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Inherent differential microbial assemblages and
functions associated with corals exhibiting

different thermal phenotypes
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Certain coral individuals exhibit enhanced resistance to thermal bleaching, yet the specific microbial assemblages
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and their roles in these phenotypes remain unclear. We compared the microbial communities of thermal bleaching-
resistant (TBR) and thermal bleaching-sensitive (TBS) corals using metabarcoding and metagenomics. Our multi-
domain approach revealed stable distinct microbial compositions between thermal phenotypes. Notably, TBR
corals were inherently enriched with microbial eukaryotes, particularly Symbiodiniaceae, linked to photosynthe-
sis, and the biosynthesis of antibiotic and antitumor compounds and glycosylphosphatidylinositol-anchor pro-
teins, crucial for cell wall regulation and metabolite exchange. In contrast, TBS corals were dominated by bacterial
metabolic genes related to nitrogen, amino acid, and lipid metabolism. The inherent microbiome differences
between TBR and TBS corals, already observed before thermal stress, point to distinct holobiont phenotypes
associated to thermal bleaching resistance, offering insights into mechanisms underlying coral response to

climate-induced stress.

INTRODUCTION

Corals are foundational species that support reef ecosystems, which
provide habitat for more than a third of marine life (I). These eco-
logically and economically important ecosystems are threatened by
local and/or global stressors (2), such as pollution (3) and ocean
warming (4). Coral bleaching (i.e., the disruption of the relationship
between the host and the endosymbiont photosynthetic algae from
the family Symbiodiniaceae), mainly caused by ocean warming, has
been considered one of the main drivers of the massive die-offs in
different regions in the past decades (5, 6).

Despite their general sensitivity to thermal stress, some coral
populations (7, 8) and individuals (8-10) demonstrate differential
susceptibility to thermal bleaching. Although there is no consensus
in the literature on the use of the terms thermal “resistance,” “toler-
ance,” or “sensitivity” for corals or other marine organisms, here, we
consider corals that retain their pigmentation during a bleaching event
as bleaching resistant corals, as recently suggested by Matsuda et al.
(10). Resistant phenotypes can occur through adaptation or accli-
matization of the different members of the holobiont. By definition,
adaptation consists of a process that occurs over generation(s), help-
ing individuals and populations to permanently increase their fitness
(11). Acclimatization, in contrast, refers to physiological plasticity that
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allows a single individual to be temporally and reversibly more tol-
erant or resistant to a specific condition (12). These processes can be
linked to the coral host, the photosynthetic endosymbiotic algae of
the Symbiodiniaceae family, and the other members of the coral
microbiome, each of them potentially playing a role in resistance
mechanisms (13). Some studies attributed coral resistance to host
adaptation via natural selection of a heat-resistant state due to expo-
sure to, for example, naturally warmer temperature regimes (7, 14).
This process can be induced by exposure to subbleaching tempera-
tures (15, 16) and/or to associations with beneficial microbial as-
semblages [either Symbiodiniaceae (17, 18) or bacterial communities
(19, 20)]. For example, specific associations between corals and
some members of the Symbiodiniaceae family, such as those of the
genus Durusdinium, have been demonstrated to contribute to differ-
ences in heat tolerance (21). Other members of the microbial com-
munity may be an even more plastic and dynamic part of the
holobiont and could contribute to physiological improvements on a
much more flexible or shorter timescale than genetic adaptations of
the host (22) or changes in the Symbiodiniaceae populations (23).
The role of microbial groups other than the photosynthetic algae,
such as bacteria or viruses, has been explored in coral fitness and
thermal stress resistance (19, 24, 25). For example, some specific
bacteria can quickly respond to environmental impacts (22, 26) and
contribute to the holobiont’s increased resistance to heat stress
(27, 28), although the ability to change microbial association (i.e.,
microbial flexibility) differs between host species (22, 29).

Despite the interconnections between all members of the holobi-
ont and their potential links to coral resistance, most studies have
focused on either host-Symbiodiniaceae (23) or host-bacteria (19)
associations, with some recent insights into the microbiome associ-
ated with cultures of free-living (30) and in hospite Symbiodiniaceae
(31), or the role of the microbiome in modulating the host’s epig-
enome (32). Specific holistic and multidomain assemblages and po-
tential mechanisms associated with corals exhibiting differential
thermal bleaching susceptibility and its response to thermal stress
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have not yet been fully explored. Given the rapid pace of current
environmental changes, elucidating the mechanisms and taxa un-
derlying coral health (25, 33) and bleaching resistance in coral holo-
bionts is crucial for developing strategies to boost coral resilience
and reduce mortality under future climate change scenarios (34-37).
Here, we examine two phenotypes of the same coral species
(Mussismilia hispida) exhibiting different levels of resistance to bleach-
ing that were categorized into thermal bleaching resistant (TBR) and
thermal bleaching sensitive (TBS) based on their differential respons-
es to heat stress during long-term experiments. Our results reveal that
each phenotype inherently harbors specific microbial assemblages
and each group contributes proportionally differently to the holobi-
ont’s metabolic traits. Furthermore, TBR corals exhibited a higher
abundance of microbial eukaryotes, predominantly Symbiodiniaceae,
influencing their metabolic profiles, particularly photosynthetic and
membrane anchoring proteins, as well as the biosynthesis of antibi-
otic and antitumor compounds. In contrast, bacteria was the main
group contributing to metabolic genes associated with TBS corals,
including nitrogen, amino acid, and lipid metabolism. While shifts in
the microbial structure were observed in response to heat stress over
time within each phenotype, no overall changes were detected in the
functional profiles of either TBR or TBS, suggesting that inherent
stable differences may contribute to distinct thermal resistance. These
findings indicate a correlation between the coral-Symbiodiniaceae-
microbiome assembly, providing key insights to inform strategies
aiming to counteract coral mortality in the face of climate change.

RESULTS
Different M. hispida phenotypes exhibit distinct bleaching
responses during thermal stress experiments
Pilot heat stress experiments were conducted previously to test colo-
nies obtained from a collection of the Marine Aquarium of Rio de
Janeiro (AquaRio), in which it was observed that some colonies
bleached at 30.5°C (tagged as TBS) and others did not exhibit signs of
visual bleaching at this temperature (tagged as TBR) (see Supplemen-
tary Material and Methods). These initial experiments guided the
design of the heat stress experiments (Fig. 1A) to investigate specific
shifts in microbial groups associated with each phenotype. Four colo-
nies from each of the TBR and TBS phenotypes were selected based
on the pilot experiment. Two parallel long-term mesocosm experi-
ments (Fig. 1A) were conducted to explore the thermal bleaching
susceptibility of TBR and TBS and to investigate shifts in the micro-
biome associated with each phenotype. Fragments of each phenotype
were exposed to a pre-peak temperature (29.5°C for TBS and 30.5°C
for TBR) for 10 days, followed by 4 days at peak temperature (30.5°C
for TBS and 32°C for TBR) and a recovery period of 15 days at 26°C.
The two phenotypes of M. hispida displayed different responses un-
der increasing temperature regimes. Bleaching scoring was performed
using the Coral Health Chart as a reference (38). TBS fragments
bleached immediately after the heat stress peak (T1) at 30.5°C, with all
replicates decreasing at least two units on the Coral Health Chart after
heat stress when compared to their score at TO. After 3 days of recovery
at 26°C, one of the TBS replicas died, and, at the end of the experiment,
the remaining fragments remained severely bleached (fig. S1). In con-
trast, the color of TBR fragments only decreased by one unit after the
heat stress peak (T1) at 32°C (fig. S1) when compared to TO, exhibiting
no visual signs of bleaching or tissue damage throughout the experi-
ment, even when exposed to higher temperatures than the TBS corals.
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The applied thermal stress also differently affected the photosyn-
thetic performance of the associated symbiotic algae, as evaluated
by F,/Fy, measurements (Fig. 1, B and C, respectively). TBR corals
exhibited a modest decrease of 15% in their F,/F,, values from TO0 to
T1, which was found to be statistically significant compared to the
values at TO [P = 0.016, effect size d = —3.08; 95% confidence inter-
val (CI) = (-7.85, —1.69)]. However, no significant differences were
observed at T2 when compared to TO [P = 0.79, effect size d = —2.15;
95% CI = (—4.81 -0.51)], indicating that TBR endosymbiotic algae
were able to recover their photosynthetic efficiency. Although TBS
corals exhibited a notable 29% decrease in their F,/F,, values from
TO to T1, this change was not found to be statistically significant
(t ratio = —1.809, P = 0.12). However, a significant decrease was ob-
served at T2 when compared to TO [# ratio = 4.251, P = 0.016, effect
size d = —2.59; 95% CI = (—6.22, —1.04); table S1]. The differential
response of TBR and TBS corals to the applied heat stress demon-
strates a clear phenotypic difference. Next, we investigated how the
microbiome of these two different phenotypes are organized and
may functionally support the differential thermal resistance.

Corals with distinct thermal resistance inherently harbor
distinct microbiome assemblages

TBR and TBS coral phenotypes are associated with distinct
Symbiodiniaceae assemblages

To evaluate inherent differences between microbial assemblages as-
sociated with corals that exhibit distinct levels of thermal resistance,
we first assessed differences in Symbiodiniaceae composition at T0.
Internal transcribed spacer 2 (ITS2) amplicon sequencing of TBR
(n = 3) and TBS coral (n = 3) samples revealed that each phenotype
was associated with significantly different algal assemblages [permu-
tational multivariate analysis of variance (PERMANOVA): P=0.001,
R* = 0.77; table S2 and Fig. 2A]. The most abundant Symbiodiniace-
ae lineage harbored by TBR corals was Symbiodinium ITS-type A4
(62% mean =+ 0.54 SD) followed by a low portion of Cladocopium
C21-C3vv-C3-C3vw-C50br (5% mean + 0.005 SD). Notably, one of
the replicates of TBR samples (E23) appears as an outlier, as A1/A4-
Alb (94% relative abundance) was the most abundant lineage in all the
other samples. In contrast, TBS corals were dominated by Cladocopium
C3-C3vv-C3ww-C3-C50br-C3vu (86% mean + 0.016 SD), followed
by a low portion of Symbiodinium 1TS-typing A4/A1-A4br-A4bq-
Almi-Alb (13% mean + 0.016 SD), as shown in Fig. 2B.

Distinct microbial associations in corals with different
thermal phenotypes

In addition to the characterization of Symbiodiniaceae assemblages,
we investigated other microbial groups associated with the different
coral phenotypes before the heat stress (T0). For this purpose,
metagenomic shotgun sequencing and 168 ribosomal RNA (rRNA)
gene amplicon sequencing were conducted to evaluate the microbial
diversity associated with TBR and TBS corals.

A total of 1,931,790 open reading frames (ORFs) were identified
from the metagenomic data, of which 709,392 were taxonomically
classified by Kaiju to at least the domain level, and 1628 (37%) were
classified at the family level. The biodiversity analysis revealed signifi-
cant overall differences in Shannon alpha diversity [analysis of vari-
ance (ANOVA) P < 0.001, Eta-squared (n2) = 0.93; Fig. 3A and table
$3] and beta diversity (PERMANOVA P = 0.001, R* = 0.44; Fig. 3B
and table S3) of metagenomic families between phenotypes. In
addition, analysis of microbiome compositions with bias correction
(ANCOM-BC) was performed to estimate differentially abundant
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Fig. 1. Experimental design and Fv/Fm rates of Thermal Bleaching Resistant (TBR) and Thermal Bleaching Sensitive (TBS) coral phenotypes. (A) Experimental
design using corals exhibiting TBR and TBS phenotypes. Temperature regime and means of the photosynthetic efficiency (F,/F) ratios (y axis) throughout the experiment
(x axis, days of the experiment) of TBR (B) and TBS (C) corals. The F,/Fr, values corresponding to the sampling times were measured the night before sampling. The same
letters mean no significant differences, while different letters mean significant differences (P < 0.05) when compared to the beginning of the experiment (T0). The F,/Fr,
values correspond to the same fragment throughout the experiment.

(DA) taxa between metagenomic data from different groups, in which ~ (ANCOM-BC-LFC = 4.49, W = 11.10, P < 0.001), and Rhabdo-
TBR corals were enriched with microbial eukaryotes when compared ~ chlamydiaceae (ANCOM-BC-LFC = 3.85, W = 6.21, P < 0.001)
with TBS [ANCOM-BC-log folder change (LFC) = 1.31, W =7.99,  were among the most enriched bacteria in TBR. Pithophoraceae
P < 0.001; table S4]. The most notable difference in microbial eukary- (ANCOM-BC-LFC =5.57, W =13.22, P < 0.001), Siphonocladaceae
otes composition was the significantly higher abundance of Sym- (ANCOM-BC-LFC = 5.55, W = 13.39, P < 0.001), and Dinophysia-
biodiniaceae in TBR (89.42% of the total community, +1.74 SD)  cea (ANCOM-BC-LFC = 4.4, W = 8.95, P < 0.001) were the TBR
compared to the TBS (68.36% of the total community, +2.71 SD) phe-  top-enriched eukaryotes, while the most TBR-abundant viruses were rep-
notype (fig. S2). The different phenotypes were intricately associated  resented by Caulimoviridae (ANCOM-BC-LFC = 3.35, W = 9.09,
with distinct microbial assemblages across all domains. A total P <0.001), Leviviridae (ANCOM-BC-LFC=2.84, W =7.67, P < 0.001),
of 289 metagenomic families were differentially abundant between  and Hepadnaviridae (ANCOM-BC-LFC=2.57, W =7.03, P <0.001).
phenotypes (table S5). Metagenomic families Brevinemataceae  Last, the most enriched Archaea in TBS were Methanospirilla-
(ANCOM-BC-LFC = 5.7, W = 25.24, P < 0.001), Thiofilaceae ceae (ANCOM-BC-LFC = 2.69, W = 7.61, P < 0.001), Caldi-
(ANCOM-BC-LFC =5.68, W = 14.62, P < 0.001), Amoebophilaceae  sphaeraceae (ANCOM-BC-LFC = 2.38, W = 6.58, P = 0.001), and
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Fig. 2. Symbiodiniaceae assemblages associated with TBR and TBS coral phenotypes. (A) Principal components analysis plot of Symbiodiniaceae assemblage (ITS2
types) in TBR and TBS corals; (B) Symbiodiniaceae lineages distribution (ITS2 type) in TBR and TBS corals.

Nitrososphaeraceae (ANCOM-BC-LFC =2.33, W =6.44, P < 0.001)
(Fig. 3C and table S5).

TBS corals were mainly enriched with Celerinatantimonadaceae
(ANCOM-BC-LFC = 3.55, W = 16.48, P < 0.001), Pasteuriaceae
(ANCOM-BC-LFC =2.58, W =10.96, P < 0.001), Patulibacteraceae
(ANCOM-BC-LFC =245, W =10.45, P < 0.001), and Vallitaleaceae
(ANCOM-BC-LFC =2.45, W =7.71, P < 0.001) metagenomic bac-
terial families, whereas Tribonemataceae (ANCOM-BC-LFC =4.38,
W=14.33,P=0.005), Lophiotremataceae (ANCOM-BC-LFC=2.72,
W =12.04,P<0.001), and Delitschiaceae (ANCOM-BC-LFC =2.57,
W = 12.78, P < 0.001) were some of the enriched TBS eukaryotic
families. The archaea Thermococcaceae (ANCOM-BC-LFC = 1.33,
W =5.80,P<0.001)and viruses Totiviridae (ANCOM-BC-LFC=2.0,
W =7.28, P=0.002), Orthomyxoviridae (ANCOM-BC-LFC = 1.83,
W =5.21, P=0.001), and Adenoviridae (ANCOM-BC-LFC =1.77,
W = 4.60, P = 0.002) were also correlated with TBS (Fig. 3C and
table S5).

To further explore the bacterial communities of TBR and TBS
corals at a higher resolution, 16S rRNA gene amplicon libraries of T0
samples were also sequenced. After removing potential kit contami-
nants and amplicon sequence variants (ASVs) classified as mito-
chondria and chloroplasts, 2660 ASV's were retained for downstream
analysis. Inherent differences in the diversity and composition of the
bacterial community between TBR and TBS corals were also evident
through 16S rRNA gene amplicon sequencing data. Alpha (Shannon
index~-ANOVA, P = 0.005, Eta-squared (n2) = 0.307; Fig. 3D and
table $6) and beta (PERMANOVA, P = 0.001, R* = 0.13; Fig. 3E and
table S6) diversity data were significantly different between the coral
phenotypes before any stress was applied. A total of 44 genera were
found to be differentially abundant between TBR and TBS, also dem-
onstrating distinct assemblages in the bacterial compartment (table
S7). Genera mainly belonging to Alphaproteobacteria but also from
Verrucomicrobiae, Clostridia, Spirochaetales, Cytophagales, Phyci-
sphaerales, and Oligoflexia were enriched in TBR corals, in which
the most interesting are Rhizobiales (ANCOM-BC-LFC = 3.25,
W =12.18, P < 0.001 and LFC = 1.71, W = 5.85, P < 0.001),

Santoro et al., Sci. Adv. 11, eadq2583 (2025) 17 January 2025

Clostridia (ANCOM-BC-LFC = 2.06, W = 4.38, P = 0.002),
Paramaledivibacter (ANCOM-BC-LFC=3.10, W =6.42, P<0.001),
Cytophagales (ANCOM-BC-LFC = 3.03, W = 7.76, P < 0.001),
Spirochaeta (ANCOM-BC-LFC = 1.68, W = 6.11, P < 0.001), and
Sphingorhabdus (ANCOM-BC-LFC = 1.61, W = 6.70, P < 0.001)
(Fig. 3F and table S7). In contrast, genera belonging to the Verruco-
microbiota, Alphaproteobacteria, Gammaproteobacteria, Polyangia,
Planctomycetota, Cyanobacteria, Bdellovibrionia, and Acidimicro-
biia classes were enriched in TBS corals, in which Roseovarius
(ANCOM-BC- LFC = 1.51, W = 6.94, P < 0.001) and an unknown
genus of the Rhodobacteraceae family (ANCOM-BC- LFC = 1.10,
W = 3.34, P = 0.003), Waddlia (ANCOM-BC-LFC = 3.0, W =
8.51, P = 0.003), an unknown genus of the Rickettsiales order
(ANCOM-BC-LEC = 2.6, W = 6.15, P < 0.001), Agaribacterium
(ANCOM-BC-LFC = 1.97, W = 7.06, P < 0.001), and Gammapro-
teobacteria D90 (ANCOM-BC-LFC = 2.0, W =7.87, P < 0.001) are
among them (Fig. 3F and table S7).

Distinct functional profiles in corals with different

thermal phenotypes

To further understand the functional profiles underlying the ob-
served differences in thermal resistance, we investigated the metage-
nomic functions associated with TBR and TBS assemblages at TO. A
total of 17,617 Kyoto Encyclopedia of Genes and Genomes (KEGG)
orthologs (KOs) were identified in the metagenomic samples. The
functional profiles of TBR and TBS phenotypes were significantly dif-
ferent from each other (PERMANOVA, P = 0.003, R> = 0.3; Fig. 4A
and table S8), with 3120 distinct genes differentially enriched
(ANCOM-BC test) in each phenotype (table S9). Overall, metabolic
KOs seem to mark the most notable difference between TBR and TBS
(Fig. 4B). In addition, the number of differentially abundant meta-
bolic KOs belonging to each microbial group was proportionally dif-
ferent within TBR and TBS corals, with TBR corals having more
metabolic KOs from microbial eukaryotes, whereas most of the meta-
bolic KOs in TBS are from bacteria (Fig. 4C). Metabolic KOs, particu-
larly those involved in protein metabolism (137 DAs) from microbial
eukaryotes in TBR corals, exhibit notable enrichment, alongside
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Fig. 3. Microbial assemblages associated with TBR and TBS coral phenotypes. Alpha diversity (Shannon diversity) (A) and beta diversity (B) of metagenomic families
(or the highest assigned taxonomic level) of different coral phenotypes of the overall community in TO. (C) Bar plots with the metagenomic differentially abundant (DA)
families in TBR and TBS corals, in which LFCs with negative values are referred to as resistant phenotype, whereas positive values are referred to as sensitive phenotype.
Alpha diversity (D) and beta diversity (E) of bacterial genera of the 165 rRNA gene sequencing. (F) Bar plots with DA genera (or the lowest identified taxonomic level) in
resistant (negative LFC values, blue) and sensitive (positive LFC values, yellow) corals. The taxonomic classifications presented in the DA analysis reflect varying taxo-
nomic levels (genus, family, and class), as many relevant bacterial groups could not be consistently classified at a more specific level.

those involved in carbohydrate (58 DAs), lipid (32 DAs), and energy
metabolism (36 DAs). These microeukaryotic metabolic KOs were
mainly part of biosynthesis pathways, such as the biosynthesis of
terpenoids and polyketides (e.g., Oleandomycin biosynthesis and
Maduropeptin beta-hydroxy acid moiety biosynthesis; see table S9 for
ANCOM-BC values), biosynthesis of sugars and glycerophospholip-
ids [e.g., glycosylphosphatidylinositol (GPI)-anchor, glycogen phos-
phorylase, N-acetylgalactosaminyltransferase 3], photosynthesis
(psbA, psbD, and petB), and oxidative phosphorylation [e.g., V/A-
type adenosine triphosphatase (ATPase), F-type ATPase] in TBR
corals (Fig. 4E].

In contrast, TBS corals exhibit a predominance of bacterial KOs
involved in carbohydrate metabolism (41 DAs), protein metabolism
(37 DAs), amino acid metabolism (29 DAs), and metabolism of
cofactors and vitamins (20 DAs). For instance, bacterial KOs such
as nitrilase (nitrogen metabolism), Syringomycin synthetase protein
SyrB1 (amino acids metabolism), ketoreductase RED1 (metabolism

Santoro et al., Sci. Adv. 11, eadq2583 (2025) 17 January 2025

of terpenoids and polyketides), and lysophospholipid acyltransfer-
ase (lipid metabolism) were the most differentially abundant bacte-
rial KOs in TBS corals (table S9 and Fig. 4D).

Changes in microbiome assemblages in response to
heat stress
Microbial composition of different phenotypes under
thermal stress
We also investigated the microbiome’s response to heat stress by
comparing the microbial community between sampling times with-
in each coral phenotype separately using ITS2 sequencing, metage-
nomic shotgun sequencing, and 16S rRNA gene sequencing. The
Symbiodiniaceae composition of both TBR and TBS corals re-
mained stable and did not change due to the heat stress (from TO to
T1) (PERMANOVA, P = 0.25, R? = 0.02; Fig. 2B and table S2).

In TBR corals, the overall metagenomic diversity at the family
level decreased from TO to T1 (Shannon Index, ANOVA, P = 0.003;
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metabolic KOs (right) and their KO L3 categories to which the KOs were assigned to

table S3 and fig. S3). Changes in the 16S rRNA bacterial community
were observed only for beta diversity (PERMANOVA, P = 0.007,
R* = 0.1; table S6), not only during the stress period (T0 versus T1,
PERMANOVA, P = 0.042, R* = 0.02; table S6) but also after the re-
covery period (T1 versus T2, PERMANOVA, P = 0.042, R* = 0.02;
figs. S3 and S4 and table S6).

Analysis of metagenomic data of TBS corals did not indicate
significant differences in alpha diversity (Shannon index, ANOVA,
P = 042; table S3) or taxonomic composition between T0 and T1
(PERMANOVA, P = 0.7, R? = 0.15; table $3). In contrast, the analy-
sis of the bacterial communities through 16S rRNA gene amplicon
sequencing revealed significant shifts in the structure of the bacte-
rial community of TBS corals at the peak of temperature (TO versus
T1, PERMANOVA, P = 0.042, R* = 0.17; figs. S3 and $4 and table
S6). No significant changes were detected after the recovery period
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(left) found in (D) bacteria and (E) microbial eukaryotes in TBR and TBS corals.

(T1 versus T2, PERMANOVA, P = 0.097, R* = 0.18; figs. $3 and S4
and table S6).

Functional profiles do not change over time or under stress
Changes in the microbial community (i.e., bacterial community, as
shown in the section above) throughout the experiment and during
heat stress did not result in any apparent significant changes in over-
all functions (PERMANOVA, P = 0.255, R® = 0.07; table S8) or in
any differentially abundant KO between the sampling times evalu-
ated (TO versus T1) within phenotypes.

DISCUSSION

Distinct bleaching responses

In this study, two different phenotypes of the coral M. hispida
demonstrated different bleaching responses during a long-term heat
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stress experiment. Despite the lack of consensus in the literature re-
garding the use of the term thermal resistance for corals or other
marine organisms, we followed the definition provided by Matsuda
and colleagues (10), which defines bleaching resistant corals as those
that maintain their pigmentation during a bleaching event. We used
the Coral Health Chart as a color reference to assess bleaching,
defining bleaching as the decrease of two or more color units (38).
This approach enabled us to categorize the different phenotypes of
M. hispida as either thermally-resistant (TBR) or thermally-sensitive
(TBS) corals. Ten days of exposure to an acute heat stress caused
bleaching and mortality in TBS corals. Significant decreases in the
TBS corals’ Fy/Fy, rates indicate temperature-related damage to the
photosystem II (PSII) electron transport of the Symbiodiniaceae,
which is consistent with the loss/expulsion of Symbiodiniaceae and
visual signs of bleaching (39). Although TBR corals exhibited no
visible signs of bleaching, even when exposed to higher tempera-
tures than TBS corals, some fluctuations in the F,/Fy, rates during
heat stress were observed. Despite this drop in the F,/Fy, rates in
T1, TBR corals restored their F,/Fy, rates during the recovery
period (T2).

Inherent differences in the host-Symbiodiniaceae-
microbiome assemblages and their functional contributions
Beyond examples such as physiological acclimatization (8), host ad-
aptation (8, 40), and the assisted migration of heat-tolerant alleles
(9, 41), the association of corals with specific groups of Symbiodini-
aceae (10) or other microbial assemblages (19) represents additional
mechanisms that may contribute to thermal bleaching resistance.
TBR and TBS corals inherently harbor significant taxonomic differ-
ences even under non-stress ambient conditions (i.e., TO). First,
TBR corals were dominated by the Symbiodinium A4 type, followed
by a small portion of Cladocopium C21-C3vv-C3-C3vw-C50br,
whereas TBS corals mainly hosted Cladocopium C3-C3vv-C3ww-
C3-C50br-C3vu followed by Symbiodinium A4/A1-A4br-A4bq-
Almi-Alb. Both Symbiodinium A4 and Cladocopium C3 are
widespread and generalist ITS2 types (42) that are commonly found
in corals of the genus Mussismilia (43). Previous studies have demon-
strated that Cladocopium C3 is more frequently associated with mild
temperature and high light conditions, whereas Symbiodinium A4 is
more commonly present in shallow waters and under higher irradiance
(44). In addition, the TBR-dominant Symbiodinium A4 has been re-
ported to facilitate positive growth rates at high temperature in ex-
periments in hospite (i.e., in association with Porites divaricatea)
(45). Despite differences in the dominant Symbiodiniaceae types
between TBR and TBS, both phenotypes maintained a stable algal
community composition, even when heat stress was applied. Al-
though the inherent differences between TBR and TBS corals may
stem from specific responses to past temperature stress and/or envi-
ronmental factors from their original site, the long-term rearing
of these corals under the same aquarium conditions suggests adap-
tation to the current environment (46). This enables us to explore
alternative mechanisms contributing to coral bleaching resistance,
providing insights beyond site-specific factors.

TBR corals harbored a higher relative abundance of eukaryotes
(predominantly Symbiodiniaceae) compared to TBS corals. The
higher relative abundance of Symbiodiniaceae and other dinoflagel-
lates, such as Dinophysiaceae, in TBR corals is also reflected in
the enrichment of photosynthetic genes such as psbA, psbD, and
petB, which encode the D1, D2, and cytochrome b6 proteins—core
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components of the photosynthetic apparatus in algae and other
photosynthetic organisms (47, 48). This observation aligns with the
dominance of Symbiodinium A4 ITS2 type in TBR corals, which
has been previously reported to enhance growth rates at high
temperatures (45).

Furthermore, disparities in microbial structure and composition
mirrored and seem to influence the distinct functional profiles ob-
served in each coral phenotype. For example, microeukaryotes con-
tributed significantly to genes associated with catabolic pathways in
TBR corals, while bacteria were the main contributors to metabolic
genes associated with TBS corals. The biosynthesis of GPI-anchor
proteins, specifically GPI phospholipase D and GPI-anchor trans-
amidase subunit K, was significantly enriched in TBR corals. These
proteins play crucial roles in cell wall assembly, hardening, and soft-
ening (49, 50). In symbiotic dinoflagellates, the cell wall tends to be
thinner to facilitate nutrient exchange and communication (51, 52),
potentially enhancing the metabolic exchange between Symbiodini-
aceae and other members of the microbiome. This closer interaction
could, in turn, foster specific microbial assemblages that support the
resistance of TBR corals. Moreover, GPI-anchor proteins have been
proposed as alternative phosphate sources under mildly acidic pH
or phosphate-limited conditions (53), although the exact role of
these proteins in cnidarian-dinoflagellate symbiosis under thermal
stress requires further investigation. In addition, TBR corals showed
enrichment in oleandomycin and maduropeptin biosynthesis.
While both compounds exhibit substantial antibiotic properties
(54), maduropeptin also demonstrates potent antitumor activity by
targeting rapidly dividing cells (55). These bioactive molecules
could, for example, be involved in controlling pathogens and/or
fast-growing organisms within the microbial community of TBR
corals, potentially contributing to their overall resistance to thermal
stress (56).

The balance between eukaryotic and bacterial players may con-
tribute to TBR corals being proportionally enriched in metabolic
pathways related to the metabolism of carbohydrates and proteins,
which could shape their microbial associations. Similar to free-
living phytoplankton and other microbial eukaryotes, Symbiodini-
aceae have been hypothesized to exude metabolites creating an
enriched zone around themselves (57, 58), which attracts and sup-
ports the growth of other microorganisms (59, 60). Known as the
“phycosphere,” this physical interface might selectively promote as-
sociations with other microbial eukaryotes, bacteria, archaea, and
viruses (61, 62). Our results point to a potential differential phyco-
sphere effect in TBR and TBS corals (62), which could selectively
enrich particular bacterial groups associated with in hospite Sym-
biodiniaceae (31). Consequently, this could influence the corals’
phenotypic responses and levels of thermal resilience.

In addition, all microbial groups, including microbial eukary-
otes, viruses, archaea, and bacteria, seem to differentially associate
with each phenotype. For example, compared to TBS, TBR corals
present an enrichment of the dinoflagellate Dinophysiaceae, which
belongs to the same class as their Symbiodinaceae counterparts (Di-
nophyceae and Alveolata) (63). The annotation of several genes of
Dinophyceae, including percentage where available, suggests their
affiliation within the Symbiodiniaceae family. However, due to the
resolution limitations inherent to gene-based taxonomy, particu-
larly in metagenomic approaches, these sequences could not be clas-
sified at a more specific taxonomic level within the family. This is
a common challenge in metagenomic studies, where the available
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genetic markers often lack the precision needed for higher-
resolution classifications. Nevertheless, the enrichment of either Di-
nophyceae or Symbiodiniaceae may potentially contribute to their
overall fitness and/or to attracting other microbes due to their pho-
tosynthetic capacity.

Viruses such as Leviviridae and Hepadnaviridae were also inher-
ently enriched in TBR corals. Bacteriophages play a crucial role in
shaping bacterial populations within the coral microbiome by selec-
tively targeting specific bacterial species. For instance, Leviviridae,
previously detected in soil ecosystems, have been shown to regulate
populations of Gammaproteobacteria and Alphaproteobacteria
(64-66), which could similarly contribute to microbial regulation in
corals. While Hepadnaviridae are primarily associated with verte-
brates, they have been occasionally identified in corals (67). How-
ever, their low abundance in metatranscriptomic data suggests that
these viruses are not highly active, possibly leading to an underesti-
mation of their influence (68).

Archaea are also known to play crucial roles in various extreme
ecosystems, including contaminated and methanogenic soil (69)
and hydrothermal vents (70). Although not commonly reported in
corals, Caldisphaeraceae, Methanospirillaceae, and Nitrososphaera-
ceae are thermophilic archaea typically found in harsh environ-
ments and were also inherently enriched in TBR corals. In TBR
corals, these archaea may contribute to nutrient cycling and ammo-
nia oxidation (71), as they do in other ecosystems, potentially sup-
porting the resilience of these corals under thermal stress conditions.

While metagenomic taxonomic profiling provides a broader
overview of the microbiome, 16S rRNA gene sequencing offers
greater taxonomic resolution for identifying specific bacterial groups.
Although groups such as Rhizobiales, Clostridia, Paramaledivibacter,
and Cytophagales were not detected as differentially abundant
in the metagenomic analysis comparing coral phenotypes, ASV's
from these groups were enriched in TBR corals. Both Clostridia
and Rhizobiales have been associated with coral tissue loss and
lesion progression in previous studies (72). However, discerning
between detrimental and beneficial organisms within the complex
coral holobionts is particularly challenging (73-75). For example,
Rhizobiales are known to form symbiotic relationships with plants,
contributing to nitrogen fixation, methane oxidation, and micro-
symbiosis (76, 77). Similarly, Young et al. (78) reported a strong cor-
relation between the expression of healing genes and diseased corals,
suggesting that microbial responses to stress may not directly indi-
cate disease progression but may instead reflect a protective or regu-
latory role performed by the microbiome.

Spirochaeta and Sphingorhabdus were also inherently enriched
in TBR corals. Members of the Spirochaetaceae family are non-
pathogenic, free-living anaerobes known for their ability to fix nitro-
gen (79) and degrade organic carbon (80), and have been previously
identified in Acropora palmata (81) and various color morphs of
Corallium rubrum (82). Cultures of the thermotolerant Symbiodinium
pilosum were found to be dominated by Sphingorhabdus [Diaz-
Almeyda et al. (83)]. S. pilosum exhibits high thermal tolerance, show-
ing no decline in growth rate or photochemical efficiency even at
32°C (83). Although Sphingorhabdus has been detected and isolated
from gorgonian corals (84, 85), its broader role remains underex-
plored. Further research could uncover its role in supporting S. pilosum
and the holobiont’s thermotolerance, offering insights into coral resil-
ience mechanisms, suggesting their potential as markers for tracking
thermally resistant corals or as candidates for future studies on
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beneficial microorganisms. The enrichment of taxa previously associ-
ated with diseased corals together with bacteria with known benefi-
cial traits in TBR suggests a dynamic biological regulation by the host
and/or other biological forces within the holobiont.

In TBS corals, specific bacterial taxa such as Celerinatantimonada-
ceae, Pasteuriaceae, members of the Rhodobacteraceae family (un-
categorized ASVs and Roseovarius), Rickettsiales, Waddlia, and
Agaribacterium were inherently enriched. While some of these taxa,
such as Celerinatantimonadaceae, Pasteuriaceae, and Agaribacterium,
are not well documented in corals or other marine organisms, others
are commonly associated with disease. Members belonging to the
Rhodobacteraceae family, for example, are commonly found in de-
velopment and progression of coral disease and sewage (86-88).
Rickettsiales are Gram-negative bacteria known to cause diseases in
invertebrates (89, 90). Waddlia, and other species classified within the
Chlamydia-like group have demonstrated to be strong cytopathic-
diseased vectors in fish cell lines (91). In addition, TBS corals showed an
enrichment of bacterial metabolic genes, similar to previous findings
where diseased coral tissues were enriched with bacterial sequences,
compared to healthy tissues (92).

Metabolic redundancy in corals under stress

Although some shifts in the microbiome structure are observed
throughout time as a response to the applied heat stress, no overall
changes were detected in the functional profile of either TBR or TBS
corals. This may suggest some level of metabolic redundancy, in
which taxonomic changes are observed, but these shifts are, some-
how, regulated in a manner that functions remain the same (93, 94).
This is one strategy some holobionts may use to maintain its homeo-
stasis. On the basis of our observation, the “winner holobiont”
seems to depend on the baseline and inherent holobiont assemblage
before any stress is applied, indicating that these specific assemblag-
es underscore determined functions that may support coral holobi-
onts during heat stress.

In our study, we found specific Symbiodiniaceae-microbiome as-
semblages inherently associated with distinct TBR and TBS phe-
notypes of M. hispida. In addition, the proportion of microbial
eukaryotes and bacteria harbored by either TBR or TBS corals seems
to directly influence the metabolic profile of these phenotypes, espe-
cially their metabolism of proteins, carbohydrates, and energy. More
specifically, TBR corals exhibited an inherent enrichment of micro-
bial eukaryotes, especially Symbiodiniaceae, which was mirrored by
the enrichment of key functions such as photosynthesis, membrane
anchoring, and the production of antibiotic and antitumor proteins.
The biosynthesis of GPI-anchor proteins, which are essential for pro-
cesses like cell wall assembly and regulation of its hardening and
softening, was also notably enriched in TBR corals and may contrib-
ute to the exchange of metabolites between Symbiodiniaceae and
other members of the holobiont. Conversely, TBS corals showed a
predominance of bacterial metabolic genes, particularly those in-
volved in nitrogen cycling, amino acid synthesis, and lipid metabo-
lism. Although the observed differences between TBR and TBS can
be driven by several factors, such as past environmental conditions,
we hypothesize that these distinct and consistent multidomain mi-
crobiome assemblages comprise distinct holobiont phenotypes (Fig.
5). It is important to highlight that the differences between TBR and
TBS corals reported in this study are inherent, e.g., observed at the
beginning of the experiment when all corals were under the same
environmental conditions. This baseline distinction suggests that the
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observed microbial differences are associated to the different pheno-
types and not merely (or only) a result of thermal stress and other
environmental conditions, providing a profound insight into the
correlation between corals, their thermal phenotypes, and their as-
sociated microbiomes. These insights lay the ground for further in-
vestigations that can support rehabilitation approaches, such as the
selection of coral probiotics aimed at mitigating coral mortality in
the future climate scenario.

METHODS

Ethics approval and consent to participate

Permission for sampling was obtained from the Brazilian authorities
System of Authorization and Information on Biodiversity under li-
cense number 54429-1. The microbial survey permits were obtained
from the National Council for Scientific and Technological Devel-
opment and the National System for the Management of Genetic

Heritage and Associated Traditional Knowledge under license num-
ber A620FE5.

Coral colonies

The M. hispida colonies used in this study were part of a collection
from the AquaRio, Rio de Janeiro, Brazil. These colonies were col-
lected in the Abrolhos region, Bahia, Brazil about 6 months before
the main experiments and kept in tanks at 26°C. Daily sea surface
temperature data from the Abrolhos reef station are available in ta-
ble S10, of which 26°C corresponds to the annual mean in this area,
as also reported in (95). A pilot test was conducted before the main
experiment to define thermal stress resistance of these M. hispida
colonies. The pilot experiment is detailed in Supplementary Materi-
als and Methods (data were only observational). Briefly, twenty in-
dividual M. hispida colonies were fragmented using a diamond
band saw (Gryphon Corp., Los Angeles, CA, USA), generating frag-
ments with at least three polyps (~7 cm). The fragments were labeled
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as per their corresponding colony of origin and some of them were
used to run the pilot test (96). Coral individuals categorized as TBS
bleached at 30.5°C, whereas no visual signs of bleaching were ob-
served in the TBR corals at the same temperature. The results of the
pilot tests guided the experimental design described in the Thermal
stress experiment section. Following the pilot test, additional frag-
ments (ramets) from the corresponding TBS or TBR colonies were
used in the thermal stress experiment.

Experimental mesocosms setup

The mesocosm used for the experiments consisted of two water baths,
one for each temperature regime/phenotype. Each water bath had four
individual aquariums (15 cm by 11 cm by 12 cm) connected to their
individual 26-liter sumps. A total of 10 liters of seawater was in con-
stant circulation between the sumps and the aquariums (1 liter in the
aquarium and 9 liters in the sump) by a water pump (Mini A, Sarlo
Better, Sio Caetano do Sul, Brazil), at a 250-ml min~" flow rate, pro-
viding a 15-fold recirculation of the aquarium volume per hour. Every
two days, 10% of the water from each individual sump was replaced,
and the salinity was measured and adjusted with ultrapure water when
necessary. The water used in the experiment consisted of seawater col-
lected monthly by AquaRio in the Cagarras Islands surrounding areas
(23°1 '57.23"S; 43° 9’ 17.18"W; Rio de Janeiro, R], Brazil). Upon ar-
rival in Aquarios facilities, the portion of water designated for the ex-
periment was transferred to 1000-liter containers and used to supply
the experimental sumps/aquariums when water changes were neces-
sary. This water was also kept in constant circulation by water pumps
(Better 2000, Sarlo Better) for the entire period of the experiment.
Each individual aquarium represented one biological replicate and
there were four replicates per treatment (Fig. 1A). Physical-chemical
water parameters, as pH and dissolved oxygen, were measured during
the sampling times using a multiparameter probe (model HI 9828,
Hanna Instruments, Barueri, Sdo Paulo) and are provided in table S11.
Each aquarium received an individual air-bubbling system that was
provided by an air pump (HG-370, Sun Sun) connected to silicone air
hoses and flow controllers. The water baths’ temperature was con-
trolled by temperature controls MT-518ri (Canoas, Brazil), and the
water was circulated by two aquarium pumps (SB 1000A, Sarlo Better).
The mesocosm was artificially illuminated with an irradiance of
350 pmol photons m > s~ and followed a natural day:night 12:12-hour
cycle. The mesocosm setup can be seen in fig. S5.

Thermal stress experiments

Each experimental aquarium was randomly assigned to receive
three fragments (rametes) from one single colony of TBR or TBS
(i.e., one aquarium per genotype). A total of four aquariums per
phenotype were placed in their respective water baths (Fig. 1A; see
fig. S5 for detailed mesocosm diagram). For consistency, one frag-
ment from each tank was used to measure the F,/Fy, throughout the
experiment (i.e., the fragment collected at the last sampling time,
T2). After 10 days of acclimatization in the mesocosm at 26°C, one
fragment of each tank was randomly collected (TO0). Then, the tem-
perature was gradually increased by 0.5°C per day to reach “pre-
peak temperature” (30.5°C for TBR and 29.5°C for TBS corals)
(15, 16). Coral fragments were maintained at pre-peak temperature
for 10 days. Subsequently, the temperature was again increased
(0.5°C/day), up to 32°C for resistant fragments and 30.5°C for the
sensitive ones, and kept at this temperature peak for 4 days. After
this period, a second fragment per tank was collected (T1) followed
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by the gradual decrease of temperature to 26°C (0.5°C per day). Af-
ter 15 days of recovery at 26°C, the last fragment from each tank was
collected (T2). The temperature regime used for each TBR and TBS
can be seen in Fig. 1A. The sampling procedure always occurred
before temperatures were changed and at the same time of day
(mornings). The experiments lasted a total of 51 and 45 days for
TBR and TBS, respectively, representing long-term experiments as
defined by Grottoli and colleagues (97). The sampled fragments
were photographed for bleaching scoring and snap-frozen in liquid
nitrogen and then transferred to a —80°C ultra-freezer until fur-
ther analysis.

Coral health assessment

Coral health was assessed via visual bleaching scoring and measure-
ment of the endosymbiotic algae’s photosynthetic efficiency (Fy/Fr,).
Visual bleaching was assessed from pictures taken of coral frag-
ments using a Canon T3i digital camera and the Coral Health Chart
(University of Queensland) as a color reference (38). As each aquar-
ium contained fragments from the same colony, the sampled frag-
ment was used as a representative of the bleaching status of the
biological replicate. Corals that decreased by two or more units of
color between T0 and the comparing sampling times were consid-
ered bleached (98).

The endosymbiotic algae’s photosynthetic efficiency (F,/Fy,) was
measured throughout the experiment using a diving pulse ampli-
tude-modulated (PAM) fluorometer (Walz GmbH, Effeltrich,
Germany) fitted with a blue-emitting diode LED. The values corre-
sponding to the sampling times were taken the night before sam-
pling. To avoid nonphotochemical processes of the PSII excitation
energy’s dissipation, measurements were taken after sunset, with at
least 30 min of dark adaptation. The maximum quantum yield of
PSII photochemistry was determined as F,/Fp. The diving PAM-
fluorometer was configured as follows: measuring light intensity, 5;
saturation pulse intensity, 8; saturation pulse width, 0.8; gain, 2; and
damping, 2. For consistency, one fragment from each tank was used
to measure the F,/Fp, throughout the experiment (i.e., the fragment
collected at the last sampling time, T2). Changes in the F,/Fy, through
time within phenotypes were analyzed by fitting a linear mixed effect
model using the “lmer” function from Ime4 package in R studio (ver-
sion 4.2.3) (99). Colonies (biological replicates, n = 4) were treated as
arandom effect on the intercept to account for the nonindependence
of replicates with time. Fixed and random effects were tested using
likelihood-ratio ¢ tests (o = 0.05). Pairwise contrasts were estimated
by using the “emmeans” package using pairs of sampling times (T0 X
T1; TO X T2; T1 X T2) for each phenotype group (TBR and TBS)
individually. The package “ggplot” was used to generate the graphs.
The script is available in the GitHub link found at the data and mate-
rials availability section.

DNA extraction and ITS2, 16S, and

metagenomics sequencing

Sampled coral fragments were macerated with sterile mortar and
pestle using liquid nitrogen. The total DNA was extracted from 0.5 g
of the macerated sections (mucus/tissue/skeleton) using the Power-
Biofilm DNA Isolation kit (MoBio Laboratories Inc.) as per the
manufacturer’s procedures. In addition to our samples, one extrac-
tion was made with no biological material input to check for kit con-
tamination, which was included in all further amplicon sequencing
steps as a negative control. The DNA concentration was determined
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using a Qubit 2.0 Fluorometer High Sensitivity DNA Kit (Invitro-
gen, USA). The samples used for each of the analyses are described
in table S12.

For the characterization of the Symbiodiniaceae community, we
used amplicon sequencing of the ITS2 region of the rRNA gene only
from TO0 and T1 samples (n = 13: three of four replicates from each
respective sampling point and one negative DNA extraction control).
Extracted DNA aliquots were dried into GenTegra-DNA 0.5-ml
screw cap tubes (https://gentegra.com/gentegra-dna-2/, Pleasanton,
California, USA) and shipped to the University of Konstanz. There,
DNA samples were reconstituted in 30 pl of molecular-grade water
(GenTegra-DNA) in 0.5-ml screw cap microtubes according to the
manufacturer’s protocol. Concentration of reconstituted samples
was determined using the Qubit 2.0 Fluorometer High Sensitivity
DNA Kit (Invitrogen, USA) to determine the amount of DNA used
in the subsequent steps. Amplification of the ITS2 region was com-
pleted using the Qiagen Multiplex polymerase chain reaction (PCR)
kit, with 1 to 5 ng of DNA from each coral sample using the primers
SYM_VAR 5.852 [5'-GAATTGCAGAACTCCGTGAACC-3'] and
SYM_VAR_REV [5-CGGGTTCWCTTGTYTGACTTCATGC-3']
(100) with unique 8-mer barcodes at the respective 5’ ends at a final
primer concentration of 0.5 pM in a reaction volume of 10 pl. Ther-
mal cycler conditions for ITS2 PCR amplification were as follows:
initial denaturation at 95°C for 15 min, 35 cycles at 95°C for 30 s,
56°C for 90 s, and 72°C for 30 s, followed by a final extension step at
72°C for 10 min. To confirm successful amplification, 1 pl of each
PCR product was run on a 1% agarose gel. The samples were cleaned
using ExoProStar 1-step (GE Healthcare) and normalized using the
SequalPrep Normalization Plate Kit (Thermo Fisher Scientific). The
samples were then pooled into a 1.5-ml Eppendorf tube (17 pl per
sample) and concentrated using a benchtop Speedvac (Concentra-
tor plus, Eppendorf). Quantification was completed using Qubit
(Qubit dsDNA High Sensitivity Assay Kit, Invitrogen), and the sam-
ples were paired-end sequenced [2 base pair (bp) by 250 bp] on
the NovaSeq 6000 platform at the Novogene Sequencing Centre
(Cambridge, England).

Furthermore, shotgun sequencing was used to sequence metage-
nomes from both TBS and TBR samples at the beginning of the ex-
periment (T0) and after the peak of temperature (T1) (n = 12).
Extracted DNA aliquots were shipped frozen on dry ice to the
Argonne National Laboratory (http://ngs.igsb.anl.gov, Lemont, IL,
USA). Upon arrival, DNA concentration was measured by Qubit as-
say (Qubit dsDNA High Sensitivity Assay Kit, Invitrogen) and 500 ng
of DNA was sheared using the Covaris S-series system to obtain
200- to 500-bp fragments. Takera’s PrepX kit was used for sequence
library preparation. Since the libraries did not reach a 2 nM concen-
tration (Qubit DNA HS Assay kit), a PCR was performed using
the primers [5" - GATCGGAAGAGCACACGTCTGAACTCCAGT-
CACXXXXXXATCTCGTATGCCGTCTTCTGCTTG-3] and [5'-
AATGATACGGCGACCACCGAGATCTACACXXXXXXA-
CACTCTTTCCCTACACGACGCTCTTCCGATCT-3'], in which
the 6-X sequence is the unique sample’s indexes, and then following
the conditions: 2 min at 98°C, 10 to 15 cycles of 30 s at 98°C, 30 s at
65°C, 60 s at 72°C, and 4 min at 72°C. Library size and quality were
then again determined by a Qubit assay (DNA HS Assay kit) and
with the Agilent 2100 Bioanalyzer, respectively. The libraries were
sequenced at 15 pM on a pair-ended 2 bp-by-150 bp sequencing run
on [lumina’s HiSeq 2000 (Illumina, San Diego, CA, USA) as per the
manufacturer’s guidelines.
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For the characterization of prokaryotic communities, the prim-
ers 515F and 806R (10I) were used to amplify the 16S rRNA gene
V4 variable region. Samples from T0, T1, and T2 (n = 24: 4 samples
from each of TBRO, TBR1, and TBR2 for a total of 12 samples; 11
samples in total from 4 samples TBS0, 4 samples TBS1, and 3 sam-
ples TBS1; and 1 negative DNA extraction control—Note that one
replicate of TBS coral died before T2) were shipped frozen on dry
ice to Argonne National Laboratory (http://ngs.igsb.anl.gov, Lem-
ont, IL, USA) to be sequenced. PCRs, using 1 pl of input DNA, were
performed in triplicates using the QIAGEN Multiplex PCR kit, with
a final primer concentration of 0.2 uM in a final reaction volume of
25 pl. Thermal cycler conditions were as follows: initial denaturation
at 94°C for 3 min, 35 cycles at 94°C for 45 s, 50°C for 60 s, and 72°C
for 90 s, followed by a final extension at 72°C for 10 min. The cor-
responding triplicates from each sample were then pooled, and 5 pl
of each PCR product was run on a 1% agarose gel to confirm suc-
cessful amplification. The samples were cleaned using the MoBio
UltraClean PCR Clean-Up Kit and indexed using the Nextera XT
Index Kit v2 (with dual indices and Illumina sequencing adaptors
added). The successful addition of indexes was confirmed by com-
paring the initial PCR product’s length with the corresponding in-
dexed sample on a 1% agarose gel. The samples were cleaned and
normalized using the SequalPrep Normalization Plate Kit (Invitro-
gen, Carlsbad, CA, USA). The library quality was assessed using
the Agilent High Sensitivity DNA Kit in an Agilent 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA) and quanti-
fied using the Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher
Scientific/Invitrogen) as per the manufacturer’s instructions. Librar-
ies were paired-end (2 bp by 250 bp) sequenced at 5 pM with 20%
phiX on the Illumina MiSeq Illumina platform at the Argonne Na-
tional Laboratory (http://ngs.igsb.anl.gov, Lemont, IL, USA). All
sequences generated in this study are available in the National Cen-
ter for Biotechnology Information (NCBI) database under the Bio-
Project PRJNA607335.

ITS2 Symbiodiniaceae and 16S rRNA gene

prokaryotic analysis

The SymPortal framework (https://symportal.org/) was used to ana-
lyze the ITS2 sequencing data (102). Briefly, demultiplexed paired-
ended ITS2 sequencing files were submitted to SymPortal, which
includes a pipeline for quality control (QC) using mothur 1.43.0
(103), the blast+ suite of executables (104), and minimum entropy
decomposition (105). After QC steps, ITS2 type profiles were in-
ferred and characterized by specific sets of defining intragenomic
ITS sequence variants (which represent putative Symbiodiniaceae
lineages or genotypes). SymPortal-output were used to plot ITS2 se-
quence counts and ITS type profile abundance tables as well as the
Bray-Curtis-based matrices for between-samples and between-ITS2
types profile comparisons. Samples from the TO and T1 sampling
times from both TBR and TBS corals and a negative control were
used for this analysis (n = 13).

Furthermore, demultiplexed and adaptor-free sequences were
used to infer 165 rRNA gene ASVs using DADA2 v1.21.0 (106).
Forward and reverse reads were truncated at the 3’ ends of the
240 and 200 bp, respectively. Reads with expected errors >2 or
with the presence of ambiguous bases were discarded. ASVs in-
ferred from individual read pairs were merged and checked for
chimeras and subsequently annotated using the SILVA database,
version 138 (107). Sequence reads statistics and ASV raw counts
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are shown in table S13. A total of 3260 ASVs were inferred from
the 24 samples (12 samples from TBRO, TBR1, and TBR2; 11 sam-
ples from TS0, TSI, and TSI; and 1 negative control). Putative
ASV contaminants were identified as those with sample-to-
negative control ratios greater than 10%. Contamination ratios
were calculated as the mean relative abundance across biological
samples divided by the mean relative abundance across negative
controls (resulting from a reaction with no DNA added), divided
by 100. After removing putative contaminants and ASVs classi-
fied as mitochondria and chloroplasts, 2660 ASV's were retained
for downstream analysis. ASVs identified as putative contami-
nants, as well as mitochondria and chloroplasts can be found in
table S14. Phyloseq v1.4 (108) was used to calculate beta diversity
from Euclidean distances of centered-log ratio (clr)-transformed
ASV counts, which were then represented on a constrained prin-
cipal components analyses (PCA) calculated with the redun-
dancy analysis function. Statistical differences between bacterial
community composition among samples were tested using
PERMANOVA, and variance homogeneity across groups (phe-
notype X time) was tested using PERMADISP with the adonis
and betadisper functions, respectively, implemented in the R pack-
age Vegan v2.5 (109). Alpha diversity was calculated using
the Shannon diversity index from rarefied abundances to a sam-
ple count of 6729 (corresponding to the minimum library size) us-
ing the Rarefy function from the GUniFrac v1.7 package (110).
Linear models were fit to test for differences in alpha
diversity between phenotypes and time points with the
formula Shannon~phenotype*time using the Im function of the
stats v4.2 package. Eta-squared values were calculated for linear
models to indicate the partial association of each term in the mul-
tivariate linear model using the EtaSq function of the DescTools
R package. Residuals were tested for normality using the Shapiro-
Wilk normality test (W = 0.93, P value = 0.14). Pairwise com-
parisons were conducted using the emmeans package v1.8.2
(111). Differential abundance analysis of bacterial ASVs was com-
pleted using ANCOM-BC v1.0.5 through an ANCOM-BC (112)
to identify differentially abundant taxa between phenotypes and
time points. Differentially abundant ASV's between coral pheno-
types and time points were identified using ANCOM-BC v.1.0.2
with false discovery rate (FDR)-adjusted P values <0.05.

Taxonomic and functional analysis of the microbiome
through metagenomics

Adapters and bases with Q < 15 were trimmed, and reads shorter
than 75 nt were removed using Trimmomatic v0.38 (113). Metage-
nomics sequencing size and coverage depth can be found in table
S15. Metagenome assemblies using MEGAHIT v1.2.9 (114), SPAdes
v3.13.0 (115),and IDBA v1.1.3-1 (116) were evaluated using QUAST
v5.0.2 (117) based on N50, total number of contigs, largest contig,
and total length (table S16). MEGAHIT with Kmer length 141 (table
§16) produced the best assembly and was therefore used in the
downstream analysis. Contigs shorter than 500 bp were removed
and ORFs/genes were predicted with Prodigal v2.6.3 (118). The pri-
mary aim of this study was to identify prokaryotic functional signa-
tures associated with the coral phenotypes, and, therefore, our
pipelines focused on identifying prokaryotic genes. As a conse-
quence, eukaryotic ORFs may be underrepresented in our dataset.
Future studies using larger sequencing efforts and fractionation
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methods will be necessary to provide a more comprehensive assess-
ment of both prokaryotic and eukaryotic diversity.

Gene abundance in each metagenome was estimated using
Salmon v0.7.2 (119). Salmon abundance estimates were used to
calculate gene-level offsets using tximport to correct for changes
in average gene length across samples (120). Taxonomic annota-
tion of ORFs was done using Kaiju v1.7.3 (121) using the mini-
mum exact matches mode with a word length of 11 using the
nr_euk database. The nr_euk database is prebuilt by Kaiju and
contains NCBI nr data from archaea, bacteria, viruses, and mi-
crobial eukaryotes (the complete taxa list is available at https://
github.com/bioinformatics-centre/kaiju/blob/master/util/kaiju-
taxonlistEuk.tsv. Functional annotation against the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database was performed
using KOfamscan v.1.3.0 (122) considering only e values <0.001
and bit scores >100. The Shannon diversity index was used to
calculate alpha diversity from a rarefied abundances matrix of
taxonomic families to a sample count of 95,860 using the Rarefy
function from the GUniFrac v1.7 package (110). Linear models
were fit to test for differences in alpha diversity between pheno-
types and time points with the formula Shannon~phenotype*time
using the Im function of the stats v4.2 package. Eta-squared val-
ues were calculated for linear models to indicate the partial as-
sociation of each term in the multivariate linear model using the
EtaSq function of the DescTools R package. Residuals were tested
for normality using the Shapiro-Wilk normality test (W = 0.93,
P value = 0.14). Pairwise comparisons were conducted using the
emmeans package v1.8.2 (I111). Beta diversity of taxonomic fam-
ilies and KOs counts were estimated using Euclidean distances of
centered-log ratio (clr)-transformed gene-level offset matrix us-
ing PERMANOVA as described for 16S rRNA and ITS2 ampli-
con data. Differentially abundant taxonomic families and KOs
between coral phenotypes and time points were identified using
ANCOM-BC v.1.0.2 with FDR-adjusted P values <0.05. Given
our focus on microbial function, genes not classified as bacteria,
archaea, viruses, or microbial eukaryotes were categorized as
“unclassified” (likely originating from the coral host). We re-
tained this category in our analysis to prevent uneven alterations
in the overall metagenomic composition across samples as sug-
gested previously (123, 124).

In addition, metagenomic binning was conducted by mapping
trimmed reads to the metagenomic assembly using Bowtie2 v2.4.1
(125). The resulting mapping files were then processed with Metabat2
v2.11.1 (126) to calculate tetranucleotide frequencies and differen-
tial contig coverage. The quality of the resulting bins was assessed
using CheckM v1.1.2 (127), with bins meeting the criteria of >75%
completeness and <10% contamination classified as metagenome-
assembled genomes (MAGs). However, as this approach yielded
only two near-complete MAGs (table S17), we opted to exclude
them from downstream analysis.

The proportion of unclassified reads was kept in all tables so that
all analyses account for the different annotation rates of genes/taxa.
In addition, some functional misannotations generated due to in-
trinsic chance when annotating functionality based on motifs (i.e.,
KEGG database) were detected manually and disregarded. More
specifically, we acknowledge that automated annotation methods in
complex datasets with diverse gene origins can result in potential
misclassifications. To mitigate this, we manually reviewed the DA

120f 15


https://github.com/bioinformatics-centre/kaiju/blob/master/util/kaiju-taxonlistEuk.tsv
https://github.com/bioinformatics-centre/kaiju/blob/master/util/kaiju-taxonlistEuk.tsv
https://github.com/bioinformatics-centre/kaiju/blob/master/util/kaiju-taxonlistEuk.tsv

SCIENCE ADVANCES | RESEARCH ARTICLE

data and excluded genes showing clear inconsistencies, such as eu-
karyotic genes annotated as bacterial proteins.
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