of hybridized and DAPI-stained cells were
performed as described previously (55). Means were calculated by using 10 to 40
randomly chosen fields for each filter section, which corresponded to 800 to 1,000

FIG. 1. Phylogenetic tree showing the affiliations of 16S rRNA gene sequences retrieved from Hydrate Ridge sediments and Black Sea
microbial mats (boldface type) with selected reference sequences of the domain Archaea. Besides cultivated organisms all previously published
clone sequences from methane-rich sites are included as references (at least one representative per phylogenetic group). The tree was constructed
by using maximum-likelihood analysis in combination with filters excluding highly variable positions in a subset of 200 nearly full-length sequences
(�1,300 bp). Partial sequences were inserted into the reconstructed tree by using parsimony criteria with global-local optimization, without
allowing changes in the overall tree topology. Probe specificity is indicated by brackets. Bar 	 10% estimated sequence divergence.
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FIG. 1—Continued.
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DAPI-stained cells. Cy3-, Cy5-, and fluorescein-monolabeled oligonucleotides
were purchased from ThermoHybaid (Ulm, Germany). Probes and formamide
concentrations used in this study are listed in Table 2. The background signals of
samples, observed with the nonsense probe NON338, were negligible (�0.1%).

Scanning electron microscopy (SEM). Black Sea microbial mat sections
(treated as described above for FISH) were directly placed on aluminum spec-
imen mounts. The OCT compound was washed out with sterile water three times for
3 to 5 min each time, and mat sections were dehydrated by covering the samples with
50, 80, and 96% ethanol for 3 min each. Air-dried samples were gold sputtered with
a BAL-TEC SCD005 sputter coater for 100 s at 30 mA and were viewed with a
Hitachi S-3200N scanning electron microscope operating at 20 kV.

Nucleotide sequence accession numbers. The nucleotide sequence data re-
ported in this paper have been deposited in the EMBL, GenBank, and DDBJ
nucleotide sequence database under accession numbers AJ578027 to AJ578033
and AJ578083 to AJ578150.

RESULTS

Archaeal diversity in Hydrate Ridge sediments and Black
Sea microbial mats. Compared to the previously discovered
high bacterial diversity at methane seeps (6, 26, 28, 39, 58), the

archaeal diversity was relatively low in the Hydrate Ridge sed-
iments and Black Sea microbial mats. Seven different phylo-
genetic groups were detected; five of these groups belong to
the Euryarchaeota, and two belong to the Crenarchaeota (Table
3 and Fig. 1). Archaea belonging to ANME-2 dominated the
libraries from Hydrate Ridge sediments and accounted for
76% (n 	 82) of all archaeal clones. These archaea could be
assigned to subgroups ANME-2a (13%) and ANME-2c (62%).
In contrast, only low numbers of ANME-2 representatives
were retrieved from Black Sea microbial mats (station 14; n 	
2). Both ANME-2 sequences belonged to ANME-2a. The lev-
els of sequence similarity to cultivated species were in all cases
less than 91%. However, the levels of similarity to sequences
from uncultivated organisms were high and often exceeded
99%. Together with environmental sequences from the Eel
River and the Santa Barbara Basin (21, 39), from Monterey
Canyon (18), from the Guaymas Basin (58), and from the Gulf

TABLE 2. Oligonucleotide probes used in this study

Probe
Specificity

Sequence (5� to 3�) Positiona

Formamide
concn

(%, vol/
vol)b

Reference
Group Taxon

DSS658 Desulfosarcina-Desulfococcus SRB of Delta-proteobacteria TCC ACT TCC CTC TCC CAT 658–685 60 32
ARCH915 Most archaea Archaea GTG CTC CCC CGC CAA TTC CT 915–934 35 2
ANME-1-350 ANME-1 Euryarchaeota AGT TTT CGC GCC TGA TGC 350–367 40 7
EeIMS932 ANME-2 Euryarchaeota AGC TCC ACC CGT TGT AGT 932–949 65 7
ANME-2a-647 ANME-2a Euryarchaeota TCT TCC GGT CCC AAG CCT 647–664 50 This study
ANME-2c-622 ANME-2c Euryarchaeota CCC TTG GCA GTC TGA TTG 622–639 50 This study
ANME-2c-760 ANME-2c Euryarchaeota CGC CCC CAG CTT TCG TCC 760–777 60 This study
MBGB-280 Marine benthic group B Crenarchaeota TCA CGG CCC CTA TCG ATT 280–297 50 This study
MBGB-335 Marine benthic group B Crenarchaeota TGC GCC TCG TAA GGC CTG 335–352 50–60 This study
MBGB-380 Marine benthic group B Crenarchaeota GTA ACC CCG TCA CAC TTT 380–397 50 This study
MBGB-525c Marine benthic group B Crenarchaeota AGA GCT GGT TTT ACC GCG 525–542 40–50 This study

a Position in the 16S rRNA of Escherichia coli.
b Formamide concentration in the hybridization buffer.
c Probe MBGB-525 also targets several sequences from korarchaeota and other archaea due to a single terminal mismatch.

TABLE 3. Phylogenetic affiliations of 16S rRNA gene clones retrieved from Hydrate Ridge sediments and Black Sea microbial mats

Phylogenetic group

No. of clones

Hydrate Ridge Black Sea microbial mat

Beggiatoa mat
(station 19-2)

Beggiatoa mat
(station 19-2)

Calyptogena field
(station 38-1)

PCR from extracted DNA PCR from fixed cells

Station 55-4 Station 55-4
(black/pink)

Station 14
(nodule)2–4 cm 6–7 cm 2–6 cm Black Black/pink Pink

Euryarchaeota
ANME-1a 1 13 1
ANME-1b 4 3 14 29 25 32 8 2
ANME-1 unaffiliated 1
ANME-2a 7 5 2 2
ANME-2c 20 46 1
ANME-2 unaffiliated 1
ANME-3 3
Methanomicrobiales 1
Marine benthic group D 1

Crenarchaeota
Marine benthic group B 30 9
Unaffiliated 3

Total no. of clones per library 31 57 20 29 25 33 21 6
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FIG. 2. Single cells and cell aggregates of ANME-1 and ANME-2 archaea in sediments from Hydrate Ridge sediments and thin sections of
Black Sea microbial mats, visualized by FISH. Scale bars 	 10 �m. Panels A to H, J, and K are confocal laser scanning micrographs. Panel I is
a regular epifluorescence micrograph. (A) DAPI staining showing the embedded aggregates in the bulk biomass in Black Sea microbial mats.
(B) Corresponding FISH image of ANME-2/DSS aggregates (probe ANME-2c-760 labeled with Cy5 [red] and probe DSS658 labeled with Cy3
[green]). DSS cells surrounded the archaea partially or completely. In many aggregates the ANME cells had only a few or no DSS partners. (C
to F) Different types of ANME-2c/DSS aggregates (probe ANME-2c-622 labeled with Cy3 [red] and probe DSS658 labeled with Cy5 [green]),
including aggregates with an inner core of archaea surrounded by a shell of SRB (shell type). (G and H) ANME-2a/DSS aggregates (probe
ANME-2a-647 labeled with Cy3 [red] and probe DSS658 labeled with Cy5) from Beggiatoa site station 38 (depth, 1 to 2 cm), showing cell-to-cell
association of the partners (mixed type). (I) ANME-1 cells stained with Cy3-labeled probe ANME-1-350 in Hydrate Ridge sediments (Beggiatoa
site station 19–2 [depth, 5 to 6 cm]) (J) Color overlay of ANME-1 cells targeted with probe ANME-1-350 labeled with Cy3 (red) and SRB of the
Desulfosarcina-Desulfococcus branch labeled with fluorescein (probe DSS658; green) in a Black Sea mat section. (K) Marine benthic group B
Crenarchaeota targeted with probe MBGB-380 labeled with Cy3 in a Black Sea mat section.
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of Mexico (28, 35), ANME-2c and ANME-2a form a clade
specific for AOM sites. Today, ANME-2b consists only of
sequences from Eel River and Santa Barbara Basin sediment
(39), as well as Monterey Canyon (18).

The second archaeal group mediating AOM is ANME-1 (34,
41), which is distantly related to the Methanosarcinales and
Methanomicrobiales. ANME-1 can be divided into two sub-
groups, ANME-1a and ANME-1b, and other sequences which
cannot be affiliated with these subgroups (Fig. 1). Like the
subgroups of ANME-2, both of the ANME-1 subgroups do not
contain any cultivated species but comprise only uncultivated
species from methane seeps with levels of similarity up to 99%
(21, 28, 39, 58, 62) (GenBank accession numbers AY593257 to
AY593349, AF357889 to AF361694, AJ704631 to AJ704652,
and AJ579313 to AJ579330 [http://www.ncbi.nlm.nih.gov]). Se-
quences belonging to ANME-1 were most abundant in Black
Sea clone libraries (71% of all archaeal clones; n 	 111) (Fig.
1 and Table 3). The major portion was affiliated with
ANME-1b (61%), and only a minor fraction (10%) belonged
to ANME-1a. At Hydrate Ridge ANME-1 sequences were the
second most abundant phylotype recovered; they accounted
for 20% of the sequences, all of which were affiliated with
ANME-1b.

Few sequences from Hydrate Ridge (n 	 3) could be affil-
iated with a third seep-specific clade, ANME-3. This group is
phylogenetically closely related to methanogenic bacteria be-
longing to the Methanococcoides (94 to 96%). Besides Hydrate
Ridge sequences this group comprises mainly sequences from
Haakon Mosby Mud Volcano (GenBank accession numbers
AJ704631 to AJ704652 and AJ579313 to AJ579330 [http://www
.ncbi.nlm.nih.gov]) and some sequences from the Eel River
Basin (39), from Monterey Canyon (18), and from a sulfide
chimney from the Mothra Vent Field in Canada (53). A single
sequence from the Black Sea was related to the Methanomi-
crobiales, and another sequence from Hydrate Ridge was af-

filiated with the Euryarchaeota of marine benthic group D (70),
which is related to the order Thermoplasmales.

Marine benthic group B (MBGB) belonging to the Crenar-
chaeota was abundant in the clone libraries constructed by
using fixed cells from Black Sea mat stations 55–4 (56%; n 	
30) and 14 (60%; n 	 9). None of the members of this group
have been cultivated yet. The diversity within the group is high;
the levels of sequence similarity are between 82 and 99%.

ANME-2 abundance. Hydrate Ridge sediments were domi-
nated by high numbers of ANME-2/DSS aggregates, which
accounted for more than 90% of the total cells (i.e., aggregated
cells plus single archaea and bacteria [7, 65]). Single ANME-2
cells accounted for only around 1% of the total cells, and this
value did not vary significantly with depth (data not shown).
We rarely detected aggregated ANME-2 cell clusters without
any bacterial partner. These aggregates were smaller than av-
erage aggregates (7) and consisted of 4 to 36 cells. At the
Acharax stations no single ANME-2 cells and only a few ag-
gregated ANME-2 cells were found.

ANME-2 cells were also detected in Black Sea microbial
mats (Fig. 2A and B); however, they were limited to microen-
vironments in regions that were 3 to 6 mm below the mat
surface. Like the cells at Hydrate Ridge, the ANME-2 cells
formed spherical aggregates associated with SRB belonging to
the Desulfococcus-Desulfosarcina branch (Fig. 3B). SEM anal-
ysis showed high levels of these aggregates (Fig. 3A) restricted
to specific areas of the mat section. In these areas almost no
cylindrical ANME-1 cells were detected. An average ANME-
2/DSS aggregate in the Black Sea mat consisted of an inner
core of about 100 coccoid archaeal cells, similar to the Hydrate
Ridge consortia (7). However, the archaeal cells were each 1.2
to 1.4 �m in diameter and thus substantially larger than those
at Hydrate Ridge. The Black Sea aggregates were only partially
surrounded by Desulfosarcina-Desulfococcus cells (diameter, 1
�m). The diameters of 60 ANME-2/DSS aggregates from the

FIG. 3. ANME-1 archaea and ANME-2/DSS aggregates in the Black Sea microbial mat: SEM images of a gold-sputtered formaldehyde-fixed
mat section. (A) ANME-2/DSS aggregate, showing the typical spherical structure. (B) Cylindrical ANME-1 cells.
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Black Sea ranged from 4 to 20 �m, and the average was 8.3 

4.0 �m; hence, these aggregates were significantly larger than
the average consortium at Hydrate Ridge (diameter, ca. 3 �m
[7, 26]). We also detected a few aggregates which seemed to
have a bacterial partner other than DSS. A minimum of three
ANME-2 cells together were observed, and a relatively large
percentage of the ANME-2 aggregates did not have any tightly
associated partner (ca. 10%). In total, we estimated that
ANME-2 cells accounted for 5% of the total cells in the 3- to
6-mm subsurface mat horizons in which they were detected
(ca. 1 � 1010 cells cm of mat�3). For the total mat they were
insignificant in terms of biomass (�1%).

ANME-2 subgroup detection. The ANME-2 cluster can be
divided into three subgroups, ANME-2a, ANME-2b, and
ANME-2c (39). To study the distribution and abundance of
these subgroups, we developed several new oligonucleotide
probes, one probe specific for ANME-2a (ANME-2a-647) and
two probes specific for ANME-2c (ANME-2c-622 and ANME-
2c-760). No probe was developed for ANME-2b since we did
not obtain ANME-2b sequences from our samples. Sequences
belonging to ANME-2c had at least four mismatches with the
probe specific for ANME-2a; sequences belonging to
ANME-2a had at least five mismatches with probe ANME-2c-
622 and two mismatches with probe ANME-2c-760 (one cen-
tral mismatch and one terminal mismatch). In sections from
Black Sea microbial mats (station 55–4) only cells belonging to
ANME-2c could be detected. ANME-2a cells were not de-
tected in the sections; however, due to the great complexity of
the mat they may have occurred in other regions.

In Hydrate Ridge sediments two different types of ANME-
2/DSS aggregates were detected. At the Beggiatoa sites
ANME-2a/DSS aggregates were the most abundant aggre-
gates, and they accounted for ca. 80% of all aggregates at
station 19–2 (depth, 1 to 2 cm) and 45% of all aggregates at
station 105 (depth, 1 to 2 cm). At both Calyptogena sites (sta-
tions 38 and 185) ANME-2a/DSS aggregates accounted for
only ca. 20% of all aggregates (depth, 1 to 2 cm). At these sites,
ANME-2c/DSS aggregates were the most abundant aggre-

gates, and they accounted for 75% of the aggregates at station
38 and 80% of the aggregates at station 185. At the Beggiatoa
sites only 16% (station 19–2) and 25% (station 105–1) of the
total ANME-2/DSS aggregates belonged to ANME-2c. In ad-
dition to the difference in phylogenetic origin, the two popu-
lations could be distinguished from each other by the morphol-
ogy of the aggregates which they formed. The ANME-2c/DSS
aggregates represented the common spherical type with an
inner archaeal core which was partially or fully surrounded by
an outer shelf of SRB (Fig. 2C and F) (referred to as the shell
type below). In the shell type, sometimes the SRB cells grew
into the inner ANME-2c core colony, but in general they were
not completely mixed with the archaeal cells. In contrast, in the
ANME-2a/DSS aggregates the SRB and archaea were com-
pletely mixed, and the resulting aggregates were not always
spherical (Fig. 2G and H); below we refer to these consortia as
the mixed type. Only a very few ANME-2a/DSS aggregates
which were the shell type were detected.

ANME-1 abundance. The ANME-1 cells were cylindrical
and were, like ANME-2 cells, autofluorescent under UV light,
a feature typical of methanogenic archaea containing coen-
zyme F420. The length varied between 1.5 and 3 �m, and the
diameter was about 0.6 �m. At Hydrate Ridge these cells
mostly occurred as single cells without any directly associated
bacterial or archaeal partner. However, they often formed long
chains of 2 to 10 cells (Fig. 2I). We rarely detected spherically
aggregated ANME-1 cells. At the Beggiatoa and Calyptogena
sites at Hydrate Ridge the FISH detection rates for ANME-1
cells were comparable and increased strongly with depth (Fig.
4). In the surface layers (depth, 0 to 2 cm) the ANME-1 cells
accounted for between 1 and 2% of the total single cells
(��1% of the total cells). At the Beggiatoa sites the percentage
of ANME-1 cells strongly increased to 8% of the total DAPI-
detected single cells at a depth of 7 to 15 cm at station 105 and
to 20 to 33% of the total DAPI-detected single cells at a depth
of 7 to 10 cm at station 19–2. These percentages correspond to
absolute ANME-1 cell numbers of 1 � 108 and 5 � 108 cells cm
of sediment�3, respectively. In samples from Calyptogena sites

FIG. 4. Detection and quantification of ANME-1 cells in Hydrate Ridge sediments by FISH.
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(stations 185 and 38) the ANME-1 abundance was compara-
ble; the highest percentages were 21 to 23% at a depth of 6 to
12 cm (up to 1.0 � 109 cells cm�3). The ANME-1 abundance
at the Acharax sites ranged between 0 and 2% of the single
cells in the upper 15 cm of the sediment. On the basis of the
total cell numbers, including the cells in the aggregates (7, 65),
ANME-1 comprised up to 5% of all archaea throughout the
sediment column.

In contrast to the Hydrate Ridge sediments, the Black Sea
microbial mats (stations 14 and 55–4) were clearly dominated
by ANME-1 cells (34). These cells were highly active, as indi-
cated by a bright FISH signal, and had the same morphology as
the cells at Hydrate Ridge (Fig. 2J). SEM analysis of mat
sections revealed very abundant cylindrical microorganisms
embedded in a thick extracellular polysaccharide matrix (Fig.
3B). On average, throughout the mat ANME-1 cells accounted
for 20% of the total cells (ca. 4 � 1010 cells cm of mat�3); the
maximum was ca. 50% (ca. 9 � 1010 cells cm of mat�3) in the
samples analyzed here. Values up to 70% were reported for
similar samples analyzed in a previous study (34).

Detection of MBGB. Many clone sequences retrieved from
the Black Sea microbial mats and other methane seeps were
affiliated with Crenarchaeota belonging to MBGB (Fig. 1). To
quantify the in situ abundance of these clones, we designed
four FISH probes specific for the Black Sea sequences and
several other sequences in this cluster. With these probes very
small cocci (diameter, 0.2 to 0.4 �m) could be detected in the
Black Sea mats (Fig. 2K). To our knowledge, this is the first in
situ visualization of this group. The organisms occurred mostly
in large clusters and were abundant in regions with lower cell
densities (e.g., the channels through the mats). Clear signals
were available but did not allow quantification because of the
very small size of the cells. DAPI signals were also hardly
detectable. However, dual hybridization of mat sections with
the MBGB-specific probes in combination with the general
archaeal probe ARCH915 showed a clear overlay of the two
signals. In Hydrate Ridge sediments at Calyptogena site 38
(depths, 1 to 2 and 7 to 8 cm) very few cocci (�1%) showed
weak signals with the new Cy3-monolabeled MBGB probes.
Tourova et al. proposed that these organisms might be a new
form of sulfate reducers (64). The metabolism of most Cren-
archaeota other than the cultivated thermophilic extremophiles
is not known yet (11, 25, 51). Their high abundance and asso-
ciation with seeps might indicate that the MBGB are also
involved in AOM or may use specific carbon intermediates
generated from AOM. However, so far, based on isotopic
signatures of biomarker lipids there is no clear evidence for
involvement of Crenarchaeota in AOM (51).

DISCUSSION

Diversity of methanotrophic guilds at cold seeps. The over-
all archaeal diversity in the Black Sea and Hydrate Ridge clone
libraries was low; these libraries contained only five and four
phylogenetic groups, respectively. Similar low diversities (only
two to five major groups) have been reported for all but one of
the methane seeps investigated so far (1, 6, 21, 28, 35, 39, 62)
(GenBank accession numbers AY593257 to AY593349 and
AF357889 to AF361694 [http://www.ncbi.nlm.nih.gov]). The
archaeal community of hydrothermally active sediments of

Guaymas Basin (58) consists of 13 phylogenetic lineages. At
this site, a variety of methanogens and other thermophilic
archaea not related to ANME groups have been isolated.
However, AOM appeared not be the dominant carbon cycling
process in the Guaymas sediments (24), in contrast to the other
methane seeps.

Compared to the overall low archaeal diversity at cold seeps,
the 16S rRNA diversity within and between the individual
ANME groups appears to be relatively high. ANME-1 and
ANME-2 show �85% similarity to each other and hence are
two different lineages. The phylogenetic distance is so large
that members of ANME-1 and ANME-2 certainly belong to
different orders or families, which, however, have apparently
similar physiological properties. Based on 16S rRNA gene
similarity values of �96%, ANME-1a and ANME-1b contain
different species or even genera. The same applies to the
ANME-2 subgroups ANME-2a and ANME-2c.

Co-occurrence of methanotrophic groups. ANME-1 and
ANME-2 co-occur in Hydrate Ridge sediments and in Black
Sea microbial mats, as well as in many other methane-rich
habitats. In situ quantification of these groups, however,
showed that they were present at very different levels, indicat-
ing that there were different mechanisms of selection of the
different groups by the habitat. ANME-1 dominated the Black
Sea microbial mats (40 to 50% of the total cells), and ANME-
2/DSS aggregates were restricted to small microenvironments
and accounted for only 1% of the total cells. In contrast,
ANME-2/DSS aggregates dominated the Hydrate Ridge sedi-
ments (�90% of the total cells), and ANME-1 cells were
detected only in deeper sediment layers and the number of
cells was at least 1 order of magnitude less. The environmental
conditions at the Hydrate Ridge and Black Sea habitats were
compared (Table 1) to identify possible factors that deter-
mined niches for ANME-1 and ANME-2. At both sites excess
methane was available as the main carbon and energy source
(the in situ concentrations were 10 to 60 and 20 mM). Sulfate
at concentrations of �2 mM was found to be the only known
electron acceptor in the horizons with abundant ANME bio-
mass. Hence, the availability of an electron donor and an
electron acceptor obviously did not directly exert selective
pressure. The parameter that differed the most between the
two locations is oxygen. The Black Sea microbial mats thrive in
a permanently anoxic habitat because oxygen is depleted in the
subsurface waters beneath a depth of ca. 120 m. In contrast,
the bottom waters at Hydrate Ridge are oxic, and the surface
sediments are sporadically flushed with oxygen by bottom wa-
ter currents, bioturbation, and gas ebullition (67). Thus,
ANME-1 may be more sensitive to oxygen than ANME-2. This
hypothesis is supported by the very low ANME-1 abundance
(��1% of the total cells) in the surface sediments at Hydrate
Ridge and the increase in the abundance with depth to 5% of
the total cells despite the concurrent decrease in sulfate avail-
ability and the increase in sulfide concentrations. Furthermore,
ANME-1 was completely absent in the oxygenated surface
sediments at the Acharax site, although ANME-2/DSS aggre-
gates were present in these layers (26).

Environmental niches of the ANME-2a/DSS and ANME-2c/
DSS aggregates. ANME-2a and ANME-2c co-occur in Hy-
drate Ridge sediments; however, the abundance varies greatly
on a meter to decimeter scale according to the type of chemo-

476 KNITTEL ET AL. APPL. ENVIRON. MICROBIOL.



synthetic community (the sulfide-oxidizing bacterium Beggia-
toa or the symbiotic clam Calyptogena) populating the surface
sediments. Both sites have steep gradients of pore water sul-
fate (7, 12), high hydrogen sulfide concentrations (50), and
high rates of AOM and sulfate reduction (7, 65) (Table 1).
However, the fluid flow and methane fluxes from the seafloor
are substantially greater but also more variable at Beggiatoa
sites than at Calyptogena sites (50, 63, 68). At Beggiatoa sites
oxygen had a maximum penetration of a few millimeters. In
contrast, at Calyptogena sites oxygen penetrated deeper into
the sediments due to the bioturbating activity of the clams,
which live with their feet in the sulfide-rich zones of the sedi-
ment. The dominance of ANME-2a/DSS and ANME-2c/DSS
aggregates is clearly linked with a specific type of chemosyn-
thetic communities populating the surface sediment for rea-
sons that are not known yet.

Biogeography of the anaerobic methanotrophs (ANME).
Methanotrophic archaea were first detected in sediments of
cold seeps of the northeast Pacific continental margin, such as
the sediments from Eel River (21, 39, 41) and Hydrate Ridge
(7). The data for lipid biomarker and DNA signatures indicate
the global presence of these archaea in anoxic methane-rich
sediments. So far, ANME signatures have been detected at all
methane seeps investigated, including seeps in the north Pa-
cific Ocean, north and south Atlantic Ocean, Mediterranean
Sea, Black Sea, and North Sea (1, 7, 13, 14, 18, 21, 22, 26, 28,
34, 35, 40, 41, 43, 44, 53, 58, 60–62). Furthermore, ANME
groups have also been found in the methane-sulfate transition
zones of different coastal environments (23a, 66). An analysis
of the current data set for the 16S rRNA genes of the ANME
groups indicates that their occurrence is limited to the upper
few meters of subsurface sediments, as no genes have been
retrieved from any deep biosphere core yet. Since so far the
presence of ANME-1, ANME-1, and ANME-3 is restricted to
anoxic, methane-rich, and sulfate-containing sediments and
the oxic bottom waters of the ocean present a barrier to their
distribution, these groups are an interesting case for the study
of microbial biogeography, as are all extremophiles. The oc-
currence of biogeographical trends in the distribution of mi-
croorganisms is debated (16, 17, 45, 71) because such trends
contradict a basic paradigm of microbial ecology, that every-
thing is everywhere—the environment selects (3, 5). Based on
16S rRNA genes as the evolutionary marker, the present data
do not indicate the biogeography of ANME-1, ANME-1, and
ANME-3 or subclusters of these groups, in contrast to various
thermophilic microorganisms (45, 71). Other globally abun-
dant groups of microbes, such as Alphaproteobacteria belong-
ing to the SAR11 clade (36, 47) or the Roseobacter clade-
affiliated cluster (54), do not have a biogeography based on
oceanic regions or latitudes. Instead, as observed in this study,
clusters appear to be formed by subgroups, which are specifi-
cally adapted to certain niches (e.g., water depth, light avail-
ability, and temperature). However, these results may be re-
lated to insufficient phylogenetic resolution of 16S rRNA
sequences. Recently, Whitaker et al. (71) and Papke et al. (45)
used high-resolution multilocus sequence analysis to show that
the genetic distances between thermophilic prokaryotes having
almost identical 16S rRNAs increased proportionally with geo-
graphic distance. These findings revealed that populations are
isolated from one another by geographic barriers and have

diverged over the course of their recent evolutionary history.
Besides multilocus sequence analysis, other markers, such as
functional genes specific for methanotrophs, or simply a clear
increase in the size of the ANME 16S rRNA data set to several
thousand sequences could be used to address the biogeography
of ANME.

Conclusions. A comparison of 16S rRNA gene sequences
showed the ubiquitous presence of methanotrophic archaea in
almost all methane environments investigated so far indepen-
dent of the in situ temperature, depth, pressure, and methane
and sulfate concentrations. ANME-1 and ANME-2, as well as
their phylogenetic subgroups, co-occur at all seep sites that
have been investigated quantitatively; however, microscopic
analysis of the distribution of the subgroups has revealed the
dominance of certain types within microniches in the environ-
ments. To single out the factors responsible for the selection of
certain ecotypes of methanotrophs, environmental conditions
and geochemical gradients need to be analyzed in situ with a
high resolution relevant to the scale of the microenvironments
detected in this study. This would require parallel investiga-
tions with microsensors in the field or experimental studies in
flowthrough microcosms.
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27. Krüger, M., A. Meyerdierks, F. O. Glöckner, R. Amann, F. Widdel, M. Kube,
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