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Prolonged thermal stress and high levels of solar irradiance can disrupt the coral-
algal symbiosis and cause bleaching and lowered overall fitness that lead to the likely
death of the cnidarian host. Adaptive bleaching and acclimatization of corals, which
posits bleaching as an opportunity for the coral host to switch its currently susceptible
endosymbionts to more stress-tolerant taxa, offers hope for survival of reefs amid
rapidly warming oceans. In this study, we explored the diversity and distribution of
coral-zooxanthellae associations in the context of geospatial patterns of sea surface
temperature (SST) and thermal anomalies across the Philippine archipelago. Thermal
clusters based on annual sea surface temperature means and each site’s frequency
of exposure to heat stress were described using three-decade (1985-2018) remotely
sensed data. Haphazard sampling of 628 coral fragments was conducted in 14 reef
sites over 3 years (2015-2018). Using polymerase chain reaction-denaturing gradient
gel electrophoresis (PCR-DGGE) fingerprinting and sequencing of the zooxanthellae
ITS2 region, we characterized endosymbiont diversity within four reef-building coral
families across archipelagic thermal regimes. Consistency in dominant Symbiodiniaceae
taxon was observed in Acropora spp., Porites spp., and Heliopora coerulea. In
contrast, the family Pocilloporidae (Pocillopora spp., Seriatopora spp., and Stylophora
pistillata) exhibited biogeographic variability in zooxanthellae composition, concordant
with inferred occurrences of sustained thermal stress. Multivariate analyses identify two
broad Pocilloporidae clusters that correspond with mean SST ranges and frequency of
exposure to bleaching-level thermal stress which are largely supported by ANOSIM.
Differences in zooxanthellae assemblages may reflect host-specific responses to
ecological or environmental gradients across biogeographic regions. Such patterns of
variability provide insight and support for the adaptability and potential resilience of
coral communities in geographically and oceanographically complex regions, especially
amidst the increasing severity of global and local-scale stressors.

Keywords: coral-algal symbiosis, Symbiodiniaceae, coral bleaching, thermal stress, PCR-DGGE fingerprinting,
Coral Triangle
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INTRODUCTION

Protozoan dinoflagellates of the family Symbiodiniaceae,
colloquially known as zooxanthellae, are a diverse taxon of mostly
endosymbiotic unicellular algae in marine invertebrates like
corals, mollusks, and sponges (Trench et al., 1981; Berkelmans
and van Oppen, 2006; Weisz et al, 2010). Formerly under
the genus Symbiodinium and classified into nine clades (A-I;
Coffroth and Santos, 2005; Pochon and Gates, 2010), the
taxonomy of zooxanthellae was eventually revised into at least
seven genera, six of which are novel and largely congruent
with their predecessor clades (LaJeunesse et al, 2018). In
corals, the symbiotic relationship involves the host providing
shelter and inorganic nutrients for the photoautotrophic
zooxanthellae which assimilate and export back to the host
high concentrations of oxygen for respiration and calcification
and other photosynthates like glycerol, glucose, amino acids,
and lipids, supplying more than 90% of the host’s metabolic
requirements (Muscatine, 1990; Yellowlees et al., 2008; Davy
et al., 2012; Fransolet et al., 2012). However, thermal stress and
high levels of solar irradiance could disrupt the mutualistic
relationship and cause bleaching and reduced fitness that lead
to the likely death of the cnidarian host (Hoegh-Guldberg, 1999;
Douglas, 2003; Weis, 2008; Wooldridge, 2013). While bleaching
is a normal sign of coral stress, the rapid increase in mean
global ocean temperatures due to anthropogenic climate change
(Penaflor et al., 2009; Lough et al., 2018), when compounded
with prolonged periods of positive thermal anomalies brought
by the El Niflo Southern Oscillation (ENSO), indisputably leads
to mass coral bleaching events that have been more widespread
and more intense through the years (Eakin et al., 2016, 2017,
2019; Hughes et al, 2017) and that have ultimately degraded
coral reefs around the world (Hoegh-Guldberg et al., 2007;
Carpenter et al., 2008). The minor El Nifio event in 2014
(with Oceanic Nino Index, or ONI, peaking at 0.66) and the
subsequent year’s severe El Nifio (peaking at ONI 2.64) kicked
off an unprecedented multi-year global coral bleaching which
lasted 3 years and affected at least half of the world’s coral
reefs (Heron et al., 2016; Bahr et al., 2017; Couch et al.,, 2017;
DeCarlo et al, 2017; Hughes et al, 2017; Le Nohaic et al,
2017; NOAA, 2021). Although coral populations may respond
variably to heat stress due to differences in local conditions
(e.g., water flow, turbidity, sedimentation, etc.) and phenotypic
plasticity, thermal stress is still predicted to be the major factor
that will cause massive coral mortality in the foreseeable future
(Guest et al., 2012; McManus et al., 2020; Quimpo et al., 2020;
Valino et al., 2021).

Recurring bleaching events have been correlated with signs
of acclimatization (i.e., increased tolerance to thermal stress)
and lower mortality rates in several coral taxa, even in species
expected to be more susceptible to bleaching (e.g., Acropora and
Pocillopora spp.; Maynard et al., 2008; Guest et al., 2012). For over
two decades, this “natural acclimatization” of corals to thermal
stress has offered hope for the survival of reefs amid rapidly
warming oceans (Buddemeier and Fautin, 1993; Berkelmans and
van Oppen, 2006; Thompson and Van Woesik, 2009; Brown
and Cossins, 2011). This has motivated research in identifying

potentially resilient coral taxa to gain evolutionary insights, with
the end goal of accelerating selection for climate-resistant traits
in the holobiont (i.e., the assemblage of coral host and associated
microbiota), which will then be useful for coral restoration efforts
and engineering reef resilience (van Oppen et al., 2015).

The overall adaptive response of the coral holobiont to
high temperatures has been shown to depend on the complex
interactions between host- and symbiont-related factors (Abrego
et al., 2008; Mieog et al., 2009a; Putnam et al., 2012; Parkinson
etal., 2015; Bay et al., 2016). One prominent hypothesis for coral
acclimatization centers on the algal endosymbiont and posits
coral bleaching as an opportunity for the host to switch its
currently susceptible symbionts with more stress-tolerant taxa
like Durusdinium (formerly Symbiodinium clade D; LaJeunesse
et al,, 2018), ending up with a resilient holobiont geared for the
conditions that caused the bleaching in the first place (Fautin
and Buddemeier, 2004; Berkelmans and van Oppen, 2006).
Durusdinium glynnii and D. trenchii zooxanthellae can tolerate
a wider range of water temperatures (Mostafavi et al., 2007;
Lajeunesse et al., 2014; Silverstein et al,, 2017; Wham et al,
2017) and are hypothesized to contribute to the resilience of
the coral holobiont (Stat and Gates, 2011; Guest et al., 2016).
In many studies, these thermally tolerant zooxanthellae have
been reported to reproduce from background concentrations
within coral tissues (i.e., “rare biosphere”; Boulotte et al., 2016),
eventually overtaking its bleaching-susceptible predecessor, and
dominating the coral colony post-bleaching (Jones et al., 2008;
Silverstein et al., 2015; Bay et al., 2016; Cunning et al., 2018;
Davies et al., 2018). This is demonstrated among surveyed
natural populations and within particular coral species where
the observed coral-symbiont associations often signify recent
thermal regimes or anomalies. Brener-Raffalli et al. (2018),
sampling Pocillopora damicornis sensu lato from four thermally
variable sites across the Indo-Pacific, reported warmer-site corals
(Djibouti and French Polynesia) hosting stress resistant species
of zooxanthellae (clade D1) and cooler-site corals (Taiwan and
New Caledonia) harboring a less tolerant clade (Cladocopium
goreaui, formerly Symbiodinium subclade C1). This reinforces the
results of previous studies which also investigated the diversity
of coral zooxanthellae assemblages at finer spatial scales across
different host species and thermal variabilities and revealed the
occurrence of thermally tolerant symbiont lineages in warmer or
historically thermally stressed sites (Baker et al., 2013; Stat et al,,
2013; Zhou et al., 2017; Baumann et al., 2018). Moreover, it has
been demonstrated that certain host-symbiont associations can
be more labile than others (e.g., Pocillopora spp. are likelier to be
shuffled with a tolerant species than the more stable Porites spp.)
(Baker et al., 2013).

The Philippines, an archipelago located at the northern
apex of the Coral Triangle, has surrounding waters governed
by thermal regimes characterized into four clusters (Penaflor
et al., 2009) largely shaped by variabilities in latitudinal heating
and circulation patterns. Philippine reefs have a history of
mass coral mortality during previous bleaching events. First
documented during the 1997-1998 ENSO (ONI peaking at a
2.40 and crashing to —1.57; NOAA, 2021), a bleaching event
was estimated to have caused ~ 8% coral loss across the country
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(Licuanan and Gomez, 2000; Arceo et al., 2001; Magdaong et al,,
2014). The Bolinao-Anda Reef Complex, a diverse marine
ecosystem and vital center for fisheries and aquaculture in
northwestern Philippines (Cruz-Trinidad et al., 2011), was one
of the worst hit areas in the region where about 80% of corals
bleached. Mass coral bleaching incidents were again reported in
the Philippines and neighboring Southeast Asian reefs during
another significant ENSO event (ONI peaking at 1.56 and down
to —1.64) in 2009-2010 (Tun et al., 2010). For 6 months,
the region experienced elevated sea surface temperatures (SST)
that resulted in an estimated coral mortality of 18%. Recently,
Licuanan et al. (2019) reiterated the long-term decline in hard
coral cover and health of Philippine reefs and estimated that
30% of shallow-water corals have died over the recent decades,
but also reported the limited impact of the 2016-2017 mass
bleaching event (based on non-significant change in hard coral
cover in most of 101 reef sites from 2015 to 2018). Low bleaching
rates that have led to minimal changes in community structure
were observed in a few Philippine reefs during the 2016-2017
event which, in conjunction with the interaction of different local
environmental factors (Quimpo et al., 2020; Valino et al., 2021),
could be a sign that reef response to severe bleaching events can
potentially improve.

Corals being exposed to more intense heating anomalies and
subjected to shorter recovery periods (Burke et al., 2011; Muiiz-
Castillo et al., 2019) have underscored further the importance of
understanding the coral holobiont’s adaptability. In this study, we
characterized the diversity of Symbiodiniaceae in several coral
families across local regions and explored their association with
existing thermal gradients and theoretical bleaching occurrences
in the Philippine archipelago. Examining the differentiation of
coral-zooxanthellae associations across regions allows us to infer
how each site’s thermal history may have shaped the symbioses
through prolonged exposures to thermal stress (Gierz et al., 2020;
Keshavmurthy et al., 2020) and provide insights on the adaptive
capacity of coral reefs.

MATERIALS AND METHODS

Collection of Coral Fragments

Haphazard sampling was conducted in 14 reef sites across
the archipelago from July 2015 to May 2018 (Figure 1A).
Study sites represent the spatial gradients of SST means sensu
Penaflor et al. (2009) and cover the northern Philippine Sea and
Luzon Strait, the West Philippine Sea (the Philippines’ exclusive
economic zone in the South China Sea), Sulu Sea, Bohol Sea,
and Celebes Sea (Table 1 and Supplementary Table 1). Non-
bleached coral fragments (i.e., live and with color; N = 628)
from targeted families of varied thermal stress tolerance were
collected at 2-10 m depths, except for samples from the off-
shore reefs in Bicol Shelf (13-24 m) where no shallow reef was
found. The families Acroporidae, Pocilloporidae, Poritidae, and
Helioporidae were found to be abundant or potentially resilient
(as defined by Walker et al., 2004) in the Bolinao-Anda Reef
Complex, northwestern Philippines and, among others were
considered candidate taxa for propagation in reef restoration

initiatives in the country (Levy et al., 2010; Shaish et al., 2010a,b).
As such, these four families were selected for this study. An
arbitrary minimum distance of 2 m between colonies was set
to minimize sampling clonal ramets. From the center of each
adult colony (>5 cm diameter), a 2-4 cm coral nubbin was cut,
immediately preserved in salt-saturated DMSO buffer (Gaither
et al,, 2011), and stored at 4°C. Due to the opportunistic nature
of sampling and differences in field campaign objectives, not all
species were collected in all of the study sites. Only the genus
Pocillopora (Pocillopora acuta and P. verrucosa) was collected
from all 14 sites. Two other pocilloporid genera (Seriatopora and
Stylophora), poritids (Porites cylindrica or P. lutea) and Heliopora
coerulea were collected from six sites, while acroporids (Acropora
digitifera, A. millepora, or A. tenuis) were sampled from four
(Table 2). All collections were covered by research permits (DA-
BFAR Gratuitous Permit Nos. 0102-15, 0150-18, 0153-18, and
PCSD Permit Nos. 2015-08 and 2017-09).

PCR-DGGE Fingerprinting

Holobiont DNA was extracted using a modified organic DNA
extraction method (Mieog et al., 2009b) employing overnight
digestion of coral tissue in CTAB and proteinase K, phase
separation using 24:1 chloroform/isoamyl alcohol, precipitation
with isopropanol, washing with 70% ethanol, and resuspension
with nuclease-free water. Gene]ET Genomic DNA purification
kits (Thermo Fisher Scientific) were also used following
manufacturer’s protocols.

Following the touchdown thermal cycle protocol of
LaJeunesse (2002), the zooxanthella-specific primers ITSintfor2
and the GC-attached ITS2clamp were used to amplify the internal
transcribed spacer 2 region (ITS2, ~ 350 bp) for downstream
DGGE fingerprinting. PCR amplification of the ITS2 was
performed in 15 pL reactions using 0.7 wM of both primers,
1 x PCR buffer, 0.45 pM dNTPs, 1.8 mM MgCl,, 0.23 units of
Taq polymerase (Invitrogen), and ~ 10 ng of template DNA.
Thermal cycling protocol had an initial denaturation of 3 min at
92°C; 20 cycles of denaturation for 30 s at 92°C, annealing for
40 s at 62°C (with a drop of 0.5°C per cycle), and extension for
30 s at 72°C; followed by another 20 cycles with a fixed annealing
temperature of 52°C and a final extension of 5 min at 72°C.

All ITS2 PCR products were loaded 1:1 with 0.05%
bromophenol blue-xylene cyanol solution into an 8%
polyacrylamide (37.5:1 acrylamide/bis) denaturing gel with
an internal gradient (30-60%) of denaturants (urea and
formamide) and were separated by electrophoresis using DCode
Universal Mutation Detection System (Bio-Rad) for 18 hat 100 V
with a constant tank buffer temperature of 60°C. The acrylamide
gels were post-stained with 1 x SYBR Green (Thermo Fisher
Scientific) in 1 x TAE buffer for 30 min and photographed under
UV illumination.

A subset of prominent bands and heteroduplexes from five
initial sites BOL, ELN, SIQ, IPL, and TWI (Table 1) were
excised and incubated overnight with 500 LL nuclease-free water.
Eluates were used as template for re-amplification of the ITS2
using the oligonucleotide primers ITSintfor2 and ITS2reverse
following a similar thermal cycling protocol but without
the touchdown cycles (LaJeunesse, 2002). Bidirectional DNA
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FIGURE 1 | Thermal regimes across the Philippine archipelago. (A) 14 study sites representing four thermal regions clustered using SST data obtained from 1985 to
2018; (B) Annual mean SSTs of clusters A-D from 1985 to 2018. Site symbols correspond to thermal cluster membership: square (cluster A), triangle (B), circle (C),
and cross (D).
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TABLE 1 | Sampling sites, dates of collection, and mean SST per thermal cluster.

Thermal cluster Mean SST (std dev) Sampling site Site code Latitude, Longitude Project/s Date of collection
A 27.31°C (0.26) Batan, Batanes BAT 20.370°N, 121.974°E 4 October 2017
Gonzaga, Cagayan CAG 18.377°N, 122.097°E May 2016
B 28.30°C (0.18) Bicol Shelf BIC 14.627°N, 123.206°E 5 May 2018
San Juan, Siquijor SIQ 9.143°N, 123.507°E 1 October 2015; August
2016
C 28.63°C (0.13) San Fernando, La Union LAU 16.577°N, 120.303°E 2 April 2016
Bolinao, Pangasinan BOL 16.436°N, 119.941°E 1,2 June-August,
November 2015;
February, July,
November 2016; June
2017
El Nido, Palawan ELN 11.114°N, 119.328°E 1 May 2016
Kalayaan (Spratly Islands), Palawan
- Pag-asa Island ASA 11.065°N, 114.279°E 4 May 2017
- Lawak Island LWK 10.729°N, 115.799°E 4 May 2017
Tubbataha Reefs, Palawan TUB 8.887°N, 119.894°E 3,4 April 2016; May 2017
Bongao, Tawi-Tawi TWI 5.050°N, 119.740°E 1 December 2015
D 28.87°C (0.14) Kalayaan (Spratly Islands), Palawan
- Sabina Shoal SAB 9.798°N, 116.414°E May 2017
- NE Investigator Shoal NEI 9.184°N, 116.456°E 2 May 2017
Ipil, Zamboanga Sibugay IPL 7.685°N, 122.540°E 1 June 2016; February,
August 2017

Projects: (1) DOST-PCAARRD Coral Genomics Project 1, (2) DOST-PCAARRD Coral Genomics Project 3; (3) DOST-PCAARRD NACRE-PEARRL Project; (4) DENR-BMB
WPS Project; (5) DENR-BMB SECURE Philippine Rise Project.

TABLE 2 | Dominant zooxanthellae detected from four coral families across 14 sampling sites clustered according to thermal regime.

Thermal Site Pocilloporidae Acroporidae Poritidae Helioporidae
cluster
Pocillopora Seriatopora Stylophora Acropora Porites Heliopora
A BAT C(14);D (1) - - - - -
CAG C+D(6);D(11) - - - - -
B BIC C@28);C+D(1) C (@ C(12) C(12) C(7) C(15)
siQ C1, C1t,C1d (12); C C1,C1#(16); C(4) C1c.C45(2); C (18) - C15 (9 Cspc (8)
6);D Q)
C LAU C+D(2),D(® - - - - -
BOL C(2;C+D(2); D1, D1a (14) C1c.C45 (10); C3u (39) C15 (25) Cspc (22)
D1 (15); D (29) D1, D1a, D6 (3)
ELN C(1); D1.(19) D1 (19) C1 (11); D1 (9) C3u (13) C15(7) Cspc (7)
ASA D (10) - - - - -
LWK C(@),D(1) - - - - -
TUB C(@21);C+D @)D - - - - -
TWI C1, C1c, C1d, C1e, C1# (10) Cic (4) - C15 (10), C55 (1) Cspc (4), C1p (1)
C42a, C42-2 (11)
D SAB C(2),D(14) - - - - -
NEI C(2) - - - - -
IPL C+D(6),D1(4); D (9 C();C+D(1); C(1);C+D@); C40 (5) C15(9); C (14) Cspc (9)

D1a, D2.2 (9); D (8)

D1a (9); D (6)

Bold and underlined identities were validated through sequencing. Identities based on DGGE fingerprints are labeled as C or D (or C + D when found in mixed detections).

Numbers of colonies that showed positive identifications are contained in parentheses. (

“_»

not sampled).
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sequencing was performed (First Base Laboratories, Malaysia)
and individual ITS2 sequences were manually trimmed, checked,
and aligned using Geneious Prime v2020.0.3 (Kearse et al,
2012). For zooxanthellae clade/species identification, sequences
were queried through BLAST in a custom database assembled
from the curated GeoSymbio database of zooxanthellae taxa
(Franklin et al., 2012) and additional unique sequences obtained
from GenBank (query: “Symbiodiniaceae” “ITS2”) that were
not covered by the former. Genetically identified samples were
used as diversity standards in subsequent DGGE runs for
the other sites.

Sea Surface Temperatures Clustering

and Inferring Stress Occurrences

Thermal regions in the Philippines were recharacterized to
extend the dataset (Penaflor et al., 2009) with more recent
SSTs (1985-2018). The daily updated 5 km resolution SST
product (CoralTemp) of Coral Reef Watch (CRW) produced
from combining and blending geostationary and polar-orbiting
environmental satellites (Liu et al., 2014) were averaged using
SNAP v7.0.0" binning function. Clustering of similar-value pixels
was done to the resulting three-decadal mean SSTs using SAGA
k-means grid clustering tool (Penaflor et al, 2009; Kleypas
et al.,, 2015). Annual mean SSTs in all sites within each cluster
were calculated.

Having limited empirical information on actual bleaching and
mortality, possible past occurrences can be extrapolated from
bleaching- and mortality-level degree-heating weeks (DHW,
i.e., a thermal stress index based on the accumulation of SST
anomalies) that have reached four to eight consecutive weeks (Liu
et al., 2006; McClanahan et al., 2007). These metrics can proxy
for sustained thermal stress especially during the ENSO years,
when high levels of solar irradiance can be expected in the region
(Muniz-Castillo et al., 2019). Exposure to positive temperature
anomalies and theoretical bleaching and mortality experienced
by corals in all 14 sites were characterized by obtaining
mean mortality-level degree-heating weeks (8 < DHWs) and
bleaching-level DHWs (4 < DHWs < 8) during ENSO years
(Muniz-Castillo et al., 2019). The daily 5 km DHW product of
CRW comes from positive heat anomalies or the accumulation
of heat stress during a 12-week period derived from CoralTemp
(Liu et al., 2014).

Statistical Analyses

Patterns for spatial distribution or association with thermal
regimes were examined by performing multivariate analyses
in the family Pocilloporidae where variability was observed.
A dataset representing abundance information (i.e., colony
counts for dominant or co-occurring symbiont genera)
was produced. To quantify compositional differences of
dominant zooxanthellae between populations, Bray-Curtis
dissimilarity indices (BCD) were calculated based on both
raw and square root-transformed abundance data. Non-
metric multidimensional scaling (NMDS) was performed on
BCD matrices for all-Pocilloporidae (combined Pocillopora,

Uhttp://step.esa.int

Seriatopora, and Stylophora) and Pocillopora-only datasets. Sites
LWK and NEI were excluded from the analysis due to small
sample sizes (N < 5 colonies). While square root transformation
on abundance data returned lower BCD values versus non-
transformed data, the clustering of populations did not change
(Supplementary Figure 2). Likewise, performing NMDS on
raw and transformed abundance data produced identical stress
values and ordination, thus only the non-transformed data were
used for subsequent analysis. Ordination plots were generated to
visualize structuring of zooxanthellae diversity based on each of
the site’s thermal cluster membership and frequency of exposure
to bleaching-level DHWSs. Analysis of similarities (ANOSIM)
was then used to test for significant differences in zooxanthellae
species composition between emergent groupings from the
NMDS analysis. All statistical analyses were conducted using
the package “vegan” v2.5-7 (Oksanen et al, 2020) in R v4.0.2
(R Core Team, 2021).

RESULTS

Diversity of Dominant Coral

Zooxanthellae

All  coral samples were evaluated for zooxanthella

clade/species/genus diversity using PCR-DGGE fingerprinting.
Most profiles displayed the expected one or two prominent bands
accompanied by background heteroduplexes (LaJeunesse, 2002).
ITS2 sequences from a subset of these bands (N = 217) returned
homology to 18 Symbiodiniaceae taxa (Table 2): Cladocopium
goreaui (C1), 13 other Cladocopium lineages (Clc, Clc.C45, C1d,
Cle, Clp, Cl1t, C1#, C3u, C15, C40, C42a, C42-2, and Cspc),
Durusdinium glynnii (D1), D. trenchii (Dla), and two more
Durusdinium clades (D2.2 and D6) (GenBank Accession Nos.
MW024153-MW024369).

Sea Surface Temperatures Clustering
and Thermal Stress

Geospatial clustering analysis shows five distinct marine SST
regions surrounding the Philippines (Figure 1A). Four of
these clusters (A-D) cover most circumjacent waters of
the Philippines and are described in this study. Over the
last three decades, most of the sites experienced above-
average temperatures that peak during years with confirmed
mass bleaching events (1998, 2010, 2015-2017; Figure 1B
and Supplementary Table 2). Clusters A and B recorded
lower annual SST means (ranging 26.98-28.02°C and 27.83-
28.80°C, respectively) and cover the waters of northern and
eastern Luzon, the internal seas of central Philippines, and
the Sulu archipelago in the south. Annual mean SST values
in these clusters show less fluctuations during the initial
10 years which increased toward the recent decades. In
contrast, clusters C and D exhibited higher mean SSTs (28.23-
29.15°C and 28.57-29.62°C) with low annual temperature
fluctuations (Table 1). Cluster C partially encompasses the
western seaboard of Luzon in the West Philippine Sea, the
Kalayaan Island Group (Spratly Islands), and the northern
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section of the Sulu Sea. Cluster D exhibits the highest
annual mean SSTs and covers mainly the western Palawan
shelf, southwestern Sulu Sea, and the southern and eastern
waters off Mindanao.

All collection sites, with the exception of SIQ and TWI, were
exposed to bleaching-level DHWs (>4 DHWs) between 1 and
4 times during ENSO years within the span of the time series
and are thus inferred to have experienced bleaching (Figure 2A).
One site (ASA) was exposed to one bleaching DHW, seven sites
(BOL, ELN, LWK, TUB, SAB, NEI, and IPL) to two, and three
sites (BAT, CAG, and LAU) were exposed to three. BIC with
an exposure frequency of four had the most frequent bleaching
DHWs. Only four sites reached mortality-level DHWs (>8
DHWs): BIC, SAB, and NEI with one exposure, and CAG with
two exposures. No site in Cluster C was exposed to mortality-
level DHWs. Coincident with mean SST fluctuations, sites from
the cooler clusters A and B have been exposed more frequently
to positive heat anomalies compared with the warmer clusters C
and D (Figures 1B, 2A).

Distribution of Coral-Symbiont
Associations

Regional consistency in dominant zooxanthella species was
observed in Acroporidae, Poritidae, and Helioporidae where
each family was dominated by 1-2 clades of Cladocopium
(Figure 2B and Table 2). Poritidae samples, regardless of
species or site of collection, hosted Cladocopium clade CI15.
Most Helioporidae samples from five of six sites harbored
Cladocopium clade Cspc with one colony detected with
clade Clp. Acroporidae from two sites along the western
Philippine seaboard hosted Cladocopium clade C3u (BOL and
ELN), while colonies sampled from the Celebes Sea (IPL)
hosted clade C40.

Pocilloporidae  exhibited variation in zooxanthellae
composition across sites (Table 2 and Supplementary Table 3),
with an emergent pattern of community composition broadly
concordant with thermal clusters (Figure 2B). Pocilloporids
from SIQ and TWI, falling within SST clusters B and C,
respectively, and which have had neither bleaching nor
mortality-level DHWSs, predominantly host Cladocopium
species (e.g., C. goreaui) and clades (e.g., Clc, C1d, Clt, Cl14,
and C42a). Pocillopora samples from BAT and TUB and all
three pocilloporid genera from BIC, likewise, predominantly
hosted Cladocopium zooxanthellae. Conversely, pocilloporid
communities in BOL, ELN, and IPL were composed of colonies
mainly dominated by Durusdinium glynnii or D. trenchii or
mixed with Cladocopium symbionts (C + D; Supplementary
Figure 1), except for the Stylophora colonies of BOL and ELN
where slightly more than half of the colonies were detected
only with Cladocopium. Within thermal cluster A, Pocillopora
samples from BAT and CAG exhibit contrasting patterns, with
colonies from CAG predominantly harboring Durusdinium or
a mix of Cladocopium and Durusdinium while all colonies from
BAT harbor predominantly Cladocopium, with the exception of
one colony which harbors predominantly Durusdinium. Other
sites within the West Philippine Sea, all falling under thermal

clusters C and D and all having experienced bleaching-level
DHWs, consisted of colonies hosting differential proportions of
Cladocopium and Durusdinium. Sites LWK and NEI harbored
predominantly Cladocopium, while LAU, ASA, and SAB colonies
were dominated by Durusdinium.

Multivariate analysis of zooxanthellae composition for the
Pocilloporidae reveal two broad groupings largely coinciding
with SST rankings (Figure 3). Bray-Curtis dissimilarity indices
between populations range from 0.143 (raw) and 0.136 (square
root-transformed) to 1 (Supplementary Table 4). Stress values
for both Pocillopora-only (0.069) and all-Pocilloporidae (0.012)
ordinations are below the recommended threshold value of
0.2, indicating good fit to the original distance matrices
(Dexter et al., 2018). The NMDS plots for all Pocilloporidae
and for Pocillopora spp. present comparable ordinations
differing only in the ordination of 1 site (BOL). NMDS
axis 1 delineates two groups reflecting the predominance of
Durusdinium (Group 1) and Cladocopium (Group 2). Group
1 consists of sites mostly from thermal clusters C and D
(except for CAG from thermal cluster A) while Group 2
consists of sites mostly from thermal clusters A and B (except
for TWI from thermal cluster C). Considering both NMDS
axes, the ordination plot for all Pocilloporidae delineates four
clusters based on clade composition: Subgroup 1A (CAG-LAU-
IPL-BOL) predominantly hosting Durusdinium and C + D,
Subgroup 1B (ASA-ELN-SAB) predominantly Durusdinium with
a lower proportion of Cladocopium, Subgroup 2A (TUB-
BIC) predominantly Cladocopium with C + D, and Subgroup
2B (BAT-SIQ-TWI) with predominantly Cladocopium and a
lower proportion of Durusdinium. Considering Pocillopora
only, the minor difference in subgrouping composition is
the ordination of BOL intermediate between all-Pocilloporidae
Subgroups 1A and 1B.

The difference in zooxanthellae species composition
between the two NMDS groups is statistically significant
(ANOSIM, R = 0.656, p = 0.007). When divided into four
subgroups, the differentiation in species composition remains
significant (R = 0.499; p = 0.025). Species composition does
not vary significantly when sites are grouped by thermal
cluster (R = 0.023; p = 0.372). Grouping according to
frequency of exposure to bleaching-level DHWs likewise
does not reveal statistically significant differences, although
the R value is an order of magnitude higher than when
grouping sites according to thermal cluster and the p-value
is close to the threshold for significance (R = 0.2912,
p=0.075).

DISCUSSION

Understanding determinants underlying the adaptability of
corals can provide valuable insight toward inferring potential
responses to climate change-induced environmental stress.
Having baseline information on the contemporary diversity and
distribution of coral zooxanthellae provides important context
regarding the flexibility and specificity of the symbiosis,
as well as the potential of corals for acclimatization or
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adaptability through periods of environmental fluctuations
and sustained thermal stress. This study characterized
zooxanthellae diversity and coral-endosymbiont associations
in several coral taxa across the biogeographic regions of

the Philippine archipelago at the northern region of the
Coral Triangle, which exhibit varying thermal histories
based on analysis of sea surface temperature data covering
the past 34 years.
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Three-Decadal Thermal History of
Philippine Waters

Thermal stress that corals may have experienced can be inferred
from historical SST data and recorded heating anomalies
(Kayanne, 2016; McManus et al, 2020). The time-averaged
thermal clusters described herein represent the net of the
interactions of archipelagic and bathymetric complexity of
the Philippines, a latitudinal heating gradient, and oceanic-
atmospheric systems like the East Asian monsoons. Despite
having different spatial resolutions, we observed resemblance
of the five thermal regions found in this study with the SST
sections identified by Penaflor et al. (2009) and Kleypas et al.
(2015). Thermal clusters A and B, characterized by lower
means of daily SSTs (27.3-28.1°C), are largely influenced
by the Pacific waters streaming through San Bernardino
and Surigao Straits into the relatively shallow basins of
central Philippines (Qu et al, 2009; Hurlburt et al., 2011;
Lermusiaux et al., 2011) and by the intrusion of Kuroshio waters
through the Luzon Strait. These systems, in conjunction with
the cooling mechanisms of frequent precipitation (David
et al, 2015), high riverine input, bathymetric features
(e.g., Sulu archipelago; Han et al, 2009), and the existence
of wind-driven upwelling (e.g., Zamboanga Peninsula,
Bohol Sea; Cabrera et al, 2011; Villanoy et al, 2011) may
have lowered SST signatures in these subregions, possibly
buffering extreme warmings especially at local scales (Riegl
et al., 2019). On the other hand, clusters C and D are
characterized by slightly warmer SST means (28.6-28.9°C).
These warmer clusters comprise most of the western and
southern Philippines which are largely influenced by the
mixed water masses, circulated in the larger South China
Sea and which seasonally flow into the Sulu Sea through
Mindoro and Balabac Straits (Sprintall et al., 2012), and
by the Mindanao Current flowing south of the archipelago

toward the Makassar Strait in Indonesia (Gordon et al.,
1999). The Mindanao Current and its associated anticyclonic
eddy to its north ultimately downwell the surface waters
in the relatively shallow Moro Gulf, further warming the
northern Celebes (Masumoto et al, 2001). Aggravated
by an ENSO event, these existing oceanographic systems
could be easily tipped toward conditions that can be too
stressful for corals.

Specificity and Adaptability Across
Thermal Gradients

All corals evaluated in this study either exclusively or
predominantly hosted zooxanthellae taxa of Cladocopium
or Durusdinium. This is consistent with previous studies
that show Cladocopium and Durusdinium spp. as the main
zooxanthellae in hard corals throughout the South China basin
using DGGE (Chen et al.,, 2005; Zhou and Huang, 2011) and
more recent approaches using high-throughput sequencing
(Chen et al., 2019).

The homogeneity or variability observed among coral family-
zooxanthella associations in the present study demonstrates the
differential levels of host specificity to certain symbiont taxa
(Baker, 2003; Thornhill et al., 2006). While Pocilloporidae were
found to host either Cladocopium, Durusdinium, or a mix of
both, Acropora and Heliopora coerulea displayed specificity,
with each coral species detected with only one or two clades
of Cladocopium regardless of the thermal regime or history
of sampling location. The widespread Poritidae corals (Porites
cylindrica and P. lutea) also exhibited strict preference to
Cladocopium C15, a zooxanthella clade previously observed
to be relatively stable under thermal stress (LaJeunesse et al.,
2003). Porites corals mainly associating with C15 have also
been observed in the Gulf of Thailand (Chankong et al,
2020) and across a wide latitudinal range in the South China
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Sea (Ng and Ang, 2016; Chen et al, 2019; Gong et al,
2019). Previous transcriptomic studies that performed simulated
bleaching (Barshis et al., 2013, 2014; Kenkel et al., 2013; Dixon
et al., 2015) and transplantation experiments (Palumbi et al,
2014) have demonstrated potential molecular mechanisms for
climate resiliency of the coral host itself. Thus, specific host-
symbiotic associations suggest successful molecular mechanisms
in the coral host that are independent of the symbiont (Drury,
2020). Host genotype has also been shown to positively play
a role in tolerance to multiple and simultaneous stressors in
Acropora millepora (Wright et al, 2019). However, further
research can be done on specifically partnered symbioses,
especially on the coral hosts’ and zooxanthellae’s physiological
limits to wider ranges of stress conditions. It is also important
to note that the symbiont composition presented here likely
does not reflect low-abundance (<5-10%) zooxanthellae due
to the limits of detection of DGGE-based assays (Thornhill
et al., 2006; LaJeunesse et al., 2008; Baker et al., 2013). This
limitation could result in an underestimation of the potential
contribution of rare biosphere species like Durusdinium spp.
(Boulotte et al, 2016) and underscores the advantages of
methods like high-throughput sequencing which offer greater
sensitivity and resolution in elucidating endosymbiont diversity.
For example, multiple Porites lineages along the Saudi Arabian
Red Sea have shown exceptionally diverse endosymbionts,
following a north-south Cladocopium-Durusdinium gradient
(Terraneo et al., 2019), not observed in most other DGGE-only
studies.

The geographic variability of zooxanthellae hosted by
pocilloporids (Pocillopora, Seriatopora, and Stylophora), in
contrast to the consistency of symbionts hosted by Acropora,
Heliopora and Porites, provides an interesting model to examine
symbiont diversity in the context of varying environmental
conditions. Sequencing of sampled DGGE bands from
pocilloporids revealed Cladocopium goreaui, Durusdinium
glynnii, D. trenchii, and other Cladocopium and Durusdinium
clades, which all vary in thermal stress tolerance. Zooxanthellae
composition is significantly different among sites, with two
broad groups coincident with mean SST ranges and frequency
of exposure to bleaching-level thermal stress. Pocilloporids
in warmer thermal clusters C and D and the less warm
clusters A and B generally differ in the predominance of the
thermally tolerant Durusdinium and less tolerant Cladocopium,
respectively. There are, however, a few exceptions. For instance,
pocilloporids in TWI, despite experiencing higher mean
SSTs, were shown to host thermally sensitive Cladocopium
symbionts. That TWI had not experienced more-than-four
continuous DHWs during the 34-year period (Figure 2A) may
account for the observed dominance of Cladocopium instead
of Durusdinium. Similarly, the dominance of Cladocopium
symbionts in pocilloporids from TUB amidst relatively warmer
temperatures, and in BIC which had the most frequent exposure
to bleaching-level thermal stress, suggest the influence of other
factors (e.g., clouds, reef health) not captured by mean SSTs
and thermal anomalies. The highly protected Tubbataha Reefs
Natural Park is situated in the middle of Sulu Sea away from
anthropogenic stress and is known to host some of the most

pristine and healthiest coral reefs in the world (Licuanan et al.,
2017). While protection in itself cannot negate the impact of
high temperatures to coral reef health, the compounded support
by the immense biomass of herbivores, lower levels of localized
stress, robust supply of larvae (i.e., connectivity), ample cloud
cover, and geographic isolation could have facilitated recovery
of stressed reefs in TUB (Selig et al., 2012; Gilmour et al., 2013;
Penaflor, 2015; Licuanan et al., 2019; McManus et al., 2020).
Moreover, our findings in BIC imply the potential importance of
deep or even turbid reef systems in providing refuge for future
climate change scenarios in this specific region (Bongaerts et al.,
2010; Sully and van Woesik, 2020). The depth of the sampled
reefs in BIC (~ 26 m) may have prevented surface thermal
anomalies to reach the reef, providing more stable ambient
temperatures for corals. Additionally, as Cladocopium symbionts
are more photosynthetically efficient than Durusdinium spp. (i.e.,
higher F,/F,,) in lower temperatures (Silverstein et al., 2017), it
might be expected for the former to thrive in deeper reef systems
where irradiance levels are much reduced, as was observed in
Montastraea cavernosa colonies along a depth gradient in Belize
(Eckert et al., 2020). For all these cases, incorporating additional
in situ and smaller-scale observations of other environmental
factors is essential and should be considered for future studies.

The dominance of Durusdinium zooxanthellae (or their
presence in mixed detections) in sites that were previously
under thermal stress could indicate a switch to thermally
tolerant endosymbionts from a thermally sensitive species like
C. goreaui (C1). The observed Durusdinium dominance in
historically stressed pocilloporids complements the findings
of Baker et al. (2013); Brener-Raffalli et al. (2018), Qin
et al. (2019); Chankong et al. (2020), and Poquita-Du et al.
(2020) which report Pocillopora’s flexibility and tendency to
harbor Durusdinium symbionts with increasing temperatures or
recent thermal anomalies. In addition, mixing of zooxanthellae
genera was exclusively observed in pocilloporid species. This
mixing in conjunction with the geographically varied coral-
zooxanthellae associations found in Pocilloporidae could suggest
the occurrence of symbiont shuffling or a transition toward
the dominance of more thermally tolerant zooxanthellae. The
significant difference in zooxanthellae composition between the
four NMDS subgroupings, which also correlate with frequency
of bleaching-level DHWSs, may imply incidences of coral
acclimatization among pocilloporids. However, the haphazard
sampling in this study does not allow us to fully capture possible
fine-scale temporal changes in the zooxanthellae assemblage
which may have already transpired within days, weeks, or months
after peak stress levels (Claar and Baum, 2019). It is therefore not
possible to conclude with certainty whether the co-occurrence
or dominance of Durusdinium spp. is a transient switch from
Cladocopium spp. or a snapshot of an enduring symbiosis
with its coral host.

Implications for the Future of Coral Reefs

Identifying resilient coral communities will be vital in prioritizing
areas for conservation (Hoegh-Guldberg et al, 2018) and
augmenting levels of protection of such sites against other
possible stressors such as overfishing that contribute to the
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decline of reef health, which will ultimately benefit coastal
communities who extensively rely on these critical reef
ecosystems. While several studies have predicted that neither
level of protection nor bleaching history nor coral taxon
may save coral reefs from extremely severe stress as what
occurred at the Great Barrier Reef during the 2014-2017
event (Hughes et al., 2017; Eakin et al, 2019), it is also
still possible that geographically and oceanographically more
complex regions such as archipelagos may shed light on their
biogeographic variability as a means for reef adaptability and
resilience. Observations on the limited impact of the recent global
bleaching event to Philippine reefs (Licuanan et al., 2019) provide
interesting avenues for further research on the underlying
basis of reef recovery and resilience. The Coral Triangle, a
still understudied hotspot of reef biodiversity and geographic
and oceanographic complexity will be proven valuable in
understanding the potential resilience of coral reefs.

The diversity of symbionts and the flexibility of coral
zooxanthellae associations observed in this study, particularly
of pocilloporids, suggest that acclimatization of corals through
symbiont shuffling is plausible in natural coral communities
and could be a sign of hope for the persistence of reefs
in the face of global change and uncertainty. The thermally
tolerant Durusdinium, however, are known opportunists and
harboring them has its trade-offs for the coral host (Little
et al., 2004; Jones and Berkelmans, 2010, 2011; Stat and Gates,
2011; Lesser et al., 2013; Sproles et al., 2020). An established
coral-Durusdinium symbiosis also does not guarantee bleaching
resistance, as prolonged exposure to thermal stress can still
result in the death the coral (Claar et al., 2020). Promising new
results (Abbott et al., 2021) suggest that a near-equal relative
proportion (co-dominance) of Cladocopium and Durusdinium
symbionts elevates expression of genes related with productivity
(i.e., translation and photosynthesis) in the zooxanthellae and at
the same time promotes cellular growth for the coral host. This
highlights the potential significance of co-occurring symbiont
genera in corals and has important implications for predicting
the health of the holobiont and of coral reefs in general.

Only a few studies have conducted long-term monitoring of
the recovery and zooxanthella assemblage dynamics in corals
and none has captured the net effect of D. trenchii or D. glynnii
dominance to the long-term overall health of the coral. Loya et al.
(2001) and van Woesik et al. (2011), for example, categorized
species found in Okinawa, Japan as bleaching winners or losers
in a 14-year interval, classifying all pocilloporid genera (that
were considered in this study) as long-term losers due to lack
of signs of recovery after two mass bleaching events. On the
contrary, Guest et al. (2012) demonstrated a likely adaptive
response from the usually susceptible corals Pocillopora and
Acropora in Singapore, showing highly improved performance
during the same mass bleaching events (1998 and 2010)
and indicating what might be holobiont adaptability that is
geographically variable. Both studies were not able to consider
the diversity of endosymbionts and would have helped explain
the difference in the two regions’ post-bleaching performance.
Whether Durusdinium can persist to be the dominant symbiont
in the coral colony or coral populations years after shuffling

also remains in question. Reversion from D. glynnii/D. trenchii
back to the coral host’s original symbiont assemblage has been
observed in Orbicella annularis and O. franksi in the Florida
Keys (Thornhill et al., 2006). Durusdinium symbionts among
clonal ramets of O. faveolata have been recently detected,
suggesting an intergenerational transmission of bleaching
resistance (Manzello et al., 2019). Likewise, vertical transmission
of endosymbiotic algae is known for the pocilloporid genera
Pocillopora, Seriatopora, and Stylophora (Isomura and Nishihira,
2001), whose brooded larvae have also been shown to exhibit
“environmental hardening” and pre-adaptability to thermal stress
and acidic environmental conditions (Jiang et al., 2020; Kitchen
et al., 2020). Other species like Montipora digitata in the Great
Barrier Reef pass on shuffled endosymbionts through spawned
gametes as well (Quigley et al., 2019). All these examples and
their effect on the overall coral mortality or recovery rates in a
population would be interesting to explore in the Philippines or
the wider Coral Triangle region, which have been documented
to have experienced frequent thermal stress occurrences in the
past 30 years. In the broader context, the ability of reefs in
the region to withstand future projections of global warming,
to be a temporary refuge for genetic resources, or to naturally
supply propagules for replenishing impacted reefs can only be
predicted and realized with systematic and consistent monitoring
of coral survival, investigating its underlying mechanisms, and
effectively translating science into policy. Limited information on
the factors underlying adaptability of the coral holobiont in the
face of a changing environment emphasizes the need for more
studies focusing on the Coral Triangle, while equally highlighting
the need to act on mitigating anthropogenic stressors negatively
impacting ecosystem function, whether global or local, with a
heightened sense of urgency and resolve.
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