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Abstract Animal holobionts constitute diverse yet inter-
connected landscapes of microenvironments that harbor 
specific bacterial communities with distinct functions. An 
increasing body of literature suggests a partitioning and 
distinct functional profiles of bacterial communities across 
shark microenvironments, which has led to the proposition 
that beneficial bacterial functions may contribute to shark 
health. Here, we provide a first assessment of bacterial com-
munities in different microenvironments of black-tip reef 
sharks (Carcharhinus melanopterus), the most abundant reef 
shark species across the Indo-West Pacific. Collecting sam-
ples from 34 sharks from the Amirante Islands, Seychelles, 
we characterized the corresponding bacterial communities 
of two external skin locations, within the buccal cavity, and 

of the cloaca (representing the gut microbiome) using 16S 
rRNA gene amplicon sequencing. Overall, shark-associated 
bacterial communities were distinct from seawater, and skin, 
buccal, and cloaca samples were distinct from each other. 
Shark cloaca samples and seawater exhibited lower bacterial 
alpha diversity and richness compared to the other microen-
vironments. Predicted functional profiles and Linear Discri-
minant Effect Size analysis suggest potential differences in 
metabolic pathways present in the different shark-associated 
bacterial communities and in the seawater. Taxonomy-based 
functional inference suggests cloaca-associated bacterial 
communities specialize in the consumption and breakdown 
of various food items. Taken together, our data suggest 
distinct bacterial niche habitats within the ‘microbial land-
scape’ of black-tip reef sharks, as indicated by distinct bac-
terial communities and their predicted metabolic functions. 
Future (meta)genomic and functional work will help reveal 
potential roles of bacteria in the health of their shark hosts.

Keywords Marine bacteria · Fish microbiome · Skin 
microbiome · Gut microbiome · Western Indian Ocean

Introduction

Animals and plants are complex holobionts that are typically 
comprised of a multicellular eukaryotic host and a diverse 
suite of eukaryotic and prokaryotic microbes, specifically 
bacteria, archaea, algae, fungi, and viruses (Rohwer et al. 
2002; Rosenberg et al. 2007; Roik et al. 2022; Pogoreutz 
et al. 2022). In the terrestrial realm, examples of micro-
bial contributions to overall holobiont function and health 
extending their host’s physiological capabilities have been 
investigated for decades and include, among others, the gut 
microbiome (Koenig et al. 2011), nitrogen-fixing rhizobia 

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s00338- 024- 02593-7.

 * Claudia Pogoreutz 
 c.pogoreutz@gmail.com

 * Rupert Ormond 
 rupert.ormond.mci@gmail.com

 * Christian R. Voolstra 
 christian.voolstra@uni-konstanz.de
1 Department of Biology, University of Konstanz, 

78457 Konstanz, Germany
2 UAR 3278 CRIOBE, PSL Université Paris: 

EPHE-UPVD-CNRS, Université de Perpignan Via Domitia, 
52 Avenue Paul Alduy, 66860 Perpignan Cedex, France

3 Marine Conservation International, Aros, Isle of Mull, 
Argyll, Scotland, UK

4 Centre for Marine Biodiversity and Biotechnology, 
Heriot-Watt University, Riccarton, Edinburgh, Scotland, UK

5 Marine Research Facility, Jeddah Beach Palace, North 
Obhur, Jeddah, Saudi Arabia

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



146 Coral Reefs (2025) 44:145–162

(Quides et al. 2021), and mycorrhizal fungi (Bennett and 
Groten 2022) associated with diverse plant hosts. In the 
marine realm, our understanding of beneficial host–microbe 
interactions is less developed (Roik et al. 2022; Pogoreutz 
et al. 2022; Voolstra et al. 2024). Some prominent exam-
ples of better understood systems include the squid-Vibrio 
symbiosis (McFall-Ngai 2014), the chemosynthetic deep sea 
Riftia pachyptila symbiosis (Hinzke et al. 2019), the cnidar-
ian–dinoflagellate symbiosis (Davy et al. 2012; LaJeunesse 
et al. 2018), and the association of marine invertebrates with 
the bacterial genus Endozoicomonas (Neave et al. 2016a, 
b; Pogoreutz et al. 2022; Maire et al. 2023; Hochart et al. 
2023; Pogoreutz and Ziegler 2024).

In recent years, work on the functional importance of 
marine microbes associated with bony fish (teleosts) or 
sharks and their relatives (elasmobranchs) has gained trac-
tion, covering diverse aspects, ranging from comparative 
work on bacterial community structures across native and 
captive environments to characterization of viral communi-
ties and functional potential of shark skin-associated micro-
bial communities (Doane and Haggerty 2017; Perry et al. 
2021; Clavere-Graciette et al. 2022; Correia Costa et al. 
2022; Hesse et al. 2022; Kerr et al. 2023; Doane et al. 2023). 
Like other animal hosts, fish host diverse bacterial communi-
ties, and given their varied forms may constitute potentially 
complex, yet interconnected ‘landscapes’ of microenviron-
ments. Overall, the notion is that such microenvironments 
may provide distinct habitats supporting bacterial communi-
ties with specialized functions. At the same time, elasmo-
branchs may exhibit traits that permit unique interactions 
with their microbial communities (Perry et al. 2021), as 
reflected in the presence of culturable bacteria present in 
the blood of visibly healthy sharks (Mylniczenko et al. 2007) 
and the presence of similar bacterial communities on healthy 
and injured shark skin (Pogoreutz et al. 2019). Human bac-
terial communities are structured by genotype, body cavity, 
environmental fluctuations, stressors, immunological state, 
usage (e.g., handedness and washing affecting bacterial 
diversity on hands), or diet (Costello et al. 2009).

Bacterial communities associated with the skin mucus 
of sharks and their relatives are host-specific, distinct from 
the surrounding seawater, and exhibit a degree of phylosym-
biosis (Doane et al. 2020; Doane and Haggerty 2017; Kerr 
et al. 2023). They are further shaped by geographical loca-
tion and may also be affected by environmental gradients 
or fluctuations in the water column (Pogoreutz et al. 2019). 
Previous studies have reported on the partitioning of bacte-
rial communities across different locations of the shark body 
(Storo et al. 2021; Black et al. 2021), suggesting a degree of 
separation in bacterial community composition between the 
skin, oral, intestinal/cloaca, blood, and seminal microbiomes 
across several species of shark (Storo et al. 2021; Black et al. 
2021; Muñoz-Baquero et al. 2023; Bregman et al. 2023) 

(partially summarized in Pratte et al. 2021; although see also 
Montemagno et al. 2024). Ultimately, such characterization 
of spatial partitioning of bacterial communities from specific 
shark body cavities may be important for our understanding 
of microbial ecology and ultimately of shark host–microbe 
relationships. Specifically, it may permit insight into puta-
tive bacterial functions and contributions to host health, for 
instance to skin health, wound healing, or digestion.

In the present study, we set out to provide a first charac-
terization of how bacterial diversity and community compo-
sition are partitioned across different body cavities on black-
tip reef sharks (Carcharhinus melanopterus). Following 
noninvasive swab sample collection from 34 sharks in the 
Amirante Islands, Seychelles, we conducted 16S rRNA gene 
amplicon sequencing from four different locations on the 
shark’s body—two locations on the skin (on the back, i.e., 
the dorsal flank, and the skin covering the gills), as described 
previously in (Pogoreutz et al. 2019, 2020), the oral cavity 
(hereon referred to as buccal samples), and the cloaca (via 
‘rectal’ probing, as a proxy for the gut microbiome), in addi-
tion to seawater collected at the shark sampling sites. We 
subsequently inferred genomic functions from taxonomic 
profiles in a functional inference approach using PICRUSt2 
(Douglas et al. 2020) to gain putative insight into possible 
differences in bacterial metabolic pathways across bacterial 
microenvironments.

Methods

Sampling sites and swab sampling from black‑tip reef 
sharks

Black-tip reef sharks and seawater were sampled over 
15 days from November 16–December 8, 2018, at four dif-
ferent locations in the Amirante Islands, Seychelles (Fig. 1; 
Supp. Table S1). Throughout the manuscript, ‘sampling 
sites’ refer to the location in the Amirante Islands where 
sharks were caught, while ‘microenvironments’ refer to the 
location on the body of the shark where swab samples were 
collected from. The sampling sites were situated around St. 
Joseph Atoll and D’Arros Island. A total of 34 black-tip reef 
sharks were wild-caught alive using barbless circle hooks 
(to permit easy hook removal) and a line. During sampling, 
sharks were held, mostly submersed, at the side of the 
inflatable boat and subsequently released unharmed within 
10–15 min. Skin areas from which mucus swab samples 
were taken were briefly exposed to air during the sampling. 
For each shark, the left side of the body was sampled for 
skin and buccal samples. Specifically, for each shark, one 
sample was collected from the back of the buccal cavity, one 
from the back area just below the first dorsal fin, and one 
from the skin covering the gills, by swabbing with individual 
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forceps-held sterile cotton swabs (Nuova Aptaca, Italy) as 
a means of noninvasive sampling of live sharks (Pogoreutz 
et al. 2019). In addition, to obtain information on intestinal 
bacterial communities (i.e., the ‘gut’ microbiome), for each 
shark one cloacal sample was obtained by passing a sterile 
swab through the cloacal orifice. Cloacal (or rectal) probing 
with swabs has been demonstrated to be a legitimate and 
reliable method for determination of the intestinal bacterial 
community in mammals and arguably should work similarly 
well in sharks (Alfano et al. 2015; Artim et al. 2019; Choud-
hury et al. 2019). Cloacal (rectal) probing has been previ-
ously used on marine megafauna, including cetaceans and 
sea lions (Bik et al. 2016), for which fecal sample collection 

is impractical, as well as to obtain gut microbiota samples 
from fish in aquaculture (Piazzon et al. 2017). Swab samples 
were immediately transferred into RNAlater (Thermo Fisher 
Scientific, United Kingdom), stored at 5 °C during transport, 
and subsequently at − 20 °C until further processing. Sam-
pling the same shark twice was avoided by taking pictures 
of each side of the first dorsal fin of each shark in order 
to document its individual markings, an approach which is 
commonly used for identification of individuals across a 
wide range of species (Castro and Rosa 2005; Domeier and 
Nasby-Lucas 2007; Gore et al. 2016). In addition, all sharks 
that were caught and sampled were marked by removing the 
extreme tip of the anal fin (Pogoreutz et al. 2019). Finally, 

Fig. 1  Sampling area of shark and seawater for the present study in the Southern Seychelles, Western Indian Ocean. Inset: All sampling took 
place off D’Arros Island and St. Joseph’s Atoll in the Amirante Islands. Maps adapted from (Daly et al. 2018; Teleki et al. 1999)
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seawater bacterial communities were collected by filtering 
2 L of seawater through a 0.22 µm GFF filter, with one sam-
ple being collected on each sampling day at each sampling 
location (total 15) (Supp. Table S1). The GFF filters hold-
ing the seawater bacteria were then transferred into glass 
vials containing RNAlater, stored at 5 °C during transport, 
and subsequently stored at − 20 °C until further processing. 
In summary, 34 sharks were caught and released, 4 swab 
samples taken from each, and 15 seawater samples (= one 
seawater sample for each collection day and location) were 
also collected.

DNA extraction, PCR amplification, sequencing library 
preparation for 16S rRNA gene amplicon sequencing 
of bacterial communities

Swabs were thawed at room temperature, removed from 
RNAlater solution, and each placed in a sterile 1.5 ml Eppen-
dorf tube and air-dried for 10 min. DNA extraction was con-
ducted using the Qiagen Blood & Tissue 96 kit according 
to manufacturer’s instructions (Qiagen, Germany). Briefly, 
360 μl of ATL buffer and 40 μl of Proteinase K (at a final 
concentration of 20 mg/ml in a reaction volume of 400 µl) 
were added per swab to the 1.5 ml tubes. The individual 
tubes containing swab samples in ATL buffer and Proteinase 
K were vortexed vigorously for 15 s and incubated at 56 °C 
and 700 rpm for 90 min. Then, 1 μl of RNase A was added 
15 min before the end of the incubation. After the incuba-
tion, samples were vortexed again, the swabs removed, and 
lysates transferred to individual wells of a Qiagen Blood & 
Tissue 96-well plate. Volumes for buffer AL and for 70% 
ethanol were adjusted to twice the volume (i.e., 400 µl per 
reaction each). Further steps were followed as per the manu-
facturer’s instructions. All centrifugation steps were carried 
out at room temperature. Purified DNA bound to Qiagen 
spin column membranes was eluted once using 50 µl of AE 
buffer. DNA was quantified using a Qubit 2-Fluorometer 
using the HS dsDNA kit (Invitrogen, USA). In addition to 
DNA extractions from samples, two types of mock DNA 
extractions were conducted as follows: 1) no template, using 
kit reagents only; 2) using a clean swab with kit reagents.

For all samples, PCR amplifications were performed in 
triplicates using Qiagen Multiplex PCR Kit (Qiagen, Ger-
many) with primers containing Illumina adapters (under-
lined below). For the 16S rRNA gene sequencing, we ampli-
fied the hypervariable regions V5 and V6 of the bacterial 
16S rRNA gene. We used primers 16SMiSeqF-Andersson 
5′TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG 
AGG ATT AGA TAC CCT GGTA-3′ and 16SMiSeqR-Anders-
son 5′-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG 
ACA GCR RCA CGA GCT GAC GAC-3′, which had previ-
ously been shown to amplify well with different marine tem-
plates (Pogoreutz et al. 2018, 2019, 2022; Bayer et al. 2013). 

Individual PCRs were run using 5 μl Qiagen Mix, 0.3 μl of 
each 10 μM primer, 1 μl of DNA template (1–2 ng of DNA 
per 1 μl), and RNase-free water to adjust to a final reaction 
volume of 10 μl. In addition to the samples, PCRs were run 
for templates from the mock DNA extractions, which were 
also subjected to sequencing. Thermal cycling conditions 
for 16S rRNA gene PCRs were: 95 °C for 15 min, followed 
by 27 cycles of 95 °C for 30 s, 55 °C for 90 s, 72 °C for 30 s, 
and a final extension cycle of 72 °C at 10 min. Five microlit-
ers of each PCR product were run on an 1% agarose gel to 
visualize successful amplification. Sample triplicates were 
subsequently pooled and then purified with Illustra ExoProS-
tar 1-Step (GE Healthcare Life Sciences, UK). Purified PCR 
products were subjected to an indexing PCR (8 cycles) to 
add Nextera XT indexing and sequencing adapters (Illumina, 
USA) according to the manufacturer’s protocol. Successful 
addition of indexes was confirmed by comparing the length 
of the initial PCR product to the corresponding indexed sam-
ple on a 1% agarose gel. Indexed PCR products were purified 
and normalized with the SequalPrep Normalization Plate Kit 
(Thermo Fisher Scientific, USA), followed by quantifica-
tion on the BioAnalyzer (Agilent Technologies, USA) and 
QuBit (Quant-IT dsDNA High Sensitivity Assay Kit; Inv-
itrogen, USA), and pooled in equimolar ratios. The library 
was sequenced at the Bioscience Core Lab (BCL) at King 
Abdullah University of Science and Technology (KAUST) at 
15 pM with 10% phiX on an Illumina MiSeq, 2 × 300 bp end, 
Rapid run, 500 cycles, according to the manufacturer’s speci-
fications. Overall, a total of 138 samples (15 seawater + 28 
dorsal + 28 gill covering + 34 buccal + 33 cloacal samples) 
plus six blanks were prepared for sequencing.

Sequencing data analysis

Amplicon Sequence Variants (ASVs)

Exact 16S rRNA ASVs were computed using the DADA2 
package in R (Callahan et  al. 2016). Raw reads were 
trimmed of residual primer and Illumina overhangs using 
cutadapt (Martin 2011). Of an initial total of 6,047,392 raw 
paired reads, 5,311,519 were retained after filtering. The 
error model was built and inspected using the learnErrors 
and plotErrors commands in DADA2 (Callahan et al. 2016). 
Denoised reads were then merged (4,834,555 merged read 
pairs retained) and chimeric contigs discarded using merge‑
Pairs and removeBimeraDenovo, respectively; after chi-
mera removal, 4,592,489 merged read pairs were retained. 
Samples with fewer than 1,000 merged read pairs as well 
as ASVs with fewer than 10 read pairs cumulatively over 
all samples were omitted from further analyses. Finally, 
ASVs found in sequenced mock DNA extraction and mock 
PCR samples and present in more than 5% of samples were 
considered contamination and discarded, leaving a total of 
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3,827,454 merged read pairs distributed over 9,598 exact 
ASVs in 138 samples (15 seawater + 28 dorsal + 28 gill cov-
ering + 34 buccal + 33 cloacal samples). Taxonomic ranks 
were assigned to inferred ASVs using the SILVA database, 
using DADA2 function assignTaxonomy. All raw sequence 
data are accessible under NCBI’s BioProject PRJNA966929.

Community data analysis

To test for differences in bacterial community composi-
tion across habitats, specifically seawater and shark host-
associated microenvironments, relative abundances of each 
ASV per sample were calculated. The resulting dataset 
was square-root transformed, converted into a Bray–Curtis 
similarity matrix, and employed to run global and pairwise 
adonis PERMANOVAs in the R package Vegan v2.6–4 
(Oksanen et al. 2022), using site and microenvironment as 
fixed factors. Estimated richness (Chao 1 estimator) and 
alpha diversity (Shannon index) of bacterial communities 
associated with seawater and the shark-associated host habi-
tats were calculated on rarefied data using the Rarefy func-
tion to subsample to the shallowest sequencing depth across 
all samples (5,140 sequences) in GUniFrac v1.7 (Chen et al. 
2022). Statistical differences in alpha diversity between bac-
terial habitats were evaluated by a linear regression using 
the package lme4 v1.1–31 (Bates et al. 2017), and pairwise 
contrasts with Benjamini–Hochberg post hoc testing (i.e., 
fdr adjustments of P<s) were generated using the package 
emmeans v1.8.3 (Lenth et al. 2022). Beta diversity was 
calculated using Bray Curtis dissimilarities of square-root 
transformed relative abundance data and represented in an 
NMDS using Vegan (Oksanen et al. 2022). Multivariate dis-
persion as a measure of beta diversity of host microenviron-
ments was calculated prior using the betadisper function 
as implemented in Vegan, followed by a Tukey’s HSD post 
hoc comparison. Similarity percentage analysis (SIMPER) 
as implemented in Vegan was conducted to identify bacterial 
ASVs contributing most to similarity between investigated 
microenvironments on sharks. Indicator taxa, i.e., ASVs sig-
nificantly associated with a particular host habitat or combi-
nation thereof, were identified using the multipatt function 
of the indicspecies v.1.7.12 package in R (De Caceres et al. 
2016). Finally, to determine ‘overrepresented’ ASVs in the 
different habitats, Linear Discriminant Effect Size analysis 
(LEfSe; (Segata et al. 2011) was run on the Galaxy online 
server of the Huttenhower Lab (https:// hutte nhower. sph. 
harva rd. edu/ galaxy/).

Taxonomy‑based functional prediction with PICRUSt2

PICRUSt2 predicts metagenomic gene content by inference 
from ribosomal sequencing data to identify the closest taxon 
with a sequenced genome (e.g., 16S rRNA gene amplicon 

sequences; Douglas et al. 2020). Thus, it does not identify 
the actual gene content or bacterial activity, i.e., predicted 
metagenomic content will have to be confirmed with follow-
up experimental investigation.

The ASV relative abundance table was converted into a 
json formatted.biom file prior to running PICRUST2 (v2.5.1 
beta; (Douglas et al. 2020)). First, ASVs were placed in the 
provided reference tree using EPA‑NG and GAPPA (Czech 
et al. 2020). Next, hidden-state prediction of gene families 
was run for 16S rRNA gene copy and EC numbers (Enzyme 
Commission enzyme classification numbers) per genome 
using castor (Louca et al. 2018) based on ASV abundances 
and phylogenetic prediction. To minimize putative error in 
gene content prediction due to poor matches to available 
genomes, ASVs receiving a Nearest Sequenced Taxon Index 
(NSTI) > 2 were considered as noise and discarded. Relative 
abundances of biological pathways encoded by microbiomes 
were then predicted using MinPath (Ye and Doak 2009). 
To determine features (inferred EC accessions correspond-
ing to putative metabolic processes) explaining differences 
between the different shark habitats, LEfSe (Segata et al. 
2011) was run on the Galaxy online server of the Hutten-
hower Lab (https:// hutte nhower. sph. harva rd. edu/ galaxy/). 
Given the strong similarity in bacterial community compo-
sition on the shark skin (i.e., gills and back), samples were 
analyzed together as ‘skin.’

Supplementary Data (Supp. Tables S2-S7) are publicly 
accessible via the zenodo depository: https:// zenodo. org/ 
record/ 80417 81 (Pogoreutz et al. 2023).

Results

Distinct bacterial communities associated 
with microbial habitats on black‑tip reef sharks 
and seawater

A total of 9,815 ASVs were determined, across the 138 sam-
ples—specifically 34 buccal, 28 dorsal skin, 28 skin cov-
ering the gills, and 33 cloaca samples from black-tip reef 
sharks (Carcharhinus melanopterus), in addition to 15 
seawater samples, from the Amirante Islands, Seychelles 
(Fig. 1; Supp. Table S2; Pogoreutz et al. 2023). The highest 
numbers of ASVs were observed in the buccal cavity sam-
ples (5,493 ASVs), followed by the skin locations (3,395 
and 3,509 for skin on the back and skin covering the gills, 
respectively). Cloaca samples exhibited the lowest numbers 
of ASVs among those from the shark-associated microenvi-
ronments (1,540 ASVs). The lowest total number of ASVs 
was observed in the seawater samples (589 ASVs, i.e., an 
order of magnitude lower than in the shark samples).

At the taxonomic class level, seawater and shark-related 
samples were dominated by Gammaproteobacteria (63.5% 
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relative abundance of 16S rRNA gene sequences), Alphapro-
teobacteria (14.7%), and Bacteroidia (11%). However, the 
mean proportions varied with sample origin: Gammapro-
teobacteria had 89.0% relative abundance in cloaca samples 
compared to between 58.6 and 66.3% in buccal, gill, and 
dorsal skin samples, Alphaproteobacteria had 3.1% relative 
abundance in cloacal samples, compared to between 11.8 
and 14.6% in samples from other shark-related microbial 
habitats, and the Bacteroidia had 3.0% relative abundance 
in cloaca samples compared to between 9.4 and 14.9% in 
samples from other shark-related body cavities in varying 
proportions. While the same classes dominated the seawa-
ter samples, the proportions of each class differed markedly 
from the shark samples, with relative abundances of 39.0% 
for Alphaproteobacteria, 29.9% for Gammaproteobacteria, 
and 17.9% for Bacteroidia.

At the ASV level, seawater was highly distinct from 
shark-related samples (PERMANOVA, F = 9.86, p 
value << 0.001). Given significant multivariate dispersion 
(betadisper, 99 permutations; p value = 0.01) between sam-
ples which was driven by the seawater samples (Tukey’s 
HSD, multiple comparison of means; adjusted p value 
for seawater paired with any of the shark-related sam-
ples, but not with each other: p value < < 0.001), the lat-
ter were excluded from further statistical evaluation of the 
overall, shark-associated bacterial community (no signifi-
cant multivariate dispersion: betadisper, 99 permutations; 
F = 0.9465; p = 0.45; Supp. Fig. S2, Supp. Table S3 A,B; 
Pogoreutz et al. 2023). After removal of seawater samples, 
bacterial communities between shark-associated habitats 
(using sampling site in the Amirante Islands as a factor) 
were statistically significantly different from each other 
(global adonis PERMANOVA; shark-associated microen-
vironments: F = 5.2744,  R2 = 0.11618; p < 0.001; sampling 
site: F = 2.0821;  R2 = 0.03057, p < 0.003; no significant 
interaction of shark-associated microenvironment with sam-
pling site: F = 0.8689;  R2 = 0.03828, p = 0.845). A pairwise 
adonis PERMANOVA revealed statistically significant dif-
ferences in bacterial community composition at the ASV 
level for all shark habitat pairings except when comparing 
the two skin locations, i.e., dorsal skin vs. gill-covering skin 
(F = 1.043981;  R2 = 0.0189663; p = 0.366). For full statisti-
cal details on the remaining habitat pairings, refer to Supp. 
Table S3; Pogoreutz et al. 2023).

Bacterial community compositions and diversity indices 
of microbial shark habitats and seawater

Seawater samples were dominated by SAR11 Clade 
1a (ASV17; 9.7% average relative abundance; Fig.  2; 
Supp. Fig. S1), Acinetobacter (ASV16: 5.9%), Ca. Acti-
nomarina (ASV43: 4.6%), unclassified members of the 

families Lachnospiraceae (ASV58, 3.8%), Rhodobacteraceae 
(ASV52 and ASV60 at 3.6 and 2.4%, respectively), Flavo-
bacteriaceae (ASV45: 2.8%), Pseudomonas (ASV36: 2.2%), 
and an unclassified clade of SAR86 (ASV64: 2.0%). Among 
shark-related samples, the cloaca samples were dominated by 
Vibrionaceae (60% comprised of Vibrio ASV1 and ASV4 at 
27.6 and 10.1% relative abundance, respectively and Photo‑
bacterium ASV2 and ASV5 at 17.9 and 4.4%, respectively). 
Other notable taxa included Providencia and Morganella, 
both members of the Enterobacteriaceae (ASV19, ASV26 
at 2.5 and 2.3% average relative abundance), and Cetobac‑
terium (Fusobacteriaceae; ASV14 and ASV26 at 1.1 and 
1.0% average relative abundance; Fig. 2). While Vibrion-
aceae were also prevalent in the external three shark-related 
bacterial habitats, their relative abundances were lower 
than in the cloaca samples (Fig. 2). Of the remaining three 
habitats, buccal samples cumulatively harbored the high-
est average number of sequences affiliated to Vibrionaceae 
(a total of 24% average relative abundance; 12.8, 8.3, and 
2.4%, respectively, for Vibrio ASV1 and Photobacterium 
ASV2 and ASV5, respectively), followed by samples col-
lected from the skin behind the dorsal fin and skin covering 
the gill. Further abundant bacteria present across skin and 
buccal samples were Pseudoalteromonas (ASV3: 8.2, 5.5, 
and 3.7% average relative abundance in dorsa, gill, and buc-
cal samples), Alteromonas (ASV9, ASV10: average relative 
abundances ranging between 1.1 and 1.5%), and Halomonas 
(ASV13: around 1.3% relative abundance on skin habitats). 
The SIMPER analysis suggested that the differences in bac-
terial community compositions between sampled habitats 
were driven by several abundant ASVs, including Vibrio 
(ASV1, ASV4), Photobacterium (ASV2, ASV5), Pseu‑
doalteromonas (ASV3), Acinetobacter (ASV16), SAR11 
Clade Ia (ASV17), and Actinomarina (ASV43) (for a full 
overview of comparisons, refer to Supp. Table S3C; Pogore-
utz et al. 2023). Overall, an nMDS analysis further high-
lights the contrasting relationships between bacterial com-
munities of seawater and shark-associated habitats (Fig. 3A). 
Notably, bacterial communities of shark-associated external 
microenvironments show a high degree of overlap despite 
having many unique ASVs, which may in part be driven by 
the presence of few common, abundant, but also high num-
bers of rare, low-abundant ASVs (Fig. 3A).

Alpha diversity indices were significantly different 
between bacterial communities associated with seawater and 
the four shark-associated microenvironments (Chao1 index: 
F value = 14.46; adjusted  R2 = 0.2821; p value < < 0.005; 
Shannon index: F value = 45.87, adjusted  R2 = 0.5671; p 
value < < 0.005; Supp. Table S3D; Pogoreutz et al. 2023). 
Among all five bacterial habitats sampled, the highest bac-
terial alpha diversity was found for the external surfaces 
of sharks (Chao1 index of buccal samples: 312.15 ± 32.79 
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Fig. 2  Pie charts showing 
relative presence of the 15 
most abundant bacterial ASVs 
averaged over the five microbial 
habitats sampled: seawater, skin 
(dorsal and covering the gills), 
buccal cavity, and cloaca of 
black-tip reef sharks (Car‑
charhinus melanopterus) sam-
pled in the Amirante Islands, 
Seychelles. The remaining 
ASVs are summarized in cate-
gory ‘others.’ For full details on 
how these ASVs distribute over 
all samples and an ASV count 
table, refer to Supp. Fig. S1 and 
Supp. Table S2, respectively

a b c

Fig. 3  A Non-metric multidimensional scaling (nMDS) ordination 
and B, C Diversity indices (Chao1 estimator, Shannon Index) of bac-
terial communities sampled from seawater (SW) and different micro-
environments on black-tip reef sharks (Carcharhinus melanopterus) 

from the Amirante Islands, Seychelles. Symbols of the same color 
represent individual samples of respective microenvironments. In A, 
ellipsoids represent standard deviations
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ASVs; of the skin covering the gills and on the back: 
253.0 ± 20.40 and 231.29 ± 26.03 ASVs, respectively; 
Shannon index of buccal samples: 4.31 ± 0.15; of skin cov-
ering the gills and on the back: 4.48 ± 0.11 and 4.29 ± 0.15, 
respectively). Lowest alpha diversity was observed in cloaca 
samples (Chao1 index: 87.91 ± 17.41 ASVs; Shannon index: 
2.13 ± 0.18). Bacterial diversity in the seawater communities 
was comparable to shark external surfaces (Chao1 index: 
121.93 ± 6.88 ASVs; Shannon index: 3.97 ± 0.06) (Fig. 3B, 
C; for details, refer to Supp. Table S3E; Pogoreutz et al. 
2023). Excluding seawater, the buccal samples were asso-
ciated with the highest number of distinct bacterial ASVs 
(3,270), followed by skin samples (1,671 and 1,560 ASVs 
for gill and dorsal samples, respectively), and the cloaca 
exhibiting the lowest number (484 ASVs) (Supp. Fig. S3A). 
Including seawater samples, buccal samples exhibited the 
greatest overlap in bacterial ASVs with samples from both 
skin locations combined (1,236 ASVs). The smallest overlap 
in bacterial ASVs was observed between seawater samples 
and the cloaca (9 ASVs), followed by cloaca with the exter-
nal surfaces (overlap with skin samples combined: 10 ASVs; 
with buccal samples: 12 ASVs) (Supp. Fig. S3B).

Bacterial ASVs indicative of black‑tip reef shark 
microenvironments and seawater

Linear Discriminant Effect Size Analysis (LEfSe) revealed 
a total of 157 bacterial ASVs overrepresented in seawater 
samples, which included a range of marine pelagic groups 
including clades of SAR11, SAR86, HIMB11, as well as 
NS4 and NS2b (Fig. 4A; Supp. Fig. S4A). Shark buccal 
bacterial communities showed significantly increased abun-
dances of 19 ASVs, including but not limited to ASV29 
Endozoicomonas (LEfSe, log 10 LDA score = 4.1; p < 
< 0.001) along with ASV25 Shewanella, ASV39 Vibrio, 
and several Tenacibaculum ASVs (LEfSe, log 10 LDA 
score ≥ 3.0; p > 0.001; presented in decreasing order of LDA 
scores) in decreasing order of effect size (Fig. 4B; Supp. 
Fig. S4B). For the two shark skin locations, i.e., the back 
and covering the gills, 36 and 23 overrepresented bacterial 
ASVs were identified, respectively (Fig. 4C, D; Supp. Fig. 
S4C, S4D). This included several ASVs classified as Pseu‑
doalteromonas (both skin locations), Acinetobacter, Pseu‑
domonas, Marinobacter, Psychrobacter (dorsal), as well 
as Alteromonas, Halomonas, and Idiomarina (skin cover-
ing the gills), among others (Fig. 4C, D). Finally, bacterial 
communities in shark cloaca samples exhibited a total of 20 
overrepresented ASVs compared to all other habitats sam-
pled. This included ASV951 Paraclostridium, several Provi‑
dencia and Cetobacterium ASVs, Vibrionaceae (Vibrio and 
Photobacterium, several ASVs), and ASV110 of the genus 
Catenococcus (Fig. 4E). For details on LEfSe results, refer 
to Supp. Fig. S4 and Supp. Table S5 (Pogoreutz et al. 2023).

Indicator species analysis identified 126 ASVs signifi-
cantly associated with seawater; these included Rhodospiril-
lales (4 ASVs belonging to the AEGEAN-169-marine group 
as well as 14 ASVs belonging to various Rhodobacteraceae 
taxa); Flavobacteriaceae (10 unclassified ASVs, 9 of which 
belong to the NS4, NS5, and NS7 marine groups within the 
family), Pelagibacteraceae-SAR11 (15 ASVs belonging to 
SAR11 Clades I, Ia, Ib, II, and IV), Acidimicrobiales (3 
ASVs), and Rhodobacterales (2 ASVs) (for a full list includ-
ing indicator values and p values, refer to Supp. Table S4; 
Pogoreutz et al. 2023). Further, a total of 41 and 49 ASVs 
significantly associated with the skin on the back and the 
skin covering the gills, respectively; the two skin locations 
together were characterized by 149 significantly associated 
ASVs, including several Pseudoalteromonas (11 ASVs), Idi‑
omarina (7 ASVs), Psychrobacter (2 ASVs), Halomonas 
(8 ASVs), Marinobacter (8 ASVs), and Erythrobacter (2 
ASVs) (for a detailed list including information on ASV 
numbers, indicator scores, and p values, please refer to 
Supp. Table S4; Pogoreutz et al. 2023). Fifty-eight ASVs 
were significantly associated with the buccal cavity, among 
them ASV29 Endozoicomonas (Endozoicomonadaceae) 
and members of Flavobacteriaceae (12 ASVs), Rhodo-
bacteraceae (11 ASVs), Saprospiraceae (5 ASVs), Hypho-
monadaceae (3 ASVs), and Vibrionaceae (3 ASVs). For the 
cloacal samples, 25 indicator ASVs where identified, includ-
ing nine Vibrionaceae ASVs (Catenococcus; three Vibrio; 
Photobacterium; four unclassified Vibrionaceae ASVs) and 
six Enterobacterales (Morganellaceae, Providencia, and 
Morganella).

Predicted metabolic pathways of bacterial communities 
associated with seawater and microenvironments 
on black‑tip reef sharks

Overall, LEfSe predicted a total of 50 metabolic (MetaCyc) 
pathways (inferred from sequenced genomes of related 16S 
rRNA gene sequences) to be overrepresented across all 
shark-associated and seawater samples. Of these, 12 were 
related to seawater bacterial communities (PICRUSt2 out-
put: Supp. Table S6; full LEfSe output: Supp. Table S7; 
Pogoreutz et al. 2023). These included pathways associated 
with ribonucleotide metabolism and salvage, lipid metabo-
lism (fatty acid salvage), cell wall synthesis, and pathways 
associated with the biosynthesis of coenzymes, carriers, 
and vitamins (tetrapyrrole, heme b, and coenzyme A bio-
synthesis); further, amino acid metabolism was identified 
(L-arginine biosynthesis and L-tryptophan degradation; 
LEfSe, log10 LDA scores > 2.5, p value < < 0.05; Fig. 5A).

Only four of the overrepresented, predicted metabolic 
pathways were associated with bacterial communities from 
shark buccal samples, which included three pathways related 
to the biosynthesis of K vitamins (specifically menaquinone, 
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or vitamin K2) and one related to glycoprotein degradation 
(specifically, the breakdown of cartilage) (LEfSe, log10 
LDA scores > 2.0, p values < < 0.05; Fig. 5B; Supp. Fig. 
S5). A total of 16 metabolic features were overrepresented 
for microbial communities present on the two skin locations 
when combined and 18 for cloacal samples (for full table, 
please refer to Supp. Table S7; Pogoreutz et al. 2023). The 
16 overrepresented predicted metabolic pathways on the 
skin included different pathways for fermentation (butan-
ediol biosynthesis) and the degradation of alcohols ((methyl)
catechol, ethanol, and methanol degradation) and one path-
way each associated with the biosynthesis of amino acids 
(L-tryptophan) and of cofactors, carriers, and vitamins (bio-
tin, i.e., vitamin B7; Fig. 5C). The 18 predicted metabolic 
functions overrepresented in bacterial communities of the 

cloaca included pathways associated with salvage pathways 
of pyrimidine (deoxy)ribonucleosides, amino acid metabo-
lism (two pathways related to sulfur cycling and the biosyn-
thesis of sulfur-containing amino acids, such as cysteine), 
carbohydrate metabolism (the degradation of D-galactose 
and sugar acids, and the biosynthesis of glycogen from 
ADP-D-glucose), the metabolism of cofactors, carriers, and 
vitamins (multiple pathways pertaining to the biosynthesis 
of vitamins B1, B6, and K vitamins) (LEfSe, log10 LDA 
scores > 3.0, p value < < 0.05; Fig. 5D; for full details, see 
Supp. Table S7; Pogoreutz et al. 2023).

a b

c

e

d

Fig. 4  Overrepresented bacteria associated with seawater and shark-
associated microenvironments. Relative abundances of overrepre-
sented bacterial ASVs aggregated into their respective genera in 
A seawater and B–E different microenvironments on black-tip reef 
sharks (C. melanopterus) from the Amirante Islands, Seychelles. 

For A, B, D, only the top 20 statistically significant ASVs (based on 
decreasing order of LDA (log10) effect size scores of LEfSe analysis; 
all p value < 0.05) are considered. The same bacterial genera across 
sampled microenvironments have the same color

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



154 Coral Reefs (2025) 44:145–162

seawater
skin
buccal
cloaca

Annotation of layersa

b c

d e

seawater buccal

skin cloaca

alcohol degradation
amino acid degradation
amino acid metabolism
antibiotic resistance and detoxification
antimicrobial compound biosynthesis

aromatic hydrocarbon degradation
carbohydrate biosynthesis
carbohydrate degradation
cell wall biosynthesis
cofactor, carrier and vitamin metabolism

fermentation
glycoprotein degradation

lipid metabolism
nitrogen metabolism
nucleoside and nucleotide  metabolism 
and salvage
sulfur cycling

MetaCyc pathways level 2

L-tryptophan degradation 

L- a r g i n i n e 
biosynthesis

purine ribonucleotide  
de novo biosynthesis

fa t ty ac id 
biosynthesis

tetrapyrrole 
biosynthesis

porphyrine 
biosynthesis

folate  (vitamin B9) 
biosynthesis

coenzyme A 
biosynthesis

phospholipid 
biosynthesis

nitrobenzoate 
degradation

myco th i o l 
biosynthesis

menaquione 
(vitamin K2) 
biosynthesis

glycosaminoglycan 
degradation

Catechol degradation

Ethanol  
degradation

ethanol  
degradation

L-tryptophan 
degradation

i s o p r e n e 
biosynthesis 

nitrogen metabolism
butanediol 
biosynthesis

menaquinone 
(vitamin K2)  
biosynthesis

biotin (vitamin B7)  
biosynthesis

phospholipid 
biosynthesis

g l y c o g e n 
degradation

amine and 
polyamine deg.

benzoate deg.
toluene  
degradation

L-(homo)cysteine 
biosynthesis

flavonoid metabolism
t h i a z o l e 
biosynthesis
g l y c o g e n 
biosynthesis
D-galactose 
degradation

sugar acid degradation

menaquinone 
(vitamin K2)  
biosynthesis

K vitamin biosynthesis

p y r i d o x i n 
(vitamin B6) 
biosynthesis 
and salvage

thiamin (vitamin B1) 
biosynthesis

pyrimidine 
nucleotide  
salvage

sulfate reduction

Fig. 5  Overrepresented metabolic (MetaCyc) pathways predicted 
for seawater and shark-associated microenvironments. A Compara-
tive overview of overrepresented metabolic pathways (MetaCyc level 
2) across shark and seawater samples and detailed breakdowns for B 
seawater, C skin locations (skin from the back and covering the gills 

combined), D buccal, and E cloaca samples of black-tip reef sharks 
(C. melanopterus) from the Amirante Islands, Seychelles. Predicted 
metabolic pathways were inferred from 16S rRNA gene sequencing 
data using PICRUSt2 (Douglas et al. 2020). Detailed pathway infor-
mation of differential metabolisms can be found in Supp. Fig. S4
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Discussion

The present study assessed the partitioning of bacterial com-
munities across different locations on the body of black-tip 
reef sharks (C. melanopterus), generally the most abundant 
reef shark species across the Indo-West Pacific. We com-
pared the bacterial communities from two locations on the 
skin (on the dorsal flank and on the covering of the gills), 
from the buccal cavity, and from the cloaca (as a proxy for 
the shark ‘gut’ microbiome) to that found in seawater from 
the shark sampling locations in the Amirante Islands, Sey-
chelles. High-throughput sequencing of the 16S rRNA gene 
in combination with predictive metagenomic profiling not 
only demonstrated distinct bacterial communities present 
on shark skin compared to the surrounding seawater, but 
also suggests the presence of different microenvironments 
supporting distinct bacterial communities on black-tip reef 
sharks. The present study lends further support to the notion 
that the localization of associated microbes within marine 
holobionts is relevant (Hughes et al. 2022) and highlights 
the importance of expanding on genomic and functional 
approaches to assessing bacterial activity and metabolism, to 
better understand putative host–microbe interactions (Dörr 
et al 2023).

Diversity of bacterial communities 
on microenvironments of black‑tip reef sharks

Humans (and other multicellular terrestrial hosts) constitute 
a patchy landscape of microenvironments, where distinct 
skin microbiomes are associated with surface areas charac-
terized by moist, dry, or sebaceous conditions (Grice et al. 
2009; Byrd et al. 2018; Boxberger et al. 2021). In contrast, 
sharks are constantly surrounded by the ocean, which is 
likely a strong extrinsic (environmental) driver of bacte-
rial community composition (Pogoreutz et al. 2019). In 
particular, it has been suggested that the thinness, texture 
(microscopic ridging, i.e., morphology and topography of 
epidermal denticles), resulting reduced hydrodynamic flow, 
as well as chemical properties (bioactivities) of shark skin 
and mucus may create a fairly challenging environment for 
microbial attachment and establishment and as such may 
be a significant factor structuring associated bacterial com-
munities (Luer et al. 2014; Tsutsui et al. 2015; Doane et al. 
2017; Moore et al. 1993; Kerr et al. 2023). Similar to what 
has been reported for other shark species, the bacterial com-
munities associated with these external surfaces on black-tip 
reef sharks are more diverse, exhibit greater richness, and 
are distinct from those of both the surrounding seawater and 
of the cloaca (Storo et al. 2021; Doane and Haggerty 2017; 
Black et al. 2021; Pratte et al. 2022). This aligns with previ-
ous reports of greater bacterial community richness in the 
skin mucus of thresher sharks compared to the surrounding 

seawater (Doane et al. 2017) and the finding that skin-
associated bacterial communities in animals, ranging from 
fish (Givens et al. 2015; Doane et al. 2020; Sylvain et al. 
2020) and cetaceans (Li et al. 2022) to terrestrial vertebrates, 
including humans (Byrd et al. 2018), are distinct from and 
typically as diverse, or more diverse, than those of their gut 
(Eckburg et al. 2005; Fierer et al. 2008; Roggenbuck et al. 
2014).

Bacterial communities of shark surfaces: the skin 
and buccal cavity

Overall, we found distinct bacterial communities for two 
locations on the skin, the buccal cavity, and the cloaca in 
black-tip reef sharks. Such partitioning of bacterial commu-
nities across locations, tissues, and organs has been reported 
previously from the skin, oral, buccal cavity along with the 
intestine/cloaca, blood, and semen of other shark species 
(Storo et al. 2021; Black et al. 2021; Muñoz-Baquero et al. 
2023; Bregman et al. 2023) (although see also (Montemagno 
et al. 2024)).

Bacterial communities associated with teleost fish and 
shark skin are influenced to a certain extent by the sur-
rounding environment, such as fluctuations and seasonality 
in ocean geochemistry (Sylvain et al. 2020; Liston 1956; 
Larsen et al. 2013; Krotman et al. 2020) (but see also (Min-
niti et al. 2017). Indeed, the location of the sampling site 
was previously found to have an effect on the bacterial com-
munities on the skin of black-tip reef sharks sampled from 
adjacent reef areas in the Amirante Islands, Seychelles, but 
also of bony fish from different environments (Pogoreutz 
et al. 2019; Sylvain et al. 2020; Liston 1956; Larsen et al. 
2013; Krotman et al. 2020). At the same time, we found here 
that these shark skin-associated bacterial communities are 
distinct from those of the surrounding water. This finding 
aligns well with recent studies reporting distinct bacterial 
communities from the skin of thresher sharks and stingrays 
(Doane et al. 2017; Kerr et al. 2023), the scales of teleost 
fishes (e.g., Gomez and Primm 2021), and the skin of ceta-
ceans (Apprill et al. 2014; Chiarello et al. 2017; Russo et al. 
2018). It has hence been suggested that bacteria present on 
shark skin are likely not passive or transient associations of 
species acquired from the surrounding waters, but are char-
acterized by different key taxa and generally show a higher 
overall bacterial diversity and functional potential than does 
the water column (Doane and Haggerty 2017; Doane et al. 
2023; Kerr et al. 2023).

Several common and indicator taxa identified in the pre-
sent study were previously reported from high-throughput 
sequencing studies of skin bacterial communities from 
black-tips and other sharks: e.g., Pseudoalteromonas, Alte‑
romonas, Marinobacter, Psychrobacter, Idiomarina, Vibrio, 
Erythrobacter (Doane et al. 2017; Pogoreutz et al. 2019; 
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Bregman et al. 2023; Caballero et al. 2020), supporting their 
proposed status as stable members of the bacterial commu-
nity on shark skin. While specific functions of these taxa 
have yet to be identified, it had been proposed that some 
of them may help mediate host skin health by reducing 
inflammatory responses (Doane et al. 2017; Kuepper et al. 
2006) or by structuring the associated bacterial community 
through bioactivity against opportunistic microbes (Bow-
man 2007; Ballestriero et al. 2010). Several of these, most 
notably Vibrio are frequently isolated from different species 
of sharks (Grimes et al. 1985; Bertone et al. 1996; Black 
et al. 2021; Pogoreutz et al. in prep.), and Vibrio in particular 
have been implicated in bacterial wound infections in sharks 
(Grimes et al. 1984a,b; Unger et al. 2014), in humans follow-
ing shark bite incidents (Pavia et al. 1989; Storo et al. 2021), 
and as part of the microbiota of various marine organisms, 
including diseased and bleached corals (Ben-Haim et al. 
2003; Rosenberg and Falkovitz 2004; Banin et al. 2003). As 
such, while marine Vibrio are widely regarded as opportun-
istic pathogens (Austin and Zhang 2006; Sony et al. 2021; 
Ben-Haim et al. 2003; Ushijima et al. 2020, 2012), they are 
also commonly reported from a diversity of visibly healthy 
animal hosts. Further studies will be required to fully under-
stand the nature of marine shark host–Vibrio interactions.

While in terms of abundant taxa the buccal cavity showed 
an overall similar bacterial community composition to the 
two skin locations, rare taxa and/or differential abundance 
of some common members may have driven statistical dif-
ferences across the different microenvironments. Notably, 
the taxon with the highest indicator and LDA (log10) score 
identified for the buccal cavity was a bacterial taxon of the 
genus Endozoicomonas. This genus has previously been 
recovered in 16S rRNA gene sequencing data of coral reef 
fish gill filaments (Pratte et al. 2018), was previously linked 
to fish epitheliocystis in marine aquaculture (Mendoza et al. 
2013; Katharios et al. 2015; Qi et al. 2018), and has also 
recently been isolated from the skin covering the gills of a 
black-tip reef shark from the Amirante Islands (Pogoreutz 
et al. in prep.). Endozoicomonas are also prevalent members 
of the bacterial communities of marine invertebrates (Neave 
et al. 2016a, b), and of reef-building corals in particular 
(Gignoux-Wolfsohn et al. 2017), in which they often occur 
at high relative abundances (Bayer et al. 2013; Neave et al. 
2016a, b, 2017; Pogoreutz et al. 2018, 2022) and in dense 
aggregates deep in the tissues (Neave et al. 2016a, b; Wada 
et al. 2022; Maire et al. 2022). Members of this genus are 
commonly isolated from mucosal structures and surfaces of 
distantly related marine invertebrate hosts, including slugs 
(Kurahashi and Yokota 2007), bivalves (Hyun et al. 2014), 
and tunicates (Schreiber et al. 2016). While further study 
is required to reveal the potentially complex interactions 
of Endozoicomonas within their marine animal holobionts 
(Pogoreutz et al. 2022; Maire et al. 2022; Wada et al. 2022; 

Hochart et al. 2023; Pogoreutz and Ziegler 2024), our find-
ings suggest that the mucus associated with the external 
environments of the shark, such as the buccal cavity (and/
or potentially the gills, which are spatially connected to the 
buccal cavity), may select for a specific bacterial community 
highly adapted to likely challenging prevailing conditions.

Bacterial communities associated with the cloaca 
of black‑tip reef sharks

The bacterial communities in shark cloaca samples exhibited 
an overall lower (albeit fairly variable) bacterial diversity 
compared to those of the external surfaces. The observed 
spread in the Shannon index may stem from various fac-
tors, such as age, diet, immunological state, retention time 
of digesta in the intestine, the time since last intestinal 
evacuation, and any underlying (chronic) health conditions 
(Reese and Dunn 2018; Carmody et al. 2019). Overall, it is 
presumed that the taxonomic composition of the bacterial 
community in cloaca samples may reflect the environment 
of the shark distal intestine, i.e., of an environment shaped 
by the distinct physicochemical environment associated 
with digestive processes, but also the presence of digesta, 
which may represent substrates and nutrients available to 
microbes. Notably, the observation of distinct cloacal bac-
terial communities in black-tip reef sharks contrasts with 
that of another study (Pratte et al. 2022) that found similar 
bacterial communities associated with the cloaca and skin of 
three large roving shark species with distinct feeding ecolo-
gies, which was attributed to strong environmental effects 
from the surrounding seawater. These contrasting observa-
tions may further be explained by differences in sampling 
design and conditions between the two studies. Potentially, 
swabs may penetrate deeper into the cloaca into the distal 
intestine of the physically smaller black-tip sharks and be 
more reflective of a ‘gut’ bacterial community compared to 
in large roving shark species.

The cloaca samples were associated with several abun-
dant and/or indicator taxa of the families Vibrionaceae 
(Vibrio, Photobacterium, Catenococcus) and Fusobacte-
riaceae (Cetobacterium), which are frequently reported as 
prevalent and abundant members of bacterial communities 
in the gut (intestinal or cloacal) of different elasmobranchs, 
including Carcharhinus brevipinna, C. plumbeus, Rhizop‑
rionodon terraenovae (Givens et al. 2015), the omnivorous 
bonnethead shark Sphyrna tiburo (Leigh et al. 2021), and 
the white spotted eagle ray Aetobatus narinari (Clavere-
Graciette et al. 2022). Other common and/or indicator taxa, 
such as Enterobacterales, a diverse order of gram-negative 
bacteria, contain numerous members associated with the 
gut microbiomes of humans and animals (Wüst et al. 2011; 
Martinson et al. 2019; Skrodenytė-Arbačiauskienė et al. 
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2008). Among these, Providencia have previously been iso-
lated from the shark oral cavity (Interaminense et al. 2010). 
Finally, the bacterial taxon with the highest LDA (log10) 
score in the gut (as identified by LEfSe analysis) was Para‑
clostridium. This genus belongs to a group of fermenting, 
obligate anaerobes, representatives of the genus, and the 
family Clostridiaceae in general having been isolated from 
a range of terrestrial and marine environments, including 
marine sediment and sponges (Rai et al. 2019, Jyothsna 
et al. 2016; de Oliveira et al. 2019), as well as the gut of the 
omnivorous bonnethead shark (Leigh, Papastamatiou, and 
German 2021).

Distinct inferred metabolic profiles of bacterial 
communities associated with different shark 
microenvironments

The current study found distinct differences in the predicted 
metabolic profiles between microenvironments of black-tip 
reef sharks and the water column, which aligns with pre-
vious reports on the gene content of the metagenomes for 
other elasmobranchs, such as the thresher shark (Doane and 
Haggerty 2017) and stingrays (Kerr et al. 2023). Of the 18 
predicted metabolic pathways overrepresented on the skin of 
black-tip reef sharks, several are related to the degradation of 
a variety of aromatic compounds, specifically of the environ-
mental pollutant toluene (specifically through the (methyl)
catechol degradation pathways and via p-cresol cleavage; 
(Parales et  al. 2008)), of harmful nitrogenous biogenic 
amines (via the decarboxylation of several amino acids (Mah 
et al. 2019)), as well as of the amino acid L-tryptophan. The 
former may suggest potential responses of bacterial com-
munities to environmental pollutants, while the latter two 
suggest bacterial cycling of nitrogen, including amino acids 
and cofactors, respectively. This finding aligns with recent 
work, which identified genes associated with the metabolism 
of several amino acids and their derivatives and, at lower 
abundances, genes for major nitrogen cycling pathways 
in the skin metagenomes of leopard sharks (Doane et al. 
2023). Finally, one predicted pathway associated with shark 
skin was related to the production of isoprenoids through 
the mevalonate pathway. Isoprenoids and their derivatives 
constitute the largest class of organic compounds in nature 
and cover diverse bioactivities found across the Tree of Life 
(Hoshino and Gaucher 2018). While the predicted function 
or subclass of isoprenoid is not more closely specified, this 
result supports previous findings of epidermal microbiomes 
of the leopard shark Triakis semifasciata being enriched in 
functional genes for isoprenoid metabolism (Doane et al. 
2023). In this context, recent metagenomic studies reported 
an abundance of genes associated with ‘defense functions,’ 
including bioactivities against microorganisms overrepre-
sented in skin mucus and fecal microbiomes of different 

sharks as well as the regulation of virulence (Doane et al. 
2017; Pratte et al. 2022; Goodman et al. 2024), and antibi-
otic activity has been reported from bacteria isolated from 
the skin of other elasmobranchs, specifically rays and skates 
(Ritchie et al. 2017). In this light, it will be of interest to fur-
ther elucidate the role of shark skin-associated microbiota in 
shark health by assessing their genomic potential for various 
secondary metabolite biosynthesis pathways as well as their 
associated chemodiversity.

The bacterial taxa found in the cloacal samples are 
predictive of several overrepresented predicted metabolic 
pathways. While specific bacterial capabilities and activities 
remain to be confirmed directly and in hospite, the compo-
sition of cloacal 16S rRNA gene sequencing data suggests 
a metabolic diversity reflective of a bacterial community 
adapted to the intestinal environment of sharks. Indeed, the 
availability and diversity of molecules and nutrients present 
in the digesta may support bacterial metabolisms and life-
styles different from the essentially oligotrophic environ-
ment of the mucus on shark skin (Sylvain et al. 2020) or in 
the water column. In bony fishes (teleosts), skin-associated 
bacteria are considered generalists, while those contributing 
to the gut bacterial communities include many specialized 
taxa (Sylvain et al. 2020). In the present study, overrepre-
sented predicted metabolic pathways included for instance 
ribonucleotide salvage pathways, which may reflect bacte-
rial use of ‘exogenous’ (dietary) nucleotides derived from 
digestive processes (Grimble 1994). Further pathways 
include the biosynthesis of sulfur-containing amino acids 
(e.g., cysteine), the degradation and biosynthesis of dif-
ferent carbohydrates, and their derivatives, along with the 
salvage and (de novo) biosynthesis of different vitamins, 
specifically vitamin B1 (thiamin), B6 (pyridoxin), and K 
vitamins (menaquinones). While it remains to be determined 
whether these biosynthetic and/or catabolic pathways are 
indeed present and active in the gut bacterial communities 
of black-tip reef sharks, isolates of Vibrio from fish intestinal 
tracts have been described to produce a diversity of hydro-
lytic enzymes under laboratory conditions, such as amylases, 
lipases, cellulases, chitinases, or others (Hamid et al. 1979; 
Henderson & Millar 1998; Itoi et al. 2006; Egerton et al. 
2018; Gatesoupe et al. 1997; (summarized in (Leigh et al. 
German 2021). There is further first evidence of microbial 
fermentation in the omnivorous bonnethead shark (Sphyrna 
tiburo), as reflected by moderate concentrations of short-
chain-fatty-acids along with greater epithelial surface area 
in the spiral intestine (Leigh et al. 2021). Finally, it is cur-
rently unclear whether sharks are physiologically dependent 
on or benefit from microbial digestion (Jhaveri et al. 2015; 
Leigh et al. 2021). However, it is established that animals are 
auxotrophic for B vitamins and have to acquire them from 
their diet or their bacterial symbionts (Douglas 2017; Salem 
et al. 2014). Further experimental study will hopefully help 
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elucidate the roles of different functional groups of cloa-
cal (‘gut’) bacteria communities in shark host nutrition and 
physiology.

Conclusion

Combining high-throughput marker gene sequencing with 
functional prediction, our study suggests the presence of 
several different bacterial microenvironments on black-tip 
reef sharks (Carcharhinus melanopterus). Importantly, while 
shark ‘microbial landscapes’ may not be as diverse as those 
of other, especially terrestrial animals, shark-associated 
microenvironments nevertheless appear to constitute dis-
tinct habitats on and in sharks, supporting distinct bacterial 
communities. The structure of these bacterial communities 
is likely driven in part by extrinsic factors, i.e., the physico-
chemical environment (surrounding seawater for external 
surfaces, digestive processes and digesta for the intestinal 
microbiome) and in part by intrinsic factors (i.e., host factors 
and microbe-microbe interactions). For future studies, it will 
be of interest to not only disentangle such drivers of bacte-
rial community assembly and dynamics, but also to assess 
the diversity, activity, and roles for shark health. Combined 
culture-dependent and culture-independent applications will 
permit functional experimental interrogations leading to an 
integrated understanding of host–microbe interactions in 
elasmobranchs.
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