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Black corals (Hexacorallia: Antipatharia) are a major component of mesophotic and

deep marine ecosystems. Due to their preference for light deprived environments,

black corals have historically been considered azooxanthellate, yet recentworks have

found them in association with dinoflagellates of the family Symbiodiniaceae down

to 396 m depth. While corals and Symbiodiniaceae generally establish a symbiotic

relationship in shallow water environments, the implications of this association is less

well understood at deeper depths, where low light penetration cannot sustain

efficient photosynthetic activity for the algae. However, Symbiodinaceae are not

obligate autotrophs, and their capacity for heterotrophic feeding categorizes them as

mixotrophs. In this study, we investigated the presence and diversity of

Symbiodiniaceae associated with the deep-sea black coral Bathypathes

thermophila (Antipatharia: Schizopathidae), collected from 204 to 655 m depth in

the Saudi Arabian Red Sea. Using high-throughput sequencing of the ITS2 region, we

report (1) the deepest record to date of Symbiodiniaceae associated with an

anthozoan from 655 m, and (2) the first Red Sea record of Antipatharia in

association with Symbiodiniaceae. Our analyses revealed that 14 out of 27 colonies

of B. thermophilawere associated with Symbiodiniaceae of the generaCladocopium

and Durusdinium. We unveiled 16 novel ITS2 type profiles, possibly unique to black

corals and/or to these depths, along with seven profiles that were already known

from shallow-water hard corals. No significant pattern was detected in terms of

community diversity in relation to depth or sampling locality. Our study supports the

existence of black corals-Symbiodiniaceae association and warrants further research

to better understand the evolutionary processes and physiological mechanisms

driving this association, specifically in light deprived environments.
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Introduction

Antipatharia, commonly known as black corals, represent an

order of anthozoan ubiquitous to all oceans. They are ahermatypic

organisms typically found in low-light environments (Tazioli et al.,

2007; Terrana et al., 2020). Their diversity and abundance increase

along the bathymetric gradient (Tazioli et al., 2007), and they are

considered crucial habitat formers in mesophotic and deep-

ecosystems (Wagner et al., 2012; Bo et al., 2019). Among the seven

Antipatharia families currently recognized, members of the families

Antipathidae, Aphanipathidae, Leiopathidae, Myriopathidae, and

Stylopathidae have adapted to live in both shallow and deep waters,

while the families Cladopathidae and Schizopathidae include species

predominantly found at bathyal depths (Brugler et al., 2013).

As opposed to their Scleractinia counterparts, which can form a

symbiotic association with photosynthetic dinoflagellates of the family

Symbiodiniaceae both in shallow andmesophotic waters, the preference

of black corals to low-light and deep environments led to the

assumption that they were azooxanthellate (Wagner et al., 2011).

However, Symbiodiniaceae sequences of the genera Cladocopium and

Durusdinium have been identified in association with ten Hawaiian

black coral species ranging from 10 to 396 m depth (Wagner et al.,

2011). In particular, Symbiodiniaceae sequences were encountered in

the genera Bathypathes (Schizopathidae),Myriopathes (Myriopathidae),

and Stichopathes (Antipathidae). Moreover, internal transcribed spacer

2 (ITS2) sequencing unveiled the presence of the genusGerakladium in

shallow water Cirrhipathes, within Indonesian waters (Bo et al., 2011).

Histological analyses of various antipatharian species identified

Symbiodiniaceae-like cells in the coral gastrodermis, indicating a

potential endosymbiotic association (Bo et al., 2011; Wagner et al.,

2011; Gress et al., 2021). However, the low algal density reported by

Gress et al. (2021) (0-4 cells/mm3), and the light-deprived environment

combined with the low density of algal symbionts found in the

Antipatharia tissue by Wagner et al. (2011) (0-92 cells/mm3), led to

hypothesize that a nutritional mutualism is unlikely to occur. This is in

contrast with the high Symbiodiniaceae density detected by Bo et al.

(2011) in shallow water Cirrhipathes (up to 10,000,000 cells/mm3), and

the widely accepted notion that reef-building scleractinians typically

engage in mutualistic relationships with algae.

Despite this apparently unconventional association at depths

where photosynthesis cannot be sustained, several dinoflagellates

exhibit heterotrophic or mixotrophic growth (Stoecker, 1999).

Indeed, several studies have shown that Symbiodiniaceae

metabolism is not strictly autotrophic (Jeong et al., 2012; Xiang

et al., 2015; Jinkerson et al., 2022). Algae obtained from the

environment and the tissue of the coral Alvepora japonica,

exhibited heterotrophic feeding capabilities regardless of nutrient

abundance (Jeong et al., 2012). Moreover, Xiang et al. (2015)

revealed significant changes at the transcriptome level of the

Symbiodiniaceae in response to different light conditions. In

particular, the shift to dark light conditions induced profound

alterations in the algae gene expression, affecting both light-

responsive genes and those related to cell adhesion proteins,

emphasizing the dynamic nature of the dinoflagellate metabolism

in diverse light environments (Xiang et al., 2015). Algae of the family

Symbiodiniaceae are not the only photosynthetic organisms that have
Frontiers in Marine Science 02
been found below the compensation depth for photosynthesis.

Grzymski et al. (2002) investigated the role of diatom chloroplasts

in association with benthic foraminifera at 600 m depth, suggesting

that the plastid role was to assimilate nitrate instead of inorganic

carbon, as seen in the coral-Symbiodiniaceae symbiosis.

In the unique conditions of the Red Sea, where water masses are

extremely oligotrophic, and light can penetrate up to 200 m depth

(Fricke and Schuhmacher, 1983), no study has been conducted so

far to examine the Antipatharia-Symbiodiniaceae association in the

region. The Red Sea is a young ocean basin (Rasul et al., 2015)

representing one of the hottest and most saline marine ecosystems

in the world (Roder et al., 2013). It is characterized by extreme

conditions, marked by temperature and salinity fluctuations due to

latitudinal and bathymetric environmental gradients (Berumen

et al., 2019; Manasrah et al., 2019). The Red Sea deep water

temperature stabilizes with depth at 21°C (Roder et al., 2013;

Qurban et al., 2014; Manasrah et al., 2019), a phenomenon

attributed to the winter overturning occurring in the northern

regions of the Gulf of Suez and Aqaba (Manasrah et al., 2004).

Together with salinity around 40.5 (Roder et al., 2013), these

conditions forge a unique and challenging habitat for organisms

to adapt and thrive. Given the unique environmental conditions of

the Red Sea, here, we investigated the presence of photoautotrophic

dinoflagellates of the family Symbiodiniaceae in the deep-sea black

coral Bathypathes thermophila. Moreover, we used high-throughput

sequencing of the ITS2 region and provided the first

characterization of the Symbiodiniaceae community associated

with an Antipatharia from the Red Sea, from 204 to 665 m depth.
Material and methods

Coral sampling and environmental
data acquisition

A total of 27 colonies of B. thermophila were collected during

the Red Sea Deep Blue Expedition between October and November

2020 and during the Red Sea Decade Expedition between February

and July 2022 on board the M/V OceanXplorer. Specimens were

collected between 204 and 655 m depth (Table 1; Figure 1) using a

combination of two Triton 3300/3 submersibles (Sub) with a

Schilling T4 hydraulic manipulator, and Argus Mariner XL

Remotely Operated Vehicle (ROV). After collection, the apical 10

cm was preserved in 99% ethanol for future molecular analyses. All

collected specimens are preserved at King Abdullah University of

Science and Technology - KAUST (Thuwal, Saudi Arabia).

For the ROV and Sub dives, an RBR Maestro CTD was

employed to record temperature, salinity, dissolved oxygen

concentration, and depth at the sampling sites (Table 1).
Library preparation, sequencing and
data processing

Symbiodiniaceae genomic DNA was extracted using the

QIAGEN DNeasy® Blood & Tissue Kit (Qiagen, Hilden,
frontiersin.org
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Germany), and the primers ITSintfor2 and ITS2-reverse

(LaJeunesse, 2002) with Illumina adaptors were used to amplify

the internal transcribed spacer-2 (ITS2) region of the dinoflagellate.

Amplifications were conducted in a total volume of 25 µl, composed

of 11 µl of 2X Qiagen Multiplex PCR Kit (Qiagen, Hilden,

Germany), 2 µl of 10 µM primers, and 5 µl of DNA. The

following PCR cycle profile was used: 15 min at 94°C, followed by

35 cycles of 94°C for 30 s, 52°C for 30 s, 72°C for 30 s, and a final

extension step of 10 min at 72°C. PCR products were checked using

a QIAxcel capillary electrophoresis machine, with the DNA

Screening Kit (2400), a 3-kb marker, and the AM320 method

(Qiagen, Hilden, Germany), revealing the successful amplification

of ITS2 products in 20 specimens out of 27. Library preparation was

performed for the 20 successfully amplified specimens, following

the protocol described in Terraneo et al. (2023). The sequencing of

the libraries was performed with the Illumina MiSeq platform

(Illumina, San Diego, CA, USA) and kit reagents v3 (2×300 bp

pair-ended reads) at KAUST Bioscience Core Lab (Thuwal, Saudi

Arabia). Demultiplexed reads were uploaded to the SymPortal

framework (https://SymPortal.org; Hume et al., 2019), following

which we retrieved the post-MED ITS2 sequence relative

abundances (Appendix 1) and the ITS2 profiles (proxies for

Symbiodiniaceae genotypes) relative abundances (Appendix 2).
Results

ITS2 amplification revealed the presence of Symbiodiniaceae in

20 out of 27 colonies of B. thermophila sampled (74%). Illumina

Miseq successfully generated ITS2 sequences for 14 colonies (52%).

Upon submission to SymPortal, the post-MED results yielded a

total of 25 distinct ITS2 Symbiodiniaceae sequences found in

association with B. thermophila, with 14 sequences belonging to

the genus Cladocopium and 11 to the genus Durusdinium. The

genus Cladocopium represented the 60% of the abundance of the

Symbiodiniaceae community associated with the Red Sea endemic

black coral, while Durusdinium the 40% (Figure 2, Appendix S1,

S2). The two Symbiodiniaceae genera were recorded across the

study area, from the Gulf of Aqaba to the South Red Sea, without

exhibiting noticeable spatial distribution pattern.

Along the study depth range (204-655 m), Durusdinium was

dominant below 600 m (except for a specimen collected at 230 m),

while Cladocopium above 600 m (nine out of ten specimens). In

seven of the 14 specimens, Cladocopium and Durusdinium co-

occurred, whereas the remainder included sequences from a single

genus (Figure 2). Four B. thermophila colonies from the North and

central Red Sea were exclusively associated with Cladocopium while

the remaining three from the central Red Sea with Durusdinium

(Figure 2). From the SymPortal framework, a total of 23 distinct

ITS2 type profiles were identified across all B. thermophila colonies

(Figure 2C). Of these, 13 belonged to Cladocopium, and nine of

them represented novel profiles (C1/C39/C1nf/C1b, C41/C1/C39,

C65a, C1/C41-C1b, C3yg, C1od, C65, C1ii, C1l/C1-C42.2), whereas

the remaining ten belonged to Durusdinium, with seven

representing newly discovered profiles (D4c/D1, D1-D4f, D1lo,

D1lh, D1ln, D4cc, D1/D2-D4-D4c-D1c). Overall, 34.5% and
Frontiers in Marine Science 03
31.5% of ITS2 profiles belonged to the C1 and D1 radiation,

respectively. The remaining ones were associated with D4, C65,

C41, C21, and C3 radiations. Among the retrieved type profiles, it

was observed that the profiles C1/C39/C1nf/C1b and D4 were

shared by two specimens (NTN0040-2 and NTN122BIO7 for D4,

and NTN152BIO4 and NTN149BIO4 for C1/C39/C1nf/C1b).

Conve r s e l y , a l l o the r p rofi l e s r ema ined un ique to

individual specimens.

Our analyses also revealed that the five B. thermophila

specimens collected in the restricted depth range spanning from

607 to 655 m were associated with novel ITS2 type profiles, all but

one belonging to the genus Durusdinium (Figure 2).
Discussion

In this study, we report for the first time the presence of

Symbiodiniaceae in 20 colonies of B. thermophila from the Saudi

Arabian Red Sea. Using high-throughput sequencing of the ITS2

region, we characterized the Symbiodiniaceae genotypes associated

with the deep-specialist B. thermophila spanning depths from 204

to 655 m. Our findings unveiled sequences of Cladocopium and

Durusdinium, with the first one representing the 60% of the

Symbiodiniaceae community.

The distribution of Symbiodiniaceae interacting with shallow

zooxanthellate corals along the Saudi Arabian coast can be

influenced by the environmental gradients characterizing the Red

Sea (Berumen et al., 2019). Salinity is higher in the North and lower

in the South, while sea water temperature and chlorophyll values

show an opposite trend (Berumen et al., 2019). A transition from

the genus Cladocopium to the genus Durusdinium was reported by

Terraneo et al. (2019) when moving from the North to the South of

the basin in various Porites species. Likewise, a shift in the

dominance of Cladocopium to Symbiodinium along the same

latitudinal gradient was observed in the genera Pocillopora (Sawall

et al., 2014) and Stylophora (Arrigoni et al., 2016). While these

trends are reported from the shallow waters of the Red Sea (0-30 m),

the same latitudinal shift in zooxanthellae was not encountered in

the mesophotic zone (30-200m). Indeed, the results from Terraneo

et al. (2023) and Vimercati et al. (2024) revealed a dominance of

Cladocopium communities in mesophotic waters in five distinct

scleractinian species, and the mesophotic-specialist Leptoseris cf.

striatus, respectively. In the Gulf of Aqaba, Cladocopium has been

also reported as the dominant Symbiodiniaceae genus associated

with Stylophora pistillata (Ezzat et al., 2017) and various octocorals

(Liberman et al., 2022) below 30 m depth. One possible explanation

could be the relatively stable environmental conditions

characteristic of mesophotic habitats compared to shallower water

ones. Mesophotic zones often experience reduced environmental

variability, including less fluctuation in temperature and light

availability (Eyal et al., 2019) which may lead to a more

consistent symbiotic association with Cladocopium across

different latitudes.

The predominance of Cladocopium in low-light environments is

attributed by Ezzat et al. (2017) to its higher efficiency in carbon

fixation under reduced light conditions. In our study, we similarly
frontiersin.org
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found Cladocopium to be more abundant in light-deprived settings,

representing the 60% of the Symbiodiniaceae abundance, however

caution is warranted due to the small sample size. Among the ITS2

sequences linked with B. thermophila, the most prevalent belonged to

the C1 radiation, constituting 34.5% of the Symbiodiniaceae

community. The C1 radiation is widely distributed across different

depths and has been previously found from shallow waters (< 30 m)

down to 172 m depth (e.g., Hume et al., 2020; Osman et al., 2020;

Rouzé et al., 2021; Terraneo et al., 2023; Vimercati et al., 2024). The

genus is also highly abundant within the Gulf of Aqaba waters, the

coldest region of the Red Sea, where sea surface temperatures

fluctuate from 20°C in winter to 27°C in summer (Manasrah et al.,

2019). Given that the Red Sea deep water temperature stabilizes at 21°
Frontiers in Marine Science 04
C (Roder et al., 2013; Qurban et al., 2014; Manasrah et al., 2019), the

high abundance of the C1 radiation at deeper depths found in our

study might be explained by its preference for nutrient-limited and

cooler waters (Sawall et al., 2014). Indeed, the environmental data

obtained report comparable temperatures from the shallowest

sampling point (204 m) to the deepest one (655 m) (22.1 ± 0.01

and 21.7 ± 0.001, respectively) (Table 1).

We identified eight distinct Durusdinium ITS2 type profiles,

constituting 40% of the total retrieved sequences. This genus is

commonly associated with shallow-water species in the Red Sea

(Sawall et al., 2014; Ziegler et al., 2015; Terraneo et al., 2019; Hume

et al., 2020). Other studies have explored the genetic diversity of

Symbiodiniaceae communities associated with mesophotic
TABLE 1 List of Bathypathes thermophila specimens analyzed in this study and environmental data at sampling.

Map’s
reference
number

Sample name
Latitude

(°N)
Longitude

(°E)
Locality

Depth
(m)

Mean Sea
Temperature
(°C) ± SD

Mean Dissolved O2 con-
centration (mmol/L)

± SD

Mean
salinity
± SD

ITS2
sequences

1 NTN037-8 29.26479 34.92044 GoA 278 21.5 ± 0.003 191.1 ± 0.5 40.7 ± 0.001 No

2 CHR287BIO17 29.16541 34.86678 GoA 575 21.7 ± 0.001 186.8 ± 0.08 40.5 ± 0.003 No

3 NTN040-2 28.31497 34.68936 GoA 305 21.5 ± 0.003 193.3 ± 0.7 40.7 ± 0.001 Yes

4 NTN056-3 27.89330 34.83665 NRS 595 21.7 ± 0.007 54.5 ± 0.4 40.6 ± 0.002 No

5 NTN028-6 27.64380 35.45550 NRS 303 21.9 ± 0.04 112.0 ± 9.6 40.5 ± 0.007 Yes

6 CHR011-2 27.56232 35.28331 NRS 627 21.8 ± 0.0001 55.32 ± 0.11*
40.6

± 0.0001
Yes

7 CHR285BIO2A 27.09115 35.64556 NRS 599 21.7 ± 0.001 50.6 ± 0.07 40.5 ± 0.004 No

8 CHR283BIO15 26.79431 35.21330 CRS 632 21.7 ± 0.006 59.5 ± 0.8 40.5 ± 0.005 Yes

9 CHR282BIO2 26.21016 36.24857 CRS 655 21.7 ± 0.001 46.8 ± 0.1 40.5 ± 0.004 Yes

10 NTN144BIO3 25.57942 36.54989 CRS 257 22.0 ± 0.004 N.A. 40.5 ± 0.004 No

11 CHR276BIO6 24.59365 37.19561 CRS 384 21.7 ± 0.005 33.1 ± 0.05 40.5 ± 0.003 No

12 CHR260BIO4 24.44863 37.08390 CRS 607 21.7 ± 0.0005 35.8 ± 0.03 40.5 ± 0.004 Yes

13 NTN152BIO4 24.423702 37.226134 CRS 273 21.8 ± 0.003 46.1 ± 0.9 40.5 ± 0.003 Yes

14 NTN151BIO9 23.816757 37.944595 CRS 390 21.7 ± 0.002 26.8 ± 0.3 40.5 ± 0.004 Yes

15 CHR269BIO8 23.80326 38.20496 CRS 331 21.7 ± 0.005 30.1 ± 0.9 40.5 ± 0.003 Yes

16 CHR269BIO3 23.79938 38.20310 CRS 622 21.7 ± 0.0006 30.0 ± 0.1 40.5 ± 0.003 Yes

17 CHR262BIO5 23.52736 38.08061 CRS 610 21.7 ± 0.008 28.8 ± 0.2 40.5 ± 0.005 No

18 NTN149BIO4 23.51576 38.24523 CRS 461 21.7 ± 0.0008 27.0 ± 0.02 40.5 ± 0.003 Yes

19 NTN147BIO4 22.73416 38.79183 CRS 190 22.0 ± 0.02 87.1 ± 2.6 40.5 ± 0.004 No

20 CHR266BIO3 22.733383 38.790655 CRS 204 22.1 ± 0.018 103.7 ± 2.0 40.5 ± 0.005 Yes

21 NTN122BIO4 21.64582 38.90858 CRS 308 21.9 ± 0.003 21.0 ± 0.3 40.5 ± 0.004 No

22 NTN122BIO7 21.646313 38.908589 CRS 267 21.9 ± 0.003 29.4 ± 1.1 40.5 ± 0.003 Yes

23 CHR204BIO13 20.73774 39.26561 CRS 241 21.9 ± 0.01 34.4 ± 0.4 40.5 ± 0.004 No

24 CHR204BIO14 20.73779 39.26571 CRS 217 22.0 ± 0.01 44.2 ± 5.8 40.4 ± 0.005 No

25 CHR202BIO12 20.25108 39.50683 SRS 207 22.0 ± 0.01 36.1 ± 1.9 40.4 ± 0.006 No

26 CHR203BIO8 19.856368 40.116277 SRS 230 22.0 ± 0.007 19.8 ± 0.7 40.4 ± 0.004 Yes

27 CHR244BIO2 19.35268 40.17096 SRS 223 21.9 ± 0.008 11.4 ± 0.05 40.5 ± 0.005 No
fr
For each specimen, the sampling coordinates (latitude and longitude), locality, and depth are indicated. The mean seawater temperature, dissolved oxygen concentration, and salinity are shown
with their respective standard deviation (SD). GoA, Gulf of Aqaba; NRS, North Red Sea; CRS, Central Red Sea; SRS, South Red Sea; N.A.,: not avalable; *data obtained two days after the sampling
date, but from the same sampling site.
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scleractinian corals in the Red Sea, reporting the presence of

Durusdinium in smaller percentage (Terraneo et al., 2023;

Vimercati et al., 2024), consistently with what has been found

outside of the basin (Wagner et al., 2011; Rouzé et al., 2021).

Durusdinium is known for its presumed stress and thermal

resilience (Baker, 2001; LaJeunesse et al., 2008; Wham et al.,

2017) and is recognized for its opportunistic nature that

sometimes yields detrimental impacts on coral health (Huang

et al., 2020). However, colonies of Montastraea cavernosa hosting

Durusdinium exhibited high survival rates when exposed to gradual

warming to 35°C, and cooling to 15°C, revealing a broad

temperature tolerance range (Silverstein et al., 2017). This

adaptability likely contributes to the high abundance of various

Durusdinium types at the considerable depths recorded in

our study.

Remarkably, little research has focused on evaluating the

genetic diversi ty of Symbiodiniaceae associated with

zooxanthellate scleractinians, and this gap becomes even more

pronounced for other taxa, including the order Antipatharia.

Wagner et al. (2011) examined Hawaiian black corals collected at

depths ranging from 10 to 396 m. From the analysis, they retrieved

ITS2 sequences in 43% of the collected samples, revealing

Symbiodiniaceae genotypes C15, C21, C26, C31, and limited

occurrence of the genotype D1a. In another study, Bo et al.

(2011) identified members of the Symbiodiniaceae genus

Gerakladium within shallow-water Cirrhipathes sp. colonies in

Indonesia. Our results indicate that the most common ITS2

sequence associated with B. thermophila belonged to the C1 and

D1 radiations, occurring 34.5% and 31.5% times, respectively. We

identified correspondences with previously encountered profiles

spanning from shallow to mesophotic environments. The C21

genotype predominantly occurs within shallow water reefs in the
Frontiers in Marine Science 05
Red Sea, where it associates with the Scleractinia S. pistillata (Hume

et al., 2020), as well as in Belize with the hard coral M. cavernosa

(Eckert et al., 2020). Again, the types C1/C1c and D1/D4 are

associated with Porites and Pocillopora species, respectively, in the

Malaysian reefs (Lee et al., 2022). The identification of the

aforementioned types at depths greater than 300 m in this study

indicates a potential opportunistic interaction with the coral

holobiont. As already documented by Wagner et al. (2011), our

findings provide further validation that black corals serve as a

habitat for Symbiodiniaceae typically associated with shallow-

water scleractinians.

Furthermore, the analyses of the Symbiodiniaceae ITS2 type

profiles through SymPortal led to the discovery of 16 novel ITS2

type profiles, hinting at their potential restriction to the deep waters,

and higlighting that the composition of Symbiodiniaceae

communities may vary across different depths. Notably, among

the five B. thermophila specimens collected at depths exceeding 600

m, each was found to be associated with distinct new type profiles.

This suggests that they might have been selected to withstand

peculiar environmental conditions present at such depths.

However, a higher sampling effort is required to confirm the

pattern observed in the present study.

The discovery of Symbiodiniaceae in association with a deep-sea

species as B. thermophila challenges our understanding of the coral-

algal association. It suggests that this partnership might be more

versatile and adaptable than previously thought, and it needs to be

better assessed in the broader context of the coral holobiont. This

finding raises many further research questions. How do

Symbiodiniaceae manage to thrive at such light-deprived depths?

Do they provide any benefit to the coral, and what does the coral offer

in return? It has largely been demonstrated that autotrophic nutrient

uptake by Symbiodiniaceae experiences a notable decline in the lower
A

B C

FIGURE 1

(A) Map of the study area. (B) Sampling sites in the Red Sea. Black dots represent submersible and remotely operated vehicle (ROV) dives where
colonies of Bathypathes thermophila have been sampled. Each number corresponds to a sample (listed in Table 1). (C) In situ picture of B.
thermophila from Chimienti et al., 2022 (NTN028-6; corresponding to map’s reference number 2).
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mesophotic, as heterotrophy assumes a greater significance in

fulfilling coral nutritional requirements (Kahng et al., 2019;

Martinez et al., 2020; Ferrier-Pagès et al., 2022). In this study,

members of the family Symbiodiniaceae were found below the

depths where photosynthesis can be sustained, prompting a natural

inquiry into how these dinoflagellates manage to thrive in a light-

deprived environment (Wagner et al., 2011). Remarkably,

Symbiodinaceae are not obligate autotrophs. They were reported to

feed heterotrophically (Jeong et al., 2012), and therefore are better

characterized as mixotrophs, with plastic transcriptomic responses to

growth in low light or even darkness (Xiang et al., 2015). Specifically,

Jeong et al. (2012) reported the absence of autotrophic grow in

cultured free-living Symbiodiniaceae in nitrogen-depleted

environments, yet observing growth when supplied with prey. This

heterotrophic feeding ability may serve as a survival strategy in

environments where photosynthesis cannot be sustained. Moreover,

following an investigation of the physiological roles of diatom

chloroplasts, Grzymski et al. (2002) found an association with

benthic foraminifera at 600 m depth, and hypothesized that below

the photic zone, algal endosymbionts could potentially utilize nitrate

rather than inorganic carbon as an assimilatory source. Nitrate

increases with depth in oligotrophic tropical and subtropical waters

(Karl and Letelier, 2009; Kahng et al., 2014), and the same trend

applies to the oligotrophic waters of the Red Sea (Triantafyllou et al.,

2014). This physiological adaptation might occur when the coral

holobiont faces limitations of reduced forms of accessible nitrogen.

These findings together suggest a necessary revision of the

generalized assumption that the association between zooxanthellae

and their hosts is always symbiotic. Further research is essential to

comprehensively delineate the nature of the Antipatharia-

Symbiodiniaceae association at such depths and to uncover the

physiological mechanisms enabling these symbionts to thrive in

environments that do not sustain photosynthesis (Ferrier-Pagès

et al., 2022). The hypothesis that antipatharians may act as a refuge

for Symbiodiniaceae offers a new perspective, suggesting the potential

for these associations to extend to other taxa at considerable depths.
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Conclusions

In the present study, we provide the first-ever assessment of

Symbiodiniaceae community diversity associated with the order

Antipatharia in the Red Sea. Significantly, our research expanded

the globally known bathymetric range for cnidaria-algae

associations to 655 m. The findings indicate that the

Symbiodiniaceae genera Cladocopium and Durusdinium observed

across a wide depth range (204–655 m), can thrive within a broad

range of environmental conditions. Moreover, the discovery of new

Symbiodiniaceae types might be an indication of their potential

exclusivity to deep environments, which highlights the importance

of investigating zooxanthellate diversity to the whole order. There is

a clear need for further studies encompassing histological and

physiological analyses in order to understand the mechanisms

and nature of the coral-Symbiodiniaceae relationship within this

understudied order of coral.
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