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Global change and local stressors are simultaneously affecting the nearshore
corals, and microbiome flexibility may assist corals in thriving under such
multiple stressors. Here, we investigated the effects of various environmental
variables on Galaxea fascicularis holobiont from nearshore and offshore reefs.
These nearshore reefs were more turbid, eutrophic, and warm than offshore
reefs. However, coral physiological parameters did not differ significantly.
Corals under stressful nearshore environments had low symbiont diversity
and selected more tolerant Symbiodiniaceae. The bacterial diversity of
offshore corals was significantly higher, and their community composition
varied obviously. Diffusion limitations and environmental heterogeneity were
essential in structuring microbial communities. Functional annotation analysis
demonstrated significant differences between nearshore and offshore corals
in bacterial functional groups. Environmental stress significantly reduced
the complexity and connectivity of bacterial networks, and the abundances
of keystone taxa altered considerably. These results indicated that corals
could thrive nearshore through holobiont plasticity to cope with multiple
environmental stresses.

KEYWORDS
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Introduction

Reef-building stony corals are the basis for the formation of coral reef ecosystems, often
referred to as “holobionts” consisting of animal hosts, Symbiodiniaceae, as well as other
microbial partners, including bacteria, archaea, fungi, and viruses (Rosenberg et al., 2007;
Peixoto et al., 2017). Collaborative relationships between various partners ensure the health
of holobiont under different environmental conditions, and research shows that intact coral
microbial communities are critical for coral immunity and health (Reshef et al., 2006;
Rosenberg et al., 2007). In addition, the nutrient exchanges between corals and their algal
symbionts enable coral reefs to survive in oligotrophic waters, and the autotrophic
photosynthesis of Symbiodiniaceae provides most of the daily metabolic energy
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requirements for coral hosts (LaJeunesse et al., 2018). Corals often
host different Symbiodiniaceae in response to changes in available
resources, which can confer resilience of their host to
environmental instability, leading to a more advantageous state,
critical for supporting coral survival (Rothig et al., 2020; Ros et al.,
2021). Other coral-associated microbes are widely studied, as they
have also been shown to provide essential contributions to coral
holobiont functioning (Reshef et al., 2006; Rosenberg et al., 2007).
Furthermore, coral-associated bacterial communities also
significantly enhance coral holobiont’s environmental resilience,
which is greatly influenced by different environmental parameters
(Rothig et al., 2020). Especially in potentially compromised corals,
the shift of bacterial communities is also an adaptive strategy that
can improve holobiont physiology and play a critical functional
role in maintaining nutrient cycling and supporting immunity
(Osman et al., 2020). Therefore, the microbiome is generally
thought to change its composition and function, thereby
facilitating host adaptation and ecological plasticity in adapting
corals to rapid environmental changes (Reshef et al., 2006; Torda
etal., 2017).

However, multiple stressors associated with climate change,
overfishing, and overexploitation may lower the resilience of
corals to environmental changes in coastal ecosystems (Kennedy
et al,, 2015; Hughes et al., 2017). Recently, more than 25% of
tropical coral reefs worldwide have been directly threatened by
pollution from land-based sources (Martinez-Escobar and
Mallela, 2019). In particular, the increasing flow of sewage into
coastal ecosystems, driven by growing coastal populations, can
lead to elevated nutrient concentrations that have detrimental
effects on corals (Ziegler et al., 2016). The unprecedented rate of
environmental change characterized by the Anthropocene has
prompted pioneering studies exploring the possible role of the
microbiome in coral holobiont plasticity (Biagi et al., 2020). It has
been suggested that host-microbiome flexibility contributes to
environmental robustness, while the underlying mechanisms
remain unclear (Ziegler et al., 2019). Climate and anthropogenic
stressors cause changes in the composition of coral bacterial
communities, impairing the normal functioning of coral species
and making them susceptible to opportunistic infections (Paulino
etal.,, 2017). Despite the disturbance of pollution and development
along the coast, some corals still can survive under conditions far
from their natural habitat, which has invited scrutiny by scientists
aiming to understand better how these corals respond to these
conditions (Roitman et al., 2020). Therefore, it is essential to
understand the effects of these stressors on the key members of
holobionts. However, the extent to which microbial communities
contribute to adapting coral hosts in a changing environment
remains unknown (Hall et al., 2018). Coral microbial communities
can be used as biomarkers of coral health and in response to
environmental perturbations. Understanding how stressors alter
the coral microbiome enables early management interventions in
coastal coral ecosystems (Glasl et al., 2019; Roitman et al., 2020).

Coral reefs in the South China Sea (SCS) are distributed in
areas ranging from nearshore coast to uninhabited, remote regions

Frontiers in Microbiology

02

10.3389/fmicb.2022.1052776

(Liao et al., 2021). Therefore, they provide a unique opportunity
to investigate the relationship of coral holobionts to environmental
disturbances. Galaxea fascicularis is widely distributed in the
Indo-Pacific region, and it is an essential ecological and dominant
species in the SCS (Zhou et al., 2017; Zhu et al., 2022a). Due to its
resistance to environmental changes and stress, it can be used as
an important model organism to study the response mechanism
of coral holobionts to the environment. Furthermore, the
development of high-throughput sequencing technologies has
enhanced the understanding of the coral microbiome field.
Previous studies have shown that temperature drives the local
acclimatization of Symbiodiniaceae community structures hosted
by G. fascicularis (Tong et al., 2017; Zhou et al., 2017). Meanwhile,
the microbiome assemblages of G. fascicularis and other reef-
building corals collected from different biogeographic regions of
SCS are compared (Li et al., 2013; Cai et al,, 2018). To better
understand the potential impact of nearshore on the health and
survival of corals and test whether microbial regulation supports
the broad tolerance of disturbance in multiple stressor scenarios,
we collected samples of Galaxea fascicularis from nearshore and
offshore (less disturbed) sites to investigate microbial communities
(Symbiodiniaceae and bacteria) and explore their relationship
with environmental factors.

Materials and methods
Study area

Hainan Island is located on the tropical northern edge of the
Indo-Pacific Ocean in the SCS (18°09'-20°10" N and 108°37'-
111°03" E; Figure 1), near the Coral Triangle, which is recognized
as the center of coral reef biodiversity (Dong et al., 2017). Its
environmental settings, including shallow water depths, tropical
temperatures, and ample sunlight, are optimal for coral reef
growth, and coral reefs are found on the island’s adjacent shores
(Roder et al, 2013). However, Hainan Island has been
overdeveloped since it became an international tourism island
(Jiang et al., 2017). The process of coastal urbanization of Hainan
Island has accelerated, sewage discharge, aquaculture effluents,
and urban runoff have increased, and a large number of nutrients
and organic matter have been discharged, leading to serious
eutrophication and pollution to the coastal waters (Herbeck et al.,
2013; Jiang et al., 2017). Since the 1980s, at least 50% of the
marginal coral reefs on Hainan Island have been damaged by
human activities, such as widespread coastal development and
habitat destruction, and the live coral cover of the coastal reefs
has declined severely (Hughes et al., 2013). Xisha Islands
(15°40'N ~17°10°N, 110°E ~ 113°E) is located in the northwest of
the SCS, about 300 to 400 kilometers away from Hainan Island.
These tropical coral reefs of the Paracel Islands, including many
atolls and/or island reefs in the central SCS, are very suitable for
coral growth and development (Qin et al., 2019). In contrast, as
far-sea islands far away from their surrounding densely populated
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FIGURE 1
Study sites in Hainan Island (HN) and Xisha Islands (XS). HN represents typical nearshore coral reefs, and XS represents less-disturbed offshore
coral reefs.

continents, Xisha coral reefs are relatively less affected by human
activities and have well-developed oligotrophic tropical marine
coral reefs and relatively high species diversity (Qin et al., 2019).

Sample collection and environmental
parameters

From July to August 2021, the scleractinian coral G. fascicularis
remaining visually healthy was collected on the northwest coast of
Hainan Island and Xisha Islands in the SCS (Figure 1), and
samples of 18 and 14 colonies were collected, respectively
(Supplementary Table 1; Supplementary Figure 1). Coral
fragments were obtained from a depth range of 2-10 m by self-
contained underwater breathing apparatus diving (SCUBA) with
hammers and chisels in sterile bags, and all fragments were stored
at —20°C and transported to the laboratory. Each sample was
subsampled and divided into two parts, one for physiological
measurements and the other for DNA extraction. General
environmental parameters, including water temperature, salinity,
dissolved oxygen, pH, and turbidity, were determined according
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to the standard methods described in our previous study (Zhu
etal,, 2022a). Seawater samples were collected near coral samples,
filtered immediately (Whatman GF/F), and stored at low
temperatures. In the laboratory, dissolved nutrients (nitrite,
nitrate, ammonia, and phosphate) were determined using an
automatic nutrient analyzer, as previously described (Zhu
et al., 2022b).

Physiological analysis

The coral surface was rinsed with a Water-Pik containing
seawater (filtered through a 0.45-pm filter) until only the white
coral skeleton remained. The volume of the rinsed solution was
measured in a measuring cylinder, then 10ml of rinsed solution
was measured, and the number of zooxanthellae was counted and
recorded under a microscope using a blood cell counter (eight
repetitions; Fitt et al., 2000). For the analysis of total biomass, the
tissue homogenate was dried at 60°C for at least 24h and then
weighed, and the dry weight was recorded after 12h of constant-
temperature drying (Fitt et al., 2000). Subsequently, the specimens
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were burned in a muffle furnace at 500°C for at least 4h and
weighed. The ash weight was recorded after 12h of constant-
temperature drying, and the biomass content of coral was the
difference between weights before and after weighing. The coral
surface was wrapped with aluminum foil and weighed, and the
unit surface area of the coral was determined according to the
correlation between the aluminum foil weight and the surface area
(Zhu et al., 2022c). The final results were expressed as
zooxanthellae density (cells/cm?) and biomass (mg/cm?) per unit
of coral surface area.

Sequencing of symbiodiniaceae and
bacteria

Total DNA from 32 coral samples was extracted using the
Mobio Powerwater DNA extraction kit according to the
manufacturer’s instructions. The specific primers itsintfor2
(5’-GAATTGCAGAACTCCGTG-3") and ITS2 reverse (5-GG
GATCCATATGCTAAGTTCAGCGGGT-3") were used to for
amplifying the ITS variable region of Symbiodiniaceae rRNA gene
(Grottoli et al., 2004). The bacterial full-length 16S rRNA gene
was amplified using primers 27 f (5-AGGRGTTYGATYM
TGGCTCAG-3")and 1492 R (5'-RGYTACCTTGTTACGACTT-3’;
Pootakham et al., 2021). PCR amplification was performed using
GeneAmp® 9700 thermal cycle controller (Thermo Fisher
Scientific, United States) under the following conditions: 95°C for
30s, followed by 35 cycles of 95°C for 105, 60°C for 305, 72°C for
45s, and a final extension at 72°C for 10 min. According to the
standard protocol of Majorbio Biopharm Technology Co., Ltd.
(Shanghai, China), the GeneJET Gel Extraction Kit (Thermo
Scientific, United States) was used to purify PCR products. The
Symbiodiniaceae were sequenced using a 2 x 300 bp model on the
Mumina Miseq platform, and bacteria were sequenced using the
PacBio Sequel single-molecule real-time sequencing system.

The high-quality reads were clustered into operational
taxonomic units (OTUs) at 97% identification. BLASTn was used
to select the most abundant OTU sequences as representative
sequences for comparison with the ITS2 database (Shi et al.,
2021), and non-Symbiodiniaceae OTUs were removed. Bacterial
taxonomy was assigned by comparison with the Silva 16S rRNA
gene database (V138) using the Ribosomal Database Project
(RDP) classifier. Finally, OTU data were resampled to the lowest
sequence of Symbiodiniaceae and bacterial community for
downstream analysis.

Data analysis

All data analyses were performed in R version 4.0.3." Spatial
patterns in environmental parameters were analyzed by principal
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component analysis (PCA) and Student’s -test to determine the
spatial differences between the two regions. The Shannon index of
Symbiodiniaceae and bacteria was calculated in the “vegan”
package. After testing the data normality and homoscedasticity of
variances, the difference in diversity index between the two groups
was compared by t-test (p <0.05). Non-metric multidimensional
scaling (NMDS) and analysis of similarity (ANOSIM) based on
the Bray—Curtis dissimilarity index were performed to investigate
the patterns of microbial community structure. Community
similarity (1- dissimilarity of the Bray-Curtis distance) and
log-transformed data of geographic distance were used to study
the distance attenuation relationship (DDR). Based on the results
of the detrended correspondence analysis (DCA), Redundancy
analysis (RDA) was used to determine the association between the
communities and environmental factors (Lai et al., 2022). LEfSe
analysis was used to determine the biomarkers with different
abundances from the phylum to genus levels among groups. Based
on the microbial classification information, the potential bacterial
functions of different groups were predicted by the Functional
Annotation of Prokaryotic Taxa program (FAPROTAX) using the
default settings (Louca et al., 2016).

Finally, we constructed a species co-occurrence network
based on Spearmans correlation matrices. To reduce the rare
bacterial OTUs in the dataset, only the OTUs appearing in at least
half of the samples were retained (Barberdn et al., 2012). All paired
Spearman correlations of OTUs were calculated using the “Hmisc”
package. Robust correlations were considered valid when
Spearman’s correlation coefficient (r)>]0.7| and statistically
significant (p<0.01). Finally, the “igraph” package and Gephi
(v.0.9.2; https://gephi.org/) were used to build and visualize
co-occurrence networks (Csardi and Nepusz, 2005). The
topological characteristics of the network were described by
nodes, links, average path distance, average clustering coefficient,
and modularity (Zhu et al., 2022b). Sub-networks were generated
for each sample from the meta-community network by preserving
the OTUs presented in each site using the subgraph function in
the “igraph” package (Ma et al., 2016). Each sub-network was
grouped by sampling location, and the Wilcoxon rank-sum test
was used to identify different network-level topological features
between sampled regions. The nodes with a high degree were
identified as the keystone taxa in the co-occurrence network
(Banerjee et al., 2018). The linear regression analysis was used to
establish the relationship between environmental parameters and
bacterial diversity, co-occurrence topological features, and relative
abundance of keystone taxa.

Results

Environmental differences and coral
physiology

The PCA results and permutational multivariate analysis of
variance (PERMANOVA) showed that the environmental
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conditions of the northwest coast of Hainan Island and the Xisha
Islands were best differentiated (Figure 2A; p=0.001). Among
them, the mean temperature of seawater at the nearshore station
(HN) was 31.47+0.12°C, while the mean temperature at the
offshore station (XS) was 29.73 +0.15°C (Figure 2B). The salinity
in situ of HN (32.66 +0.06%o) was significantly lower compared
with XS (34.21+0.10%; p<0.001). The mean values of pH,
turbidity, ammonium, and nitrite at HN were significantly higher
compared with XS (8.30 vs. 8.12; 1.75 NTU vs. 0.20 NTU; 4.60
umol/L vs. 0.11 pmol/L; 0.05 pmol/L vs. 0.02 pmol/L; p <0.001).
For dissolved oxygen, nitrate, and phosphate contents, there was
no significant difference between the two sea areas. In general,
compared with the offshore coral reef sites in the Xisha Islands,
the temperature and water quality of the offshore coral reefs in
northwest Hainan were higher. It was worth noting that the
symbiont density (2.27 £0.23 -10° cells/cm?) in the healthy state
collected at the HN station was slightly higher compared with the
XS station (1.82+0.13 -10° cells/cm? Supplementary Figure 2).
The tissue biomass at HN (6.89 +0.54 mg/cm?) was slightly lower
compared with XS (8.11+0.76 mg/cm?). This was interesting
because there was no significant difference between the two in
different sea areas.

Symbiodiniaceae community
composition and driving factors

The symbiotic Symbiodiniaceae genotypes were analyzed by
Mumina high-throughput sequencing in Hainan Island and Xisha
Islands (HN: n=18; XS: n=14). After quality control, 465,889
sequences belonging to the Symbiodiniaceae family were identified,
and these high-quality sequences were clustered to form 25
Symbiodiniaceae OTUs. The Shannon index of Symbiodiniaceae
was lower in HN (0.36+0.04) compared with XS (0.55+0.15),
while there was no significant difference (Supplementary Figure 3A).
NMDS analysis indicated strong individual heterogeneity in
Symbiodiniaceae community composition but less separation
between HN and XS (ANOSIM: p >0.05; Supplementary Figure 3B).
The Symbiodiniaceae types of all coral samples were dominated by
ITS2 sequences from Durusdinium and Cladocopium. Among
them, D1 was the most prevalent type in the composition of the
Symbiodiniaceae of HN (62.27%) and XS (83.31%), followed by the
relative abundance of the second dominant species C1, which was
32.56 and 11.96%, respectively (Figure 3A). There was a significant
negative linear correlation between Symbiodiniaceae community
similarity and geographic distance (Figure 3B; R=—0.15, p<0.001).
Using the RDA of Symbiodiniaceae community composition and
the screened important influencing factors (F=3.735, p=0.007),
the two axis pairs could explain 41.79% of the overall variation in
the Symbiodiniaceae composition (Figure 3C). The results showed
that pH (14.2%), ammonium (10.15%), temperature (7.75%),
salinity (5.71%), and turbidity (3.98%) significantly affected the
Symbiodiniaceae community.

Frontiers in Microbiology

05

10.3389/fmicb.2022.1052776

Bacterial community composition and
changes in bacterial functional groups

At the family level (Figure 4A), the bacterial community of HN
corals was dominated by Pseudomonadaceae (>50%), followed by
Alcaligenaceae and Rhodobacteraceae (abundance >1%).
Interestingly, norank Cyanobacteria, Endozoicomonadaceae, and
Rhodobacteraceae were the dominant groups in the XS samples,
and the relative abundance was found to be significantly higher
compared with the HN samples. In addition, Pseudomonadaceae,
Stappiaceae, and Pseudoalteromonadaceae were also dominant
bacteria with a relative abundance higher than 1%. We further
used LEfSe analysis to identify environmental indicator
taxa in different regions (Supplementary Figure 4). The LDA
scores indicated that HN coral samples were rich in Pseudomonas,
Alcaligenaceae, Burkholderiales, and Coxiellaceae. Cyanobacteria,
Rhizobiales,
Cytophagales, Vibrionales, Acidimicrobiia, Actinobacteriota,

Endozoicomonadaceae, Alteromonadales,
Vibrio, Pseudoalteromonadaceae, Burkholderiaceae, Ralstonia,
Flavobacteriales and Rhodobacteraceae were enriched in XS
coral samples.

Based on FAPROTAX functional database, bacterial
functions of different stations were identified. PCA results showed
significant differences in microbial functional characteristics
between HN and XS samples (Supplementary Figure 5A). In
general, aerobic chemoheterotrophy and chemoheterotrophy
were the main functional groups in all samples, with a relative
abundance of more than 20%, especially higher in HN samples
than XS (Figure 4A). In addition, the main functions with a
relative abundance higher than 1% included denitrification,
nitrate respiration, nitrogen respiration, nitrite respiration, nitrite
denitrification, nitrous oxide denitrification, and nitrate
denitrification, and their abundance in HN was significantly
higher compared with XS. Finally, we found that these functional
groups were significantly positively correlated with temperature,
turbidity, and ammonium concentration but significantly

negatively correlated with salinity (Supplementary Figure 5B).

Bacterial community associated with
environmental factors

The Shannon diversity index of coral-associated bacteria
was significantly lower at HN compared with XS (t=6.35,
p<0.001; Supplementary Figure 6A). NMDS analysis revealed
a significant difference in bacterial communities between
HN and XS samples (PERMANOVA: R*=0.35, p<0.001;
Supplementary Figure 6B), and the distances between samples
within the HN group were more dispersed (ANOSIM:
R=0.743, p=0.001). The bacterial Shannon diversity index was
significantly decreased with increasing temperature, turbidity,
and ammonium content but increased with increasing salinity
(Figure 5A). A distance decay pattern of similarity was found
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in bacterial communities, where the composition similarity of overall results of RDA were significant for the coral bacterial
the communities was significantly decreased with increasing community (F=3.23, p=0.001). The RDA results showed that
geographic distance (R=-0.53, p<0.001; Figure 5B). The explanatory variables accounted for 58.2% of the total
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variation, among which salinity (11.66%), temperature (9.15%),
ammonium (8.69%), turbidity (7.25%), nitrite (3.68%), and pH
(3.24%) could significantly affect the coral bacterial community
(Figure 5C).

Bacterial co-occurrence network and
influencing factors

Based on strong and significant correlations, we constructed
a network pattern of coral bacterial co-occurrence (Figure 6A).
A total of 62 nodes and 124 edges were found. The average path
length was 2.554 edges, the clustering coefficient was 0.647, and
the modularity was 0.590 (Supplementary Figure 7A).
We further examined the bacterial sub-network topological
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features and influencing factors. The results of the Wilcoxon
rank-sum test showed that the scale (number of nodes and
edges), connectivity (average path length and clustering
coefficient), and modularity of the XS bacterial network were
higher compared with HN (p <0.05). Moreover, these parameters
were significantly positively correlated with bacterial diversity
(alpha and beta diversity) and salinity but significantly negatively
correlated with temperature, turbidity, and ammonium
(Figure 6B). The “hubs” that often appear in network
analysis usually refer to the species with a high mean degree
in the community. We could identify the members of
Pseudomonadaceae, Alcaligenaceae, Rhizobiaceae, and
Cyanobacteria as keystone taxa. Further analysis found that
these taxa were significantly correlated with environmental

factors (Supplementary Figure 7B).
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Discussion differences in coral zooxanthellae density and tissue biomass
between different sea areas (Supplementary Figure 2), which

PhYSIOlOgy tolerance of inshore coral might be explained by the following aspects. During the study
and speciﬁcity of dinoflagellate period, offshore coral reefs had low turbidity and oligotrophic
communities conditions, which might limit the reproduction of symbionts, and
the high light intensity of solar radiation might lead to a decreased

Previous studies have shown that zooxanthellae density and zooxanthellae density (Qin et al.,, 2019). In contrast, offshore
tissue biomass are good indicators of coral health status and corals in Hainan Island were at moderate nutrient concentrations
environmental stress tolerance (Fitt et al., 2000; Wooldridge, (DIN: < 10pmol L™, DIP: < 0.35pumolL™"), and the abundant
2014). Through the in-situ measurement of environmental data, inorganic nitrogen content stimulated the symbiotic algae to
we found that the water temperature, nutrients, and turbidity of utilize nutrients for their growth and reproduction (Wiedenmann
offshore coral reefs in Hainan Island were higher compared with et al., 2013). Therefore, despite elevated temperatures on the
Xisha Islands (Figure 2). However, there were no significant nearshore, moderate nutrient concentrations can provide
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physiological benefits to coral health and mitigate the adverse
effects of these stressors (Dobson et al., 2021; Zhu et al., 2021). The
environments of inshore and offshore corals differed markedly,
while the physiology of the corals suggested that they had broader
resistance and physiological plasticity.

The flexibility of host-endosymbiont associations is a strategy
for corals to survive across biogeographical regions and specific
local environmental stresses (Osman et al., 2020). Durusdinium
(D1) and Cladocopium (C) were the primary symbiotic algae in
this study (Figure 3A), which was consistent with previous studies
(Zhu et al, 2021). In general, Durusdinium is assumed to
withstand stress because it can exist in coral reef habitats with high
environmental disturbances (e.g., fluctuations in temperature,
salinity, nutrients, or sediments; Chen et al., 2005; Kennedy et al.,
2015). In particular, prolonged exposure to tropical environments
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forces corals to associate with the prominent thermotolerant clade
D1, making them more resistant to heat stress (Hume et al., 2016).
Furthermore, clade C1 is also the most prevalent symbiont in
many Symbiontaceae communities, associated with corals that
survive in high temperatures and intense light (Ng and Ang, 2016;
Moghaddam et al., 2018). C1 usually provides the host with a
higher amount of carbon and growth rate, which increases the
physiological resistance and plasticity to enhance the fitness of the
host (Cantin et al., 2009). In addition, low symbiotic diversity in
Hainan Island is also a cost-effective adaptation strategy to cope
with highly fluctuating suboptimal environmental conditions in
disturbed inshore coral reefs (Ng and Ang, 2016).

Previous studies have shown that stressful environments can
exert strong selective pressure on corals, which select only specific
well-adapted symbiotic lineages, reducing their symbionts (Saad
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et al,, 2022). We found a significant negative linear relationship
between Symbiodiniaceae community similarity and geographic
distance (Figure 3B), which might be related to their dependence
on ocean currents for dispersal and limited by geographic distance
(Wiedenmann et al., 2013). Environmental conditions are known
to shape the distribution patterns of symbionts at larger spatial
scales (Ziegler et al, 2017a), with the temperature being the
primary factor driving the coral-symbiont association in the
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tropical SCS (Tong et al., 2017). Other environmental factors
(especially nutrients and turbidity) can also be the main factors
affecting the spatial distribution of Symbiodiniaceae (Figure 3C),
suggesting that human activities also affect the symbiotic
association (Gong et al., 2018). In particular, G. fascicularis
appears to be parasitizing more adaptive symbiotic algal
populations in tropical coral reefs, both inshore and offshore,
which may help them dominate future climate change.
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High plasticity of habitat-associated
bacteria

Corals have highly diverse bacterial distributions in each
habitat, and we found that bacterial indicator species containing
high relative abundances were significantly associated with
habitat. The dominant bacteria in HN coral samples were
Pseudomonadaceae, Alcaligenaceae, and Rhodobacteraceae,
while norank Cyanobacteria, Endozoicomonadaceae,
Rhodobacteraceae, Pseudomonadaceae, Stappiaceae, and
Pseudoalteromonadaceae were the dominant bacteria in XS coral
samples (Figure 4). These dominant taxa are all coral symbionts
that have been reported in previous studies and involved in the
production of antipathogenic compounds in trophic pathways
(i.e., nitrogen fixation, organic carbon degradation, and the
cycling of Dimethylsulfoniopropionate and dimethylsulfide;
Lesser et al., 2004; Raina et al., 2010; Lema et al., 2014; Neave et al.,
2017; Bernasconi et al., 2019; Maire et al., 2021). LDA scores
suggested that inshore corals were enriched in taxa, such as
Pseudomonas of Pseudomonadaceae and Alcaligenaceae of
Burkholderiale (Supplementary Figure 4), and the high abundance
of these bacteria might indicate thermal anomalies and trophic
environments in the waters surrounding Hainan Island. Among
them, Pseudomonas is an N-cycling bacterium associated with the
denitrification process and is involved in DMSP/DMS metabolism,
possibly enabling corals to cope with increased oxidative stress in
symbiotic algae (Raina et al., 2010). In addition, the dominant
Pseudomonas on nearshore is considered to be the indicator
microorganism for algae-dominated coral reefs (Kelly et al., 2014).
Burkholderia is ubiquitous in the microbial niches of various coral
species and is involved in various nitrogen metabolism processes
(Ainsworth Tracy et al., 2015; Berkelmann et al, 2020).
Burkholderia is also known for its potential to degrade phenolic
and aromatic compounds in the environment (Pérez-Pantoja
et al.,, 2012), which may be related to anthropogenic pollution in
coastal coral reefs in Hainan. In addition, these bacteria may adapt
to ammonium concentrations through nitrification and
denitrification processes, providing some beneficial functions in
connection with tolerance patterns in coastal corals (Peixoto
etal., 2017).

Our indicator species supported the concept of local
domestication (Osman et al., 2020), and the offshore sites
contained more significantly related bacterial taxa, including
Cyanobacteria, Rhizobiaceae, Vibrio, Ralstonia, and Stappiaceae.
These bacteria are known to fix nitrogen, produce ammonia, and
participate in the carbon and ammonia cycle, which may provide
the coral with essential functions, such as fixing nutrients in the
nutrient-poor Xisha coral reef waters (Chimetto et al., 2008; Lema
et al.,, 2014; Ainsworth Tracy et al., 2015; Bernasconi et al., 2019).
Endozoicomonadaceae, the other dominant group in Xisha
Islands, are presumed beneficial bacteria related to global coral
health (Dunphy et al., 2019). They have potential functions in the
carbohydrate cycle, nitrogen cycle, heat stress protection, and
antibacterial activity, which can help corals adapt to the
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environment of high radiation and low nutrition in the Xisha
Islands (Damjanovic et al.,, 2020). Rhodobacteraceae is generally
considered a member of the coral microbiome, which is usually
related to the nitrogen, carbon, and sulfur cycles in corals (Lesser
et al,, 2018; Pootakham et al., 2021). They can also produce and
significantly regulate reactive oxidative species (ROS) in their
surroundings, which may play a key role in improving the
resistance of the whole organism to heat stress (Osman et al.,
2020). Interestingly, although Vibrio, Rhizobacteriaceae, and
Rhodobacteriaceae are symbiotic and opportunistic coral
pathogens, they are also thought to play a role in the nutrient
cycling of the holobionts under normal conditions (Ainsworth
Tracy et al., 2015; Pootakham et al., 2021). In summary, those
bacteria involved in nitrogen fixation and recycling play a
potential role in host nutrient metabolism and are critical in
maintaining symbiont stability in an oligotrophic environment.

Effects of environment on bacterial
community and ecological function

Coral-associated bacterial alpha diversity may be increased
due to regional and global stressors, and stressful events appear to
disrupt microbiome function (McDevitt-Irwin et al., 2017).
Similarly, the bacterial alpha diversity was significantly decreased
with increasing temperature, turbidity, and ammonium content in
this study (Figure 5). Loss of beneficial bacterial diversity possibly
affected the resilience of coral holobiont to buffer the impacts of
environmental perturbations since reduced bacterial diversity is
known to diminish the ability of corals to resist infection,
assimilate nutrients, and maintain the aggregate function (Pollock
et al,, 2019). At the same time, increased dispersion of bacterial
communities was found among corals in the nearshore
environment compared with the more stable communities in
offshore corals, which was consistent with the Anna Karenina
principle that stressors lead to unstable community states
(Zaneveld et al., 2017). Coral bacterial communities change with
fluctuations in environmental conditions (e.g., temperature,
salinity, and nutrient availability; McDevitt-Irwin et al., 2017).
Consistent with our results, temperature and salinity are important
factors in determining bacterial community in a variety of
previous reports (Rothig et al., 2016; Ziegler et al., 2017b). The
coral reefs located in nearshore regions are affected by human
activities. Thus, surrounding eutrophication was also the main
environmental driver of coral-associated bacterial community
structure (Staley et al., 2017; Ziegler et al., 2019). In addition to
reef habitat-related environmental factors, we also found
significant distance-decay relationships in bacterial communities
(Figure 5). For example, the characteristics of coral-related
bacterial communities in an urbanized marine environment show
great differences in a small geographical range, and the water flow
and wind direction affect the observed differences in the bacterial
community (Wainwright et al., 2019). These results suggest that
regional processes, such as dispersal limitation and environmental
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heterogeneity, play an essential role in structuring coral microbial
communities (Dunphy et al., 2019).

Functional prediction analysis showed that the carbon cycle
and nitrogen cycle were the main functional groups in all samples
(Figure 4), which was consistent with the above-mentioned results
of potential function analysis of dominant and indicator species.
These results further suggested that although environmental stress
reduced bacterial diversity and changed community structure, the
critical functions of symbionts always existed. The flexibility of the
microbiome is considered to be related to the fact that high
community diversity and/or functional redundancy within the
bacterial community can promote the retention of essential
functions under pressure even if the composition of the bacterial
community changes (Voolstra and Ziegler, 2020). Interestingly,
the abundance of these functions in nearshore samples was
significantly higher, and the changes in specific bacterial
population functional groups were particularly related to the
environmental impacts, such as nutrients, temperature, and
turbidity (Supplementary Figure 5). It is expected that local
environmental conditions will select specific metabolic pathways
in microorganisms that play an essential role in coral health, and
the metabolic potential of microbial communities is most closely
related to location (Kelly et al., 2014). Supported by measurable
coral physiological indicators and predictive functions, the
microbiome reorganization caused by environmental changes in
this study might support the probiotic hypothesis (Reshef et al.,
2006). G. fascicularis exhibits a high degree of plasticity and
flexibility in bacterial communities under environmental changes,
which can counteract possible negative dysbiosis and influence
coral health (Ziegler et al., 2019).

Nearshore environment reduces the
complexity of bacterial network and
changes the abundance of keystone
species

Microbial networks provide insights into complex biological
interactions and their response to environmental factors
(Barberdn et al., 2012; Morrién et al., 2017). Our study emphasized
how environmental gradients affected the network structure of
coral-associated bacteria, and the network became simpler with
the increase in temperature, turbidity, and nutrients (Figure 6). It
has been reported that high temperature changes the mode of
microbial interaction (Zhu et al., 2022c), and the coral reef
network that is more vulnerable to organic pollution lacks
complexity (Leite et al., 2018), which is consistent with the
findings in this study. The availability of nutrients in offshore
seawater was decreased, and the coral bacterial network in the
oligotrophic environment became more complex, which might
enhance the stronger cooperation and nutritional interaction
between coral microbial functional groups (Rottjers and Faust,
2018). Network connectivity plays a vital role in microbiome
stability and ecosystem versatility, and higher connectivity is
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considered a rapid response to environmental changes (Morrién
et al, 2017). The simpler network structure and smaller
connectivity in nearshore coral reduced the efficiency of resource
and information transfer, which was detrimental to the coral host’s
nutrient use efficiency and ability to cope with environmental
fluctuations.

Meanwhile, the complexity and connectivity of the network
are generally positively correlated with the stability of the
community (Mougi and Kondoh, 2012), which is further
supported by the evidence in this study that the network module
indicator was lower in a nearshore environment. In addition, the
modularization of the microbial co-occurrence network not only
reflects the stability of microbial communities but also determines
the complementarity and redundancy of microbial groups
(Allison and Martiny, 2008; Hernandez et al., 2021). In this sense,
the higher complexity of the offshore network might indicate that
the coral microbiome was more resistant to environmental
stresses. We observed a positive correlation between bacterial o
and p diversity and microbial network complexity and connectivity
(Figure 6). Environmental perturbations might reduce the
bacterial diversity of inshore corals, thus affecting network
complexity and stability. This finding suggested that microbial
interactions could contribute to microbial community
diversification by acting as a selective force. Therefore, intrinsic
factors, such as microbe-microbe interactions, are also potential
major drivers of coral microbial community structure and
holobiont homeostasis.

Key microbial taxa are highly related taxonomic groups that
may confer greater biological connectivity to communities and
can serve as indicators of community shifts (Herren and
McMahon, 2018; Wagg et al., 2019). Our results showed that
keystone taxa had critical ecological functions in the microbial
community (Supplementary Figure 7). Pseudomonadaceae have
different abilities important to corals (Leite et al., 2017). Various
members of the order Rhizobacteria and Burkholderia have
been identified as key taxa in diverse ecosystems, and these
bacteria are known to play critical roles in nitrification and
nitrogen fixation (Banerjee et al., 2018). Photosynthetic bacteria
(cyanobacteria) can facilitate the survival of corals in
oligotrophic environments by supplying nitrogen and carbon to
coral reefs (Lesser et al., 2004). In our present study, network
topological features and key taxa were significantly associated
with environmental factors (Supplementary Figure 7). The key
taxa identified here served as indicators of coral responses to
environmental changes, given their marked reactions to the
environment and their essential roles in microbial structure and
function (Banerjee et al., 2019). Overall, coral bacteria closely
related to carbon, nitrogen, and sulfur cycles were identified as
keystone species, suggesting that the environment altered
microbially mediated biogeochemical cycles, thereby affecting
the physiological state of corals. Therefore, it could be inferred
that shifts in coral symbiotic bacterial interactions and keystone
species were also essential for coral hosts to cope with nearshore
stress environments.
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Conclusion

As climate change and local pollution continue to devastate
marine environments, it is vital to understand the local
acclimatization of coral holobionts in response to multiple
stressors. In the present study, we revealed the environmental
flexibility and ecological adaptation of Galaxea fascicularis
from a microbial perspective. First, complex nearshore
environment suggested high physiological plasticity to support
coral tolerance to environmental stress. Second, coral had low
Symbiodiniaceae diversity and generalist symbionts to cope
with the local suboptimal-environmental conditions. Third,
flexibility in the coral-associated bacteria appeared to
contribute to holobiont function and underpin the robustness
of this broadly distributed coral. Finally, bacterial networks
exhibited lower complexity and associativity in stressful
environments but induced changes in keystone taxa supporting
carbon and nitrogen cycling. Therefore, our results provided
new insights into the response of coral holobiont to various
stressors and highlighted the need to evaluate their
consequences for coral acclimatization.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found at: https://www.ncbi.nlm.nih.
gov/, PRJNA 810356, PRJNA855370, PRJNA855369, and
PRJNA 810598.

Author contributions

WZ: conceptualization, investigation, methodology, and
writing-original draft. MZ, XL, JX, HW, and RC: investigation. XL:
conceptualization, writing—review and editing, and supervision.
All authors contributed to the article and approved the
submitted version.

References

Ainsworth Tracy, D, Krause, L., Bridge, T., Torda, G., Raina, J., Zakrzewski, M.,
et al. (2015). The coral core microbiome identifies rare bacterial taxa as ubiquitous
endosymbionts. ISME J. 9, 2261-2274. doi: 10.1038/isme;j.2015.39

Allison, S. D., and Martiny, J. B. H. (2008). Resistance, resilience, and redundancy
in microbial communities. Proc. Natl. Acad. Sci. 105, 11512-11519. doi: 10.1073/
pnas.0801925105

Banerjee, S., Schlaeppi, K., and van der Heijden, M. G. A. (2018). Keystone taxa
as drivers of microbiome structure and functioning. Nat. Rev. Microbiol. 16,
567-576. doi: 10.1038/s41579-018-0024-1

Banerjee, S., Walder, E, Biichi, L., Meyer, M., Held, A. Y., Gattinger, A., et al.
(2019). Agricultural intensification reduces microbial network complexity and the
abundance of keystone taxa in roots. ISME J. 13, 1722-1736. doi: 10.1038/
$41396-019-0383-2

Barberan, A., Bates, S. T., Casamayor, E. O., and Fierer, N. (2012). Using network
analysis to explore co-occurrence patterns in soil microbial communities. ISME J.
6, 343-351. doi: 10.1038/ismej.2011.119

Frontiers in Microbiology

13

10.3389/fmicb.2022.1052776

Funding

This work was financially supported by the National Natural
Science Foundation of China (42076108, 42161144006 or
3511/21), the Natural Science Foundation of Hainan Province
(2021RC169), the Hainan Provincial Key Research and
Development Program (ZDYF2020177), and the Foundation of
Hainan University [KYQD(ZR)1805].

Acknowledgments

We are grateful for the assistance from Hainan Provincial

Ecological and Environmental Monitoring Centre in

the investigation.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1052776/
full#supplementary-material

Berkelmann, D., Schneider, D., Meryandini, A., and Daniel, R. (2020). Unravelling
the effects of tropical land use conversion on the soil microbiome. Environ. Micro.
15:5. doi: 10.1186/s40793-020-0353-3

Bernasconi, R., Stat, M., Koenders, A., and Huggett, M. J. (2019). Global networks
of symbiodinium-bacteria within the coral holobiont. Microb. Ecol. 77, 794-807. doi:
10.1007/500248-018-1255-4

Biagi, E., Caroselli, E., Barone, M., Pezzimenti, M., Teixido, N., Soverini, M., et al.
(2020). Patterns in microbiome composition differ with ocean acidification in
anatomic compartments of the mediterranean coral astroides calycularis living at
co2 vents. Sci. Total Environ. 724:138048. doi: 10.1016/j.scitotenv.2020.138048

Cai, L., Tian, R, Zhou, G., Tong, H., Wong, Y. H., Zhang, W., et al. (2018).
Exploring coral microbiome assemblages in the South China Sea. Sci. Rep. 8:2428.
doi: 10.1038/541598-018-20515-w

Cantin, N. E., van Oppen, M. ]. H., Willis, B. L., Mieog, J. C., and Negri, A. P.
(2009). Juvenile corals can acquire more carbon from high-performance algal
symbionts. Coral Reefs 28, 405-414. doi: 10.1007/s00338-009-0478-8

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1052776
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1052776/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1052776/full#supplementary-material
https://doi.org/10.1038/ismej.2015.39
https://doi.org/10.1073/pnas.0801925105
https://doi.org/10.1073/pnas.0801925105
https://doi.org/10.1038/s41579-018-0024-1
https://doi.org/10.1038/s41396-019-0383-2
https://doi.org/10.1038/s41396-019-0383-2
https://doi.org/10.1038/ismej.2011.119
https://doi.org/10.1186/s40793-020-0353-3
https://doi.org/10.1007/s00248-018-1255-4
https://doi.org/10.1016/j.scitotenv.2020.138048
https://doi.org/10.1038/s41598-018-20515-w
https://doi.org/10.1007/s00338-009-0478-8

Zhu et al.

Chen, C. A., Yang, Y., Wei, N. V., Tsai, W,, and Fang, L. (2005). Symbiont diversity
in scleractinian corals from tropical reefs and subtropical non-reef communities in
Taiwan. Coral Reefs 24, 11-22. doi: 10.1007/s00338-004-0389-7

Chimetto, L. A., Brocchi, M., Thompson, C. C., Martins, R. C. R., Ramos, H. R,,
and Thompson, E. L. (2008). Vibrios dominate as culturable nitrogen-fixing bacteria
of the brazilian coral mussismilia hispida. Syst. Appl. Microbiol. 31, 312-319. doi:
10.1016/j.syapm.2008.06.001

Csardi, G., and Nepusz, T. (2005). The igraph software package for complex
network research. Inter J. Comp. Sys. 1695, 1-9.

Damjanovic, K., Blackall, L. L., Peplow, L. M., and van Oppen, M. J. H. (2020).
Assessment of bacterial community composition within and among acropora
loripes colonies in the wild and in captivity. Coral Reefs 39, 1245-1255. doi: 10.1007/
s00338-020-01958-y

Dobson, K. L., Levas, S., Schoepf, V., Warner, M. E., Cai, W,, Hoadley, K. D., et al.
(2021). Moderate nutrient concentrations are not detrimental to corals under future
ocean conditions. Mar. Biol. 168:98. doi: 10.1007/s00227-021-03901-3

Dong, X., Huang, H., Zheng, N., Pan, A., Wang, S., Huo, C., et al. (2017).
Acidification mediated by a river plume and coastal upwelling on a fringing reef at
the east coast of Hainan island, northern South China Sea. J. Geophys. Res. Oceans
122, 7521-7536. doi: 10.1002/2017JC013228

Dunphy, C. M., Gouhier, T. C., Chu, N. D,, and Vollmer, S. V. (2019). Structure
and stability of the coral microbiome in space and time. Sci. Rep. 9:6785. doi:
10.1038/s41598-019-43268-6

Fitt, W. K., McFarland, E. K., Warner, M. E., and Chilcoat, G. C. (2000). Seasonal
patterns of tissue biomass and densities of symbiotic dinoflagellates in reef corals and
relation to coral bleaching. Limnol. Oceanogr. 45, 677-685. doi: 10.4319/10.2000.45.3.0677

Glasl, B., Bourne, D. G., Frade, P. R., Thomas, T., Schaffelke, B., and Webster, N. S.
(2019). Microbial indicators of environmental perturbations in coral reef
ecosystems. Microbiome 7:94. doi: 10.1186/s40168-019-0705-7

Gong, S., Chai, G., Xiao, Y., Xu, L., Yu, K, Li, J., et al. (2018). Flexible symbiotic
associations of symbiodinium with five typical coral species in tropical and
subtropical reef regions of the northern South China Sea. Front. Microbiol. 9:2485.
doi: 10.3389/fmicb.2018.02485

Grottoli, A. G., Rodrigues, L. J., and Juarez, C. (2004). Lipids and stable carbon
isotopes in two species of hawaiian corals, porites compressa and montipora
verrucosa, following a bleaching event. Mar. Biol. 145, 621-631. doi: 10.1007/
500227-004-1337-3

Hall, E. R., Muller, E. M., Goulet, T., Bellworthy, J., Ritchie, K. B., and Fine, M.
(2018). Eutrophication may compromise the resilience of the red sea coral
stylophora pistillata to global change. Mar. Pollut. Bull. 131,701-711. doi: 10.1016/j.
marpolbul.2018.04.067

Herbeck, L. S., Unger, D., Wu, Y., and Jennerjahn, T. C. (2013). Effluent, nutrient
and organic matter export from shrimp and fish ponds causing eutrophication in
coastal and back-reef waters of ne Hainan, tropical China. Cont. Shelf Res. 57,
92-104. doi: 10.1016/j.csr.2012.05.006

Hernandez, D. J., David, A. S., Menges, E. S., Searcy, C. A., and Afkhami, M. E.
(2021). Environmental stress destabilizes microbial networks. ISME J. 15,
1722-1734. doi: 10.1038/541396-020-00882-x

Herren, C. M., and McMahon, K. D. (2018). Keystone taxa predict compositional
change in microbial communities. Environ. Microbiol. 20, 2207-2217. doi:
10.1111/1462-2920.14257

Hughes, T. P, Barnes, M. L., Bellwood, D. R, Cinner, J. E., Cumming, G. S.,
Jackson, J. B. C,, et al. (2017). Coral reefs in the anthropocene. Nature 546, 82-90.
doi: 10.1038/nature22901

Hughes, T. P,, Huang, H., and Young, M. A. L. (2013). The wicked problem of
china's disappearing coral reefs. Conserv. Biol. 27, 261-269. doi:
10.1111/j.1523-1739.2012.01957.x

Hume, B. C. C,, Voolstra, C. R., Arif, C., Angelo, C. D, Burt, J. A,, Eyal, G, et al.
(2016). Ancestral genetic diversity associated with the rapid spread of stress-tolerant
coral symbionts in response to holocene climate change. Proc. Natl. Acad. Sci. 113,
4416-4421. doi: 10.1073/pnas.1601910113

Jiang, Z., Liu, S., Zhang, J., Zhao, C., Wu, Y., Yu, S., et al. (2017). Newly discovered

seagrass beds and their potential for blue carbon in the coastal seas of Hainan island,
South China Sea. Mar: Pollut. Bull. 125, 513-521. doi: 10.1016/j.marpolbul.2017.07.066

Kelly, L. W,, Williams, G. J., Barott, K. L., Carlson, C. A., Dinsdale, E. A,,
Edwards, R. A,, et al. (2014). Local genomic adaptation of coral reef-associated
microbiomes to gradients of natural variability and anthropogenic stressors. Proc.
Natl. Acad. Sci. 111, 10227-10232. doi: 10.1073/pnas.1403319111

Kennedy, E. V,, Foster, N. L., Mumby, P. J., and Stevens, J. R. (2015). Widespread
prevalence of cryptic symbiodinium d in the key caribbean reef builder, orbicella
annularis. Coral Reefs 34, 519-531. doi: 10.1007/s00338-015-1264-4

Lai, J., Zou, Y., Zhang, J., and Peres-Neto, P. R. (2022). Generalizing hierarchical
and variation partitioning in multiple regression and canonical analyses using the
rdacca.Hp r package. Methods Ecol. Evol. 13,782-788. doi: 10.1111/2041-210X.13800

Frontiers in Microbiology

14

10.3389/fmicb.2022.1052776

LaJeunesse, T. C., Parkinson, J. E., Gabrielson, P. W,, Jeong, H. J., Reimer, J. D.,
Voolstra, C. R., et al. (2018). Systematic revision of symbiodiniaceae highlights the
antiquity and diversity of coral endosymbionts. Curr. Biol. 28, 2570.e6-2580.e6. doi:
10.1016/j.cub.2018.07.008

Leite, D. C. A, Ledo, P, Garrido, A. G, Lins, U, Santos, H. E, Pires, D. O,, et al.
(2017). Broadcast spawning coral mussismilia hispida can vertically transfer its
associated bacterial core. Front. Microbiol. 8:176. doi: 10.3389/fmicb.2017.00176

Leite, D. C. A., Salles, J. E, Calderon, E. N., Castro, C. B., Bianchini, A.,
Marques, J. A., et al. (2018). Coral bacterial-core abundance and network complexity
as proxies for anthropogenic pollution. Front. Microbiol. 9:833. doi: 10.3389/
fmicb.2018.00833

Lema, K. A., Bourne, D. G., and Willis, B. L. (2014). Onset and establishment of
diazotrophs and other bacterial associates in the early life history stages of the coral
acropora millepora. Mol. Ecol. 23, 4682-4695. doi: 10.1111/mec.12899

Lesser, M. P,, Mazel, C. H., Gorbunov, M. Y., and Falkowski, P. G. (2004).
Discovery of symbiotic nitrogen-fixing cyanobacteria in corals. Science 305,
997-1000. doi: 10.1126/science.1099128

Lesser, M. P, Morrow, K. M., Pankey, S. M., and Noonan, S. H. C. (2018).
Diazotroph diversity and nitrogen fixation in the coral stylophora pistillata from the
great barrier reef. ISME J. 12, 813-824. doi: 10.1038/s41396-017-0008-6

Li, J., Chen, Q. Zhang, S., Huang, H., Yang, J., Tian, X,, et al. (2013). Highly
heterogeneous bacterial communities associated with the South China Sea reef
corals porites lutea, galaxea fascicularis and acropora millepora. PLoS One 8:¢71301.
doi: 10.1371/journal.pone.0071301

Liao, Z., Yu, K., Chen, B., Huang, X, Qin, Z., and Yu, X. (2021). Spatial distribution
of benthic algae in the South China Sea: responses to gradually changing
environmental factors and ecological impacts on coral communities. Divers. Distrib.
27,929-943. doi: 10.1111/ddi.13243

Louca, S., Parfrey, L. W., and Doebeli, M. (2016). Decoupling function and
taxonomy in the global ocean microbiome. Science 353, 1272-1277. doi: 10.1126/
science.aaf4507

Ma, B., Wang, H., Dsouza, M., Lou, J., He, Y., Dai, Z,, et al. (2016). Geographic
patterns of co-occurrence network topological features for soil microbiota at
continental scale in eastern China. ISME J. 10, 1891-1901. doi: 10.1038/
ismej.2015.261

Maire, J., Girvan, S. K., Barkla, S. E., Perez-Gonzalez, A., Suggett, D. J.,
Blackall, L. L., et al. (2021). Intracellular bacteria are common and taxonomically
diverse in cultured and in hospite algal endosymbionts of coral reefs. ISME J. 15,
2028-2042. doi: 10.1038/s41396-021-00902-4

Martinez-Escobar, D. F, and Mallela, J. (2019). Assessing the impacts of phosphate
mining on coral reef communities and reef development. Sci. Total Environ. 692,
1257-1266. doi: 10.1016/j.scitotenv.2019.07.139

McDevitt-Irwin, J. M., Baum, J. K., Garren, M., and Vega Thurber, R. L. (2017).
Responses of coral-associated bacterial communities to local and global stressors.
Front. Mar. Sci. 4:262. doi: 10.3389/fmars.2017.00262

Moghaddam, S., Shokri, M. R., and Rajabi-Maham, H. (2018). Clade ¢
symbiodinium in dominant sea anemones off geshm and hengam islands in the
northern persian gulf, Iran. Reg. Stud. Mar. Sci. 24, 10-16. doi: 10.1016/j.
rsma.2018.06.009

Morrién, E., Hannula, S. E., Snoek, L. B., Helmsing, N. R., Zweers, H., de
Hollander, M., et al. (2017). Soil networks become more connected and take up
more carbon as nature restoration progresses. Nat. Commun. 8:14349. doi: 10.1038/
ncomms14349

Mougi, A., and Kondoh, M. (2012). Diversity of interaction types and ecological
community stability. Science 337, 349-351. doi: 10.1126/science.1220529

Neave, M. J., Rachmawati, R., Xun, L., Michell, C. T., Bourne, D. G., Apprill, A.,
et al. (2017). Differential specificity between closely related corals and abundant
endozoicomonas endosymbionts across global scales. ISME J. 11, 186-200. doi:
10.1038/ismej.2016.95

Ng, T. Y., and Ang, P. (2016). Low symbiont diversity as a potential adaptive
strategy in a marginal non-reefal environment: a case study of corals in Hong Kong.
Coral Reefs 35, 941-957. doi: 10.1007/s00338-016-1458-4

Osman, E. O., Suggett, D. J., Voolstra, C. R,, Pettay, D. T, Clark, D. R,
Pogoreutz, C., et al. (2020). Coral microbiome composition along the northern red
sea suggests high plasticity of bacterial and specificity of endosymbiotic
dinoflagellate communities. Microbiome 8:8. doi: 10.1186/540168-019-0776-5

Paulino, G. V. B,, Broetto, L., Pylro, V. S., and Landell, M. E. (2017). Compositional
shifts in bacterial communities associated with the coral palythoa caribaecorum due
to anthropogenic effects. Mar. Pollut. Bull. 114, 1024-1030. doi: 10.1016/j.
marpolbul.2016.11.039

Peixoto, R. S., Rosado, P. M., Leite, D. C. D. A., Rosado, A. S., and
Bourne, D. G. (2017). Beneficial microorganisms for corals (bmc): proposed
mechanisms for coral health and resilience. Front. Microbiol. 8:341. doi: 10.3389/
fmicb.2017.00341

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1052776
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s00338-004-0389-7
https://doi.org/10.1016/j.syapm.2008.06.001
https://doi.org/10.1007/s00338-020-01958-y
https://doi.org/10.1007/s00338-020-01958-y
https://doi.org/10.1007/s00227-021-03901-3
https://doi.org/10.1002/2017JC013228
https://doi.org/10.1038/s41598-019-43268-6
https://doi.org/10.4319/lo.2000.45.3.0677
https://doi.org/10.1186/s40168-019-0705-7
https://doi.org/10.3389/fmicb.2018.02485
https://doi.org/10.1007/s00227-004-1337-3
https://doi.org/10.1007/s00227-004-1337-3
https://doi.org/10.1016/j.marpolbul.2018.04.067
https://doi.org/10.1016/j.marpolbul.2018.04.067
https://doi.org/10.1016/j.csr.2012.05.006
https://doi.org/10.1038/s41396-020-00882-x
https://doi.org/10.1111/1462-2920.14257
https://doi.org/10.1038/nature22901
https://doi.org/10.1111/j.1523-1739.2012.01957.x
https://doi.org/10.1073/pnas.1601910113
https://doi.org/10.1016/j.marpolbul.2017.07.066
https://doi.org/10.1073/pnas.1403319111
https://doi.org/10.1007/s00338-015-1264-4
https://doi.org/10.1111/2041-210X.13800
https://doi.org/10.1016/j.cub.2018.07.008
https://doi.org/10.3389/fmicb.2017.00176
https://doi.org/10.3389/fmicb.2018.00833
https://doi.org/10.3389/fmicb.2018.00833
https://doi.org/10.1111/mec.12899
https://doi.org/10.1126/science.1099128
https://doi.org/10.1038/s41396-017-0008-6
https://doi.org/10.1371/journal.pone.0071301
https://doi.org/10.1111/ddi.13243
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1038/ismej.2015.261
https://doi.org/10.1038/ismej.2015.261
https://doi.org/10.1038/s41396-021-00902-4
https://doi.org/10.1016/j.scitotenv.2019.07.139
https://doi.org/10.3389/fmars.2017.00262
https://doi.org/10.1016/j.rsma.2018.06.009
https://doi.org/10.1016/j.rsma.2018.06.009
https://doi.org/10.1038/ncomms14349
https://doi.org/10.1038/ncomms14349
https://doi.org/10.1126/science.1220529
https://doi.org/10.1038/ismej.2016.95
https://doi.org/10.1007/s00338-016-1458-4
https://doi.org/10.1186/s40168-019-0776-5
https://doi.org/10.1016/j.marpolbul.2016.11.039
https://doi.org/10.1016/j.marpolbul.2016.11.039
https://doi.org/10.3389/fmicb.2017.00341
https://doi.org/10.3389/fmicb.2017.00341

Zhu et al.

Pérez-Pantoja, D., Donoso, R., Agullo, L., Cérdova, M., Seeger, M., Pieper, D. H.,
et al. (2012). Genomic analysis of the potential for aromatic compounds
biodegradation in burkholderiales. Environ. Microbiol. 14, 1091-1117. doi:
10.1111/j.1462-2920.2011.02613.x

Pollock, E. J., Lamb, J. B, van de Water, J. A. J. M., Smith, H. A., Schaffelke, B.,
Willis, B. L., et al. (2019). Reduced diversity and stability of coral-associated
bacterial communities and suppressed immune function precedes disease onset in
corals. R. Soc. Open Sci. 6:190355. doi: 10.1098/r50s.190355

Pootakham, W., Mhuantong, W., Yoocha, T., Sangsrakru, D., Kongkachana, W.,
Sonthirod, C., et al. (2021). Taxonomic profiling of symbiodiniaceae and bacterial
communities associated with indo-pacific corals in the gulf of Thailand using pacbio
sequencing of full-length its and 16s rrna genes. Genomics 113, 2717-2729. doi:
10.1016/}.ygeno.2021.06.001

Qin, Z., Yu, K., Chen, B., Wang, Y., Liang, J., Luo, W,, et al. (2019). Diversity of
symbiodiniaceae in 15 coral species from the southern South China Sea: potential
relationship with coral thermal adaptability. Front. Microbiol. 10:2343. doi: 10.3389/
fmicb.2019.02343

Raina, J., Dinsdale, E. A., Willis, B. L., and Bourne, D. G. (2010). Do the organic
sulfur compounds dmsp and dms drive coral microbial associations? Trends
Microbiol. 18, 101-108. doi: 10.1016/j.tim.2009.12.002

Reshef, L., Koren, O., Loya, Y., Zilber-Rosenberg, I., and Rosenberg, E. (2006). The
coral probiotic hypothesis. Environ. Microbiol. 8, 2068-2073. doi: 10.1111/
j.1462-2920.2006.01148.x

Roder, C., Wu, Z., Richter, C., and Zhang, J. (2013). Coral reef degradation and
metabolic performance of the scleractinian coral porites lutea under anthropogenic
impact along the ne coast of Hainan island, South China Sea. Cont. Shelf Res. 57,
123-131. doi: 10.1016/j.csr.2012.11.017

Roitman, S., Loépez-Londofo, T., Joseph Pollock, E, Ritchie, K. B,
Galindo-Martinez, C. T., Gémez-Campo, K., et al. (2020). Surviving marginalized
reefs: assessing the implications of the microbiome on coral physiology and
survivorship. Coral Reefs 39, 795-807. doi: 10.1007/s00338-020-01951-5

Ros, M., Suggett, D. J., Edmondson, J., Haydon, T., Hughes, D. J., Kim, M., et al.
(2021). Symbiont shuffling across environmental gradients aligns with changes in
carbon uptake and translocation in the reef-building coral pocillopora acuta. Coral
Reefs 40, 595-607. doi: 10.1007/s00338-021-02066-1

Rosenberg, E., Koren, O., Reshef, L., Efrony, R., and Zilber-Rosenberg, I. (2007).
The role of microorganisms in coral health, disease and evolution. Nat. Rev.
Microbiol. 5, 355-362. doi: 10.1038/nrmicro1635

Rothig, T., Bravo, H., Corley, A., Prigge, T., Chung, A., Yu, V,, et al. (2020).
Environmental flexibility in oulastrea crispata in a highly urbanised
environment: a microbial perspective. Coral Reefs 39, 649-662. doi: 10.1007/
$00338-020-01938-2

Rothig, T., Ochsenkiithn, M. A., Roik, A., van der Merwe, R., and Voolstra, C. R.
(2016). Long-term salinity tolerance is accompanied by major restructuring of the
coral bacterial microbiome. Mol. Ecol. 25, 1308-1323. doi: 10.1111/mec.13567

Roéttjers, L., and Faust, K. (2018). From hairballs to hypotheses-biological insights from
microbial networks. FEMS Microbiol. Rev. 42, 761-780. doi: 10.1093/femsre/fuy030

Saad, O. S, Lin, X,, Ng, T. Y,, Li, L., Ang, P, and Lin, S. (2022). Species richness
and generalists—specialists mosaicism of symbiodiniacean symbionts in corals from
Hong Kong revealed by high-throughput its sequencing. Coral Reefs 41, 1-12. doi:
10.1007/500338-021-02196-6

Shi, T., Niu, G., Kvitt, H., Zheng, X., Qin, Q., Sun, D,, et al. (2021). Untangling its2
genotypes of algal symbionts in zooxanthellate corals. Mol. Ecol. Resour. 21,
137-152. doi: 10.1111/1755-0998.13250

Staley, C., Kaiser, T,, Gidley, M. L., Enochs, I. C,, Jones, P. R., Goodwin, K. D., et al.
(2017). Differential impacts of land-based sources of pollution on the microbiota of
Southeast Florida coral reefs. Appl. Environ. Microbiol. 83, e3316-e3378. doi:
10.1128/AEM.03378-16

Frontiers in Microbiology

15

10.3389/fmicb.2022.1052776

Tong, H., Cai, L., Zhou, G., Yuan, T., Zhang, W,, Tian, R,, et al. (2017). Temperature
shapes coral-algal symbiosis in the South China Sea. Sci. Rep. 7:40118. doi: 10.1038/
srep40118

Torda, G., Donelson, J. M., Aranda, M., Barshis, D. J., Bay, L., Berumen, M. L.,
etal. (2017). Rapid adaptive responses to climate change in corals. Nat. Clim. Chang.
7, 627-636. doi: 10.1038/nclimate3374

Voolstra, C. R., and Ziegler, M. (2020). Adapting with microbial help: microbiome
flexibility facilitates rapid responses to environmental change. BioEssays 42:2000004.
doi: 10.1002/bies.202000004

Wagg, C., Schlaeppi, K., Banerjee, S., Kuramae, E. E., and van der Heijden, M. G.
A. (2019). Fungal-bacterial diversity and microbiome complexity predict ecosystem
functioning. Nat. Commun. 10:4841. doi: 10.1038/s41467-019-12798-y

Wainwright, B. J., Afig-Rosli, L., Zahn, G. L., and Huang, D. (2019).
Characterisation of coral-associated bacterial communities in an urbanised marine
environment shows strong divergence over small geographic scales. Coral Reefs 38,
1097-1106. doi: 10.1007/s00338-019-01837-1

Wiedenmann, J., Angelo, C. D., Smith, E. G, Hunt, A. N., Legiret, E, Postle, A. D.,
et al. (2013). Nutrient enrichment can increase the susceptibility of reef corals to
bleaching. Nat. Clim. Chang. 3, 160-164. doi: 10.1038/nclimate1661

Wooldridge, S. A. (2014). Differential thermal bleaching susceptibilities amongst
coral taxa: re-posing the role of the host. Coral Reefs 33, 15-27. doi: 10.1007/
s00338-013-1111-4

Zaneveld, J. R., McMinds, R., and Vega Thurber, R. (2017). Stress and stability:
applying the anna karenina principle to animal microbiomes. Nat. Microbiol.
2:17121. doi: 10.1038/nmicrobiol.2017.121

Zhou, G., Cai, L., Yuanchao, L., Tong, H., Jiang, L., Zhang, Y., et al. (2017).
Temperature-driven local acclimatization of symbiodnium hosted by the coral
galaxea fascicularis at Hainan island, China. Front. Microbiol. 8:2487. doi: 10.3389/
fmicb.2017.02487

Zhu, W, Liu, X., Zhu, M., Li, X., Yin, H., Huang, J., et al. (2022c). Responses of
symbiodiniaceae shuffling and microbial community assembly in thermally
stressed acropora hyacinthus. Front. Microbiol. 13:832081. doi: 10.3389/
fmicb.2022.832081

Zhu, W, Ren, Y,, Liu, X., Huang, D., Xia, J., Zhu, M,, et al. (2022a). The impact of
coastal upwelling on coral reef ecosystem under anthropogenic influence: coral reef
community and its response to environmental factors. Front. Mar. Sci. 9:888888. doi:
10.3389/fmars.2022.888888

Zhu, W, Xia, J., Ren, Y., Xie, M., Yin, H., Liu, X., et al. (2021). Coastal corals
during heat stress and eutrophication: a case study in Northwest Hainan coastal
areas. Mar. Pollut. Bull. 173:113048. doi: 10.1016/j.marpolbul.2021.113048

Zhu, W,, Zhu, M., Liu, X, Xia, J., Yin, H., and Li, X. (2022b). Different responses
of bacteria and microeukaryote to assembly processes and co-occurrence pattern in
the coastal upwelling. Microb. Ecol. doi: 10.1007/500248-022-02093-7 [Epub ahead
of print].

Ziegler, M., Arif, C,, Burt, J. A., Dobretsov, S., Roder, C., LaJeunesse, T. C., et al.
(2017a). Biogeography and molecular diversity of coral symbionts in the genus
symbiodinium around the arabian peninsula. J. Biogeogr. 44, 674-686. doi: 10.1111/
jbi.12913

Ziegler, M., Grupstra, C. G. B, Barreto, M. M., Eaton, M., BaOmar, J., Zubier, K.,
etal. (2019). Coral bacterial community structure responds to environmental change
in a host-specific manner. Nat. Commun. 10:3092. doi: 10.1038/s41467-019-10969-5

Ziegler, M., Roik, A., Porter, A., Zubier, K., Mudarris, M. S., Ormond, R., et al.
(2016). Coral microbial community dynamics in response to anthropogenic impacts
near a major city in the central red sea. Mar. Pollut. Bull. 105, 629-640. doi:
10.1016/j.marpolbul.2015.12.045

Ziegler, M., Seneca, F. O., Yum, L. K., Palumbi, S. R, and Voolstra, C. R. (2017b).

Bacterial community dynamics are linked to patterns of coral heat tolerance. Nat.
Commun. 8:14213. doi: 10.1038/ncomms14213

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1052776
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/j.1462-2920.2011.02613.x
https://doi.org/10.1098/rsos.190355
https://doi.org/10.1016/j.ygeno.2021.06.001
https://doi.org/10.3389/fmicb.2019.02343
https://doi.org/10.3389/fmicb.2019.02343
https://doi.org/10.1016/j.tim.2009.12.002
https://doi.org/10.1111/j.1462-2920.2006.01148.x
https://doi.org/10.1111/j.1462-2920.2006.01148.x
https://doi.org/10.1016/j.csr.2012.11.017
https://doi.org/10.1007/s00338-020-01951-5
https://doi.org/10.1007/s00338-021-02066-1
https://doi.org/10.1038/nrmicro1635
https://doi.org/10.1007/s00338-020-01938-2
https://doi.org/10.1007/s00338-020-01938-2
https://doi.org/10.1111/mec.13567
https://doi.org/10.1093/femsre/fuy030
https://doi.org/10.1007/s00338-021-02196-6
https://doi.org/10.1111/1755-0998.13250
https://doi.org/10.1128/AEM.03378-16
https://doi.org/10.1038/srep40118
https://doi.org/10.1038/srep40118
https://doi.org/10.1038/nclimate3374
https://doi.org/10.1002/bies.202000004
https://doi.org/10.1038/s41467-019-12798-y
https://doi.org/10.1007/s00338-019-01837-1
https://doi.org/10.1038/nclimate1661
https://doi.org/10.1007/s00338-013-1111-4
https://doi.org/10.1007/s00338-013-1111-4
https://doi.org/10.1038/nmicrobiol.2017.121
https://doi.org/10.3389/fmicb.2017.02487
https://doi.org/10.3389/fmicb.2017.02487
https://doi.org/10.3389/fmicb.2022.832081
https://doi.org/10.3389/fmicb.2022.832081
https://doi.org/10.3389/fmars.2022.888888
https://doi.org/10.1016/j.marpolbul.2021.113048
https://doi.org/10.1007/s00248-022-02093-7
https://doi.org/10.1111/jbi.12913
https://doi.org/10.1111/jbi.12913
https://doi.org/10.1038/s41467-019-10969-5
https://doi.org/10.1016/j.marpolbul.2015.12.045
https://doi.org/10.1038/ncomms14213

	Adaptive changes of coral Galaxea fascicularis holobiont in response to nearshore stress
	Introduction
	Materials and methods
	Study area
	Sample collection and environmental parameters
	Physiological analysis
	Sequencing of symbiodiniaceae and bacteria
	Data analysis

	Results
	Environmental differences and coral physiology
	Symbiodiniaceae community composition and driving factors
	Bacterial community composition and changes in bacterial functional groups
	Bacterial community associated with environmental factors
	Bacterial co-occurrence network and influencing factors

	Discussion
	Physiology tolerance of inshore coral and specificity of dinoflagellate communities
	High plasticity of habitat-associated bacteria
	Effects of environment on bacterial community and ecological function
	Nearshore environment reduces the complexity of bacterial network and changes the abundance of keystone species

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

