
1 

Octocoral Symbiodiniaceae, but not bacterial communities, are resistant to 
compositional changes from heat stress on a subtropical reef 

Short title: heat stress and the octocoral holobiome 

Rosemary Kate Steinberg1,2, Katherine A. Dafforn2, Emma L. Johnston1,3, Tracy D. Ainsworth1 

1 Evolution and Ecology Research Centre and Centre for Marine Science and Innovation, School of Biological, Earth and Environmental Sciences, Faculty 
of Science, University of New South Wales, Sydney, NSW, Australia, 2 School of Natural Sciences, Macquarie University, Sydney, NSW, Australia, 3 School 
of Life and Environmental Sciences, University of Sydney, Sydney, NSW, Australia 

Corresponding author email: Rosiekstein@gmail.com 

Funding information 

This study was funded by an Australian Government Research Training Program fellowship awarded to R.K. 
Steinberg, a Scientia Fellowship awarded to T. Ainsworth, and UNSW. 

mailto:Rosiekstein@gmail.com


2 

Abstract

Microbes are essential to the holobiome of all organisms, so when organisms are impacted by environmental 

stressors the changes to microbial communities can inform on the health state of the host and even cause host 

disease. In early 2019 marine heatwaves occurred across eastern Australia, resulting in differential bleaching 

across Lord Howe Island reefs. Here we examined the Symbiodiniaceae and bacteria associated with bleaching 

susceptible Cladiella sp.1, and Symbiodiniaceae associated with two bleaching resistant octocoral species – 

Cladiella sp.2 and Xenia cf crassa – during and after marine heatwaves and between two reefs, Sylphs Hole 

(heavily impacted) and Coral Gardens (mildly impacted). While we found that Cladiella sp.1 Symbiodiniaceae 

community structure was not altered by bleaching, beta diversity dispersion of Symbiodiniaceae in unbleached 

colonies was higher at Sylphs Hole than Coral Gardens, suggesting dysbiosis. Unbleached colonies of all species 

had different Symbiodiniaceae communities between reef sites, and communities were stable through time. 

Bacterial communities differed between bleached and unbleached Cladiella sp.1, and bleached colonies’ 

microbial communities changed after bleaching alert levels returned to “no stress”, showing a delayed 

microbial response to bleaching. Finally, unbleached colonies from Sylphs Hole had higher bacterial alpha 

diversity compared to colonies at Coral Gardens, which together with possible Symbiodiniaceae dysbiosis 

suggests that the unbleached colonies at Sylphs Hole were impacted by heatwaves without clear physical 

changes in the field. So, corals and their microbial communities may be affected at heavily stressed sites 

regardless of bleaching status. 
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Introduction 

Coral bleaching events are increasing in frequency across the globe, causing irreparable damage to these 

important marine ecosystems and disrupting their microbial associations [1, 2]. This threat is wide reaching, 

with coral reefs impacted in tropical, subtropical, and temperate reefs, in some cases multiple times since 2010 

[3–11]. Remote and high latitude reefs were hypothesized to be bleaching refugia, but recent studies found 

that distance from humans and/or the equator does not protect from bleaching risk, and can actually enhance 

negative outcomes [3, 12, 13].  hexacoral bleaching is easily documented in the field as bleached and dead 

colonies remain in place, but observations are more difficult for octocorals because they often die or detach 

shortly after bleaching with no skeleton remaining, resulting in their heat stress responses being overlooked in 

the field [14–17]. Additionally, octocorals are often overlooked or lumped in with hexacorals during bleaching 
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surveys despite being important members of reef communities [15]. Because of this, we know little about how 

octocorals are affected by heat stress, particularly with respect to their Symbiodiniaceae and bacterial 

communities, and even less about how they respond outside of the tropics. 

 

 
Coral bleaching occurs in response to stressors, including heat and light, which result in the breakdown of the 

symbiosis between the cnidarian animal and its endosymbiotic Symbiodiniaceae, which can lead to changes to 

the coral holobiome and even mortality of the coral animal [2, 7, 14, 18–23]. The coral holobiome is defined as 

the coral, associated Symbiodiniaceae, and all other protists, bacteria, archaea, fungi, and viruses, all of which 

can be impacted by ecological stressors [24–26]. The most studied components of the coral holobiome are the 

Symbiodiniaceae and bacterial communities which we refer to in this manuscript as the holobiome, although 

we note that this term is also used to encompass all microbial associations. Symbiodiniaceae provide calories 

to their hosts through photosynthesis, while microbes play a role in the host immune response, aid in nutrient 

and chemical cycling, and may even provide protection from bleaching among other functions, many of which 

are yet unknown [27–29].  

 

The Symbiodiniaceae population structure of hexacorals can shift in response to heat stress events [7, 23]. The 

most well-studied Symbiodiniaceae genera are Cladocopium and Durisdinium, of which Cladocopium are 

susceptible to heat stress while Durisdinium are thermally tolerant [7, 30–32]. hexacoral colonies with high 

proportions of Durusdinium have warmer bleaching thresholds and less heat-stress-related mortality than 

those hosting other genera, and the Symbiodiniaceae community can become Durusdinium dominated during 

and after bleaching [33, 34]. Symbiont populations within genera can also change in response to bleaching. In 

the anemone Entacmaea quadricolor, bleaching reduced the abundance of Cladocopium C25 compared to 

Cladocopium C3.25 [35]. However, 20 species of octocorals from the Great Barrier Reef and two from the 

Florida Keys did not change symbiont type during bleaching [17, 32, 36, 37]. So, it appears that anemone, stony, 

and octocoral symbiont communities may respond differently to heat stress. 

 

Bacterial alpha diversity is hypothesised to increase as opportunistic and pathogenic bacteria invade the coral 

animal during bleaching [38]. In Porites compressa, heat stress increases genes associated with invasion and 

increases the abundance of Vibrio sp., a known coral pathogen [39]. Previously, Vibrio spp. were implicated in 

several coral diseases and in declines in coral health associated with bleaching [38–41]. In the hexacoral 

Acropora millepora (Magnetic Island, Great Barrier Reef) bacterial communities were shown to shift to a Vibrio 

spp. dominated composition prior to the onset of observable bleaching [22]. While diseases were previously 

implicated in mortality of octocoral populations worldwide [15, 42–44], it is unclear if thermally induced bleaching and 

pathogenic infection are linked in octocorals as they are in hexacorals.  
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Bacterial communities can be indicators of unhealthy hosts or become unhealthy themselves without becoming pathogen 

dominated, known as dysbiosis [45, 46]. Dysbiosis is a change in the community of commensal organisms, like 

bacteria, relative to the community found on healthy organisms [45, 47]. The Anna Karenina hypothesis 

proposes microbial dysbiosis can be seen in community data as an increase in beta diversity dispersion during 

environmental disturbance in unhealthy individuals [38, 45, 48]. Microbial stability is so important to marine 

organisms that dysbiosis is both an indicator of the health of the host organism and can cause disease states 

[46, 49]. Because microbial communities can respond quickly to changes in the environment and dysbiosis is a 

strong indicator of organism health, it is suggested that dysbiosis can be an early indicator of environmental 

disturbance [26]. While there is evidence of community shifts and dysbiosis in hexacorals during bleaching [38, 

45], dysbiosis in coral communities is only beginning to be explored, so it is unclear if octocorals exhibit microbial 

dysbiosis during thermal stress.  

 

In early 2019 a series of heat waves impacted the waters off the coast of subtropical eastern Australia, causing 

significant bleaching and mortality at Lord Howe Island [3, 16]. This was the fourth heat-induced bleaching 

event recorded at this site, with previous events in 1998, 2010, and 2011 [5, 7]. Most of the octocorals within 

the lagoonal Lord Howe Island reef were resistant to bleaching, with only one species – Cladiella sp.1 – 

undergoing observable bleaching at one lagoonal reef site [16]. Cladiella sp.2 was unaffected by the heatwave, 

while Xenia cf crassa had higher Symbiodiniaceae and chlorophyll concentrations during the heatwave than 

after the event subsided [16]. Here we aimed to examine the holobiome response (Symbiodiniaceae and 

bacterial community structure) of bleaching-susceptible Cladiella sp.1, and the Symbiodiniaceae community 

response of bleaching-resistant Cladiella sp.2 and Xenia cf crassa during and after heat stress. Specifically we 

aimed to, 1) examine the holobiome response of bleaching susceptible Cladiella sp.1 by comparing bleached 

and unbleached colonies collected from Sylphs Hole (octocoral bleaching occurred) during the peak of the 

heatwave (March) and one month later (April/May); 2) examine the holobiome response of unbleached 

Cladiella sp.1 between two sites, Sylphs Hole and Coral Gardens (no observable octocoral bleaching), in March 

and after the heatwave had subsided (October), and 3) to examine the response of Symbiodiniaceae 

communities in two bleaching resistant octocorals, Cladiella sp.2 and Xenia cf crassa between Sylphs Hole and 

Coral Gardens during March and October. 

 
Methods 
Study location and design 
 

In early 2019, Lord Howe Island coral reef lagoon was affected by three successive marine heatwaves [3, 16]. 

Octocorals were sampled from two sites within the northern part of the lagoon with differential bleaching 
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impacts – Sylphs Hole (31° 31.245' S, 159° 03.266' E) and Coral Gardens (31° 31.495' S, 159° 03.045' E). 

Octocorals did not bleach at Coral Gardens, while Cladiella sp.1 bleached at Sylphs Hole [16]. Cladiella sp.1 (fig. 

1b,e) was examined during all three monitoring intervals (March, April/May, and October) to examine effects 

of bleaching and recovery, while X. cf crassa (fig. 1c) and Cladiella sp.2 (fig. 1d) were examined only during 

March and October when there was the greatest change in Symbiodiniaceae and/or chlorophyll densities [16]. 

The experimental design is illustrated in fig. 2. 

 
Collection 
 

Octocoral fragments were collected under permit number LHIMP/R/18015/12112018 using Australian 

Entomological Supplies PTY LTD 12.5 cm blunt-tipped surgical scissors and placed in individual zip-top bags. 

Five samples per health state (unbleached or bleached, figure 1b,e) of Cladiella sp.1 were collected at Sylphs 

Hole. Five samples of unbleached Cladiella sp.1, Cladiella sp.2, and X. cf crassa were collected at Coral Gardens 

and Sylphs Hole. Samples were transported to shore held in seawater and immediately fixed in a sterile 

solution of 4% formalin in 3x phosphate buffered saline (PBS) in nuclease free water and kept at 4oC for 10-14 

hours before being transferred to a sterile solution of 3x PBS and stored at 4oC. 

 
DNA extraction, PCR, and sequencing 
 

DNA was extracted using a Qiagen QIAamp DNA Mini Kit following the manufacturers tissue protocol [50] with 

minor modifications (see supplementary material). ITS2 PCR was performed following the protocol from Hume 

et al. (2018) using SYM_VAR_5.8S2 - SYM_VAR_REV primers, and 16S amplified from V1-V3 PCR at the 

Ramaciotti Centre for Genomics, UNSW (Sydney, NSW, Aus.) using primers 

27f(ACACTATGGCGAGTGAAGAGTTTGATCMTGGCTCAG) - 519r(AGTCAGTCAGGGGWATTACCGCGGCKGCTG) with 

Illumina overhang [52, 53] as recommended by the Earth Microbiome Project [54]. Bacterial communities were 

only examined in the species that bleached, Cladiella sp.1, as bleaching is hypothesized to disrupt bacterial 

communities. For the full 16s PCR protocol see the supplemental information. 

 

 
Bioinformatics 
 

ITS2 sequences were processed, quality controlled, and matched to symbiont type using SymPortal [55], which 

is an analytical framework for genetically resolving the algal symbionts of reef corals. Symbiodiniaceae taxa 

were separated into the common and rare fractions (> or <1% of total abundance, respectively) for analysis 

based on previous work at Lord Howe Island [7]. 16S data was processed and quality controlled using the 
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DADA2 pipeline in R [56]. For more information on DADA2 settings used see the supplemental information. 

After completing the bacterial bioinformatics pipeline, sampling depth was 294.4 ± 53.6 SD ASVs. The core 

microbiome was defined as ASVs identified in 90% of samples within each species [57] using the package 

Microbiome [58] and the resulting datasets were normalised separately using Wrench [59]. 

 
Statistical analysis 
 

All analyses, plots, and 16S bioinformatics were conducted using R version 4.0.3 [60]. All graphs were made 

using the package ggplot2 [61]. Alpha diversity comparisons were run on the full bacterial datasets using a 

two-way ANOVA between health state and monitoring interval or site and monitoring interval, and 

assumptions were checked graphically. NMDS plots were generated, NMDS stress tested, PERMANOVA 

analyses run, and dispersion tested using the Vegan package [62]. Dispersion tested with the Betadisper 

function was non-significant for all datasets apart from comparisons of Symbiodiniaceae communities of 

unbleached Cladiella sp.1 between Coral Gardens and Sylphs Hole. Because the NMDS plots showed no 

overlap we have still interpreted compositional changes. For Symbiodiniaceae communities, analyses were 

performed between either health state and monitoring interval or site and monitoring interval on the entire 

community as well as common and rare fractions using both Bray-Curtis and Jaccard distributions. For bacterial 

communities, PERMANOVA analyses were performed between either health state and monitoring interval or 

site and monitoring interval on the full and core datasets. Bray-Curtis and Jaccard were used for the full 

dataset but only Bray-Curtis was used for the core microbiome as nearly all taxa were present in the core 

dataset, making a presence-absence analysis inappropriate. Differences in abundances of untransformed 

microbial core taxa at the genus level and all Symbiodiniaceae species between health state and monitoring 

interval or site and monitoring interval were tested using ANOVA, pairwise comparisons made using a Tukey 

test, and assumptions tested graphically. Alpha was adjusted using the Bonferroni-Holm method and is 

reported in the associated supplemental tables. Data transformations are noted in Table S7. 

 
 
Comparison searches 
 

To determine if abundant and core ASVs have previously been identified, bacterial ASVs found in greater than 

1% relative abundance of the full or core datasets were searched in BLAST and the host species or habitat type 

where the sequence was previously found was recorded. Metadata was examined from any search result with 

an Expect E value of 0. If more than ten results were returned with a E score of zero on a BLAST search, only 

those with a percent identity of 95% or more were used. For justification of selection criteria see the 

supplemental information. 
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Results 
Octocoral Symbiodiniaceae community structure 
 

Proportional Cladiella sp.1 Symbiodiniaceae community structure showed no significant effects of health state 

or monitoring interval on composition of whole community, common, or rare taxa (Bray-Curtis or Jaccard, 

PERMANOVA p > 0.05, figure 3, table S1). When examined at the species level, no Symbiodiniaceae species 

were different between health states or monitoring intervals (ANOVA, p > 0.05, figure 3a,c,e, Table S2). 

 

 
Symbiodiniaceae communities in unbleached Cladiella sp.1, Cladiella sp.2 and Xenia cf crassa differed between 

sites, but showed no effect of monitoring interval or the interaction between monitoring interval and site 

(PERMANOVA, p < 0.05, Figures 4, 5, 6 Tables S3, S4, S5). Specifically, spatial differences were observed for all, 

common and rare taxa in Cladiella sp.1 and Xenia cf crassa, and all and common taxa in Cladiella sp.2. 

 

Fourteen Cladiella sp.1 Cladocopium spp. symbionts showed significant differences in abundance between 

sites (ANOVA, p < 0.05) but not monitoring intervals or the interaction between site and monitoring interval 

(ANOVA, p > 0.05, Figure 4a,c,e, Table S6). Of these, 1 1  had poor residuals due to the large number of zeros in 

the dataset, which could not be remedied through transformation or use of a GLM, so these results are 

interpreted cautiously.  

 

In Cladiella sp.2, one Cladocopium sp. showed significant differences in abundance between sites (ANOVA, p < 

0.05) but not between monitoring intervals or the interaction between monitoring interval and site (ANOVA, p 

> 0.05, Figure 5a,c,e, Table S7). 

 

In Xenia cf crassa, seven Cladocopium spp. symbionts were different in abundance between sites (ANOVA, p < 

0.05) but not between monitoring intervals or the interaction between monitoring interval and site (ANOVA, p 

> 0.05, Figure 6a,c,e, Table S8). One Symbiodiniaceae species differed between monitoring intervals only 

(ANOVA, p < 0.05).  

 

 
Cladiella sp.1 bacterial community structure 
 

87 ASVs from seven genera comprised the core microbiome of Cladiella sp.1: Mycoplasma, Candidatus 
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Hepatoplasma, Endozoicomonas, Pseudomonas, Serratia, and Delftia. When examining the effects of health 

state and monitoring interval on each genus in the core microbiome, Mycoplasma spp. abundance was affected 

by monitoring interval and Pseudomonas spp. abundance was affected by health state (ANOVA, p < 0.05, table 

S9). Vibrio spp. abundances were also examined as they are a known coral pathogen. Vibrio spp. were found in 

only 2 bleached samples and no unbleached samples, so we were unable to test for differences in Vibrio spp. 

abundance. 

 
When examining the genera in the core microbiome, Endozoicomonas spp. and Delftia spp. were affected by 

the interaction between site and monitoring interval (ANOVA p < 0.05, Table S10). Specifically, during March 

there was higher abundance of Endozoicomonas spp. at Sylphs Hole than Coral Gardens; additionally, there 

was higher abundance of Endozoicomonas during March than October at Sylphs Hole (Tukey p < 0.05, Table 

S10). Pairwise comparisons of Delftia spp. abundance were not significant (Tukey p > 0.05, table S10).  

 
Ten ASVs were each over 1% of total abundance in the untransformed whole and core bacterial community of 

Cladiella sp.1 (Table S11). Three ASVs were in the genus Mycoplasma, two in Candidatus Hepatoplasma, and 

five in Endozoicomonas. Mycoplasma spp. made up 51.03% of the whole and 54.82% of the core communities, 

Candidatus Hepatoplasma made up 19.04% of the whole and 20.46% of the core communities, and 

Endozoicomonas made up 10.95% of the whole and 11.77% of the core communities. 

 
Bacterial diversity (Shannon and Simpsons) in Cladiella sp.1 at Sylphs hole differed with the interaction 

between health state and monitoring interval (ANOVA p < 0.05, figure 7a, table S12). Bleached corals had more 

diverse bacterial communities during March than April/May (Tukey p < 0.05). During April/May, bacterial 

communities in unbleached corals had higher Simpson diversity than bleached corals (Tukey p < 0.05, figure 7a, 

Table S12). Bacterial whole and core community structure differed with the interaction between health state 

and monitoring interval (Bray-Curtis, PERMANOVA p < 0.05, Figure 7b,d Table S12), while community 

composition differed with the main effects of health state and monitoring interval (Jaccard, PERMANOVA p < 

0.05, Figure 7c, Table S12). Despite a significant interaction term, no whole community structure pairwise 

analyses were significant (Bray-Curtis, pairwise PERMANOVA p > 0.05, Figure 7b,d, Table S12), but dispersion 

was different between monitoring intervals (Betadisper, p < 0.05, Table S12). Patterns in core community 

structure were clearer, with community structure differing between monitoring intervals in bleached colonies, 

and between bleached and unbleached colonies in April/May. 

 

 

Bacterial diversity (Shannon and Simpson) in unbleached Cladiella sp.1 was higher during March than October 

(Tukey p < 0.05, figure 8a, table S13). Bray-Curtis Microbiome community structure differed by site only 
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(PERMANOVA p < 0.05, figure 8c, table S13). Community composition estimated using Jaccard distance 

was affected by both site and monitoring interval main effects (PERMANOVA p < 0.05, figure 8e, table S13). 

Community composition dispersion was significant between monitoring intervals (Betadisper, p < 0.05). 

Bray-Curtis core microbiome community structure was affected by the interaction between site and 

monitoring interval (PERMANOVA p < 0.05, figure 8d, table S13). Specifically, community structure differed 

between monitoring intervals at Sylphs Hole, and between sites in October. 

 

Discussion 

 
Octocorals are historically understudied in coral reef ecosystems, and data is lacking on how their holobiomes 

respond to heat stress [15]. Here we investigated Symbiodiniaceae community structure in two species of 

octocoral and the holobiome community structure of a third species during and after a marine heatwave event 

in the Lord Howe Island lagoon. We found that Cladiella sp.1, the only octocoral species to bleach during the 

study, expelled Symbiodiniaceae proportionally. There was also evidence of dysbiosis of Symbiodiniaceae 

communities in unbleached Cladiella sp.1 at Sylphs Hole, suggesting unbleached colonies were affected by heat 

stress. Symbiodiniaceae communities associated with all three species were specific to each site but stable 

across the study period, suggesting stability through time as found in other octocorals.  

 

 
Cladiella sp.1 full and core community bacterial diversity and structure differed between bleached and 

unbleached corals. Bacterial diversity is expected to increase in bleached corals due to pathogen invasion [38], 

but here bacterial diversity decreased and we found no evidence for proliferation of known pathogens. 

Bleached colony core community structure shifted after the onset of bleaching, suggesting that heat stress was 

not the cause of changes. Instead, it is likely that declining bleached colony health disrupted the core 

microbiome. The abundance of individual Cladiella sp.1 core microbial taxa are relatively resistant to change, 

with only one of six genera affected by bleaching and only two of six affected by monitoring interval. Overall, 

Symbiodiniaceae were resistant to changes induced by heat stress at Lord Howe Island, while bacterial 

communities were more heavily affected. 

 
Octocoral Symbiodiniaceae community structure 
 

Within the Lord Howe Island lagoon all octocorals examined contained only Cladocopium spp. 

Symbiodiniaceae, while Lord Howe Island hexacorals host Symbiodiniaceae in five genera [7]. Sampling 

technique can affect the taxa sequenced as coral Symbiodiniaceae community composition is known to vary 

across the hexacoral surface [63, 64], and may also vary across octocorals. Here, we sampled only the lobe tips 
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of Cladiella spp. and the area directly below the tentacles of Xenia cf. crassa, so it is possible that 

Symbiodiniaceae diversity is higher, or proportions are different, in other areas of these colonies, though 

patterns similar to what was found here were noted in other octocorals. Cladocopium is the dominant genera in 

Alcyonacean and Xeniid octocorals in the tropics [65], and the dominant genera in ~75% of all octocorals 

worldwide [66]. Lord Howe Island octocorals are dominated by Cladocopium C1, as are the majority tropical 

Alcyonacean octocorals (but not Xeniid octocorals, [65]) and ~18% of octocorals worldwide [66]. Previous research 

investigating Great Barrier Reef octocorals found associations predominantly with Cladocopium, with some 

Symbiodinium, Durisdinium, and Gerakladium [67]. Similarly, in a survey of 14 hexacorals and 2 octocorals from 

Lord Howe Island and Kermadec Island, NZ, all except the octocoral Capnella sp. contained only Cladocopium, 

while Capnella sp. contained Breviolum, though this was assessed through sequencing of bands through gel 

electrophoresis and could have missed rare types [68]. Overall, it appears that Cladocopium are dominant 

endosymbionts of octocorals. 

 
Bleaching effects on Symbiodiniaceae community structure of Cladiella sp.1  
 
We found that the Symbiodiniaceae community structure was stable between bleached and unbleached 

corals, and no Symbiodiniaceae species had differences in proportional abundance across health states despite 

lower density in bleached colonies [16], suggesting that Cladiella sp.1 expels Symbiodiniaceae species 

proportionally. Interestingly, hexacorals and anemones are known to shuffle their Symbiodiniaceae 

communities during and after bleaching, including at Lord Howe Island [7, 35], and octocorals may respond 

differently. During the 1998 Great Barrier Reef mass coral bleaching event, 20 species of bleached octocorals 

had symbiont types that were genetically indistinguishable from those in unbleached conspecifics [17]. 

Additionally, two octocorals from the Florida Keys had stable Symbiodiniaceae communities through 

bleaching, while a third had different communities before and after bleaching in the Gulf of Thailand [32, 36, 

37]. Overall, it appears that many octocoral species have a mechanism for maintaining stability of their 

Symbiodiniaceae communities through bleaching not found in other cnidarians. 

 
Site effects on Symbiodiniaceae community structure in three octocoral species 
 
We found that unbleached Cladiella sp.1 Symbiodiniaceae beta diversity dispersion was higher at Sylphs Hole 

than Coral Gardens. Increased beta diversity dispersion is hypothesized to be a consequence of dysbiosis as 

laid out in the Anna Karenina principle [45]. Previous work also found that above-average water temperatures 

below the bleaching threshold can destabilize coral microbiomes [69]. So far, the Anna Karenina principle is 

primarily applied to bacterial communities, but here we find evidence that it may also apply to Symbiodiniaceae or 

other microbes. Because unbleached Cladiella sp.1 colonies from Sylphs Hole had lower concentrations of 

Symbiodiniaceae and chlorophyll than Coral Gardens during the heatwaves but recovered by October [16], it 
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seems unbleached Cladiella sp.1 colonies at Sylphs experienced thermal stress even despite no visible 

bleaching.  

 

 
Symbiodiniaceae community site specificity is well documented and is largely attributed to differences in 

environmental conditions between reef sites [70, 71]. At Lord Howe Island Coral Gardens is a wave exposed 

site, while Sylphs Hole is sheltered and adjacent to the shoreline. We found that Symbiodiniaceae communities 

of all three octocoral species were specific to each site, with some Symbiodiniaceae species having different 

proportional abundance between sites. Similarly, Red Sea Stylophora pistillata hexacorals located in sheltered 

and exposed sites harbour different Symbiodiniaceae communities [72], suggesting that octocorals and 

hexacorals are similarly affected by site differences. Octocoral Symbiodiniaceae communities were also stable 

across monitoring intervals as was found in Plexaura kuna at San Blas Island, Panama, and Briareum 

asbestinum in the Florida Keys despite strong seasonal temperature changes [37, 73], which along with 

proportional stability through bleaching, suggests that octocorals have particularly stable Symbiodiniaceae 

communities. 

 
Cladiella sp.1 bacteria community structure 
 
Bleaching effects on bacterial community structure of bleaching susceptible Cladiella sp.1 
 

In Cladiella sp.1, microbial responses were time-lagged compared to the onset of bleaching. This suggests that 

direct heat effects were not responsible for differences, instead longer-term bleaching-induced physiological 

changes were responsible [74]. Interestingly, in the hexacoral Acropora millepora bacterial communities 

shifted before bleaching [22], so we may have missed early microbial signs of stress. Opposed to our results, 

microbial alpha diversity is expected to increase during bleaching due to infiltration by opportunistic and 

pathogenic microbes [38, 74]. This may be because unbleached Sylphs Hole Cladiella sp.1 were not healthy despite 

being visually unbleached, evidence by lower Symbiodiniaceae concentrations at Sylphs hole than Coral Gardens [16] 

and evidence of dysbiosis in Symbiodiniaceae communities. Consequently, we may not see the expected patterns when 

comparing stressed unbleached to stressed bleached colonies. Alternatively, decreased diversity could be because we 

did not find pathogen infiltration/proliferation, which is the proposed mechanism by which alpha diversity increases 

[38]. 

 
Site effects on bacterial community structure of bleaching susceptible Cladiella sp.1 
 
There was a difference in core community composition between sites during the bleaching event, and 

differences at Sylphs Hole during and after bleaching, so possible heatwave effects were immediate instead of 
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time-lagged. This is consistent with what we found in Symbiodiniaceae community structure, further 

suggesting that unbleached colonies at Sylphs Hole were stressed by the heatwaves. The observed patterns 

could also be due to site-specific seasonal responses, as was found in the microbiome of Antillogorgia 

elisabethae [75]. Similarly, experimental non-bleaching heat stress of Caribbean gorgonian octocorals found no 

changes to full microbiome beta diversity after exposure to elevated temperatures and/or UV radiation, but 

there were significant seasonal changes [76]; while in the Mediterranean microbiomes of five gorgonian 

octocorals were stable through seasons [44]. Overall, this suggests that octocoral microbiomes have diverse 

responses to site and temperature differences and clear patterns have not yet emerged. It is currently unclear 

whether the differences seen through time in unbleached octocoral communities at Sylphs Hole were driven 

by stress or seasonality, though density loss [16] and dysbiosis of Symbiodiniaceae communities suggests 

stress may be a factor.  

 
Response of bacterial pathogens to heat stress  
 
Vibrio spp. bacteria are known coral pathogens that have been implicated in heat-stress related mortality [22, 

39–41, 77–79]. Although Vibrio sp. are often associated with corals during heat stress [22, 39, 41, 78, 79], only 

one Vibrio ASV was found in two bleached Cladiella sp.1 colonies, comprising 0.002% of microbial abundance. 

Previous studies have consistently identified Vibrio spp. in the microbiomes of gorgonian and sea pen 

octocorals, and Vibrio is implicated in disease and mortality of at least one Mediterranean gorgonian [44, 77]. 

Similarly, pathogenic Serratia spp. [80] abundance was not different across health state, site, or monitoring 

interval. Serratia marcescens is the cause of white pox disease in the Caribbean where it colonises the coral 

mucus from sewage [81], which may not be a problem on the sparsely populated Lord Howe Island. A third 

genus, Ruegeria, is associated with heatwave induced tissue necrosis in hexacorals, octocorals, and sponges 

[82] but was completely absent from Cladiella sp.1. Overall, we found no evidence of heat stress or bleaching 

leading to increases in disease associated bacterial species in Lord Howe Island octocorals. 

 

Response of core and common bacteria to heat stress and reef site differences in bleaching 
susceptible Cladiella sp.1 
 

The core microbiome of Cladiella sp.1 contained 87 ASVs in six genera – Mycoplasma, Candidatus 

Hepatoplasma, Endozoicomonas, Pseudomonas, Serratia, and Delftia. This is similar to previous octocoral 

microbiome studies, with Antillogorgia elisabethae in the Bahamas hosting 75 potential core members [75]. 

Microbes have a myriad of functional roles within the coral holobiome, but difficulty in culturing coral 

associated taxa means these roles have only recently begun to be understood and cannot be reliably 

determined through 16s sequencing alone [74, 83]. Despite this, several of the core microbiome genera 

identified in Cladiella sp.1 have known functions in the coral holobiome.  
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Mycoplasma live near the cnidocysts of corals, which allows access to nutrients from coral feeding and may aid 

in nutrient cycling [84, 85], therefore an increase in abundance from March to April/May suggests that 

Cladiella sp.1 changes feeding intensity between seasons. Octocorals in two genera from the GBR host a 

shared Hepatoplasma sp. operational taxonomic unit (OTU) in their core microbiomes [86], Candidatus 

Hepatoplasma spp. are seasonally stable in four Mediterranean gorgonian species [44], and in the current 

study, Candidatus Hepatoplasma abundances were stable across time, space, and health states. This suggests 

that Hepatoplasma may have a functional role in the octocoral microbiome. The Mediterranean gorgonians 

share another core bacterial genus with Cladiella sp.1 – Endozoicomonas spp., which is known to assist in the 

coral sulphur cycle, prevent mitochondrial dysfunction, and promote gluconeogenesis [87, 88]. We found that 

Endozoicomonas abundance in unbleached colonies was higher at Sylphs Hole than Coral Gardens in March, 

when temperatures were highest, and decreased in abundance at Coral Gardens from March to October. 

Higher abundances during the heatwaves may be due to their functional roles, which could mitigate some 

deleterious effects of heat stress [87, 88]. Pseudomonas spp. may also be beneficial to stressed corals, as 

isolates from Sinularia polydactyla have antibacterial activity in culture [89]. additionally, Pseudomonas 

contain a gene previously implied in the degradation of DMSP and DMS in the sulphur cycle [27]. These 

functions may be why Pseudomonas spp. abundance was higher in bleached than unbleached colonies. 

Interestingly, the opposite was found in Montastrea annularis corals in the Bahamas, where Pseudomonas spp. 

was absent from the microbiome of bleached corals [18, 90]. This suggests that Pseudomonas may have 

different roles in bleaching of hexa- and octocorals or location differences. 

 

 
Conclusions and future direction 
 

We found that octocoral Symbiodiniaceae community composition remains stable through heat-stress-induced 

bleaching. As all samples contained only Cladocopium spp. symbionts, clade differences did not affect 

bleaching resistance as found in hexacorals. Bleaching also did not affect the relative abundance of any species 

of Symbiodiniaceae, and only one of six core bacterial genera, further confirming the stability of the Cladiella 

sp.1 holobiome through bleaching. On the other hand, bacterial communities were bleaching affected, with 

time-lagged diversity loss and community shifts, suggesting host physiological changes after bleaching altered 

the microbiome. Environmental sites differences shaped both Symbiodiniaceae and bacterial communities, 

suggesting greater long-term site effects than short-term seasonal/heatwave effects. Similar patterns were 

observed in other octocoral species, suggesting that octocorals may have an unknown mechanisms for 

maintaining Symbiodiniaceae stability through stress [17, 36, 37]. Unfortunately, it is unclear what the long-

term implications of this stability may be for octocorals, though it may partially explain why octocorals fared 
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better than stony corals at Lord Howe Island. 
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Figure captions 
 

 
Figure 1 | Study sites and species. a) Map of Lord Howe Island with the collection sites Sylphs Hole and Coral 
Gardens marked, b) unbleached Cladiella sp.1, c) unbleached Xenia cf crassa, d) unbleached Cladiella sp.2, and 
e) bleached Cladiella sp.1 surrounded by unbleached conspecifics. Map courtesy of the Image Science & 
Analysis Laboratory, NASA Johnson Space Center. Coral photos by R.K. Steinberg. 

 

 

Figure 2 | Study design for a) comparing bleached and unbleached Cladiella sp.1 colonies and b) comparing 
unbleached colonies of Cladiella sp.1, Xenia cf crassa, and Cladiella sp.2 between Sylphs Hole and Coral 
Gardens. Both Symbiodiniaceae and bacteria were sequenced for Cladiella sp.1, while only Symbiodiniaceae 
were sequenced for Cladiella sp.2 and Xenia cf crassa. Five samples per condition were sequenced for 
Symbiodiniaceae and bacterial communities. All photos by R.K. Steinberg. 
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Figure 3 | Symbiodiniaceae community response of bleaching susceptible Cladiella sp.1 between bleached and 
unbleached colonies across two monitoring intervals. a) community composition of all Symbiodiniaceae taxa, 
b) MDS plot of Bray-Curtis beta diversity of all Symbiodiniaceae taxa, c) community composition of common 
Symbiodiniaceae taxa, d) MDS plot of Bray-Curtis beta diversity of common Symbiodiniaceae taxa, e) 
community composition of rare Symbiodiniaceae taxa, f) MDS plot of Bray-Curtis beta diversity of rare 
Symbiodiniaceae taxa, and g) MDS plot of Jaccard beta diversity of rare Symbiodiniaceae taxa. For all MDS 
plots, unbleached colonies are represented in dark blue, bleached colonies are represented in light blue, 
colonies collected during March are represented in circles, and colonies collected during April/May are 
represented in triangles. Ellipses represent 95% confidence intervals of groups involved in significant 
comparisons. Significant differences between health main effects are represented by solid coloured lines, 
significant differences in monitoring main effects are represented by black dashed lines, and significant 
interaction effects are represented by dashed coloured lines. 
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Figure 4 | Symbiodiniaceae community response of unbleached, bleaching susceptible Cladiella sp.1 between 
Sylphs Hole and Coral Gardens across two monitoring intervals. a) community composition of all 
Symbiodiniaceae taxa, b) MDS plot of Bray-Curtis beta diversity of all Symbiodiniaceae taxa, c) community 
composition of common Symbiodiniaceae taxa, d) MDS plot of Bray-Curtis beta diversity of common 
Symbiodiniaceae taxa, e) community composition of rare Symbiodiniaceae taxa, and f) MDS plot of Bray- Curtis 
beta diversity of rare Symbiodiniaceae taxa. For all MDS plots, colonies from Sylphs Hole are represented in 
dark blue, colonies from Coral Gardens are represented in light blue, colonies collected during March are 
represented in circles, and colonies collected during April/May are represented in triangles. Ellipses represent 
95% confidence intervals of groups involved in significant comparisons. Significant differences between health 
main effects are represented by solid coloured lines, significant differences in monitoring main effects are 
represented by black dashed lines, and significant interaction effects are represented by dashed coloured lines. 
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Figure 5 | Symbiodiniaceae community response of unbleached, bleaching resistant Cladiella sp.2 between 
Sylphs Hole and Coral Gardens across two monitoring intervals. a) community composition of all 
Symbiodiniaceae taxa, b) MDS plot of Bray-Curtis beta diversity of all Symbiodiniaceae taxa, c) community 
composition of common Symbiodiniaceae taxa, d) MDS plot of Bray-Curtis beta diversity of common 
Symbiodiniaceae taxa, e) community composition of rare Symbiodiniaceae taxa, and f) MDS plot of Bray- Curtis 
beta diversity of rare Symbiodiniaceae taxa. For all MDS plots, colonies from Sylphs Hole are represented in 
dark blue, colonies from Coral Gardens are represented in light blue, colonies collected during March are 
represented in circles, and colonies collected during October are represented in triangles. Ellipses represent 
95% confidence intervals of groups involved in significant comparisons. Significant differences between health 
main effects are represented by solid coloured lines, significant differences in monitoring main effects are 
represented by black dashed lines, and significant interaction effects are represented by dashed coloured lines. 
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Figure 6 | Symbiodiniaceae community response of unbleached, bleaching resistant Xenia cf crassa between 
Sylphs Hole and Coral Gardens across two monitoring intervals. a) community composition of all 
Symbiodiniaceae taxa, b) MDS plot of Bray-Curtis beta diversity of all Symbiodiniaceae taxa, c) community 
composition of common Symbiodiniaceae taxa, d) MDS plot of Bray-Curtis beta diversity of common 
Symbiodiniaceae taxa, e) community composition of rare Symbiodiniaceae taxa, and f) MDS plot of Bray- Curtis 
beta diversity of rare Symbiodiniaceae taxa. For all MDS plots, colonies from Sylphs Hole are represented in 
dark blue, colonies from Coral Gardens are represented in light blue, colonies collected during March are 
represented in circles, and colonies collected during April/May are represented in triangles. Ellipses represent 
95% confidence intervals of groups involved in significant comparisons. Significant differences between health 
main effects are represented by solid coloured lines, significant differences in monitoring main effects are 
represented by black dashed lines, and significant interaction effects are represented by dashed coloured lines. 
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Figure 7 | Bacterial community response of bleaching susceptible Cladiella sp.1 between bleached and 
unbleached colonies across two monitoring intervals. a) alpha diversity of the entire bacterial community, b) 
MDS plot of Bray-Curtis beta diversity of the whole community, c) MDS plot of Jaccard beta diversity of the 
whole community, and d) MDS plot of Bray-Curtis beta diversity of the core community. In the alpha diversity 
plots, the March monitoring interval is represented in light green, while April/May is represented in dark green. 
In the MDS plots, bleached colonies are represented in light blue, unbleached colonies are represented in dark 
blue, colonies collected in March are represented by circles, and colonies collected in October are represented 
by triangles. Ellipses represent 95% confidence intervals of groups involved in significant comparisons. 
Significant differences between health main effects are represented by solid coloured lines, significant 
differences in monitoring main effects are represented by black dashed lines, and significant interaction effects 
are represented by dashed coloured lines. 
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Figure 8 | Bacterial community response of bleaching susceptible Cladiella sp.1 between colonies from Sylphs 
Hole and Coral Gardens across two monitoring intervals. a) alpha diversity of the entire bacterial community, b) 
MDS plot of Bray-Curtis beta diversity of the whole community, c) MDS plot of Jaccard beta diversity of the 
whole community, and d) MDS plot of Bray-Curtis beta diversity of the core community. In the alpha diversity 
plots, the March monitoring interval is represented in light green, while October is represented in dark green. 
In the MDS plots, colonies from Coral Gardens are represented in light blue, colonies from Sylphs Hole are 
represented in dark blue, colonies collected in March are represented by circles, and colonies collected in 
October are represented by triangles. Ellipses represent 95% confidence intervals of groups involved in 
significant comparisons. Significant differences between site main effects are represented by solid coloured 
lines, significant differences in monitoring main effects are represented by black dashed lines, and significant 
interaction effects are represented by dashed coloured lines. 
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