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Abstract

Prokaryotic diversity and community composition in the water column of eight stations (63 samples) around the
Antarctic  Peninsula  of  the  Southern  Ocean  were  investigated.  Through  pyrosequencing  of  the  V3–V4
hypervariable regions of the 16S ribosomal RNA gene, we characterized 4 720 089 valid reads representing 48 188
operational  taxonomic  units  (OTUs,  97%  similarity).  The  community  was  dominated  by  the  phyla
Pseudomonadota (original name: Proteobacteria, 47%), Oxyphotobacteria (26%), and Bacteroidota (original
name: Bacteroidetes, 18%), which comprised an average of 91% of the total OTUs in all samples. The prokaryotic
community composition varied vertically within the water column. Water column prokaryotic communities
exhibited a clear depth profile, with higher microbial richness and higher diversity observed with increasing water
depth. Cluster analysis of the community composition of water column samples exhibited a similar trend with
depth. Correlation with environmental factors suggested distinct variation in prokaryotic community composition
with changes in depth, salinity, temperature and dissolved oxygen levels. Functional prediction showed presence
of active nitrogen, sulphur and methane metabolic cycles along the vertical transect of the studied region. These
results will improve our knowledge of prokaryotic diversity and community composition at different depth of
water column for better understanding of the microbial ecology and nutrient cycles in Antarctic Peninsula region
of the Southern Ocean.
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1  Introduction
Microorganisms are ubiquitously distributed in marine envir-

onments and play pivotal roles in maintaining ecosystem func-
tions. In addition, marine microorganisms have distinct geo-
graphical distributions, which contribute significantly to bio-
mass and primary production in their ecosystems. The structure
of microbial communities in the ocean displays vertical and hori-
zontal patterns associated with variations in physicochemical
and biological conditions (Giovannoni and Stingl, 2005; Zinger et
al., 2011; Walsh et al., 2015) that can be modified by variations in
environmental factors over a range of time scales (Fuhrman et
al., 2015; Giovannoni and Vergin, 2012). A comprehensive and
thorough investigation of the microbial diversity in seawaters is
essential to understand the ecological role of microorganisms in
these habitats.

Polar oceans play a significant role in the global carbon cycle
and account for 4%–11% of the global carbon export to the ocean
interior (Laws et al., 2000). The Southern Ocean, defined here as
the region of the world’s ocean south of the subantarctic front,
accounts for approximately 10% of the total ocean area of the

planet, or approximately 7% of the Earth’s surface. The unique
physicochemical properties of the Southern Ocean enable high
levels of microbial primary production to occur (Wilkins et al.,
2013a); however, most of its microbial communities remain un-
explored.

An increasing number of studies have investigated the bac-
terial communities in different geographical regions of Antarc-
tica and the Southern Ocean (Aislabie et al., 2008; Chong et al.,
2009a, 2009b, 2013; Shivaji et al., 2011; Torstensson et al., 2015;
Venkatachalam et al., 2019). Most of these studies have focused
on the bacterial diversity and function of soils, lakes, surface sea-
water and sea ice (Yergeau et al., 2007a, 2007b, 2007c, 2012; Tor-
stensson et al., 2015; Dinasquet et al., 2017). Most of the small
number of studies on prokaryotic community composition using
state of the art molecular approaches have been limited to near-
surface waters down to a depth of 200 m (Manganelli et al., 2009;
Ghiglione and Murray, 2012; Landa et al., 2016). However, lim-
ited information on prokaryotic community composition is avail-
able from mesopelagic and bathypelagic waters of the Southern
Ocean (Wilkins et al., 2013b).  
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The development of high throughput sequencing (HTS) tech-
nologies during the last decade has revolutionized the study of
natural microbial communities, now characterized as the ‘‘un-
seen majority’’. This technology allows, in a cost-effective way,
the analysis of diversity, metabolic functions, and biological in-
teractions in complex, uncultured microbial communities. Ex-
traction of DNA from mixed communities of microbes, followed
by HTS, has greatly increased our understanding of the funda-
mental roles played by terrestrial, aquatic, and human associ-
ated microbiota (Fierer et al., 2007; Zinger et al., 2011; The Hu-
man Microbiome Project Consortium, 2012).

The advent of second- and third-generation sequencing tech-
nologies has enabled microbial ecologist to elucidate microbial
communities of an environment at increased depth and breadth.
The aim of the present study was to character the prokaryotic di-
versity and distribution patterns of communities around the Ant-
arctic Peninsula water samples at various depth and investigate
their variations with environmental parameters. These results
can improve our knowledge of the microbial communities and
their potential ecological functions within the Southern Ocean.

2  Materials and methods

2.1  Sample collection and preparation
Seawater samples were collected by the R/V XIANGYANG-

HONG 01 around the Antarctic Peninsula area of the Southern
Ocean (8 sites, 63 samples) during China’s Antarctic scientific in-
vestigation from 2017 to 2018 (Fig. 1; Table 1). Water samples
were collected using Niskin sampling bottles, a CTD (Sea-Bird
Electronics, USA) profiler was deployed to record temperature,
depth, salinity, and dissolved oxygen profiles. All water samples
from each station were prefiltered through a mesh sieve to
remove most of the mesozooplankton and large particles, then
were filtered through 0.22 μm acetate membranes (Merck Milli-

pore, USA) using a vacuum pump while on board. The total or-
ganic carbon and chlorophyll a of seawaters were analyzed as de-
scribed by Park (1969). All samples were stored in −80℃ freezer
on board until further analysis.

2.2  DNA extraction and PCR amplification
Total genomic DNA was extracted from each acetate mem-

brane sample using a FastDNA Spin Kit for Soil (MP Biomedicals,
Santa Ana, CA, USA) following the manufacturer’s instructions.
The extracted DNA samples were quantified using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). The conserved sequences flanking the hypervariable
V3–V4 region of the 16S rRNA gene served as primer sites to gen-
erate PCR amplicons. PCR was performed on 20 ng of sample
DNA using a PCR mix containing 0.2 μL Taq polymerase, 5 μL
buffer, and a 10 μmol/L concentration of both forward and re-
verse primers 341F (CCTAYGGGRBGCASCAG) and 806R (GGAC-
TACNNGGGTATCTAAT) with Barcode Tags. The amplicon lib-
raries were constructed under the following PCR conditions: 94℃
for 2 min, and 30 cycles of 94℃ for 30 s, 55℃ for 20 s, and 72℃ for
1 min, with a final extension step held at 74℃ for 10 min. There-
after, amplicon PCR products were purified using QIA quick PCR
purification columns (Qiagen Inc., Valencia, CA, USA) and
pooled in equimolar concentrations. The amplicon library was
purified and sequenced on an Illumina MiSeq sequencing-by-
synthesis platform (Novogene Bioinformatics Technology Co.
Ltd., Beijing, China).

2.3  Sequence pre-processing and taxonomic assignment
After sequencing, the barcodes and amplicon primer se-

quences were removed, and reads with more than one unknown
nucleotide (N), reads with ≥3% of bases with Phred values of
<27, and reads with a length greater than 2 standard deviations
away from the mean read length were removed. Chimeras were
removed using the UCHIME algorithm. Subsequent analyses on
the resulting pooled reads were carried out using QIIME (V1.7.0).
Pooled sequences were denoised using Acacia (version 1.5),
which algorithmically corrected pyrosequencing errors and re-
moved reads with a length more than 2 standard deviations away
from the mean read length. The operational taxonomic units
(OTUs) were clustered at 97% similarity using the uclust OTU
picking method and the most abundant reads from each OTU
were aligned using the Py-NAST algorithm.

2.4  Diversity and composition analysis
Alpha diversity was applied in analyzing the complexity of

species diversity for each sample, and the observed-species,
Chao1, Shannon, Simpson, Abundance-based Coverage Estimat-
or (ACE), and Good’s coverage indices were evaluated using
QIIME (V1.7.0) (Caporaso et al., 2010). Linear discriminant ana-
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Fig. 1.   Locations of sampling stations.

Table 1.   Sample sites description
No. Station Date (UTC) Time (UTC) Latitude Longitude Depth/m

1 SR0107 2018-01-02 17:42 59°57.588'S 62°18.739' W 3 237

2 DA03 2018-01-04 9:58 60°42.002'S 53°0.073' W 456

3 D305 2018-01-09 10:11 59°0.040'S 49°36.002' W 3 922

4 D311 2018-01-10 16:35 62°0.114'S 48°23.971' W 3 266

5 D506 2018-01-20 8:01 59°29.968'S 42°30.116' W 3 001

6 D510 2018-01-21 19:34 61°17.989'S 42°29.975' W 520

7 DZ04 2018-01-29 1:35 60°40.884'S 48°56.869' W 1 147

8 HS0A 2018-02-01 17:22 62°25.914'S 58°24.620' W 1 052
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lysis (LDA) coupled with effect size measurements (LEfSe) ana-
lysis was performed using the Kruskal–Wallis rank sum test to
detect microbial taxa with significantly different abundances
among stations, and LDA was used to estimate the effect size of
each taxon (Segata et al., 2011). Canonical correspondence ana-
lysis (CCA) was carried out based on environmental parameters
such as temperature, DO concentration, salinity, and depth
using PAST3 (Hammer et al., 2001). Variation partitioning ana-
lysis (VPA) was employed to identify the relative importance of
each environmental variable and their interactions in influen-
cing the variation of prokaryotic communities (R D Core Team,
2008). To test the correlations between microbial community di-
versity and environmental factors, we adopted Spearman correl-
ation analysis, which was performed with the R software (V
2.15.3). To explore the potential function of identified species in
the biochemical cycling of environmental samples, we used
FAPROTAX to predict the functional classification based on spe-
cies information.

3  Results
The environmental parameters of the samples collected and

the number of OTUs generated for each of the sample are presen-
ted in Fig. 2. Samples were grouped based on depth for analysis
and comparison purpose as Group A (chlorophyll a maximum-
zone, 0–30 m), Group B (Halocline-zone, 75–100 m), Group C (O2

minimum-zone, 200–1 000 m), Group D (deep water, ≥2 000 m).
Sequence reads with an average of 371 bp were generated

after trimming the primer sequences from the beginning and end
of the raw data. A total of 4 720 089 valid reads and 48 188 OTUs
(at the 97% level, corresponding to taxonomically valid species)
were obtained from the 63 seawater samples of 8 stations (Table 2).
In addition, the Good’s coverage values of all libraries were ≥99%
(Table 3), indicating that the libraries adequately reflected the
bacterial communities of the samples.

3.1  Taxonomic composition and distribution
The taxonomic data covered a broad spectrum of known mi-

crobial phyla. The microbial community composition was simil-
ar among the different stations, but the relative abundances were
different; the dominant phylum was Pseudomonadota (orginal
name: Proteobacteria; Oren and Garrity, 2021), which comprised
approximately 48% of the total abundance. The second most
abundant phylum was Oxyphotobacteria, which accounted for

approximately 24% of the total. The third most abundant phylum
was Bacteroidota (original name: Bacteroidetes; Oren and Gar-
rity, 2021), which comprised approximately 18%. These three
phyla accounted for an average of 90% (range: 83%–99%) of the
total OTUs in all samples (Fig. S1).

We investigated the differences in microbial community com-
position at different depths. At vertical level (Fig. 3a), the domin-
ant phylum was also Pseudomonadota, Oxyphotobacteria, Bac-
teroidota, these three phyla accounted for an average of 91%
(range: 99%, 95%, 83%, 84%) of the total OTUs from epipelagic to
bathypelagic water column. The higher abundance of Archaea
(Thaumarchaeota and Euryarchaeota) phyla was found in Group
C and Group D water column samples (4.3%, 3.4%; 1.7%, 1.6%). More-
over, compared with Group A and Group B, there are higher
abundance of Actinobacteria , Nitrospinota (original name: Ni-
trospinae; Oren and Garrity, 2021), Planctomycetota (original
name: Planctomycetes; Oren and Garrity, 2021) and Verrucomic-
robiota (original name: Verrucomicrobia; Oren and Garrity,
2021) in Group C (1.7%, 1.7%, 1.6%, 1.3%) and Group D (1.8%,
0.7%, 1.7%, 1.2%).

In class level (Fig. 3b), the dominant phylum was unidenti-
fied Oxyphotobacteria, Gammaproteobacteria, Alphaproteobac-
teria, Bacteroidia, these four phyla accounted for an average of
87% (range: 79%–95%) of the total OTUs from Group A to Group
D. Higher abundance of Nitrososphaeria, unidentified Bacteria,
Thermoplasmata, Acidimicrobiia, Nitrospinia and Deltaproteo-
bacteria were existed at Group C (4.3%, 1.6%, 1.7%, 1.6%, 1.7%,
2.7%) and Group D (3.4%, 1.9%, 1.6%, 1.7%, 0.7%, 2.4%).

In genus level (Fig. 3c), the dominant phylum was unidenti-
fied Oxyphotobacteria and unidentified Alphaproteobacteria,
these two phyla accounted for an average of 35% (range: 43%–
29%) of the total OTUs from Group A to Group D. Higher abund-
ance of unidentified Flavobacteriaceae (3.2%), Planktomarina
(4.9%) was found at Group A, higher abundance of SUP05 cluster
(5.6%) and Planktomarina (4.1%) was found at Group B, higher
abundance of SUP05 cluster (5.5%), Marinobacter (4.8%), Alcani-
vorax (5.1%) was found at Group C. However, there higher
abundance of Zunongwangia (3.3%) and Leeuwenhoekiella
(3.0%) were existed at Group D.

3.2  Diversity and richness analysis
Alpha diversity indices of all the samples are presented in

Table 3. In general, the microbial community diversity and rich-
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Fig. 2.   Scatterplot of sequencing and environmental parameters including (from left to right): operation taxonomic unit (OTUs)
(97%), temperature, salinity, and concentrations of oxygen, chlorophyll a, and total organic carbon.
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ness was increased from surface to bathypelagic water column
samples.

In general, higher richness (Chao1 value) and higher bacteri-
al community diversity (observed species and Shannon index)
were observed with increasing water depth for almost all stations.
In the epipelagic water column (Group A), the observed species
were 408.37 and 416.5, the Chao1 values were 537.09 and 528.94,
and the Shannon index values were 5.36 and 5.53, respectively. In
the mesopelagic zone (Group B), higher observed species, Chao1
and Shannon index values were observed, with values of 534.75
and 632.25, 648.74 and 793.81, and 5.91 and 6.13, respectively. In
Group C (O2 minimum-zone, 200–1 000 m), the observed species
were 769.83, 849.42 and 832.5, the Chao1 values were 962.32,
1 040.85 and 1 040.89 and the Shannon index values were 6.22, 6.57
and 6.48, respectively. In the bathypelagic region (Group D), the
observed species was 875, the Chao1 values was 1 092.54 and the
Shannon index values was 6.49, respectively. There was little dif-
ference in Simpson index values among the different group.

Cluster analysis of the microbial community composition at
phylum level revealed similar community composition among
different depth of water column. However, UPGMA clustering
result showed that the community composition was more simil-
ar between epipelagic (Group A) and mesopelagic (Group B)
water column samples groupings, and more similar between O2

minimum-zone (Group C) and bathypelagic (Group D) water
column samples groupings (Fig. 4).

The PCoA analysis exhibited a similar trend that community
composition of water column was consistent with depth at all
sites. In general, community composition was more similar
between surface and mesopelagic water column samples, and
more similar between O2 minimum-zone and bathypelagic wa-
ter column samples (Fig. 5).

In general, the microbial community compositions were sim-
ilar within the same depth regions, but predominant prokaryotic
communities were detected in each of depth water column. The
LDA scores showed that bacterial community abundances var-
ied between the different depth regions. Thirty-four clades were
found to have higher abundance in the bacterial community
(LDA score >4) of these samples (Fig. 6). Of which, there are 12
clades with higher abundance in the bacterial community of sur-

face water column samples (Group A), where high abundance of
Bacteroidota, including Bacterodia, Cryomorphaceae, Flavobac-
teriales, Flavobacteriaceae, Polaribacter, Polaribacter irgensii;
Pseudomonadota, including Rhodobacterales, Rhodobacter-
aceae, and Planktomarinam, which was belonged to Planctomy-
cetes. In Group B, seven clades were identified with high abund-
ance including Alphaproteobacteria, Candidatus pelagibacter
and Gammaproteobacteria. In Group C, there were 20 clades
with high abundance in the prokaryotic community that were
highest among those described all the four groups, high abund-
ance of Deltaproteobacteria; Gammaproteobacteria, including
Pseudomonadales, Moraxellaceae, Psychrobacter, Alcanivor-
acaceae, Alcanivorax, Marinobacter and Nitrososphaeria, includ-
ing Nitrosopumilales, Nitrosopumilaceae; uncultured SUP05
cluster bacterium; moreover, high abundance of Archaea, in-
cluding Thaumarchaeota, was found in this group. In bathypela-
gic region (Group D); high abundance of Alteromonadales, and
Zunongwangia, Leewenhoekiella, which was belonged to Fla-
vobacteriales, were found in this region.

3.3  Correlation of environmental parameters with community
structure
Influence of environmental factors on bacterial community

structure analysis was studied in samples among the four groups
using CCA (Fig. 7). The CCA results showed that abiotic environ-
mental factors, including DO concentration, temperature, salin-
ity, geographical environment factors (depth and geographical
distance (PCNM)), and biotic environmental factors (Chl a and
TOC) have obviously correlation with microbial community,
these factors act alone or together to affect the microbial com-
munity diversity and distribution pattern of seawater (Table S1).

The Spearman result demonstrated the variations in the dis-
tribution pattern of specific dominant phylum with respect to
DO, salinity, Chl a, TOC and depth (Fig. S2a). Bacterial phyla in-
cluding Bacteroidota, Oxyphotobacteria, which showed relat-
ively higher abundance in Group A samples (0 and 30 m) were
found to be significantly positively correlated to the DO and
Chl a, but negatively related to salinity and depth indicating their
dominance at surface of sea column with higher DO and Chl a

Table 2.   Total sequencing information
Station ID Raw_reads Clean_reads Average length/nt Unique_tag operation taxonomic unit

DZ04 85 925.29 80 431.86 371.28 17 794.43 746.71

D506 81 482.22 76 914.56 370.88 22 243.22 785.66

DA03 87 184.57 76 857.00 370.71 20 270.71 888.42

D510 79 533.43 74 742.14 371.57 23 185.29 714.14

HSA 74 749.29 59 261.86 371.14 18 102.29 550.28

SR0107 80 856.36 77 193.55 370.72 22 337.00 913.54

D311 78 915.67 74 208.17 371.50 21 128.17 682.66

D305 80 973.11 77 158.89 370.66 25 446.78 741.66

Table 3.   Biodiversity and richness indices of different depth water column samples
Number Depth/m Observed species Shannon Simpson Chao1 ACE Good’s coverage

Vertical.1 0 408.37 5.36 0.94 537.09 537.74 0.99

Vertical.2 30 416.50 5.53 0.94 528.94 540.14 0.99

Vertical.3 75 534.75 5.91 0.95 648.74 662.71 0.99

Vertical.4 100 632.25 6.13 0.95 793.81 787.07 0.99

Vertical.5 200 769.83 6.22 0.94 962.32 982.97 0.99

Vertical.6 500 849.42 6.57 0.95 1 040.85 1 051.24 0.99

Vertical.7 1 000 874.00 6.62 0.96 1 074.29 1 078.05 0.99

Vertical.8 ≥2 000 875.00 6.49 0.96 1 092.54 1 095.79 0.99
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level.
On the contrary, the phyla Planctomycetota, Verrucomicrobi-

ota, Acidobacteria, and Nitrospinota, which were predominantly
observed in Group C (200 m, 500 m and 1 000 m) and Group D
(≥2 000 m) samples correlated positively with depth and salinity
but negatively related to DO and Chl a concentrations, indicat-

ing their dominance at lower DO level of bathypelagic zone. Ar-
chaeal phyla including Euryarchaeota, Thaumarchaeota, which
were predominantly observed in O2 minimum-zone samples
(200 m, 500 m and >1 000 m) significantly positively related to the
depth and salinity, but negatively related to DO and Chl a con-
centrations. Almost all species were positively related to the TOC,
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Fig. 3.   Taxonomic distribution indicating dominant bacterial communities at phylum (a), class (b), and genus levels (c).
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Fig. 4.   Clustering of water column communities of different depths by weighted pair-group method with arithmetic mean.
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but except Fibrobacteres, these species correlation with TOC did

not reach statistical significance.

Spearman results showed that environmental factors have in-
fluence not only on community composition but also prokaryot-
ic diversity. Figure S2b showed that depth and salinity were
found to be significantly positively related to PD_whole_tree,
ACE indices, Chao1 indices, Shannon indices and observed_spe-
cies, but significantly negatively related to goods_coverage in-
dices. On the contrary, DO and Chl a level were positively related
to goods_coverage indices, but significantly negatively related to
PD_whole_tree, ACE indices, Chao1 indices, Shannon indices
and observed_species. Almost all the diversity indices were posit-
ively related to TOC and negatively related to temperature, but
these differences did not reach statistical significance.

The contribution of water traits (depth, temperature, salinity,
and DO), and biotic factor (Chl a) to networked communities was
illustrated with Variance Partitioning Analysis and found that the
networked community was only weakly affected by those envir-
onmental factors, which only explained 23.77% of the variation,
leaving 76.23% of the variation unexplained (Fig. S3).

3.4  Functional prediction
To explore the potential function of microbial communities in

terms of biogeochemical cycling, we used FAPROTAX software to
predict the functional classification based on species informa-
tion. The results predicted more than ten mainly functional clas-
sifications such as chemoheterotrophy, carbon, nitrogen, phos-
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Fig. 5.   PCoA of prokaryotic community compositions based on
unweighted UniFrac distance.
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Fig. 6.   Identification of the distinct bacterial taxa from different stations using Linear discriminant analysis Effect Size (LEfSe). Only
bacterial taxa with linear discriminant analysis (LDA) values greater than 4 are displayed in this cladogram.
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phorus and sulfur circulation, animal and human pathogens, and
methane generation and fermentation, among others.

When the frequency of each annotated function was com-
pared among different depth region, the relative abundances of
the reads were surprisingly different (Fig. 8). At the surface of the
water column (Group A), there was high abundance of intracellu-
lar_parasites, dark_sulfur_oxidation and dark_sulfite_oxidation.
But there was high abundance of methanol_oxidation, methylo-
trophy, animal_parasites_or_symbionts, human_pathogens and
aromatic_compound_degradation, dark_oxidation_of_sulfur_
compound, nitrate_reduction, dark_sulfide_oxidation, nitrogen
respiration and nitrate respiration, that were found at Group B
(75 m and 100 m). In O2 minimum-zone (Group C), high abund-
ance of nitrite_ammonification, human_pathogens_diarrhea, fu-
marate_respiraton, human_pathogens_gastroenteritis, ureolysis,
aerobic_nitrite_oxidation, nitrification, sulfate_respiration, hu-
man_gut, mammal_gut, respiration_of_sulfur_compound, func-
tions were found. However, there was high abundance of chemo-
heterotrophy, aerobic_chemoheterotrophy, dark_hydrogen_ox-
idation, denitrification, nitrite_denitrification, nitrous_oxide_de-
nitrification, fermentation, hydrocarbon_degradation existed at
bathypelagic zone (Group D).

4  Discussion

4.1  Taxonomic composition and distribution
The Southern Ocean is expansive with many environmental

variables that might affect community composition, but phyla
Pseudomonadota, Oxyphotobacteria, and Bacteroidota were the
three most abundant phyla, while they also dominate the micro-
bial population in temperate or tropical marine environments
(Wilkins et al., 2012). In this study, variation in microbial phylo-
types along the water depth in Antarctic Peninsula region of the
Southern Ocean was investigated. Although changes in com-
munity composition with depth have previously been docu-
mented, but studies of taxonomic richness with depth of the
Southern Ocean have few reports. The present study revealed sig-
nificantly higher abundance of Pseudomonadota, which by pre-
vious reports were found to be the dominant bacterial phyla
across global ocean primarily responsible for nitrogen fixation at
various depths (Loescher et al., 2014; Jayakumar et al., 2017). At

surface, higher abundance of Oxyphotobacteria (also known as
blue-green bacteria) are important primary producers, with
some taxa capable of fixing both atmospheric carbon and nitro-
gen (Hartmann et al., 2014; Karlson et al., 2015). These bacteria
attach to phytoplankton aggregates and efficiently degrade and
preferentially consume high-molecular-mass organic matter,
rather than monomeric organic compounds, as primary carbon
and energy sources (Ward, 1996). Moreover, high abundance of
Bacteroidota in Group A was in line with earlier reports suggest-
ing the presence of the members of the phylum in surface waters
(Jayakumar et al., 2017; Fandino et al., 2001). Marine Bacteroid-
etes, in general, and marine Flavobacteriia, in particular, have
been ascribed to act as degraders of biopolymers, such as pro-
teins and polysaccharides (Thomas et al., 2011).

The microbial community structure varies with changes in
DO levels, depth, and temperature (Wright et al., 2012; Aldunate
et al., 2018), especially, the relationship between oxygen and
taxonomic richness suggests that respiration might have a signi-
ficant role in shaping bacterial richness in the open ocean (Walsh
et al., 2016). In present study, there are obviously O2 minimum-
zone existed between 200–1 000 m (Fig. 2), which is usually
formed due to higher primary productivity on the surface.
Samples collected from oxygen-minimum depths (200 m, 500 m
and 1 000 m) had higher abundance of Gammaproteobacteria as
compared to other samples. Previous studies reported that vari-
ous Gammaproteobacterial groups have been detected in the
Southern Ocean waters (Murray and Grzymski, 2007; Grzymski et
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Fig. 8.   Prediction of microbiome function using FAPROTAX.
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al., 2012; Wilkins et al., 2012; Williams et al., 2012). These
chemoorganotrophs are also putative sulfur-oxidizers with the
potential for autotrophic denitrification coupled with sulfur oxid-
ation (Goffredi et al., 2004). Sulfur oxidation had been suggested
to be the primary process of energy metabolism driving deep-sea
vent ecosystems (Nakagawa et al., 2005).

Moreover, relatively higher proportion of Deltaproteobac-
teria was observed in the bathypelagic water column than in oth-
er depth water columns. Deltaproteobacteria have rarely been
detected at high abundance in surface waters (Venter et al.,
2004), and this is also the case for the Southern Ocean (Murray
and Grzymski, 2007; West et al., 2008; Murray et al., 2011; Duck-
low et al., 2011; Ghiglione and Murray, 2012; Jamieson et al.,
2012; Wilkins et al., 2012). The Deltaproteobacteria participate in
carbon fixation via the Calvin cycle and in sulfur oxidation, as
well as oxidation of methylated compounds (Swan et al., 2011),
therefore members of this class might be significant contributors
to chemoautotrophy in the dark ocean (Swan et al., 2011).

In addition, there are relatively higher abundance of Archaea,
such as Thaumarchaeota, existed at Group C. Studies have in-
creasingly reported that members of the Thaumarchaeota are
among the most important ammonia-oxidizing organisms and
play important roles in the nitrogen cycles of marine environ-
ments (Francis et al., 2007; Mincer et al., 2007).

One of the remarkable features of deep ocean is high pres-
sure, correspondingly, significant abundance of piezophilic bac-
terial group, such as Alteromonadales, was detected at depth
more than 2 000 m of bathypelagic zone. These piezophilic mi-
crobial groups could break down the high molecular weight par-
ticulate organic matter to dissolved organic matter, by of which
they play an important role in regulating the global ocean carbon
cycle.

Although environmental parameters, including depth, DO
concentration, Chl a concentration, salinity, temperature, signi-
ficantly contributed to the prokaryotic diversity and community
distribution, but in present study, which only explained 23.77% of
the variation, leaving 76.23% of the variation unexplained. Previ-
ous studies have shown that microbial communities are unique
to each water body (Esper and Zonneveld, 2002; Ward et al.,
2003; Selje et al., 2004; Abell and Bowman, 2005) which will be af-
fected in a unique way by climate change and anthropogenic im-
pact (Brown et al., 2012). Meanwhile, this phenomenon is con-
sistent with the old adage, “Everything is everywhere but the en-
vironment selects”, in which microorganisms are considered to
be ubiquitously dispersed because of their small size, large num-
bers and low extinction rates (Walsh et al., 2016).

4.2  Prokaryotic diversity and richness
The Shannon index and Chao1 value were chosen to reflect

the degree of bacterial community diversity and richness; higher
Shannon indices indicated higher diversity of the bacterial com-
munity and higher Chao1 values indicated higher richness of the
bacterial community (Liu et al., 2017). In present study, water
column bacterial communities at all sites exhibited a clear depth
profile, with samples declining in similarity from the sea surface
to the abyssopelagic waters; overall, diversity in the water column
is generally lowest at the ocean surface and highest in the bathy-
pelagic zone. Our results were in accordance with previously de-
scribed trends (DeLong et al., 2006; Brown et al., 2009; Treusch et
al., 2009). Although changes in community composition with
depth have previously been well documented, studies of taxo-
nomic richness with depth have yielded mixed results. Our res-
ults showed that bacterial richness in the water column was low-

est at the surface and highest within the bathypelagic zone at
each of our sites, which was in accordance with previous studies
that have reported higher richness in the deeper water column
(Pommier et al., 2010; Kembel et al., 2011; Ghiglione et al., 2012),
whereas others have reported declines in taxonomic richness
with increasing ocean depth (Brown et al., 2009; Agogué et al.,
2011; Bryant et al., 2012).

Our Spearman results showed that diversity induces, such as
ACE, Chao1, Shannon, and observed_species, were obviously
positively correlated with depth and salinity concentrations.
Conversely, these diversity were obviously negatively correlated
with DO and Chl a concentrations. Water traits showed higher
Chl a level at surface and oxygen minimum zone at Group B,
high productivity in surface water can lead to the formation of
oxygen deficient zones in deeper water, where unique com-
munities may form in response to the deoxygenation (Beman
and Carolan, 2013), which is one of the important condition for
higher microbial biodiversity at deeper water.

4.3  Correlation of environmental parameters with functional pre-
diction
Many environmental variables, such as DO concentrations,

depth, Chl a concentrations, salinity, temperatures and TOC con-
centrations, might affect microbial community composition and
function. In present study, the chlorophyll a maximum was
strongly developed at epipelagic water column samples (0–30 m)
located above the depth of the Halocline-zone and, a pro-
nounced O2 minimum zone located below the Halocline-zone
between 200 m to 1 000 m. Consistent with environmental para-
meters, the functional prediction results showed that obviously
different metabolism function along the vertical transect was ob-
served in this study. Higher abundance of nitrogen-metabolizing
function in Group C samples could be ascribed to the significant
presence of Nitrospinae, which was predominantly observed in
O2 minimum zone samples negatively related to DO. At bathy-
pelagic zone, higher abundance of dark hydrogen oxidation, de-
nitrification, hydrocarbon degradation and chemoheterotrophy-
metabolizing function existed at this region could well be associ-
ated with the abundant presence of piezophilic community, such
as Zunogwangia and Leeuwenhoekiella, which were belonged to
Alteromonadales. As mentioned previously, FAPROTAX provides
a prediction of microbiome function but not an actual measure-
ment of such function (Cleary et al., 2015). The results, however,
still provide some interesting insights into potential bacterial
community function that, in the future, should be tested with
studies that measure actual gene presence or expression.

5  Conclusions
Our study provides the first profiles of prokaryotic diversity

and community composition at different depth water column
samples in Antarctic Peninsula region based on HTS. In general,
the microbial community diversity and richness increased from
surface to bathypelagic water column samples. Although
Pseudomonadota, Oxyphotobacteria, and Bacteroidota domin-
ated the prokaryotic communities in different depth regions,
however, distinct differentiation of prokaryotic communities was
observed at four sampling regions. Environmental parameters,
including depth, DO concentration, Chl a concentration, salinity,
temperature, significantly contributed to the prokaryotic di-
versity and community distribution, but which only explained
23.77% of the variation, leaving 76.23% of the variation unex-
plained. Consistent with microbial community distribution, the
functional prediction results showed that obviously different
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metabolism function along the vertical transect was observed.
The current work will provide baseline information of prokaryot-
ic diversity and community composition at different depth water
column samples for better understanding of the microbial eco-
logy and nutrient cycles in Antarctic Peninsula region of the
Southern Ocean.
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