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The microbiome is a crucial influencer in animal development, immune function

and health, and it has complex and dynamic interactions with the environment,

but little is known about the microbial signatures of inner body fluids. Recent

evidence suggests that inner body fluids could be an indicator of the

environmental interactions that fish experience. In the present study, we

provide a comparative analysis of the microbial profile found in small-spotted

catsharks’ blood plasma and seminal plasma and how microbial signatures vary

between aquarium and wild animals. In the blood plasma microbiome, the

habitat did not affect the a- and b-diversity, while in seminal plasma, both a-
and b-diversity differed between both habitats. Proteobacteria are the main

bacteria dominated independently the inner body fluid and habitats. No core

microbiome was identified at the genus level, with only Pseudomonas and

Cloacibacterium present in both inner body fluids and habitats. Of the 14

genera identified in blood plasma, only four were shared between habitats

(making up 45.17% and 51.03% of relative abundance for wild and aquarium,

respectively). Similarly, of the 100 genera identified in seminal plasma, only 41

were shared between habitats (84.79% and 64.83%, respectively). Moreover, in

the seminal plasma, using ANCOM approaches, Serratia, Salinisphaera and

Cutibacterium were found significantly enriched in aquarium animals. None

potentially pathogenic bacteria were identified in the blood samples, while

Coxiella, Prevotella, Coprococcus, Haemophilus and Phocoenobacter were

potentially pathogenic bacteria identified in the seminal plasma samples. In
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summary, this study provides evidence of a circulating blood and seminal plasma

microbiome in healthy small-spotted catsharks. Furthermore, dynamic changes

were observed in the microbiome of these inner body fluids, which differed

between the aquarium and wild habitats.
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1 Introduction

As with other vertebrates, the fish microbiome is fundamental

to the health of its host and has complex and dynamic interactions

with the environment (Luna et al., 2022). In this context, it is well

known that environmental stressors can compromise fish health

and fitness (Uren-Webster et al., 2020). Certainly, animals under

managed care offer an ideal framework for identifying microbial

components that may have significant associations with host

metabolism and overall health. It is also important during the

identification of potential drivers influencing microbiome assembly,

such as environmental changes (Clavere-Graciette et al., 2022).

Certainly, large aquaria, designed using recirculation systems to

mimic natural marine environments as closely as possible,

including host resident microbes, can be particularly useful (Patin

et al., 2018; Clavere-Graciette et al., 2022). It is now widely accepted

that all multicellular organisms associated with microbes (bacteria,

protists, fungi, viruses and protist) that contribute to the biology of

their respective host have variable functional impacts, ranging from

beneficial to unimpactful to detrimental (Bosch and McFall-Ngai,

2011; Human Microbiome Project Consortium, 2012; Moran,

2015). Indeed, host-associated microbiomes are considered one

functional form (biological unit) (Knowlton and Rohwer, 2003;

Bosch and McFall-Ngai, 2011; Bang et al., 2018; Jaspers et al., 2019),

but there is little literature focused on the microbe communities in

large aquaria and their effects on animal physiology (Rowe et al.,

2020; Perry et al., 2021; Clavere-Graciette et al., 2022). Likewise,

microbial structure in wild animals has been poorly studied,

although natural fish populations are increasingly subject to

multiple anthropogenic stressors that threaten their conservation

status (Perry et al., 2020; Rowe et al., 2020; Uren-Webster

et al., 2020).

In recent decades, numerous studies have explored oral, gill,

skin, cloacal, and gut microbial microbiomes (Perry et al., 2020;

Sehnal et al., 2021; Clavere-Graciette et al., 2022). In contrast, little

is known about the existence of a microbiome signature in inner

body fluids. For instance, recent data support the existence of a

microbial profile in the blood of various domesticated mammals

and birds (Sze et al., 2014; Mandal et al., 2016; Vientós-Plotts et al.,

2017; Scarsella et al., 2020); however, this statement is not enterily

clear in relation to healthy human individuals due to opposite

results found in the literature (Whittle et al., 2018; Castillo et al.,

2019; D’Aquila et al., 2021; Tan et al., 2023) and, although due to
02
opposite results recently published (Tan et al., 2023). In fish, very

little is known about the microbial profile found in blood (Grimes

et al., 1985; Buck, 1990; Mylniczenko et al., 2007; Tao et al., 2014;

Tarnecki et al., 2018). The bacteria that can access the circulatory

compartment could potentially be used as an indicator of the

environmentally-derived taxa (Castillo et al., 2019). Likewise, a

reproductive microbial profile could significantly affect the

reproductive function and fitness of males and females, although

these are rarely considered from an ecological or evolutionary

perspective (Weinberg, 1974; Karin et al., 2006; Culligan and

Sleator, 2016; Taylor et al., 2018; Theodosopoulos et al., 2019;

Rowe et al., 2020). Understanding microbial signatures of

reproductive fluids is an emerging and critical component of

wildlife conservation (Comizzoli et al., 2021). Actually,

metagenomic study of the reproductive microbiome is being

considered a pivotal tool for species conservation, as it will allow

the study of evolutionary and adaptive mechanisms that could be

involved in the lack of reproductive efficiency and potentially, its

intervention could collaborate in the preservation of endangered

species (Contreras et al., 2023).

However, the key elements connecting microbial communities

in reproductive fluids and reproductive success are not defined

(Koh et al., 2019; Rowe et al., 2020).

In the present study, we compare the microbial profile found in

the peripheral blood and seminal plasma of small-spotted male

catsharks (Scyliorhinus canicula). In addition, we explored how

microbial signatures of these inner body fluids vary between wild

and aquarium (Oceanogràfic, Ciudad de las Artes y las Ciencias,

Valencia, Spain) animals.
2 Materials and methods

2.1 Sample collection

Small-spotted catsharks were sampled in January 2020. Blood

and seminal samples were collected from 17 wild small-spotted

catsharks from the Mediterranean Sea and 7 aquarium-housed

small-spotted catsharks in collaboration with the Oceanogràfic.

Ubication (wild vs aquarium), date of sampling, body weight,

length, width and clasper length for all catsharks are provided in

Supplementary Table 1. Wild animals were donated by local

fisheries in the Valencian Community and were part of accidental
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captures destined for commercial fisheries from the ports of

Valencia (39°26′45″N 0°19′12″W), Jávea (38°47′21″N 0°09′47″E)
and Cullera (39°09′58″N 0°15′10″W). Mediterranean Sea water

parameters, measured by Valencia buoy (39°52′N0°20′E) during

the sampling period were 14.6-19°C temperature and 34-37 g/l

salinity (http://www.puertos.es/es-es/oceanografia/Paginas/

portus.aspx). Animals were maintained in a closed and

recirculation system under controlled conditions, monitored

water quality (17–21°C, 5.1 mg/l oxygen, 36 g/l salinity and 7.6–

8.2 pH), fixed photoperiod (12:12 h) and disinfection using UV

light and ozone. Animals were kept isolated from females for at least

1 year before the experiment started. Aquarium animals’ diet was

based on frozen-thawed whole fish: herring (Clupea harengus),

mackerel (Scomber scombrus) and squid (Loligo sp). All animals

from the study were classified as adults, displaying calcified claspers

ensuring reproductive maturity (Kousteni et al., 2010). All wild

animals were determined healthy based on physical examination,

body conditions and confirmed in vitro sperm quality (Muñoz-

Baquero et al., 2021). Aquarium animals were also determined

healthy based on physical exams and clinical history. Each sampling

day and biometrics were recorded for all the small-spotted

catsharks, the weight ranged from 165 to 370 g (mean ± SD was

281.2 ± 48.6 g). The maturity of the sharks was determined by their

size according to Ebert and Dando, 2020, together with the gonad

development and clasper calcification length ranged from 39 to 50

cm (mean ± SD was 44.9 ± 2.7 cm), and clasper length ranged from
Frontiers in Marine Science 03
2.9 to 5 cm (mean ± SD was 3.7 ± 0.5 cm), considering also the

total width.

Peripheral blood and semen samples from wild and aquarium

animals were collected on the same day across 2 sessions. Therefore,

during the collection of samples from the aquarium sharks

instructed by the veterinarian, small-spotted catsharks were also

collected from local fisheries on the same day. Peripheral blood was

collected from the ventral coccygeal vein by caudal venipuncture,

using 23-gauge needles and transferred to lithium-heparin tubes

(Figure 1). Semen samples were collected by applying external

pressure on the ampulla of the vas deferens, using a 5 ml syringe

for semen collection (Figure 1). In aquarium animals, to rule out

possible contamination with skin microbiome during the sampling,

an sterile zone was created, both at the venipuncture and cloacal

sites, by washing the area with sterile elasmobranch Ringer’s

solution (22 g/l urea and 9 g/l NaCl in distilled water) and sterile

gauzes (Mylniczenko and Clauss, 2017), following the

Elasmobranch Husbandry Guidelines. Moreover, semen samples

were checked for possible urine and fecal contamination under the

microscope. After the collection of the samples from aquarium

animals, the small-spotted catsharks were released back into the

quarantine tank, and their recovery was carefully monitored by the

aquarium veterinarian. Samples were immediately transferred to

the laboratory at 4°C in a dark container after collection. For wild

animals, firstly, disinfection of area with an ethanol-soaked (96°)

cloth was carried out, followed by washing as was done for the
FIGURE 1

Pictures demonstrating blood and semen samples collection from aquarium (i) and wild (ii) small-spotted catshark (Scyliorhinus canicula): (A) (i) an
aquarium small-spotted catshark in holding tank and (ii) a wild small-spotted catshark in lab with clasper detail (white arrows), (B) (i, ii) blood
sampling, (C) (i, ii) semen sampling, Semen samples were collected by abdominal massage.
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aquarium animals. Samples were transferred to the laboratory

under the same conditions, within a maximum of 4 h post-fishing.

Only animals from which both semen (100 µl) and blood (100

µl) were obtained were included in the study. A total of 7 pooled

samples (4 for wild and 3 for aquarium animals) were established,

mixing 100 µl of each individual sample. The 4 pooled samples from

the wild animals included 5, 3, 3, and 6 animals for Valencia,

Cullera (2 pooled samples) and Jávea ports, respectively. Regarding

the samples from the aquarium animals, due to the limited number

of animals (n=7), 3 pooled samples were obtained. The 2 first

pooled samples included 3 and 3 animals. The third pooled sample

includes the remaining animals, 1 from the first sampling session

and 1 from the second pool with an excess in semen production

(more than 200 µl). The sample pooling strategy is described in

Supplementary Table 1. Pooling samples can serve as an effective

method for screening bacterial nucleic acids (Federer, 1994;

Furstenau et al., 2020). When both, blood and seminal plasma

were available from each individual sample, a random selection of 3

samples (for the aquarium group) or 4 samples (for the wild group)

was made to establish a single pooled sample per group. This was

achieved by combining 100 µl of each individual sample.

Both blood and semen pooled samples were centrifuged at 3000 g

and 7400 g, respectively, for 10 min at 4°C. After centrifugation, the

seminal plasma fraction was verified under a microscope ensuring no

spermatozoa. All plasma samples were directly flash-frozen in liquid

nitrogen and stored at −80°C until further processing.
2.2 DNA extraction, library preparation
and sequencing

Total DNA from generated pool samples was extracted using

the NucliSens easyMag automated system (bioMérieux, Marcy

l’Etoile, France) according to the manufacturer’s instructions. The

amplification and sequencing protocol started with the microbial

genomic DNA (5 ng/ml in 10 mM Tris pH 8.5) as the starting point.

The V3–V4 region of the bacterial 16S rRNA gene sequences was

amplified using the primer pair S-D-Bact-0341-b-S-17 -S-D-Bact-

0785-a-A-21 (Klindworth et al., 2013) containing the gene-specific

and Illumina adapter overhang nucleotide sequences. Primer

sequences were forward primer: (5′- TCGTCGGCAGCGTC

AGATGTGTATAAGAGACAG-CCTACGGGNGGCWGCAG-3’;

r everse pr imer : 5 ’-GTCTCGTGGGCTCGGAGATGTG

TATAAGAGACAG-GACTACHVGGGTATCTAATCC-3’). After

16S rRNA gene amplification, the multiplexing step was

performed using the Nextera XT Index Kit (FC-131-1096). One-

ml of the PCR product on a Bioanalyzer DNA 1000 chip (Agilent

Technologies, USA, Santa Clara) was run to verify the size, with

∼550 bp as the expected size on the Bioanalyzer trace. Thus, the

libraries were sequenced using a 2 × 300 bp paired-end run (MiSeq

Reagent kit v3, MS-102-3001) on a MiSeq Sequencer, following the

manufacturer’s instructions (Illumina, Inc., San Diego, CA, USA).

In addition, a negative control was employed during library

preparation to ensure accuracy and identify any potential

background or contamination issues.
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DNA-free water (UltraClean PCR Water, MO BIO

Laboratories, Carlsbad, CA, USA) was employed as the input for

the post-extraction steps of the protocol, starting with library

generation, to assess contamination in downstream processes.
2.3 Bioinformatics analysis

Raw sequencing data were processed by QIIME2 v2021.4. The

DADA2 pipeline included into QIIME2 was used to carry out

denoising, filtering, and chimera removal of the sequences and

reads were derreplicated in Amplicon Sequence Variants (ASVs).

Each ASV was taxonomical assigned using the SILVA v138

database (Quast et al., 2013; Campos et al., 2022). Sequences

classified as Chloroplast or Mitochondria were filtered out from

the analysis. Identification of contaminant ASVs was performed

using the decontam (v1.8.0) R package (Davis et al., 2018). The

negative control exhibited the presence of 4 bacterial genera

(Supplementary Table 2). R Decontam package did not detected

rRNA contaminant gene reads among the datasets (Supplementary

Figure 1). These low numbers of contaminant reads did not have

any effect on the statistical analyses.

The a, b and taxonomic diversity analyses were mainly based on

the QIIME2 pipeline. For the a-diversity, the richness and the richness
with their relative abundance (evenness) were measured by Chao1 and

Shannon indexes, respectively. The significance of differences among

wild and aquarium sharks for seminal plasma and serum plasma was

evaluated by Kruskal–Wallis test. Box-and-whisker plots for

a-diversity were generated using Graphad Prism 8. A Venn diagram

was drawn up to show the shared, and unique features among groups,

based on the occurrence of features in a sample group regardless of

their relative abundance and an interactive Venn software was used for

Venn diagram construction (Heberle et al., 2015). Analysis of the

composition of microbiomes (ANCOM) was run to determine if

samples changed significantly between habitats by measuring the W

value corresponding to the number of times an ASV abundance is

significantly different for a group of samples (Mandal et al., 2015). The

Bray-curtis distance, unweighted and weighted Unifrac values were

calculated to estimate b-diversity between samples. Principal

Coordinate Analysis (PCoA) plots were obtained for each sample’s

habitats from Bray-Curtis distances using ClustVist software (Metsalu

and Vilo, 2015). Microbial taxa that are shared by all groups was

considered as core microbiome.

The processed 16S rRNA gene sequencing data were analyzed

using PICRUSt (Phylogenetic Investigation of Communities by

Reconstruction of Unobserved States) (Douglas et al., 2020). This

allowed for the prediction of the microbial communities functional

capabilities on the taxonomic composition inferred from the 16S

rRNA gene data. To identify biomarker functional potentials

between groups, the LEfSe (Linear discriminant analysis Effect

Size) method was employed through the website http://

huttenhower.sph.harvard.edu/galaxy/. Additionally, the Functional

Annotation of PROkaryotic TAXa (FAPROTAX) database (Louca

et al., 2016; Zhou et al., 2020) was implemented to identify potential

pathogens based on the 16S rRNA gene sequences.
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3 Results
A total of 37 and 410 unique sequences were used for taxonomic

assignment for peripheral blood and seminal plasma samples,

respectively (Table 1). For peripheral blood plasma, there were no

differences in a-diversity indexes between the wild and aquarium

animals (Figure 2A), while for the seminal plasma, lower richness

(Chao1 index) for the wild animals was observed (Figure 2B). To

observe differences regarding the b-diversity between samples, a

PCoA ordination plot was performed using Bray-Curtis distances

(Figure 3), where the two first principal components (PCs) explain

the 29.8% and 25.5% for blood plasma and the 19.6% and 16.7% for

seminal plasma of the observed variance, respectively. Moreover,

results of PERMANOVA (Permutational multivariate analysis of

variance) on unweighted and weighted UniFrac distances were used
Frontiers in Marine Science 05
to compare microbiome taxonomic composition between body

fluids and between the aquarium and wild animals. In pairwise

comparisons of inner body fluids, no significant differences were

found between the wild and aquarium small-spotted catsharks in

blood plasma. However, there was a significant difference in seminal

plasma for unweighted UniFrac distance (blood plasma: p = 0.474

and p = 0.774 and, for wild and aquarium animals respectively; and

seminal plasma: p = 0.102 and p = 0.036, for wild and aquarium

animals, respectively).

At the phyla level, peripheral blood plasma microbiome in

wild animals was dominated by Proteobacteria, Firmicutes,

Actinobacteria and Bacteroidetes, while in aquarium small-spotted

catsharks, Firmicutes were not present (Figures 4A, B). In the

seminal plasma, the microbial composition did not differ between

wild and aquarium animals, being dominated in both habitats by

Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes
TABLE 1 General features of 16S rRNA amplicon sequencing of peripheral blood and seminal plasma microbiota.

Peripheral Blood Plasma Seminal Fluid

Total raw reads 375,009 334,893

Average sequences length (bp) 376.7 ± 64.35 412.8 ± 65.73

Average number of sequences per sample 46,876.12 41,861.65

Minimum number of sequences per sample 32,709 11,195

Maximum number of sequences per sample 60,524 107,421

Unique sequences (a) 38,456 155,169

ASVs generated 3,485 989

Sequences removed 37,972 37,463

Mapped Sequences (b) 484 117,706

ASVs generated for taxonomic assignment 37 410
(a) Sequences obtained after a series of data processing steps such as data filtering, denoising, merging and chimera removing.
(b) Against the reference dataset SILVA.
BA

FIGURE 2

a‐Diversity metrics for (A) Shannon and (B) Chao diversity indices across inner body fluids (peripheral blood plasma and seminal plasma) of aquarium
and wild small-spotted catshark (Scyliorhinus canicula). * indicates significant differences (p< 0.05) between aquarium and wild animals in the same
inner body fluid analysed.
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(Figures 4C, D). Across both groups of animals (aquarium and

wild), Proteobacteria was the predominant phylum independently

of the inner body fluid. To examine the existence of an identifiable

common core microbiome, defined as the group of members shared

among the microbial community, a Venn diagram was represented

by overlapping areas in the circles at the genus level of the bacterial

community. Thus, no core microbiome could be identified in both

inner body fluids (Figure 5A), with only Pseudomonas and

Cloacibacterium being present blood plasma and seminal fluid in
Frontiers in Marine Science 06
both wild and aquarium animals (Figure 5B). In peripheral blood

plasma, 4 shared genera were identified between both experimental

groups (wild and aquarium) (Figure 5C), while in seminal plasma, a

total of 41 shared genera were identified between wild and

aquarium animals (Figure 5D). At finer taxonomic levels, such as

genus, the blood microbiome was distinct between wild and

aquarium individuals (Table 2). Differences were observed in

several genera present only in wild animals and other genera

present only in aquarium catsharks (Table 2). Likewise, the
BA

FIGURE 3

Principal coordinate analysis (PCoA) of b‐diversity comparison using Bray–Curtis distances across inner body fluids of wild and aquarium small-
spotted catshark (Scyliorhinus canicula). For (A) peripheral blood plasma and (B) seminal plasma samples.
B

C D

A

FIGURE 4

Phylum distribution in different inner body fluids from aquarium and wild small-spotted catshark (Scyliorhinus canicula). For (A, B) peripheral blood
plasma and (C, D) seminal plasma samples.
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seminal plasma fluid microbiome differs between wild and

aquarium organisms (Table 3— seminal plasma microbiome at

an average relative abundance of more than 1% in at least one

sample group). ANCOM approaches demonstrated that

Salinisphaera, Serratia, and Cutibacterium were significantly

enriched in the aquarium small-spotted catshark seminal plasma

(W=32, 11, and 11, respectively). In addition, these findings were

observed for several genera that were exclusively present in wild

animals and other genera that were exclusively present in aquarium

animals (Table 3).

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

enrichment analysis revealed the detection of a total of 194

pathways across all small-spotted catshark samples. The PICRUSt

results elucidated slight differences in the composition of metabolic

functions in the blood plasma samples (Supplementary Table 4).

The significant metabolic functions identified were glucose and

glucose-1-phosphate degradation (GLUCOSE1PMETAB-PWY), L-

methionine biosynthesis III (HSERMETANA.PWY), urate

biosynthesis/inosine 5-phosphate degradation (PWY.5695), and

pyruvate fermentation to isobutano (PWY.7111). It is worth

noting that pyruvate fermentation to isobutano is an engineered

pathway, not occurring naturally in any known organism, but

constructed through metabolic engineering in a living cell.
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Comparing the seminal plasma samples, no significant differences

in the composition of metabolic functions were observed between

aquarium and wild animals (Supplementary Table 4).

Furthermore, FAPROTAX analysis revealed that the relative

abundance of dominant functions exhibited varied compositions

among different samples. A total of 16 and 27 categories of

microbial functions linked to the bacterial communities were

identified in the blood and seminal plasma samples, respectively

(Supplementary Table 5). The predominant microbial functions

assigned were chemoheterotrophy and aerobic chemoheterotrophy

for both inner fluids. Additionally, nitrate reduction and

fermentation were observed in the seminal plasma samples. In

order to assess the risks of potential pathogens for aquatic wildlife

(e.g., aquatic animals and plants), we focused on groups relevant to

pathogens in this study. No pathogenic groups were identified in the

blood samples, whether from aquarium or wild animals

(Figure 6A). In the seminal plasma, pathogenic groups were

detected, including animal parasites or symbionts (in 2 pooled

samples from aquarium animals and 1 pooled sample from wild

animals, representing 2.36%) and intracellular parasites (in 1 pooled

sample from aquarium animals, representing 0.44%) (Figure 6B).

The potentially pathogenic bacteria detected were Coxiella,

Prevotella, Coprococcus, Haemophilus and Phocoenobacter.
B

C D

A

FIGURE 5

Venn diagram representation of shared and unique genera in different inner body fluids from aquarium and wild small-spotted catshark (Scyliorhinus
canicula) using Venny (https://bioinfogp.cnb.csic.es/tools/venny_old/venny.php). For (A) both inner body fluids, (B) Shared genera (C) peripheral
blood plasma and (D) seminal plasma samples.
frontiersin.org

https://bioinfogp.cnb.csic.es/tools/venny_old/venny.php
https://doi.org/10.3389/fmars.2023.1151119
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Muñoz-Baquero et al. 10.3389/fmars.2023.1151119
TABLE 2 Relative abundance of bacteria at the genus level in peripheral blood plasma from aquarium and wild small-spotted catshark (Scyliorhinus
canicula), based on the ANCOM test.

Phylum Family Genera Habitat

Aquariumm (%) Wild (%)

Proteobacteria

Pseudomonadaceae Pseudomonas 37.28 31.72

Beijerinckiaceae Methylobacterium-Methylorubrum 29.82 –

Xanthobacteraceae
Rhodopseudomonas 7.46 –

Bradyrhizobium 3.07 3.45

Rhodobacteraceae Paracoccus – 10.34

Burkholderiaceae Pandoraea 6.14 –

Sphingomonadaceae Novosphingobium 7.02 –

Yersiniaceae Serratia 4.39 –

Firmicutes

Bacillaceae Anoxybacillus – 13.10

Monoglobaceae Monoglobus – 9.66

Thermicanaceae Thermicanus – 8.28

Bacteroidota
Dysgonomonadaceae Dysgonomonas 2.63 12.41

Weeksellaceae Cloacibacterium 2.19 3.45

Actinobacteriota Nocardiaceae Gordonia – 7.59
F
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(–) indicates undetectable levels.
TABLE 3 Relative abundance of more than 1% in at least one sample group of bacteria at the genus level in seminal plasma from aquarium and wild
small-spotted catshark (Scyliorhinus canicula).

Phylum Family Genera Habitat

Aquarium (%) Wild (%)

Proteobacteria

Pseudomonadaceae Pseudomonas 9.15 9.69

Saccharospirillaceae Oleispira 6.07 1.40

Yersiniaceae Serratia* 2.47 2.07

Moraxellaceae
Enhydrobacter 2.36 0.77

Acinetobacter 2.21 2.47

Salinisphaeraceae Salinisphaera* 2.12 –

Marinobacteraceae Marinobacter 2.07 0.28

Pseudoalteromonadaceae Pseudoalteromonas 2.06 29.68

Comamonadaceae Comamonas 1.91 0.91

Sphingomonadaceae
Novosphingobium 1.32 0.09

U.m. family Sphingomonadaceae 0.52 2.00

Halomonadaceae Halomonas 1.20 0.23

Rhizobiaceae
Allorhizobium-Neorhizobium-Pararhizobium 0.37 1.29

U.m. family Rhizobiaceae 0.23 1.31

Vibrionaceae
Vibrio 0.01 14.84

Photobacterium – 6.58

Firmicutes Staphylococcaceae Staphylococcus 4.75 0.05

(Continued)
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4 Discussion

Our results are consistent with previous studies that have

reported bacterial colonization in the blood of healthy marine life,

terrestrial animals, and humans (Vientós-Plotts et al., 2017;

Tarnecki et al., 2018; Castillo et al., 2019; Anhê et al., 2020). This

supports the existence of a blood plasma microbiota in healthy

small-spotted catsharks. In this study, no statistical associations

were observed between the pathogen community and blood

samples, regardless of the sample’s origin. However, it is

important to note that functional annotations based on the

FAPROTAX database provide inferred functions relying on 16S

rRNA fragments, which may not be as precise as a comprehensive

shotgun metagenomic study. This consideration should be taken

into account when evaluating the accuracy of pathogen assignment

in this study. These findings are consistent with the observations

made during medical evaluations of sharks from both Oceanogràfic

and the wild. In fact, the sharks at Oceanogràfic had been housed in

the aquarium facility for at least two years and were determined to
Frontiers in Marine Science 09
be healthy. The sharks from the wild were also examined post-

mortem, with accidental capture considered as the cause of death.

These results support the hypothesis that the microbial profile

found in blood plasma is a credible biological phenomenon with

no pathological implications. Previous studies on healthy

Chondrichthyes have shown the occurrence of positive bacterial

cultures in their hosts without any clinical signs, considering non-

sterile blood as their baseline condition (Grimes et al., 1985; Buck,

1990; Mylniczenko et al., 2007; Tao et al., 2014; Tarnecki

et al., 2018).

Admittedly, we found a similar a- and b-diversity between wild

and aquarium animals in blood plasma. Consequently, we can rule

out the possibility of external contamination (skin bacteria) in the

wild animals where an aseptic field was created by washing with

sterile gauze without previous cleaning using alcohol. At the

phylum level, blood plasma microbial composition differs

between both experimental groups, being dominated in aquarium

animals only by Proteobacteria, while in addition, Proteobacteria,

Firmicutes, Actinobacteria and Bacteroidota were also present in
TABLE 3 Continued

Phylum Family Genera Habitat

Aquarium (%) Wild (%)

Streptococcaceae Streptococcus 1.84 0.39

Enterococcaceae Enterococcus 1.74 –

Ruminococcaceae
Subdoligranulum 1.24 –

Faecalibacterium 1.56 –

Aerococcaceae
Aerococcus 1.55 –

Globicatella 1.71 –

Erysipelotrichaceae Holdemanella 1.34 –

Lachnospiraceae

Blautia 1.48 –

[Eubacterium]_hallii_group 1.30 –

Lachnoclostridium 1.25 –

Bacillaceae Geobacillus 0.69 1.24

Mycoplasmataceae Mycoplasma – 3.18

Bacteroidota

Weeksellaceae

Cloacibacterium 4.64 0.23

U.m. family Weeksellaceae 1.52 –

Chryseobacterium 0.30 1.97

Rikenellaceae Alistipes 1.30 –

Flavobacteriaceae U.m. family Flavobacteriaceae – 2.24

Actinobacteriota

Propionibacteriaceae Cutibacterium* 7.36 4.44

Corynebacteriaceae
Corynebacterium 4.35 1.12

Lawsonella 4.13 0.05

Microbacteriaceae U.m. family Microbacteriaceae 1.53 –

Rubrobacteriaceae Rubrobacter 0.07 1.45

Promicromonosporaceae Promicromonospora – 1.72
*indicates significant differences in abundance levels between groups based on the ANCOM test. (–) indicates undetectable levels.
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wild animals. In the white-spotted eagle ray, Proteobacteria,

Firmicutes, Actinobacteria and Bacteroidota also dominate the

microbiota of the cloaca, gills and skin (Clavere-Graciette et al.,

2022). Likewise, a substantial environmental influence on

microbiome structuring has been documented in marine animals,

including the common thresher shark (Alopias vulpinus, Doane

et al., 2017), the black-tip reef shark (Carcharhinus melanopterus,

Pogoreutz et al., 2019), killer whales (Orcinus orca, Hooper et al.,

2019), humpback whales (Megaptera novaeangliae, Apprill et al.,

2014). Although the environment was not explicitly studied, our

findings suggest that the environment has an evident influence on

the blood microbiome, confirming the recent results of Clavere-

Graciette et al. (2022) in several body compartments in white-

spotted eagle rays. Proteobacteria has been repeatedly described as

the most abundant phylum in marine organisms, environments and

water (Pogoreutz et al., 2019; Ruiz-Rodrıǵuez et al., 2020; Serra

et al., 2021; Clavere-Graciette et al., 2022). In fact, the shark skin

microbiome is predominantly composed of this genus (Pogoreutz

et al., 2019; Clavere-Graciette et al., 2022). Likewise, Proteobacteria

were also the dominant phylum in the gut microbiome of fish and

sharks (Givens et al., 2015; Huang et al., 2020) and has been

identified as the predominant phylum in teleost fish and water in

the Mediterranean Sea (Crespo et al., 2013; Ruiz-Rodrıǵuez et al.,

2020). However, other phyla identified in wild teleosts from the

Mediterranean Sea were Fusobacteria and Tenericutes, phyla not

identified in this study (Ruiz-Rodrıǵuez et al., 2020). These results

would support previous studies claiming that the autochthonous

microbes are not a passive reflection of their habitat communities,

i.e., each species has its own microbiota (Sullam et al., 2015; Ruiz-

Rodrıǵuez et al., 2020; Clavere-Graciette et al., 2022). Of the 14
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genera detected in blood microbiome in wild or aquarium, we only

found 4 shared genera (making up 45.17% and 51.03% of relative

abundance for wild and aquarium sharks, respectively),

with Pseudomonas, Bradyrhizobium, Dysgonomonas and

Cloacibacterium. The Pseudomonas genus contains well-known

pathogenic species, such as P. aeruginosa, but also contains

species with probiotics potential, widely used in the aquaculture

industry (Sehnal et al., 2021). Moreover, Pseudomonas and

Cloacibacterium have been identified in the blood of healthy

captive Red Drum (Tarnecki et al., 2018). In addition,

Pseudomonas has been associated with protein biosynthesis and

degradation, involved in nitrate and nitrite ammonification and

denitrification, leading to ammonia assimilation and urea

decomposition (Doane et al., 2022), as a common characteristic

from chondrichthyan metabolism in wild and aquarium

environments. Additionally, wild and aquarium animals

showed significant differences in blood plasma. For example,

Paracoccus, Anoxybacillus, Monoglobus, Thermicanus, and

Gordonia genera were only present in wild animals. At the same

time, Methylobacterium-Methylorubrum, Rhodopseudomonas,

Pandoraea, Novosphingobium, and Serratia genera were only

present in aquarium catsharks and these differences have been

previously associated with the environment and diet influences in

microbiome compositional shifts (Clavere-Graciette et al., 2022).

Firmicutes was the only phylum present in the wild blood plasma

microbiome, not present in aquarium sharks. The presence of

Firmicutes is normally associated with the gastrointestinal bacteria

present in the blood of wild animals (Clavere-Graciette et al., 2022).

Regarding this fact, we cannot ignore possible bacterial

contamination related to the capture of wild animals, as the
BA

FIGURE 6

Bubble plot showing the relative abundance of functional annotations within the microbial communities for both aquarium and wild small-spotted
catshark (Scyliorhinus canicula) samples. The plot includes data from (A) peripheral blood plasma and (B) seminal plasma samples.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1151119
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Muñoz-Baquero et al. 10.3389/fmars.2023.1151119
substrate contact originated during the trawling, in contact with a

highly perfused tissue such as gills, or to the possible breach of the

gastrointestinal barrier for bacterial blood contamination.

Here we provide the first description of the taxonomic

composition of the seminal plasma present in fish. We found a

significantly lower a-diversity in seminal plasma microbiomes in

wild organisms compared to aquarium counterparts, but with a

similar b-diversity (microbiome composition). As with blood

samples, we can rule out the potential external contamination

(ampulla bacteria) during sampling in the aquarium animals.

Previous studies also described a higher richness and diversity

(fecal and skin samples) in wild counterparts compared to under

managed care (Uren-Webster et al., 2018: 2020). Nevertheless,

contradictory results have recently been found for the white-

spotted eagle ray (Clavere-Graciette et al., 2022). These

discrepancies could be explained in part by the differences in

microbial community composition across body sites (Minich

et al., 2020; Clavere-Graciette et al., 2022). In the seminal fluid,

the diverse microbiota was predominantly composed of 4 main

phyla, which include Proteobacteria, Firmicutes, Bacteroidetes and

Actinobacteria (Koh et al., 2019), also found in a study based on

denaturing gradient gel electrophoresis.

The taxonomic composition of each sampling habitat carried a

unique signature. At the genus level, collectively, of the 100 genera

detected, only 41 were shared between wild and aquarium

catsharks. It should be noted that different species reared in the

same aquatic environment vary in their microbiome (Li et al., 2015;

Sullam et al., 2015; Reverter et al., 2017). Notably, a total of 54

genera (making up 35.2% of the relative abundance) were present

only in aquarium animals (Supplementary Table 3), while 5 genera

(Photobacterium, Mycoplasma, Lactobacillus, U.m. family

Flavobacteriaceae and Promicromonospora, making up 14.6% of

the relative abundance) were only present in the wild small-spotted

catsharks (Supplementary Table 3). Such compositional differences

may be environmentally driven, in agreement with the results of a

previous study by Clavere-Graciette et al. (2022) on white-spotted

eagle rays (Aetobatus narinari).

Major taxonomic composition shifts were observed (ANCOM

approaches) between wild and aquarium small-spotted catsharks in

Serratia, Salinisphaera and Cutibacterium genera, being higher in

managed care sharks, a factor associated with dysbiosis in other

species (Garcia-Segura et al., 2022). Salinisphaera was ubiquitous in

the Malaysian Mahseer sperm microbiota (Koh et al., 2019).

Correspondingly, Cutibacterium has been identified in rays and

skates (Gonçalves et al., 2020; Mika et al., 2021; Garcia-Segura et al.,

2022). Even if this observation has not been put forward in fish

studies, significant differences between fertile and infertile men were

found in the relative presence of the Cutibacterium genus (Garcia-

Segura et al., 2022). Likewise, Serratiahas not been put forward in

fish studies, although ovine and porcine seminal plasma samples

have tested positive for Serratia genera (Althouse and Lu, 2005;

Tvrdá et al., 2022). There is some congruence in the identity of

bacterial taxa we found in the seminal plasma with other marine

fish belonging to different species. Briefly, as part of the seminal

plasma microbiome shared between wild and aquarium small-
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spotted catsharks, an ASV identified as Mycoplasma and Vibrio

are found in other marine fish species (Ciric et al., 2019; Ruiz-

Rodrıǵuez et al., 2020). Finally, within the shared seminal plasma

microbiome of wild and aquarium sharks, an ASV identified as

Staphylococcus has been identified in the skin and sting stripes of

both wild and aquarium animals (Gonçalves et al., 2020). Notably,

Staphylococcus is predominantly composed of the sperm microbiota

in the Malayan mahseer; although their function is still unclear, but

appears to play an essential role in spermatogenesis in fish testis

(Kousteni et al., 2010). The higher diversity (in both a- and b-)
found in the seminal plasma from both habitats, may be due to the

anatomy of the reproductive tract in males, which is directly linked

to the exterior through the genital pore, connecting the seminal

ampullae with the cloaca (Garcıá-Salinas et al., 2021). It is well

established that body sites have unique microbial signatures and are

differentially influenced by the environment (Minich et al., 2020;

Clavere-Graciette et al., 2022). Nevertheless, there is little

information about the microbiome of internal fluids in fish;

therefore, a meaningful discussion about the effects of specific

genera is not yet possible. For instance, further research is needed

to understand the role of Pseudomonas and Cloacibacterium, as

both genera were present in the inner fluids of both wild and

aquarium spotted sharks.

PICRUSt and FAPROTAX have been recently used to compare

the microbiota of dolphins under human care to those of wild

animals (Wan et al., 2022). Our results show that, based on the

PICRUSt, the blood microbiota in aquarium animals is rich in the

glucose-1-phosphate degradation pathway and L-methionine III

biosynthesis. This enrichment can be mainly explained the daily

food accessibility of the aquarium animals that increased availability

of substrates necessary for L-methionine synthesis and glucose

metabolism, resulting in heightened activity of genes and enzymes

involved in these processes within the bacteria. A recent study by

Pinchaud et al. (2022) observed that the urate biosynthesis/5-

phosphate-inosine degradation pathways were more prevalent in

mice gut microbiota when the animals were fed a lipid-rich diet.

Based on the FAPROTAX, our results show that the predominant

microbial functions assigned were chemoheterotrophy and aerobic

chemoheterotrophy for both inner fluids, while nitrate reduction

and fermentation were also predominant in the seminal plasma

samples. Further experiments such as metabolomics are needed to

verify the functions and roles that these enriched pathways play in

aquarium small-spotted catsharks. The potential pathogens

mentioned here mainly focus on aquatic wildlife. However, the

database for pathogens of marine species is still lacking (Peng et al.,

2021). Phylogenetic analysis identified five genera of potentially

pathogenic bacteria in the seminal plasma of small-spotted

catsharks-associated bacterial communities: Coxiella, Prevotella,

Coprococcus, Haemophilus, and Phocoenobacter. All of these are

recognized potential pathogens for both animals and humans

(Louca et al., 2016). Given the absence of evident signs of illness

during sampling and the fact that all males exhibit normal in vitro

sperm quality (Muñoz-Baquero et al., 2021), the presence of

potential pathogens in the seminal plasma may indicate a

commensal relationship with the ejaculates of small-spotted
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catsharks. The findings demonstrated the potential significance of

the male genital tract microbiota and its potential implications for

the fertility and pathophysiology of small-spotted catsharks.

There are certain limitations to consider in the study. The

environmental microbiome analysis for the wild group was not

conducted to the unavailability of accurate water samples. Wild

small-spotted catsharks inhabit a wide geographical range,

spanning from shallow waters to 550 meters. The lack of this

information in the analysis prevented us from confirming

whether the bacterial composition is influenced by the

environment. Additionally, our study only utilized pooled

samples, which limited our ability to explore individual

microbiota variations. Regarding the wild individual samples, the

four-hour refrigerator storage may have led to some modifications

in their composition. These changes could have affected our ability

to detect similarities in ASV levels between samples. In the case of

aquarium animals, both blood and seminal plasma samples may

have been minimally contaminated by skin bacteria, even though

the area was thoroughly disinfected with Elasmobranch’s Ringer

solution, as the use of alcohol was not recommended.

In summary, this study provides evidence of a circulating blood

and seminal plasma microbiome in healthy small-spotted catsharks.

Furthermore, dynamic changes were observed in the microbiome of

these inner body fluids, which differed between the wild and

aquarium habitats. Additional studies are necessary to identify the

physiological traits that contribute to bacterial colonization in

different ecosystems among small-spotted catsharks. Moreover,

further investigation into the potential association between

bacteria found in seminal plasma and male fertility is warranted.
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