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Abstract: Vibrios represent a natural contaminant of seafood products. V. alginolyticus, V. cholerae,
V. parahaemolyticus and V. vulnificus are the most hazardous species to human health. Given the
worldwide consumption of mollusc products, reliable detection of Vibrio species is recommended to
prevent human vibriosis. In this study, culture-dependent and -independent methods were compared
and integrated to implement knowledge of the Manila clam Vibrio community composition. Here, 165
and recA-pyrH metabarcoding were applied to compare the microbial communities of homogenate
clam samples (culture-independent method) and their culture-derived samples plated on three
different media (culture-dependent method). In addition, a subset of plated clam samples was
investigated using shotgun metagenomics. Homogenate metabarcoding characterized the most
abundant taxa (16S) and Vibrio species (recA-pyrH). Culture-dependent metabarcoding detected the
cultivable taxa, including rare species. Moreover, marine agar medium was found to be a useful
substrate for the recovery of several Vibrio species, including the main human pathogenic ones. The
culture-dependent shotgun metagenomics detected all the main human pathogenic Vibrio species
and a higher number of vibrios with respect to the recA-pyrH metabarcoding. The study revealed
that integration of culture-dependent and culture-independent methods might be a valid approach
for the characterization of Vibrio biodiversity.

Keywords: culture-dependent and -independent methods; metabarcoding; shotgun metagenomics;
Ruditapes philippinarum; microbiota; Vibrio spp.

1. Introduction

Vibrios, which are Gram-negative, rod-shaped bacteria, represent a ubiquitous con-
stituent of marine and brackish ecosystems. Within Vibrio biodiversity, some species are
associated with aquatic animals, while others have proved to be dangerous to human
health. Among the Vibrios that affected marine animals, there are species such as V. anguil-
larum and V. salmonicida which are pathogenic to farmed fish, while V. tapetis is the main
etiological agent of disease for molluscs at all life stages [1]. V. alginolyticus, V. cholerae,
V. parahaemolyticus and V. vulnificus were found to be the species responsible for the most
serious human diseases [2].

Given the significant human health hazard represented by the worldwide distribution
of Vibrio, reliable methods are required to detect and control their biodiversity distribution,
particularly in seafood products. Seafood products, in fact, could represent a vehicle for
the foodborne disease vibriosis [3,4]. In addition, it is demonstrated in the literature that
the emergence of vibriosis could be related to the increase in global seawater tempera-
ture [5]. This phenomenon induces changes in Vibrio species distribution and the spread of
enteropathogenic species into marine ecosystems.
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Over the years, the approaches to characterize Vibrio biodiversity, with specific con-
cern regarding human pathogenic species, included culture-dependent and -independent
methods. The culture-dependent methods of the Food and Drug Administration’s Bac-
teriological Analytical Manual (FDA-BAM 2004) and those of ISO/TS 21872-1:2017 are
recommended by the health organizations [6].

Different selective media are applied to improve the detection and isolation of the
main human pathogenic Vibrio species. Thiosulfate-citrate-bile salts-sucrose agar (TCBS)
medium represents one of the consolidated selective media adopted to isolate some of the
potential pathogenic human Vibrio spp. [7]. Moreover, CHROMagar Vibrio (CV) appears
to differentiate V. cholerae, V.parahaemolyticus and V.vulnificus by exploiting the different
colony colors taken in the chromogenic substrate [8]. Unfortunately, the culture-dependent
methods present some limitations. Firstly, bacteria grown on specific media represent only
a small fraction of the total community [9]. Specifically, only that part of the community for
which the metabolic and physiological requirements can be reproduced in vitro can grow
on plates [10]. Consequently, the culturing approach fails to reproduce the entire complex
bacterial community present in a natural environment or substrate. In addition, because of
the different replication times among culturable bacteria, the grown fraction obtained in
plates is distorted. Furthermore, it is difficult to isolate Vibrio species present in a viable but
non-culturable (VBNC) state [11,12]. Specifically, the VBNC state is a phenotype induced
by different stress factors, such as low temperature or excessive UV light exposure, which
increase the survival and tolerance of bacteria to harsh environmental conditions. It is a
reversible state that could potentially restore bacteria in favorable conditions [13].

Despite the well-known limits of culture-dependent methods, the developed specific
media for Vibrio spp. allow for focused research on pathogenic targets such as the species
V. cholerae, V. parahaemolyticus and V. vulnificus, which represent a potential risk for seafood
consumers, avoiding the background of resident microbiota [8,14]. In addition, culture-
dependent methods provide the recovery of low-abundant taxa that could be lost to culture-
independent methods [15]. Moreover, culture-dependent methods offer the possibility to
store, by the alive fraction of the bacterial community, single strains of potential human
pathogenic Vibrio species in order to perform future genomic analyses [6].

Over the years, several studies have applied PCR-based techniques as culture- inde-
pendent methods for directly extracting DNA from samples instead of culture in order
to obtain more realistic knowledge of the vibrios community composition or of a specific
lineage, such as that belonging to human pathogenic Vibrio species [16]. For this purpose, in
Vibrio research, next-generation sequencing (NGS) technology, a PCR-dependent method,
has been applied to investigate Vibrio biodiversity in environmental and seafood samples.
In particular, NGS analysis conducted on 16S rRNA combined with the sequencing of
housekeeping genes such as heat shock protein 60 (hsp60) and recA-pyrH allowed for
the identification of Vibrio species that naturally contaminate water, oyster, and Manila
clam samples [17-19]. Moreover, this approach was used to successfully identify potential
human pathogenic species such as V. alginolyticus, V. cholerae, V. parahaemolyticus and V. vul-
nificus. PCR-dependent techniques, such as metabarcoding, are a valid tool to investigate
complex microbial communities, such as the one related to the food matrix [20]. One of
the disadvantages of PCR-dependent techniques is that they do not discriminate alive
from dead bacteria [21]. Moreover, amplicon-based methods present an intrinsic bias
in the amplification step [22]. Designing inclusive universal primers located in regions
more informative than 165 for species/strains’ identification is challenging, and only parts
of species/strains are successfully amplified [17-19]. The PCR bias can be overcome by
using a shotgun metagenomics approach. Shotgun metagenomics has the advantageous
capability to sequence all the DNA extracted from a sample, but it requires a huge amount
of reads to obtain a reasonable coverage of the microbial genomes as a consequence of
the predominance of host DNA [23,24]. There are several commercial kits available to
remove host DNA, acting prior to DNA extraction (pre-extraction methods) or after DNA
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extraction (post-extraction methods), but most of them were developed for liquid samples
(saliva, blood, milk) from mammalian hosts [25].

Even if culture-dependent and -independent methods present specific limits, as pre-
viously described, a combination of these two approaches could still provide a more
comprehensive and accurate overview of bacterial community compositions, as suggested
by several studies [26,27]. Following this idea, the objective of this study was to explore the
Vibrio community composition of Ruditapes philippinarum microbiota by combining culture-
dependent and -independent methods. Specifically, DNA metabarcoding, developed in
a previous study [19], was applied to evaluate and compare the accuracy of isolation
and discrimination of Vibrio species identified on homogenate clam samples and on their
culture-derived samples plated on marine agar (MA), thiosulfate-citrate-bile salts-sucrose
agar (TCBS) and CHROMagar Vibrio (CV) media. On a subset of these culture-derived
clam samples, shotgun metagenomics was applied in order to enhance the knowledge of
the Vibrio spp. biodiversity present in Manila clam microbiota.

2. Materials and Methods
2.1. Sample Collection and Experimental Design

Ruditapes philippinarum individuals of commercial size (weight: 12.9 £ 4.5 g; shell
size: 36.2 &+ 2.9 g; age: 20 months) were collected from six clam-farming sites along the
northeast coast of the Adriatic Sea: (from north to south) Marano (MA), Porto Marghera
(PM), Colmata (CO), two sites in Chioggia (CH), Scardovari (SC) and Goro (GO). Sample
collection was performed during the summer and the winter seasons. For each site, the
batch of clams was analyzed before and after the depuration treatment. The experimental
study was designed in order to use a metabarcoding and a shotgun metagenomics approach
to analyze and compare the Vibrio community composition of isolates from the plate with
the first serial dilution of each medium (see Section 2.2), called plated clam samples
(culture-dependent method), with the counterparts provided by the clam homogenate
samples (culture-independent method). The culture-dependent method adopted three
different growth media to define marine bacteria, vibrios and potential human pathogenic
Vibrio species such as V. alginolyticus, V. cholerae, V. parahaemolyticus and V. vulnificus. The
investigation on the Vibrio community was performed on both clam homogenate and
plated clam samples through 16S rRNA and recA-pyrH metabarcoding. In addition, the
community composition of isolates collected on MA and TCBS plates from 16 samples was
investigated using shotgun metagenomics (Figure 1, created with Biorender.com). In total,
54 homogenate clam samples were obtained, of which 26 were collected in the summer
season and 28 in the winter season (Table S1, Supplementary Materials).

2.2. Microbiological Analysis

Clams were processed as described in a previous study of Zampieri et al. [19], with the
addition of a microbiological analysis performed using a selective medium coupled with
the temperature of incubation required for the detection of the main human pathogenic
Vibrio species. Briefly, clams were scrubbed under running potable water and the shell
cleaned with ethanol 100%. Subsequently, clams were weighted, measured and shucked
to collect 25 g of flesh and intervalvular liquid clam tissues into a sterile stomacher bag.
For the homogenization, 225 mL of alkaline peptone water (APW, 2% NaCl, 1% peptone,
pH 8.5; Microbiol, Macchiareddu, CA, USA) was added and then tenfold serial dilution was
performed. Subsequently, for samples of the summer season, 100 pL of each serial dilution
was plated on marine agar (MA) (Condalab, Cagliari, CA, USA) and thiosulfate-citrate-
bile salts-sucrose agar (TCBS) (Biolife, Monza, MI, USA) media. For samples collected
during the winter season, in addition to TCBS and MA media, 100 uL of each serial
dilution was plated on CHROMagar Vibrio media (CV) (CHROMagar Microbiology, Paris,
France) for the isolation of V. cholerae, V. parahaemolyticus and V. vulnificus. The plates of
TCBS and CV media were incubated at 22 and 37 °C for 24-48 h [28]. The MA plates
were incubated at 22 °C for 24 h. After incubation was completed, the total bacterial
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communities grown on MA, CV and TCBS media (dilution -1) were gathered by scrubbing
and washing the surface of the plates with 2 mL of phosphate-buffered saline (PBS). Then,
suspended cells were centrifuged at 10,000 rpm for 1 min (Eppendorf centrifuge 5424) and
the pellets were stored at —80 °C until performing the DNA extraction. For determination
of the homogenates” microbial community, from each homogenate, an aliquot of 2 mL
was collected and then centrifuged at 10,000 rpm for 1 min to obtain a pellet (Eppendorf
centrifuge 5424). Then, the pellets were stored at —80 °C until performing the DNA
extraction for culture-independent analysis.
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Figure 1. Flow chart of the experimental design. APW: alkaline peptone water; TCBS agar: thiosulfate-
citrate-bile salts-sucrose agar.

2.3. DNA Extraction and Libraries’ Preparation for Metabarcoding

DNA samples of the microbial communities collected from the MA, TCBS and CV
media were extracted using the Invisorb® Spin Tissue Mini Kit (Invitek molecular, GMBH,
Berlin, Germany) following the manufacturer’s instructions. For the microbial community
of homogenates, DNA was extracted using a DNeasy® PowerSoil® Kit (Qiagen, Hilden,
Germany) following the manufacturer’s instructions. As described in a previous study [19],
a mock community DNA sample was included into the sequencing libraries analysis as
an internal control. Subsequently, each DNA sample was diluted for Illumina library
preparation, performed on 165 rRNA, recA and pyrH genes. Specifically, the DNA of
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homogenates was diluted to 1:5, while DNA from each plated clam sample was diluted to
reach 2 ng/pL. [llumina libraries were prepared using a two-step approach as described in
a previous study [19]. PCR composition and thermal profiling was conducted as reported
in [29], using, in the first PCR step, the specific temperature of annealing for the recA and
pyrH genes as indicated by Zampieri et al. [19]. The result of each PCR step was verified on
agarose gel 1.8% and purified using the SPRIselect reagent Kit (Beckman Coulter Genomics)
following the manufacturer’s instructions. Quantification of the purified samples was
conducted using a Qubit ™ dsDNA BR Assay Kit (Invitrogen, Life Technologies, Monza,
Italy)) as an end-point fluorometric detection. The equimolar pool of the final libraries
was checked for the quality using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA, USA) and for the quantification using a Qubit® Assay Kit BR. The 16S rRNA,
recA and pyrH libraries were sequenced at the UC Davis Genome Center (California) using
the MiSeq System, Illumina (300 bp forward and reverse). The raw sequence data were
deposited in the NCBI database with the following BioProject ID: PRINA726587.

2.4. Shotgun Metagenomics Libraries Preparation

For a subset of 16 plated clam samples, DNA quantity control was performed using
a Qubit dsDNA HS Assay (Invitrogen, Life Technologies, Monza, Italy). The library
construction was assessed using a Nextera XT DNA Sample Preparation Kit (Illumina,
Inc., San Diego, CA, USA) with IDT for [llumina Nextera DNA UD Indexes. Then, a 2100
Bioanalyzer (High Sensitivity DNA Assay, Agilent Technologies) was used to verify the
quality of the libraries. Finally, the libraries were run on an Illumina Novaseq Sp500 PE250
(lumina, Inc., San Diego, CA, USA). The raw sequence data were deposited in the NCBI
database with the following BioProject ID: PRINA726531.

2.5. Bioinformatic and Statistical Analyses for Metabarcoding

Firstly, the quality of the raw reads of homogenates and plated clam samples was
checked and visualized using FastQC software (version 0.11.9). Subsequently, the bioin-
formatics analysis procedure followed that described in a previous study [19]. In brief,
16S rRNA raw sequence data were trimmed and merged with DADA2, and a full anal-
ysis was conducted using the QIIME2 platform (https://qiime2.org/, QIIME2 version
accessed on 10 February 2021). To assign taxonomy, a Naive Bayes classifier was em-
ployed using the SILVA138 release data. After trimming and filtering using Trim Galore
v. 0.6.6 (https:/ /www.bioinformatics.babraham.ac.uk/projects/trim_galore/, accessed
on 10 April 2020), the recA and pyrH sequences were imported to Kraken 2 software
(https:/ /ccb.jhu.edu/software/kraken2/, accessed on 10 February 2020) to perform a full
data sequencing analysis against the MiniKraken2_v1_8 GB database [30]. Then, Bracken
software was used to carry out a Bayesian inference of abundance of the species detected
during data sequencing (https:/ /ccb.jhu.edu/software/bracken/, accessed on 10 Febru-
ary 2020). This software used the taxonomy labels assigned by Kraken 2 to estimate the
number of reads deriving from each species present in a sample [31]. As conducted in a
previous study [19], a confidence cut-off set at 0.1 was applied in order to define species
attribution inside the bacterial communities of homogenates and plated clam samples.
In addition, a filter was applied to set the minimum number of reads (10) reliable for
Vibrio species detection. The homogenate and plated clam samples produced a total of
45,000,000 raw reads and 50,000,000 raw reads for 16S Illumina Miseq and recA-pyrH
libraries sequencing, respectively. Firstly, a rarefaction curve was drawn to assess the
representation of microbial communities defined by 16S rRNA gene. Subsequently, an
exploratory analysis of the output files of QIIME2 and Bracken software was carried out
using the CALYPSO platform [32]. The microbial alpha diversity of 165 rRNA data sequenc-
ing was studied using an ANOVA (p-value < 0.05) carried out at the feature level (ASV)
according to the Richness Index. Then, the beta microbial diversity was described using a
PCoA representation. The statistic test PERMANOVA was used to evaluate the different
community compositions according to 165 rRNA (ADONIS +, according to the Bray—Curtis
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index) and recA-pyrH data sequencing (PERMANOVA Pairwise comparisons). As reported
in a previous study, recA-pyrH merged results were elaborated using a qualitative approach
(presence/absence of species) [19]. The number of shared taxa and bacterial species, identi-
fied by 165 rRNA and recA and pyrH genes, respectively, among homogenate and plated
clam samples was visualized through Venn diagrams. Finally, the agreement among the
detection of each Vibrio species using homogenate (recA-pyrH culture-independent method)
and clam samples plated and incubated at 22 °C on MA and TCBS media (recA-pyrH
culture-dependent method) was evaluated using kappa statistical measures [33]. Specifi-
cally, we used Fleiss’ kappa, for which values were summarized as poor agreement (k < 0),
slight agreement (0.0 < k < 0.20), fair agreement (0.21 < k < 0.40), moderate agreement
(0.41 < k < 0.60), substantial agreement (0.61 < k < 0.80) and almost perfect agreement
(0.81 <k<1).

2.6. Bioinformatic and Explorative Analyses for Shotgun Metagenomics

The shotgun metagenomics libraries yielded a total of 120,000,000 raw reads (forward
and reverse) for all samples. The shotgun metagenomics data elaboration started with the
application of metaWRAP, a specific pipeline for metagenomic analysis [34], on the de-
multiplexed reads. Reads’ trimming and human contamination removal were performed
using the metaWRAP Read_qc module (including Trim Galore, Cutadapt and BMTagger
tools with default parameters). Taxonomic profiling was performed on the trimmed
reads with the metaWRAP Kraken module for metagenomics (cut-off set at 0.1, against
MiniKraken2_v1_8 GB database). Bracken (Bayesian Reestimation of Abundance with
Kraken) was used to compute the abundance of bacterial species using the taxonomy labels
assigned by Kraken. The bracken report files were converted into a biom file by using the
Kraken-biom tool. Subsequently, the microbial community composition was investigated
with a qualitative assessment based on the presence/absence of species identified. In
detail, a heat map was defined using the output Bracken files of the 16 plated clam samples
investigated through shotgun metagenomics and the corresponding output Bracken files of
the homogenate and plated clam samples investigated through metabarcoding. Specifically,
the heat map, based on a matrix file of the presence/absence of detected species, was
realized by using ComplexHeatmap package in R (version 4.0.3). As described in a previous
study conducted by Zampieri et al. [19], for the creation of the matrix of presence/absence, a
reliable filter was used, with a minimum of ten reads. Then, Venn diagrams were generated
to visualize the number of shared species among the clam samples plated on MA 22 °C
and TCBS 22 °C media according to metabarcoding and shotgun metagenomics.

3. Results
3.1. 16S Metabarcoding-Based Microbial Communities of Homogenate and Culture-Derived
Clam Samples

The microbiota composition of homogenate and plated clam samples was investigated
through 165 rRNA amplicon sequencing in order to evaluate the recovery capability of
each culture media. The rarefaction curve of filtered reads showed a good representation of
the microbial communities (Figure S1, Supplementary Materials). Furthermore, the alpha
diversity analysis revealed a higher level of taxa in the homogenate samples with respect
to the clam samples plated and incubated at 22 °C on MA and TCBS media. The clam
samples plated on TCBS 22 °C media showed a lower level of taxa with respect to the
homogenate and clam samples plated on MA 22 °C media (Figure 2a). Then, the variation
in the bacterial communities (beta diversity) was explored among the homogenate and the
plated clam samples. Communities from CV 22 °C and TCBS 37 °C were not included in
this analysis because these media and conditions of incubation allowed the growth of a
limited number of taxa. The multivariate analysis demonstrated a different community
composition of homogenate samples compared to the plated clam samples (p-value < 0.001).
Moreover, a different microbial composition was also observed depending on the season,
where summer clam samples’ results were different from those of the winter clam samples
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Richness

(p-value < 0.001). The variation in the bacterial communities was then visualized with
a PCoA representation, according to the Bray—Curtis index. The PCoA representation
reported in Figure 2b shows a clear clustering of homogenate samples separated from the
clam samples plated on MA 22 °C and TCBS 22 °C media. The communities from the
two media instead showed a partial overlapping of samples. In addition, the effect of
the season of sample collection clearly separated summer clam samples from the winter
clam samples.

b
OTU P=7.8e-51 F=280 (ANOVA) PCoA Bray-Curtis OTU
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Figure 2. 165 amplicon-based microbial diversity of clam samples. (a) 16S amplicon-based alpha diversity tested with

ANOVA according to Richness Index. (b) 165 amplicon-based microbial principal coordinate analysis (PCoA) representation

of homogenate and plated clam samples according to the Bray-Curtis Index. In PCoA representation, the season factor

corresponding to the collection time of clam samples is also reported. OM: Homogenate clam samples; MA 22 °C: clam

samples plated on marine agar and incubated at 22 °C; TCBS 22 °C: clam samples plated on thiosulfate-citrate-bile

salts-sucrose agar and incubated at 22 °C.

Subsequently, the number of taxa shared among the homogenate and the plated
clam samples was described through a Venn diagram, according to a matrix of the pres-
ence/absence of taxa (Figure 3). As previously demonstrated in the alpha diversity analysis,
the homogenate samples showed a higher taxa biodiversity, evaluated at the genus level,
with respect to the clam samples plated on MA 22 °C and TCBS 22 °C media. In total,
19 taxa were shared among the homogenate clam samples and the clam samples plated on
MA 22 °C and TCBS 22 °C media. Specifically, the taxa found in the homogenate samples
comprised all the taxa in the clam samples plated on TCBS 22 °C and MA 22 °C media
(Figure 3).

3.2. recA-pyrH Metabarcoding on Homogenate and Plated Clam Samples

The 16S metabarcoding provided a description of the complete bacterial community,
while recA and pyrH sequencing were performed to investigate the Vibrio and Vibrionaceae
species biodiversity highlighted by the culture-dependent and -independent methods.
Firstly, the diversity of microbial species composition (beta diversity) was investigated
among homogenate and plated clam samples. Pairwise comparisons, according to PER-
MANOVA analysis, showed statistical differences in the Vibrio community composition
between homogenate samples and plated clam samples on MA 22 °C, TCBS 22 °C, TCBS
37 °Cand CV 22 °C media (p-value < 0.001). In addition, PERMANOVA analysis revealed
a different community composition of homogenate samples (culture-independent method)
in comparison with metabarcoding on culture media when also considering the season
stratification (p-value 0.0001). Subsequently, the variation in the Vibrio community be-
tween samples was visualized using a PCoA representation according to the Jaccard index
(Figure S2, Supplementary Materials). Specifically, the PCoA showed a higher dispersion
of homogenate and clam samples plated on MA22 °C and TCBS 22 °C media. Clam
samples plated on CV 22 °C and TCBS 37 °C media were more clustered with respect to
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the other clam samples. Moreover, the PCoA representation showed a clear separation
of samples collected in winter with respect to the ones collected in the summer season
(Figure S2, Supplementary Materials). Then, Venn diagrams were generated to represent
the number of Vibrio and Vibrionaceae species shared among the homogenate and plated
clam samples. Firstly, the number of species shared among homogenate samples and
clam samples plated and incubated at 22 °C was studied (Figure 4a). Subsequently, the
effect of the two temperatures of incubation (22 and 37 °C) on the number of species
shared among homogenate and clam samples plated on TCBS medium was investigated
(Figure 4b). In total, 11 taxa including Photobacterium and Vibrio species were shared among
the homogenates and the clam samples plated on MA, TCBS and CV at 22 °C (Figure 4a).
Among the Vibrio species, the main potential human pathogenic Vibrio species, such as
V. cholerae, V. parahaemolyticus and V. vulnificus, were detected. All the culture media at
22 °C evidenced taxa that were not identified in the homogenate samples, and MA showed
a higher number of Vibrio species with respect to the homogenate samples and to the other
plated samples. According to the comparison of the homogenates with TCBS samples at
the two temperatures of incubation, the homogenates shared 15 taxa, including 13 Vibrio
species and 2 Vibrionaceae, with plated samples (Figure 4b). Again, the potential human
pathogenic Vibrio species, such as V. cholerae, V. parahaemolyticus and V. vulnificus, were
included among the shared species between homogenates and clam samples plated on
TCBS medium. The clam samples plated on TCBS 22 °C showed a higher number of Vibrio
species with respect to the clam samples plated on TCBS medium and incubated at 37 °C
(Figure 4b).

19 shared taxa
Acinetobacter
Homogenates MA 22°C Candidatus Fritschea
Cutibacterium
Endozoicomonas
Flavobacterium
Lactobacillus
Listeria
Marinomonas
Muycoplasma
NS3a marine group
Photobacterivm
Polaribacter 4
Polyriucleobacter
Psentdoalteromonas
Pseudonionas
Shewanella
Spirochaeta 2
Staphylococcus
Vibrio

TCBS 22°C

Figure 3. Venn diagram showing the number of taxa, identified by 165 metabarcoding at the genus
level, shared among homogenate samples and clam samples plated on MA 22 °C and TCBS 22 °C
media. The table report the detail of the nineteen taxa shared among homogenate and plated clam
samples. MA 22 °C: clam samples plated on marine agar and incubated at 22 °C; TCBS 22 °C: clam
samples plated on Thiosulfate-citrate-bile salts-sucrose agar and incubated at 22 °C.

Then, the kappa statistical measures were evaluated among homogenate and clam
samples incubated at 22 °C and plated in MA and TCBS media. The kappa statistical
measures revealed a significant agreement (p-value < 0.05) in the detection of thirteen Vibrio
species and three Vibrionaceae species (Table S2, Supplementary Material). Specifically,
eight Vibrio species reported a moderate agreement, and two Vibrio species reported a
significant statistical agreement in terms of detection among the three approaches. Regard-
ing human pathogenic Vibrio species, the detection of V. parahaemolyticus and V. vulnificus
showed a significant moderate agreement among homogenate and plated clam samples.
V. cholerae and V. alginolyticus, on the other hand, showed a slight and not significant
agreement among the culture-independent methods and metabarcoding on MA and TCBS,
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TCBS 22°C

respectively. In addition, among the potential Vibrio species pathogenic to molluscs, species
such as V. tapetis and V. splendidus showed a statistically fair agreement (Table S2, Sup-
plementary Materials). Moreover, considering culturable and not culturable approaches,
clam samples accounted for a noticeable percentage of human pathogenic Vibrio species.
V. alginolyticus was detected in 16.7%, V. cholerae in 66.7%, V. parahaemolyticus in 56.3% and
V. vulnificus in 54.2% of the samples.

Homogenates TCBS 22°C

Homagenates

15 shared species
Photobacterium damselae
Photobacterium gaetbulicola/
Photobacterium rosenbergii
Vibrio alfacsensis

11 shared species
Photobacterium gaetbulicola/
Photobacterium rosenbergii
Vibrio cholerae
Vibrio cyclitrophicus

Vibrio fluvialis Vibrrio astrigrenae
Vibrio furnissii Vibrie cholerae
Vibrio harveyi Vibrio diabolicus
Vibrio mediterranet Vibrio flirvialis
Vibirio parahasmolylicus Vibrio furiissii
Vibrio splendidus Vibrio harveyi
Vibrio tapetis TCBS 37°C Vibrio mediterranei
Vibrio vuinificus Vibrio pavahacinolyticus
Vibrio rotiferianus
Vibrio tapetis
Vibrio tulbiashii
Vibrio vilnificus

Figure 4. Venn diagram showing the number of Vibrio and Vibrionaceae species, identified by recA-pyrH metabarcoding,
shared among homogenate and clam samples plated on MA 22 °C, TCBS 22 °C and CV 22 °C media (a) and among
homogenate and clam samples plated on TCBS 22 °C and TCBS 37 °C media (b). The two tables report the details of the
number and names of shared species among homogenate and plated clam samples. MA 22 °C: clam samples plated on
marine agar and incubated at 22 °C; TCBS 22 °C: clam samples plated on thiosulfate-citrate-bile salts-sucrose agar and
incubated at 22 °C; CV 22 °C: clam samples plated on CHROMagar Vibrio media and incubated at 22 °C.

3.3. Shotgun Metagenomics of Plated Clam Samples and Comparison of Metagenomics and
recA-pyrH Metabarcoding Community

Shotgun metagenomics was applied to 16 plated clam samples, including 8 from
MA 22 °C and 8 from TCBS 22 °C, in order to obtain more accurate knowledge of the
Vibrio species community composition. Three clam samples (34, 7A, 8A) plated on MA
medium produced low-quality raw reads during the shotgun metagenomics sequencing
and, consequently, were not included in the analysis (Tables S1 and S3, Supplementary
Materials). Then, the shotgun metagenomics data were compared to the results obtained
by recA-pyrH metabarcoding on the same plated clam samples.

The number of species commonly identified by shotgun metagenomics and recA-
pyrH metabarcoding was visualized using a Venn diagram. In total, the Venn diagram
reported 12 Vibrio and 1 Vibrionaceae species commonly identified by metagenomics
and metabarcoding in the two media, MA and TCBS (Figure 5). The potential human
pathogenic Vibrio species, such as V. parahaemolyticus and V. vulnificus, were among the 13
shared species. In addition, metabarcoding conducted on the eight clam samples plated
on TCBS medium identified two Vibrio (V. ponticus, V. Scap.24) and one Vibrionaceae
(P. gaetbulicola/P. rosenbergii) species not detected by shotgun metagenomics.

From each specific medium, several species were identified by both shotgun metage-
nomics and metabarcoding. Specifically, in MA and TCBS media, shotgun metagenomics
and metabarcoding commonly identified 13 Vibrio and 3 Vibrionaceae species (Figure S3,
Supplementary Materials) and 19 Vibrio and 1 Vibrionaceae species, respectively (Figure 54,
Supplementary Materials). Subsequently, these shotgun metagenomics and metabar-
coding data were compared to the results obtained by recA-pyrH metabarcoding of the
homogenates of the same 16 samples. The comparison was visualized using a heat map
representation, as reported in Figure 6. Specifically, shotgun metagenomics identified, in
all samples, the main potential human pathogenic Vibrio species such as V. alginolyticus,
V. cholerae, V. parahaemolyticus and V. vulnificus. On the contrary, metabarcoding did not
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find V. alginolyticus in the homogenate and plated clam samples. V. cholerae was identified
only in one homogenate sample (4). Moreover, V. parahaemolyticus and V. vulnificus were
identified by metabarcoding, but not in all of the homogenate and plated clam samples
(Figure 6).

Metabarc. MA 22°C

Metagen. TCBS 22°C

13 shared species
Photobacterium dmmselae
Vibrio astriarenae
Vibrio campbellii
Vibrio cyclitropliicus
Vibrio diabolicus
Vibrio furnissii
Vibrio harveyi
Vibrio mediterranei
Vibrio parahaemolyticus
Vibrio rotiferianus
Vibrio splendidus
Vibrio tapetis
Vibrio vulnificus

Metabarc. TCBS 22°C

Metagen. MA 22

Figure 5. Venn diagram showing the number of Vibrio species found in clam samples plated on MA
and TCBS media according to the recA-pyrH metabarcoding and shotgun metagenomics results. The
table reports the details of the thirteen species commonly identified by metabarcoding and shotgun
metagenomics. MA 22 °C: clam samples plated on marine agar and incubated at 22 °C; TCBS 22 °C:
clam samples plated on thiosulfate-citrate-bile salts-sucrose agar and incubated at 22 °C; Metagen.:
shotgun metagenomics; Metabarc.: metabarcoding.
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Figure 6. Heat map showing the presence (green) and the absence (red) of Vibrios found in clam samples (homogenates

and clam samples plated on MA and TCBS media) according to shotgun metagenomics and recA-pyrH metabarcoding.

The letter “A” is assigned to samples plated on marine agar (MA) medium; the letter “B” is assigned to samples plated on
thiosulfate-citrate-bile salts-sucrose agar (TCBS) medium. A number code (from 1 to 8) is assigned to each homogenate
sample. P.: Photobacterium.
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Heat map representation was also used to describe the additional species not belong-
ing to the Vibrionaceae family that were detected by metabarcoding and shotgun metage-
nomics. In particular, shotgun metagenomics identified 26 and 25 marine bacteria species
not belonging to the Vibrionaceae family in MA and TCBS media, respectively (Figure S5).
Specifically, recA-pyrH metabarcoding detected Litorilituus sediminis and Haemophilus parain-
fluenzae only in two homogenate samples and Shewanella sp. Scap07 in one clam sample
plated in TCBS medium (7B). These species were not found by shotgun metagenomics
(Figure S5, Supplementary Materials).

4. Discussion

Seafood products represent reservoirs and vectors for several Vibrio species, including
the main human pathogenic Vibrio species such as V. alginolyticus, V. cholerae, V. para-
haemolyticus and V. vulnificus [1,35-37]. Consequently, an up-to-date knowledge of the Vib-
rio species biodiversity present in seafood products requires accurate methods of detection
and identification of these marine bacteria. Over the years, in order to prevent the spread
of human vibriosis, the characterization of Vibrio species associated with seafood products
has been carried out using culture-dependent and/or -independent methods [6]. A recent
research field involved in the characterization of microbial communities reported the ad-
vantage of the combined use of culture-dependent methods with culture-independent ones.
Specifically, these studies highlighted the complementarity of these two methods when
applied for the characterization of microbial biodiversity [15,38]. Following this promising
coupled approach, in this study, culture-dependent and -independent methods were used
in parallel to increase the knowledge on Manila clam Vibrio community compositions, with
specific concern regarding the Vibrio species that are hazardous to human health.

First, the variation in bacterial community composition was evaluated, according to
16S rRNA data sequencing, in homogenate samples (culture-independent method) and
clam samples plated on MA and TCBS media (culture-dependent method). In this first
evaluation, the community compositions of clam samples plated on TCBS and incubated
at 37 °C (TCBS 37 °C) and clam samples plated on CV and incubated at 22 °C (CV 22 °C)
were not considered. These media and temperatures of incubation showed specificity and
selectivity for the detection of the main human pathogenic Vibrio species such as Vibrio
parahaemolyticus [14,39] and, consequently, did not offer a general overview of the bacterial
community composition.

In agreement with Manuel Anguita-Maeso et al. [26], our results suggested that micro-
bial composition is strongly dependent on the use of culture-dependent and -independent
methods. The selection performed using the culture-dependent method was corroborated
by the higher biodiversity of taxa found in the homogenate samples with respect to the
plated clam ones (Figures 2a and 3). This higher biodiversity could be explained by the
direct extraction of DNA from the clam homogenate samples, which contributed to the
detection of those marine taxa not recovered in the culture media as they were either not
alive (or in a dormant VBNC state) or not able to grow in the culture media [40]. Moreover,
the different microbial compositions of the homogenate and plated clam samples could
derive from the effect of the different selections of cultural media, MA and TCBS, on the
taxa present in clam samples (Figure 2b). The non-selective medium MA is commonly
applied for the recovery of a wide range of marine bacteria [41]. TCBS medium, instead,
is primarily used for the detection of human pathogenic Vibrio species such as V. cholerae
and V. parahaemolyticus. Besides this application, TCBS medium was also useful for the
recovery of several environmental vibrios [42]. All microbial communities, defined by
both culture-dependent and -independent methods, could be well differentiated by sea-
son (Figure 2b). This result is in line with several studies in which the seasonal shifts of
microbial communities are reported in freshwater and seawater ecosystems [43,44].

The investigation on clam-associated microbiota performed with 16S metabarcod-
ing was completed using Vibrio-specific metabarcoding (based on recA-pyrH genes) for
the characterization of the Vibrio community, paying specific attention to the potential
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human pathogenic Vibrio species. Clam samples plated on CV (CV 22 °C) and TCBS
media (TCBS 37 °C) were also included in the analysis of Vibrio community composition,
incubated at 22 and 37 °C, respectively. As expected, PERMANOVA analysis revealed a
different Vibrio biodiversity community between homogenate and plated clam samples.
The PCoA representation of homogenate and plated clam samples, in fact, presented a
higher dispersion with the clusters of clam samples plated on TCBS 37 °C and CV 22 °C
media (Figure S2). Clam samples plated on TCBS 37 °C and CV 22 °C media, indeed,
showed a lower number of Vibrio and Vibrionaceae species with respect to the other clam
samples plated on TCBS (TCBS 22 °C) and MA (MA 22 °C) media incubated at 22 °C
(Figure 4a,b). This result is in accordance with the fact that culture conditions, represented
by TCBS and CV media composition coupled with a specific temperature of incubation,
are commonly applied to carry out investigations on restricted Vibrio biodiversity, repre-
sented mostly by the potential human pathogenic Vibrio species. The stringent selection
performed using TCBS medium incubated at 37 °C represents a step in the ISO/TS 21872-
1:2017 standard procedure for the detection, enumeration and isolation of enteropathogenic
V. parahaemolyticus, V. cholerae and V. vulnificus. Similarly, CV medium has been applied
in several studies to characterize the main human pathogenic species, such as V. cholerae,
V. parahaemolyticus and V. vulnificus, by exploiting the chromogenic substrate offered by
this medium [8,39]. Curiously, clam samples plated on MA 22 °C medium resulted in a
higher number of Vibrio species identified compared to the other plated and homogenate
samples (Figure 4a). This suggested that MA medium, despite not being inclusive for
the general clam microbiota, is a valid substrate for the detection of several environmen-
tal Vibrio species, including potential human pathogenic species such as V. alginolyticus,
V. cholerae, V. parahaemolyticus and V. vulnificus. Moreover, the MA medium allowed for
characterizing rare species, such as V. casei, V. hyugaensis and V. rumoieinsis, which were
not found in the other plated clam and homogenate samples. Consequently, despite the
common application of MA medium as a non-selective medium for culturing several ma-
rine bacteria, it could also be considered adequate for application, coupled with recA-pyrH
metabarcoding, for the target isolation of Vibrio species. In a recent study, MA medium
was applied by the authors as a positive control medium, which showed a comparable
growth of environmental vibrios isolates to the one obtained from the modified TCBS
medium used in the study [45]. This study demonstrated the advantage of the combined
use of culture-dependent and culture-independent methods for the detection of human
pathogenic Vibrio species (Table S1, Supplementary Materials). Specifically, despite the
comparable reliability in the detection of V. parahaemolyticus and V. vulnificus (significant
moderate k agreement), the combination of culture-dependent and -independent methods
was necessary for the detection of V. alginolyticus and V. cholerae (slightly not significant k
agreement) (Table 52, Supplementary Materials). Unlike a previous study [19], V. alginolyti-
cus was not found in homogenate samples. However, this potential human pathogenic
Vibrio species was detected by the culture approach in the clam samples plated on TCBS
22 °C, TCBS 37 °C, CV 22 °C and MA 22 °C media. This result could be explained by
the low concentration of V. alginolyticus on homogenate samples, which, covered by the
other outgrown Vibrio species, was not found by the recA-pyrH metabarcoding. In addition,
given the halophilic nature of V. alginolyticus species [46], it is possible to assume that the
plating step performed on TCBS, CV and MA media, satisfying the salt requirement of this
species, promoted the growth and subsequent molecular detection. This hypothesis can be
corroborated by the study of Tagliavia et al. [46], in which the authors demonstrated that
increasing the salt concentration of a medium used for Vibrio spp. detection allows for a
more accurate estimation of the actual presence of Vibrio species in dilution plate counts.
Moreover, TCBS medium coupled with two different temperatures of incubation
(22 °C and 37 °C) was also useful for the detection of several environmental Vibrio species
not identified in the homogenate samples. Again, the Vibrio species not identified in the
homogenate samples were probably present in these samples, but at such a low level that
they were unable to compete with the other more abundant species, and consequently,
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they were not detected (Figure 4b). Moreover, only in clam samples plated on TBCS
37 °C medium was V. mimicus found. These culturing conditions are required to isolate
this species, closely related to V. cholerae, which represents a potential risk for marine
animals and humans [47]. Moreover, as previously described, the Vibrio community
composition among homogenate and plated clam samples showed microbial changes
depending on the season of sample collection. In line with this result, several studies
reported different Vibrio biodiversity in seafood products depending on the time of samples’
collection [48,49]. In addition, the kappa statistical measures showed the complementarity
of culture-dependent methods coupled with the independent ones in the detection of
the juvenile/adult molluscan pathogens V. tapetis and V. splendidus [50]. Specifically, the
homogenate samples and the clam samples plated on MA 22 °C and TCBS 22 °C showed a
significant, fair agreement for the detection of these two Vibrio species. For these reasons,
the application of culture-dependent methods in combination with culture-independent
ones is strongly recommended to detect these species. The presence of V. tapetis and
V. splendidus in Ruditapes philippinarum microbiota is in accordance with a previous study
by Zampieri et al. [19].

In order to obtain a more complete picture of Vibrio species biodiversity, in this study,
shotgun metagenomics was also applied on 16 MA- and TCBS-plated clam samples. The
metagenomics investigation was not applied on homogenate samples because host DNA
tends to overwhelm bacterial DNA on sequencing results [51].

Subsequently, the Vibrio communities identified by shotgun metagenomics were
compared with the results of the recA-pyrH metabarcoding analysis conducted on the same
16 plated clam samples (Figure 6). In this analysis, 165 RNA gene results were not included
because they only perform taxonomic identification of the vibrios bacterial community up
to the genus level [52].

The shotgun metagenomics data more accurately characterized microbial community
composition. Specifically, shotgun metagenomics offered a more complete picture of the
Vibrio and non-Vibrio biodiversity (Figure 6, Figure S5, Supplementary Materials) present
in Manila clam microbiota. Similarly to the results achieved, other studies demonstrated
that shotgun metagenomics provides a better resolution on the species taxonomic level
compared to metabarcoding [53,54]. Consequently, as expected, recA-pyrH metabarcoding
identified a limited number of Vibrio species in clam samples plated on MA and TCBS
media and on homogenate samples (Figures S3 and 54, Supplementary Materials, Figure 6).
This finding suggested that the limit of metabarcoding in Vibrio spp. detection is not only
related to the culture-dependent and -independent methods used to process clam samples;
in fact, a similar number of Vibrionaceae and Vibrio species were identified in homogenates
and on clam samples plated on MA and TCBS media (Figure 6). This result confirmed the
bias of the PCR-based approach in the amplification of different species and the difficulties
in designing completely inclusive genus-specific universal primers [17-19].

The main human pathogenic Vibrio species, such as V. alginolyticus, V. cholerae, V. para-
haemolyticus and V. vulnificus, identified by shotgun metagenomics were not found in all
of the samples with recA-pyrH metabarcoding. This result confirms the higher level of
sensitivity of shotgun metagenomics with respect to metabarcoding for the detection of
these species, which are of particular concern for human health, that frequently occur
in low concentrations. In addition, it is important to point out that the application of
metagenomics on plated clam samples offered the advantage of detecting the main viable
human pathogenic Vibrio species, such as V. alginolyticus, V. cholerae, V. parahaemolyticus
and V. vulnificus, in an alive and, consequently, potentially virulent state.

Nevertheless, metabarcoding identified P. gaetbulicola/rosenbergii, V. cidicii, V. flu-
vialis, V. ponticus, V.sp.Scap.24 and V.sp. THAF100, which were not detected by shotgun
metagenomics (Figure 6). Of these, P. gaetbulicola/rosenbergii, V.sp.Scap.24 and V. pon-
ticus were detected only in clam samples plated on TCBS medium (Figure 5). It is
likely that these six species belong to that part of rare bacterial biodiversity for which
shotgun metagenomics presents a limited resolution. In accordance with these results,
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Srivathsan et al. [55] achieved better detection of rare taxa by using metabarcoding with
respect to shotgun metagenomics.

Shotgun metagenomics is currently applied to map microbial contamination in the
food industry [24,53,56]. This study showed the usefulness of carrying out a microbial
community characterization using culture-dependent shotgun metagenomics. Specifi-
cally, the application of shotgun metagenomics on plated clam samples overcomes the
problem of host DNA that could overwhelm microbiota DNA. Moreover, this approach
offered a less time-consuming characterization of the alive fraction of bacteria down to the
species taxonomic level. For this reason, the cultural-dependent shotgun metagenomics
reduced the cost of the analysis to one required by the metabarcoding approach. Given
this, culture-dependent shotgun metagenomics could be applied in the seafood industry,
for example, screening techniques to prevent human vibriosis that could be spread by
contaminated seafood products such as fish, crustaceans or shellfish. In addition, in the
aquaculture sector, both metabarcoding and shotgun metagenomics could also be useful
for the characterization of the biofilm microbial composition, which could comprise Vibrio
species pathogenic for humans and species pathogenic to farmed animals [57].

5. Conclusions

In the current study, the culture-dependent method coupled with the culture- inde-
pendent method was a valid tool to achieve the characterization of several Vibrio species in
the Ruditapes philippinarum microbiota. The culture-dependent and -independent methods
showed a comparable reliability for the detection of V. parahaemolyticus and V. vulnificus.
On the contrary, the two methods proved to be complementary for the detection of V. algi-
nolyticus and V. cholerae. The obtained results suggested a reassessment of MA as a suitable
medium for the recovery of Vibrios, including the main human Vibrio pathogenic species.
Moreover, the study showed that metabarcoding, applied on the homogenate samples
and on clam samples plated on MA media, could represent a useful screening approach
for the prevention of human vibriosis related to contaminated seafood. Furthermore,
the comparison of the shotgun metagenomics and metabarcoding results highlighted the
higher number of species detected by shotgun metagenomics during the Vibrio species
detection. In particular, the application of cultural-dependent shotgun metagenomics
offered a reliable and accurate characterization of the alive fraction of bacteria down to the
species taxonomic level.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10061271/s1, Table S1: Summary of the total 54 clam samples collected during summer
and winter seasons. Samples are subdivided according to the culture-independent and -dependent
methods. Clam samples were plated on the following: A: MA22 °C, Marine agar incubated at
22 °C; B: TCBS 22 °C, Thiosulfate-citrate-bile salts-sucrose agar incubated at 22 °C; C: CV 22 °C,
CHROMagar Vibrio media incubated at 22 °C: D: TCBS 37 °C, Thiosulfate-citrate-bile salts-sucrose
agar incubated at 37 °C. Sampling sites: CH: Chioggia; CO: Colmata; GO: Goro; MA: Marano; PM:
Porto Marghera; SC: Scardovari. 1: Pre-depuration samples; 2: Post-depuration samples. Table
S2: Fleiss” kappa agreement of Vibrio species detection in homogenate and clam samples plated
and incubated at 22 °C on MA and TCBS media according to recA-pyrH metabarcoding. The Vibrio
species with a significant statistical Fleiss’ kappa are shown in bold. Fleiss’ kappa values agreement
interpretation: k < 0—poor; k = 0.01-0.20—slight; k = 0.21-0.40—fair; k = 0.41-0.60—moderate;
k = 0.61-0.80—substantial; k = 0.81-1—almost perfect; Table S3. Resulting sequencing depth obtained
by the shotgun metagenomics; Figure S1: Rarefaction curve of homogenate and plated clam samples
reads obtained by 16S sequencing. OM: Homogenate clam samples; MA 22 °C: clam samples plated
on marine agar and incubated at 22 °C; TCBS 22 °C: clam samples plated on Thiosulfate-citrate-bile
salts-sucrose agar and incubated at 22 °C; CV 22 °C: clam samples plated on CHROMagar Vibrio
media and incubated at 22 °C. Figure S2: recA-pyrH amplicon-based microbial principal coordinate
analysis (PCoA) representation of homogenate and plated clam samples according to Jaccard index.
In PCoA representation, the season factor corresponding to the collection time of clam samples is
also reported. OM: Homogenate clam samples; MA 22 °C: clam samples plated on marine agar
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and incubated at 22 °C; TCBS 22 °C: clam samples plated on thiosulfate-citrate-bile salts-sucrose
agar and incubated at 22 °C; CV 22 °C: clam samples plated on CHROMagar Vibrio media and
incubated at 22 °C. Figure S3: Venn diagram showing the number of species identified in clam
samples plated in MA medium and incubated at 22 °C, according to shotgun metagenomics and
recA-pyrH metabarcoding. The table reports the details of the 16 species shared between the two
methods. MA 22 °C: clam samples plated on marine agar media and incubated at 22 °C. Figure S4:
Venn diagram showing the number of species identified in clam samples plated in TCBS medium and
incubated at 22° C, according to shotgun metagenomics and recA-pyrH metabarcoding. TCBS 22 °C:
clam samples plated on thiosulfate-citrate-bile salts-sucrose agar and incubated at 22 °C. Figure S5:
Heat map showing the presence (green) and absence (red) of marine bacteria, Vibrio species excluded,
found in clam samples according to metagenomics and recA-pyrH metabarcoding.
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