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ABSTRACT Rapid and species-specific detection, and quantification of pathogenic bacteria are
fundamental for monitoring and assessment of the risk they pose to any ecosystem. The study
employed Vibrio cholerae, a human pathogen responsible for the life-threatening diarrhoeal
disease, cholera and one among the most unwanted from marine bioinvasion point of view. The
present study coupled fluorescence in situ hybridization (FISH) technique, a powerful tool in
molecular phylogenetic discrimination, with flow cytometry (FCM), a technique used for rapid and
accurate quantification of both viable but non-cultivable and non-viable microorganisms. The
FISH-FCM technique was used for the first time to quantify V. cholerae (includes cultivable and non-
cultivable) from different geographic regions of Southeast Asia (Brunei, Indonesia, Lao PDR,
Myanmar, Philippines, Singapore, Thailand, Vietnam) and India (Goa, west coast of India). The data
acquired from the analyses provides a snapshot view of the total bacterial abundance with special
reference to V. cholerae. As the method developed, it was evaluated with bacterial samples
collected from different sites in Southeast Asia and India, and the application of this technique to
different geographical regions appears feasible. Considering that the continuous growth of the
shipping industry and ballast water as one of the primary vectors responsible for the global
transport of pathogenic microorganisms, the risk they present needs immediate attention. This
technique will be useful in the quick and accurate detection of specific pathogens. It may also
provide significant insights to quarantine measures for Ballast Water Management.
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1. INTRODUCTION

Ships move over 90% of the world’s commodities and are
thus responsible for the global transfer of approximately
10 billion tons of ballast water (BW), which is used to
maintain their stability. Ballast tanks hold different non-
indigenous vertebrates, invertebrates, plants, microscopic
algae, bacteria, and viruses (Williams et al. 1988; Carlton
and Geller 1993; Smith et al. 1996; Ruiz et al. 2000; Drake
et al. 2007; Mimura et al. 2005). When an organism is in-
troduced into an alien environment, a process termed as
‘bioinvasion’, it can either change the biodiversity of the
food web or can have a direct impact on the society and
human health by affecting water quality and fisheries (Anil

et al. 2002; Sun et al. 2010). Hence, ballast water is recog-
nized as one of the important vectors of bioinvasion that
threaten naturally evolved biodiversity, the consequences
of which are increasingly being realized (Anil et al. 2002;
Hewitt and Campbell 2010).

Microorganisms are highly abundant in the aquatic
environments and can withstand a wide range of envir-
onmental conditions owing to which are introduced into
alien environments in larger numbers than other organ-
isms (Roszak et al. 1984; Hallegraeff and Bolch 1992).
Pathogenic bacteria, viruses, protists, and microalgae can
have devastating effects on the ecosystem and economic
resources. Among pathogenic bacteria, the most extens-
ively studied bacterium in ballast water is Vibrio cholerae,
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which is responsible for cholera, an acute diarrheal dis-
ease characterized by rapid and severe dehydration and
in extreme cases even death of the infected persons
(Finkelstein 1996). Although more than 200 O-antigen
serogroups of V. cholerae are known so far, only two
serogroups, O1 and O139, have been found to cause chol-
era epidemics (Sack et al. 2003). It is a known fact that
ballast water is one of the major vectors leading to global
transport of toxigenic V. cholerae O1, O139 (Ruiz et al.
2000), owing to which V. cholerae is placed as one of the
‘Ten Most Unwanted’ in the Global Ballast Water Manage-
ment Programme (GloBallast 2002).

The culturable pathogenic bacteria as specified in D-
2 guidelines for performance of ballast water treatment
technologies (2004) are routinely estimated by the plat-
ing methods using specific media (Khandeparker et al.
2015). However, they are time-consuming, and the plating
method cannot account for the cells that are in a
dormant state. It has been demonstrated that viable but
non-culturable bacteria are active in metabolism and can
still be infectious. Lyon (2001) developed a Taq-Man PCR
assay for quantitative detection of V. cholerae in pure cul-
tures, oysters, and synthetic seawater. The probe was
designed from the non-classical hemolysin (hlyA) se-
quence of V. cholerae strains. Recently, Emami et al. (2012)
evaluated a rapid and cost-effective matrix-assisted laser
desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS) method for monitoring culturable bac-
teria in ballast water. Several marine bacterial species
were characterized using this method. However, only
those bacteria which can be cultured can be identified,
and only 0.001–0.1% of marine bacteria are culturable
(Oren 2004).

Flow cytometry (FCM) is an advanced technique be-
ing extensively used for counting microorganisms,
wherein cells are usually labeled with fluorescent tags
which allow them to be electronically identified while
passing through a beam of laser light and can detect both
non-viable and viable cells. Recently, flow cytometry is
being extensively used for counting microorganisms
(Davey et al. 1999; Ivanov 2000; Shvalov et al. 2000;
Khandeparker et al. 2017a) and assessing their viability
(López-Amorós et al. 1997). It has also been used to evalu-
ate the abundance of selected bacterial species in ballast
water samples (Joachimsthal et al. 2004).

The use of Fluorescence In-Situ Hybridization (FISH)
to identify specific bacteria within environmental
samples has become a powerful tool that helps in mo-
lecular phylogenetic discrimination.

Flow cytometry combined with FISH is currently a
popular method of enumerating specific cells in environ-
mental samples (Not et al. 2002; Czechowska et al. 2008).
Direct quantification methods without the need to enrich
and culture yield accurate and quick estimates of taxon-
specific densities in water bodies (Huq et al. 2012) and al-
low quantification of both cultivable and non-cultivable
(VBNC) bacteria. However, to the best of our knowledge
FISH-FCM coupling study does not exist for the quanti-
fication of V. cholerae.

In the present study, FISH-FCM was used to quantify
V. cholerae from Brunei Darussalam, India, Indonesia, Lao
PDR, Myanmar, Philippines, Singapore, Thailand, and Vi-
etnam along with the total bacterial count (TBC). Ruiz et
al. (2000) have reported that bacteria associated with
plankton are the principal contributors of pathogenic
bacteria introduced to the Chesapeake Bay. The genus Vi-
brio is wide spread in the coastal water, autochthonous in

the water of estuarine regions, where the bacteria survive
in association with plankton, as well as in biofilms. The
port areas are potential sites for ballasting/deballasting,
and presence of both pathogenic and non-pathogenic
strains are reported in the ballast water of cargo ships.
The snap shot observations carried out in the present
study would provide the distribution of V. cholerae in dif-
ferent geographic regions.

2. MATERIALS AND METHODS

2.1 Sample collection and preservation

Water samples were collected by the participating mem-
bers in the project in and around the port environment in
Brunei Darussalam, India, Indonesia, Lao PDR, Myanmar,
The Philippines, Singapore, Thailand, and Vietnam for the
quantification of Total Bacterial Count (TBC) and V. chol-
erae. Aliquots of the samples (9 mL) were fixed using a 4%
paraformaldehyde solution (final concentration 1%) by
incubation at 4°C overnight, followed by storage at -20°C
until analysis. These were then transferred to CSIR-Na-
tional Institute of Oceanography, Dona Paula, Goa, India
for further analysis in the laboratory using FCM.

Water samples from Brunei Darussalam were collec-
ted at Muara Port (5°1.809’N, 115°4.850’E), which is the
main gateway for foreign goods coming into the country,
as well as for the export of local produce.

The samples from India were collected from Zuari and
Mandovi estuaries in Goa as well as the port environ-
ments. Dona Paula (15°25'16.9''N, 73°47'36.9''E) - bay station
situated at the mouth of the estuary (Goa, India 1),
Cortalim (15°24'32.0’N, 73°54'50.2’E) - lower middle estuary
(Goa, India 2), Chicalim (15°24'10.92"N, 73°51'8.55"E) -
highly influenced by anthropogenic activity and shipping
industry (Goa, India 3) and Siridao (15°25'41.89"N,
73°52'38.84"E) - receives inputs from the mangrove area
(Goa, India 4) were sampled in the Zuari estuary. Whereas,
Campal (15°29'36.26"N, 73°48'42.08"E) - situated at the
mouth of the estuary was sampled in the Mandovi estuary
(Goa, India 5). Both these estuaries are situated on the
west coast of India. Samples from New Mangalore port
(Mangalore, India), which is an enclosed sea port located
in Panambur, Mangalore, Karnataka on the west coast of
India (12°55’N, 78°48’ E) and Chennai Port (Chennai, India),
which is a major sea-port situated on the east coast of In-
dia (13°06’N, 80°18’E) were also collected.

Water samples from Indonesia were collected from
the international port of Tanjung Priok in Jakarta Bay
(6°5'56.47"S, 106°53'15.88"E). Water characteristics around
the bay are not only affected by monsoons (Schoemar and
Yanagi 2001) but also highly influenced by a large amount
of anthropogenic waste coming from thirteen rivers
(Siregar et al. 2016).

Water samples from Lao PDR were collected from
Vientiane Port (17°56'47.23"N, 102°36'55.38"E) along the
Mekong River. In Myanmar, water samples were obtained
from a jetty at Yangon Port (16°45.708’N, 96°9.657’E),
which is located some 20 km upstream from the mouth of
the Yangon River.

One of the major ports in the Philippines is South
Harbour in Manila, which is located in the northeast
shoulder of Manila Bay (14°36.2’N, 120°58.0’E) and about
45 km from Pasig River. From 2000 to 2012, it accom-
modated over 6500 foreign and domestic vessels (Philip-
pine Ports Authority 2015). Water samples were collected
rom six stations (Station 1: Pier 15, Station 2: Pier 13, Sta-

Khandeparker et al.160



tion 3: Pier 9, Station 4: Pier 5; Station 5: Engineering Is-
land; and Station 6) along the pier in July 2012.

Water samples from Singapore were collected from a
recreational marina (Republic of Singapore Yacht Club,
RSYC) situated in the southwest coast (1°17’36’’N,
103°45’37’’E) of Singapore Island. This marina is situated in
close proximity to a major container shipping terminal as
well as monsoonal canals and drainages.

Water samples were collected from Songkhla Port
(7°13.826’N, 100°34.3’E) in Thailand. In Vietnam, water
samples were collected from Haiphong Port (20°50’57.4”
N, 106°45’11.85” E).

2.2 Flow cytometric analysis for determining the Total
Bacterial Count (TBC)

For the analyses of the total bacterial count, 1 mL of fixed
samples were used. Initially, the water samples were
passed through BD cell strainer cap (Cat no: 352235) to
remove larger particles. The samples were then stained
with DAPI (Sigma) at 1 µg/mL final concentration (Trous-
sellier et al., 1995) and incubated for 30 min in the dark at
room temperature. Subsequently, samples were analyzed
using a BD FACSAriaTM II (BD Biosciences) flow cytometer
equipped with a nuclear UV laser 375 nm which can dif-
ferentiate blue fluorescence excited by UV light. Emitted
light was collected through following filter sets 488/10
band pass (BP) for right angle light scatter (SSC) and
450/20 band pass (BP) for blue fluorescence. Fluorescent
beads (1 μm, Polysciences) were used as internal stand-
ards. Gating was done against SSC versus blue fluores-
cence. Flow cytometry data was processed using BD
FACS Diva software. Total Bacterial Count (TBC) is ex-
pressed as cells/mL.

2.3 Fluorescent In-Situ Hybridization (FISH) coupled
with FCM for specific detection of V. cholerae

The TaqMan probe developed by Lyon (2001), designed
from the non-classical hemolysin (hlyA) sequence of V.
cholerae cultivable strains was used. In the present study,
we validated this probe for quantifying both cultivable and
non-cultivable population using FISH. The probe was
labeled with Alexa 488 and synthesized by (Sigma-Aldrich
Co. USA). Alexa 488-labeled probe, 5’-[A488] TCAACCG-
ATGCGATTGCCCAAGA) was used for the detection of V.
cholerae. For standardization, the fixed samples were hy-

bridized with the probe using hybridization buffer (20mM
Tris HCl, 0.9M NaCl and 0.1% SDS, final concentration).

The working concentration of the probe was 50
ng/μL in sterilized water (final concentration, 5 ng/μL).
The hybridization reactions were performed using differ-
ent melting temperatures (40-55°C) and the formamide
concentrations (0 to 30%). The probe showed good res-
ults at 46°C using formamide concentration of 30%.

The labeled V. cholerae were visualized under an epi-
fluorescence microscope (Olympus IX 73, Olympus, Japan)
by using a FITC filter (λexc: 490 nm; λem: 525 nm) follow-
ing which they were enumerated using flow cytometry in
the present study. These samples were analyzed using a
BD FACSAriaTM II (BD Biosciences) flow cytometer
equipped with a nuclear blue laser 488 nm which can dif-
ferentiate green fluorescence excited by a blue laser.
Emitted light was collected through following filter sets
488/10 band pass (BP) for right angle light scatter (SSC)
and 530/30 band pass (BP) for green fluorescence.
Fluorescent beads (1 μm, polysciences) were used for cal-
ibration of the above parameters as internal standards.
Gating was done against SSC versus green fluorescence.
Flow cytometry data were processed using BD FACSDIVA
software. The V. cholerae abundance is expressed as
cells/mL.

3. RESULTS AND DISCUSSION

Flow cytometric analysis of bacteria using dual staining
clearly separated green fluorescing Alexa 488-conjugated
probe specific V. cholerae from blue fluorescing DAPI
stained TBC (Figure 1). The TBC ranged from 2.70 x 103 ±
469 (Philippines) to 2.21 x 107 ± 4.8 x 105 (Myanmar). A
representation of the variation in the TBC in studied loc-
ations is provided in Figure 2. TBC was highest at Myan-
mar followed by Vietnam and least at the Philippines.

The data from India is sourced from a tropical estuar-
ine environment (Zuari and Mandovi estuaries in Goa) and
the port environments. Dona Paula, Cortalim, Chicalim and
Siridao were sampled in the Zuari estuary, and Campal was
sampled in the Mandovi estuary. Previously, the dominance
of cultivable Vibrio, Alteromonas, Aeromonas, Enterobacter,
Marinobacter, and Exiquinobacterium have been reported
in the Zuari estuary (Khandeparker et al. 2011; Fernandes et
al. 2014; Khandeparker et al. 2015). The Dona Paula station
in Zuari estuary showed a high abundance of cultivable V.
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Figure 1. (A) Two-parameter flow cytometric dot-plot of DAPI stained bacteria (Blue fluorescence) giving an account of Total Bacterial Count (TBC) and
Vibrio cholerae population specifically attached to Alexa 488-conjugated probe (Green fluorescence). Gating is done against green versus blue fluorescence.
Fluorescent beads (1 μm, Polysciences) were used for calibration of the above parameters as internal standards. (B) Alexa 488 fluorescence (Green
fluorescence) histogram plot analysis of V. cholerae specifically detected on binding to Alexa 488-conjugated probe.



cholerae in the monsoon season (Khandeparker et al. 2015).
For the present study, the samples were collected during
the monsoon season and accounts for total V. cholerae
(cultivable and non-cultivable). The V. cholerae population
was high in Dona Paula, Cortalim, and Chicalim. Chicalim is
an anthropogenically influenced area in the Zuari estuary.
Recently, Khandeparker et al. (2017b) used Next-Generation
Sequencing (NGS) approach using Ion Torrent PGMTM to
elucidate the microbial community structure of Mandovi-
Zuari estuarine sediment. The results indicated that Chic-
alim in Zuari estuary was dominated by Proteobacteria,
mainly Gammaproteobacteria, which comprises of most of
the pathogenic groups such as Enterobacteriaceae,

Pseudomonadaceae, and Vibrionaceae, which are eury-
haline and mostly introduced anthropogenically. Associ-
ation between V. cholerae and chitinous plankton in the
marine environment is well known (Huq et al. 1983; Gil et
al. 2004). Variations in monsoon (D’Costa et al. 2008) and
break period influence the phytoplankton dynamics in this
region. A recent study by Khandeparker and Anil (2013)
have reported that zooplankton contains high numbers of
pathogenic bacteria such as V. cholerae, E. coli, and S.
faecalis. It is expected that an increase in phytoplankton
production, in turn, would trigger the abundance of zo-
oplankton which feeds on them. V. cholerae preferentially
attach to planktonic copepods and are also closely linked
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Figure 2. Spatial and regional variation of Total Bacterial Count (TBC) in India and ASEAN countries using flow cytometry (FCM). Sample locations are
provided in the Materials and Methods section.
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Figure 3. FISH-FCM analyses showing spatial and regional variation of Vibrio cholerae abundance in India and ASEAN countries. Sample locations are
provided in the Materials and Methods section.
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with diatoms (Rehnstam-Holm et al. 2010). Previous re-
search has also indicated that nutrients can directly impact
algae and zooplankton which may further influence V.
cholerae populations (Huq et al. 1996; Mourino-Perez et al.
2003) as plankton, especially zooplankton serves as micro-
habitat for bacteria (Tang 2005). High numbers of V. chol-
erae at Dona Paula and Chicalim could also probably be
attributed to the abundance of plankton. The abundance of
V. cholerae and TBC was low at Singapore; one possible
reason could be low phosphate levels in the port region.

Nutrients and suspended particulate matter are im-
portant factors in determining the bacterial abundance in
a coastal environment (Khandeparker et al. 2017a). Azanza
et al. (2018) isolated a total of 93 bacteria from the surface
and bottom waters of South Harbour, Manila Bay of Phil-
ippines. A total of 64 isolates were representatives from
four bacterial phyla: Actinobacteria (22%), Bacteriodetes
(1%), Firmicutes (12%), and Proteobacteria (34%). Three
isolates identified were reported as pathogenic bacteria,
namely: Gordonia bronchialis, Kytococcus sedentarius, and
Microbacterium oleivorans (Azanza et al. 2018). G. bron-
chialis is a human pathogen associated with pulmonary
disease (Tsukamura 1971), K. sedentarius is considered as
an opportunistic pathogen that causes valve endocarditis,
hemorrhagic pneumonia and pitted keratolysis (Sims et al.
2009) and M. oleivorans is known to cause bacteremia
(Kim and Lee 2012).

The data obtained from the analysis of snap shot ob-
servations show considerable variations in the V. cholerae
in different regions. When compared to other regions, the
V. cholerae as well as the total bacterial abundance was low
in the Philippines. K. sedentarius is known to produce oli-
goketides which is a natural antibiotic (Sims et al. 2009).
Antibiotics are one class among the many other metabol-
ites produced by bacteria that helps in competition and
signaling processes (Khandeparker et al. 2014). The Firmi-
cutes which includes Bacillus spp. were also reasonably
high in the Manila Bay, Philippines. However, the abund-
ance of V. cholerae was very low (Figure 3). The presence
of Bacillus spp. has been reported to be inhibitory to Vi-
brio spp. (Sugita et al. 1998; Moriarty 1998). Marine Actin-
obacteria are known to produce a unique and wide range
of antibiotics (Maskey et al. 2003; Li and Qin 2005). The
dominance of Actinobacteria and Firmicutes could be re-
sponsible for low TBC and V. cholerae in the Philippines
and can be attributed to competition as these phyla are
known to produce antibiotics and secondary metabolites.

This study validates a FISH-FCM method for the
quantification of V. cholerae, and the results serve as
baseline data for their abundance, which has implications
in bio-invasion in different geographic regions. Earlier
studies have revealed that marine pathogens can spread
locally much faster (McCallum et al. 2004) than terrestrial
ones. These pathogenic bacteria can be devastating on the
economic resources and different ecosystems. Taking into
consideration the growing shipping industry, it is clear
that the risk of global dispersal of aquatic pathogens needs
immediate attention and the data so collected will be
helpful in developing risk assessment-based decision sup-
port system for ballast water management.
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