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Global warming has caused elevated seawater temperature and coral bleaching,
including events on shallow reefs in the upper Gulf of Thailand (UGoT). Previous studies
have reported an association between loss of zooxanthellae and coral bleaching.
However, studies on the microbial diversity of prokaryotes and eukaryotes (microbiome)
as coral holobionts are also important and this information is still limited in the uGoT. To
address this shortcoming, this report provided baseline information on the prokaryotic
(bacteria and archaea) and eukaryotic microbes of healthy and bleached colonies of
four prevalent corals Acropora humilis, Acropora millepora, Platygyra sinensis, and
Porites lutea and surrounding seawater and sediments, using 16S and 18S rRNA
gene next-generation sequencing. Both prokaryotic and eukaryotic microbes showed
isolated community profiles among sample types (corals, sediment, and seawater)
(ANOSIM: P < 0.001, R = 0.51 for prokaryotic profiles and P < 0.001, R = 0.985 for
eukaryotic microbe profiles). Among coral species, P, sinensis showed the most diverse
prokaryotic community compared with the others (ANOSIM: P < 0.001, R = 0.636),
and P lutea showed the most diverse eukaryotic microbes (P = 0.014, R = 0.346).
Healthy and bleached corals had some different microbiomes in species and their
prevalences. For instance, the significant increase of Alphaproteobacteria in P sinensis
resulted in reduced prokaryotic community evenness and altered potential metabolic
profiles (i.e., increased amino acid metabolism and genetic information processing
and transcription, but decreased prokaryotic functions in cell motility, signaling, and
transduction). For eukaryotic microbes, the loss of the algal Symbiodinium (colloquially
known as zooxanthellae) in bleached corals such as P lutea resulted in increased
Chromista and Protista and, hence, clearly distinct eukaryotic microbe (including fungi)
communities in healthy vs. bleached colonies of corals. Bleached corals were enriched
in bacterial pathogens (e.g., Acinetobacter, Helicobacter, Malassesia, and Aspergillus)
and decreased coral-beneficial prokaryotic and eukaryotic microbes (e.g., Rhizobiales
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and Symbiodinium). Additionally, this study identified microbiome species in bleached
P lutea that might help bleaching recovery (e.g., high abundance of Rhizobiales,
Oceanospirillales, Flavobacteriales, and Alteromonadales). Overall, our coral-associated
microbiome analyses identified altered diversity patterns of bacteria, archaea, fungi, and
eukaryotic microbes between healthy and bleached coral species that are prevalent in
the uGoT. This knowledge supports our ongoing efforts to manipulate microbial diversity
as a means of reducing the negative impacts of thermal bleaching events in corals

inhabiting the uGoT.

Keywords: coral bleaching, coral reefs, microbiome, bacteria, fungi, small eukaryotes, next generation

sequencing

INTRODUCTION

Coral reefs represent one of the most productive and biodiverse
ecosystems on earth, when normalized per unit area, than
any other marine environments (Hatcher, 1990). Coral reefs
provide many ecosystem services including being the major
marine nutrient resources (carbon and nitrogen supplies) and
habitat to many diverse marine organisms. Additionally, coral
reefs are a source of bioactive compounds and provide coastal
protection against waves and floods (Rosenberg et al., 2007;
Burke et al, 2012; Bourne et al., 2013). However, during the
past few decades, coral reefs have been extensively endangered
by anthropogenic activities, directly (e.g., overfishing and
coral collection) and indirectly (primarily by greenhouse
gas pollution) (Hughes et al, 2003; Harvey et al, 2018).
Accumulated greenhouse gas pollution affects UV radiation
and global climate change (elevated atmosphere and seawater
temperatures) and subsequently causes thermal coral bleaching
events (Lesser et al., 2004; Burke et al., 2012; Bourne et al,,
2013). When seawater temperature is too warm, corals expel
their algal holobionts, of which one of the most predominant
is  Symbiodinium. Symbiodinium, alternatively known as
zooxanthellae, are single-cell photosynthetic dinoflagellates that
live in symbiosis with corals and several marine invertebrates
(Hoegh-Guldberg and Smith, 1989). Symbiodinium spp.
provide photosynthetic food to corals and protect corals from
pathogens by competing against pathogens for food and space
on coral bodies (Lesser et al., 2013). When Symbiodinium is
expelled, corals become discolored (white) due to the absence
of colored photosynthetic pigments from Symbiodinium; this
is referred to as “coral bleaching” and importantly results
in loss of food that is normally produced by Symbiodinium
to feed the coral (Baker et al, 2008). Consequently, coral
growth, reproduction, resistance to disease and stress, and
survivability decline (Baker et al, 2008). These thermal
bleaching events are considered the most problematic coral
situation worldwide, including in the upper Gulf of Thailand
(uGoT) that first recorded a thermal bleaching event in 2006
in Sattahip District, Samae San Island, Chon Buri Province
(Chavanich et al., 2009).

Thermal events are the most well-known events that cause
coral bleaching, but other factors may be involved, such as
seawater acidification [which could indirectly be caused from

greenhouse gas (CO;) pollution] (Anthony et al., 2011), increased
levels of sediment that cover corals, smothering them and/or
blocking sunlight (Peters, 1984), and dysbiosis of the coral-
associated microbiome (Ritchie, 2006; Bourne et al., 2008a).
In addition to Symbiodinium, corals live symbiotically with
prokaryotic (bacteria and archaea) and eukaryotic microbes
(Rohwer et al., 2002; Rosenberg et al., 2007). Scientists reported
that coral prokaryotes, in particular, bacteria, are diverse
and include species that are able to either provide food via
photosynthesis, acquire and decompose organic and inorganic
nutrients, and/or produce antibiotics and antioxidants to boost
immunity of corals and promote resistance against pathogens
and environmental stress (including coral bleaching). Coral-
symbiotic bacteria also compete with coral pathogens for space
and nutrients (Lesser et al, 2004; Rosenberg et al, 2007;
Lema et al, 2012; Webster et al., 2016, Webster and Reusch,
2017).

For coral-associated fungi, some reports suggested their
symbiotic roles in coral skeletal biomineralization (Le Campion-
Alsumard et al., 1995), nitrogen fixation (Wegley et al., 2007),
and UV protection (Dunlap and Shick, 1998), while others act
as pathogens such as Aspergillus sydowii (Geiser et al., 1998;
Smith and Weil, 2004), Rhytisma acernium, and Stephanocoenia
intersepta (Sweet et al., 2013; Meyer et al., 2016). Other eukaryotic
microbes, besides Symbiodinium, have been less documented,
but they likely play major roles as photosynthesis and food
providers, and/or coral resilience support to environmental
stresses (Kramarsky-Winter et al., 2006; Harel et al., 2008) and
disease (Bourne et al., 2008b; Sweet et al., 2013) is possible.

Profiling coral-associated prokaryotic and eukaryotic
microbes (microbiome) is an important step required to
understand coral holobionts and how, or if, these communities
regulate coral health (e.g., against thermal bleaching). In
Thailand, coral-associated bacteria and fungi microbiome
studies have been limited. Thailand coral reefs are fringe
type with three dominant coral genera: Acropora, Platygyra,
and Porites (Phongsuwan et al,, 2013). During the past few
decades, corals have been reported to be continuously reduced
in abundance, aerial coverage, and general health. For example,
in Mun Island (Rayong Province) and Chang Island (Trat
Province), the reported decreases ranged from approximately
37.4% in 1995 to 33.3% in 2006 and 22.2% in 2011, with more
severe declines noted in 2011 related to thermal bleaching events
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(Phongsuwan et al.,, 2013; Pengsakun et al., 2019). Because the
declines in corals have been continuous and are growing worse
with time in the uGoT, we undertook studies aimed to reveal the
healthy and bleached, coral-associated microbiome profiles to
support restoration of Thailand coral reefs.

This report utilized 16S and 18S rRNA gene next-generation
sequencing (NGS), to firstly identify both prokaryotic and
eukaryotic microbe communities associated with healthy and
bleached corals that are dominant in the uGoT (i.e., Acropora
humilis, Acropora millepora, Platygyra sinensis, and Porites lutea),
along with the microbiomes of the surrounding seawater and
sediments, during a thermal bleaching event in 2016. Our studies
included comparative alpha and beta community diversity
analyses, correlation analyses, and comparisons of metabolic
potentials of prokaryotic communities at three study sites in
the uGoT [Tao Mo Island (T), Khao Ma Cho (M), and Samae
San Island (S), in Sattahip District, Chon Buri Province].
Overall, we consider the microbiome knowledge gained from
this study to be a crucial part of our understanding of coral
reef health in the uGoT, which over time, will help us devise
microbe-mediated strategies to protect corals from thermal
bleaching events.

MATERIALS AND METHODS

Sample Collections

Samples including coral species A. humilis (AH), A. millepora
(AM), P. sinensis (PS), and P. lutea (PL), as well as sediment
(S) and seawater (W), were collected from Tao Mo Island
(T) (12°3835.2"N, 100°51’43.3"E), Khao Ma Cho (M)
(12°35'50.4"N, 100°56'52.5”E), and Samae San Island (S)
(12°34/30.33”N, 100°57'29.55”E), in Sattahip District of Chon
Buri Province, Thailand, during a midday of the great global
thermal bleaching event in June-July 2016 (Figure 1). During
the period of sample collections, the seawater temperature
was approximately 32°C (minimum 30.66°C and maximum
33.74°C) at all three sites. For each coral species, healthy (H)
and bleached (B) colonies were collected. Healthy and bleached
coral colonies were determined via their appearance (i.e., white
color for bleached coral) by on-site marine scientist divers
(Chavanich, Jandang, and Viyakarn) (Bulan et al., 2018a,b). At
least three independent colonies of each species were sampled
in each location. For each sample, a fragment approximately
5 cm in length and 5 cm in diameter was collected. The distance
between each sampled colony was approximately 5 m. After
a sample was collected underwater, it was placed in a plastic
bag individually. For sediment samples, at least three samples
(approximately 50 g of each) were collected just below each of
the sampled coral colonies. Similar to the sediment samples,
at least 3 L of seawater samples were collected directly above
each of the sampled coral colonies. All samples were transported
immediately to the laboratory and stored at —20°C. The
abbreviations of the samples are as follows: sample (AH, AM,
PS, PL, S, or W) followed by coral condition (H or B) (for coral),
site (S, M, or T), and independent replicate number (1, 2, or
3). For instance, PLHS1 and PLBS3 represent coral P. lutea at

Samae San Island of healthy replicate 1 and bleached replicate
3, respectively.

DNA Extraction

Metagenomes were extracted using Power Soil DNA Isolation
Kit (for coral and sediment samples) and Power Water
DNA Isolation Kit (seawater samples) (MoBio, Carlsbad, CA,
United States), following the manufacturer’s instructions and
previous literature (Bulan et al., 2018a,b). The coral sample was
ground using sterile mortar and pestle, and 1 g of coral and 1 g
of sediment were used. For seawater, 2.5 L was filtered using a
sterile 0.22-pm filter membrane (Merck Millipore, Burlington,
MA, United States) and the filtered membrane was used. The
quality and quantity of the extracted metagenomic DNA were
checked by agarose gel electrophoresis (0.55% agarose gel w/v)
and NanoDrop spectrophotometry, respectively.

16S and 18S rRNA Gene Library
Preparation and Next-Generation
Sequencing

Libraries of the V4 region of the 16S rRNA gene (for bacteria
and archaea) and the V9 region of the 18S rRNA gene (for fungi
and other small eukaryotes) were prepared by polymerase chain
reaction (PCR) according to Caporaso et al. (2012). The universal
prokaryotic primers 515F (5-GTGCCAGCMGCCGCGGTAA-
3’) and 806R (5-GGACTACHVGGGTWTCTAAT-3') and

the universal eukaryotic primers Illumina Euk_1391F
(5"-GTACACACCGCCCGTC-3') and Illumina_EukBr (5'-
TGATCCTTCTGCAGGTTCACCTAC-3'), with  appended

5" Ilumina adapter and 3’ Golay barcode sequences, were
used, respectively. Each 25-pul PCR reaction comprised
1 x EmeraldAmp® GT PCR Master Mix (TaKaRa, Shiga,
Japan), 0.3 M of each primer, and 75 ng of the metagenomic
DNA. For the 16S rRNA gene, the PCR conditions were 94°C
for 3 min and 30 cycles of 94°C for 45 s, 50°C for 60 s, and
72°C for 1 min 30 s, followed by 72°C for 10 min. For the
18S rRNA gene, 10 pM of mammal-blocking primer (5'-
GCCCGTCGCTACTACCGATTGGIINTTAGTGAGGCCCT3S
pC3-3’) (Caporaso et al., 2012) was also included in the PCR
recipe, and the PCR conditions were 94°C for 3 min, followed by
30 cycles of 94°C for 45 s, 65°C for 15 s (for mammal blocking
primer), 57°C for 30 s (for universal eukaryotic primers), 72°C
for 90 s, followed by 72°C for 10 min. Triplicate PCRs were
performed and pooled for each sample to prevent stochastic bias.
Amplicons of ~381 bp (16S rDNA) and ~260 bp (18S rDNA)
in length were excised from agarose gels. The amplicons were
purified using GF-1 Gel Extraction Kit (Vivantis Technologies
Sdn Bhd, Selangor, Malaysia) and quantified with Picogreen
using Qubit dsDNA HS assay kit (Invitrogen, Eugene, OR,
United States) and Qubit 3.0 Fluorometer (Thermo Fisher
Scientific, Waltham, MA, United States). Each barcoded sample
(200 ng) was pooled and sequenced on MiSeq 300 NGS platform
(Hlumina, San Diego, CA, United States) at OMICS Science
and Bioinformatics Center, Faculty of Science, Chulalongkorn
University (Bangkok, Thailand).
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and Tao Mo Island, in the upper Gulf of Thailand.

Bioinformatic and Statistical Analyses

Sequences were processed according to Mothurs standard
operating procedures (SOP) (Schloss et al, 2009). For data
cleaning, reads containing (i) ambiguous bases, (ii) >1 mismatch
base in the primer region, (iii) > 10 homopolymer, (iv) sequence
length < 100 bp, and (v) chimera sequence were removed.
Silva databases (version 1.32) were used to align the sequences
and remove contaminated sequences (i.e., mitochondria and
chloroplast sequences). Sequences that belong to corals were also
removed for 18S rDNA sequences. For taxonomic classification,
16S and 18S rDNA sequences were classified prokaryotic and
eukaryotic operational taxonomic units (OTUs) using Silva
databases (version 1.32). Alpha diversity (Goods coverage to
estimate a sequencing coverage, Chaol richness, and Shannon
diversity indices) and beta diversity [thetayc dissimilarity index
and non-metric multidimensional scaling (NMDS)] at the genus
level were determined using Mothur (Schloss et al., 2009).
Correlation analysis was performed by RStudio using VEGAN
package (Oksanen et al., 2019). Potential metabolic function of
the community was predicted using PICRUSt (version 1.1.4)
following established protocols (Langille et al., 2013). The
metabolic functions were categorized by Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways. For correlations between
coral-associated prokaryotic and eukaryotic genera, the analyses
were based on positive (or negative, or no) correlation between
the corresponding genera relative frequency percentages.

Mean and standard deviation (mean £ SD) were computed.
For statistical analysis, Student’s ¢-test and analysis of similarities
(ANOSIM) were used to test for significant differences between
and among groups (P < 0.05) for alpha and beta diversities,
respectively. The significant differences for potential metabolic

function were tested by White’s non-parametric f-test. Data
visualization and statistical analyses were conducted using
Microsoft Excel, metastats (Mothur), and RStudio version
1.3.1093".

RESULTS

16S and 18S rRNA Gene Sequencing and

Their Alpha Diversities

Quality scores (Q30) of 88.3% for 16S and 89.8% for 18S
rRNA gene sequences were retrieved from the NGS runs. Note
that Q30 represents an average sequence error rate of 1 in
1,000 or a corresponding base call accuracy of 99.9%; a higher
Q30 percentage thereby infers a higher base call accuracy, and
Ilumina NGS runs should have Q30 score above 70% (Kastanis
et al., 2018). After the Mothur’s SOP for quality read process,
a total of 1,468,626 quality reads for prokaryotic sequences
and 8,005,841 quality reads for eukaryotic microbe sequences
were retrieved. The average quality reads per sample were
34,967 and 190,615 for prokaryotic and eukaryotic microbes,
respectively. These numbers of quality reads per sample were
considered sufficient sequencing depth, because they resulted in
the computed Good’s coverage indices at genus-level OT'Us to be
all above 99%, except AHBT2 (97.36%) and PSHM1 (97.32%)
prokaryotic communities (Supplementary Tables 1A,B). To
prevent sequencing depth bias, every community profile was
normalized to the same sequencing depth (6,846 quality

Thttps://rstudio.com/products/rstudio/download/
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sequences per 16S rRNA gene sample and 18,503 quality
sequences per 18S rRNA gene sample) for analyses.

The alpha diversity indices of the samples across different
sample types (corals, sediment, and seawater) were compared
using Chao and Shannon indices (Supplementary Table 1 and
Figure 2). Overall, the diversity of prokaryotes was found to be
much greater than that of eukaryotic microbes for coral samples
(Supplementary Table 1: prokaryotes avg. 437.25 £ 186 OTUs,
eukaryotic microbes avg. 58.63 & 27.46 OTUs) and sediments
(prokaryotes avg. 650.33 & 30.25 OTUs, eukaryotic microbes avg.
178.11 £ 18.42 OTUs). For seawater, the diversity of prokaryotes
remained higher but was closer to that of eukaryotic microbes
(prokaryotes avg. 329.56 4= 24.33 OTUs, eukaryotic microbes avg.
217.33 £ 24.99 OTUs).

The greatest relative prokaryotic OTU richness (Chao index)
was observed in sediment samples, followed by corals, and
seawater represented the least OTU richness. Statistical tests
demonstrated significant differences in the prokaryotic OTU
diversity between the sediments and the other sample types
(ANOSIM: P < 0.01). OTU richness varied among coral species:
two Acropora had relatively greater prokaryotic diversity than
Porites and Platygyra (Figure 2A: avg. Chao index of A. humilis
was 705.63 £ 109.85, A. millepora 689.19 + 94.85, P. sinensis
397.72 + 42.0, and P. lutea 458.96 =+ 119.44). Significant
differences were determined between A. humilis vs. P. sinensis
(t-test: P = 0.0002), A. humilis vs. P. lutea (P = 0.003),
A. millepora vs. P. sinensis (P < 0.001), and A. millepora vs.
P. lutea (P = 0.0021). Nonetheless, OTU evenness (Shannon
indices) was found to be relatively similar among samples.
No significant differences in Shannon indices were observed
between the sediments (avg. 4.08 & 0.11) and the other samples
(3.45 £ 0.33) (P > 0.01), highlighting an evenness of individual
distributions of the prokaryotic OTUs in each sample (Figure 2B:
avg. Shannon index 3.28).

For eukaryotic microbes, seawater (Figures 2C,D: avg. Chao
index 262.22 + 44.44, avg. Shannon index 2.31 £ 0.53) and
sediment (avg. Chao index 207.06 & 20.41, avg. Shannon index
2.14 + 0.11) samples had relatively greater alpha diversities
than corals (avg. Chao index 74.19 =+ 33.27, avg. Shannon
index 0.57 £ 0.35). The statistically significant differences were
observed when comparing the seawater and sediment samples
against the coral samples, in both OTU richness (ANOSIM:
P < 0.01) and evenness (P < 0.01). Furthermore, healthy
coral samples showed lower alpha diversity than bleached coral
samples, for instance, avg. Shannon index of healthy corals was
0.30 = 0.21 and bleached corals was 0.84 & 0.23 (Supplementary
Table 1 and Figure 2). Statistically significant increases in
both OTU richness and evenness between healthy and bleach
conditions were found for three coral species: Chaol indices
for A. humillis (t-test: P = 0.027, given mean £ SD was
53.89 £ 6.91 for healthy and 114.28 £ 24.19 for bleached),
P. sinensis (P = 0.009, given mean £ SD was 46.06 £ 12.62 for
healthy and 98.76 + 32.48 for bleached), and P. lutea (P = 0.03,
given mean £ SD was 56.94 + 8.42 for healthy and 116.78 & 39.19
for bleached) and Shannon indices for A. humillis (P = 0.014,
given mean £ SD was 0.49 £ 0.07 for healthy and 0.81 % 0.12
for bleached), P. sinensis (P = 0.006, given mean £ SD was

0.24 £ 0.07 for healthy and 0.77 & 0.15 for bleached), and P. lutea
(P = 0.009, given mean £ SD was 0.05 & 0.003 for healthy and
1.00 = 0.429 for bleached).

Community Compositions and Beta
Diversity Analyses of Prokaryotic

Communities

The percent relative abundance of prokaryotic phylum
compositions was found to be relatively close within the same
sample types and (for corals) the same coral genus. The three
corals (A. humilis, A. millepora, and P. sinensis) and sediment
samples shared dominant prokaryotic phyla: Proteobacteria
(Figure 3A: avg. 62.33 = 15.93%) followed by Bacteroidetes
(avg. 12.81 £ 7.02%). Seawater samples displayed different
compositions: Cyanobacteria (avg. 48.62 & 7.04%) followed by
Proteobacteria (avg. 22.61 & 2.77%). It is worth noting that the
prokaryotic compositions were relatively consistent among sites
for sediment and seawater samples (Figure 3A). This finding may
support the close sediments and seawater environments among
T, M, and S sites, yet a more diverse prokaryotic (in particular
bacterial) compositions for corals may partly be owning to the
genera of corals.

Prokaryotic diversity was analyzed in detail by class,
order, and species compositions, between bleached and
healthy conditions, and across coral species (Figures 3B-
D). Bacterial orders Rhizobiales and Rhodobacterales were
found shared across all coral species and were among the
top 20 most abundant in all cases, suggesting their important
functions in corals. The prokaryotic compositions showed
more variation between coral genera than the variations
observed between healthy vs. bleached conditions. For example,
relatively high percentages of class Alphaproteobacteria
were found in P. sinensis (Figure 3B: healthy 39.01% and
bleached 64.26%). Differences in diversity between healthy
and bleached corals were observed, but these differences were
non-statistically significant when analysis was conducted at
the genus level (Figure 3D): A. humillis (ANOSIM: P = 0.21,
R = 0.26), A. millepora (P = 0.20, R = 0.11), P. sinensis
(P = 0.10, R = 0.96), and P. lutea (P = 0.10, R = 0.89). In
addition, some classes that were reported in both healthy
and bleached corals were found to be populated by different
genera: for example, predominant Alphaproteobacteria in
P. sinensis contained different genera between healthy and
bleached conditions. Bleached Acropora species exhibited
heightened proportions of bacterial genera Acinetobacter
and Helicobacter. For bleached P. sinensis, Actinobacter
and unclassified genera of class Alphaproteobacteria, class
Oxyphotobacteria, and order Rhizobiales were instead found
to increase, whereas unclassified genera of family Stappiaceae,
family Rhodobacteriaceae, and class Gammaproteobacteria
decreased. For bleached P. Iutea, unclassified genera of
BD2-11 terrestrial group, A4b, order Dadabacteriales, and
bacteria of subgroupl0 were found to increase, whereas
unclassified genera of class Gammaproteobacteria, phylum
Proteobacteria, class Oxyphotobacteria, class Bacteroidia, and
SAR202 clade decreased.
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Non-metric multidimensional scaling demonstrated clearly
the community profile differences across coral genera and that
A. humilis and A. millepora positions overlapped. Bleached
P. sinensis demonstrated the most separation relative to
their profiles in healthy samples (Figure 4A); this separation
was largely due to the increased proportions of unclassified
Alphaproteobacteria and Desulfobacterales along with decreases
of the orders Rhizobiales, Rhodobacterales, Vibrionales, and
Oceanospirillales (Figure 3). Correlation analysis further
revealed the prokaryotic taxa contributing to each direction
of the community; for example, P. sinensis was enriched with
Alphaproteobacteria and Rhizobiales (consistent with Figure 3
results), while Proteobacteria was abundant in healthy, but not
in stressed, P. sinensis. For Acropora and Porites genera, other
specific bacteria taxa were associated with the changes in healthy
vs. bleached corals (Figure 4A).

Beta Diversity Analyses of Eukaryotic
Microbe (Fungi and Small Eukaryote)
Communities

The microbial 18S rRNA gene NGS yielded eukaryotic microbe

profiles of fungi and small eukaryotes in the kingdoms of
Chromista (avg. 61.58 * 9.44%), Animalia (26.59 + 3.41%),

Plantae (0.41 =+ 0.16%), and Protista (0.33 =+ 0.09%)
(Figure 5A). While sediments showed similar eukaryotic
microbe compositions at all sites, seawater and corals showed
community variations among sites especially at the S site.
Corals A. humilis, A. millepora, and P. lutea demonstrated
clearly different eukaryotic microbe compositions at the phylum
level between healthy and bleached conditions compared
with P. sinensis. A single-cell eukaryotic Dinoflagellata (algae)
represented the most predominant phylum among corals and
sediments. Of note was that the sediment eukaryotic microbe
profiles contained many unclassified phyla. Next, we analyzed
the relative abundances of important coral organisms of the
genus Symbiodinium (phylum Dinoflagellata) (Figure 5B),
simple eukaryotic Chromista (which contain photosynthetic
organelles) and Protista (most of which contain photosynthetic
organelles) (Figure 5C), and fungi (Figure 6). Comparing
healthy and bleached corals, Symbiodinium was significantly
reduced in most bleached corals, especially in bleached
P. lutea: A. millepora (t-test: P = 0.04, given mean + SD was
90.59 £ 3.85% for healthy and 82.06 + 0.42% for bleached),
P. sinensis (P = 0.004, given mean & SD was 96.89 £ 0.38%
for healthy and 88.41 £ 1.59% for bleached), and P. lutea
(P = 0.016, given mean & SD was 99.64 & 0.02% for healthy
and 65.94 £ 11.91% for bleached) (Figure 5B). The 10 topmost
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abundances of Chromista—Protista genera in corals were
analyzed, and interestingly, the bleached corals had the higher
number of unclassified genera of Dinophyceae and Alveolata
and the genus Navicula (diatom) than those in their healthy
corresponding coral species. Different Chromista—Protista OTUs
showed fluctuation patterns across coral conditions, coral genera,
and species. For instance, the unclassified genera of Suessiaceae,
Phaeophyceae, Stramenopiles, and Embryophyta tended to
be high in coral Acropora spp. The abundance of unclassified
Gymnodiniphycidae genus was reduced in bleached A. humilis
and A. millipora but increased in bleached P. sinensis (Figure 5C).

Analyzing the microbial community of bleached coral
clusters showed that the bleached eukaryotic microbe cluster
had rather community structure disparity from the healthy
eukaryotic microbe cluster, especially for bleached P. lutea
(Figure 4). Relatively higher frequencies of Symbiodinium
showed positive correlation with healthy coral eukaryotic
communities (Figure 5B). The correlation analysis also
revealed that Demospongiae and Clionaida were statistically
responsible for the separation of bleached from healthy corals, in
particular, P. [utea (Figure 5B). Bacillariophyceae, Suessiaceae,
Dinophyceae, and Gymnodiniphycidae were responsible for the
correlation in the other bleached coral samples (Figures 4A, 5C).

For fungi communities, phyla Ascomycota and Basidiomycota
were generally predominant in all samples. For healthy P. lutea,
the single dominant Basidiomycota were unique (Figure 6A).
P. lutea demonstrated the most fungal community dissimilarity

between healthy and bleached conditions, followed by P. sinensis,
A. millipora, and A. humilis, in order (Figure 6). For fungi,
the same genus of corals did not always show consistent
changes. Some findings of the differing fungi between healthy
vs. bleached A. humilis were opposed to those in A. millepora:
for instance, genera Malassezia (class Malasseziomycetes),
unclassified Mucorales, and unclassified Ascomycota. The
changes in bleached A. humilis shared commonality with those
in bleached P. sinensis and P. lutea (Figure 6C). Correlation
analysis of merely the fungi communities demonstrated no
distinct community separations between healthy and bleached
conditions, somewhat because of relatively high abundances of
Saccharomyces and Malassezia in P. sinensis and the unclassified
genus of Basidiomycota in P. lutea (Figures 4C, 6C).

Functional Potentials of Healthy and
Bleached Coral-Associated Prokaryotic

Communities

Functional potentials estimated from prokaryotic communities
demonstrated bacterial functions in various categories, including
membrane transport, amino acid and carbohydrate metabolisms,
replication and repair, energy metabolism, translation,
metabolism of cofactors and vitamins, xenobiotic biodegradation
and metabolism, cellular processes and signaling, and lipid
metabolism (Figure 7A; Hewson and Fuhrman, 2004; Tout et al.,
2014). Nevertheless, the comparing pairs between healthy and
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FIGURE 4 | Non-metric multidimensional scaling analyses of (A) prokaryotes, (B) fungi and small eukaryotes, and (C) fungi communities at genus level OTUs.
Arrows indicate significant correlation analysis of prokaryotic taxa to samples (P < 0.05).
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bleached coral genera showed statistically significant differences
of function frequencies involving immune system diseases for
bleached Acropora. There were also statistical differences of
function frequencies in cell motility, amino acid and nucleotide
metabolism, cellular processes and signaling, genetic information
processing, signal transduction, transcription, biosynthesis of
secondary metabolites, transport and catabolism, and various
body systems for Platygyra and xenobiotics biodegradation,
nucleotide metabolism, transcription, and biosynthesis of
secondary metabolites for Porites (t-test: P < 0.05) (Figure 7B).
These differences in functional attributes highlighted key
differences in bacterial community structure in healthy vs.
bleached conditions of each coral genus.

Correlations Between Coral-Associated

Prokaryotic and Eukaryotic Genera

As prokaryotes and eukaryotes were reported to interact
in a coral holobiont system (Bernasconi et al, 2019a,b;
Matthews et al., 2020), the coral-associated prokaryotic and
eukaryotic genera were analyzed for correlation of prevalence.
Although the statistics for the overall correlation between

prokaryotic and eukaryotic communities were found not
significant, many genera between prokaryotes and eukaryotes
were found to be statistically significantly correlated
(Supplementary Figure 1: green color). An unclassified
eukaryotic genus of Suessiaceae showed relatively positive
correlation to most number of bacterial genera, and the greatest
positive correlation was determined between the unclassified
eukaryotic genus of Suessiaceae and an unclassified prokaryotic
genus of Lachnospiraceae (r = 0.719, P = 0.000033). This
unclassified genus of Suessiaceae showed a strong positive
correlation with other bacteria genera, such as Acinetobacter
(r=0.675, P =0.00017), Helicobacter (r = 0.672, P = 0.00019), an
unclassified genus of Muribaculaceae (r = 0.683, P = 0.00013), and
an unclassified genus of Bacteroidales (r = 0.667, P = 0.00023).
The pattern of these bacterial genera correlations with the
unclassified genus of Suessiaceae was also observed with
some other eukaryotes, including an unclassified genus of
Stramenopiles, an unclassified genus of Embryophyta, and an
unclassified genus of Dinophyceae. On the other hand, certain
genera of bacteria (e.g., an unclassified genus of BD2-11 terrestrial
group, Candidatus nitrosopumilus, and unclassified genera of
Dadabacteriales and Nitrosopumilaceae) showed negative
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correlation to most eukaryotic genera except Symbiodinium
(Supplementary Figure 1). The strongest negative correlation
was found between an unclassified genus of Dinophyceae and
Candidatus nitrosopumilus (r = —0.458, P = 0.023).

DISCUSSION

Coral holobionts (i.e., microbiome) are known to be specific
to sites and coral species and to be altered in bleached vs.
healthy corals (Rohwer et al., 2002; Pootakham et al., 2017, 2018).
Previously, Roder et al. (2014) reported a higher abundance of
coral pathogenic bacteria in bleached corals, and Littman et al.
(2011) reported a shift in bacterial metabolisms (e.g., virulence
genes, metabolisms of fatty acids, proteins, phosphorus, and
sulfur) in bleached corals relative to healthy corals (Littman et al.,
2011). The prokaryotic and eukaryotic microbe microbiomes
associated with healthy and bleached coral species in the

uGoT have not been extensively studied, yet microbial and
small organisms play important roles in coral symbiosis in
the uGoT, with important implications for coral health. Coral
microbiomes play roles in providing nutrients for coral growth
and reproduction and synthesize bioactive compounds that
promote coral resistance to pathogens, as previously reported
(Rosenberg et al., 2007; Wegley et al., 2007; Lesser et al., 2013;
Webster and Reusch, 2017). We also know that greenhouse gas
pollution has caused seawater temperature to rise; this shift in
temperature has affected the microbiome of corals worldwide.
This study firstly revealed both the prokaryotic and eukaryotic
microbe microbiomes representing healthy and bleached samples
of the four prevalent coral species (A. humilis, A. millipora,
P. sinensis, and P. lutea) in the uGoT and also the microbiomes
of underlying sediments and surrounding seawater over the
corals. Samples were taken during the global thermal bleaching
event in 2016 when significant bleaching occurred in the UGoT.
Results reported here lay a firm foundation for understanding
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the coral microbiome in the UGoT, understanding how thermal
bleaching events result in alterations in the microbiome and, with
additional research, how it may be possible to promote coral
recovery and health in future thermal bleaching events in the
uGoT through manipulation of the coral microbiome.

In this study, different prokaryotic and eukaryotic
microbiomes were found across different coral genera in
healthy vs. bleached conditions. The greatest alpha diversity of
prokaryotic OTUs was observed in sediments beneath the corals,
which previous research reported the sediment may affect coral
rates of growth, photosynthesis, larval settlement and survival,
coral bleaching, and mortality (Tuttle et al., 2020). Sediment
bacteria could play a role providing and/or recycling nutrient
resources for coral growth/reproduction. In contrast, fungi and
small eukaryotes had higher OTU diversity in seawater, which
might be because these organisms are more independent on a
requirement of surface area (i.e., coral surface) for colonization;
also, some seawater small eukaryotes can harvest food from the

water column like bacteria (Nielsen and Risgaard-Petersen, 2015;
Mincer et al., 2016).

Gardner et al. (2019) previously reported that Acropora
muricata and Acropora gemmifera are more bleaching sensitive
than P. lutea, and raised a hypothesis that the high bacterial
diversity found in Acropora may negatively affect bleaching
resistance. In general, our results support this hypothesis, as we
found that bleached corals exhibited a higher degree of both
prokaryotic and eukaryotic microbe Shannon indices (which
include both OTU richness and evenness) than healthy corals,
consistent with previous reports that claimed an association
between increased community diversity and corals undergoing a
bleaching event (McDevitt-Irwin et al., 2017; Gardner et al., 2019;
Sun et al., 2020).

Analyzing the beta diversity of the compositions of
prokaryotes (and also fungi and other small eukaryotes)
and the corresponding statistical analyses supported the
general trends seen previously, namely, that microbiomes
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were specific to sample types (corals vs. sediment vs. seawater)
(Bulan et al., 2018a,b). The NMDS analyses further suggested
that the compositions of prokaryotes (and also fungi and
other small eukaryotes) were clustered separately by coral
genera. For some coral genus microbiomes (i.e., Figures 4A,B,
prokaryotic and eukaryotic microbe communities in healthy vs.
bleached P. sinensis), bleached and healthy conditions showed
diversified microbiomes.

The percent relative abundances and NMDS correlation
analyses revealed differences in healthy and bleached samples,
of each coral species. For instance, Rhizobiales, bacteria with
high functions in nitrogen fixation (Lema et al., 2014), were
high in bleached P. sinensis. Nonetheless, healthy and bleached
Acropora demonstrated very close prokaryotic community
clustering, a surprising finding since some bacteria, such as
Acinetobacter, were found in diseased corals including dark
spot syndrome disease (Sweet et al., 2013; Meyer et al., 2016).
Other shared common altered species in bleached Acropora
and P. sinensis included a decrease of beneficial bacteria, such
as Rhizobiales, which Gardner et al. (2019) suggested was
associated coral bleaching resistance. Interestingly, bleached
P. lutea and P. sinensis shared higher prevalence for three of
four beneficial bacteria taxa: Oceanospirillales (Kirkwood et al.,
2010; Raina et al., 2016), Flavobacteriales (Kelly et al., 2014),
Alteromonadales (Ceh et al., 2013), and Desulfobacterales (Gobet
et al., 2012). Bleached Acropora species had higher prevalence
for just two of four of these beneficial bacteria taxa. Note that
Oceanospirillales could play a role in dimethylsulfoniopropionate
(DMSP) degradation and antimicrobial compound production,
which may be important during bleaching events (Kirkwood
et al, 2010; Raina et al., 2016); we found these bacteria
statistically higher in bleached A. millepora (t-test: P = 0.021)
and P. lutea (P = 0.039) lending strength to the hypothesis

that Oceanospirillales could play a role to support recovery
from coral bleaching. Other orders of bacteria have diverse
functional attributes; Flavobacteriales are energy scavengers from
organic debris (Kelly et al., 2014), Alteromonadales are denoted
as nitrogen fixers (Ceh et al., 2013), and Desulfobacterales are
denoted as organic sulfate recyclers (Gobet et al., 2012). In our
study of the uGoT, the communities of bleached corals tended
to have higher percentages of Flavobacteriales (t-test: significant
statistic for A. humilis, P = 0.025), Alteromonadales (significant
statistics for A. millepora and P. sinensis, P = 0.015), and
Desulfobacterales (significant statistics for P. sinensis, P = 0.018).
Overall, our findings suggested that there are alterations of
coral microbiome during bleached events, with the specific
pattern of changes related to each coral examined. Increases of
Vibrionales, Alteromonadales, and Rhizobiales were previously
reported in stressed corals (Bulan et al, 2018b; Tout et al,
2015; McDevitt-Irwin et al., 2017). Vibrionales were previously
reported to increase following a rise in seawater temperature, and
some species of this bacterial order may act as coral pathogens
(Kushmaro et al., 1998; Bulan et al., 2018a; Tout et al., 2015).
The bacteria compositions in bleached P. Iutea of our study
were consistent with the bleached P. lutea collected at the
Andaman Sea (Pootakham et al., 2017, 2018); both uGoT and
Anadaman Sea P. lutea had high percentages of Rhizobiales,
Oceanospririllales, and Rhodobacterales in their microbiome.
An analysis of prokaryotic function potentials, estimated
from the prokaryotic community composition, has shown
that a variety of essential prokaryotic metabolic functions
(such as membrane transport, amino acid and carbohydrate
metabolisms, replication and repair, and energy metabolism)
remained conserved following bleaching events (Badhai et al.,
2016; Bulan et al., 2018a); however, the relative frequencies of
the functions were sometimes found different in bleached vs.
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healthy corals. In our study, there were a significant increase of
human immune system disease functions of bacteria in bleached
Acropora species and the increase of xenobiotics biodegradation
and metabolism in bleached P. lutea. Of note, there was a
significant increase of metabolic function in bleached Acropora
species, suggestive of the inflammatory disease state, which
might play a role in supporting resistance to bleaching events.
Although the immune system disease functional category of
prokaryotes that we found belongs in human disease, corals
are complex mutualisms with multiply associated microbiota
and small eukaryotes, and our finding may support the modern
concepts of learning immune responses in invertebrates and a
coral holobiont immunity homeostasis (Palmer, 2018a,b; Takagi
et al, 2020). Nevertheless, the interpretation on this finding
remains to be elucidated.

Moreover, fungi, Symbiodinium, and Chromista—Protista were
analyzed in this study, as these microbes have been shown
to have important relationships in coral symbiosis (Falkowski
et al., 1984; Mieog et al., 2009). There is a well-known
relationship for corals and Symbiodinium, e.g., the loss of
Symbiodinium is associated with increased seawater temperatures
and, thus, coral bleaching (Salih et al., 1997; Gardner et al,
2019). We too observed a reduction of Symbiodinium in all
bleached coral species, with the largest reduction in P. lutea.
Additionally, we have identified differing Symbiodinium clades
in P. lutea (clade C15 in Porites and clade C3 in Acropora
and Platygyra) following the established clade naming of
Fisher et al. (2012). These differing Symbiodinium clades might
have different heat resistance. Perhaps, P. lutea had a less
heat-resistant Symbiodinium clade, so this coral species have
adapted to heat stress through its prokaryotic (in particular
bacteria) and eukaryotic microbe diversity. Following the loss of
Symbiodinium, scientists have also observed that other fungi and
small eukaryotes (Chromista-Protista) replace Symbiodinium in
terms of providing photosynthesis and coral covering functions
(Fine et al., 2005; del Campo et al., 2016; Bernasconi et al.,
2019a,b). Consistent with this “replacement” hypothesis, our
analysis also found increased abundances of unclassified genera
in Dinophyceae and Alveolata and genus Navicula in all bleached
coral species. We suggest that Dinophyceae and Alveolata could
provide photosynthesis (Gomez, 2012; Kim et al, 2013) and
the diatom Navicula could replace nitrogen and phosphate
recyclings (Kwon et al., 2013), for nutrients in corals that have
lost Symbiodinium during a bleaching event. Moreover, the
correlation analysis between coral-associated prokaryotic and
eukaryotic genera highlighted a uniqueness of Symbiodinium
that conferred a positive correlation to the otherwise prokaryotic
genera that had negative correlations to other eukaryotic
genera. Also, the correlation analysis revealed other eukaryotic
genera that may be of importance to coral health and are
actually phylogenetically associated with Symbiodinium, such
as Suessiaceae, Stramenopiles, Dinophyceae, and Dinoflagellata
(Pochon et al., 2014; Liu et al., 2018; Yorifuji et al., 2021).

In summary, this study firstly revealed both prokaryotic
and eukaryotic microbiomes of four prevalent coral species
in the uGoT and their surrounding niches (sediment and
seawater) and compared healthy and bleached colonies of corals.

Independently, triplicate sequencings per sample demonstrated
that bleached Acropora, Platygyra, and Porites microbiomes were
diverse. Overall, our findings were generally consistent with
earlier work, but there were some key differences in our samples
from the uGoT relative to reports for the same coral species
in other geographic locations. We suggest that these geospecific
differences in microbiomes in healthy or bleached conditions
involve differences in marine biogeography, consistent with other
results from corals in the uGoT (Somboonna et al., 2017). The
results presented here will help lay a foundation to help minimize
coral bleaching and/or maximize coral restoration following
bleaching events; as long-term goals, we are actively working
on techniques and strategies to improve beneficial microbiome
members that would help protect or restore functions in heat-
stressed corals. Finally, we note that this study was based
on a single time point and a single bleaching event; we are
gathering other coral microbiome bleaching event data to help us
better understand which core microorganisms support bleaching
resistance and coral reef restoration in the uGoT.
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