
Citation: Wang, Y.; Wang, L.; Liu, Y.;

Su, S.; Hao, W. Marine Bacterial

Communities in the Xisha Islands,

South China Sea. Diversity 2023, 15,

865. https://doi.org/10.3390/

d15070865

Academic Editor: Michael Wink

Received: 16 May 2023

Revised: 7 July 2023

Accepted: 14 July 2023

Published: 18 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diversity

Article

Marine Bacterial Communities in the Xisha Islands, South
China Sea
Yihui Wang 1,2, Lei Wang 2, Yongliang Liu 2, Shengqi Su 1,* and Wenjin Hao 3,*

1 College of Fisheries, Southwest University, Chongqing 400715, China; yhuiwang@outlook.com
2 Muping Coastal Environment Research Station, Yantai Institute of Coastal Zone Research, Chinese Academy

of Sciences, Yantai 264003, China; lwang@yic.ac.cn (L.W.); ylliu@yic.ac.cn (Y.L.)
3 School of Life Science, Nantong University, Nantong 226019, China
* Correspondence: sushengqi@swu.edu.cn (S.S.); wjhao@ntu.edu.cn (W.H.)

Abstract: Oligotrophic marine environments are ecological funnels in marine ecosystems and are es-
sential for maintaining the health and balance of the entire marine ecosystem. Bacterial communities
are one of the most important biological populations, which can survive in low-nutrient environments
and perform a variety of important ecological functions, such as decomposing and absorbing organic
waste in the ocean and converting nitrogen from the atmosphere into a usable nitrogen source, thus
maintaining the health of marine ecosystems. The bacterioplankton community composition and
potential function were analyzed using 16S rRNA gene amplicon sequencing in oligotrophic coral
reef sea areas. The diversity of the bacterial community exhibited significant differences between
the four studied regions. Proteobacteria (38.58–62.79%) were the most abundant in all sampling
sites, followed by Cyanobacteria (15.41–37.28%), Bacteroidota (2.39–6.67%), and Actinobacteriota
(0.45–1.83%). Although bacterioplankton communities presented no difference between surface
and bottom water regarding community richness and α-diversity, the bacterial community com-
position presented significant differences between surface and bottom water regarding β-diversity.
Alteromonadales, Rhodospirllales, and Chloroplast were identified as the significantly different
communities between the surface and bottom (Q value < 0.01). Bacterial community distribution in
different regions was mainly affected by pH, dissolved oxygen, and nutrients. Nitrite ammonification,
chitinolysis, predatory or exoparasitic, chloroplasts, chemoheterotrophy, aerobic chemoheterotrophy,
phototrophic, compound degradation (mostly nutrients and pollutants), nitrogen cycle, fermentation,
and intracellular parasitism were the dominant functions in the four regions.

Keywords: oligotrophic oceans; bacterial communities; carbon metabolism; nitrogen cycle

1. Introduction

Prokaryotes represent most of the diversity on the planet and are almost certainly
the most diverse component of coral reef communities, playing a critical role in marine
primary production and biogeochemical cycles [1]. The abundance and impact of marine
microbes on biogeochemical processes depended on the balance between their growth
and mortality rates [2,3]. Microbial communities, which inhabit a variety of niches within
and surrounding coral reefs, are regulated by both bottom-up (nutrient availability) and
top-down (predation and viral infection) effects, as well as environmental characteristics,
such as temperature [4,5] and light [6,7] in a changing balance. Seawater microbiomes from
inshore reefs were previously investigated in order to predict the environmental distur-
bances that affected the reefs. The composition of bacteria was found to be significantly
affected by temperature in addition to water quality parameters such as total suspended
solids, particulate organic carbon, and chlorophyll concentrations [8]. Current evidence
from multiple studies worldwide has shown that accumulated environmental stress and the
capacity of microbial communities to withstand and respond to various abiotic and biotic
conditions structure the microbial community [9]. The response of free-living microbial
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lineages in reef systems to changes in seawater nutrient gradients and benthic organism
composition has been reported [10]. For instance, microbial communities dominated by
heterotrophs show 10 times higher microbial abundance in the atoll of the Line Islands
chain, accompanied by the highest levels of coral diseases, nitrogen, and phosphate and
the lowest coral coverage, including a large percentage of potential pathogens, with char-
acteristics of the nearshore environments [10]. Higher nutrient availability also enriches
microbial metabolic traits related to nutrition, such as the ammonification of nitrate and
nitrite [11]. Due to the influence of human activities, such as an increase in nitrogen and
phosphate concentrations, the bacterial autotrophic communities have transformed from
primitive areas dominated by Prochlorococcus to atolls dominated by Synechococcus [10].

Most of the global oceans are considered oligotrophic areas, generally characterized by
a lack of macronutrients such as C, N, and P [12]. Microorganisms in oligotrophic oceans
are important components of marine ecosystems. Studies have shown that Proteobacteria,
Cyanobacteria, Bacteroidota, and Actinobacteriota are the main bacterial communities
in oligotrophic sea areas such as the Indian Ocean [13,14], the South Pacific [15,16], the
Western Pacific [17], the South Atlantic [18], and the Mediterranean [19]. Alphaproteobac-
teria and Gammaproteobacteria are the most abundant in Proteobacteria, and there are
different dominant orders in different sea areas. In general, the dominant orders of Al-
phaproteobacteria are SAR11 [16,18,20] and Rhodobacterales [21,22], and the dominant
orders of Gammaproteobacteria are SAR86 [16,18,20] and Alteromonadales [17]. The
utilization of proteorhodopsin-conferred photoheterotrophy by the SAR11 and SAR86
clades can result in an improved ability to uptake nutrients. As a decomposer in marine
ecosystems, Rhodobacterales can decompose a variety of organic matter, such as aromatics,
hydrocarbons, etc. [23]. Alteromonadales are chemoheterotrophic bacteria, some of which
have denitrification functions. Prochlorococcus and Synechococcus are the most abundant
in Cyanobacteria. Synechococcus and Prochlorococcus belong to photosynthetic bacteria,
which fix carbon by absorbing carbon dioxide and then converting it into particulate
or dissolved organic carbon through processes such as cell death [24]. Moreover, they
adapt to environmental nitrogen deficiency by absorbing dissolved organic nitrogen such
as amines, urea, nitrile, and amino acids [13,25–27]. Bacteroidota is mainly composed
of Flavobacteriales, which produce extracellular hydrolases to degrade macromolecular
organic substances. Meanwhile, Flavobacteriales can also metabolize sulfur-containing
substances and participate in the sulfur cycle [28–30].

The South China Sea is the largest sea area in China and one of the largest marginal
marine areas in the world, which exchanges water with the western Pacific through the
Luzon Strait. The nitrate and phosphate content detected in the euphotic layer of the
South China Sea is often lower than the detection threshold, which is considered to be
a giant subtropical oligotrophic water body [31–33] The northwestern South China Sea
has typical coral reef islands in the tropical sea area. Studies have concentrated on coral
symbiotic microorganisms in coral reef waters for a long time. Previous reports have
suggested that coral symbiotic microorganisms participate in the C, N, P, and S cycles of
coral symbiotic functional bodies [34–38] and also play an important role in coral larval
attachment [39] and coral resistance to pathogens [40–42]. The conservation of functions
and ecosystem services are crucial for maintaining healthy coral reef systems. However,
to date, there has been no published comparative study on the microbes present in this
region and their functional role in maintaining diversity and ecosystem stability. Despite
the close relationship between coral reefs and unique microbial communities that has
been documented elsewhere [43,44], data pertaining to the taxonomic and phylogenetic
composition of bacterioplankton and bacteriobenthos are lacking at present. In the present
study, we applied 16S rRNA gene amplicon sequencing to analyze the bacterioplankton
and reveal the community composition and potential function of bacterioplankton in
oligotrophic coral reef sea areas.
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2. Materials and Methods
2.1. Sampling and Physico-Chemical Analysis

Seawater for the experiments was collected from 16 long-term monitoring stations
(16◦21′38.47′′~17◦04′43.16′′ N, 111◦29′45.60′′~112◦20′24.07′′ E) located in the Xisha Islands
in July and August 2020 (Figure 1). Six 500 mL seawater samples were obtained from each
station including three surface samples (depth: 0 m) and three bottom samples. Due to
the special geomorphology in the coral reef areas, the bottom samples were collected from
different water depths (Table S1). Seawater samples were collected using 5 L Niskin bottles
and were pre-filtered through 3 µm pore-size filters (TCTP, 47 mm, Millipore, Darmstadt,
Germany) to remove particle-associated bacteria and then filtered using 0.22 µm pore-sized
membranes (GTTP, 47 mm, Millipore, Germany). The membranes were treated with liquid
nitrogen and frozen at −80 ◦C for DNA extraction.
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Figure 1. Sampling stations in the Xisha Islands, South China Sea. Note: The 16 sampling sites were
divided into 4 groups according to the location of the islands: R1~R4. This map was downloaded
from the 1:250,000 National Basic Geographical Database in the National Catalogue Service for
Geographic Information (https://www.webmap.cn, accessed on 2 June 2021). BJ: North Atoll, BD:
North Island, ZSD: Zhaoshu Island, YZJ: Yuzhuo Atoll.

A YSI 6920 Multiparameter Monitor (USA) was utilized to measure water temper-
ature, salinity, pH, and dissolved oxygen (DO) in situ at the water surface. Samples for
nutrient concentration analysis that were collected using 5 L Niskin bottles were filtered
through 0.45 µm pore-size filters (CA, 100 mm, Millipore, Germany), after which phos-
phate (PO4

3−), nitrate (NO3
−), nitrite (NO2

−), ammonium (NH4
+), and silicate (SiO3

2−)
concentrations were measured using a QuAAtro Nutrient Salt Automatic Analyzer (SEAL,
Hamburg, Germany).

2.2. DNA Extraction, PCR Amplification, and Sequencing

The total DNA in the seawater filter membrane samples was extracted using the Pow-
erWater DNA Isolation Kit (MOBIO, USA), according to the manufacturer’s instructions,
and monitored for concentration and purity on 1% agarose gel. Sterile water was used to
dilute DNA to 1 ng/µL. The variable 3 and 4 regions of 16S rRNA genes were amplified
using the specific primers 341F (5′-CCT AYG GGR BGC ASC AG-3′) and 806R (5′-GGA

https://www.webmap.cn
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CTA CNN GGG TAT CTA AT-3′). Overhang sequences as adaptors were linked to the 6 bp
barcodes at the 5′ end of each primer. All PCR reactions were carried out using a Phusion
High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, USA) with 0.2 µM of
each primer and 10 ng template DNA. Thermal cycling consisted of initial denaturation
at 98 ◦C for 1 min, followed by 30 cycles of denaturation at 98 ◦C for 10 s, annealing at
50 ◦C for 30 s, and elongation at 72 ◦C for 30 s and, finally, 72 ◦C for 5 min. All PCRs
were performed in triplicate, including no-template controls in all steps of the process.
PCR products were mixed with an equivalent volume of 1× loading buffer (contained
SYB green) and electrophoresis on a 2% agarose gel for detection. PCR amplicons with
bright bands in each sample were mixed in equal density ratios and purified with a Qiagen
Gel Extraction Kit (Qiagen, Hilden, Germany). Following the manufacturer’s recommen-
dations, sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample
Preparation Kit (Illumina, San Diego, CA, USA), and index codes were added. The library
quality was evaluated using a Qubit @ 2.0 fluorometer (Thermo Scientific, Waltham, MA,
USA) and the Agilent Bioanalyzer 2100 system. The library sequencing was performed
on the Illumina NovaSeq 6000 platform at Novogene Bioinformatics Technology Co., Ltd.
(Beijing, China), generating 250 bp paired-end reads. Unfortunately, 4 samples from the
BJ2 station, 1 sample from the ZSD6 station, and 3 samples from the YZJ1 station were lost
during DNA extraction. A total of 88 membrane samples were amplified and sequenced.

2.3. Amplicon Sequence Analysis

Paired-end reads were matched to samples using unique barcodes and subsequently
trimmed by removing the barcodes and primer sequences. FLASH (V1.2.7) [45] was used to
merge paired-end reads, and the splicing sequences were called raw reads. Quality filtering
was performed on the raw reads using the QIIME (V1.9.1) [46] quality control process
under specific filtering conditions, resulting in high-quality clean reads [47]. The reads
were compared with the Silva 138 database [48], and chimera sequences were detected
using the UCHIME algorithm [49], after which the chimera sequences were removed to
obtain effective reads [50].

Sequences with ≥97% similarity were clustered into the same OTUs, and the represen-
tative sequence for each OTU was selected for further annotation using Uparse software
(v7.0.1001) [51]. The Silva 138 database [48] based on the Mothur algorithm was used for
taxonomic annotation. To normalize the OTU abundance information, a standard sequence
number was used, corresponding to the sample with the least sequences.

2.4. Statistical Analysis

Both the surface and bottom samples from each station were combined into one
sample to analyze for each sampling site in the comparison between the four regions. Four
alpha diversity indices (observed OTUs, Chao1, Shannon, and Simpson) for free-living
bacterial communities in seawater were calculated with QIIME (V1.7.0), and box plots
were visualized with R software (V3.6.2). A Wilcoxon test was used to test significant
differences between bacterioplankton communities. Unweighted unifrac distance at the
OTU level was used to determine beta diversity for the bacterioplankton communities using
non-metric multi-dimensional scaling (nMDS), and visualization was performed using the
ggplot2 and vegan packages of R software (v3.6.2). Statistically significant differences in
unweighted unifrac distance among the seawater microbiota were set at p < 0.05 using an
AMOVA test based on the vegan package of R software (V3.6.2). Community compositional
changes were evaluated using an analysis of similarity (ANOSIM) and a multi-response
permutation procedure (MRPP). A Metastats analysis was performed to identify the species
exhibiting significant differences at different levels between the surface and bottom groups.
Bacterioplankton community compositions were analyzed at the distinct classification
levels and visualized using the barplot function in R software (V3.6.2).

Canonical correspondence analysis (CCA)was conducted to explore the relationships
between the bacterioplankton community compositions and environmental variables using
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the vegan package of R software (V3.6.2). The main ecological functions of the microbial
community were predicted using functional annotation of prokaryotic taxa (FAPROTAX).
The cumulative absolute abundances of the OTUs contributing to functional groups were
processed using a logarithm with a base of 10 and visualized in a heat map with R soft-
ware (V 3.6.2). The CCA model was statistically tested using the function ANOVA with
999 permutations. A linear discriminant analysis effect size (LEfSe) [52] was performed
to identify the biomarkers among bacterioplankton communities. The alpha value for
the Kruskal–Wallis test was set at 0.05, and the linear discriminant analysis (LDA) score
threshold for biomarkers was set at 4.

3. Results
3.1. Seawater Physicochemical Parameters across the Xisha Islands

The nutrient parameters for the sixteen sampling sites in the four regions of the
Xisha Islands are shown in Figure 2 and Table S2. The physical parameters of seawater,
including temperature, pH, salinity, and dissolved oxygen.at the sixteen sampling sites
are shown in Table S3. The seawater samples taken from the sixteen sampling sites ex-
hibited temperatures ranging from 30.4 ◦C to 31.9 ◦C and pH values ranging from 7.75
to 8.33. The salinity of BD-4 was 33.20, while the salinity range for the other 15 sites
was between 34.10 and 34.36. Dissolved oxygen had a gentle fluctuation from site S9 to
site 16 (R3 and R4). The phosphate (PO4

3−), nitrate (NO3
−), nitrite (NO2

−), ammonium
(NH4

+), and silicate (SiO3
2−) concentrations in all sites ranged from 0.0007 ± 0.000357 to

0.00763 ± 0.00282 mg/L, 0.00551 ± 0.00307 to 0.0319 ± 0.000351 mg/L, 0.00044 ± 0.000212
to 0.00133 ± 0.000102 mg/L, 0.00939 ± 0.00223 to 0.0216 ± 0.00225 mg/L, and
0.0304 ± 0.00567 to 0.0844 ± 0.00384 mg/L, respectively. There were no significant differ-
ences in phosphate, nitrite, or ammonium at any station between the surface and bottom
water (p > 0.05), and all maintained a relatively stable value (Figure 2). Nitrate and silicate
in the bottom water were significantly higher than in the surface water (p < 0.05), especially
in sites S3 (ZSD6), S6 (BD4), S10 (BD2), and S12 (ZSD3).
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3.2. Diversity of Seawater-Associated Bacterial Communities between the Four Areas in the
Xisha Islands

A total of 7,928,966 raw reads were obtained from 88 DNA samples. The median value
of raw reads in the surface samples was 91,878, and the median value of raw reads in the
bottom samples was 92,118. After tag merging and quality control, a total of 7,786,453
clean tags (98.2% of raw reads) were obtained. The median value of clean tags in the
surface samples was 90,606, and the median value of clean tags in the bottom samples
was 90,430. The UCHIME algorithm was used to remove potential chimeric tags, resulting
in a total of 5,326,150 taxon tags. The tags with ≥97% similarity were grouped into the
same operational taxonomic units (OTUs). A total of 75,421 OTUs were observed from
all samples, with an average Good’s coverage of 99.48 ± 0.00%. Rarefaction analysis and
rank abundance curve were utilized to standardize and compare taxon richness between
the samples, as well as to assess if the samples were randomly selected (Figure S1). The
Chao1 and ACE (abundance-based coverage estimator) indexes, which represent rich-
ness, as well as the Shannon–Weaver and Simpson indexes, which indicate diversity, were
analyzed, as shown in Figure 3. R4 region (samples collected from Yuzhuo Atoll) pre-
sented the highest community richness between the four regions with 1497.42 ± 353.70 and
1587.36 ± 341.06 for Chao1 and ACE, respectively. R4 presented the highest estimated total
species and the number of OTUs contained in a community sample. It was significantly dif-
ferent from the R1 and R2 regions (p = 0.0007 and 0, Figure 3A,B). The indices of community
diversity assessed using the Shannon and Simpson indexes exhibited significant differences
between the four regions (Figure 3C,D). The R4 region showed the highest Shannon index
(6.09 ± 0.59), followed by R2 (5.28 ± 0.29) and R3 (5.02 ± 0.33), while R1 presented the low-
est Shannon index (4.96 ± 1.56). These results indicated that R4 presented high community
diversity accompanied by a more uniform species distribution.

The ordination of samples using non-metric multi-dimensional scaling (nMDS), shown
in Figure 4, revealed a significant separation of the samples into the four regions, which was
supported by the analysis of molecular variance (AMOVA) (p < 0.001, Table 1). Moreover,
group-to-group and within-group community compositional changes were evaluated
using an analysis of similarity (ANOSIM) and the multi-response permutation procedure
(MRPP). The results for both methods indicated significant differences (p < 0.05) in bacterial
communities when comparing the different regions, with greater differences observed
between groups than within groups.

3.3. Composition of Seawater-Associated Bacterial Communities between the Four Areas in the
Xisha Islands

The top ten phyla with the highest abundance in the sixteen sampling sites are de-
picted in Figure 5. Proteobacteria were the most abundant phylum in all sampling sites,
ranging from 38.58% to 62.79%, followed by Cyanobacteria (15.41–37.28%), Bacteroidota
(2.39–6.67%), Actinobacteriota (0.45–1.83%), Firmicutes (0.13–0.87%), and Verrucomicro-
biota (0.01–0.51%). The unweighted-pair group method with the arithmetic mean (UPGMA)
dendrogram of phylum-level relative abundance, shown in the left panel of Figure 5, was
divided into four clusters, each representing one of the regions.
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Table 1. AMOVA pairwise comparisons analysis of bacterial communities between the four groups
in the Xisha Islands based on unweighted unifrac dissimilarities. “*” indicated significant difference
between the groups.

Vs_Group SS df MS Fs p-Value

R1–R2 0.862785
(6.85591) 1 (41) 0.862785

(0.167217) 5.15966 <0.001 *

R1–R3 1.07174
(8.51258) 1 (42) 1.07174

(0.202681) 5.28785 <0.001 *

R1–R4 1.00738
(3.29353) 1 (15) 1.00738

(0.219569) 4.58801 <0.001 *

R2–R3 1.01776
(12.7476) 1 (69) 1.01776

(0.184748) 5.50893 <0.001 *

R2–R4 1.24078
(7.52857) 1 (42) 1.24078

(0.179252) 6.92198 <0.001 *

R3–R4 0.757935
(9.18524) 1 (43) 0.757935

(0.21361) 3.54822 <0.001 *

R1–R2–R3–R4 2.98119
(16.0412) 3 (84) 0.993729

(0.190966) 5.20369 <0.001 *
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Figure 4. Non-metric multi-dimensional scaling (nMDS) showing the bacterial community between
four regions in the Xisha Islands. Each point in the figure represents a sample, and different colors
represent different groups.

The distribution of bacterial orders in each sampling region is illustrated in Figure 6,
with the relative abundance of the community indicated using colors on the heatmap chart.
Colors ranging from deep blue to dark brown correspond to low to high levels of relative
abundance, respectively, and the most abundant classes in each site are represented as dark-
brown squares within the heatmap chart. Synechococcales, SAR11_clade, Micrococcales,
Sphingomonadales, Burkholderiales, Cellvibrionales, Marine Group II, Chitinophagales,
Acidobacteriales, and Xanthomonadales were dominant in R1. Rhodospirillales, Bdellovib-
rionales, SAR86_clade, and Actinomarinales were the predominant orders in R2. R3 har-
bored high numbers of the abundant communities including Chloroplast, Oceanospirillales,
Rhodobacterales, and Flavobacteriales. R4 region had several orders at high abundances,
such as Lachnospirales, Bacteroidales, Caulobacterales, Alteromonadales, Rickettsiales,
Vibrionales, and Thalassobaculales. The top ten most abundant genera present in each
sampling region are shown in Figure S2. The highest numbers of the genus Prochloro-
coccus_MIT9313 were present in the four regions as follows: R2 (21.86%), R1 (19.8%),
R4 (15.81%) and R3 (5.62%). R1 (13.22%) had the highest abundance of Synechococcus,
followed by R2 (9.42%), R4(4.8%) and R3(3.81%). R3 had the greatest number of Litoricola,
HIMB11, NS5_marine_group, and Shimia, which differed significantly from that in other
regions. The abundance of Clade_la was higher in R2 (9.32%), R1 (6.92%), and R4 (9.17%),
respectively, than in R3 (1.5%).
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Figure 5. UPGMA dendrogram showing relative abundance at the phylum level at each sampling
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at the upper left indicates the group color for each sample in the clustering tree. The legend at the
upper right represents the top 10 species ranked by abundance in the table, with the others classified
as “Others”.
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3.4. Diversity and Composition of Bacterioplankton between the Surface and Bottom Water in the
Xisha Islands

The bacterioplankton communities presented no difference between the surface and
bottom water regarding community richness or diversity (Figure S3). However, the
nMDS analysis demonstrated again that the bacterial communities associated with sea-
water have significant differences between the surface and bottom, according to MRPP
(p = 0.025) and ANOSIM (p = 0.029) (Figure S4, Tables S4 and S5). A Metastats analysis
was performed to identify the species with significant differences between the surface and
bottom groups at different levels (Figure 7). The horizontal axis represents the sample
grouping, and the longitudinal axis represents the relative abundance of the corresponding
species. The horizontal line represents two groups with significant differences. At the order
level, Alteromonadales (belonging to Gammaproteobacteria), Rhodospirllales (belonging
to Alphaproteobacteria), and Chloroplast (belonging to Cyanobacteria) exhibited extremely
significant differences between the surface and bottom water (Q value < 0.01) (Figure 7A–C).
At the genus level, Alteromonas, Ruegeria, and Shimia were the distinct communities between
the surface and bottom water (Q value < 0.01) (Figure 7D–F).
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the Xisha Islands at different levels ((A–C) at the order level; (D–F) at the genus level). “**” indicates
an extremely significant difference between the two groups (Q value < 0.01).

3.5. Distinct Distribution Pattern of Bacterial Communities in Xisha Islands

The bacterioplankton communities in R2 and R3 showed significant differences
(AMOVA, p < 0.001). The LEfSe analysis was used to identify significant differences
between the two groups (Figure 8). In Figure 8, the vertical axis represents the classifica-
tion units that exhibited significant differences between groups, and the horizontal axis
intuitively displays the log score values of LDA analysis for each classification unit as a bar
chart. The classification units are sorted by score value, and the longer the length, the more
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significant the differences in the classification unit. The color of the bar indicates the sample
grouping with higher abundance. Classes Alphaproteobacteria and Gammaproteobacteria
(belonging to phylum Proteobacteria) and Bacteroidia (belonging to phylum Bacteroidota)
were significantly more abundant in R3 than in R2. Class Cyanobacteriia (belonging to
the phylum Cyanobacteria) was identified as the only biomarker in R2 at the phylum
and class levels. The abundance of the orders Flavobacteriales (mainly the genus NS5
marine group), Chloroplast, Puniceispirillales, Rhodobacterales, and Oceanospirillales
were high in R3, and three biomarkers (Synechococcales, SAR11 clade, and SAR86 clade) at
the order level were identified in R2. The families SAR116 clade, Rhodobacteraceae (mainly
genus HIMB11), Alteromonadaceae (mainly genus Alteromonas), Litoricolaceae (mainly
genus Litoricola), and Cryomorphaceae were biomarkers in R3, while Cyanobiaceae (mainly
genera Synechococcus_CC9902 and Prochlorococcus_MIT9313), Clade I (mainly genus Clade
Ia), and Clade II were biomarkers in R2.Diversity 2023, 15, x FOR PEER REVIEW 12 of 22 
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3.6. Functional Prediction of the 16S Genes Based on FAPROTAX

The heatmap based on the FAPROTAX function prediction indicated that the func-
tional groups that were more abundant in R1 consisted of nitrite ammonification, human
diarrhea pathogens, fumarate respiration, ureolysis, and chitinolysis (Figure 9). Human
pathogens and predatory or exoparasites had higher abundances in R2 (Figure 9), while
Chloroplasts, chemoheterotrophy, and aerobic chemoheterotrophy were the dominant func-
tions in R3 (Figure 9). R4 had 18 significant enrichment function groups, mainly including
phototrophic, compound degradation (mostly nutrients and pollutants), the nitrogen cycle,
fermentation, and intracellular parasitism (Figure 9).
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3.7. Correlation Analysis between Nutrient Factors and Bacterial Communities

A canonical correspondence analysis (CCA) was performed to investigate the impact
of seawater physicochemical parameters on the bacterial communities (Figure 10). In
Figure 10, the length of the arrow represents the strength of an environmental factor’s
impact on community changes, and the longer the arrow, the greater the impact of the
environmental factor. The angle between the arrow and the coordinate axis represents the
correlation between the environmental factor and the coordinate axis, and the smaller the
angle, the higher the correlation. The closer the sample point is to the arrow, the stronger
the effect of the environmental factor on the sample. Samples located in the same direction
as the arrow indicate a positive correlation between the environmental factor and the
change in the species community in the sample, while samples located in the opposite
direction of the arrow indicate a negative correlation between the environmental factor and
the change in the species community in the sample. Phosphate had the greatest impact on
communities in R3. The results showed that nitrite (NO2

−), phosphate (PO4
3−), and silicate

(SiO3
2−) were positively correlated with R3 (Spearman’s r = 0.329, p = 0.0005; r = 0.331,

p = 0.0005; r = 0.020, p = 0.423), while nitrate (NO3
−) was positively correlated with R2, and

nitrite (NO2
−), phosphate (PO4

3−), and silicate (SiO3
2−) were negatively correlated with

R2, R1, and R4 (r = −0.68, p = 0.04; r = −0.76, p = 0.01).
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4. Discussion
4.1. Relationship between Bacterial Community Composition and Physicochemical Parameters
between the Four Areas in the Xisha Islands

The bacterial communities in the four area presented significant differences corre-
sponding to four different indexes (Chao1, ACE, Shannon, and Simpson). The non-metric
multi-dimensional scaling (nMDS) analysis showed a significant separation of microbiota
communities into different regions in the two-dimensional view. This might be related
to environmental factors such as pH, temperature, salinity, dissolved oxygen, and nu-
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trients, which were important environmental factors regulating microbial distribution.
Proteobacteria, Cyanobacteria, and Bacteroidetes were the most abundant phyla in these
four regions. This was consistent with previous findings in oligotrophic waters such as
the Indian Ocean [13], the Eastern Mediterranean Sea [53], and the South Pacific Gyre [16],
which indicated that Proteobacteria, Cyanobacteria, and Bacteroidetes were the dominant
microbial groups in oligotrophic oceans. Synechococcus, Prochlorococcus, Litoricola, HIMB11,
and Alteromonas, identified here as the major biomarkers, contributed to the significant
differences between the bacterioplankton communities in the four studied areas at the
order and genus levels. The physical marine environment in the Xisha Islands, which is
affected by the Asian monsoon and mesoscale eddies, might explain the observed variation
in microbial communities. Furthermore, during July and August, strong southwest winds
associated with the East Asian monsoon have a significant impact on the distribution
of surface currents and nutrients in the region [54]. Mesoscale eddies contribute to the
complex hydrological characteristics of the sea area surrounding the islands [55]. Results
from this study showed that the pH range in the different sites was 7.75–8.33, with a large
pH fluctuation range. The reason for the significant difference in pH might be due to
the biological activity in the coral reef area. Dai et al. [56] showed that biological activity
(photosynthesis and respiration) was the main factor affecting pCO2 in the Xisha coral
reef region. Therefore, the lower pH values at certain sites in this study might be due
to stronger biological respiration processes in the coral reef area. Meanwhile, the results
showed that there were pH-sensitive species, suggesting that pH might be a major factor
resulting in different community compositions between the regions. Previous reports
suggested that pH affected the composition of bacterial communities, especially some
pH-sensitive groups, such as γ-Proteobacteria, Flavobacteriaceae, Rhodobacteraceae, and
Campylobacteraceae [57]. Temperature and pH were found to be the main environmental
factors regulating the variation in microbial communities between the Red Sea and the
Indian Ocean [13]. Here, the dominant genus Prochlorococcus was positively correlated
with temperature and pH, while Synechococcus was negatively correlated with pH. There
was little difference in temperature between the different regions, so it was speculated
that temperature and salinity had little effect on microbial composition. Meanwhile, ex-
cept for BD-4, there was a slight variation in salinity between the sampling sites, which
might have been caused by ocean currents [58]. Thus, it was speculated that the R2 and
R4 regions might be influenced by the same directional ocean current. In contrast, the
R1 and R3 regions might be affected by another directional ocean current. Therefore, it
was speculated that salinity had little impact on bacterial communities except for BD-4.
Considering all sites in the different regions, it was inferred that the difference in salinity
might contribute a small part to the variation in bacterial communities between R2 and
other regions. Suh et al. [59] discovered that temperature and salinity exerted the most
significant influence on the composition of bacterial communities during their study of
seasonal dynamic changes in marine microbial communities within the South Sea of Korea.
In another study, α-Proteobacteria, γ-Proteobacteria, and Flavobacteria were positively
correlated with % NaCl in seawater from the Gulf of Thailand [60]. A study on seawater
from Mallorca Island in Spain also revealed a positive correlation between γ-proteobacteria
and salinity [61]. Nitrogenase was highly sensitive to the content of dissolved oxygen,
where high oxygen concentration significantly inhibited nitrogenase activity, and dissolved
oxygen content affected the distribution of nitrogen-fixing microorganisms. Thus, the
fluctuation in dissolved oxygen between R3 and R4 might have contributed to the different
microbial compositions between R3 and R4.

The correlation analysis between nutrients and the bacterial community showed that
NO2

−, P, and Si were positively correlated with R3 and negatively correlated with R2,
R1, and R4, among which NO2

− and P had a greater impact on R3. NO3
− was positively

correlated with R2. Yuan [62] proposed that the abundance of bacteria in the South China
Sea in the summer was limited by carbon and inorganic phosphorus. Jiang [63] also re-
ported that the abundance of planktonic bacteria in Dapeng Bay was positively correlated
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with ammonium and phosphate throughout the year. The Mediterranean Sea is similar
to the South China Sea, which is also an oligotrophic and nutrient-limited sea area. Here,
Lasternas [64] discovered that the abundance and cell viability of planktonic bacteria in
the Mediterranean region increased significantly when the phosphorus concentration in
seawater increased, indicating that phosphorus was a limiting factor for the growth of
plankton in the Mediterranean. Furthermore, nitrogen also affected the bacterioplankton
community. The concentrations of nitrate and phosphate were strongly negatively cor-
related with the relative abundance and growth rates of Roseobacter, Bacteroidetes, and
Gammaproteobacteria, while a positive correlation between SAR11 and ammonium was
observed [65]. Additionally, Dong [66] demonstrated that nitrogen is a factor in driving
changes in bacterial communities, particularly for Rhodothermaceae, Alteromonadaceae,
Alcanivoracaceae, Piscirickettsiaceae, and Oceanospirillaceae, whose relative abundance
was found to be significantly correlated with nitrate concentration. Cyanobacteria was
positively correlated with total phosphorus. In another study, members of β-Proteobacteria,
unidentified Proteobacteria, Acidobacteria, and Actinobacteria were positively correlated
with total nitrogen, and these results indicated that total nitrogen and total phosphorus
were the main factors affecting the bacterial community in the coastal waters from the upper
reaches of the Gulf of Thailand [60]. Moreover, the distribution and abundance of benthic
organisms were also influenced by nutrients. That study indicated that there was a posi-
tive correlation between dissolved inorganic nitrogen (DIN), soluble reactive phosphorus
(SRP), particulate organic carbon (POC), and Chl-a and turf algae cover, whereas they were
negatively associated with CCA cover and had weak or no correlation with macroalgae
cover [67]. Their distribution and abundance might, in turn, affect bacterial communities,
for instance, there was a high abundance of Alteromonas and Vibrio in coral reef microbial
communities dominated by algae [11]. Hence, nutrient levels might indirectly impact
bacterial communities by influencing benthic organisms. In summary, the distribution of
bacterial communities in different regions was mainly affected by pH, dissolved oxygen,
and nutrients.

4.2. Composition of Bacterial Communities between the Surface and Bottom Water in the
Xisha Islands

There was no difference between the Chao1 and ACE indices or the Shannon and
Simpson indices, indicating that there was no difference in bacterial abundance or diversity
between surface water and bottom water. Zhang [68] also showed that the Chao1 and Shan-
non indices for different sites did not change significantly with sampling depth. Further
analysis showed that the abundance of Gammaproteobacteria in the surface water was sig-
nificantly lower than that in the bottom water, while the abundance of Alphaproteobacteria
and Cyanobacteria was significantly higher than that in the bottom water.

Currently, global surface seawater is predominantly dominated by Alphaproteobac-
teria (mainly represented by the SAR11 and SAR116 clusters), as well as Cyanobacteria
(particularly Prochlorococcus). Previous studies found that Cyanobacteria was the dominant
bacteria in the surface water, while Proteobacteria, especially Gammaproteobacteria, was
dominant in the deep layers [69]. It was observed that Alphaproteobacteria was mainly dis-
tributed in the surface water, and the abundance of Gammaproteobacteria increased with
depth in the South China Sea [20,70]. Water depth was an important environmental factor
that affects the distribution of microbial communities. Agogue [71] reported that depth and
latitude were the two most important variables that explained the diversity of microbial
communities in the North Atlantic. The hydrological and hydrochemical parameters of the
seawater vary greatly in different water layers. For instance, with an increase in seawater
depth, factors such as decreasing light and temperature and increasing available organic
matter concentration affect the vertical distribution of microbial communities [72,73].
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4.3. Functional Characteristics of Bacterial Communities between the Four Areas in the
Xisha Islands

This study further enriched the understanding of the potential functions of bacteria.
The FAPROTAX functional prediction revealed that the bacterial community functions
in the four regions mainly involved the carbon cycle and nitrogen cycle. This might be
related to bacteria, such as Prochlorococcus, Synechococcus, SAR11, Flavobacteriaceae, etc.
Prochlorococcus and Synechococcus, which had high abundances in the four regions, are
known to absorb glucose, leucine, and ATP [74]. Previous studies demonstrated that
SAR11, which was abundant in R1 and R2, can also transport amino acids, inorganic ions,
and carbohydrates and also plays an important role in the global carbon cycle and has
the genetic potential for photosynthesis or phototrophy through protein rhodopsin [21].
In the R3 region, Flavobacteriaceae was the main bacterial group in the marine envi-
ronment, and this group can degrade a variety of complex organic substances, such as
cellulose and chitin, which play an important role in the marine carbon cycle [75–77]. In
the R1 region, bacteria of the Sphingomonadales order with a high abundance are known
to participate in chemoheterotrophy, including aerobic chemoheterotrophy and chemo-
heterotrophy. These bacteria can survive in various extreme conditions [78,79] and can
utilize a wide range of substrates, such as polycyclic aromatic hydrocarbons (PAHs), poly-
mers, and simple inorganic substances (nitrogen, etc.) [80,81]. Several studies have shown
that Sphingomonas possesses genes encoding dissimilatory nitrate reductase (nirB) and
nitrite reductase (nirB and nirD), which suggests that Sphingomonas can possibly further
process products of bacterial ammonia oxidation [82,83]. Alteromonas, which had higher
abundances in R3 and R4, also participates in chemoheterotrophic functions. Some studies
also suggested that Alteromonas was involved in chitin [84] and petroleum degradation [85].
Shimia, which had a certain abundance in R3, was shown to have the potential to degrade
petroleum-derived hydrocarbons [85]. The Rhodobacterales bacterium HIMB11, which
was a marker in R3, was revealed to be able to synthesize glutamine lipids, replacing mem-
brane glycerophospholipids to accommodate phosphorus limitations [86]. Other studies
showed that Vibrionales, which had a high abundance in R4, play a crucial role in the
nitrogen cycle, chemoheterotrophy, and fermentation [87]. It is worth mentioning that
previous studies had found that Vibrio is a prevalent surface and particle colonizer with
various chitinases [77,84].

5. Conclusions

The bacterial community composition and potential functions in the oligotrophic
ocean were predicted using 16S rRNA gene amplicon sequencing. Synechococcus_CC9902,
Prochlorococcus_MIT9313, Litoticola, and Alteromonas were the abundant bacterial taxa at
the genus level between the four studied regions in the Xisha Islands. The composition of
bacterioplankton communities in the surface and bottom layers was significantly different
at the order level (mainly Alteromonadales, Rhodospirllales, and Chloroplast) and the
genus level (mainly Alteromonas, Ruegeria, and Shimia). pH, dissolved oxygen, and nutrients
were important environmental factors regulating bacterial distribution in this region. Be-
tween the four regions, the bacterial community in R4 had more diverse functions, mainly
including phototrophic, compound degradation (mostly nutrients and pollutants), the
nitrogen cycle, fermentation, and intracellular parasitism, while the bacterial community
in R2 had the lowest diversity of functions, with higher abundances of human pathogens
and predatory or exoparasitic bacteria. Seasonal analysis of the bacterial community, as
well as benthic communities, should be considered in future studies to better reveal the
functions and interactions between bacterial communities and environmental effects in
oligotrophic oceans.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d15070865/s1, Figure S1:Rarefaction curves of observed OTU
number and rank abundance curve from three samplings of each sampling site analysis; Figure S2:
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