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ABSTRACT 

As filter-feeders, bivalve molluscs accumulate several Vibrio species in their edible tissues. 

Among these species, Vibrio alginolyticus, Vibrio cholerae, Vibrio parahaemolyticus and Vibrio 

vulnificus represent a risk to human health. Given the worldwide human consumption of 

bivalve molluscs, an accurate and reliable characterisation of the Vibrio  community associated 

with these seafood products represents a key issue to ensure food safety in shellfish 

production. The goal of this study was to provide new insights about the Vibrio species 

biodiversity, with a particular concern to the detection of the main Vibrio human pathogens, 

associated to a shellfish product of high commercial interest, namely the Manila clam 

(Ruditapes philippinarum). To achieve this goal, a new metabarcoding approach and a culture- 

dependent metagenomics were developed to characterise the Vibrio biodiversity down to the 

species level, with a specific focus on detecting the main Vibrio human pathogens. First, the 

recAɀpyrH metabarcoding let possible to study changes in Vibrio  biodiversity in the R. 

philippinarum  microbiota in response to depuration. In particular, Vibrio spp. and human 

pathogens were found in the depurated clams. Moreover, recAɀpyrH metabarcoding allowed 

the evaluation of culture-dependent and culture-independent methods to characterise the 

Vibrio community composition, with a focus on Vibrio  human pathogens. The application of 

recAɀpyrH metabarcoding directly to homogenate clam samples as well as plating samples on 

Marine Agar medium could be a useful screening approach to detect Vibrio human pathogens 

in seafood products. Moreover, the developed culture-dependent metagenomics resulted a 

valid approach for an accurate characterisation of the living fraction of the Vibrio community 

with a higher sensitivity respect to the recA-pyrH metabarcoding.  

The characterisation of the Vibrio community composition of all samples collected during the 

3-year PhD project revealed a high frequency of detection of Vibrio pathogens in clams 

collected during the summer. V. cholerae, V. parahaemolyticus and V. vulnificus were found 

in homogenate clam samples from seven sampled shellfish farming areas operating along the 

North -east Adriatic coast. Taken together, the results highlight the importance to include the 

detection of Vibrio species in the official microbiological seafood control measures. This 

endeavour could be doubly useful: it would allow the acquisition of Vibrio surveillance data ɀ 

which is necessary to maintain updated knowledge about the real Vibrio risk associated with 

seafood consumption ɀ and it would contribute to prevent the spread of the human vibriosis. 
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1. GENERAL INTRODUCTION  

1.1 A group of marine heterotrophic bacteria: the Vibrio genus 

The Vibrio genus belongs to the Vibrionaceae family, a group of Gammaproteobacteria 

currently represented by 147 Vibrio  species and 4 subspecies throughout the world spread in 

brackish and marine ecosystems (Sampaio et al., 2022). Vibrios are gram-negative, comma-

shaped bacteria 0.5ɀΪȢβ ʏÍ ÉÎ ×ÉÄÔÈ ÁÎÄ άɀέ ʏÍ ÉÎ ÌÅÎÇÔÈȢ  

The etymology of Vibrio, recalls the vibration with tremulous motion performed by the 

bacterial cells during their motion and was given to these bacteria in 1854 by Pacini (Sampaio 

et al., 2022). These marine bacteria in fact show active motility in aquatic environments thanks 

to the presence of 1ɀ3 polar flagella. Given this active motility, some Vibrio spp. perform 

chemotaxis along a nutrient gradient to find suitable colonisation sites (Stocker et al., 2012).  

Among marine bacterial biodiversity, the Vibrio genus represents one of the most culturable 

fractions of the aquatic microbial community (Destoumieux -Garzón et al., 2020). These 

marine bacteria present chemoorganotrophic and mesophilic metabolism, which requires an 

organic substrate and the presence of sodium for growth on culture media (Thompson et al., 

2005). Given their obligate heterotrophic growth, Vibrio spp. play an active role in carbon, 

phosphorus and nitrogen cycling through the uptake and degradation of organic matter 

(Jesser et al., 2018; Zhang et al., 2018).  

Moreover, among marine bacteria, vibrios present great genome plasticity, which allows them 

to adapt to new ecological niches such as the ones defined by the constantly changing marine 

environmental conditions. In marine ecosystems, Vibrio spp. encounters with other bacteria 

could require coexistence in the same ecological niche and, consequently, coordination of 

biological activities. This coexistence is possible because of the quorum sensing mechanism, 

by which vibrios respond to variable aquatic conditions and maintain associations with 

animal hosts (Milton, 2006). This signalling mechanism is adopted in many situations: to 

regulate the cascade of virulence gene expression in species such as Vibrio cholerae and Vibrio 

anguillarum and to commence the chemiluminescence process in species such as Vibrio 

fischeri and Vibrio harveyi (Milton, 2006).  

Vibrios also present great flexibility in lifestyle. Marine bacteria can be found in a free-living 

state or attached to biotic and abiotic surfaces. Specifically, the attachment to different 

substrates represents an important step for the growth strategy of marine bacteria. By 
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adhering to the body surface of animals and marine plants, such as crustaceans and algae, 

vibrios can metabolise biopolymers such as chitin and algal polysaccharides (Takemura et al., 

2014). Moreover, attachment to substrates offers the possibility to avoid predation by 

protozoans, small heterotrophic flagellates present in the water column (Matz et al., 2005). 

Among the substrates colonised by Vibrio spp. are marine plastic debris (Laverty et al., 2020). 

Specifically, the biofilm-forming community that attaches to plastic substrates includes the 

main potential human pathogens V. cholerae, Vibrio parahaemolyticus and Vibrio vulnificus 

(Silva et al., 2019). Consequently, given the wide distribution of the plastic debris across 

marine and estuarine ecosystems, this human-generated artificial substrate might represent 

ÁÎ ÅÆÆÉÃÉÅÎÔ ȬÄÒÉÖÅÒȭ for the spread of potential virulent Vibrio spp. all over the world. 

While vibrios exploit biofilm formation to avoid their planktonic predators, the viable but 

not-culturable (VBNC) state represents a persistence and survival strategy of these marine 

bacteria to face changes in marine aquatic environments. Specifically, the VBNC condition 

offers the possibility to several Vibrio spp., including the main human pathogens, to overcome 

adverse environmental conditions such as low nutrient availability, reduced temperature, 

high salinity or excessive radiation. During the VBNC state, Vibrio  spp. reduce their metabolic 

rate and lose the ability to grow on culture media but remain viable (Orruño et al., 2017). 

Interestingly, VBNC is a reversible state: if environmental conditions return to a suitable level, 

the bacteria come back to their initial physiological state through the resuscitation process 

(Zhang et al., 2020). 

1.2 Vibrio ɀbivalve interactions  

Vibrio spp. represent a part of marine microbial communities easily associated with the body 

of several aquatic animals. Indeed, the high colonisation and lifestyle versatility of vibrios 

allow to them to establish mutualistic, commensal or pathogenic relationships with their 

hosts (Le Roux et al., 2018). Among the Vibrio  hosts are bivalve molluscs. The filter-feeding 

habit of these animals, performed to uptake food particles from the water column, enhances 

the association of Vibrio spp. with their edible tissues. Hence, the concentration of vibrios in 

both healthy and diseased bivalves could easily be higher with respect to the concentration of 

vibrios in the water column (Destoumieux-Garzón et al., 2020). In the literature, there are 

controversial results about the stability or transitory nature of Vibrioɀbivalve associations. 

Specifically, some researchers have found a correspondence between the frequency and 
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diversity of Vibrio spp. in the water column and the species detected in the shellfish 

microbiota (Destoumieux-Garzón et al., 2020). Moreover, Musella et al. (2020) described the 

contribution of shellfish in the maintenance and spread of Vibrionaceae in Mytilus  spp., where 

these bivalves release bacteria, probably related to the gill microbiota, into the seawater 

surrounding mussel farms. Other researchers have reported an unequal distribution of vibrios 

between oyster tissues and the water column (Le Roux et al., 2016; Bruto et al., 2017). In 

addition, researchers have reported that Vibrio biodiversity differs according to which bivalve 

tissues are colonised (Lokmer et al., 2016; Destoumieux-Garzón et al., 2020). This finding 

suggests that Vibrio biodiversity is unpredictable and depends on the adaptation of these 

marine bacteria to both environmental and host-body conditions. 

Several authors have revealed that Vibrio colonisation of the shellfish microbiota leads to the 

establishment of a complex population structure of these marine bacteria (Romalde et al., 

2014; Chen et al., 2016; Bruto et al., 2017). During the colonisation process, the biodiversity of 

marine bacteria also depends on the shellfish provenance. Species such as Vibrio splendidus, 

Vibrio alginolyticus and Vibrio harveyi, for example, predominate in samples collected from 

Canada, Brazil, Spain or Italy (Beaz-Hidalgo et al., 2010).  

Vibrioɀbivalve associations can also be neutral. In a recent study, Wegner et al. (2019) 

suggested that the natural extended contact of bivalves with these marine bacteria over 

several generations has led vibrios to be part of the natural oyster microbiota. Vibrios, in fact, 

are frequently found in the haemolymph of healthy oysters (Lokmer et al., 2016). However, 

several Vibrio species represent a health risk to the growth of bivalves during harvesting 

management. For this reason, researchers have raised concerns regarding Vibrioɀbivalve 

pathogenic interactions (Travers et al., 2015; Dubert et al., 2017). These species are subdivided 

into primary and opportunistic pathogens. The former cause outbreak of disease(s) that kill 

healthy bivalves. The latter induce the insurgence of disease(s) when the protective barriers 

of the host are already compromised by a co-infection or by environmental stressors 

(Destoumieux-Garzón et al., 2020). 

The genetic determinants for bivalve colonisation and disease expression identified in vibrios 

represent the main factors that determine the establishment and development of Vibrioɀ

bivalve pathogenic interactions (Lemire et al., 2015; Bruto et al., 2017; Rubio et al., 2019). In 

addition, sea-surface warming, caused by climate change, favours the temperature-dependent 

expression of the virulence factors present in several Vibrio species (Destoumieux-Garzón et 
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al., 2020). Moreover, changes in water temperature modify the host physiology ɀ in particular, 

the immune status ɀ and make bivalves more vulnerable to opportunistic Vibrio pathogens 

(Le Roux et al., 2016). The pathogenic Vibrio  species can lead to disease during the larval, 

juvenile and adult stages of bivalves (Beaz-Hidalgo et al., 2010). Specifically, species such as V. 

alginolyticus, V. anguillarum , Vibrio bivalvicida, Vibrio coralliilyticus , Vibrio ostreicida, Vibrio 

neptunius and Vibrio tubiashii/Vibrio europaeus affect oyster spat and/or larval development 

(Destoumieux-Garzón et al., 2020). Despite the major resistance of mussels to vibriosis, V. 

splendidus strains are the main cause of disease and mortality of adult Mytilus edulis (Ben 

Cheikh et al., 2016). Regarding adult clams and juvenile oysters, well-known Vibrio-related 

ÉÎÆÅÃÔÉÏÎÓ ÌÅÁÄ ÔÏ ÂÒÏ×Î ÒÉÎÇ ÄÉÓÅÁÓÅ ɉ"2$Ɋ ÁÎÄ ȬÓÕÍÍÅÒ ÍÏÒÔÁÌÉÔÙȱȭ ɉ"ÅÁÚ-Hidalgo et al., 

2010).  

BRD is caused by Vibrio tapetis; it affects the juveniles and adults of clam species such as the 

Manila clam (Ruditapes philippinarum) and Ruditapes decussatus (Paillard, 2004). The 

ÄÉÓÅÁÓÅȭÓ ÎÁÍÅ ÒÅÃÁÌÌÓ ÔÈÅ ÂÒÏ×Î-coloured conchiolin deposited in the inner shell of the 

infected clams. In this disease, the host not develops correctly and its reproduction is arrested. 

In addition, the proliferation of V. tapetis in the clam tissues could led to mortality (Rodrigues 

et al., 2015). Moreover, salinity and temperature of the seawater play a role on the 

development of BRD, which tends to be more frequent during the spring and winter (Paillard, 

2004).  

Ȭ3ÕÍÍÅÒ ÍÏÒÔÁÌÉÔÙȭȟ ×ÈÉÃÈ ÁÆÆÅÃÔÓ ÔÈÅ 0ÁÃÉÆÉÃ ÏÙÓÔÅÒ Crassostrea gigas, represents an example 

of an infection caused by interaction among several opportunistic Vibrio species. In this 

disease, species such as V. splendidus, V. aestuarianus and V. harveyi contribute to the 

mortality of already debilitated oysters (Lacoste et al., 2001; Garnier et al., 2008; Renault et al., 

2009). As suggest by the name of the disease, episodes take place mainly during the summer. 

In addition, in the summer the higher temperature of the seawater (> 18°C), combined with 

low dissolved oxygen and toxic substances in the sediment, contribute to the debilitation of 

the oysters (Beaz-Hidalgo et al., 2010). 

1.3 Vibrio  and human health hazard  

The Vibrio genus comprises a dozen species that are pathogenic to humans (Baker-Austin et 

al., 2018). Among these species, V. alginolyticus, V. cholerae, V. parahaemolyticus and V. 

vulnificus are responsible for the most serious forms of vibriosis in humans (West, 1989). In 
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the literature, human vibriosis is subdivided into two main groups: cholera and non-cholera 

infections (Baker-Austin et al., 2018). The cholera infections are generally caused by the 

ingestion of contaminated seafood and water. In cholera infections, V. cholerae is the main 

aetiological agent; it causes watery diarrhoea that, if untreated, could lead to death (Morris, 

2003). V. cholerae is classified by the O group (O1, O139), the biotype (Classical, El Tor) and 

the serotype (Ogawa, Inaba). In the literature, the El Tor biotype represents the major 

causative agent of cholera throughout the world (Baker-Austin et al., 2018). The symptoms 

such as profuse diarrhoea are related to the presence and expression of the cholera toxin (CT) 

in the V. cholera strains. Over the years, non-O1 and non-O139 V. cholerae strains have been 

found; compared with V. cholerae O1 and O139, these agents lead to sporadic gastrointestinal 

infections (Deshayes et al., 2015).  

The non-cholera infections are transmitted by species such as V. parahaemolyticus and V. 

vulnificus; they cause mild gastroenteritis and primary septicaemia, respectively, as clinical 

manifestations (Baker-Austin et al., 2018). V. parahaemolyticus spreads mainly during the 

warmer months through the consumption of raw contaminated seafood (Baker-Austin et al., 

2017). The virulence of V. parahaemolyticus strains is related to the expression of thermostable 

direct haemolysis (TDH) and TDH-related haemolysin (TRH) toxins. V. vulnificus is an 

opportunistic human pathogen that express the virulence in case of underlying disease such 

as liver disease, diabetes and malignant tumours. V. vulnificus infections in humans mainly 

originate from the exposure of open wounds to contaminated shellfish products and seawater; 

the condition quickly degenerates into a deadly septicaemia (Baker-Austin et al., 2018). 

Around the world, this species is responsible for the majority of seafood-associated human 

deaths (Heng et al., 2017).  

Among the Vibrio human pathogens, V. alginolyticus is frequently associated with human ear 

and superficial wound infections related to exposure to contaminated seawater (Baker-Austin 

et al., 2018). Gastroenteritis is a rare symptom on V. alginolyticus infection in humans (Uh et 

al., 2001). Moreover, this species is pathogenic to several marine animals such as fish, shellfish 

and echinoids. Specifically, for cultured fish such as Sparus aurata and Dicentrarchus labrax, 

this species leads to notable economic losses (Zorrilla et al., 2003).  

Beyond the four aforementioned Vibrio species, Vibrio mimicus, Vibrio cincinnatiensis, Vibrio 

hollisae, Vibrio furnissi, Vibrio fluvialis and Vibrio metschnikovii are also associated with 
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human diseases. Fortunately, human infections related to these species are relatively rare 

(Baker-Austin et al., 2018). 

Seafood products represent the principal vector for the spread of the main Vibrio human 

pathogens (Passalacqua et al., 2016; Song et al., 2020). In particular, the filter feeding habit of 

bivalve molluscs favours the accumulation of several marine bacteria, including vibrios and 

allochthonous bacteria derived from faecal contamination of water, into the edible tissues of 

these animals. Hence, bivalve mollusc farming areas are subjected to microbiological risk 

control. Precisely, in Europe, European Regulation (UE) 2019/627 classifies bivalve mollusc 

farming areas as zone A, B or C, according to the Escherichia coli concentration reached in the 

flesh and intra-valvular liquid of the molluscs. Specifically, bivalve molluscs harvested in zone 

A could be collected for direct human consumption only if they contain < 230 E. coli per 100 

g of pulp and intra-valvular liquid. Bivalve molluscs harvested in zone B must not exceed 4,600 

E. coli/100 g of flesh and intra-valvular liquid in 90% of samples. In addition, a depuration 

treatment of these animals is required before their sale as products for human consumption. 

Bivalve molluscs collected in zone C must not exceed 46,000 E. coli per 100 g of pulp and intra-

valvular liquid in 90% of samples. In this case, the animals require a relay in a zone A area for 

at least 2 months to achieve the microbiological requirements; this action ensures their 

suitability for human consumption. In addition, these molluscs can only be consumed as 

cooked seafood products.  

The Commission Regulation (EC) No 2073/2005 establishes the microbiological criteria that 

foodstuffs must meet during the official controls. Specifically for bivalve molluscs, this 

regulation provides the microbiological criteria concerning the concentrations of E. coli and 

Salmonella in shellfish tissues. Nevertheless, the evaluation of the E. coli concentration in 

edible tissues of bivalves does not provide a measure of human protection from vibriosis. In 

fact, there is a lack of correlation between the concentration of faecal indicators and Vibrio 

spp. inside edible tissues of bivalve molluscs (Oliveira et al., 2011). Consequently, the European 

legislation of microbiological criteria still lacks criteria regarding punctual monitoring of 

Vibrio contamination in shellfish products. Fortunately, in Italy there has been major concern 

given to Vibrio contamination. In 2016, the guidelines according to (EC) No 882/2004 and 

854/2004 also include details on the detection of V. cholerae O1, V. cholerae 0139, V. cholerae 

non-O1, V. cholerae non-O139 (potentially enteropathogenic) and V. parahaemolyticus in 

edible shellfish tissues. Although (EC) No 882/2004 and 854/2004 were repealed by (EC) No 
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2017/625, the guidelines are still valid in Italy according to the note of the Ministero della 

Salute DI.GI.SAN 0069887 of 18/12/2019. 

1.4 Vibrio  and Ocean warming  

Vibrios are temperature-dependent marine bacteria that grow preferentially in warm seawater 

and brackish waters with a temperature > 18°C, commonly achieved during the warmer 

seasons (Vezzulli et al., 2013). The heating of the sea surface temperature (SST), related to 

global warming, directly affects the spread and the distribution of Vibrio spp. around the 

world. Vezzulli et al. (2016) showed that the SST warming trend has acted as the main factor 

of the long-term increase in Vibrio concentrations over the past 54 years. Moreover, the direct 

link between the SST increase and the incidence in Vibrio-related diseases has become clearer 

(Vezzulli et al., 2019; Froelich et al., 2020). Researchers have noted that the arrival of warmer 

water in cold and temperate regions of the world has corresponded with outbreaks of V. 

alginolyticus, V. cholerae non O1/O139 and V. parahaemolyticus infections (Andersson et al., 

2006; Frank et al., 2006; Schets et al., 2006). Moreover, the heating of seawater has caused an 

increase in cholera cases in cholera-endemic areas such as the Bay of Bengal and sub-Saharan 

Africa (Pascual et al., 2000; Luque Fernández et al., 2009). In addition, during the warmer 

seasons the spread of V. cholerae is promoted by zooplankton blooms. Indeed, zooplankton 

populations represent an important environmental reservoir of V. cholerae: this species is 

associated with the exoskeleton of zooplankton and grows and multiplies over this chitin 

surfaces (Pruzzo et al., 2008; Martinelli Filho et al., 2020; Islam et al., 2020). Consequently, it 

appears clear that, as global warming continues, Vibrio infections in humans are likely to 

increase in frequency and intensity.  

Seawater heating is also threating the health of several marine animals. Species such as Vibrio 

shiloi and V. harveyi are promoting bleaching of the coral Oculina patagonica in the 

Mediterranean Sea and leading to mortality outbreaks of marine gastropods, respectively 

(Rosenberg et al., 2004; Fukui et al., 2010). Among summer mortalities of bivalves, species 

such as V. aestuarianus, V. harveyi, V. splendidus and V. tapetis represent the main causes of 

deadly infections (Paillard et al., 2004; Beaz-Hidalgo et al., 2010; Barbosa Solomieu et al., 2015). 

The higher seawater temperature not only influence the Vibrio species abundance but also 

their pathogenicity. Several studies have revealed that the increased temperature upregulates 

the virulence factors of species such as Vibrio corallyticus, V. vulnificus and V. 
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parahaemolyticus (Mahoney et al., 2009; Kimes et al., 2012; Oh et al., 2012). Moreover, in V. 

cholera strains, the higher temperature promotes the conversion of V. cholerae from non-O1 

to the human pathogenic O1 serogroup (Vezzulli et al., 2013)  

In addition to the rise in seawater temperature, global warming is increasing the incidence 

and strength of hurricanes and tropical storms around the world. The abundant rainfalls 

associated with these climatic events reduce the salinity of the seawater and thus promote the 

proliferation of non -cholerae vibrios, which have a minimal salinity requirement (Froelich et 

al., 2020). Moreover, Esteves et al. (2015) reported that the decrease in salinity caused by heavy 

rainfalls has corresponded to an increase in the concentration of V. cholerae, V. 

parahaemolyticus and V. vulnificus species in seawater samples collected in French 

Mediterranean coastal lagoons. Consequently, given the effect of the climate change on the 

distribution and pathogenicity of Vibrio species, it is more important than ever to use reliable 

methods to characterise these marine bacteria to prevent vibriosis, which could affect human 

and aquatic animals of commercial interest. 

1.5 Methodologies for the characterisation of the Vibrio  biodiversity  

Over the years, the characterisation of Vibrio  biodiversity has relied on culture-dependent 

and culture-independent methods (Figure 1). 

 

Figure 1. Overview of culture-dependent and culture-independent methods for the characterisation of Vibrio  

biodiversity.  
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The culture-dependent methods are based on the isolation of the fraction of bacteria for 

which the medium satisfies the metabolic and physiological requirements of the organisms. 

Among Vibrio biodiversity, the main target species of culture-dependent methods are 

pathogens of public health concern such as V. alginolyticus, V. cholerae, V. parahaemolyticus 

and V. vulnificus. To detect these species, selective media are used: thiosulfate-citrate-bile-

salts-sucrose agar (TCBS) and CHROMagar Vibrio (CV). In particular, the use of TCBS 

medium is recÏÍÍÅÎÄÅÄ ÂÙ ÔÈÅ ÓÔÁÎÄÁÒÄ ÐÒÏÃÅÄÕÒÅ ÏÆ ÔÈÅ &ÏÏÄ ÁÎÄ $ÒÕÇ !ÄÍÉÎÉÓÔÒÁÔÉÏÎȭÓ 

Bacteriological Analytical Manual (FDA-BAM, 2004) and ISO 21872-1:2017 for the isolation and 

characterisation of V. cholerae and V. parahaemolyticus. In this medium, sucrose-positive V. 

cholerae appear as yellow colonies, while sucrose-negative Vibrio species such as V. 

parahaemolyticus form green colonies. Unfortunately, the TCBS medium cannot discriminate 

between V. parahaemolyticus and V. vulnificus and between V. cholerae and V. alginolyticus. 

Nevertheless, the TCBS medium is useful for the recovery of several other Vibrio and non-

Vibrio species (Nigro et al., 2015). An easier discrimination of pathogenic Vibrio spp. is 

obtained by exploiting the chromogenic CV medium (Messelhäusser et al., 2010; Di Pinto et 

al., 2011; Lee et al., 2020). In CV medium, V. alginolyticus colonies are colourless, V. 

parahaemolyticus colonies are purple and V. vulnificus/V. cholerae colonies are green blue to 

turquoise blue (Kriem et al., 2015). Moreover, a combined use of CV and TCBS media is 

suggested to reduce the number of false positives for the detection of V. cholerae, V. 

parahaemolyticus and V. vulnificus (Nigro et al, 2015). Then, Marine Agar (MA), a generic 

medium for the isolation of several marine bacteria, is widely used to perform a first 

cultivation step, which provides the recovery of several Vibrio  spp., which are then 

investigated according to the focus of the study (Haldar et al., 2010; Preetha et al., 2010; Shiva 

Krishna et al., 2019). 

Once isolated, the colonies are characterised by choosing single pure isolates of particular  

interest, or by collecting the total bacterial communities grown on the plates. Single isolates 

are selected according to the dimension and colour assumed by the colonies on the medium 

used for their growth. After selection, the isolates are screened by using biochemical tests 

such as Gram staining, oxidase and motility. In particular, the standard protocol of the FDA-

BAM (2004) recommends the application of polymerase chain reaction (PCR) after 

biochemical identification because this approach provides more accurate characterisation of 

ÔÈÅ ÉÓÏÌÁÔÅȭÓ ÐÁÔÈÏÇÅÎÉÃÉÔÙ ɉ"ÏÎÎÉÎ-Jusserand et al., 2017). Researchers also use the practical 
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set of biochemical keys developed by Alsina and Blanch in the 1990s; they represent a useful 

method for rapid biochemical identification of a large number of environmental Vibrio  

isolates (Noguerola and Blanch, 2008). 

Moreover, a rapid preliminary identification of a large number of isolated colonies is achieved 

by performing DNA fingerprinting techniques such as amplified fragment length 

polymorphism (AFLP), randomly amplified DNA (RAPD) and restriction fragment length 

polymorphism (RFLP). AFLP and RAPD are mainly applied for gene profiling and genetic 

fingerprinting of the main human pathogenic species such as V. cholerae and V. 

parahaemolyticus (Mishra et al., 2012; Hu et al., 2020; Taneja et al., 2020). RFLP is used for 

rapid clustering and characterisation of the collected isolates (Maeda et al., 2003). In addition, 

to characterise several isolates collected from environmental and seafood samples, matrix-

assisted laser-desorption/ionisation time -of-flight mass spectrometry (MALDI-TOF MS) is 

used. This technique exploits the fingerprint spectra from bacterial cells to identify the Vibrio 

species and to distinguish them from closely related bacterial species such as Photobacterium 

spp. (Dieckmann et al., 2010; Cho et al., 2017).  

Among the culture-dependent methods, multilocus sequence analysis (MLSA) represents a 

multigene DNA barcoding method to characterise isolates. MLSA developed for housekeeping 

genes such as recA, pyrH, rpoA and atpA is used widely to identify several Vibrio species and 

to generate phylogenetic trees (Preheim et al., 2011; Rahman et al., 2014; Thompson et al., 

2005). A similar approach is multilocus sequence typing (MLST), a multigene DNA barcoding 

technique in which the variation in housekeeping genes as well as internal gene fragments is 

exploited to characterise strains (Glaeser and Kämpfer, 2015). In the Vibrio research field, this 

technique is mainly applied to investigate the main human pathogens such as V. 

parahaemolyticus and V. cholerae (Jiang et al., 2019; Kanampalliwar and Singh, 2020) 

The pathogenicity and identification of the isolates is achieved by PCR end-point analysis 

followed by Sanger sequencing. Specifically, PCR end-point analyses developed using 16S 

ribosomal RNA (rRNA) amplicons reveals whether the isolates belong to the Vibrio genus. 

Moreover, as reported in several studies, PCR end-point analysis can identify Vibrio species if 

developed using the housekeeping genes of the MLSA scheme (Thompson et al., 2004; 

Machado and Gram, 2015). In addition, when this approach is carried by using the toxin genes 

of the isolates, it can provide information about their pathogenicity (Shirai et al., 1992; 

Federici et al., 2018). Then, complete genome sequencing is performed for the isolates of 
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particular concern for human and aquatic farmed animal health, to obtain information 

concerning the taxonomy, pathogenicity, genetic and metabolic mechanisms of these strains 

(Gao et al., 2020; Zhang et al., 2020; Weng et al., 2021; Zheng et al., 2021). 

The cultivation step also provides the possibility to study the living fraction of a microbial 

community by collecting all the grown colonies from the surface of the plates. In this case, 

metabarcoding and metagenomic analyses provide a suitable approach to characterise viable 

microbial communities. In the literature, there is a lack of studies in which the total Vibrio  

community is recovered from the plates and then characterised down to the species level. The 

culture-dependent method is most frequently used to collect single isolates and to focus on 

the detection on the main Vibrio human pathogens or to identify the Vibrio species that affect 

ÆÁÒÍÅÄ ÆÉÓÈ ÁÎÄ ÂÉÖÁÌÖÅÓ ɉ*ÁËĤÉç et al., 2002; Abdelaziz et al., 2017; Bonnin-Jusserand et al., 

2017). 

In the literature, metabarcoding is a frequently used culture-independent method. With this 

technique, the microbial community is characterised based on the bacterial DNA directly 

extracted from the samples. Researchers have performed 16s rRNA metabarcoding using next-

generation sequencing (NGS) to profile Vibrio community down to the genus level (Rubiolo 

et al., 2018; Vezzulli et al., 2018; Lasa et al., 2019). Only a few studies have combined sequencing 

of 16s rRNA and the heat shock protein 60 (hsp60) housekeeping gene to characterise Vibrio 

species biodiversity in water and oyster samples (Jesser and Noble, 2018; King et al., 2019). 

Moreover, from the total amount of extracted DNA, multiplex real -time PCR targeted to the 

toxin genes can be performed for the simultaneous detection of the main human pathogens. 

This information could be useful to prevent the spread of human vibriosis through 

contaminated seafood (Garrido-Maestu et al., 2014). Other culture -independent methods 

include the DNA-probe assay, which is applied mainly to detect the primary Vibrio human 

pathogens (Teng et al., 2017; Ali et al., 2021). Denaturing gradient gel electrophoresis (DGGE) 

is useful for the detection and quantification of Vibrio populations in marine water samples 

(Eiler et al., 2006). 

One of the most recent culture-independent methods is shotgun metagenomics, which 

involves sequencing all DNA extracted from samples. Compared with metabarcoding, 

shotgun metagenomics reaches a higher resolution of taxonomic annotation thanks to the 

great amount of sequencing data obtained from the samples (Liu et al., 2021). For these 

reasons, this technique is used to obtain a detailed overview of the microbial biodiversity 
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associated with several substrates such as the human gut, soil and food (Rampelli et al., 2019; 

Abraham et al., 2020; McHugh et al., 2020). In the marine research field, shotgun 

metagenomics has been applied extensively to characterise microbial communities associated 

with deep-sea hydrothermal vent to communities as well as the gut of fish and shrimp (Tyagi 

et al., 2019; Tepaamorndech et al., 2020). However, there is still a lack of studies in which 

shotgun metagenomics has been applied to characterise Vibrio species present as part of the 

Manila clam (R. philippinarum) microbiota.  
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2. OBJECTIVES  

Vibrio spp. are distributed worldwide in marine and brackish ecosystems. Several species, 

including the human  pathogens V. alginolyticus, V. cholerae, V. parahaemolyticus and V. 

vulnificus, are frequently isolated from seafood products. To date, few studies have 

characterised the total Vibrio community composition down to the species level. This gap 

needs to be filled to obtain crucial information regarding the epidemiology, public health 

relevance and ecology of these marine bacteria associated with seafood products. 

To address this gap, the objective of the present PhD project was to characterize the Vibrio 

community composition associated to the bivalve Ruditapes philippinarum microbiota by 

reaching the species taxonomic level.  

In order to achieve this accurate Vibrio  biodiversity description, for the first time were 

developed and applied 1) a metabarcoding analysis carried out on two housekeeping genes: 

recA and pyrH and 2) a culture-dependent metagenomics analysis. 

Once developed, the sensitivity and specificity of the new metabarcoding approach were used 

to describe the Vibrio community changes in response to the depuration treatment to provide 

information about the risk of Vibrio  human pathogens contamination in R. philippinarum 

microbiota. Subsequently, the robustness of the recAɀpyrH metabarcoding was applied to 

evaluate the culture-dependent and culture-independent methods used to characterise the 

Vibrio species associated with the R. philippinarum microbiota. In addition, in this part the 

culture-dependent metagenomics approach was developed and the results was compared to 

the recAɀpyrH metabarcoding. These two applications of the new metabarcoding approach 

and the comparison with culture-dependent metagenomics are described in the Chapter 1 and 

2 of the present thesis, respectively. Then as reported in the Chapter 3, a broad range 

application of the recAɀpyrH metabarcoding was carried out to characterise the Vibrio  

community composition and to detect the main Vibrio human pathogens of all the clam 

samples collected during a specific campaign along the three years of the PhD project. In 

particular, the effects of three fixed factors were evaluated, namely the depuration effect, the 

ÃÌÁÍÓȭ ÏÒÉÇÉÎ ÓÉÔÅ ÁÎÄ ÔÈÅ ÓÅÁÓÏÎ ÏÆ ÃÏÌÌÅÃÔÉÏÎȟ ÏÎ ÔÈÅ Vibrio community composition and on 

the detection of Vibrio human pathogens (Figure 2).
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Figure 2.  Workflow of the PhD thesis. 
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Chapter 1. The Specificity and Sensitivity of the recA-pyr H metabarcoding: 

Development and on field application  

 

In the present PhD project, the goal to characterize the Vibrio community composition 

associated with the R. philippinarum microbiota was reached by the development and 

application of a new metabarcoding approach based on the recA and pyrH housekeeping 

genes. These genes belong to the panel of molecular markers commonly used in MLSA for the 

identification of Vibrionaceae species (Thompson et al., 2004; Machado and Gram, 2015). 

Specifically, Rahman et al. (2014) showed that MLSA based on gyrB, pyrH, recA and atpA 

molecular markers was useful for the characterisation of several Vibrionaceae isolates 

collected from shellfish harvested in the Venetian Lagoon 

(https://pubmlst.org/organisms/vibrio -spp). Given these results, two of the four genes of that 

MLSA scheme were adapted to NGS to characterise the Vibrio community composition. In 

particular, among the four available molecular markers of that MLSA scheme, recA and pyrH 

genes were the most informative in te rms of the level of variability to classify Vibrio to the 

species level (Rahman et al., 2014). In addition, with respect to the single-marker 

metabarcoding approach proposed by Jesser and Noble (2018) and King et al. (2019), the 

metabarcoding technique developed in this PhD project exploited the genetic information of 

two phylogenetic markers to obtain more accurate resolution of Vibrio species identification, 

which present high genome plasticity.  

Once chosen the metabarcoding molecular markers, the first on field application verified its 

sensitivity and specificity on Vibrio species detection and community characterization. More 

specifically, the preparation of a mock community, by mixing nineteen Vibrio species and one 

Vibrionaceae, and its sequencing on a technical replicate tested the sensitivity and specificity 

of recA-pyrH metabarcoding approach on the characterization of the Vibrio community 

biodiversity. Moreover, the qualitative application of the new metabarcoding achieved a 

reliable sensitivity taxonomic attribution for a minimum of 10 reads. In addition, the 

specificity of recA-pyrH metabarcoding resulted in the successfully identification of 12 out of 

19 Vibrio species forming the mock community. Among these 12 Vibrio species were correctly 

identified the main Vibrio human pathogens such as V. alginolyticus, V. cholerae, V. 

parahaemolyticus and V. vulnificus. In addition, the specificity on Vibrio human pathogens 

https://pubmlst.org/organisms/vibrio-spp
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characterization was achieved within the V. cholerae and V. parahaemolyticus species. The 

new metabarcoding in fact correctly discriminated the four V. cholerae and two V. 

parahaemolyticus strains present in the mock community. These results highlighted the value 

of recA-pyrH metabarcoding on the detection and identification of the main human Vibrio 

species, which could contaminate shellfish product and consequently affect the human 

health. Going on with the usefulness of the new metabarcoding approach, other important 

results were achieved by its on-field application.  

More specifically, the on field application consisted in a depuration trial, in which the new 

metabarcoding approach was used to describe the Vibrio biodiversity changes in Manila clam 

microbiota in response to the depuration treatment. During the depuration trial, carried out 

in May 2019, were obtained 50 homogenate clam samples. Among these homogenates, 10 

belong to non-depurated clams and 40 to the depurated ones. In addition, during the 

depuration trial were collected 4 water samples, one from each of the depuration facilities 

selected for the study. In this study, the marine bacteria and the Vibrio concentration were 

quantified through the microbiological counts performed on the Marine agar (MA) and 

Thiosulfate-citrate-bile salts sucrose agar (TCBS) media, respectively. Then, the Vibrio species 

community composition associated to the Manila clam homogenates was characterized by 

using the recA-pyrH metabarcoding, in order to implement the knowledge about the risk of 

Vibrio human pathogens contamination during the shellfish depuration process. The recA-

pyrH metabarcoding application on this study highlighted a persistence of the Vibrio  species 

to the depuration treatment and the presence at low concentration of the Vibrio human 

pathogens into the depurated clams. In particular, the new metabarcoding resulted with 

higher sensitivity than qPCR. Moreover, the new metabarcoding offered new knowledge 

about the modification of Vibrio  community composition based on the type of depuration 

plant. In each depuration plant, in fact, occurred a Vibrio  species community variation 

according to the different depuration process. In particular, the V. cholerae was detected in 

all of the four depuration plants investigated in the study. Moreover, in one of the four 

depuration plants were found all the main human Vibrio pathogenic species such as V. 

alginolyticus, V. cholerae, V parahaemolyticus and V. vulnificus. To conclude the on field 

application of recA-pyrH in the depuration trial highlighted the importance to evaluate the 

Vibrio community composition specific to each plant during the risk assessment to guarantee 

a food safe shellfish-product for the consumer. The complete methodology, scientific results 
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and discussion, which describe the on-field application of recA-pyrH metabarcoding, are 

provided by the original full -text publication, which is attached below. :  

 

- Zampieri, A .; Carraro, L.; Cardazzo, B.; Milan, M.; Babbucci, M.; Smits, M.; Boffo, L.; 

Fasolato, L. Depuration processes affect the Vibrio community in the microbiota of the 

Manila clam, Ruditapes philippinarum. Environ Microbiol. 2020; 22(10): 4456ɀ4472. 

doi.org/10.1111/1462-2920.15196.  

Supporting Information available online at:  

https://sfamjournals.onlinelibrary.wiley.com/doi/10.1111/1462-2920.15196 
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Chapter 2. Robustness and Performance of the recA-pyr H metabarcoding and 

development of cultur e-dependent  metagenomics: Comparison of the met hods 

 

Once evaluated the sensitivity and specificity of the recA-pyrH metabarcoding approach and 

its usefulness on the characterization of the Vibrio species associated to the shellfish product, 

the new metabarcoding was used to perform a methodological application. Specifically, the 

methodological application consisted in a study in which the robustness of the new 

metabarcoding was used to compare the Vibrio microbial communities composition 

characterized by the cultural-independent and ɀdependent methods. Specifically, the recA-

pyrH metabarcoding was applied to analyse and compare the Vibrio community composition 

of total bacterial communities grown on t he plate with the first serial dilution of each 

medium, 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 such as Marine agar (MA), 

Thiosulfate-citrate-bile salts sucrose agar (TCBS) and CHROMagar Vibrio media (CV) to 

define marine bacteria, vibrios and potential human pathogenic Vibrio species such as V. 

alginolyticus, V. cholerae, V. parahaemolyticus and V. vulnificus, respectively. 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 total bacterial 

communities grown and collected on MA and TCBS plates from 16 samples was investigated 

using shotgun metagenomics. This methodological application of the new metabarcoding 

implemented the knowledge of the Manila clam Vibrio community composition and 

highlighted the usefulness of the combined use of culture dependent and -independent 

method to achieve a more complete Vibrio biodiversity description in order to prevent human 

vibriosis related to the contaminated seafood products. Specifically, the culture-dependent 

method coupled with the culture -independent ones resulted a valid tool to detect the main 

Vibrio human pathogenic species such as V. alginolyticus, V. cholerae, V. parahaemolyticus 

and V. vulnificus. In particular, the study reassessed the MA medium as a suitable cultural 

substrate for the recovery of several Vibrio  species, the Vibrio pathogenic ones included.  

Moreover, in this study a new way to exploit the shotgun metagenomics to investigate on the 

Vibrio biodiversity associated to the Manila clam microbiota was developed. In particular , the 



 

42 
 

performance of the culture-dependent shotgun metagenomics on the Vibrio  community 

characterization was compared to one achieved by the culture-dependent recA-pyrH 

metabarcoding. Results obtained showed that the cultural-dependent shotgun metagenomics 

applied in only a subset of plated clam samples detected in all of these samples the presence 

of Vibrio species such as V. alginolyticus, V. cholerae, V. parahaemolyticus and V. vulnificus. 

This result demonstrated the expected higher sensitivity of the shotgun metagenomics 

respect to the recA-pyrH metabarcoding on the detection of these species and provided 

important information about the potential risk of human Vibriosis related to contaminated 

shellfish product. The application of shotgun metagenomics on plated clam samples, in fact, 

offered the advantage to detect the Vibrio human pathogens in alive and consequently 

potentially virulent state. Despite the higher sensitivity of the shotgun metagenomics respect 

to the new metabarcoding approach, its application on culturable-independent samples is still 

an open challenge. The host DNA in fact tends to overwhelm bacterial DNA on shotgun 

metagenomics sequencing results. On the contrary, the new metabarcoding developed in this 

PhD study, successfully characterized the Vibrios biodiversity on both culture-dependent and 

-independent clam samples. This result highlighted the robustness of recA-pyrH 

metabarcoding approach and its suitability to characterize Vibrio  microbial community 

studied by using culture-dependent and ɀindependent approaches.  

Then, results obtained from the methodological application of recA-pyrH metabarcoding 

suggested that the combined use of cultural-independent metabarcoding with culture -

dependent shotgun metagenomics could represent valid and reliable tool to monitor the 

occurrence of Vibrio human pathogens associated to several seafood products such as fish, 

crustaceans and clams.  

To conclude, the methodological application of the recA-pyrH metabarcoding and culture-

dependent metagenomics developed in this PhD study led to the publication of a scientific 

paper, which original full text is  attached below: 

- Zampieri, A. , Babbucci, M.; Carraro, L.; Milan, L.; Fasolato Cardazzo, B.; Combining 

Culture-Dependent and Culture-Independent Methods: New Methodology Insight on 

the Vibrio Community of Ruditapes philippinarum. Foods. 2021; 10(6): 1271. 

doi.org/10.3390/foods10061271 

Supporting Information available online at:  

https://www.mdpi.com/2304 -8158/10/6/1271 
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