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ABSTRACT: Deep-sea hydrothermal chimneys encompass diverse niches for different micro-
bial communities with steep environmental gradients. An active sulfide hydrothermal structure
was recovered from the Dudley site of the Main Endeavour Field in the Juan de Fuca Ridge.
Subsamples were taken from different spatial positions within the chimney wall and analyzed
for mineral composition and microbial biomass and community structure to illustrate the char-
acteristics of microbial distribution and environmental constraints. Mineral analysis showed
that the chimney was mainly composed of various Fe-, Zn-, and Cu-rich sulfides, with mineral
composition and abundance varying with spatial position. Microbial populations in the chimney
predominantly consisted of archaeal members affiliated with the deep-sea hydrothermal vent
Euryarchaeota group, Thermococcales, and Desulfurococcales, as well as bacterial members of
the Gamma-, Epsilon-, and Deltaproteobacteria. Microbial biomass and composition shifted
dramatically and formed different microbial zones within the chimney walls, from predomi-
nantly mesophilic, sulfur-oxidizing bacterial communities at the outer surfaces to thermophilic
or hyperthermophilic, archaeal sulfur-reducers in the inner layers of the chimney. Based on
microbial physiological characteristics and their distribution profiles, we inferred that tempera-
ture, fluid geochemistry, and organic compounds probably play an important role in selecting
for and sustaining microbial communities. Furthermore, in situ temperature regimes within the
chimney walls were roughly estimated based on the temperatures supporting the growth of the
dominant microbial groups.
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INTRODUCTION

In the past 3 decades, numerous microbiological
surveys of deep-sea hydrothermal vents have been
carried out utilizing culture-dependent and -inde-
pendent approaches because of the extreme envi-
ronmental conditions and unique microbial popula-
tions of the vents (Hoek et al. 2003, Miroshnichenko
et al. 2003, Nakagawa et al. 2005c, McCliment et
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al. 2006, Takai et al. 2006, Wang et al. 2009, Zhou
et al. 2009, Nunoura et al. 2010). In general, micro-
bial diversity and distribution within different
hydrothermal vents are consistent with local envi-
ronmental parameters (Emerson & Moyer 2002,
Takai et al. 2004, Brazelton et al. 2006, Perner et al.
2007), which can be attributed to the geochemical
and thermodynamic constraints on primary produc-
ers (McCollom & Shock 1997, McCollom 2000).
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One of the most fascinating features of the sulfide
structures is the steep temperature and geochemi-
cal gradients at very small spatial scales. The shift
from hot (245~350°C), reduced, and metal-enriched
hydrothermal fluids to cold (2~15°C), oxygenated,
and sulfate-rich surrounding seawater occurs within
decimeters across the chimney walls. Different
mineral assemblages with varying pore spaces,
cracks, and fissures make chimney walls hetero-
geneous. Diverse niches are formed within vent
chimneys with enormous physical and geochemical
differences in the mixing processes between hy-
drothermal fluids and the circulating seawater, and
these niches support different microbial populations
(Tivey & McDuff 1990, Kelley et al. 2002, Perner
et al. 2007). Although numerous studies investigat-
ing spatial distributions of microbes in deep-sea
hydrothermal environments have been published
(Nakagawa et al. 2005c, Brazelton et al. 2006,
Opatkiewicz et al. 2009, Nunoura et al. 2010, Li et
al. 2012), relatively limited analyses have been
done so far to illustrate the microbial characteristics
in different spatial positions across a single struc-
ture and to explore the relationship between envi-
ronmental conditions and microbial components
within the walls of active chimneys. An early study
by Takai et al. (2001) revealed archaeal distribution
in a black smoker and showed that archaeal com-
munities varied in different microhabitats. Subse-
quently, Schrenk et al. (2003) examined an active
chimney from the Edifice Rex project and found
variations in the abundance and diversity of ar-
chaea from the exterior to the interior walls of
the chimney. More recently, Kormas et al. (2006)
attempted to correlate microbial distribution with
environmental regimes in distinct mineral layers of
a white smoker, on the basis of 16S rRNA gene
cloning and mineralogical analysis. Nevertheless,
microbial distribution in chimney walls and poten-
tial constraints of microenvironments across a
single structure remain unclear.

In 2005, an active sulfide black chimney was col-
lected by RV ‘Atlantis/Alvin’ from the Dudley
hydrothermal site of the Main Endeavour Field dur-
ing a China-USA joint dive cruise to Juan de Fuca
Ridge. The goal of this study was to describe and
compare microbial communities in different zones
within this chimney wall, and to explore the relation-
ship between microbial distributions and possible
environmental constraints. To achieve these goals,
subsamples of the Dudley chimney walls were taken;
based on their positions, these were of different
porosities, and mineral assemblages.

MATERIALS AND METHODS

Site description, sample collection, and
subsampling procedure

The Main Endeavour Field (47°57'N, 129°05' W),
at a water depth of 2200 m, is 1 of the 5 hydrothermal
vent fields within the Endeavour Segment of the
Juan de Fuca Ridge. A number of large, steep-sided
active and inactive hydrothermal sulfide structures
are located in the active faults and fissures (Fig. 1)
(Delaney et al. 1992, Butterfield et al. 1994). The sul-
fide black smoker was collected at the Dudley site by
DSV ‘Alvin' (Dive No. 4132) in 2005. The chimney
was actively venting hydrothermal fluids, and the
maximum measured temperature of the fluid exiting
from the orifice of the chimney was 330°C. The col-
lected structure was about 25 cm long and 12 cm
wide with a central irregular conduit varying in
diameter from ca. 0.5 to 5 cm (Fig. 2). The chimney
was stored at —-20°C immediately after shipboard
recovery and then preserved in dry ice during trans-
portation to our lab. Subsamples for further analysis
were taken from different locations along a horizon-
tal transect across the chimney wall from the exterior
surface to the interior fluid conduit; these varied in
porosity, and mineralogy. When the chimney was cut
along the horizontal transect, 2 different fluid con-
duits were revealed. Conduit P (see Fig. 2) was still
open, venting high temperature hydrothermal fluids,
whereas conduit Q (Fig. 2) was already closed and
was filled nearly completely by minerals. During
subsampling of the chimney, all tools including
tweezers, toothdrills, and mortar were sterilized, and
operators wore gloves and facemasks to eliminate
potential contamination. In total, 10 subsamples were
taken from the chimney as shown in Fig. 2: 1 subsam-
ple (PO) from the central irregular conduit, 2 subsam-
ples (P3 and Q3) from the innermost part, 2 (P1, Q1)
from the exterior and outermost walls, and the rest
from the middle layers of the chimney walls (P2 and
Q2 from outer-middle; P4, P5, and P6 from inner-
middle). These subsamples were split into several
parts for different analyses including mineralogy,
elemental composition, DNA extraction, and ultra-
structure observation.

Mineralogical analysis
All subsamples (ca. 1 g of each) for mineralogical

and chemical analyses were dried at 50°C and then
ground using a mortar and pestle. X-ray diffraction
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(XRD) pattern analysis was then performed by a Rint
2000 X-ray diffractometer (Rigaku) using Cu Ko radi-
ation at 40 kV and 30 mA. Diffraction angles (re-
ferred to as 20) corresponding to the atomic structure
unique to each mineral were measured.

Scanning electron microscopy

Samples were observed using an FEI Quant 400
environmental scanning electron microscope (SEM).
Gold coating on surfaces was not required for wet
samples using environmental SEM, which avoided

influence of pretreatment on spectral analysis.
Micro-area chemical composition of mineral surfaces
was analyzed on a Genesis energy dispersive spec-
trometer (EDAX)).

DNA extraction, amplification, and cloning

DNA was extracted following the sodium dodecyl
sulfate (SDS)-based extraction method with some
modifications (Zhou et al. 1996). About 5 g of each
sample were mixed with 13.5 ml of DNA extraction
buffer (100 mM Tris-HCl, 100 mM sodium EDTA,
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Fig. 2. Subsampling positions along the cross-section of the sulfide chimney and schematics providing information on inferred
temperature, mineral composition, microbial populations, and possible environmental characteristics in different layers in the

chimney walls (scale bar = 5 cm). Two conduits were distinguis

hed: conduit P actively vented hydrothermal fluids of ~330°C,

while Q was inactive and was filled with various minerals. (a) Exterior surface. (b) Outer zone of the middle layers, which was
affected by seawater (SW) and hydrothermal fluids (HF) by means of thermal conductivity. (c) Inner zone of the middle layers.

Pores and fractures were abundant, causing intensive mixing

of SW and HF. Generally, the middle layer (outer and inner

parts) is a hot (40-90°C), heterogeneous, and dynamic environment where both bacteria and archaea bloom. Hyperther-

mophilic heterotrophs dominated here as a result of the abund

ance of organic substrates. (d) Inner layer close to the central

conduits. This layer is a very hot (90-121°C), anoxic, and reductive environment mainly affected by HF. (e) Active central con-

duit. This zone is too hot (300-330°C) to sustain microbes. Py:
chalcopyrite; Thm: Thermococcales; Des: Desulfurococca

100 mM sodium phosphate, 1.5 M NaCl, 1% CTAB)
and 100 pl of Proteinase K (10 mg ml™!, Sigma) in
tubes by horizontal shaking at 225 rpm (30 min at
37°C). After shaking, 1.5 ml of 20% (w/v) SDS was
added, and samples were incubated in a 65°C water
bath for 2 h. The supernatants were collected after

pyrite; Mar: marcasite; Sph: sphalerite; Wur: wurtzite; Cpy:
les; DHVE: deep-sea hydrothermal vent Euryarchaeota

centrifugation at 6000 x g (10 min) and transferred
into 50 ml centrifuge tubes. The supernatants were
then mixed with an equal volume of chloroform:
isoamyl alcohol (24:1, v/v). The aqueous phase was
recovered by centrifugation (16 000 x g) and precipi-
tated with 0.6 volume of isopropanol for about 1 h.
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Crude nucleic acids were obtained by centrifugation
at 16000 x g (20 min at room temperature), washed
with 70 % ethanol, and resuspended in sterile deion-
ized water. The crude nucleic acids were purified
with a cycle-pure kit (Omega).

16S rRNA genes were amplified from extracted
DNA by using Ex Taq polymerase with 10x buffer
(Takara Bio). Bacterial 16S rDNA was amplified
using the primers Eubac27f (5'-AGA GTT TGA TCC
TGG CTC AG-3') and Eubac1492r (5'-GGT TAC
CTT GTT ACG ACT T-3'), and the primers Arch21f
(5'-TTC CGG TTG ATC CYG CCG GA-3') and
Arch958r (5'-YCC GGC GTT GAM TCC AAT T-3')
were used for archaea with products of 1500 and
900 bp, respectively. Amplification conditions were
as follows: an initial denaturation step of 94°C for
4 min followed by 30 cycles of denaturation at 94°C
for 60 s, annealing at 55°C for 45 s, and extension at
72°C for 60 s, and a final extension step of 72°C for
10 min. The PCR products were purified with a gel-
extraction kit (Omega) following the manufacturer's
instructions. Purified PCR products were cloned into
pMD18-T vectors (Takara) and transformed to com-
petent Escherichia coli DH5a. cells (Takara). Inserts
of the correct size were screened with the vector-spe-
cific primers M13f (5'-GTA AAA CGA CGG CCA G-
3') and M13r (5'-CAG GAA ACA GCT ATG AC-3).
Clones containing target 16S rDNA were subjected
to restriction fragment length polymorphism (RFLP)
analyses, which were performed for every clone
library independently. Inserted fragments were di-
gested with the restriction enzymes Rsal and MSspl
(Takara) according to the manufacturer's instruc-
tions. Digested DNA fragments were then separated
on a 3% (w/v) agarose gel. Representative archaeal
and bacterial clones with unique RFLP banding pat-
terns were chosen for sequencing.

Sequencing and phylogenetic analysis

The representative clones chosen from each clone
library after the RFLP analysis were sequenced with
an ABI PRISM 3730XL automated sequencer with
T-vector universal primers. For the sequences of the
16S rRNA gene, chimeric sequences were checked
using Bellerophon (3.0) at http://greengenes.lbl.gov
(Huber et al. 2004, DeSantis et al. 2006).The program
DOTUR was then used to determine the operational
taxonomic units (OTUs) or phylotypes for all archaeal
and bacterial sequences, respectively, using a 97 %
similarity cutoff (Schloss & Handelsman 2005). Se-
quences of phylotypes were submitted to the Ad-

vanced BLAST search program (available through
the National Center for Biotechnology Information)
to find closely related sequences in the GenBank and
EMBL databases for phylogenetic analysis. All
phylotypes and their relatives were aligned using
ClustalX 2.0.1 (Larkin et al. 2007). Phylogenetic trees
were constructed by neighbor-joining (NJ) using
Mega 5.0 (Tamura et al. 2011). Bootstrap analysis
was used to provide confidence estimates of tree
topologies.

Quantification of the 16S rRNA gene

The microbial 16S rRNA gene was quantified by
fluorescence quantitative real-time PCR. The inser-
ted DNA fragments of clones P3-a27 (from the ar-
chaeal 16S rRNA gene library) and P3-b36 (from the
bacterial 16S rRNA gene library) were amplified and
purified to generate standard DNAs for archaeal and
bacterial 16S rRNA gene quantification using the
primers Arch344f and Arch519r (Bano et al. 2004) and
Eubac341f and Eubac518r (Dilly et al. 2004), respec-
tively. The products were quantified and 10-fold dilu-
tions ranging from 107 to 10 copies were used as the
quantification standards. Amplifications were per-
formed on the 7500 real-time PCR system (Applied
Biosystems) in a 20 pl reaction mixture that consisted
of 1 pl template DNA (1 to 10 ng), 0.15 pM of each
primer, and 10 pl of Power SYBR green PCR master
mix (Applied Biosystems) with ROX and SYBR green
I. Negative control and gel electrophoresis after each
quantitative PCR experiment were also carried out.
For the negative control, only 1 primer dimer with a
length of about 100 bp occurred, while for the sam-
ples, just 1 single and bright band (about 200 bp) ap-
peared. Melting curve analysis was performed after
amplification, and the cycle threshold was set auto-
matically using System 7500 software (1.3). The copy
number of the 16S TRNA gene was calculated as the
average of triplicate samples (Nunoura & Takai
2009). Bacterial and archaeal density could be calcu-
lated based on the assumption that every cell con-
tained 3.45 or 1.00 16S rRNA gene copies on average,
respectively (see Fig. 3) (Lee et al. 2009).

Statistical analysis

To compare the differences among the microbial
communities inhabiting different parts of the sulfide
chimney, we applied principal component analysis
(PCA) to all archaeal and bacterial 16S rRNA gene li-
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braries using the online UniFrac program (http://
bmf2.colorado.edu/unifrac/index.psp) (Lozupone &
Knight 2005). To perform PCA, the phylogenetic tree
of all archaeal and bacterial phylotypes was con-
structed with the NJ method using the software
Phylip 3.65, and the abundance weights (shown in
Tables S1 & S2 in the Supplement at www.int-res.
com/articles/suppl/m508p067_supp.pdf) of all phylo-
types within their own libraries were also considered.

Nucleotide sequence accession numbers

Bacterial and archaeal sequences were deposited in
GenBank under the following accession num-
bers: JQ072906-JQ073012 and JQ073013-JQ073047,
respectively.

RESULTS
Mineralogy and SEM observations

XRD analysis showed that the chimney was mainly
composed of various Fe-, Zn-, and Cu-rich sulfide
minerals such as pyrite (FeS,), marcasite (FeS,),
wurtzite-sphalerite (ZnS), and chalcopyrite (CuFeS;
Table 1). It was clear that the minerals varied in com-
position and abundance with their positions in the
chimney. The exterior rims encompassed the outer
part (ca. 0.8~1.2 cm) of the chimney wall and mainly
consisted of marcasite and pyrite (P1: 28.4 and 41.7 %;
Q1: 39.3 and 41.5 %), with minor amounts of wurtzite,
sphalerite, and barite (BaSO,). In contrast, the central
conduit (sample P0O) was characterized by high abun-
dance of chalcopyrite (49.4%) and pyrite (34.8 %),
with smaller amounts of wurtzite and sphalerite (~5 %
each). The interior layers, including sample Q3, which

was at one time an internal conduit but was already
filled by minerals at the time of collection, and sample
P3, located adjacent to the active central channel,
were commonly dominated by pyrite (>70%), with
minor amounts of sphalerite and chalcopyrite. The
middle layers (P2, P4, P5, P6, and Q2) contained vari-
able amounts of pyrite, marcasite, wurtzite/sphalerite,
and chalcopyrite. Samples P2 and Q2, taken from the
outer zone of the middle layers, showed similar min-
eral composition including similar proportions of
pyrite, sphalerite, and marcasite, with minor amounts
of wurtzite and chalcopyrite. Samples P4, P5, and P6,
all from the inner part of the middle layers, contained
more pores and fissures (shown in Fig. 2). Pyrite was
the dominant mineral phase (nearly 70%); other
minerals such as marcasite, chalcopyrite, and Zn-Fe
sulfides were also present. Other minor minerals
found include elemental sulfur, barite, and amorphous
silica.

Results of SEM observation were consistent with
the result of XRD analysis. Perfect crystals of sulfide
minerals such as chalcopyrite, pyrite, marcasite,
wurtzite, and sphalerite were observed (shown in
Fig. S1 in the Supplement). Amorphous silica was
precipitated and coated on the surfaces of the
minerals or in the spaces between them (Fig. S1g). In
addition, some rod- and filament-like structures
resembling microbes were also observed (e.q.
P4) which were heavily covered with amorphous
silica (Fig. S1d,e). This was confirmed by energy-
dispersive spectrophotometry (data not shown).

Microbial biomass estimates
DNA was extracted successfully from 9 samples

except the one from the open central conduit, PO. It is
possible that the central channel was uninhabitable

Table 1. Mineral composition (%) of the hydrothermal sulfide chimney collected from the Dudley site of the Main Endeavour
Field in the Juan de Fuca Ridge. See Fig. 2 for subsampling positions in the chimney. —: not detected

Position Pyrite Sphalerite Chalcopyrite Waurtzite ~ Marcasite  Fe-sulfides Barite  Sulfur  Other
P1 41.7 4.30 3.20 28.4 4.6 5.5 - 6.0
P2 21.8 23.5 6.20 13.0 20.7 - - 2.0 13.0
P3 98.2 - - - - - - - -
PO 34.8 5.20 494 4.60 - - - - 6.0
P4 70.0 14.8 8.00 - - - - - 7.2
P5 64.8 - 5.50 4.50 21.2 - - - 4.0
pP6 71.2 5.80 - - 17.0 - - - 6.0
Q1 41.5 4.20 2.20 5.80 39.3 - - - 7.0
Q2 26.5 38.2 3.50 4.20 17.6 - - - 10
Q3 71.5 5.30 14.2 - - - - 9.0
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Fig. 3. Estimation of archaeal and bacterial biomass in different parts of
the Dudley hydrothermal sulfide chimney. The error bars are SD, and x-
axis indicates subsampling position. We determined copy numbers of
the 16S rRNA gene and then calculated microbial density based on the
assumption that every cell contained respectively 3.45 or 1.00 16S rRNA
gene copies on average (Lee et al. 2009). See Fig. 2 for subsampling

positions in the chimney

because the temperature was likely too high for
microbes to survive. The small subunit 16S rRNA
gene was quantified and converted to cell density by
assuming an average 16S rRNA gene copy number of
3.45 and 1.00 per cell for bacteria and archaea,
respectively (Lee et al. 2009). These 2 values were
derived from average copy numbers of pure cultures,
which were closely related to our phylotypes. In gen-
eral, bacterial abundance showed greater variations
than archaeal abundance. The exterior layers (P1
and Q1) contained the greatest number of bacterial
cells (1.61 x 107 and 2.07 x 107 cells g~! of sample,
respectively), whereas the interior layers (P3 and Q3)
had nearly 4 orders of magnitude lower cell abun-
dance (9.46 x 10° and 8.60 x 10° cells g}, respec-
tively). In the middle layers, bacterial cell density
varied indistinctively, with an average of about
10°~10° cells g~' of sample. Although the distribution
trend of archaeal biomass was similar to that of bac-
teria, cell numbers were less varied, ranging from 10°
to 10° cells g!. The innermost layers (P3 and Q3)
contained the lowest amounts of archaeal cells, about
2.49 x 10° to 2.22 x 10° cells g~!, whereas the amounts
in other positions (exterior surfaces and middle lay-
ers) fluctuated only slightly (approximately 10° cells
g~!). Generally, bacterial and archaeal biomass ten-
ded to increase gradually from the inner layers to the
outer layers, except in sample P4 from the middle
layer. As shown in Fig. 3, cell numbers detected in
sample P4 reached 8.49 x 10° and 4.57 x 10° cells g~!
for bacteria and archaea, respectively, much higher
than other samples collected from the middle layers.

Q3 assigned to the following groups: De-
sulfurococcales, Thermococcales, Thermo-
proteales, Archaeoglobales, marine group I
(MGI; Martin-Cuadrado et al. 2008), deep-
sea hydrothermal vent FEuryarchaeota
(DHVE; Takai & Horikoshi 1999), which
includes the subgroups DHVE1 (Nunoura

et al. 2010), DHVEZ2 (Reysenbach et al. 2006,

Nunoura & Takai 2009), DHVE9 (Pagé et al. 2004),

DHVE10, DHVE11, and Korarchaeota (Takai & Sako

1999, Ehrhardt et al. 2007). In addition, there was 1

phylotype belonging to the unclassified Crenar-

chaeota (UC).

Phylotypes assigned to the Desulfurococcales group
were detected commonly in 9 samples, although their
proportions were minor in the exterior layer samples
(P1 and Q1) and the outer zone of the middle layer
(sample P2; Fig. 4a, Table S1). These phylotypes were
clustered with environmental sequences detected at
hydrothermal vents located in the Lau Basin, Japan
Suiyo Seamount, Okinawa Trough, Mariana Trough,
Mid-Atlantic Ridge, East Pacific Rise 9°N, Clam Bed
Field, and the Central Indian Ridge (Fig. 5) (Ehrhardt
et al. 2007, Wang et al. 2009). Desulfurococcales phy-
lotypes in our study showed high similarity (>94 %) to
pure cultures (data are partly shown in Fig. 5) of
Staphylothermus hellenicus, Geogemma indica, Hy-
perthermus butylicus, Aeropyrum premix, Ther-
mogladius cellulolyticus, Desulfurococcus mucosus,
and others which are generally hyperthermophiles
with optimum temperatures supporting growth (here-
after termed ‘growth temperatures’) above 90°C
(Sako et al. 1996, Blochl et al. 1997).

Phylotypes representing members of the Thermo-
coccales group were also found in samples from
the exterior walls to internal layers of the chimney
(Fig. 4a, Table S1). They dominated the middle and
inner chimney layers with abundances greater than
50%. Even the outer wall samples P1 and Q1 con-
tained nearly 30% Thermococcales phylotypes in
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Fig. 4. Composition of the (a) archaeal and (b) bacterial microbial communities
based on 16S rRNA gene clone libraries constructed from each subsample (x-
axis) of the sulfide chimney. The relative abundances of the detected clones are
shown. The numbers in parentheses indicate the total numbers of clones

Ehrhardt et al. 2007, Nunoura et al.
2010). Only 1 phylotype affiliated with
the order Archaeoglobales was de-
tected from sample P2.

analyzed at each position. See Fig. 2 for subsampling positions in the chimney.
DHVE: deep-sea hydrothermal vent Euryarchaeota, UC: unclassified Crenarch-

aeota, MGI: marine group I

their archaeal libraries. Environmental sequences
and cultivated isolates highly similar to our phylotypes
have been recovered exclusively from hydrothermal
vents or other high-temperature environments (Huber
et al. 2006, Nakagawa et al. 2006). Although some
species are capable of formate oxidation or carboxy-
dotrophy coupled with H, production, members of the
genus Thermococcus are generally considered to be
hyperthermophilic obligate anaerobes with a fermen-
tative metabolism utilizing complex carbon sources
(Ehrhardt et al. 2007).

DHVE clones were divided into 5 different sub-
groups, including 3 of the 9 groups existing prior to
this study (DHVE 1, DHVE 2, DHVE 9) and the 2
newly assigned groups in this study (DHVE 10 and
11). Members of the DHVE group commonly occur-
red across the chimney transect and were detected as

Bacterial phylotypes

Bacterial phylotypes were classified into the fol-
lowing phyla and uncultured groups: Proteobacteria
(including Alpha-, Beta-, Gamma-, Delta-, and
Epsilonproteobacteria), Planctomycetes, Chloroflexi,
Bacteroidetes, Spirochaetes, Deinococcus-Thermus,
Cyanobacteria, Firmicutes, OP1, and OP11 (Teske et
al. 2002). Their phylogenetic positions are shown in
Figs. 6 & 7, and in Fig. S2 and Table S2 in the Supple-
ment. Members of the phylum Proteobacteria were
the most dominant group in the Bacteria domain
(Fig. 4b, Table S2).

Epsilonproteobacteria

Members within the Epsilonproteobacteria group
were frequently detected in all 9 samples. Phylo-
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Fig. 5. Phylogenetic relationships of representative archaeal clones obtained from the Dudley black smoker chimney. The tree
was inferred by neighbor-joining analysis of 16S TRNA gene sequences with Mega (5.0). Clones from this study are denoted in
bold. Numbers in parentheses are the GenBank accession numbers for sequences obtained from NCBI, excluding our clones.
Bootstrap percentages were obtained by using 1000 replicates, and values >50% are indicated at the nodes. The scale bar

represents the expected number of changes per nucleotide position. MGI: marine group I; UC: unclassified
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Fig. 6. Phylogenetic tree based on the 16S rRNA gene of Epsilonproteobacteria. The tree was inferred by neighbor-joining

analysis of 16S TRNA gene sequences with Mega (5.0). Clones from this study are denoted in bold. Numbers in parentheses are

the GenBank accession numbers for sequences obtained from NCBI, excluding our clones. Bootstrap percentages were ob-

tained by using 1000 replicates, and values >50 % are indicated at the nodes. The scale bar represents the expected number of
changes per nucleotide position
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Fig. 7. Phylogenetic tree based on the 16S rRNA genes of Gamma- and Deltaproteobacteria. The tree was inferred by neigh-
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genetically, these phylotypes were classified into 4
different subgroups (A, B, E, and F) based on the
7-group division proposal of Corre et al. (2001).

Three phylotypes, P6-b22, P6-b51, and Q3-b13, fell
into group A (Fig. 6) which were only detected in
samples P6 (6 clones) and Q3 (1 clone). The genus
Nitratiruptor contains the cultured representatives of
this group (Nakagawa et al. 2005a,b). Generally,
these organisms are strict thermophilic chemolitho-
autotrophs growing optimally at 55°C (Nakagawa et
al. 2005b). Phylotypes in group B were commonly
found across the chimney transect, except samples
P3 and P6 (Table S2). In particular, members of group
B dominated the middle layers P2 and Q2 with more
than 50% in their bacterial libraries (Fig. 4b). Our
phylotypes exhibited highest similarities to environ-
mental sequences obtained mainly from hydro-
thermal chimneys (Nagakawa et al. 2005c, Zhou et
al. 2009) and near a crustal flank (Ehrhardt et al.
2007). To date, only the genus Sulfurimonas (Fig. 6)
was included in group B. In general, members of
genus Sulfurimonas grow chemolithoautotrophically
with sulfide, S°, thiosulfate, and H, as electron donors
(Takai et al. 2006).

Among group E, we found that most representa-
tive phylotypes formed a cluster with sequences
from hydrothermal niches, including chimneys of
the Juan de Fuca Ridge (Wang et al. 2009, Zhou et
al. 2009), a white smoker in East Pacific Rise 9°N
(Kormas et al. 2006), vents in Brothers Seamount,
and some epibionts of vent invertebrates (Alain et
al. 2002, Goffredi et al. 2004). Members of group E
were the most abundant components in samples P6,
Q1, and Q3 (Fig. 4b, Table S2). Members of the
genus Sulfurospirillum were also classified into
group E (Corre et al. 2001, Alain et al. 2002), which
utilize sulfur or thiosulfate as electron donors
(Straub & Schink 2004).

In total, 21 phylotypes fell into group F (Fig. 6).
No sequence of this group was detected in sample
P3, and there were only 1 or 2 clones in samples P2
and Q1. In contrast, samples P4 and P5 contained
the most abundant clones of this group, which
accounted for up to 45% of the bacterial libraries
(Table S2). A number of clones in group F had rela-
tives closest to epibionts of vent invertebrates (tube
worms, gastropods, and shrimp; Goffredi et al. 2004,
Grzymski et al. 2008) as well as environmental
sequences retrieved from vents and surrounding
niches (Fig. 6). Isolates in the genera Sulfurovum
and Nitratifractor were recently reported as cultured
species in group F (Inagaki et al. 2004, Nakagawa
et al. 2005¢).

Delta- and Gammaproteobacteria

No Deltaproteobacteria were detected in the bac-
terial libraries of the outer wall samples, P1 and Q1.
In total, 18 phylotypes (representing 44 clones) con-
stituted the Deltaproteobacteria cluster. Their distri-
butions varied greatly: most Deltaproteobacteria clo-
nes were found in the inner layer samplers P3 and
Q3, in which they accounted for about 25 and 18 % of
the detected bacterial clones, in contrast to 4~7 % in
other samples (Fig. 4, Table S2). These phylotypes
were closely (94 % or higher similarity) related to cul-
tured members of the family Desulfobulbaceae (Sass
et al. 2002, Teske et al. 2002), members of the genus
Desulfothermus (Nunoura et al. 2007), and un-
cultured sequences of several distinct branches
within Deltaproteobacteria (Fig. 7). Generally, mem-
bers of the Deltaproteobacteria are mainly anaerobic
chemoorganotrophic sulfate-reducers capable of uti-
lizing sulfate, nitrate, and ferric iron as electron
acceptors (Kato et al. 2009). However, members of
the genus Hippea, which were mainly isolated from
seafloor hydrothermal vents, were described as
being unable to grow by sulfate reduction but rather
by sulfur reduction (Flores et al. 2012).

The exterior samples P1 and Q1 contained 14 phy-
lotypes within the Gammaproteobacteria, and were
the main habitats of this group. Most phylotypes
branched among uncultivated clones from a carbon-
ate chimney (Brazelton et al. 2006), a high tempera-
ture black smoker (Wang et al. 2009), and marine
and estuarine sediments (Martinez et al. 2006, Jiang
et al. 2009). Several phylotypes were closely related
to sequences recovered from sulfur-oxidizing bacter-
ial endosymbionts of bivalves or gastropods at
hydrothermal vents and cold seeps (Fig. 7).

Other bacterial phylotypes

Two phylotypes, Q1-b63 and P6-b16, were mem-
bers of thermophilic bacteria in the order Thermales
(Fig. S2). In particular, P6-b16 was closely related
(>98% sequence similarity) to Oceanithermus pro-
fundus, a thermophilic (optimal growth at 60°C),
microaerophilic, facultatively chemolithotrophic bac-
terium isolated from the 13°N East Pacific Rise
hydrothermal vents (Miroshnichenko et al. 2003,
Kormas et al. 2006). Three phylotypes, which were
detected exclusively in the inner sample P3, be-
longed to the Firmicutes. Phylotypes within other
bacterial lineages were retrieved in low numbers, in-
cluding members of Chloroflexi (1 OTU for 1 clone),
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Spirochaetes (2 OTUs for 2 clones), Cyanobacteria
(2 OTUs for 2 clones), Planctomycetes (3 OTUs for
10 clones), Alphaproteobacteria (5 OTUs for 5 clones),
and the uncultured OP1, OP11 candidate divisions
(1 OTU for 1 clone, respectively).

Statistical analysis

Archaeal and bacterial 16S rDNA clone libraries of
different chimney parts were subjected to PCA to-
gether. Results of the PCA showed that 9 samples
were grouped into several different clusters com-
parable with their phylogenetic datasets (Fig. 8). Ac-
cording to the PCA plot, samples P1 and Q1 formed 1
group, P3 formed a distinct group, and the rest of the
samples (P2, P4, Q2, P5, P6, and Q3) formed a third
group. The first 2 principal components (PC1 and
PC2) explained 65.21 % of the total variation.

DISCUSSION

Spatial variations of microbial communities in
different chimney zones

Diverse microbial communities were detected from
our active hydrothermal sulfide chimney. Microbial
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compositions and biomass shifted dramatically from
the exterior to the interior of the chimney and formed
obvious microbial zones at different spatial positions.
Quantitative analysis showed that density of bacter-
ial cells detected from the outer (~107 cells g7}) to
inner parts (only ~10* cells g™') varied by at least 3
orders of magnitude, while archaeal biomass did not
fluctuate over a wide range (about 10°-10° cells g7};
Fig. 3 and Table S3 in the Supplement). It is conceiv-
able that exposure to cold seawater makes the exte-
rior wall of the chimney a relatively low-temperature
environment where mesophilic bacteria flourish. In
contrast, the inner parts are likely too hot to provide
a niche for bacteria, whereas archaea could adapt
to such environments with their higher thermo-
adaptability (Kelley et al. 2002). Correspondingly, we
observed a dramatic shift in the compositions of
microbial communities within different microenvi-
ronments, from predominantly mesophilic, sulfur-
oxidizing bacterial communities at the outer surfaces
to thermophilic or hyperthermophilic, archaeal sul-
fur-reducers in the inner layers of the chimney, as
follows.

In the exterior surfaces (P1 and Q1), microbial com-
position and community structure were character-
ized by the predominance of the Epsilon- and Gam-
maproteobacteria and the archaeal members of the
DHVE group. Results of PCA showed that they
hosted very similar microbial populations and com-
munity structures (Fig. 8) and also harbored roughly
equal biomass (Fig. 3, Table S3). The bacterial
groups were mainly composed of autotrophic meso-
philic species (Inagaki et al. 2003), whose metabo-
lism is closely related to sulfur cycles with a wide
spectrum of substrates such as S,05%~ and S° and with
H,S as the ultimate metabolite. In particular, some
members of the Gammaproteobacteria could directly
oxidize H,S using oxygen, which is the most direct
approach for obtaining energy to support chemo-
synthesis-based faunal communities such as tube
worms, shrimps, and gastropods (Fig. 7). In contrast,
the high proportion of the DHVE groups in these
parts is unexpected. Generally, habitats for the
DHVE group are restricted to high-temperature
niches (Hoek et al. 2003, Reysenbach et al. 2006,
Nunoura et al. 2010). Recently, the first cultured rep-
resentative of the DHVE 2 group, Aciduliprofundum
boonei, has also been shown to respond favorably to
high temperature (55~75°C, growing best at 70°C). It
is plausible that outward advection of hydrothermal
fluids could still maintain some niches with high tem-
perature which may be suitable for the survival of
hyperthermophilics (Kormas et al. 2006). Members of
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the Thermococcales and Desulfurococcales occurred
in the exterior parts (P1 and Q1), albeit in low propor-
tions, which again supports this hypothesis. Another
possibility is that some individuals within the DHVE
groups may have a non-hyperthermophilic lifestyle
and can exist in those habitats that probably are not
too hot (Nercessian et al. 2003, Nunoura et al. 2010).

Compared to the exterior walls, microbial commu-
nities inhabiting the middle layers shifted more dra-
matically (Fig. 4). According to the PCA, samples
from the middle layers clustered together and formed
a distinct group (Fig. 8). The archaeal components
shifted from predominantly DHVE groups to Ther-
mococcales (up to about 70% in the clone library).
Meanwhile, other archaeal groups such as the Desul-
furococcales also increased compared to the exterior
samples. All microorganisms of the orders Thermo-
coccales and Desulfurococcales are putative hyper-
thermophilics which generally show maximal growth
at temperatures above 90°C (Zillig & Reysenbach
2001, Kashefi & Lovely 2003). The prevalence and
predominance of these hyperthermophilic groups
indicated that they were probably affected by high-
temperature hydrothermal fluids. However, the
occurrence of some given microbial groups indicates
that there are likely more dynamic and complex
environments in the middle layers of the chimney.
The detection of members of the Archaeoglobales
and Deltaproteobacteria, which depend on dissimila-
tory sulfate reduction (Jergensen et al. 1992), sug-
gests the presence of a seawater-derived electron
acceptor, SO4%, in the middle layers. In the domain
Bacteria, Epsilonproteobacteria was the dominant
eubacterial group (nearly 80 % in our bacterial clone
library), and pure cultures with high sequence simi-
larity to our OTUs are generally mesophiles that
grow optimally at moderate temperatures ranging
between 20 and 45°C (Campbell et al. 2006). Consid-
ering all of these phenomena, plus the high porosity
(P4 and P5, shown in Fig. 2), we concluded that there
was intense mixing between hot hydrothermal fluids
and cold seawater in the middle layers (Schrenk et
al. 2003) which may have created diverse niches
with different physicochemical conditions, thereby
supporting the abundant and diverse microbial
communities.

The inner layers P3 and Q3, where temperature
was high because of their proximity to the central
fluid conduits, were predominantly inhabited by
archaeal populations. Archaeal biomass was about
2.22 and 2.49 x 10° cells g~! (Table S3) and hyperther-
mophilic groups such as the Thermococcales and
Desulfurococcales were predominant among archa-

eal communities (Fig. 4a). Furthermore, the propor-
tion of the Desulfurococcales increased dramatically
while relatively low-temperature DHVE decreased
from the exterior walls (P1, Q1) to the inner parts
(Fig. 4), which corresponds well to the varying profile
of temperature across the chimney walls. In contrast,
bacterial density decreased more sharply than ar-
chaeal density, to only about 10* cells g~!. However,
bacterial components in P3 and Q3 consisted of rela-
tively diverse microbial populations, related mostly
to mesophilic isolates (Fig. 4b). The occurrence of
these non-thermophilic eubacterial populations,
which represented minor proportions of the libraries,
suggests the transport of microbial components from
outer parts to inner layers through pores and cracks,
likely caused by the penetration of seawater. Another
possibility is that some of the bacterial populations
come from seawater contamination during sampling.
After sampling, hot pore fluids within the chimney
cooled and contracted, which caused the entrain-
ment of ambient seawater into the spire (Kormas et
al. 2006). The detection of Cyanobacteria which ob-
tain their energy through photosynthesis from the
inner layer P3 indicated the influence of the surface
seawater during the recovery of the sulfide chimney
from the seafloor to the ship. Although we classified
P3 and Q3 into the same group according to their
spatial position, they were differentiated by PCA
(Fig. 8), suggesting the presence of different micro-
bial community structures even in similar spatial
locations of the chimney. It is not difficult to under-
stand this when taking into consideration the differ-
ence between the P and Q conduits. As noted before,
the P conduit was still active and venting high-
temperature fluids, whereas the Q conduit was
essentially inactive and filled with minerals, indica-
ting relatively lower temperature than the P conduit.
Therefore, spatial location (inner vs. outer layer) and
activity (active vs. inactive) of structural components
of a chimney dictate the microbial community com-
position and structure.

Factors potentially affecting microbial
distribution within the chimney

Within the hydrothermal chimney walls, environ-
mental conditions at different spatial locations such
as in situ temperature, fluid geochemistry, miner-
alogical framework, and porosity are potential con-
straints on microbial populations and their distribu-
tions (Edwards et al. 2003, Kormas et al. 2006). In situ
temperature is probably one of the most important



Li et al.: Microbial communities of a black sulfide chimney 81

parameters that exerts a key, first-order control on
microbial populations, diversity, and community
structure (Pagé et al. 2008, Schrenk et al. 2008). The
temperature regime from the center to the edge of a
chimney is commonly approximated by a decreasing
profile based on the conductive cooling model (Tivey
& McDuff 1990). Thus, it is not hard to understand
that there was a visible shift within the walls in resi-
dent microbes, from mesophilic eubacterial commu-
nities to hyperthermophilic archaea along the tran-
sect with approaching proximity to the central
high-temperature conduits (Figs. 3 & 4). Moreover,
similar population shifts also occurred for archaeal
dwellers. From the exterior to the interior of the Dud-
ley chimney, the dominant communities transitioned
gradually from the DHVE (P1 and Q1) to Thermococ-
cales (middle layers) and to Desulforococcales (P3,
Q3). Interestingly, the shift in growth temperatures of
archaeal pure cultures which were closely related to
our phylotypes, from 50~75°C (optimal 70°C) for
Aciduliprofundum boonei in the DHVE group (Rey-
senbach et al. 2006), 55~95°C (optimal 80~90°C) for
the those of the genus Thermococcus within the
Thermococcales (Zillig & Reysenbach 2001), to
80~121°C (optimal 85~106°C) for different genera
within the Desulfurococcales (Huber & Stetter 2001),
correlates well with the increasing temperature
across the chimney wall. Even in the middle layers,
the inner parts (P4, P5) with relatively higher temper-
ature accommodated higher proportions of Desul-
furococcales than the outer parts (P2, Q2). The trend
of increasing growth temperatures of dominant
archaea from the exterior to the interior indicated
that microbes in the chimney walls were likely
affected by temperature.

Geochemical characteristics of vent fluids through
the chimney walls also play an important role in the
selection for microbial communities by varying
carbon source and electron donors and acceptors.
According to our results, it can be inferred
that microbes with metabolism involving sulfur com-
pounds (including SO,*, S,05*, S° and H,S) are
common and pivotal to sustain the chimney microbial
communities. Furthermore, microbes with different
metabolic processes of sulfur (sulfur/sulfide-
oxidation and sulfate reduction) occurred from the
surface to near the center portions of the chimney at
varying distances of merely centimeters. This can be
attributed in large part to the sharp transition from
oxidized conditions dominated by seawater at the
surface to reduced conditions dictated by hydrother-
mal fluids across the chimney walls (McCollom &
Shock 1997). As mentioned above, chimney exteriors

are exposed to cold, neutral, and oxic seawater, and
correspondingly, members of mesophilic and aerobic
sulfide- or sulfur-oxidizers such as Gamma- and
Epsilonproteobacteria dominate in these positions
(P1 and Q1). These microorganisms have the ability
to oxidize reduced sulfur species using O, or NO3™ as
electron acceptors (Lopez-Garcia et al. 2003). Con-
versely, the inner layers (P3 and Q3) with close
proximity to the hydrothermal fluid are hot, anoxic
habitats where sulfur-reduction is energetically
favored. Resident microbial communities consisted
exclusively of anaerobic, strictly reduced sulfur-
dependent archaea (Desulfurococcales and Thermo-
coccales; Fig. 4a). Although the middle layers are not
directly in contact with hydrothermal fluids or sea-
water, pores and fissures in the chimney walls
(shown in Fig. 2) allow the encounter and extensive
mixing of reduced vent fluids and oxidizing sea-
water. The mixing process forms a dynamic and com-
plex environment (such as P4) where both hydrother-
mal fluids and seawater exert an important influence
on microbial populations. Therefore, it is not sur-
prising to find that microbial populations that pre-
dominantly occur in the exterior and inner part co-
exist in the middle layers. Therefore, we can infer
that microbial populations and their distributions are
linked to fluid features, varying from mesophilic, sul-
fur-oxidizing bacterial communities (Gamma- and
Epsilonproteobacteria) at the outer layers to ther-
mophilic, archaeal sulfur-reducers (Thermococcales,
Archaeoglobales, Desulfurococcales, and Thermo-
proteales) in the interior part of the chimney.

Organic substrates probably contributed greatly
to sustain microbial communities inhabiting the
chimney, since heterotrophic populations accounted
for a large proportion of the microbial communities
(Fig. 4). Within the Deltaproteobacteria, clones fell
into different lineages such as the Desulfobul-
baceae, Desulfobacteraceae, Desulfohalobiaceae,
and Desulfurellaceae. Although their growth tem-
peratures and electron acceptor preferences differ,
these microbes are generally chemoorganotrophic
and utilize organic substrates to grow. Among our
archaeal clones, those related to the cultured Ther-
mococcales and Desulfurococcales are also hetero-
trophs and require organic compounds for growth.
Although organic carbon could come from different
sources, and it is difficult to quantitatively estimate
the contributions of organic compounds (Kormas et
al. 2006), the organic compounds originating from
in situ microbes within the chimney matrix probably
played an important role in feeding heterotrophic
populations.
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Environmental regimes within the chimney walls

Environmental regimes within the chimney walls
were further distinguished by integrating mineral-
ogy, fluid geochemistry, microbial communities, and
their distribution profiles (see Fig. 2 for details). As
shown by previous reports, hydrothermal chimneys
are characterized by steep physical and chemical
gradients at small spatial scales, and corresponding
to these gradients, microbial communities also vary
dramatically (Takai & Horikoshi 1999, Schrenk et al.
2003, Kormas et al. 2006). Thus far, it is still difficult
to measure in situ environmental parameters within
the chimney walls, although several different models
have been proposed (Tivey & McDuff 1990, Kormas
et al. 2006). Alternatively, microbial communities
and their distribution patterns may yield insights into
environmental parameters of their habitats, and con-
sequently, basic environmental schematics could be
inferred based on microbial physiological and meta-
bolic traits. In several similar investigations, temper-
ature regimes within the chimney walls were esti-
mated on the basis of the temperatures at which
different mineral assemblages form (Schrenk et al.
2003, Kormas et al. 2006). However, it should be
pointed out that the temperature at which minerals
form cannot reflect the actual in situ temperature
experienced by those resident microorganisms. For
instance, the lowest temperature for the formation of
most sulfide minerals is generally higher than 150°C,
and it is impossible for microbes to survive at such
high temperatures. We therefore used the growth
temperatures of thermophilic or hyperthermophilic
archaeal groups rather than the formation tempera-
ture of different mineral assemblages as temperature
indicators to outline the likely in situ temperature
ranges for different chimney layers (Fig. 2). Pagé et
al. (2008) deployed thermocouple arrays on the
active vents at Guaymas Basin to record in situ tem-
peratures at which microorganisms colonize the
associated mineral deposits and detected inhabited
microbes. There was a good coherence between in
situ measured temperature and growth temperature
of detected archaea, which suggests that microbial
physiological characteristics can be used to infer in
situ temperature schematics in the chimney walls.
Thus, on the basis of physiological features of cul-
tured relatives of our clones, together with the sur-
face temperature inferred by Kormas et al. (2006),
the in situ temperature can be estimated to be
15~40°C at the outer surfaces (Fig. 2a), 40~90°C in
the middle layers (Fig. 2b,c), and £120°C in the inte-
rior layers (Fig. 2d). As such, a steep temperature

variation from 120 to 330°C existed on a very small
scale (central conduits PO, ca. 5 cm; Fig. 2e).

Some clues about the mixing of hydrothermal flu-
ids and seawater within the chimney walls could be
gained from microbial physiological and metabolic
traits, especially those indicative of terminal elec-
tron-accepting processes. For instance, although
bacterial biomass was lowest in samples P3 and Q3,
which were adjacent to the central channels, the pro-
portions of Deltaproteobacteria were the highest in
the bacterial libraries (Fig. 4b). In fact, members of
Deltaproteobacteria are well known to be typical sul-
fate reducers which utilize SO, as the necessary
electron acceptor to obtain metabolic energy (Jer-
gensen et al. 1992), although the only source of sul-
fate in vent chimneys is from seawater. The detection
of Deltaproteobacteria in the inner parts of the chim-
ney therefore signifies the percolation of seawater.
Hence, it can be inferred that, even near the central
parts of the chimney where hydrothermal fluids
dominate the environments, seawater can penetrate
into the far interior portions through cracks, fractu-
res, and interspaces (Fig. 2d). Similarly, some hyper-
thermophilic microbes could be used as excellent
temperature indicators because they will not survive
when the temperature is below their minimum
growth temperatures (Holden et al. 1998, Kelley et al.
2002). The occurrence of phylotypes affiliated to the
Thermococcales and Desulfurococcales indicates
that hydrothermal fluids can reach the area near the
exterior surface through outward convection since it
is impossible to sustain relatively high temperatures
(above 60°C) solely by means of conductive cooling
(Fig. 2a) (Tivey & McDuff 1990, Kormas et al. 2006).
In the middle cylinder, especially the inner zones (P4,
P5, P6) where interspaces and fractures are abun-
dant, inward penetration of seawater and outward
percolation of hot hydrothermal fluid would cause
intensive mixing as shown in Fig. 2b,c.

CONCLUSIONS

In this study, we determined the mineralogy,
microbial community structure, and their distribution
patterns in different spatial microhabitats of a chim-
ney wall recovered from the Dudley site of the Main
Endeavour Field in the Juan de Fuca Ridge. Our
results showed that the chimney wall exhibited a
clear zonation in mineralogy, fluid geochemistry, and
microbiology. From the exterior to the interior of the
chimney structure, mineral composition varied from
predominantly marcasite and pyrite to a high abun-
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dance of chalcopyrite and pyrite with smaller
amounts of wurtzite and sphalerite. Likewise, the
chimney exhibited layered microbial composition
and community structure, from predominantly aero-
bic, sulfur-oxidizing mesophilic Gamma- and Delta-
proteobacteria in the outer layer to mostly anaerobic,
sulfur-reducing thermophilic and hyperthermophilic
Thermococcales and Desulfurococcales in the inner
layers. Yet, microbial communities differed between
mineral-filled and actively venting conduits within
the chimney. Given these results, an attempt was
made to estimate the in situ temperature across the
chimney walls on the basis of the growth tempera-
tures of those dominant microbial groups. However,
hydrothermal chimneys are extremely heteroge-
neous, complicated, and dynamic, so it is often very
difficult to exactly elucidate the real conditions inside
the walls. Further research should be carried out and
new methods should be developed to obtain more in
situ data on environmental parameters and correlate
this data with that of in situ microbes.
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