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Although the importance of coral holobionts is widely accepted, the relationship
between the flexibility of the microbial structure and the coral host is very complicated.
Particularly, the community dynamics of holobionts and the stability of host-microbe
interactions under different thermal stresses remain largely unknown. In the present
study, we holistically explored the physiology and growth of Acropora hyacinthus in
response to increased temperatures (from 26 to 33°C). We observed that bleaching
corals with loss of algal symbionts reduced lipids and proteins to maintain their
survival, leading to decreased tissue biomass and retarded growth. The diversity of
Symbiodiniaceae and symbiont shuffling in the community structure was mainly caused
by alterations in the relative abundance of the thermally sensitive but dominant clade
C symbionts and low abundance of “background types.” Bacterial diversity showed
a decreasing trend with increasing temperature, whereas no significant shifts were
observed in the bacterial community structure. This finding might be attributed to the
local adjustment of specific microbial community members that did not affect the overall
metabolic state of the coral holobiont, and there was no increase in the proportion
of sequences identified as typically pathogenic or opportunistic taxa. The Sloan
neutral community model showed that neutral processes could explain 42.37-58.43%
of bacterial community variation. The Stegen null model analysis indicates that the
stochastic processes explain a significantly higher proportion of community assembly
than deterministic processes when the temperature was elevated. The weak effect of
temperature on the bacterial community structure and assembly might be related to
an increase in stochastic dominance. The interaction of bacterial communities exhibits
a fluctuating and simplistic trend with increasing temperature. Moreover, temperature
increases were sufficient to establish the high stability of bacterial networks, and a non-
linear response was found between the complexity and stability of the networks. Our
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findings collectively provide new insights into successive changes in the scleractinian
coral host and holobionts in response to elevated seawater temperatures, especially the
contribution of the community assembly process and species coexistence patterns to
the maintenance of the coral-associated bacterial community.

Keywords: scleractinian coral, coral holobiont, elevated temperatures, Symbiodiniaceae shuffling, stochastic
processes, bacterial species coexistence

INTRODUCTION

It is widely recognized that scleractinian corals rely on their
symbiotic relationship with Symbiodiniaceae (Conti-Jerpe et al.,
2020), and diverse microbiota (including bacteria, archaea,
fungi, viruses, and protists) and their coral hosts constitute the
holobiont (Kelly et al., 2014). It is accepted that Symbiodiniaceae
provide nutrition and energy to coral hosts (Thompson
et al., 2014), whereas other symbiotic microorganisms play
an essential role in host fitness and their ability to adapt
to environmental perturbation (Peixoto et al., 2017). Changes
and stress in environmental conditions can alter the microbial
composition as well as the health of the holobiont (van
Oppen and Blackall, 2019), and the increase in sea surface
temperature (SST) dramatically contributes to the collapse
of the symbiotic relationship between the coral host and
Symbiodiniaceae symbionts (Glynn, 1993). After the loss of
Symbiodiniaceae in coral tissues and/or the reduction of
photosynthetic pigment concentration, if a stable symbiotic
relationship is not reestablished, coral bleaching leads to host
starvation and eventual death (Buerger et al, 2020). Large-
scale coral bleaching events caused by ocean warming have
significantly reduced coral coverage worldwide (Barshis et al.,
2013). As a result, the structure of coral reefs and ecosystem
functions worldwide are experiencing unprecedented decline
and loss (Hughes et al., 2018). The death of corals caused by
bleaching after ocean warming events is considered the most
urgent climate-related threat to coral communities (Hughes et al.,
2017). The decline in coral abundance and the overall loss of coral
reef habitat have become one of the most pressing environmental
problems of this era (Shinzato et al., 2011). However, coral-
microbiome interactions are not yet fully understood due to
the complex symbiotic relationship (Shinzato et al, 2011).
Understanding how each member of the holobiont contributes to
the resilience in response to elevated temperature is paramount
under global warming conditions (Thompson et al., 2014).
Therefore, it is necessary to explore the complex relationship and
the essential role of coral-associated microbiota under healthy
conditions or when homeostasis breaks down.

Understanding the mechanisms underlying microbial
community assembly has recently become a key topic in ecology
(Nemergut et al., 2013; Dini-Andreote et al., 2015). The assembly
of species into communities determining the existence and
abundance of species includes deterministic processes (such as
local environmental conditions, species traits, and interspecies
interactions) and stochastic processes (random birth, death,
and dispersal events) (Stegen et al, 2012; Zhou and Ning,
2017). Recent studies report that stochastic processes shape

microeukaryotic community assembly in a subtropical river
across wet and dry seasons (Stegen et al., 2012; Zhou and
Ning, 2017), and deterministic selection (the influence of
mean annual temperature) dominates microbial community
assembly in termite mounds (Qlca et al.,, 2020). Low shifts in
salinity can drive deterministic assembly processes and network
stability to affect the assembly of microeukaryotic plankton
communities in a subtropical urban reservoir (Mo et al., 2021).
The variation in soil organic matter can change the relative
influence of different assembly processes on the formation
of soil bacterial communities (Dini-Andreote et al.,, 2015). In
addition, studies find that, as hosts develop from larvae to adults,
non-neutral processes, such as microbe-microbe interactions,
active dispersal, or selection by the host, are increased as hosts
mature (Burns et al., 2016). After a long-standing debate, it is
generally accepted that deterministic and stochastic processes
are not mutually exclusive, and both act simultaneously to
regulate the assembly of ecological communities (Jonathan
et al., 2011; Tripathi et al., 2018). In contrast, our knowledge
is still limited regarding the primary forces (such as stochastic
or deterministic) that dominate the microbial diversity and
community composition within scleractinian corals (Price
et al., 2021), especially under the influence of different thermal
stresses, which is essential to predict the role of coral bacterial
communities in contributing to the holobiont function.
Acropora hyacinthus is a thermally sensitive and widespread
species with a high prevalence on Pacific reefs (Ziegler et al.,
2017). In addition, it has the advantages of fast growth and
strong adaptability and is an excellent candidate species for
coral reef restoration near Hainan Island (Xiao et al., 2018). In
the current study, we aimed to employ a holistic approach to
examine successive changes in the coral holobiont in response to
increasing temperatures under controlled laboratory conditions.
Therefore, the specific objectives of this study were (1) to
determine the characteristics of the growth and physiological
changes of A. hyacinthus under the influence of elevated
SST, (2) to clarify the response of crucial coral holobiont
(Symbiodiniaceae and bacteria), (3) to quantify the relative
importance of deterministic and stochastic processes in coral
bacterial assembly under different thermal stresses, and (4)
to explore the role of microbial interactions in community
assembly. Moreover, we analyzed the growth responses of
the coral host A. hyacinthus and changes in Symbiodiniaceae
symbionts, the bacterial community assembly mechanism, and
the coexistence pattern under the influence of increased water
temperatures. These results provide valuable insights into the
mechanisms underlying the interactions between coral hosts and
holobionts in response to elevated temperatures, which is very

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 832081


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Zhu et al.

Thermally Stressed Acropora hyacinthus

important to evaluate the adaptive ability of scleractinian coral
to global warming.

MATERIALS AND METHODS

Study Design

Divers collected 10 healthy A. hyacinthus colonies through scuba
diving on April 24, 2021, at a depth of 3-4 m from the coral
nursery in Wuzhizhou (109°45'E, 18°18'N) in Sanya, China.
The SST in the sampling area was about 27°C, the pH value
was between 8.03 and 8.22, and the average salinity was about
34%q. The coral samples were maintained in the seawater in situ
and transported to the laboratory immediately. After each coral
was properly chiseled into multiple experimental nubbins of
suitable size, the coral nubbins were placed vertically on an
acrylic plate and directly transferred to three aquaculture tanks
of 680 mm x 450 mm x 360 mm (length x width x height).
Coral was then allowed to acclimate for 2 weeks in a circulating
indoor aquarium with approximately 270 L of synthetic seawater
(26°C). The synthetic seawater was prepared by mixing artificial
sea salt and pure water. The water flow was provided by a
circulating pump and a wave pump in each aquarium. The
aquarium lighting (6 T5HO) was maintained throughout the
experiment similar to natural light (12:12 h light/dark cycle).
Stable water environmental conditions were maintained: salinity
33%0~35%0, pH 8.3~8.4, and dissolved oxygen (DO) 7.5~8.5.
Moreover, 20% of the aquarium water was replaced every 5 days
to maintain sufficient concentrations of trace elements, and the
coral were not subjected to additional feeding treatments.

The seawater temperatures of the three tanks were gradually
increased from 26 to 33°C to test the effect of gradual heat stress
on coral (the temperature was elevated within a day). The coral
were acclimatized at 26°C for 14 days before the heat stress and
then kept at 26°C until the 19th day to collect samples. Then,
the temperature was slowly increased to 28°C for 4 days. On the
24th day, it was slowly increased to 30°C and maintained for
4 days. On the 29th day, the temperature was slowly increased
to 31°C and maintained for 4 days. On the 34th day, it was
slowly increased to 32°C and maintained for 4 days. On the 39th
day, the temperature was slowly elevated to 33°C and maintained
for 4 days. The water temperature was regulated using a 500-W
submersible aquarium heater, which was connected to a digital
thermostat, and the temperature was slowly increased to the
experimental temperature for heat stress throughout the day. The
total experimental period was 44 days, and the sampling time
points are shown in Figure 1. Corals from temperature treatment
lasting 4 days (26, 28, 30, 31, 32, and 33°C) were collected on
the corresponding fifth day, including six temperature groups of
26°C (T26 group), 28°C (T28 group), 30°C (T30 group), 31°C
(T31 group), 32°C (T32 group), and 33°C (T33 group). To ensure
data reliability, two samples were randomly collected from each
of the three experimental pools, and six biological replicates
were used to analyze physiological indexes, symbiotic family
community, and bacterial community. Among them, growth
rate and photosynthetic physiological indicators were measured
repeatedly in 6-9 nubbins in each temperature group, and only
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FIGURE 1 | Different temperature treatments and sampling time points.

samples from T26/T32/T33 were used for energy substance
analysis and Symbiodiniaceae sequencing. Each nubbin was cut
into fragments of the size required for the experiment and then
immediately placed in centrifuge tubes and stored at —80°C until
subsequent analysis.

Physiological Analyses

To determine the growth rate of coral at different temperatures,
the buoyancy weighing-bar method (Davies, 1989) was used to
weigh randomly selected and labeled pieces of coral every 5 days,
and the specific growth rates () were calculated as previously
described (Wijgerde et al., 2020). During the whole experiment,
the chlorophyll-modulated fluorometer MINI-PAM-II (Walz,
Germany) was used to non-invasively measure the maximum
quantum yield (Fv/Fm) of photosystem II (PSII) within the
symbiotic algae.

All physiological analyses were performed as previously
described (Zhu et al., 2021). Briefly, the coral tissue was rinsed
with a Waterpik dental scaler (Waterpik) containing filtered
seawater (0.45 pm, Whatman, United Kingdom), and the
zooxanthellae density was determined using a hemocytometer
under a microscope. The coral sample was dried to constant
weight at 60°C for at least 24 h and then burned in a mufile
furnace at 500°C for 4 h, and the tissue biomass was then
determined (Fitt et al., 2000). According to the manufacturer’s
instructions, the total protein content of coral homogenate
was quantitatively determined using a modified BCA protein
determination kit (SANGON Biotech, China). Carbohydrates
were measured with the phenol-sulfuric acid method (Dubois
et al,, 1956). The total lipid content was measured as previously
described (Grottoli et al., 2004). The surface area of coral
was estimated indirectly by the weight of aluminum platinum
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paper wrapped on coral. Finally, the physiological indexes, such
as symbiont cell density, biomass, protein, carbohydrates, and
lipid content, were standardized by unit surface area, and the
provided data were expressed as the mean + standard error
of the mean (SEM).

DNA Extraction and Sequencing

According to the manufacturer’s instructions, total genomic
DNA was extracted from 36 coral samples using a Marine
Animals DNA Kit for microbial analysis. The DNeasy
Plant Mini Kit was used for Symbiodiniaceae clade type
determination, and DNA extraction failed from 17 samples
of the T33 group. After extraction, a spectrophotometer
(NanoDrop, ND2000; Thermo Fisher Scientific) was used
to check the quality of the DNA samples, and a NanoDrop
2000c spectrophotometer (Thermo Fisher Scientific Inc.,
Waltham, United States) was used to evaluate the DNA quality.
Bacterial 16S rRNA V3V4 was amplified by PCR using bacterial
universal primers 338F (5-ACTCCTACGGGAGGCAGCA-3')
and 806R (5-GGACTACHVGGGTWTCTAAT-3"), and the
internal transcribed spacer 2 region of Symbiodiniaceae nuclear
ribosomal DNA was amplified using ITS specific primers
ITSintfor2 (5-GAATTGCAGAACTCCGTG-3’) and ITS2-
reverse  (5'-GGGATCCATATGCTTAAGTTCAGCGGGT-3')
(Grottoli et al., 2004). The PCR products were then purified with
GeneJET Gel Extraction Kit (Thermo Scientific) according to the
manufacturer’s instructions. Sequencing was performed on the
Mumina HiSeq2500 platform. The original sequencing data were
spliced and filtered, and the optimized sequence was obtained
after removing the chimera according to the following criteria:
(1) the reads were truncated at an average quality score < 20
over a 50-bp sliding window, (2) sequences with overlap longer
than 10 bp were merged according to their overlap with an
allowance of only 2-bp mismatches, and (3) the samples were
separated according to the barcodes and primers (allowing
only two nucleotide mismatches). The sequence was clustered
and divided into the operational taxonomic units (OTUs) at
a similarity level of 97%. For each representative sequence,
the SIIVA (release 132, for bacteria) databases were used for
classification information using the RDP classifier (Wang et al.,
2007). For Symbiodiniaceae annotation, BlastN was used to
select the most abundant OTU sequence as the representative
sequence compared with the ITS2 database (Shi et al., 2021) as
previously described (Zhu et al., 2021).

Data Analyses

The effect of temperature on zooxanthellae density, Fv/Fm,
biomass, energy substances (proteins, lipids, and carbohydrates),
and growth rate was tested by one-way ANOVA, and the post hoc
Tukey-HSD test was used to examine significant differences
between the groups.

To eliminate the influence of sequencing depth, each sample of
Symbiodinium and bacteria was randomly resampled according
to the lowest sequencing depth and used for downstream analysis.
The alpha diversity index of each sample (Shannon-Wiener
Index) was calculated using the diversity function in the “vegan”

package, and the results were validated using one-way ANOVA
and the post hoc Tukey-HSD test.

Non-metric multidimensional scaling (NMDS) of the
community of symbiotic algae and bacteria was performed based
on the Bray-Curtis similarity, and permutational ANOVA and
MANOVA (PERMANOVA) analyses were used to investigate
differences in the microbial communities between groups. Taxa
that differed significantly among temperatures were determined
using LEfSE (linear discriminate analysis effect size) with values
of linear discriminant analysis (LDA) greater than 2.

To predict the potential importance of stochastic processes
on community assembly, a neutral community model (NCM)
was used to determine relationships between the detection
frequency of microbial taxa and their relative abundance across
the wider metacommunity (Sloan et al., 2006). Calculation of 95%
confidence intervals around all fitting statistics was done using
1,000 bootstrap replicates, and the parameter R? represented the
overall fit to the neutral model (Chen et al., 2019).

The nearest taxon index (NTI) was used to measure the
degree of phylogenetic clustering of taxa on a single-community
scale (Chen et al., 2019). To better understand the mechanism
underlying the bacterial community assembly, the Stegen null
model was used to evaluate the contributions of deterministic
and stochastic processes to community assembly based on
phylogenetic (B-nearest taxon index, PNTI) and taxonomic
(Bray-Curtis-based Raup-Crick, RC-Bray) B-diversity metrics
(Stegen et al., 2013). Values of | BNTI| > 2 indicate that the
turnover of communities was primarily due to deterministic
processes, among them PNTI < —2 represented homogeneous
selection, and BNTI < —2 represented homogeneous selection
(Stegen et al., 2013). Values of | BNTI| < 2 indicate stochastic
processes, including homogenizing dispersal (] 3-NTI| < 2 and
RC-Bray < —0.95), dispersal limitation (| -NTI| < 2 and RC-
Bray > 0.95), and non-dominant processes (| B-NTI| < 2 and |
RC-Bray| < 0.95) (Stegen et al., 2013).

To estimate bacterial interactions at different temperatures,
OTUs present in fewer than three samples with less than 25
sequences were removed from the construction of co-occurrence
networks. Robust correlations with Spearman’s correlation
coefficients (p) > | 0.6] and Benjamini-Hochberg corrected
p-values < 0.05 were incorporated into the network analyses in R
using the “igraph” and “Hmisc” packages. The robustness of the
network was completed by the provided code' (Yuan et al., 2021).

All statistical analyses were performed in the R environment
(v4.0.3).2

RESULTS

Characterization of Growth and
Physiological Changes

During the entire experiment, the specific growth rate of coral
(1, n = 6; mean = SEM) was significantly decreased when the

Uhttps://github.com/Mengting- Maggie- Yuan/warming- network- complexity-
stability
Zhttp://www.r-project.org/
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temperature was increased from 26°C (v = 0.01 &£ 0.002) to 30°C
(k= 0.006 £+ 0.001; P < 0.05), and the coral almost stopped
growing at 33°C (L was approximately equal to 0; Figure 2A
and Supplementary Table S1). Meanwhile, we found that the
Fv/Fm was significantly decreased with increasing temperature.
In particular, it was less than 0.5 in the T32 (0.32 &£ 0.02) and
T33 groups (0.08 = 0.001), which was decreased by 54 and 88%
compared with the T26 group, respectively (Figure 2B). The
zooxanthellae density was 1.59 & 0.15 10° cells/cm? at 26°C at
the beginning of the experiment, and it remained stable during
the middle stage when the temperature was increased to 31°C
(P > 0.05). The zooxanthellae density was decreased by 68%
after the temperature reached 32°C (0.50 #+ 0.04 10° cells/cm?).
Especially, coral bleaching was very obvious during the T33
stage with the zooxanthellae density of almost 0 (Figure 2C),
whereas no coral death was observed during the experiment.
Results of one-way ANOVA showed that the biomass (Figure 2D;
P = 0.069), protein (Figure 2E; P = 0.055), and carbohydrate
contents (Figure 2G; P > 0.05) of coral had no significant
changes among the three groups, and only the lipid content of
the T32 and T33 groups was much lower compared with the T26
group (Figure 2F; P < 0.05). However, the biomass, protein, and
lipid contents of the T33 group were lower compared with the
T26 group, and the average contents were decreased by 22.60,
34.25, and 37.28%, respectively. In contrast, the carbohydrate
content was increased with increasing temperature although
there was no significant difference (P > 0.05). We further
used PCA to provide overall visualization of the physiological
indexes of corals at three temperatures (Figure 2H). The results
show that the photosynthetic physiological indexes of coral
under T33 and T32 were significantly different from those of
the T26 group (P < 0.05). In the combined measurements of
these three temperatures, we found more positive correlations
between paired physiological indicators (Figure 2I). There
was a significant positive correlation between photosynthetic
physiological indexes (Fv/Fm, symbiotic density) and biomass
or two energy substances (protein and lipid; P < 0.05). Only
a significant correlation was found between protein and lipid
contents (P < 0.05), and there was no correlation between
carbohydrates and other indexes.

Changes of Symbiodiniaceae Diversity

and Community

For 17 coral samples, a total of 657,413 Symbiodinium ITS2
sequences were retained after quality control with an average of
46,958 Symbiodinium ITS2 sequences per coral sample. After
subsampling at the same sequencing depth, 45 OTUs at a
similarity threshold of 97% were obtained. The rarefaction curves
indicate that the number of Symbiodinium ITS2 sequences could
meet the needs of the current diversity analysis. We observed that
the Shannon diversity index of Symbiodiniaceae in the T33 group
(0.81 £ 0.11) was significantly higher compared with the T26 and
T32 groups (Figure 3A; P < 0.05). The NMDS analysis revealed
a division of the Symbiodiniaceae community in the different
treatments (Figure 3B), and the PERMANOVA test indicated
that the composition of the Symbiodiniaceae community was

different at different temperatures (R*? = 0.22, P = 0.02).

There was no significant difference in the Symbiodiniaceae
structure between T26 and T32 (R% = 0.04, P > 0.05), whereas
the difference between T33 and T26 tended to be significant
(R* = 0.16, P = 0.051). In particular, there was a significant
difference in the zooxanthellae structure between T32 and T32
(R? = 0.21, P = 0.013). Most OTUs of Symbiodinium ITS2
sequences were assigned to Symbiodinium subclade C3, C1232,
and C17, which covered more than 96% of Symbiodinium ITS2
sequences. Symbiodinium subclade C3 dominated in every coral
with a relative abundance of 58.07-93.10%, and the relative
abundance in T33 was significantly lower compared with T26
and T32 (P < 0.05). The relative abundance of C1232 fluctuated
little, whereas the relative abundance of C17 in T32 was
significantly lower compared with T26 and T33 (Figure 3C).
In addition, we found that some scarce species were increased
or decreased in individuals in different groups, such as the
increased relative abundances of C11, C15i, and D1 in individual
samples of T33 (Figure 3D). The changes in diversity and
community structure of Symbiodiniaceae were mainly caused by
the changes in the relative abundance of predominant subclade
and “Symbiodiniaceae rare biosphere.”

Changes in Coral-Associated Bacterial

Community

A total of 36 coral samples were analyzed in the present
study for bacteria, and 1,802,874 raw reads were obtained,
of which 1,724,741 high-quality sequences were successfully
classified and passed quality filtration. Moreover, 3,976 bacterial
OTUs were clustered at a minimum sequence similarity of
97%, and rarefaction curves indicated that most of the diversity
could be covered by the resampling depth of 24,434 reads.
The bacterial Shannon diversity index was only significantly
different between T26 and T31 (Figure 4A), and there was no
significant difference between other temperatures (P > 0.05),
whereas it tended to become smaller as the temperature was
increased (R? = 0.17, P = 0.01). NMDS based on the Bray-Curtis
distance indicated no significantly different division between the
coral bacterial communities exposed to different temperatures,
which closely corresponded to the results of PERMANOVA
(Figure 4B; RZ =0.16, P > 0.05). Compared with the control at
26°C, short-term exposure to high temperatures did not seem
to cause any large-scale changes in the structure of the coral
bacterial community. Bacteroidetes and Firmicutes were the most
abundant phyla (average relative abundances were 37.50 and
35.93%, respectively), followed by Proteobacteria (18.09%) and
Actinobacteria (3.57%). The remaining 4.91% of the sequence
reads predominantly consisted of Actinobacteria, Acidobacteria,
Cyanobacteria, Chlamydiae, Spirochaetae, and another rare
phylum (Figure 4C). Most OTUs in Bacteroidetes were assigned
to Bacteroidales (35.12%), and the most abundant categories
in Firmicutes were ranked as follows: Clostridiales (21.98%),
Lactobacillales (9.42%), and Erysipelotrichales (2.41%). The
relative abundances of other dominant orders Sphingobacteria,
Selenium, Campylobacteria, Bifidobacteria, Rhizobiales, and
Desulfovibrionales ranged from 0.58 to 1.69% (Figure 4D).
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LEfSe scores were computed for taxa differentially abundant
across different temperature treatments (Figure 4E). The results
showed that most indicator bacteria were mainly enriched in
T26, including three classes, five orders, seven families, and
11 genera categories. Species of two families and two genera
categories were more representative in T28. Firmicutes was
the main discriminant category of T30, and the five genera
from Leuconostocaceae were enriched in T31. Spirochaetae
included one class, one order, and one family, and four genera

had significantly higher abundance in T32, and bacteria from
Synergistetes was a significantly related indicator in T33.

Assembly Processes of

Coral-Associated Bacterial Community

We fitted the bacterial community to the NCM, which
successfully estimated most of the relationship between the
frequency of OTUs and the change in their relative abundance
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(Figure 5). The goodness of fit of bacteria at 28-30°C
(community-explained variances ranged from 42.37 to 47.80%)
was generally lower than 31-33°C (community-explained
variances ranged from 48.34 to 58.43%). Furthermore, the
goodness of fit of the neutral model in the bacterial community
of T31-33 was primarily improved, and the relative contribution
of the stochastic process was gradually increased with increasing
temperature. The results show that the NCM better described the
relationship between the frequency of OTUs and their relative
abundance. The stochastic process was essential for shaping the
community assembly of coral symbiotic bacteria.

The most significant mean NTI for symbiotic bacteria was
found in T33, and it was more than zero (indicating phylogenetic
clustering) in all temperature treatments (Figure 6A). BNTI
values for the coral-associated bacterial community were more
than 2 in T28, and most PNTI values in other temperature
treatments ranged from —2 to + 2 (Figure 6B). Based on the
Stegen null model, RC-Bray and BNTI were used to quantify the
determinism and stochasticity of microbial community assembly
(Figure 6C). Stochastic (80%) assembly processes governed

the bacterial community in T26. The bacterial community in
T28 was mainly dominated by homogeneous (46.67%) and
heterogeneous selection (26.67%), and the contribution of the
stochastic assembly was only 20%. However, the community in
T30 was mainly driven by the stochastic assembly (80%), and
the deterministic contribution was only 20%. The stochastic
processes (dispersal limitation, homogenizing dispersal, and
undominated processes) accounted for 87, 100, and 73% of the
community assembly processes in T31-33, respectively. Overall,
we further confirmed that the community assembly of the coral-
associated bacterial community was primarily controlled by the
stochastic process when the temperature was increased.

Interaction Network and Co-occurrence
Network Stability of Microbial

Community

Microbial co-occurrence networks were constructed to estimate

species coexistence at different temperatures (Figure 7A). The
microbiome of the T26 group formed a more extensive network
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with more nodes (317) and connections (1,129), which were more
than the network of the T28 group (122 edges among 94 nodes)
and T30 group (123 edges among 96 nodes). Interestingly, the
bacterial symbiosis network in the T31 group was composed
of 191 nodes and connected by 501 edges. T32 formed smaller
networks with fewer nodes and fewer connections (173 edges
among 123 nodes), and the network of the T33 group contained
123 edges and 92 nodes. The total number of nodes and the
degree of connection of the interaction network indicated that
the bacterial networks were more complex in T26 and T31

(Figures 7B,C). The bacterial network at each temperature had
more positive correlations than negative correlations (65.54,
82.98, 80.21, 79.84, 90.21, and 92.39%, respectively), implying
that there were potential cooperation and beneficial relationships
between coral-associated bacteria. There were relatively more
negative correlations in T26 and T31, indicating a specific
competitive relationship between their bacterial species. In
addition, we compared network stability between different
temperatures based on the network robustness (Figures 7D,E).
The stability of the coral-associated bacterial network was sharply
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decreased when the temperature was increased from 26°C to 30,
whereas it quickly established high stability. Robustness was the
highest in T31, and the network robustness of the T30 group
was the lowest. Finally, we found that the network robustness
and complexity, such as nodes and links, showed a significantly
inverted U-shaped relationship (Figures 7EG).

DISCUSSION

High Temperature Affects the
Physiological Characterization, Diversity,
and Community Composition of
Symbiodiniaceae Symbionts

The decrease of Fv/Fm during the stress (for example, the
increase of SST) can be used to determine the damage to
the PSII of zooxanthellae, and the downregulation of PSII
photochemistry may have a photoprotective effect (Bhagooli and

Hidaka, 2004; Rosset et al., 2017). We observed that the Fv/Fm
of A. hyacinthus was significantly decreased with increasing
temperature, indicating that the photosynthetic function in
zooxanthellae was inhibited. Especially in the T32 and T33 stages,
the Fv/Fm was less than 0.5, which was related to low light
utilization, low symbiotic density, or damage of PSII (Mueller
and Schupp, 2020). In addition, the density of zooxanthellae is
an essential index of coral in response to heat stress (Wooldridge,
and Scott, 2014). The density of zooxanthellae of coral remained
stable in the middle stage from 26 to 31°C (2°C higher than
the local long-term summer average and 1°C higher than the
local bleaching threshold) (Jiang et al,, 2017), indicating that
A. hyacinthus had specific resistance in a short time at 31°C.
Especially in the T33 stage, coral bleaching was very obvious, and
bare bones were observed (but the coral did not die and even
survived for 2 months). In the last stage of heat treatment, the
symbiotic relationship between corals and their photosynthetic
symbionts collapsed due to heat, corals released their symbionts,
the number of flagellates was decreased rapidly, and corals
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became bleached. Bleaching sensitivity and the function of the
symbiotic relationship depend on the symbiotic density and
photosynthetic capacity (Xu et al, 2017). Before symbiotic
decomposition, the decrease of Fv/Fm is often observed in coral,
and the photosynthetic performance is sharply decreased with the
decrease of zooxanthellae density (Bessell-Browne et al., 2017).
When coral lose algal symbionts, photosynthesis is decreased,
indicating that the amount of fixed carbon transferred from
zooxanthellae to hosts is sharply decreased (Davy et al., 2012;
Jung et al, 2021). To offset the reduction of photosynthetic
products, coral can meet their daily metabolic energy needs
by catabolizing stored energy reserves (such as lipids, proteins,
and carbohydrates), increasing feeding rate, decreasing metabolic
rates, and reducing calcification rate (Baumann et al., 2014).
Some studies find that the energy reserves and tissue biomass
of some coral remains unchanged during bleaching, which may
be related to the ability to use heterotrophic fixation of carbon
sources to meet their metabolic needs (Wall et al., 2019; Zhu et al.,
2021). However, Porites compressa cannot increase feeding when
bleached, relying completely on energy reserves after bleaching
(Levas et al, 2013). In the present study, the carbohydrate

content remained unchanged throughout the bleaching stage,
which was inconsistent with the preference of bleached corals
in the subtidal zone for catabolizing energy-poor carbohydrates
during peak bleaching (Levas et al., 2013). However, we observed
a 28% decline in protein concentrations in T32 and a 37%
decline in lipid stores in T33 compared with T26. Although
there was a certain number of zooxanthellae in coral at 32°C,
the photosynthetic capacity was too low due to the damage of
PSII. There was a significant correlation between protein and
lipid contents (P < 0.05), and the decrease in proteins of the
T33 group might be related to the conversion to lipids. Generally,
the maintenance of lipid stores is the primary source of nutrition
during bleaching due to their high energetic value compared with
proteins and carbohydrates (Grottoli et al., 2004). In the process
of heat stress, A. hyacinthus reduced energy reserves (mainly
lipids and proteins) due to coral tissue loss and the decline of the
density and photochemical efficiency of zooxanthellae, resulting
in the decreased biomass and the stagnation of the coral growth
rate, which might eventually lead to coral death.

The “adaptive bleaching hypothesis” states that coral adapts
to elevated temperatures by shuffling or switching symbionts
(Baker et al., 2004). In addition, coral can increase adaptability to
climate change by increasing the diversity of symbiotic families
(Zhenjun et al., 2019). However, a previous study shows that the
composition and diversity of the Porites lutea Symbiodiniaceae
community remain unchanged throughout the bleaching event,
indicating that the switching and/or shuffling of Symbiodiniaceae
types may not be the primary mechanism in response to
increased SST (Pootakham et al., 2018). In the present study,
we observed that the Shannon diversity index of Symbiodinium
subclades was changed significantly at 33°C, and the bleaching
event significantly changed the community composition. This
finding is consistent with the “adaptive bleaching hypothesis” and
provides preliminary evidence. The coral host usually consists
of high abundance “dominant types” or the very low abundance
“Symbiodinium rare biosphere” (Pootakham et al., 2018).

Many types of Symbiodinium ITS2 sequences were identified
in the present study. Most OTUs were assigned to Symbiodinium
subclade C3, C1232, and Cl7, covering more than 96% of
Symbiodinium ITS2 sequences. However, most of them belonged
to rare background types, representing a low-abundance, high-
diversity group (Ziegler et al, 2018). Although type C3
Symbiodinium is generally considered a worldwide and thermally
sensitive generalist, the prevalence found in heat stress—tolerant
corals from Abu Dhabi may imply that this type of phenotypic
plasticity is much greater than previously thought (Hume et al,,
2013). We found that subclade C3 dominated each coral sample,
and the relative abundance was significantly reduced in T33.
The rare background types are also crucial for adapting coral
symbionts to heat stress (Fabina et al,, 2013; Ziegler et al,
2018). Some coral species can adapt to thermal conditions by
changing the type and relative abundance of the heat-resistant
background types (Ziegler et al., 2018). This study finds that the
abundance of some scarce heat-resistant species were increased
in bleaching A. hyacinthus. For example, the abundances of
Symbiodiniaceae type D1 and C151, which are considered heat-
resistant species, were increased in individual samples of T33.
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This finding indicates that A. hyacinthus enhances the resistance
to bleaching without changing the composition of the symbiotic
clade, which might be related to the longer transplantation
time (12-27 months) or the more significant temperature
fluctuations (29-35°C) in their research (Ziegler et al., 2017). Our
results indicate that bleaching A. hyacinthus could increase the
proportion of diversity and the rare heat-resistant species under
thermal stress and reduce the relative abundance of thermally
sensitive types of Symbiodiniaceae rather than the uptake of
new symbiont types (Thomas et al., 2019). In addition, the loss
of coral tissue might also lead to changes in the diversity and
community composition of zooxanthellae measured by high-
throughput sequencing. However, we believe that this unstable
symbiont community composition did not have a good effect
when considering the sharp decrease of zooxanthellae density and
Fv/Fm observed in the above results.

Diversity of the Associated Bacteria Is
Reduced, but the Bacterial Structure Is
Stable and Has a Complex Relationship
With Bleaching Phenotypic Response

y- and a-proteo bacteria usually dominate the bacterial
communities of coral and other abundant bacteria, including
Bacteriodetes, Firmicutes, Actinobacteria, and Cyanobacteria
(Hernandez-Agreda et al., 2017). Most OTUs in Bacteroidetes
were allocated to Bacteroidales (35.12%), showing that Bacillus
could decompose organic matter and might participate in the
metabolism of nitrate (Zhu et al., 2018). The most abundant
Firmicutes were Clostridiales (21.98%), and it is found that
their relative abundance in the host is increased under heat
stress, which is a highly polyphyletic group of Firmicutes (Yu
et al., 2020). Studies show that the number of Bacteroides,
Actinomycetes, and Firmicutes is increased when Pseudoplexaura
crucis is exposed to elevated temperature and/or UVR, which
may be related to the fact that these bacterial phyla may
participate in the nutrient cycle and may not be detrimental
to the host (McCauley et al., 2020). We find some confusing
functional descriptions about coral-associated bacteria. For
example, Rhodobacterales represent a very diverse group with
heterotrophic and phototrophic members and may play an
essential role in the heat resistance of coral (McCauley et al,
2020). However, they are described as putative opportunistic
microorganisms and generally enriched in diseased coral in other
literature (Roder et al., 2014; Zaneveld et al., 2016). In the present
study, we detected various bacterial groups involved in nitrogen
fixation, energy metabolism, and heat resistance. However, their
specific roles and the complete functional complexity of coral-
related microbial communities have not been fully determined
and must be verified in the future.

When coral are exposed to potential stressors (such as high
temperature), a decrease in beneficial bacteria may occur, and at
the same time, opportunistic and potentially harmful bacteria
may increase, leading to a harmful increase in the diversity of
bacterial combinations (Roder et al., 2014; Zaneveld et al., 2016).
For example, after coral are exposed to elevated ammonium
stress (Zhang et al.,, 2021), reduced pH (Meron et al,, 2011),

and thermal stress (Meron et al., 2011), the related bacterial
diversity is generally increased, and the relative abundance
of bacteria related to diseased and stressed coral, such as
Vibrioceae, Alphaproteobacteria, Rhizobiales, Rhodobacteriales,
Caulobacteriales, and Rhodospillales, is increased, finally leading
to the increased diversity of coral-related microorganisms
(Meron et al,, 2011). In another study, there is no significant
difference in OTU diversity between healthy and affected
coral, whereas significant shifts of Alphaproteobacteria,
Betaphaproteobacteria, and Gammaproteobacteria are also
observed in affected corals (Cédrdenas et al., 2012). In our
current study, the sequence ratios of taxa, usually pathogenic or
opportunistic bacteria (such as Vibrionales, Alteromonadales,
and Flavobacteriales), remained unchanged. Furthermore, the
confirmed coral pathogens were not found in this study,
indicating that thermally stressed Acropora hyacinthus
were unlikely to be threatened by these common bacterial
diseases. Therefore, although the bacterial diversity tended
to decrease with increasing temperature, this was attributed
to the adjustment of the primary community composition
unique to each coral species rather than the influence of disease.
Furthermore, analysis in response to changes in coral bacterial
diversity under stress should be combined with changes in the
abundance of specific bacterial members.

Environmental stress factors can destroy beneficial microbes
and promote the invasion of microbes in the surrounding
environment. Moreover, we have not observed an increase in
the relative abundance of Vibrio or other known coral pathogen
species when the SST is increased (Cardenas et al., 2012). The
small changes in the abundance of bacterial communities may
be mediated through host-mediated interactions or plasticity
of the microbial community (van de Water et al.,, 2018). For
example, Firmicutes was the main distinguishing category of
T30, and it is reported that the abundance of Firmicutes in
coral exposed to various stress conditions will increase (Garren
et al., 2009). However, the critical coral microbial communities
in this study were hardly changed although the abundance
of some bacteria was altered. This finding was different from
the stable symbiotic bacterial community structure of bleached
corals, which may seem to be different in the overall metabolic
state of the coral holobiont and help cope with heat stress
(Gajigan et al.,, 2017; Zhu et al., 2021). A previous study reports
that the relevant bacterial community in Pocillopora verrucosa
remains very stable under the conditions of coral bleaching and
severe tissue sloughing (> 90% tissue loss resulting in host
mortality) (Pogoreutz et al., 2018). This study finds that the visual
appearance of coral, zooxanthellae density, and photosynthetic
efficiency provide clear evidence of tissue bleaching during
heat stress, especially at the threshold from 32 to 33°C. At
the same time, these small OTU changes (as revealed by the
LEfSe analysis) did not indicate that the adaptation response
could confer probiotics or protection to cope with rising
temperatures. The coral hosts with a “stable” (and possibly
strongly selected) microbiome observed in P. verrucosa may have
a highly uneven bacterial community (Pogoreutz et al., 2018),
whereas our results find a more complex and classified bacterial
composition. Therefore, the relationship between changes in
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bacterial diversity and community composition or coral health
might be more complicated than imagined, indicating that the
specific relationship between microbiome structure flexibility and
coral host physiology still requires in-depth correlation research.

Coral-Associated Bacterial Community
Assembly Is Mainly Shaped by
Stochastic Process and Species

Coexistence Patterns

The positive NTI values in our study suggest that the
communities were more phylogenetically clustered across the
overall phylogeny than expected by chance, reflecting the
importance of habitat filtering (in which a group of closely
related species shares a characteristic, or suite of traits, which
enables them to persist in a given habitat) (Horner-Devine and
Bohannan, 2006; Pontarp et al, 2012). The coral host is a
unique habitat for the microorganisms in the symbiosis. The
microorganisms are filtered to maintain the native microbiota
composition unique to each coral species, suggesting a dominant
role for the coral host in structuring the microbiome (Dunphy
et al, 2019). In addition, the higher phylogenetic clustering
may be related to the successful establishment and maintenance
of specific coral-bacterial associations because members of
coral-associated prokaryotes may resist pathogenic microbes by
preventing their colonization through the physical occupation
of otherwise available niches (Pootakham et al., 2018), which
is consistent with the diversity changes rather than a reflection
of disease status in thermally stressed A. hyacinthus. There
was no significant relationship between NTI and temperature
in our study, indicating that the increase in temperature
did not change the degree of phylogenetic clustering in the
microbial community. Long-term culture history can actively
select microorganisms with adaptive advantages under relatively
constant environmental conditions, thereby reducing the impact
of ecological filtration (Grottoli et al., 2018; Guo et al., 2018).
Therefore, the experimental species A. hyacinthus in this study
survived after stress (because the field observation revealed
that extensive albinism was found in March). This finding was
consistent with the results that the A. hyacinthus from the
highly variable warm environment often exposed to heat stress
maintains its primitive bacterial community composition during
the whole process of heat stress (Ziegler et al., 2017).

The construction of community composition is different
from the level of control a host exerts over the composition
of its microbiome and different taxa within the microbiome
(Adair and Douglas, 2017). Variable selection (such as the
selective pressure resulting from environmental conditions) is
the main factor determining the compositional change in the
coral reef-associated bacterial communities across the 2,000-km
spread of the Red Sea according to Stegen’s ecological modeling
framework (Pearman et al., 2019), whereas stochastic processes
are found to be more common in bacterial community assembly
in healthy Porites compressa and Pocillopora meandrinan in
another study (Price et al., 2021). NCM explains 48.34-58.43%
of the community variance in different temperature treatments
in our current study. Because the NCM did not explain 100%

of the community assembly, we further used PNTI and RC-
Bray based on the Stegen null model to explore the relative
roles of stochastic and deterministic processes in shaping the
assembly. However, results from the null and neutral theory-
based process models collectively support that the stochastic
process (variable selection) played a more critical role in bacterial
community assembly of thermally stressed A. hyacinthus, and the
weak effect of temperature on microbial community structure
and assembly could be explained by the relative importance of
stochastic processes. A potential explanation is that coral hosts
could be unique habitats resulting in less environmental filtering,
and in coral with species pools characterized by environmental
generalist prevailing bacterial taxa that are well adapted to high
temperatures, the advantage of the stochastic process occurs and
overwhelms the deterministic process (Wang et al., 2013; Jiao
et al., 2020). In addition, the stochastic process shows that, when
the competitive abilities of species closely match, or random
changes are not related to environmental adaptability, species
can co-occur with fairly overlapping niches (Wang et al., 2013;
Jiao et al., 2020).

Microorganisms occupying specific niches via horizontal gene
transfer can form complex interaction networks. Determining
the link between community assembly and species coexistence
is critical for understanding the mechanisms supporting
community diversity (Jiao et al., 2020). For example, negative
biological interactions have essential contributions in shaping
the assembly of soil microbial communities (Romdhane et al.,
2021). However, network topology parameters consistently
indicate that the bacterial co-occurrence network fluctuates at
different temperatures and became more straightforward with
increasing temperature. We found potential cooperation and
mutual benefits between bacterial communities, which might
cooperate more to adapt to high temperatures or in similar
niches, and these prokaryotes are less affected by warming. Stress
conditions that reduce the ability of the host or its microbiota
to regulate community composition may transform the coral
microbiome into a pathogen-dominated stable state, leading to
the transformation of the microbiome network into an unstable
state (Mao-Jones et al., 2010; Zaneveld et al., 2017). However,
our results reveal that the stability of the coral bacterial network
decreased sharply with increasing temperature, whereas a high
degree of stability was rapidly established. In addition, there
was a significantly inverted “U” relationship between network
robustness and network complexity, which was inconsistent
with the central ecological view that network stability is often
closely positively relevant to network complexity (Mao-Jones
et al., 2010; Zaneveld et al., 2017). The explanation might be
related to the interference affecting the cooperation and reducing
competition between bacterial communities, thus increasing the
influence of stochastic processes in community assembly (Jiao
et al, 2021; Yun et al, 2021). The temperature might cause
microbial co-occurrence patterns to be less complex but enhance
the stability of the interaction between bacteria, whereas this
effect was not a non-linear response. Moreover, competition with
more species reduces diversity, whereas randomness becomes
more critical as resource availability increases (Chase, 2010).
Therefore, the dominance of the stochastic assembly process

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 832081


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Zhu et al.

Thermally Stressed Acropora hyacinthus

may indicate that microbial groups coexist more frequently
because microbial coexistence is more common under weak
environmental filtration due to the advantage of the stochastic
process. In our present study, this finding suggests that bacterial
interaction as a selective force could contribute to the assembly of
coral symbiotic bacterial communities at different temperatures.

CONCLUSION

This study holistically reveals the physiological response and
community dynamics of holobionts in thermally stressed
A. hyacinthus. Our data explains the community assembly
and species coexistence mechanism of symbiotic bacteria.
The symbiotic relationship between A. hyacinthus and their
photosynthetic symbionts was decomposed when reaching the
bleaching threshold. Bleaching coral with loss of algal symbionts
mainly catabolized lipids and proteins to maintain survival,
resulting in reduced tissue biomass and growth. Coral might
improve the diversity of Symbiodiniaceae and change the
community structure by reducing the relative abundance of
thermally sensitive generalists and increasing rare heat-resistant
species. Bacterial diversity would be decreased with increasing
temperature. At the same time, there was little change in a
vital coral microbial community, which was the adjustment of
bacterial community composition rather than the response of
pathogenic or opportunistic bacterial invasion. The stochastic
process was essential for shaping the community assembly of
coral symbiotic bacteria. Therefore, the temperature had a weak
impact on the bacterial community structure and assembly,
and bleaching coral always maintained the original community
membership and abundance under thermal stress. Although the
network structure fluctuated and tended to be simplified with
increasing temperature, the coral bacterial symbiotic network
would quickly establish a high degree of stability. Stochastic
processes and network interaction would help the bacterial
community cooperate more to adapt to high-temperature niches,
which would help thermally stressed A. hyacinthus maintain
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