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Abstract

Background Coral reefs are one of the most biodiverse and productive ecosystems, providing habitat for a vast

of species. Reef-building scleractinian corals with a symbiotic microbiome, including bacteria, archaea, viruses

and eukaryotic microbes, are referred to coral holobionts. Among them, coral diseases, mainly caused by Vibrio

spp., have significantly contributed to the loss of coral cover and diversity. Habitat filtering across the globe has led

to a variety structure of marine bacterial communities. Coral species, quantity and characteristics are significant differ-
ences between the Xisha Islands and Daya Bay (Guangdong Province). Thus, the Vibrio communities may be distinct
between coral rich and poor areas.

Results Through comparison of Vibrio dynamics between coral-rich (Xisha Islands) and coral-poor (Daya Bay)
locations, we uncovered differences in Vibrio abundance, diversity, community composition and assembly mecha-
nisms associated with corals. The higher abundance of Vibrio in coral rich areas may indicate a strong interaction
between vibrios and corals. V. campbellii, Paraphotobacterium marinum and V. caribbeanicus were widely distributed
in both coral rich and poor areas, likely indicating weak species specificity in the coral-stimulated growth of Vibrio.
Random-forest prediction revealed Vibrio species and Photobacterium species as potential microbial indicators

in the coral rich and coral poor areas, respectively. Ecological drift rather than selection governed the Vibrio com-
munity assembly in the Xisha Islands. Comparatively, homogenizing selection was more important for the Daya Bay
community, which may reflect a role of habitat filtration.

Conclusion This study revealed the different distribution pattern and assembly mechanism of Vibrio spp.

between coral rich and poor areas, providing the background data for the research of Vibrio community in coral reef
areas and may help the protection of coral reef at the biological level. The main reasons for the difference were differ-
ent number and species of corals, environmental (e.g., temperature) and spatial factors. It reflected the strong interac-
tion between Vibrio and corals, and provided a new perspective for the investigation of Vibrio in coral reef ecosystem.
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Background

Coral reef is the most biologically diverse and produc-
tive ecosystem on earth, providing habitat for a vast array
of species that build up a three-dimensional reef matrix
by the calcium carbonate skeletons secreted from corals
over time [1]. Though covering a small area of the ocean
floor, coral reefs sustain a third of all described marine
species [2]. For instance, the biomass of resident reef
fish averages~1000 kg/hectare [3]. Corals are usually
symbiotic with algae, such as zooxanthellae for nutrient
cycle to maintain the stability and growth of the reef [4].
Prokaryotic microorganisms also play important roles
in the coral reef ecosystem, such as microbial-coral dis-
eases, and interactions between coral symbiotic algae
and microorganisms [5-7]. Bacteria can contribute to the
physiology and health of the coral host through nutrient
acquisition and metabolic cycling [8]. Shnit-Orland and
Kushmaro have found that 25-70% of coral mucus-asso-
ciated bacteria exhibited antibacterial activity, suggesting
that coral mucus-associated bacteria may protect their
coral hosts against pathogens [9]. Furthermore, nitro-
gen-cycling microbes may be critical to the stability of
coral-algal symbiosis and the function of holobiont, and
disturbances of microbial nitrogen cycling may be closely
associated with coral bleaching and disease [10]. In addi-
tion, microbial processes can influence the resilience of
coral reef ecosystems by influencing the colonization of
larvae through chemical cues [11]. Thus, the diversity
and metabolic activity of surrounding microorganisms in
seawater may provide important solutions to potentially
protect coral reefs.

Corals and their symbiotic algae may also exert influ-
ences on microbes in the surrounding seawater. For
example, corals release mucus affecting microbial abun-
dance and composition [12]. Coral mucus is rich in
organic matter and nutrients, with concentrations of
total organic carbon and nitrogen being 2—4 times higher
than that of the surrounding seawater [13, 14]. Previ-
ous studies have shown a significant increase in micro-
bial abundance in seawater with coral mucus presence
[14]. Moreover, the exudates of coral symbiotic algae
can transport sugars into the environment, promoting
growth of planktonic bacteria [15], particularly Vibrio
including pathogenic species such as Vibrio cholerae [16].
Comparison of microorganisms from four different envi-
ronmental niches (Acropora palifera, Acropora aspera,
sandy substrate and open water) in the Great Barrier Reef
has shown increased occurrence frequency of Vibrio,
Pseudoalteromonas and Alteromonas in coral seawa-
ter niches [17]. In a shallow reef in St. John, U.S. Virgin
Islands, bacteria and archaea in the surrounding seawa-
ter showed significant temporal and spatial variations,
but only few vibrios were present in the total community
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compositions [18]. However, the ecological distribution
and community dynamics of Vibrio spp. in coral sur-
rounding seawaters are still unclear.

Vibrio spp. is a group of Gram-negative rod-shaped
bacteria belonging to the class Gammaproteobacteria
with facultative fermentative metabolisms [19], which is
highly heterogeneous and abundant in various aquatic
environments [20, 21]. At present, the research on Vibrio
in coral reefs mainly focuses on coral diseases, such as
V. coralliilyticus causing white syndrome, V. alginolyti-
cus causing yellow band disease and V. natriegens caus-
ing white spot disease [7]. Vibrio multiplies rapidly, has a
short generation time, and responds quickly to nutrient
pulses likely due to their highly plastic genomes and wide
metabolic ranges [21]. Meanwhile, vibrios can be sub-
ject to predation by bacteriophages and protozoa, such
as Vibrio alginolyticus and Vibrio natriegens [22, 23].
Based on these knowledges, the biogeochemical roles of
Vibrio were underestimated for a long time. Vibrio com-
munity may rapidly respond to nutrient pulses produced
by corals, which may cause the community dynamics in
coral reef ecosystems differed from other marine envi-
ronments. Previous study has found that V. hyugaensis,
V. owensii and V. harveyi were the dominant species, and
the influence of temperature on these species was evalu-
ated in the coral reefs of Ishigaki (Japan) [24]. As a typical
coral conservation area, the Vibrio community of Dong-
shan Bay (Fujian, China) was dominated by V. fortis, V.
natriegens and V. pomeroyi, revealing a distance-decay
pattern spanning four seasons [19]. The distribution pat-
tern of corals in different coral reef environments may
dominate the dynamics and assembly mechanisms of
Vibrio community. However, the correlations between
Vibrio spp. and corals needs to be further studied.

Corals can be divided into "reef" and "non-reef" coral
communities, and the latter is characterized by the ina-
bility to accumulate calcium carbonate [25]. The coral
species and the local reef environment can influence the
composition of microbial community [26]. The majority
of China’s coral reefs are found in the South China Sea,
whereas only limited and scattered subtidal coral com-
munities are found from the west coast of Leizhou Pen-
insula (Guangdong, China) to Dongshan Bay (Fujian,
China) [27, 28]. The Xisha Islands (coral rich areas)
mainly consisting of 36 atolls, is one of the four groups
of islands located in the South China Sea, with plentiful
coral reefs [29-31]. A total of 213 species of scleractin-
ian corals (belonging to 43 genera and 16 families) have
been discovered therein [32]. Daya Bay (coral poor areas)
is one of the few coastal bays in China with coral distri-
bution [33]. The corals scattered in the Daya Bay mainly
appear in the form of communities and have not devel-
oped into coral reefs due to climate constraints [34]. A
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total of 44 species (belonging to 17 genera and 9 fami-
lies) and 5 unclassified species of scleractinian corals are
found there [35]. At present, the studies on microbial
dynamics in Daya Bay and Xisha Islands mainly focus on
the dynamic of total bacteria or the changes of cultur-
able bacteria [36, 37], with no attention on the dynamic
changes of the vibrionic community. Given that different
environments affect microbial colonization [26], Vibrio
may have different dynamic characteristics in these two
coral environments. In this study, the dynamics of Vibrio
communities in seawater from the coral rich and poor
areas were investigated by qPCR and high-through-
put sequencing techniques. The key factors affecting
the community structure and assembly mechanism of
Vibrio community in distinct coral environments were
illustrated.

Methods

Water sampling and physicochemical parameter
determination

To explore the planktonic Vibrio communities in distinct
coral areas, waters from the Xisha Islands and Daya Bay
were collected by the R/V YuezhanyukelO from a total
of 48 sites during 31 August and 30 September, 2020
(Fig. 1). A total of 85 samples were collected, and detailed
information of the samples was recorded in Additional
file 1: Table S1. At each sample, 1 L (L) of water was fil-
tered through polycarbonate membranes (Millipore
Corporation, Billerica, MA, USA) 3-um for particle-asso-
ciated (PA) and 0.22-um for free-living (FL) microbes,
respectively. All filters were stored in liquid nitrogen
onboard and transferred to — 80 °C in the laboratory
until DNA extraction. The physicochemical parameters
of waters were determined in situ and in the laboratory.
CTD was used to monitor the water chemistries such as
temperature, salinity, pH, dissolved oxygen (DO) and sus-
pended solid (SS). Water samples for dissolved inorganic
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nutrients (NO,~, NO;~ and NH,"), and Chlorophyll a
(Chl a) analyses were collected according to our previous
work [38]. Dissolved inorganic nitrogen (DIN) were cal-
culated as the sum of NO;~, NO,™ and NH,* [39]. After
acid fumigation to remove the carbonate fraction, total
nitrogen (TN) was determined by an elemental analyzer
(vario MICRO cube EA, Elementar, Germany) which
interfaced with a continuous flow isotope ratio mass
spectrometer (Isoprime IRMS, Elementar, Germany)
[40, 41]. Detection of the total phosphorus (TP) was
conducted followed the description of Church et al. [42]
and Varol et al. [43]. Additionally, the identification and
abundance of coral species were provided by the Labo-
ratory of Marine Biodiversity Research, Third Institute
of Oceanography, Ministry of Natural Resources. Briefly,
three transects (50 m in length) of different depths (5, 10
and 15 m) were set up at each sampling sites. A SCUBA
diver performed Point Intercept Transect (PIT) video
sampling at each transects, and another diver took close-
up photographs of various corals under the tapeline
and collected some specimens for species identification
according to standard procedures [32]. Video transects
were analyzed in the laboratory using a point sampling
technique according to the taxonomic criteria [32], and
the coral close-up photographs and the coral specimens
were used to assist the species identification. The number
of coral species were calculated based on the identifica-
tion results.

DNA extraction and quantitative PCR (qPCR)

Genomic DNA was extracted according to the previous
report [38]. The extracted DNA was resuspend using 50
puL TE buffer (1 M Tris—HCI, 0.5 M EDTA, pH 8.0) and
preserved at — 80 “C until use. Through 16S rRNA gene-
targeted quantitative PCR (qPCR) with SYBR-green
detection, the absolute abundance of total Vibrio on 3-
and 0.22-pm-pore-size membranes were tracked. Briefly,
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the StepOnePlus real-time PCR system (Applied Biosys-
tems) and StepOne software version 2.2 was operated to
performed the qPCR. V567F (5'-GGCGTAAAGCGC
ATGCAGGT-3") and V680R (5-GAAATTCTACCC
CCCTCTACAG-3") primers were utilized to quantify
the Vibrio spp. [20, 44]. The reaction mixture and cycling
conditions referred to the descriptions of Wang et al. [38]
and Liang et al. [45]. The standard was prepared using
16S rRNA gene of Vibrio rotiferianus WXL191 (our labo-
ratory) and the preparation methods followed our previ-
ous work [38]. qPCR was carried out in triplicates and all
amplification efficiencies were between 95 and 105% with
R? values > 0.99.

High-throughput sequencing and reads processing

The Vibrio-specific 16S rRNA gene primers V169F (5'-
GGATAACC/TATTGGAAACGATG-3") and V68OR (5'-
GAAATTCTACCCCCCTCTACAG-3’) were utilized to
determine the composition of Vibrio community [45].
The reaction mixture and cycling conditions followed
the descriptions of Wang et al. [38]. After confirming
positive amplification, sequencing was performed on the
lumina Miseq PE300 platform at Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China). Raw reads
were trimmed with FASTP, removing those short length
sequences (<100 bp) and low quality (<20) [46]. Paired-
end DNA sequences were then joined using FLASH
with at least a 10-bp overlap and <5% mismatches [47].
Moreover, chimeric sequences, barcode sequences and
primers were removed using the DADA2 plug-in of soft-
ware QIIME?2 [48, 49]. Then, the sequences of Vibrio spp.
were clustered into operational taxonomic units (OTUs)
by QIIME2 software. The taxonomy of each OTUs repre-
sentative sequences were assigned by local-blast against
the SILVA v138 database (a minimum support thresh-
old of 70%), and they were reassigned against the EzBio-
Cloud database (https://www.ezbiocloud.net/) to acquire
a more accurate taxonomic identification.

Statistical analysis

To minimize biases associated with sequencing coverage,
the number of sequences for each sample was homoge-
nized to the lowest number (32,029 reads) by running a
script in R software. The differences of between separate
groups of physicochemical parameters were calculated by
Dunn’s test. Alpha (a)-diversity was indicated by Shan-
non, Chao 1 and Simpsoneven indices, which were calcu-
lated using the “vegan” package. The differences between
separate groups of samples were examined by ¢-test. For
Beta (P)-diversity, the non-metric multidimensional scal-
ing (NMDS) was performed at the OTU level by Canoco
5.0 software [50]. The subsequent analysis of similarities
(ANOSIM) was performed using the anosim function
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with 999 permutations in “vegan” The niche widths of the
most thirty abundant OTUs were calculated by “vegan”
and “spaa” The random forest machine learning was per-
formed with “randomForest” package in R. We used vari-
ation partition analysis (VPA), performed by the “vegan”
package, to estimate the relative contributions of geo-
graphic distance, environmental factors and coral species
to Vibrio community structure. To reveal the relation-
ship between environmental factors and microbial com-
munities, Mantel test based on Pearson’s correlations
was carried out by the “ggcor” package. To determine
the relationship between Vibrio species, a-diversity, the
abundance of Vibrio and various factors, the software
IBM SPSS Statistica (v 23.0.) was operated to calculate
Spearman’s rank correlation coefficient. Additionally, a
null model analysis was carried out to quantify the rela-
tive contributions of different ecological processes, which
was calculated using the “picante” package.

Results

Environmental conditions and coral distribution

Water temperature, salinity, SS, Chl 4, TN, TP and pH
varied significantly between Daya Bay and Xisha Islands
(P<0.05; Additional file 1: Fig. S1). Compared to the
Daya Bay, the pH (8.11 +0.06), salinity (33.85 + 0.07; prac-
tical salinity units [PSU]), TP (0.009+0.003 mg L),
SS (2.61+0.60 mg L™!) and Chl a (0.38+0.34 pg L)
were significantly lower in the Xisha Islands. How-
ever, the Xisha Islands featured higher temperature
(30.84+0.41 C) and TN concentration (0.23+0.07 mg
L7% Table 1). The abundance and number of corals
species was higher in Xisha Islands than in Daya Bay.
All corals were assigned to 15 families and 1 unclassi-
fied family, with 9 families of corals in Daya Bay, and
15 families and the unclassified coral in Xisha Islands.
The number of corals in the Xisha Islands was nearly 6
times than that in Daya Bay. Difference in dominant cor-
als was observed between Daya Bay and Xisha Islands
(Additional file 1: Fig. S2). Poritidae was the most domi-
nant coral in the Daya Bay, followed by Merulinidae and
Acroporidae, whereas the dominant corals of the Xisha
Islands were Merulinidae, followed by Poritidae, Acropo-
ridae and Pocilloporidae. Several kinds of corals (i.e.,
Pocilloporidae, Oulastreidae, Coscinaraeidae, Fungiidae,
Astrocoeniidae, Lobophylliidae and the unclassified one)
were unique at the Xisha Islands. Detailed information
on environmental parameters and coral numbers are pro-
vided in Additional file 1: Tables S2 and S3, respectively.

Total Vibrio abundance

Vibrio abundance in the Xisha Islands (2.92+0.78 lg cop-
ies/mL) was significantly higher than that in Daya Bay
(2.76 £ 0.46 lg copies/mL; P<0.05; t-test), representing an
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Table 1 Environmental parameters of the sampling sites
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Characteristic Daya Bay Xisha Islands
Mean+SD Min Max Mean +SD Min Max

Longitude (°E) 114.59+0.05 114.48 114.65 111.87+0.34 11147 112,57
Latitude (°N) 22.52+0.06 2245 22.64 16.48+0.37 16.01 17.12
Temperature ('C) 27.11+£2.80 21.80 3140 30.84+041 30.30 31.70
Salinity (PSU) 34.00£0.27 3298 34.37 33.85+£0.07 33.70 34.05
pH 8.13+£0.04 8.05 8.19 8.11+0.06 8.02 8.26
DO (mg L 6.39+£047 5.01 7.53 6.52+091 528 823
Chla(pgL™ 2754233 0.13 11.55 0.38+0.34 0.09 1.57
NH," (umol L) 0.02+0.01 0.01 0.06 0.02+0.01 0.01 0.06
DIN (umol L 0.02+0.01 0.01 0.07 0.02+0.01 0.01 0.08
TN(mgL™) 0.13+£0.06 0.05 034 0.23+0.07 0.09 041
TP (mg L 0.014+0.003 0.008 0.027 0.009£0.003 0.006 0.018
SS(mg L™ 12.28+3.10 7.10 20.00 2.61+060 1.20 3.60

DO dissolved oxygen, Chl a chlorophyll a, DIN dissolved inorganic nitrogen, TN total nitrogen, TP total phosphorus, SS suspended solid

obvious spatial distribution pattern (Fig. 2a). Meanwhile,
both the average abundance of FL and PA Vibrio were
higher in Xisha Islands than in Daya Bay, although the
difference was not significant (Fig. 2a). Detailed informa-
tion of Vibrio abundance was listed in Additional file 1:
Table S4. This variation of Vibrio abundance between the
two areas largely related to the corals. In both the two

areas, the abundance of FL and PA Vibrio showed sig-
nificantly positive correlations to several kinds of corals
(i-e., Pocilloporidae, Poritidae, Oulastreidae, Agariciidae,
Acroporidae, Merulinidae, Coscinaraeidae, Fungiidae,
Euphylliidae and unclassified corals; P<0.05 or 0.01;
Fig. 2d). The Vibrio abundance was positively correlated
with Pocilloporidae, Poritidae, Agariciidae, Acroporidae,
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Merulinidae, Coscinaraeidae and Fungiidae in Xisha
Islands, whereas no correlation was found in Daya Bay
(P<0.05 or 0.01; Additional file 1: Fig. S3).

Diversity estimators of Vibrio spp.

To analyze the diversity of the Vibrio community, 16S
rRNA gene amplicons were sequenced by the Illumina
Miseq PE300 platform. The high-throughput sequencing
yielded 4,412,547 clean reads from 85 samples ranging
from 32,029 to 82,544 reads per sample. After discard-
ing the singletons and rarefaction, 32,029 sequences per
sample were left. The total sequences were clustered
into 549 operational taxonomic units (OTUs) based on
a 97% sequence similarity level. And, the coverages of all
samples were close to 99.9%, indicating that the current
sequences could represent the real situation of Vibrio
community in the studies sites.

For a-diversity indices, evenness, richness and diversity
of Vibrio were variable between the two areas (Fig. 2b).
Although the richness (Chao 1) had no significant differ-
ence between Daya Bay and Xisha Islands, Vibrio even-
ness in the Xisha Islands was higher than that in Daya Bay
(Simpsoneven, ¢-test, P<0.01), leading to a higher diver-
sity level (Shannon, ¢-test, P<0.001). Overall, correlation
analysis demonstrated that Pocilloporidae, Agariciidae,
Coscinaraeidae, Fungiidae, Plesiastreidae, Lobophylliidae
and Euphylliidae were related to changes in a-diversity
(Fig. 2d). However, the variation of o-diversity in the
Xisha Islands showed association with Acroporidae,
Psammocoridae, Coscinaraeidae and Astrocoeniidae,
and the changes in the Daya Bay were associated with
Poritidae, Acroporidae, Psammocoridae and Plesias-
treidae (Additional file 1: Fig. S3). We also analysed the
B-diversity among all samples. NMDS analysis based
on Bray—Curtis distances showed spatial separation of
Vibrio compositions between the two regions (Analysis of
similarity [ANOSIM]; R=0.2204; P=0.001; Fig. 2c). The
B-diversity of Vibrio community in the Xisha Islands was
higher than that in Daya Bay (P<0.001; Additional file 1:
Fig. S4). Detailed information on the diversity parameters
was recorded in Additional file 1: Table S4.

The community compositions of Vibrio spp.
After re-annotated against the EzBioCloud database,
Vibrionaceae accounted for 52.60% of the total sequences,
and Vibrio spp. accounted for 78.92% of Vibrionaceae
sequences. The abundance of the top 30 OTUs accounted
for 92.85% of all species (Fig. 3a). Among them, OTU30
and OTU493 were annotated to the genera Vibrio and
Catenovulum, respectively.

V. campbellii occupied the highest relative abundance
across all samples (31.03%), and was more abundant in
the Daya Bay than in the Xisha Islands (Additional file 1:
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Fig. S5; P<0.001). Furthermore, Vibrio sp. OTU30, P. [ei-
ognathi, P. aquimaris OTU37 and V. sagamiensis also had
higher abundance at the Daya Bay (P<0.05), whereas V.
neocaledonicus, V. xuii, V. aquimaris, V. fortis, V. navar-
rensis, V. parahaemolyticus, V. ponticus, V. alginolyticus,
V. maritimus, and V. stylophorae were more abundant
at the Xisha Islands (P<0.05; Additional file 1: Fig. S5).
Additionally, the Daya Bay could be divided into inside
(DYO1 to DY13) and outside sites (DY14 to DY23)
according to the geographical location (Fig. 1). Five spe-
cies had significant differences between the inside and
outside sites by Dunn’s test, i.e., Paraphotobacterium
marinum (P<0.01), Vibrio sp. OTU30 (P<0.001), P
aquimaris OTU37 (P<0.01), V. ponticus (P<0.05) and P
aquimaris OTU530 (P<0.01). Further, we calculated the
niche widths of the top 30 OTUs to explore their adapta-
tion. V. campbellii has the largest niche width, which may
have the most adaptable to this environment (Fig. 3b).

To distinguish these two different coral environments,
a random-forest machine-learning model was established
to find the important features that could distinguish the
coral rich and poor areas (Fig. 3c). The model had the
highest accuracy (lowest out of bag (OOB) estimated
error rate) when the number of top important features
reached 40 OTUs (Additional file 1: Fig. S6). Therefore,
the most characteristic OTUs (top 40) were selected as a
group of biomarkers to distinguish the two habitats, such
as P aquimaris OTU37 representing coral poor area and
V. owensii OTU505 representing coral rich area (Fig. 3c).
Meanwhile, the relative abundance of 40 characteristic
OTUs showed differences in the two regions (Fig. 3d).

Various factors governing the spatial dynamics of Vibrio
spp.
To explore the key drivers shaping the Vibrio commu-
nity, biotic and abiotic correlations were analyzed by VPA
(Fig. 4). For Daya Bay, the pure effect of spatial factors
(11.20%) was significantly greater than environmental
(8.40%) and coralline (4.60%) variables (Fig. 4a), whereas
the pure effect of coralline variables (23.66%) was greater
than environmental (5.26%) and spatial (2.50%) factors in
the Xisha Islands (Fig. 4c). However, 57.80% and 66.35%
of the variation in Daya Bay and Xisha Islands were unex-
plained, respectively. Mantel test was used to evaluate
the specific factors affecting Vibrio community struc-
ture. The Vibrio community in the Xisha Islands was sig-
nificantly correlated with Pocilloporidae, Coscinaraeidae
and Diploastraeidae (P<0.05 or P<0.01; Fig. 4). Detailed
parameters were provided in Additional file 1: Table S5.
The Spearman’s rank correlation coefficients between
the top 30 OTUs and factors were calculated (Fig. 5). As
the most abundant specie in these two areas, V. camp-
bellii showed significantly positive correlations with
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Poritidae, Acroporidae, Merulinidae, Dendrophylliidae,
DO and SS in Daya Bay (P<0.05; Fig. 5a), whereas nega-
tively correlated to Pocilloporidae, Agariciidae, Acropo-
ridae, Diploastraeidae, Euphylliidae and the unclassified
corals in Xisha Islands (P<0.05 or 0.01; Fig. 5b). The
abundant species in the Daya Bay, i.e., Vibrio sp. OTU30,
was positively correlated with Merulinidae and temper-
ature, and significantly negative to pH, DO and salin-
ity (P<0.01; Fig. 5a). Similarly, V. neocaledonicus in the
Xisha Islands only had positive correlation with salinity
(P<0.01; Fig. 5b).

Assembly process of the Vibrio community

We used the PNTI metric to quantify the relative
importance of deterministic (|[BNTI|>2) or stochastic
(|[BNTI|< 2) factors to community structure. According
to the description of Stegen et al., ecological processes
are divided into deterministic processes (i.e., hetero-
geneous and homogeneous selection) and stochastic
processes (i.e., homogenizing dispersal, ecological drift
and dispersal limitation) [51]. There was a significant
variation in BPNTI values between Daya Bay and Xisha
Islands via ¢-test (P<0.001; Fig. 6b). The PNTI values
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of Vibrio in the Daya Bay were between — 4 and — 1,
indicating that both deterministic and stochastic pro-
cesses had an impact on Vibrio community structure.
The BNTI values of Vibrio in the Xisha Islands were
mostly between — 2 and 2, indicating the dominant
effects from stochastic processes (Fig. 6a). The com-
munity of vibrios in the Daya Bay were jointly gov-
erned by ecological drift (47.9%) and homogeneizing
selection (49.7%). It was noteworthy that ecological
drift contributed the largest fraction (93.4%) to the
community structure in the Xisha Islands (Fig. 6¢).

spatial factors, C coralline factors. b, d Relationships between microbial
y (DY); d Xisha Islands (XS). DO dissolved oxygen, DIN dissolved
a, SS suspended solid, Tem temperature, Sal salinity

Discussion

Coral reefs are one of the most productive and biologi-
cally diverse ecosystems on earth. The distribution pat-
terns of microorganism in distinct coral environments
often show differences [52, 53]. Vibrio is related to the
health of corals, so that the dynamics of Vibrio spp. may
be various between different coral environments. Previ-
ous reports on the ecological distribution of Vibrio spp.
mostly focused on estuarine, bay, or general marine
environments [19, 38, 45, 54, 55]. Here, we assessed
the abundance, distribution and community assembly
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Fig. 5 The correlations of the most abundant 30 OTUs with abiotic and biotic factors. a Daya Bay; b Xisha Islands. *P < 0.05; **P<0.01

mechanisms of Vibrio between coral rich (Xisha Islands)
and coral poor (Daya Bay) environments. This is the first
investigation regarding Vibrio distribution patterns and
assembly mechanism in relation to coral species and
density. Our study provides a foundation for study of the
distribution dynamics of Vibrio associated with coral,
and provides data support for coral conservation and
restoration.

High Vibrio abundance in the coral rich areas may indicate
their strong interaction with corals

Microbes in coral surrounding seawater are signifi-
cantly different from those in ordinary seawater or sedi-
ments [17]. In our study, the average Vibrio abundance
in coral reef areas was 1.57x10% copies/mL (Additional
file 1: Table S4), higher than the value (1.17x 10° copies/
mL) in the South China Sea [55]. These abundance het-
erogeneities may be attributed to the presence of corals,
in which high coral productivity [5] may provide nutri-
ents for the growth of Vibrio. Moreover, the abundance
of Vibrio in the Xisha Islands was higher than that in the
Daya Bay (Fig. 2a, b). Differences in the number of corals
may also affect Vibrio abundance. The number of corals
in the Xisha Islands was nearly six times higher than that
in the Daya Bay (Additional file 1: Fig. S2). Many inter-
action processes between microbes and corals have been
reported. Corals can release dissolved and particulate
organic matter into surrounding seawater in the form of
coral mucus, which could aid heterotrophic feeding [13,
56], resulting higher bacterial abundance in coral mucus
than in the surrounding seawater [57, 58]. Vibrio popula-
tions are able to rapidly respond to nutrient enrichment
and use various quorum sensing (QS) signal molecules
to regulate the process to colonize coral under different

environmental conditions [59]. We also found positive
correlation between the abundance of Vibrio and sev-
eral corals in the Xisha Islands, while no correlation was
found in the Daya Bay (Additional file 1: Fig. S3). Pollock
et al. provided evidence of coral-microbe phylosymbio-
sis, in which the phylogeny of coral was related to the
composition and richness of the coral microbiome [60].
Therefore, a higher Vibrio abundance may be required to
maintain interactions with abundant corals in the Xisha
Islands. In addition, coral bleaching occurred in the
Xisha Islands in 2020 may be another reason for the high
Vibrio abundance [32]. Bleached corals release twice as
much particulate organic carbon (POC) and particulate
nitrogen (PN) than normal corals [61], and coral patho-
genic microbes may respond rapidly to these nutrient
pulses [62, 63]. It has been reported that vibrios usually
can respond to fluctuations in nutrient concentrations
and show a tendency of explosive reproduction [21].
Indeed, during the 2015 to 2016 global coral bleaching
event, the abundance of potential coral pathogens (such
as Vibrio spp.) in the southern South China Sea increased
from about 0.28 to ~52.92% [64].

Temperature and TN are also found to affect Vibrio
abundance. The importance of temperature in regulat-
ing Vibrio abundance has been widely reported [44,
45]. For TN, a higher concentration was found in Xisha
Islands than in Daya Bay (Additional file 1: Fig. S1). In
general, the nitrogen cycle is of great importance to
coral environments. Coral symbiotic algae can provide
photosynthates to the coral host, but these photosyn-
thates have been referred to as "junk food" due to a high
C:N ratio and additional nitrogen is required to sus-
tain coral growth [65]. The high efficiency of nitrogen
absorption by coral holobiont enables this symbiotic
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relationship to effectively utilize nitrogen compounds
in the surrounding seawater [10]. In addition, strains of
Vibrio spp. and Photobacterium spp. showed the ability
of nitrogen fixation [66—68]. A study have found that
Vibrio spp. and Photobacterium spp. may be involved
in the nitrogen-fixing process in the sediments of the
South China Sea, and Vibrio spp. may also be involved
in the dissimilatory nitrate reduction to ammonium
[69]. Thus, Vibrio may co-exist with coral by participat-
ing in the nitrogen cycle process. We also found that
the abundance of PA Vibrio in the Xisha Islands was
higher than that in Daya Bay (Fig. 2a), which may be

related to the particulate matter or attachment environ-
ment provided by corals [56].

Corals may weaken the species specificity of Vibrio spp.

in the Chinese coral reef areas

Microbes may have strong adaptabilities facilitat-
ing their wide spread across various marine environ-
ments [70]. In the non-coral areas, including the South
China Sea, the Chinese northern marginal seas and the
Changjiang estuary, 160, 74 and 40 Vibrio OTUs were
reported, respectively [38, 45, 55]. Comparatively, in this
study, we obtained a total of 549 OTUs, suggesting that
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the presence of coral significantly increase the diver-
sity of Vibrio spp. due to weak species-specific stimula-
tion. Indeed, the abundant group in the coral-poor area,
including V. campbellii, Paraphotobacterium marinum
and V. caribbeanicus, were also dominant in the coral-
rich area, corresponding their high niche widths. Pre-
dominance of these species in both areas may indicate
their strong environmental adaptablities. V. campbellii
is widely distributed, even in the oligotrophic deep sea,
and can acquire gene horizontally to enhance adaptation
of environment [70]. As a common pathogen of shrimp
[71], V. campbellii encodes a sugar-specific porin in the
outer membrane responsible for the transport of chitoo-
ligosaccharides, allowing it to grow rapidly in aquatic
environments with chitin as a nutrient [72]. The environ-
mental adaptability of V. campbellii was also reflected by
its strong ability to degrade macromolecule substances
[70], possession of quorum sensing for interbacterial
cell killing and biofilms formation [73], and expression
of rpoS ortholog gene (rpoS1) and rpoS xenolog gene
(rpoS2) [74]. Paraphotobacterium marinum possesses
the activity of a variety of enzymes including alkaline
phosphatase, esterase (C4), leucine arylamidase and acid
phosphatase, which can utilize D-Glucose and D-malt-
ose, and reduce nitrate to nitrite [75]. Similarly, V. car-
ibbeanicus also has the activity of various enzymes such
as alkaline phosphatase and esterase lipase (C8), and can
use a variety of amino acids and sugars [76]. The multiple
enzyme activities and strengthening substrates utilization
capabilities of Paraphotobacterium marinum and V. car-
ibbeanicus may favor their growth in two areas.

It has been reported that the community composi-
tions of Vibrio usually separated in various marine envi-
ronments [21, 77]. In this study, except V. campbellii,
Paraphotobacterium marinum and V. caribbeanicus, the
rest species (e.g., rare taxa) showed differences in their
relative abundances between coral rich and poor areas
(Fig. 3), which may be related to habitat differentiation.
We obtained 40 indicator species as marker species that
can distinguish the two coral environments using ran-
dom-forest machine-learning model (Fig. 3c). Among the
indicator species in the Daya Bay, temperature may affect
P. aquimaris OTU37 and OTU530. The growth tempera-
ture of P aquimaris is 10-25 °C, and cannot grow at 30
and 37 °C [78], whereas the temperature of the Xisha
Islands is more than 30 °C. Additionally, P. leiognathi was
isolated from the luminescent organs of fishes in family
Leiognathidae [79]. Fishes of family Leiognathidae are
common fish resources in the southern coast of China,
and studies have found that eggs of family Leiognathi-
dae account for the largest proportion of all fish eggs in
the Daya Bay [80, 81]. Thus, the special fish resources
and temperature may explain why most of the indicator
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species in the Daya Bay are of the Photobacterium spp.
Coral pathogenic Vibrio species, e.g., V. owensii, V. rotif-
erianus and V. alginolyticus, were among the indicated
species of the Xisha Islands. V. owensii, V. parahaemo-
lyticus and V. rotiferianus are the potential coral-patho-
gens that cause diseases of corals [7, 24]. V. alginolyticus
and P. rosenbergii are detected from unhealthy corals at
Tioman Island Marine Park, Malaysia [82]. The relative
abundances of these coral pathogenic vibrios in the Xisha
Islands are higher than those in the Daya Bay (Fig. 3d).
The 2020 coral bleaching event in the Xisha Islands may
cause the increasements of coral pathogenic vibrios [63].
With high coral number, Vibrio in the Xisha Islands may
be developed as the dominant group by influencing coral
health. In sum, the distribution patterns of Vibrio spp.
reflected differences between coral poor and rich areas.

Distinct community structure of Vibrio spp. may be
affected by biological factors and assembly mechanism
Previous reports on community structure of Vibrio
mainly focused on the influence of physicochemical
parameters, showing that temperature and salinity are
important factors [38, 45]. However, the interaction
between Vibrio and corals may play an important role in
coral reef areas. In the Daya Bay, the main Vibrio species
showed a positive correlation with corals (Fig. 5a), which
may be due to the fact that corals provide nutrients for
their growth [56]. The community structure of Vibrio in
the Xisha Islands was greatly affected by corals (Fig. 4c),
and the main groups showed negatively correlation with
coral (Fig. 5b). The Xisha Islands face the problem of
coral bleaching, and there is a close relationship between
coral bleaching and Vibrio, perhaps causing a negative
correlation of them [32, 63]. Meanwhile, vibrios in Xisha
Islands were driven by ecological drift, whereas that in
Daya Bay was mainly influenced by ecological drift and
homogenizing selection (Fig. 6¢), which might be related
to the habitat filtration. Habitat filtering across the globe
has been reported to cause the various structure of
marine bacterial communities [83]. Ecological drift, used
to describe random fluctuations in species abundance
over time, is a process that can lead to different micro-
bial communities between host species as these com-
munities apart from each other over evolutionary time
[84]. For instance, ecological drift drives interindividual
diversification of gut microbes in early infants, causing
an increase in P-diversity of microbial community [85].
Meanwhile, microbes in coral ecosystems are diverse,
and even within the same coral individual, the micro-
bial communities are different [86]. High p-diversity of
Vibrio communities was also discovered in the Xisha
Islands (Additional file 1: Fig. S4). Thus, the large num-
ber of different corals species in the Xisha Islands may
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have influenced the surrounding seawater to produce a
distinct Vibrio community composition, making ecologi-
cal drift a major community assembly process. Homog-
enizing selection refers to the selective effect of similar
environment on the formation of microbial community,
and leads to the convergence of microbes [87]. Lower
B-diversity of Vibrio in the Daya Bay (Additional file 1:
Fig. S4) indicated that Vibrio community tended to be
more consistent than that in Xisha Islands. Furthermore,
it has been found that more similar environmental condi-
tions in smaller spatial ranges can promote the effect of
homogenizing selection [88]. Thus, the less number and
species of corals and the relatively small spatial range in
the Daya Bay may provide a relatively single living envi-
ronment for Vibrio spp., which may weaken the ecologi-
cal drift and enhance the homogenizing selection.

Conclusion

We studied the distribution pattern and assembly mecha-
nism of Vibrio spp. in both coral rich (Xisha Islands) and
poor areas (Daya Bay) by molecular approaches. The
abundance of Vibrio in the Xisha Islands was significantly
higher than that in Daya Bay, which may be related to the
interaction with corals. Community composition analy-
sis showed that coral might stimulate the growth of the
whole Vibrio genus resulting in less species specificity, in
which V. campbellii, Paraphotobacterium marinum and
V. caribbeanicus with strong environmental adaptability
were dominant in both two areas. However, there were
still heterogeneity of these two areas as assessed through
random forest. The indicator species of coral poor areas
were mainly Photobacterium spp., whereas those in coral
rich areas were dominated by Vibrio spp. The assembly
mechanisms of Vibrio communities appeared dissimi-
larly between the two regions. In the coral poor areas,
homogenizing selection and ecological drift dominated
the assembly of Vibrio communities, whereas in the coral
rich areas, only ecological drift dominated the assembly
of Vibrio communities. Different number and species of
corals, environmental (e.g., temperature) and spatial fac-
tors between these two coral reef environments may be
the primary causes. However, our study only assessed the
dynamics of Vibrio in the coral environments by molecular
approaches, and the possible colonization status of Vibrio
in corals should be further evaluated experimentally to
enrich the background data of coral reef protection.
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