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Sharks, as apex predators, play an essential ecological role in shaping the 
marine food web and maintaining healthy and balanced marine ecosystems. 
Sharks are sensitive to environmental changes and anthropogenic pressure and 
demonstrate a clear and rapid response. This designates them a “keystone” or 
“sentinel” group that may describe the structure and function of the ecosystem. 
As a meta-organism, sharks offer selective niches (organs) for microorganisms 
that can provide benefits for their hosts. However, changes in the microbiota 
(due to physiological or environmental changes) can turn the symbiosis into 
a dysbiosis and may affect the physiology, immunity and ecology of the host. 
Although the importance of sharks within the ecosystem is well known, relatively 
few studies have focused on the microbiome aspect, especially with long-term 
sampling. Our study was conducted at a site of coastal development in Israel 
where a mixed-species shark aggregation (November–May) is observed. The 
aggregation includes two shark species, the dusky (Carcharhinus obscurus) 
and sandbar (Carcharhinus plumbeus) which segregate by sex (females and 
males, respectively). In order to characterize the bacterial profile and examine 
the physiological and ecological aspects, microbiome samples were collected 
from different organs (gills, skin, and cloaca) from both shark species over 3 
years (sampling seasons: 2019, 2020, and 2021). The bacterial composition was 
significantly different between the shark individuals and the surrounding seawater 
and between the shark species. Additionally, differences were apparent between 
all the organs and the seawater, and between the skin and gills. The most 
dominant groups for both shark species were Flavobacteriaceae, Moraxellaceae, 
and Rhodobacteraceae. However, specific microbial biomarkers were also 
identified for each shark. An unexpected difference in the microbiome profile 
and diversity between the 2019–2020 and 2021 sampling seasons, revealed an 
increase in the potential pathogen Streptococcus. The fluctuations in the relative 
abundance of Streptococcus between the months of the third sampling season 
were also reflected in the seawater. Our study provides initial information on shark 
microbiome in the Eastern Mediterranean Sea. In addition, we  demonstrated 
that these methods were also able to describe environmental episodes and the 
microbiome is a robust measure for long-term ecological research.
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Introduction

The Mediterranean Sea (MS) is the world’s largest and deepest 
enclosed sea. It is known as an oligotrophic sea with a decreasing 
gradient of nutrient concentrations from west to east (Lazzari et al., 
2012). The biological diversity and productivity also follow this trend 
and are inversely related to the salinity and temperature gradients, 
which increase to the east (Moutin and Raimbault, 2002). The MS, 
nearly land-locked, is exposed to a growing human population and, 
as a result, an increase in pollution, resource exploitation, and 
anthropogenic activities in general. In addition, global climate change 
presence is reflected, inter alia, through rising water temperatures and 
salinities, which allows researchers to use the MS as a miniature model 
for the future of the world’s oceans (Lejeusne et al., 2010). Although 
the MS only consists of 0.82% of the world ocean area and 0.3% of the 
world’s oceans volume, and despite its unique characteristics, it is one 
of the significant reservoirs of marine and coastal biodiversity, 
containing 15,000–20,000 marine species, nearly a quarter of which 
are endemic (Coll et al., 2010; Lejeusne et al., 2010; Bianci et al., 2012). 
One of the key factors that enable the MS to sustain elaborate marine 
ecosystems is the existence of apex marine predators (AMPs). In the 
MS, 20 of the recorded 47 species of sharks are AMPs in coastal and 
pelagic ecosystems (Ferretti et al., 2008). Apex marine predators are 
crucial for maintaining healthy and balanced marine ecosystems by 
providing top-down regulation. Moreover, they play an important 
ecological role in shaping the marine food web by removing weak and 
sick organisms (Myers et al., 2007; Heithaus et al., 2008; Baum and 
Worm, 2009; Heupel et  al., 2014). The sharks are sensitive to 
environmental changes (e.g., ocean acidification) and anthropogenic 
impacts (e.g., fishing and tourism intensity) and exhibit a clear and 
rapid response manifested in their physiological behavior and fitness 
(Skomal and Bernal, 2010; Hazen et al., 2019; Wheeler et al., 2020). In 
addition, sharks, maintain a K-selected life-history strategy (slow 
growth rate, late maturity, low fecundity, few offspring, long gestation 
periods, and long lifespans), making them extremely sensitive to 
population decline, particularly during vulnerable life stages (Ferretti 
et al., 2008; Hoffmayer et al., 2014). Studies from the last decade report 
that globally, the abundance of oceanic sharks has declined by 71% 
during the last 50 years (Bargnesi et  al., 2020; Dulvy et  al., 2021; 
Pacoureau et al., 2021). The MS is known for being one of the most 
dangerous places on Earth for sharks, including for chondrichthyan 
populations (although 26% of the species are considered data deficient 
by the IUCN; Ferretti et al., 2008).

Due to the significance of AMPs, including sharks (Raudino et al., 
2016; Shamir et al., 2019), there is a strong argument for their use as 
a “keystone” or “sentinel” species. These species are organisms that 
indicate or respond to changes in the structure and functioning of the 
ecosystem and which, by monitoring, can yield essential ecological 
information (Hazen et al., 2019). Studies of sharks have focused on 
diverse aspects such as migration (Lawson et al., 2020), taxonomy 
(Vélez-Zuazo and Agnarsson, 2011; Elisio et al., 2019), physiology 

(Brooks et al., 2011; Elisio et al., 2019) and behavior (Klimley, 1994; 
Sims, 2010). However, only a few studies have examined sharks from 
a meta-organismal perspective and focused on the microbial aspect. 
This currently accepted approach considers the host and its associated 
microbiota as an inseparable functional unit (Zilber-Rosenberg and 
Rosenberg, 2008). The host offers favorable niches for microbes which, 
in turn, provide services to its hosts. These microbial niches change in 
their conditions, function and availability as the host organism 
develops and switches from one life-phase to the next (Williams et al., 
2018; Gadoin et al., 2021). The diverse microbial communities can 
provide the host with optimal functionality and flexibility to changing 
environmental conditions (Zilber-Rosenberg and Rosenberg, 2008). 
On the other hand, a change in microbiota composition (due to 
physiological or environmental changes) can manifest as dysbiosis and 
may negatively affect the host (Rosenfeld, 2017). Many studies on 
marine organisms have examined the variation in microbiota in 
relation to its host species (Lima et al., 2012; Chiarello et al., 2017) life 
stage (Gadoin et al., 2021), health (Sweet and Bulling, 2017; West et al., 
2019), ecology and environmental monitoring (Buck-Wiese et al., 
2016; Glasl et al., 2019; Leray et al., 2021). These studies emphasize the 
importance of the microbiome, which can provide essential 
information on both the host and its environment. Few studies of 
shark microbiota have been published, the majority being in recent 
years. This paucity of data is a result of the complexity of capturing and 
sampling the shark while maintaining minimal injury to the animal. 
Indeed, researchers are constantly finding new, alternative sampling 
methods that are less harmful and non-invasive (Hammerschlag and 
Sulikowski, 2011). These studies have characterized the microbiome 
of different shark species (such as Alopias vulpinus, Sphyrna tiburo and 
Triakis semifasciata) from various geographic locations and are the 
first examples in this field (Doane et al., 2017, 2022; Leigh et al., 2021; 
Perry et al., 2021). In some cases, differences in the bacterial profile 
were seen between the shark species and the different organs (such as 
skin, gills, cloaca, and teeth; Caballero et al., 2020; Black et al., 2021). 
The difference in the bacterial profile was proposed, for example, to 
identify the species of shark in case of a shark bite, according to the 
bacteria that will be found in the wounds and also provide accurate 
medical treatment (Buck et al., 1984; Storo et al., 2021). Unfortunately, 
there is almost no information on infectious diseases or pathogens in 
sharks, except for a few reports of viral, bacterial, and fungal diseases, 
usually described as a disease case of a single shark (Terrell, 2004; 
Morick et  al., 2020). Another study by Pogoreutz et  al. (2019) 
compared the skin microbiome of healthy and injured black-tip reef 
sharks (Carcharhinus melanopterus). No difference was seen in the 
microbial community composition between the two cases. These 
results led to the assumption that the lack of infection or contamination 
in the injured shark’s skin due to its robust immune system (Pogoreutz 
et al., 2019).

The current study focuses on two species of shark found in the 
Eastern Mediterranean Sea (EMS), dusky (Carcharhinus obscurus) and 
sandbar sharks (Carcharhinus plumbeus). Both species are classified 
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by the IUCN Red List: the dusky shark is “Endangered” (globally) and 
“Data Deficient” (Mediterranean Red List) and the sandbar is listed as 
“Vulnerable” (globally) and “Endangered” (Mediterranean Red List), 
with a decreasing population trend (IUCN, 2009). These species are 
considered large, cosmopolitan marine predators, undertaking long-
distance migrations in coastal and pelagic waters (Rechisky and 
Wetherbee, 2003; Ferretti et al., 2008). During the last few decades, 
every year between November and May, about 40–80 individuals of 
these two Carcharhinus species aggregate very close to the shore, at the 
meeting point at a river estuary (Hadera stream) next to the outflows 
of a power and desalination plant (Barash et al., 2018; Zemah-Shamir 
et al., 2019). Interestingly, at this aggregation site, researchers observed 
that most of the dusky were females and most of the sandbar sharks 
are males (years 2015–2020; E. Bigal., pers. comm., 22 August 2022; 
Zemah-Shamir et al., 2022a). Sex segregations in sharks, and other 
mixed groups, have been previously documented in different places 
around the world such leopard sharks (T. semifasciata; Nosal et al., 
2013; Doane et al., 2022), Carcharhinus amblyrhynchos (Economakis 
and Lobel, 1998) and Carcharodon carcharias (Schilds et al., 2019). 
The aggregation can be of mixed groups (Speed et al., 2011; Jacoby 
et al., 2012), of one species and in some cases, of one gender (Nosal 
et al., 2013). Shark aggregations were observed in habitats with unique 
characteristics such as high temperature, high salinity, low water 
turbulence and high food availability (Hopkins and Cech, 2003; Hight 
and Lowe, 2007; Carlisle and Starr, 2009). The reasons for the 
aggregation are not yet fully understood, while various hypotheses 
such as mating, foraging, taking refuge, socializing and more have 
been proposed (Hight and Lowe, 2007; Speed et al., 2011; Nosal et al., 
2013; Zemah-Shamir et al., 2022b).

The shark aggregation near the Israeli coast (Barash et al., 2018; 
Zemah-Shamir et  al., 2022a) is localized and unique with 
consideration to its proximity to a coastal development site. First, the 
conditions at this site are associated with anthropogenic influences 
and includes warm temperature (5°C–10°C above the ambient 
temperature, all year long), increased salinity and organic matter 
enrichment (from the Hadera stream; Ministry of Environmental 
Protection, 2020). The second condition is the aspect of sex 
segregation and their seasonal aggregation to the site. Third, due to its 
accessibility and attractiveness, it is also exposed to heavy pressure 
from tourism, which affects the behavior of sharks (Zemah-Shamir 
et al., 2019). This specific aggregation allows annual monitoring (over 
the same months) of those shark species. Our study describes for the 
first time the microbiome of sharks in the EMS and provides an initial 
microbiome baseline. In addition, the study examines the use of the 
shark as a meta-organism, with an emphasis on its microbiome, as a 
tool that can reflect changes or environmental episodes.

Methods

Study site

The sampling aggregation site is located nearby the Orot Rabin 
power and desalination plant and near the Hadera Stream Estuary (32° 
27′ N, 34° 52′ E) on the northern part of the Israeli coast 
(Supplementary Figure S1). The ambient seawater conditions in EMS 
range between 17°C and 27°C and 35–40 PSU. At the Hadera site, the 
temperature reaches up to 10°C and 5 PSU above the ambient seawater 

conditions year-round. The well-known aggregation occurs around the 
months of November to May and includes mainly adult female dusky 
sharks (Carcharhinus obscurus) and male sandbar sharks (Carcharhinus 
plumbeus) that are drawn to the plant’s warm effluents (Barash et al., 
2018; Shamir et al., 2019). Therefore, November to May each year is 
defined here as a ‘sampling season’. Our sampling spanned November 
2018 to May 2021, i.e., three sampling seasons (Supplementary Table S1).

Shark sampling collection

Individual sharks were captured by using a handline or drumline 
and secured alongside the boat. Handling time was limited to 30 min, at 
which point the sharks were released safely back to the water. 
Microbiome samples were taken from three distinct anatomical locations 
(skin, gills, and cloaca) by gently rubbing a sterile swab (COPAN 
Diagnostics, United States) against the shark’s organs. In addition, an 
environmental sample (1.5-L surrounding seawater) was collected near 
each shark captured. The swabs and the seawater samples were kept 
sterile in a cool box until arrived at the laboratory. At the laboratory, 
environmental samples were filtered using a single use “Nalgene 
RapidFlow Filters” 0.2 μm (Thermo Scientific, cat no. 566–0020, Israel). 
All swabs and filtered environmental samples were stored at −20°C for 
further work. In total, 27 sharks (15 female dusky and 12 male sandbar 
sharks) were sampled, including 77 shark microbiome samples and 12 
environmental samples (Supplementary Table S1). Mean ambient 
seawater temperature was measured in 10 m intervals by four acoustic 
receivers (Thelma Biotel, Norway) positioned around the power and 
desalination plant’s warm water plume.

DNA extraction, PCR amplification, and 
amplicon sequencing

DNA was extracted from all samples (swabs and filters) using the 
DNeasy powerSoil Kit (Qiagen, Valencia, CA, United States) using the 
manufacturer’s instructions. PCR amplification of SSU rRNA gene 
fragments from the isolated DNA was done using universal primers 
(515F and 806R) as described in The Earth Microbiome Project (EMP; 
Stoeck et al., 2010; Caporaso et al., 2011) targeting the V4 regions of 
microbial small subunit ribosomal RNA genes. As described 
previously, the primers contained 5′ common sequence tags (CS1 and 
CS2; Moonsamy et  al., 2013). Amplicons were generated using a 
two-stage PCR amplification protocol described by Naqib et al. (2018). 
Cycling conditions for the first stage PCR were 95°C for 5 min, 
followed by 28 cycles of 95°C for 30 s, 55°C for 45 s and 72°C for 60 s. 
Subsequent steps were carried out at Genome Research Core (GRC) 
within the Research Resources Center (RRC) at the University of 
Illinois at Chicago (UIC). Subsequently, a second amplification was 
performed for each sample, with a separate primer pair with a unique 
10-base barcode obtained from the Access Array Barcode Library for 
Illumina (Fluidigm, South San Francisco, CA; Item# 100–4,876). 
Cycling conditions were 95°C for 5 min, followed by 8 cycles of 95°C 
for 30 s, 60°C for 30 s and 72°C for 30 s. Libraries were then pooled in 
equal volumes and the pool was purified using an AMPure XP cleanup 
protocol (0.6X, vol/vol; Agencourt, Beckmann-Coulter) to remove 
fragments smaller than 300 bp. The pooled libraries, with a 15% phiX 
spike-in, were loaded onto an Illumina MiniSeq mid-output flow cell 

https://doi.org/10.3389/fmicb.2023.1027804
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Bregman et al. 10.3389/fmicb.2023.1027804

Frontiers in Microbiology 04 frontiersin.org

(2 × 153 paired-end reads). Barcode sequences were used for sequence 
read de-multiplexing of raw data, which was then recovered as 
FASTQ-formatted files. The quality of the data was examined by 
FASTQC program and was found to be excellent for all samples, both 
directions of sequencing. Library preparation, pooling, and 
sequencing were performed at the Genome Research Core (GRC) 
within the Research Resources Center (RRC) at the University of 
Illinois at Chicago (UIC). Raw sequence data is available in the NCBI 
SRA database under BioProject ID PRJNA873249.

Sequence data processing

The Dada2 pipeline1 (dada2 package version 1.18.0) was used for 
sequence data processing. Sequences were filtered and trimmed for 
quality using the “filterAndTrim” command with the parameters 
maxN set to zero, maxEE set to 2, trimLeft set to 20 bp and truncLen 
set to 153 bp for both forward and reverse reads. Sequence error 
estimation model was calculated using the “learnErrors” option using 
default parameters. Then, the dada2 algorithm for error correction 
was applied with the “dada” command using default parameters. 
Sequences were merged using the “mergePairs” command with a 
minimum overlap set at 8 bp. Each batch was processed separately up 
to this stage. Following, the three sequencing runs/batches were 
merged using Dada2 command “mergeSequenceTables.” Following, 
suspected chimera were detected and removed using the command 
“removeBimeraDenovo.” A count table including each amplicon 
sequence variant (ASV) in each sample was then produced. To obtain 
a taxonomic assignment for each ASV, each ASV sequence was 
aligned to the ARB-Silva small subunit rRNA database (version Silva_
nr_138.1) using the command “assignTaxonomy” with default 
parameters, but minBoot set at 80%. A count table, adjoined with 
taxonomic assignment for each ASV was produced. All sequences 
with length < 247 bases or length > 252 bases were removed. In 
addition, ASVs of non-bacterial origin were filtered out (including 
chloroplast, mitochondria, Archaea and unclassified origin).

Data analysis

Community structure
To examine community structure among shark species and/or 

organs, alpha-diversity parameters: Shannon H′ index of diversity, 
Simpson index, and species richness (represented by numbers of 
observed species, Sobs) were calculated and compared. These were 
calculated with “diversity” and “specnumber” commands in R package 
“vegan” (v2.5.7), using counts data normalized by subsampling to 
23,500 (analysis of seasons 2019–2020) or 10,000 (analysis of season 
2021) sequence reads per sample. The Shapiro–Wilk test performed 
rejected the null hypothesis of normality for all three indices for both 
shark species (p < 0.05). Therefore, statistical comparisons were 
conducted using the Kruskal–Wallis test. Differences were considered 
significant when p < 0.05. Where applicable, the post hoc pairwise 
Dunn test was performed (using R package FSA v0.9.3).

1 https://www.nature.com/articles/nmeth.3869

Community composition and similarity
To compare and examine the contribution of the factors species 

or organ to variation in microbiota composition, permutational 
analysis of variance (PERMANOVA) was performed (command 
“adonis” in R package “vegan”) based on Bray-Curtis dissimilarities, 
calculated using cumulative sum squares (CSS) normalized counts 
data. The permutations parameter was set to 999. Differences were 
considered significant for p < 0.05. Additionally, non-metric 
multidimensional scaling (NMDS) analysis was performed. NMDS 
was based on Bray-Curtis dissimilarities, calculated using CSS 
normalized counts data. NMDS was carried out using “metaMDS” 
command in R package “vegan” with parameters: k = 3 and try = 100. 
NMDS ordination was carried out a second time using counts data 
normalized to exclude the effect of the individual shark. For that, 
we  applied the command “removeBatchEffect” from R package 
“limma” (v3.26.0) using shark ID as the “batch” factor and shark 
species and organ as factors in the design matrix. Following this 
normalization, NMDS was carried out again as described above.

In order to represent the composition of shark microbiota, CSS 
normalized counts were summed up to the genus, the family, the order 
and the class levels of taxonomy, and relative abundances were 
calculated (percent of total per sample). Stack-bars were drawn to 
include all taxonomic groups for which relative abundance was >3%. 
Linear discriminant analysis effect size (LEfSe) analysis was chosen to 
calculate differential abundance and identify biomarkers for shark 
species or organs. This method effectively determines which features, 
in this case ASVs, are most likely to explain observed differences 
among factor levels (Segata et al., 2011). LEfSe was performed using 
the online Galaxy module.2

Co-occurrence analysis
For the data obtained during 2021, co-occurrence analysis was 

performed. CSS normalized count data was summed up to the genus 
level. Then, genera which occurred in less than 20% of the samples 
(i.e., less than 8 samples) were filtered out. In total, 214 genera were 
retained. Following, Spearman correlations were pair-wise calculated 
and tested for significance. This was done using command “rcorr” in 
package “Hmisc” in R. p-values of the correlations were corrected for 
false discovery using the Benjamini–Hochberg correction 
(Supplementary Table S3).

Phylogenetic analysis of Streptococcus-affiliated 
ASVs

To examine relatedness between ASV sequences affiliated with the 
genus Streptococcus and others, including pathogenic, Streptococcus 
spp., a phylogenetic tree was calculated. This was done by alignment 
of all ASV sequences affiliated with the genus Streptococcus found in 
this study to the Arb-Silva small subunit ribosomal RNA database. 
The ACT engine of arb-silva web tools3 was used for alignment, and 
the 5 closest relatives from the databases for each ASV was curated 
along with ASV sequences. The alignment of ASV and relative 
sequences were used to calculate a phylogenetic tree (FastTree 
algorithm) in the ACT engine. The tree was visualized in FigTree.

2 http://huttenhower.sph.harvard.edu/galaxy

3 https://www.arb-silva.de/aligner/
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Results

Sharks were sampled during three sampling seasons between 2019 
and 2021, near the Hadera power and desalination plants and the 
Hadera Stream Estuary (Supplementary Figure S1) on the northern 
part of the Israeli coast. Microbiota samples were collected from 15 
dusky and 12 sandbar sharks, including three organs (skin, gills, and 
cloaca) and from the surrounding seawater, next to the caught shark 
(n = 89; Supplementary Table S1). In the sampling seasons 2019–2020, 
around 3,860,360 high-quality bacterial sequences (from 5,068,844 
reads) were obtained, resulting in a total of 14,180 unique ASVs. Of 
these, 10,936 reads were identified to the Family level and 7,553 to the 
Genus level. For the dataset of 2021, 1,109,184 high-quality bacterial 
sequences (from 1,391,199 reads) were obtained, resulting in a total of 
3,088 unique ASVs. Of these, 2,654 ASVs were identified to the Family 
level and 1,892 ASVs to the Genus level.

Composition and diversity of the shark 
microbiota

The microbiota samples were compared and analyzed by NMDS 
to examine the factors that influence the microbial profile of sharks. 
The individual shark was the main contributing factor affected the 
microbiome composition (R2 = 0.12; p = 0.001). In addition, the 
seawater samples were clustered separately and were significantly 
different from shark samples (dusky: R2 = 0.18; p = 0.049, sandbar: 

R2 = 0.12; p = 0.002; Supplementary Figure S2). Follow-up analysis 
after neutralizing the individual effect (see Methods) showed a distinct 
difference between shark species (Figure 1; Supplementary Table S2). 
The bacterial composition of the environmental samples (surrounding 
seawater) was similar and clustered separately. The PERMANOVA test 
showed a significant effect of the organs (p = 0.018) and the post hoc 
pairwise Dunn tests accurately pinpointed the differences. Significant 
differences were shown between all organs and the seawater 
(p = 0.001), however among the organs only skin vs. gills exhibited a 
significant difference (p = 0.039; Supplementary Table S2). The 
microbiota composition of each of the shark species and organs was 
characterized by family and genus taxonomic levels (Figure 2). The 
most dominant family groups in both shark species and across all 
anatomic locations were Flavobacteriaceae, Moraxellaceae and 
Rhodobacteraceae. Examination of each shark species separately 
revealed a distinct microbiota composition for each of the organ. The 
major difference was observed in the cloaca bacterial of dusky shark, 
which was characterized mainly by Vibrionaceae (17% vs. less than 
4% in the entire samples), which included the genera Photobacterium 
(12%) and Vibrio (5%). The microbiome of dusky skin consists of 
relatively high levels of the genera Pseudomonas and Acinetobacter. 
Additional groups identified as distinctive belonged to cyanobacteria. 
The family Phormidiaceae (including the planktothrix NIVA-CYA 15) 
was found in the sandbar‘s cloaca, while the family Xenococcaceae 
and the genus Chroococcidiopsis PCC-6712 were found in the skin and 
gills of dusky sharks. These groups were absent or appeared at very low 
percentages in the other samples.

FIGURE 1

Bacterial profiles of shark species, organs and the surrounding seawater. Non-metric multidimensional scaling analysis was calculated based on Bray–
Curtis dissimilarities among samples. Colors represent shark species, and shapes represent different organs.
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Alpha diversity indices, including Shannon H′, Simpson and 
richness (number of ASVs), were calculated and compared to assess 
the differences in community structure between samples 
(Supplementary Figure S3). The Kruskal–Wallis test indicated 
significant differences among dusky sharks, sandbar sharks and 
seawater for both Shannon H′ (χ2 = 10 df = 2, p = 0.006) and Simpson 
indexes (χ2 = 8.48, df = 2, p = 0.01). The Post-hoc Dunn test confirmed 
that the Shannon H′ and Simpson indexes were higher for sandbar 
sharks compared to dusky sharks (p = 0.02 and p = 0.04) or seawater 
(p = 0.02 and p = 0.03; Shannon H′ and Simpson indices respectively). 
When comparing the diversity indices between the anatomic 
locations, significant differences were observed only for the dusky 
shark (Shannon H′: χ2 = 8.06, df = 2, p = 0.017 and Simpson: 
χ2 = 8.2762, df = 2, p = 0.015), while the gills were the most diverse 
organ, particularly in comparison to the cloaca (Shannon H′: p = 0.027; 
Simpson H′: p = 0.03) and to the skin (Simpson H′: p = 0.03).

In order to examine the effect of the environmental microbiota on 
the bacterial profile of sharks, the number and relative abundance of 
the shared and unique ASVs among sharks and their surrounding 
seawater were calculated (Figure 3). The total ASVs for both sharks 
(sandbar 4,654 and dusky 4,974) were 4–5 times higher than that of 
seawater (992). Around 22%–24% of the shark’s ASVs were unique, 

while 23% and 29% (dusky and sandbar, respectively) were shared 
between the sharks. In contrast, only 0.6% of the seawater ASVs were 
unique to the seawater, and low percentages of the sequences were 
common with each of the shark species (3.9% with dusky and 0.8% 
with sandbar). Interestingly, most of the seawater ASVs (94.7%), 
dusky (46.5%) and sandbar (51.1%) were common for all 
three categories.

Distinctive features were searched among shark species and 
organs, using a LEfSe test (LDA effect size) run across all taxonomic 
levels. A few biomarkers were identified (adj. p < 0.05, LDA score > 2.0) 
at the order, Family, and mostly at Genus taxonomic levels (Figure 4). 
Most of the biomarkers were assigned to sandbar sharks and found in 
very low relative abundance in the dusky sharks. The order 
Burkholderiales and the families Comamonadaceae and 
Rhodocyclaceae (of order Burkholderiales) were the only three 
biomarkers identified at these taxonomic levels and were significantly 
higher in sandbar sharks. The most dominant biomarkers of the 
sandbar, at the genus level, were Aquabacterium, Formosa and 
Sulfurimonas, while the Erythrobacter and Dietzia were linked to 
dusky sharks.

Variation between the sampling seasons

When comparing the shark samples of all three sampling seasons, 
a significantly different bacterial profile was obtained between the first 
seasons (2019–2020) and the third season (2021). In contrast to the 
previous seasons, Figure 5A shows a distinctly different cluster of 2021 
season, which includes both shark species together. Analysis of the 
microbial community composition of the last season showed a high 
and abnormal presence of one specific ASV (ASV0002), which 
contributed to the differences of the previous seasons. This ASV was 

FIGURE 2

Bacterial compositions and relative abundance to Family (top) and 
Genera (bottom) resolution of dusky (D) and sandbar (S) sharks 
across three distinct organs. All groups below 3% relative abundance 
were not included.

FIGURE 3

Venn diagram showing the number and relative abundance (RA) of 
unique and shared ASV’s among dusky sharks (D), sandbar sharks 
(S) and their surrounding seawater (W).
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identified, according to NCBI, as Streptococcus sp. (similarity of 
100%), and was found in all 2021 samples and their presence ranged 
from 10 to 85%. For comparison, this ASV was found only in two 
samples in previous seasons (one sample from each species of shark) 
and negligible percentages (less than 1.5%; Figure 5B). Examination 
of the presence of ASV0002 in seawater exhibited a similar picture. 
While in previous seasons, this variant was absent from the seawater 
samples, in the 2021 season, it was found from January to March in 
the range of 4%–35% of the bacterial community (Figure 6). Due to 
the high season variability and dominance of Streptococcus sp., this 
season was analyzed separately. In contrast to the previous seasons, no 
significant differences were detected between shark species and the 
organs. However, analysis of the samples showed that despite the 
dominance of the Streptococcus sp. in the sharks and seawater samples, 
a difference was observed in the relative abundance and the diversity 
(Simpson index) between the months of the season (December–May; 

Figures 6, 7A,B). The average Simpson index score for every month 
demonstrates a downward trend in Simpson values from December 
(0.92) to February (0.4) and an upward trend back from February to 
May (0.84; Figure  7A). This trend was reflected in the inverse 
correlation of Streptococcus sp. (ASV0002) percentages in shark 
microbiome samples (both species) over those months. Low 
percentages were detected in December (average 25%), peaked in 
February (average 79%), and declined back in May (average 35%; 
Figure  7B). Interestingly, when examining the presence of the 
Streptococcus sp. (ASV0002) in the surrounding seawater in this 
season, a similar trend to that in sharks samples was seen, increasing 
until its peak in early February and a declining after that (Figure 6).

In order to examine relation between sequences affiliated with 
the genus Streptococcus, found in this study with sequences from 
other studies, a phylogenetic tree was designed. The phylogenetic 
tree provided information about the geographical origin and the 

FIGURE 4

Biomarkers at the taxonomy levels (Order, Family and Genus) of dusky and sandbar sharks across three distinct anatomic locations were identified by 
the linear discriminant analysis effect size (LEfSe) methods (adjusted p < 0.05, LDA > 2).
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type of sample (environmental, marine/terrestrial host-associated) 
from which the sequences were sampled (Figure  8). The 
phylogenetic tree showed clusters from different geographical 
origins, such as from the United  States (primarily from 
environmental samples) and the Far East (including Taiwan, South 
Korea and China). The sequences from the Far East cluster, were 
mostly sequences associated with the marine host and identified as 

Streptococcus inia, a known marine pathogen. Interestingly, most of 
the sequences from our study, including ASV0002, were closer to 
related sequences from terrestrial hosts and from geographical 
origins (Saudi Arabia, Iran, and Italy), which are relatively close to 
our study area (Mediterranean region). To evaluate the effect of an 
increase in Streptococcus sp. in the shark’s microbiome, the 
abundance of the identified dominant bacteria from the 2019–2020 

A

B

FIGURE 5

Bacterial profiles of sharks across the seasons (years). Non-metric multidimensional scaling analysis was calculated based on Bray-Curtis dissimilarities 
among samples. The figures show the distribution of the samples by shark species (A) and by the percentage of streptococcus sp. in each sample (B).
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sampling seasons was compared to the 2021 season (Table 1). An 
increase of potentially pathogenic bacteria (Photobacterium, Vibrio, 
Acinetobacter sp.) were observed almost in all the samples, both 

shark species and especially in the gills of the dusky shark. In 
addition, a sharp increase was detected in the bacteria known as 
shark’s symbiont (Pseudoalteromonas and Pseudomonas sp.) across 
all samples, with higher values in sandbar sharks.

We further examined whether co-occurrence patterns can 
be detected between Streptococcus and other genera in 2021, where 
that genus was dominant. In total, 59 significant Spearman correlations 
(FDR adjusted p < 0.05) were identified, of which only seven were 
positive correlations (Supplementary Table S3). The top groups (five 
positive and five negative) presented in Supplementary Figure S5.

Discussion

Our study focused on the local aggregation of two shark species 
(male sandbar sharks and female dusky sharks). The aggregation site 
is a disturbed site that exposes the sharks to distinctive environmental 
conditions and high anthropogenic activity. This local phenomenon 
gave us a rare opportunity to conduct prolonged sampling of the shark 
community, emphasizing the microbiome aspect.

FIGURE 6

Relative abundance of Streptococcus sp. isolated from surrounding 
seawater samples, season 2021.

A

B

FIGURE 7

Season 2021. (A) Simpson diversity index of sharks’ samples. The letters A/B above the boxes represents a significant difference between the samples. 
(B) Relative abundance of Streptococcus sp. isolated from the shark species.
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Drivers of the sharks’ microbiota 
composition

Microbiota samples of skin, gills, and cloaca of both shark 
species and a water sample concurrent to the sampling time were 
collected. As these samples were derived from wild species in situ, 
after being caught and brought alongside the vessel, our study 
required this additional comparative analysis as extra assurance that 
the communities were significantly distinct. Comparison of the 
microbiota composition between the seawater and shark was 
significantly different in composition (Supplementary Figure S2; 
Supplementary Table S2) and reinforces the reliability of this 
non-invasive method, as it was impossible to isolate the sampling 
from the seawater. Our study showed that the main driver that 

effected the sharks’ microbiome was the specific host, i.e., the 
individual shark examined (Supplementary Figure S2). This finding 
corresponds with other microbiome studies conducted on fish, 
dolphins (Lima et  al., 2012; Chiarello et  al., 2017) and humans 
(Turnbaugh et  al., 2007; Gilbert et  al., 2018). Moreover, this 
individual factor is affected by the gender of the organism (Cabal 
et al., 2018) and its genetic material (Opstal and Bordenstein, 2015). 
In addition, the physiological condition of the organism, such as 
disease (Cho and Blaser, 2012), pregnancy (Neuman and Koren, 
2017), metabolic state (Bang et al., 2018) and developmental phase 
(Gadoin et al., 2021) may affect and shape the composition of the 
microbiota. Interestingly, differences in the cohort’s behavior have 
been reported in previous studies to affect the microbiome (Archie 
and Tung, 2015; Vuong et al., 2017). For sharks, shifts in migration 

FIGURE 8

A phylogenetic tree for Streptococcus-related ASVs and accessions no. from NCBI. ASV0002 is marked by a red arrow. Nodes are colored according 
to the node-support bar. The taxonomy, next to ASV/Accession No., is colored according to the geographic origin while the letters (E/M/T/NA) 
represent the type of sample, according to the attached legend.

TABLE 1 Comparison of dominant bacteria between 2019 and 2020 seasons and the season 2021.

The numbers shown represent percentages of relative abundance.
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patterns (residency, depth profiles) and behavior under duress or 
related to reproduction (mating, gestational cycle) all may 
be  impacted the microbiome. Following neutralization of the 
individual effect, additional drivers (shark specie and organ) shaping 
the microbiome were obtained. A significant division was shown 
between the sharks (dusky and sandbar) and between each shark to 
their environmental samples (Figure 1; Supplementary Table S2). 
Species-specific microbiomes have been reported in previous studies 
that compared three (Black et al., 2021) and five (Storo et al., 2021) 
shark species. The species-specific microbiomes were also observed 
in other wild apex predators such as bottlenose dolphins (Tursiops 
truncatus, Tursiops aduncus), sperm whales (Physeter macrocephalus; 
Erwin et al., 2017) and killer whales (Orcinus orca; Lima et al., 2012; 
Chiarello et al., 2017). Despite the difference between the sharks and 
the surrounding water, environmental conditions are known to 
influence the composition of the microbiota. Many studies 
investigated various environmental parameters such as pH, salinity, 
and temperature and demonstrated a shift in the host-microbial 
community due to changes in these conditions (Schmidt et al., 2015; 
Lima et  al., 2020; Posadas et  al., 2022). Although this site is 
characterized by high temperature, we could not isolate the direct 
effect of temperature on the composition of the microbiome, due to 
the lack of additional site for comparison. In addition, no substantial 
changes in temperature were observed between the sampling seasons 
(Supplementary Figure S4), so we could not attribute the observed 
differences between the seasons to the temperature factor. In this 
study, a clear overlap of ASVs was observed between the sharks 
(both species) and the seawater. About 50% of the shark’s ASVs were 
also found in the seawater samples, while the rest, ~25%, overlapped 
between the sharks and about ~25% of ASVs were unique to the 
shark species (Figure 3). Similar percentages of overlap sequences 
between sharks and seawater have been described in Storo 
et al. (2021).

The organs of the host serve as a separate micro-habitat. The organs 
are exposed to different levels of the environment and include unique 
conditions, such as physical properties, salinity, pH, temperature, and 
oxygen, which allows different microbial communities to inhabit them 
(Costello et  al., 2009). Many studies examined and compared the 
microbiome between multiple organs (internal and external) of marine 
organisms, including fish (Meron et al., 2020; Sylvain et al., 2020), sea 
turtles (McNally et al., 2021) and mussels (Musella et al., 2020). Of the 
studies conducted on shark microbiome, most focused on one anatomic 
organ, such as skin and its associated mucus layer (Doane et al., 2017, 
2022; Pogoreutz et al., 2019; Caballero et al., 2020) or gut (Givens et al., 
2015; Juste-Poinapen et al., 2019; Leigh et al., 2021), while only a few 
studies compared between multiple anatomic locations as gills, teeth, 
skin, and cloaca (Black et al., 2021; Perry et al., 2021; Storo et al., 2021). 
Similar to our results, differences in microbiota between the organs were 
observed, some of which were statistically significant (depending on the 
of shark species and organ).

Microbial diversity and core taxa

The diversity index indicates higher diversity in sandbar sharks than 
dusky sharks and their environment. Among the shark organs, the gills 
were more diverse, as observed by Storo et al. (2021) as well. The gills 
have numerous crucial functions, as a primary site for gas and waste 
exchange, as well as for mucosal immune interactions, osmoregulation, 

detoxification and possibly ammonia recycling (Wood et  al., 2007; 
Pratte et al., 2018; Perry et al., 2021). The ability of elasmobranchs to 
absorb ammonia through the gills may help renew the urea used in 
regulating osmosis (Nawata et al., 2015; Wood and Giacomin, 2016). 
Therefore, gill-associated microbes may play critical roles in the overall 
fish and shark health and physiology, which may explain the gill’s 
increased diversity and richness (Supplementary Figure S3).

The number of studies that have described the bacterial profile of 
sharks is relatively small and makes the comparison difficult. They 
include different shark species, diverse organs, and varying 
geographical locations, as described in the review by Perry et  al. 
(2021). Our study is the first research on Carcharhinidae microbiome 
yet in the Mediterranean and provides an initial baseline on the 
bacterial profile of the sharks at a highly localized site. However, 
we still found several taxonomic groups of bacteria in the same organs 
of different shark species described in previous studies. For example, 
the families Rhodobacteraceae and Halomonadaceae and the genera 
Pseudoalteromonas and Psychrobacter were dominant in the skin 
microbiota of our sharks but were also observed in the skin of thresher 
shark (A. vulpinus) and black-tip reef sharks (C. melanopterus; Doane 
et  al., 2017; Pogoreutz et  al., 2019). Psychrobacter, which was 
previously identified also in the skin mucus of bony fish (Juni, 1992) 
and humpback whale, have been linked with whale health and 
immunity (Apprill et al., 2014; Bierlich et al., 2018). The presence of 
Pseudoalteromonas has been described as a common symbiont on the 
skin of sharks that may contribute to the synthesis of antibacterial 
compounds and inhibit the growth of biological contamination on the 
skin of sharks (Holmström and Kjelleberg, 1999; Franks et al., 2006; 
Offret et al., 2016). Additionally, the genus Pseudomonas that was 
dominant in our study, mainly in the skin of dusky sharks (females), 
was found in the epidermal microbiome of leopard sharks 
(T. semifasciata), notable females of this species as well (Doane et al., 
2022). Currently, there are not enough studies describing the 
microbiome of males vs. females, especially of the same shark species. 
However, future expansion of the database together with additional 
physiological parameters may enable the microbiome to reflect, 
among other things, gender, reproductive status, etc., through 
relatively simple sampling and a non-invasive technique. Another 
dominant bacterium in our skin samples and not reported in previous 
skin shark studies was the genus Acinetobacter. These bacteria can 
survive in various environments containing small amounts of 
nutritious components and display a low sensitivity to adverse physical 
and chemical conditions (Kozińska et al., 2014). These traits may have 
an advantage in areas of high temperature and salinity, which could 
possibly explain the presence at the studied site. However, more 
research is needed to better understand this aspect. The genera 
Photobacterium and Vibrio (both belonging to Vibrionaceae) are 
known as “common” bacteria in marine organisms, as part of their 
natural microbiota composition (Ramaiah and Chandramohan, 1992; 
Urbanczyk et al., 2011) or as potential pathogens (Buck, 1990; Terceti 
et al., 2016). In addition, the appearance and increase of Vibrio in 
marine organisms have been linked to an increase in the ambient 
temperature (Vezzulli et al., 2009; Kimes et al., 2012), which is the 
main characteristic of our study site. Although no signs of disease 
were seen in our study, these genera were the most dominant in the 
cloaca, specifically in dusky sharks. Based on previous studies in 
which the Photobacterium has been identified in the shark’s 
gastrointestinal tract (i.e., gut and cloaca; Grimes et al., 1985; Givens 
et al., 2015; Juste-Poinapen et al., 2019; Leigh et al., 2021), it has been 
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suggested that it may be  an integral part of the core intestinal 
microbiome of sharks (Perry et al., 2021).

Bacterial biomarkers

Identification and use of bacterial biomarkers can be expressed via 
two aspects. The first is their use as an efficient detection tool of a 
specific organism, by the presence and relative abundance of specific 
bacterial taxa groups. In our case study, we identified a few bacterial 
biomarkers for shark species and organs by calculating the differential 
abundance of the ASVs. Most of the biomarkers linked to the sandbar 
sharks were significantly higher than the dusky sharks. Interestingly, 
the most dominant biomarkers belong to the class Betaproteobacteria 
(phylum Pseudomonadota) and were identified across a few 
taxonomic levels [e.g., Burkholderiales (Order) > Comamonadaceae 
(Family) > Malikia (Genus); Burkholderiales (Order) > 
Comamonadaceae (Family) > Aquabacterium (Genus)]. Future 
comparison between additional variables such as gender, physiological 
state, developmental stage, etc., will enable the expansion and 
refinement of additional biomarkers. The second aspect is the use of 
bacterial biomarkers as a tool for defining ecosystem health and 
stability due to the bacteria’s sensitivity and rapid response to 
environmental changes. Various marine organisms, mainly sessile 
organisms such as oysters and ascidians, have been proposed as 
potential bioindicators for environmental health, including 
monitoring of heavy metals (Huang et al., 2007; Tzafriri-Milo et al., 
2019), organic enrichment (Babaranti et al., 2019) or drugs (Navon 
et  al., 2020). However, the focus was on organism survival, its 
physiology, and tissue accumulation. In recent years, there has been 
an increase in research on the marine microbiome and the possibilities 
of using it as a bioindicator for environment health. These studies 
focused on the environmental microbiome of seawater and sediment 
(Chen et al., 2019; Custodio et al., 2022) but also the host-microbiome, 
as part of the holobiont. The body of literature to date includes mainly 
studies on invertebrates such as sponges (Selvin et al., 2009), corals 
(Ainsworth and Gates, 2016; Becker et al., 2022) and oysters (Maruf 
Billah and Rahman, 2021), and less in nekton such as fish and 
Chondrichthyes. No references were found in the literature regarding 
biomarkers of dusky or sandbar sharks and, to the best of our 
knowledge, this is the first study to cover this aspect.

Dysbiosis

Our sampling in 2021 was the third occasion where samples from 
the same season, site, and methods were collected, therefore allowing 
us to compare and examine core taxa and previously identified 
bacterial biomarkers. The samples from the 2021 season were grouped 
together and differed in the bacterial composition (core taxa), and the 
biomarkers identified in the first two seasons were absent. 
Additionally, there was no significant effect of ‘species or ‘organ’ as 
we had previously observed (Figure 5). Analysis of these samples 
showed an increased presence of the bacteria Streptococcus sp. [mainly 
specific ASV (ASV0002)] across all the samples (a relative abundance 
of 10% to 85%) compared to its negligible presence in 2019–2020 
seasons (less than 1.5%), which lead to dysbiosis (Tamboli et al., 2004; 
Egan and Gardiner, 2016). The changes in the relative abundance of 

Streptococcus were also reflected in alpha diversity (Simpson index) 
and showed that the increase in Streptococcus abundance caused a 
decrease in diversity values and vice versa (Figure 7). This response of 
decreased bacterial diversity following disease or stress is known in 
the literature and was also described in humans (Scher et al., 2015). 
The appearance of Streptococcus led to a significant change in the 
microbiome of the sharks, the relative abundance of certain bacteria 
was changed, and some bacteria completely disappeared. In addition, 
to increase in Streptococcus, an increase in potential pathogens such 
as Photobacterium, Vibrio, and Acinetobacter were observed. The 
observation of a few pathogens appearing together was also described 
in a wild fish survey in the Mediterranean. The same three bacteria 
(Streptococcus, Photobacterium, and Vibrio sp.) were detected and 
appeared, in most cases, in combination together (Meron et al., 2020).

Additional increases in Pseudomonas and Pseudoalteromonas, 
previously reported as skin symbionts, were observed mainly in the 
skin and gills of both shark species and organs. Pseudoalteromonas 
dramatically increased from an average relative abundance of 3% (of 
all samples), in the first seasons, to 23% in the last season. As described 
above, this bacterium is an important fish skin symbiont which 
encodes genes that may promote healthy microbiome-host 
interactions (Holmström and Kjelleberg, 1999). It is also known to 
synthesize antimicrobial compounds, which can help in competition 
with other bacteria (Franks et al., 2006) and inhibit fouling of marine 
eukaryotes (Bowman, 2007; Doane et al., 2017; Black et al., 2021). 
Pogoreutz et al. (2019) compared injured and healthy skin of blacktip 
reef sharks, reporting that Pseudoalteromonas was only identified in 
the sites of injured skin tissue. Based on this observation, along with 
the increase in potential pathogens seen in our study, it can 
be hypothesized that the increase in Pseudoalteromonas may be a 
counter-response to the increasing levels of pathogens. This hypothesis 
may be supported by research showing that Pseudoalteromonas species 
can kill Vibrio bacteria by digesting cell walls and subsequently 
inactivating pathogens (Richards et al., 2017).

The Streptococcus sp. genus currently includes >40 recognized 
species and is cosmopolitan, mainly in animals but also in soil and 
aquatic environments (Hardie and Whiley, 1997). Some are known to 
be highly pathogenic, such as the Streptococcus iniae and S. agalactiae 
that affect various organs in many fish species worldwide and are linked 
to warm water (Colorni et al., 2002; Evans et al., 2006; Genin et al., 
2020). In marine and freshwater systems, these bacteria cause significant 
economic losses, estimated at hundreds of millions of dollars each year 
(Agnew and Barnes, 2007; Klesius et al., 2008; Low et al., 2014). In Israel, 
two cases of Streptococcus infection were reported in the Red Sea. One 
case was described by Colorni et al. (2002) and was the first report of 
S. iniae in Red Sea fishes. The second reported a massive outbreak of 
S. iniae in 2020 that was very harmful and caused mass mortality of 
many coral reef fish (Genin et al., 2020). The presence of Streptococcus 
spp. was described in additional cases along the shores of the 
Mediterranean (Israel). In one case, a moribund wild sandbar shark was 
found when a post-mortem examination revealed a bacterial infection 
caused by S. agalactia (Morick et al., 2020), while a similar case was 
recently reported also in a stranded wild common dolphin (Morick 
et al., 2022). In another study, S. iniae was found in the kidneys of 
several fish species from different geographic locations but, contrary to 
the previous studies, the fish appeared healthy, and no signs of disease 
were observed (Meron et al., 2020). Similarly, in our study, no signs of 
illness or injury were seen in the sharks sampled throughout all three 
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seasons. So far, no information has been published about the health of 
the sharks in this area, but the high density of the shark (300 m x 150 m 
estimation) with their exposure to the massive anthropogenic activity 
(Zemah-Shamir et al., 2019), can enable favorable conditions for the 
emergence of pathogens and promote a disease outbreak.

Environmental episode

A comparison between the Streptococcus sequences in the NCBI 
database revealed that our shark sequences (including the dominant 
ASV0002) were closer to sequences found in terrestrial hosts of 
Mediterranean origin (Figure  8). Based on this observation and in 
accordance with previous studies, it can be  assumed that the 
Streptococcus spp. identified here may be  of terrestrial origin. As 
described previously, the shark aggregation site is shallow and close to 
shore. It is where the power and the desalination plant meet and are 
located near the Hadera stream estuary (Supplementary Figure S1), 
which is considered a polluted river (Ministry of Environmental 
Protection, 2020). Thus, the possibility of penetrating terrestrial bacteria 
(including pathogens) into the marine environment seems possible. 
This hypothesis was supported by our results showing a similar behavior 
of the Streptococcus in shark and seawater samples. In both, an 
increasing trend was observed in the presence and relative abundance 
of the Streptococcus sp. at the beginning of the sampling season, its peak 
in February, and then its decrease (Figures 6, 7). The reflection of this 
trend may hint at the source of the bacteria and support the overlap 
we observed between the microbiome of the surrounding seawater and 
sharks. Examples of similar scenarios, where potential terrestrial 
pathogens are discovered in marine organisms, have been previously 
described. For example, Bartonella spp., bacteria that are highly adapted 
to their mammalian reservoir hosts (Boulouis et al., 2005) was first 
detected in Harbor porpoises (Maggi et al., 2005) and later also in 
cetaceans and seals (Harms et al., 2008; Morick et al., 2009). In addition, 
the coccidian protozoan Toxoplasma gondii is known to infect many 
homoeothermic organisms, including humans (Hill and Dubey, 2002). 
The presence of T. gondii has been described in numerous marine 
mammals around the world (Herder et al., 2015), including a recently 
reported case from the Mediterranean along the coast of Israel, which 
identified T. gondii in three stranded dolphins (T. truncates; Bigal et al., 
2018). However, the mechanisms by which these animals are infected 
remain uncertain. These events highlight the potential damage alien 
pathogens can inflict on marine organisms and ecosystems.

Summary

This study summarizes three-time points of sampling (seasons) of 
the microbiome, which included two shark species and three organs at 
a site of disturbance along the Israeli coastline. We provided an initial 
baseline of the sharks’ microbiome, including the core taxa, described 
its diversity and identified symbiotic and potentially pathogenic 
bacteria. This information, along with the bacterial biomarkers, will 
enable future comparison between shark species and organs from 
different geographic locations and habitats. The changes in the bacterial 
profile (dysbiosis) detected in the third season emphasize the 
importance of continuous sampling and including the microbiome 
aspect in monitoring programs to capture environmental episodes. 
Microbiome monitoring, besides indicating changes, may assist to 

identify the type of event (such as specific pollution) and its origin. Our 
study demonstrated that the microbiome of sharks might serve as an 
efficient ecologic tool in Long Term Ecological Research (LTER). 
Additional studies and measures of the sharks (such as blood, hormones, 
and physiological state) analyzed in tandem with the microbiome will 
enable a deeper understanding of physiological and environmental 
changes and support the perception of the meta-organism.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/Supplementary material.

Ethics statement

This animal study was authorized with permits issued by Israel 
Nature and Parks Authority (n. 42412, 42699, 42926).

Author contributions

GB: conducting the research, analyzing the results, and writing as 
part of his master’s thesis. DT, AS, and DalM: supervision. ML: data 
processing and analysis of results, LL, EB, ZZ, DanM, and AS: 
fieldwork and sampling. AS and EB: project administration. LL, AS, 
ZZ, DT, and DalM: writing, reviewing, and editing. All authors 
contributed to the article and approved the submitted version.

Acknowledgments

We want to thank the volunteers and the staff of Morris Kahn 
Marine Research Station who supported this project.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1027804/
full#supplementary-material

https://doi.org/10.3389/fmicb.2023.1027804
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1027804/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1027804/full#supplementary-material


Bregman et al. 10.3389/fmicb.2023.1027804

Frontiers in Microbiology 14 frontiersin.org

References
Agnew, W., and Barnes, A. C. (2007). Streptococcus iniae: an aquatic pathogen of 

global veterinary significance and a challenging candidate for reliable vaccination. Vet. 
Microbiol. 122, 1–15. doi: 10.1016/j.vetmic.2007.03.002

Ainsworth, T. D., and Gates, R. D. (2016). Corals' microbial sentinels. Science 352, 
1518–1519. doi: 10.1126/science.aad9957

Apprill, A., Robbins, J., Eren, A. M., Pack, A. A., Reveillaud, J., Mattila, D., et al. 
(2014). Humpback whale populations share a core skin bacterial community: towards 
a health index for marine mammals? PLoS One 9:e90785. doi: 10.1371/journal.
pone.0090785

Archie, E. A., and Tung, J. (2015). Social behavior and the microbiome. Curr. Opin. 
Behav. Sci. 6, 28–34. doi: 10.1016/j.cobeha.2015.07.008

Babaranti, O., Horn, S., Jowett, T., and Frew, R. (2019). Isotopic signatures in Mytilus 
galloprovincialis and Ulva latuca as bioindicators for assessing discharged sewage 
effluent in coastal waters along Otago Peninsula, New Zealand. Geol. Ecol. Landscapes 
3, 53–64. doi: 10.1080/24749508.2018.1485079

Bang, C., Dagan, T., Deines, P., Dubilier, N., Duschl, W. J., Fraune, S., et al. (2018). 
Metaorganisms in extreme environments: do microbes play a role in organismal 
adaptation? Zoology 127, 1–19. doi: 10.1016/j.zool.2018.02.004

Barash, A., Pickholtz, R., Pickholtz, E., Blaustein, L., and Rilov, G. (2018). Seasonal 
aggregations of sharks near coastal power plants in Israel: an emerging phenomenon. 
Mar. Ecol. Prog. Ser. 590, 145–154. doi: 10.3354/meps12478

Bargnesi, F., Lucrezi, S., and Ferretti, F. (2020). Opportunities from citizen science 
for shark conservation, with a focus on the Mediterranean Sea. Eur. Zool. J. 87, 20–34. 
doi: 10.1080/24750263.2019.1709574

Baum, J. K., and Worm, B. (2009). Cascading top-down effects of changing oceanic 
predator abundances. J. Anim. Ecol. 78, 699–714. doi: 10.1111/j.1365-2656.2009.01531.x

Becker, C. C., Brandt, M., Miller, C. A., and Apprill, A. (2022). Microbial bioindicators 
of Stony Coral Tissue Loss Disease identified in corals and overlying waters using a 
rapid field-based sequencing approach. Environ. Microbiol. 24, 1166–1182. doi: 
10.1111/1462-2920.15718

Bianci, C. N., Morri, C., Chiantore, M., Montefalcone, M., Parravicini, V., and 
Rovere, A. (2012). “Mediterranean Sea biodiversity between the legacy from the past 
and a future of change,” in Life in the Mediterranean Sea: a Look at Habitat Changes 
1:55. Available at: https://www.researchgate.net/publication/242397422

Bierlich, K. C., Miller, C., DeForce, E., Friedlaender, A. S., Johnston, D. W., and 
Apprill, A. (2018). Temporal and regional variability in the skin microbiome of 
humpback whales along the Western Antarctic Peninsula. Appl. Environ. Microbiol. 84, 
e02574–e02517. doi: 10.1128/AEM.02574-17

Bigal, E., Morick, D., Scheinin, A. P., Salant, H., Berkowitz, A., King, R., et al. (2018). 
Detection of Toxoplasma gondii in three common bottlenose dolphins (Tursiops 
truncatus); A first description from the Eastern Mediterranean Sea. Vet. Parasitol. 258, 
74–78. doi: 10.1016/j.vetpar.2018.06.009

Black, C., Merly, L., and Hammerschlag, N. (2021). Bacterial communities in 
multiple tissues across the body surface of three coastal shark species. Zool. Stud. 60. 
doi: 10.6620/ZS.2021.60-69

Boulouis, H. J., Chang, C. C., Henn, J. B., Kasten, R. W., and Chomel, B. B. (2005). 
Factors associated with the rapid emergence of zoonotic Bartonella infections. Vet. Res. 
36, 383–410. doi: 10.1051/vetres:2005009

Bowman, J. P. (2007). Bioactive compound synthetic capacity and ecological 
significance of marine bacterial genus Pseudoalteromonas. Mar. Drugs 5, 220–241. doi: 
10.3390/md504220

Brooks, E. J., Sloman, K. A., Liss, S., Hassan-Hassanein, L., Danylchuk, A. J., 
Cooke, S. J., et al. (2011). The stress physiology of extended duration tonic immobility 
in the juvenile lemon shark, Negaprion brevirostris (Poey 1868). J. Exp. Mar. Biol. Ecol. 
409, 351–360. doi: 10.1016/j.jembe.2011.09.017

Buck, J. D. (1990). Potentially pathogenic marine Vibrio species in seawater and 
marine animals in the Sarasota, Florida, area. J. Coast. Res. 6, 943–948.

Buck, J. D., Spotte, S., and Gadbaw, J. J. Jr. (1984). Bacteriology of the teeth from a 
great white shark: potential medical implications for shark bite victims. J. Clin. 
Microbiol. 20, 849–851. doi: 10.1128/jcm.20.5.849-851.1984

Buck-Wiese, H., Voolstra, C. R., and Brüwer, J. D. (2016). The metaorganism 
frontier–incorporating microbes into the organism’s response to environmental change. 
In YOUMARES 7 conference proceedings (pp. 94–102) Washington, American Society 
for Microbiology.

Cabal, A., Wassenaar, T. M., and Ussery, D. W. (2018). “Gender differences in the gut 
microbiome and how these affect cardiovascular diseases” in Gender differences in the 
pathogenesis and management of heart disease (Cham: Springer), 89–100.

Caballero, S., Galeano, A. M., Lozano, J. D., and Vives, M. (2020). Description of the 
microbiota in epidermal mucus and skin of sharks (Ginglymostoma cirratum and 
Negaprion brevirostris) and one stingray (Hypanus americanus). PeerJ 8:e10240. doi: 
10.7717/peerj.10240

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A., 
Turnbaugh, P. J., et al. (2011). Global patterns of 16S rRNA diversity at a depth of 

millions of sequences per sample. Proc. Natl. Acad. Sci. 108, 4516–4522. doi: 10.1073/
pnas.1000080107

Carlisle, A. B., and Starr, R. M. (2009). Habitat use, residency, and seasonal 
distribution of female leopard sharks Triakis semifasciata in Elkhorn Slough, 
California. Mar. Ecol. Prog. Ser. 380, 213–228. doi: 10.3354/meps07907

Chen, L., Tsui, M. M., Lam, J. C., Hu, C., Wang, Q., Zhou, B., et al. (2019). Variation 
in microbial community structure in surface seawater from Pearl River Delta: 
discerning the influencing factors. Sci. Total Environ. 660, 136–144. doi: 10.1016/j.
scitotenv.2018.12.480

Chiarello, M., Villéger, S., Bouvier, C., Auguet, J. C., and Bouvier, T. (2017). Captive 
bottlenose dolphins and killer whales harbor a species-specific skin microbiota that 
varies among individuals. Sci. Rep. 7, 1–12. doi: 10.1038/s41598-017-15220-z

Cho, I., and Blaser, M. J. (2012). The human microbiome: at the interface of health 
and disease. Nat. Rev. Genet. 13, 260–270. doi: 10.1038/nrg3182

Coll, M., Piroddi, C., Steenbeek, J., Kaschner, K., Ben Rais Lasram, F., Aguzzi, J., et al. 
(2010). The biodiversity of the Mediterranean Sea: estimates, patterns, and threats. 
PLoS One 5:e11842. doi: 10.1371/journal.pone.0011842

Colorni, A., Diamant, A., Eldar, A., Kvitt, H., and Zlotkin, A. (2002). Streptococcus 
iniae infections in Red Sea cage-cultured and wild fishes. Dis. Aquat. Organ. 49, 
165–170. doi: 10.3354/dao049165

Costello, E. K., Lauber, C. L., Hamady, M., Fierer, N., Gordon, J. I., and Knight, R. 
(2009). Bacterial community variation in human body habitats across space and time. 
Science 326, 1694–1697. doi: 10.1126/science.1177486

Custodio, M., Espinoza, C., Peñaloza, R., Peralta-Ortiz, T., Sánchez-Suárez, H., 
Ordinola-Zapata, A., et al. (2022). Microbial diversity in intensively farmed lake 
sediment contaminated by heavy metals and identification of microbial taxa 
bioindicators of environmental quality. Sci. Rep. 12, 1–12. doi: 10.1038/
s41598-021-03949-7

Doane, M. P., Haggerty, J. M., Kacev, D., Papudeshi, B., and Dinsdale, E. A. (2017). 
The skin microbiome of the common thresher shark (Alopias vulpinus) has low 
taxonomic and gene function β-diversity. Environ. Microbiol. Rep. 9, 357–373. doi: 
10.1111/1758-2229.12537

Doane, M. P., Johnson, C. J., Johri, S., Kerr, E. N., Morris, M. M., Desantiago, R., et al. 
(2022). The Epidermal Microbiome Within an Aggregation of Leopard Sharks (Triakis 
semifasciata) Has Taxonomic Flexibility with Gene Functional Stability Across Three 
Time-points. Microb. Ecol., 1–18. doi: 10.1007/s00248-022-01969-y

Dulvy, N. K., Pacoureau, N., Rigby, C. L., Pollom, R. A., Jabado, R. W., Ebert, D. A., 
et al. (2021). Overfishing drives over one-third of all sharks and rays toward a global 
extinction crisis. Curr. Biol. 31, 4773–4787. doi: 10.1016/j.cub.2021.08.062

Economakis, A. E., and Lobel, P. S. (1998). Aggregation behavior of the grey reef 
shark, Carcharhinus amblyrhynchos, at Johnston Atoll, Central Pacific Ocean. Environ. 
Biol. Fishes 51, 129–139. doi: 10.1023/A:1007416813214

Egan, S., and Gardiner, M. (2016). Microbial dysbiosis: rethinking disease in marine 
ecosystems. Front. Microbiol. 7:991. doi: 10.3389/fmicb.2016.00991

Elisio, M., Awruch, C. A., Massa, A. M., Macchi, G. J., and Somoza, G. M. (2019). 
Effects of temperature on the reproductive physiology of female elasmobranchs: The 
case of the narrownose smooth-hound shark (Mustelus schmitti). Gen. Comp. 
Endocrinol. 284:113242. doi: 10.1016/j.ygcen.2019.113242

Erwin, P. M., Rhodes, R. G., Kiser, K. B., Keenan-Bateman, T. F., McLellan, W. A., and 
Pabst, D. (2017). High diversity and unique composition of gut microbiomes in pygmy 
(Kogia breviceps) and dwarf (K. sima) sperm whales. Sci. Rep. 7, 1–11. doi: 10.1038/
s41598-017-07425-z

Evans, J. J., Klesius, P. H., and Shoemaker, C. A. (2006). An overview of Streptococcus 
in warmwater fish. Aquacult. Health Int. 7, 10–14.

Ferretti, F., Myers, R. A., Serena, F., and Lotze, H. K. (2008). Loss of large predatory 
sharks from the Mediterranean Sea. Conserv. Biol. 22, 952–964. doi: 
10.1111/j.1523-1739.2008.00938.x

Franks, A., Egan, S., Holmström, C., James, S., Lappin-Scott, H., and Kjelleberg, S. 
(2006). Inhibition of fungal colonization by Pseudoalteromonas tunicata provides a 
competitive advantage during surface colonization. Appl. Environ. Microbiol. 72, 
6079–6087. doi: 10.1128/AEM.00559-06

Gadoin, E., Durand, L., Guillou, A., Crochemore, S., Bouvier, T., d’Orbcastel, E. R., 
et al. (2021). Does the composition of the gut bacteriome change during the growth of 
tuna? Microorganisms 9:1157. doi: 10.3390/microorganisms9061157

Genin, A., Levy, L., Sharon, G., Raitsos, D. E., and Diamant, A. (2020). Rapid onsets 
of warming events trigger mass mortality of coral reef fish. Proc. Natl. Acad. Sci. 117, 
25378–25385. doi: 10.1073/pnas.2009748117

Gilbert, J. A., Blaser, M. J., Caporaso, J. G., Jansson, J. K., Lynch, S. V., and Knight, R. 
(2018). Current understanding of the human microbiome. Nat. Med. 24, 392–400. doi: 
10.1038/nm.4517

Givens, C. E., Ransom, B., Bano, N., and Hollibaugh, J. T. (2015). Comparison of the 
gut microbiomes of 12 bony fish and 3 shark species. Mar. Ecol. Prog. Ser. 518, 209–223. 
doi: 10.3354/meps11034

https://doi.org/10.3389/fmicb.2023.1027804
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.vetmic.2007.03.002
https://doi.org/10.1126/science.aad9957
https://doi.org/10.1371/journal.pone.0090785
https://doi.org/10.1371/journal.pone.0090785
https://doi.org/10.1016/j.cobeha.2015.07.008
https://doi.org/10.1080/24749508.2018.1485079
https://doi.org/10.1016/j.zool.2018.02.004
https://doi.org/10.3354/meps12478
https://doi.org/10.1080/24750263.2019.1709574
https://doi.org/10.1111/j.1365-2656.2009.01531.x
https://doi.org/10.1111/1462-2920.15718
https://www.researchgate.net/publication/242397422
https://doi.org/10.1128/AEM.02574-17
https://doi.org/10.1016/j.vetpar.2018.06.009
https://doi.org/10.6620/ZS.2021.60-69
https://doi.org/10.1051/vetres:2005009
https://doi.org/10.3390/md504220
https://doi.org/10.1016/j.jembe.2011.09.017
https://doi.org/10.1128/jcm.20.5.849-851.1984
https://doi.org/10.7717/peerj.10240
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.3354/meps07907
https://doi.org/10.1016/j.scitotenv.2018.12.480
https://doi.org/10.1016/j.scitotenv.2018.12.480
https://doi.org/10.1038/s41598-017-15220-z
https://doi.org/10.1038/nrg3182
https://doi.org/10.1371/journal.pone.0011842
https://doi.org/10.3354/dao049165
https://doi.org/10.1126/science.1177486
https://doi.org/10.1038/s41598-021-03949-7
https://doi.org/10.1038/s41598-021-03949-7
https://doi.org/10.1111/1758-2229.12537
https://doi.org/10.1007/s00248-022-01969-y
https://doi.org/10.1016/j.cub.2021.08.062
https://doi.org/10.1023/A:1007416813214
https://doi.org/10.3389/fmicb.2016.00991
https://doi.org/10.1016/j.ygcen.2019.113242
https://doi.org/10.1038/s41598-017-07425-z
https://doi.org/10.1038/s41598-017-07425-z
https://doi.org/10.1111/j.1523-1739.2008.00938.x
https://doi.org/10.1128/AEM.00559-06
https://doi.org/10.3390/microorganisms9061157
https://doi.org/10.1073/pnas.2009748117
https://doi.org/10.1038/nm.4517
https://doi.org/10.3354/meps11034


Bregman et al. 10.3389/fmicb.2023.1027804

Frontiers in Microbiology 15 frontiersin.org

Glasl, B., Bourne, D. G., Frade, P. R., Thomas, T., Schaffelke, B., and Webster, N. S. 
(2019). Microbial predictors of environmental perturbations in coral reef ecosystems. 
bioRxiv [Preprint], p. 524173.

Grimes, D. J., Brayton, P., Colwell, R. R., and Gruber, S. H. (1985). Vibrios as 
autochthonous flora of neritic sharks. Syst. Appl. Microbiol. 6, 221–226. doi: 10.1016/
S0723-2020(85)80056-4

Hammerschlag, N., and Sulikowski, J. (2011). Killing for conservation: the need for 
alternatives to lethal sampling of apex predatory sharks. Endanger. Species Res. 14, 
135–140. doi: 10.3354/esr00354

Hardie, J. M., and Whiley, R. A. (1997). Classification and overview of the 
genera Streptococcus and Enterococcus. J. Appl. Microbiol. 83, 1S–11S. doi: 10.1046/
j.1365-2672.83.s1.1.x

Harms, C. A., Maggi, R. G., Breitschwerdt, E. B., Clemons-Chevis, C. L., Solangi, M., 
Rotstein, D. S., et al. (2008). Bartonella species detection in captive, stranded and free-
ranging cetaceans. Vet. Res. 39:59. doi: 10.1051/vetres:2008036

Hazen, E. L., Abrahms, B., Brodie, S., Carroll, G., Jacox, M. G., Savoca, M. S., et al. 
(2019). Marine top predators as climate and ecosystem sentinels. Front. Ecol. Environ. 
17, 565–574. doi: 10.1002/fee.2125

Heithaus, M. R., Frid, A., Wirsing, A. J., and Worm, B. (2008). Predicting ecological 
consequences of marine top predator declines. Trends Ecol. Evol. 23, 202–210. doi: 
10.1016/j.tree.2008.01.003

Herder, V., van de Velde, N., Kristensen, J. H., Van Elk, C., Peters, M., Kilwinski, J., 
et al. (2015). Fatal disseminated Toxoplasma gondii infection in a captive harbour 
porpoise (Phocoena phocoena). J. Comp. Pathol. 153, 357–362. doi: 10.1016/j.
jcpa.2015.08.004

Heupel, M. R., Knip, D. M., Simpfendorfer, C. A., and Dulvy, N. K. (2014). Sizing up 
the ecological role of sharks as predators. Mar. Ecol. Prog. Ser. 495, 291–298. doi: 
10.3354/meps10597

Hight, B. V., and Lowe, C. G. (2007). Elevated body temperatures of adult female 
leopard sharks, Triakis semifasciata, while aggregating in shallow nearshore 
embayments: evidence for behavioral thermoregulation? J. Exp. Mar. Biol. Ecol. 352, 
114–128. doi: 10.1016/j.jembe.2007.07.021

Hill, D., and Dubey, J. P. (2002). Toxoplasma gondii: transmission, diagnosis and 
prevention. Clin. Microbiol. Infect. 8, 634–640. doi: 10.1046/j.1469-0691.2002.00485.x

Hoffmayer, E. R., Franks, J. S., Driggers, W. B., McKinney, J. A., Hendon, J. M., and 
Quattro, J. M. (2014). Habitat, movements and environmental preferences of dusky 
sharks, Carcharhinus obscurus, in the northern Gulf of Mexico. Mar. Biol. 161, 911–924. 
doi: 10.1007/s00227-014-2391-0

Holmström, C., and Kjelleberg, S. (1999). Marine Pseudoalteromonas species are 
associated with higher organisms and produce biologically active extracellular agents. 
FEMS Microbiol. Ecol. 30, 285–293. doi: 10.1016/S0168-6496(99)00063-X

Hopkins, T. E., and Cech, J. J. (2003). The influence of environmental variables on 
the distribution and abundance of three elasmobranchs in Tomales Bay, California. 
Environ. Biol. Fishes 66, 279–291. doi: 10.1023/A:1023907121605

Huang, H., Wu, J. Y., and Wu, J. H. (2007). Heavy metal monitoring using bivalved 
shellfish from Zhejiang coastal waters, East China Sea. Environ. Monit. Assess. 129, 
315–320. doi: 10.1007/s10661-006-9364-9

IUCN. (2009). IUCN red list of threatened species. Version 2009.2. Available at: 
http://www.iucnredlist.org

Jacoby, D. M., Croft, D. P., and Sims, D. W. (2012). Social behaviour in sharks and 
rays: analysis, patterns and implications for conservation. Fish Fish. 13, 399–417. doi: 
10.1111/j.1467-2979.2011.00436.x

Juni, E. (1992). “The genus Psychrobacter,” in The Prokaryotes. eds. A. Balows, H. G. 
Trüper, M. Dworkin, W. Harder and K.-H. Schleifer (New York, NY: Springer), 
3241–3246.

Juste-Poinapen, N. M., Yang, L., Ferreira, M., Poinapen, J., and Rico, C. (2019). 
Community profiling of the intestinal microbial community of juvenile Hammerhead 
Sharks (Sphyrna lewini) from the Rewa Delta. Sci. Rep. 9, 1–11. doi: 10.1038/
s41598-019-43522-x

Kimes, N. E., Grim, C. J., Johnson, W. R., Hasan, N. A., Tall, B. D., Kothary, M. H., 
et al. (2012). Temperature regulation of virulence factors in the pathogen Vibrio 
coralliilyticus. ISME J. 6, 835–846. doi: 10.1038/ismej.2011.154

Klesius, P. H., Shoemaker, C. A., and Evans, J. J. (2008). Streptococcus: a worldwide 
fish health problem. In Proceedings of the 8th International Symposium on Tilapia in 
Aquaculture (Vol. 1, pp. 83–107). Ag. Press Unit Abbassa, Egypt.

Klimley, A. P. (1994). The predatory behavior of the white shark. Am. Sci. 82, 122–133.

Kozińska, A., Paździor, E., Pękala, A., and Niemczuk, W. (2014). Acinetobacter 
johnsonii and Acinetobacter lwoffii-the emerging fish pathogens. J. Vet. Res. 58, 193–199. 
doi: 10.2478/bvip-2014-0029

Lawson, J. M., Pollom, R. A., Gordon, C. A., Barker, J., Meyers, E. K., Zidowitz, H., 
et al. (2020). Extinction risk and conservation of critically endangered angel sharks in 
the Eastern Atlantic and Mediterranean Sea. ICES J. Mar. Sci. 77, 12–29. doi: 10.1093/
icesjms/fsz222

Lazzari, P., Solidoro, C., Ibello, V. A. L. E. R. İ. A., Salon, S., Teruzzi, A., Béranger, K., 
et al. (2012). Seasonal and inter-annual variability of plankton chlorophyll and primary 

production in the Mediterranean Sea: a modelling approach. Biogeosciences 9, 217–233. 
doi: 10.5194/bg-9-217-2012

Leigh, S. C., Papastamatiou, Y. P., and German, D. P. (2021). Gut microbial diversity 
and digestive function of an omnivorous shark. Mar. Biol. 168, 1–16. doi: 10.1007/
s00227-021-03866-3

Lejeusne, C., Chevaldonné, P., Pergent-Martini, C., Boudouresque, C. F., and Pérez, T. 
(2010). Climate change effects on a miniature ocean: the highly diverse, highly 
impacted Mediterranean Sea. Trends Ecol. Evol. 25, 250–260. doi: 10.1016/j.
tree.2009.10.009

Leray, M., Wilkins, L. G., Apprill, A., Bik, H. M., Clever, F., Connolly, S. R., et al. 
(2021). Natural experiments and long-term monitoring are critical to understand and 
predict marine host–microbe ecology and evolution. PLoS Biol. 19:e3001322. doi: 
10.1371/journal.pbio.3001322

Lima, N., Rogers, T., Acevedo-Whitehouse, K., and Brown, M. V. (2012). 
Temporal stability and species specificity in bacteria associated with the bottlenose 
dolphins respiratory system. Environ. Microbiol. Rep. 4, 89–96. doi: 
10.1111/j.1758-2229.2011.00306.x

Lima, L. F., Weissman, M., Reed, M., Papudeshi, B., Alker, A. T., Morris, M. M., et al. 
(2020). Modeling of the coral microbiome: the influence of temperature and microbial 
network. MBio 11, e02691–e02619. doi: 10.1128/mBio.02691-19

Low, D. E., Liu, E., Fuller, J., and McGeer, A. (2014). Streptococcus iniae: an emerging 
pathogen in the aquaculture industry. Emerg. Infect. 3, 53–65. doi: 
10.1128/9781555818418.ch4

Maggi, R. G., Harms, C. A., Hohn, A. A., Pabst, D. A., McLellan, W. A., Walton, W. J., 
et al. (2005). Bartonella henselae in porpoise blood. Emerg. Infect. Dis. 11:1894. doi: 
10.3201/eid1112.050969

Maruf Billah, M., and Rahman, M. S. (2021). Impacts of anthropogenic contaminants 
and elevated temperature on prevalence and proliferation of Escherichia coli in the 
wild-caught American oyster, Crassostrea virginica in the southern Gulf of Mexico 
coast. Mar. Biol. Res. 17, 775–793. doi: 10.1080/17451000.2022.2053161

McNally, K. L., Innis, C. J., Kennedy, A., and Bowen, J. L. (2021). Characterization of 
oral and cloacal microbial communities in cold-stunned Kemp’s ridley sea turtles 
(Lepidochelys kempii) during the time course of rehabilitation. PLoS One 16:e0252086. 
doi: 10.1371/journal.pone.0252086

Meron, D., Davidovich, N., Ofek-Lalzar, M., Berzak, R., Scheinin, A., Regev, Y., et al. 
(2020). Specific pathogens and microbial abundance within liver and kidney tissues of 
wild marine fish from the Eastern Mediterranean Sea. J. Microbial. Biotechnol. 13, 
770–780. doi: 10.1111/1751-7915.13537

Ministry of Environmental Protection. (2020). Available at: https://www.gov.il/he/
departments/guides/hadera_stream

Moonsamy, P. V., Williams, T., Bonella, P., Holcomb, C. L., Höglund, B. N., 
Hillman, G., et al. (2013). High throughput HLA genotyping using 454 sequencing and 
the Fluidigm Access Array™ system for simplified amplicon library preparation. Tissue 
Antigens 81, 141–149. doi: 10.1111/tan.12071

Morick, D., Davidovich, N., Bigal, E., Rosenbluth, E., Bouznach, A., Rokney, A., et al. 
(2020). Fatal Infection in a Wild Sandbar Shark (Carcharhinus plumbeus), Caused by 
Streptococcus agalactiae, Type Ia-ST7. Animals 10:284. doi: 10.3390/ani10020284

Morick, D., Davidovich, N., Zemah-Shamir, Z., Bigal, E., Rokney, A., Ron, M., et al. 
(2022). First Isolation and Characterization of Streptococcus agalactiae From a Stranded 
Wild Common Dolphin (Delphinus delphis). Front. Mar. Sci. 9:824071. doi: 10.3389/
fmars.2022.824071

Morick, D., Osinga, N., Gruys, E., and Harrus, S. (2009). Identification of a Bartonella 
species in the harbor seal (Phoca vitulina) and in seal lice (Echinophtirius horridus). 
Vector-Borne Zoon. Dis. 9, 751–753. doi: 10.1089/vbz.2008.0202

Moutin, T., and Raimbault, P. (2002). Primary production, carbon export and 
nutrients availability in western and eastern Mediterranean Sea in early summer 1996 
(MINOS cruise). J. Mar. Syst. 33-34, 273–288. doi: 10.1016/S0924-7963(02)00062-3

Musella, M., Wathsala, R., Tavella, T., Rampelli, S., Barone, M., Palladino, G., et al. 
(2020). Tissue-scale microbiota of the Mediterranean mussel (Mytilus galloprovincialis) 
and its relationship with the environment. Sci. Total Environ. 717:137209. doi: 
10.1016/j.scitotenv.2020.137209

Myers, R. A., Baum, J. K., Shepherd, T. D., Powers, S. P., and Peterson, C. H. (2007). 
Cascading effects of the loss of apex predatory sharks from a coastal ocean. Science 315, 
1846–1850. doi: 10.1126/science.1138657

Naqib, A., Poggi, S., Wang, W., Hyde, M., Kunstman, K., and Green, S. J. (2018). 
“Making and sequencing heavily multiplexed, high-throughput 16S ribosomal RNA 
gene amplicon libraries using a flexible, two-stage PCR protocol,” in Gene Expression 
Analysis: Methods and Protocols. eds. N. Raghavachari and N. Garcia-Reyero  (New 
York, NY: Springer New York), 149–169.

Navon, G., Kaplan, A., Avisar, D., and Shenkar, N. (2020). Assessing pharmaceutical 
contamination along the Mediterranean and Red Sea coasts of Israel: Ascidians 
(Chordata, Ascidiacea) as bioindicators. Mar. Pollut. Bull. 160:111510. doi: 10.1016/j.
marpolbul.2020.111510

Nawata, C. M., Walsh, P. J., and Wood, C. M. (2015). Physiological and molecular 
responses of the spiny dogfish shark (Squalus acanthias) to high environmental 
ammonia: scavenging for nitrogen. J. Exp. Biol. 218, 238–248. doi: 10.1242/jeb.114967

https://doi.org/10.3389/fmicb.2023.1027804
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/S0723-2020(85)80056-4
https://doi.org/10.1016/S0723-2020(85)80056-4
https://doi.org/10.3354/esr00354
https://doi.org/10.1046/j.1365-2672.83.s1.1.x
https://doi.org/10.1046/j.1365-2672.83.s1.1.x
https://doi.org/10.1051/vetres:2008036
https://doi.org/10.1002/fee.2125
https://doi.org/10.1016/j.tree.2008.01.003
https://doi.org/10.1016/j.jcpa.2015.08.004
https://doi.org/10.1016/j.jcpa.2015.08.004
https://doi.org/10.3354/meps10597
https://doi.org/10.1016/j.jembe.2007.07.021
https://doi.org/10.1046/j.1469-0691.2002.00485.x
https://doi.org/10.1007/s00227-014-2391-0
https://doi.org/10.1016/S0168-6496(99)00063-X
https://doi.org/10.1023/A:1023907121605
https://doi.org/10.1007/s10661-006-9364-9
http://www.iucnredlist.org
https://doi.org/10.1111/j.1467-2979.2011.00436.x
https://doi.org/10.1038/s41598-019-43522-x
https://doi.org/10.1038/s41598-019-43522-x
https://doi.org/10.1038/ismej.2011.154
https://doi.org/10.2478/bvip-2014-0029
https://doi.org/10.1093/icesjms/fsz222
https://doi.org/10.1093/icesjms/fsz222
https://doi.org/10.5194/bg-9-217-2012
https://doi.org/10.1007/s00227-021-03866-3
https://doi.org/10.1007/s00227-021-03866-3
https://doi.org/10.1016/j.tree.2009.10.009
https://doi.org/10.1016/j.tree.2009.10.009
https://doi.org/10.1371/journal.pbio.3001322
https://doi.org/10.1111/j.1758-2229.2011.00306.x
https://doi.org/10.1128/mBio.02691-19
https://doi.org/10.1128/9781555818418.ch4
https://doi.org/10.3201/eid1112.050969
https://doi.org/10.1080/17451000.2022.2053161
https://doi.org/10.1371/journal.pone.0252086
https://doi.org/10.1111/1751-7915.13537
https://www.gov.il/he/departments/guides/hadera_stream
https://www.gov.il/he/departments/guides/hadera_stream
https://doi.org/10.1111/tan.12071
https://doi.org/10.3390/ani10020284
https://doi.org/10.3389/fmars.2022.824071
https://doi.org/10.3389/fmars.2022.824071
https://doi.org/10.1089/vbz.2008.0202
https://doi.org/10.1016/S0924-7963(02)00062-3
https://doi.org/10.1016/j.scitotenv.2020.137209
https://doi.org/10.1126/science.1138657
https://doi.org/10.1016/j.marpolbul.2020.111510
https://doi.org/10.1016/j.marpolbul.2020.111510
https://doi.org/10.1242/jeb.114967


Bregman et al. 10.3389/fmicb.2023.1027804

Frontiers in Microbiology 16 frontiersin.org

Neuman, H., and Koren, O. (2017). The pregnancy microbiome. Intest. Microbiome 
88, 1–10. doi: 10.1159/000455207

Nosal, A. P., Cartamil, D. C., Long, J. W., Lührmann, M., Wegner, N. C., and 
Graham, J. B. (2013). Demography and movement patterns of leopard sharks (Triakis 
semifasciata) aggregating near the head of a submarine canyon along the open coast of 
southern California, USA. Environ. Biol. Fishes 96, 865–878. doi: 10.1007/
s10641-012-0083-5

Offret, C., Desriac, F., Le Chevalier, P., Mounier, J., Jégou, C., and Fleury, Y. (2016). 
Spotlight on antimicrobial metabolites from the marine bacteria Pseudoalteromonas: 
chemodiversity and ecological significance. Mar. Drugs 14:129. doi: 10.3390/
md14070129

Opstal, E. J. V., and Bordenstein, S. R. (2015). Rethinking heritability of the 
microbiome. Science 349, 1172–1173. doi: 10.1126/science.aab3958

Pacoureau, N., Rigby, C. L., Kyne, P. M., Sherley, R. B., Winker, H., Carlson, J. K., et al. 
(2021). Half a century of global decline in oceanic sharks and rays. Nature 589, 
567–571. doi: 10.1038/s41586-020-03173-9

Perry, C. T., Pratte, Z. A., Clavere-Graciette, A., Ritchie, K. B., Hueter, R. E., 
Newton, A. L., et al. (2021). Elasmobranch microbiomes: emerging patterns and 
implications for host health and ecology. Anim. microbiome 3, 1–15. doi: 10.1186/
s42523-021-00121-4

Pogoreutz, C., Gore, M. A., Perna, G., Millar, C., Nestler, R., Ormond, R. F., et al. 
(2019). Similar bacterial communities on healthy and injured skin of black tip reef 
sharks. Anim. Microbiome 1, 1–16. doi: 10.1186/s42523-019-0011-5

Posadas, N., Baquiran, J. I. P., Nada, M. A. L., Kelly, M., and Conaco, C. (2022). 
Microbiome diversity and host immune functions influence survivorship of sponge 
holobionts under future ocean conditions. ISME J. 16, 58–67. doi: 10.1038/
s41396-021-01050-5

Pratte, Z. A., Besson, M., Hollman, R. D., and Stewart, F. J. (2018). The gills of reef 
fish support a distinct microbiome influenced by host-specific factors. Appl. Environ. 
Microbiol. 84, e00063–e00018. doi: 10.1128/AEM.00063-18

Ramaiah, N., and Chandramohan, D. (1992). Occurrence of Photobacterium 
leiognathi, as the bait organ symbiont in frogfish Antennarius hispidus. New Delhi: 
NISCAIR.

Raudino, H., Rob, D., Barnes, P., Mau, R., Wilson, E., Gardner, S., et al. (2016). Whale 
shark behavioural responses to tourism interactions in Ningaloo Marine Park and 
implications for future management. Conserv. Sci. Western Austr. 10:2

Rechisky, E. L., and Wetherbee, B. M. (2003). Short-term movements of juvenile and 
neonate sandbar sharks, Carcharhinus plumbeus, on their nursery grounds in Delaware 
Bay. Environ. Biol. Fishes 68, 113–128. doi: 10.1023/B:EBFI.0000003820.62411.cb

Richards, G. P., Watson, M. A., Needleman, D. S., Uknalis, J., Boyd, E. F., and Fay, J. P. 
(2017). Mechanisms for Pseudoalteromonas piscicida-induced killing of vibrios and 
other bacterial pathogens. Appl. Environ. Microbiol. 83, e00175–e00117. doi: 10.1128/
AEM.00175-17

Rosenfeld, C. S. (2017). Gut dysbiosis in animals due to environmental chemical 
exposures. Front. Cell. Infect. Microbiol. 7:396. doi: 10.3389/fcimb.2017.00396

Scher, J. U., Ubeda, C., and Artacho, A. (2015). Decreased Bacterial Diversity 
Characterizes an Altered Gut Microbiota in Psoriatic Arthritis and Resembles Dysbiosis 
of Inflammatory Bowel Disease. Arthritis Rheumatol. 67, 128–139. doi: 10.1002/
art.38892

Schilds, A., Mourier, J., Huveneers, C., Nazimi, L., Fox, A., and Leu, S. T. (2019). 
Evidence for non-random co-occurrences in a white shark aggregation. Behav. Ecol. 
Sociobiol. 73, 1–12. doi: 10.1007/s00265-019-2745-1

Schmidt, V. T., Smith, K. F., Melvin, D. W., and Amaral-Zettler, L. A. (2015). 
Community assembly of a euryhaline fish microbiome during salinity acclimation. Mol. 
Ecol. 24, 2537–2550. doi: 10.1111/mec.13177

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. 
(2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12, R60–R18. 
doi: 10.1186/gb-2011-12-6-r60

Selvin, J., Priya, S. S., Kiran, G. S., Thangavelu, T., and Bai, N. S. (2009). Sponge-
associated marine bacteria as indicators of heavy metal pollution. Microbiol. Res. 164, 
352–363. doi: 10.1016/j.micres.2007.05.005

Shamir, Z. Z., Shamir, S. Z., Becker, N., Scheinin, A., and Tchernov, D. (2019). 
Evidence of the impacts of emerging shark tourism in the Mediterranean. Ocean Coast. 
Manag. 178:104847. doi: 10.1016/j.ocecoaman.2019.104847

Sims, D. W. (2010). “Tracking and analysis techniques for understanding free-
ranging shark movements and behavior” in Sharks and Their Relatives II: Biodiversity, 
Adaptive Physiology, and Conservation. eds. J. C. Carrier, J. A. Musick and M. R. 
Heithaus (Boca Raton: CRC Press), 351–392.

Skomal, G., and Bernal, D. (2010). “Physiological responses to stress in sharks” in 
Sharks and Their Relatives II: Biodiversity, Adaptive Physiology, and Conservation. eds. 
J. C. Carrier, J. A. Musick and M. R. Heithaus (Boca Raton: CRC Press), 459–490.

Speed, C. W., Meekan, M. G., Field, I. C., McMahon, C. R., Stevens, J. D., McGregor, F., 
et al. (2011). Spatial and temporal movement patterns of a multi-species coastal reef 
shark aggregation. Mar. Ecol. Prog. Ser. 429, 261–275. doi: 10.3354/meps09080

STOECK, T., BASS, D., NEBEL, M., CHRISTEN, R., JONES, M. D. M., BREINER, 
H. W., et al. (2010). Multiple marker parallel tag environmental DNA sequencing 
reveals a highly complex eukaryotic community in marine anoxic water. Mol. Ecol. 19, 
21–31. doi: 10.1111/j.1365-294X.2009.04480.x

Storo, R., Easson, C., Shivji, M., and Lopez, J. V. (2021). Microbiome analyses 
demonstrate specific communities within five shark species. Front. Microbiol. 
12:605285. doi: 10.3389/fmicb.2021.605285

Sweet, M. J., and Bulling, M. T. (2017). On the Importance of the Microbiome and 
Pathobiome in Coral Health and Disease. Front. Mar. Sci. 4, 1–11. doi: 10.3389/
fmars.2017.00009

Sylvain, F. É., Holland, A., Bouslama, S., Audet-Gilbert, É., Lavoie, C., Val, A. L., et al. 
(2020). Fish skin and gut microbiomes show contrasting signatures of host species and 
habitat. Appl. Environ. Microbiol. 86, e00789–e00720. doi: 10.1128/AEM.00789-20

Tamboli, C. P., Neut, C., Desreumaux, P., and Colombel, J. F. (2004). Dysbiosis in 
inflammatory bowel disease. Gut 53, 1–4. doi: 10.1136/gut.53.1.1

Terceti, M. S., Ogut, H., and Osorio, C. R. (2016). Photobacterium damselae subsp. 
damselae, an emerging fish pathogen in the Black Sea: evidence of a multiclonal origin. 
Appl. Environ. Microbiol. 82, 3736–3745. doi: 10.1128/AEM.00781-16

Terrell, S. P. (2004). “An introduction to viral, bacterial, and fungal diseases of 
elasmobranchs” in The elasmobranch husbandry manual: captive care of sharks, rays and 
their relatives. eds. M. Smith, D. Warmolts, D. Thoney and R. Hueter (Ohio Biological 
Survey, Inc.), 427–431.

Turnbaugh, P. J., Ley, R. E., Hamady, M., Fraser-Liggett, C. M., Knight, R., and 
Gordon, J. I. (2007). The human microbiome project. Nature 449, 804–810. doi: 
10.1038/nature06244

Tzafriri-Milo, R., Benaltabet, T., Torfstein, A., and Shenkar, N. (2019). The potential 
use of invasive ascidians for biomonitoring heavy metal pollution. Front. Mar. Sci. 
6:611. doi: 10.3389/fmars.2019.00611

Urbanczyk, H., Ast, J. C., and Dunlap, P. V. (2011). Phylogeny, genomics, and 
symbiosis of Photobacterium. FEMS Microbiol. Rev. 35, 324–342. doi: 
10.1111/j.1574-6976.2010.00250.x

Vélez-Zuazo, X., and Agnarsson, I. (2011). Shark tales: a molecular species-level 
phylogeny of sharks (Selachimorpha, Chondrichthyes). Mol. Phylogenet. Evol. 58, 
207–217. doi: 10.1016/j.ympev.2010.11.018

Vezzulli, L., Pezzati, E., Moreno, M., Fabiano, M., Pane, L., and Pruzzo, C. (2009). 
Benthic ecology of Vibrio spp. and pathogenic Vibrio species in a coastal Mediterranean 
environment (La Spezia Gulf, Italy). Microb. Ecol. 58, 808–818. doi: 10.1007/
s00248-009-9542-8

Vuong, H. E., Yano, J. M., Fung, T. C., and Hsiao, E. Y. (2017). The microbiome and 
host behavior. Annu. Rev. Neurosci. 40:21. doi: 10.1146/annurev-neuro-072116-031347

West, A. G., Waite, D. W., Deines, P., Bourne, D. G., Digby, A., McKenzie, V. J., et al. 
(2019). The microbiome in threatened species conservation. Biol. Conserv. 229, 85–98. 
doi: 10.1016/j.biocon.2018.11.016

Wheeler, C. R., Gervais, C. R., Johnson, M. S., Vance, S., Rosa, R., Mandelman, J. W., 
et al. (2020). Anthropogenic stressors influence reproduction and development in 
elasmobranch fishes. Rev. Fish Biol. Fish. 30, 373–386. doi: 10.1007/s11160-020-09604-0

Williams, C. L., Dill-McFarland, K. A., Sparks, D. L., Kouba, A. J., Willard, S. T., 
Suen, G., et al. (2018). Dietary changes during weaning shape the gut microbiota of red 
pandas (Ailurus fulgens). Conserv. Physiol. 6:cox075. doi: 10.1093/conphys/cox075

Wood, C. M., Bucking, C., Fitzpatrick, J., and Nadella, S. (2007). The alkaline tide 
goes out and the nitrogen stays in after feeding in the dogfish shark, Squalus acanthias. 
Respir. Physiol. Neurobiol. 159, 163–170. doi: 10.1016/j.resp.2007.06.008

Wood, C. M., and Giacomin, M. (2016). Feeding through your gills and turning a 
toxicant into a resource: how the dogfish shark scavenges ammonia from its 
environment. J. Exp. Biol. 219, 3218–3226. doi: 10.1242/jeb.145268

Zemah-Shamir, Z., Mourier, J., Ilany, A., Bigal, E., Scheinin, A., and Tchernov, D. 
(2022a). Preliminary insights of a mixed-species shark aggregation: a case study of two 
carcharhinids from the Mediterranean Sea. Environ. Biol. Fishes 105, 623–634. doi: 
10.1007/s10641-022-01280-2

Zemah-Shamir, Z., Zemah Shamir, S., Tchernov, D., Scheinin, A., and Becker, N. 
(2019). Shark aggregation and tourism: opportunities and challenges of an emerging 
phenomenon. Int. J. Sustain. Dev. World Ecol. 26, 406–414. doi: 10.1080/ 
13504509.2019.1573769

Zemah-Shamir, Z., Zemah-Shamir, S., Scheinin, A., Tchernov, D., Lazebnik, T., and 
Gal, G. (2022b). A Systematic Review of the Behavioural Changes and Physiological 
Adjustments of Elasmobranchs and Teleost’s to Ocean Acidification with a Focus on 
Sharks. Aust. Fish. 7:56. doi: 10.3390/fishes7020056

Zilber-Rosenberg, I., and Rosenberg, E. (2008). Role of microorganisms in the 
evolution of animals and plants: the hologenome theory of evolution. FEMS Microbiol. 
Rev. 32, 723–735. doi: 10.1111/j.1574-6976.2008.00123.x

https://doi.org/10.3389/fmicb.2023.1027804
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1159/000455207
https://doi.org/10.1007/s10641-012-0083-5
https://doi.org/10.1007/s10641-012-0083-5
https://doi.org/10.3390/md14070129
https://doi.org/10.3390/md14070129
https://doi.org/10.1126/science.aab3958
https://doi.org/10.1038/s41586-020-03173-9
https://doi.org/10.1186/s42523-021-00121-4
https://doi.org/10.1186/s42523-021-00121-4
https://doi.org/10.1186/s42523-019-0011-5
https://doi.org/10.1038/s41396-021-01050-5
https://doi.org/10.1038/s41396-021-01050-5
https://doi.org/10.1128/AEM.00063-18
https://doi.org/10.1023/B:EBFI.0000003820.62411.cb
https://doi.org/10.1128/AEM.00175-17
https://doi.org/10.1128/AEM.00175-17
https://doi.org/10.3389/fcimb.2017.00396
https://doi.org/10.1002/art.38892
https://doi.org/10.1002/art.38892
https://doi.org/10.1007/s00265-019-2745-1
https://doi.org/10.1111/mec.13177
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1016/j.micres.2007.05.005
https://doi.org/10.1016/j.ocecoaman.2019.104847
https://doi.org/10.3354/meps09080
https://doi.org/10.1111/j.1365-294X.2009.04480.x
https://doi.org/10.3389/fmicb.2021.605285
https://doi.org/10.3389/fmars.2017.00009
https://doi.org/10.3389/fmars.2017.00009
https://doi.org/10.1128/AEM.00789-20
https://doi.org/10.1136/gut.53.1.1
https://doi.org/10.1128/AEM.00781-16
https://doi.org/10.1038/nature06244
https://doi.org/10.3389/fmars.2019.00611
https://doi.org/10.1111/j.1574-6976.2010.00250.x
https://doi.org/10.1016/j.ympev.2010.11.018
https://doi.org/10.1007/s00248-009-9542-8
https://doi.org/10.1007/s00248-009-9542-8
https://doi.org/10.1146/annurev-neuro-072116-031347
https://doi.org/10.1016/j.biocon.2018.11.016
https://doi.org/10.1007/s11160-020-09604-0
https://doi.org/10.1093/conphys/cox075
https://doi.org/10.1016/j.resp.2007.06.008
https://doi.org/10.1242/jeb.145268
https://doi.org/10.1007/s10641-022-01280-2
https://doi.org/10.1080/13504509.2019.1573769
https://doi.org/10.1080/13504509.2019.1573769
https://doi.org/10.3390/fishes7020056
https://doi.org/10.1111/j.1574-6976.2008.00123.x

	Preliminary study of shark microbiota at a unique mix-species shark aggregation site, in the Eastern Mediterranean Sea
	Introduction
	Methods
	Study site
	Shark sampling collection
	DNA extraction, PCR amplification, and amplicon sequencing
	Sequence data processing
	Data analysis
	Community structure
	Community composition and similarity
	Co-occurrence analysis
	Phylogenetic analysis of Streptococcus -affiliated ASVs

	Results
	Composition and diversity of the shark microbiota
	Variation between the sampling seasons

	Discussion
	Drivers of the sharks’ microbiota composition
	Microbial diversity and core taxa
	Bacterial biomarkers
	Dysbiosis
	Environmental episode
	Summary

	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Publisher’s note

	 References

