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Hadal oceans at water depths below 6,000 m are the least-explored
aquatic biosphere. The Challenger Deep, located in the western
equatorial Pacific, with a water depth of ∼11 km, is the deepest
ocean on Earth. Microbial communities associated with waters
from the sea surface to the trench bottom (0 ∼10,257 m) in the
Challenger Deep were analyzed, and unprecedented trench micro-
bial communities were identified in the hadal waters (6,000
∼10,257 m) that were distinct from the abyssal microbial commu-
nities. The potentially chemolithotrophic populations were less
abundant in the hadal water than those in the upper abyssal
waters. The emerging members of chemolithotrophic nitrifiers in
the hadal water that likely adapt to the higher flux of electron
donors were also different from those in the abyssal waters that
adapt to the lower flux of electron donors. Species-level niche sep-
aration in most of the dominant taxa was also found between the
hadal and abyssal microbial communities. Considering the geomor-
phology and the isolated hydrotopographical nature of the Mariana
Trench, we hypothesized that the distinct hadal microbial ecosystem
was driven by the endogenous recycling of organic matter in the
hadal waters associated with the trench geomorphology.

hadal | trench | niche separation | nitrification | Challenger Deep

Microbial life in the dark ocean below mesopelagic water
(corresponding to 200- to 1,000-m depth range) is thought

to be primarily supported by the sinking organic carbon from
surface waters. However, it has recently been revealed that the
deep-sea biogeochemical cycles are more complex than pre-
viously expected and that the mismatch between the organic
carbon supply and microbial heterotrophic demand has led to
imbalances in some oceans (1–4). Currently, the contribution of
chemolithoautotrophy and mixotrophy to the biogeochemical
cycle (e.g., dark carbon fixation coupled with nitrification and
sulfur oxidations) is also recognized as another significant or-
ganic carbon source in the dark ocean (3, 5, 6). It has been es-
timated that the dissolved inorganic carbon fixation in the dark
ocean by these organisms could be on the same order-of-mag-
nitude as heterotrophic biomass production (3, 5).
Hadal oceans at water depths below 6,000 m are comprised

almost exclusively of trenches and are the least-explored aquatic
biosphere on Earth. Trench environments are differentiated from
upper abyssal oceans by their elevated hydrostatic pressure and
their hydrotopographically isolated nature, whereas other physical
and chemical conditions, such as temperature, salinity, dissolved
oxygen, and nutrients are comparable to those in abyssal oceans
(7–9). The microbiological and geochemical investigations of ha-
dal waters have been limited (10), in contrast to the long history
of hadal benthic microbiological studies occurring since the
1950s (11). To date, many piezophiles and piezotolerant bacteria
have been isolated from hadal benthic habitats, and their phe-
notypical and genomic features have been characterized to be
distinct from those of the close relatives obtained from shallow
marine environments (12). As one of the major biogeochemical

traits, a significantly higher microbial carbon turnover rate has been
identified in hadal sediments than that in adjacent abyssal plain
sediments (13). Furthermore, Jamieson et al. indicated that the
potential trench-specific distribution of eukaryotes is likely a result
of the hydrostatic pressure and hydrotopographical isolation (7).
The Challenger Deep in the Mariana Trench is the deepest

ocean on Earth, and its geology, current patterns, water chem-
istries, and benthic microbial communities have been relatively
well studied (8, 9, 13–17). However, the hadal aquatic microbial
communities in the Challenger Deep remain completely unchar-
acterized. This study aims to characterize the microbial commu-
nity compositions and functions of the hadal water microbial
ecosystem.

Results
Geochemical and Physical Environments. Water samples were taken
in a total of three dives of the remotely operated vehicle (ROV)
ABISMO at the same station (11–22.25′N, 142–42.75′E) on the
Challenger Deep. The temperature and salinity profiles were
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similar to previous observations, and the salinity slightly increased
at depths greater than 9,000 m below the surface (mbs) (8, 9, 18).
The sea surface temperature was 29.1 °C; the potential tempera-
ture decreased to 1.02 °C at 10,257 mbs. The sea surface salinity
was 34.2, and the maximum (34.8) and minimum (34.4) salinities
were found at ∼150 and 400 mbs, respectively (Fig. 1A). The sa-
linity was constant at ∼34.6 below 1,500 mbs and slightly increased
below 9,000 mbs, as reported in previous studies (9, 18). The
dissolved oxygen concentration (DO) at the sea surface was
219 μM and decreased to 62.5 μM at 500 mbs (Fig. 1B and
Dataset S1). Then, the DO increased to 156 μM at 4,000 mbs and
presented relatively constant concentrations between 156 μM
and 172 μM below 4,000 mbs. The nitrate concentration at the
sea surface was 0.22 μM, and it drastically increased along the
thermo- and chemoclines (200–400 mbs) (Fig. 1B and Dataset
S1). The maximum nitrate concentration (41.2 μM) was detected
at 1,500 mbs, and constant nitrate concentrations (36.2–36.5 μM)
were found below 5,000 mbs. The nitrite concentrations were less
than 0.07 μM (detection limit <0.01 μM) throughout the water
column. The ammonium concentrations were under the de-
tection limit (detection limit <0.1 μM). The natural abundances
of 15N and 18O of nitrate were 4.7–7.4‰ and 2.1–4.5‰, re-
spectively (Fig. 1C and Dataset S1). The δ15N and δ18O values of
deep nitrate were similar to previously reported data in other
oceanic regions (19). The temperature and salinity profiles sug-
gest the presence of at least five types of water masses throughout
the depth profile: surface water (above 50 mbs), high salinity
water (∼150 mbs), low salinity water (∼400 mbs), mesopelagic
water (above 2,000 mbs), and deep water (below 2,000 mbs) (Fig.
1A). No significant change in the inorganic nutrients and isotopic
signatures of nitrate between the hadal (below 6,000 mbs) and
abyssal (below 4,000 m) waters was found, which was similar to
a previous study (18) (Fig. 1B).

Cellular and Viral Abundance. The maximum cell abundance was
found at 51 mbs (6.4 × 105 cells/mL) and the abundance de-
creased to a depth of 1,499 mbs (1.5 × 104 cells/mL) (Fig. 1D and
Dataset S1). Below 2,000 mbs the cell abundance was relatively
constant but gradually decreased with increasing depth, and the

cell abundance of the bottom waters was ∼6 × 103 cells/mL. The
abundance of virus-like particles (VLPs) increased from the sea
surface to 101 mbs (5.8 × 106 particles/mL) and then decreased
with increasing depth to 1,499 mbs (3.4 × 104 particles/mL). The
VLP abundance increased at 2,000 mbs (2.4 × 105 particles/mL),
and relatively constant VLP abundance was observed below
2,000 mbs (2.2–3.6 × 105 particles/mL) (Fig. 1D). The maximum
and minimum VLP-prokaryote ratio (VPR) was found at 147
and 1,499 mbs, respectively. The VPR below 2,000 mbs slightly
increased with increasing depth; however, there were a few
exceptions. The transition of microbial and viral abundance
profiles between 1,500 and 2,000 mbs is likely equivalent to the
water–mass interface.

SSU rRNA Gene Community Structures. Both tag sequencing and
clone analyses were applied to investigate the prokaryotic small
subunit (SSU) rRNA gene community structure along the water
column on the Challenger Deep (Fig. 2 and Dataset S2). Overall,
the niche separation at the species to phylum levels along the
water column was identified. The tag sequence populations were
grouped along the water column at the species level, as shown by
the Jaccard and Bray–Curtis similarity matrixes: the euphotic
zone (above 101 mbs), the mesopelagic to abyssopelagic waters
(202–5,000 mbs), and the trench waters (below 6,001 mbs); a
similar trend was also found at higher taxonomic levels (Fig. 3
and Figs. S1 and S2).
In the euphotic zone, obligately phototrophic Prochlorococcus

and potentially photoheterotrophic bacterial lineages, such as
SAR11 and Bacteroidetes (20, 21), dominated the prokaryotic
SSU rRNA gene communities. The high abundance of Actino-
bacteria only occurred above 147 mbs, which implies the occur-
rence of phototrophic metabolism (22). SAR11 also dominated
the SSU rRNA gene communities in aphotic waters above 2,000
mbs, and its abundance decreased drastically at 3,000 mbs. Below
147 mbs, thaumarchaeal phylotypes became the predominant pop-
ulations; its relative abundance decreased with increasing trench
water depth (Fig. 2). The abundance of SAR324, a potential
chemolithoautotrophic deltaproteobacterial subgroup (6, 23, 24),
also increased at 147 mbs and was detected as one of the
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Fig. 1. Temperature and salinity (A); oxygen, nitrate, nitrite, and phosphate concentrations and pH (B); the δ15N and δ18O of nitrate (C); and the abundance
of prokaryotic cells and VLPs and VPR (D) along the water column in the Challenger Deep. The CTD profile of temperature and salinity was obtained in dive
AB#11. Other profiles were obtained by a total of three dives at the same location.
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predominant populations above 5000 mbs. In contrast, the potential
heterotrophic SAR406 (Marine Group A) and Bacteroidetes
(10, 25) dominated the prokaryotic SSU rRNA gene communities
below 6,000 mbs, whereas they were found as only a minor pop-
ulation above 5,000 mbs. Intriguingly, the predominance of the
tag sequences closely related to Halomonas sp. and Pseudomonas
stutzeri occurred at the bottom of the trench waters (9,000 and
10,241 mbs) (Fig. 2 and Dataset S2).
Among the potential nitrifier populations in the SSU rRNA

gene analyses, we found niche separation for both nitrite and
ammonia oxidizers along the water column. A relatively high
abundance of the nitrite-oxidizing Nitrospina was detected in
waters between 147 and 2,000 mbs, whereas the abundance of
Nitrospira increased in the trench waters (Fig. 2 and Dataset S2).
Among the potential ammonia oxidizers, the niche separation of
thaumarchaeal subgroups was found along the water column,
and the Nitrosomonas population was detected only in the trench
waters. Subgroup β of the marine group I (MGI) thaumarch-
aeote dominated the thaumarchaeal population at the bottom of
the photic zone (147–300 mbs), the δ subgroup was detected
above 2,000 mbs, the α subgroup dominated the thaumarchaeal

population in the trench waters below 6,000 mbs, and the γ
subgroup was detected throughout the water column below 147 mbs
(Figs. S3 and S4A).

Detection and Quantification of Nitrifiers. To clarify the niche
separation of ammonia oxidizers suggested by the SSU rRNA
gene-sequencing analyses, a clone sequencing analysis was con-
ducted for the archaeal ammonia monooxygenase α subunit
(amoA) gene, and subsequent quantitative PCR analyses were
applied for other bacterial nitrifiers to characterize the niche
separation of nitrifiers in further detail. For the preparation
of sufficient template DNA, amplified environmental DNA
was used for the analyses. In fact, the composition of envi-
ronmental DNA must be biased during the genome amplifi-
cation; however, the technique has advantages in environmental
molecular studies using insufficient amounts of DNA (26, 27).
The archaeal amoA gene clone analysis suggested the distinctive
distribution of four major amoA subgroups (A, Ba, Bb, and D)
along the water column (Figs. S4B and S5). The niche separa-
tion of ammonia-oxidizing archaea (AOA) above the abyssal
waters that suggested by the amoA gene clone analysis resem-
bles the previously observed pattern that showed the distinctive
distribution of the “high ammonia cluster” (HAC) and “low
ammonia cluster” (LAC) of archaeal amoA along the water
column (28) (Fig. S5). The HAC was comprised of the groups A,
C, and D, and the LAC was identical to groups Ba and Bb in
this study.
Based on the amoA sequences obtained in this study, group-

specific primers for quantification were constructed for each
dominant amoA group to clarify the niche separation of the
AOA along the water column at this site. The distribution and
abundance patterns obtained in the quantitative PCR were more
similar to the MGI SSU rRNA gene communities than that in
the archaeal amoA gene clone analysis (Fig. 4 and Fig. S4).
Group A and Bb of amoA dominated in the photic zone above
200 mbs and in the mesopelagic waters above 1,000 mbs, re-
spectively; however, amoA group Ba was found below 300 mbs
and predominated between the mesopelagic and bathypelagic
zone (300–6,000 mbs). Group D predominantly occurred in the
hadal waters. The sum of the archaeal amoA copy number below
147 mbs correlated with archaeal SSU rRNA gene copy number
below 147 mbs in the ratio of 0.9 (R = 0.91). The archaeal SSU
rRNA gene communities below 147 mbs are dominated by the
MGI thaumarchaeotes (Fig. 2), and the genomes of the MGI
thaumarchaeotes in the publically accessible database are known
to encode only one copy of the amoA and SSU rRNA genes.
Thus, most of the MGI thaumarchaeotes distributed in the water
column would harbor amoA, as suggested by Sintes et al. (28).
These results also suggest the coordination between the thau-
marchaeal SSU rRNA and amoA gene clusters: group α in the
SSU rRNA gene and D in amoA, β and A, γ and Ba, and δ and
Ba, respectively.
In addition, conventional and quantitative PCR were exam-

ined for genes from gamma- and betaproteobacterial ammonia
oxidizers and nitrite-oxidizing Nitrospira, Nitrospina, and alpha-
and gammaproteobacteria. The gammaproteobacterial ammonia
oxidizers and alpha- and gammaproteobacterial nitrite oxidizers
(e.g., Nitrobacter and Nitrococcus, respectively) were not detected
throughout the water column. The betaproteobacterial amoA
genes were revealed to be abundant in the amoA composition of
the photic zone and the trench bottom waters, but they were
absent in most depths of the mesopelagic to abyssal waters
(between 400 and 5,000 mbs). Among the nitrite oxidizers, niche
separation between Nitrospina and Nitrospira was also revealed.
The Nitrospira SSU rRNA gene population outcompeted the
Nitrospina SSU rRNA gene population in waters at 50 and
100 mbs, as well as in the hadal waters. The Nitrospina SSU
rRNA gene abundance was higher than that of the Nitrospira
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Fig. 2. Prokaryotic SSU rRNA gene community composition along the water
column in the Challenger Deep. Numbers in parentheses indicate the num-
ber of tag sequences.
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population below the bottom of the euphotic zone to the bathyal
waters (150–5,000 mbs) (Fig. 4). Gammaproteobacterial nxrA
was not detected in this study.

Dilution Counting of Heterotrophic Bacteria. The culturable het-
erotrophic microbial population was estimated on board by using
serial dilution cultivation of heterotrophic bacteria at 4 °C; the
partial SSU rRNA gene sequences of the strains obtained from
the most diluted inocula with microbial growth were determined.
Surprisingly, a quite high culturable population was found (at > 2 ×
103 cells/mL) in the trench bottom waters from 9,003 and 10,243 m,
whereas the microbial cell abundances at these depths were only 5.5
and 6.3 × 103 cells/mL, respectively (Dataset S1). The predominant
culturable heterotrophic microbes at these depths were very similar
to P. stutzeri (99% similarity), which was consistent with the envi-
ronmental SSU rRNA gene analyses at these depths (Fig. 2 and
Dataset S2). Conversely, the culturable population in the upper
waters (0–1,500 mbs) ranged from > 0–2 × 103 cells/mL and the
population in deep waters (2,000–8,000 mbs) ranged from > 0–2 ×
10 cells/mL.

Discussion
Niche Separation of Nitrifiers. The composition of nitrifiers could be
indexes of carbon and nitrogen cycles in oceanic ecosystem because
NH4

+ is provided by nitrogenous organic matter decomposition. In
addition, it has been noted that the niche separation of nitrifiers is
regulated by the amount of available electron donors such as am-
monia and nitrite (28–30). Thus, the niche separation of nitrifiers
could be a signature of NH4

+ flux from organic matter de-
composition that cannot be identified from NH4

+ concentration
measurements. In fact, the SSU rRNA gene-sequencing analyses
and quantitative PCR analyses of nitrifiers suggested the possible
niche separation along with the transition of the entire microbial
community structure and NH4

+ flux.
Sunlight, pH, and salinity are additional significant factors that

affect the niche separation of ammonia oxidizers besides the
NH4

+ concentration (31–33). The salinity change is less than 1 in
the water column on the Challenger Deep and is negligible in
this case. The higher abundance of ammonia-oxidizing bacteria
(AOB) than AOA in the upper euphotic zone (above 50 mbs) is
likely consistent with the high sensitivity of AOA to photo-
inhibition than the sensitivity of AOB shown by the previous
cultivation experiments (31). The predominance of group A
amoA (possibly group β MGI) in the bottom of the euphotic

zone may be associated with the relatively higher pH zone along
the water column (Figs. 1A and 4). The co-occurrence of AOB
and archaeal amoA group D HAC) in hadal water and the
predominance of archaeal amoA groups Ba and Bb (LAC) in
abyssal water are consistent with the previous observation that
AOA prefers lower ammonia concentrations than AOB (30).
The distinctive distribution of potential nitrite oxidizers, such

as the Nitrospina and Nitrospira SSU rRNA genes, was also
revealed. The Nitrospira SSU rRNA gene population overtook
the Nitrospina SSU rRNA gene population in waters at 50 and
100 mbs, as well as the hadal waters. The Nitrospina SSU rRNA
gene population overcame that of the Nitrospira population
below the bottom of the euphotic zone to the bathyal waters
(150–5,000 mbs) (Fig. 4). This distribution pattern is generally
consistent with the abundance of the Nitrospina and Nitrospira
populations in the SSU rRNA gene-tag sequences. The significance
of Nitrospina in the bottom of the euphotic zone to mesopelagic
water is in accordance with the previous reports for (sub)tropical
oceans (34–36). In contrast, the significance of Nitrospira in oceanic
waters has not yet been revealed, although their contribution in
nitrification was reported in seafloor environments (37–39). These
observations could be interpreted as a result of kinetic-dependent
niche separation, but several uncertainties cannot be ruled out (e.g.,
technical difficulties in the detection of nitrite oxidizers) (39). In
general, Nitrospira and Nitrospina have typically been found in eu-
trophic and oligotrophic marine environments, respectively. Thus,
Nitrospira likely adapts to a higher nitrite flux than Nitrospina.

Factors Controlling the Hadal Biosphere. The distribution and abun-
dance patterns of the entire microbial and nitrifiers communities
in the hadal waters were found to be distinct from those in abyssal
waters. In the hadal water, the potential chemolithoautotrophs
decreased in relative abundance with increasing depth and were
likely replaced by the heterotrophic populations. In addition, most
likely responding to the potentially elevated ammonia supply by
the heterotrophic activity with increasing depth, the dominant
groups of both ammonia and nitrite oxidizers were different.
These results suggest that the formation of a unique hadal bio-
sphere in the Challenger Deep may be driven by the input of
organic matter and the following heterotrophic degradation;
however, the distribution and abundance patterns of microbial
communities cannot be explained by the vertical flux of sinking
organic particles.
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The Challenger Deep is located in the oligotrophic ocean
region and is geographically and hydrotopographically isolated
from other trenches in the Western Pacific. Thus, endogenous
organic carbon sources are required to support the hadal water
heterotrophic microbial communities. Recent studies have pointed
to the importance of suspended organic matter, including both
sinking and suspended organic matter in bathypelagic waters
(40, 41). In addition, Kawagucci et al. reported the impacts of
suspended sediment associated with huge earthquakes that
affected the microbial communities in the bathyal and abyssal
water ecosystems (42). The microbial heterotrophic popula-
tions influenced by the suspended organic matter were similar
to those found in the Challenger Deep hadal biosphere that
were enriched by heterotrophs. A steep slope, narrow geo-
morphology, slow trench current (8, 9), and earthquakes may
supply a steady state or the occasional input of sinking and
suspended organic matter. Because suspended particulate matters
are transported vertically as well as horizontally (42, 43), the
suspended organic matter from slopes likely influences the
geochemical cycle in the entire trench waters. The higher
sediment deposition rate in the trench bottom compared with
the adjacent abyssal plain (13), as well as the clear stratification
of trench bottom sediment under the sampling site (Fig. S6),
also suggest the occasional input of sediment supply from the
trench slope. Moreover, the slightly elevated salinity of the
bottom water could induce the density-driven stratification of

hadal water mass (9). The stratification of hadal water mass may
promote the development of isolated and unique biogeochemical
cycles and microbial communities. This study hypothesizes that
the unique microbial ecosystem in one of the deepest accessible
biospheres on this planet is primarily driven by the geomorphology
of the Mariana Trench.

Experimental Procedures
Site Description and Sampling. A total of three dives for the ROV ABISMOwas
conducted in the Challenger Deep of the Mariana Trench (11°22.25′N,
142°42.75′E, 10,300 m) during the Japan Agency for Marine-Earth Science &
Technology (JAMSTEC) R/V Kairei KR08-05 cruise (June 2008) (44) (Dataset
S1). Temperature, depth, and salinity were measured using a conductivity,
temperature, and depth (CTD) sensor SBE49 (Sea-Bird Electronics). Waters
from near the bottom of the trench (water depth of approx. 10,300 m) to
the surface were taken using Niskin bottles (5 L) (General Oceanic) that were
settled on the ROV ABISMO. Sea-surface water was collected using a bucket. The
water samples used in this study are summarized in Dataset S1, and the sub-
samples for geochemical andmicrobiological analyses were taken from the same
bottles. Samples for cell counting were fixed by formaldehyde [final concen-
tration 3% (vol/vol)], and filtered on a polycarbonate membrane filter (0.2 μm).
The filters were stored at −80 °C. The water samples for counting virus-like
particles were filtered with cellulose nitrate membrane filter (0.2 μm), fixed by
formaldehyde [final concentration 3% (vol/vol)], frozen in liquid nitrogen, and
then stored at −80 °C. Microbial cells in each 2–3 L water for molecular ecological
analyses were collected on cellulose nitrate membrane filters, and stored at
−80 °C. Trench bottom sediment was obtained by a gravity corer of the ROV
ABISMO in the same dive. A sediment core was split onboard and stored at 5 °C.
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Geochemical Analyses. DO was measured using an oxygen CHEMets kit
(CHEMeytrics) onboard. Samples for nutrient analysis were filtrated with
0.2-μm cellulose acetate filter and stored at −20 °C until further analysis.
Concentrations of NO3

−, NO2
−, PO4

−, and NH4
+ were analyzed spectropho-

tometrically using an automated QuAAtro 2-HR analyzer (BL TEC).
Nitrogen and oxygen isotopic compositions of the nitrate were determined

using the denitrifier method (45–47). Nitrate was converted to N2O by the
strain Pseudomonas chlororaphis (JCM20509 = ATCC13985), a denitrifying
bacterium lacking the capability of N2O reduction (46). Then, the produced
nitrous oxide was extracted, purified, and measured for nitrogen and oxygen
isotopic ratios using a 20–22 continuous flow isotope ratio mass spectrometer
(Sercon) at Tokyo University of Agriculture and Technology. The amount of
nitrous oxide introduced to CF-IRMS ranged from 3 to 15 nmol. International
isotopic reference materials, USGS32 (δ15N = 180‰, δ18O = 25.7‰), USGS34
(δ15N = −1.8‰, δ18O = -27.9‰), USGS35 (δ18O = 57.5‰) and IAEA-NO3 (δ15N =
4.7‰, δ18O = 25.6‰) (47–49), were used for the calibration. The δ15N values
were reported relative to atmospheric N2, and the δ18O values were reported
relative to standard mean ocean water (V-SMOW). The analytical precision of
in-house material was typically less than 0.2‰ for δ15N and 0.3‰ for δ18O.

DNA Extraction and Amplification. Environmental DNA was extracted from
the cells on cellulose nitrate membrane filters using a Soil DNA Isolation Kit
(Mo-Bio Lab) with minor modifications. A portion of environmental DNA was
amplified using a REPLI-g Mini Kit (Qiagen) for the molecular analyses de-
scribed below. Amplified DNA assemblages were digested by S1 nuclease
(Invitrogen) before the following studies.

Diversity Analyses for SSU rRNA and Archaeal amoA Genes. Prokaryotic SSU
rRNA gene fragments were amplified with a primer set of 530F and 907R (50)
from the original environmental DNA assemblages using LA Taq polymerase
with GC buffer (Takara Bio) as previously described (50). For tag sequencing,
primers with 10 bp of extended tag sequences in 5′-termini were used for the
SSU rRNA gene amplification. For archaeal amoA clone analysis, gene frag-
ments were obtained using EX Taq polymerase (Takara Bio) from the ampli-
fied environmental DNA assemblages. The amplification conditions and primer
sequences for each of the PCR amplifications are summarized in Table S1.

For the clone analyses, amplified DNA fragments were cloned into pCR2.1
vector (Invitrogen), and clone libraries were constructed. The inserts were
directly sequenced with the M13M4 primer using an ABI3730xl genetic an-
alyzer with Big Dye v3.1. SSU rRNA gene sequences with >97% identity were
assigned as the same clone type (phylotype) based on FastGroup II (51) and
similarity analysis in GENETYX-MAC v15 (GENETYX). SSU rRNA gene ampli-
cons for tag sequencing were analyzed by 454 FLX Titanium sequencer
(Roche). All of the raw tag sequences were treated with shhh.flows pipeline
in MOTHUR 1.31.1 (52–54), and the primer sequences in either or both ends
of the tags were eliminated. Tag sequences shorter than 300 bp were re-
moved from the downstream analyses. Potential chimera sequences were
surveyed using UCHIME (55). Next, phylogenetic assignment and statistical
analyses for the tag sequences were conducted. Sequencing tags were
aligned using the partial order algorithm (SINA; www.arb-silva.de/aligner/)
with the reference multiple alignment SILVA SSU Ref NR (56). All of the
aligned sequences were then clustered into operational taxonomic units
(OTUs) by 97% sequence identity using MOTHUR 1.31.1, with default
parameters according to the average-clustering algorithm. Output was then
parsed to produce occurrence tables of each OTU in each sample. The tax-
onomic position of each OTU was automatically assigned based on Blast
analysis in the QIIME software package (57) using SILVA Ref NR as a refer-
ence dataset of SSU rRNA gene sequences. The sequences were excluded
that are closely related to the potential contaminants belonging to genera
that inhabit soil and the human body and have been detected from negative
control experiments of environmental microbiology in the laboratory,
such as Bradyrhizobium, Brevundimonas, Burkholderiaceae, Delftia, Eryth-
robacter, Lactococcus, Legionella, Methylobacterium, Mycobacterium, Neis-
seria, Novosphingobium, Propionibacterium, Sphingobium, Sphingomonas,
Sphingopyxis, Staphylococcus, Stenotrophomonas, and Streptococcus. Se-
quences presenting with relatively high E-values (>1.0E-30) or low identity
(<90%) to the best match sequence were designated as other archaea or
bacteria, and sequences that did not present significant similarity to any ref-
erence sequences were also excluded from the analysis. α-Diversity indices
(rarefaction curves, Chao1, ACE, Shannon, Shannon evenness, and Simpson) in
each library and taxa/divisions were also calculated using MOTHUR 3.6. The

Jaccard and Bray–Curtis dissimilarity indices among each library were esti-
mated using the vegan package in the R-environment (vegan.r-forge.r-project.
org). Phylogenetic trees were constructed from the curated alignment of
representative sequences using the Clustal W program (www.clustal.org).
A weighted UniFrac distance matrix among core samples was constructed
from the phylogenetic tree and a sample mapping files that showed fre-
quency of the sequence tags within OTUs. Sequencing tags for each phy-
lum/class were collected from the entire dataset in accordance with the
taxonomic position of each OTU. The subdatasets were analyzed as in the
case of the entire dataset.

All SSU rRNA gene sequences obtained in this study were compared using
the UniFrac program (58) after omitting potential chimera sequences and
potential experimental contamination sequences. The alignment of each SSU
rRNA gene clone library was constructed using the SINA alignment service
(www.arb-silva.de/aligner/) (59). The phylogenetic tree of all SSU rRNA gene
sequence obtained in this study was constructed by Clustal X (www.clustal.
org), and the principal component analysis was carried out using the tree by
UniFrac. Representative SSU rRNA gene sequences were aligned and phylo-
genetically classified into certain taxonomic units using ARB (56). The phy-
logenetic tree of thaumarchaeal SSU rRNA genes was constructed by Clustal X
based on the unambiguous residues. Representative amoA sequences were
automatically aligned with closely related nucleotide sequences, and the
phylogenetic tree was then constructed using Clustal X v2.0 (60).

Quantitative PCR Analyses. Primers, probes and components of standard
mixture used for the quantitative PCR analyses are summarized in Table S1.
The abundance of each gene was quantified as an average of the duplicate or
triplicate analyses. Original DNA assemblages were only used for the quan-
tification of archaeal and prokaryotic SSU rRNA genes, and the amplified DNA
assemblages were used for the other genes. The abundance of nitrifier genes
in each water mass was estimated from the relative abundance of archaeal
SSU rRNA gene and a respective gene in the amplified DNA assemblages.

The 7500 Real Time PCR System (Applied Biosystems) was used for all of
the quantitative PCR analyses in this study. Quantification of the archaeal
and all prokaryotic SSU rRNA genes was performed using both the original
and amplified environmental DNA (Table S1). Detection and quantification
of nitrifiers were assessed using the amplified environmental DNA assemb-
lages. Detection of the alpha- and betaproteobacterial nxrA and alphapro-
teobacterial amoA was examined using Ex Taq polymerase (Takara Bio) with
a Mg2+ buffer as described previously (39) (Table S1). The abundance of
Nitrospina and Nitrospira SSU rRNA genes was also examined according to
methods described previously (39, 61). To identify group specific distribution
of each archaeal amoA group, novel primer sets were constructed based on
archaeal amoA gene sequences obtained in this study as follows: The nu-
cleotide alignments of the archaeal amoA gene were constructed by Clustal
X v2.0, and primers were designed that individually matched with the spe-
cific amoA sequences in groups A, Ba, Bb, and D (Table S1).

For the preparation of quantitative PCR mixtures, qPCR Quick GoldStar
Mastermix Plus (Eurogentec) was applied for SSU rRNA genes of archaea, all
prokaryotes and Nitrospira, and a SYBR Premix Ex Taq II (Takara Bio) for
amoA genes and the Nitrospina SSU rRNA gene. Amplified products from
quantitative PCR using SYBR Premix reagent were confirmed by agarose gel
electrophoresis. Amplification specificity was confirmed by clone analysis for
amplicons from several depths, particularly in the cases of amoA genes.

Dilution Counting for Heterotrophs. The abundance of culturable hetero-
trophs at each depth was evaluated onboard by serial dilution cultivation
methods with 1×, 1/100×, and 1/10,000× Marine Broth (Difco) using 96-well
microtiter plates at 5 °C for 2 mo under atmospheric pressure. For the di-
lution of Marine Broth, MJ synthetic seawater (62) was used. Then, SSU rRNA
gene sequences from the cultures obtained from the most diluted wells
were amplified with a primer set of B27F and U1492R (Table S1), and directly
sequenced using the ABI3730xl genetic analyzer with Big Dye v3.1 (Applied
Biosystems) according to the manufacturer’s recommendations.
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Fig. S1. Jaccard similarity matrixes of dominant taxa/divisions found in the SSU rRNA gene tag sequence analysis.
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Fig. S4. Thaumarchaeal SSU rRNA gene community structures from the prokaryotic SSU rRNA gene communities obtained by the clone analysis (A). Numbers
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analyses shown in Figs. S3 and S5.
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2. Nunoura T, et al. (2013) Molecular biological and isotopic biogeochemical prognoses of the nitrification-driven dynamic microbial nitrogen cycle in hadopelagic sediments. Environ

Microbiol 15(11):3087–3107.
3. Sintes E, Bergauer K, De Corte D, Yokokawa T, Herndl GJ (2013) Archaeal amoA gene diversity points to distinct biogeography of ammonia-oxidizing Crenarchaeota in the ocean.

Environ Microbiol 15(5):1647–1658.
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Fig. S6. Lithostratigraphic structure of the sediment core taken from the bottom of the Challenger Deep. (Scale bar, 1 m.) Image courtesy of T. Sakamoto and K. Iijima.
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Table S1. Primers, probes and amplification conditions of PCR analyses in this study

Target genes Primers Sequence (5′ 3′) PCR conditions Sources
Standard mixture

for quantitative PCR

Identification of isolates
Bacterial SSU rRNA
gene

B27F
U1492R

AGAGTTTGATCCTGGCTCAG
ASGGNTACCTTGTTACGACTT

96 °C for 1 min, 25×
(96 °C 25 s, 53 °C 45 s,

72 °C 90 s)

1

Clone analysis and detection
Prokaryotic SSU
rRNA gene

U530F mix
U907R mix

96 °C for 5 min, 30–40×
(96 °C 20 s, 48 °C 70s,

72 °C 30 s)

2

Archaeal amoA Arch-amoAF
Arch-amoAR

STAATGGTCTGGCTTAGACG
GCGGCCATCCATCTGTATGT

96 °C for 5 min, 30×
(96 °C 25 s, 52 °C 30 s,

72 °C 60 s)

3

Betaproteobacterial
amoA

amoA-1F
amoA-2R

GGGGHTTYTACTGGTGGT
CCCCTCKGSAAAGCCTTCTTC

96 °C for 4 min, 30×
(96 °C 30 s, 52 °C 60 s,

72 °C 45 s)

4

Gammaproteobacterial
amoA

amoA-3F
amoB-4R

GGTGAGTGGGYTAACMG
GCTAGCCACTTTCTGG

96 °C for 4 min, 30×
(96 °C 30 s, 52 °C 60 s,

72 °C 45 s)

5

Nitrobacter nitrite
oxidoreductase
α subunit (nxrA)

Nbacter_nxrA-F
Nbacter_nxrA-R

GATAACGTYTTCCGCAGTA
GACATCATGATGTCRAAGCC

94 °C for 3 min, 45×
(94 °C 30 s, 53 °C 45 s,

72 °C 45 s)

6

Alpha- and
gammaproteobacterial
nxrA

F1norA
R1norA

CAGACCGACGTGTGCGAAAG
TCYACAAGGAACGGAAGGTC

94 °C for 5 min, 45×
(94 °C 30 s, 52 °C 45 s,

72 °C 45 s)

7

Quantitative PCR
Prokaryotic SSU
rRNA gene

Uni340F
Uni516F
Uni806R

CCTACGGGRBGCASCAG
TGYCAGCMGCCGCGGTAAHACVNRS
GGACTACNNGGGTATCTAAT

96 °C for 1 min, 50×
(96 °C 25 s, 57 °C 6 min)

8, 9

Archaeal SSU
rRNA gene

Arch349F
Arch516F
Arch806R

GYGCASCAGKCGMGAAW
TGYCAGCCGCCGCGGTAAHACCVGC
GGACTACVSGGGTATCTAAT

96 °C for 1 min, 50×
(96 °C 25 s, 59 °C 6 min)

8, 9

Nitrospina SSU
rRNA gene

Nspina16S_283F
Nspina16S_776R

TGKWTAGCCRGCCTGA
CCCTRGCTTTCGTATCT

94 °C for 5 min, 50×
(94 °C 15 s, 53 °C 15 s,

72 °C 34 s)

6

Nitrospira SSU
rRNA gene

Nspra675f
Nspra746r

Nspra-723Taq

GCGGTGAAATGCGTAGAKATCG
TCAGCGTCAGRWAYGTTCCAGAG
CGCCGCCTTCGCCACCG

95 °C for 10 min, 40×
(95 °C 20 s, 58 °C 1 min,

72 °C 40 s)

6, 10

Betaproteobacterial
amoA

amoA-1F
amoA-2R

GGGGHTTYTACTGGTGGT
CCCCTCKGSAAAGCCTTCTTC

95 °C for 30 s, 40×
(95 °C 5 s, 54 °C 30 s,

64 °C 34 s)

4, 6

Archaeal amoA
group A

Group A 76F
Group A 415R

ACTGAYTGGGCCYTGGACATCG
AATGCAGTCTCDARYGGRTCWGCC

94 °C for 2 min, 40×
(96 °C 20 s, 58 °C 10 s,

72 °C 34 s)

Present study MW_AamoA_147m_32
MW_AamoA_300m_08
MS_AamoA_65cm_19
MS_AamoA_100cm_06

Archaeal amoA
group Ba

Group Ba 138F GGTGCWGTGTATTATCTYACATTTAC 94 °C for 2 min, 40×
(96 °C 20 s, 58 °C 10 s,

72 °C 34 s)

Modified from
ref. 11

MW_AamoA_1500m_09
MW_AamoA_3000m_21
MW_AamoA_3000m_32
MS_AamoA_123cm_10

Group Ba 538R AAYGTACAYGCTAGTACMGMTCC Present study

Archaeal amoA
group Bb

Group B 274F
Group Bb 546R

CAYCCDATGTGGATWCCATCDTG
ARTGCYGCAAAYGTYACYGAYAG

94 °C for 2 min, 40×
(96 °C 20 s, 58 °C 10 s,

72 °C 34 s)

Present study MW_AamoA_200m_13
MW_AamoA_400m_12
MW_AamoA_3000m_11

Archaeal amoA
group D

Group D 191F
Group D 436R

SYCTNATHATGACAGTATACAC
TGGYCTYGGRTAYTTGAABGCC

95 °C for 5 min, 50×
(96 °C 20 s, 56 °C 15 s,

72 °C 34 s)

Present study MW_AamoA_8000m_10
MS_AamoA_5cm_16
MS_AamoA_65cm_01

1. Lane DJ (1985) 16S-23S rRNA sequencing. Nucleic Acid Techniques in BacterialSystematics, eds Stackebrandt E, Goodfellow M (John Wiley and Sons, New York), pp 115–175.
2. Nunoura T, et al. (2012) Microbial diversity in deep-sea methane seep sediments presented by SSU rRNA gene tag sequencing. Microbes Environ 27(4):382–390.
3. Francis CA, Roberts KJ, Beman JM, Santoro AE, Oakley BB (2005) Ubiquity and diversity of ammonia-oxidizing archaea in water columns and sediments of the ocean. Proc Natl Acad Sci

USA 102(41):14683–14688.
4. Stephen JR, et al. (1999) Effect of toxic metals on indigenous soil beta-subgroup proteobacterium ammonia oxidizer community structure and protection against toxicity by inoculated

metal-resistant bacteria. Appl Environ Microbiol 65(1):95–101.
5. Purkhold U, et al. (2000) Phylogeny of all recognized species of ammonia oxidizers based on comparative 16S rRNA and amoA sequence analysis: Implications for molecular diversity

surveys. Appl Environ Microbiol 66(12):5368–5382.
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6. Nunoura T, et al. (2013) Molecular biological and isotopic biogeochemical prognoses of the nitrification-driven dynamic microbial nitrogen cycle in hadopelagic sediments. Environ
Microbiol 15(11):3087–3107.

7. Wertz S, Poly F, Le Roux X, Degrange V (2008) Development and application of a PCR-denaturing gradient gel electrophoresis tool to study the diversity of Nitrobacter-like nxrA
sequences in soil. FEMS Microbiol Ecol 63(2):261–271.
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