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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Eutrophication-induced water deoxygenation occurs continually in coastal oceans, and alters community

structure, metabolic processes, and the energy shunt, resulting in a major threat to the ecological environment.

Keywords: Seasonal deoxygenation events have occurred in the Bohai Sea (China), however, how these affect the functional
Microbial community activity of microorganisms remains unclear. Here, through the use of absolute quantification of 16S rRNA genes
Oxygen' o amplicon sequencing and metatranscriptomics approaches, we investigated the structure of the microbial
Ammonia oxidation . s P . .

Metatranscriptomics community and the patterns of transcriptional activity in deoxygenated seawaters. The dominant phyla were
Ocean Proteobacteria (average value, 1.4 x 10° copies ml’l), Cyanobacteria (3.7 x 10° copies ml’l), Bacteroidetes

(2.7 x 10° copies ml’l), and the ammonia-oxidizing archaea Thaumarchaeota (1.9 x 10° copies ml’l). Among
the various environmental factors, dissolved oxygen, pH and temperature displayed the most significant corre-
lation with microbial community composition and functional activity. Metatranscriptomic data showed high
transcriptional activity of Thaumarchaeota in the deoxygenated waters, with a significant increase in the
expression of core genes representing ammonia oxidation, ammonia transport, and carbon fixation (3-hydrox-
ypropionic acid/4-hydroxybutyric acid cycle) pathways. The transcripts of Cyanobacteria involved in photo-
synthesis and carbon fixation (Calvin-Benson-Bassham cycle) significantly decreased in low oxygen waters.
Meanwhile, the transcripts for the ribulose bisphosphate carboxylase-encoding gene shifted from being assigned
to photoautotrophic to chemoautotrophic organisms in surface and bottom waters, respectively. Moreover, the
transcription profile indicated that heterotrophs play a critical role in transforming low-molecular-weight dis-
solved organic nitrogen. Elevated abundances of transcripts related to microbial antioxidant activity corre-
sponded to an enhanced aerobic metabolism of Thaumarchaeota in the low oxygen seawater. In general, our
transcriptional evidences showed a population increase of Thaumarchaeota, especially the coastal ecotype of
ammonia oxidizers, in low oxygen aquatic environments, and indicated an enhanced contribution of chemo-
lithoautotrophic carbon fixation to carbon flow.

1. Introduction

Dissolved oxygen (DO) levels in the oceans have been persistently
falling over the past 50 years, and the global ocean is expected to lose
approximately 3-4% of oxygen capacity by the end of this century
(Keeling et al., 2010; Laffoley and Baxter, 2019; Schmidtko et al., 2017).
Subsequently, hypoxia (DO concentration <2 mg 17!) has inevitably
occurred in some areas (Breitburg et al., 2018). DO reduction will
directly threaten the growth and survival of aerobic organisms in

aquatic ecosystems, increasing the pressure on ecosystem sustainability,
reducing biodiversity and the yield of fisheries (Breitburg et al., 2018).
The decline of DO will also constrain ecosystem energetics, alter the
ecosystem structure, and drastically affect microbial-mediated biogeo-
chemical cycling of elements such as carbon, nitrogen, phosphorus, and
trace metals (Vaquer-Sunyer and Duarte, 2008; Wright et al., 2012). The
microbial diversity of community composition and metabolic processes
can be dramatically affected by hypoxia, for example, nitrate reduction
and sulfur oxidation processes can be stimulated in low oxygen waters
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(Ulloa et al., 2012; Wright et al., 2012). Climate warming, as one of the
known ocean deoxygenation mechanisms, directly decreases oxygen
solubility, slows down water circulation via intensified stratification,
and also promotes microbial respiration, resulting in a decrease of DO
concentration (Oschlies et al., 2018). Excessive nutrient discharge-
induced eutrophication in coastal waters is another important driver
for the frequent occurrence of hypoxia. Sustained nutrient input will
stimulate primary productivity in the euphotic zone. Increased pro-
ductivity will then generate more organic matter to fuel heterotrophs,
and promote microbial respiration in both the water column and sedi-
ments (Cai et al., 2019; Laffoley and Baxter, 2019; Robinson, 2019),
consuming a large amount of DO, leading to coastal ecosystems facing
more serious deoxygenation environmental problems (Robinson, 2019;
Zhang et al., 2010). Statistics indicate that since the 1950s, more than
900 coastal areas around the world are facing eutrophication problems,
of which more than 700 have been experiencing hypoxia or anoxia
(Breitburg et al., 2018; Laffoley and Baxter, 2019). Unfortunately, ocean
deoxygenation will continually occur in the future due to the persistent
climate change and anthropogenic activities (Laffoley and Baxter,
2019).

Microorganisms, including bacteria and archaea, while small in size,
are highly abundant with an extremely large collective biomass, and the
main conduits of material and energy flow in marine ecosystems (Karl,
2002). Ocean deoxygenation will force ecosystem material and energy
flows to shift from higher-level predations toward lower-level microor-
ganisms (Jessen et al., 2017; Wright et al., 2012). Studies have indicated
that microorganisms can still grow aerobically in low oxygen environ-
ments and even under hypoxia condition (Kalvelage et al., 2015). Most
of the studies on hypoxic zones have mainly focused on the formation
mechanisms of hypoxia and their impacts on the biogeochemical cycles
of biogenic elements, such as carbon, nitrogen, and sulfur (Fennel and
Testa, 2019; Zhai et al., 2019). However, the adaptive mechanisms and
environmental regulating factors for microorganisms in deoxygenated
waters have rarely been investigated. The functional activities, partic-
ularly their roles in mediating carbon and nitrogen cycles in low oxygen
waters, are still unclear.

High-throughput 16S rRNA sequencing, quantitative real-time PCR
(qPCR), and meta-omics methods have generally been applied to study
the microbial community and their related functions (Spietz et al., 2015;
Walters et al., 2015; Ye et al., 2016). Of these methods, the use of high-
throughput 16S rRNA sequencing for detection of archaea is limited due
to primer design (Walters et al., 2015), while qPCR is usually applied in
the quantitative analysis of functional genes (Gillies et al., 2015). In
addition to these two methods, metatranscriptome has the advantages of
characterizing the expressed functions of the total microbial community
(Hewson et al., 2013; Stewart et al., 2012). However, microbial meta-
transcriptome related studies are still relatively rare in costal deoxy-
genated environments, relative to the high-throughput 16S rRNA
sequencing and/or qPCR (Gillies et al., 2015; Hewson et al., 2013;
Lekunberri et al., 2013; Molina et al., 2010).

Recently, the typical coastal areas of China, including the Yangtze
River Estuary, Pearl River Estuary, Yellow Sea, and Bohai Sea, have
experienced seasonal deoxygenation events, with low oxygen or hypoxia
zones generally observed from June to September (Chen et al., 2007;
Qian et al., 2018; Zhai et al., 2019). Here, seawater with a DO concen-
tration between the conventional definition of hypoxia and the oxygen-
saturation condition is considered to be “low oxygen seawater”. Using
high-throughput 16S rRNA sequencing and metatranscriptomics, we
investigated the dynamics of community composition and transcrip-
tional activity of the dominant bacteria and archaea in the deoxygenated
Bohai Sea. We thus compared the dominant prokaryotic groups and their
functional activities in low oxygen seawater with those in oxygen-
saturation environments to reveal the microbial-mediated carbon and
nitrogen cycles in deoxygenated environments at the transcriptomic
level.
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2. Experimental procedures
2.1. Sampling and pretreatment

Samples were collected from two sites (A31: 39.28°N, 119.56°E;
A45: 39.20 °N, 119.78°E) in the Bohai Sea, China, during a cruise con-
ducted on August 28-30, 2018 (Fig. 1). Seawater samples were collected
using 10 L Niskin bottles attached to a conductivity-temperature-depth
(CTD) rosette sampler from three depths, the surface, middle, and bot-
tom layers (see specific depth values in Table 1), depending on the total
water depth and thermocline at each station. The DO concentration was
instantaneously measured on board using the Winkler method. In this
paper, low oxygen seawater was defined between hypoxia (<2 mg 171)
to the oxygen-saturation condition (>7 mg 1}, according to the field
measured data) of DO (Hewson et al., 2013; Keeling et al., 2010; Vaquer-
Sunyer and Duarte, 2008). The low oxygen region was then identified
according to the distribution of DO concentration in both surface and
bottom water (Fig. 1). Sites A31 and A45 were characterized by similar
hydrological conditions but different DO concentrations (Fig. 1b and
Table 1). The DO concentrations ranged from 5.11 to 5.47 mg 1~ and
from 3.92 to 3.96 mg 1! below the surface layer of sites A31 and A45,
respectively, representing low oxygen environments; while the surface
was saturated in oxygen (Fig. 1a and Table 1). Therefore, samples from
surface and non-surface layers were chosen for a comparison. The
samples for 16S rRNA genes and metatranscriptomes analyses were
obtained from two discrete size fractions, 0.2-3.0 pm and 3.0-20 pm,
representing the free-living and particle-associated states, respectively
(Teeling et al., 2012). The corresponding size-fractionated biomass was
collected by sequential inline filtration of seawater orderly through a
nylon screen (200 pm, LABLEAD.Inc), a polycarbonate filter (47 mm,
3.0 pm pore size, Millipore, USA), and a second polycarbonate filter (47
mm, 0.22 pm pore size, Millipore, USA). Samples for metatranscriptomic
analysis were obtained in duplicate and preserved in RNAlater (Applied
Biosystems, Austin, TX) for further treatment. In addition, dissolved
organic carbon (DOC) samples in triplicate were directly collected and
preserved at 4 °C after addition of H3POg4. Dissolved inorganic carbon
(DIC) samples were collected using 60 ml borosilicate glass bottles, then
sealed with screw-on caps and stored at room temperature after addition
of 50 pl saturated HgCly. About 500 ml of seawater was filtered through
a precombusted (450 °C for 4 h) GF/F membrane (Whatman, 47 mm
diameter) to collect filtrate and suspended particulate matter. The
filtrate was stored at —20 °C for later nitrate (NO3-N), nitrite (NO2-N),
ammonium (NHy4-N), dissolved inorganic phosphate (DIP), and dis-
solved silicate (DSi) concentration analysis. The filters were stored at
—20 °C until the measurement of Chlorophyll a (Chl a), particulate
organic carbon (POC) and organic nitrogen (PON) contents in the
laboratory.

2.2. Environmental measurements

Seawater temperature, pH, and salinity were measured with CTD
probes (OCEAN SEVEN 304 Plus, Italy). DO was measured on board
using the Winkler method. The DO saturation (DO%) was calculated as
the field-measured DO concentration divided by the DO concentration at
equilibrium with the atmosphere (Benson and Krause, 1984). After
returning to the laboratory, DIC analyses, based on the methods
described in Cai et al. (2004) with a precision of +2 pmol kg_l, were
performed. Chl a concentration was measured using high performance
liquid chromatography as described in Zapata et al. (2000). The con-
centrations of NO3-N, NO,-N, DIP, and DSi were analyzed according to
standard colorimetric methods with a Technicon AA3 Auto-Analyzer
(Bran-Luebbe) (Dai et al., 2008). The NH4-N concentration was
measured on the deck using the indophenol blue spectrophotometric
method (Pai et al., 2001). DOC concentration was quantified using high-
temperature catalytic combustion with a Shimadzu TOC-VCPH/CPN
Total Organic Carbon Analyzer equipped with an ASI-V autosampler
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Fig. 1. Sampling sites and survey-based distribution of dissolved oxygen in (a) surface and (b) bottom water. The lowest DO concentrations in bottom water

were observed at sites A45 and A31.

Table 1

Environmental parameters at two deoxygenated sites (A31 and A45) in the Bohai Sea. Abbreviations: DO, Dissolved oxygen; Chl a, Chlorophyll a; DIC: Dissolved
inorganic carbon; DIP: Dissolved inorganic phosphate; DSi: Dissolved silicate; DOC, Dissolved organic carbon; POC: Particle organic carbon; PON, Particle organic

nitrogen; TPA: Total prokaryotic abundance.

Factors A31 A45
Surface Middle Bottom Surface Middle Bottom
Depth (m) 4 11 20 3 13 24
DO (mg 1 1) 7.33 5.47 5.11 7.34 3.96 3.92
DO (%) 106.90 77.30 71.90 105.90 55.50 54.90
pHr 8.01 7.88 7.85 8.02 7.75 7.76
Temperature (°C) 25.71 23.91 23.69 25.32 23.53 23.52
Salinity (%o) 30.76 30.77 30.78 30.83 30.88 30.88
Chla (ng1™) 424.64 718.41 356.42 368.95 207.45 165.68
DIC (umol kg™1) 2154.84 2234.74 2256.07 2173.65 2289.97 2291.59
NOs-N (umol 171) 0.51 3.88 5.40 0.12 9.41 9.44
NO,-N (umol 171) 0.13 0.39 0.51 0.09 0.34 0.36
NH,-N (umol 1) 0.46 0.40 0.34 0.41 0.14 0.22
DIP (pmol 171) 0.03 0.12 0.17 0.09 0.48 0.49
DSi (pmol 171) 3.47 9.84 11.51 9.49 18.85 22.16
DOC (pmol 171) 179.70 + 2.64 150.61 + 14.36 152.79 + 8.06 209.93 + 15.10 168.54 + 33.10 147.48 + 2.22
POC (ug 1™ 216.21 + 3.29 170.82 + 7.35 221.47 + 20.02 284.87 + 6.17 143.56 + 15.59 162.56 + 2.52
PON (pg1™h) 33.34 £ 0.25 26.40 + 0.31 30.18 + 1.50 52.02 + 1.39 22.43 + 0.55 21.74 £ 0.95
TPA (106 cell mlfl) 7.66 + 0.38 4.51 £+ 0.30 4.62 + 0.21 5.47 £ 0.25 3.23 £0.18 3.21 £0.79

and a TNM-1 module (Osterholz et al., 2014). Filters were freeze dried
and then acidified with 1 ml of 1 N HCl solution to remove carbonate. All
filters were dried again at 60 °C in an oven for 48 h. The POC and PON
contents of the decarbonated samples were determined with an
Elemental Analyzer (Carlo-Erba EA 2100; Kao et al., 2012). Total pro-
karyotic abundance was measured by a Accuri C6 flow cytometer (BD
Biosciences) after the cells were stained with SYBR Green I (Dominique
et al., 1997).

2.3. The relative and absolute quantification of 16S rRNA genes

Microbial community genomic DNA was extracted using the Pow-
erSoil DNA Isolation Kit (MoBio, Carlsbad, USA). The description for the
absolute quantification of 16S ribosomal RNA (rRNA) genes has been
previously outlined in Tkacz et al. (2018). Briefly, two or three spike-in
sequences at four different concentrations (1 0%, 104 10°, 10° copies of
internal standards) were added to the sample DNA pools. The spike-in
sequences contained conserved regions identical to those of natural
16S rRNA genes and artificial variable regions different from nucleotide
sequences in the public databases, acting as an internal standard and
allowing absolute quantification and comparison across samples (Jiang
etal., 2019). The V4 region of the archaeal and bacterial 16S rRNA genes

was amplified with modified primer pairs 515F mod (5'-GTGY-
CAGCMGCCGCGGTAA-3') and 806R mod (5-GGACTACNVGGGTWTC-
TAAT-3') (Walters et al., 2015) and then sequenced on an Illumina
MiSeq.

2.4. Illumina read data processing

The raw sequencing data was processed as previously described in
Huang et al. (2015). The adaptor and primer sequences were removed
by using TrimGalore and Mothur, respectively. After pair-end reads
were merged and filtered, low quality reads (<200 bp, average quality
score < 20, ambiguous base calls > 0) were discarded. Operational
taxonomic units (OTUs) with 97% similarity cutoff were clustered using
USEARCH (version 10). Taxonomic annotation was performed at a
confidence threshold of 80% by Mothur (version 1.41.1) with the
command classify.seqs based on the RDP (version 11.5) database. The
absolute copies of prokaryotic OTUs were subsequently calculated via a
standard curve established by read-counts versus spike-in OTUs copies.
Amplicon sequence variants (ASVs) was sufficiently achieved by DADA2
plug-in QIIME 2 (Bolyen et al., 2019; Callahan et al., 2017). Taxonomy
was assigned to the ASVs against in SILVA 138 100% OTUs using q2-
feature-classifier’s classify-sklearn method with a confidence of 80
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(Bolyen et al., 2019; Bokulich et al., 2018). Similarly, the quantification
of ASVs was conducted by applying the abovementioned method. The
raw reads from this study were deposited into the NCBI Sequence Read
Archive (SRA) under accession numbers SRR11179217- SRR11179228.

2.5. Metatranscriptomics

Gene-expression patterns of microbial communities were assessed by
metatranscriptomic analysis. Total RNA was extracted using the MoBio
PowerSoil Total RNA Isolation Kit (MO BIO Laboratories, Inc.) following
the manufacturer’s instructions. The extraction was digested with 5U
DNasel (Takara, Japan) at 37 °C for 30 min. RNA was purified using a
RNeasy MinElute Cleanup Kit (Qiagen, Germany), followed by treat-
ment with an Ribo-Zero™ Magnetic Kit (Epicentre, USA) to remove
rRNA. Sequencing libraries made from the rRNA-depleted samples were
constructed with a NEB Next® Ultra™ Directional RNA Library Prep Kit
for Illumina (NEB, USA). The remaining transcripts were linearly
amplified, and converted to double stranded complementary DNA
(cDNA) for library preparation and sequencing. rRNA-depleted samples
were processed using the First Strand short Reaction Buffer (5X) with
Random Primers to split mRNA, and mRNA was converted into cDNA
using the Murine RNase Inhibitor, Actinomycin D, and the ProtoScript II
Reverse Transcriptase, followed by Second Strand Synthesis Buffer with
dUTP Mix (10X) and the Second Strand Synthesis Enzyme Mix. After
purification with AMPure XP Beads (Agencourt, USA), terminal repair
and connection was performed using the End Repair Reaction Buffer
(10X) and the End Prep Enzyme Mix, followed by the NEBNext Adaptor
and the Blunt/TA Ligase Master Mix. Synthesized cDNA was purified
using AMPure XP Beads, and amplified using USER Enzyme with Uni-
versal PCR Primer and Index (X) Primer. Subsequent purification was
performed with AMPure XP Beads to obtain libraries for sequencing. The
cDNA was detected using the TruSeq PE Cluster Kit (Illumina, USA) in
cBot to generate clusters, and libraries were sequenced on the Illumina
HiSeq 4000 platform to obtain paired-end reads. A total of 2.2 billion
sequence reads with a mean length of 150 bp were obtained from 33
samples (Table S1). One sample (A31_B_PA) had insufficient total RNA
level and was therefore not included in further analyses (Table S2). The
raw reads from this study were deposited into the NCBI Sequence Read
Archive (SRA) under accession numbers SRR10800987-SRR10801019.

2.6. Bioinformatic processing

rRNA sequences were identified and removed according to the reads
comparison among NCBI (rRNA and tRNA) and SILVA (www.arb-silva.
de) databases. The remaining mRNA sequences were assembled from
scratch using the Trinity software. Sequences from all samples were then
integrated and CD-Hit-Est was applied to remove redundancy (the
sequence consistency threshold was set at 0.95). Gene prediction was
applied based on the splicing Scaffold (Schulz et al., 2012), and subse-
quently microbial gene sequences were functionally annotated. Gene
transcript abundance was calculated by counting the number of reads
that were aligned by Samtools (Li et al., 2009), and normalized to the
gene length. Transcripts were queried against the NCBI non-redundant
protein sequence database (http://ncbi.nlm.nih.gov/), Kyoto Encyclo-
pedia of Genes and Genomes database (http://www.kegg.jp) (Kanehisa
and Goto, 2000), evolutionary genealogy of genes: Non-supervised
Orthologous Groups database (http://eggnogdb.embl.de/) (Huerta-
Cepas et al., 2016), Uniprot database (http://www.uniprot.org/) (Uni-
Prot, 2015), and the SEED database (http://www.theseed.org/wiki/
Main_Page) to identify a probable function (Overbeek et al., 2005).
DIAMOND was used to perform blastp homology comparison between
gene set protein sequences and the databases mentioned above to obtain
functional annotation and homologous species information (Screening
criteria: e-value < 1le—5, score > 60) (Huson and Buchfink, 2015). At the
same time, according to the NCBI microbiological taxonomy informa-
tion database, the species classification annotation information of genes
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was obtained, and the relative abundance of species was counted at
multiple taxonomic levels. The amino acid sequences were submitted to
CAZyme Annotation Toolkit (http://mothra.ornl.gov/cgibin/cat/cat.
cgi) for sequence-based annotation (e-value < le—5, score > 60)
(Lombard et al., 2013; Park et al., 2010). The manually selected se-
quences of dissolved organic nitrogen (DON) membrane transporters
were blasted (e-value < le—5) against the Transporter Classification
Database (http://www.tcdb.org) (Saier et al., 2009). The results were
then further checked manually. For the expression of DON transporter-
and antioxidant enzyme-encoding genes, the transcripts were normal-
ized to the corresponding phyla of absolute quantitative copy counts to
reveal the transcriptional activity of a single cell. The significance of
transcript variation was calculated and statistically examined by Stu-
dent’s t-test analysis using GraphPad Prism 8.0.2 (GraphPad Software,
USA).

2.7. Statistical analysis

The spatial variation of environmental factors was statistically
examined by one-way analysis of variance (ANOVA). Student’s t-tests
were conducted to examine the difference in microbial community at a
confidence of 95% using GraphPad Prism 8.0.2 (GraphPad Software,
USA). Before the correlation analysis between microbial community
composition and environmental factors, Mantel test was performed to
determine statistically significant correlation via PAleontological Sta-
tistics (PAST, Version 3.25). Bray-Curtis and Euclidean were selected to
calculate similarity index for OTUs and for environmental parameters
with 9,999 permutations during Mantel test, respectively. The correla-
tions between environmental factors and dominant microbial groups
were achieved using Spearman’s correlation analysis. All statistical an-
alyses with p value < 0.05 were significant. Specific p values (p < 0.05,
0.01, 0.001, 0.0001) are marked at the corresponding places. According
to the relative and absolute 16S OTUs analysis and metatranscriptome
sequence analysis, the top 10 identified cultured groups were defined as
abundant groups, while the remaining groups were regarded as less
abundant groups.

3. Results
3.1. Environmental conditions

The environmental parameters from the three sampling depths of
two sites are shown in Table 1. The DO concentration was slightly over-
saturated in the surface water and then decreased with depth to a value
of 5.11 mg 17! and 3.92 mg 17! in bottom water at sites A31 and A45,
respectively (Fig. 1 and Table 1). Site A45 was the center of a low oxygen
zone during the sampling period (Fig. 1b). Both pH and temperature
presented a decreasing trend with depth, while the salinity was rela-
tively stable with a value of ~31 regardless of sampling depth, repre-
senting similar hydrological conditions at the two study sites (Table 1).
The Chl a concentration at site A31 varied from 356.4 to 424.6 ng 17},
and was relatively higher than that at site A45 (with a range of
165.7-368.9 ng l’l, Table 1). The distribution pattern of DIC concen-
tration at the two sites was similar with a slight increase from surface to
bottom water (Table 1). The concentrations of NO3-N, NO»-N, DIP, and
DSi, all increased with increasing depth, of which the increase of NOy-N
concentration was statistically significant (One-way ANOVA, p value
<0.05), whereas NH4-N concentration decreased from surface to bottom
water. The DOC concentration in the bottom layer was significantly
lower than that in the surface layer (Multiple t-tests, g value <0.00001).
The amount of POC and PON decreased vertically from surface to middle
layer, but increased slightly again in the bottom water, possibly due to
sediment resuspension. Moreover, the total prokaryotic abundance also
decreased significantly with increasing depth (One-way ANOVA, p <
0.0001).
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3.2. The compositions and transcripts of microbial community

The microbial composition with phylum and family taxonomy was
shown in Fig. 2. High-throughput sequencing of the 16S rRNA gene
yielded 6918 OTUs that belong to 45 phyla, of which Proteobacteria
(49.2%), Bacteroidetes (10.8%), Planctomycetes (5.3%), Actinobacteria
(5.1%), and Verrucomicrobia (1.4%) were the predominant heterotro-
phic groups (Fig. 2a and Table S3). As the dominant photoautotrophic
and chemolithoautotrophic groups, Cyanobacteria and Thaumarch-
aeota, respectively, accounted for 15.9% and 8.1% of the total microbial
abundance (Fig. 2a and Table S3). While Nitrospinae and Nitrospirae,
the nitrite-oxidizing bacteria, only accounted for 0.3% and 0.02%,
respectively (Fig. 2a and Table S3). The above mentioned nine dominant
phyla accounted for 95.9% of the total relative abundance, with the
remaining 36 phyla only accounting for 4.1%. The relative proportion of
Thaumarchaeota increased significantly from surface to bottom water
(p < 0.01), while the relative proportion of Cyanobacteria decreased
significantly (p < 0.01, Fig. 3a).

The absolute quantification of 16S rRNA genes identified 45 phyla in
total. The total abundance in surface water was higher than that in the
bottom, which was consistent with the trend of the total prokaryotic
abundance as measured by flow cytometry (Fig. S1 and Table 1). The
dominant phyla primarily included Proteobacteria (average value, 1.4
x 10° copies ml’l), Cyanobacteria (3.7 x 10° copies ml’l), Bacter-
oidetes (2.7 x 10° copies ml’l), Thaumarchaeota (1.9 x 10° copies
mlfl), Actinobacteria (1.5 x 10° copies ml’l), Planctomycetes (5.5 x
10* copies ml™1), Verrucomicrobia (2.4 x 10° copies ml™), Nitrospinae
(489.2 copies ml’l), and Nitrospinae (12.2 copies ml™) (Fig. 2b).
Among these dominant phyla, Proteobacteria, Cyanobacteria and
Thaumarchaeota account for 54.7%, 14.9% and 7.6% of the total
abundance, respectively (Table S3). The absolute abundance of the
dominant bacteria, including Proteobacteria and Cyanobacteria, both
decreased with increasing water depth, while Thaumarchaeota, Nitro-
spinae, and Nitrospirae showed an inverse distribution pattern (Fig. 3b).
There were no significant effects of depth and DO concentration on the
diversity of the dominant phyla (Fig. 3b).

At the family phylogenetic level, we obtained Family_II (9.9%, 3.3 x
10° copies m1 1) in Cyanobacteria; Nitrosopumilaceae (8.1%, 1.9 x 10°
copies ml™Y) in Thaumarchaeota; Pelagibacteraceae (9.2%, 3.8 x 10°
copies ml’l), Rhodobacteraceae (6.4%, 2.2 x 10° copies ml’l), and
Alteromonadaceae (6.3%, 1.1 x 10° copies ml™Y) in Proteobacteria;
Flavobacteriaceae (4.4%, 1.3 x 10° copies ml™ D in Bacteroidetes;
Planctomycetaceae (3.3%, 3.3 x 10* copies ml™) in Planctomycetes
(Fig. 2d and e). However, their relative and absolute abundance showed
no significant variation with decreasing oxygen concentration
(Table S4).

Using the 16S rRNA ASVs analysis, we obtained a similar microbial
structure with the OTUs analysis. Furthermore, there were eight ASV
species in Thaumarchaeota (Table S5), with the close similarity to
cultured Nitrosopumilus cobalaminigenes HCA1 or Nitrosopumilus oxy-
clinae HCE1, both of which belong to the coastal ecotypes of ammonia
oxidation archaea (AOA, Qin et al., 2017; Qin et al., 2020). Of these,
ASV1, with the highest abundance (1.5 x 10° copies ml™) in Thau-
marchaeota, was close to Nitrosopumilus cobalaminigenes HCA1. Addi-
tionally, some autotrophic bacteria with relatively low abundances were
also observed in low oxygen samples, such as SUPO5 and SAR324
(Table S5).

The metatranscriptome sequence analysis and the absolute
quantification-based 16S rRNA gene amplicon sequences obtained a
similar result in terms of predominant taxonomic composition at the
phylum and family levels (Fig. 2 and Fig. 3). As water depth increased
and DO concentration decreased, the transcriptional activity of Thau-
marchaeota, especially the family Nitrosopumilaceae, significantly
increased (Table S4) and that of Cyanobacteria significantly decreased
(p < 0.001, Fig. 2¢ and Fig. 3c). The transcriptional activity in the
bacterial community such as the families Pelagibacteraceae and
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Alteromonadaceae increased slightly in the bottom water (Fig. 2f and
Table S4).

According to the results from 16S rRNA genes sequencing and
transcriptional analysis, the taxa composition was similar between free-
living and particle-associated fractions. However, the predominant
phyla, including Thaumarchaeota, Proteobacteria, Actinobacteria, and
Verrucomicrobia displayed significant differences (p < 0.05), with both
higher abundance and transcriptional activity in the free-living fraction
(Fig. 52).

Of the measured environmental factors, DO, pH, temperature, water
depth, DIN, DIP, and DSi concentration, played a significant role in
regulating the composition and transcriptional activity of the micro-
biomes in the low oxygen waters of the Bohai Sea (Mantel’sr > 0.5, p <
0.001). The transcriptional activity of Thaumarchaeota, Nitrospinae,
and Nitrospirae were significantly and negatively correlated with DO,
pH, and temperature, while those of Cyanobacteria showed positive
correlations to the three factors (Fig. 4). In addition, the transcriptional
activity of Thaumarchaeota and Cyanobacteria showed a positive and
negative correlation, respectively, to water depth (Fig. 4), indirectly
implying regulations by DO and light on microbial distributions. The
transcripts of Thaumarchaeota showed a negative correlation with NHy-
N concentration, and the transcripts of Nitrospinae and Nitrospirae
positively correlated to NO3-N concentration (Mantel’s r > 0.5, p <
0.001, Fig. 4). These correlations directly indicated that the transcripts’
functional composition was also significantly affected by the DIN con-
centration. Nitrosopumilaceae, the dominant family clade of Thau-
marchaeota, was negatively affected by DO, pH and temperature, but
positively affected by water depth, NO3~, DIP, and DSi concentrations
(Fig. S3).

In summary, with decreasing DO, the abundance of heterotrophic
bacteria (Proteobacteria and Bacteroidetes) generally decreased, but
their transcriptional activity increased; both the abundance and activity
of chemolithoautotrophs (Thaumarchaeota) increased, but those of
photoautotrophs (Cyanobacteria) decreased. Importantly, for the family
Nitrosopumilaceae (phylum Thaumarchaeota), the transcriptional ac-
tivity significantly increased, implying the alteration of dominant mi-
crobial groups involved in the carbon and nitrogen cycles of low oxygen
environments.

3.3. Functional diversity of microbial community

Transcriptional analysis revealed three dominant microbial lifestyles
in the deoxygenated Bohai seawater: (a) photoautotrophy (Cyanobac-
teria: Family IT), (b) chemoautotrophy (Thaumarchaeota: Nitro-
sopumilaceae), and (c) heterotrophy (Rhodobacteraceae, Halieaceae,
Bacteroidetes: Flavobacteriaceae, Planctomycetes: Planctomycetaceae).
According to the analysis of clusters of orthologous groups (COGs),
transcripts from Thaumarchaeota and Cyanobacteria showed the
greatest distribution in ‘energy generation and transformation’ (Fig. S4).
In the phylum Proteobacteria, high gene expression profile was observed
in COG categories such as ’translation, ribosome structure and biogen-
esis’ and ’post-translational modification, protein turnover, chaperone’
(Fig. S4). Therefore, we primarily focused on the nitrogen metabolism
and carbon fixation pathways of different microorganisms. Nitrogen
metabolism in Thaumarchaeota was expressed as ammonia trans-
portation and assimilation. Key transcripts of nitrogen metabolic path-
ways, such as amoABC (ammonia monooxygenase subunits, Gillies et al.,
2015) and nirK (nitrite reductase, Walker et al., 2010) increased
significantly as DO concentration decreased in deep water (Fig. 5a and
Table S2). For carbon fixation, the transcripts of the 3-hydroxypropionic
acid/4-hydroxybutyric acid cycle (the 3-HP/4-HB cycle) in Thau-
marchaeota increased, but those of the Calvin-Benson-Bassham (CBB)
cycle in Cyanobacteria decreased in the low oxygen waters (Fig. 5b and
Fig. S5). Contrastingly, transcripts of various transporter-encoding
genes, including those of ATP-binding cassette (ABC) transporters-,
TonB-dependent transporters- (TBDT), and DON transporters-encoding
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Fig. 2. Bar graph of microbial composition
with phylum (a-c) and family (e-f) taxon-
omy for the free-living (0.2-3.0 pm) and
particle-associated (3.0 to 20 pm) pro-
karyotic assemblages at sites A31 and A45.
The relative 16S rRNA gene sequence data (a
and d), the absolute quantified 16S rRNA gene
sequence data (b and e), and the taxonomy of
transcripts (c and f) reflect the dynamics of
microbial composition in surface, middle, and
bottom layers. Less abundant groups were
summed and assigned as ‘Others’. The error
bars represent the standard deviation of
triplicates.
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genes (especially those involved in the transport of amino acids, pep-
tides, nucleosides, and vitamins), showed high abundance among het-
erotrophic bacteria in low DO water (Fig. 6 and Fig. 56). 3199 genes
encoding for substrate-binding protein of ABC transporter were
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Fig. 3. The variation of dominant micro-
bial groups in the surface and bottom
seawater in low oxygen areas. The abun-
dance and difference for the relative 16S
rRNA gene sequence data (a), the absolute
quantified 16S rRNA gene sequence data (b),
and the taxonomy of transcripts (c) were
shown. The differences were analyzed using
Student’s t-test at 95% confidence interval
and the p values were also listed. *, **, ***
and **** denote p value less than 0.05, 0.01,
0.001, and 0.0001, respectively.

expressed and predicted to transport amino acids, peptides, nucleosides,
polyamines, carbohydrates and glycine betaine (Table S6). Similarly,
3842 genes encoding for TonB-dependent transporter were expressed
and predicted to transport siderophores and/or vitamin B12 (Table S6).
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Fig. 4. Environmental drivers of micro-
bial community composition in deoxy-
genated ocean. Heatmap shows the
comparisons between environmental factors
and the dominant microbial groups (taxon-
omy in family), with a color gradient denot-
ing Spearman’s correlation coefficient.
1.0 Taxonomic (absolute and relative abun-
dance) and transcript functional community
compositions were related to each environ-
mental factor by Mantel partial tests. Edge
width corresponds to the Mantel’s r statistic

Ascomycota for the corresponding distance correlations,
Proteobacteria I and edge color denotes the statistical signif-
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Relative to the particle-associated assemblage, free-living microbes
expressed higher transporter-related transcripts. The total expression of
transcripts in the free-living community was highest in the surface
water, while those in particle-associated community showed an inverse
trend with high transcript in the bottom water (Fig. 6). Higher levels of
transcripts related to the antioxidant abilities of Thaumarchaeota, such
as the superoxide dismutase and an inefficient hydrogen peroxide
scavenging coding gene (peroxiredoxin), were observed in the bottom
layer with its associated low DO concentration regardless of free-living
or particulate-associated lifestyle (Fig. 7).

4. Discussion

4.1. Autotrophic carbon fixation and ammonia oxidation in
deoxygenated waters

We observed high abundance and transcriptional activity of Thau-
marchaeota in the low oxygen coastal zone (Fig. 2). Similar results were
also found in hypoxic zones (Gillies et al., 2015; Plominsky et al., 2018),
suggesting that Thaumarchaeota may play a more important ecological
function in deoxygenation zones. The transcripts of amoABC-encoding
genes for Thaumarchaeota, the core coding genes of the ammonia
oxidation pathway regarding energy metabolism (NHy4-N oxidation and
NO,-N production) (Kerou et al., 2016), were significantly increased by
5-21 folds in low DO waters (p < 0.001, Fig. 5a and Table S2). The
combination of declining NH4-N concentration and rising NOs-N con-
centration with water depth in the surrounding water environment
(Table 1), strongly indicated that the active Thaumarchaeota have an
important role in regulating the distribution pattern of different inor-
ganic nitrogen species. Another significantly increased transcript, the
NO-forming nitrite reductase-encoding gene (nirk) (10-folds, p <
0.0001, Fig. 5a and Table S2), was previously suggested to assist in the

ammonia oxidation process (Kozlowski et al., 2016; Schleper and Nicol,
2010; Walker et al., 2010), as NO, the product of the nirK reaction, is
vital to ammonia oxidation (Kerou et al., 2016; Kozlowski et al., 2016;
Sauder et al., 2016; Shen et al., 2013). The high transcription activity of
Thaumarchaeota in low oxygen waters may suggest an increased de-
mand for NH4-N (Han et al., 2021; Hong et al., 2015). We found a sig-
nificant increase (8-22 folds, p < 0.001, Fig. 5a and Table S2) in the
transcripts of ammonia transporter-encoding genes (amt, Amt family
transporters), which are dedicated to increase ammonia transport when
passive diffusion is limited by low ammonia availability, low extracel-
lular pH, or low permeability of the cytomembrane (Offre et al., 2014;
Winkler, 2006). Moreover, we observed a significant increase in tran-
scription of glutamine synthetase-, glutamate dehydrogenase-, and
aspartate ammonia-lyase-encoding genes (Fig. 5a and Table S2),
implying that Thaumarchaeota could obtain ammonia via organic
matter decomposition (Kerou et al., 2016). In addition, the PII super-
family (encoded by gInB) is a key player in regulating nitrogen transfer
in microbes (Huergo et al., 2013; Kerou et al., 2016), the increase
transcripts of this coding gene in Thaumarchaeota suggest active ni-
trogen transformation processes in the hypoxic zones. However, the
presence and function of urea transporters- and urease-coding genes
were not detected in this Thaumarchaeotal group, even though urea has
been reported to be a substrate for nitrification (Kitzinger et al., 2019).
The 3-HP/4-HB cycle is far more energy efficient than aerobic autotro-
phic pathways (such as the CBB cycle, Konneke et al., 2014). The tran-
scripts in relation to this chemoautotrophic carbon fixation pathway in
Thaumarchaeota increased by 6-33 folds in low oxygen waters (Fig. 5b
and Table S2). The acetyl-CoA/propionyl-CoA carboxylase (Berg et al.,
2010; Hiigler et al., 2003), 3-hydroxypropionyl-coenzyme A dehy-
dratase, and 4-hydroxybutyryl-CoA dehydratase (Berg et al., 2007;
Hiigler and Sievert, 2011; Konneke et al., 2014) are the main coding
genes regulating the 3-HP/4-HB cycle, and the transcripts of these
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Fig. 5. Transcript abundance of selected core coding genes in free-living (0.2-3.0 pm) and particle-associated (3.0-20 pm) assemblages of Thaumarch-
aeota that involved in (a) nitrogen and (b) carbon metabolism in the deoxygenated costal ocean. The predicted transcripts are grouped into ammonium
assimilation, nitrification, denitrification, and 3-hydroxypropionic acid/4-hydroxybutyric acid cycle. The confidence for significant differences between the surface
and bottom seawaters are denoted by *, **, *** and ****, for p value less than 0.05, 0.01, 0.001, and 0.0001, respectively.

coding genes all significantly increased in bottom low oxygen waters (p
< 0.01, Fig. 5b). In particular, Thaumarchaeotal 4-hydroxybutyryl-CoA
dehydratase has a low sensitivity to oxygen and can maintain higher
enzyme activity under low oxygen conditions (Demirci et al., 2020).
These high transcript levels of chemoautotrophic carbon fixation may
provide a plausible biochemical explanation for the thriving Thau-
marchaeota population within deoxygenated environments. A signifi-
cant decrease in Cyanobacterial abundance and transcription of genes
related to photosynthesis, including photosystem I P700 chlorophyll an
apoprotein- (psa family genes) and photosystem II P680 reaction center
protein-encoding genes (psb family genes, Lopez-Gomollon et al., 2007),
was observed with increasing water depth, decreasing light levels and
oxygen concentration (Table S2). For example, the characteristic coding
gene of ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO), a

core coding gene involved in the CBB cycle, a major carbon fixation
pathway for Cyanobacteria (Hiigler and Sievert, 2011), also significantly
decreased by 9-folds in deep waters (p < 0.05, Fig. S5 and Table S2). The
RuBisCO-coding gene in Cyanobacteria, particularly in Synechococcus,
were abundantly expressed in the oxygen rich surface waters which are
exposed to high light levels (Table S2). While in the deep water, the
transcripts of RuBisCO were abundant in chemoautotrophs, especially
Nitrosomonas and Nitrosospira of Proteobacteria, and Acid-
ithiomicrobium of Actinobacteria (Table S2). This indicated that the
pattern of carbon fixation shifted from photoautotrophy to chemoau-
totrophy in the deoxygenated zone.
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4.2. Uptake of organic nitrogen by microbes

Heterotrophic bacteria transcribed abundant transporter-encoding
genes, including ABC transporters, and TBDTs and DON related trans-
porters in the deoxygenated coastal seawater (Fig. 6). Among the
various transporter-encoding genes, the families Pelagibacteraceae and
Rhodobacteraceae in Proteobacteria expressed abundant transcripts of
ABC transporter-encoding genes for the transport of nitrogen-containing
organics, including amino acids, peptides, polyamines, nucleosides,
glycine betaine (Fig. 6 and Table S6). While the families Halieaceae and
Alteromonadaceae in Proteobacteria and the family Flavobacteriaceae

10

in Bacteroidetes expressed high transcription of TBDT- and DON
transporter-encoding genes (Fig. 6). In particular, the normalized tran-
script of DON transporter-encoding genes increased with decreasing DO
concentration (Fig. S6). The transcripts of TBDT transporter-encoding
genes generally functioned in the transport of siderophore and vitamin
B12. The transcripts of DON transporter-encoding genes are responsible
for the transportation of amino acids, peptides, nucleosides, and vita-
mins. susC and susD are key genes for recognition and binding of high
molecular weight compounds such as polysaccharides and oligosac-
charides (Tang et al., 2017). The transcripts of these two key genes were
almost unobserved in this study (Table S6), implying that microbes in
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low oxygen environments may prefer to metabolize low-molecular-
weight compounds. Heterotrophic bacteria can take up low-molecular-
weight DON and release ammonia to the environment (Han et al.,
2021). Extracellular NH4-N supplementation plays an important role in
supporting Thaumarchaeotal oxidation of ammonia (Hong et al., 2015).
Moreover, both the transcription of ABC transporter- and DON
transporter-encoding genes increased significantly in the bottom deox-
ygenated seawater, indicating a mixotrophic lifestyle for Thaumarch-
aeota in the low oxygen seawater (Qin et al., 2014). In terms of the
normalized transcript, the transcripts of all related transporter-encoding
genes increased in the free-living community, but decreased in the
particle-associated community with depth (Fig. S6), indicating a free-
living-preferred lifestyle for dominant microbes such as Proteobacteria
and Thaumarchaeota in low oxygen waters.

4.3. Dynamics of antioxidant coding genes across an oxygen gradient

We also focused on the transcriptional activity of antioxidant coding
genes from major microbial groups in the deoxygenated regions. Reac-
tive oxygen molecules (ROS), including superoxide and hydrogen
peroxide (H203), can be intracellularly produced during photosynthesis
and microbial respiration (Zinser, 2018a), or extracellularly generated
during photodegradation (Heller et al., 2016; Song and Jiang, 2020) and
extracellular superoxide production (Diaz et al., 2013; Sutherland et al.,
2019; Sutherland et al., 2020), resulting in oxidative damage to pro-
teins, DNA, and lipids in microbes when a critical ROS concentration is
reached (Zinser, 2018b). Microorganisms deal with ROS mainly through
superoxide dismutase (sod), two types of catalase (cat), peroxiredoxin
(prx), and glutathione peroxidase (gpx) (Heller and Croot, 2010; Mishra
and Imlay, 2012; Petasne and Zika, 1987). Nanomolar levels of HyO5
might inhibit the growth of Thaumarchaeota (Tolar et al., 2016), due to
the lack or partial loss of cat to scavenge it (Bayer et al., 2019; Ma et al.,
2017; Zinser, 2018b). We found that with decreasing concentration of
DO, the abundance of antioxidant transcripts (including sod and cat) in
heterotrophic bacteria and Cyanobacteria in the bottom water was
lower than that at the surface (Fig. 7). However, the transcripts of sod
and the low-efficiency peroxide scavenging coding gene prx in Thau-
marchaeota increased by ~13-fold in low oxygen waters regardless of
lifestyles, but no transcripts of cat were detected (Fig. 7 and Table S2),
even though the scavenging of HyO, with cat is 100-1000 times more
efficient than that with prx (Parsonage et al., 2008). However, the
normalized transcripts of antioxidant coding genes in dominant mi-
crobes gradually increased along with the declining oxygen concentra-
tion (Fig. S7a), corresponding to the increased transcripts of electron
transfer chain coding genes (Complex I, II, III, and IV, Fig. S7b). A
decrease in DO concentration resulted in the increased chemoautotro-
phic and heterotrophic production of a marine environment (Suter et al.,
2020). The enhanced metabolic activities in low oxygen environments
may lead to a high level of intracellular ROS production (Hansel et al.,
2019). In this study, the elevated normalized transcripts of antioxidant
coding genes in Thaumarchaeota in low oxygen water are a response to
the intracellularly produced ROS stress as a result of the active ammonia
oxidation process (see high normalized transcripts of amoABC coding
gene in Fig. S7c¢). In addition, both decreased light and decreased total
abundance of photoautotrophs and microorganisms in bottom water,
results in a decline of associated extracellular ROS production (Song and
Jiang, 2020; Sutherland et al., 2020), and subsequently mitigating the
pressure on survival of Thaumarchaeota in low oxygen conditions (Tolar
et al., 2016). Moreover, the 16S rRNA ASVs analysis indicated that the
costal ecotypes of Thaumarchaeota are more resilient to ROS stress than
the open-ocean ecotypes (Qin et al., 2020; Tolar et al., 2016). Collec-
tively, these findings may partially explain why the Thaumarchaeota
population is sustained in deoxygenated regions.
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5. Conclusions

We observed high transcriptional activity of Thaumarchaeota in the
deoxygenated waters, with significant increase in the expression of core
genes representing ammonia oxidation, ammonia transport, and carbon
fixation pathways. Meanwhile, the transcripts of Cyanobacteria
(particularly for photosynthesis and carbon fixation) significantly
decreased. The transcripts of RuBisCO shifted from photoautotrophy to
chemoautotrophy in bottom water with low DO concentration. More-
over, the transcription profile of heterotrophic bacteria indicated that
heterotrophs play a major role in transforming low-molecular-weight
DON. The elevated normalized transcripts of antioxidant coding genes
correspond to an enhanced aerobic metabolism of Thaumarchaeota in
the low oxygen seawater. Generally, our findings indicate that Thau-
marchaeota, especially the coastal ecotypes capable of ammonia-
oxidization, have a great resilience to low oxygen aquatic environ-
ments, and their chemolithoautotrophic carbon fixation contributes
greatly to the carbon flow under such environmental conditions.
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