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Abstract

To better understand bacterial communities and metabolism under nitrogen deficiency, 154 seawater samples were obtained
from 5 to 200 m at 22 stations in the photic zone of the Western North Pacific Ocean. Total 634 nitrate-utilizing bacteria
were isolated using selective media and culture-dependent methods, and 295 of them were positive for nitrate reduction.
These nitrate-reducing bacteria belonged to 19 genera and 29 species and among them, Qipengyuania flava, Roseibium
aggregatum, Erythrobacter aureus, Vibrio campbellii, and Stappia indica were identified from all tested seawater layers of
the photic zone and at almost all stations. Twenty-nine nitrate-reducing strains representing different species were selected
for further the study of nitrogen, sulfur, and carbon metabolism. All 29 nitrate-reducing isolates contained genes encoding
dissimilatory nitrate reduction or assimilatory nitrate reduction. Six nitrate-reducing isolates can oxidize thiosulfate based
on genomic analysis and activity testing, indicating that nitrate-reducing thiosulfate-oxidizing bacteria exist in the photic
zone. Five nitrate-reducing isolates obtained near the chlorophyll a-maximum layer contained a dimethylsulfoniopropionate
synthesis gene and three of them contained both dimethylsulfoniopropionate synthesis and cleavage genes. This suggests
that nitrate-reducing isolates may participate in dimethylsulfoniopropionate synthesis and catabolism in photic seawater. The
presence of multiple genes for chitin degradation and extracellular peptidases may indicate that almost all nitrate-reducing
isolates (28/29) can use chitin and proteinaceous compounds as important sources of carbon and nitrogen. Collectively, these
results reveal culturable nitrate-reducing bacterial diversity and have implications for understanding the role of such strains
in the ecology and biogeochemical cycles of nitrogen, sulfur, and carbon in the oligotrophic marine photic zone.
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Introduction

On Earth, the nitrogen (N) cycle has evolved over ~2.7 bil-
lion years through biogeochemical and microbial processes
that are coupled via robust natural feedbacks and controls
[1]. N is often a primary limiting nutrient for marine
microbial growth/metabolism [2]. In coastal and upwelling
areas, the level of dissolved inorganic N (DIN), such as
NO;™ or NO,™, is usually sufficient to support microbial
growth; most tropical and subtropical oceans, however,
are oligotrophic with undetectable levels of DIN [2, 3].
In the oligotrophic tropical ocean, nitrate mainly arises
from euphotic zone nitrification and the deep ocean [4].
The relative flow of NO;™ which can be used as nitrogen
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source for growth through assimilation and reduction by
bacteria largely determines the composition of the upper
ocean’s N pool [5]. Bacteria are more prevalent in the photic
zone (upper ca. 200 m) of the ocean than in deep waters,
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and the total number of bacteria decreases with depth [6].
N cycle is driven by complex microbial biogeochemical
transformations and among them, nitrate-reducing bacte-
ria constitute ca. 50% of microbial population present in
aquatic environment [7]. Nitrate reduction is involved in
both assimilatory nitrate reduction (ANR) and dissimila-
tory nitrate reduction. ANR converts nitrate to ammonium
(via nitrite) which can be subsequently incorporated into
cell biomass, while dissimilatory nitrate reduction includes
denitrification, the respiration of nitrate to nitrogen gas,
and dissimilatory nitrate reduction to ammonia (DNRA)
[8]. There are three distinct types of nitrate reductases in
prokaryotes, including periplasmic (Nap), membrane-bound
(Nar), and assimilatory (Nas) nitrate reductase [9]. Many
studies have demonstrated the diversity of the nitrate reduc-
tase genes [10-15] and nitrate-reducing community [16-18]
by using functional molecular markers (e.g., napA, narG,
narB, and nasA). Previous research has demonstrated that
denitrification typically prevails in the reduction of nitrate
when the concentration of nitrate is high and the availabil-
ity of organic carbon is limited [19]. Conversely, DNRA
becomes the dominant nitrate reduction process when the
concentration of nitrate is low and organic carbon is abun-
dant [19]. The cycling of sulfur is also crucial in waters,
as it facilitates the interplay between the generation and
consumption of hydrogen sulfide (H,S) [20]. The nitrogen
and sulfur cycles interconnect through the competition for
easily degradable forms of organic carbon between nitrate-
reducing and sulfate-reducing bacteria [21]. Although sur-
veys of the diversity of culturable nitrate-reducing bacteria
have been carried out in oxygen-deficient marine systems
[22-25], there is relatively limited research on the diversity
of culturable nitrate-reducing bacteria under N-deficient
conditions and their role in nitrogen, sulfur, and carbon
metabolism.

The Western North Pacific Ocean (WNPO) is one of the
world’s largest oligotrophic regions; it is characterized by
low primary production, and thus is regarded as an ideal
region for studying the metabolism of microorganisms under
N-deficient conditions [2, 26]. Previous studies on prokary-
otes of the water column in the North Pacific Ocean were
conducted using culture-independent methods, such as ribo-
somal tag pyrosequencing, real-time qPCR, and metapro-
teomic analyses [2, 27-31]. One significant disadvantage
of molecular techniques that rely on genomic DNA is their
inability to differentiate between DNA sourced from non-
viable cells, viable cells that are not cultivable, and metabol-
ically viable cells [29]. Admittedly, culture-based methods
have some limitations, such as the inability to culture the
majority of organisms; or organisms that have mutualisms
with others cannot live in isolation. However, when it comes
to ecological exploration, culture-based studies can enable
researchers to perform physiological tests using culturable
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microorganisms, and thereby infer the detailed ecological
roles of the microorganisms [25]. Studying the diversity
of nitrate-reducing bacteria is crucial because nitrogen is
frequently a key nutrient that limits microbial growth and
metabolism. Meanwhile, nitrate-reducing bacteria also par-
ticipate in biogeochemical process of the carbon and sulfur
cycles, which can contribute to maintain ecosystem stability
[32]. Here, we sought to isolate nitrate-reducing bacteria
from the photic zone of WNPO by using selective media
and nitrate reduction tests, and then apply genomic analyses
to elucidate their metabolisms. This study provides insights
into the physiological traits of nitrate-reducing bacteria
inhabiting these areas, detailing their metabolic role in bio-
geochemical cycles of nitrogen, sulfur, and carbon.

Materials and Methods
Study Areas and Sample Collection

From March to May 2021, a 46-day expedition in the WNPO
was carried out by the Institute of Oceanology, Chinese
Academy of Sciences, on the scientific research ship, Sci-
ence (Fig. 1). A total of 154 seawater samples were collected
from 5 to 200 m at 22 stations with Niskin bottles attached to
a rosette sampling system equipped with a Sea-Bird SBE911
CTD. The chlorophyll a (Chl-a) were measured using a Wet
Star fluorometer attached to the Sea-Bird SBE911 CTD
(Table S1). On board the boat, seawater sample (200 pL.) was
plated on nitrate agar medium (NAM; 0.2% KNO;, 0.02%
MgS0O,-7H,0, 0.08% K,HPO,-3H,0, 2% NaKC,H,O4, 1%
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Fig. 1 The 22 sampling locations in the Western North Pacific Ocean.
The pink dots represent the sampling location. The red rectangle rep-
resents the sampling region
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NaCl, 2% agar). After samples were incubated at 25°C in a
constant temperature incubator for 7-14 days, single colo-
nies were selected, cultured in medium (0.1% KNO;, 1%
peptone, 2% agar, sterile seawater), and stored as a suspen-
sion in 20% (w/v) glycerol at —80°C.

Phylogenetic Analysis of Nitrate-Utilizing Bacteria

For DNA extraction, all isolates were grown for 3-5 days in
5 mL liquid medium (0.1% KNO;, 1% peptone, sterile sea-
water) and incubated at 25 °C. Genomic DNA was extracted
using an UltraClean Microbial DNA isolation kit (Mo Bio
Laboratories) according to the manufacturer’s protocol. The
gene encoding for the 16S rRNA was amplified by PCR with
the forward primer 27F AGAGTTTGATCCTGGCTCAG
and reverse primer 1541R AAGGAGGTGATCCAGCCG
CA [33]. Strains were assigned to species with a cutoff of
98% similarity in 16S rRNA gene sequences [34]. To clarify
the taxonomic status and evolutionary relationship among
different nitrate-utilizing bacteria, 16S rRNA sequence of
different species was aligned by MAFFT v7.4.8 [35]. A phy-
logenetic tree based on this alignment was constructed using
1Q-tree v2.0.3 [36] with 1000 bootstrap replicates, employ-
ing the TIM3+F+R5 model; Interactive Tree Of Life G(TOL)
was used to visualize the phylogenetic tree [37].

Screening of Nitrate-Reducing Bacteria

Nitrate-reducing bacteria were screened from nitrate-utiliz-
ing strains by checking their ability to reduce nitrate accord-
ing to previously described procedures [25, 38]. Briefly,
nitrate-utilizing strains were transferred to the liquid medium
(0.1% KNO;, 1% peptone, sterile seawater) and incubated at
25°C for 7 days, and then 2 drops each of Griess A reagent
(sulfanilamide with 5 mol/L acetic acid) and Griess B rea-
gent (N-(1-naphthyl) ethylenediamine with 5 mol/L acetic
acid) were sequentially added to the liquid medium. The
negative control tube only contained sterile nitrate liquid
medium. If the test sample turned red, pink, or orange, there
was nitrite in the tube and the isolate was scored as a nitrate
reducer. If no color appeared, zinc dust was added. The lack
of any color change at this point was taken as indicating that
there was no residual nitrate in the liquid medium, meaning
that the strain could completely reduce nitrate. If the liquid
medium changed at this point from colorless to red, pink, or
orange (as seen for the control), the strain was considered to
be unable to reduce nitrate.

The Ability to Oxidize Thiosulfate
for Nitrate-Reducing Bacteria

To validate the potential ability to oxidize thiosulfate,
we incubated nitrate-reducing strains in modified DSMZ

(Deutsche Sammlung von Mikroorganismen und Zellkul-
turen GmbH) 142 liquid medium (0.1% (NH,),SO,, 0.15%
MgS0,-7H,0, 0.42% CaCl,.2H,0, 0.05% K,HPO,, 0.1%
Na,S,0,.5H,0, vitamins, trace elements, sterile seawater)
containing phenol red (0.3 mg/L) at 25°C for 3-5 days, and
monitored changes in pH values. The reduced sulfur source
for autotrophic growth was sodium thiosulfate. When the
liquid turned from red to yellow, the change was taken as
indicating that the pH value decreased and the strain effec-
tively oxidized thiosulfate.

Genome Sequencing, Assembly, and Annotation
of Nitrate-Reducing Bacteria

Genomic DNA of nitrate-reducing strains representing dif-
ferent species was extracted as described above. A paired-
end library with an insert size of 350 bp was constructed
for each genome, and sequencing was performed by using
Illumina NovaSeq 6000 platform [39]. The raw reads of each
genome were processed for removal of low-quality bases and
adaptors to obtain the clean reads, using Trimmomatic v0.36
[40]. The resulting 150 bp paired-end reads with about 200x
were quality checked and assembled using FastQC (v0.11.9)
and SPAdes genome assembler v3.15.2 [41]. The quality of
each assembly was evaluated by BUSCO (5.0.0) [42]. Gene
prediction and genome annotation were performed using
Prokka v1.14.6 [43].

Nucleotide Sequence Data

The sequence data generated in this study have been depos-
ited to GenBank under the accession numbers OP835944-
OP836037 for 16S rRNA gene sequences of 94 nitrate-
utilizing strains and under BioProjectID PRINA882570 for
genome sequences of 29 nitrate-reducing strains.

Functional Annotation of Genes for Different
Metabolism Types

Carbohydrate-active enzymes (CAZymes) were annotated
using dbCAN (v2.0.11) [44] against the CAZyme database
v9. To identify genes encoding proteases, all of the pre-
dicted genes were searched against the peptidase database,
MEROPS [45], using DIAMOND [46] BLASTP (E-value
107'2). Genes belonging to different carbohydrate-active
enzymes or protease families were classified using in-house
python scripts. The python scripts used have been uploaded
to the code hosting platform github https://github.com/liusi
zhenssh/cazy_classification.

Annotation of the predicted proteins was performed using
eggNOG-mapper (v2.0.1) [47] with the DIAMOND map-
ping mode, based on the eggnog 5.0 orthology data. Genes
belonging to different types of nitrogen and sulfur metabolism
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were classified by manual selection according to the results
of eggNOG-mapper. To identify dimethylsulfoniopropionate
(DMSP) synthesis and cleavage genes, alignments of ratified
sequences of all genes of interest [48, 49] were analyzed by
BLASTP searches against the RefSeq database with param-
eters E-value <10~'% and identity >70%, and manual annota-
tion was used to verify the top hits.

Results and Discussion

Diversity and Distribution of the Culturable
Nitrate-Reducing Strains

A total of 728 nitrate-utilizing bacteria were isolated from
154 seawater samples. After removing duplicate bacterial
strains from the same water sample using a 100% identity
cutoff in 16S rRNA gene sequences, 634 nitrate-utilizing
strains belonging to 94 species were obtained (Fig. S1).
295/634 nitrate-utilizing bacteria belonging to 19 genera
and 29 species were positive for nitrate reduction. The dis-
tribution and abundance of 29 nitrate-reducing strains rep-
resenting different species with the ability to reduce nitrate
in different seawater layers and at different stations are pre-
sented in Fig. S2. The nitrate-reducing strains were found in
the highest proportion at station E163-01 (17/295), station
E163-05 (17/295), and station E163-08 (17/295), while the
minimum number of nitrate-reducing strains was observed
at station QB-08 (7/295) (Table S2). In terms of vertical
distribution, the number of nitrate-reducing strains showed
an increasing trend with depth, followed by a decreasing
trend. They were most frequently detected in the middle of
the photic zone (100 m) (52/295) (Table S3).

Remarkably, Qipengyuania flava (formerly called
Erythrobacter flavus), Roseibium aggregatum (formerly
called Stappia aggregate), Erythrobacter aureus, Vibrio
campbellii, and Stappia indica were found in all of the
sampled seawater layers and at almost all of the stations
where the isolates were obtained. Q. flava has been iso-
lated from marine environments and a member of this
species was reported to produce sulfur-containing carot-
enoids whose main functions are light harvesting and
photoprotection during photosynthesis in the photic zone
[50-52]. In this study, Q. flava was widely distributed at
almost all stations (21/22) and in the whole water column
(especially 5-50m). Stappia isolates can respire nitrate
or perform denitrification; this facilitates their partici-
pation in nitrogen cycling under aerobic and anaerobic
processes in marine environments [53]. S. indica recently
has been reported as a human pathogen causing peri-
tonitis [54] and was mostly found in the layers deeper
than 75m in this study. R. aggregatum IAM 126147 could
reduce nitrate to gas [55] and was mainly isolated from
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deeper layers (100-200m) in this study. Variable results
have been reported for tests of nitrate reduction among
Erythrobacter strains [50, 56]. V. campbellii is widely
distributed in tropical and temperate marine environ-
ments; V. campbellii BAA-1116 reportedly harbors a
functional proteorhodopsin and retinal biosynthesis gene
cluster that enables it to exploit light as an energy source
in the photic zone [57, 58]. Photosynthetic microorgan-
isms are able to thrive in the euphotic zone, including
Prochlorococcus [59] or aerobic anoxygenic phototrophic
bacteria [60]. Only enzymes associated with the ATP
synthase complex were detected in this study, whereas
enzymes involved in other photosynthetic pathways were
not present, suggesting that nitrate-reducing strains were
incapable of performing photosynthesis (Fig. S3). Previ-
ous research has reported that specific oceanic bacteria,
like Methylococcales, had the ability to utilize methane
as both an energy and carbon source [61]. These bacteria
converted methane into carbon dioxide through meth-
ane monooxygenase. We found that all nitrate-reducing
strains did not contain methane monooxygenase or other
enzymes involved in complete methane conversion to
carbon dioxide (Fig. S4). Therefore, these nitrate-reduc-
ing strains did not possess the capability for methane
metabolism in the marine environment.

Nitrogen Metabolism of Nitrate-Reducing Strains

Among 295 nitrate-reducing bacteria, 29 strains repre-
senting different species were selected for further meta-
bolic study (Fig. S5). Here, we annotated the genomes
of the 29 nitrate-reducing isolates, with the goal of fur-
ther understanding their metabolic potentials based on
the presence or absence of key genes for the pathways
of nitrogen metabolism (Fig. 2). Whole-genome analysis
indicated that all 29 nitrate-reducing isolates possessed
genes responsible for dissimilatory nitrate reduction or
ANR, which is consistent with their ability to reduce
nitrate to nitrite. Of the 29 nitrate-reducing isolates,
62% (18/29) and 3% (1/29) contained genes for reducing
nitrate to ammonia by DNRA (napA, napB, narGHI, nirB,
nirD, nrfA) and ANR (nasA, NR, narB, nirA), respec-
tively. Nitrate can be retained as ammonium via DNRA or
as organic nitrogen via ANR. Both processes can contrib-
ute to maintaining a balance in the global nitrogen cycle
by reducing the loss of nitrogen from ecosystems [62].
For example, DNRA played a significant role in conserv-
ing nitrogen in paddy soils, contributing up to 18% of the
total nitrogen conservation [63]. In the photic zone of
WNPO, inorganic N nutrients are usually insufficient to
support microbial growth. Thus, these DNRA and ANR
bacteria which represent a nitrogen-retaining pattern can
be important for of biogeochemical cylce nitrogen. It has



The Diversity and Metabolism of Culturable Nitrate-Reducing Bacteria from the Photic Zone... 2785

DNAR

Denitrification

] d

ANR ASR

S

SOX system

63 &

@Q Q\o‘ JOIY \\\
XTF-11  Bacillus mycoides O ® 00 O
XTF-425  Staphylococcus equorum @ [ N N NO)
XTF-661  Marinobacter gudaonensis @ ) @ @ @ O
XTF-138  Marinobacter nauticus O ON N N NO
XTF-443  Halomonas zincidurans @ ON N N NO)
XTF-114  Halomonas litopenaei o » O O O O O
XTF-599  Pseudoalteromonas arabiensis O @ @ @ O
XTF-452  Pseudoalteromonas lipolytica ) ON N X NO)
XTF-347  Pseudidiomarina aquimaris ON N N NO)
XTF-235  Pseudidiomarina homiensis ON N N NO)
XTF-394  Citrobacter braakii @ O @ @ @ O
XTF-565  Vibrio fluvialis @ ®@ OO OO
XTF-331  Vibrio shilonii ) ®@ OO OO
XTF-18 Vibrio campbellii ] ® OO OO
XTF-124  Vibrio neocaledonicus () ® OO OO
XTF-606  Thalassospira povalilytica @ ON N N NO)
XTF-160  Thalassospira profundimaris @ O @ @ @ O
XTF-92  Sphingopyxis soli @ ) O O O O O
XTF-504  Erythrobacter aureus (] OO0 @ OO
XTF-262  Qipengyuania flava @ [OCNONONONO
XTF-281  Pacificitalea manganoxidans O [ONONONONGO)
XTF-65  Tritonibacter mobilis [OCNORORON |
XTF-27 Maritimibacter alkaliphilus () ) O O O OO
XTF-106  Stappia indica C ® OO0 @ ¢
XTF-14  Roseibium marinum ) ON N N NO
XTF-10  Roseibium aggregatum @ ® OO OO
XTF-330 Martelella mediterranea o O 00 e O
XTF-62 Nitratireductor kimnyeongensis OO O 0O0O0
XTF-26 Nitratireductor aquibiodomus () O @0 e O

\0\ \Q\ \0 é% ‘N@‘%Qﬁ Cﬁs ﬂ&cﬁ& (ﬁ% so*b '{g, %0# 3 ';‘)

000
NN/

Y

00 ®

OO0 @@ OC

C
L

YOO O
ANV AN,

OO
QOCL

)

HONOHONONONCON N NON NONCHC) CRORONONON®
ONCNONONONCHON BON N N NON NONONONONONC
HON NONON NONON N N NON NONOCNONONONONGC
000 OO0 Oeeeeee - OOOOLOLO
O0000CeO e OOOOOO
[ ) ONON N N NON NONOCRORONONON®)
O OO 0O 0000000 O0OOOOO
O O O 0O 0000000 OOOOOO
O O C ONON NONONON NONONONONONONO)
@ OO OO NONOCHON NONOCEORONONONO
Do s sese e
O000CeeO 000000 OOOOOO
O000CeeO 000000 OOOOOO
OO0 eeeee0e® - OOOOLOO
. s sssses -
0000 0000 OOOOOLOLOLOLO
CECHCNCECNONON N N N NONORON N N N N N )
O0O00OCeeO o000 OO0OO0OO0O0O0O0OO0
O000CeeO 6000 OO0OO0OO0O0O0O0OO
O000CeeO 000 (ONONONONONONONO)
O0O0O0O0Oe0 o000 OO0 000000
N NONCNONONON N N N OO0OO0OO0O0O0O0OO
O0000C e 0000 OO0 000000
CRCHON NON NOMN N N N 00 000000
O00e0ed o000 OO0 000000
R N NONON NOMN N N N OO0 000000
O000CeeO 06000 OO0OO0OO0O0O0O0OO
O00e0O0O0 o000 [OCNOCRORONONONONO)
O0000e0 o000 O OOOLOLOLOLOLO

Fig.2 Corresponding genes of 29 strains representing different species involved in nitrogen and sulfur metabolism. Colored dots indicate pres-

ence while empty dots indicate absence of the genes in the different strains

been reported that DNRA can be coupled with anammox
by providing ammonium [64]. Our study indicated that
DNRA was probably involved in conversion of nitrate
to ammonia for nitrate-reducing bacteria and might be
also a potential way to supply ammonium for non-nitrate-
reducing microbes and ammonia-oxidizing microbes in
euphotic zone of oligotrophic open ocean.

Interestingly, our genome sequence analysis revealed
that Marinobacter nauticus XTF-138, Halomonas lito-
penaei XTF-114, and R. aggregatum XTF-10 possessed
genes involved in the final three steps of the denitrifica-
tion pathway (nirS, norBC, and nosZ), and thus may func-
tion in a manner beyond ANR or DNRA. In our nitrate
reduction tests, the successive addition of Griess reagents
and zinc dust to the nitrate culture medium followed by
incubation at 25°C for 5 days did not lead to any color
development by these three strains, indicating that nitrate
was completely reduced (Fig. S5). Based on the genome
sequence data and the ability of these strains to com-
pletely reduce nitrate, we speculate that they may use
denitrification to reduce nitrate to molecular nitrogen via
nitrite, nitric oxide (NO), and nitrous oxide (N,0).

Sulfur Metabolism of Nitrate-Reducing Strains

During the assimilatory sulfate reduction (ASR) path-
way, sulfate is initially activated to generate adeno-
sine monophosphate (AMP), which is then converted to
3'-phosphoadenosine-5"-phosphosulfate sulfite (PAPS) and
sulfide through a series of enzymatic steps involving sat,
cysND, cysC, cycH, cysJ1, and other enzymes [65]. All of the
nitrate-reducing isolates identified herein contained genes
involved in the ASR pathway (Fig. 2), which is utilized to
synthesize sulfur-containing amino acids from sulfate [65].
Bacterial denitrification and sulfate reduction can often
coexist in natural water systems [66]. Given that there were
also heterotrophic denitrifiers, we speculate that denitrifica-
tion and sulfate reduction processes may co-occur in the
seawater of the photic zone.

Four proteins in the periplasm, encoded by soxYZ,
soxXA, soxB, and soxCD, are essential for the sulfur oxi-
dization (SOX) pathway [67]. Interestingly, we detected six
nitrate-reducing isolates (Thalassospira profundimaris XTF-
160, Pacificitalea manganoxidans XTF-281, Roseibium
marinum XTF-14, Maritimibacter alkaliphilus XTF-27, S.
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indica XTF-106, and R. aggregatum XTF-10) that encoded
SOX genes (soxXA, soxB, soxC, soxYZ). To validate their
potential ability to oxidize thiosulfate, we incubated these
six strains in modified DSMZ Medium142 liquid medium
at 25°C for 3-5 days. The liquid medium turned from red
to yellow, indicating that all of the tested strains effectively
oxidize thiosulfate (Fig. S6). The thiosulfate oxidation which
provides energy facilitates nitrate or nitrite reduction [68].
Together, the results showed that nitrate-reducing thiosul-
fate-oxidizing bacteria exist in the photic zone of the West-
ern North Pacific Ocean.

DMSP is ubiquitous in the euphotic layers of the marine
system, with a wide variation in concentrations ranging from
nanomolar to micromolar [69]. DMSP, which is released
into the environment through lysis, provides a substantial
source of carbon and reduced sulfur for heterotrophic bac-
terial communities [48]. Among the isolates, we found that
T. profundimaris XTF-160 and Tritonibacter mobilis XTF-
65 contained a methionine methyltransferase gene (mmtN),
which is a marker for bacterial synthesis of DMSP via the
methionine methylation pathway [70] (Table S4). R. mari-
num XTF-14, R. aggregatum XTF-10, and M. alkaliphilus
XTF-27 contained the DMSP synthesis gene, dsyB, which
encodes the key methyltransferase enzyme and is a reliable
reporter for bacterial DMSP synthesis in marine Alphapro-
teobacteria [71]. Therefore, these five nitrate-reducing iso-
lates each contained a DMSP synthesis gene (dsyB or mmitN)
in their available genomes.

We also found some nitrate-reducing isolates that may
be involved in the DMSP cleavage pathway. For example,
H. litopenaei XTF-114 contained the gene dddD, T. mobilis
XTF-65 contained the gene dddP, and R. marinum XTF-14
and R. aggregatum XTF-10 contained the gene dddL. These
three genes mediate the cleavage of DMSP to dimethyl-
sulfide (DMS), and thus are important for the ocean-atmos-
phere sulfur flux [72]. In the photic zone of the oligotrophic
ocean, DMSP concentrations in seawater vary from 1 to 100
nM, and are normally highest in the Chl-a maximum layers
[48]. Of the six isolates found to be involved in the synthesis
and/or cleavage of DMSP, we found that they located near
the Chl-a maximum layer (Table S5) and may participate
in synthesizing and catabolizing DMSP in photic seawater.

Organic Carbon Metabolism of Nitrate-Reducing
Strains

To identify the potential for nitrate-reducing bacterial deg-
radation and metabolism of complex carbohydrates in the
water column of the photic zone, we performed functional
annotation of the identified genes by comparison to the
carbohydrate-active enzymes (CAZymes) database. A total
of 2197 genes belonging to five CAZyme superfamilies
were identified from the genomes of the 29 nitrate-reducing
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strains; of them, 40%, 36%, 5%, 3.8%, 1.7%, and 12.8%
corresponded to GT (glycosyltransferase), GH (glycoside
hydrolase), CE (carbohydrate esterase), AA (auxiliary activ-
ity), PL (polysaccharide lyase), and CBMs (carbohydrate-
binding modules), respectively (Fig. S7A; Table S6).

Six classes of enzymes for complex polysaccharide
degradation were predicted from the genomes (Fig. S7B;
Table S6). The highest number of genes was found in the
class of chitin degradation, for which family GH23 showed
the highest abundance, followed by CBMS5 (chitin-binding),
and GH18 (chitinase). GH is often found with a CBM, which
facilitates the efficient binding of the enzyme to carbohy-
drates [73]. Other classes of CAZymes in this study were
associated with the degradation of lichenin, cellulose, pectin,
starch, and trehalose. Chitin is widely found in fungi, and
certain viruses of the photic zone in the marine environment,
and chitinases possess the extraordinary ability to hydrolyze
highly insoluble chitin polymer directly to lower molecular
weight chitooligomers [74, 75]. Chitin is the most abundant
aminopolysaccharide and interacts with both carbon and
nitrogen cycles in the oceans, and most of the chitin found
globally is produced near the surface of the aquatic environ-
ment [76]. The presence of multiple genes for chitin degra-
dation may enable most of the nitrate-reducing isolates to
use chitin as an important source of carbon and nitrogen, and
thereby survive and reproduce in an oligotrophic condition.

In this work, 563 putatively secreted peptidases were
identified and assigned to 20 families; of them, 60.8%,
29.2%, 5.7%, 3.9%, and 3.6% belonged to the metallo, ser-
ine, cysteine, threonine, and aspartic peptidase families,
respectively (Fig. S7C; Table S7). Among these secreted
peptidases, the metallo peptidase M38 represented the most
abundant peptidase. Given proteinaceous compounds are
important nitrogen nutrients for microorganisms and are
deficient in the photic zone of WNPO, the extracellular
peptidases of nitrate-reducing isolates are likely to play cru-
cial roles in degrading organic nitrogen and thereby enabling
the utilization of precious nitrogen sources.

Conclusions

In the present research, 295/634 nitrate-utilizing isolates
collected from the photic zone of the Western North Pacific
Ocean could reduce nitrate to nitrite. Among these nitrate-
reducing bacteria, Q. flava, R. aggregatum, E. aureus, V.
campbellii, and S. indica were highly abundant in all sea-
water layers and found at almost all stations. Whole-genome
analysis indicated that, consistent with the results of our
nitrate-reduction tests, all 29 nitrate-reducing isolates pos-
sessed genes that could sustain dissimilatory nitrate reduc-
tion (three also possessed genes involved in the final three
steps of the denitrification pathway) or ANR. All of the
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nitrate-reducing isolates contained genes involved in the
ASR pathway and six also encoded SOX genes and had the
ability to oxidize thiosulfate. We found that some nitrate-
reducing isolates sampled from around the Chl-a maximum
layer contained DMSP biosynthesis genes (mmtN and dsyB)
and/or DMSP cleavage genes (dddD, dddP, and dddL), sug-
gesting that they may be involved in DMSP metabolism in
the seawater. Interestingly, the widely distributed R. aggreg-
atum, which was a dominant nitrate reducer in our samples,
possessed genes involved in the pathways of denitrifica-
tion, sulfur oxidation, and DMSP biosynthesis and cleav-
age, prompting us to speculate that R. aggregatum may be
a major mediator of nitrogen and sulfur metabolism in the
photic zone. All of these nitrate-reducing strains were not
involved in photosynthesis and methane metabolism. The
presence of multiple genes for chitin degradation may be
crucial for the survival of most nitrate-reducing isolates, as
chitin may be an important carbon nutrient in these nutrient-
poor ocean environments. Collectively, the results of this
study provide important insights into the nitrogen, sulfur,
and carbon biogeochemical cycles of nitrate-reducing strains
in the oligotrophic marine photic zone of WNPO.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00248-023-02284-w.

Author Contributions ZDC and SZL designed this research. JZC col-
lected the seawater samples, isolated the strains, and performed pheno-
typic tests, 16S rDNA amplification, and DNA sequencing. LSZ per-
formed the genome sequencing, assembly and annotation, and analysis
of the genomes and metabolism. JZC and LSZ drafted the manuscript.
ZDC revised the manuscript. All authors read and approved the final
manuscript.

Funding This research work was supported by the Strategic Pri-
ority Research Program of the Chinese Academy of Sciences
(XDA22050302), the National Natural Science Foundation of
China (41976166 and 42025603), the Marine S&T Fund of Shan-
dong Province for Qingdao Marine Science and Technology enter
(2022QNLM030004-3 and LSKJ202203100), and the NSFC Shiptime
Sharing Project (42249901).

Declarations
Conflict of Interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Canfield DE, Glazer AN, Falkowski PG (2010) The evolution
and future of earth’s nitrogen cycle. Science 330:192-196.
https://doi.org/10.1126/science.1186120

2. LiYY, Chen XH, Xie ZX, Li DX, Wu PF, Kong LF, Lin L, Kao
SJ, Wang DZ (2018) Bacterial diversity and nitrogen utilization
strategies in the upper layer of the Northwestern Pacific Ocean.
Front Microbiol. 9:797. https://doi.org/10.3389/fmicb.2018.
00797

3. Zehr JP, Kudela RM (2011) Nitrogen cycle of the open ocean:
from gene to ecosystem. Annu Rev Mar Sci 3:197-225. https://
doi.org/10.1146/annurev-marine-120709-142819

4. Painter SC, Sanders R, Poulton AJ, Woodward EMS, Lucas M,
Chamberlain K (2007) Nitrate uptake at photic zone depths is not
important for export in the subtropical ocean. Glob Biogeochem
Cycles 21:GB4005. https://doi.org/10.1029/2006GB002807

5. Wan XS, Sheng HX, Dai M, Zhang Y, Shi D, Trull TW, Zhu Y,
Lomas MW, Kao SJ (2018) Ambient nitrate switches the ammo-
nium consumption pathway in the euphotic ocean. Nat Commun
9:915. https://doi.org/10.1038/s41467-018-03363-0

6. Karner M, DeLong E, Karl D (2001) Archaeal dominance in the
mesopelagic zone of the Pacific Ocean. Nature 409:507-510.
https://doi.org/10.1038/35054051

7. Rao TS (2012) Microbial fouling and corrosion: fundamentals
and mechanisms. In: Rajagopal S, Jenner H, Venugopalan V (eds)
Operational and environmental consequences of large industrial
cooling water systems. Springer, Boston, MA. https://doi.org/10.
1007/978-1-4614-1698-2_6

8. Hartsock A, Shapleigh JP (2011) Physiological roles for two
periplasmic nitrate reductases in Rhodobacter sphaeroides 2.4.3
(ATCC 17025). J Bacteriol 193:6483-6489. https://doi.org/10.
1128/JB.05324-11

9. Sparacino-Watkins C, Stolz JF, Basu P (2014) Nitrate and peri-
plasmic nitrate reductases. Chem Soc Rev 43(2):676-706. https://
doi.org/10.1039/c3¢s60249d

10. Bru D, Sarr A, Philippot L (2007) Relative abundances of pro-
teobacterial membrane-bound and periplasmic nitrate reductases
in selected environments. Appl Environ Microbiol 73(18):5971-
5974. https://doi.org/10.1128/ AEM.00643-07

11. Smith CJ, Nedwell DB, Dong LF, Osborn AM Diversity and
abundance of nitrate reductase genes (narG and napA), nitrite
reductase genes (nirS and nrfA), and their transcripts in estuarine
sediments. Appl Environ Microbiol 73(11):3612-3622. https://
doi.org/10.1128/AEM.02894-06

12. Dong LF, Smith CJ, Papaspyrou S, Stott A, Osborn AM, Nedwell
DB (2009) Changes in benthic denitrification, nitrate ammonifica-
tion, and anammox process rates and nitrate and nitrite reductase
gene abundances along an estuarine nutrient gradient (the Colne
estuary, United Kingdom). Appl Environ Microbiol 75(10):3171-
3179. https://doi.org/10.1128/ AEM.02511-08

13. Jenkins BD, Zehr JP, Gibson A, Campbell L (2006) Cyanobacte-
rial assimilatory nitrate reductase gene diversity in coastal and oli-
gotrophic marine environments. Environ Microbiol 8(12):2083—
2095. https://doi.org/10.1111/§.1462-2920.2006.01084.x

14. Adhitya A, Thomas FI, Ward BB (2007) Diversity of assimilatory
nitrate reductase genes from plankton and epiphytes associated
with a seagrass bed. Microb Ecol 54(4):587-597. https://doi.org/
10.1007/500248-006-9175-0

15. Vetriani C, Voordeckers JW, Crespo-Medina M, O’Brien CE, Gio-
vannelli D, Lutz RA (2014) Deep-sea hydrothermal vent Epsilon-
proteobacteria encode a conserved and widespread nitrate reduc-
tion pathway (Nap). ISME J 8(7):1510-1521. https://doi.org/10.
1038/ismej.2013.246

@ Springer


https://doi.org/10.1007/s00248-023-02284-w
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1126/science.1186120
https://doi.org/10.3389/fmicb.2018.00797
https://doi.org/10.3389/fmicb.2018.00797
https://doi.org/10.1146/annurev-marine-120709-142819
https://doi.org/10.1146/annurev-marine-120709-142819
https://doi.org/10.1029/2006GB002807
https://doi.org/10.1038/s41467-018-03363-0
https://doi.org/10.1038/35054051
https://doi.org/10.1007/978-1-4614-1698-2_6
https://doi.org/10.1007/978-1-4614-1698-2_6
https://doi.org/10.1128/JB.05324-11
https://doi.org/10.1128/JB.05324-11
https://doi.org/10.1039/c3cs60249d
https://doi.org/10.1039/c3cs60249d
https://doi.org/10.1128/AEM.00643-07
https://doi.org/10.1128/AEM.02894-06
https://doi.org/10.1128/AEM.02894-06
https://doi.org/10.1128/AEM.02511-08
https://doi.org/10.1111/j.1462-2920.2006.01084.x
https://doi.org/10.1007/s00248-006-9175-0
https://doi.org/10.1007/s00248-006-9175-0
https://doi.org/10.1038/ismej.2013.246
https://doi.org/10.1038/ismej.2013.246

2788 Z.Jiang et al.

16. Alcantara-Hernandez RJ, Valenzuela-Encinas C, Zavala-Diaz de 31. Vaksmaa A, Egger M, Liike C, Martins PD, Rosselli R, Asbun
la Serna FJ, Rodriguez-Revilla J, Dendooven L, Marsch R (2009) AA, Niemann H (2022) Microbial communities on plastic parti-
Haloarchaeal assimilatory nitrate-reducing communities from a cles in surface waters differ from subsurface waters of the North
saline alkaline soil. FEMS Microbiol Lett 298(1):56—66. https:// Pacific Subtropical Gyre. Mar Pollut Bull 182:113949. https://doi.
doi.org/10.1111/j.1574-6968.2009.01710.x org/10.1016/j.marpolbul.2022.113949

17. Alcantara-Hernandez RJ, Valenzuela-Encinas C, Marsch R, Den- 32. Liao W, Tong D, Li Z, Nie X, Liu Y, Ran F, Liao S (2021) Charac-
dooven L (2009) Respiratory and dissimilatory nitrate-reducing teristics of microbial community composition and its relationship
communities from an extreme saline alkaline soil of the former with carbon, nitrogen and sulfur in sediments. Sci Total Environ
lake Texcoco (Mexico). Extremophiles 13(1):169-178. https:// 795:148848. https://doi.org/10.1016/j.scitotenv.2021.148848
doi.org/10.1007/s00792-008-0207-1 33. Zhang DC, Liu HC, Xin YH, Zhou YG, Schinner F, Margesin R

18. Stauffert M, Cravo-Laureau C, Duran R (2014) Structure of (2010) Sphingopyxis bauzanensis sp. nov., a novel psychrophilic
hydrocarbonoclastic nitrate-reducing bacterial communities in bacterium isolated from soil. Int J Syst Evol Microbiol 60:2618—
bioturbated coastal marine sediments. FEMS Microbiol Ecol 2622. https://doi.org/10.1099/ijs.0.018218-0
89(3):580-593. https://doi.org/10.1111/1574-6941.12359 34. Zhang DC, Mortelmaier C, Margesin R (2012) Characterization of

19. Jantti H, Jilbert T, Aalto SL et al (2020) The role of organic the bacterial archaeal diversity in hydrocarbon-contaminated soil.
matter and microbial community controlling nitrate reduction Sci Total Environ 421-422:184-196. https://doi.org/10.1016/j.
under elevated ferrous iron concentrations in boreal lake sedi- scitotenv.2012.01.043
ments. Hydrobiologia 849:2145-2160. https://doi.org/10.1007/ 35. Katoh K, Standley DM (2013) MAFFT multiple sequence align-
$10750-022-04858-0 ment software version 7: improvements in performance and usa-

20. He P, Xie L, Zhang X, Li J, Lin X, Pu X, Yuan C, Tian Z, Li J bility. Mol Biol Evol 30:772-780. https://doi.org/10.1093/molbev/
(2020) Microbial diversity and metabolic potential in the strati- mst010
fied Sansha Yongle Blue Hole in the South China Sea. Sci Rep 36. Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ (2015) 1Q-
10(1):5949. https://doi.org/10.1038/s41598-020-62411-2 TREE: a fast and effective stochastic algorithm for estimating

21. GuC, Laverman AM, Pallud CE (2012) Environmental controls maximum-likelihood phylogenies. Mol Biol Evol 32:268-274.
on nitrogen and sulfur cycles in surficial aquatic sediments. https://doi.org/10.1093/molbev/msu300
Front Microbiol 3:45. https://doi.org/10.3389/fmicb.2012.00045 37. Letunic I, Bork P (2021) Interactive Tree Of Life iTOL) v5: an

22. Mulla A, Fernandes G, Menezes L, Meena RM, Naik H, Gauns online tool for phylogenetic tree display and annotation. Nucleic
M et al (2018) Diversity of culturable nitrate-reducing bacteria Acids Res 49:W293-W?296. https://doi.org/10.1093/nar/gkab301
from the Arabian Sea oxygen minimum zone. Deep Sea Res. 38. Dong XZ, Cai MY (eds) (2001) Determinative manual for routine
Part II Top Stud Oceanogr 156:27-33. https://doi.org/10.1016/j. bacteriology. Scientific Press (English translation), Beijing
dsr2.2017.12.014 39. Zhang DC, Zhu ZL, Li YJ, Li XD, Guan ZY, Zheng JS (2021)

23. Divya B, Soumya KV, Nair S (2010) 16SrRNA and enzymatic Comparative genomics of Exiguobacterium reveals what makes
diversity of culturable bacteria from the sediments of oxygen a cosmopolitan bacterium. Systems. 6:¢00383-21. https://doi.org/
minimum zone in the Arabian Sea. Antonie Van Leeuwenhoek 10.1128/mSystems.00383-21
98(1):9-18. https://doi.org/10.1007/s10482-010-9423-7 40. Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible

24. Krishnan KP, Fernandes SO, Loka Bharathi PA, Krishna Kumari trimmer for [llumina sequence data. Bioinformatics 30:2114—
L, Nair S, Pratihary AK, Rao BR (2008) Anoxia over the western 2120. https://doi.org/10.1093/bioinformatics/btul70
continental shelf of India: bacterial indications of intrinsic nitri- 41. Prjibelski A, Antipov D, Meleshko D, Lapidus A, Korobeynikov
fication feeding denitrification. Mar Environ Res 65(5):445-455. A (2020) Using SPAdes de novo assembler. Curr Protoc Bioin-
https://doi.org/10.1016/j.marenvres.2008.02.003 formatics 70:e102. https://doi.org/10.1002/cpbi.102

25. He W, Liu S, Jiang Z, Zheng J, Li X, Zhang D (2021) The diver- 42. Manni M, Berkeley MR, Seppey M, Simao FA, Zdobnov EM
sity and nitrogen metabolism of culturable nitrate-utilizing bacte- (2021) BUSCO update: novel and streamlined workflows along
ria within the oxygen minimum zone of the Changjiang (Yangtze with broader and deeper phylogenetic coverage for scoring
River) Estuary. Front Mar Sci 8:720413. https://doi.org/10.3389/ of eukaryotic, prokaryotic, and viral genomes. Mol Biol Evol
fmars.2021.720413 38:4647-4654. https://doi.org/10.1093/molbev/msab199

26. Polovina JJ, Howell EA, Abecassis M (2008) Ocean’s least pro- 43. Seemann T (2014) Prokka: rapid prokaryotic genome annotation.
ductive waters are expanding. Geophys Res Lett 35:L03618. Bioinformatics 30:2068-2069. https://doi.org/10.1093/bioinforma
https://doi.org/10.1029/2007GL031745 tics/btul53

27. Brown MYV, Philip GK, Bunge JA, Smith MC, Bissett A, Lauro 44. Zhang H, Yohe T, Huang L, Entwistle S, Wu P, Yang Z, Busk PK,
FM, Fuhrman JA, Donachie SP (2009) Microbial community XuY, Yin Y (2018) dbCAN?2: a meta server for automated carbo-
structure in the North Pacific ocean. ISME J 3:1374—1386. https:// hydrate-active enzyme annotation. Nucleic Acids Res 46:W95—
doi.org/10.1038/isme;j.2009.86 W101. https://doi.org/10.1093/nar/gky418

28. Suh SS, Park M, Hwang J, Lee S, Chung Y, Lee TK (2014) Dis- 45. Rawlings ND, Waller M, Barrett AJ, Bateman A (2014) MEROPS:
tinct patterns of marine bacterial communities in the South and the database of proteolytic enzymes, their substrates and inhibi-
North Pacific Oceans. ] Microbiol 52:834-841. https://doi.org/10. tors. Nucleic Acids Res 42:D503-D509. https://doi.org/10.1093/
1007/s12275-014-4287-6 nar/gkt953

29. Bollmann J, Martienssen M (2020) Comparison of different media 46. Buchfink B, Xie C, Huson DH (2015) Fast and sensitive protein
for the detection of denitrifying and nitrate reducing bacteria in alignment using DIAMOND. Nat Methods 12:59-60. https://doi.
mesotrophic aquatic environments by the most probable number org/10.1038/nmeth.3176
method. J Microbiol Methods 168:105808. https://doi.org/10. 47. Huerta-Cepas J, Szklarczyk D, Heller D, Hernandez-Plaza A, For-
1016/j.mimet.2019.105808 slund SK, Cook H, Mende DR, Letunic I, Rattei T, Jensen LJ, von

30. Saunders JK, Mcllvin MR, Dupont CL, Kaul D, Moran DM, Mering C, Bork P (2019) eggNOG 5.0: a hierarchical, functionally

Horner T, Laperriere SM, Webb EA, Bosak T, Santoro AE, Saito
MA (2022) Microbial functional diversity across biogeochemical
provinces in the central Pacific Ocean. Proc Natl Acad Sci U S A
119(37):€2200014119. https://doi.org/10.1073/pnas.2200014119

@ Springer

and phylogenetically annotated orthology resource based on 5090
organisms and 2502 viruses. Nucleic Acids Res 47:D309-D314.
https://doi.org/10.1093/nar/gky 1085


https://doi.org/10.1111/j.1574-6968.2009.01710.x
https://doi.org/10.1111/j.1574-6968.2009.01710.x
https://doi.org/10.1007/s00792-008-0207-1
https://doi.org/10.1007/s00792-008-0207-1
https://doi.org/10.1111/1574-6941.12359
https://doi.org/10.1007/s10750-022-04858-0
https://doi.org/10.1007/s10750-022-04858-0
https://doi.org/10.1038/s41598-020-62411-2
https://doi.org/10.3389/fmicb.2012.00045
https://doi.org/10.1016/j.dsr2.2017.12.014
https://doi.org/10.1016/j.dsr2.2017.12.014
https://doi.org/10.1007/s10482-010-9423-7
https://doi.org/10.1016/j.marenvres.2008.02.003
https://doi.org/10.3389/fmars.2021.720413
https://doi.org/10.3389/fmars.2021.720413
https://doi.org/10.1029/2007GL031745
https://doi.org/10.1038/ismej.2009.86
https://doi.org/10.1038/ismej.2009.86
https://doi.org/10.1007/s12275-014-4287-6
https://doi.org/10.1007/s12275-014-4287-6
https://doi.org/10.1016/j.mimet.2019.105808
https://doi.org/10.1016/j.mimet.2019.105808
https://doi.org/10.1073/pnas.2200014119
https://doi.org/10.1016/j.marpolbul.2022.113949
https://doi.org/10.1016/j.marpolbul.2022.113949
https://doi.org/10.1016/j.scitotenv.2021.148848
https://doi.org/10.1099/ijs.0.018218-0
https://doi.org/10.1016/j.scitotenv.2012.01.043
https://doi.org/10.1016/j.scitotenv.2012.01.043
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1128/mSystems.00383-21
https://doi.org/10.1128/mSystems.00383-21
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1002/cpbi.102
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/nar/gky418
https://doi.org/10.1093/nar/gkt953
https://doi.org/10.1093/nar/gkt953
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1093/nar/gky1085

The Diversity and Metabolism of Culturable Nitrate-Reducing Bacteria from the Photic Zone...

2789

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Zheng Y, Wang J, Zhou S, Zhang Y, Liu J, Xue CX, Williams BT,
Zhao X, Zhao L, Zhu XY, Sun C, Zhang HH, Xiao T, Yang GP, Todd
JD, Zhang XH (2020) Bacteria are important dimethylsulfoniopropi-
onate producers in marine aphotic and high-pressure environments.
Nat Commun 11:4658. https://doi.org/10.1038/s41467-020-18434-4
Li CY, Wang XJ, Chen XL, Sheng Q, Zhang S, Wang P, Quareshy
M, Rihtman B, Shao X, Gao C, Li F, Li S, Zhang W, Zhang XH,
Yang GP, Todd JD, Chen Y, Zhang YZ (2021) A novel ATP
dependent dimethylsulfoniopropionate lyase in bacteria that
releases dimethyl sulfide and acryloyl-CoA. Elife 10:e64045.
https://doi.org/10.7554/eLife.64045

Yoon JH, Kim H, Kim IG, Kang KH, Park YH (2003) Erythrobacter
flavus sp. nov., a slight halophile from the East Sea in Korea. IntJ Syst
Evol Microbiol 53:1169-1174. https://doi.org/10.1099/ijs.0.02510-0
Setiyono E, Heriyanto PD, Shioi Y, Kanesaki Y, Awai K, Brotosu-
darmo THP (2019) Sulfur-containing carotenoids from A marine
coral symbiont Erythrobacter flavus strain KJ5. Mar Drugs 17:349.
https://doi.org/10.3390/md 17060349

Lee SD, Kim IS (2020) Aurantiacibacter rhizosphaerae sp. nov.,
isolated from a rhizosphere mudflat of a halophyte and proposal to
reclassify Erythrobacter suaedae Lee et al. 2019. and Erythrobacter
flavus Yoon et al. 2003 as Aurantiacibacter suaedae comb. nov. and
Qipengyuania flava comb. nov., respectively. Int J Syst Evol Micro-
biol 70:6257-6265. https://doi.org/10.1099/ijsem.0.004524

Weber CF, King GM (2007) Physiological, ecological, and phylo-
genetic characterization of Stappia, a marine CO-oxidizing bacterial
genus. Appl Environ Microbiol 73:1266-1276. https://doi.org/10.1128/
AEM.01724-06

Yamada S, Sonoda Y, Sugimachi K, Toya H, Uehara K, Shinagawa
Y, Tsuchimoto A, Nakano T, Kitazono T (2021) A case of Stappia
indica-induced relapsing peritonitis confirmed by 16S ribosomal
RNA gene sequencing analysis in a patient undergoing continu-
ous ambulatory peritoneal dialysis. CEN Case Rep 10(3):402—408.
https://doi.org/10.1007/s13730-021-00579-w

Uchino Y, Hirata A, Yokota A, Sugiyama J (1998) Reclassification
of marine Agrobacterium species: proposals of Stappia stellulata
gen. nov., comb. nov., Stappia aggregata sp. nov., nom. rev., Rue-
geria atlantica gen. nov., comb. nov., Ruegeria gelatinovora comb.
nov., Ruegeria algicola comb. nov., and Ahrensia kieliense gen. nov.,
sp. nov., nom. rev. J] Gen Appl Microbiol 44:201-210. https://doi.
org/10.2323/jgam.44.201

Tang T, Sun X, Dong Y, Liu Q (2019) Erythrobacter aureus sp.
nov., a plant growth-promoting bacterium isolated from sediment
in the Yellow Sea, China. 3 Biotech 9:430. https://doi.org/10.1007/
$13205-019-1958-3

Colston SM, Ellis GA, Kim S, Wijesekera HW, Leary DH, Lin B,
Kirkup BC, WJIV H, Vora GJ (2018) Complete genome sequences
of two bioluminescent Vibrio campbellii strains isolated from
biofouling communities in the Bay of Bengal. Genome Announc
6:€00422-e00418. https://doi.org/10.1128/genomeA.00422-18
Wang Z, O’Shaughnessy TJ, Soto CM, Rahbar AM, Robertson KL,
Lebedev N, Vora G (2012) Function and regulation of Vibrio campbellii
Proteorhodopsin: acquired phototrophy in a classical organoheterotroph.
PLoS ONE 7:¢38749. https://doi.org/10.1371/journal.pone.0038749
Partensky F, Hess WR, Vaulot D (1999) Prochlorococcus, a marine
photosynthetic prokaryote of global significance. Microbiol Mol Biol
Rev 63(1):106-127. https://doi.org/10.1128/MMBR.63.1.106-127.1999
Yutin N, Suzuki MT, Béja O (2005) Novel primers reveal wider
diversity among marine aerobic anoxygenic phototrophs. Appl Envi-
ron Microbiol 71(12):8958-8962. https://doi.org/10.1128/ AEM.71.
12.8958-8962.2005

Knittel K, Boetius A (2009) Anaerobic oxidation of methane: pro-
gress with an unknown process. Annu Rev Microbiol 63:311-334.
https://doi.org/10.1146/annurev.micro.61.080706.093130

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Wan'Y, DuQ, Wu Y, Li R, Yan X, Li N, Wang X Rapid dissimila-
tory nitrate reduction to ammonium conserves bioavailable nitrogen
in organic deficient soils. Soil Biolo Biochem 177:108923. https://
doi.org/10.1016/j.s0ilbi0.2022.108923

Shan J, Zhao X, Sheng R, Xia Y, Ti C, Quan X, Wang S, Wei W,
Yan X (2016) Dissimilatory nitrate reduction processes in typical
Chinese paddy soils: rates, relative contributions, and influencing
factors. Environ Sci Technol 50(18):9972-9980. https://doi.org/10.
1021/acs.est.6b01765

Lam P, Lavik G, Jensen MM, van de Vossenberg J, Schmid M,
Woebken D, Gutiérrez D, Amann R, Jetten MS, Kuypers MM
(2009) Revising the nitrogen cycle in the Peruvian oxygen minimum
zone. Proc Natl Acad Sci U S A 106(12):4752-4757. https://doi.org/
10.1073/pnas.0812444106

Zhou L, Ou P, Zhao B, Zhang W, Yu K, Xie K, Zhuang WQ (2021)
Assimilatory and dissimilatory sulfate reduction in the bacterial
diversity of biofoulant from a full-scale biofilm-membrane bioreac-
tor for textile wastewater treatment. Sci Total Environ 772:145464.
https://doi.org/10.1016/j.scitotenv.2021.145464

Cui G, Li X, Yang M, Ding S, Li Q, Wang Y, Yang Z, Ding H (2020)
Insight into the mechanisms of denitrification and sulfate reduction
coexistence in cascade reservoirs of the Jialing River: evidence from
a multi-isotope approach. Sci Total Environ 749:141682. https://doi.
org/10.1016/j.scitotenv.2020.141682

Li LF, FuLJ, Lin JQ, Pang X, Liu XM, Wang R, Wang ZB, Lin JQ,
Chen LX (2017) The c654-dependent two-component system regu-
lating sulfur oxidization (Sox) system in Acidithiobacillus caldus
and some chemolithotrophic bacteria. Appl Microbiol Biotechnol
101:2079-2092. https://doi.org/10.1007/s00253-016-8026-2
Jahanbani Veshareh M, Nick HM (2019) A sulfur and nitrogen cycle
informed model to simulate nitrate treatment of reservoir souring.
Sci Rep 9(1):7546. https://doi.org/10.1038/s41598-019-44033-5
Zhang XH, Liu J, Liu J, Yang G, Xue CX, Curson ARJ, Todd JD
(2019) Biogenic production of DMSP and its degradation to DMS-
their roles in the global sulfur cycle. Sci China Life Sci 62:1296—
1319. https://doi.org/10.1007/s11427-018-9524-y

Williams BT, Cowles K, Bermejo Martinez A, Curson ARJ, Zheng
Y, Liu J, Newton-Payne S, Hind AJ, Li CY, Rivera PPL, Carrién
O, Liu J, Spurgin LG, Brearley CA, Mackenzie BW, Pinchbeck BJ,
Peng M, Pratscher J, Zhang XH et al (2019) Bacteria are important
dimethylsulfoniopropionate producers in coastal sediments. Nat
Microbiol 4:1815-1825. https://doi.org/10.1038/s41564-019-0527-1
Curson AR, Liu J, Bermejo Martinez A, Green RT, Chan Y, Car-
rién O, Williams BT, Zhang SH, Yang GP, Bulman Page PC, Zhang
XH, Todd JD (2017) Dimethylsulfoniopropionate biosynthesis in
marine bacteria and identification of the key gene in this process.
Nat Microbiol 2:17009. https://doi.org/10.1038/nmicrobiol.2017.9
Moran MA, Reisch CR, Kiene RP, Whitman WB (2012) Genomic
insights into bacterial DMSP transformations. Ann Rev Mar Sci
4:523-542. https://doi.org/10.1146/annurev-marine-120710-100827
Boraston AB, Bolam DN, Gilbert HJ, Davies GJ (2004) Carbo-
hydrate-binding modules: fine-tuning polysaccharide recognition.
Biochem J 382:769-781. https://doi.org/10.1042/BJ20040892
Dahiya N, Tewari R, Hoondal GS (2006) Biotechnological aspects
of chitinolytic enzymes: a review. Appl Microbiol Biotechnol
71:773-782. https://doi.org/10.1007/s00253-005-0183-7
Rakkhumkaew N, Kawasaki T, Fujie M, Yamada T (2018) Chitin syn-
thesis by Chlorella cells infected by chloroviruses: enhancement by
adopting a slow-growing virus and treatment with aphidicolin. J Biosci
Bioeng 125(3):311-315. https://doi.org/10.1016/j.jbiosc.2017.10.002
Souza CP, Almeida BC, Colwell RR, livera ING (2011) The impor-
tance of chitin in the marine environment. Mar Biotechnol 13:823—
830. https://doi.org/10.1007/s10126-011-9388-1

@ Springer


https://doi.org/10.1038/s41467-020-18434-4
https://doi.org/10.7554/eLife.64045
https://doi.org/10.1099/ijs.0.02510-0
https://doi.org/10.3390/md17060349
https://doi.org/10.1099/ijsem.0.004524
https://doi.org/10.1128/AEM.01724-06
https://doi.org/10.1128/AEM.01724-06
https://doi.org/10.1007/s13730-021-00579-w
https://doi.org/10.2323/jgam.44.201
https://doi.org/10.2323/jgam.44.201
https://doi.org/10.1007/s13205-019-1958-3
https://doi.org/10.1007/s13205-019-1958-3
https://doi.org/10.1128/genomeA.00422-18
https://doi.org/10.1371/journal.pone.0038749
https://doi.org/10.1128/MMBR.63.1.106-127.1999
https://doi.org/10.1128/AEM.71.12.8958-8962.2005
https://doi.org/10.1128/AEM.71.12.8958-8962.2005
https://doi.org/10.1146/annurev.micro.61.080706.093130
https://doi.org/10.1016/j.soilbio.2022.108923
https://doi.org/10.1016/j.soilbio.2022.108923
https://doi.org/10.1021/acs.est.6b01765
https://doi.org/10.1021/acs.est.6b01765
https://doi.org/10.1073/pnas.0812444106
https://doi.org/10.1073/pnas.0812444106
https://doi.org/10.1016/j.scitotenv.2021.145464
https://doi.org/10.1016/j.scitotenv.2020.141682
https://doi.org/10.1016/j.scitotenv.2020.141682
https://doi.org/10.1007/s00253-016-8026-2
https://doi.org/10.1038/s41598-019-44033-5
https://doi.org/10.1007/s11427-018-9524-y
https://doi.org/10.1038/s41564-019-0527-1
https://doi.org/10.1038/nmicrobiol.2017.9
https://doi.org/10.1146/annurev-marine-120710-100827
https://doi.org/10.1042/BJ20040892
https://doi.org/10.1007/s00253-005-0183-7
https://doi.org/10.1016/j.jbiosc.2017.10.002
https://doi.org/10.1007/s10126-011-9388-1

	The Diversity and Metabolism of Culturable Nitrate-Reducing Bacteria from the Photic Zone of the Western North Pacific Ocean
	Abstract
	Introduction
	Materials and Methods
	Study Areas and Sample Collection
	Phylogenetic Analysis of Nitrate-Utilizing Bacteria
	Screening of Nitrate-Reducing Bacteria
	The Ability to Oxidize Thiosulfate for Nitrate-Reducing Bacteria
	Genome Sequencing, Assembly, and Annotation of Nitrate-Reducing Bacteria
	Nucleotide Sequence Data
	Functional Annotation of Genes for Different Metabolism Types

	Results and Discussion
	Diversity and Distribution of the Culturable Nitrate-Reducing Strains
	Nitrogen Metabolism of Nitrate-Reducing Strains
	Sulfur Metabolism of Nitrate-Reducing Strains
	Organic Carbon Metabolism of Nitrate-Reducing Strains

	Conclusions
	Anchor 18
	References


