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Deep-sea hydrothermal vents are one of the most unique and
fascinating ecosystems on Earth. Although phylogenetic diversity
of vent communities has been extensively examined, their physi-
ological diversity is poorly understood. In this study, a GeoChip-
based, high-throughput metagenomics technology revealed dra-
matic differences in microbial metabolic functions in a newly
grown protochimney (inner section, Proto-I; outer section, Proto-O)
and the outer section of a mature chimney (4143-1) at the Juan de
Fuca Ridge. Very limited numbers of functional genes were de-
tected in Proto-1 (113 genes), whereas much higher numbers of
genes were detected in Proto-O (504 genes) and 4143-1 (5,414
genes). Microbial functional genes/populations in Proto-O and
Proto-I were substantially different (around 1% common genes),
suggesting a rapid change in the microbial community composition
during the growth of the chimney. Previously retrieved cbbL and
cbbM genes involved in the Calvin Benson Bassham (CBB) cycle
from deep-sea hydrothermal vents were predominant in Proto-O
and 4143-1, whereas photosynthetic green-like cbbL genes were
the major components in Proto-l. In addition, genes involved in
methanogenesis, aerobic and anaerobic methane oxidation (e.g.,
ANME1 and ANME?2), nitrification, denitrification, sulfate reduc-
tion, degradation of complex carbon substrates, and metal resis-
tance were also detected. Clone libraries supported the GeoChip
results but were less effective than the microarray in delineating
microbial populations of low biomass. Overall, these results sug-
gest that the hydrothermal microbial communities are metaboli-
cally and physiologically highly diverse, and the communities
appear to be undergoing rapid dynamic succession and adaptation
in response to the steep temperature and chemical gradients across
the chimney.
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S ince the discovery of deep-sea (>2000 m) hydrothermal vents
in 1977 (1), studies of the biological systems surrounding the
vent environments have greatly expanded our knowledge of life
forms on Earth. These environments provide unique models for
understanding living strategies in extreme environments and for
exploring questions regarding the origins and limits of life on this
planet or the potential for extraterrestrial life (2, 3). The base of the
deep-sea life pyramid in the vent environments consists of chemo-
lithoautotrophic microorganisms, which are fueled by geochemical
energy, such as H,S and H,. The vent chimney, formed by chemical
interactions between the hot fluids and cold sea water, has steep
chemical and thermal gradients, which provide a wide range of
microhabitats for microorganisms (4, 5). Recent studies have
demonstrated that microbial diversity varied from vent to vent and
from days to years within the same vent field (6, 7). The unique
mineralogical and chemical compositions of a chimney in the early
stages of its formation may support a distinct pioneering microbial
community (8, 9). By analyzing the conserved specific functional
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genes (such as nifH and mcrA), the metabolic diversity of some
specific organisms in the mature chimneys was partially investigated
(10, 11). However, because of a lack of appropriate detection
technologies, the metabolic diversity and dynamics of whole-
microbial communities in primitive and mature chimneys have not
been examined.

Recently, high-throughput genomics technologies have shown
the great potential to reveal the driving forces of evolution and how
ecosystems originate in different geological settings (12). Among
these advanced technologies, the microarray-based, high-
throughput technologies, such as GeoChip (13), are enabling
microbial ecologists to address complex ecological hypotheses at
the community-wide scale (14). The GeoChip contains tens of
thousands of functional gene markers so that many microbial
populations and functional groups can be simultaneously detected
at the whole community-wide scale. This unique capability provides
incomparable insight into the spatial distribution patterns of many
individual functional genes in the same sample sets. Here, we report
the metabolic diversity and dynamics of the deep-sea hydrothermal
vent chimneys in the Endeavour Segment of Juan de Fuca Ridge by
using combined molecular approaches, including microarray hy-
bridization, quantitative real-time PCR, 16S rRNA gene, and
functional gene libraries. Our GeoChip study demonstrated that the
hydrothermal microbial communities are metabolically and phys-
iologically highly diverse, and the communities appear to be un-
dergoing rapid dynamic succession and adaptation in response to
the steep temperature and chemical gradients across the chimney.

Results and Discussion

Sample Description. During the expedition of the Alvin/Atlantis to
the Juan de Fuca Ridge in 2006, we placed a cone-shaped cap on
the top of a small chimney (Alvin dive no. 4243), which was
vigorously venting at about 310 °C (Fig. S1). The hot fluid vented
directly through the central opening of the cap, and a protochimney
was observed to form on the top of the cap a few days later. This
protochimney was named Proto-O, and the anhydrite and sulfide
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minerals formed inside the cap were referred to as Proto-I. The
Proto-O represented the newly formed porous chimney that has
continuous interaction with the cold seawater, whereas the Proto-I
may represent the more pristine sulfate and sulfide structures that
lack intense interaction with sea water because of the protection of
the cap. The protochimney was allowed to grow for 15 days before
being collected for this study.

Proto-O and Proto-I are mainly composed of euhedral anhydrite
(>90% in volume) by X-ray diffraction and microscopic observa-
tion of thin sections. Anhydrite is a highly porous mineral and
reflects the first stage in sulfide chimney development (5). The
mature chimney rock 4143-1 was from the outer part of a venting
chimney from the Mothra Field and was characterized by a pre-
dominance of Zn sulfide minerals, such as wurtzite and sphalerite.
These minerals commonly indicate the late stages of chimney
development (5).

Quantitative PCR and Clone Libraries of 16S rRNA Genes in the Mature
Chimney. Proto-O and Proto-I had an extremely low biomass, as
demonstrated by very low concentrations of DNA (5-10 ng/g). The
mature chimney rock 4143-1, however, had DNA concentrations up
to 200 ng/g. The microbial community structure in the chimney
samples was examined by 16S rRNA gene analysis. Unfortunately,
no PCR products were obtained from the Proto-I and Proto-O
samples, even though several different pairs of PCR primers for
Bacteria and Archaea were used. This may be due to the extremely
low amounts of biomass in these 2 samples.

PCR amplification of 16S rRNA gene could be achieved easily
with the mature chimney 4143-1. The abundance of microorgan-
isms in this sample was estimated to be 4.6 X 10° 16S rRNA gene
copies per gram (wet weight) for Bacteria, and about 10* copies per
gram (wet weight) for Archaea by quantitative PCR, demonstrating
that the detected bacterial abundance was significantly greater than
Archaea in this sample. Dramatic variations in the distribution of
microorganisms within chimneys have been documented from the
outer part to the inner part of the chimney, with bacteria more
abundant in the cooler, more oxygen-rich outer layer of the
chimney, whereas hyperthermophilic Archaea were predominant
near the hot interior (15, 16). Our data are in accordance with these
previous observations, because 4143-1 was from the outer layer of
a venting chimney. Clone libraries were constructed for both
archaeal and bacterial 16S rRNA genes. A total of 84 and 55 clones
were randomly selected from the bacterial and archaeal 16S rRNA
gene library for restriction fragment length polymorphism (RFLP)
analyses, respectively. Representative clones of each RFLP type
were sequenced. Rarefaction analysis of the bacterial and archaeal
16S rRNA gene clones suggested a much higher diversity of bacteria
than archaea, as shown by the curve slopes (Fig. S2D).

The diverse bacterial community in 4143-1 was composed of -,
&-, a-, and 8-Proteobacteria, Nitrospirae, Bacteroidetes, and Planc-
tomycetes (Fig. S2 4 and B). The y-Proteobacteria dominated the
bacterial community [~54%, represented by 6 operational taxo-
nomic units (OTUs)], with the majority of OTUs clustering with the
symbiont sequences from Codakia orbicularis, Solemya terraeregina
gill, and Ifremeria nautilei gill (Fig. S2B). The symbiont +y-Pro-
teobacteria are known to be involved in sulfur oxidation, which
provides energy for their host organisms (17). The e-Proteobacteria
were the second most abundant phylotype (=23% represented by
5 OTUs). Some of the e-Proteobacteria are also known to be
involved in sulfur oxidation (18). A large proportion of the retrieved
bacterial sequences had high similarity with symbiotic bacterial
sequences, implying exchange between free-living and symbiotic
bacteria of similar species. These results indicated that sulfur-
oxidizing bacteria could dominate the bacterial community in
4143-1.

The archaeal community in 4143-1 was relatively simple and
contained exclusively Euryarchaea (Fig. S2C). Unidentified Eur-
yarchaea cluster (UEII; Fig. S2C, cluster I) and Thermococcus were
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Table 1. The proportion of unique genes (in bold) in each
sample and a matrix representation of the overlapping number
of genes between samples

Proto-O Proto-I 4143-1

Proto-O, Main Endeavour 24 (4.8%) 6(1.2%, 5.3%) 480 (95.2%, 8.8%)
Proto-l, Main Endeavour 51 (45.13%) 62 (54.9%, 1.1%)
4143-1, Mothra 4,878 (90.1%)
Total no. of genes 504 113 5414

detected
Shannon Weaver's H’ 5.93 5.18 6.16
Shannon Weaver’s 0.88 0.90 0.84

evenness
Simpson's (1/D) 45.1 28.7 48.5

When 2 different samples are compared, the italicized value indicates the
number of overlapping genes between the 2 samples, and the 2 percentage
values in parentheses indicate proportions of these genes in each individual
sample (sample in row, sample in column).

predominant in the library (51% and 42%, respectively). The
physiology and metabolic properties for most of the archaea in
4143-1 could not be determined, because they are distinct from the
known species.

Overview of Functional Gene Diversity. Because of the low quantity
of DNA in the protochimney, whole-community genome amplifi-
cation (19) was carefully performed to obtain enough DNA for
microarray hybridization. On the GeoChip, there were a total of
8,371 genes from bacteria and 594 genes from archaea. After
hybridization, there were 113 genes detected in Proto-I and 504
genes in Proto-O, whereas 5,414 functional genes were detected in
4143-1 (Table 1). In addition, the microbial diversity was found to
be lowest in Proto-I, highest in 4143-1, and intermediate in Proto-O
(Table 1). Proto-O and Proto-I had very different community
compositions, as shown by the circa 1% overlapping genes between
them. On the other hand, most of the genes detected in Proto-O
(95%) could be found in 4143-1, suggesting that part of the
microbial populations might have become stable as the chimney
continued to grow. The low percentages of overlapping genes
between Proto-I and Proto-O or 4143-1 indicated that a signifi-
cantly different microbial community might have developed inside
the cap. The fact that most of the genes detected in Proto-O were
found in 4143-1 implies that common microbial populations existed
in the 2 geographically different hydrothermal fields (the Main
Endeavour Field vs. the Mothra Field).

Although the GeoChip contains probes from both Bacteria and
Archaea, the total signal intensity of the detected probes could not
be used directly to estimate the relative abundance of each in these
samples, because 16 times more probes on the GeoChip are derived
from Bacteria than Archaea. However, because the same arrays are
used for all 3 samples under the same hybridization conditions, the
relative proportions of the detected probes vs. the total probes on
the arrays for both Bacteria and Archaea will stay roughly constant
across these 3 samples if the ratios of Archaea to Bacteria are very
similar across 3 samples and if the archaeal and bacterial probes on
the arrays have similar power in detecting indigenous archaeal and
bacterial populations in these samples. Thus, to further explore this
idea of whether Bacteria are dominant in the matured chimney, the
relative proportions of the detected archaeal or bacterial probe
numbers vs. the total archaeal or bacterial probe numbers on the
arrays were estimated (Fig. S34). The relative proportions of the
detected bacterial genes were substantially higher than those of the
detected archaeal genes in 4143-1 and Proto-O, whereas they were
very similar in Proto-I. These results suggested that the ratios of
Archaea to Bacteria could be quite different among these 3
samples. Because the relative proportion of the detected bacterial
genes was twice that of the detected archaeal genes in 4143-1,
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Fig. 1. Proportion of functional gene categories detected. The percentages
were calculated by dividing the total signal intensity values of each gene
group by total signal intensity values of all genes detected on the array.

Bacteria could be dominant over Archaea in this sample, which is
consistent with the 16S rRNA-based quantitative PCR results
described above. It should be noted that if the archaeal and bacterial
probes on the arrays do not have similar power in detecting
indigenous archaeal and bacterial populations in these samples, it
will be difficult to use such relative proportions to infer the relative
abundance of Archaea and Bacteria. Direct experimental evidence
using other approaches, such as lipid biomarker analysis, are
needed.

Among the genes detected, those involved in organic contami-
nant degradation were most abundant in all 3 samples, followed by
genes involved in carbon degradation and metal resistance (Table
S1). Proto-I contained significantly higher numbers of genes in-
volved in carbon fixation and nitrification than the other 2 samples,
whereas fewer genes for methane oxidation and sulfate reduction
were present in Proto-I than in the other samples. The proportion
of specific functional gene groups detected in the samples is
presented in Fig. 1. The proportions of genes detected in Proto-O
and 4143-1 showed similar variation, but were different from those
detected in Proto-I. The metal-resistance genes detected are shown
in Fig. S3B (discussed below). Because we primarily focus on carbon
and nitrogen metabolisms of the chemoautotrophic communities in
the chimney, genes for organic contaminant degradation and
sulfate reduction will only be briefly mentioned in this paper.

Functional Community Involved in CO; Fixation Revealed by GeoChip.
Chemolithoautotrophic microorganisms are known to be at the
base of the pyramid of life because they provide food for the
heterotrophic communities in the hydrothermal vents. There
are, in total, 391 rbcL probes on the GeoChip encompassing both
Form I and Form II RubisCO sequences and other RubisCO
forms. Of the 391 rbcL probes, 10, 5, and 96 were detected in
Proto-O, Proto-I, and 4143-1, respectively. The primary produc-
ers in Proto-O were similar to previously detected uncultured,
deep-sea autotrophic bacteria, uncultured bacteria from ground-
water, a-Proteobacterium Rhodobacter and Rhodospirillum, and
Thioalkalispira microaerophila (Fig. S44). The most dominant
genes in Form I RubisCO observed here were similar to the
clones from a hydrothermal vent chimney sample from TAG
mound, Mid-Atlantic (20). These genes were green-like type IA,
occupying about 38% of the chemosynthetic community. The
most abundant genes in Form II RubisCO were similar to the
clones from reducing sediment of cold seeps, symbiont bacteria
of a tubeworm, and from groundwater samples (Fig. 24, Fig.
S4A4, and Table S2).

In Proto-1, 5 rbcL genes were detected, among which 2 were from
Cyanobacteria, 2 from uncultured Proteobacteria, and 1 from green
sulfur bacteria. Based on signal intensity of the detected genes, rbcL
genes from Cyanobacteria occupied 44% and green sulfur bacteria
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34%, with the remaining being represented by the uncultured
Proteobacteria (Fig. S44 and Table S2). The detection of chbL
genes closely related to phototrophic bacteria, including Cyanobac-
teria, has been documented for the dark deep-sea environment (20,
21). The similarity between the deep-sea chemoautotrophic OTUs
and RubisCO from photosynthetic organisms may indicate the
possible lateral transfer of RubisCO genes among deep-sea and
surface water organisms (20). It should be noted that detection of
rbcL genes in an organism does not necessarily mean that they are
involved in the Calvin cycle. There are some reports demonstrating
the presence of type III RubisCOs in some Archaea, but they lack
the other genes in the Calvin cycle, and thus do not have the
functional CBB pathway. Recently, it was found that the type III
RubisCO in the archaeon Thermococcus kodakaraensis participates
in adenosine 5-monophosphate (AMP) metabolism, distinct from
the role of the classical RubisCOs in the CBB cycle (22). Previously,
an obligate photosynthetic bacterial anaerobe, GSB1, was isolated
from a deep-sea hydrothermal vent (23). GSB1 belongs to the green
sulfur bacteria, and is related to Chlorobium and Prosthecochloris
genera. The isolation of GSB1 from the vent implies that geother-
mal radiation and associated reduced S compounds could be
sufficient to at least enhance the survival of GSB1 in the otherwise
dark, oxygenated ocean depths. Here, the finding of abundant
RubisCO genes of photosynthetic organisms likely supports the
argument that unique photosynthetic organisms capable of har-
vesting geothermal radiation for growth may exist in the extremely
light-deficient deep-sea hydrothermal vents; however, more direct
experimental evidence is needed.

In 4143-1, Form I and Form IT RubisCO genes coexisted and had
comparable hybridization intensities (Fig. 2). This was verified by
quantitative PCR analysis, which showed that the cbbL and cbbM
gene copies were both about 10° copies per gram of the sample
material. The main cbbL genes detected in 4143-1 by GeoChip
belong to forms IA and IC groups (Fig. 2). Around 42% of the
primary producers in the 4143-1 sample were related to deep-sea
microorganisms detected previously (Fig. S44 and Table S2) (20).

Functional gene libraries were constructed for cbbL and cbbM to
verify the GeoChip data. About 50 positive clones were randomly
picked from each of the cbbL and cbbM libraries for RFLP analysis,
respectively. After sequencing, 10 OTUs were obtained for chbL
and 7 for cbbM at a 3% cutoff. For cbbL, the clones grouped into
2 clusters (cluster I and cluster II; Fig. S4B), which belonged to the
Form IA subfamily. No clones belonging to Form IB or Form IC
were retrieved. Six OTUs in cluster I formed a distinct subgroup,
which was closely related to the clones from the «- and y-Pro-
teobacteria. For the ¢cbbM clones retrieved from 4143-1, the ma-
jority of the OTUs had the highest identity (85%) to Magnetospi-
rillum gryphiswaldense MSR-1. The phylogenetic relationship of the
cloned cbbM genes from 4143-1 with reference sequences is shown
in Fig. S4B.

The c¢bbL and cbbM genes retrieved from 4143-1 by PCR
amplification showed much lower diversity than those revealed by
the GeoChip. Only dominant groups of sequences could be ob-
tained by using the library construction method in our study. This
may be due to the bias of the PCR primers, which preferentially
target dominant groups. On the other hand, it also suggests that
GeoChip hybridization might be more effective in detecting less-
abundant genes. We designed specific PCR primers for several
cbbL and cbbM genes, including Form IB cbbL, from uncultured,
deep-sea autotrophic bacterium TAGI-2, and group III cbbM from
aquifer environmental clone RA13C2II, which were detected by
GeoChip hybridization but not by the library analysis. Specific PCR
bands of the desired sizes for cbbL and cbbM genes were obtained,
indicating that these functional genes were indeed present in the
sample.

For the rTCA cycle, GeoChip only detected 2 ac/B genes in
4143-1, which were related to uncultured episymbiont of Alvinella
pompejana and Chlorobium limicola. This result suggested that the
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autotrophic microorganisms could predominantly use the CBB
cycle in this environment. This is, to some extent, in agreement with
our species diversity analysis demonstrating that y-Proteobacteria
using the CBB cycle dominated in 4143-1, which corroborated the
observation of abundant chbL genes from the microarray. On the
other hand, the rare detection of aclB genes by GeoChip may
suggest that the e-Proteobacteria in this environment contain novel
aclB genes for the r'TCA cycle. This is supported by PCR amplifi-
cation using ac/B degenerate primers, which yielded a PCR band
but not the expected aclB genes after sequencing. We have con-
structed a fosmid library for 4143-1, which will allow us to deter-
mine whether this sample contains novel ac/B genes through library
screening and sequencing.

Functional Community for Methane Cycling Revealed by GeoChip. A
characteristic of the thermal fluid from the Endeavour segment of
the Juan de Fuca Ridge is its anomalously high CH,4 concentration
(24). The CH4 carbon isotopic compositions (*CHy = ~—55%o vs.
Pee-Dee Belemnite) of these fluids are the lightest yet found in a
submarine system devoid of sediment (24). These data, in concert
with the elevated CH4 concentrations, which are up to >900 times
background seawater values, likely imply a robust subseafloor
methanogen community within the Endeavour system (24). The
communities in the 3 chimneys were analyzed by using functional
genes targeting the methane cycle. The mcr4 gene was used to
detect both methanogenesis and anaerobic methane oxidation,
whereas pmoA was used to track aerobic methane oxidation.
Diversity of mcrA genes. Proto-O contained 2 mcrA genes, with one
similar to Methanothermobacter thermoautotrophicus and the other
to an uncultured euryarchaeote soil clone MCR-U3SP-12 from the
Florida Everglades. Proto-I contained only 1 mcr4 gene, which is
closely related to the clone OS82 isolated from a landfill (Fig. S5.4
and C).

40f6 | www.pnas.org/cgi/doi/10.1073/pnas.0810418106

site.) (B) Percentage of different types of rbcL genes
detected in 4143-1.

Sample 4143-1, however, contained many more mcrA4 genes (Fig.
S5 A and C). The dominant mcrA genes could be divided into 4
clusters belonging to Methanomicrobiales, Methanosarcinales,
Methanobacteriales, and the anaerobic methane-oxidation ANME
group (Fig. S54). The mcrA gene clones in 4143-1 revealed a high
diversity of methanogens and putative anaerobic methane oxidiz-
ers. The detection of clones belonging to the ANME1 and ANME2
groups implies that anoxic methane oxidation might occur in this
hydrothermal vent chimney environment.

A clone library of mcrA was constructed for 4143-1. Phylogenetic

analysis revealed that the PCR-derived mcrA clones of 4143-1 fall
into Methanomicrobiales and Methanosarcinales (Fig. S54). No
ANME-related groups were detected by the PCR library analysis.
Comparison of the mcrA4 genes detected on the GeoChip and mcrA
clones from the PCR library further suggested that GeoChip could
be a more sensitive gene detection method.
Diversity of pmoA sequences. Aerobic methanotrophs are a unique
group of methylotrophic bacteria that use methane as their sole
carbon and energy source. Based on cell morphology, ultrastruc-
ture, phylogeny, and metabolic pathways, methanotrophs can be
divided into 2 taxonomic groups, type I and type II. Type I
methanotrophs belong to the y-Proteobacteria, whereas type II
methanotrophs are in the a-Proteobacteria.

Several pmoA sequences were found in Proto-O, but none were
detected in Proto-I (Fig. S5 B and D). The absence of pmoA
sequences in Proto-I indicates that no aerobic methane oxidation
had taken place, which is consistent with the fact that the hydro-
thermal fluid has no or limited oxygen. Aerobic methane oxidation
can take place after seawater mixes with the fluid, bringing oxygen
into the environment. Most of the pmoA sequences from Proto-O
fell into the type I thermophilic methanotrophs (cluster A) and
cluster B (Fig. S5B).

The main methanotrophic bacteria in 4143-1 contained both type
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I'and IT methanotrophs (Fig. S5 B and D). Based on GeoChip signal
intensities, type I methanotrophs were predominant and accounted
for about 54% of all pmoA probes on the array. Type II meth-
anotrophs accounted for about 22%, whereas the remaining 24%
were from unknown species. Among the type I methanotrophs, 3
clusters (A, B, and C) could be observed, with cluster A sequences
predominating (64%). Cluster A consisted of sequences from a
thermophilic methanotroph strain HB and pmoA clones from
deep-sea hydrothermal vents (11). Cluster B contained clones from
organic soil and Lake Washington sediment. Cluster C contained
clones from a Movile cave (Fig. S5B).

Functional Community for Nitrogen Cycle Revealed by GeoChip.
Diversity of nifH sequences. Dissolved dinitrogen gas (N») is abundant
in deep seawater and in hot hydrothermal vent fluids. Nitrogen
isotope ratios (N/'“N) of vent animals are much lower than the
ratios of deep-sea organic nitrogen, ammonium, and nitrate, but are
similar to those of deep oceanic N, and marine biota associated with
nitrogen fixation (25). Recently, a thermophilic methanogen capa-
ble of nitrogen fixation at 92 °C was isolated from the hydrothermal
vent environment (26). All data indicate that biological nitrogen
fixation is an important process of nitrogen cycling in the vent
environments. Biological nitrogen fixation uses the nitrogenase
enzyme complex encoded by nifHDK to reduce dissolved N, to
ammonium (NH4 ™). nifH encodes the iron-containing protein and
is highly conserved among various microorganisms. All nifH genes
fall into 4 clusters: cluster I includes standard molybdenum nitro-
genases from Cyanobacteria and Proteobacteria («, B, v), as well as
nvfH from -y-Proteobacteria; cluster II includes methanogen nitro-
genases and bacterial anfH; cluster 111 is composed of nitrogenases
from diverse anaerobic bacteria, such as Clostridia and 6&-Pro-
teobacterial sulfate reducers; cluster I'V includes nitrogenases from
methanogens (10).

In this study, results from GeoChip showed an increasing number
of nifH genes across samples: 5 in Proto-I, 20 in Proto-O, and 58 in
4143-1. Cluster III nifH genes were dominant in all samples (Fig.
S6). Among the 5 nifH genes detected from Proto-I, 4 of them fell
in nifH cluster 111, and one in cluster I'V. This is a good reflection
of the strict anaerobic environment of Proto-I. The nifH genes in
Proto-O fell into clusters I, III, and IV, with cluster III being
predominant (around 70%). The main nifH genes in Proto-O were
from unidentified or uncultured bacteria retrieved from different
environments.

Sample 4143-1, again, contained significantly more nifH genes
than Proto-O and Proto-1, and they were distributed among all 4
clusters. Cluster III nifH genes were dominant (59.9%), followed by
cluster I sequences (27.6%). The archaeal nifH genes distributed in
clusters II and I'V only constituted a small proportion of the total
nifH genes. This is consistent with the quantification results of
microbial 16S rRNA genes, which showed that bacteria were
predominant in the sample.

Genes involved in nitrification and denitrification. Nitrification and
denitrification have been observed in the hydrothermal environ-
ments (27, 28). The GeoChip contains extensive probes targeting
genes involved in nitrification, such as amo (ammonia monooxy-
genase), and nitrogen metabolism, such as gdh (glutamate dehy-
dragenase), nas4 (assimilatory nitrate reductase), nar (nitrate
reductase), nir (nitrite reductase), norB (nitric oxide reductase),
and nosZ (nitrous oxide reductase). Most of these essential genes
involved in nitrification and denitrification were detected in all 3
samples. However, the genes detected from Proto-I and Proto-O
were completely different, indicating different microorganisms
might be involved in these processes. In 4143-1, the majority of the
amoA sequences were from Nitrosomonas and uncultivated B-Pro-
teobacteria. Crenarchaeotal amoA genes were also detected (Fig.
S7A4). The presence of archaeal amoA genes was confirmed by
positive PCR amplification using archaeal amoA-specific primers;
however, PCR amplification of bacterial armoA genes failed. The
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nitrifying archaea may be derived from mixing of seawater with the
vent fluid or from thermophilic nitrifying archaea in the chimney,
because thermophilic and moderately thermophilic nitrifying ar-
chaea have been enriched from hot spring environments (29-31).
Most of the nir sequences detected were from uncultured organisms
from various environments (Fig. S7 B and C). Our results provide
the genetic evidence for possible existence of nitrification and
denitrification in deep-sea hydrothermal vent chimneys. This is
consistent with the observation of the relatively high ammonia
concentrations in some chimney environments in Juan de Fuca
Ridge (24), suggesting that nitrification could be an important
process in deep-sea hydrothermal vents.

Genes for Metal Resistance Revealed by GeoChip. The deep-sea
hydrothermal vent environment is rich in various heavy metals.
Microorganisms are known to respond or adapt to potentially toxic
levels of iron through multiple strategies, including dissimilatory
and assimilatory metal oxidation and reduction, as well as metal
transport (32). Much more is known regarding dissimilatory reac-
tions than assimilatory reactions, although most studies have fo-
cused on mesophilic microbes. Many microorganisms isolated from
hydrothermal environments are metal-resistant. Generally, metal-
resistance mechanisms of microorganisms from hydrothermal vents
are similar to those of mesophilic organisms isolated from other
environments; however, novel mechanisms for metal reduction in
hyperthermophilic archaea have been observed (33). It would be
difficult to detect novel metal-resistance mechanisms by using
GeoChip, because only known sequences are covered by the array.
However, this study allows a careful survey and comparison of genes
putatively involved in metal resistance from hydrothermal vent
environments at the community level.

In Proto-I, most of the detected metal resistance genes were for
cadmium, tellurium, aluminum, and chromium resistance (Fig.
S3B). In Proto-O and 4143-1, the majority of resistance genes were
for arsenic and mercury, with the remaining being for chromium,
tellurium, and other metals (Fig. S3B). The data imply that micro-
organisms in Proto-I may be generally resistant to chromium and
tellurium but more sensitive to arsenic and mercury.

Other Main Genes Revealed by GeoChip. Large numbers of genes
detected by the GeoChip also included those involved in sulfate
reduction and carbon/organic contaminant degradation. Sulfate
reduction is thought to be one of the important energy sources for
microbial systems at hydrothermal vents (34). Only 3 dsrB genes
were detected in Proto-I, which are related to those found in
Desulfotomaculum geothermicum, a thermophilic Firmicutes origi-
nally isolated from geothermal ground water; Syntrophobacter
fumaroxidans, an H,-producing syntroph of 8-Proteobacteria; and
an unidentified clone from groundwater at a uranium mill tailings
site. The dsr genes detected in Proto-O and 4143-1 were highly
diverse and were related to those in Desulfobacteraceae, Desulfo-
vibrionaceae, Peptococcaceae, Desulfobulbacaea, Syntro-
phobacteraceae, and unidentified clusters.

Little is known about carbon and organic contaminant degra-
dation and their contribution to the vent ecosystems. GeoChip
analysis revealed that carbon degradation genes are highly abun-
dant in these vent systems, suggesting that they may play important
roles in carbon cycling and metabolism in the geothermal environ-
ment. However, further studies are needed in terms of carbon
cycling processes and their associated microbial communities. It
should be noted that many genes classified in the category of
organic contaminant degradation (e.g., aromatic degradation
genes) are also important in the degradation of various carbon
polymers in nature. Thus, the detection of these types of genes does
not necessarily indicate the existence of such contaminants in the
vent systems.
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Summary. In this study, GeoChip hybridization, clone libraries, and
quantitative PCR were integrated to examine the abundance and
metabolic diversity of microbial populations in the Juan de Fuca
hydrothermal vent chimneys. Microbial populations detected by the
GeoChip were significantly higher than estimates based on gene
clone library analyses but were consistent with the observation of
a vast diversity of microorganisms in the hydrothermal vents
revealed by extensive (hundreds of thousands of sequences) se-
quencing analysis (35). Significant variability of functional genes
related to carbon, sulfur, and nitrogen metabolism was observed
during the development of vent chimneys. This may be due to the
changing vent structure and chemical composition. By 16S rRNA
gene library analysis, bacteria affiliated within y- and e-Proteobac-
teria groups were dominant in 4143-1. Quantitative PCR analysis of
16S rRNA genes suggested that Bacteria could be more abundant
than Archaea in 4143-1. The primary producers in the 3 samples
could primarily use the CBB cycle. In particular, photosynthetic
green-like chbbL. genes were the major components in Proto-I,
whereas previously retrieved chbL and cbbM genes from deep-sea
hydrothermal vents were predominant in Proto-O and 4143-1.
Clone libraries using the 16S rRNA and functional genes (mcrA,
¢bbL, cbbM) supported the GeoChip results but were less effective
than the microarray technology in delineating the microbial com-
munity structure of low-biomass communities. Our study revealed
extremely rich and diverse metabolic reservoirs of the microbial
community in the hydrothermal vent chimney environment, which
has not been fully recognized before. Furthermore, our data
showed the great potential of high-throughput microarray technol-
ogy in understanding ecosystem dynamics in the complex hydro-
thermal vent environments.
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Materials and Methods

Samples from the sulfide chimneys were collected by the submersible Alvin
supported by the R/V Atlantis in 2005 and 2006 at the Endeavour Segment of the
Juan de Fuca Ridge, located ~300 km west of Vancouver Island, Canada. During
a cruise in 2006, a stainless steel cap was deployed on top of a chimney that was
vigorously venting at the Maine Endeavour field (Fig. S1). The fluid temperature
was higher than 300 °C. After 15 days of deployment, samples were collected
from the chimney formed on top of the cap (Proto-O; Fig. S1) and the sulfate
deposit accumulated on the surface of the inner cap (Proto-I). An outer part of a
mature sulfide chimney (4143-1) collected in 2005 from the Mothra Field, which
was venting at about 316 °C at the time of sampling, was also used for compar-
ison. Precautions were taken during sampling and handling of the chimney
samples to preserve their integrity for microbiological analyses. The chimneys
were stored at —20 °C as soon as collected, kept on dry ice during transportation,
and stored at —80 °C until further analysis.

The methods of molecular manipulations, including DNA isolation, ampli-
fication, labeling, and microarray hybridization; construction of 16S rRNA,
mcrA, cbbL, and cbbM gene clone libraries; and quantitative PCR are essen-
tially based on established methods described previously (19, 20, 36-40).
Sequences obtained for bacterial and archaeal 165 rRNA, mcrA, cbbL, and
cbbM genes were deposited in the GenBank database under accession num-
bers F1640793-FJ640842. The details are provided as S/ Methods.
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