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A B S T R A C T   

Vibrio vulnificus, Vibrio parahaemolyticus and Vibrio harveyi are the causative agents of the most severe diseases of 
marine and brackish aquaculture systems. These are also associated with serious ailments in humans. The present 
paper unravels the virulence features/genes and antimicrobial resistance (AMR) phenotypes/genes of these 
Vibrio spp. isolated from natural disease outbreaks of marine/estuarine fishes of India for the first time. Results 
on virulence features showed that V. vulnificus infected fish can pose public health risk. While, it has been found 
clinically that V. parahaemolyticus without tdh and trh genes are pathogenic to fish, even though they are reported 
to be, not associated with human diseases. It was significant to note that virulence features of V. harveyi were 
induced at increased salinity. Analysis based on the percentage prevalence of susceptible isolates and variation 
coefficient of zone diameters categorized 17 antibiotics in terms of their efficiency against each fish pathogenic 
species. Multiple antibiotic resistance index (MARi) of the isolates ranged between 0.058 and 0.47. Results on 
MARi and percentage of multidrug resistance strains indicated that >50% of the isolates were from low antibiotic 
usage area. The study generated tetH sequence from V. parahaemolyticus for the first time, and the sequence 
revealed high identity to that of clinical strains. Presence of tetB/ tetH gene was identified as the predictor for the 
resistance against the first generation tetracycline, the most commonly used antibiotic against Vibrio spp. in 
aquaculture practices. The data on associations between AMR features predicted certain cross-resistance between 
antimicrobials within Vibrio spp. Altogether, the paper serves as the baseline for epizootic tracking of public 
health significant vibrios from diseased fishes, to devise practical guidelines for antibiotic use and to formulate 
efficient control measures against three Vibrio spp. in aquaculture, targeting final applications in the imple
mentation of national green and healthy aquaculture practices.   

1. Introduction 

Global downswing of ocean fishery stocks has paved the way for 
rapid flourishing in aquaculture practices of different fish and shellfish 
species (Naylor et al., 2000). Aquaculture is currently recognised as the 
fastest growing food producing sector globally, and sustainable devel
opment of aquaculture practices is very crucial to assure food ssecurity 
and strengthen the global economy (Olsen and Hasan, 2012). On the 
other hand, excessive industrialized practices and over-intensive 
exploitation for boosting the production, has led to the emergence of 
serious bacterial disease outbreaks in aquaculture (Deng et al., 2020). 

Vibriosis is the most prevalent one among different bacterial diseases, 
and affects a wide range of marine and estuarine fish species (Chatterjee 
and Haldar, 2012). Among the various Vibrio spp., V. vulnificus, 
V. parahaemolyticus and V. harveyi represent the most frequent fish 
pathogens causing substantial economic losses to marine or estuarine 
aquaculture practices (Ruwandeepika et al., 2010; Deng et al., 2020). 
Apart from aquaculture perspectives, these bacteria have emerged as a 
causative agent of many foodborne, waterborne and zoonotic diseases in 
humans (Sapkota et al., 2008). 

Pathogenicity of vibrios is facilitated by a broad range of virulence 
factors and genes, which allow them to infect and damage diverse host 
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species and finally exit from the infected host (Schroeder et al., 2017). 
Analysis of major virulence factors/ genes can provide many meaningful 
insights on pathogenesis and zoonotic potentials of vibrios; which can 
facilitate the establishment of efficient and enhanced prophylactic 
measures (Deng et al., 2020). Analysis of antimicrobial resistance (AMR) 
of pathogens within a specific area is another crucial arena to be 
investigated for the formulation of effective disease control programs 
and local antibiotic reduction policies (Deng et al., 2020). Conversely, in 
developing countries where most of aquaculture is practised, antimi
crobial agents are inexpensive, widely available for broad application 
and regulatory limits for antimicrobial agents are not well defined or 
closely monitored (Miller and Harbottle, 2018). Higher incidences of 
diseases in aquaculture practices of these countries has therefore, led to 
the greater reliance on antibiotics and other antimicrobial supplements, 
has alleviated the emergence of AMR vibrios (Watts et al., 2017). It has 
been now recommended that assessment of AMR and identification of 
association between different AMR characteristics, can prevent the 
further selection of resistance, configuring critical tool in devising effi
cient control guidelines (Deng et al., 2020). Despite the alarming rise in 
reports on prevalence of vibrios from sea food samples and, vibriosis 
outbreaks from both aquaculture practices and from human health 
sector, little information is available on the virulence and AMR char
acteristics of vibrios in diseased fishes of India (Parthasarathy et al., 
2016; Narayanan et al., 2020). Further, certain ARGs (AMR encoding 
genes) and virulence genes in vibrios are proven to be horizontally 
transferred to other human pathogens (Neela et al., 2009). Therefore, 

characterization of public health significant fish pathogens in both 
virulence and AMR perspectives is indispensable for an effective 
epizootic tracking, and are considered as globally relevant topics of 
research (Watts et al., 2017). 

Keeping in view of these facts, the present study was conducted to 
analyse the virulence features and AMR characteristics of three fish 
pathogenic Vibrio spp. viz., V. vulnificus, V. parahaemolyticus and 
V. harveyi recovered from natural disease outbreaks of different marine/ 
estuarine aquaculture fishes. The results on AMR were scrutinized sys
tematically, to classify the recommended antibiotics against non-cholera 
vibrios based on the activity. Further, associations of AMR phenotypes in 
between, and with the detected ARGs were analysed to identify the 
predictor AMR genes, as well as the cross resistance between antimi
crobials of fish pathogens. The findings serve as the baseline data for 
epizootic tracking and to devise efficient control measures against these 
three Vibrio spp., in marine/estuarine aquaculture systems, targeting its 
final applications in ecosystem, aquatic animal and public health per
spectives. Further, the results will provide essential guidelines for the 
local antibiotic use in culture practices, enabling the implementation of 
national green and healthy aquaculture. 

2. Materials and methods 

2.1. Bacteria 

Bacterial isolates belonging to three different Vibrio spp. namely, 

Table 1 
Isolation details of bacterial isolates used in the study.  

No. Species Isolate ID Year of 
isolation 

Host Culture 
system for 
host 

Tissue of 
isolation 

Hydrographic parameters 
of water during the 
outbreak 

Diagnosis made Media used for 
isolation* 

1 V. vulnificus CMFRI/ 
VV-05 

2017 Trachinotus 
blochii 

Tank Blood T: 25 ◦C, S: 5 ppt, pH: 6.8 Mixed infection 
(VV, PD & SP) 

BHIA 

2 CMFRI/ 
VV-04 

2018 Mugil cephalus Wild Liver T: 25 ◦C, S: <2 ppt, pH: 7.0 EUS ZMA 

3 CMFRI/ 
VV-08 

2018 Lates calcarifer Cage Kidney T: 28 ◦C, S: 2 ppt, pH: 6.8 Mixed infection 
(VV & PD) 

ZMA 

4 CMFRI/ 
VV-09 

2018 E. surratensis Cage Liver T: 33 ◦C, S: 20 ppt, pH: 7.8 Mixed infection 
(VV& SA) 

TCBSA 

5 CMFRI/ 
VV-10 

2018 Oreochromis 
niloticus 

Cage Blood T: 31 ◦C, S: 12 ppt, pH: 7.1 Mixed infection 
(VV&VP) 

TCBSA 

6 CMFRI/ 
VV-06 

2019 Ectroplus 
surratensis 

Tank Blood T: 31 ◦C, S: 22 ppt, pH: 7.1 Mixed infection 
(VV & SP) 

TCBSA 

7 V. parahaemolyticus CMFRI/ 
VP-11 

2017 L. calcarifer Cage Liver T: 28 ◦C, S: <2 ppt, pH: 7.0 Mixed infection 
(VP & SP) 

ZMA 

8 CMFRI/ 
VP-10 

2017 L. calcarifer Cage Kidney T: 28 ◦C, S: <2 ppt, pH: 7.0 Mixed infection 
(VP, SP and PD) 

BHIA 

9 CMFRI/ 
VP-14 

2017 L. calcarifer Cage Liver T: 28 ◦C, S: <2 ppt, pH: 7.0 Mixed infection 
(VP & PD) 

TCBSA 

10 CMFRI/ 
VP-08 

2018 O. niloticus Cage Liver T: 31 ◦C, S: 12 ppt, pH: 7.1 Mixed infection 
(VV&VP) 

TCBSA 

11 CMFRI/ 
VP-07 

2018 M. cephalus Wild Liver T: 25 ◦C, S: <2 ppt, pH: 7.0 EUS ZMA 

12 CMFRI/ 
VP-15 

2018 Amphitrion 
percula 

Tank Kidney T: 28 ◦C, S: 25 ppt, pH: 7.0 Mixed infection 
(VP and VH) 

TCBSA 

13 V. harveyi CMFRI/ 
VHa-03 

2017 T. blochii Tank Skin Lesion T: 30 ◦C, S: 18 ppt, pH: 7.4 Infection by VH TCBSA 

14 CMFRI/ 
VHa-06 

2017 L. calcarifer Cage Liver T: 32 ◦C, S: 20 ppt, pH: 7.4 Mixed infection 
(VH, VV & PD) 

TCBSA 

15 CMFRI/ 
VHa-07 

2017 Amphitrion 
percula 

Tank Spleen T: 28 ◦C, S: 25 ppt, pH: 7.0 Mixed infection 
(VH & PP) 

BHIA 

16 CMFRI/ 
VHa-08 

2019 Abudefduf 
vaigiensis 

Tank Blood T: 26 ◦C, S: 35 ppt, pH: 7.1 Infection by VH ZMA 

17 CMFRI/ 
VHa-09 

2019 A. vaigiensis Tank Kidney T: 26 ◦C, S: 35 ppt, pH: 7.1 Infection by VH ZMA 

18 CMFRI/ 
VHa-10 

2017 Amphitrion 
percula 

Tank Blood T: 28 ◦C, S: 25 ppt, pH: 7.0 Mixed infection 
(VH & VC) 

BHIA 

Abbreviations: VP: V. parahemolyticus; VV: V. vulnificus; TCBSA: Thiosulfate-citrate-bile salts-sucrose agar; EUS: Epizootic ulcerative syndrome; ZMA: Zobell Marine 
Agar; PD: Photobacterium damselae; SP: Shewanella putrefaciens BHIA: Brain Heart Infusion Agar; SA: Streptococcus agalactiae: AV: Aeromonas veronii; VM: Vibrio mimicus; 
VH: V. harveyi; PP: Psuedoalteromonas piscicida: VC: V. corallyticus; T: Temperature; S: Salinity; ppt: parts per thousand. 

* Inoculated media were incubated at 30ْC for 24 h for isolation. 
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V. parahaemolyticus, V. harveyi and V. vulnificus, which were systemati
cally collected from various organs of live diseased fishes that have been 
submitted to Fish Health Section, Marine Biotechnology Division, ICAR- 
CMFRI (Indian Council of Agriculture Research-Central Marine Fisheries 
Research Institute), Kochi, Kerala, India for disease diagnosis during 
2017–2019, were used in the present study. Isolation details of these 
bacteria were included in Table 1. Identification of these isolates was 
done on the basis of a battery of conventional microbiological tests 
(Noguerola and Blanch, 2008; Bergey et al., 2012) and 16SrRNA gene 
sequencing (Weisburg et al., 1991). Further, confirmation of the iden
tification was done using species specific PCR (Table S1). All the isolates 
were preserved in Zobell Marine Broth (HiMedia) containing 20% 
glycerol at − 80 ◦C. 

2.2. Molecular characterization by 16SrRNA gene sequencing 

16SrRNA gene sequences of the isolates were submitted to NCBI- 
GenBank database with specific accession numbers (Fig. 1a). The 
overlapping 820 bp sized sequence of each strain obtained from 
sequencing reactions using forward and backward primers, was then 
aligned using CLUSTAL-W (MEGA version 10 software) and the aligned 
data set was used for phylogenetic analysis by neighbor joining method 
(MEGA version 10) using Kimura 2-parameter model (Kumar et al., 
2016). The corresponding sequence of Streptococcus agalactiae was used 
as out-group for rooting the tree. Confidence in the tree was estimated 
by 1000 bootstrap replicates. 

2.3. Analysis of virulent features among the isolates 

Phenotypic features associated with virulence of V. parahaemolyticus, 
V. harveyi and V. vulnificus namely, protease, siderophore, haemolysis 
and urease was checked in all isolates. Proteolytic activity was detected 
by spotting bacteria on nutrient agar containing 2% final concentration 
of skim milk. After incubation at 28 ◦C for 24–48 h, formation of a clear 
halo around the culture spot was checked (Moreno and Landgraf, 1998). 
Urease and hemolysis were detected by inoculating in Christensen’s urea 
agar and, nutrient agar enriched with 5% fish blood respectively. Bac
terial strains were checked for siderophore producing ability by uni
versal CAS assay as per the recommended protocol (Arora and Verma, 
2017). For the isolates which were negative for any of these four viru
lence features, induction of these activity at higher salinity was checked 
by conducting similar assays in respective media supplemented with a 

final concentration of 2.5% sodium chloride. 
Further, genetic determinants of virulence reported in these three 

Vibrio spp. was checked in all the isolates through gene targeted PCR 
approach. The screened virulence genes included three genes of 
V. parahaemolyticus namely, tdh (encoding thermostable direct hemo
lysin, TDH), trh (encoding TDH-related hemolysin, TRH) (Honda and 
Iida, 1993; Mala et al., 2016) and toxR (involved in regulation of many 
virulent genes) (Lin et al., 1993), two virulent genes of V. harveyi viz., 
chiA (encoding chitinase) and vhpA (encoding metalloprotease) 
(Ruwandeepika et al., 2010), as well as one gene of V. vulnificus (variable 
region within pilF gene associated with potential human pathogenicity) 
(Roig et al., 2010). For this, genomic DNA was extracted from each 
isolate by CTAB method (Wilson, 1987) and PCR was done as per the 
recommended protocol for each sets of primers (Table S1). PCR condi
tions included initial denaturation (95 ◦C for 5 min), followed by 35 
cycles of denaturation (95 ◦C for 1 min), annealing (Table S1) and 
extension (72 ◦C for 1.30 min), and final extension at 72 ◦C for 10 min. 
The specific amplifications were verified on 1.5% agarose gel and 
through sequencing of the representative amplicon. Furthermore, vvhA 
PCR product obtained during molecular confirmation of V. vulnificus 
strains using species specific primers (Kaysner and DePaola, 2004) was 
sequenced (Agrigenome, India) to identify the genetic group associated 
with diseased fish. For this, the overlapping 455 bp fragment from 
sequencing reactions using forward and reverse primers, was aligned 
against other V. vulnificus strains using CLUSTAL-W. vvhA sequence of 
V. vulnificus L-180 strain originally isolated from human blood and, CDC 
B3547 strain originally isolated from human leg ulcer was included in 
the analysis for representing genetic group I and group II, respectively 
(Senoh et al., 2005). Aligned data set was used to perform the phylo
genetic analysis by neighbor-joining method (MEGA version 10 soft
ware) using Kimura 2-parameter model (Kumar et al., 2016). 
Confidence in the tree was estimated by 1000 bootstrap replicates. 

2.4. Antibiotic susceptibility test (ABST) 

Susceptibility of the isolates to 17 antibiotics of 7 different classes 
(Table S2) was analysed using disc diffusion method (Bauer et al., 1966) 
as recommended by Clinical and Laboratory Standard Institute (CLSI) 
guideline VET03-A for susceptibility testing of non-fastidious organisms 
(CLSI, 2006; Baron et al., 2020). Escherichia coli ATCC 25922 strain was 
run in parallel as a reference quality control strain for ABST. Panel of 
antibiotics were selected according to the guidelines of National 

Fig. 1. Comparative phylogenetic analysis of bacterial isolates in the present study. a: Comparative phylogenetic analysis based on 16S rRNA gene sequence. 
Names of each bacteria, strain ID and corresponding GenBank accession numbers are given. Reference sequences of each species are indicated by purple colored bold 
letters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
b: Comparative phylogenetic analysis of V. vulnificus strains using vvhA sequence. 
Names of each bacteria, strain ID and corresponding GenBank accession numbers are given. Reference V. vulnificus strains of both groups are represented by red 
colored bold letters. Strains of the present study are represented by blue colored bold letters. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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Antimicrobial Resistance Monitoring System (NARMS (National Anti
microbial Resistance Monitoring System), 2019) and CLSI (CLSI, 2017) 
for Vibrio spp. All the antibiotic discs were purchased from HiMedia Pvt. 
Ltd., Mumbai, India. 

2.5. Detection of antimicrobial resistance (AMR) genes among fish 
pathogens 

Major AMR genes encoding resistance against 4 major classes of 
antibiotics, viz., β-lactams (blaSHV and blaTEM), quinolones (qnrA, qnrB 
and qnrS), aminoglycosides (aphA3) and tetracycline (tetM, tetS, tetAC, 
tetBD, tetEHJ and tetGY) were detected by PCR using the primers and 
protocols described in Table S1. In short, a total of 17 genes were 
screened in the present study using genomic DNA isolated from each 
strain. Briefly, the PCR conditions included initial denaturation (95 ◦C 
for 5 min) followed by 30 cycles of denaturation (95 ◦C for 1 min), 
annealing (Table S1) as well as extension (72 ◦C for 1 min) and final 
extension at 72 ◦C for 10 min. The specific amplifications were verified 
by 1.5% agarose gel electrophoresis and through sequencing of the 
amplicon. After sequencing, the obtained sequences were compared 
using nucleotide BLAST tool of NCBI to find out the closest GenBank 
relatives. Further, each obtained sequence was screened through 
comprehensive antibiotic resistance database (CARD) using default 
settings (Jia et al., 2016) to verify further on AMR gene family and 
resistance mechanism encoded by the sequence. Sequences corre
sponding to AR genes obtained were submitted to GenBank database, 
NCBI. 

2.6. Data analysis 

Descriptive statistics of inhibition zone diameters in each of the three 
targeted Vibrio spp. against tested antibiotics was calculated to sum
marize the data set. Inter-strain variability at each species level and 
genus level against the tested antibiotics was calculated in terms of 
variation coefficient % (VC %) (Lakhssassi et al., 2005). Normality of the 
dataset was then tested using Shapiro–Wilk test. Kruskal-Wallis H test 
was used to compare the zone diameters between the three Vibrio spp. 
and between different years of isolation. World health organization 
(WHO) established criteria for the interpretation of antibiotic zone 
diameter for V. parahaemolyticus V. harveyi and V. vulnificus was then 
applied in the ABST results using WHONET software version 5.6 for 
judging of the strains either as resistant (R), susceptible (S) or inter
mediately susceptible (I). Percentage of isolates in each category was 
calculated for each isolation year, for the genus Vibrio and for each of the 
targeted three Vibrio spp. Activity scoring of each antibiotic at the spe
cies and at the genus level was done considering both % of susceptible 
isolates (S%) and VC%, in which score 4, 3, 2, 1 and 0 were assigned for 
S%: 100; CV% < 25, S%: 75–100; CV%: 25–50, S% and CV%: 50–75, S%: 
25–50; CV%: 75–100 and S%: < 25%; CV% ≥ 100 respectively 
(Lakhssassi et al., 2005). Activity score obtained for both S% and CV% 
were added to get the final activity score for each antibiotic. Antibiotics 
were then grouped into four categories namely, very active (8), fairly 
active (≥ 5 to <8), poorly active (≥ 1 to <5) and inactive (0) respec
tively based on the final activity score. 

For the purpose of further analyses, isolates having intermediate 
susceptibility were considered as susceptible (Rosengren et al., 2009a). 
Multiple antibiotic resistance (MAR) index was calculated for each 
isolate using the formula; MAR index = A/B, where ‘A’ represents the 
number of antibiotics against which the isolate showed resistance and 
‘B’ represents the total number of antibiotics against which the isolate 
was tested (Krumperman, 1983). After testing for normality of the data 
set on MAR index using Shapiro test, one way analysis of variance 
(ANOVA) followed by post-hoc Tukey test was applied to compare the 
MAR index between the three Vibrio spp. Percentage of multidrug 
resistant (MDR) strains in each species were also calculated, in which 
isolates resistant to at least one agent in three or more antimicrobial 

classes (Magiorakos et al., 2012) was categorized as MDR. Subsequently, 
results on AMR profiles were scored manually for the presence (1) or 
absence (0) of resistance to create a binary matrix. The data was then 
analysed for statistical associations between AMR profiles against 
different antibiotics and host bacterial species using Fisher’s exact test. 
Subsequently, associations between AMR profiles (not having significant 
association with species) was calculated using Chi-square tests at the 
genus level and statistically significant associations were shown as 
Cramer’s value to represent the strength of association (Nasaj et al., 
2020). Interpretation of Cramer’s value was done in which associations 
were categorized as no (≥ 0), weak (0 to <0.1), low (≥ 0.1 to <0.3), 
moderate (≥ 0.3 to <0.5) and strong (≥ 0.5) (Crewson, 2006). Further, 
associations of the phenotypic AMR profiles and to the isolation source 
(tank/cage/wild) and to the detected AMR genes was calculated in the 
similar manner. All the statistical tests were conducted using either 
SPSS, version 16.0, for Windows (SPSS, Chicago, IL) or using R software 
(Version 3.6.0). In all the tests, value of p < 0.05 was set to represent 
significant difference. 

3. Results 

3.1. Characterization of the isolates at species level 

Identification based on a series of conventional microbiological tests 
and 16SrRNA gene sequencing designated the bacterial isolates into 
three Vibrio spp., namely, V. parahaemolyticus, V. harveyi and 
V. vulnificus. Major findings during identification of the bacterial isolates 
are briefly outlined in Table S3. All V. parahaemolyticus, V. harveyi and 
V. vulnificus isolates produced 271 bp, 121 bp and 501 bp sized amplicon 
with corresponding species specific primers, confirming the species 
identification. Further, there was no cross species amplification, 
showing the specificity of the used primers. Comparative phylogenetic 
tree analysis of the isolates based on 16SrRNA sequence is depicted in 
Fig. 1a. Overall, isolates of the same species were closely clustered in the 
phylogenetic tree. Further, isolates belonging to V. parahaemolyticus and 
V. harveyi were branched together within a single clade, indicating 
limited genetic diversity between these two species. While V. vulnificus 
formed a distinct separate clade, illustrating evolutionary divergence 
from the other two Vibrio spp. 

3.2. Incidence of virulent features among the isolates 

Major findings on the incidences of virulent features among the 
tested isolates are represented in Fig. 2a. Of the total isolates screened 
for phenotypic virulence features, 66.67%, 77.78%, 16.67% and 66.67% 
were positive for protease, siderophore, urease and haemolysis respec
tively. It was found that all the isolates belonging to V. parahaemolyticus 
and V. vulnificus were positive for protease, siderophore and haemolysis 
(Fig. 2b). Another interesting observation was that, there was expression 
of protease activity for V. harveyi in presence of increased salinity in the 
media. Similarly, urease production of all the species was induced in 
presence of increased salinity (Fig. 3). However, percentage of isolates 
exhibiting haemolysis and siderophore production were not altered in 
increased salinity. 

Incidences of all the virulent genes tested were confined to the same 
species, except chiA gene of V. harveyi. Representative sequences of the 
amplified virulent genes were submitted in GenBank, NCBI (Table 2). 
Although PCR using chiA of V. harveyi primer was found to be present in 
V. parahaemolyticus, there was only 86% similarity between the two 
sequences within 96% query cover. Among the virulence genes of 
V. parahaemolyticus tested, toxR gene, which is involved in the regula
tion of many other virulent genes, was found to be ubiquitous among 
V. parahaemolyticus isolates. However, there was no incidence of the 
classical virulence genes from human pathogenic V. parahaemolyticus 
namely tdh and trh. Among the two virulence genes of V. harveyi 
screened, only chiA were present which was ubiquitous in all the 
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isolates. More importantly, there was 66.67% of incidence of classical 
virulence region (within pilF gene) associated with potential human 
pathogenicity among V. vulnificus isolates. Comparative phylogenetic 

tree analysis based on vvhA gene sequence of V. vulnificus (Fig. 1b) 
showed that all the isolates of the present study were clustered along 
with group I. There were clearly two groups within the species based on 

Fig. 2. Incidence of virulent features among the isolates of the present study. 
a: Strain-wise incidences of virulent features. 
b: Species-wise incidences of virulent features. 

Fig. 3. Incidence of virulent features in presence of increased salinity. 
a: Incidence among V. harveyi. 
b: Incidence among V. parahaemolyticus. 
c: Incidence of virulent features among V. vulnificus. 
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vvhA gene sequence, since branching of these groups was exceptionally 
strong, as indicated by the high bootstrap value of 100%. 

3.3. ABST results 

Summary statistics of zone diameters in each species against the 
tested antibiotics is shown in Fig. 4. When VC% indicating inter-strain 
variation was calculated (Fig. 5a), none of the values were > 100% 
indicating none of the antibiotic had very high variable activity against 
the studied bacteria both at the genus and at species level. Among the 
tested antibiotics, higher variability (> 25%) was observed against five 
antibiotics namely, ampicillin (AMP), amoxicillin-clavulanic acid 
(AMC), tetracycline (TE), oxytetracycline (OTC) and cotrimoxazole 
(COT). AMP showed the maximum VC% at genus level (56.82%). At 
species level, AMP (45.67%), AMC (38.78%) and OTC (37.75%) showed 
maximum VC% in their activity against V. vulnificus, V. harveyi and 
V. parahaemolyticus respectively. Kruskal-Wallis H test showed that 
there was a statistically significant difference in inhibition zone di
ameters against β- lactams, one carbapenem and one tetracycline class of 
antibiotics viz., AMP, AMC, cephalothin (CEP), meropenem (MRP) and 
OTC between the different species (p < 0.05). Thus, a total of 12 anti
biotics showed almost similar zone diameter across the targeted three 
Vibrio spp. (p > 0.05). 

3.4. Regrouping ABST results into three profiles 

After interpretation of zone diameters using WHONET software, it 
was found that 100% of the isolates in the present study was fully sus
ceptible to 4 antibiotics viz. imipenem (IPM), chloramphenicol (C), 
doxycycline (DO) and COT irrespective of the species (Fig. 6a). There 

was no 100% resistance to any of the recommended antibiotics at the 
genus level. However, V. parahaemolyticus and V. vulnificus showed 
100% resistance to AMP and cefoxitin (CX) respectively. In case of 
V. harveyi, 100% resistance was observed against AMP and AMC. 
Further details of species level ABST profiles are depicted in Fig. 6a-c. 

3.5. Trends in AMR among the studied isolates over the isolation period 

Percentage of the resistant isolates against the recommended anti
biotics over the three year investigation period is depicted in Fig. 6d. It 
was found that there was a steady increase in the percentage of resistant 
isolates against three antibiotics viz., CX, CIP and streptomycin during 
2017–2019. However, Kruskal-Wallis H test showed that there was no 
significant difference in inhibition zone diameters of the tested antibi
otics against vibrios between three different isolation years (p > 0.05). 

3.6. Activity scoring of antibiotics against the tested Vibrio spp. 

Based on the final activity score, 4 antibiotics viz., IPM, C, DO and 
COT were found to be very active against all the targeted three Vibrio 
spp. There were 7, 6 and 7 very active antibiotics against V. harveyi, 
V. parahaemolyticus and V. vulnificus respectively (Fig. 5b). Interestingly, 
none of the recommended antibiotics were graded as inactive against 
any of the three targeted species. However, three antibiotics viz., AMP, 
CX and kanamycin (K) were graded as poorly active antibiotics against 
all the target species. 

3.7. Antibiotic resistance patterns observed 

There were a total of 11 antibiotic resistant patterns (Table 3) of 

Table 2 
Results of sequence analysis of amplicon obtained through PCR screening of virulent and AMR genes.  

Targeted 
AR gene 

Size of 
amplicon 
obtained 
(bp) 

GenBank 
Accession 
Number 

Host 
bacterial 
species 

NCBI-BLAST results CARD results 

Closest relative sequence of 
the amplicon 

NCBI 
accession 
number 

ID% Name 
of AR 
gene 

AMR gene family Closest 
species 

ID 
% 

toxR of VP ~ 500 MW168989 VP V. parahaemolyticus gene for 
ToxR, partial cds 

AB300869.1 100   

NA chiA of VH ~ 250 MW168987 VH V. owensii chromosome 2, 
complete sequence; gene for 
chitinase A 

CP030799.1 97.80 

chiA of VH ~ 250 MW244840 VP V. parahaemolyticus 
chromosome 2, complete 
sequence; gene for chitinase 
A 

CP034295.1 98.88 

pilF of VV ~ 350 MW248734 VV V. vulnificus type IV pilus 
assembly protein (pilF) gene, 
partial cds 

KF255312.1 97.70 

tetEHJ ~ 650 MW244841 VP Pasteurella multocida 
tetracycline efflux MFS 
transporter tet(H) gene 

CP045724.1 100 tetH Major facilitator 
superfamily (MFS) 
antibiotic efflux 
pump 

P. multocida 100 

tetBD ~ 950 MW168990 VP Escherichia coli O157:H7 
tetracycline efflux MFS 
transporter tet(B) gene 

CP038419.1 100 tetB Major facilitator 
superfamily (MFS) 
antibiotic efflux 
pump 

Escherichia 
coli 

100 

NS VH V. owensii NUDIX domain- 
containing protein 

CP033144.1 95.8 No hits found 

tetS ~ 650 NS VP V. parahaemolyticus 
chromosome 1 sulfate 
permease 

CP012950.1 99.7 No hits found 

tetAC ~ 400 NS VH V. owensii chromosome 2 
ribulose-phosphate 3- 
epimerase 

CP019960.1 97.17 No hits found 

qnrS ~ 500 NS VV V. parahaemolyticus 
chromosome II TetR/AcrR 
family transcriptional 
regulator 

CP034299.1 99.59 No hits found 

Abbreviations: VP: V. parahemolyticus; VV: V. vulnificus; VH: V. harveyi; NA: Not applicable; NS: Not submitted. 
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which AMP/AMC/CX pattern was the major pattern shown by 38.89% 
of the total isolates. The same was the most prevalent pattern shown by 
50% of both VP and VH isolates. In case of V. vulnificus, a total of 6 
pattern could be observed and each was shown by 16.67% of the iso
lates. All the isolates displayed resistance properties to at least one of the 
recommended antimicrobials tested. When the percentage of multidrug 
resistant (MDR) strains were calculated, 27.78% of the isolates in the 
present study were categorized as MDR and there was no MDR strains 
within V. vulnificus. Percentage of MDR strains within V. harveyi and 
V. parahaemolyticus were 50% and 33.33% respectively. MAR index of 
the isolates varied between 0.058 and 0.47 (Fig. 7a). It was found that 
38.89% of the total isolates had MAR index >0.2 (Fig. 7b). The highest 
MAR index (0.47) was shown by one of V. parahaemolyticus strains 
(CMFRI/VP-15), isolated from an infected fish of ornamental marine 
hatchery. One way ANOVA showed that there was no significant dif
ference in MAR index between three targeted Vibrio spp. (p > 0.05). 
Similarly, there was no significant association between AMR profiles 
against the tested antibiotics (p > 0.05), and host bacterial species 
except in case of AMC (p = 0.012). 

3.8. Resistant gene profiles among the isolates 

When the isolates were screened for the presence AR genes using 
reported primers, amplicon having desired size was obtained for 5 genes 
(Table 1). Results of sequence analysis of the amplicon through NCBI- 
BLAST and comprehensive antibiotic resistance database (CARD) is 
depicted in Table 2. Accordingly, there were only 2 ARGs viz., tetB and 
tetH were present in the tested isolates with a prevalence of 5.55% and 
11.11% respectively. Further, both of these two genes were present only 
in V. parahaemolyticus. The sequences of the genes were submitted 
GenBank, NCBI under the accession numbers MW168991, MW244841 
and MW168990. 

3.9. Association between AMR phenotypes 

When phenotypic resistance to each antibiotic was associated with 
phenotypic resistance to at least one other drug, we could identify 
certain significant positive associations (Table S4). The associations 
could not be estimated for 7 antibiotics as there was no resistant isolates 
against these antibiotics. There were 5 pairs of antibiotics that were 
positively associated with at each other AMR (p < 0.05) and all asso
ciations were found to be strong (Cramer’s value ≥0.5). Significant 
strong associations were found between fluoroquinolone resistance 
phenotype (CIP) to that of one aminoglycoside (K) and OTC. Signifi
cantly strong associations were also found between the first generation 
tetracycline (TE and OTC) resistance phenotypes to that of the first 
generation cephalosporin (CEP), also in between the first generation 
tetracyclines. 

3.10. Association of AMR phenotypes to the isolation source and to the 
detected AR genes 

When the associations between AMR phenotypes and source of iso
lates were analysed, no significant associations (p > 0.05) could be 
pointed out. When association between the presences of tet gene to AMR 
phenotypes was calculated, a positive significant association was 
observed between OTC resistance and presence of tetB (Cramer’s value 
as 0.686; p < 0.05). Similarly, a positive significant association was 
observed between the presence of tetH gene to the resistance phenotypes 
of TE, first and second generation cephalosporin (CEP and CX) and GEN 
(Cramer’s value ≥0.5; p < 0.05) (Table S4). 

4. Discussion 

Bacterial virulence and antimicrobial resistance (AMR) are the two 

Fig. 4. Summary statistics of zone diameters in each species against the tested antibiotics. 
a: Summary statistics in V. harveyi. 
b: Summary statistics in V. parahaemolyticus. 
c: Summary statistics in V. vulnificus. 
* Represent significant difference in inhibition zone diameters between different species (p < 0.05). 
Abbreviations: AMP-10: Ampicillin; AMC-30: Amoxycillin/ Clavulanic acid; CEP-30: Cephalothin; CX-30: Cefoxitin; CPZ-75: Cefoperazone; K-30: Kanamycin; GEN- 
10: Gentamicin; S-10: Streptomycin; CIP-5: Ciprofloxacin; TE-30: Tetracycline; DO-30: Doxycycline; O-30: Oxytetracycline; COT-25: Co-Trimoxazole; MRP-10: 
Meropenem; IPM-10: Imipenem; NA30: Nalidixic acid; C30: Chloramphenicol. 
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essential features of a pathogen to survive in adverse environmental 
conditions, and these two aspects have to be characterized together to 
identify/counteract the threat posed by each pathogen (Beceiro et al., 
2013). Consequently, assessment of virulence factors and AMR among 
aquatic pathogens represents a highlighting research topic in both 
public health and aquaculture perspectives (Kathleen et al., 2016). 
Conversely, there is only a limited data on these characteristics of bac
teria that were directly sampled from diseased fish of estuarine or ma
rine aquaculture farms of tropical countries (Kathleen et al., 2016). The 
data will be having more critical public health applications, if such 
studies are conducted among pathogens having zoonotic significance. 
V. parahaemolyticus, V. harveyi and V. vulnificus are the three Vibrio spp. 
that pose major concern in human and aquatic animals (Austin, 2010). 
Further, these pathogens can become a reservoir of AMR genes (Peder
sen et al., 2008). Hence, the present paper was conducted to create a 
data on the virulence factors/genes and AMR phenotypes/genes among 
these three bacterial species isolated from natural disease outbreaks of 
marine/estuarine fishes. The generated data was analysed systemati
cally, to classify the recommended antibiotics against these three spe
cies, in terms of their activity and to identify the associations between 
AMR phenotypes/genes to predict the cross resistance. 

The genus and species to which a bacterial isolate belongs to, is one 
of the main factors that interplay between virulence and AMR charac
teristics (Beceiro et al., 2013). Precise identification thus, form the basic 
preliminary step in virulence and AMR characterization. Therefore, all 
the isolates of the present study were confirmed as the target species in 

the first step. As bacteria in the family Vibrionaceae are very diverse and 
metabolically versatile, simple methodology based on 16SrRNA 
sequence is not enough for the precise species identification (Gomez-Gil 
et al., 2014). Therefore, identification was done based on a panel of 
conventional microbiological tests (Noguerola and Blanch, 2008; Bergey 
et al., 2012) and 16SrRNA gene sequencing (Weisburg et al., 1991). 
Identification was further confirmed by PCR using species specific 
primers (Kaysner and DePaola, 2004; Di Pinto et al., 2005; Cano-Gómez, 
2012). Comparative phylogenetic analysis based on 16SrRNA gene 
showed that there was a limited genetic diversity between isolates of 
V. parahaemolyticus and V. harveyi in consonance to the earlier reports 
(Sawabe et al., 2013). While V. vulnificus isolates formed a distinct 
separate clade, illustrating evolutionary divergence from the other two 
Vibrio spp. 

In order to create the data on classical virulence features/genes 
among the isolates from diseased fish, four virulent features and six 
genes were targeted in the present study. As Ruwandeepika et al. (2010) 
reported that vibrios in aquatic environment can acquire virulence 
features/genes from other vibrios through horizontal gene transfer 
(HGT), incidences were checked in all the isolates, irrespective of the 
species. The four virulent features targeted in the study included, pro
tease, haemolysin, urease and siderophore, since expression of these can 
play significant role in the pathogenicity of vibrios (Zhang and Austin, 
2000; Aguirre-Guzman et al., 2004; Ruwandeepika et al., 2010). The 
targeted genes comprised of, tdh (encoding thermostable direct hemo
lysin, TDH), trh (encoding TDH-related hemolysin, TRH) (Honda and 

Fig. 5. Results of antibiotic susceptibility test. 
a: Inter-strain susceptibility variations in inhibition zone diameters. 
b: Activity scoring of antibiotics. 
Abbreviations: VC%: Variation coefficient %; AMP-10: Ampicillin; AMC-30: Amoxycillin/ Clavulanic acid; CEP-30: Cephalothin; CX-30: Cefoxitin; CPZ-75: Cefo
perazone; K-30: Kanamycin; GEN-10: Gentamicin; S-10: Streptomycin; CIP-5: Ciprofloxacin; TE-30: Tetracycline; DO-30: Doxycycline; O-30: Oxytetracycline; COT- 
25: Co-Trimoxazole; MRP-10: Meropenem; IPM-10: Imipenem; NA30: Nalidixic acid; C30: Chloramphenicol. 
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Iida, 1993; Mala et al., 2016) and toxR (involved in the regulation of 
many virulent genes) (Lin et al., 1993) of V. parahaemolyticus, chiA 
(encoding chitinase) and vhpA (encoding metalloprotease) (Ruwandee
pika et al., 2010) of V. harveyi viz., as well as variable region within pilF 
gene associated with potential human pathogenicity of V. vulnificus 
(Roig et al., 2010). Among the four phenotypic virulence features, 
66.67%, 77.78%, 16.67% and 66.67% were positive for protease, side
rophore, urease and haemolysis respectively. Despite their role as a 
serious pathogens of various fishes, the pathogenicity mechanisms of 
these three Vibrio spp., among aquatic animals have yet to be fully 
elucidated (Austin and Zhang, 2006). It was found in our study that all 
the isolates belonging to V. parahaemolyticus and V. vulnificus were 

positive for protease, siderophore and haemolysis in both presence and 
absence of added salinity. Further, prevalence of urease activity was 
increased to 100% in the presence of added salinity. The results revealed 
that all these four virulence features were ubiquitously present in fish 
pathogenic isolates of V. parahaemolyticus and V. vulnificus, and may well 
exert significant roles in fish pathogenicity, similar to the earlier find
ings in different animal models (Litwin et al., 1996; Chao et al., 2009; 
Khouadja et al., 2013). Conversely, among virulence features of 
V. harveyi, only siderophore was found to be expressed in the absence of 
added salinity. Interestingly, the prevalence rate of protease and urease 
activity was increased from 0% to 100% for V. harveyi in presence of 
added salinity of the media. Kautsky et al. (2000) as well as Selven and 
Philip (2012) noted increased virulence of V. harveyi isolates for shrimps 
(Fenneropenaeus indicus) at increased salinity through in vivo studies, 
even though they did not study the virulence features of V. harveyi at 
increased salinity, and our findings might be one of the reason for their 
observation. At the same time, all V. harveyi isolates of the present study 
were negative for haemolysis in both the presence and absence of 
salinity, suggesting that the ability for haemolysis is not necessary for 
causing fish pathogenicity. In consonance with our findings, absence of 
correlation between haemolytic activity and virulence of V. harveyi 
among aquatic animals has been reported earlier (Soto-Rodriguez et al., 
2003; Zhang et al., 2020). 

Incidence of virulent genes was found to be confined to the same 
species, excluding the possibility of HGT between the three species. Even 
though there was amplification of chiA gene of V. harveyi from 
V. parahaemolyticus, there was only 86% similarity between the two 
sequences within 96% query cover, showing that the gene was not ac
quired through HGT. The similar observation was also done by Moha
mad et al. (2019) among the isolates from diseased fishes of Malaysia. 
Certain authors have checked the presence of PCR amplification using 
the specific primers and used as the criteria for claiming the presence or 
absence of HGT (Ruwandeepika et al., 2010; Deng et al., 2020). The 
results of the present study therefore, pointed out the need for the 
sequence analysis of the genes, before claiming the possibility of 

Fig. 6. Percentage of isolates in each category of antibiotic resistance. 
a: Percentage of susceptible isolates. 
b: Percentage of intermediately susceptible isolates. 
c: Percentage of resistant isolates. 
d: Percentage of resistant isolates in each year. 
Abbreviations: AMP-10: Ampicillin; AMC-30: Amoxycillin/ Clavulanic acid; CEP-30: Cephalothin; CX-30: Cefoxitin; CPZ-75: Cefoperazone; K-30: Kanamycin; GEN- 
10: Gentamicin; S-10: Streptomycin; CIP-5: Ciprofloxacin; TE-30: Tetracycline; DO-30: Doxycycline; O-30: Oxytetracycline; COT-25: Co-Trimoxazole; MRP-10: 
Meropenem; IPM-10: Imipenem; NA30: Nalidixic acid; C30: Chloramphenicol. 

Table 3 
Antibiotic resistant pattern and multiple antimicrobial resistance (MAR) indices.  

Sl. 
No. 

Antibiotic resistant 
pattern 

MAR 
index 

% of isolates 

VP VV VH Vibrio 
spp. 

1 CX 0.058 0 16.67 0 5.56 
2 CX/S 0.117 0 16.67 0 5.56 
3 AMP/AMC/CX 0.17 50 16.67 50 38.89 
4 AMP/CX/K 0.17 0 16.67 0 5.56 
5 AMP/AMC/GEN 0.17 16.67 0 0 5.56 
6 AMP/CX/K/S 0.24 0 16.67 0 5.56 
7 AMP/CX/CIP/GEN/ 

OTC 
0.29 16.67 0 0 5.56 

8 AMP/AMC/CX/CIP/K 0.29 0 0 16.67 5.56 
9 AMP/CX/K/S/GEN 0.29 0 16.67 0 5.56 
10 AMP/AMC/CX/CIP/ 

K/GEN 
0.35 0 0 33.33 11.11 

11 AMP/AMC/CEP/CX/ 
CIP/K/TE/OTC 

0.47 16.67 0 0 5.56 

Abbreviations: VP: V. parahemolyticus; VV: V. vulnificus; VH: V. harveyi; AMP: 
Ampicillin; AMC: Amoxycillin/ Clavulanic acid; CX: Cefoxitin; K: Kanamycin; 
GEN: Gentamicin; S: Streptomycin; CIP: Ciprofloxacin; TE: Tetracycline; OTC: 
Oxytetracycline. 
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horizontal gene transfer (HGT). Among the virulence genes of 
V. parahaemolyticus tested, toxR gene, which is involved in the regula
tion of several virulent genes (Lin et al., 1993), was found to be ubiq
uitous in our V. parahaemolyticus isolates, similar to the observation of 
Yang et al. (2017). However, incidence of classical virulence genes of 
human pathogenic V. parahaemolyticus strains namely tdh and trh (Zhao 
et al., 2011; de Menezes et al., 2020) was nil. In consonance with our 
findings, Khouadja et al. (2013) and Mohamad et al. (2019) found that 
all V. parahaemolyticus isolates from diseased fish (Dicentrarchus labrax) 
were negative for tdh and trh genes, and proved that these classical 
virulent features were not necessary for causing fish pathogenicity. 
Different authors have identified that expression of protease activity as 
one of the major virulence factors in tdh and trh negative 
V. parahaemolyticus isolates (Ottaviani et al., 2005; Khouadja et al., 
2013), in consonance with our findings. Of the virulence genes of 
V. harveyi, only chiA was present which was ubiquitous in all the isolates. 
Deng et al. (2000) and Mohamad et al. (2019) have also noted that the 
high prevalence rate of chiA among V. harveyi isolates of diseased marine 
fish from South China and Malaysia respectively. Conversely, vhpA, 
another typical virulence gene of V. harveyi was absent in all the isolates 
of the present study. In consonance with our finding, vhpA was reported 
to be absent in all the isolates of V. harveyi from diseased cultured fish of 
China, irrespective of their virulence (Xu et al., 2017; Zhu et al., 2017). 
However, Mohamad et al. (2019) found that 50% of V. harveyi isolates 
from diseased fish of Malaysia were positive for vhpA gene. During the 
virulence typing of V. vulnificus, all the tested virulence features were 
found to be widely prevalent. Further, there was 66.67% of incidence of 
classical virulence region (within pilF gene) associated with potential 
human pathogenicity. Comparative phylogenetic tree analysis based on 
vvhA gene sequence also showed that all the isolates of the present study 
were clustered along with genetic type I to which human clinical strains 
are associated (Senoh et al., 2005). In short, all the tested virulence 

associated data showed that V. vulnificus infected fish can pose a major 
public health risk. The hypothesis is further supported by the case re
ports of V. vulnificus infections in humans after handling infected fish 
(Chan et al., 1999; Vinh et al., 2006). 

Assessment of AMR among aquaculture bacteria is another crucial 
characteristic that has to be regularly updated for evaluating the public 
health risk as well as for the sustainable farming practices (Deng et al., 
2020). Selection of the panel of antibiotics to be tested is very important 
in the assessment, and has to be based on the targeted bacterial genera 
and species. The antibiotics against which the target species/genera are 
naturally resistant, have to be excluded from the analysis to avoid the 
misinterpretations (Kathleen et al., 2016). Accordingly, the recom
mended panel of antibiotics against non-cholera vibrios by CLSI (CLSI 
(Clinical and Laboratory Standards Institute), 2017) and National 
Antimicrobial Resistance Monitoring System (NARMS (National Anti
microbial Resistance Monitoring System), 2019) were only selected for 
the study. Established criteria by WHO (World Health Organization) for 
the interpretation of antibiotic inhibition zone diameter for 
V. parahaemolyticus V. harveyi and V. vulnifcus was applied on the ob
tained zone diameter results, for judging the AMR pattern using WHO
NET software. It was found that 100% of the isolates was fully 
susceptible to 4 antibiotics viz. imipenem (IPM), chloramphenicol (C), 
doxycycline (DO) and cotrimoxazole (COT) irrespective of the species. 
In consonance with our findings, high susceptibility of vibrios against 
these antibiotics has been reported by different authors (Ottaviani et al., 
2001; Al-Othrubi et al., 2014; Narayanan et al., 2020). There was no 
100% resistance to any of the recommended antibiotics at the genus 
level. However, V. parahaemolyticus and V. vulnificus showed 100% 
resistance to ampicillin (AMP) and cefoxitin (CX) respectively. In case of 
V. harveyi, 100% resistance was observed against AMP and amoxicillin- 
clavulanic acid (AMC). High resistance of bacteria from aquatic envi
ronments especially vibrios, towards ampicillin and other β-lactam 

Fig. 7. Multiple antibiotic resistance (MAR) index of the isolates in the present study. 
a: Strain-wise MAR index. 
b: Categorization of the isolates based on MAR index. 
Isolates having MAR index >0.2 were considered to be recovered from low risk sources of antibiotic contamination (Krumperman, 1983). 
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groups of antibiotics has already been reported by the researchers 
(Elmahdi et al., 2016; Kathleen et al., 2016; Drais et al., 2018; Mohamad 
et al., 2019), which was not surprising as these antibiotics were among 
the first antibiotics introduced since the discovery of penicillin. Simi
larly, absence of resistance against less commonly used drugs viz., third 
generation cephalosporin, carbapenem groups, chloramphenicol, 
doxycycline and co-trimoxazole confirmed that level of resistance 
among bacteria is related to the frequency of antibiotics usage as hy
pothesized by other researchers (Austin and Anderson, 1999; Hatha 
et al., 2005; Lim and Kasing, 2013). The results also suggest that 
implementation of strict policies on the use of antibiotics by the gov
ernment can substantially reduce the dissemination of antibiotic resis
tant bacteria. 

Activity scoring of each antibiotics was followed to group the rec
ommended antibiotics into three categories as very active (8), fairly 
active (≥ 5 to <8), poorly active (≥ 1 to <5) and inactive (0) respec
tively with regard to their reaction against the targeted species. In this 
aspect, the variability rate of susceptibility to 17 antibiotics by means of 
VC (variation coefficient) of inhibition zone diameters was calculated 
and included along with the % of susceptible isolates, for judging each 
antibiotic against a target species. Higher the VC% indicates that, the 
corresponding antibiotic has a variable activity against the studied 
bacteria, so that, in vivo antibacterial action of that antibiotic against 
target bacteria will be more unpredictable. Conversely, low VC% of an 
active drug signifies that the antibacterial action is stable and regular 
(Lakhssassi et al., 2005). Certain investigators have used the same to 
select antibiotics against specific pathogens (Mellado et al., 2001; 
Lakhssassi et al., 2005). However, there was no previously published 
literature dealing with the categorization of antibiotics against Vibrio 
spp. by taking into consideration of both VC% and % of susceptible 
isolates. When VC% was calculated, higher variability (> 25%) was 
observed against five antibiotics viz., AMP, AMC, tetracycline (TE), 
oxytetracycline (OTC) and COT. In short, higher variability was 
observed against older drugs than with more recent ones, indicating 
more stable results with recent antibiotics as originally observed by 
Lakhssassi et al. (2005). At species level, AMP (45.67%), AMC (38.78%) 
and OTC (37.75%) showed maximum VC% against V. vulnificus, V. 
harveyi and V. parahaemolyticus respectively, showing that the activities 
of these antibiotics are unstable and irregular and, may be incapable of 
treating the infections caused by the respective species, at certain times. 
Based on the final activity score calculated, 4 antibiotics viz., IPM, C, DO 
and COT were found to be very active against all the targeted three 
Vibrio spp. Interestingly, none of the recommended antibiotics were 
graded as inactive against any of the three targeted species. However, 
three more commonly used antibiotics viz., AMP, CX and kanamycin (K) 
were graded as poorly active antibiotics against all the target species, 
confirming that level of resistance among bacteria is related to the fre
quency of antibiotics usage as hypothesized by other researchers (Austin 
and Anderson, 1999; Hatha et al., 2005; Lim and Kasing, 2013). In this 
study, AMR patterns of the targeted species were highly variable. There 
were a total of 11 AMR patterns of which AMP/AMC/CX pattern was the 
major pattern shown by many of the isolates. Maximum variable pattern 
was observed among V. vulnificus. All isolates displayed resistance 
properties to at least one of the recommended antimicrobials tested. 
Multidrug resistant (MDR) phenotype was defined as acquired non- 
susceptibility to at least one agent in ≥3 antimicrobial categories 
(Magiorakos et al., 2012). As per this criteria the percentage of MDR 
strains in each species were calculated, 27.78% of the isolates in the 
present study were categorized as MDR strains. There was no MDR 
strains within V. vulnificus. Multiple antibiotic resistant (MAR) index 
analysis, is another criteria introduced by Krumperman (1983) to 
identify the extent of antibiotic contamination in the source of bacterial 
isolation (Osundiya et al., 2013). It is hypothesized that isolates with 
MAR < 0.2 are recovered from low risk sources of antibiotic contami
nation while isolates with MAR > 0.2 were from high risk sources 
(Krumperman, 1983). In this study, the MAR index ranged between 

0.058 and 0.47. It was found that 38.89% of the total isolates had MAR 
index >0.2, while Mohamad et al. (2019) showed that approximately 
75% of Vibrio isolates from diseased fishes of Malaysia showed MAR 
index of >0.20. One way ANOVA showed that there was no significant 
difference in MAR index between three Vibrio spp., again confirming 
that MAR index of the isolate is related to the source of isolation rather 
the species as indicated by other studies (Osundiya et al., 2013; Gufe 
et al., 2019). The highest MAR index was shown by CMFRI/VP-15 strain 
which was isolated from an infected fish of ornamental marine hatchery, 
showing that the isolate was from a high risk source where antibiotics 
were frequently used. Even though specific history of the case could not 
be traced back, heavy use of antibiotics and resultant high MAR index of 
the bacterial isolates has been reported from ornamental fish farms by 
different authors (Preena et al., 2020), suggesting the need for strict 
regulatory interventions in the area. Altogether, results on MAR index 
and MDR % revealed that more than 50% of the isolates were from low 
antibiotic usage area. Additionally, when the associations between AMR 
phenotypes and isolation source of isolates were analysed, no significant 
associations (p > 0.05) could be pointed out, suggesting that, there is no 
difference from the isolates of aquaculture practices and wild disease 
outbreaks, suggesting that AMR in fish pathogens of marine/estuarine 
systems of India is still in its infancy. When the differences in the AMR 
occurrence of these fish pathogens over the studied years were exam
ined, it was found that there was a steady increase in the percentage of 
resistant isolates against three antibiotics viz., CX, CIP and streptomycin. 
However, there were no significant difference in inhibition activities 
(zone diameters) of the studied antibiotics between investigated years 
(p > 0.05). In brief, there was no conclusive increasing trends in AMR of 
these pathogens over the study period, which was an expected result, as 
more than 50% of the isolates were from low antibiotic usage area (MAR 
index results), while the rising drug resistance is mainly caused by 
increased use of antimicrobials (Zhang et al., 2020). The results again 
reinforce the hypothesis that AMR in fish pathogens of marine/estuarine 
systems of India is still in its infancy. However, the need for continuous 
monitoring of AMR patterns should not be overlooked and the com
munity should be educated on the awareness of AMR and its implication 
on human health and environment. 

In order to depict the genetic basis of AMR among the present iso
lates, a total of 17 genes responsible for resistance to different antibiotics 
(β-lactams, quinolones, kanamycin and tetracycline) were screened as 
the next step using reported primers. Two AMR genes (ARGs) viz., tetB 
and tetH were found to be present in the tested isolates with a prevalence 
of 5.55% and 11.11% respectively. Absence of other genes in the pres
ence of resistance phenotype warrant future research targeting more 
diverse AR genes among vibrios from marine/estuarine aquaculture 
environments. However, such discrepancies between AMR phenotypes 
and prevalence of ARGs has been observed by different authors (Dang 
et al., 2006; Kitiyodom et al., 2010; Raissy et al., 2012; Safain et al., 
2020), which might be due to the presence of other resistance mecha
nisms which were not investigated in the present study. Another possible 
explanation is that resistance phenotypes can be expressed upon the 
stimulation of many different genetic factors (Van et al., 2020). Thus, 
AMR mechanisms among vibrio isolates from diseased marine/estuarine 
fish deserve further detailed investigation that might provide critical 
insights into barriers for the emergence or spread of resistance pheno
types. Antimicrobials belonging to tetracycline group are the most 
commonly used drugs in human/veterinary/ aquatic animal treatment 
and the widespread use of tetracycline might be the reason for the 
occurrence of tet genes among the microbes from fish. In accordance 
with our findings, higher prevalence of tetB among microbes of fish 
farms was already reported (Furushita et al., 2003). Both of the detected 
genes (tetB and tetH) belong to the major facilitator superfamily (MFS) of 
transport proteins and encode active efflux pumps which transport 
tetracycline group of antibiotics out of cells (Roberts, 1996). The present 
study forms the first report on tetH gene sequence from vibrios, however, 
the detected tetH gene showed 100% homology with corresponding gene 
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of other bacterial genera (Histophilus spp., Pasteurella spp., Man
nheimia spp., Glaesserella spp., Acinetobacter spp., Psychrobacter spp., 
Moraxella spp., Aeromonas spp., Haemophilus spp., Actinobacillus spp.). 
Similarly, tetB gene showed 100% homology with corresponding genes 
of same species and other bacterial genera (Salmonella spp., Proteus spp., 
Providencia spp., Escherichia spp., Acinetobacter spp., Morganella spp., 
Citrobacter spp., Moraxella spp., Aeromonas spp., Klebsiella spp., Avi
bacterium spp. and Enterobacter spp.). The results indicated that both tetH 
and tetB genes moved between different genera via HGT and, warrant 
additional research to determine how the genes become incorporated 
into a wide range of bacterial species. High identity of tet gene sequences 
from fish farm bacteria to those reported for clinical strains has already 
been reported (Furushita et al., 2003). The location of tetH and tetB 
genes on transposable elements might be the reason for incorporation 
into a wide range of bacterial species (Kehrenberg et al., 2001; Babetsa 
et al., 2012). Finally, presence of tet genes among fish pathogens, sug
gests that a wide spectrum of tet genes are to be used in future studies to 
provide a more comprehensive view of tetracycline resistance among 
vibrio isolates from diseased fish. 

There is a great emerging concern that bacterial strains that are 
resistant to particular antibiotics may easily acquire cross-resistance to 
other antibiotics (Tsukamoto et al., 2013). As statistical evaluation of 
the associations between resistance phenotypes can predict co-selection 
(Rosengren et al., 2009b), results of the present study was analysed to 
identify the significant associations between AMR phenotypes. Sur
prisingly, we could point out 5 significant strong associations between 
different AMR phenotypes of vibrios. Significant strong associations 
were found between fluoroquinolone resistance phenotype (CIP) to that 
of one aminoglycoside (K) and OTC. Significant strong associations were 
also found between the first generation tetracycline (TE and OTC) 
resistance phenotypes to that of the first generation cephalosporin 
(CEP), also in between the first generation tetracycline. In consonance 
with our findings, higher incidence of cross resistance between amino
glycosides and fluoroquinolone, as well as between fluoroquinolone and 
tetracycline has been observed in different bacterial genera (Tsukamoto 
et al., 2013; Hwang and Hooper, 2014; Marotta et al., 2019). Cross 
resistance between completely unrelated drug groups was also reported 
in different bacteria (Cesur and Demiröz, 2013). However, studies on the 
association of different AMR phenotypes within vibrios has not been 
conducted earlier. Even though pointing out the reason for this is 
beyond the scope of the present study, the observations arise curiosity, 
and needs further investigation. When the associations between the 
presence of tet genes to AMR phenotypes were calculated, there was 
statistically significant positive associations for the presence of tet genes 
with resistance phenotypes of the first generation tetracycline (TE and 
OTC), suggesting that presence of tetB / tetH can be significant predictor 
of phenotypic resistance to first generation tetracycline, which is the 
most commonly used antibiotic against Vibrio spp. infections in aqua
culture practices of Asian countries (Olatoye and Basiru, 2013). Simul
taneously, presence of these tet genes did not cause any resistance to 
doxycycline, supporting the hypothesis that most tetracycline efflux 
pumps confer resistance to first generation tetracycline, but are less 
effective against second generation like, doxycycline (Nguyen et al., 
2014). Further, a positive association was observed tetH gene with 
resistance phenotype to first and second generation cephalosporins 
(CEP, CX) and gentamicin. tetH gene has already been linked to the 
resistance genes conferring resistance to sulfamethoxazole and strepto
mycin (Roberts, 2005; Jia et al., 2016), while our observation on the 
association between tetH to the first and second generation cephalo
sporin (CEP, CX) and gentamicin has not been previously reported. 
However, it was significant to note that statistical associations seen 
between first generation tetracycline and first generation cephalosporin 
was matched by an association between tetH gene to this resistant 
phenotype. In short, analysis of associations of AMR phenotypes/genes 
aligns with the opinion that there might be a linkage between many of 
AMR genes on mobile genetic elements and, thus, co-transmission of 

different AMR phenomenon is possible between bacteria (Boerlin et al., 
2005). This also alarms that the use of a particular antimicrobial can 
select for resistance not only to its own, but also potentially to a variety 
of other antimicrobials as originally suggested by Gow et al. (2008). 

The paper unravels certain interesting observations on the virulence 
and antibiotic resistance characteristics of three Vibrio spp. that are 
significant in both aquaculture and public health perspectives, isolated 
from natural disease outbreaks of marine/estuarine fishes of India dur
ing 2017–2019. As the number of natural disease outbreaks caused by 
these targeted pathogens during the study period are limited, results of 
the present investigation demands future research targeting higher 
numbers from a wider area/study period. Nevertheless, as these isolates 
were representatives of unique and unrelated natural disease outbreaks 
from a totally unrelated span of areas, from many of the fish species 
cultured in marine/estuarine environments, the results form a glimpse 
on the characteristics of these pathogens circulating among various 
aquaculture systems. Thus, the findings can serve as the baseline data for 
epizootic tracking and to devise efficient control measures against these 
three Vibrio spp., in marine/estuarine aquaculture systems in future 
studies. Nevertheless, future research targeting comparative studies 
including human clinical isolates and environmental isolates are war
ranted to elucidate the risk factors and to reveal the mechanisms and 
frequency of spill over between different compartments. Further, 
absence of many AR genes in the presence of the corresponding resis
tance phenotype warrant future genetic studies targeting diverse genes 
on these isolates. Meanwhile, future research targeting alternative non- 
antibiotic based therapeutic interventions such as exploitation of lytic 
bacteriophages and quorum quenchers are also required against bacte
rial infections in aquaculture premises. 

5. Conclusion 

The paper forms the first report unravelling the virulence and anti
biotic resistance characteristics of V. parahaemolyticus, V. harveyi and 
V. vulnificus isolates from natural disease outbreaks of marine/estuarine 
fishes of India for the first time. Results showed that V. parahaemolyticus 
strains of diseased fish were not associated with human clinical strains. 
However, the data warns on the public health risk potential of 
V. vulnificus associated with diseased fishes. Analysis taking into 
consideration of percentage prevalence of susceptible isolates and 
variation coefficient of inhibition zone diameters, recommended the use 
of 4 antibiotics viz., imipenem, chloramphenicol, doxycycline and 
cotrimoxazole for the treatment of all the targeted Vibrio spp. infections. 
Additionally, all the 17 antibiotics were categorized based on their ef
ficacy against each pathogenic species. MAR indexing and MDR% has 
revealed that >50% of the isolates came from low antibiotic usage area, 
suggesting that AMR in pathogens of marine/estuarine fishes of India is 
in its infancy. However, the need for continuous monitoring of AMR 
patterns should not be ignored. Analysis of AR genes showed that 
presence of tetB / tetH can be significant predictor of phenotypic resis
tance to the first generation tetracycline, the most commonly used 
antibiotic against Vibrio spp. in aquaculture practices. Further, the study 
forms the first description of tetH gene sequence in V. parahaemolyticus. 
The data on associations between AMR features, alarms that the use of a 
particular antimicrobial can select for cross-resistance to other antimi
crobials. Altogether, the paper forms critical insights on the virulence 
and AMR features of the three Vibrio spp. that can pose severe infections 
in both aquaculture and public health. The generated results serve as the 
baseline data for epizootic tracking and to devise efficient control 
measures against these three Vibrio spp. in marine/estuarine aquacul
ture systems. 
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