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Abstract  Corals in the Persian/Arabian Gulf (PAG) are 
resilient to various stressors, whose levels exceed those of 
coral reefs globally. These corals thereby offer insight into 
mechanisms underlying thermal resilience, e.g., regarding 
the role of endosymbiotic microalgae in the family Symbiod-
iniaceae. Previous studies have identified the thermotolerant 
species Cladocopium thermophilum as broadly associated 
with corals in the southern PAG. However, algal-host speci-
ficity at the within-species level and the temporal stability of 
these associations are not well understood. Here we sampled 
two dominant stony corals (Porites harrisoni, n = 119 and 
Platygyra daedalea, n = 79) at three sites in the southern 
PAG and the neighboring Gulf of Oman (GO) to explore 
algal symbiont assemblage and specificity, whereby a prior 
dataset provided the opportunity to assess symbiont com-
munity stability in P. daedalea across a decadal time frame. 
Using high-throughput ITS2 marker gene sequencing and 
the SymPortal framework, we identified distinct, largely 
non-overlapping ITS2 type profiles of C. thermophilum 

as the dominant symbiotic partners in P. harrisoni and P. 
daedalea in the southern PAG, highlighting high host fidel-
ity at the subspecies level. Despite this, we observed nota-
ble changes in C. thermophilum genotype diversity and an 
overall decrease over the course of a decade. By compari-
son, algal symbiont diversity in the neighboring GO corals 
increased, with formerly prevalent ITS2 type profiles being 
replaced by novel genotypes. Decadal data on P. daedalea 
suggest a shift in algal symbiont assemblage signified by 
the decline of formerly dominant algal type profiles and 
the emergence of novel genotypes. It is currently unknown 
whether the respective coral colonies associated with novel 
algae or became rare or extinct themselves. Understanding 
long-term algal population dynamics is critical to forecast 
how algal lineage loss or, alternatively, an increase in algal 
diversity will impact coral resilience and survival.

Zusammenfassung  Korallen im Persisch-Arabischen 
Golf (PAG) sind widerstandsfähig gegenüber verschiedenen 
Stressfaktoren, deren Ausmaß weit über dem von Korallen-
riffen weltweit liegt. Diese Korallen bieten daher Einblicke 
in die Mechanismen, die ihrer hohen Hitzetoleranz zu-Supplementary Information  The online version contains 
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grunde liegen, z. B. hinsichtlich der Rolle endosymbiotisch-
er Mikroalgen aus der Familie der Symbiodiniaceae. Früh-
ere Studien haben gezeigt, dass die hitzetolerante Algenart 
Cladocopium thermophilum im südlichen PAG weit verbre-
itet mit Korallen assoziiertist. Die innerartliche Spezifität 
der Algen und die zeitliche Stabilität dieser Verbindungen 
sind bislang nur unzureichend untersucht. In dieser Studie 
haben wir zwei dominante Steinkorallen (Porites harrisoni, 
n = 119 und Platygyra daedalea, n = 79) an drei Standorten 
im südlichen PAG und im benachbarten Golf von Oman 
(GO) untersucht, um die Symbiontenzusammensetzung und 
-spezifität zu erforschen. Hierbei bot ein früherer Datensatz 
die Möglichkeit, die Stabilität der Symbiontengemeinschaft 
in P. daedalea über einen Zeitraum von zehn Jahren zu 
bewerten. Mittels Hochdurchsatz ITS2-Markergensequen-
zierung und unter Verwendung des SymPortal-Frameworks 
identifizierten wir unterschiedliche, weitgehend nicht über-
lappende ITS2 type profiles von C. thermophilum als domi-
nierende Symbiosepartner in P. harrisoni und P. daedalea 
im südlichen PAG. Dies weist auf eine hohe Wirtstreue auf 
Unterart-Ebene hin. Nichtsdestotrotz konnten wir im Laufe 
eines Jahrzehnts bemerkenswerte Veränderungen in der 
Genotypenvielfalt von C. thermophilum und einen allge-
meinen Rückgang beobachten. Im Vergleich dazu nahm 
die Vielfalt der Algensymbionten in den benachbarten GO-
Korallen zu, wobei die früher vorherrschenden ITS2 type 
profile durch neue Genotypen ersetzt wurden. Die Daten zu 
P. daedalea aus dem letzten Jahrzehnt deuten auf eine Ver-
schiebung in der Zusammensetzung der Algensymbionten 
hin, die sich durch den Rückgang ehemals dominanter Al-
gentypen und das Auftreten neuer Genotypen äußert. Hier-
bei ist unklar, ob die jeweiligen Korallenkolonien mit neuen 
Algen assoziiert waren oder selbst seltener geworden oder 
ausgestorben sind. Das Verständnis der langfristigen Dyna-
mik der Algenpopulationen ist entscheidend, um vorherzus-
agen, wie sich der Verlust genetischer Linien oder alternativ 
eine Zunahme der Algenvielfalt auf die Widerstandsfähig-
keit und das Überleben der Korallen auswirken wird.

Keywords  Symbiodiniaceae · Persian/Arabian Gulf · 
Thermal resilience · Climate change · ITS2 marker gene · 
Temporal sampling

Introduction

Coral holobiont thermal resilience has been linked to sev-
eral factors, including stress tolerant symbionts of the fam-
ily Symbiodiniaceae (Coles and Brown 2003; Palumbi et al. 
2014; LaJeunesse et al. 2018). Among and within coral-
associated Symbiodiniaceae genera, heat tolerance varies 
widely (Swain et al. 2017; Tchernov et al. 2004). Symbi-
ont associations in many coral species are stable over time 

(Goulet 2006; Lewis et al. 2024; Smith et al. 2017; Hume 
et al. 2015), and shifts in community composition following 
bleaching or extreme events are often transient, rather than 
persistent (LaJeunesse et  al. 2009; Hume et  al. 2020). 
Bleaching events have increased in frequency and severity, 
with two global coral bleaching events occurring in the past 
decade alone (Reimer et al. 2024). As a consequence, cor-
als are severely threatened by climate change (Hughes et al. 
2018). Studying ‘extreme environments’ (e.g., sites featur-
ing variable and extreme water temperatures, high salinities, 
recurrent hypoxia) can inform our understanding of coral 
thermal resilience and offer valuable insights into potential 
adaptive mechanisms in a rapidly changing climate (Riegl 
and Purkis 2012; Burt et al. 2020; Camp et al. 2020). Coral 
communities in the Persian/Arabian Gulf (PAG) withstand 
exceptionally high summer temperatures and high levels 
of salinity, which are fatal to their conspecifics elsewhere 
(Riegl et al. 2018; Burt et al. 2019). Further, the southern 
PAG experiences large seasonal temperature variations 
(< 20 °C in winter months, > 35 °C in summer months), 
whereas the neighboring Gulf of Oman (GO) experiences 
lesser variation and temperature extremes, with temperatures 
of < 25 °C in winter and > 30 °C in summer (Yao and Johns 
2010; Coles and Riegl 2013). Given the young geological 
formation of the PAG and its transition to a hot climate, the 
corals in these waters have had ~6,000 years to adapt to these 
extreme conditions (Hume et al. 2015). Consequently, they 
provide valuable insights into the response of coral reefs 
to rapid global warming. A crucial factor in the survival of 
corals in the world’s warmest reefs is the relationship with 
their symbiotic algae, notably Cladocopium thermophilum 
(Hume et al. 2015, 2016; D’Angelo et al. 2015).

At large, corals in the PAG and GO are mainly associated 
with symbionts from the three Symbiodiniaceae genera Sym-
biodinium (former clade A), Cladocopium (former clade C), 
and Durusdinium (former clade D) with varying symbiont 
diversity within each genus (Ziegler et al. 2017; LaJeunesse 
et al. 2018). Overall, symbiont diversity in the PAG and GO 
is low compared to other geographic regions (Howells et al. 
2020). Although a comprehensive algal species description 
is lacking at large (Parkinson et al. 2025), corals of the same 
genus usually associate with one or two major ITS2 type 
sequences, suggesting high fidelity of host–symbiont pair-
ings (Ziegler et al. 2017). However, Symbiodiniaceae com-
munities in the Arabian Seas at large (encompassing the 
PAG and GO, as well as the Red Sea) are also strongly struc-
tured by geographic region (Ziegler et al. 2017; Oladi et al. 
2019). Corals in the PAG prevalently form associations with 
symbionts of the genus Cladocopium. Main associations are 
with the ITS2 type C3 and further with the specific ITS2 
subtype C3-C3gulf, designating the species Cladocopium 
thermophilum (Hume et al. 2015). By comparison, corals 
in the neighboring, cooler waters of the GO host a similar 



2051Coral Reefs (2025) 44:2049–2064	

diversity as found in the PAG, but symbiont associations 
are mainly composed of the genus Durusdinium (Howells 
et al. 2020; Ziegler et al. 2017; Oladi et al. 2019). Notably, 
Durusdinium is commonly associated with increased ther-
mal tolerance in corals from the  the Caribbean and Great 
Barrier Reef (Berkelmans and van Oppen 2006; Stat and 
Gates 2011; Cunning et al. 2017). The Arabian Seas (i.e., 
the Red Sea, the PAG, but not the GO) seem to contrast this 
common notion of Durusdinium being the most thermally 
tolerant Symbiodiniaceae genus (LaJeunesse et al. 2010, 
2016; Pettay et al. 2015) as corals here host mostly sym-
bionts from the genus Cladocopium (Terraneo et al. 2019, 
2023; Buitrago-López et al. 2023; Voolstra et al. 2021). 
Thus, inferring thermal tolerance ad hoc for a symbiont 
genus can be misleading.

Cladocopium thermophilum  (Hume et al. 2015, 2016) 
harbors distinct lineages (putative subspecies) that associate 
with different coral taxa/species, as revealed by SymPortal 
analyses (Hume et al. 2019). The C. thermophilum group 
comprises a distinct evolutionary lineage within Cladoco-
pium that is approximately 5 MYA old (Hume et al. 2016). 
Thus, despite its pervasive presence in the PAG, it origi-
nated elsewhere, likely harboring genetic adaptations that 
contribute to the increased thermal tolerance of corals in 
the PAG (Hume et al. 2016). A specific lineage of the C. 
thermophilum group experienced rapid evolutionary expan-
sion in the PAG during the Holocene period, coinciding with 
the formation of the PAG and its transition to a hot climate 
(Hume et al. 2016). This expansion occurred within the last 
6,000 years, approximately at the same time that the genome 
of Platygyra daedalea, a common coral host of C. thermo-
philum in the southern PAG, was rapidly evolving (Smith 
et al. 2022). Howells et al. (2020) showed that corals (i.e., 
Acropora downingi, Cyphastrea microphthalma, Platygyra 
daedalea) sampled across seasons and through a period of 
heat stress between 2012 and 2014 in the PAG exhibited a 
high degree of symbiont fidelity to C. thermophilum. The 
association with a narrow range of symbionts and their tem-
poral stability suggests that these symbionts are crucial for 
the survival of corals in the harsh conditions of the PAG, 
specifically in the southern PAG. In turn, this implies a puta-
tive vulnerability if these symbionts are affected by environ-
mental change.

The PAG is warming at more than twice the rate of the 
world’s seas, prompting increasingly frequent, longer, and 
more severe marine heat waves (Riegl et al. 2018; Lachkar 
et al. 2021). Thus, corals in the PAG live exceptionally close 
to their upper thermal tolerance thresholds (Howells et al. 
2016) and are being challenged by repeated episodes of heat 
stress (Riegl et al. 2018; Burt et al. 2019). This has pushed 
coral populations beyond their physiological limits and 
resulted in the loss of major branching reef builders (Burt 
2024). For these reasons, conditions for corals are expected 

to become even more stressful in the PAG. Following this, 
here we sought to investigate contemporary Symbiodini-
aceae associations in the PAG and GO of P. harrisoni and 
P. daedalea, two of the most common extant coral species 
in the PAG. This also provided an opportunity to assess 
long-term stability of previously identified associations 
(Howells et al. 2020; Hume et al. 2016; Ziegler et al. 2017), 
an approach that remains rare (Thornhill et al. 2006; Lewis 
et al. 2024; Goulet and Coffroth 2003). We sampled 119 and 
79 colonies of Porites harrisoni and Platygyra daedalea, 
respectively, at three sites along the PAG and GO coasts of 
the United Arab Emirates to provide a contemporary inven-
tory of within-species/lineage level Symbiodiniaceae diver-
sity. Further, we  conduct a decadal comparison of endos-
ymbiont association in P. daedalea between 2012 (Howells 
et al. 2020) and 2022 (this study) to assess to what extent 
Symbiodiniaceae community composition has changed in 
the PAG and GO and whether Symbiodiniaceae diversity 
was lost, has increased, or stayed the same.

Material and methods

Sample collection

Samples of the two coral species Porites harrisoni (n = 119) 
and Platygyra daedalea (n = 79) were collected from two 
locations in the Persian/Arabian Gulf (Saadiyat Reef, SY: 
24.599528, 54.422667; Al Saada Reef, SA: 24.085250, 
52.243333) and one location from the Gulf of Oman (Al 
Aqah, AA: 25.491694, 56.363861) in May/June 2022 (Sup-
plementary Table S1). Al Aqah is also known as Snoopy 
Island, so the abbreviations AA and SI are equivalent in 
supplementary datasets. At Al Saada Reef, no samples of 
P. daedalea were taken due to an insufficient number of 
healthy appearing colonies. At each location, samples were 
collected using SCUBA at depths of 2–11 m. Coral colonies 
were sampled approximately 5 m apart from each other to 
minimize sampling clonal genotypes (Baums et al. 2006). 
Coral plugs (~2 cm diameter) from each colony were drilled 
with a Nemo underwater drill (Nemo Power Tools LLC, 
Nevada, USA) fitted with a diamond tip corer. Samples were 
stored in sealable plastic bags upon underwater collection 
and transported to shore in a cooler filled with seawater from 
the respective site. Coral fragments were incubated in DESS 
buffer (Yoder et al. 2006) overnight, and subsequently, the 
tissue was blasted off the skeleton using an airbrush (Vool-
stra et al. 2023). The tissue slurry was transferred to 2 mL  
cryotubes and stored in DESS buffer at 4 °C until transport 
to the laboratory facilities at the University of Konstanz, 
Germany, where samples were stored at −20 °C prior to 
DNA extraction.
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DNA extraction and sequencing

DNA was extracted using the Qiagen DNeasy Blood & Tis-
sue kit (Qiagen, Hilden, Germany) using a modified pro-
tocol for coral tissue (Voolstra et al. 2023). Briefly, coral 
tissue slurry in DESS buffer was centrifuged at 10,000 × g 
for 3 min at room temperature to pellet the tissue slurry, and 
the supernatant DESS buffer was decanted. The tissue slurry 
was homogenized using a Polytron PT 1200 E (Kinematica, 
Switzerland); then, 90 µL was pipetted into a new 2 mL tube 
and topped with 90 µL of ATL buffer as well as 20 µL Pro-
teinase K for a total volume of 200 µL. The mixture was 
vortexed and incubated at 56 °C for at least two and up to 
six hours (in the case of P. daedalea) to lyse the tissue. After 
adding 4 µL of RNase A and incubating the sample for 2 min 
at room temperature, the manufacturer’s protocol was fol-
lowed. The elution volume was 30 µL AE buffer for all sam-
ples. DNA quantity and quality were assessed with a Nan-
oDrop 2000 spectrophotometer. Extracted DNA was sent to 
the NGS Competence Center Tübingen (NCCT), Germany, 
for library preparation and sequencing of the internal tran-
scribed spacer 2 region (ITS2). Amplicon libraries were pre-
pared using the primers SYM_VAR_5.8S2 (5’-GAA​TTG​
CAG​AAC​TCC​GTG​AACC-3’) and SYM_VAR_REV (5’-
CGG​GTT​CWC​TTG​TYT​GAC​TTC​ATG​C-3’) (Hume et al. 
2018a, b), and samples were subsequently sequenced on an 
Illumina MiSeq platform (MiSeq v3; 600 cycles, PE300). 
Raw sequencing data are accessible at NCBI under BioPro-
ject PRJNA1188806 (https://​www.​ncbi.​nlm.​nih.​gov/​biopr​
oject/​PRJNA​11888​06).

SymPortal analysis

Demultiplexed paired-end sequencing files were uploaded 
to SymPortal (Hume et al. 2019) at https://​sympo​rtal.​org/ 
to determine ITS2 type profiles. In brief, the SymPortal 
analytical framework conducts a standardized quality con-
trol on submitted paired-end FASTQ files, including the 
removal of artifact and non-Symbiodiniaceae sequences, 
and Symbiodiniaceae genera are identified through BLAST 
(Camacho 2009). Genus-separated ITS2 sequences are then 
processed to determine ITS2 type profiles. Hereby, recur-
ring ITS2 sequences are denoted as ‘defining intragenomic 
variants’ (DIVs). Sets of DIVs comprise ITS2 type profiles. 
The nomenclature of these ITS2 type profiles reflects the 
presence of their DIVs in order of abundance, with ITS2 
type profiles being representative of Symbiodiniaceae taxa, 
i.e., provisional genotypes. For instance, an ITS2 type pro-
file starting with ‘C3/C3gulf’ denotes a symbiont genotype 
containing the ITS2 sequences C3 and C3gulf with both 
sequences being codominant. Similarly, an ITS2 type pro-
file denoting ‘C3-C3gulf’ indicates higher abundance of C3 
over C3gulf. Both type profiles are indicative of the species 

Cladocopium thermophilum (Hume et  al. 2015, 2016). 
For this study, post-MED ITS2 sequences (Supplementary 
Table S2) and ITS2 type profile abundances (Supplemen-
tary Table S3) were used for all analyses. We implemented 
permutational analysis of variance (PERMANOVA) test-
ing (Anderson 2005) with 9,999 permutations in the vegan 
v2.6–4 package in R (Oksanen et al. 2023) on ITS2 type 
profile abundances to assess the difference in Symbiodini-
aceae community between sites (SA, SY, AA) and species 
(P. daedalea, P. harrisoni) on the dataset collected in 2022. 
We further visualized the dissimilarity between ITS2 type 
profiles by plotting  PCoA coordinates based on Bray–Cur-
tis square-root between-profile distances of ITS2 type pro-
files, as output by SymPortal (Supplementary Files 1–3) in 
R using the ggplot2 v3.4.1 package (Wickham 2011). The 
SymPortal run for this dataset can be accessed at https://​
sympo​rtal.​org/​data_​explo​rer/?​Study=​202307_​afies​inger_​
UAE_​GS.

Decadal comparison of Symbiodiniaceae diversity

To compare Symbiodiniaceae population diversity over 
the course of a decade, we used a publicly available data-
set (Howells et al. 2020) (NCBI BioProject PRJNA532516 
https://​www.​ncbi.​nlm.​nih.​gov/​biopr​oject/​PRJNA​532516), 
which comprised 395 coral samples from three coral spe-
cies collected  in the PAG (Delma: 24.520800, 52.278100; 
Saadiyat: 24.598600, 54.420100; Ras Ghanada: 24.848200, 
54.690300) and the GO (Dibba: 25.603100, 56.348500; Al 
Aqah: 25.492900, 56.363500) between 2012 and 2014. We 
collected specimens at two of the same locations (Saadiyat 
Reef, SY, and Al Aqah, AA) sampling the same coral popu-
lations of Platygyra daedalea as Howells et al. (2020) did 
a decade ago (SY and AA) from similar depths (6 m at SY 
and 2–5 m at AA, Supplementary Table S1, while Howells 
et al. (2020) sampled at 4–7 m at each site). It remains unde-
termined to what extent identical colonies were sampled. 
For detailed methodologies on the sampling scheme, DNA 
extraction, and sequencing protocols, refer to Howells et al. 
(2020). Samples from both datasets (2012 and 2022) were 
combined and processed together in SymPortal. Of note, 
Howells et al. (2020) used a different primer set. A possible 
amplification bias arising from this, while being a concern 
in complex bacterial microbiome analyses, is not expected to 
confound the analysis here. This is because Symbiodiniaceae 
assemblages are in general far less complex (i.e., typically 
one dominant algal symbiont) and comparative analyses 
were conducted on robust ITS2 type profiles, i.e., sets of 
diagnostic sequences, instead of single ITS2 sequences.  A 
comparison between the two primer pairs used in Howells 
et al. (2020) and this study found little taxonomic bias in 
resolving Symbiodiniaceae taxa (Hume et al. 2018a, b). 
The revised primer pair used in this study exhibits higher 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1188806
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1188806
https://symportal.org/
https://symportal.org/data_explorer/?Study=202307_afiesinger_UAE_GS
https://symportal.org/data_explorer/?Study=202307_afiesinger_UAE_GS
https://symportal.org/data_explorer/?Study=202307_afiesinger_UAE_GS
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA532516
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target specificity, but retains ITS2 target diversity (Hume 
et al. 2018a, b). In other words, fewer non-target sequences 
are produced, but Symbiodiniaceae ITS2 sequence diversity 
is not affected. Post-MED ITS2 sequences (Supplementary 
Table S4) and ITS2 type profile abundances (Supplementary 
Table S5) from selected samples (i.e., Platygyra daedalea 
from SY and AA) were used for the analysis. The SymPortal 
run can be accessed at https://​sympo​rtal.​org/​data_​explo​rer/?​
Study=​202402_​afies​inger_​UAE_​GS_​10yea​rcomp.

Rarefaction curves were plotted based on ITS2 post-
MED sequences from the combined dataset (P. daedalea, 
47 colonies from SY in 2012, 39 in 2022; 32 colonies from 
AA in 2012, 40 in 2022; Supplementary Table S4) to assess 
whether sequencing effort was similar and comparable for 
both sampling campaigns to infer biodiversity patterns. We 
implemented PERMANOVA testing on ITS2 type profile 
abundances with 9999 permutations to assess the contribu-
tion of site and year in explaining Symbiodiniaceae com-
munity difference in the combined dataset. Further, to test 
for significant differences in Symbiodiniaceae population 
diversity between the two time points at each site separately 
(SY and AA), we used the nonparametric statistical test 
Analysis of Similarities (ANOSIM) (Somerfield et al. 2021) 
with 999 permutations and pairwise PERMANOVAs with 
9999 permutations on the absolute abundances of the post-
MED ITS2 sequences (Supplementary Table S4) and the 
predicted ITS2 type profiles (Supplementary Table S5) from 
the combined dataset. We further visualized the dissimilar-
ity between ITS2 type profiles of P. daedalea in 2012 and 
2022 by plotting PCoA coordinates as output by SymPortal 
based on Bray–Curtis square-root between-profile distances 
of ITS2 type profiles (Supplementary Files 4–6) in R using 
the ggplot2 package. We used SIMPER tests (in the vegan 
R package) to determine which symbionts contribute to the 
statistical difference between years at each site.

Symbiodiniaceae community assessment

Relative abundances of ITS2 type profiles were plotted as 
barplots using the ITS2 type profile abundance table output 
by SymPortal for both the 2022 dataset and the combined 
dataset of P. daedalea at the sites SY and AA of both sam-
pling years (2012 and 2022). To examine the specificity 
between ITS2 type profiles and the study factors (i.e., site 
and year), we created a schematic to visually depict profiles 
with the categorical levels of the samples in which they were 
detected (sensu Hume et al. 2020). We combined a den-
drogram based on hierarchical clustering of the square-root 
transformed UniFrac distance matrix of each Symbiodini-
aceae genus (Supplementary Files 7–9) with the number of 
samples each ITS2 type profile was found in for each year 
(2012 vs. 2022) and the categorical information of the site at 
which each profile was found. Dendrograms were drawn on 

hierarchical clustering of UniFrac square-root transformed 
distance matrices output by SymPortal of each Symbiod-
iniaceae genus using hclust() in the stats v4.1.3 package (R 
Core Team 2022) and the dendextend v1.17.1 package in R 
(Galili 2015). The dotplot depicting the number of samples 
each ITS2 type profile was found in was drawn with ggplot2 
(Wickham 2011), and the categorical information for each 
profile was added using a custom script in R available at 
https://​github.​com/​afies​inger/​UAE_​PAG_​Symbi​odini​aceae.

Results

Study overview

To assess coral-associated Symbiodiniaceae diversity in an 
extreme environment, we sampled two common stony coral 
species, Platygyra daedalea and Porites harrisoni, from the 
southeastern PAG (site SY) and the more thermally extreme 
southwestern PAG (site SA) in May/June 2022 (Fig. 1). Fur-
ther, we compared the Symbiodiniaceae community of the 
same coral species from the nearby, more environmentally 
benign GO (site AA). A total of 198 colonies were sampled 
at the three locations, ranging from 39 to 40 sampled colo-
nies for each species at each site.

Looking at ITS2-based Symbiodiniaceae genus-level 
diversity, after applying an abundance threshold of 1% for 
each post-MED ITS2 sequence detected in all samples, 175 
of 198 samples harbored a single genus (Symbiodinium, 
Cladocopium, or Durusdinium), 22 samples harbored two 
Symbiodiniaceae genera, and only 1 sample contained ITS2 
sequences from all three algal genera (Supplementary Fig-
ure S1, Supplementary Table S2). The 22 samples comprised 
sequences from Symbiodinium and Cladocopium (n = 16) 
and to a lesser extent from Symbiodinium and Durusdinium 
(n = 2) as well as Cladocopium and Durusdinium (n = 4). 
Most of these samples had sequences majoritively from 
one genus (> 81% of either Symbiodinium, Cladocopium, 
or Durusdinium). The one sample that contained sequences 
from all three genera originated from a Porites harrisoni 
colony of the GO site (AA) and was dominated by sequences 
of Cladocopium (88%), whereas Symbiodinium and Durus-
dinium sequences comprised about 5% each.

Looking at ITS2 type profiles (no ITS2 sequence abun-
dance cutoff), we identified a total of 42 ITS2 type profiles 
across all colonies, and 149 of 198 samples were associ-
ated with single algal ITS2 type profiles from one of the 
three genera (Symbiodinium: n = 5, Cladocopium: n = 97, 
Durusdinium: n = 47), attesting to a high level of specific-
ity. The remaining 42 samples harbored ITS2 type profiles 
from two genera in varying relative abundances, while 7 
samples had ITS2 type profiles from all three genera, i.e., 
Symbiodinium, Cladocopium, or Durusdinium. There were 

https://symportal.org/data_explorer/?Study=202402_afiesinger_UAE_GS_10yearcomp
https://symportal.org/data_explorer/?Study=202402_afiesinger_UAE_GS_10yearcomp
https://github.com/afiesinger/UAE_PAG_Symbiodiniaceae
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no colonies that were associated with ITS2 type profiles 
from more than three genera (Supplementary Figure S1, 
Supplementary Table  S3). Cladocopium thermophilum 
(ITS2 majority sequence C3-C3gulf or C3/C3gulf) (Hume 
et al. 2015) was the most dominant species in samples har-
boring Cladocopium ITS2 type profiles in the PAG and 
GO of both coral species. Similarly, Durusdinium glyn-
nii (D1) (Wham and LaJeunesse 2016) and Durusdinium 
trenchii (D1-D4) (LaJeunesse et al. 2014) were the major 
algal species in samples harboring Durusdinium type pro-
files in P. harrisoni, while ITS2 type profiles with the D5 
ITS2 majority sequence were dominant in P. daedalea in 
the PAG and GO. Symbiodinium microadriaticum (A1) 
(LaJeunesse 2017) was the dominant species of all samples 
harboring Symbiodinium type profiles in both coral species 
at all sites. Principal coordinates analysis (PCoA) of ITS2 
type profiles revealed distinct Symbiodiniaceae community 
composition across host species and sampling sites (Sup-
plementary Figure S2). Cladocopium exhibited clear host-
specific clustering and site-level separation. Overall, ITS2 
type profile associations were significantly structured by 
host species, sampling location, or both (PERMANOVA: 
Site R2 = 0.163, Species R2 = 0.100, Species:Site R2 = 0.089; 

p = 0.0001; Supplementary Data S1), although a large pro-
portion of the difference remained unexplained (Residuals 
R2 = 0.649). To further disentangle the observed differences, 
we conducted pairwise PERMANOVAs on site and host spe-
cies. In pairwise site comparisons, the highest differentia-
tion was between the two PAG sites SY and SA (pairwise 
PERMANOVA, R2 = 0.148, p = 0.0001; Supplementary 
Data S1), followed by the variation between SA and AA 
(pairwise PERMANOVA, R2 = 0.138, p = 0.0001), and SY 
and AA (pairwise PERMANOVA, R2 = 0.116, p = 0.0001). 
However,  the strength of differentiation was low overall. 
Pairwise comparison between P. daedalea and P. harrisoni 
showed significant differentiation in symbiont community 
composition across all sites (pairwise PERMANOVA, 
R2 = 0.100, p = 0.0001; Supplementary Data S1).

Symbiodiniaceae diversity in Porites harrisoni

At the hottest site in the southwestern PAG, i.e., Al Saada 
Reef (SA), all Porites harrisoni colonies harbored C. ther-
mophilum ITS2 type profiles (n = 40, 100%), as indicated by 
the characteristic C3-C3gulf and C3/C3gulf ITS2 majority 
sequences (Fig. 2; Supplementary Table S3). This confirms 

Fig. 1   Map of sampling sites and sampled coral species in the Per-
sian/Arabian Gulf and Gulf of Oman. Site codes are SA: Al Saada 
Reef; SY: Saadiyat Reef; AA: Al Aqah. The maximum monthly 

mean (MMM) temperature for each site is depicted, derived from the 
NOAA Coastwatch Data Analysis Tool available at https://​eastc​oast.​
coast​watch.​noaa.​gov/​cw_​softw​are.​php

https://eastcoast.coastwatch.noaa.gov/cw_software.php
https://eastcoast.coastwatch.noaa.gov/cw_software.php
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previous findings that C. thermophilum is dominant in the 
southern PAG (Hume et al. 2016). The majority of these 
colonies (n = 36, 90%) also harbored exactly one C. ther-
mophilum ITS2 type profile. In the case of the 4 colonies 
harboring additional type profiles, these were < 0.75% rela-
tive abundance, further attesting to the notion that corals are 
dominated by single symbiont genotypes (Baums et al. 2014; 
Lewis et al. 2024; Goulet 2006). Notably, we found distinct 
C. thermophilum type profiles across different colonies, sug-
gesting  that C. thermophilum diversity and fidelity exist at 
the genotype level (Parkinson et al. 2015; Hume et al. 2020, 
2019). Of note,  some of the algal type profiles were shared 
between coral colonies. However,  genotypes of the respec-
tive coral host colonies are undetermined at present, prevent-
ing to assess whether host clonal genotype structure aligns 
with shared algal ITS2 type profiles. Of the 36 colonies, 
18 were dominated by C3-C3gulf-C3cc, 16 by C3-C3cc-
C3gulf-C3ye, and 4 by C3-C3gulf-C3ye. The 4 colonies with 
mixed assemblages harbored the profiles C3-C3gulf-C3cc (2 

colonies), C3-C3gulf-C3ye (1 colony), and C3/C3c-C3gulf 
(1 colony) at a relative abundance of > 92%. By comparison, 
background ITS2 type profiles could be mapped to geno-
types of S. microadriaticum (A1-A1bw-A1bf-A1bx-A1eb, 
A1-A1bw, and A1-A1bv) or Durusdinium (D5-D5a-D4-
D4a-D4b) at very low abundances (< 1%) (Fig. 2; Supple-
mentary Table S3).

At the second PAG site, i.e., Saadiyat Reef (SY), a largely 
similar pattern could be observed in that all P. harrisoni 
colonies harbored C. thermophilum ITS2 type profiles 
(n = 39, 100%) (Fig. 2; Supplementary Table S3), of which 
33 (85%) exclusively harbored one  C. thermophilum and 
no other ITS2 type profiles. As in the SA site, we found a 
diversity of C. thermophilum type profiles: 8 colonies har-
bored C3-C3gulf-C3cc, 21 colonies C3/C3c-C3gulf, 2 colo-
nies C3/C3gulf, and a further 2 colonies C3/C3gulf-C115d. 
For the 6 colonies that harbored Symbiodiniaceae besides 
C. thermophilum, Symbiodinium microadriaticum ITS2 
type profiles were present at moderate to low abundances. 

Fig. 2   Symbiodiniaceae diversity of Porites harrisoni and Platygyra 
daedalea in the Persian/Arabian Gulf (PAG) and Gulf of Oman (GO) 
from 2022. Depicted are barplots of ITS2 type profile abundances of 
Porites harrisoni and Platygyra daedalea from the three sampled reef 
sites Al Saada Reef (SA), Saadiyat Reef (SY), and Al Aqah (AA). 
Each bar depicts ITS2 type profiles for one coral sample. For each 
location and coral  species, the number of colonies sampled (N) is 

depicted above each panel. The order of colonies is sorted by ITS2 
type profile, starting (from left to right) with all colonies harboring 
only one profile and increasing in ‘background’ profile abundance. 
Symbiodinium ITS2 type profiles are generally depicted in shades of 
yellow/orange, Cladocopium ITS2 type profiles are depicted in red/
violet, while Durusdinium ITS2 type profiles are in blue/green colors
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(A1-A1bw-A1bx was present in two colonies at > 32% rela-
tive abundance; A1-A1bw-A1bf-A1bx-A1eb was present in 
four samples at < 8%.)

In the neighboring waters of the GO at site Al Aqah 
(AA), a remarkably different pattern could be observed. 
Out of 40 colonies, more than half (n = 23, 57.5%) were 
exclusively associated with one symbiont species of either 
Durusdinium trenchii (profile D1/D4-D4c-D1h, n = 16 colo-
nies), Symbiodinium microadriaticum (profile A1, n = 5 col-
onies), or Cladocopium thermophilum (profiles C3/C3gulf 
and C3/C3c-C3gulf, n = 2 colonies) (Fig. 2; Supplementary 
Table S3). For the remaining 17 colonies (42.5%), ITS2 type 
profiles of D. trenchii, S. microadriaticum, C. thermophi-
lum, C15, and C3 were present in varying abundances. Of 
these, 3 colonies were dominated by D. trenchii (profile D1/
D4-D4c-D1h; relative abundance > 88%), 4 colonies were 
dominated by S. microadriaticum (profile A1; relative abun-
dance > 64%), and 1 colony harbored a mix  of A1-A1bw-
A1bf-A1bx-A1eb and C3yd/C3yc-C3-C3gulf at comparable 
relative abundances (40% and 53%, respectively). Addition-
ally, three colonies were dominated by C. thermophilum 
(profile C3/C3gulf; relative abundance > 76%) and another 
three were dominated by the variant C3yd/C3yc-C3-C3gulf 
(> 84% relative abundance). C15, reported to be commonly 
associated with Porites sp. in the GO (D’Angelo et al. 2015; 
Ziegler et al. 2017; Hume et al. 2018a, b), was only found 
in a few P. harrisoni colonies at site AA: One colony was 
dominated by C15 (83.9%), while another codominantly 
harbored C15/C116 (85.8%). Lastly, D. trenchii genotypes 

were often present as background symbionts: D1-D4-D4c-
D17d-D1r-D17c-D17e-D17j (< 1% relative abundance, 
n = 3), D1-D4-D4c-D17d-D1r-D17c-D17e (< 0.5%, n = 3), 
and D1-D4-D4c-D17ao-D17ap-D17aq, D1-D4-D4c-D17d, 
and D1-D4-D4c-D17ap-D17aq-D17ao-D17ar (< 14%, n = 1 
each). Low-abundance symbionts included profiles of S. 
microadriaticum (A1-A1bw-A1bf-A1bx-A1eb), C. ther-
mophilum (C3/C3gulf-C115d, C3/C3gulf, C3yd/C3yc-C3-
C3gulf), as well as C3yd and C15 (C15h-C15o-C15k).

Symbiodiniaceae diversity in Platygyra daedalea

At SY in the PAG (insufficient number of P. daedalea colo-
nies at SA, see Methods), a total of 26 out of 39 colonies 
(66.7%) harbored a single ITS2 type profile, all of which 
were C. thermophilum genotypes (22 associated with 
C3-C3gulf-C3d-C3i-C115c-C115b-C3ai-C3ak, 3 with 
C3-C3gulf-C3d-C3i-C115c-C115b-C3ak, and 1 colony 
with C3-C3gulf-C3d-C3i-C115c-C3ak-C3al) (Fig. 2; Sup-
plementary Table S3). The remaining 13 colonies were all 
dominated by C. thermophilum genotypes (C3-C3gulf-C3d-
C3i-C115c-C115b-C3ai-C3ak, C3-C3gulf-C3d-C3i-C115c-
C3ak-C3al, C3-C3gulf-C3d-C3i-C115c-C115b-C3ak, 
and C3-C3d-C3i-C3gulf-C115c-C3ai-C3ak) with vary-
ing degrees of S. microadriaticum genotypes (A1-A1bw-
A1bf-A1bx-A1eb, A1-A1bw-A1bx, and A1-A13a) at low 
abundances (< 13%). Of all the C. thermophilum genotypes 
present, C3-C3gulf-C3d-C3i-C115c-C115b-C3ai-C3ak was 
most prevalent (present in 30 out of 39 colonies). Profiles 
belonging to the genus Durusdinium were not detected in P. 
daedalea at this site.

In the less thermally extreme GO at site AA, 29 out of 40 
P. daedalea colonies (72.5%) harbored a single ITS2 type 
profile with D5 and/or D5a majority sequences (15 samples 
associated with D5-D5a-D5ai-D4-D5f-D5v, 9 with D5a-
D5-D5ah-D4, 4 with D5-D5c-D4a-D5b-D4-D5i-D5a, and 
1 colony with D5/D5a-D4-D4a-D2) (Fig. 2; Supplementary 
Table S3). The remaining 11 colonies (27.5%) had more than 
one ITS2 type profile with the following dominant profiles: 
D5a-D5-D5ah-D4 (in 4 colonies at a relative abundance 
of > 80%), D5-D5a-D5ai-D4-D5f-D5v (in 4 colonies at a 
relative abundance of > 76%), D5/D5a-D4-D4a-D2 (in 1 
colony at 90.3%), D1/D4/D2-D4c-D1c-D1h (in one colony 
at 79.3%), and C39-C39q-C1-C39b-C39p (in 1 colony at 
93.7%). The latter profile was also present in 3 of the colo-
nies at low abundance (< 15%). Lastly, profiles that were 
present at low abundances of < 5% included S. microadri-
aticum variants (A1, A1-A1bw-A1bx, and A1-A1eq-A1ep), 
C3 and C15 genotypes (C3yd/C3yc-C3-C3gulf, C15h-C15o-
C15k, C15h, C3/C15h-C3gulf), D. glynnii variants (D1/D2 
and D1) as well as D5-D5a-D5f (Fig. 2; Supplementary 
Table S3).

Fig. 3   Decadal comparison of Symbiodiniaceae diversity of Platy-
gyra daedalea between 2012 and 2022. (A) Prevalence of ITS2 
type profiles, as proxies for Symbiodiniaceae genotypes, compared 
between the datasets of Howells et al. (2020) and the present study, 
corresponding to the sampling years 2012 and 2022, respectively. 
The data are illustrated in a genus-separated format, with each row 
representing an individual ITS2 type profile. Each profile is identi-
fied by its name and the number of samples in which it was detected, 
visualized through a dotplot distinguishing between the two collec-
tion  years 2012 and 2022. Adjacent to each ITS2 type profile, cat-
egorical information related to the sampling site is provided as a 
binary matrix plot, i.e., whether the respective profile occurred in P. 
daedalea at site SY, AA, or both. The relatedness among the ITS2 
type profiles is depicted to the left of the profile names, using a den-
drogram constructed from hierarchical clustering based on UniFrac-
derived distances, calculated from the average abundance of defining 
intragenomic variants (DIVs) for each profile, illustrating the change 
in Symbiodiniaceae populations over time as revealed by the disap-
pearance of prominent symbiont genotypes and the appearance of 
novel genotypes. (B) Barplot of ITS2 type profiles per site (SY and 
AA) and year (2012 and 2022) of P. daedalea for the combined data-
set from Howells et al. (2020) and this study. Each bar denotes a col-
ony; the upper row depicts the 2012 dataset, the lower row depicts 
the 2022 dataset; the first column is Saadiyat Reef (SY) in the PAG 
and the second column is Al Aqah (AA) in the GO. For each site 
and year, the number of colonies sampled (N) is depicted above each 
panel. Colors indicate genus-/species-level assignment of ITS2 type 
profiles, denoting the change in genotype prevalence over time

◂
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Decadal comparison of Symbiodiniaceae population 
diversity in Platygyra daedalea between 2012 and 2022

The circumstance that we sampled the same reefs as those 
by a previous study a decade ago (Howells et al. 2020) 
provided a unique opportunity to compare symbiont com-
munity composition of Platygyra daedalea in the PAG 
(site SY) and GO (site AA) over a long temporal scale. 
Sequencing effort was similar and comparable between the 
two studies to infer biodiversity patterns (Supplementary 
Figure S3). We found striking differences between the two 
time points in that prevalent ITS2 type profiles in 2012 
were absent in 2022 and vice versa for all three Symbiod-
iniaceae genera (i.e., Symbiodinium, Cladocopium, Durus-
dinium) (Fig. 3A, Supplementary Figure S4). More spe-
cifically, (i) dominant ITS2 type profiles in 2012 were not 
present in 2022 or diminished in abundance, (ii) several 
ITS2 type profiles appeared at AA in 2022 that were not 
observed in 2012 at either location, (iii) only very few type 
profiles were present in both years or at both sites (Fig. 3A, 
Supplementary Table S5). Of the 35 ITS2 type profiles 
found across both sites and years, 17 were identified in 
2012 and 26 in 2022, of which only 8 were identified in 
both years and 3 were shared between sites (Fig. 3A). Of 
a total of 9 Symbiodinium type profiles, 4 were present in 
2012 and 7 were present in 2022, only 2 of which were 
present at both time points (A1, A1-A1bw-A1bf-A1bx-
A1eb), and only 2 of which were shared between sites (A1, 
A1-A1bw-A1bx). Similarly, for Cladocopium of a total of 
14 genotypes, 7 were present in 2012 and 10 were present 
in 2022, only 3 of which could be detected at both time 
points and none of which were shared between both sites. 
For Durusdinium, of 12 ITS2 type profiles found across 
both years, 6 were present in 2012 and 9 in 2022 with 
only 3 being present in both years, none of which were 
shared between sites SY and AA. Thus, Symbiodiniaceae 
assemblage was significantly different between sites, but 
more importantly, changed significantly at each site over 
the course of the decade (PERMANOVA; p = 0.001, Site 
R2 = 0.147, Year R2 = 0.087, Species:Site R2 = 0.088, 
Residuals R2 = 0.678; Supplementary Data S1). Focus-
ing on temporal differences within sites, Symbiodini-
aceae diversity slightly decreased overall from 2012 to 
2022 (ANOSIM: R = 0.2167, p = 0.001, 2012: 12 ITS2 
type profiles vs. 2022: 11 ITS2 type profiles) in the PAG 
(site SY), while conversely, it substantially increased in 
the GO (site AA) (ANOSIM: R = 0.3543, p = 0.001, 2012: 
6 ITS2 type profiles vs. 2022: 17 ITS2 type profiles). Prin-
cipal component analysis (PCoA) revealed strong genetic 
differentiation between ITS2 type profiles of Durusdin-
ium compared to the other two genera and moderate dif-
ferentiation by sampling year as well as collection site, 

particularly in Cladocopium and Durusdinium (Supple-
mentary Figure S5).

In terms of within-species diversity for C. thermophilum, 
of the 7 genotypes present in 2012, only 3 were also present 
in 2022 (C3-C3gulf-C3d-C3i-C115c-C115b-C3ai-C3ak-
C18a, C3-C3gulf-C3d-C3i-C115c-C115b-C3ak, C3-C3gulf-
C3d-C3i-C115c-C3ak-C3al) (Fig. 3A). Of these, 2 were 
present at similar prevalence in both years, while 1 profile 
(C3-C3gulf-C3d-C3i-C115c-C3ak-C3al) was abundant and 
dominant (up to 100% relative abundance) in 13 colonies in 
2012, but was found in only 2 colonies in 2022 (Fig. 3B). 
Furthermore, multiple genotypes (C3-C3c-C3gulf-C3I-
C3m-C3r, C3-C3gulf-C3d-C3ai-C3ak-C115b-C3i-C115c, 
C3/C3c-C3gulf, C3/C3c-C3gulf-C3aq) disappeared in 2022, 
while 2 novel genotypes appeared in 2022 (C3/C15h-C3gulf, 
C3yd/C3yc-C3-C3gulf). Notably, all profiles harboring 
the C. thermophilum-specific sequence C3-C3gulf or C3/
C3gulf contributed significantly (SIMPER test p < 0.01) to 
the dissimilarity between the two years, indicating that C. 
thermophilum genotype composition in the two coral popu-
lations changed. By comparison, S. microadriaticum ITS2 
type profile diversity increased notably from 4 in 2012 to 7 
in 2022 with the appearance of a novel profile at moderate 
prevalence (A1-A1bw-A1bx) (Fig. 3A). Likewise, Durus-
dinium diversity increased from 6 in 2012 to 9 in 2022 with 
a notable absence in 2022 of a very abundant genotype in 
2012 (D5-D5a-D5f-D4), concomitant with the appearance 
of several novel ITS2 type profiles in 2022 that were unde-
tected in 2012 (D1, D1/D4/D2-D4c-D1c-D1h, D5-D5a-
D5f), some at high prevalence in 2022 (D5-D5a-D5ai-D4-
D5f-D5v, D5a-D4-D5ah-D4-D4a, D5a-D5-D5ah-D4-D5d) 
(Fig. 3A). Similar to the C. thermophilum genotypes, ITS2 
type profiles belonging to the genus Durusdinium contrib-
uted significantly (SIMPER test p < 0.01) to the dissimilar-
ity between time points, suggesting that algal population 
diversity associated with P. daedalea changed within the 
10 years between 2012 and 2022. We found a similar number 
of colonies that harbored > 1 symbiont type profile between 
both years in the PAG (14 out of 47 colonies (29.8%) in 2012 
vs. 13 out of 39 colonies (33.3%) in 2022) (Fig. 3B). While a 
diversity of background symbionts from Symbiodinium, Cla-
docopium, and Durusdinium was found in colonies in 2012, 
the majority of colonies with background symbionts in 2022 
harbored different type profiles of S. microadriaticum (12 
out of 13 colonies, 92.3%). Conversely, in the GO, P. dae-
dalea exhibited a very uniform algal symbiont association in 
2012 with few colonies having > 1 ITS2 type profile (6 out of 
32 colonies, 18.75%), while this number almost doubled in 
2022 (11 out of 40 colonies, 27.5%) alongside an increased 
diversity of symbiont genotypes, including from the genus 
Symbiodinium, which were absent in 2012 (Fig. 3B).
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Discussion

To assess extant algal species and population diversity, we 
sampled two common coral species, Porites harrisoni and 
Platygyra daedalea, at two sites in the southern PAG and 
one site in the neighboring, less extreme GO. These two 
coral species are representative of the remaining coral biodi-
versity in the southern PAG, as they are among the few taxa 
(estimates are typically around three to four major genera 
per site and a maximum of eleven genera across all of the 
southern PAG) that have persisted under the increasingly 
extreme environmental conditions, particularly bleaching-
related mortality from recurrent marine heat waves (Burt 
2024). Notably, although the PAG is already one of the 
most extreme environments where corals live, it is currently 
warming at twice the rate of the world’s oceans (Al-Rashidi 
et al. 2009; Riegl et al. 2018). Thus, besides the assessment 
of the contemporary species and population diversity, it is 
of importance to understand stability of  symbiont diversity 
and host association over time under increasing warming. 
To address this aspect, we assessed the change in Symbiod-
iniaceae community composition over a long time period by 
comparing symbiont diversity associated with P. daedalea 
populations at two reefs sampled in 2012 (Howells et al. 
2020) and 2022 (this study). This was achieved by combin-
ing the two datasets, taking advantage of the circumstance 
that both studies employed sequencing of the ITS2 marker 
gene region and subsequent SymPortal analysis, a stand-
ardized framework for symbiont comparison based on ITS2 
type profiles (Davies et al. 2023; Hume et al. 2019).

Extant Symbiodiniaceae diversity shaped by host 
specificity  and environment

The broad differences between Symbiodiniaceae associa-
tions in the PAG and GO underscore the role of the environ-
ment, such as thermal stress, as a driving force in shaping 
symbiotic partnerships. Corals in the PAG, particularly at 
the thermally extreme southwestern site SA, were exclu-
sively dominated by Cladocopium thermophilum ITS2 type 
profiles, consistent with the previously recognized thermal 
tolerance of this algal species (Hume et al. 2015; Ochsen-
kühn et al. 2017). In contrast, corals in the GO exhibited 
a more diverse symbiont community, including a notable 
presence of diverse type profiles of Symbiodinium micro-
adriaticum and Durusdinium (D5 majority sequence). This 
pattern likely reflects the GO’s relatively milder conditions, 
which may enable the persistence of a broader range of sym-
biont genera. These findings align with previous observa-
tions of coral-Symbiodiniaceae associations, where extreme 
environments favor the dominance of specialized, thermally 
resilient symbionts (Baker et al. 2013; LaJeunesse et al. 
2018). Despite such environmentally driven constraints, 

host specificity was a factor influencing Symbiodiniaceae 
composition (PERMANOVA results: Site R2 = 0.163, Spe-
cies R2 = 0.099, Species:Site R2 = 0.089; p = 0.0001) with 
distinct ITS2 type profiles observed in P. daedalea and P. 
harrisoni at each site. In other words, distinct genotypes 
within discrete Symbiodiniaceae species associated with 
distinct coral  host species. Similar findings were observed 
in the Caribbean for strains of Symbiodinium ‘fitti’ that asso-
ciate specifically with Acropora palmata or A. cervicornis 
(Reich et al. 2021). It is also worthwhile to note that Porites 
harrisoni assumingly transmits its algal symbionts verti-
cally, whereas Platygyra daedalea acquires its symbionts 
horizontally (Howells et al. 2016). Horizontal transmission 
is commonly associated with increased ecological and adap-
tive flexibility, while vertical transmission favors stability 
and fidelity, although this difference was not a discernable 
factor in our study. Moreover, despite restricted gene flow 
between the PAG and GO, the occasional presence of over-
lapping host and symbiont genetic clusters suggests that 
some exchange does occur (Howells et al. 2020; Smith et al. 
2022), which may underlie the presence of shared, albeit rare 
algal symbiont associations.

At large, diversity of associated Symbiodiniaceae in 
both coral species was rather low in the PAG (n = 18 out 
of 42 algal ITS2 type profiles) and associations were more 
diverse in the GO (n = 31 out of 42 algal ITS2 type profiles). 
Despite the low diversity in the PAG, the number of ITS2 
type profiles of C. thermophilum within PAG corals is nota-
ble (n = 7). In line with previous analyses (Hume et al. 2019; 
Howells et al. 2020), C. thermophilum comprised multiple 
genotypes that were associated in a host species-specific 
manner. Such host fidelity likely reflects evolutionary adap-
tations that optimize host-algal symbiosis under localized 
conditions. However, it remains to be determined to what 
level such specificity extends. It may extend to a coral–algal 
genotype-genotype or allele-matching level (Baums et al. 
2014; Parkinson et al. 2015), both of which are supported 
by the observation that certain ITS2 type profiles are shared 
between colonies, while others are not. Incorporation of 
colony and algal symbiont high-resolution genotyping in 
future studies should provide further insight.

Symbiodiniaceae community shifts in P. daedalea 
over the last decade in the PAG and GO

Coral–algal associations of P. daedalea in the PAG and 
GO exhibited notable changes over the course of 10 years, 
with implications for coral resilience in these harsh envi-
ronments. By sampling the same species in the same loca-
tions over a decade apart, we captured considerable changes 
in the Symbiodiniaceae community structure within these 
coral populations, with a substantial shift in ITS2 type pro-
files. The changes in prevalence of C. thermophilum ITS2 
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type profiles are especially noteworthy, given its assumed 
importance in conferring thermal tolerance to PAG corals 
(Hume et al. 2015). In a previous study, bleaching resistance 
correlated with higher abundance of C. thermophilum at a 
coral population level (Howells et al. 2020). The decline of 
a formerly abundant genotype (C3-C3gulf-C3d-C3i-C115c-
C3ak-C3al) alongside other genotypes and the emergence 
of novel ones indicate putatively important changes for the 
P. daedalea populations in both the PAG and GO. Inter-
estingly, the most drastic difference could be observed in 
Durusdinium type profiles, where a formerly abundant ITS2 
type profile (D5-D5a-D5f-D4) completely disappeared, 
while a previously undocumented type profile (D5-D5a-
D5ai-D4-D5f-D5v) became prevalent in the GO. Thus, for-
merly dominant algal genotypes became rare or extinct in 
the course of a decade, prompting the question whether the 
respective coral colonies were able to associate with dif-
ferent algae or if they became rare or extinct themselves 
(Sampayo et al. 2008). While the observed within-species 
shifts in dominant Symbiodiniaceae genotypes are striking, 
they reveal—at the same time—a pattern of species-level (in 
the case of Cladocopium thermophilum) and genus-level (in 
the case of Durusdinium D5) stability (Howells et al. 2020). 
Long-term stability of host-algal associations has been dem-
onstrated for many different habitats and across a variety of 
temporal scales (Goulet and Coffroth 2003). Studies show 
that while corals may exhibit temporary shifts in symbiont 
communities in response to bleaching (Thornhill et al. 2006; 
Hume et al. 2020), reciprocal transplantation (Sampayo et al. 
2008), or experimental establishment of heterologous sym-
biont associations (Elder et al. 2023), these changes are typi-
cally constrained to compatible symbiont types and are often 
followed by reversion to the original symbiont community 
(LaJeunesse et al. 2009; Turnham et al. 2025). Of note is 
the long-term monitoring effort of a recent study (Lewis 
et al. 2024), which demonstrated that coral colonies retained 
genetically homogeneous symbiont populations across mul-
tiple years. The cases where intracolonial variation in symbi-
ont genotypes was found were attributed to the persistence of 
coexisting clonal strains rather than novel symbiont acquisi-
tions or shifts in symbiont identity. This suggests a level of 
symbiont fidelity that extends to the clonal level (i.e., algal 
genotypes within a species) with major implications for the 
ability of corals to counter ongoing warming through sym-
biont switching. Namely, the finely tuned and evolutionar-
ily stable nature of coral–algal partnerships suggests that 
symbiont switching is not a readily accessible pathway for 
coping with warming, as alternative associations are likely 
less attuned to the respective host genotype.

It should be noted that between the sampling of both stud-
ies, severe warming events occurred: A severe bleaching 
event with mass mortality was recorded in 2017, followed 
by an extreme temperature event in 2021, albeit with reduced 

mortality rates likely due to the already diminished coral 
populations at the PAG sites. At the time of sampling, we 
observed very low coral diversity, with P. daedalea being 
one of the last coral species on the disturbed reefs in the 
PAG, making it unfeasible to sample this species at the hot-
test site in the southwestern PAG. It is important to note that 
we cannot ascertain whether we sampled the same colonies 
as the previous study (Howells et al. 2020). Thus, we are 
unable to unequivocally determine the level of change in 
symbiont communities present within single colonies. In 
other words, one may argue that we simply sampled differ-
ent colonies. Although this would explain the change-over 
of rare genotypes, it cannot explain the absence of formerly 
abundant genotypes and the presence of novel dominant 
ITS2 type profiles. Underlying this is the notion that  sample 
sizes were  sufficient to support population-level inferences 
about changes in  community composition over the course 
of a decade. Despite the importance of long-term studies 
to capture consistency of host-algal association, thereby 
informing their stability under ongoing warming, dynamic 
interannual and seasonal changes in algal symbiont com-
munities are not resolved, which further contribute to the 
understanding of host–symbiont dynamics.

Overall, we observed a modest decline in Symbiodini-
aceae diversity (12 ITS2 type profiles in 2012 vs. 11 ITS2 
type profiles in 2022; ANOSIM: R = 0.2167, p = 0.001) 
over the last decade in the PAG, consistent with the strong 
selective pressures of high temperatures and salinity that 
are thought to limit symbiont assemblages in this extreme 
environment (Howells et al. 2020). In contrast to the PAG, 
the GO exhibited a stark increase in Symbiodiniaceae diver-
sity in P. daedalea (6 ITS2 type profiles in 2012 vs. 17 ITS2 
type profiles in 2022; ANOSIM: R = 0.3543, p = 0.001). As 
a result, Symbiodiniaceae community composition became 
more dissimilar and diverse, with new profiles from all three 
genera (Symbiodinium, Cladocopium, and Durusdinium) 
appearing in 2022 that were not identified in 2012. Never-
theless, ITS2 type profiles with a D5 majority sequence were 
the most prominent in the GO in both years. We further 
observed some coral colonies in the GO exhibiting mixed 
symbiont associations, with varying relative abundances of 
symbionts from different genera. To date, the biological/
ecological significance of such mixed associations remains 
unclear and warrants further investigation.

Decadal symbiont turnover highlights urgent need 
for conservation of coral population genetic diversity

Long-term studies are invaluable for tracking the impacts 
of prolonged environmental changes, such as those 
induced by climate change, emphasizing the benefit of 
standardized methodologies and analytical frameworks 
to allow for such comparisons (Davies et al. 2023; Hume 
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et al. 2019; Voolstra et al. 2025). Although colony-level 
variability cannot be accounted for in the analysis here, 
the observed shifts in symbiont community composi-
tion at a population level likely reflect broader ecological 
processes, such as differential mortality, selective pres-
sures, and the proliferation of thermally tolerant geno-
types. While our study is limited to a single (seasonal) 
sampling, previous studies have demonstrated overall sta-
bility in Symbiodiniaceae community composition across 
seasons in the PAG and GO (Hume et al. 2015; Smith 
et al. 2017; D’Angelo et al. 2015; Howells et al. 2020). Our 
findings support that Symbiodiniaceae exhibit symbiont 
fidelity at the species level, i.e., all corals are associated 
with C. thermophilum in the southern PAG and the major-
ity of corals associate with Durusdinium D5 ITS2 type 
profiles in the GO. However, and importantly, the turnover 
of prevalent genotypes is a warning sign of what we may 
experience in other places in the near future. Observed 
shifts in coral–microalgal associations, such as the emer-
gence of novel genotypes or the decline of previously 
dominant ones, can arise from different processes. They 
may represent ecological dynamics, where local conditions 
favor particular symbionts, or adaptive responses, where 
selective pressures drive the retention of or novel associa-
tion with thermally more tolerant genotypes (Hume et al. 
2016, 2018a, b; Howells et al. 2016). Alternatively, some 
changes may be neutral, reflecting demographic stochas-
ticity or drift within symbiont populations. However,  it is 
important to note that host association itself is a selective 
step, and thus such drift would not necessarily be observed 
in microalgal assemblages found in hospite. Distinguish-
ing among these processes is crucial, as the trajectory of 
symbiont turnover provides insight into whether shifts are 
transient fluctuations or reflect longer-term responses to 
environmental change. Without long-term, high-resolution 
data, the relative contribution of these processes remains 
unresolved. In P. daedalea, limited coral host genetic con-
nectivity was observed between the PAG and its neigh-
boring populations (Smith et al. 2022). This underscores  
the need for conservation strategies that preserve not only 
coral cover but also the genetic diversity of coral species 
and their  symbiont communities, thereby supporting coral  
adaptability  under ongoing climate change.

Acknowledgements  We thank Dain McParland for his help in col-
lecting coral samples and for his logistical guidance. We acknowledge 
the Environment Agency Abu Dhabi Research Permit with the refer-
ence number 56930. We thank Sarah W. Davies for her supervision, 
and we are grateful to Yulia Iakovleva for her bioinformatic help. AF, 
LC, and CRV are supported by the Deutsche Forschungsgemeinschaft 
(DFG, German Research Foundation) project numbers 433042944 
(AF, CRV) and 458901010 (LC, CRV). This is publication number 2 
under the Paul G. Allen Family Foundation project ‘Global Search for 
Regulators of Coral Heat Resilience’ awarded to CRV, DJB, JV, NB, 
IB, and LB.

Author contributions  CRV conceived the study. CRV and AF con-
ceptualized the study. CRV, RA, HM, GP, and AF collected the coral 
samples. JAB provided field support. CRV, LB, JV, NB, IB, and DJB 
provided funding. AF performed the laboratory work. AF and CRV 
conducted the data analysis, interpretation, visualization, and the writ-
ing of the manuscript with input from all authors. All authors approved 
the final manuscript .

Funding  Open Access funding enabled and organized by Projekt 
DEAL. Deutsche Forschungsgemeinschaft (DFG, German Research 
Foundation) project numbers 433042944 and 458901010.  Paul G. 
Allen Family Foundation project Global Search for Genetic Regula-
tors of Coral Resilience to Thermal Stress.

Data availability  The SymPortal analysis of the dataset of P. har-
risoni and P. daedalea collected in 2022 can be accessed at: https://​
sympo​rtal.​org/​data_​explo​rer/?​Study=​202307_​afies​inger_​UAE_​
GS. The combined SymPortal analysis including P. daedalea from 
2012 (Howells et al. 2020) and 2022 (this study) used for the decadal 
comparison can be accessed at https://​sympo​rtal.​org/​data_​explo​rer/?​
Study=​202402_​afies​inger_​UAE_​GS_​10yea​rcomp. Source code for 
all analyses and figures is available at the following GitHub reposi-
tory: https:/​github.​com/​afies​inger/​UAE_​PAG_​Symbi​odini​aceae. Raw 
FASTQ sequencing files are accessible at NCBI under BioProject 
PRJNA1188806 (https://​www.​ncbi.​nlm.​nih.​gov/​biopr​oject/​PRJNA​
11888​06) as part of the Umbrella Project PRJNA749006 (https://​www.​
ncbi.​nlm.​nih.​gov/​biopr​oject/​PRJNA​749006).

Declarations 

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Al-Rashidi TB, El-Gamily HI, Amos CL, Rakha KA (2009) Sea sur-
face temperature trends in Kuwait Bay, Arabian Gulf. Nat Hazards 
50(1):73–82

Anderson MJ (2005) Permutational multivariate analysis of variance. 
University of Auckland, Auckland 26:32–46

https://symportal.org/data_explorer/?Study=202307_afiesinger_UAE_GS
https://symportal.org/data_explorer/?Study=202307_afiesinger_UAE_GS
https://symportal.org/data_explorer/?Study=202307_afiesinger_UAE_GS
https://symportal.org/data_explorer/?Study=202402_afiesinger_UAE_GS_10yearcomp
https://symportal.org/data_explorer/?Study=202402_afiesinger_UAE_GS_10yearcomp
https://github.com/afiesinger/UAE_PAG_Symbiodiniaceae
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1188806
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1188806
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA749006
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA749006
http://creativecommons.org/licenses/by/4.0/


2062	 Coral Reefs (2025) 44:2049–2064

Baker DM, Lee Weigt MF, Fogel M, Knowlton N (2013) Ancient DNA 
from Coral-Hosted Symbiodinium Reveal a Static Mutualism over 
the Last 172 Years. PLoS ONE 8(2):e55057

Bauman AG, Burt JA, Feary DA, Marquis E, Usseglio P (2010) Tropi-
cal harmful algal blooms: an emerging threat to coral reef com-
munities? Mar Pollut Bull 60(11):2117–2122

Baums IB, Miller MW, Hellberg ME (2006) Geographic variation in 
clonal structure in a reef-building caribbean coral, Acropora pal-
mata. Ecol Monogr 76(4):503–519

Baums IB, Devlin-Durante MK, LaJeunesse TC (2014) New insights 
into the dynamics between reef corals and their associated dino-
flagellate endosymbionts from population genetic studies. Mol 
Ecol 23(17):4203–4215

Berkelmans R, van Oppen MJH (2006) The role of zooxanthellae in 
the thermal tolerance of corals: a ‘nugget of hope’ for coral reefs 
in an era of climate change. Proc Biol Sci 273(1599):2305–2312

Buitrago-López C, Cárdenas A, Hume BCC, Gosselin T, Staubach F, 
Aranda M, Barshis DJ, Sawall Y, Voolstra CR (2023) Disparate 
population and holobiont structure of pocilloporid corals across 
the Red Sea gradient demonstrate species-specific evolutionary 
trajectories. Mol Ecol 32(9):2151–2173

Burt JA, Paparella F, Al-Mansoori N, Al-Mansoori A, Al-Jailani H 
(2019) Causes and consequences of the 2017 coral bleaching event 
in the Southern Persian/Arabian Gulf. Coral Reefs 38(4):567–589

Burt JA, Camp EF, Enochs IC, Johansen JL, Morgan KM, Riegl B, 
Hoey AS (2020) Insights from extreme coral reefs in a changing 
world. Coral Reefs 39(3):495–507

Burt JA (2024) Coral Reefs of the Emirates. In: A Natural History of 
the Emirates. Springer Nature Switzerland, Cham, pp 325–351

Camacho C (2009) BLAST plus: architecture and applications. BMC 
Bioinform

Camp EF, Suggett DJ, Pogoreutz C, Nitschke MR, Houlbreque F, 
Hume BCC, Gardner SG, Zampighi M, Rodolfo-Metalpa R, 
Voolstra CR (2020) Corals exhibit distinct patterns of microbial 
reorganisation to thrive in an extreme inshore environment. Coral 
Reefs 39(3):701–716

Coles SL, Brown BE (2003) Coral bleaching—capacity for acclima-
tization and adaptation. Adv Mar Biol. https://​doi.​org/​10.​1016/​
S0065-​2881(03)​46004-5

Coles SL, Riegl BM (2013) Thermal tolerances of reef corals in the 
Gulf: a review of the potential for increasing coral survival and 
adaptation to climate change through assisted translocation. Mar 
Pollut Bull 72(2):323–332

Cunning R, Muller EB, Gates RD, Nisbet RM (2017) A dynamic bio-
energetic model for Coral-Symbiodinium symbioses and coral 
bleaching as an alternate stable state. J Theor Biol 431:49–62

Davies SW, Gamache MH, Howe-Kerr LI, Kriefall NG, Baker AC, 
Banaszak AT, Bay LK, Bellantuono AJ, Bhattacharya D, Chan 
CX, Claar DC, Coffroth MA, Cunning R, Davy SK, Del Campo 
J, Díaz-Almeyda EM, Frommlet JC, Fuess LE, González-Pech 
RA, Goulet TL, Hoadley KD, Howells EJ, Hume BCC, Kemp 
DW, Kenkel CD, Kitchen SA, LaJeunesse TC, Lin S, McIlroy SE, 
McMinds R, Nitschke MR, Oakley CA, Peixoto RS, Prada C, Put-
nam HM, Quigley K, Reich HG, Reimer JD, Rodriguez-Lanetty 
M, Rosales SM, Saad OS, Sampayo EM, Santos SR, Shoguchi E, 
Smith EG, Stat M, Stephens TG, Strader ME, Suggett DJ, Swain 
TD, Tran C, Traylor-Knowles N, Voolstra CR, Warner ME, Weis 
VM, Wright RM, Xiang T, Yamashita H, Ziegler M, Correa AMS, 
Parkinson JE (2023) Building consensus around the assessment 
and interpretation of Symbiodiniaceae diversity PeerJ 11:e15023. 
https://​doi.​org/​10.​7717/​peerj.​15023

D’Angelo C, Hume BCC, Burt J, Smith EG, Achterberg EP, Wieden-
mann J (2015) Local adaptation constrains the distribution poten-
tial of heat-tolerant Symbiodinium from the Persian/Arabian Gulf. 
ISME J 9(12):2551–2560

Elder H, Million WC, Bartels E, Krediet CJ, Muller EM, Kenkel 
CD (2023) Long-term maintenance of a heterologous symbi-
ont association in Acropora palmata on natural reefs. ISME J 
17(3):486–489

Galili T (2015) Dendextend: an R package for visualizing, adjusting 
and comparing trees of hierarchical clustering. Bioinformatics 
31(22):3718–3720

Goulet TL (2006) Most corals may not change their symbionts. Mar 
Ecol Prog Ser 321(September):1–7

Goulet TL, Coffroth MA (2003) Stability of an octocoral-algal symbio-
sis over time and space. Mar Ecol Prog Ser 250:117–124

Howells EJ, Abrego D, Meyer E, Kirk NL, Burt JA (2016) Host 
adaptation and unexpected symbiont partners enable reef-build-
ing corals to tolerate extreme temperatures. Glob Change Biol 
22(8):2702–2714

Howells EJ, Bauman AG, Vaughan GO, Hume BCC, Voolstra CR, Burt 
JA (2020) Corals in the hottest reefs in the world exhibit symbiont 
fidelity not flexibility. Mol Ecol 29(5):899–911

Hughes TP, Anderson KD, Connolly SR, Heron SF, Kerry JT, Lough 
JM, Baird AH et al (2018) Spatial and temporal patterns of mass 
bleaching of corals in the anthropocene. Science 359(6371):80–83

Hume BCC, D’Angelo C, Smith EG, Stevens JR, Burt J, Wiedenmann 
J (2015) Symbiodinium thermophilum sp. nov., a thermotolerant 
symbiotic alga prevalent in corals of the world’s hottest sea, the 
Persian/Arabian Gulf. Sci Rep 5(1):8562

Hume BCC, Voolstra CR, Arif C, D’Angelo C, Burt JA, Eyal G, Loya 
Y, Wiedenmann J (2016) Ancestral genetic diversity associ-
ated with the rapid spread of stress-tolerant coral symbionts in 
response to holocene climate change. Proc Natl Acad Sci U S A 
113(16):4416–4421

Hume BCC, D’Angelo C, Burt JA, Wiedenmann J (2018a) Fine-scale 
biogeographical boundary delineation and sub-population reso-
lution in the symbiodinium thermophilum coral symbiont group 
from the persian/arabian gulf and gulf of oman. Front Mar Sci 
5:343–524

Hume B, Ziegler M, Poulain J, Pochon X, Romac S, Boissin É, de 
Vargas C, Planes S, Wincker P, Voolstra C (2018b) An improved 
primer set and amplification protocol with increased specificity 
and sensitivity targeting the Symbiodinium ITS2 region. PeerJ. 
https://​doi.​org/​10.​7717/​peerj.​4816

Hume BCC, Smith EG, Ziegler M, Warrington HJM, Burt JA, LaJeu-
nesse TC, Wiedenmann J, Voolstra CR (2019) Symportal: a 
novel analytical framework and platform for coral algal symbi-
ont next-generation sequencing ITS2 profiling. Mol Ecol Resour 
19(4):1063–1080

Hume BCC, Mejia-Restrepo A, Voolstra CR, Berumen ML (2020) 
Fine-scale delineation of Symbiodiniaceae genotypes on a pre-
viously bleached Central Red Sea reef system demonstrates 
a prevalence of coral host-specific associations. Coral Reefs 
39(3):583–601

Lachkar Z, Mehari M, Al AM, Lévy M, Smith S (2021) Fast local 
warming is the main driver of recent deoxygenation in the North-
ern Arabian Sea. Biogeosciences 18(20):5831–5849

LaJeunesse TC (2017) Validation and description of Symbiodinium 
microadriaticum, the type species of Symbiodinium (Dinophyta). 
J Phycol 53(5):1109–1114

LaJeunesse TC, Smith RT, Finney J, Oxenford H (2009) Outbreak 
and persistence of opportunistic symbiotic dinoflagellates during 
the 2005 caribbean mass coral ‘bleaching’ event. Proc Biol Sci 
276(1676):4139–4148

LaJeunesse TC, Smith R, Walther M, Pinzón J, Pettay DT, McGinley 
M, Aschaffenburg M et al (2010) Host-symbiont recombination 
versus natural selection in the response of coral-dinoflagellate 
symbioses to environmental disturbance. Proc R Soc Lond B Biol 
Sci 277(1696):2925–2934

https://doi.org/10.1016/S0065-2881(03)46004-5
https://doi.org/10.1016/S0065-2881(03)46004-5
https://doi.org/10.7717/peerj.15023
https://doi.org/10.7717/peerj.4816


2063Coral Reefs (2025) 44:2049–2064	

LaJeunesse TC, Wham DC, Pettay DT, Parkinson JE, Keshavmurthy S, 
Chen CA (2014) Ecologically differentiated stress-tolerant endos-
ymbionts in the dinoflagellate genus Symbiodinium (Dinophyceae) 
clade D are different species. Phycologia 53(4):305–319

LaJeunesse TC, Forsman ZH, Wham DC (2016) An Indo-West Pacific 
‘zooxanthella’ invasive to the Western Atlantic finds its way to the 
Eastern Pacific via an introduced Caribbean coral. Coral Reefs 
35(2):577–582

LaJeunesse TC, Parkinson JE, Gabrielson PW, Jeong HJ, Reimer JD, 
Voolstra CR, Santos SR (2018) Systematic revision of symbiod-
iniaceae highlights the antiquity and diversity of coral endosym-
bionts. Curr Biol 16:2570–2580

Lewis AM, Butler CC, Turnham KE, Wham DF, Hoadley KD, Smith 
RT, Kemp DW, Warner ME, LaJeunesse TC (2024) The diversity, 
distribution, and temporal stability of coral ‘zooxanthellae’ on a 
pacific reef: from the scale of individual colonies to across the 
host community. Coral Reefs 43(4):841–856

Ochsenkühn MA, Röthig T, D’Angelo C, Wiedenmann J, Voolstra 
CR (2017) The role of floridoside in osmoadaptation of coral-
associated algal endosymbionts to high-salinity conditions. Sci 
Adv 3(8):e1602047

Oksanen J, Simpson G, Blanchet F, Kindt R, Minchin LP, O’hara R 
et al (2023) Vegan: community ecology package. R Package Ver-
sion 2.6–4. 2022

Oladi M, Shokri MR, Rajabi-Maham H (2019) Extremophile symbi-
onts in extreme environments; a contribution to the diversity of 
Symbiodiniaceae across the Northern Persian Gulf and Gulf of 
Oman. J Sea Res 144:105–111

Palumbi SR, Barshis DJ, Traylor-Knowles N, Bay RA (2014) Mecha-
nisms of reef coral resistance to future climate change. Science 
344(6186):895–898

Parkinson JE, Banaszak AT, Altman NS, LaJeunesse TC, Baums IB 
(2015) Intraspecific diversity among partners drives functional 
variation in coral symbioses. Sci Rep 5:15667

Parkinson J.E, Peixoto RS, Voolstra CR (2025). Symbiodiniaceae. In: 
Peixoto, R.S., Voolstra, C.R. (eds) Coral Reef Microbiome. Coral 
Reefs of the World, vol 20. Springer, Cham. https://​doi.​org/​10.​
1007/​978-3-​031-​76692-3_2

Pettay DT, Wham DC, Smith RT, Iglesias-Prieto R, LaJeunesse TC 
(2015) Microbial invasion of the caribbean by an indo-pacific 
coral zooxanthella. Proc Natl Acad Sci USA 112(24):7513–7518

Reich HG, Kitchen SA, Stankiewicz KH, Devlin-Durante M, Fogarty 
ND, Baums IB (2021) Genomic variation of an endosymbiotic 
dinoflagellate (Symbiodinium ‘fitti’) among closely related coral 
hosts. Mol Ecol 30(14):3500–3514

Reimer JD, Peixoto RS, Davies SW, Traylor-Knowles N, Short 
ML, Cabral-Tena RA, Burt JA et al (2024) The fourth global 
coral bleaching event: where do we go from here? Coral Reefs 
43(4):1121–1125

Riegl B, Johnston M, Purkis S, Howells E, Burt J, Steiner SCC, Shep-
pard CRC, Bauman A (2018) Population collapse dynamics in 
Acropora downingi, an Arabian/Persian Gulf ecosystem-engi-
neering coral, linked to rising temperature. Glob Change Biol 
24(6):2447–2462

Riegl Bernhard M and Sam J Purkis (2012) Coral reefs of the Gulf: 
adaptation to climatic extremes in the world’s hottest sea. In: 
Coral Reefs of the World. Springer Netherlands, Dordrecht, pp 
1–4

Sampayo EM, Ridgway T, Bongaerts P, Hoegh-Guldberg O (2008) 
Bleaching susceptibility and mortality of corals are determined 
by fine-scale differences in symbiont type. Proc Natl Acad Sci U 
S A 105(30):10444–10449

Smith EG, Hume BCC, Delaney P, Wiedenmann J, Burt JA (2017) 
Genetic structure of coral-Symbiodinium symbioses on the world’s 
warmest reefs. PLoS ONE 12(6):e0180169

Smith EG, Hazzouri KM, Choi JY, Delaney P, Al-Kharafi M, Howells 
EJ, Aranda M, Burt JA (2022) Signatures of selection underpin-
ning rapid coral adaptation to the world’s warmest reefs. Sci Adv 
8(2):eabl7287

Somerfield PJ, Clarke KR, Gorley RN (2021) Analysis of similarities 
(ANOSIM) for 2-way Layouts ysing a generalised ANOSIM Sta-
tistic, with comparative notes on permutational multivariate analy-
sis of variance (PERMANOVA). Austral Ecol 46(6):911–926

Stat M, Gates RD (2011) Clade D Symbiodinium in scleractinian cor-
als: a ‘nugget’ of hope, a selfish opportunist, an ominous sign, or 
all of the above?. J Mar Biol 2011:1–9

Swain TD, Chandler J, Backman V, Marcelino L (2017) Consensus 
thermotolerance ranking for 110 Symbiodinium phylotypes: an 
exemplar utilization of a novel iterative partial-rank aggregation 
tool with broad application potential. Funct Ecol 31(1):172–183

Tchernov D, Gorbunov MY, de Vargas C, Yadav SN, Milligan AJ, Häg-
gblom M, Falkowski PG (2004) Membrane lipids of symbiotic 
algae are diagnostic of sensitivity to thermal bleaching in corals. 
Proc Natl Acad Sci U S A 101(37):13531–13535

Terraneo TI, Fusi M, Hume BCC, Arrigoni R, Voolstra CR, Benzoni 
F, Forsman ZH, Berumen ML (2019) Environmental latitudinal 
gradients and host-specificity shape Symbiodiniaceae distribution 
in Red Sea Porites corals. J Biogeogr 46(10):2323–2335

Terraneo TI, Ouhssain M, Castano CB, Aranda M, Hume BCC, Mar-
chese F, Vimercati S et al (2023) From the shallow to the meso-
photic: a characterization of Symbiodiniaceae diversity in the Red 
Sea Neom region. Front Mar Sci 10:1077805

Thornhill DJ, LaJeunesse TC, Kemp DW, Fitt WK, Schmidt GW 
(2006) Multi-year, seasonal genotypic surveys of coral-algal sym-
bioses reveal prevalent stability or post-bleaching reversion. Mar 
Biol 148(4):711–722

Turnham KE, Lewis AM, Kemp DW, Warner ME, Wham DF, Smith 
RT, Hoadley K, Colin PL, Golbuu Y, LaJeunesse TC (2025) 
Limited persistence of the heat-tolerant zooxanthella, Durusdin-
ium trenchii, in corals transplanted to a Barrier Reef where it is 
rare among natal colonies. Coral Reefs. https://​doi.​org/​10.​1007/​
s00338-​025-​02625-w

Voolstra C, Suggett D, Peixoto R, Parkinson JE, Quigley K, Silveira C, 
Sweet M et al (2021) Extending the natural adaptive capacity of 
coral holobionts. Nature Reviews. Earth & Environ 2:747–762. 
https://​doi.​org/​10.​1038/​s43017-​021-​00214

Voolstra CR, Colin L, Dörr MS, Cárdenas A, Perna G, Fiesinger A 
(2023) DNA preservation and DNA extraction protocol for field 
collection of coral samples suitable for host-, marker gene-, and 
metagenomics-based sequencing approaches. Zenodo. https://​doi.​
org/​10.​5281/​ZENODO.​81244​04

Voolstra CR, Alderdice R, Colin L, Staab S, Apprill A, Raina J-B 
(2025) Standardized methods to assess the impacts of thermal 
stress on coral reef marine life. Annu Rev Mar Sci 17(1):193–226

Wham DC, LaJeunesse TC (2016) Symbiodinium population genetics: 
testing for species boundaries and analysing samples with mixed 
genotypes. Mol Ecol 25(12):2699–2712

Wickham H (2011) Ggplot2: Ggplot2. Wiley Interdisciplinary Reviews 
Computational Statistics 3(2):180–185

Yao F, Johns WE (2010) A HYCOM modeling study of the Persian 
Gulf: 1. model configurations and surface circulation. J Geophys 
Res. https://​doi.​org/​10.​1029/​2009J​C0057​81

Yoder M, Ley ID, King IW, Mundo-Ocampo M, Mann J, Blaxter M, 
Poiras L, Ley P (2006) DESS: a versatile solution for preserv-
ing morphology and extractable dna of nematodes. Nematology 
8:367–376

Ziegler M, Arif C, Burt JA, Dobretsov S, Roder C, LaJeunesse TC, 
Voolstra CR (2017) Biogeography and molecular diversity of 
coral symbionts in the genus Symbiodinium around the Arabian 
Peninsula. J Biogeogr 44(3):674–686

https://doi.org/10.1007/978-3-031-76692-3_2
https://doi.org/10.1007/978-3-031-76692-3_2
https://doi.org/10.1007/s00338-025-02625-w
https://doi.org/10.1007/s00338-025-02625-w
https://doi.org/10.1038/s43017-021-00214
https://doi.org/10.5281/ZENODO.8124404
https://doi.org/10.5281/ZENODO.8124404
https://doi.org/10.1029/2009JC005781


2064	 Coral Reefs (2025) 44:2049–2064

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Symbiodiniaceae shifts over the last decade on the hottest coral reefs on Earth
	Abstract 
	Zusammenfassung 
	Introduction
	Material and methods
	Sample collection
	DNA extraction and sequencing
	SymPortal analysis
	Decadal comparison of Symbiodiniaceae diversity
	Symbiodiniaceae community assessment

	Results
	Study overview
	Symbiodiniaceae diversity in Porites harrisoni
	Symbiodiniaceae diversity in Platygyra daedalea
	Decadal comparison of Symbiodiniaceae population diversity in Platygyra daedalea between 2012 and 2022

	Discussion
	Extant Symbiodiniaceae diversity shaped by host specificity  and environment
	Symbiodiniaceae community shifts in P. daedalea over the last decade in the PAG and GO
	Decadal symbiont turnover highlights urgent need for conservation of coral population genetic diversity

	Acknowledgements 
	References




