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Abstract 
Presence of multiple antibiotic resistant microorganisms in marine systems is increasingly a focus of 

concern as they pose potential health risk to humans and animals. The present study reports the 

distribution, diversity, antibiotic resistance profile and pathogenicity of Vibrio spp. in the water column 

of Palk Bay (PB) extending from Uchipuli along the southeast Indian coast to Thalaimannar in the 

northwest of Sri Lanka. Our analysis has confirmed the presence of five Vibrio spp (V. cholerae, V. 

hollisae, V. furnissi, V. alginolyticus and V. aestuarianus) in the region with the dominance of V. 

cholerae, which accounted for more than 50 % of the total number of isolates.  V. cholerae isolates 

showed resistance against β-lactam, vancomycin, nitrofurantoin, gentamycin, azithromycin, 

oxytetracycline, tetracycline and chloramphenicol antibiotics. High levels of Escherichia coli in PB 

indicate the possible anthropogenic input to the prevalence of multiple antibiotic resistance. On a 

positive note is the absence of blaNDM-1 gene, which confers microorganism with resistance against 

third generation carbapenem antibiotics. Among toxicity genes tested, toxR gene was found present and 

ctxA absent in all the isolates. The step up multiple regression model confirmed the interaction effect, 

more of environmental parameters than their individual influence on the distribution of E. coli and 

Vibrio spp. In conclusion, the present study reports the widespread distribution of multiple antibiotic 

resistant Vibrio spp. in the water column of PB. Further studies are in progress to assess the level of 

antibiotic pollution in PB, and antibiotic resistance among microorganisms associated with fauna and 

flora of PB.   
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1. Introduction 

Vibrios form an important group of microorganisms in the marine environment owing to their diverse 

ecological functions, ranging from participation in nutrient cycles to metamorphosis of organisms [1-3]. 

Their ability to utilize chitin allows them to colonize the surfaces of many zooplankton and crustaceans 

[4]. Such colonization, however, comes with a caveat. While under normal conditions vibrios are 

functionally important, change in environmental factors such as salinity, temperature, pH, and nutrient 

content can trigger the expression of their virulence genes [5,6]. There are at least twelve Vibrio species 

that are pathogenic to human beings, amongst which V. cholerae remains the principal diarrheal human 

pathogen. Other species such as V. parahaemolyticus, V. vulnificus, V. alginolyticus, V. fluvialis and V. 

hollisae intermittently cause food poisoning episodes in susceptible subjects [3]. Notably, the last 

decade has witnessed a 50 % rise in the incidence of cholera and in 2011 alone WHO recorded 37 

outbreaks in 30 countries across the world, predominantly in Africa [7]. 

Increased levels of anthropogenic inputs in the coastal areas have substantially changed the distribution, 

transmission biology and virulence patterns of vibrios in aquatic environment [1,8]. Several examples 

are available from aquaculture setups, where vibrios become opportunistic pathogens in response to 

changes in water quality [9-11].  Health risks evoked by these organisms are further aggravated by their 

multiple antibiotic resistance, which makes the therapy difficult. Multiple antibiotic resistant strains such 

as V. harveyi and V. alginolyticus, which are the known agents of vibriosis in aquatic animals, have 

periodically caused severe economic setbacks to the aquaculture industry in Asia and Latin America [9-

11]. Similarly, analysis of clinical isolates of V. cholerae showed interesting patterns of resistance 

against commonly used antibiotics, such as ampicillin, tetracycline, chloramphenicol, nalidixic acid, 

nitrofurantoin, and even ciprofloxacin [12,13]. Worldwide, multidrug resistant (MDR) V. cholerae has 

received increasing attention predominantly in the developing countries [14]. The effects of 

anthropogenic climate changes on the virulence patterns of vibrios have been discussed by Sedas in 

2007 [8]. From this study it has been proposed that these organisms have evolved from an oral-faecal 

transmission linear model of a waterborne pathogen and human host, to a more complex ecological 

model of an infectious disease [8].  

Although occurrence of antibiotic resistant pathogens in marine systems may be of local nature, its 

consequences can be of global relevance since these organisms can be transported through seafood, 
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tourism, ballast water and also the ocean water currents [15-18]. The global dissemination of antibiotic 

resistant bacteria has grave implications on public health, ecosystem function, and animal diseases. For 

example, a cholera outbreak in a coastal town of Peru, in the early 1990s, was presumably caused by an 

Asian strain of V. cholerae transported through ballast water [18]. This finding necessitates special 

attention to ascertain   the prevalence of antibiotic resistant pathogens in the tropical waters, as the 

climatic conditions of this region may favor the horizontal transfer of virulence and antibiotic resistant 

genes among different pathogens [19]. However, studies on the antibiotic resistant vibrios from the 

marine systems of Indian regions have not drawn the much needed attention from among the scientific 

community despite the fact that these pathogens have been posing serious threats to human and animal 

health.  

The Palk Bay (PB) is an intermixing zone that not only opens into the Arabian Sea (AS) and the Bay of 

Bengal (BoB), but also separates the south-east Indian coast from the northern Sri Lanka (Fig. 1). 

Although the PB is an environmentally sensitive region known for the coral reef ecosystem, recreation 

and fishing, its microbial diversity is least studied [20,21]. The coastal currents around the Indian 

subcontinent constantly exchange water between the AS and the BoB, playing a crucial role in 

maintaining the hydrological balance between the sea and the bay [22]. Therefore, the prevalence of 

pathogenic vibrios in the PB and their multiple antibiotic resistance are of high significance for the 

surveillance of the outbreak of cholera, and these two significant aspects prompted us to undertake the 

present work.  

2. Materials and Methods 

 2.1      Study area, water sampling and analysis 

The study area is in the southern part of PB, covering an area of 528 km2 stretching from Uchipuli on 

the Indian side to Thalaimannar on the Sri Lankan side. The bay is located north of Gulf of Mannar 

(GoM) which separates the coastal regions of south-east Tamil Nadu (India) from the northern part of 

Sri Lanka (Fig. 1A and B).  
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Figure 1. Google map showing, (A) study area and (B)  bathymetry profile of sampling locations 

The PB is a shallow water body with depth ranging between 5 and 15 m. It   consists largely of sand 

banks and shoals with two major coral reef formations [23]. The PB is known for its diverse biological 

resources, particularly the sea grass beds, found in the tidal and sub-tidal areas, and also its 

economically important demersal fishery resources. The Adam's Bridge (Fig. 1A) between Rameswaram 

(India) and the Mannar Island (off the north-western coast of Sri Lanka) is situated in this region. 

Further, the bay is the discharge point of three rivers, viz.,Vaigai, Vaishali and Valryar, and 

Rameswaram, an important pilgrimage place in south India, is also located there. The station locations in 

the southern side of the PB are presented in Figure 1B, wherein stations 1 to 42 are designated as Indian 

waters, and stations 43 to 60 as Sri Lankan waters. 

The hydrographic and environmental samplings were carried out at 60 stations along three transects 

straight across the PB from Indian to Sri Lankan coast (Fig. 1B). Water samples from station 1 to 42 

were collected during November 2010 and remaining during January 2011. Water samples from 

subsurface (1 m below surface) and near bottom were collected using 5 L Niskin samplers. For 

microbiological analysis, multiple water samples were removed aseptically into sterile polypropylene 
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bottles and maintained at 4 °C until further analysis. Water samples for chemical analysis were 

transferred carefully into polypropylene bottles avoiding contamination from all possible sources. A 

portable Sea Bird CTD (Conductivity-Temperature-Depth) (Model Seacat-26) was used to profile the 

physical properties of the water column of the study region. During each cast, salinity and temperature 

profiles were measured and binned to 0.2 m. Due to discrepancy in the surface values, surface to 0.4 m 

values were removed from each profile and 0.4 m depth was considered as the surface. Samples for 

measuring dissolved oxygen (DO) were preserved on board with Winkler A & B reagents and later 

analyzed following Winkler’s method [24]. Water samples for various nutrients were filtered and 

analyzed spectrophotometrically within six hours of sampling, following standard protocol [24].  

Salinity and pH of water samples were recorded on board following standard protocols.  

2.2    Enumeration and identification of Microorganisms 

The total bacterial population in the water samples were enumerated using Dead/ Live bacterial staining 

kit (Invitrogen, USA), following the instructions of the manufacturer. The cells were doubly labeled 

with propidium iodide and SYTO9 and enumerated under a microscope equipped with 100X oil 

immersion objective and band pass filter for SYTO9. Culturable heterotrophic bacteria, Vibrio spp. and 

the fecal pollution indicator E. coli were enumerated using spread plate technique on marine ZoBell’s, 

TCBS and Hichrome 1296 (Himedia, India) agar plates respectively. The water samples were serially 

diluted 10-fold for five times from which, samples of 100 µl aliquots were spread on the agar plates. The 

marine ZoBells’s agar plates were incubated at 28± 2 °C, while TCBS and Hichrome 1296 plates were 

at 37 ± 2 °C. Colony forming units were counted after 48 hr incubation of plates.  The identity of Vibrio 

spp. and E. coli colonies were further confirmed by Microbial Identification System (MIS) following the 

manufacturer’s instructions (MIDI, USA). Briefly, the whole cell fatty acids of bacteria were extracted 

and methylated  according to MIDI protocol  and  analyzed using gas chromatography system (Agilent 

GC 6950) and the profile were compared with the library of Sherlock v6 (MIDI , USA).  

2.3    Antibiotic Resistance profile 

Sensitivity of Vibrio spp. was tested against eleven antibiotics following the disc diffusion technique. 

Muller Hinton (MH) agar plates were swabbed with overnight grown Vibrio spp. In ZoBell’s marine 

suspension cultures and the antibiotic discs (HiMedia, India) were placed on the agar and incubated at 

28± 2 °C for 24 hr after which the zone of inhibition was recorded. The antibiotics tested were 
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ampicillin 25 mcg, azithromycin 15 mcg, chloramphenicol 30 mcg, ciprofloxacin 10 mcg, gentamycin 

30 mcg, vancomycin 10 mcg, nalidixic acid 30 mcg, nitrofurantion 100 mcg, oxytetracycline 30 mcg, 

trimethoprim 10 mcg, and tetracycline 10 mcg. 

2.4       DNA extraction and detection of toxR, ctxA and blaNDM-1 genes 

Genomic DNA from bacterial isolates was extracted following the protocols given in Sambrook and 

Russel [25]. Briefly, bacterial pellets from 5 ml culture were incubated at 37 °C in lysis buffer (NaCl 

400 mM, Sucrose 750 mM, EDTA 20 mM and TrisHCl 50 mM), containing 1 mg ml-1 lysozyme. 

Subsequently, SDS (1 %) and proteinase K (100 µg ml-1) were added to the solution and the incubation 

was continued for 5 hr at 55 °C. Further, 0.6 volume of isopropanol was added and the DNA was 

allowed to precipitate at -20 °C for 60 min. The DNA pellet was washed copiously with 70 % ethanol, 

dissolved in TE buffer and stored at -20 °C until used. The mini-prep kit from Qiagen which employs 

the alkaline lysis method was used to extract plasmid DNA from the bacterial isolates. The  primers used 

to detect the presence of virulent genes toxR, ctxA and antibiotic resistant gene blaNDM-1 were 

CCTTCGATCCCCTAAGCAATAC (F) and AGGTTAGCAACGATGCGTAAG (R), 

CTCAGCGGGATTTGTTAGGCACG (F) and CTATCTCTGTAGCCCCTATTACG (R), and 

GGTTTGGCGATCTGGTTTTC (F) and CGGAATGGCTCATCACGATC (R), respectively and PCR 

amplification was done following standard protocol [19,26,27] in a thermal cycler (Takara, Japan). The 

primers amplified 778 bp, 300 bp and 621 bp fragments of the toxR, ctxA and blaNDM-1 genes, 

respectively.  

2.5        Statistical analysis 

All biological and environmental data were subjected to Shapiro Wilk, Anderson-Darling, Lilliefors and 

JarqueBera test for normality of sampled populations. Pearson’s correlation coefficients were calculated 

to evaluate relationships between Vibrio abundance (cfu ml-1 water) and environmental parameters. Two 

way nested ANOVA [28,29] for unequal samples was employed to determine the significance of 

difference between the variables. Multivariate canonical discriminant analysis (CDA) was employed for 

discriminating the study area based on the distribution of environmental variables and abundance of 

Vibrio spp. and E. coli [28,30]. Step up multiple regression model was employed to understand the 

contribution of different environmental variables and its combined influence on distribution of Vibrio 

spp and E. coli in the study area [28,31]. 
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Multiple regression model fitted is of the form 
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Here, jiandjiba iji <= K,3,2,1,,, were the regression coefficients of the individual effects and the 

corresponding interaction effects, respectively. Independent variables as well as dependent variables 

were standardized using the transformation, 

 ( ) iiii XZ σμ ÷−= ………………………………………………………………….. (2) 

and ( ) σμ ÷−= YZ ..………………………………………………………...(3) 

Here, µI, µ are arithmetic mean of Xi  and Y, I, and σ being the standard deviation of Xi and Y, 

respectively. The regression coefficients were called standard partial regression coefficients or the 

relative importance of the independent variables. In this study the Xi’s were standardized individually 

but not the products, Xi*Xj. The model was fitted by least square method considering the parameters and 

also their interaction effects of first order as the independent variables. In this model, a provision was 

made to screen out all those models which were less significant than the best selected, by means of the 

Student’s t statistic for standardized regression coefficients. 

When k parameters are considered there will be k(k-1)/2 interaction effects and total number of 

parameters for the model will be (k+k(k-1)/2),ie; (k(k+1)/2) and total number of regression models fitted 

is (2k-1). The regression model of Y (dependent variable) on all the parameters (individual effects only) 

was also determined. The model with highest value for the explained variability (VE) was calculated 

from the predicted 2K models.  

) ]([ )4.(......................................................................100100.. ∗÷−= MTSSMDSSEV  

Here, MDSS and MTSS are considered as the mean deviation sum of squares and mean total sum of 

squares, respectively.  Further, the above analysis is repeated with different transformations (Colebrook, 

1960) for Y and X is as                     
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iiiiii XonYandXonYXonYXonYXonYXonY log,,,loglog,  with and without 

standardisation. 

Results  

 3.1  Hydrographical parameters  

Shapiro Wilk, Anderson-Darling, Lilliefors and JarqueBera tests showed that the environmental 

variables were not following a normal distribution (W>0.128 ;A2>1.217 ; D>0.928 ; JB >5.673, 

P<0.0001), hence suitable transformations were made before statistical analysis. The variables were 

standardized as Z=(X-µ)/σ, where X = observed parameter, µ= mean of the parameter, σ = standard 

deviation of the parameter as the optimal transformation. The environmental variables such as salinity, 

DO, BOD, NO3 and SiO4 (P<0.05) showed significant difference between Indian and Sri Lankan waters 

(Table 1).  

Variables  Mean  SV  CV % 
Indian waters  S  B  S  B  S  B 
pH  8.48  8.46  0.14  0.12  1.63  1.36 
Salinity  33.6  33.84  1.25  1.50  3.72  4.44 
Temp  31.51  30.9  0.75  0.39  2.25  1.27 
DO  5.53  5.09  0.34  0.46  6.05  9.02 
BOD  0.91  0.84  0.50  0.56  55.04  66.53 
NO2  0.16  0.18  0.11  0.11  66.54  62.48 
NO3  0.83  0.79  0.62  0.60  74.99  59.56 
PO4  1.18  0.44  4.51  0.26  383.59  59.56 
SiO4  7.74  7.63  5.66  5.61  73.08  73.55 
Sri Lankan 
waters 

S  B  S  B  S  B 

pH  7.29  7.28  0.62  0.61  8.44  8.31 
Salinity  30.47  30.56  0.58  0.61  1.89  2.00 
Temp  31.63  31.20  0.63  0.51  1.98  1.63 
DO  7.35  7.29  0.26  0.22  3.47  2.99 
BOD  1.83  1.64  0.77  0.72  41.98  43.63 
NO2  0.15  0.11  0.08  0.08  41.98  43.64 
NO3  0.42  0.35  0.17  0.22  40.61  62.57 
PO4  0.03  0.03  0.04  0.07  132.67  218.6 
SiO4  1.97  0.99  1.13  0.78  57.28  78.24 

 
Table 1. Descriptive statistical analysis of environmental parameters in subsurface (S) and near bottom 

(B) waters of Indian and Sri Lankan waters  
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DO showed significant difference between surface and bottom waters also (P<0.05). Gaylor and Hopper 
conditions were not satisfied for other environmental parameters and hence Satterthwaites 
approximation could not be applied. Therefore, simple F test was applied and it showed significant 
difference in environmental variables between Indian and Sri Lankan waters (P<0.05 F(2,116)>3.07, 
Tables1& 2).  

 

Variable  Fg or Fg
/  Fsg 

E. coli  52.016**c 14.564a  5.858* 

Vibrio spp  2.342 14.688b  0.159 

pH  280.08** 6081.0b  0.046 

Salinity  280.08** 6081.0b  0.254 

Temp  3.289 0.265a  14.544** 

DO  754.56** 60.819aa  14.579**   

BOD  50.358** 87.619b  0.575 

NO2  3.394 4.141b  0.819 

NO3  16.114** 132.311b  0.122 

PO4  2.052 2.680b  0.766 

SiO4  41.709** 220.651b  0.189 

 

Table 2. Results of two way nested ANOVA analysis 

*------ Calculated F statistic is significant at 5 % level of significance P<0.05 
**----- Calculated F statistic is significant at 1 % level of significance P<0.01 
a------Calculated F statistic after applying Satterthwaites approximation on satisfying Gaylor and 

Hopper conditions is not significant at 5% level for (1,1) degrees of freedom  P>0.05 
aa---- Calculated F statistic after applying Satterthwaites approximation on satisfying Gaylor and 

Hopper conditions is significant at 5% level for (1,2) degrees of freedom  P<0.05 
b----- Calculated F statistic after applying Simple test on not satisfying Gaylor and Hopper conditions is 

significant at 5% level for (2,116) degrees of freedom  P<0.05 
Difference in the levels of PO4 between Indian and Sri Lankan waters was not evident as coefficient of 
variation (CV) was high. The sea surface temperature and salinity showed that the Indian waters were 
warmer compared to the Sri Lankan waters during the study period (Fig. 2).  
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Figure 2. Temperature salinity (TS) plot showing the different water types observed during the study 
period 

CDA analysis based on environmental variables discriminate the Indian and Sri Lankan waters into two 

different water bodies with 73.5 % validation based on Jacknife cross validation technique [(Wilks λ 

=0.0.039, χ2 =371.63 with 15 degrees of freedom and eigen value λ1 =15.464 (V.E. =96.5%), λ2 =0.540 

(V.E. =3.4%)] (Fig. 3A).  
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Figure 3. Schematic representation of CDA analysis showing discrimination of subsurface (a and c) and 
near bottom (b and d) samples of Indian (a and b) and Sri Lankan (c and d) waters based on 
Environmental (A), biological (B) and combined (C) variables  
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3.2  Distribution of microorganisms 

The distribution of total heterotrophic and culturable population across surface and bottom waters of the 

sixty stations is shown in Figure 4. Total culturable heterotrophic bacterial count ranged from 103 to 106 

cfu ml-1, about one log lower than the total heterotrophic bacterial count of the respective station. Higher 

population of Vibrio spp and E. coli was observed in the near shore waters of Indian coast than the Sri 

Lankan coast (Fig. 5).  

 

Figure 4. Abundance of total (a,b) and culturable (c,d) bacteria in subsurface (a,c) and near bottom (b,d) 
waters of Palk Bay. Bacterial counts in cfu ml-1 were log transformed 

The TCBS count of Vibrio spp ranged from below detectable level (BDL) to 75 cfu ml-1. V. cholerae 

dominated the population isolated from both the Indian and Sri Lankan coastlines (Fig. 6). Minor 

differences were noted in the population of V. hollisae, V. furnissi, V. alginolyticus and V. aestuarianus 

between the two coastlines. The identity of Vibrio spp was confirmed by comparing the proportion of 

cellular fatty acid composition of isolates with standard profiles available in MIS library. Vibrio spp 

showed a spectrum of cellular fatty acids with pronounced dominance of C14:0, C16:0, C16:1 w7c, 

C16:1 w6c, and C18:1 w7c (Table 3).  
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Figure 5. Abundance of Vibrio spp. (a,b) and Escherichia coli (c,d) in subsurface (a,c) and near bottom 
(b,d) waters of Palk Bay. All the counts are expressed as cfu ml-1 

 Fatty acid composition (%) 

Fatty acids V. 
aestuarianus 
( 0.894) 

V. 
alginolyticus 
(0.892) 

V. hollisae 
(0.655) 

V. furnissii 
(0.827) 

V. cholerae 
(0.955) 

12:0 3.40 2.87 1.85 2.38 - 
14:0 5.90 5.56 5.87 6.18 5.28 
16:1 iso I/14:0 3OH 3.68 3.02 3.83 3.83 3.29 
16:1 w7c/16:1 w6c 39.24 37.95 34.13 32.32 37.82 
16:0 20.85 23.98 25.29 23.37 22.75 
17:0 ND ND 0.84 ND - 
18:1 w7c 19.28 18.07 16.33 18.90 21.85 
18:0 0.87 1.66 1.99 1.54 1.58 
12:0 3OH 3.16 2.96 3.08 2.96 0.15 
16:0 iso ND ND 0.87 ND ND 

 
Table 3. Fatty acid profile of representative isolates of Vibrio spp. from Palk Bay. All the isolates were 

grown on MA plates at 30 C for 2 days. Results are expressed as percentage of the total fatty 
acids. Fatty acids amounting to 5% or more of the total fatty acids are in bold. ND not detected 
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 Figure 6. Species diversity of Vibrio spp. isolated from (a) Indian and (b) Sri Lankan waters 

 

Table 4. Distribution of antibiotic resistance among Vibrio spp isolated from Palk Bay. Isolates with 
intermediate resistance are labelled as (I). Number of isolates (n) are given in bracket 

Mode of 
action 

(Inhibitor
s of) 

Chemical Class  Name  Vibrio spp showing resistance (%) 

      V. 
cholera
e (n 51) 

V. 
alginolytic
us (n 3) 

V. 
hollis
ae (n 
11) 

V. 
furnis
si (n 
16) 

V. aestuarianus (n 
10) 

Cell wall 
synthesis 

β‐Lactamase  Ampicillin 98 100 0 100  100
Glycopeptidase  Vancomycin 100 100 100 100  100

         
Nucleic 
acid 
synthesis 

Sulfonamide 
Quinolones 

Trimethoprim 0 0 0 0  0 
Ciprofloxacin 0 0 0 0  0 
Nalidixic Acid 0 0 0 0  0 

Nitrofurantoin  Nitrofurantion 100(I) 100 0 100 
(I) 

100(I)

         
Protein 
synthesis 

Aminoglycosides  Gentamycin 100(I) 100 100 
(I) 

100  100 (I)

Macrolides  Azithromycin 100 0 9 (I) 0  100 (I)
Tetracyclines  Oxytetracycline 100 100 100 100  100

Tetracycline 100(I) 0 100 
(I) 

56 (I)  0 

Chloramphinicol  Chloramphenicol 100(I) 67(I) 0 100(I
) 

0 
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3.3 Antibiotic resistance profile and presence of virulence genes (toxR, ctxA  and blaNDM-1) 

Antibiotic resistance profiles of Vibrio spp. are presented in Table 4.  

Generally, resistance was more prevalent against cell wall and protein synthesis inhibiting antibiotics. 

Among four nucleic acid synthesis inhibiting antibiotics, resistance was found only against 

nitrofurantoin. Resistance was more diverse among V. cholerae, where all isolates showed complete or 

intermediate level of resistance against cell wall synthesis (ampicillin and vancomycin) and protein 

synthesis (gentamycin, azithromycin, oxytetracycline, tetracycline and chloramphenicol) inhibiting 

antibiotics. Resistance against vancomycin, gentamycin and oxytetracycline was common among all 

Vibrio spp. All the isolates except V. hollisae were resistant towards the β-lactams used in the present 

study, but none carried the blaNDM-1 gene which confers resistance to the third generation 

carabapenems (Supplementary Fig. 1 A). Although none of the isolates harbored the ctx phage encoded 

cholera toxin gene ctxA, a 778 bp fragment of the global regulatory gene toxR was amplified from all the 

isolates of vibrios (Supplementary Fig. 1 B). The presence of toxR indicates that these isolates can 

potentially become pathogenic upon acquisition of temperate phage ctx.  

3.4    Statistical analysis 

CDA analysis carried out based on distribution of Vibrio spp. and E. coli could discriminate the two 

waters with only 45.8 % correct classification based on Jacknife cross validation technique (Wilks λ 

=0.511,χ2 =77.83 with 6 degrees of freedom and eigen value λ1 =0.953 (V.E. =95.3%), λ2 =0.002 (V.E. 

=4.5%) (Fig. 3B), whereas CDA based on both environmental variables and distribution of Vibrio spp. 

and E. coli together could discriminate the two waters with 72.5 % confidence based on Jacknife cross 

validation technique (Wilks λ =0.034, χ2 =378.66 with 33 degrees of freedom and eigen value λ1 

=16.897 (V.E. =96.3%), λ2 =0.0.609(V.E. =3.5%) (Fig. 3C). 

Step up regression model was applied for Indian and Sri Lankan waters together and independently. 

When both waters were considered together (n=120), the standardized environmental variables such as 

pH, Salinity, NO3, PO4 and SiO4 and their first order interactions could explain 49.62 % of the 

distribution of standardized E. coli (F(15,104) =8.8132, P<0.05). The predictive parameters could be 

graded as pH*SiO4> Salinity*SiO4> PO4>pH >NO3*PO4>pH*NO3, indicating that the interaction 

effects are more important than individual effects. When Indian (n=84) and Sri Lankan (n= 36) waters 
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were considered independently, pH, salinity, DO, BOD, NO3 and SiO4 and their first order interactions 

explained 39.1 % spatial distribution of E. coli in Indian waters (F(21,62) =3.5372, P<0.05), while pH, 

salinity, temperature, BOD, NO2, NO3, SiO4 and their first order interaction effects could explain 81. 03 

% of spatial distribution of E. coli in Sri Lankan waters (F(28,7) =6.3419, P<0.05) after standardization. 

The predictive parameters for Indian waters and Sri Lankan waters could be graded as Salinity*NO3 > 

Salinity*BOD > pH*DO > NO3*SIO4 > DO*NO3 > Sal*DO and pH*NO2 > Temp*NO2 > pH*Salinity > 

BOD > Temp*NO3 > pH*NO3 > pH* SIO4 >Temp > Salinity*PO4 >Temp*BOD respectively indicating 

the importance of the interaction effects over the individual effects. In the case of distribution of Vibrio 

spp, the step up regression model could not explain their distribution in Indian (P>0.05) or Sri Lankan 

(P>0.05) waters when both the environments were considered together. However, when these water 

bodies were considered independently, about 91.61 % of the spatial distribution of Vibrio spp. in Sri 

Lankan waters (F(28,7) = 14.6526, P< 0.001) could be explained with pH, salinity, temperature, NO2, 

NO3, PO4, SiO4 and their first order interactions.  The order of importance of interacting factors in Sri 

Lankan waters could be graded as NO2*SiO4> pH*Salinity > PO4> Salinity*PO4> NO3*SiO4> 

Salinity*SiO4> Temp*NO2>NO3>pH*SiO4. No such factors could be identified for Indian waters.  

3. Discussion 

In the current study, the distribution, diversity, antibiotic resistance profile and pathogenicity of Vibrio 

spp in Palk Bay are reported. While many species of Vibrio are autochthonous to marine environment 

with significant ecological functions, many of them including V. cholerae are notorious pathogens. The 

influence of anthropogenic activities on prevalence of V. cholerae in marine environment is recently 

discussed [32].  The higher abundance of E. coli indicates the high anthropogenic perturbations in the 

region, which may be attributed to three riverine discharge [33], input of fecal contaminants from the 87 

fish landing centres (which host > 1000 trawling boats) and the large pilgrim population that converges 

at Rameswaram  [34]. Although the biogeography of vibrios and its significance in the maintenance and 

functioning of marine ecosystems are well documented for different geographical regions 

[1,14,26,35,36], only a few scattered reports are available from Indian region [1,37]. The population of 

pathogenic vibrios in the PB ranged from BDL to 75 cfu ml-1, and is comparable with that reported from 

the coastal waters of Orissa [37], which is also located along the east coast India, north of the PB. The 

Vibrio spp. isolated from Palk Bay belonged to V. aestuarianus, V. alginolyticus, V. hollisae, V. furnisii 

and V. cholerae, which showed high similarity index of 0.894, 0.892, 0.66, 0.827 and 0.955, respectively 
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with fatty acid profiles of representative isolates in the library. Previous studies have shown that more 

than 90 % identification of bacteria by fatty acid profile was in accordance with 16S rRNA gene 

sequencing method at the generic level and more than 70 % at the species level [38]. V. cholerae 

accounted for > 50 % of the total number vibrios isolated from PB. V. cholerae has been reported as a 

dominant pathogen responsible for the outbreaks of cholera epidemic worldwide, especially in Asian 

and African countries [7]. Recently, WHO recognized the re-emergence of cholera as a significant 

global public health problem, with 52 % increase in total number of deaths from cholera worldwide 

during 2009 to 2010 period [7]. Other Vibrio spp. are considered as opportunistic pathogens. 

The lack of ctxA gene in all the isolates clearly indicates that they are non-pathogenic at present. 

However, these organisms can become pathogenic at any time by acquiring pathogenic genes from other 

organisms through horizontal gene transfer under favorable environmental conditions [39].  The 

presence of the transcriptional activator toxR in the isolates implies that acquisition of the temperate 

filamentous bacteriophage CTXɸ may lead to a gain of virulence because ctxA expression would then be 

controlled by toxR. Under appropriate environmental conditions the trans-membrane protein toxR, in 

association with toxS and toxRS activates toxT, the gene encoding the cytosolic protein ToxT, which in 

turn activates transcription of cholera toxin [40].  Lateral transfer of virulence and antibiotic resistance 

genes by uptake of naked DNA from environment, physical contact between bacteria and generalized 

transduction by bacteriophages are well documented in marine environment [41].  

One of the recent environmental issues discussed in literature is the antibiotic resistance among bacteria 

isolated from estuarine and marine environments. Many microorganisms from pristine environments are 

naturally resistant to antibiotics due to low level exposure to antimicrobial compounds secreted by other 

organisms as a means of self-protection [42]. The results obtained in the present study are alarming, as 

many isolates showed resistance against multiple numbers of antibiotics which is not a natural 

phenomenon. The multiple antibiotic resistance among environmental isolates may originate either from 

exposure to antibiotic containing effluents discharged from hospitals, agriculture and aquaculture farms 

etc. or acquired through horizontal transfer of antibiotic resistant genes from human pathogens, which 

are already exposed to antibiotics [42]. High abundance of E. coli in PB confirms the role of 

anthropogenic inputs; however, further studies are required to confirm the level of antibiotic residues in 

PB. The V. cholerae isolated from PB showed complete or intermediate level of resistance against β-

lactam, vancomycin, nitrofurantoin, gentamycin, azithromycin, oxytetracycline, tetracycline and 
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chloramphenicol classes of antibiotics. Previous studies have also reported resistance of microorganisms 

isolated from coastal regions to the above classes of antibiotics commonly used in the therapy of 

bacterial diseases of humans. On a positive note, we could not detect the presence of the blaNDM-1 

gene, responsible for resistance to the third generation carbapenems, in any of the isolates. However, the 

multiple antibiotic resistances observed in the present study is alarming since antibiotic resistance 

determinants could potentially get transferred to bacteria more commonly responsible for human 

infections. It is evidenced from observations of antibiotic resistance among microorganisms isolated 

from arctic birds that it can be widely disseminated in the environment due to human influence or from 

other migratory birds [43]. This indicates that although emergence of antibiotic resistance 

microorganisms is an issue of local concern, its implications is global with grave concern for public 

health, ecosystem function, and animal disease especially because vibrios are known for their ability to 

colonize in crustaceans such as shrimp, crab etc. which are a widely consumed food category across the 

globe.  Pathogenic vibrios isolated from aquaculture systems across Asia (including India) and the Latin 

America are reportedly resistant to multiple antibiotics [9-11]. High levels of multiple antibiotic 

resistance have also been reported among fish mucus-dwelling bacterial populations from temperate 

shallow lakes exposed to pollutants [44]. There is strong evidence towards transfer of antibiotic 

resistance genes from the fish pathogen Aeromonas to human pathogen E. coli [45] and quinolone 

resistant gene from aquatic bacteria Shewanella algeae and Vibrio to human Gram negative pathogens 

[46-48]. Ostensibly, the antibiotic resistant genes of V. cholerae associated with the 1992 Latin 

American cholera epidemic were passed on from antibiotic resistant bacteria that emerged from large 

scale antibiotic use by the Ecuadorian shrimp industry [49]. Taken together, occurrence of multiple 

antibiotic resistant bacteria in marine ecosystems is a growing serious concern to the aquaculture 

industry as well as to the populations living in coastal zones.  

In the present study, statistical analyses were performed to understand the role of environmental 

variables on the distribution of Vibrio spp. and E. coli in PB. In an earlier report [6], hypothetical models 

were proposed to explain the role of environmental factors on the occurrence of V. cholerae in the 

environment. Temperature, salinity and DO were the major environmental factors reported to influence 

the environmental distribution of Vibrio spp. [1,50]. Previous studies from Chesapeake Bay showed that 

temperatures >25 °C and pH > 7.0 enhance V. cholerae growth [6,51]. The data presented here 

underscore the complexity of such models and highlight the importance of interaction effects of multiple 

variables in controlling the distribution of Vibrio spp. We used step up regression model to understand 
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the interaction effect of environmental parameters on the distribution of E. coli and Vibrio spp. in the PB 

in general, and Indian and Sri Lankan waters separately. Here, a maximum of 6144 models were fitted to 

choose the best predictive models for Indian and Sri Lankan waters and the model which explained the 

maximum variability was considered as the best predictive multiple regression model. In this model, the 

insignificant regression coefficients were deleted based on the Student’s t statistic, thereby reducing the 

number of parameters included in the model equation. Having determined the best model, the 

parameters in the model were arranged based on the relative importance and expressed as percent.  

[ ( ) ]iabledependentofiabletindependenoftcoefficienregressionceimporlative varvar*tanRe σσ ÷=
 

The CDA analysis of environmental variables clustered Indian and Sri Lankan waters separately and 

such difference was evident in step up regression model also. The study could propose a step up 

regression model, which could explain the spatial distribution of E. coli (81. 03 %) and Vibrio spp (91. 

61 %) in Sri Lankan waters while such a strong model could not be designed for Indian waters. The 

model could explain 39.1 % spatial distribution of E. coli in Indian waters (F(21,62) =3.5372, P<0.05), 

while the interaction effect on Vibrio spp was not evident. This may be due to the higher levels of 

unexplained variability in Indian waters and further studies to get data on additional parameters such as 

nitrogen, total phosphorus, phytoplankton abundance etc are required to explain Indian waters with 

higher precision. While supporting previous reports on the role of environmental variables on 

distribution of E. coli and Vibrio spp. in coastal environment, our study proposes the possible interaction 

effects of environmental variables.  

4. Conclusion 

Although microbial pollution is an issue of local origin, its consequences have global relevance since 

pathogens can be transported to other coastal areas via different routes. In this study a high abundance of 

E. coli and Vibrio spp. in the Indian waters of PB is reported. V. cholerae was the major Vibrio species 

and was resistant to multiple antibiotics. The water currents in PB may significantly influence the 

transportation of pathogenic and multiple antibiotic resistant Vibrio spp.  to other coastal areas of India 

and Sri Lanka. The present study, thus underlines the urgent need for a continuous surveillance of water 

systems in the tropical countries for human pathogens, lateral transfer of antibiotic resistance, and 

virulence genes particularly in areas of high anthropogenic activity.  
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