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A B S T R A C T   

Deep sea benthic habitats are low productivity ecosystems that host an abundance of organisms 
within the Cnidaria phylum. The technical limitations and the high cost of deep sea surveys have 
made exploring deep sea environments and the biology of the organisms that inhabit them 
challenging. In spite of the widespread recognition of Cnidaria’s environmental importance in 
these ecosystems, the microbial assemblage and its role in coral functioning have only been 
studied for a few deep water corals. Here, we explored the microbial diversity of deep sea corals 
by recovering nucleic acids from museum archive specimens. Firstly, we amplified and sequenced 
the V1–V3 regions of the 16S rRNA gene of these specimens, then we utilized the generated se-
quences to shed light on the microbial diversity associated with seven families of corals collected 
from depth in the Coral Sea (depth range 1309 to 2959 m) and Southern Ocean (depth range 1401 
to 2071 m) benthic habitats. Surprisingly, Cyanobacteria sequences were consistently associated 
with six out of seven coral families from both sampling locations, suggesting that these bacteria 
are potentially ubiquitous members of the microbiome within these cold and deep sea water 
corals. Additionally, we show that Cnidaria might benefit from symbiotic associations with a 
range of chemosynthetic bacteria including nitrite, carbon monoxide and sulfur oxidizers. 
Consistent with previous studies, we show that sequences associated with the bacterial phyla 
Proteobacteria, Verrucomicrobia, Planctomycetes and Acidobacteriota dominated the microbial 
community of corals in the deep sea. We also explored genomes of the bacterial genus Myco-
plasma, which we identified as associated with specimens of three deep sea coral families, finding 
evidence that these bacteria may aid the host immune system. Importantly our results show that 
museum specimens retain components of host microbiome that can provide new insights into the 
diversity of deep sea coral microbiomes (and potentially other organisms), as well as the diversity 
of microbes writ large in deep sea ecosystems.  
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1. Introduction 

The deep seafloor ecosystem (>1000 m of depth) is one of the most remote, unproductive and largest ecosystems on the planet [1], 
it remains mainly unexplored, covering approximately 60% of Earth’s solid surface [2]. The impact of anthropogenic activities on the 
biota of the deep sea has been described as catastrophic [3]. Seamounts are currently being severely exploited by deep sea fishing, with 
global catches estimated at ~3 million tonnes per year [4]. Similarly, it has been reported that 95% of the large sessile fauna in fished 
seamounts south of Tasmania is impacted by the activities of bottom trawlers [5]. Deep sea ecosystems are considered degraded 
environments and available data suggest that these systems are losing their biodiversity [2]. As such researches suggest that deep sea 
sessile organisms are increasingly endangered and given the challenges in studying these largely inaccessible habitats, any retrievable 
information on their biology, function, and contribution to ecosystem stability is highly valuable. 

The remoteness of the deep sea ecosystem hinders our understanding of many aspects of deep sea organisms’ biology including 
their physiology, distribution and ecological interactions. Among them are cold and deep sea water corals, which encompass stony 
corals (Scleractinia), soft corals (Octocorallia), black corals (Antipatharia), and hydrocorals (Stylasteridae) [6]. These organisms have 
been reported across the oceans worldwide [3,6,7] and their biodiversity in the deep ocean is greater than that of shallow water 
ecosystems [3,7]. Corals in these ecosystems occur both as isolated colonies and larger three-dimensional reef structures that provide 
habitat, refuge and nursery grounds to a wide variety of organisms including commercially important species [6]. Importantly, growth 
rates of deep water coral species are lower than their shallow water counterparts [8,9] making deep sea reef structures particularly 
vulnerable to direct anthropogenic disturbances. 

Unlike most reef forming shallow water corals, cold and deep water corals lack symbiotic dinoflagellates, which provide photo-
synthetic byproducts that support coral growth [10]. Accordingly, microbial associates of deeper water corals may play crucial roles in 
the nutrient acquisition, such as recycling nutrients or degrading recalcitrant organic matter [11–13]. For instance, the deep sea 
scleractinian coral Desmophyllum pertusum (previously known as Lophelia pertusa) relies on symbiotic bacteria to obtain fixed nitrogen 
[13]. A similar process has been postulated for octocorals, where the association with bacteria such as Spirochaeta, Bacillus and Pro-
pionibacterium might facilitate the nitrogen metabolism of the holobiont [9,14]. Several molecular surveys suggest that cold and deep 
water corals maintain species-specific microbial communities [15–17]. Indeed, anatomical compartments such as the coral mucus, 
tissue and when present skeleton host specific microbial communities [15–17], as has been observed in their shallow water relatives 
[18–20]. Currently, the number of known cold and deep water coral species exceeds 2500 [7], but despite their microbial associates’ 
recognised importance, only the microbiomes of a few taxa have been characterized. 

Museums worldwide hold specimens and collections derived from decades of deep sea exploration. Many of these collections 
include cold and deep water coral specimens, which naturally include an abundance of microorganisms and symbionts whose biology 
remains unstudied. A better understanding of the role of these organisms could yield a plethora of insights into these associations and 
deep sea ecosystems. Given the rapid loss of biodiversity in the Anthropocene, along with the technical and logistical difficulties in 

Fig. 1. Map showing the sampling location of the cold and deep sea water corals analyzed in this project.  
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studying the deep sea, museum specimens could provide new insight into its ecosystems. Here we investigated the microbial diversity 
of cold and deep water corals found in museum collections from tropical and temperate locations, as the different environmental 
conditions of these regions could affect their coral populations. We used this approach as a means to generate hypotheses on the 

Fig. 2. Graphs showing α-diversity indices of the bacterial community across coral families (a), bacterial relative abundance at phylum (b) and 
order (c) level. Superscript letters indicate coral families belonging to the orders Scleralcyonaceaa, Malacalcyonaceab, and Scleractiniac. 
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functional roles of the microbial partners, to expand our understanding of cold and deep water coral microbiomes, and to assess the 
utility of using museum specimens as a tool to investigate deep water organismal and ecosystem function. 

2. Material and methods 

2.1. Sample collection and processing 

The museum archival specimens analyzed in the current study were taken from two collections undertaken in deep sea ecosystems 
of Australia. Specimen information is available at Supp. Table 1. Firstly, samples were collected at seamount locations in the Tasman 
fracture southwest of Tasmania at depths ranging from 1309 to 2959 m between March 2007 and January 2009 by the Commonwealth 
Scientific and Industrial Research Organisation (CSIRO; Fig. 1). Secondly, another collection was generated from four locations across 
the northeast of Australia at depths ranging from 1401 to 2071 m between August and November 2020 during oceanographic ex-
plorations conducted by the Schmidt Ocean Institute R/V Falkor “Northern Depths of the Great Barrier Reef expeditions” (expeditions 
FK200802 and FK200930; Fig. 1). The corals collected by CSIRO from the Tasman Fracture included 28 specimens, which were 
collected from the deep sea using tucker trawls. Following collection, the corals were rinsed in filter-sterilized seawater and stored at 
ambient temperature in 100% ethanol. The corals collected by Schmidt Ocean Institute from the Great Barrier Reef deep sea expedition 
included 20 specimens, which were collected by the ROV SuBastian using a sterilized carousel sampler. These specimens were sub-
sequently stored in 95% ethanol (9) or snap-frozen by immersion in liquid nitrogen (11). Microbiome analysis was not the main focus 
of these sampling campaigns, therefore, some of the handling procedures of these samples could have altered these specimens’ 
microbiome. The taxonomy of the coral specimens was assigned to their respective taxa based on their morphology and structures by 
coral taxonomists. However, it is important to note that the taxonomy for these species is largely unresolved at lower taxonomical 
levels (e.g. genus and species) in several lineages, as such specimens were identified and annotated to the family level. Also note that 
samples are cross referenced to museum type specimens for further taxonomic analysis as required. The specimens in our study were 
classified as belonging to the families Anthomastinae (1), Keratoisidinae (20), Kophobelemnidae (1), Paragorgiidae (3), Primnoidae 
(6), Protoptilidae (4) and Umbellulidae (4) in the order Scleralcyonacea, the family Nephtheidae (3) in the order Malacalcyonacea, and 
the family Caryophylliidae (6) in the order Scleractinia (Fig. 2). A fragment of the tissue of each specimen was collected inside a safety 
cabinet with sterile razor blades and tweezers, rinsed with DNA-free water, snap-frozen by immersion in liquid nitrogen and stored at 
− 80 ◦C until processing. 

2.2. Library preparation, sequencing, initial quality control and subsequent analyses 

The total DNA was extracted from the tissue of each specimen and two blank samples (samples that do not contain coral’s DNA) 
using the QIAmp® DNA Mini Extraction kit (QIAGEN). Blank samples served as control. DNA concentration and quality were initially 
determined using the NanoDrop 2000c and then confirmed using the Qubit Fluorometer with Qubit dsDNA broad-spectrum assay kits. 
The V1–V3 region of the 16S rRNA gene, which has been proven to be a reliable molecular tool in other marine microbiome studies 
[21,22], was PCR amplified using HotStarTaq plus master mix kit (Qiagen, USA) and the primer pairs 27F [5′-AGAGTTT-
GATCCTGGCTCAG-3’] and 519R [5′-GTNTTACNGCGGCKGCTG-3’] with a thermal cycling profile of (i) 3 min at 94 ◦C; (ii) 28 cycles, 
with each cycle consisting of 30 s at 94 ◦C, 40 s at 53 ◦C, and 1 min at 72 ◦C; (iii) a final elongation step of 5 min at 72 ◦C. After the PCR, 
products were checked in 2% agarose gels, and samples were then pooled in equal proportions. Pooled samples were purified using 
Ampure XP beads and two DNA libraries were prepared following the Illumina TruSeq DNA library protocol. DNA sequencing was 
performed by MrDNA (Molecular Research LP; Shallowater, TX, USA) using 2 x 300-bp paired ends on an Illumina MiSeq platform 
following the manufacturer’s guidelines and resulted in two DNA libraries. Sequencing was also performed on four blank samples 
taken during both the extraction (n = 2) and amplification (n = 2) protocols. 

Sequences were processed using the QIIME2 pipeline version 2020.11 [23]. Cutadapt was used to remove primers [24]. DADA2 
was used to merge forward and reverse reads, remove poor-quality sequences, perform dereplication and eliminate chimeras [25]. 
DADA2 on the first DNA library was used with the parameters –p-trunc-len-f 260, –p-trunc-len-r 200, –p-trim-left-f 25, –p-trim-left-r 20, 
–p-trunc-q 10 and –p-chimera-method “pooled”; and on the DNA library with parameters–p-trunc-len-f 260, –p-trunc-len-r 200, 
–p-trim-left-f 25, –p-trim-left-r 20, –p-trunc-q 0 and –p-chimera-method “pooled”. The resulting DADA2 frequency tables and tax-
onomy were merged with the QIIME2 in-but commands qiime feature-table merge and qiime feature-table merge-taxa, respectively. 
Taxonomy was assigned using the feature-classifier plugin in-built in QIIME2 SILVA v138 QIIME release [26]. Downstream analyses 
were conducted using R-Studio version 2023.06.1 + 524 and packages decontam [27], dplyr [28], ggplot2 [29], microbiome [30], 
phyloseq [31], tmap [32] and vegan [33]. 

Significance of statistical analyses was assessed at 0.05. Observed richness and Shannon’s index (α-diversity) were computed on 
unrarefied ASV tables. Differences in microbiome β-diversity were computed on centre log-transformed Euclidean distance matrices of 
the ASV tables through ANOSIM. 

An alignment of the 16S rRNA gene of microbial sequences was performed using MUSCLE [34] in Geneious Prime 2019.1.3 
(https://www.geneious.com). The microbial 16S rRNA gene alignment included a total of 1298 ASVs and we also included 199 
archaeal reference sequences retrieved from the latest release of the Genome Taxonomy Database (GTDB; Supp. Table 2). The 
alignment was cut at the minimum length of the used 16S rRNA gene amplicon (368 bp). To build the phylogenetic tree we selected the 
model TVMe + R10 by using the built-in model selection function in IQTree v2.2.0 [35]. The branch support was estimated by using 
1000 bootstrap replicates on the nucleotide sequences. Afterwards, the phylogenetic tree was edited in Adobe Illustrator 26.0.3 and 
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Interactive Tree of Life [36]. 
We also searched Mycoplasma assembled genomes on the National Center for Biotechnology Information (NCBI) and downloaded 

600 feature tables containing annotated coding DNA sequences. Then, we used InterPro [https://www.ebi.ac.uk/interpro; [37] to 
search for genes that could provide possible explanations for the association between Mycoplasma and Cnidaria. 

3. Results and discussion 

3.1. Sequencing statistics and phylogenetic inference 

After denoising, ASVs filtering (e.g. chloroplasts and mitochondria) and contaminant removal, the 16S rRNA gene dataset consisted 
of 152,262 sequences (min: 6; median: 1297; max: 51,645) of an average length of 408bp aggregated in 1916 ASVs. According to the 
SILVA v138 QIIME release 1235 ASVs were classified as Bacteria, 40 as Archaea and 641 were unassigned. To assess the reliability of 
our dataset and to clear the hypothesis that the detected microbial taxa were the result of contamination or sequencing biases, we 
performed further manual checks. For instance, we aligned the sequences of our dataset along with 199 archaeal partial (V1–V3 

Fig. 3. Alpha-diversity metrics (Observed and Shannon) analysed at the ASV level (a). Bacterial phyla (b) associated with each coral family. Su-
perscript letters indicate coral families belonging to the orders Scleralcyonacea (a), Malacalcyonacea (b) and Scleractinia (c). 
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regions) 16S rRNA genes and removed 282 assigned and 352 unassigned sequences because they did not present a significant 
alignment distance with other sequences, or because they were chimeras. According to our phylogenetic analysis, none of the se-
quences assigned to the Archaea were classified within this domain but to the bacterial orders Sphingomonadales, Reyranellales, 
Rhizobiales, Rhodobacterales and Parvibaculales in the phylum Proteobacteria and to the order Ktedonobacterales in the phylum 
Chloroflexi. Misclassification of these sequences could have been determined by the high similarity (min: 70.3%; median: 85.9%; max: 
100.0%; Supp. Table 3) of the 16S rRNA gene V1–V3 regions between these bacterial orders and the Archaea. Thus, we performed this 
analysis using a subset of our dataset including 41,939 sequences shared across 1282 bacterial ASVs that were curated according to the 
phylogenetic inference of our sequences. 

3.2. The residual α-diversity 

By measuring the α-diversity indices observed and Shannon, we compared the residual microbial diversity of the investigated coral 
families, except for the Anthomastinae and Kophobelemnidae, which were represented by only one sample each (Fig. 3a). These 
measurements revealed variability in the α-diversity of the bacterial communities retrieved across specimens of the same coral family, 
with the Primnoidae and Umbellulidae being the least variable and the Keratosinidae and Protoptilidae showing the greatest vari-
ability across both α-diversity indices (Fig. 3a). The α-diversity variability measured within the families Keratosinidae and Proto-
ptilidae can be explained by several important factors which should be highlighted in considering the data generated and any 
comparisons of the coral families within the study including, 1) there is ~3277 km between the sampling locations for the two ex-
peditions that were undertaken to compile these museum collections (Figs. 1), 2) the different preservation methods of specimens 
(100% ethanol vs frozen); the uncertainty in taxonomic classification below family level for the specimens and 3) the prolonged 
preservation time for some specimens in 100% ethanol at ambient temperature [38]. Taking these factors into account, the family 
Umbellulidae had the most diverse and evenly distributed microbial community (Fig. 3a), as indicated by the Shannon index, which 
considers both richness and evenness [39,40]. In contrast, the Primnoidae had the lowest Shannon index indicating a low diverse 
community dominated by few taxa (Fig. 3a). However our data show that the specimens retained a high degree of their original 
biodiversity and, as found across several other marine organisms including shallow water corals [18] and reef damselfishes [21], there 
is a great deal of α-diversity variability across specimens belonging to the same taxon. Based on these results, we further analyzed the 
cold and deep sea water coral microbiome to gain insight into its structure and functions. 

3.3. New insights into the microbial community of cold and deep sea water corals 

The coral families investigated here were found to have unique microbial assemblages (Fig. 3b). We have tested whether the 
microbiomes of the family Keratoisidinae (n = 20) and of the whole pool of corals from the two locations (Coral Sea and Tasman 
fracture) had different β-diversity, but we found no significant differences. These results suggest that the environment does not strongly 
influence the microbiome of cold and deep sea water corals but other processes are more likely to be key for microbiome uptake and 
retention. For instance, deep sea coral populations around Australia have no genetic subdivision at scales of tens to hundreds kilo-
metres [41], and this high degree of connectivity could also be reflected in their microbiomes. At the phylum level, Proteobacteria 
were recorded at high relative abundance (>25.2%) in every family investigated, peaking to 89.9% in the Paragorgididae (Fig. 3b; 
Supp. Table 4). The phyla Verrucomicrobiota, Cyanobacteria, Acidobacteriota and Planctomycetota were present across multiple coral 
families but at lower relative abundance (Fig. 3b; Supp. Table 4). At lower taxonomic resolution, the Alphaproteobacteria were the 
most abundant class in the bacterial communities of each coral family, except in the Caryophyllidae (Supp. Table 5). Within the 
Alphaproteobacteria, sequences associated with members of the orders Rhizobiales, Rhodobacterales and Sphingomonadales were 
present in every coral family and dominated the microbial communities (Supp. Table 6). For instance, 43.6% of the sequences retrieved 
from the coral family Umbellulidae were associated with the Rhizobiales (Supp. Table 6), 41.4% of the sequences retrieved from the 
coral family Kophobelemnidae were associated with the Rhodobacterales, and 18.2% of the sequences retrieved from the coral family 
Keratosidinae were associated with the Sphingomonadales. In contrast to Kellogg et al. [42], who reported a high relative abundance 
of sequences associated with the genus Endozoicomonas in the order Oceanospirillales in the coral genus Desmophyllum within the 
family Caryophiliidae [42], we detected only a low abundance of sequences associated with this bacterial genus. The specimens 
collected by Kellogg et al. [42] were from the West Atlantic, while ours from the Tasman and Coral Seas. Therefore it is unclear 
whether this discrepancy reflects biogeographical patterns affecting the microbiome composition of these corals, or is an artefact of 
sampling, storage, and handling. 

Members of the Sphingomonadales and Rhizobiales are known to play a role in the nitrogen biogeochemical cycle [43]. Evidence 
shows that shallow water corals rely on microbial partners for nutrient provision [44,45] and although there is a paucity of information 
regarding the metabolic interactions between cold and deep sea water corals and their microbial associates, it is likely that similar 
processes are also common in this group. Genomic analyses have shown that Sphingomonadales and Rhizobiales both fix nitrogen in 
the photic zone [43]. Whether they can perform this function in the deep dark ocean is still a mystery, but some heterotrophic Alpha- 
and Gammaproteobacteria do perform aphotic nitrogen fixation in abyssal waters [46,47]. The chemical processes by which molecular 
nitrogen is converted into ammonia without light are not yet fully understood. Nevertheless, it is plausible that the dark and nutrient 
depleted deep sea ecosystem [1] exerts selective pressure for nitrogen fixing bacteria to establish beneficial associations with corals. 

Our data also show that every cold and deep sea water coral family, except for the Anthomastinae, were associated with 
chemosynthetic bacteria (64 ASVs accounting for 4098 sequences; Supp. Table 7), which could aid the host metabolism through 
recycling important nutrients and by providing fixed carbon. For instance, we found that one specimen belonging to the family 
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Paragorgiidae and one to the Caryophylliidae harboured sequences associated with nitrite oxidising bacteria in the genus Nitrospina 
[48] (Supp. Table 7). We also found that one specimen in the family Protoptilidae had a high count (n = 731) of sequences associated to 
carbon monoxide oxidising bacteria in the family Ktedonobacteraceae (Supp. Table 7; [49]). As another example, one specimen in the 
family Nephtheidae and one in the Paragorgiidae harboured sequences associated with the sulfur oxidising bacteria SAR324 (Supp. 
Table 7; [50]). These data suggest that even though these Cnidaria families do not rely on chemosynthetic microbes for fixing carbon, 
cold and deep sea water coral might be able to establish chemosynthetic symbioses and more work is needed to unravel this aspect of 
their biology. 

3.4. Cyanobacteria in the deep sea 

The generated dataset includes 41 ASVs (accounting for 2500 sequences) belonging to the orders Cyanobacteriales (n = 22), 
Synechococcales (n = 10), Oxyphotobacteria Incertae Sedis (n = 5) and Obscuribacterales (n = 4; Supp. Table 8). Previous studies 
investigating cold and deep sea water corals have reported Cyanobacteria sequences associated with their samples. However, they 
proposed that Cyanobacteria were present in the water column and were captured with the coral samples during their retrieval from 
the deep sea through shallow waters [51]. A further hypothesis to explain the presence of Cyanobacteria in deep sea environments 
could be their association with sinking particulates that can then be retrieved at great depth [52] and/or caught from the water column 
at depth by corals. While we do not exclude these hypotheses for our samples, we note that sequences associated with Cyanobacteria 
were present in every coral family except for the Umbellulidae, ranging from 0.2% to 38.6% relative abundance (Fig. 3b; Supp. 
Table 4) and in corals collected in sealed containers at depth by ROV (this precludes the possibility that the corals were bathed in 
surface waters). Furthermore, studies investigating microbial communities associated with deep sea foraminifera [53] and subsurface 
rocks [54] have also found an abundance of Cyanobacteria associated in these unlit systems and proposed that they do not necessarily 
rely on their photoautotrophic metabolism, as their genome shows potential for a hydrogen based lithoautotrophic metabolism [54]. 
In fact, chemosynthesis is a widespread process in the ocean [55]. Thus, it is possible that Cyanobacteria could be a ubiquitous 
component of many cold and deep sea water coral microbial assemblages. 

The putative presence of Cyanobacteria in cold and deep sea water corals may not in fact be surprising considering that members of 
this phylum are consistently associated with shallow water corals [19,44,56,57]. Considering that Cyanobacteria are adapted to 
environments hostile to organisms that typically rely exclusively on photoautotrophic metabolisms such as caves [58] and the deep 
subsurface [54], it is worth nothing this adaptability in relation to their association with cold and deep sea water corals. The presence 
of Cyanobacteria in ecological niches that do not necessarily meet their typical physiological requirements suggests that they may have 
evolved other strategies to survive and grow in the absence of light. It is also worth noting that Cyanobacteria in partnership with cold 
and deep sea corals may benefit of interactions with a large and abundant microbiome. These interactions may also allow for a breadth 
of molecular handoffs to sustain metabolisms optimized to exploit the limited resources of the deep sea and could in part explain the 
success of corals in colonizing it. 

3.5. Mycoplasma in the deep sea 

Ten unassigned sequences associated with the coral families Keratoisidinae, Kophobelemnidae and Protoptilidae clustered with the 
bacterial family Mycoplasmataceae in the phylum Mollicutes (Supp. Fig. 1). Members of the genus Mycoplasma in the family Myco-
plasmataceae have been found associated with several deep sea organisms including snails [59], chitons [60], polychaeta [61] and 
isopods [62]. Although their role in these organisms is unclear, it has been speculated they may aid the digestion of nutrient deficient 
food [59]. Using fluorescent probes, Neulinger et al. [11] identified and described Candidatus Mycoplasma corallicola, a proposed 
species that lives on the nematocysts of the deep sea coral Desmophyllum pertusum. Currently, the role of Mycoplasma associated with 
cold and deep sea water corals is unknown but given their presence in the nematocysts, Neulinger et al. [11] proposed that these 
bacteria could be commensal partners that benefit from leakage of hemolymph following perforation of preys by the action of the 
nematocysts barb. To support to this hypothesis, we screened 600 Mycoplasma genomes recovered from NCBI and found an arsenal of 
genes encoding transporters of micro-and macro-molecules [e.g. ABC transporters, MFS transporters and ECF transporters; [63,64, 
65]]. While these genes are shared across many microbial lineages, their persistence and abundance in bacteria with a reduced genome 
such as Mycoplasma [66] suggest their essential role in scavenging nutrients from the surroundings and maintaining homeostasis. This 
finding supports the hypothesis of a commensal lifestyle between families of cold and deep sea water corals and Mycoplasma [11]. 
Furthermore, we also found genes involved in viruses’ immune response [e.g. type IV toxin-antitoxin system AbiEi family antitoxin 
domain-containing protein and nucleotidyl transferase AbiEii/AbiGii toxin family protein; [67]] that are activated by phage infection. 
Although the main aim of this defence mechanism is probably to protect Mycoplasma from viruses’ infections, it is plausible that, as a 
side effect, it could also aid the host immune system against infection, implying a deeper involvement of Mycoplasma in the physiology 
of coral holobionts. These results provide new insights into the functions of cold and deep sea water coral holobionts that can be 
derived from opportunistic assessments of the microbial assemblages retained in archived museum collections from these largely 
inaccessible habitats. 

4. Conclusions 

Our study sheds light on potential new and unique associations of corals in the deep sea with microbial lineages not previously 
characterized at the molecular level, which may constitute entirely new lineages. Here, we have shown that specimens held in museum 
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collections carry meaningful information about an animal’s microbiome, which is detectable through DNA barcoding sequencing. Our 
dataset included sequences from microbes known to be associated with deep water corals, but we also highlight the presence of 
microbial sequences, including chemotrophs, previously unreported in deep sea Cnidaria. In addition, and surprisingly, we found 
Cyanobacterial sequences associated with corals in the deep sea, as has been shown with other deep sea organisms and shallow water 
corals. We further suggest that Mycoplasma could aid the host immune system against viral infections. The deep sea benthic ecosystems 
are simultaneously the largest and most unknown habitats on Earth, which host a breadth of unexplored biodiversity, yet whose 
remoteness is not remote enough to protect them from the impact of anthropogenic activities. Therefore, we argue that explorations of 
these remote ecosystems are urgent, with important insights that can be gained through accessing resources within our reach such as 
specimens held in museum collections. 

Data availability 

Sequence data determined in this study are available at NCBI under SRA accession number PRJNA813320. Supplemental tables and 
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museum_archives/134033. 

CRediT authorship contribution statement 

Francesco Ricci: Writing – review & editing, Writing – original draft, Visualization, Resources, Methodology, Investigation, 
Formal analysis, Data curation, Conceptualization. William Leggat: Writing – review & editing, Funding acquisition, Data curation, 
Conceptualization. Marisa M. Pasella: Visualization, Formal analysis. Tom Bridge: Writing – review & editing, Data curation. 
Jeremy Horowitz: Writing – review & editing, Data curation. Peter R. Girguis: Writing – review & editing. Tracy Ainsworth: 
Writing – review & editing, Funding acquisition, Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Acknowledgments 

The authors thank Ron Thresher from CSIRO for collecting and providing a subset of coral specimens used in this project, Schmidt 
Ocean Institute and NOAA (https://photolib.noaa.gov/) for providing images a, b, c, e, f and g, and d and h used in Fig. 2, respectively. 
Special thanks to the crew of the RV Falkor and the pilots of the ROV SUBastian during expeditions FK200802 and FK200930. PRG’s 
contribution to this work was supported by a grant from the Gordon and Betty Moore Foundation (grant #9208). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e27513. 

References 

[1] N. Polunin, et al., Feeding relationships in Mediterranean bathyal assemblages elucidated by stable nitrogen and carbon isotope data, Mar. Ecol. Prog. Ser. 220 
(2001) 13–23. 

[2] A.G. Glover, C.R. Smith, The deep-sea floor ecosystem: current status and prospects of anthropogenic change by the year 2025, Environ. Conserv. 30 (3) (2003) 
219–241. 

[3] S. Roberts, M. Hirshfield, Deep-sea corals: out of sight, but no longer out of mind, Front. Ecol. Environ. 2 (3) (2004) 123–130. 
[4] S. Gollner, et al., Resilience of benthic deep-sea fauna to mining activities, Mar. Environ. Res. 129 (2017) 76–101. 
[5] J. Koslow, et al., Seamount benthic macrofauna off southern Tasmania: community structure and impacts of trawling, Mar. Ecol. Prog. Ser. 213 (2001) 111–125. 
[6] J.M. Roberts, A.J. Wheeler, A. Freiwald, Reefs of the deep: the biology and geology of cold-water coral ecosystems, Science 312 (5773) (2006) 543–547. 
[7] J.M. Roberts, et al., Cold-water Corals: the Biology and Geology of Deep-Sea Coral Habitats, Cambridge University Press, 2009. 
[8] S. Brooke, C.M. Young, In situ measurement of survival and growth of Lophelia pertusa in the northern Gulf of Mexico, Mar. Ecol. Prog. Ser. 397 (2009) 

153–161. 
[9] S.N. Lawler, et al., Coral-associated bacterial diversity is conserved across two deep-sea Anthothela species, Front. Microbiol. 7 (2016) 458. 

[10] Stanley Jr., G. D, S.D. Cairns, Constructional Azooxanthellate Coral Communities: an Overview with Implications for the Fossil Record, Palaios, 1988, 
pp. 233–242. 

[11] S.C. Neulinger, et al., Tissue-associated “Candidatus Mycoplasma corallicola” and filamentous bacteria on the cold-water coral Lophelia pertusa (Scleractinia), 
Appl. Environ. Microbiol. 75 (5) (2009) 1437–1444. 

[12] C.A. Kellogg, Microbiomes of stony and soft deep-sea corals share rare core bacteria, Microbiome 7 (1) (2019) 1–13. 
[13] J.J. Middelburg, et al., Discovery of symbiotic nitrogen fixation and chemoautotrophy in cold-water corals, Sci. Rep. 5 (1) (2015) 1–9. 
[14] C.A. Kellogg, S.W. Ross, S.D. Brooke, Bacterial community diversity of the deep-sea octocoral Paramuricea placomus, PeerJ 4 (2016) e2529. 
[15] S. Schoettner, et al., Spatial scales of bacterial diversity in cold-water coral reef ecosystems, PLoS One 7 (3) (2012) e32093. 

F. Ricci et al.                                                                                                                                                                                                            

https://figshare.com/projects/Deep_sea_CWC_from_museum_archives/134033
https://figshare.com/projects/Deep_sea_CWC_from_museum_archives/134033
https://photolib.noaa.gov/
https://doi.org/10.1016/j.heliyon.2024.e27513
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref1
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref1
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref2
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref2
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref3
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref4
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref5
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref6
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref7
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref8
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref8
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref9
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref10
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref10
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref11
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref11
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref12
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref13
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref14
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref15


Heliyon 10 (2024) e27513

9

[16] L. Hansson, et al., Community composition of bacteria associated with cold-water coral Madrepora oculata: within and between colony variability, Mar. Ecol. 
Prog. Ser. 397 (2009) 89–102. 

[17] S. Schöttner, et al., Inter-and intra-habitat bacterial diversity associated with cold-water corals, ISME J. 3 (6) (2009) 756–759. 
[18] F. Ricci, et al., Host Traits and Phylogeny Contribute to Shaping coral-bacterial symbioses, mSystems 7 (2) (2022) e00044-22. 
[19] F. Ricci, et al., Multiple techniques point to oxygenic phototrophs dominating the Isopora palifera skeletal microbiome, Coral Reefs 40 (2021) 275–282. 
[20] F. Ricci, et al., Fine-scale mapping of physicochemical and microbial landscapes of the coral skeleton, Environ. Microbiol. 25 (2023) 1505–1521. 
[21] C.R. Kavazos, et al., Intestinal microbiome richness of coral reef damselfishes (Actinopterygii: Pomacentridae), Integrative Organismal Biology 4 (1) (2022) 

obac026. 
[22] J.L. Bergman, et al., Characteristics of the bleached microbiome of the generalist coral pocillopora damicornis from two distinct reef habitats, Integrative 

Organismal Biology 5 (1) (2023) obad012. 
[23] E Bolyen, et al., Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2, Nature biotechnology 37 (2019) 852–857. 
[24] M. Martin, Cutadapt removes adapter sequences from high-throughput sequencing reads, EMBnet. journal 17 (1) (2011) 10–12. 
[25] B.J. Callahan, et al., DADA2: high-resolution sample inference from Illumina amplicon data, Nat. Methods 13 (7) (2016) 581–583. 
[26] C. Quast, et al., The SILVA ribosomal RNA gene database project: improved data processing and web-based tools, Nucleic Acids Res. 41 (D1) (2012) D590–D596. 
[27] N.M. Davis, et al., Simple statistical identification and removal of contaminant sequences in marker-gene and metagenomics data, Microbiome 6 (1) (2018) 

1–14. 
[28] H. Wickham, R Packages: Organize, Test, Document, and Share Your Code, O’Reilly Media, Inc., 2015. 
[29] H. Wickham, ggplot2. Wiley Interdisciplinary Reviews: Comput. Stat. 3 (2) (2011) 180–185. 
[30] L. Lahti, S. Shetty, Microbiome R Package, 2012, 2012-2019. 
[31] P.J. McMurdie, S. Holmes, phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data, PLoS One 8 (4) (2013) e61217. 
[32] M. Tennekes, Tmap: thematic maps in R, J. Stat. Software 84 (2018) 1–39. 
[33] J. Oksanen, et al., Package ‘vegan’: Community Ecology Package, R package version, 2017, pp. 2.5–6. 
[34] R.C. Edgar, MUSCLE: multiple sequence alignment with high accuracy and high throughput, Nucleic Acids Res. 32 (5) (2004) 1792–1797. 
[35] L.-T. Nguyen, et al., IQ-TREE: a fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies, Mol. Biol. Evol. 32 (1) (2015) 268–274. 
[36] I. Letunic, P. Bork, Interactive tree of life (iTOL) v3: an online tool for the display and annotation of phylogenetic and other trees, Nucleic Acids Res. 44 (W1) 

(2016) W242–W245. 
[37] M. Blum, et al., The InterPro protein families and domains database: 20 years on, Nucleic Acids Res. 49 (D1) (2021) D344–D354. 
[38] J. Zimmermann, et al., DNA damage in preserved specimens and tissue samples: a molecular assessment, Front. Zool. 5 (1) (2008) 1–13. 
[39] C.E. Shannon, A mathematical theory of communication, The Bell system technical journal 27 (3) (1948) 379–423. 
[40] E.H. Simpson, Measurement of diversity, nature 163 (4148) (1949) 688, 688. 
[41] K. Miller, et al., Conflicting estimates of connectivity among deep-sea coral populations, Mar. Ecol. 31 (2010) 144–157. 
[42] C.A. Kellogg, Z.A. Pratte, Unexpected diversity of Endozoicomonas in deep-sea corals, Mar. Ecol. Prog. Ser. 673 (2021) 1–15. 
[43] O.V. Tsoy, et al., Nitrogen fixation and molecular oxygen: comparative genomic reconstruction of transcription regulation in Alphaproteobacteria, Front. 

Microbiol. 7 (2016) 1343. 
[44] F. Ricci, et al., Beneath the surface: community assembly and functions of the coral skeleton microbiome, Microbiome 7 (2019) 1–10. 
[45] Z. Dubinsky, P.L. Jokiel, Ratio of Energy and Nutrient Fluxes Regulates Symbiosis between Zooxanthellae and Corals, 1994. 
[46] M. Benavides, et al., Deep into oceanic N2 fixation, Front. Mar. Sci. 5 (2018) 108. 
[47] M.R. Hamersley, et al., Nitrogen fixation within the water column associated with two hypoxic basins in the Southern California Bight, Aquat. Microb. Ecol. 63 

(2) (2011) 193–205. 
[48] M.G. Pachiadaki, et al., Major role of nitrite-oxidizing bacteria in dark ocean carbon fixation, Science 358 (6366) (2017) 1046–1051. 
[49] M. Hernández, et al., Reconstructing genomes of carbon monoxide oxidisers in volcanic deposits including members of the class Ktedonobacteria, 

Microorganisms 8 (12) (2020) 1880. 
[50] B.K. Swan, et al., Potential for chemolithoautotrophy among ubiquitous bacteria lineages in the dark ocean, Science 333 (6047) (2011) 1296–1300. 
[51] B.A. Weiler, J.T. Verhoeven, S.C. Dufour, Bacterial communities in tissues and surficial mucus of the cold-water coral Paragorgia arborea, Front. Mar. Sci. 5 

(2018) 378. 
[52] C.M. Preston, C.A. Durkin, K.M. Yamahara, DNA metabarcoding reveals organisms contributing to particulate matter flux to abyssal depths in the North East 

Pacific ocean, Deep Sea Res. Part II Top. Stud. Oceanogr. 173 (2020) 104708. 
[53] I.S. Salonen, et al., 16S rRNA gene metabarcoding indicates species-characteristic microbiomes in deep-sea benthic foraminifera, Front. Microbiol. (2021) 2132. 
[54] F. Puente-Sánchez, et al., Viable cyanobacteria in the deep continental subsurface, Proc. Natl. Acad. Sci. USA 115 (42) (2018) 10702–10707. 
[55] F. Ricci, C. Greening, Chemosynthesis: a neglected foundation of marine ecology and biogeochemistry, Trends Microbiol (2024), https://doi.org/10.1016/j. 

tim.2023.11.013. 
[56] M.P. Lesser, et al., Discovery of symbiotic nitrogen-fixing cyanobacteria in corals, Science 305 (5686) (2004) 997–1000. 
[57] V.R. Marcelino, H. Verbruggen, Multi-marker metabarcoding of coral skeletons reveals a rich microbiome and diverse evolutionary origins of endolithic algae, 

Sci. Rep. 6 (2016) 1–9. 
[58] M. Giordano, et al., Photosynthesis in the caves of frasassi (Italy), Phycologia 39 (5) (2000) 384–389. 
[59] H.S. Aronson, A.J. Zellmer, S.K. Goffredi, The specific and exclusive microbiome of the deep-sea bone-eating snail, Rubyspira osteovora, FEMS (Fed. Eur. 

Microbiol. Soc.) Microbiol. Ecol. 93 (3) (2017) fiw250. 
[60] S. Duperron, et al., A tale of two chitons: is habitat specialisation linked to distinct associated bacterial communities? FEMS Microbiol. Ecol. 83 (3) (2013) 

552–567. 
[61] F.P. Scharhauser, The Search for Candidatus Endoriftia Persephone during the Development of Riftia Pachyptila, 2013, p. na. 
[62] Y. Wang, et al., Genomic characterization of symbiotic mycoplasmas from the stomach of deep-sea isopod Bathynomus sp, Environ. Microbiol. 18 (8) (2016) 

2646–2659. 
[63] D.A. Rodionov, et al., A novel class of modular transporters for vitamins in prokaryotes, J. Bacteriol. 191 (1) (2009) 42–51. 
[64] C.F. Higgins, ABC transporters: physiology, structure and mechanism–an overview, Res. Microbiol. 152 (3–4) (2001) 205–210. 
[65] S.S. Pao, I.T. Paulsen, M.H. Saier Jr., Major facilitator superfamily, Microbiology and molecular biology reviews 62 (1) (1998) 1–34. 
[66] M.a.A. Meseguer, et al., Mycoplasma pneumoniae: a reduced-genome intracellular bacterial pathogen, Infect. Genet. Evol. 3 (1) (2003) 47–55. 
[67] R.L. Dy, et al., A widespread bacteriophage abortive infection system functions through a Type IV toxin–antitoxin mechanism, Nucleic Acids Res. 42 (7) (2014) 

4590–4605. 

F. Ricci et al.                                                                                                                                                                                                            

http://refhub.elsevier.com/S2405-8440(24)03544-8/sref16
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref16
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref17
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref18
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref19
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref20
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref21
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref21
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref22
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref22
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref23
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref24
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref25
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref26
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref27
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref27
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref28
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref29
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref30
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref31
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref32
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref33
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref34
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref35
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref36
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref36
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref37
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref38
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref39
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref40
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref41
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref42
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref43
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref43
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref44
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref45
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref46
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref47
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref47
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref48
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref49
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref49
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref50
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref51
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref51
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref52
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref52
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref53
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref54
https://doi.org/10.1016/j.tim.2023.11.013
https://doi.org/10.1016/j.tim.2023.11.013
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref56
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref57
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref57
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref58
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref59
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref59
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref60
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref60
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref61
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref62
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref62
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref63
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref64
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref65
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref66
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref67
http://refhub.elsevier.com/S2405-8440(24)03544-8/sref67

	Deep sea treasures - Insights from museum archives shed light on coral microbial diversity within deepest ocean ecosystems
	1 Introduction
	2 Material and methods
	2.1 Sample collection and processing
	2.2 Library preparation, sequencing, initial quality control and subsequent analyses

	3 Results and discussion
	3.1 Sequencing statistics and phylogenetic inference
	3.2 The residual α-diversity
	3.3 New insights into the microbial community of cold and deep sea water corals
	3.4 Cyanobacteria in the deep sea
	3.5 Mycoplasma in the deep sea

	4 Conclusions
	Data availability
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


