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Abstract 

Background:  Sharks play essential roles in ocean food webs and human culture, but also face population declines 
worldwide due to human activity. The relationship between sharks and the microbes on and in the shark body is 
unclear, despite research on other animals showing the microbiome as intertwined with host physiology, immunity, 
and ecology. Research on shark-microbe interactions faces the significant challenge of sampling the largest and most 
elusive shark species. We leveraged a unique sampling infrastructure to compare the microbiomes of two apex preda-
tors, the white (Carcharodon carcharias) and tiger shark (Galeocerdo cuvier), to those of the filter-feeding whale shark 
(Rhincodon typus), allowing us to explore the effects of feeding mode on intestinal microbiome diversity and meta-
bolic function, and environmental exposure on the diversity of microbes external to the body (on the skin, gill).

Results:  The fecal microbiomes of white and whale sharks were highly similar in taxonomic and gene category com-
position despite differences in host feeding mode and diet. Fecal microbiomes from these species were also taxon-
poor compared to those of many other vertebrates and were more similar to those of predatory teleost fishes and 
toothed whales than to those of filter-feeding baleen whales. In contrast, microbiomes of external body niches were 
taxon-rich and significantly influenced by diversity in the water column microbiome.

Conclusions:  These results suggest complex roles for host identity, diet, and environmental exposure in structuring 
the shark microbiome and identify a small, but conserved, number of intestinal microbial taxa as potential contribu-
tors to shark physiology.
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Introduction
The factors shaping animal health remain critically 
understudied for many ecologically important species. 
Notable among these are the large migratory sharks such 
as the apex-predatory white shark (Carcharodon carcha-
rias) and filter-feeding whale shark (Rhincodon typus). 
As predators, sharks structure marine food webs, with 
shark removal having significant effects on lower trophic 

levels [1, 2]. Sharks also have high economic and cultural 
value—shark fisheries and tourism inject over $1.3 billion 
into the global economy [3, 4]. By virtue of unique devel-
opmental and immune properties, sharks are targets of 
biomedical research to understand adaptive and acquired 
immunity [5, 6], tooth regeneration [7], and anti-infec-
tion potential [8, 9]. Notably, sharks appear to have a high 
capacity for wound healing without infection [10, 11], a 
property potentially linked to antibiotic-producing bacte-
ria in the epidermal mucus [12]. Despite their ecological, 
societal, and biomedical significance, shark populations 
are declining worldwide due to habitat degradation, 
overfishing, and other stressors [13, 14]. The Interna-
tional Union for Conservation of Nature (IUCN) lists 143 
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shark species (30% of all shark species) as “endangered” 
or “critically endangered”, “near threatened”, or “vulner-
able”—these include the white shark (vulnerable) and 
whale shark (endangered). Understanding the health of 
these and other shark species has therefore emerged as a 
research priority.

Microorganisms on and in the shark body (the micro-
biome) may play important roles in shark biology but 
remain virtually unexplored. In other animals, a healthy 
microbiome has been linked to maturation of the 
immune system, pathogen suppression, maintenance of 
blood chemistry, toxin degradation, and the provision-
ing of essential nutrients [15, 16]. Microbiome members 
interact with circulating immune cells and lymphoid tis-
sues, stimulating immune and brain development, affect-
ing cognition, behavior, and even altering mood [17, 
18] and possibly influencing mating [19 but see 20]. The 
microbiome, which may contain representatives from all 
three domains of life plus viruses, is shaped by a variety 
of factors, including diverse aspects of host physiology 
and the surrounding environment. These factors differ 
among body niches. In vertebrates, diet strongly influ-
ences the gut microbiome but has limited influence on 
the skin microbiome, which is more strongly influenced 
by host physiology and environmental conditions, with 
the latter including the composition of the surround-
ing microbiome [21, 22]. Determining the diversity and 
biochemical function of the microbiome and how these 
change with host and environmental variation is critical 
for understanding the overall importance of microorgan-
isms to animal health and ecology.

With the growing need to understand shark health 
and ecology, researchers are beginning to characterize 
the shark microbiome. Preliminary work has focused 
mainly on skin-associated microbes, as the skin niche 
is relatively easy to sample compared to internal body 
compartments. A recent analysis showed that the skin 
microbiome of cartilaginous fishes, including the whale 
shark and two other shark species, showed composi-
tional patterns suggestive of host-microbiome co-evo-
lution, so-called ‘phylosymbiosis’ [23]. However, other 
factors such as variation in the seawater microbiome 
likely also strongly affect the external microbiome of 
sharks [24, 25], suggesting the potential for microbiome 
reorganization in response to environmental change 
(e.g., during migrations, or transitions from wild to 
managed care in aquaria). In contrast, the intestinal/
fecal microbiome of sharks remains essentially unchar-
acterized. This is particularly true for large, migratory 
species for which obtaining fecal samples from live 
individuals requires either a highly-specialized sam-
pling infrastructure, or happenstance. The only com-
munity-level analysis of shark intestinal microbiomes 

examined two individuals from each of three species, 
identifying a small number of shared (core) microbi-
ome members [26]. However, the functional contribu-
tion of these microbes to shark health is unclear, as are 
the factors causing microbiome differences among host 
species, individuals, or body site niches.

As is true in other vertebrate microbiomes [27], shark 
intestinal microbiomes are likely shaped by differences 
in host diet, feeding behavior, and digestive anatomy. 
Most sharks are predators that can be either general-
ists, specialists, or opportunistic scavengers. The white 
shark (C. carcharias), for example, has a diverse diet, 
including fish, sea turtles, sea birds, and marine mam-
mals, either live or dead [28, 29]. While C. carcharias 
and other apex predatory sharks are thought to feed 
infrequently on large meals high on the trophic level 
[30], few studies have described feeding behavior in the 
wild [31], and estimates of metabolic demand suggest 
that the white shark feeds more frequently than previ-
ously assumed [32].

In contrast, the filter-feeding behavior of whale 
(Rhincodon typus), basking (Cetorhinus maximus), and 
megamouth (Megachasma pelagios) sharks more closely 
resembles that of baleen whales. Filter-feeding sharks 
are thought to be primarily carnivorous at a low trophic 
level, consuming zooplankton, jellyfish, or small fishes of 
a narrow size range [33–35]. However, seagrass has been 
found in R. typus stomachs, and recent isotope data raise 
the possibility that plant material can account for roughly 
half of an individual’s diet, although whether this is inci-
dental or targeted ingestion remains unresolved [36]. 
Isotope analysis also suggests that R. typus fast periodi-
cally [36], but they can also feed for hours (average: 7.5) 
each day at seasonal aggregation sites that host temporal 
spikes in prey abundance [37]. These observations high-
light unresolved questions about the diet ecology of fil-
ter-feeding sharks.

There are also uncertainties regarding the intestinal 
physiology of filter-feeding sharks. Descriptions of the 
shark digestive system have focused almost exclusively 
on apex predatory species, which appear well adapted 
for carnivory. These species have an acidic, muscular 
J-shaped stomach for biochemical breakdown of proteins, 
a relatively short colon, and a unique spiral intestine that 
slows digestion time and maximizes nutrient absorption 
[38]. How these organs differ between filter-feeding and 
apex predatory sharks is not well documented. Necropsy 
reports have noted that R. typus have a more flaccid bag-
like stomach compared to the strong muscular organ typ-
ical of macropredatory species and have a compact but 
otherwise typical spiral intestine (A. Dove, personal com-
munication). However, studies have yet to describe the 
physiology of these organs in filter-feeding sharks, nor to 
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explore the functional roles of microorganisms in shark 
digestion.

Variation in shark diet, behavior, and digestive physi-
ology among trophic levels raises the possibility of 
a dynamic microbe-host relationship both within a 
shark species (e.g., during fasting versus non-fasting) 
and between species with different feeding modes. We 
explore this possibility by comparing the microbiomes 
of healthy individuals of three large pelagic shark spe-
cies with distinct feeding strategies: the apex predatory 
white shark (Carcharodon carcharias) and tiger shark 
(Galeocerdo cuvier), and the filter-feeding whale shark 
(Rhincodon typus). Sampling from live animals was pos-
sible through a combination of ship-based line capture of 
wild individuals (in partnership with shark tracking spe-
cialists at OCEARCH), capture-free sampling via divers/
swimmers, and collections from animals under managed 
care at Georgia Aquarium. With samples from six geo-
graphic locations over two years, we assess microbiome 
taxonomic composition across body niches (gill, skin, 
cloaca, feces), quantify the role of environmental and 
host factors (seawater microbiome composition, host 
species, body site) in structuring microbiome composi-
tion, and compare fecal microbiome metagenomes to 
assess potential variation between apex predatory sharks 
versus filter-feeding lifestyles.

Results
Sample collection
Sampling large sharks presents substantial difficulty asso-
ciated with finding and safely handling live individuals. 
Sampling of Carcharodon carcharias and Galeocerdo 
cuvier was possible by a partnership with OCEARCH, 
a non-profit organization that facilitates studies of large 
marine animals with expertise in shark tracking, hand-
line capture of large individuals, and shark handling on a 
semi-submerged research platform. All C. carcharias and 
G. cuvier samples were taken from wild adult and sub-
adult animals (fork length: 204–421  cm) sampled using 
the OCEARCH infrastructure, as described in [39, 40]. 
Carcharodon carcharias and Galeocerdo cuvier samples 
span four OCEARCH expeditions in the Atlantic Gulf 
Stream, the Southeast (Florida to South Carolina coast), 
and Nova Scotia. Carcharodon carcharias and Gale-
ocerdo cuvier were sampled in the same time period only 
during the NASFA (Northwest Atlantic Shared Forag-
ing Area) expedition. Sampling of Rhincodon typus was 
facilitated by access to managed individuals at Georgia 
Aquarium and wild individuals sampled by divers/swim-
mers in the Maldives, Tanzania, and St. Helena (South 
Atlantic). In total, the sample set represents 7, 22, and 
37 individuals of Galeocerdo cuvier, Carcharodon Car-
charias, and Rhincodon typus, respectively, with samples 

including swabs of the gill, dorsal skin, and cloaca, and 
fecal matter collected either via sterile rubber catheter 
(C. carcharias) or directly from the water column after 
defecation (Rhincodon typus). Sample collections are 
summarized in Additional file 1: Table S1 and Additional 
file  1: Table  S2 lists metadata and shark names for all 
OCEARCH samples. Because field conditions and oper-
ational circumstances varied for each collection, not all 
sample types are represented for each individual.

Shotgun metagenomics
Shotgun metagenomic sequencing was performed to 
assess microbial functional capabilities in seven fecal 
samples from C. carcharias and one from R. typus (DNA 
from the other four R. typus fecal samples was not of suf-
ficient integrity for metagenomic analysis). Library size 
ranged from 5,521,299 to 15,968,373 paired end reads, 
with one library also containing 3,496,507 long reads 
over 1000  bp. Additional metagenome assembly statis-
tics are in Additional file 1: Table S3. Initially, each fecal 
metagenome was analyzed independently. We recovered 
high-quality MAGs (metagenome assembled genomes) 
representing diverse bacteria classified as Clostridia, 
Fusobacterium, Campylobacter, Photobacterium damse-
lae, and Bacteriodes fragillis (Additional file 1: Table S4), 
reflecting the composition determined by the amplicon 
analysis. All three high-quality Photobacterium damse-
lae MAGs clustered within the P. damselae damselae 
subspecies (Fig.  1), with an average nucleotide similar-
ity (ANI) of above 98% with other P. damselae isolates 
from various marine teleost fish species (Additional file 1: 
Table S5).

Based on community compositional similarity, 
sequences from all eight metagenomes were co-assem-
bled and compared in Anvi’o [41]. Only one P. damse-
lae MAG was produced, suggesting that all eight sharks 
share a highly similar strain. However, assembly of P. 
damselae genomes can be hindered by a high numbers 
of insertion sequences [42], raising the possibility that 
additional MAGs may be present in the community but 
not detected in the co-assembly. Regardless, P. damselae 
was found in high relative abundance in the fecal metage-
nomes of one R. typus individual and three C. carcharias 
individuals and in moderate abundance in two other C. 
carcharias individuals (Fig. 2). Interestingly, one C. car-
charias fecal metagenome not dominated by P. damselae 
was dominated by Bacteroides fragillis. This taxon was 
not detected in any other fecal metagenomes.

The relative abundances of genes assigned to Clus-
ters of Orthologous Groups (COGs) were evaluated 
for entire fecal metagenomes (Fig.  3) and for individual 
MAGs (Additional file 1: Fig. S1). Because only one qual-
ity fecal metagenome was obtained from R. typus, it was 
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not possible to statistically identify COGs differentially 
abundant between R. typus and C. carcharias. None-
theless, the datasets preliminarily indicate that COG 

categories "Amino acid metabolism and transport" and 
"Energy production and conversion" are depleted in R. 
typus compared to C. carcharias (Fig. 3). Finally, for each 
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Fig. 1  Maximum Likelihood phylogeny using a Dayhoff matrix-based model for three Photobacterium Metagenome Assembled Genomes (MAGs) 
from Carcharodon carcharias (bolded), along with 26 closely related genomes. Phylogeny was constructed on the basis of 91 concatenated 
single-copy marker genes identified by MiGA using Hidden Markov Models (HMMs) via HMMER3 with default settings. Marker genes were aligned 
using clustalW and then concatenated in MEGAX, numbers indicate bootstrap values (500 iterations)
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MAG, the COG category "Defense mechanisms" was fur-
ther evaluated to gain insight into the nature of micro-
bial interactions within the shark fecal microbiome. An 
overwhelming majority of defense mechanism genes 
(508 total genes) are putatively involved in antibiotic 
resistance (Fig.  4). These antibiotic resistant genes were 
distributed across MAGs, and were not specific to any 
one bacterial taxon. Defense against phages (187 genes), 
reactive compounds (119 genes), and bacteria-produced 
antimicrobials (116 genes) were the next most abun-
dant defense mechanism categories, followed by bacte-
rial toxin/antitoxin systems (43 genes) and DNA damage 
repair (20 genes).

16S rRNA gene amplicons
Based on community 16S rRNA gene pools (rarefied to 
10,000 sequences per sample), external niches (gill, skin, 
cloaca) frequently contained over 200 sequence vari-
ants (SVs), whereas fecal microbiomes of both C. car-
charias and R. typus (fecal samples were not obtained 
from G. cuvier) contained fewer than 90 sequence vari-
ants (range 85–21) (Fig.  5). Fecal microbiomes from C. 
carcharias and R. typus were similar in composition. 
Photobacterium, various Clostridia, Campylobacter, and 
Fusobacteria were present and relatively abundant in 
both shark species (Additional file  1: Fig. S2), although 
Fusobacteria were far more abundant in C. carcharias 

Fig. 2  Mean depth of coverage across 27 co-assembled bins from one Rhincodon typus (StHelena34) and seven Carcharodon carcharias fecal 
samples. Bins were identified by MaxBin2.0 and manually refined in Anvi’o, and represent Metagenome Assembled Genomes (MAGs). Taxonomy 
is given to the lowest significant taxonomic resolution, as identified by MiGA. Completion estimates the percentage of the true bacterial genome 
represented in the MAG, and redundancy estimates the number of genes originating from another organism (contamination)
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Fig. 3  Relative abundance of Clusters of Orthologous Groups (COGs) for each fecal metagenome; one Rhincodon typus (StHelena34) and seven 
Carcharodon carcharias. The COG categories "RNA processing and modification", "Chromatin Structure and dynamics", and "Cytoskeleton and 
Nuclear structure" are not shown, as they contributed less than 1% to any one metagenome
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compared to R. typus. These elasmobranch fecal microbi-
omes were further analyzed alongside fecal microbiomes 
from teleost fish [22] and mammals [43]. See Additional 
file 1: Table S5 for the sample summary. The number of 
observed SVs was strikingly low in both the apex preda-
tor C. carcharias and the filter-feeding R. typus. In con-
trast, the number of SVs was low in toothed whales but 
high in filter-feeding baleen whales (Fig.  6A). Overall, 
the fecal microbiomes of both shark species clustered 
most closely with those of carnivorous teleost fishes 
and toothed whales based on taxonomic composition 
(unweighted UniFrac, Fig. 6B).

Relatively high alpha diversity was observed in skin 
microbiomes of managed R. typus (Georgia Aquarium), 
coinciding with elevated diversity in aquarium water 
microbiomes compared to those of seawater surround-
ing wild individuals from St. Helena (Additional file  1: 
Fig. S3). A similar trend was observed for C. carcharias 
samples: decreased cloaca, gill, and skin richness in C. 
carcharias from Nova Scotia was low compared to that 
of individuals from other locations, coinciding with 

decreased richness in Nova Scotia seawater. These trends 
suggest that diversity in external host-associated niches 
may be influenced by diversity in the surrounding water. 
An influence of water column microbiomes on those of 
external body-associated niches was also reflected in 
analysis of beta diversity (principal component analysis 
(PCoA) plots of Bray–Curtis dissimilarities), in which 
samples largely clustered based on geographic location 
rather than body site (Fig.  7A). Fecal samples were the 
exception, with fecal communities clustering together 
regardless of geographic location or even shark species. 
Separate PCoA analyses for each shark species confirm 
the pattern of clustering by geography and not body 
site. In some cases (i.e., collections from the Nova Scotia 
expeditions), the location-specific clusters included sam-
ples collected in two different years (Additional file 1: Fig. 
S4). In contrast, PCoA plots based upon weighted Uni-
Frac distances showed little separation according to geo-
graphic location, body site, or species (Fig. 7B), likely due 
to broad similarities in community composition at lower 
taxonomic resolution (Additional file 1: Fig. S5).
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Using weighted UniFrac distances, PERMANOVA 
(Permutational multivariate analysis of variance) was 
used to compare microbiome taxonomic composition 
between body sites and the water column from the Nova 
Scotia 2019 sample set, as that location and year rep-
resented the most comprehensive dataset. In pairwise 
comparisons between body sites, only the cloaca and 
gill microbiomes differed significantly from one another 
(Additional file 1: Table S6). However, all body-associated 
microbiomes differed significantly from those in the sur-
rounding water column.

The Southeast OCEARCH expedition successfully 
obtained samples from both C. carcharias from G. 
cuvier in the same region, enabling us to test for SVs 
that distinguish the two shark species, independent of 
confounding effects of geography. Using DESeq2 [44], 
a total of 139 SVs [41, 45, 53] associated the gills, skin, 
and cloaca, respectively) varied significantly in propor-
tional abundance between shark species. All of these 
SVs were classified to the Bacteria domain, with Act-
inobacteria, Firmicutes, and Fusobacteria-affiliated SVs 
generally enriched in G. cuvier and Verrucomicrobia 

and Chloroflexi SVs generally enriched in C. carcharias 
(Additional file 1: Table S7).

Discussion
Feeding behavior may play a relatively minor role in 
shaping the fecal microbiome of two of the largest migra-
tory animals in the ocean. The fecal microbiomes of the 
apex predator C. carcharias and filter feeder R. typus are 
remarkably similar in taxonomic richness, composition, 
and (based on limited metagenomic data) broad meta-
bolic category representation. The fecal microbiomes 
of both shark species are notably taxon-poor, contain-
ing roughly one half to one quarter of the SV richness 
observed in baleen whales, herbivorous teleost fishes, and 
terrestrial mammalian carnivores and herbivores (Fig. 6) 
and comprised primarily of bacteria common in fish and 
other vertebrate microbiomes, including Photobacterium, 
Fusobacterium, Clostridia and Campylobacterales. The 
highly conserved nature of the shark microbiome differs 
from that of many teleost fish microbiomes, which con-
tain core taxa but also vary widely in composition among 
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host species and individuals of the same species, with 
much of this variation linked to diet differences [22, 26].

In taxonomic composition, C. carcharias and R. typus 
fecal microbiomes are most similar to those of carnivo-
rous teleost fish and apex-predator toothed whales and 
distinct from those of baleen whales (Fig.  6). The latter 
result is noteworthy given that whale sharks and baleen 
whales are filter-feeders and presumably have a simi-
lar zooplanktivorous diet. Prior research described the 
baleen whale microbiome as having similarities to that of 
terrestrial herbivores, potentially due to shared intesti-
nal morphology (e.g., the presence of a blind-end cecum) 
and reliance on microbial fermentation in baleen whales 
and terrestrial herbivores [43]. Our results suggest that 
the intestinal anatomy/physiology of whale sharks may 
be sufficiently similar to that of white sharks (and diver-
gent from that of baleen whales) to drive microbiome 
similarity. Shared factors that may push C. carcharias 

and R. typus fecal microbiomes to convergence include 
the presence of a spiral intestine [38], high urea content 
in the intestine [45], or the presumed feast and famine 
nature of shark feeding. Conservation of microbiome 
structure across phylogenetically related hosts, despite 
drastic differences in diets, is not unprecedented. For 
example, the gut microbiome of the herbivorous giant 
panda (Ailuropoda melanoleuca) is more similar to that 
of carnivorous bears than to phylogenetically distant her-
bivorous mammals, presumably due to shared gut mor-
phology among bear species [46]. For sharks, we cannot 
rule out that diet also plays a strong role in microbiome 
structuring. It is possible that the protein-rich zooplank-
tivorous diet of whale sharks is sufficiently similar to that 
of predatory sharks and carnivorous teleosts to drive 
convergence in white and whale shark microbiomes (and 
divergence from baleen whale microbiomes). Resolv-
ing these hypotheses requires a deeper understanding of 

Fig. 7  Principal component analysis (PCoA) using Bray–Curtis dissimilarity (panel A) and weighted UniFrac (panel B) distances for Carcharodon 
carcharias, Galeocerdo cuvier, and Rhincodon typus. Plots are shaded by the location each shark was located with the exception of fecal samples, 
as these clustered tighlty together regardless of location. Sample details and numbers are given in Additional file 1: Table S1 and Additional file 1: 
Table S2
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shark diets and how digestive organs differ physiologi-
cally between predators and filter-feeders. Despite uncer-
tainty about the factors shaping shark microbiomes, our 
data suggest that fecal microbiome composition—and 
therefore presumably also the microbiome’s functional 
contribution to the host—is highly conserved between 
ecologically distinct shark species.

Representatives of the same microbial species were 
detected in both C. carcharias and R. typus fecal micro-
biomes. These include the ubiquitous fish-associated 
Photobacterium damselae, which was detected in both 
amplicon and MAG datasets of both sharks (Additional 
file 1: Fig. S2, Additional file 1: Table S4). The abundance 
and prevalence of P. damselae in these sharks is not sur-
prising. Givens et al. 2015 [26] identified Photobacterium 
sp. and Leigh et al. 2021 [47] identified P. damselae as a 
core member of the gut microbiome of four other shark 
species, and P. damselae has been represented in culture-
based studies of the shark gut since 1985 [48]. Photobac-
terium damselae is also common in teleosts [22, 49]. In 
teleosts, P. damselae is a well-known fish (and occasion-
ally human) pathogen [50], and often contains antibiotic 
resistance genes, as discussed below. Yet it is unlikely that 
all the sharks examined in this study, and a vast majority 
of all marine fish, contain P. damselae in a disease state. 
Rather, the ubiquity of this core microbiome member 
begs a re-examination of its ecological role, which may 
include functions as a potential symbiont (rather than 
pathogen) and essential member of the bony and carti-
laginous fish gut.

Despite their overall compositional similarity, C. car-
charias and R. typus fecal microbiomes differed in the 
representation of certain microbial taxa and functional 
gene categories, raising hypotheses related to diet varia-
tion. Tyzzerella subgroup 3 (Firmicutes) was substantially 
enriched in R. typus, whereas Cetobacterium (Fusobacte-
ria) was enriched in C. carcharias (Fig. 2 and Additional 
file  1: Fig. S2). Tyzzerella spp. are common commen-
sal gut microbes in vertebrates, including in humans in 
which Tyzzerella has been linked to lower quality diets 
[51] and maladies such as cardiovascular disease [52], 
gestational diabetes [53], and irritable bowel syndrome 
[54]. Although Tyzzerella has been detected in marine 
crustaceans [55, 56] and fish [57, 58], the function of 
these bacteria and their relationship to diet quality in 
marine animals, including R. typus, is unclear. Cetobac-
terium, as an obligate anaerobe, is also common in ver-
tebrate guts, including in teleost fish where it has been 
known to produce large quantities of vitamin B-12 [59]. 
This prior finding raises the possibilities that Cetobacte-
rium provides B-12 for C. carcharias. Further, the lower 
abundance of Cetobacterium in R. typus may indicate 
that B-12 is relatively more available in the R. typus diet. 

Finally, diet variation may be linked to the varied repre-
sentation of genes under the COG category "Amino acid 
metabolism and transport", which were enriched in C. 
carcharias fecal samples compared to those of R. typus. 
Although this comparison is limited by the availability of 
only one R. typus fecal metagenome, a higher abundance 
of amino acid metabolism in C. carcharias may reflect a 
diet of higher protein content. These trends warrant fur-
ther studies to test the relationship between shark diet 
and microbial metabolism.

Antibiotic resistance genes were common in C. car-
charias and R. typus fecal microbiomes, being detected 
in 25 of 27 MAGs representing 5 bacterial phyla (Fig. 4), 
including high quality MAGs classified as P. damse-
lae. Antibiotic-resistance genes have been detected in 
P. damselae from fish aquaculture sites [60–62], where 
regular antibiotic dosing may select for both the reten-
tion and transfer of resistance among enteric microbes 
[63]. In wild animals, antibiotic resistance genes tend to 
be more common with increased exposure to anthropo-
genic impacts [64]. For migratory sharks, we have limited 
data on the baseline frequency of antibiotic-resistance 
in microbiomes, nor do we know enough about migra-
tion patterns to assess the relative exposure of sharks to 
anthropogenic impacts, potentially including exposure to 
taxa such as P. damselae whose resistance profile could 
be shaped by human activity. Despite this uncertainty, it 
is most likely that the high representation of resistance 
genes in C. carcharias and R. typus fecal microbiomes 
is driven by natural, antagonistic interactions between 
microbes. Prior work has shown that bacteria from elas-
mobranch skin also produce an array of antimicrobial 
compounds [12]. Intriguingly, sharks rarely suffer wound 
infections [11, 65, 66], and it is possible that microbial 
warfare by the resident microbiome plays a role in dis-
ease prevention. Collectively, the available data suggest 
that microbial warfare is common in the shark micro-
biome and that these communities may be repositories 
for both antibiotics and antibiotic-resistance. Metage-
nome and culture-based studies that compare microbi-
ome niches on the shark body, as well as individuals in 
wild versus managed care environments, will help better 
resolve the nature and role of microbe-microbe interac-
tions in sharks.

Unlike the fecal microbiome, external (skin, gill, clo-
aca) microbiomes on sharks in this study are strongly 
influenced by microbiomes of the surrounding seawater 
(Figs. 5, 6). A strong environmental influence on micro-
biome structuring has been documented in other marine 
animals, including the common thresher shark (Alopias 
vulpinus [24]), the blacktip reef shark (Carcharhinus mel-
anopterus [25]), orcas (Orca orcinus [67]), and hump-
back whales (Megaptera novaeangliae [68]). However, 
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this influence is less pronounced in certain teleost fishes 
[23, 69], although still important [21, 69]. A relative lack 
of host-mediated regulation of external microbiomes in 
sharks may be due to the unique structure of the shark 
skin, consisting of rough dermal denticles that are absent 
in teleost fishes. The surface of the shark skin may also 
contain less mucus, thereby limiting the development 
and growth of a resident biofilms. Nonetheless, the lack 
of significant microbiome variation between C. carcha-
rias and G. cuvier from the same location was surprising, 
notably as G. cuvier is known to contain more mucus on 
its skin. Additionally, prior work on other elasmobranch 
species shows that skin microbiomes tend to follow a 
pattern phylosymbiosis, being distinct among shark 
hosts [23]. The similarity between C. carcharias and G. 
cuvier skin, gill, and cloaca microbiomes may be driven 
by lifestyle similarity between these two apex predators, a 
particularly strong environmental effect during our sam-
pling, and potentially convergent microbiome evolution, 
which can confound phylosymbiosis signals.

Conclusions
Our knowledge of shark-microbe interactions and 
their role in shark health and ecology is increasing, but 
remains sparse for large pelagic sharks. For such species, 
the expertise and resources required to find, capture, and 
sample wild individuals remains a primary challenge. 
The current study, made possible by a large collaborative 
effort uniting marine biologists, microbiologists, and spe-
cialists in large animal handling, establishes critical base-
line data and hypotheses to guide future investigations. 
The fecal microbiomes of the large pelagic sharks C. car-
charias and R. typus are simple and conserved, despite 
host differences in feeding mode and apparent similari-
ties in trophic niche between R. typus and baleen whales. 
Both species are enriched in core microbiome members 
including Photobacterium, whose abundance and ubiq-
uity in the shark gut warrants attention to identify its 
functional contributions and potential strain-variation 
among hosts (comparisons of MAGs between hosts was 
hindered here by the low quality of P. damselae MAGs 
in R. typus; Additional file  1: Table  S4). Future studies 
should also target other dominant taxa such as Cetobac-
terium and Tyzzerlla, as well as expand metagenomic 
comparisons. The latter will allow testing of the natural 
product potential of shark microbes and the role of social 
interactions among microbiome members (e.g., pathogen 
suppression). If coupled to data on shark diet, intestinal 
physiology, and migration patterns, future microbiome 
studies can help resolve the contributions of diet ver-
sus physiology versus environmental factors in shaping 
microbiome function, enabling predictions of how shark 

health and ecology may change with anthropogenic stress 
to shark populations, or care under managed conditions.

Materials and methods
Experimental design
Additional file  1: Table  S1 lists all samples. Tiger shark 
(Galeocerdo cuvier) and white shark (Carcharodon car-
charias) samples were collected in collaboration with 
OCEARCH over four expeditions: 2018 Gulf Stream, 
2018 Nova Scotia, 2019 Southeast (Florida, Geor-
gia, South Carolina), 2019 Nova Scotia (Additional 
file  1: Table  S2 lists metadata and shark names for all 
OCEARCH samples). Science Briefs for each expedi-
tion can be found at https://​www.​ocear​ch.​org/. Microbi-
ome samples were collected from the dorsal skin, cloaca, 
gill, or feces from individuals of Galeocerdo cuvier (tiger 
shark; n = 7 individuals) and Carcharodon Carcharias 
(white shark; n = 22). Not all sample types were col-
lected from all individuals (Additional file  1: Table  S1). 
Shark capture and sampling followed OCEARCH pro-
cedures. Briefly, animals were caught with drumlines 
from a tender boat and then guided to a submerged plat-
form of the M/V OCEARCH vessel. The platform was 
then raised, the animal restrained, and ventilated with 
equipment/hoses to provide a continuous flow of fresh 
seawater over the gills. The science team of researchers 
and veterinarians then sampled the animal for ~ 15  min 
prior to release. Skin, cloaca, and gill samples were col-
lected using a sterile swab brushed approximately 10–15 
times over the tissue surface. Swabs were then placed in a 
vial containing an RNA/DNA stabilizing buffer (25 mM 
sodium citrate, 10 mM EDTA, 5.3 M ammonium sulfate, 
pH 5.2) and frozen until extraction. Fecal samples were 
rare as only seven C. carcharias individuals had obtain-
able fecal matter; fecal samples were not obtained from 
G. cuvier. Carcharodon carcharias fecal samples were 
collected directly from the spiral intestine with a rub-
ber catheter and syringe, transferred to a cryovial, stored 
frozen within 20 min of collection, and kept frozen until 
DNA extraction.

Samples of Rhincodon typus (whale shark) microbi-
omes were collected via freediving from four locations, 
representing a total of 37 individuals (Additional file  1: 
Table  S1). The dorsal pit (beneath/posterior to the first 
dorsal fin) of four managed care whale sharks (Rhinco-
don typus) from Georgia Aquarium were sampled six dif-
ferent times over a period of five months, and multiple 
body sites were sampled for 29 wild whale sharks from 
the south Atlantic island of St. Helena; in addition, one 
fecal sample was collected. Additional whale shark fecal 
samples were obtained from three wild individuals in 
Tanzania and one from the Maldives. Samples of dorsal 
skin/pit, cloaca, and gill microbiomes were collected by 

https://www.ocearch.org/
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gently brushing the surfaces with a sterile swab and pre-
served in an RNA/DNA stabilizing buffer as described 
above. Fecal samples from R. typus were collected from 
the water column directly after defecation events that 
occurred while freediving. Feces were collected by hand 
using nets or containers and frozen as quickly as possi-
ble. This research was approved by the Georgia Institute 
of Technology Institutional Animal Care and Use Com-
mittee (IACUC) under protocols A100161 and A100122.

Surface seawater from the sites of wild animal sam-
pling was collected via two sterile 60  ml syringes. Sea-
water microbiomes were then concentrated by filtering 
the 120 ml of water through a 0.2 µm Isopore membrane 
filter (Millipore). To collect Georgia Aquarium seawater 
microbiomes, 2 L of exhibit water were passed through a 
0.2 µm Sterivex filter (see [70]). Filters were immersed in 
RNA/DNA stabilizing buffer and frozen until extraction.

DNA extraction, library preparation, and sequencing
Total DNA was extracted from all samples using the 
Qiagen PowerSoil DNAextraction kit. Swabs, Isopore 
membrane filters, or 200 μl of fecal content were placed 
directly into PowerBead tubes, and extracted following 
the manufacturers’ instructions, with two exceptions; 
samples were heated to 55  °C for five minutes before 
the bead beating step and before the final elution. Fecal 
samples were extracted in duplicate. Microbial commu-
nity composition was assessed by Illumina sequencing of 
the V4 region of the 16S rRNA gene, as described by the 
Earth Microbiome Project [71]. A nested PCR approach 
was necessary for successful amplicon generation for 
Carcharodon carcharias and Galeocerdo cuvier, first tar-
geting the full 16S rRNA gene, then applying a second 
PCR targeting the V4 region of the 16S rRNA gene. The 
first PCR included 5  μl DNA template (with the excep-
tion of fecal samples, which included 2 ul DNA template), 
12.5  μl Promega GoTaq Hot Start Green Master Mix, 
0.5 μl each 27F forward primer and 1492R reverse primer 
(total concentration, 0.2 μM), and 0.25 μl bovine serum 
albumin (BSA) (20 mg/ml; ThermoScientific). Final reac-
tion volumes were brought up to 25 μl. PCR conditions 
were an initial 3-min denaturation at 94  °C, followed by 
30 cycles of denaturation at 94 °C (60 s), primer annealing 
at 55 °C (120 s), and extension at 72 °C (90 s) and then a 
final extension at 72 °C for 10 min. After the initial PCR, a 
second nested PCR was performed using 0.25 μl template 
from the first PCR, and 0.25 μl each F515 forward primer 
and R806 reverse primer [72], both with appended bar-
codes and Illumina-specific adapters [73]. All other 
PCR conditions were described as above. A nested PCR 
approach was not necessary for R. typus samples, where 
5  μl of DNA template was used in PCR conditions as 
described above. All DNA extractions were amplified in 

triplicate, each replicate with their own barcode com-
bination. Blanks (negative controls) were carried out 
through extraction, PCR and sequencing for all protocol 
variants. Amplicon libraries were purified with Diffinity 
RapidTip PCR purification tips (Diffinity Genomics, NY) 
and pooled. 16S amplicon libraries were sequenced on 
an Illumina MiSeq machine using V2 chemistry with 500 
cycles (250 × 250 bp) and 5% PhiX. Metagenome librar-
ies from each fecal extraction were constructed using 
the Nextera XT DNA sample prep kit (Illumina) per the 
manufacturer’s instructions. The resulting libraries were 
verified on the 2100 Bioanalyzer (Agilent) and sequenced 
using V3 chemistry with 600 cycles (300 × 300  bp) and 
5% PhiX. One white shark fecal sample (SE20193) was 
chosen for long-read metagenome scaffolding using 
Nanopore Technologies’ Ligation Sequencing Kit and the 
MinION Mk1B. Extraction blanks were performed and 
carried out through PCR and sequencing. All sequence 
data generated in this study have been deposited in the 
NCBI Sequence Read Archive under BioProject ID num-
bers PRJNA648940 and PRJNA649531.

16S rRNA gene amplicon analysis
Raw reads were imported into QIIME2, and sequences 
were quality filtered, merged, and checked for chime-
ras using the DADA2 pipeline with the parameters 
-p-trim-left-f 100 –p-trim-left-r 100 –p-trunc-len-f 
140 –p-trunc-len-r 140 [74]. Quality filtered reads were 
assigned taxonomy using the SILVA pre-trained classifier 
(silva-132-99-515-806-nb-classifier), and all chloroplast, 
mitochondria, and "unassigned" reads at the domain 
level were removed. A total of 9,539,619 total sequences 
were retained after quality control, ranging from 1818 to 
436,939 sequences per sample, and comprising 11,047 
unique sequence variants (SVs) across 161 samples.

To control for PCR bias between replicates, we applied 
a quality control procedure based on weighted UniFrac 
distances. Distances were calculated for all replicates, 
and distances between replicates were plotted in a stand-
ard boxplot. Outlier replicates (those with distances in 
the fourth quartile, > 0.33) were then removed (Addi-
tional file  1: Fig. S6). This quality control process also 
identified all negative controls for removal from the data-
set, further validating the method. Replicates that passed 
this quality control were combined for further process-
ing. Counts of observed SVs, Chao1 estimates of SV rich-
ness (alpha diversity), Bray–Curtis dissimilarity values, 
and weighted UniFrac distances (beta diversity) were cal-
culated through QIIME2, and  .qza files imported into R 
using the package QIIME2R for figure production. Only 
the SE2019 expedition yielded a sample set representing 
two species (Carcharodon carcharias and Galeocerdo 
cuvier), and was therefore isolated to test the effects of a 
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shared environment versus host identity on microbiome 
composition. PERMANOVA was used to test for vari-
ation in community composition among sample types 
(gill, skin, cloaca, feces) in QIIME2. Nonrarefied count 
data were imported into R using the packages Qiime2R 
and Phyloseq [75], and DESeq2 [44] was used to detect 
SVs that differed significantly in proportional abundance 
among sample groups. Data from the NS2019 expedi-
tion were also evaluated independently to test for sig-
nificant differences in microbiome composition between 
body sites and the water column, as this study site had 
the most water samples collected (n = 8). Two previous 
studies were selected for comparison to further eluci-
date the roles of host identity vs diet in the shark fecal 
microbiome- one with fecal microbiomes from a diverse 
set of marine teleost fishes spanning disparate diets [22], 
and one examining the fecal microbiomes of a diverse set 
of mammals [43], including toothed and baleen whales, 
which have similar diets to white and whale sharks, 
respectively. Raw data from these two studies [43 and 22] 
were processed with the same QIIME2 pipeline described 
above, except that only forward reads were used.

Metagenomic analysis
Demultiplexed reads were trimmed using Trim Galore, 
with the criteria of a minimum length of 100  bp and a 
Phred score of 25. Long-read MinION data produced 
from the SE20193 fecal sample were trimmed in the 
same manner except with a minimum length of 1000 bp. 
For each fecal sample, the quality trimmed forward and 
reverse sequences were assembled into contigs using 
SPAdes 3.13.0 using the metaspade.py script [76]. Con-
tigs of > 5000  bp were binned into metagenome-assem-
bled genomes (MAGs) using MaxBin2.0 [77]. MAG 
completeness, contamination, average nucleotide identity 
(ANI), and taxonomic affiliation were determined using 
the program MiGA [78]. For the MAGs identified as Pho-
tobacterium, a phylogenetic tree was constructed along 
with 26 closely related genomes on the basis of 91 con-
catenated single-copy marker genes present in all MAGs 
and identified by MiGA using Hidden Markov Models 
(HMMs) via HMMER3. Marker genes were aligned using 
clustalW and then concatenated in MEGAX. The result-
ing alignment was manually verified and used to generate 
a maximum likelihood phylogeny inferred with the Day-
hoff substitution model and iterated 500 times for boot-
strapping [79, 80].

For comparative analysis, metagenomic reads from 
all C. carcharias and R. typus fecal samples were co-
assembled using MEGAHIT v. 1.2.9 [81]. The co-
assembly was imported into Anvi’o 6.2 [41] and binned 
using Maxbin 2.0 [76]. Individual metagenomes were 
then mapped back to co-assembly bins using Bowtie2 

2.3.5 [82]. Genes were annotated using the Clusters of 
Orthologous Groups (COGs) database as in [83], and 
the relative abundance of each COG category was cal-
culated for each metagenome. Bins across all samples 
were then manually refined and visualized in the Anvi’o 
interactive interface.
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