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Abstract The oxygen minimum zones (OMZs) are globally expanding, yet the variation pattern of
microbial communities related to dissolved oxygen levels remain unclear. Spatial variability of bacterial
diversity and community composition (represented by 16S rRNA) of six stations was investigated within the
water column in the seamount area of Tropical Western Pacific Ocean (TWPO) in May 2019. The seawater
has dissolved oxygen (DO) concentration of 3.01-6.68 mg/L and the core of the oxygen minimum zones
was located between the depths of 650 m and 1 750 m. The bacterial alpha-diversity showed unimodal
pattern with the decreasing DO with depths and peaked in the upper oxycline (UO) of OMZs. The bacterial
community structure of the mixed layer (ML) and the bottom layer clustered and separated from each
other, while those of UO and the OMZ core (OM) clustered and overlapped. Overall, bacterial community
composition transitioned from being Alphaproteobacteria and Gammaproteobacteria-dominant in ML to
being Gammaproteobacteria and Nitrososphaeria/Deltaproteobacteria-dominant in UO and OM, and then
changed to being Clostridia and unidentified Actinobacteria-dominant in the bottom layer. Moreover, both
bacterial alpha-diversity and the abundant classes fitted varying sectioned functions with DO. The DO
solely explained 40.37% of the variation of bacterial community composition among layers (P<0.001).
The predicted function profiling showed that the water column was predominant by chemoheterotrophy,
cyanobacteria, and photoautotrophy in ML, by chemoheterotrophy and nitrate/sulfide cycling in UO and
OM, and by chemoheterotrophy and fermentation in the bottom layer. Our findings revealed the DO-associated
variation in bacterial diversity and community composition, and help to clarify the potential responses of
microbes and their involved biogeochemical processes to the expansion and intensification of OMZs.

Keyword: bacterial diversity; community composition; oxygen minimum zones (OMZs); dissolved oxygen;
Tropical Western Pacific Ocean (TWPO)

1 INTRODUCTION over the next decades to centuries, referred as “ocean

Oxygen is an important component in marine
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deoxygenation”. Globally, over a quarter-million
square kilometers of marine ecosystems are threatened
by low dissolved oxygen levels, or hypoxia (Diaz and
Rosenberg, 2008), which can result in exclusion of
resident macroorganisms and shift in bacterial
diversity and community composition. Marine
oxygen minimum zones (OMZs) are intrinsic water
column features with low oxygen concentrations
(Paulmier and Ruiz-Pino, 2009) and generated
primarily due to poor ventilation, sluggish circulation,
and a high demand of oxygen by microbial aerobic
respiration (Ulloa et al., 2013). The OMZ in the open
sea included three layers according to the vertical
variation of oxygen levels: upper oxycline (UO,
dissolved oxygen (DO) decreased rapidly from the
normal level), OMZ core (OM, characterized by the
minimum DO level) and lower oxycline (LO, DO
recovered from the minimum), with the mixed layer
(ML, higher level DO) and suboxycline (SO, DO
continue to increase) located above and below the
OMZ (Wishner et al.,, 2013). Understanding the
distribution pattern of microbes associated with
dissolved oxygen gradients is crucial to forecast
potential alterations in bacterial assemblages when
confronting global climate change, which is of
importance in driving global biogeochemical
processes (Azam and Malfatti, 2007).

OMZs could provide an array of niches inhabited
by metabolically diverse groups of bacteria such as
Thaumarchaeota dominated in dysoxic waters (Gillies
et al., 2015) and SUPO5 group that dominated the
suboxic and anoix waters (Hawley et al., 2014).
Generally, the bacterial richness was higher in the
OMZs than in the oxic surface and deeper oxycline
(Stevens and Ulloa, 2008). Microbial assemblages, in
turn, profoundly mediate the development of OMZs
and maintain their intensity (Gonsalves et al., 2011).
OMZs support unique habitats in which organic
matter is mineralized by microorganisms, mostly via
anaerobic processes (Jain et al., 2014). Furthermore,
the OMZs have long been recognized as
biogeochemical hot spots, as energy is increasingly
diverted away from high trophic levels into microbial
community metabolism as oxygen levels decline,
causing changes in carbon and nutrient cycling
(Hawley et al., 2014). So far, OMZs have been
extensively studied for their role in nitrogen and
sulfur cycling within the water column of Arabian Sea
(Jayakumar et al., 2009; Gonsalves et al., 2011), the
Saanich Inlet on Vancouver Island British Columbia
Canada (Hawley et al., 2014), the eastern tropical

North Pacific (ETNP) (Carolan et al., 2015) and the
India Ocean (Fernandes et al., 2020) etc. Moreover,
microorganisms within OMZs mediate loss of fixed
nitrogen to the atmosphere through denitrification
(Naqvi, 1994) and anaerobic oxidation of ammonia
(Dalsgaard et al., 2012), and consequently alter
nutrient cycles and the marine carbon budget (Li et
al., 2017; Tian et al., 2019). The contribution of the
OMZs on the oceanic sources and sinks budget of
CO, has also been researched (Paulmier et al., 2011).
As reported, oxygen depletion leads to loss of one
third of the reactive nitrogen and production of
greenhouse gases (Wright et al., 2012; Tian et al.,
2020). Therefore, expansion and intensification of
OMZs in the global ocean is of global concern,
because of climate change with resulting feedback on
marine ecosystem function (Wright et al., 2012).
Oxygen depletion changes the diversity, structure,
and function of marine microbial communities
(Beman and Carolan, 2013; Aldunate et al., 2018). At
the community level, microbial diversity presented
increasing (Stevens and Ulloa, 2008), decreasing
(Bryant et al., 2012), or unimodal pattern (Beman and
Carolan, 2013) as oxygen levels decreased with
depth. In spite of the global biogeochemical and
climatic importance of OMZs, the diversity and
distribution of OMZ microorganisms in the tropical
areas such as Tropical Western Pacific Ocean
(TWPO), have received little attention.

In the seamount area of TWPO, microbial
communities within the water column have been
known to show well-defined stratified patterns (Sun et
al., 2020), yet to what extent oxygen contributes to
such pattern remain unclear. In order to understand
microbial response pattern under low-oxygen stress
and relevant mechanism, bacterial diversity and
community composition within the water column
were investigated using Illumina sequencing of 16S
rRNA V4 regions from 66 water samples collected
from the six sampling stations. The predicted
functional profiling from the samples were also
studied. We hypothesized that the bacterial diversity
and community composition do not decrease or
increase monotonically with depth, but instead track
the variation of DO.

2 MATERIAL AND METHOD

2.1 Site description and sampling

The open sea investigation was carried out in the
seamount area of the Tropical Western Pacific Ocean
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Fig.1 Map of investigation stations (a) and the vertical distribution of DO in sections A (b) and B (¢)
Table 1 Water sampling of the six stations
Section A Section B
Station
A2 A3 A9 B2 B3 B4
Longitude (°E) 140.20 140.18 140.12 140.14 140.19 140.26
Latitude (°N) 10.02 10.14 10.66 10.08 10.08 10.08
3 3 3 3 3 3
30 30 30 30 30 30
50 50 50 50 50 50
75 75 75 75 75 75
90 (DCM) 90 (DCM) 106 (DCM) 106 (DCM) 103 (DCM) 100 (DCM)
Depth (m) 150 150 150 150 150 150
200 200 200 200 200 200
300 300 300 300 300 300
500 500 500 500 500 500
1000 1000 1000 1000 800 1000
1500 1400 3600 2222 - -
Bottom (m) 1555 1456 3700 2307 810 1115

DCM: the subsurface deep chlorophyll maximum layer. — means no data due to the limited depths of sampling stations.

(TWPO: 0°-16°N, 125°E-165°E, the same site from
Sun et al. (2020)) by the Institute of Oceanology,
Chinese Academy of Sciences in the R/V Kexue
(Science in Chinese) cruise in May to June 2019. The
seamount M5 (10.1°N, 140.2°E, summit: 810 m) is
located in the warm pool region in the TWPO
(Hoerling et al., 2001), characterized by highly-
stratified water throughout the year. Thermocline was
observed at the depths from 75 m to 150 m within the
water column (Sun et al., 2020), which limits the
movement of oxygenated waters (Hoerling et al.,
2001; Ma et al., 2019).

During the cruise, six stations of two sections (A
and B) were visited (Fig.1): stations A2 is located at
south slope of M5, A3 is at the north slope of M5, and
A9 is seated far away in the open sea; B2 is in the
west of M5, B3 is above the summit, and B4 is located
at the east slope of M5. Water layers were sampled at
certain increment (Table 1). In total, 66 water layers
of six stations were sampled using Niskin water
samplers (KC-Denmark, Denmark), which were
conducted at certain time at night from 10 pm to 6 am
so as to avoid day-night cycles and tide currents (Ma
et al., 2020). For each layer, 2.0-L seawater sample
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Fig.2 Vertical profiles of DO within water column using
CTD data

ML: mixed layer; UO: upper oxycline; OM: OMZ core; LO: lower
oxycline; SO: suboxycline.

was filtered through a polycarbonate membrane
(0.22-pum pore) and all the filters were stored in DNA-
free 5-mL tubes at -80°C for DNA extraction.
Dissolved oxygen was measured on board according
to the China’s national standard of Specification for
Oceanographic Survey (GB12763.6-2007): after
being collected for each layer with a brown iodine
volumetric flask, 50-mL water sample was fixed with
manganese sulfate and an alkaline potassium iodide
solution and then measured in situ with a Winkler
iodometry at relative standard deviation of <2% (Zuo
et al, 2019). Temperature (7) was measured
simultaneously with water sampling using a
conductivity-temperature-depth (CTD) profile (Sea-
Bird, SBE911).

2.2 DNA extraction and Illumina HiSeq high-
throughput sequencing

According to the manufacturer’s instructions,
50-ng genomic DNA was extracted from the filter per
layer using a FastDNA Spin Kit (MP Biomedical,
Cleveland, OH, USA) with cetyl trimethyl ammonium
bromide (CTAB)/solid dodecyl sulfate (SDS) method.
The hypervariable V4 region of the 16S rRNA gene
from the bacteria were amplified using primers 515F

and 806R (Caporaso et al., 2011). Sequencing was
performed on a platform of Illumina HiSeq 2500
(Illumina Corporation, San Diego, USA). There were
eventually 68 332 high-quality prokaryotic sequences
per sample being generated, with average length of
408 bp.

The sequence analysis was conducted using the
UPARSE software package with the UPARSE-OTU
and UPARSE-OTU ref algorithms and sequences
with >97% similarity were clustered into operational
taxonomic units (OTUs) (Edgar, 2013). Taxonomy
was assigned using the Ribosomal Database Project
classifier (Wang et al., 2007). Alpha-diversity indices
were generated based on the obtained OTUs. The
Chaol richness and Shannon diversity indices were
used to estimate species richness and community
diversity of microbes. The predictive functional
assignments of the bacterial communities of the 66
samples were obtained using the FAPROTAX. The
high-throughput sequencing data were uploaded to
the NCBI Sequence Read Archive database with
accession numbers PRINA689328.

2.3 Data analysis

Principal coordinate analysis (PCoA) was
conducted to identify the dissimilarity in bacterial
community structure among water layers and the
Redundancy analysis (RDA) was performed to
identify the relationship between bacterial groups and
DO, T, both of which were conducted using R
software v.4.0.3 (R Core Team, 2013). The line/scatter
charts and the stacked horizontal bars were plotted
using Sigmaplot software v.12.5 (Systat Software
Inc., San José, CA, USA).

3 RESULT

3.1 OMZ layer

The marine seawater within the water column in
the TWPO has DO concentration of 3.01-6.68 mg/L,
with oxycline could be clearly observed at both
sections (Fig.2). The core of OMZ could be clearly
identified to be situated at 650—1 750 m, with the DO
threshold of 3.5 mg/L (Figs.1 & 2). Therefore, water
samples could be artificially divided into five layers
according to DO gradients and the oxycline (Wishner
et al., 2013): the mixed layer (ML) was located at
depths of 0-200 m, the OMZ rested between the
depths of 200 m and 2 800 m (with the OMZ core
situated at 650—1 750 m), and the SO seated below
2 800 m, if any (Table 2; Fig.2).
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Table 2 The averaged DO in different layers of the water column
DO (mg/L)
Water layer Depth (m)

A2 A3 A9 B2 B3 B4
ML 0-200 5.81 5.84 5.99 5.62 5.74 5.77
uo 200-650 3.37 3.50 3.34 3.31 3.41 3.33
OMZ oM 650-1 750 3.12 3.15 3.21 3.12 3.19 3.06

LO 1 750-2 800 - — 3.76 3.53 - —

SO <2800 - - 4.53 - - -

ML: mixed layer, OMZ: oxygen minimum zone (UO: upper oxycline, OM: OMZ core, LO: lower oxycline), SO: suboxycline. — means no data due to the
limited depths of sampling stations.

Table 3 Diversity indices at 97% sequence similarity of 16S rRNA genes calculated based on 80 117 sequences per sample of
bacterial communities

Station Layer Total read OTU number Chaol ACE Shannon Simpson Coverage (%)

ML 62 812 723 698.8 7252 5.627 0.945 99.7

Uuo 63 862 1017 989.5 1 030.0 6.084 0.951 99.6

A2 oM 68 103 844 839.1 835.3 6.003 0.949 99.7
Bottom 64273 1010 984.5 1 020.7 5.770 0.948 99.6

ML 65431 683 665.1 694.3 5.484 0.945 99.7

uo 61929 856 848.1 869.1 5.739 0.943 99.7

3 oM 64938 1029 1017.0 1052.8 5.665 0.917 99.6
Bottom 63 384 849 828.6 893.6 4.987 0.924 99.6

ML 63 454 738 7233 748.3 5.680 0.947 99.7

Uuo 64 143 806 786.6 817.3 5.737 0.932 99.7

n OM 61233 959 925.0 939.4 6.293 0.965 99.6
Bottom 65572 894 853.9 887.9 5.850 0.945 99.6

ML 65765 7159 702.5 730.8 5.369 0.928 99.7

B2 uo 64 924 871.3 854.0 876.6 6.175 0.963 99.7
Bottom 49 461 900.0 895.9 910.8 6.198 0.965 99.7

ML 66 555 608.6 581.1 613.6 5.084 0.924 99.8

B3 Uuo 66 808 775.0 749.9 783.0 5.646 0.944 99.7
Bottom 48 575 899.0 900.8 906.9 5.867 0.953 99.7

ML 62726 649.3 627.6 647.9 5.431 0.935 99.8

B4 Uuo 64 908 849.3 808.5 846.6 6.096 0.951 99.7
Bottom 61 486 866.0 857.3 904.8 4.678 0.898 99.6

ML: mixed layer, UO: upper oxycline, OM: OMZ core. Bottom is short for the bottom layer. Chaol and ACE are short for the Chaol and ACE richness
indices; Shannon and Simpson are short for the Shannon diversity indices.

3.2 Bacterial alpha-diversity indices

There were in total 4099 899 high-quality
sequences for bacterial 16S rRNA genes of all samples
with an average of 68 332 sequences per sample.
Eventually, the bacterial community had 59 929
clustered OTUs, with the greatest unique OTUs
detected in the OMZs. In this study, the rarefaction
curves of all the samples tended to be gentle
(Supplementary Fig.S1) with the coverage reaching

up to over 99% (Table 3), which indicated that most
species had been detected and the dataset used in the
subsequent analysis was reliable. Both observed
richness (Chaol) and community diversity (Shannon)
of bacterial 16S rRNA OTUs fluctuated and generally
increased since chlorophyll maximum layer (DCM),
with the DO vertically declined (Fig.3). Overall,
bacterial alpha-diversity indices were obviously
lower in the ML than in other layers (Table 3),
indicating that ocean deoxygenation may promote
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bacterial alpha-diversity. Indeed, bacterial alpha-
diversity indices did not increase monotonically with
depth within the water column, but instead displayed
unimodal pattern (Fig.3). More specifically, the
observed richness tended to increase with depth in
ML and peaked at the depths between 150 m and
500 m (Fig.3a). However, the community diversity
tended to increase with depth in ML and peaked on
the upper edge of the OMZ and then decreased rapidly
(Fig.3b). Within the OMZ, both the richness and
diversity had a slight re-rise at the OMZ core
(1 000 m). Notably the bottom layer of each station
shared the same bacterial communities, due to the
effect of beneath macroorganisms or other factors at
the seafloor overwhelmed that of DO (Sun et al.,
2020). In this study, only ML, UO, OM, and the
bottom layers were observed, due to the limited
depths of sampling stations.

3.3 Bacterial community composition classified by
OMZ layers

Proteobacteria, Firmicutes, Cyanobacteria,
Actinobacteria, and Thaumarchaeota predominated
the water samples across stations, accounting for 88%
to 98% of the total reads of 16S rRNA bacteria gene.
Overall, bacterial communities transitioned from
being Proteobacteria and Cyanobacteria-dominant in

the ML to being Proteobacteria and Thaumarchaeota-
dominant in UO and OM, and then to being Firmicutes
and Actinobacteria-dominant in the bottom layer,
regardless of stations. At the class level, bacterial
communities generally transitioned from being
Alphaproteobacteria and Gammaproteobacteria-
dominant in ML to being Gammaproteobacteria and
Nitrososphaeria/Deltaproteobacteria-dominant in UO
and OM, and then to being Clostridia and unidentified
Actinobacteria-dominant in the bottom layer, for most
stations (Fig.4). It was notable that the bacterial
community composition started to change since the
DCM (Supplementary Fig.S2), at which DO decline
with depths (Sun et al, 2020). However, the
predominant taxa shifted at 200 m with the DO
threshold of 4.5 mg/L.

At the order level, bacterial communities changed
from  being  unidentified Alphaproteobacteria-
dominant in ML to being Nitrosopumilales and
Alteromonadales-dominant in UO and OM, and then
turned to being Clostridiales and Bififobacteriales-
dominant at the bottom layer, for most stations. At the
family level, bacterial communities changed from
being unidentified Alphaproteobacteria-dominant in
ML to being Nitrosopumilaceae and unidentified
Deltaproteobacteria/Alteromonadaceae-dominant in
UO, and then turned to being Bifidobacteriaceae or
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Lachnospiraceae-dominant in the bottom layer.
Especially, the OM was predominated by unidentified
Cardiobacteriales at A2, Alteromonadaceae at A3 and
Nitrosopumilaceae at A9.

PCoA results show that 46.91% and 34.77% of the
spatial variations of bacterial communities could be
explained by the first and second axes (P<0.05),
indicating heterogeneous distribution of the bacterial
assemblages (Fig.5a). The bacterial communities of
ML and UO clustered and separated from each other,
while those of LO and OM clustered but mixed,

indicating that the bacterial community structure
within water column was extremely shaped by DO
gradients. DO and 7 were selected to conduct RDA of
the bacteria, as DO and T decrease in parallel in the
ocean (Beman and Carolan, 2013). Within water
column, DO (R?>=0.82, P<0.001) and T (R*=0.82,
P<0.001) could explain 41.4% of the variation of
bacterial communities among layers (P<0.001), with
37.02% and 4.38% of the total variation could be
explained by the first two axes. DO, T were mainly
loaded on the first axis, and DO was slightly loaded
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on the second axis (Fig.5b). As far as DO was solely
concerned, 40.37% of the variation of bacterial
communities among layers could be explained
(P<0.001), with the first two axes explaining 32.78%
and 14.04% of the total variation (Supplementary
Fig.S3).

3.4 Function prediction analysis of bacteria

FAPROTAX function annotation results showed
that the predicted OTUs presented significant variation
within water column and extremely shaped by DO
(Fig.6, Supplementary Fig.S4). For most stations, the
water column was generally predominant by bacterial
functional OTUs indicating chemoheterotrophy,
cyanobacteria and photoautotrophy above 75 m, by
OTUs indicating (aerobic) chemoheterotrophy, and
then OTUs indicating nitrogen/sulfide cycling between
the DCM and 1000m, and by OTUs indicating
chemoheteotrophy and fermentation at the seafloor
(Supplementary Fig.S4). When divided by DO
gradients, water layers changed from being dominated
by the bacterial functional OTUs indicating
cyanobacteria and photoautotrophy in ML, to being
dominated by the bacterial functional OTUs indicating
(aerobic) chemoheterotrophy, and then OTUs
indicating nitrogen/sulfide cycling in UO and OM.
However, the bottom layers were predominated by
the OTUs indicating chemoheterotrophy and

fermentation (Fig.6). It was notable that the OMZ
(especially the UO) had the greatest OTUs indicating
nitrate/sulfide transformation (Supplementary
Fig.S5), which peaked at 200 m or 300 m and
decreased with depths until the core of OMZs
(1 000 m).

4 DISCUSSION

As a subsequent research, the present study focused
on the DO-associated distribution pattern of bacterial
diversity, community composition, and the predicted
function within water column of the TWPO, especially
that of OMZ. However, both the seamount-related
horizontal variability of bacterial properties and the
uniqueness of individual stations were excluded,
which have been reported in our previous study (Sun
et al., 2020).

4.1 Unimodal pattern of bacterial alpha-diversity
with DO

Our data provided evidence that
deoxygenation may promote bacterial alpha-diversity,
which were generally higher in the OMZ than in ML
(Fig.3). Actually, the bacterial alpha-diversity indices
did not increase monotonically with DO but instead
presented unimodal pattern, with tipping point on the
boundary region between ML and OMZ, especially in
UO (Fig.3). To clarify the unimodal pattern, the

occan
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dataset of individual stations was pooled to develop
their relationship with DO (Fig.7, n=66), and the
richness and diversity fitted divergent and segmental
functions (Fig.7). More specifically, the richness
increased extremely with decreasing DO when it was
higher than 5.3 mg/L, and remained high values and
showed negligible variation when it was lower than
5.3 mg/L (Fig.7a), with the DO vertically decreased
with depths. Overall, the richness tracked variations

of DO in linear model and turned at DO concentration
of 5.3 mg/L, potentially explaining their turning on
the boundary zone of ML and OMZ. The unimodal
pattern of bacterial richness with maximum values on
the boundary zone of ML and OMZ has been
previously reported in the ocean’s largest oxygen
minimum zone (Beman and Carolan, 2013) and in the
seasonal hypoxic Hood Canal (Spietz et al., 2015).
This could be explained by the mechanism that as
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oxygen is depleted, trophic energy is transferred from
macrofauna to microbes (Baird et al., 2004; Wright et
al., 2012), which allow bacterial taxa that specialized
in the hypoxic zone thrive, leading to stimulated
richness. Furthermore, the increasing bioavailable
energy absorbed to the undegraded organic matter
sinking to seafloor allow for existence of multiple
taxa resulting in greater biodiversity. The observed
correlation between DO and richness implied that
microbial aerobic/anaerobic respiration might play an
important role in structuring bacterial richness in the
open sea.

Overall, the community diversity (Shannon
diversity indices) tracked variations of DO in
polynomial model and peaked at DO concentration of
4.5 mg/L (Fig.7b), potentially explaining their peaks
in the UO. More specifically, when the DO was higher
than 4.5 mg/L, diversity increased obviously with the
declining DO with depths. In contrast, when the DO
was lower than 4.5 mg/L, diversity decreased
significantly with the declining DO with depths. Our
data, together with previous findings (Beman and

Carolan, 2013), suggested that the community
diversity of bacterial communities was the greatest in
the upper portions of the OMZ, i.e., UO. This was
possibly due to the complicated biogeochemical
conditions observed there, where both aerobic and
anaerobic nitrogen and/or sulfur transformation
processes occurred at certain oxygen levels in the
OMZ waters. In other words, the boundary region
between ML and OMZ, especially the UO, was likely
a transition zone where all the aerobic, anaerobic, and
microaerophilic communities coexist and perhaps
interact. The more diverse bacterial communities in
the OMZs than in ML was likely driven by the suboxic
and anoxic conditions in the OMZ, which may allow
more niche availability. That was to say, microbes can
use multiple electron acceptors for respiration in the
OMZ waters, such as the Nitrososphaeria were
demonstrated a capacity for bacterial growth using
ammonia oxidation as an energy source (Zhong et al.,
2020). In contrast, in the ML, oxygen is preferentially
used and not limiting, reflecting a decrease in niche
availability (Pajares et al., 2020).

In conclusion, the bacterial richness possibly
increased as the undegraded organic matter sinking to
the seafloor, while co-occurrence of aerobic and
anaerobic processes in boundary zones of the OMZ
within the water column may explain the high
diversity at these zones.

4.2 Bacterial community composition altered by
DO

The contrasting responding patterns of bacterial
alpha-diversity to low and high DO concentrations
(Fig.7) suggested distinct bacterial community
composition that predominated the OMZ and other
layer, which were accompanied with divergent
ecological functions. In the ML, the prevalent
Alphaproteobacteria, Cyanobacteria, and
Euryarchaeota are known to be responsible for
phototrophy,  photoautotrophy, and oxygenic
photoautotrophy via using proteorhodopsin (Zhang et
al., 2019), which corresponded well with our predicted
function profiling results (Fig.6). In fact, the prevalent
photoautotrophs in the ML might be result of OMZ
impinging on the photic zone and the oxygenic
photoautotrophs could provide local oxygen source to
feed aerobic processes in anoxic environment, as
adaptation to low-oxygen tensions. In the UO and
OM, the predominant ammonia-oxidizing
Thaumarchaeota (Fig.4) was consistent with
previously reported enrichment of Thaumarchaeota in
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the hypoxia zone (Gillies et al., 2015; Muck et al.,
2019). The highly detected thaumarchacon
Nitrososphaeria suggested the process of ammonium
being aerobic oxidated to nitrite in the OMZ and thus
was considered to contribute substantially to nitrogen
cycling. This was reinforced by the abundant archaeal
amoA gene in the OM reported at the same study site
(Zhong et al., 2020). Our predicted function profiling
result showed that the distribution of Thaumarchaeota
corresponded well with that of bacterial OTUs
indicating nitrate reduction, nitrate respiration,
nitrogen  respiration, nitrite  respiration and
denitrification (Figs.4 & 6), further supported their
contribution to nitrogen cycling in the OMZ water.
The sulfate-reducing Deltaproteobacteria have been
known to be anaerobic and related to the dark
oxidation of sulfur compounds and dark sulfide
oxidation (Aldunate et al., 2018), which was
reinforced by the predicted function profiling (Fig.6).
Therefore, the Deltaproteobacteria were considered
to contribute substantially to sulfur transformation in
the OMZ water. In addition, the ubiquitous
Gammaproteobacteria throughout the water column
were possibly due to their involvement in the (aerobic)
chemoheterotrophy.

When the obtained data were pooled together
(n=66), bacterial classes do not decrease or increase
monotonically with DO but instead fit divergent
responding patterns (Fig.8). For example, the relative
abundances of unidentified Cyanobacteria (family
Synechococcales) increased exponentially with the
increasing DO and thrived solely at layers where
DO>6 mg/L (Fig.8a), suggesting their strict aerobic
metabolism. Alphaproteobacteria showed significant
and positive correlation with DO when the
DO<6 mg/L, while remained high abundances when
the DO>6 mg/L (Fig.8b), which suggested that the
subgroups are both aerobe and facultative anaerobe.
This was consistent with their mixotrophic lifestyle
reported in previous finding (Kang et al., 2011),
showing that Alphaproteobacteria harbored the
metabolic  potential for aerobic anoxygenic
phototrophy, sulfite-oxidizing chemolithotrophy, CO,
fixation, and CO oxidation. Although no obvious
trend  to follow  with DO  variations,
Gammaproteobacteria prevalently distributed across
the DO gradient between 3 and 5 mg/L and when
DO>6 mg/L (Fig.8c), which suggested that they are
both aerobes and anaerobes (Rissanen et al., 2018).
Similar pattern has been observed with
Gammaproteobacteria throughout the profile, i.e., at
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order, family and genus levels (Supplementary Fig.
S6). In addition, the group has a recognized anaerobic
metabolic versatility and the potential for aerobic
respiration together with their capacity for use of
different carbon sources (Walsh et al., 2009; Aldunate
et al,, 2018). Moreover, a gamma-proteobacterial
sulfur-oxidizing clade (GSO) as the most abundant
group within the OMZ core have also been detected
by previous work (Stevens and Ulloa, 2008). These
findings provided evidence to support versatile
metabolisms of these groups and may explain their
ubiquity within the water column (Fig.4). The classes
Nitrososphaeria and Deltaproteobacteria presented
similar pattern, i.e., they showed polynomial function
with variations of DO when DO was between 3 and
5 mg/L (Fig.8d—e), while remained at low levels when
the DO was higher than 6 mg/L. This suggested that
these two subgroups were likely anaerobic and
facultatively aerobic metabolism within the water
column. The kind of niche partition had led to the
diversification within these groups, which is the
adaptation of these ecotypes that potentially provide a
competitive advantage at low-oxygen zone. Moreover,
our predictive functional profiling of the bacterial
communities highlighted the involvement of these
abundant groups in nitrogen and sulfur transformation
in the OMZs (Fig.6, especially in the UO), in line
with majority of current research findings (Fernandes
et al., 2020). This could be partially supported by the
accumulation of nitrite (Supplementary Fig.S5), as
previously reported in the anoxic marine zones (Ulloa
etal.,2012). Both Acidimicrobiiaand Thermoplasmata
(Fig.8f—g) increased gradually with the increasing
DO when it was between 3 and 5 mg/L, while showed
negligible variation with DO with various abundances
when it was higher than 6 mg/L, suggesting that they
are aerobic or facultatively anaerobic microorganisms
(Golyshina et al., 2016). The classes unidentified
Actinobacteria, Bacilli and Clostridia had several
high values at low DO between 3 and 4 mg/L (Fig.8h),
potentially suggesting their facultatively anaerobic
metabolism (Desta et al., 2014).

These data indicated divergent Dbacterial
assemblages dominate and perform their functional
processes of the OMZ and other layers. On the other
hand, the presence of aerobic and facultatively
anaerobic microorganisms in the OMZ layers, such as
Alphaproteobacteria and  Gammaproteobacteria
(Kang et al., 2011; Aldunate et al., 2018), might be
partially explained by their attachment to sinking
organic particles. Therefore, the ecological roles of
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the dominant microbes in the OMZ waters warrant
further investigation in future.

4.3 The DO threshold for shift in bacterial
communities

All the results above-mentioned indicated that the
variability of bacterial communities was intimately
linked to DO, in consistent with previous findings
(Beman and Carolan, 2013; Spietz et al., 2015).
Although bacterial communities started to change
since the DCM (5.11 to 5.64 mg/L) in parallel with
DO, the bacterial community composition actually
shifted at the DO concentration of 4.16—4.88 mg/L at
200 m (from being Alphaproteobacteria-dominated to
being Gammaproteobacteria-dominated, Fig.4). The
bacterial community threshold for DO (around
4.5 mg/L) were thus identified to be the proposed DO
threshold of OMZ in the present study, which is
higher than the current standard of hypoxia (2—4 mg/L)
(Thomas et al., 2019). Such high DO threshold (5.18—
7.12 mg/L) for shifts in bacterial community structure
has been reported in a seasonally hypoxic estuary
(Spietz et al., 2015). These finding, together with
previous studies, suggested that the shifts in bacterial
diversity and community composition, as well their
ecological function, preceded the hypoxia effect on
the ecological functions of macrofauna. Given the
high sensitivity of microbial communities to
environmental changes, great cautions should be paid
when extrapolating the findings in this study to other
biogeochemical processes. In addition, the bacterial
taxa such as Nitrososphaeria and Deltaproteobacteria
could potentially serve as bioindicator indicating low
oxygen area. Due to the limited sampling depths of
the stations in the seamount area of TWPO, only ML,
UO, and OM were observed for our dataset, which is
the drawback of our study. Therefore, further study
investigating bacterial properties of the five layers
(ML, UO, OM, LO, and SO) in the OMZs is warranted.

5 CONCLUSION

In the water column of TWPO where OMZs core
was clearly identified (with threshold of 3.5 mg/L),
bacterial communities tracked the changes of DO and
shifted at higher DO concentration (4.5 mg/L) than
normal standard (2—4 mg/L). Across stations, bacterial
richness and diversity showed unimodal pattern with
decreasing DO with depths and peaked at the edge of
OMZ. The OMZ harbored contrasting bacterial
community composition (the abundant
Nitrososphaeria and Deltaproteobacteria) from other
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layers (the predominant Alphaproteobacteria and
Gammaproteobacteria in ML or the dominant
Clostridia and unidentified Actinobacteria in the
bottom layer). Through fitting abundant classes with
divergent functions with DO, our results demonstrated
the sensitivity of key bacterial groups to
deoxygenation. Furthermore, the predictive functional
profiling highlighted the involvement of abundant
groups in nitrogen and sulfur transformation.

The OMZs are globally expanding and intensifying
under future climate change, inevitably posing
profound effect on pelagic ecosystems. This research
study for the first time provided insights into the DO-
associated distribution of bacterial assemblages in the
TWPO, using high throughput sequence-data. Our
findings might have implications for the
biogeochemical processes in expanding marine
OMZs, which deserves further investigation.
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