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Abstract: Our knowledge regarding the role of the microbiome in fish health has been steadily
increasing in the last decade, especially for species of commercial interest. Conversely, relatively few
studies focus on the microbiomes of wild fish, especially apex predators like sharks, due to lower
economic interest and greater difficulty in obtaining samples. Studies investigating microbiome
differences between diverse anatomical locations of sharks are limited, and the majority of the
available studies are focused on the microbial diversity present on shark teeth, with the aim of
preventing infections due to bites of these animals or evaluating the presence of certain pathogens in
healthy or diseased specimens. Here, we investigated the skin, mouth, gills, and cloaca microbiomes
of five individuals of two phylogenetically distant species of sharks (Prionace glauca and Somniosus
rostratus) to obtain a better understanding of the diversity regarding the microbiomes of these animals,
how they change throughout different body parts, and how much they are influenced and determined
by the ecology and evolutionary relationship between host and microbiome. To confirm the taxonomy
of the sharks under study, we barcoded the specimens by sequencing the mtDNA COI from a biopsy
of their skin. Microbial diversity based on the 16S rRNA gene reveals that partially overlapping
microbiomes inhabit different body parts of each shark species, while the communities are distinct
between the two species. Our results suggest that sharks’ microbiome species-specific differences are
controlled by the ecology of the shark species. This is the first study comparatively analyzing the
microbiome diversity of different anatomical locations in two shark species of the Mediterranean Sea.

Keywords: microbiome; shark; Mediterranean Sea; Somniosus rostratus; Prionace glauca

1. Introduction

The microbiome is the community of microorganisms that inhabit an organism, es-
tablishing a symbiotic relationship with the host. These communities share an intimate
bond with their host, being involved in nutrient supplementation, disease susceptibility,
stimulating the development of the immune system, and out-competing opportunistic
pathogens [1]. Although this symbiotic relationship often benefits the host, it is worth
noting that negative interactions also occur within the microbiome. Factors such as environ-
mental stressors, host immune responses, and microbial dysbiosis can lead to disruptions
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in microbial balance, and potentially harmful outcomes. This symbiotic relationship is
also reflected in the lifestyle, ecology, and habitat of the host, and drives patterns and
fluctuations in its microbiome [2].

Understanding how environmental changes, ecology, and life history events influence
marine animals’ microbiomes is gathering a growing interest within the field of marine
science [3]. Although fish account for nearly half of vertebrate species, most of the un-
derstanding we have reached about microbiomes and holobionts comes from mammals,
which comprise less than 10% of the total vertebrate diversity [4]. A large portion of the
studies on marine animal microbiomes are focused on economically significant aquaculture
species [5]. Although not completely understood, we know that the microbiome plays
a role in influencing the host’s fitness, behavioral and cognitive traits [6], and its overall
health through the production of protective secondary metabolites [7] or the modulation
of host immunity [3]. In marine animals, the interaction is not only with their own micro-
biome but also with the one inhabiting their surroundings [5] as these animals share their
environment with a vast diversity of microorganisms that play a critical role in oxygen
production, nutrient cycling, and organic matter degradation [8,9].

Much of the existing research on fish microbiomes focuses on characterizing the
taxonomic diversity of gut microbiomes, and the communities are 90% characterized by
members of the phyla Proteobacteria, Bacteroidetes, and Firmicutes [10,11], varying in
response to changing nutrition and across other body surfaces, like skin and gills, which is
especially interesting in marine animals that are surrounded by the planktonic microbes
present in seawater [12] and for which a surface microbiome could play a major role as a
protective barrier against pathogens [13]. A factor that strongly influences the microbiomes
of fish skin and that is secondarily linked to the host species is skin mucus [14] and the
antimicrobial compounds it contains [15], which can act as a buffer against the surrounding
environment. Even though strong environmental changes can influence fluctuations in the
skin microbiomes of fish, as observed in Atlantic salmon during its migration from rivers
to the ocean [16], skin microbiomes remain mostly species-specific [17].

A large portion of our knowledge of fish microbiomes is linked to a strong economic
interest in the fishing and aquaculture industry. There is a limited amount of research on
the microbiome composition of elasmobranchs [18], especially regarding sharks, linked to
lower economic interest and to the difficulty in studying these animals. The few studies
that take into account sharks’ microbiomes in different anatomical locations often focus
on teeth bacteria, with the aim of preventing infections due to bites of these animals or
evaluating the presence of pathogens in healthy vs diseased specimens [18,19]. Only a
small fraction of studies are focused on the influence of host ecology, population-level
dynamics, or phylogeny regarding the shark microbiome [20–22]. Sharks-associated mi-
crobial communities can establish symbiotic associations in various anatomical locations,
possibly contributing to the defense of the host against pathogens and susceptibility to
disease [2]; however, these mechanisms in sharks are still poorly understood. Studying the
microbiomes of these animals is not only important to improve our knowledge about these
species and to use them as ecological indicators of ecosystem status but also to characterize
new microbial diversity and gain more information on shark bite treatment protocols.

Studying the symbiotic microbial communities of an organism can provide crucial
information to understand the natural history, ecology, and main processes required for
the function and survival of their hosts. Even though sharks are widespread animals, their
microbial communities still remain poorly understood, both because of the difficulties in
studying sharks in the field and because they have lower commercial value compared to
bony fish, making less funding available for research.

Here, we provide information on the microbiome diversity in two different species
of sharks to obtain a better understanding of the microbiomes of these animals, how they
change throughout different body parts, and how much they are influenced and determined
by the ecology and phylogeny of the host. In spite of the limited number of animals and
samples collected, reflecting the difficulty in obtaining such samples, this study provides
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valuable baseline data that will contribute to understanding sharks’ microbiome diversity,
a field largely unexplored to date. Studies like this could provide information about how
much the habitat, diet, and ecology of a species can influence and explain microbiome
variations and provide specific information on how the gender, age, and habitat of a single
individual can shape diversity. Ecological processes and environmental factors could
explain some of the variations in the microbiomes of different sharks, but including sharks’
phylogeny and population structure will help us also to take into account evolutionary and
coevolutionary processes that have shaped the meta-organism.

2. Materials and Methods
2.1. Sample Collection

Five individuals of two shark species were caught in Mar Ionio between August 2020
and September 2020 and released after measurements and sample collection. Handling
time was kept to a minimum and all sharks were released in as little time as possible to
ensure survival and low stress due to the catch and handling.

The sampling allowed us to collect samples from different anatomical locations from a
total of five shark specimens (Table 1). For each shark, morphometric information (species,
sex, length, weight, and sexual maturity), four swabs, a skin sample, and an environmental
sample (seawater sample) were collected. The skin samples for the determination of shark
species through molecular approaches were taken from the posterior profile of the dorsal
fin, in the junction between the fin and the back of the animal, as it is an area with little
exposure to the sea current.

Table 1. Number and characteristics of the different collected samples.

Code Individual Species Length
(cm)

Weight
(kg)

Water Temp
(◦C)

Air
Temp Sex Type Month Zone

FILTER-AA ind_01 - NA NA 27 ◦C 34 ◦C - Environment Aug Water

FILTER-AB ind_02 - NA NA 26 ◦C 30 ◦C - Environment Sept Water

FILTER-AC ind_03/
ind_04 - NA NA 28 ◦C 28 ◦C - Environment Sept Water

FILTER-AD ind_05 - NA NA 28 ◦C 26 ◦C Environment Sept Water

SWAB-1 ind_01 Prionace
glauca 100 cm 4 kg 27 ◦C 34 ◦C F Shark Aug Skin

SWAB-10 ind_03 Somniosus
rostratus 100 cm 500 g 28 ◦C 28 ◦C F Shark Sept Mouth

SWAB-11 ind_03 Somniosus
rostratus 100 cm 500 g 28 ◦C 28 ◦C F Shark Sept Gills

SWAB-12 ind_03 Somniosus
rostratus 100 cm 500 g 28 ◦C 28 ◦C F Shark Sept Cloaca

SWAB-13 ind_04 Somniosus
rostratus 110 cm 600 g 28 ◦C 28 ◦C M Shark Sept Skin

SWAB-14 ind_04 Somniosus
rostratus 110 cm 600 g 28 ◦C 28 ◦C M Shark Sept Mouth

SWAB-15 ind_04 Somniosus
rostratus 110 cm 600 g 28 ◦C 28 ◦C M Shark Sept Gills

SWAB-16 ind_04 Somniosus
rostratus 110 cm 600 g 28 ◦C 28 ◦C M Shark Sept Cloaca

SWAB-17 ind_05 Somniosus
rostratus 120 cm 700 g 28 ◦C 25 ◦C F Shark Sept Skin

SWAB-18 ind_05 Somniosus
rostratus 120 cm 700 g 28 ◦C 25 ◦C F Shark Sept Mouth
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Table 1. Cont.

Code Individual Species Length
(cm)

Weight
(kg)

Water Temp
(◦C)

Air
Temp Sex Type Month Zone

SWAB-19 ind_05 Somniosus
rostratus 120 cm 700 g 28 ◦C 25 ◦C F Shark Sept Gills

SWAB-2 ind_01 Prionace
glauca 100 cm 4kg 27 ◦C 34 ◦C F Shark Aug Mouth

SWAB-20 ind_05 Somniosus
rostratus 120 cm 700g 28 ◦C 25 ◦C F Shark Sept Cloaca

SWAB-3 ind_01 Prionace
glauca 100 cm 4 kg 27 ◦C 34 ◦C F Shark Aug Gills

SWAB-4 ind_01 Prionace
glauca 100 cm 4 kg 27 ◦C 34 ◦C F Shark Aug Cloaca

SWAB-5 ind_02 Prionace
glauca 100 cm 4 kg 26 ◦C 30 ◦C M Shark Sept Skin

SWAB-6 ind_02 Prionace
glauca 100 cm 4 kg 26 ◦C 30 ◦C M Shark Sept Mouth

SWAB-7 ind_02 Prionace
glauca 100 cm 4 kg 26 ◦C 30 ◦C M Shark Sept Gills

SWAB-8 ind_02 Prionace
glauca 100 cm 4 kg 26 ◦C 30 ◦C M Shark Sept Cloaca

SWAB-9 ind_03 Somniosus
rostratus 100 cm 500 g 28 ◦C 28 ◦C F Shark Sept Skin

Gills, mouth, skin, and cloaca samples of each individual were taken using sterile
swabs for microbiome analysis. The skin swabs were sampled in the same location as the
skin samples, swiping the swab front to back and rotating it four times. For the cloaca
samples, the swabs were inserted in the cloacal fissure and rotated. The gill swabs were
taken from the third gill and sampled starting from the head, sliding the swab once in a
dorsal-ventral direction and once in a ventro-dorsal direction. The last swab, taken in the
mouth, was collected by placing the swab at the lateral attachment of the mouth, directing
it once towards the upper gum and returning to the attachment and once turning towards
the lower gum and returning to the attachment. All swabs were kept cool after sampling
and once on the ground frozen at −20 ◦C until DNA extraction. At the sampling site of
each shark, a 3 L water sample was collected, filtered using a Sterivex 0.22 µm filter (Merck
Millipore, Milan, Italy), and stored in the freezer at −20 ◦C. Among the collected samples,
FILTER-AD and SWAB-6 samples were excluded from the downstream analysis due to
inadequate sequencing depth (Table 1).

2.2. DNA Extraction and Sequencing

DNA was extracted from the skin samples using a modified phenol–chloroform
extraction protocol [23,24] and used for the shark species identification. DNA visualization
was performed by agarose gel electrophoresis, and DNA quantification was determined by
NanoDrop spectrophotometer (Thermo Fisher Scientific, Roma, Italy).

A Polymerase Chain Reaction [25] was performed using 2X Phire Plant Direct PCR
Master Mix (Thermo Fisher Scientific, Italy), ElasmoCR15642F (5′-TTG GCT CCC AAA
GCC AAR ATT CTG-3′;) and ElasmoCR16638R (5′-CCC TCG TTT TWG GGG TTT TTC
GAG-3′) as primer for the CR (Control Region) [26,27], while using VF2 -t1 (5′-TCA ACC
AAC CAC AAA GAC ATT GGC AC-3′) and FR1d-t1 (5′-CAC CTC AGG GTG TCC GAA
RAA YCA RAA-3′) as primer for the COI (Cytochrome c oxidase I) [28]. The cycling
parameters were performed according to the manufacturer’s instructions.
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The amplicons were purified using the Monarch® PCR & DNA Cleanup Kit (New
England Biolabs, County Road, Ipswich, MA, USA) and sequenced and analyzed as
previously reported [29].

Microbiome DNA extraction was performed on the swabs and on the filtered water
samples using the DNeasy PowerSoil Kit (QIAGEN, Milano, Italy) following the manufac-
turer’s instruction with some minor modifications. In particular, the Elution was carried
out by passing twice the same volume (50 µL) of solution C6 to collect the DNA. DNA
visualization was performed by agarose gel electrophoresis and visualized with an ultravi-
olet transilluminator (ChemiDoc™ XRS, Bio-Rad, Segrate, Italy). DNA quantification was
determined by the NanoDrop spectrophotometer. The obtained DNA was sequenced at
the Integrated Microbiome Resources (https://imr.bio/, accessed on 8 January 2023) using
primers targeting the V6–V8 region of the 16S rRNA (B969F = ACGCGHNRAACCTTACC
and BA1406R = ACGGGCRGTGWGTRCAA) using Illumina Miseq technology.

2.3. Statistical Analysis

The microbiome sequences obtained were analyzed using the DADA2 package [30]
after removing primers and adapters. All sequences with an average call quality for each
base between 20 and 40 were retained for downstream processing. DADA2’s end product
was an amplicon sequence variant (ASV) table, a higher-resolution version of an out table,
and the Silva database release 138 was used as a comparison to assign the taxonomy to the
sequence variants (https://www.arb-silva.de/, accessed on 1 June 2023). The end product
of DADA2 was used to investigate the prokaryotic diversity using the phyloseq package as
previously described [31–33].

The alpha diversity was calculated using the Shannon diversity index, and a Kruskal–
Wallis rank test [34] was used to test any significant difference in alpha diversity between
shark species or between anatomical locations. The beta diversity of the community was
investigated using weighted and unweighted Jaccard dissimilarity index and related to
environmental factors using non-metric multidimensional scaling (nMDS) with the vegan
package [35]. Significance tests were performed using permutational multivariate analysis
of variance (PERMANOVA) through the Adonis function.

Sharks’ COI and CR sequences and microbiome sequences analyzed in this study
are available through the European Nucleotide Archive (ENA) under project accession
PRJEB60929. A complete R script containing all the steps to reproduce our analysis is
available at https://github.com/giovannellilab/Montemagno_et_al_Shark_Microbiome,
accessed on 30 June 2023, and with DOI https://doi.org/10.5281/zenodo.7584581, accessed
on 30 June 2023 together with all the environmental data.

3. Results
3.1. Shark and Seawater Microbial Community Diversity

The results of molecular analysis of sharks’ COI and CR sequences have confirmed
that the species under study are Prionace glauca and Somniosus rostratus (Table 1). The
16S rRNA tag-amplicon sequencing of 19 samples (gills, mouth, skin, and cloaca from each
individual) from five sharks and three water samples produced a total of 1,431,719 high-
quality 16S rRNA reads after quality check and merging (Table 2), and they were used to
identify 803 unique ASVs. After taxonomic annotation, we were able to classify 58.65% of
the ASVs at the genus level.

Two samples, Filter-AD and Swab-6, were excluded from the present analysis due
to inadequate sequencing depth. In total, ten prokaryotic phyla have been identified.
Sequences relative to the phyla Proteobacteria, Bacteroidota, Actinobacteriota, and Firmicutes,
with an average relative abundance of 83.27%, 14.96%, 1.28%, and 0.07%, respectively, are
shared between the water and shark samples. While there are no unique phyla for the
shark samples, the eight phyla Cyanobacteria, Verrucomicrobia, Bdellovibrionota, SAR324-clade
(Marine group B), Desulfobacterota, and NB1-j are only found in water samples, with average
relative abundance values of 4.74%, 1.51%, 0.09%, 0.07%, 0.06%, and 0.01%, respectively. At

https://imr.bio/
https://www.arb-silva.de/
https://github.com/giovannellilab/Montemagno_et_al_Shark_Microbiome
https://doi.org/10.5281/zenodo.7584581
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the phylum level, water and shark samples show a distinct microbial community, while
there are no remarkable differences in terms of microbial community at the phylum level
between the two shark species or between the different anatomical locations investigated
(Figure 1). Gammaproteobacteria, Bacteroida, and Alphaproteobacteria are the most abundant
classes (73.81%, 14.55%, and 9.46%, respectively) shared between sea water and shark
microbial communities. The classes Actinobacteria and Bacilli are still shared between
the two types of samples, although with lower abundances. Rhodothermia, Cyanobacteria,
Verrucomicrobiae, Kiritimatiellae, Acidimicrobiia, Bdellovibrionia, Desulfuromonadia, Chlamydiae,
and Oligoflexia are the classes only found in the water samples. The Clostridia class is only
present in two skin shark samples, both belonging to a Somniosus rostratus species, while
the Rubrobacteria class is only present in one S. rostratus skin sample (Figure 2).

Table 2. Number of reads at different steps of the analysis, together with the number of obtained
ASVs per sample.

Sample Input Filtered Merged ASVs

FILTER-AA 112,008 101,664 99,887 85,808

FILTER-AB 69,153 62,781 61,682 53,766

FILTER-AC 19,029 17,085 16,396 13,940

SWAB-1 63,583 58,098 57,240 45,926

SWAB-10 70,926 64,838 64,219 49,732

SWAB-11 58,219 52,296 51,836 45,801

SWAB-12 99,394 90,943 90,022 69,005

SWAB-13 131,764 121,383 120,551 101,330

SWAB-14 106,950 97,336 96,756 80,236

SWAB-15 85,444 78,023 77,420 61,340

SWAB-16 39,479 36,021 35,781 34,578

SWAB-17 58,712 54,295 53,275 43,558

SWAB-18 77,510 71,540 70,959 60,912

SWAB-19 73,355 68,062 67,751 64,847

SWAB-2 59,285 54,880 54,104 41,789

SWAB-20 111,213 103,042 101,995 76,030

SWAB-3 47,398 43,992 43,627 37,508

SWAB-4 78,454 73,440 72,583 61,472

SWAB-5 70,298 65,096 64,539 58,471

SWAB-7 67,555 61,574 60,268 36,328

SWAB-8 35,618 33,178 32,551 27,185

SWAB-9 42,449 38,695 38,277 28,961

The ten most abundant families are Pseudomonadaceae, Moraxellaceae, Shewanel-
laceae, Flavobacteriaceae, Clade-I, Pseudoalteromonadaceae, Marinobacteraceae, Methy-
lophagaceae, Halomonadaceae, and Clade-II, with Clade-I and Clade-II being only present
in the sea water communities, while Marinobacteraceae, Methylophagaceae, and Halomon-
adaceae only in shark microbiomes (Figure 3). At the family level, differences between the
two shark species are visible in terms of microbial community composition. Between the
less abundant families, the Yersiniaceae family is present in all the Somniosus rostratus
samples while being completely absent in Prionace glauca, opposite to the Erwiniaceae
family, which appears only in Prionace glauca (Supplementary Table S1). Looking at the
relative abundance of the shared families, we see other differences between the two shark
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species. The Somniosus rostratus species shows a noticeably higher relative abundance of
families like Pseudomonadaceae and Shewanellaceae (61.45% and 14.16%) if compared to
Prionace glauca (31.13% and 0.32%), while the Moraxellaceae family is much more abun-
dant in Prionace glauca (18.79%) than in Somniosus rostratus (4.40%) (Figure 3). There are
no evident differences between the microbiome compositions of the different anatomical
locations sampled.
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3.2. Differences in Microbiome between Environmental and Biological Samples

Shark microbiome samples appear significantly different from the seawater micro-
biome in both alpha and beta diversity (Figures 4 and 5). This result is confirmed by
a Kruskal–Wallis test performed on the Shannon alpha diversity index (Kruskal–Wallis,
chi-squared = 7.4348, df = 1, p-value = 0.006398) and an Adonis test confirming a significant
difference between the two groups in weighted Jaccard non-metric dimensional scaling
(Figure 5) (Adonis test, p value = 0.024). As clearly shown in Figure 5, shark samples and
sea water samples appear in two distinct clusters; this result does not exclude the microbial
communities living the in water samples, and those found on the shark body do influence
each other in such a way.
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3.3. Different Microbiomes between the Two Shark Species and between Anatomical Locations

The Shannon diversity index was used to investigate the alpha diversity between the
two shark species, grouping the anatomical location for each one. As reported in Figure 6,
Somniosus rostratus microbiome samples show an overall higher alpha diversity, but a
Kruskal–Wallis test showed no significant differences amongst the different anatomical
locations (Kruskal–Wallis, chi-squared = 0.81, df = 1, p-value = 0.8471).
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The beta diversity of the shark microbiome was investigated by removing the water
samples. Weighted non-metric dimensional scaling based on the Jaccard similarity index
(Figure 7) shows good separation between the two shark species, while there is no visible
trend in the distribution of the different anatomical locations. These results were confirmed
by an Adonis test, which confirmed a significant difference in microbial community between
the two species (Adonis test, p value = 0.0001) and no significant difference between the
different anatomical locations (Adonis test, p value = 0.785). To better define the core
microbiome of each shark species, we used a Venn diagram to visualize the shared and
unique ASVs across the different anatomical locations. As shown in Figure 8, we identified
43 (20.7%) and 20 (9.6%) ASVs out of 208 total ASVs in the core microbiomes of S. rostratus
and P. glauca, respectively. In both shark species, the most abundant shared ASVs at the
phylum level were Proteobacteria (94% in S. rostratus and 82.21% in P. glauca), Bacteroidota
(4.93% in S. rostratus and 16.67% in P. glauca), and Actinobacteria (0.87% in S. rostratus and
1.12% in P. glauca). We also found Firmicutes at a lower percentage (0.017%) only in the
core microbiome of S. rostratus.
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4. Discussion

Agreeing with previous studies that investigate shark microbiomes and their sur-
rounding non-symbiont communities [2,36], our study confirms that shark-associated
microbial communities are significantly different from the microbiomes of the surrounding
environment regarding both richness and diversity. Our results show an overlap of only a
number of microbial taxa between the shark microbiome and the microbial community of
the surrounding seawater. Consistent with the results obtained by Karns (2017) [36], water
microbial communities have significantly higher alpha diversity values when compared
to shark ones, but, when looking at the beta diversity for both types of samples, shark
microbial communities are much more variable than water samples. Our results agree with
studies conducted on other marine organisms like fish and dolphins [21,37,38], showing
that the main driver that affects sharks’ microbial community is the specific host and the
species of belonging. We found that the overall microbial community composition dif-
fers significantly between shark species (Prionace glauca and Somniosus rostratus), between
shark and environmental samples, and that sharks’ microbiomes do not differ significantly
between different anatomical locations in both alpha and beta diversity.

Species-specific microbiomes have already been observed in different shark species [18,21],
and in other marine predators like sperm whales (Physeter macrocephalus; Erwin et al.,
2017) and killer whales (Orcinus orca) [37,38]. A coevolution of the host and its associated
microbiome has been demonstrated by previous studies [39–41], suggesting the influence of
the host ecology on its microbiome. Moreover, a number of studies have demonstrated how
environmental conditions such as pH, salinity, and temperature can have an influence on
the host-associated microbiota [42–44]. According to these findings, our results suggest that
shark species feeding ecologies, migration patterns, and many other ecological parameters
could influence specialized microbial communities. As mentioned by Storo et al., 2021 [21],
shark changes in depth during migrations and parturition could influence their microbiome
composition. Moreover, Pogoreutz and collaborators [19] found differences in the skin
microbial community composition of blacktip reef sharks (Carcharhinus melanopterus, [45]),
linked by the geographic area. Somniosus rostratus is known to live in a depth range
between 200 and 2200 m [46], while Prionace Glauca lives up to 600 m in depth [47]. Such
differences in habitat and behavior, and therefore in diet, could cause differences in these
species’ microbiomes.

Other studies focused on shark-associated microbiomes took into account different
anatomical locations (gills, teeth, skin, and cloaca) [18,21,48]. Differently from these studies,
we were not able to detect any significant difference between the anatomical locations taken
into account for both species. A larger dataset, including either more shark species or a
larger number of individuals belonging to the same species, could help to elucidate in a
clearer way differences in microbial community composition across anatomical locations
not visible in the current study and also help to determine the weight of ecology and
phylogeny on the composition of the microbiome. We also investigated if other variables
such as age, size, and sex had an influence on microbiome composition, but none of them
showed a significant influence.

Previous studies describing sharks’ bacterial community include other shark species
and other anatomical locations, and only a few have been conducted in the Mediterranean
Sea, making comparison difficult. Nonetheless, we are still able to find a number of bacterial
taxonomic groups already described in previous studies on sharks’ microbiomes. Our
study identifies a core microbiome shared between the two shark species taken into account
and a small number of bacterial groups that could be species-specific.

The Flavobacteriaceae family is one of the most abundant families in our samples.
This family has already been found in the gut and skin microbiomes of different marine
animals [49,50] and in a wide range of habitats, like marine and freshwater [51]. Banning
et al. [52] suggested a bacteriolytic role of this family, which could contribute to the health
of the host by warding off pathogenic bacteria. In particular, the Lacinutrix genus represents
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the largest portion of the Flavobacteriaceae sequences found in our samples, a genus found
in the microbiomes of jellyfish, algae, and in marine sediments [50,53,54].

The genera Pseudoalteromonas, Psychrobacter, and Pseudomonas were three of the most
abundant taxa in our sharks’ microbiomes, and they are also reported by other studies de-
scribing the thresher shark (A. vulpinus) [2], blacktip reef shark (C. melanopterus) [2,19], dusky
shark (Carcharhinus obscurus), and sandbar shark (Carcharhinus plumbeus) [55] microbiomes.

The genus Pseudoalteromonas has been reported as a common component of sharks’
skin microbiomes, like in the common thresher shark, the lemon shark, and the nurse
shark [2,56]. This genus is known for encoding gene functions that may promote healthy
microbiome–host interactions [57]. Pseudoalteromonas is known for synthesizing antimicro-
bial compounds that could promote a healthy microbiome and hinder the settlement of
eukaryotic marine fouling organisms [57]. Different studies have suggested that Pseudoal-
teromonas, together with the genus Marinobacter, also abundant in our sharks, can contribute
to the production of antimicrobial compounds able to prevent biofouling and molecules
(e.g., lipopolysaccharide, LPS) and able to mediate the host inflammatory response, respec-
tively [57–59].

One other bacterial genus that has been linked with healthy hosts is Psychrobacter,
abundant in our microbiome samples and also reported in the skin mucus of bony fish [60]
and other marine organisms like algae, sponges, humpback whale, other marine mammals,
and blacktip reef sharks [18,19,49,61,62].

Among the genera known to be present in marine organisms’ microbiomes [63,64]
or as pathogens [65,66], there are Photobacterium and Vibrio, both present in our samples.
Different studies have reported the presence of Photobacterium in sharks’ gastrointestinal
tracts (i.e., gut and cloaca) [67–70], suggesting it as a common genus of sharks’ core
intestinal microbiome [48].

5. Conclusions

Our study evaluates possible differences in the microbiomes of different anatomical
locations belonging to two shark species from the Mediterranean Sea, with the aim of
investigating the microbiomes of these animals. As far as we know, this is the first study
focused on the microbiome composition of different shark species and anatomical locations
performed in the Mediterranean Sea. The 16S rRNA microbial diversity analysis allowed us
to confirm that, as reported by other studies, shark-associated microbial communities are
significantly different between each species. Moreover, the differences associated with the
different anatomical locations do not follow a predictable trend, and shark microbiomes are
distinct from the surrounding ones. Our findings are consistent with previous studies on
fish, sharks, and rays showing dominance of members of the Actinobacteria, Proteobacteria,
and Bacteroidota phyla. Despite the limitations posed by a comparatively small cohort
of animals and collected samples, we believe that our research will serve as a valuable
contribution to unravelling the complexity of sharks’ microbiomes by shedding light on
the intricate relationship between sharks and their microbial communities, a research area
that remains largely unexplored.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/microorganisms12030557/s1, Table S1: summary_barplot.

Author Contributions: Conceptualization, D.G., C.R. and E.S.; methodology, F.M., C.R., A.C., O.D.C.,
S.S., E.S. and D.G.; investigation, F.M. and C.R.; resources, C.R. and E.S.; data curation, F.M. and
C.R.; writing—original draft preparation, F.M.; writing—review and editing, F.M., C.R., D.B., A.C.,
O.D.C., S.S., E.S. and D.G.; visualization, F.M. and D.G.; supervision, D.G., S.S., E.S. and A.C.;
funding acquisition, D.G. and E.S. All authors have read and agreed to the published version of the
manuscript.

Funding: PO FEAMP 2014/2020, MISURA 2.51 “Aumento del potenziale dei siti di acquacoltura”,
identificativo 02/ASA/22, “Piano Regionale Per le Zone Allocate Per L’Acquacoltura A Mare—AZA”.

https://www.mdpi.com/article/10.3390/microorganisms12030557/s1
https://www.mdpi.com/article/10.3390/microorganisms12030557/s1


Microorganisms 2024, 12, 557 13 of 16

Institutional Review Board Statement: The chondrichthyan specimens enrolled in the present
work were obtained from commercial fisheries. The activity was conducted with the observation
of the Regulation of the European Parliament and the Council for fishing in the General Fisheries
Commission for the Mediterranean (GFCM) Agreement area and amending Council Regulation (EC)
No. 1967/2006. All procedures were carried out with the approval of the “Ministero della transizione
ecologica—MiTE” (n. authorization 0008263, 25 January 2022).

Data Availability Statement: All the sequences analyzed in this study are available through the
European Nucleotide Archive (ENA) under project accession PRJEB60929. A complete R script
containing all the steps to reproduce our analysis is available at https://github.com/giovannellilab/
Montemagno_et_al_Shark_Microbiome with DOI https://doi.org/10.5281/zenodo.7584581 together
with all the environmental data, accessed on 30 June 2023.

Acknowledgments: The authors wish to thank Captain Franco Scarciglia and the crew of La Scogliera
for hospitality on board.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Tarnecki, A.M.; Burgos, F.A.; Ray, C.L.; Arias, C.R. Fish intestinal microbiome: Diversity and symbiosis unravelled by metage-

nomics. J. Appl. Microbiol. 2017, 123, 2–17. [CrossRef]
2. Doane, M.P.; Haggerty, J.M.; Kacev, D.; Papudeshi, B.; Dinsdale, E.A. The skin microbiome of the common thresher shark (Alopias

vulpinus) has low taxonomic and gene function β-diversity. Environ. Microbiol. Rep. 2017, 9, 357–373. [CrossRef]
3. Apprill, A. Marine Animal Microbiomes: Toward Understanding Host–Microbiome Interactions in a Changing Ocean. Front. Mar.

Sci. 2017, 4, 222. [CrossRef]
4. Sullam, K.E.; Essinger, S.D.; Lozupone, C.A.; O’CONNOR, M.P.; Rosen, G.L.; Knight, R.O.; Kilham, S.S.; Russell, J.A. Environ-

mental and ecological factors that shape the gut bacterial communities of fish: A meta-analysis. Mol. Ecol. 2012, 21, 3363–3378.
[CrossRef] [PubMed]

5. Egerton, S.; Culloty, S.; Whooley, J.; Stanton, C.; Ross, R.P. The Gut Microbiota of Marine Fish. Front. Microbiol. 2018, 9, 873.
Available online: https://www.frontiersin.org/articles/10.3389/fmicb.2018.00873 (accessed on 25 January 2023). [CrossRef]
[PubMed]

6. Limborg, M.T.; Heeb, P. Special Issue: Coevolution of Hosts and Their Microbiome. Genes 2018, 9, 549. [CrossRef] [PubMed]
7. Nakatsuji, T.; Chen, T.H.; Narala, S.; Chun, K.A.; Two, A.M.; Yun, T.; Shafiq, F.; Kotol, P.F.; Bouslimani, A.; Melnik, A.V.; et al.

Antimicrobials from human skin commensal bacteria protect against Staphylococcus aureus and are deficient in atopic dermatitis.
Sci. Transl. Med. 2017, 9, eaah4680. [CrossRef]

8. Falkowski, P.G.; Fenchel, T.; Delong, E.F. The Microbial Engines That Drive Earth’s Biogeochemical Cycles. Science 2008, 320,
1034–1039. [CrossRef]

9. Mele, B.H.; Monticelli, M.; Leone, S.; Bastoni, D.; Barosa, B.; Cascone, M.; Migliaccio, F.; Montemagno, F.; Ricciardelli, A.; Tonietti,
L.; et al. Oxidoreductases and metal cofactors in the functioning of Earth. Biochem. Biophys. Struct. Biol. 2023, preprint. [CrossRef]

10. Ghanbari, M.; Kneifel, W.; Domig, K.J. A new view of the fish gut microbiome: Advances from next-generation sequencing.
Aquaculture 2015, 448, 464–475. [CrossRef]

11. Nayak, S.K. Role of gastrointestinal microbiota in fish: Role of gastrointestinal microbiota in fish. Aquac. Res. 2010, 41, 1553–1573.
[CrossRef]

12. Chiarello, M.; Auguet, J.C.; Bettarel, Y.; Bouvier, C.; Claverie, T.; Graham, N.A.; Rieuvilleneuve, F.; Sucré, E.; Bouvier, T.; Villéger,
S. Skin microbiome of coral reef fish is highly variable and driven by host phylogeny and diet. Microbiome 2018, 6, 147. [CrossRef]

13. Merrifield, D.L.; Rodiles, A. 10—The fish microbiome and its interactions with mucosal tissues. In Mucosal Health in Aquaculture;
Beck, B.H., Peatman, E., Eds.; Academic Press: San Diego, CA, USA, 2015; pp. 273–295. [CrossRef]

14. Shephard, K.L. Functions for fish mucus. Rev. Fish Biol. Fish. 1994, 4, 401–429. [CrossRef]
15. Ross, N.; MacKinnon, S. Comparison of Antimicrobial Activity in the Epidermal Mucus Extracts of Fish—ScienceDirect.

Available online: https://www.sciencedirect.com/science/article/pii/S1096495908000298?casa_token=Td5OfcQLY_YAAAAA:
ICFamUrprKjTNVY4003xoxMYkCul1W-jsL1cs9QutSPAKMwK0RGp_DIlEIZDwaFNk3G_sOnb (accessed on 12 November 2021).

16. Lokesh, J.; Kiron, V. Transition from freshwater to seawater reshapes the skin-associated microbiota of Atlantic salmon. Sci. Rep.
1994, 6, 19707. [CrossRef]

17. Larsen, A.; Tao, Z.; Bullard, S.; Arias, C. Diversity of the Skin Microbiota of Fishes: Evidence for Host Species Specificity|FEMS
Microbiology Ecology|Oxford Academic. Available online: https://academic.oup.com/femsec/article/85/3/483/583834?login=
true (accessed on 12 November 2021).

18. Black, C.; Merly, L.; Hammerschlag, N. Bacterial Communities in Multiple Tissues Across the Body Surface of Three Coastal
Shark Species. Available online: https://zoolstud.sinica.edu.tw/Journals/60/60-0qqq.pdf (accessed on 19 November 2021).

19. Pogoreutz, C.; Gore, M.A.; Perna, G.; Millar, C.; Nestler, R.; Ormond, R.F.; Clarke, C.R.; Voolstra, C.R. Similar bacterial communities
on healthy and injured skin of black tip reef sharks. Anim. Microbiome 2019, 1, 9. [CrossRef]

https://github.com/giovannellilab/Montemagno_et_al_Shark_Microbiome
https://github.com/giovannellilab/Montemagno_et_al_Shark_Microbiome
https://doi.org/10.5281/zenodo.7584581
https://doi.org/10.1111/jam.13415
https://doi.org/10.1111/1758-2229.12537
https://doi.org/10.3389/fmars.2017.00222
https://doi.org/10.1111/j.1365-294X.2012.05552.x
https://www.ncbi.nlm.nih.gov/pubmed/22486918
https://www.frontiersin.org/articles/10.3389/fmicb.2018.00873
https://doi.org/10.3389/fmicb.2018.00873
https://www.ncbi.nlm.nih.gov/pubmed/29780377
https://doi.org/10.3390/genes9110549
https://www.ncbi.nlm.nih.gov/pubmed/30428546
https://doi.org/10.1126/scitranslmed.aah4680
https://doi.org/10.1126/science.1153213
https://doi.org/10.31223/X58H36
https://doi.org/10.1016/j.aquaculture.2015.06.033
https://doi.org/10.1111/j.1365-2109.2010.02546.x
https://doi.org/10.1186/s40168-018-0530-4
https://doi.org/10.1016/B978-0-12-417186-2.00010-8
https://doi.org/10.1007/BF00042888
https://www.sciencedirect.com/science/article/pii/S1096495908000298?casa_token=Td5OfcQLY_YAAAAA:ICFamUrprKjTNVY4003xoxMYkCul1W-jsL1cs9QutSPAKMwK0RGp_DIlEIZDwaFNk3G_sOnb
https://www.sciencedirect.com/science/article/pii/S1096495908000298?casa_token=Td5OfcQLY_YAAAAA:ICFamUrprKjTNVY4003xoxMYkCul1W-jsL1cs9QutSPAKMwK0RGp_DIlEIZDwaFNk3G_sOnb
https://doi.org/10.1038/srep19707
https://academic.oup.com/femsec/article/85/3/483/583834?login=true
https://academic.oup.com/femsec/article/85/3/483/583834?login=true
https://zoolstud.sinica.edu.tw/Journals/60/60-0qqq.pdf
https://doi.org/10.1186/s42523-019-0011-5


Microorganisms 2024, 12, 557 14 of 16

20. Doane, M.P.; Johnson, C.J.; Johri, S.; Kerr, E.N.; Morris, M.M.; Desantiago, R.; Turnlund, A.C.; Goodman, A.; Mora, M.; Lima, L.F.;
et al. The Epidermal Microbiome within An Aggregation of Leopard Sharks (Triakis semifasciata) Has Taxonomic Flexibility with
Gene Functional Stability across Three Time-Points. Microb. Ecol. preprint. 2021. [CrossRef]

21. Storo, R.; Easson, C.; Shivji, M.; Lopez, J.V. Microbiome Analyses Demonstrate Specific Communities within Five Shark Species.
Front. Microbiol. 2021, 12, 605285. [CrossRef] [PubMed]

22. Doane, M.P. Insights into the Shark “Holobiont” through the Skin Microbiome and Host Genetics. Ph.D. Thesis, San Diego State
University, San Diego, CA, USA, 2018. Available online: https://www.proquest.com/docview/2090959929/abstract/118CC6
EC20BA41E2PQ/1 (accessed on 16 February 2023).

23. Giovannelli, D.; d’Errico, G.; Manini, E.; Yakimov, M.; Vetriani, C. Diversity and phylogenetic analyses of bacteria from a
shallow-water hydrothermal vent in Milos island (Greece). Front. Microbiol. 2013, 4, 184. [CrossRef]

24. Bolinesi, F.; Saggiomo, M.; Aceto, S.; Cordone, A.; Serino, E.; Valoroso, M.C.; Mangoni, O. On the Relationship between a Novel
Prorocentrum sp. and Colonial Phaeocystis antarctica under Iron and Vitamin B12 Limitation: Ecological Implications for Antarctic
Waters. Appl. Sci. 2020, 10, 6965. [CrossRef]

25. Mullis, K.; Faloona, F.; Scharf, S.; Saiki, R.; Horn, G.; Erlich, H. Specific enzymatic amplification of DNA in vitro: The polymerase
chain reaction. In Cold Spring Harbor Symposia on Quantitative Biology; Cold Spring Harbor Laboratory Press: New York, NY, USA,
1986; Volume 51, Pt 1.

26. Quattro, J.M.; Stoner, D.S.; Driggers, W.B.; Anderson, C.A.; Priede, K.A.; Hoppmann, E.C.; Campbell, N.H.; Duncan, K.M.; Grady,
J.M. Genetic evidence of cryptic speciation within hammerhead sharks (Genus sphyrna). Mar. Biol. 2006, 148, 1143–1155. [CrossRef]

27. Stonero, D.S.; Grady, J.M.; Priede, K.A.; Quattro, J.M. Amplification primers for the mitochondrial control region and sixth intron
of the nuclear-encoded lactate dehydrogenase A gene in elasmobranch fishes. Conserv. Genet. 2003, 4, 805–808. [CrossRef]

28. Ivanova, N.V.; Zemlak, T.S.; Hanner, R.H.; Hebert, P.D.N. Universal primer cocktails for fish DNA barcoding: Barcoding. Mol.
Ecol. Notes 2007, 7, 544–548. [CrossRef]

29. Di Iorio, E.; Menale, B.; Innangi, M.; Santangelo, A.; Strumia, S.; De Castro, O. An extreme environment drives local adaptation of
Genista tinctoria (Fabaceae) from the Mefite (Ansanto Valley, southern Italy). Bot. J. Linn. Soc. 2023, 202, 249–269. [CrossRef]

30. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef] [PubMed]

31. McMurdie, P.J.; Holmes, S.P. phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census
Data. Available online: https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0061217 (accessed on 7 November
2021).

32. Cordone, A.; Selci, M.; Barosa, B.; Bastianoni, A.; Bastoni, D.; Bolinesi, F.; Capuozzo, R.; Cascone, M.; Correggia, M.; Corso, D.;
et al. Surface Bacterioplankton Community Structure Crossing the Antarctic Circumpolar Current Fronts. Microorganisms 2023,
11, 702. [CrossRef] [PubMed]

33. Cordone, A.; D’Errico, G.; Magliulo, M.; Bolinesi, F.; Selci, M.; Basili, M.; de Marco, R.; Saggiomo, M.; Rivaro, P.; Giovannelli, D.;
et al. Bacterioplankton Diversity and Distribution in Relation to Phytoplankton Community Structure in the Ross Sea Surface
Waters. Front. Microbiol. 2022, 13, 722900. [CrossRef]

34. Kruskal, W.H.; Wallis, W.A. Use of Ranks in One-Criterion Variance Analysis. J. Am. Stat. Assoc. 1952, 47, 583–621. [CrossRef]
35. Oksanen, J.; Simpson, G.; Blanchet, F.; Kindt, R.; Legendre, P.; Minchin, P.; O’Hara, R.; Solymos, P.; Stevens, M.; Szoecs, E.; et al.

Vegan: Community Ecology Package 2022. Available online: https://github.com/vegandevs/vegan (accessed on 1 June 2023).
36. Karns, R.C. Microbial Community Richness Distinguishes Shark Species Microbiomes in South Florida. Nova Southeastern

University: Fort Lauderdale, FL, USA, 2017; p. 92.
37. Lima, N.; Rogers, T.; Acevedo-Whitehouse, K.; Brown, M.V. Temporal stability and species specificity in bacteria associated with

the bottlenose dolphins respiratory system. Environ. Microbiol. Rep. 2012, 4, 89–96. [CrossRef]
38. Chiarello, M.; Villéger, S.; Bouvier, C.; Auguet, J.C.; Bouvier, T. Captive bottlenose dolphins and killer whales harbor a species-

specific skin microbiota that varies among individuals. Sci. Rep. 2017, 7, 15269. [CrossRef]
39. Freed, L.L.; Easson, C.; Baker, L.J.; Fenolio, D.; Sutton, T.T.; Khan, Y.; Blackwelder, P.; Hendry, T.A.; Lopez, J.V. Characterization of

the microbiome and bioluminescent symbionts across life stages of Ceratioid Anglerfishes of the Gulf of Mexico. FEMS Microbiol.
Ecol. 2019, 95, fiz146. [CrossRef]

40. Carthey, A.J.R.; Blumstein, D.T.; Gallagher, R.V.; Tetu, S.G.; Gillings, M.R. Conserving the holobiont. Funct. Ecol. 2020, 34, 764–776.
[CrossRef]

41. van der Loos, L.M.; Eriksson, B.K.; Salles, J.F. The Macroalgal Holobiont in a Changing Sea. Trends Microbiol. 2019, 27, 635–650.
[CrossRef]

42. Schmidt, V.T.; Smith, K.F.; Melvin, D.W.; Amaral-Zettler, L.A. Community assembly of a euryhaline fish microbiome during
salinity acclimation. Mol. Ecol. 2015, 24, 2537–2550. [CrossRef] [PubMed]

43. Lima, L.F.; Weissman, M.; Reed, M.; Papudeshi, B.; Alker, A.T.; Morris, M.M.; Edwards, R.A.; de Putron, S.J.; Vaidya, N.K.;
Dinsdale, E.A. Modeling of the Coral Microbiome: The Influence of Temperature and Microbial Network. mBio 2020, 11, e02691-19.
[CrossRef] [PubMed]

44. Posadas, N.; Baquiran, J.I.P.; Nada, M.A.L.; Kelly, M.; Conaco, C. Microbiome diversity and host immune functions influence
survivorship of sponge holobionts under future ocean conditions. ISME J. 2022, 16, 58–67. [CrossRef] [PubMed]

45. Quoy, J.R.C.; Gaimard, P. Zoologie; Imprimerie Royale: Paris, France, 1824.

https://doi.org/10.1007/s00248-022-01969-y
https://doi.org/10.3389/fmicb.2021.605285
https://www.ncbi.nlm.nih.gov/pubmed/33643235
https://www.proquest.com/docview/2090959929/abstract/118CC6EC20BA41E2PQ/1
https://www.proquest.com/docview/2090959929/abstract/118CC6EC20BA41E2PQ/1
https://doi.org/10.3389/fmicb.2013.00184
https://doi.org/10.3390/app10196965
https://doi.org/10.1007/s00227-005-0151-x
https://doi.org/10.1023/B:COGE.0000006122.47004.c2
https://doi.org/10.1111/j.1471-8286.2007.01748.x
https://doi.org/10.1093/botlinnean/boac052
https://doi.org/10.1038/nmeth.3869
https://www.ncbi.nlm.nih.gov/pubmed/27214047
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0061217
https://doi.org/10.3390/microorganisms11030702
https://www.ncbi.nlm.nih.gov/pubmed/36985275
https://doi.org/10.3389/fmicb.2022.722900
https://doi.org/10.1080/01621459.1952.10483441
https://github.com/vegandevs/vegan
https://doi.org/10.1111/j.1758-2229.2011.00306.x
https://doi.org/10.1038/s41598-017-15220-z
https://doi.org/10.1093/femsec/fiz146
https://doi.org/10.1111/1365-2435.13504
https://doi.org/10.1016/j.tim.2019.03.002
https://doi.org/10.1111/mec.13177
https://www.ncbi.nlm.nih.gov/pubmed/25819646
https://doi.org/10.1128/mBio.02691-19
https://www.ncbi.nlm.nih.gov/pubmed/32127450
https://doi.org/10.1038/s41396-021-01050-5
https://www.ncbi.nlm.nih.gov/pubmed/34218251


Microorganisms 2024, 12, 557 15 of 16

46. Irmak, E.; Özden, U. A rare shark for the Mediterranean: Somniosus rostratus (Risso, 1827) (Chondrichthyes: Somniosidae) from
the coast of Turkey. Zool. Middle East 2021, 67, 274–276. [CrossRef]

47. Sims, D. Sharks of the Open Ocean: Biology, Fisheries and Conservation: Book Review. Fish Fish. 2010, 11, 313–314. [CrossRef]
48. Perry, C.T.; Pratte, Z.A.; Clavere-Graciette, A.; Ritchie, K.B.; Hueter, R.E.; Newton, A.L.; Fischer, G.C.; Dinsdale, E.A.; Doane,

M.P.; Wilkinson, K.A.; et al. Elasmobranch microbiomes: Emerging patterns and implications for host health and ecology. Anim.
Microbiome 2021, 3, 61. [CrossRef] [PubMed]

49. Bierlich, K.; Miller, C.; Deforce, E.; Friedlaender, A.; Johnston, D.; Apprill, A. Temporal and regional variability in the skin
microbiome of humpback whales along the western Antarctic peninsula. Appl. Environ. Microbiol. 2017, 84, e02574-17. [CrossRef]
[PubMed]

50. Tinta, T.; Kogovšek, T.; Klun, K.; Malej, A.; Herndl, G.J.; Turk, V. Jellyfish-Associated Microbiome in the Marine Environment:
Exploring Its Biotechnological Potential. Mar. Drugs 2019, 17, 94. [CrossRef]

51. Bernardet, J.-F.; Nakagawa, Y. An Introduction to the Family Flavobacteriaceae. In The Prokaryotes: Volume 7: Proteobacteria: Delta,
Epsilon Subclass; Dworkin, M., Falkow, S., Rosenberg, E., Schleifer, K.-H., Stackebrandt, E., Eds.; Springer: New York, NY, USA,
2006; pp. 455–480. [CrossRef]

52. Banning, E.C.; Casciotti, K.L.; Kujawinski, E.B. Novel strains isolated from a coastal aquifer suggest a predatory role for
flavobacteria. FEMS Microbiol. Ecol. 2010, 73, 254–270. [CrossRef]

53. Nedashkovskaya, O.I.; Kwon, K.K.; Yang, S.-H.; Lee, H.-S.; Chung, K.H.; Kim, S.-J. Lacinutrix algicola sp. nov. and Lacinutrix
mariniflava sp. nov., two novel marine alga-associated bacteria and emended description of the genus Lacinutrix. Int. J. Syst. Evol.
Microbiol. 2008, 58, 2694–2698. [CrossRef]

54. Srinivas, T.N.R.; Prasad, S.; Manasa, P.; Sailaja, B.; Begum, Z.; Shivaji, S. Lacinutrix himadriensis sp. nov., a psychrophilic bacterium
isolated from a marine sediment, and emended description of the genus Lacinutrix. Int. J. Syst. Evol. Microbiol. 2013, 63, 729–734.
[CrossRef]

55. Bregman, G.; Lalzar, M.; Livne, L.; Bigal, E.; Zemah-Shamir, Z.; Morick, D.; Tchernov, D.; Scheinin, A.; Meron, D. Preliminary
study of shark microbiota at a unique mix-species shark aggregation site, in the Eastern Mediterranean Sea. Front. Microbiol. 2023,
14, 1027804. [CrossRef]

56. Caballero, S.; Galeano, A.M.; Lozano, J.D.; Vives, M. Description of the microbiota in epidermal mucus and skin of sharks
(Ginglymostoma cirratum and Negaprion brevirostris) and one stingray (Hypanus americanus). PeerJ 2020, 8, e10240. [CrossRef]

57. Holmström, C.; Kjelleberg, S. Marine Pseudoalteromonas species are associated with higher organisms and produce biologically
active extracellular agents. FEMS Microbiol. Ecol. 1999, 30, 285–293. [CrossRef]

58. Franks, A.; Egan, S.; Holmström, C.; James, S.; Lappin-Scott, H.; Kjelleberg, S. Inhibition of Fungal Colonization by Pseudoal-
teromonas tunicata Provides a Competitive Advantage during Surface Colonization. Appl. Environ. Microbiol. 2006, 72, 6079–6087.
[CrossRef] [PubMed]

59. Offret, C.; Desriac, F.; Le Chevalier, P.; Mounier, J.; Jégou, C.; Fleury, Y. Spotlight on Antimicrobial Metabolites from the Marine
Bacteria Pseudoalteromonas: Chemodiversity and Ecological Significance. Mar. Drugs 2016, 14, 129. [CrossRef] [PubMed]

60. Juni, E. The Genus Psychrobacter. In The Prokaryotes: A Handbook on the Biology of Bacteria: Ecophysiology, Isolation, Identification,
Applications; Balows, A., Trüper, H.G., Dworkin, M., Harder, W., Schleifer, K.-H., Eds.; Springer: New York, NY, USA, 1992;
pp. 3241–3246. [CrossRef]

61. Pegoraro, N.; Calado, R.; Duarte, L.N.; Manco, S.C.; Fernandes, F.J.; Polonia, A.R.; Cleary, D.F.; Gomes, N.C. Molecular Analysis of
Skin Bacterial Assemblages from Codfish and Pollock after Dry-Salted Fish Production. J. Food Prot. 2015, 78, 983–989. [CrossRef]
[PubMed]

62. Apprill, A.; Robbins, J.; Eren, A.M.; Pack, A.A.; Reveillaud, J.; Mattila, D.; Moore, M.; Niemeyer, M.; Moore, K.M.; Mincer, T.J.
Humpback Whale Populations Share a Core Skin Bacterial Community: Towards a Health Index for Marine Mammals? PLoS
ONE 2014, 9, e90785. [CrossRef] [PubMed]

63. Urbanczyk, H.; Ast, J.C.; Dunlap, P.V. Phylogeny, genomics, and symbiosis of Photobacterium. FEMS Microbiol. Rev. 2011, 35,
324–342. [CrossRef]

64. Ramaiah, N.; Chandramohan, D. Occurrence of Photobacterium Leiognathi, as the Bait Organ Symbiont in Frogfish Antennarius Hispidus;
NISCAIR-CSIR: New Delhi, India, 1992. Available online: http://nopr.niscpr.res.in/handle/123456789/38100 (accessed on 5
June 2023).

65. Buck, J.D. Potentially Pathogenic Marine Vibrio Species in Seawater and Marine Animals in the Sarasota, Florida, Area. J. Coast.
Res. 1990, 6, 943–948.

66. Terceti, M.S.; Ogut, H.; Osorio, C.R. Photobacterium damselae subsp. damselae, an Emerging Fish Pathogen in the Black Sea:
Evidence of a Multiclonal Origin. Appl. Environ. Microbiol. 2016, 82, 3736–3745. [CrossRef]

67. Grimes, D.J.; Brayton, P.; Colwell, R.R.; Gruber, S.H. Vibrios as Autochthonous Flora of Neritic Sharks. Syst. Appl. Microbiol. 1985,
6, 221–226. [CrossRef]

68. Juste-Poinapen, N.M.S.; Yang, L.; Ferreira, M.; Poinapen, J.; Rico, C. Community profiling of the intestinal microbial community
of juvenile Hammerhead Sharks (Sphyrna lewini) from the Rewa Delta, Fiji. Sci. Rep. 2019, 9, 7182. [CrossRef]

https://doi.org/10.1080/09397140.2021.1895413
https://doi.org/10.1111/j.1467-2979.2010.00367.x
https://doi.org/10.1186/s42523-021-00121-4
https://www.ncbi.nlm.nih.gov/pubmed/34526135
https://doi.org/10.1128/AEM.02574-17
https://www.ncbi.nlm.nih.gov/pubmed/29269499
https://doi.org/10.3390/md17020094
https://doi.org/10.1007/0-387-30747-8_16
https://doi.org/10.1111/j.1574-6941.2010.00897.x
https://doi.org/10.1099/ijs.0.65799-0
https://doi.org/10.1099/ijs.0.040907-0
https://doi.org/10.3389/fmicb.2023.1027804
https://doi.org/10.7717/peerj.10240
https://doi.org/10.1016/S0168-6496(99)00063-X
https://doi.org/10.1128/AEM.00559-06
https://www.ncbi.nlm.nih.gov/pubmed/16957232
https://doi.org/10.3390/md14070129
https://www.ncbi.nlm.nih.gov/pubmed/27399731
https://doi.org/10.1007/978-1-4757-2191-1_12
https://doi.org/10.4315/0362-028X.JFP-14-390
https://www.ncbi.nlm.nih.gov/pubmed/25951394
https://doi.org/10.1371/journal.pone.0090785
https://www.ncbi.nlm.nih.gov/pubmed/24671052
https://doi.org/10.1111/j.1574-6976.2010.00250.x
http://nopr.niscpr.res.in/handle/123456789/38100
https://doi.org/10.1128/AEM.00781-16
https://doi.org/10.1016/S0723-2020(85)80056-4
https://doi.org/10.1038/s41598-019-43522-x


Microorganisms 2024, 12, 557 16 of 16

69. Leigh, S.C.; Papastamatiou, Y.P.; German, D.P. Gut microbial diversity and digestive function of an omnivorous shark. Mar. Biol.
2021, 168, 55. [CrossRef]

70. Givens, C.; Ransom, B.; Bano, N.; Hollibaugh, J. Comparison of the gut microbiomes of 12 bony fish and 3 shark species. Mar.
Ecol. Prog. Ser. 2015, 518, 209–223. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00227-021-03866-3
https://doi.org/10.3354/meps11034

	Introduction 
	Materials and Methods 
	Sample Collection 
	DNA Extraction and Sequencing 
	Statistical Analysis 

	Results 
	Shark and Seawater Microbial Community Diversity 
	Differences in Microbiome between Environmental and Biological Samples 
	Different Microbiomes between the Two Shark Species and between Anatomical Locations 

	Discussion 
	Conclusions 
	References

