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The active venting Sisters Peak (SP) chimney on the Mid-Atlantic Ridge holds the current temperature record for the hottest ever
measured hydrothermal fluids (400°C, accompanied by sudden temperature bursts reaching 464°C). Given the unprecedented
temperature regime, we investigated the biome of this chimney with a focus on special microbial adaptations for thermal toler-
ance. The SP metagenome reveals considerable differences in the taxonomic composition from those of other hydrothermal vent
and subsurface samples; these could be better explained by temperature than by other available abiotic parameters. The most
common species to which SP genes were assigned were thermophilic Aciduliprofundum sp. strain MAR08-339 (11.8%), Hippea
maritima (3.8%), Caldisericum exile (1.5%), and Caminibacter mediatlanticus (1.4%) as well as to the mesophilic Niastella kore-
ensis (2.8%). A statistical analysis of associations between taxonomic and functional gene assignments revealed specific overrep-
resented functional categories: for Aciduliprofundum, protein biosynthesis, nucleotide metabolism, and energy metabolism
genes; for Hippea and Caminibacter, cell motility and/or DNA replication and repair system genes; and for Niastella, cell wall
and membrane biogenesis genes. Cultured representatives of these organisms inhabit different thermal niches; i.e., Acidulipro-
fundum has an optimal growth temperature of 70°C, Hippea and Caminibacter have optimal growth temperatures around 55°C,
and Niastella grows between 10 and 37°C. Therefore, we posit that the different enrichment profiles of functional categories re-
flect distinct microbial strategies to deal with the different impacts of the local sudden temperature bursts in disparate regions of

the chimney.

H ydrothermal vents represent hot spots of life in the otherwise
poorly inhabited deep sea. This life is based on energy-rich
inorganic compounds, e.g., hydrogen or sulfide, which are trans-
ported with the reduced hydrothermal fluids from inner earth to
more habitable grounds (1). These reduced inorganic substrates
can be oxidized by a phylogenetically diverse group of microor-
ganisms, and the yielded energy can fuel autotrophic CO, fixation
(1). Although nourishment provided by vent fluids supports the
settlement and successful inhabitance of microbial communities,
the hydrothermal vent environment can also be associated with
extreme conditions—such as high temperature or toxicity of spe-
cific compounds—which may well act as a deterrent to microbial
colonization. High temperatures provide challenges for microbes,
and multiple strategies have been developed to deal with elevated
temperature (2). Different microbial strategies for dealing with
thermal damage exist and include efficient repair systems, reverse
gyrase, multiple copies of chromosomes, increased G+ C contents
in RNAs, abundant posttranscriptional modification of RNAs,
and increased thermostability of proteins (2). Besides tempera-
ture, different concentrations of specific chemical compounds in
vent fluid can also profoundly impact the microbial community
(3-7). Clues to specific adaptations for coping with the extreme
conditions have been found in metagenomes from hydrothermal
samples (8-10). They include a high degree of mismatch repair
and homologous recombination systems as well as abundant
genes for chemotaxis and flagellar assembly (8). Membrane trans-
portand multidrug-resistant efflux pumps were judged important
for the 0.1- to 0.2-pm microbial size fraction from hydrothermal
fluids in the Mariana Trough (9). Other strategies for successfully
colonizing hydrothermally influenced biotopes include adaptabil-
ity, versatile metabolisms, and virulence traits (11).

The Sisters Peak (SP) venting site at 5°S along the Mid-Atlantic
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Ridge (MAR) is unique in that it emits hot, phase-separated hy-
drothermal fluids, and some of the currently hottest known hy-
drothermal fluids have been measured here (maximum tempera-
ture, 464°C) (12). To gain insights into the variety of microbial
strategies that different groups of microorganisms employ to deal
with the extreme conditions at SP, we performed a differential
analysis of the functional annotation of genes assigned to the most
common taxa in the metagenome. We found that distinct func-
tional profiles are associated with different taxonomic groups. We
linked these observations to temperature preferences known for
cultured members of these taxa, leading us to the hypothesis that
the observed differences reflected the spatial thermal heterogene-
ity. Thus, we postulate that the different functional profiles ob-
served in this chimney cross-sectional sample reflect different mi-
crobial strategies by which microorganisms in SP handle the range
and variability of temperature regimes at the site, from hotter
inner chimney regions to cooler outer chimney provinces.
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MATERIALS AND METHODS

Sampling site and DNA extraction. A flank of the SP vent massive sulfide
chimney, located at 4°48’S along the MAR, was sampled by a remote
operated vehicle (ROV 6000; GEOMAR, Kiel, Germany) during the
MAR-SUED V cruise (March-April 2009) with the RV Meteor. After re-
covery, the chimney sample (274 ROV 1B) was stored immediately at
—80°C until further processing. For DNA extraction, 246 g of the entire
sulfide chimney cross section was ground, and DNA was extracted using a
phenol-chloroform extraction method (13). DNA extraction yielded be-
tween 20 and 120 ng wl™' of DNA in a small volume and a low ratio of
absorbance at 260 nm to that at 280 nm.

Amplification and pyrosequencing. To obtain sufficient material for
pyrosequencing of the appendant metagenome, we performed multiple
displacement amplification (MDA) with $29 DNA polymerase (REPLI-g
kit; Qiagen, Germany) according to the manufacturer’s instructions.
MDA was employed in parallel samples each with 2.5 l (50 to 100 ng
pl ™) of bulk DNA vent chimney starting material, which resulted in 2.5
pg l ! of pooled, purified DNA (260/280 ratio, 1.8). Random shotgun
pyrosequencing using titanium chemistry of the material subjected to
MDA was performed on a 454 Life Sciences GS FLX system platform and
yielded 340 Mb of DNA sequences, consisting of 875,069 reads with an
average sequence length of 389 nucleotides (see Table SI in the supple-
mental material). Pyrosequenced reads from the metagenomes of an ac-
tive venting chimney at Juan de Fuca (JdF) (8), from hydrothermal fluids
emitted in the Mariana Trough (MT) (9), and from deep subsurface sed-
iments in the Brazos-Trinity Basin (BTB) (14) were downloaded from the
NCBI SRA database (JdF, SRR029255; MT, SRR016610; and BTB,
SRR023396). A detailed summary of preprocessing results for the SP, JdF,
MT, and BTB samples is given in Table SI.

Preprocessing of raw reads. The raw reads of all data sets, i.e., from
SP, JdF, MT, and BTB, were preprocessed to reduce low-quality re-
gions, contaminations, and artifacts (see Table S1). An overview of the
upstream analysis pipeline is available in Fig. S1A in the supplemental
material. First, emulsion PCR (emPCR) artifacts in form of duplicates
were removed using cd-hit-454 version 4.5.4 (15). In the only fosmid-
based data set (JdF), contaminations were eliminated using SeqClean
(http://sourceforge.net/projects/seqclean/) with the options -1 50 and
-y 8, using as references the sequences of pCC1FOS (GenBank acces-
sion number EU140751.1) and the Escherichia coli DH10B chromosome
(NCBI RefSeq number NC_010473.1). After these preliminary steps, the
quality of each read set was determined using FastQC version 0.10.1 (http:
/lwww.bioinformatics.babraham.ac.uk/projects/fastqc/). This analysis
detected regions of skewed composition and overrepresented k-mers.
Thus, we used Prinseq version 0.20.2 (16) to eliminate a 5-bp prefix from
each of the JdF and BT reads, to cut all reads to a read set-specific maxi-
mum length (SP, 600 bp; M T, 260 bp; JdF; 280 bp; and BT, 290 bp), and to
filter out all reads with a length of less than 50 bp or of low complexity
(entropy > 70). Furthermore, from the resulting reads, the ends of low-
quality were trimmed by applying the seqtk trimfq tool (https://github
.com/lh3/seqtk) with an error threshold of 0.0158 (corresponding to a
Phred score of 18).

Clustering and assembly of preprocessed reads. The preprocessed
reads of SP, JdF, MT, and BTB were clustered by cd-hit-est version 4.5.4
(17), using parameters adapted to 454 reads (identity threshold, 98%;
mismatch score, —1; and gap opening score, —3). This step was per-
formed for the following reasons: first, it reduces the redundancy (see
“Handling of possible methodological biases” below); second, it allows
successful assembly of the MT sample, which could not be accomplished
without this step (9). The sets of cluster representatives were assembled
using Newbler version 2.8 (18), with a minimal match length of 50 bp and
a minimal match identity of 98%. The final assemblies used in all subse-
quent analysis consisted of the set of all contigs plus all unassembled reads
marked by Newbler as singleton or outlier.

Gene prediction and taxonomic and functional assignment. The
identification of protein-coding genes in the assemblies was predicted
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using FragGeneScan version 1.16 (19), with the options -complete set to 0
and -train set to 454_10. All subsequent analyses were performed at the
gene level; an overview of the downstream analysis pipeline is available in
Fig. S1B in the supplemental material.

The assignment of protein-coding genes to taxonomic groups was
performed using MEGAN version 5.0 (20), based on the alignments to the
NCBI NR database (21), performed by blastp version 2.2.27+ (22). The
lowest common ancestor (LCA) parameters of MEGAN were set as fol-
lows: minimal support, 3; minimal score, 50; maximal E value, 103 and
top percentage, 10. Hierarchical plots of the taxonomic assignments were
prepared using Krona version 2.4 (23).

Using the functional annotation feature of MEGAN (24), we as-
signed protein-coding genes to categories in SEED (25), KEGG Or-
thology (26), and COG (27). For the SEED analysis, the built-in map-
pings of MEGAN were used. For KEGG Orthology and COG, we
integrated the built-in mappings with data from the Uniprot database
(28). An updated KEGG functional hierarchy tree was constructed
using data from the KEGG Orthology database (26). Textual descrip-
tions for each of the COG/KOG/NOG identifiers were obtained from
the eggNOG database (27).

rRNA genes were identified in the assembly using version 1.0 of the Meta-
RNA(H3) tool (29). Alignment of the predicted 16S and 23S genes to the
SILVA database (30) was performed using the SINA web server (31). Thereby,
taxonomical classification of the genes was obtained by the lowest common
ancestor algorithm, using “search and classify” with the following parameters:
minimal identity, 0.9, and neighbors per query sequence, 10.

The number of species of protein-coding genes in the assemblies was
predicted using FragGeneScan version 1.16 (19), with the options -com-
plete set to 0 and -train set to 454_10. All subsequent analyses were per-
formed at the gene level; an overview of the downstream analysis pipeline
is available in Fig. S1B in the supplemental material.

Binning of the SP assembly. The binning tool Metawatt, version 1.7
(32), was applied to the SP assembly, to obtain an estimate of the number
of species, independent from the taxonomic assignments by MEGAN. We
used the parameter set “high confidence” and limited the analysis to the
first step available in the tool, which is based only on sequence composi-
tion statistics; the subsequent refinement step of Metawatt does not apply
to our analysis, as it is based on coverage information.

Fragment recruitment to selected genomes. Sequences and annota-
tions of the following reference genomes of the most frequent species
according to the taxonomic assignments were obtained from the NCBI
RefSeq database (21): Aciduliprofundum boonei T469 (NC_013926),
Aciduliprofundum sp. strain MAR08-339 (NC_019942), Caldisericum
exile AZM16c01 (NC_017096), Hippea maritima DSM 10411
(NC_015318), and Niastella koreensis GR20-10 (NC_016609). Sequences
in the SP assembly were aligned to the reference genomes using blastp and
tblastx, version 2.2.27+ (22). We considered only results with a maxi-
mum E value of 10> and a minimum identity of 75%. For tblastx, the
genetic code parameters for query and subject were set to 11 (bacterial,
archaeal, and plant plastid code). KEGG Orthology functional annota-
tions and their mappings to COG identifications (IDs) were obtained
from KEGG (26). Genomic islands in the reference genomes were com-
puted using IslandViewer (33). Circular plots of the genome annotations
and SP fragment recruitment were created using Circos version 0.64 (34).

Analysis of the variability of Aciduliprofundum sequences. To esti-
mate the degree of sequence variability in Aciduliprofundum species in the
SP metagenome, we further analyzed the results of fragment recruitment
of SP contigs to the genomes of Aciduliprofundum boonei T469 and Acidu-
liprofundum sp. MARO08-339. For each alignment set (blastn and tblastx),
a set R of ranges of genome coordinates was computed, where each range
maximal includes only positions aligned to the same, possibly empty, set
of query positions (i.e., all positions in the range either are uncovered or
are covered by the same set of substrings of the contigs). The number of
variants for each genomic range in R was computed as the size of the set of
different contigs substrings aligned to the genomic range.
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FIG 1 Overview of our method for the differential analysis of functions associated with specific taxa.

Analysis of predicted Aciduliprofundum sp. MAR08-339 genomic
islands. Putative extensions of the genomic islands predicted by Island-
Viewer in the Aciduliprofundum sp. MAR08-339 reference genome were
defined by computing ranges of the genome without blastn hits in the SP
metagenome and completely including the predicted islands. To investi-
gate the function and possible origin of the islands, we aligned the prod-
ucts of annotated island genes to the NCBI NR database (21) using blastp
version 2.2.27+ (22), with a maximum E value of 10°.

Analysis of alpha and beta diversity. Operational taxonomic unit
(OTU) tables based on the genes taxonomic assignments at different tax-
onomic rank levels were exported from MEGAN and used for alpha and
beta diversity analyses. Using Qiime version 1.6 (35), we computed the
number of OTUs and the Shannon diversity index (using log base 2) at
each taxonomic rank level and prepared rarefaction curves. Using the R
library Vegan (36), we computed pairwise Bray-Curtis dissimilarity indi-
ces based on the assignments at the species level and performed nonmetric
multidimensional scaling using the metaMDS function. Species abun-
dances normalized to 1,000 total counts per site were computed, and
species scores were plotted as bubbles representing the sum of normalized
abundances at the four sites (bubble size, log scale) and which portion of
the sum comes from the count at SP (bubble color).

Comparisons of metagenome functional profiles. Using STAMP
version 2.0.0 (37), we prepared scatter plots for the comparison of KEGG,
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SEED, and COG functional profiles of SP to those of other metagenomes
(JAF, MT, and BTB). Relative frequencies of the assignments of genes to
functional categories were used, i.e., normalized by the total number of
genes predicted in the metagenome (see Table S1 in the supplemental
material).

Functional profiles of specific taxonomic groups. We investigated
the presence of functions enriched or depleted in specific taxonomic
groups (for a graphical overview of the methods, see Fig. 1). For each
taxonomic group, using MEGAN, we partitioned the set of genes as fol-
lows: those assigned to any node in the taxonomic tree representing the
taxonomic group of interest and the subtree below them and all other
genes. Taxonomic groups analyzed included the five genera (Acidulipro-
fundum, Hippea, Niastella, Caldisericum, and Caminibacter) to which the
most common species in SP belong and a further group denominated
“uncultured organisms,” which consisted of all taxa whose name, in the
NCBI taxonomy tree provided with MEGAN, contains the words uncul-
tured and/or environmental.

Using STAMP version 2.0.0 (37), for each taxonomy-based partition
of the genes, we computed the proportions of the total number of genes in
the two subsets assigned to each functional category in SEED, KEGG, and
COG. The significance of differences between the proportions was evalu-
ated using a two-sided Fisher exact text (38); thereby the false-discovery
rate was controlled by applying the Benjamini-Hochberg procedure (39),
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and confidence intervals of the difference of proportions were computed
using the Newcombe-Wilson method (40). The results were plotted using
the R library ggplot2 (41).

Handling of possible methodological biases. The SP, JdF, MT, and
BTB data sets all consist of sequencing reads acquired with 454 pyrose-
quencing (for further details, see Table S1 in the supplemental material).
Although other metagenomic data from hydrothermal habitats also exist,
e.g., from Alvinella pompejana epibionts at the East Pacific Rise (11) and
from a biofilm of the Lost City chimney (42), we decided against incor-
porating these data sets into our analyses because they were obtained by
Sanger sequencing, so a comparison would be biased. While SP, MT, and
BTB environmental samples were all processed by MDA, the JdF data
were generated by cloning the DNA in fosmids. The different handling of
the DNA might reduce the accuracy of the comparison of the data sets; this
was in part compensated for by introducing an additional cleaning step in
the preprocessing of the JdF data set. MDA is an indispensable tool en-
abling the sequencing of samples for which only small amounts of DNA
can be extracted. However, it has also been shown that MDA can intro-
duce significant bias in metagenomic analyses (for examples, see refer-
ences 43, 44, and 45). In particular, nonuniform amplification of different
regions of the original material has been reported. The procedure applied
to the JdF sample, based on the preparation of a fosmid library, also results
in artifactual coverage differences.

Our analysis strategy takes these possible coverage biases into account:
we estimated the abundance of a species by determining the number of
different sequences assigned to a species, ignoring redundant sequences.
This was achieved by clustering and assembling the sequencing reads. The
main disadvantage of ignoring the redundancy information may lie in
limited accuracy in the estimation of the abundance of very common taxa.
In fact, due to sampling effects (low coverage sequencing of complex
community), the number of different sequences observed for such taxa
would also depend on other factors besides abundance, such as genome
size and degree of intraspecific genome variability. Nevertheless, in met-
agenomic surveys with limited coverage, such as those compared for this
study, none of the genomes are sequenced with high redundancy. Thus,
we expect the number of different reads sampled from the genome of a
species to remain approximately proportional to the species abundance.
Therefore, we consider our method as the best available choice for the
analysis of data derived from samples that require MDA.

A possible concern about assembled metagenomes is the presence of
chimeric contigs. In order to reduce this risk, the assembly was computed
using conservative parameters when determining overlaps between the
reads. Furthermore, taxonomic and functional assignments were derived
not from the contigs directly but rather from predicted protein fragments.
Thus, artifacts from erroneously joined reads are expected to have only a
limited local impact. As the numbers of predicted protein fragments var-
ied considerably among the data sets (see Table S1 in the supplemental
material), comparative analyses involving different data sets were per-
formed using relative frequencies, normalized by the total counts for each
data set.

Another source of potential bias may result from the presence of mul-
tiple nonoverlapping short fragments of the same gene, which would be
counted separately. This may lead to overestimation of the prevalence of
the function associated with the gene. However, this kind of error, arising
from the low sampling rate in less abundant genomes, is not specific to our
analysis method, and no computational method can address this bias, as
the lack of a significant overlap does not allow recognition that multiple
fragments belong to the same gene.

Nucleotide sequence accession number. The sequence data (raw
reads) have been deposited in the National Center for Biotechnology In-
formation (NCBI) SRA under accession number SRA047926.

RESULTS AND DISCUSSION

We investigated the microbiome associated with the active vent-
ing chimney at Sisters Peak (SP); a major point of interest for this
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site is represented by its strikingly high temperature, with a base
level of 400°C and fluid bursts of even higher temperatures (mea-
sured up to 464°C). The results presented in this study are based
on a shotgun metagenomic analysis of a cross-sectional sample of
the SP chimney. In the following sections, we first discuss the
results of the sequencing and preliminary data processing steps
and then present the results of functional and taxonomic charac-
terization of the metagenome. This includes a comparison with
available metagenome data from other vent and subsurface sam-
ples, a detailed description of the taxonomic characterization of
the SP microbial community, and a differential functional analy-
sis, which relates the taxonomic and functional annotations of the
genes, to better understand the underlying microbial strategies.
Sequencing and annotation of the SP metagenome. To obtain
enough high-quality DNA material for sequencing, we subjected
the DNA extracted from the sample to multiple displacement am-
plification (MDA). To make the data analysis more robust to
MDA-related concerns, we developed a new analysis approach
tailored to our data (see Materials and Methods). The results of
the different processing steps leading to the list of predicted genes
are reported in Table SI in the supplemental material. Pyrose-
quencing of the SP metagenome yielded 875,069 sequencing
reads, with a total of 340 Mb of sequences. The nonredundant set,
consisting of contigs and nonredundant unassembled reads, in-
cluded 23,933 sequences with a total length of 8 Mb, from which
24,055 complete and partial protein-coding genes were predicted.
To place the SP metagenomic information into context with
other metagenomic data sets, we compared it to the metagenomes
of two hydrothermal vent samples, namely, an active venting
chimney from JdF (8) and hydrothermal fluids from the MT (9),
as well as from deep marine subsurface sediments (8 meters below
seafloor [mbsf]) of the BTB (14). To ensure comparability of the
results, we reanalyzed these metagenome data sets (see Table S1),
using the same data analysis protocol as employed for SP. The
subsequent analyses were based on the alignment of the gene
products to the NCBI NR database. Significant blastp hits (E value
< 0.001) were found for 12,112 predicted SP genes (50.4%). This
proportion was slightly higher than the proportions for the MT
(43.9%) and BTB (44.8%) data sets but considerably lower than
for JdF (69.8%). A possible reason for the higher proportion for
JdF is the different procedure for preparation of the JdF sample.
However, it may also indicate the presence of a higher proportion
of known microbial groups at JdF relative to the other sites.
Taxonomic and functional assignments of the predicted genes
from SP, JdF, MT, and BTB were based on alignments to the NR
database using the lowest common ancestor algorithm imple-
mented in MEGAN (20). The results are summarized in Table S2
in the supplemental material. For all data sets for which gene
products had at least one blastp hit in the NR database, a taxo-
nomic assignment was possible in most cases (for SP, 94.3%),
while the functional annotation had a lower degree of success (for
SP; SEED, 40.0%; KEGG, 58.4%; and COG, 73.0%). The better
performance of the functional annotation with KEGG and COG
than with SEED can be in part attributed to our update of the
built-in mapping files provided by MEGAN, with functional an-
notations from UniProt (28), eggNOG (27), and KEGG Orthol-
ogy (26). This update affected KEGG and COG but not SEED.
Placing SP into context with other vent and subsurface met-
agenomes. The metagenome of the SP chimney was considerably
different from the metagenomes from the other environments.
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FIG 2 Nonmetric multidimensional scaling plot for the tested metagenomes from SP, JdF, MT, and BTB, using the Bray-Curtis dissimilarity index, computed
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We analyzed the alpha diversity of the four sites by computing
rarefaction curves based on the taxonomic assignments, summa-
rized at different taxonomic rank levels (see Fig. S2 in the supple-
mental material). The results suggest that the diversity of the com-
munity in the SP chimney is considerably lower than in the JdF
chimney and in the BTB subsurface sediments (on the species,
genus, family, and order levels). This may be a consequence of
local SP parameters selecting against a high microbial diversity.
Furthermore, the composition of the community in SP was clearly
distinct from that of the other analyzed sites (Fig. 2; Table 1). In
the following, we attempt to link these differences to known abi-
otic parameters for the four sites.

One feature that so far has been observed only in the SP envi-
ronment is sudden temperature bursts, reaching 464°C (12). In
the SP microbiome, genes related to archaeal DNA replication
were found in higher proportions than in the other metagenomes,
but the same does not hold for genes related to bacterial DNA
replication (Fig. 3A to C). Hence, distinct DNA replication genes
are probably more important in the microhabitats colonized by
the SP archaea than in those in which bacteria thrive. Comparing
cultured taxa of archaea and bacteria to which the SP genes were

assigned (Fig. 4), we noticed that most of the archaeal cardinal
growth temperatures are considerably hotter than those of bacte-
ria (46-50). Since genes for DNA replication were enriched only
for archaea, and the archaea identified in the SP sample likely
colonize hotter regimes than the detected bacteria, this may be an
adaptation to sudden high temperature bursts. Hence, a more
diverse range of enzymes for DNA replication may be a strategy to
deal with sudden heat bursts that have been encountered for the
SP chimney. Further indicators of cellular mechanisms reacting to
increased rates of thermal damage in the SP metagenome relative
to JdF, MT, and BTB are the enrichments of DNA sequences en-
coding aminoacyl-tRNAs, purine and pyrimidine (nucleotide)
metabolisms, and ribosomes in the metagenome (Fig. 3D to F).
Aminoacyl-tRNAs are fundamental elements in protein biosyn-
thesis and are particularly sensitive to high temperatures (2). The
maintenance of nucleic acids’ primary structure is problematic at
high temperature, since they are subjected to deamination, de-
purination, and single- and double-strand breaks (2). Enrichment
of DNA encoding ribosomal structures may be a consequence of a
dramatic increase in protein degradation at high temperatures.
Besides temperature, other factors expected to impact the micro-

TABLE 1 Absolute and relative counts (numbers of taxonomically assigned genes) of the six most abundant SP species at SP, JdF, MT, and BTB

SP JdF MT BTB

Organism(s) Count % Count % Count % Count %

All 11,419 100 65,899 100 6,597 100 17,434 100
Aciduliprofundum sp. MAR08-339 1,341 11.74 0 0.00 0 0.00 0 0.00
Hippea maritima 429 3.76 0 0.00 0 0.00 3 0.02
Niastella koreensis 315 2.76 5 0.01 0 0.00 0 0.00
Aciduliprofundum boonei 183 1.60 0 0.00 0 0.00 6 0.03
Caldisericum exile 172 1.51 3 0.00 0 0.00 22 0.13
Caminibacter mediatlanticus 162 1.42 0 0.00 0 0.00 0 0.00
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FIG 4 Community composition of the SP metagenome, according to the taxonomic assignments by MEGAN. In all four pies, the relative values (percentage)

refer to the total number of taxonomic assigned predicted genes.

bial community in venting habitats include the abundance of inor-
ganic electron donors, like hydrogen, and sulfide or other energy
sources like methane for chemosynthetic growth (6, 51, 52). We have
summarized the fluid chemical data that are available for the different
metagenomic sample areas in Table 2. Hydrogen concentrations in
SP hydrothermal fluids (H, in hydrothermal endmember, 1.6 mM
[R. Seifert, personal communication]) are higher than in most other
basalt-hosted vent systems, including those along the JdF ridge (H, in
hydrothermal endmembers, =0.96 mM) (52, 53). A higher diversity
among genes encoding hydrogen-metabolizing functions (hydroge-
nases) has been detected before in locations with elevated hydrogen
(5). However, we could not identify a higher diversity of genes related
to hydrogen metabolism in the SP than in the JdF chimney (Fig. 3A).
Unfortunately, no hydrogen concentrations are available for the sam-
ples from MT and BTB to which we could relate the respective met-
agenomic information. Sulfide concentrations in JdF vents can be
considerably higher than what was determined for endmember SP
hydrothermal fluids, but this does not appear to be reflected in a
considerable overrepresentation of sulfur oxidation or metabolism
genes in the JdF chimney (Fig. 3A and D). Despite lacking sulfur data

for the sites at MT and BTB, from which the metagenomes derived,
it is highly unlikely that concentrations of reduced sulfur compounds
are comparable at SP and these different habitats (8, 9, 14). Hence, it
is somewhat surprising that no distinct over- or underrepresentation
of sulfur-oxidizing and -metabolizing genes in general could be
recognized in the SP metagenome relative to the MT and BTB micro-
biomes (Fig. 3B, C, E, and F). Given the very low methane concen-
trations in SP hydrothermal fluids (CH, in hydrothermal endmem-
ber, 0.05 mM [Seifert, personal communication]) relative to what has
been recognized in fluids emanating from JdF vents (CH, in hydro-
thermal endmember, =<1.7 mM) (53), the overrepresentation of
genes encoding methane metabolism in the SP metagenome rather
than in the JdF microbiome is unexpected (Fig. 3D). This suggests
that other factors besides methane availability alone govern the com-
munity structure at these locations. This is supported by an overrep-
resentation of genes encoding methane-metabolizing functions in
the metagenome of BTB sediments relative to the SP metagenome
(Fig. 3F), which does not coincide with higher methane concentra-
tions in the depth interval from which the metagenomic BTB data set
derived (54). We are not aware of any methane concentration data

FIG 3 Scatter plots comparing the functional assignments to SEED Subsystems (A to C) and KEGG Pathways (D to F) for SP and JdF (A and D), SP and MT (B
and E), and SP and BTB (C and F). The axes represent the proportion of assignments to each functional category in the two metagenomes compared. On each
axis a binned histogram of the assignments is depicted (light gray, SP; dark gray, other metagenome). The coefficient of determination (R?) is reported on each

plot.
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TABLE 2 Abiotic properties for metagenomic sampling areas”

Concn (mM) of:

Sample site Sample type Temp (°C)  Hydrogen  Methane  Sulfide Reference(s)
Marine hydrothermal vent samples
Sisters Peak (southern Mid-Atlantic Ridge) Sulfide chimney 464 1.6 0.05 8.2-10.5 12, 64; Seifert, personal
communication
Juan de Fuca (Eastern Pacific Ridge)® Sulfide chimney 316 =0.96 =17 =25 8,52,53
Mariana Trough (western Pacific backarc basin) ~ Hydrothermal fluids 106 No data No data Nodata 9
Marine nonvent samples
Brazos-Trinity Basin (8 mbsf) (Gulf of Mexico) Sediment No data No data <0.001 No data 14, 54

@ SP and JdF concentrations are for hydrothermal fluid endmembers; i.e., magnesium = 0. In case of methane concentrations for BTB, measured values are displayed because these

liquids cannot be calculated into endmembers.

b Fluid chemistry is not from the chimney the metagenomic analyses was performed with but from a hot venting, chemically comparable site in the JdF vent field.

available for the fluids that were collected for the MT metagenome
study (9). Hence, we cannot establish a connection between the ob-
served overrepresentation of SP genes encoding methane metabo-
lism compared to those from the MT sample (Fig. 3E).

Although some of the chemical data are not available for com-
parison, it appears that the tested electron donors for which data
are available are not the parameters that segregate SP from the
other analyzed environments. However, the extreme temperature
situation may be a vital factor selecting for the SP community.
While it is unlikely that the organisms directly reside in the outlet
of the SP chimney, where 464°C fluid pulses emanate, the effects of
such sudden temperature bursts likely reach throughout the
chimney. Hence, not only organisms residing in the hotter regions
but also those colonizing cooler chimney regions may be impacted
by a sudden temperature rise. Adaptations of the microbes from
the multiple temperature regimes would probably evoke different
strategies to deal with the short-term rapidly changing conditions.

The SP chimney biome. One of the basic questions which typ-
ically arise when analyzing metagenome data is, how many differ-
ent genomes are in there? An estimation is in many cases possible
by using a binning algorithm. However, most current binning
algorithms, e.g., MetaCluster (55), rely on coverage information
in order to separate the sequences, an option which is undesirable
for samples treated with MDA. In other methods, e.g., Scimm
(56), the number of bins is an input parameter, and therefore,
these methods cannot be employed to estimate the number of
species. A binning algorithm which does not require redun-
dancy information or a prior estimation of the number of spe-
cies is implemented in the tool Metawatt (32). Using the “high
confidence” settings, it divides the Sisters Peak assembly into
47 bins. This number is significantly lower than the number
(140) of species-level taxonomic assignments performed by
MEGAN (see Fig. S2 in the supplemental material). However,
for many species, MEGAN assigns only a very few genes: e.g., only
46 species have more than 8 genes assigned (0.2% of the species-
level assignments). Thus, the discrepancy likely arises from the
fact that not enough sequences are available to collect composi-
tion statistics for reliable de novo binning.

Although the SP chimney sample does not appear to be as
diverse as other hydrothermal vent or sediment subsurface sam-
ples (see Fig. S2 in the supplemental material), the identified mi-
croorganisms (Fig. 4) are commonly found in hydrothermal vent-
ing habitats (57-59). The majority of the protein-coding genes of
the investigated SP metagenome were assigned to bacteria (61%)

4592 aem.asm.org

(Fig. 4). Genes assigned to archaea and viruses accounted for 34%
and 0.5%, respectively (Fig. 4). Approximately 3% were assigned
to environmental sequences. The bacterial genes were mostly
grouped into Proteobacteria (30%), with Epsilonproteobacteria
representing the dominant fraction (11%), and Bacteroidetes
(16%) (Fig. 4). Most of the archaeal genes resembled those of
Euryarchaeota (30%), with representatives of Aciduliprofundum
(23%) and Thermococcales (3%) being the prevailing organisms
(Fig. 4). The six most abundant microbial species represented by
genes in the SP metagenome were Aciduliprofundum sp. MAR08-
339 (Euryarchaeota) (12%), Hippea maritima (Deltaproteobacte-
ria) (4%), Niastella koreensis (Bacteroidetes) (3%), A. boonei (Eu-
ryarchaeota) (2%), Caldisericum exile (Caldisericia) (2%), and
Caminibacter mediatlanticus (Epsilonproteobacteria) (1.4%) (Fig.
4; Table 1). It is noteworthy that these six species were not detected
or had a very low coverage in the metagenomes of JdF, MT, and
BTB (Fig. 2; Table 1). Besides Niastella, all these affiliates have
been isolated from hydrothermal vents or hot springs (47, 48, 50,
60). While Niastella is typically cultivated from soil (61), gene
sequences related to it were also identified in the JdF metagenome
(Table 1).

Aciduliprofundum species are likely a dominant component of
the SP chimney biome (Fig. 2 and 4). A further confirmation of
this was obtained by taxonomic classification of 16S and 23S
rRNA genes predicted in the metagenome (see Table S3 in the
supplemental material): the most common assignments (24%)
were to the DHVE2 group, which includes Aciduliprofundum. A
strong dominance of Aciduliprofundum coincides with previous
findings which demonstrate that affiliates of this group can ac-
count for up to 15% of the 16S rRNA gene sequences in hydro-
thermal habitats (50, 59). This genus appears to be widespread in
hydrothermal vent environments, and the only published repre-
sentative cultured so far has been described as an obligate ther-
moacidophilic sulfur- and iron-reducing heterotroph (ferments
peptides as a primary metabolic pathway) (50, 59), making it per-
fectly well adapted to deal with the extreme conditions in hydro-
thermal venting chimneys. An analysis of the variability found in
SP metagenomic sequences recruited to the genomes of Acidulip-
rofundum sp. MAR08-339 and A. boonei (see Fig. S3 in the sup-
plemental material) showed that several variants of the same
genomic regions were often found; these may give rise to different
phenotypes within the same species. Furthermore, SP metag-
enome sequences were aligned to a significant portion of the
Aciduliprofundum sp. MARO08-339 genome (blastn, 32.4%;
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tblastx, 42,2% [see Fig. S4A in the supplemental material]) and, to
a lower degree, to the A. boonei genome (blastn, 2.8%; tblastx,
24.3% [see Fig. S4B]). This supports the assumption that Acidu-
liprofundum species are highly abundant in the sampled habitat.
Despite this generally good coverage of the Aciduliprofundum sp.
MARO08-339 genome, some large regions were absent or only alow
level of similarity could be found in the SP metagenome sequences
(see Fig. S4A and Table S4). For example, the blastn alignment of
the SP assembly to the Aciduliprofundum sp. MAR08-339 refer-
ence genome revealed that 30 regions larger than 5 kbp were not
covered by any hit. Although in some cases, this will be the
effect of random sampling, it is interesting to observe that five
of these large absent regions were predicted genomic islands
(see Fig. S4A). Alignments to the NCBI NR database (see Table
S4) showed that some of the genes in these predicted genomic
islands also lack significant hits in the annotated genes of A.
boonei, the closest cultured and sequenced representative.
Among these, for some genes no significant similarity in the
SP metagenome could be found (e.g., AciM339_0807 to
AciM339_0809 [see Table S4]), while in some other cases (e.g.,
AciM339_0800 to AciM339_0805, AciM339_1221 to AciM339_
1224, or AciM339_1350 to AciM339_1353), significant protein-
level similarity was found for the SP metagenome by tblastx align-
ments. Although other explanations cannot be excluded, regions
missing both in A. boonei and in the SP metagenome indicate that
these DNA sequences have been taken up only by certain Acidu-
liprofundum specimens. Among the genes absent in A. boonei but
with tblastx hits in SP, alignments to the NCBI NR database
showed significant similarities to, e.g., mesophilic and thermo-
philic methanogens, other thermophilic archaea, the hyperther-
mophilic bacterium Thermotoga, and mesophilic ammonia-oxi-
dizing or sulfate-reducing bacteria (see Table S4).

Besides the genomes of Aciduliprofundum, other genomes with
a high coverage in the SP metagenome were those of Hippea, Cal-
disericum, and Caminibacter. These bacteria are also thermophiles
and have been described as anaerobes capable of reducing sulfur
or thiosulfate (46—48, 60). Hippea and Caminibacter can grow on
hydrogen, but only Caminibacter can grow autotrophically (47,
60). C. exile is the first cultured representative of the originally
known candidate division OP5, and it has been described as a
chemoheterotrophic scavenger which contributes to the sulfur cy-
cle (48, 62). N. koreensis is the only organism among the most
abundant species of the SP metagenome that is commonly associ-
ated with moderate temperatures, and a heterotrophic lifestyle has
been shown for this organism (61). Like for the Aciduliprofun-
dum-related SP genes, mapping of the SP metagenome to H. ma-
ritima, C. exile, and N. koreensis demonstrated relatively high se-
quence variability for certain genes (see Fig. S4C to E in the
supplemental material). Since the SP metagenome did not cover
these genomes as extensively as the Aciduliprofundum genomes, it
is difficult to point to gene regions that might be missing in the SP
genomes. Given that for C. mediatlanticus no complete genome
sequence is available, we excluded it from this analysis.

In summary, with the exception of Niastella, the most abun-
dant organisms in the SP chimney appear to be thermophilic an-
aerobes, which can grow chemolithoautotrophically or chemo-
lithoheterotrophically on hydrogen or ferment organic substrates
and are thus likely associated with the hotter, more reduced SP
chimney realms. However, while these microbial physiologies
match the conditions expected to pertain to the SP chimney, these
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conditions can also be found in other active sulfide venting chim-
neys (63) and are not sufficient to explain the high coverage of the
above-mentioned species in the SP chimney microbiome.

Functions associated with the biome of the most abundant
species at SP. To understand if particular microbial strategies
could be associated with different organisms, we compared the
functional annotations, in terms of assignments in the KEGG,
COG, and SEED hierarchies, of genes assigned to a specific taxo-
nomic group with those in the rest of the data set. We analyzed the
functional profiles (KEGG, COG, and SEED) of five genera in SP
(Aciduliprofundum, Hippea, Niastella, Caminibacter, and Caldi-
sericum) in comparison to the rest of the data set; these genera are
those to which the most common species in SP belong (Fig. 4;
Table 1). The analyses were based on assignments at the genus
level, and not the species level, to avoid potential biases from the
presence of two Aciduliprofundum species (Aciduliprofundum sp.
MARO08-339 and A. boonei) among the most frequent taxonomical
assignments.

The functional profile of SP Aciduliprofundum was quite dif-
ferent from the profiles of the other most abundant species in the
SP metagenome (Fig. 5). The higher abundance of Aciduliprofun-
dum genes than for other taxa resulted in a more exhaustive list of
functional profiles with a statistically significant difference (Fig.
5A). Genes overrepresented in Aciduliprofundum included mostly
genes encoding enzymes involved in protein biosynthesis, nucle-
otide metabolism, and energy production or conversion (Fig. 5A,
KEGG subcategories and COG functional groups). This indicates
their importance for a successful inhabitance of the chimney in the
Aciduliprofundum-colonized temperature regime. Since both
DNA and proteins are sensitive to high temperatures (2), enrich-
ment of genes involved in protein biosynthesis and nucleotide
metabolism may be a strategy to deal with sudden high tempera-
ture bursts. Based on A. boonei’s physiology and the possible high
abundance of species grouped within Aciduliprofundum, it has
been suggested that this lineage may be a key player in sulfur and
iron cycling at deep-sea vents (50). In the SP chimney, highly
overrepresented genes of energy production or conversion for
Aciduliprofundum-like sequences in the SP metagenome were
mostly grouped into one-carbon metabolism, carbohydrate me-
tabolism, and electron-donating reactions.

Subcategories that were overrepresented in Hippea and
Caminibacter included in particular enzymes responsible for cell
motility but also some involved in cellular processes and signaling
as well as DNA replication and repair (Fig. 5B and C). A relatively
large number of genes for cell motility and repair systems has also
been found in the JdF chimney metagenome (8). In this environ-
ment, the high proportion of genes for cell mobility was consid-
ered to reflect the highly dynamic conditions in the chimney,
while the prevalence of repair systems was believed to be advanta-
geous to adapt to the highly mutagenic environmental conditions
in the vent (8).

No significant over- or underrepresentation of functional cat-
egories was recognized for Caldisericum (Fig. 5D). Among the
genes assigned to Niastella, those involved in the biogenesis of cell
wall and membrane were overrepresented compared to the rest of
the data set (Fig. 5E). Given that cultivated members of Niastella
are associated with moderate temperatures (61), their relatives in
the SP chimney are likely to colonize outer, i.e., cooler chimney
regimes. As the sudden extreme high temperature bursts in the
inner chimney conduit likely impact also other chimney regions, a
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FIG 5 Differential analysis of the functional assignments for subsets of the genes assigned to taxonomic groups, compared to the rest of the SP data set. The
analyses results are shown for the five most abundant genera—Aciduliprofundum (A), Hippea (B), Caminibacter (C), Caldisericum (D), and Niastella (E)—and
for uncultured taxa (F). Each row shows absolute counts (left) and differences between relative counts (right) for a functional category. In particular, the
histograms on the left report the total number of genes assigned to the functional category in the taxonomic group of interest (green) and in the rest of the data
set (orange). The dots in the bar plots on the right represent the difference (taxonomic group of interest minus the rest of the data set) between the proportions
of genes assigned to the functional category, relative to the total counts in the subset. The extent of the bar represents the 95% confidence intervals of the difference
between proportions. Only data with a corrected P value of =0.05 (reported on the right) and a difference between proportions of =1.0% are reported.
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possibility is that Niastella’s strategy to cope with these bursts may
be related to cell wall and membrane biogenesis. Alternatively, in
these temperature zones, temperature variations may be subordi-
nate in importance and other factors, e.g., those related to mi-
crobe-microbe interactions, may be more crucial for successful
inhabitance.

Functions associated with uncultured taxa. A particularly in-
teresting category of organisms is represented by those which are
still uncultured. We created a list of uncultured taxa by text min-
ing on the NCBI taxonomy denomination (see Materials and
Methods). This list gives us an opportunity to gain insights into a
group of genes from uncultured species. However, the list has no
pretense to be exhaustive: e.g., gene assignment to a taxa of a
higher rank (e.g., phylum), which is not annotated as “uncul-
tured” (i.e., some cultivated species in the group are known), does
not guarantee that the gene belongs to a cultured taxon. Further-
more, the current sequence databases contain little information
for most uncultured taxa, which makes the taxonomical and func-
tional analysis more difficult. Notwithstanding these limitations,
we further analyzed the genes specifically assigned to this group
(hereafter called uncultured taxa), which made up around 3% of
the complete set of taxonomically assigned genes.

In analogy to analyses of the most common genera, we per-
formed a differential analysis of the functional annotations of
genes assigned to uncultured taxa, in comparison to the rest of the
data set. Similar to the situation observed for Niastella, sequences
from the uncultured taxa were also enriched in genes encoding cell
wall and membrane biogenesis (Fig. 5F). Additionally, genes en-
coding transcription and translation processes as well as intracel-
lular trafficking and secretion were also overrepresented in the
group (Fig. 5F). This included in particular genes encoding func-
tions for cell division (FtsI) (COGO0768) and the preprotein trans-
locase subunit SecD (COG0342).

Conclusions. We here provide a metagenomics-based over-
view of the microbial community in the SP chimney and its func-
tional potential. To identify special features of the SP biome, we
compared our data with those for other pyrosequenced metag-
enomes from hydrothermal habitats at JdF and M T as well as from
marine sediments in the BTB. Since a clear causal relation between
known fluid chemistry and abundance of genes in related meta-
bolic pathways could not be observed, the temperature bursts pre-
viously observed at the SP site, which probably affect adjacent
chimney regions as well, are likely the most important factor re-
sponsible for the local microbial adaptations. The most abundant
genes of thermophiles associated with the SP chimney included
those with similarity to Aciduliprofundum sp. MAR08-339 (12%),
H. maritima (4%), A. boonei (2%), C. exile (2%), and C. mediat-
lanticus (1%). These species were not present or were rare in the
JdF, MT, and BTB metagenomes. Enrichment profiles of func-
tional annotations of the SP metagenome genes assigned to these
taxa showed considerable differences and may reflect different
strategies for surviving the extreme conditions in the SP chimney.
These strategies appear to be dependent on the temperature re-
gimes that the organisms likely colonize. Among the analyzed mi-
crobial groups, Aciduliprofundum (optimal growth temperature
[T, 70°C) can be expected to colonize the hottest environments
(50), and genes for protein biosynthesis and nucleotide and en-
ergy metabolism were enriched. In contrast, Hippea (T, 52 to
54°C) and Caminibacter (T, 55°C) have lower optimal growth
temperatures (47, 60) and thus can be expected to inhabit still
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warm but cooler regions than Aciduliprofundum. Overrepresenta-
tion of Hippea and Caminibacter genes encoding enzymes of cell
motility, cellular processes and signaling, and DNA replication
and repair may be a hallmark for these genera and the respective
inhabited temperature regime at SP. Niastella is adapted to even
cooler temperatures (10 to 37°C) and thus probably inhabits the
outer SP chimney areas. Here different adaptations would be re-
quired than for the hotter regions near the inside and may be
reflected by the apparent enrichment of genes for cell wall and
membrane biogenesis. However, in these colder regions, other
properties (e.g., microbe-microbe interaction), rather than tem-
perature, may become more important.
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