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INTRODUCTION

The bacterial family Vibrionaceae encompasses a
diverse group of heterotrophic bacteria. They are
indigenous to estuarine and seawater environments,
and have an important role in the decomposition of
both particulate and dissolved organic matter (Fukami
et al. 1985). A considerable number of pathogenic
species have been described (Thompson et al. 2006),
including important human pathogens, such as Vibrio
cholerae, V. parahaemolyticus, and V. vulnificus. Vib-

rios have a broad repertoire of lifestyles, including the
human intestine, particulate-associated, free living,
in nutrient-rich or -poor environments and in a wide
range of salinities (Mueller et al. 2007).

Vibrio parahaemolyticus are common inhabitants of
coastal waters, shellfish and fish in India, and an esti-
mated level of 10% of all diarrhoeal diseases in
Kolkata, India, has been related to V. parahaemolyti-
cus infections (Deepanjali et al. 2005). About 2% of
environmental V. parahaemolyticus isolates are patho-
genic, but this number can differ substantially be-

© Inter-Research 2010 · www.int-res.com*Email: ann-sofi.rehnstam-holm@hkr.se

Association between phytoplankton and Vibrio spp.
along the southwest coast of India: a mesocosm

experiment

Ann-Sofi Rehnstam-Holm1,*, Anna Godhe2, Karolina Härnström2, Pendru Raghunath3, 
V. Saravanan3, Betty Collin1, Indrani Karunasagar3, Iddya Karunasagar3

1Aquatic Biology and Chemistry (ABC), Kristianstad University, 291 88 Kristianstad, Sweden
2Department of Marine Ecology, University of Gothenburg, Box 461, 405 30 Göteborg, Sweden

3Department of Fishery Microbiology, Karnataka Veterinary, Animal and Fisheries Sciences University, College of Fisheries, 
Mangalore 575 002, India

ABSTRACT: We report the results from a mesocosm study investigating the interrelationship
between microalgae and vibrios. The mesocosms were inoculated with plankton, plankton + sedi-
ment, or sediment. We followed the diatom bloom and increases in the abundance of Vibrio spp. and
V. parahaemolyticus in conjunction with several environmental variables in all mesocosms and at a
reference site. The dominating diatom genera were also identified. Temperature, salinity, and pH
were nearly invariant in the mesocosms and did not contribute to the results. The principal environ-
mental variables that correlated to vibrio abundance were total bacterial plate counts, phosphorus
and ammonia (positive relationship), and oxygen and silica (negative). Nitrate, total bacterial counts
and chlorophyll a (chl a) did not correlate with vibrio growth. The highest diatom abundances were
followed by increases in vibrios in all mesocosms. This was also observed in field sampling. Together,
these results suggest that diatom blooms could support Vibrio spp. growth. V. parahaemolyticus was
initially favoured by sediment. The contribution of V. parahaemolyticus to the total bacterial popula-
tion was low, on average 0.5%, but constituted a rather high proportion of the vibrio population in the
mesocosm systems, i.e. on average 18%. Some of the identified diatom genera, e.g. Chaetoceros and
Skeletonema, were negatively correlated to vibrios, while Coscinodiscus was positively correlated.
The results indicate that phytoplankton blooms, when recorded as high levels of chl a, should be used
with caution as predictors for future vibrio epidemics, since the origin of the chl a might have a
significant effect on vibrio abundance.
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tween seasons and geographic areas (DePaola et al.
2003, Deepanjali et al. 2005). In oysters collected from
locations along the southwest coast of India, all were
positive for V. parahaemolyticus, and 33% of the sam-
ples contained potentially pathogenic strains (Parvathi
et al. 2006).

For a long time, marine bacteria have been observed
to be associated with phytoplankton, as free-living, di-
rectly attached to the algae, or living inside the algae
(ZoBell 1941, Siebuth 1968). Thus, phytoplankton as a
group can be considered as bacterial ‘incubators’. We
now know that a multitude of interactions between bac-
teria and algae can exist simultaneously, but differ in
space and time (Acinas et al. 1997, Karl 2007). During
phytoplankton blooms, particulate and dissolved or-
ganic matter (POM and DOM) undergo dramatic
changes, and this variation is accompanied by strong
shifts in bacterial abundance and species composition
(Smith et al. 1995, Nayak et al. 2000). Bacterial growth
rates have been shown to increase during the decline
phase of the blooms, and this means that phytoplankton
blooms have the potential to support explosive growth
of marine bacteria, including vibrios (Rehnstam et al.
1993, Mouriño-Pérez et al. 2003, Pinhassi & Berman
2003). Indeed, vibrios seem to be well adapted, physio-
logically, to exploit nutrient pulses in the environment;
they can survive under long periods of substrate limita-
tion, they maintain high ribosome content after they
switch to starvation conditions, and they show strong
chemotaxis towards ecologically relevant compounds
(Holmquist & Kjelleberg 1993, Yu et al. 1993, Eilers et
al. 2000, Armada et al. 2003). A strong link has been ob-
served between algal blooms and high numbers of Vib-
rio spp. that are pathogenic to humans (Lobitz et al.
2000). Such a relationship has been recorded, e.g. in
Hong Kong (Kwan et al. 2003), where an increase of
cholera cases could be predicted by an increase in
ciguatera poisoning caused by consumption of fish that
have fed on a toxic benthic dinoflagellate. It has also
been shown that V. cholerae proliferate while attached
to copepods (Huq et al. 1983, Mueller et al. 2007). Fur-
thermore, V. cholerae as well as other Vibrio spp. can
grow rapidly on DOM as well as POM (Mouriño-Pérez
et al. 2003) and quickly switch between a free-living
stage and a stage attached to particles (Worden et al.
2006). Evidently, the periodicity and spread of Vibrio-
related diseases has a strong connection to the ecology
of Vibrio spp., but the processes are still not understood
(Munroe & Colwell 1996).

Little knowledge exists regarding vibrio abundances
during different kinds of phytoplankton blooms, and it
is not known whether vibrios have a preference for any
specific algal species, although dinoflagellates have
been suggested as possible candidates (Eiler et al.
2006). Accordingly, it is important to develop models of

bacteria–phytoplankton dynamics as tools for under-
standing marine settings and for reducing unwanted
environmental effects on global health.

In previous studies, mesocosms have proved to be
well suited for large-scale investigations in many dif-
ferent environments (e.g. Bussaard et al. 2005). They
enable replication and allow control of the examined
system, while preserving many of the natural condi-
tions. Here, we report the results from a mesocosm
study of the interrelationship between algae and vib-
rios performed in Mangalore, India, during the period
28 December 2005 to 13 January 2006. Mesocosms
were inoculated with plankton, sediment, or plankton
+ sediment, and the development of a diatom bloom
and a consecutive increase in Vibrio spp. and V. para-
haemolyticus abundance was followed in conjunction
with many other variables. Sediment was employed in
the mesocosm experiments to play 2 distinct roles: (1) a
prolonged diatom bloom can be achieved as a result of
germination of diatom resting stages from sediments,
and can generate different species compositions com-
pared to plankton inocula (Härnström et al. 2007); (2)
different Vibrio spp. can be associated with either
algae or sediment (Urakawa et al. 2000). Thus, inclu-
sion of sediment, along with a plankton inoculum, pro-
vides 2 potentially different algae and vibrio inocula.
V. parahaemolyticus was chosen because this species
is the most abundant human vibrio pathogen in the
area. The mesocosm studies were compared to field
samples that were obtained during the same time
period and analysed in parallel.

MATERIALS AND METHODS

Mesocosms. The mesocosm experiment was under-
taken at the College of Fisheries, Mangalore, India
(12° 52’ N, 74° 53’ E). The experiment ran from 28 De-
cember 2005 to 13 January 2006, inside a covered hall.
Sediment cores were collected with a gravity corer
35 nautical miles (56 km) from Mangalore at a water
depth of 30 m, and the cores were immediately sam-
pled on board ship. Overlying water was carefully
drained, and the top 5 mm of sediment were sub-
sampled into a plastic cup. At the same station, phyto-
plankton were sampled by several net tows (10 µm
mesh size), pooled into a 20 l bucket, and kept in the
dark. Phytoplankton concentrates were analysed for
chlorophyll a (chl a) and, after calculations to provide
an adequate amount of inocula, added to the meso-
cosms. Seawater (36 psu) collected from offshore Man-
galore was ozonised (Ozone Generator-alt 11, Coren)
and 900 l were added to each of the 9 cylindrical meso-
cosms that had a volume of 2000 l. The mesocosms
were inoculated with either 2.65 l of the plankton con-
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centrate, 150 ml of the collected sediment, or both,
with 3 replicates of each treatment as described below.

Light intensity was 50 µmol photons m–2 s–1 at the
water surface. Lamps were switched on during day-
time to keep a 12:12 h light:dark cycle. The mesocosms
were kept constantly aerated using plastic hoses con-
nected to a pump. The inocula were added to the
mesocosms in a random order. A mesocosm pilot study,
carried out from 10 to 20 December 2005 with an iden-
tical set-up, revealed low phosphate concentrations
(0.02 µM). Since phosphate is normally not a limiting
factor for primary production in the area (Krishna-
kumar & Bhat 2007), phosphate was added daily to all
9 mesocosms until natural concentrations were reached
(i.e. 0.5 µM, reached on Day 7 of the experiment).

The mesocosms were sampled every 2 to 3 d until
chl a concentrations were stationary or declined. Every
day, the mesocosms were stirred to mix the contents.
During sampling, 2.5 l were taken from the mesocosms
using a ladle and were transferred to black, light-
protected bottles and immediately processed in the
laboratory.

Inocula. The net tows were examined in an inverted
microscope (Zeiss Axiovert 25) at 400 × magnification
to ensure that the plankton cells were in good condi-
tion, and that no larger zooplankton, i.e. copepods,
were present. The plankton inoculum was designed
to give a pre-phytoplankton bloom concentration of
actively growing cells. No quantitative determination
of the metabolic activity of the collected phytoplankton
cells was made. The estimated chl a concentration
after addition of the plankton concentrate was 0.9 µg
l–1, which is a low to moderate chl a concentration in
the area (Krishnakumar & Bhat 2007). To simulate the
resuspension of 5 mm sediment and its even distribu-
tion through an average water-column depth of ap-
proximately 30 m, we calculated the amount of
sediment inoculum to add. In the mesocosms that were
to receive sediment inocula, 150 ml of surface sedi-
ment slurry were added.

Parameters analysed in mesocosms. All environ-
mental parameters were sampled at each sampling
occasion in all 9 mesocosms, i.e. every second or third
day, except inorganic nitrate, ammonia and silicate,
which were measured 4 times during the experimental
period (Days 1, 6, 10 and 17).

The concentrations of inorganic nitrate, ammonia
and silicate were monitored using Merck Spectro-
quant® kits (Merck) and a spectrophotometer (Spectro-
quant® NOVA 60, Merck). Phosphate was measured
by the ascorbic acid method, and oxygen by Winkler
titration (SS 028126, SS-EN 25 831). Temperature,
salinity and pH were measured by thermometer, re-
fractometer (Erma) and pH meter (MKVI Systronics).
Total bacterial counts were estimated by DAPI staining

of formalin-fixed samples (3%) followed by epifluores-
cence microscopy, according to the protocol of Porter &
Feig (1980). Total viable bacteria counts (total plate
count, TPC) were estimated by plating 10-fold dilu-
tions of each sample on tryptone soya agar with 1%
NaCl (TSAS) plates in duplicate. Enumeration of Vib-
rio spp. and V. parahaemolyticus was obtained by
colony hybridisation. The alkaline phosphatase (AP)-
labelled probes 5’-XAA AGC GGA TTA TGC AGA
AGC ACTG-3’ (binding to the tlh gene encoding a
thermolabile haemolysin present in all V. para-
haemolyticus; McCarthy et al. 1999) and 5’-XTG TCA
GGA AAA AGA TCC TGC ACT GTC TGA ACT-3’
(Vibrio genus specific, binding to the gyrB gene;
Raghunath et al. 2007) were purchased from DNA
Technology. Colony hybridisation was carried out as
described previously (Cook et al. 2000, Deepanjali et
al. 2005, Raghunath et al. 2007). Briefly, each sample
was diluted 1:10 and 1:100 in physiological saline.
Then, 100 µl each of undiluted sample as well as the
1:10 and 1:100 dilutions were spread on T1N3 agar
plates (1% tryptone, 3% NaCl, 2% agar; pH 7.4) in
duplicate (only in single for the reference site samples)
and incubated at 37°C overnight. Colony lifts were
performed on plates with 100 to 1000 colonies onto
Whatman No. 541 filter paper. Control strips contain-
ing 2 positive and 2 negative cultures were included in
each hybridisation reaction. For enumeration of total
Vibrio spp., V. parahaemolyticus (AQ 4037) and V. vul-
nificus (ATCC 27562) were used as positive controls;
Salmonella enterica serovar Typhi (ATCC 12225) and
Aeromonas hydrophila (laboratory isolate) were used
as negative controls. For enumeration of V. para-
haemolyticus, a tdh+, trh– strain (obtained from the
National Institute of Cholera and Enteric Diseases,
Kolkata, India) and a tdh+, trh– pandemic strain
(SYO3:K6 isolated in our laboratory) were used as
positive controls; V. vulnificus ATCC 27562 and V.
cholerae ATCC 39315 were used as negative controls.
The numbers of bluish grey or dark brown signals with
colour intensity similar to that of the control strip were
counted. Each signal represented a colony; the number
of bacteria in the original sample was calculated by
multiplying the number of positive signals by the dilu-
tion factor.

For estimations of chl a concentrations, 200 ml from
each sample were filtered onto GF/F filters. Chloro-
phyll was extracted in 7 ml of 90% acetone and kept
overnight at 4°C. Of this, 1.5 ml were centrifuged at
3655 × g (10 min), and the concentrations of the super-
natants were measured on a spectrophotometer (Shi-
madzu). Chl a calculations were based on equations
from Parsons et al. (1984).

For microscopic species identification and quantifi-
cation of phytoplankton and potential grazers, 200 ml
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of each sample were preserved with Lugol’s solution
and examined using an inverted light microscope
(Zeiss Axiovert 25) at 200 to 400 × magnification. Prior
to microscopic analysis, samples of 10 or 50 ml were
settled overnight in sedimentation chambers (Uter-
möhl 1958). Species identification was based on the
following literature: Subrahmanyan (1958), Subrahman-
yan & Sarma (1960), Thomsen (1992), Tomas (1997),
and Throndsen et al. (2003).

Analysis of field samples from the reference site.
Mangalore old port was used as a reference site. This
location was sampled at the same time and frequency
as the mesocosms. The parameters monitored were the
same as for the mesocosm samples, as were the proce-
dures. The only exception was that the surface water
temperature was measured in situ.

Calculations and statistics. Partial least squares
analysis: The relationship between the density of vib-
rio and physical, chemical and biological variables in
the mesocosms was investigated with projection to
latent structures by means of partial least squares
analysis (PLS, Wold et al. 1984) using the software
SIMCA-P 8.0 (UMETRICS). PLS is a regression based
on latent variables and is used for finding the linear or
polynomial relationship between a set of predictor
variables (x) and a set of response variables or a single
response variable (y). PLS has some advantages over
multiple linear regression. PLS allows the number of
predictor variables to be greater than that of the
objects; it can use multitudes of correlated x variables
(multivariate collinear data); and it can tolerate certain
amounts of missing data (Eriksson et al. 1999). The
density of Vibrio spp. (colony-forming units [CFU] l–1)
in the mesocosms was used as the response variable (y)
in the model. Twelve different physical, chemical and
biological parameters were used as predictor vari-
ables. Only the samples where data on
all parameters were available were
used in the PLS model (36 in all).
All variables were log10 (x + 1) trans-
formed before analysis, and thereafter
centred and scaled to unit variance.

Canonical correspondence analysis:
Internal gradient analysis was used to
examine the relationships between the
density of vibrios, physical, chemical
and biological factors, and the com-
position of phytoplankton species.
Canonical correspondence analysis
(CCA; CANOCO version 4.5, Braak &
Smilauer 2002) was selected as the
unimodal response model since the
gradient was more than 2 SD. Two
separate CCA were performed: 1 for
the mesocosms and 1 for the reference

site. The mesocosm CCA integrated several variables:
vibrio density, 11 physical, chemical and biological
variables, and 47 phytoplankton taxa having over 2%
relative abundance. The type of inoculum (plankton,
sediment or both) for each mesocosm was represented
by nominal variables, which were coded by ‘0’ for no
addition or ‘1’ for addition. The reference site CCA
integrated 12 physical, chemical and biological vari-
ables (including vibrio density), and 26 phytoplankton
taxa having over 2% relative abundance. None of the
data were weighted. CCA was run constrained to each
variable, i.e. density of vibrios, and the physical, chem-
ical and biological variables were run in turn to deter-
mine the amount of variation that could be accounted
for by that variable (axis 1 score). Sampling dates
where all physical, chemical and biological data were
available (n = 36) were treated as active cases; the
remaining sample dates (n = 27) were treated as sup-
plementary samples. A Monte Carlo test was used to
evaluate the significant relationship between density
of vibrios, physical, chemical and biological variables,
and phytoplankton species data. Significance of the
CCA axes was tested by running 199 permutations.

RESULTS

Analyses were performed on samples collected at 8
occasions during 17 d from the 3 differet subsets of
mesocosms: (1) 3 mesocosms with plankton, (2) 3 meso-
cosms with sediment, and (3) 3 mesocosms with both
plankton and sediment, as well as from the reference
site.

Physical variables. The physical variables salinity,
temperature, pH and O2 showed only minor fluctua-
tions in the mesocosms (Table 1). The oxygen concen-

Table 1. Range of environmental variables for all replicates of all mesocosm types 
and the reference site. TPC: total plate count

Variable Plankton Plankton+ Sediment Reference 
Sediment site

Salinity (PSU) 34–38 34–38 34–38 32–36
Temperature (°C) 21–23.5 21–23.5 21–23.5 23–24
pH 7.84–7.99 7.74–8.02 7.82–8.01 7.78–7.97
O2 (ml l–1) 6.26–7.88 6.26–7.88 6.26–7.88 3.84–5.86
PO4 (µM) 0.02–0.53 0.02–0.61 0.02–0.57 0.02–0.09
NH4 (µM) 11.1–105.56 11.1–111.11 11.1–94.44 16.67–61.11
NO3 (µM) 11.29–19.36 8.06–16.13 9.67–17.74 9.68–17.74
SiO2 (µM) 10.92–17.37 9.61–22.89 11.18–15.79 9.93–24.47
Vibrio (105 CFU ml–1) 0.0074–0.22 0.0015–0.11 0.0002–0.25 0.003–0.58
TPC (105 CFU ml–1) 0.0045–0.19 0.0056–0.13 0.0028–0.55 0.014–0.67
Total bacteria 0.13–0.23 2.3–5.9 1.1–4.3 0.48–1.8
(105 cells ml–1)

Chl a (µg l–1) 0.04–1.96 0.67–1.83 0.66–2.37 1.67–4.87
Flagellates (cells l–1) 0–4710 0–66725 0–51025 0–23550
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tration at the reference site was lower than
in the mesocosms, probably due to the close
proximity to the city of Mangalore and its
effluents. Phosphate was added daily to the
mesocosms until natural phosphate concen-
trations were attained on Day 7. Thereafter,
the phosphate remained at the same con-
centrations in all mesocosms throughout
the experiment. The ammonium concentra-
tion of the pre-sterilised water increased
from 11 to ca. 100 µM in all mesocosms. In
comparing the lower end of the ranges of
ammonium concentration, the reference
site was comparable to the mesocosms
(Table 1), but the highest concentration at
the reference site (61 µM) was somewhat
lower than in the mesocosms. Nitrate and
silicate concentrations were high in all meso-
cosms and at the reference site throughout the experi-
mental period. Maximum vibrio numbers were higher
at the reference site compared to the mesocosms. The
maximum TPC at the reference site was comparable to
that in the sediment mesocosms, while it was lower in
the plankton and plankton + sediment mesocosms. The
total bacterial numbers reached the highest values in
the sediment-inoculated mesocosms. The chl a con-
centration was comparable in all mesocosms, irrespec-
tive of inoculum, reaching a maximum of ca. 2 µg l–1.
The corresponding concentrations were higher at the
reference site. The maximum concentration of flagel-
lates was highest in the sediment-inoculated meso-
cosms, lower at the reference site and lowest in the
plankton mesocosms.

PLS. The PLS analysis was significant because the
Q2 (cross-validated variance) statistics were larger
than the limit (Table 2). The Q2 for a significant model
or for a component should be larger than a critical
value: Q2 limit = 0.097, corresponding to p < 0.05. The
2-component model, where vibrio numbers constituted
the response variable, explained 69.9% of the varia-
tion of vibrio numbers recorded in the mesocosms. The
predicted fraction of the variation in vibrio numbers
was 61.8%; the higher percentage in the model sug-

gests it is a good model. The variables tested in the
model, and their respective regression coefficients, are
depicted graphically in Fig. 1. The principal environ-
mental variable positively influencing vibrio numbers
was TPC. This was tightly followed by the nutrients
phosphate and ammonium. Oxygen, silica and temper-
ature were negatively related to vibrios, whereas salin-
ity and pH were positively correlated. According to the
model, nitrate, total bacteria and chl a were not influ-
ential, displaying regression coefficients close to 0
(Fig. 1).

Phytoplankon and bacteria in mesocosms. Diatoms
were the dominant group of phytoplankton, constitut-
ing >90% of the phytoplankton assemblages in all
mesocosms throughout the experimental period. The
highest diatom abundances (Days 6 and 13) were fol-
lowed by an increase in Vibrio spp. in all mesocosms,
irrespective of inoculum (Fig. 2). The maximum diatom
cell densities recorded on Day 6, i.e. approximately
215 000 cells l–1, originated from the plankton in-
oculum, while the high abundances on Day 13 (ca.
125 000 cells l–1) were a consequence of germinated
diatom resting stages from the sediment (Fig. 2A,
Härnström et al. 2007). On Days 8 to 10, high numbers
of vibrio cells were recorded (up to 15 000 CFU ml–1),
and numbers of the same range were documented on
Day 17, i.e. at the very end of the experiment (Fig. 2B).

The 2 inoculum types contained <1000 Vibrio spp.
CFU ml–1 at the start of the experiment, with slightly
higher numbers in the plankton than in the sediment
inoculum (Fig. 2B). From Day 1, the vibrio numbers
increased in all mesocosms. Growth was fastest in
the sediment mesocosms, reaching approximately
7500 CFU ml–1 on Day 6, while the mesocosms with
plankton and with plankton + sediment peaked on
Day 8 (ca. 9500 CFU ml–1) and on Day 10 (ca. 6500 CFU
ml–1), respectively. On Day 13, the numbers of vibrios
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Table 2. Model fitting results of partial least squares (PLS)
analysis on physical, chemical and biological predictor vari-
ables (x), and Vibrio numbers as the response variable (y) in
the mesocosms. k: component number; R2x(cum): cumulative
fraction of sum of squares of all x’s explained by the compo-
nents; R2y(cum): cumulative fraction of sum of squares of all 

y’s explained by the components

Model k Eigenvalue R2x(cum) R2y(cum) Q2(cum)

PLS-Vibrio 1 2.95 0.227 0.608 0.553
2 4.21 0.551 0.699 0.618
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Fig. 1. Partial least squares: variables tested in the model and their respective 
regression coefficients
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decreased in all mesocosms, regardless of inoculum, to
approximately 4000 CFU ml–1. Four days later, the
recorded vibrio numbers had increased in all meso-
cosms (ranging from 6500 to 12 000 CFU ml–1). The vib-
rio population did not dominate the total bacterial com-
munity in the mesocosms. The highest proportion of
vibrios was attained in the plankton mesocosms,
reaching 14% on Day 10 (Table 3). A much lower pro-
portion was observed in the plankton + sediment and
the sediment mesocosms (0.1 to 2.8%). Vibrio spp. con-
stituted a considerable part of the total bacterial plate
counts (TPC), and the Vibrio spp.: TPC ratio increased
in general in all mesocosms (Table 3). The initial num-
bers of V. parahaemolyticus were low (ca. 200 CFU
ml–1) in all mesocosms (data not shown). This species’
contribution to the total vibrio population fluctuated
considerably. On Day 6 of the experiment, V. para-
haemolyticus was at comparable CFU numbers in all
mesocosms, and the numbers increased until the end
of the experiment. The contribution of V. parahaemo-
lyticus to the whole bacterial community was low
(0.007 to 4.3%), but constituted a rather high pro-
portion of the vibrio community in the system (up to
81% in the plankton + sediment mesocosm on Day 6,
Table 3).

Phytoplankon and vibrios at the reference site. At
the reference site, the plankton community was domi-
nated by diatoms, representing 55 to 82% of the total
phytoplankton assemblage. Maximum diatom abun-
dance (571 000 diatoms l–1) was recorded on Day 6,
and was followed by high numbers of vibrio cells
(58 000 CFU ml–1) on Day 8 (Fig. 3). On this day,
the vibrio population dominated the bacterial commu-
nity in the water (70%, Table 3). A high abundance of
diatoms was also recorded on Day 13 (470 000 cells l–1).
This second diatom peak was not followed by a signif-
icant increase in vibrio abundance (25 000 CFU ml–1),
but the vibrio population was still a significant part of
the total bacterial plate counts (Table 3).

Vibrio parahaemolyticus constituted a significant
part of the total vibrio population (66.7%) on Day 1
(Table 3). After the first sampling days, the proportion
of V. parahaemolyticus quickly declined and remained
at low levels (1.1 to 5.6% of the total vibrio population)
for the rest of the period.

CCA of mesocosms. The CCAs were significant,
both for the mesocosm data and for the reference site
(p = 0.005, Monte Carlo). For the mesocosm CCA,
eigenvalues of axes 1 (λ1 = 0.33), 2 (λ2 = 0.14), 3 (λ3 =
0.10) and 4 (λ4 = 0.07) explained 21.4% of the cumula-
tive variance in species data, and 70.7% of the relation
between species and environmental data (Table 4).
The ranks of the environmental variables contributing
to this model were (1) sediment, (2) phosphate, (3) total
bacteria, (4) chl a, (5) plankton, (6) temperature, (7)
salinity, (8) pH, (9) total plate count, (10) oxygen, (11)
vibrios, (12) nitrate, (13) silicate and (14) ammonia.

The CCA for the mesocosms showed high correla-
tions between SiO2 and NO3, and between pH, tem-
perature and salinity, whereas the correlations between
the other variables were moderate to low (Table 5).
The values of the inflation factors (VIF) were low (<8)
for all environmental variables except for pH, salinity
and temperature. VIF is related to the multiple correla-
tions among the environmental variables, and values
<20 suggest that the environmental parameters add
new information to the analysis. The species–environ-
mental correlations for axes 1 (0.89), 2 (0.78), 3 (0.69)
and 4 (0.81) were high. Based on interset correlations,
sediment had the strongest association to axis 1, phos-
phate to axes 2 and 3, and chl a to axis 4 (Table 4). Vib-
rio abundances, inoculum types, and physical, chemi-
cal and biological variables appear in the CCA biplot
as arrows; their length and orientation indicate their
relative importance to each axis (Fig. 4). All arrows
represent a gradient, where the mean value is located
at the origin, and the arrow points in the direction of
its increase. Vibrios were closely coupled to TPC and
phosphate (Fig. 4). The arrow that represents oxygen
points in the opposite direction to vibrios. The positions
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of the different phytoplankton taxa are strongly de-
pendent on inoculum type (plankton or sediment) in
contrast to vibrios that do not have an apparent affinity
to any specific inoculum type. The diatom genus Cos-
cinodiscus appears to be positively related to Vibrio
spp., whereas the genera Chaetoceros and Skeleto-
nema were negatively related. Flagellates showed a
strong correlation to Vibrio spp. and TPC.

CCA of the reference site. For the
reference site CCA, eigenvalues of
axes 1 (λ1 = 0.43), 2 (λ2 = 0.32), 3 (λ3 =
0.21) and 4 (λ4 = 0.20) explained 90.1%
of the cumulative variance in species
data, and 90.1% of the relation be-
tween species and environmental data
(Table 6). The ranks of the environmen-
tal variables contributing to this model
were (1) pH, temperature and salinity,
(2) chl a, (3) phosphate, (4) nitrate and
silicate, (5) total bacteria, (6) ammonia,
(7) TPC, (8) vibrios and (9) oxygen.

The CCA for the reference site
showed high correlations between SiO2

and NO3, between pH, temperature
and salinity, and between vibrios and
TPC, whereas the correlations between
the other environmental variables were
moderate to low (Table 7). VIFs were low
(<20) for all environmental variables ex-
cept nitrate. The species–environmental
correlations for axes 1 to 4 were 1.0.
Based on interset correlations, salinity,
pH and temperature had the strongest
ties to axis 1, chl a to axis 2, total bacteria
to axis 3, and salinity to axis 4.

Vibrios were closely coupled to TPC
(Table 7), but there was no correlation
between vibrios and total bacteria
(Table 6, Fig. 5). The diatom genus
Chaetoceros was negatively related to
Vibrio spp., and flagellates showed a
strong affinity to Vibrio spp.

DISCUSSION

Many studies have shown that vibrios are ubiquitous
in marine and brackish waters. As bacterioplankton,
they usually constitute <1% of the population, but
under some conditions they can increase and totally
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Table 3. Vibrio spp. and V. parahaemolyticus (V.p.) ratios compared to total 
bacterial (tot. bact.) counts and total plate counts (TPC). ND: not determined

Day Vibrio/tot. Vibrio/TPC V.p./tot. V.p./TPC V.p./vibrios
bact. (%) (%) bact. (%) (%) (%)

Plankton+sediment
1 0.3 5 0,04 0.8 15.7
3 0.2 7.2 0.007 0.3 3.6
6 0.1 5.4 0.1 4.4 81
8 0.5 20.9 0.08 3.1 15
10 1.7 43.5 0.3 7.6 17.5
13 1.3 27.9 0.4 8.6 30.8
17 2.1 38.6 0.5 8.5 22.2

Plankton
1 2.4 6.7 0.6 1.7 25.3
3 3.9 18.4 0.1 0.7 3.8
6 3.1 23.1 0.7 5.1 21.9
8 9.8 49.9 0.5 2.8 5.5
10 14.2 55.5 1.6 6.2 11.2
13 10.2 21.3 4.3 8.5 40
17 5.1 52 0.3 5.2 5.2

Sediment
1 0.1 8.5 ND ND ND
3 0.5 6.4 0.05 0.7 10.8
6 2.5 58.9 0.3 6.4 10.9
8 2.0 68.9 0.4 13.8 20
10 2.8 67.7 0.3 6.7 9,8
13 1.8 47.1 0.3 8.2 17.5
17 0.5 37.3 0.03 2.5 6.7

Reference site
1 0.4 21.4 0.2 14.3 66.7
3 1.7 10.8 0.4 2.7 25
6 7.7 34.4 0.2 0.8 2.3
8 70 86.6 0.8 1 1,1
10 22 63.8 1 6.4 5.6
13 13 84 0.4 3 3.6
17 13 63.9 0.4 1.8 2.8
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dominate for short periods, as part of a marine bacter-
ial succession pattern (Rehnstam et al. 1993). In this
study, we observed a bloom of vibrio at the reference
site. At the beginning of the sampling period, vibrios
made up only 0.4% of the total bacterial community
(Fig. 3B, Table 3). By Day 8, they had increased to
70%, and by the end of the sampling period, the pro-
portion was 13%. A similar strong increase in vibrio
numbers was not observed in the mesocosms (Fig. 2B).
In the sediment-containing mesocosms, the vibrio
abundance increased from 0.1 to 2.8% of total bacter-
ial counts (Table 3). In the mesocosms inoculated with
plankton only, the vibrio abundance constituted a
significantly higher percentage of the total bacterial
abundance, i.e. up to 14%. Vibrio abundance has pre-
viously been documented to fluctuate considerably

depending on geographical region and time of the
year. One of the lowest, 0.002 to 0.015%, has been
recorded in the Baltic Sea using culture-independent
quantitative competitive PCR (Eiler et al. 2006), and
the highest, 68%, on the Japanese coast was detected
by culture-dependent techniques (Simidu & Tsuka-
moto 1980).

Vibrios can be found, but are seldom dominant, in
marine sediments (Oliver et al. 1982, Maeda et al.
2003). Indeed, the facultative anaerobic growth of vib-
rios suggests a possible commensal role in mediating
organic matter decomposition. In Indian waters, high
levels of organic matter near shrimp farms have been
shown to give elevated levels of Vibrio spp. (Otta et al.
1999). Our experiment showed that vibrios, in general,
had no specific affinity to sediment or plankton, which
implies that they could be associated with (and be sus-
tained by) organic matter from both phytoplankton
and sediment. However, the vibrio population was
slightly more favoured in the plankton mesocosms
(without sediment) compared to other bacteria (Table 3).
This can be explained as less competition from sedi-
ment bacteria for nutrients, few Vibrio spp.-specific
bacteriophages, or low levels of predation in sediment-
free mesocosms, as indicated by lower numbers of
flagellates in the plankton-inoculated mesocosms
(Table 1). The proportion of V. parahaemolyticus
among total bacterial plate counts increased slightly in
the mesocosms during the study period. V. para-
haemolyticus has been reported to exhibit a seasonal
migration pattern in temperate areas, alternating
between zooplankton in summer and sediment in win-
ter (Kaneko & Colwell 1973). Low variation in vibrio
abundance in ocean waters has been reported from
other parts of the world (Oliver et al. 1982, Chan et al.
1986). V. parahaemolyticus represented about 0.2 to
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Table 5. Correlations among environmental and nominal variables used in canonical correspondence analysis for mesocosms. 
Tot. bact.: total bacteria; TPC: total plate count

Variables Chl a PO4 NH4 NO3 SiO2 O2 Salinity pH Temp Vibrio Tot. bact. TPC Plankton Sediment

Chl a 1.00
PO4 0.32 1.00
NH4 –0.09 0.07 1.00
NO3 –0.09 –0.26 0.62 1.00
SiO2 –0.10 –0.32 0.55 0.90 1.00
O2 0.16 –0.38 0.07 0.29 0.23 1.00
Salinity 0.01 –0.53 0.34 0.51 0.52 0.37 1.00
pH 0.03 –0.54 0.34 0.52 0.53 0.41 1.00 1.00
Temp 0.02 –0.56 0.32 0.50 0.52 0.40 1.00 1.00 1.00
Vibrio –0.06 0.43 0.27 0.00 –0.07 –0.22 –0.07 –0.09 –0.11 1.00
Tot. bact. 0.06 0.33 0.00 0.07 0.07 0.27 –0.02 0.00 –0.01 –0.08 1.00
TPC 0.01 0.39 0.19 –0.13 –0.17 –0.37 –0.12 –0.15 –0.16 0.69 –0.13 1.00
Plankton –0.02 –0.31 0.05 0.22 0.19 0.33 0.17 0.18 0.19 –0.30 –0.05 –0.47 1.00
Sediment 0.49 0.46 –0.07 –0.13 –0.06 –0.11 –0.21 –0.21 –0.22 0.06 0.78 0.12 –0.37 1.00

Table 4. Interset correlations of environmental variables with
axes from mesocosm data. λ represents eigenvalue for each 

axis. Tot.: total; TPC: total plate count

Variable Axis 1 Axis 2 Axis 3 Axis 4 
(λ = 0.334) (λ = 0.142) (λ = 0.098) (λ = 0.073)

Chl a –0.422 –0.188 0.036 –0.286
PO4 –0.579 0.359 0.320 –0.048
NH4 –0.470 0.284 0.043 –0.094
NO3 0.120 0.236 –0.228 0.083
SiO2 0.069 0.133 –0.250 0.200
O2 0.258 –0.052 –0.058 –0.233
Salinity 0.231 –0.329 0.104 0.114
pH 0.245 –0.331 0.094 0.069
Temperature 0.258 –0.354 0.089 0.082
Vibrio –0.259 0.059 0.307 0.143
Tot. bacteria –0.611 –0.109 –0.124 –0.229
TPC –0.269 0.123 –0.248 0.153
Plankton 0.413 0.089 –0.182 –0.114
Sediment –0.828 –0.105 –0.136 –0.077
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1% of the total bacterial community at our reference
site (Table 3). However, the relative proportion of V.
parahaemolyticus decreased considerably from approxi-
mately 67% of the total vibrio population on Day 1 to
ca. 2% at the end of the sampling.

Mass occurrence of phytoplankton, measured as chl
a, has been known to indirectly contribute to vibrio
growth (Lobitz et al. 2000). In the present study, chl a
showed a weak but positive correlation to total bacter-
ial counts, but not to vibrios or other colony-forming
bacteria. Instead, our results clearly showed that peaks
in vibrios and other colony-forming bacteria are pre-
ceded by elevated numbers of diatoms (Figs. 2 & 3).

In most studies concerned with algal blooms and bac-
terial biomass increase, a similar distinct delay is ob-
served between the bloom of phytoplankton and the
peak of bacterial abundance, at timescales of 3 to 14 d
in coastal waters (Jonas & Tuttle 1990, Smith et al.
1995). In our mesocosm experimental system, diatom
blooms reached maxima on Days 6 and 13, and vibrio
peaked on Days 8 to 10 and 17, a delay of 2 to 4 d. This
pattern was also observed at the reference site, verify-
ing the coupling of the blooms and validating the
mesocosms as a model of the natural environment. The
difference in time scale between this and other studies
may be due to different temperatures; tropical condi-
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tions would favour rapid bacterial growth. Diatoms are
regarded as especially important for the growth of vib-
rios and other colony-forming marine bacteria with
exoenzyme activities (Smith et al. 1995, Salvesen et al.
2000). An increase in vibrio numbers as the diatom
populations decline is suggestive of vibrios growing
on decaying planktonic cells. However, some of the
diatoms recorded in the present study, such as Chaeto-
ceros brevis, C. socialis, and C. simplex, are known to
have inhibitory effects on Vibrio spp. (Viso et al. 1987,
Naviner et al. 1999). Other potential inhibitory diatoms
include some members of the genus Skeletonema. We
found that all Chaetoceros species that we identified in
this study were negatively correlated to vibrios (Figs. 4
& 5), both in the mesocosms and at the reference site.
We have also observed that Vibrio cultures can change
from cultivable into a viable but non-cultivable state
when co-cultured with S. marinoi (A. S. Rehnstam-
Holm et al. unpubl. results). However, the nature of the

algal inhibitory effect still remains to be elucidated.
Other studies have shown strong correlations between
vibrio abundance and dinoflagellates, including poten-
tially toxic species like Gymnodinium, Dinophysis, and
Prorocentrum (Islam et al. 1994, Mouriño-Pérez et al.
2003, Eiler et al. 2006). This could not be supported in
our study due to very low dinoflagellate numbers
throughout the entire experimental period.

The 2 most important environmental factors associ-
ated with high abundances of vibrios, especially Vibrio
cholerae, are low salinity and high water temperature.
There are repeated reports that these factors control
vibrio abundance in the marine environment and that
they can be used on large scales for the prediction of V.
cholerae-related outbreaks in endemic areas (Lobitz et
al. 2000). In accordance, salinity is an important eco-
logical factor in estuarine waters around Mangalore
(Deepanjali et al. 2005). However, the occurrence of
Vibrio spp. is not attributable only to temperature and
salinity. Thus, it is important to determine other, less
obvious relationships between vibrios and components
of marine coastal waters. It is usually understood that
vibrio proliferation is determined by a combination of
top-down predation by flagellates and viruses and bot-
tom-up control of nutrients, salinity and temperature.
Reductions in predation or increased nutrient levels
have been reported as important factors contributing
to explosive growth of vibrios in experimental systems
(Eilers et al. 2000, Pinhassi & Berman 2003). The re-
sults from our experimental mesocosm system indicate
a positive coupling of vibrios to phosphorus and am-
monia, and a negative coupling to oxygen levels and
silica. These findings are not surprising, since vibrios
have a heterotrophic mode of metabolism. The nega-
tive correlation between SiO2 concentration and vibrio
abundance is probably a consequence of the diatom
‘blooms’ (which consume SiO2) preceding the vibrios.
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Table 6. Interset correlations of environmental variables with
axes from reference site data. λ represents eigenvalue for 

each axis. Tot.: total; TPC: total plate count

Variable Axis 1 Axis 2 Axis 3 Axis 4 
(λ = 0.425) (λ = 0.317) (λ = 0.211) (λ = 0.197)

Chl a –0.601 0.707 0.308 0.163
PO4 –0.555 –0.205 –0.556 –0.557
NH4 –0.283 –0.345 –0.203 0.374
NO3 –0.552 –0.496 –0.458 –0.087
SiO2 –0.514 –0.617 –0.185 –0.013
O2 –0.192 –0.136 0.039 0.086
Salinity –0.880 0.060 0.081 0.457
pH –0.914 –0.005 0.060 0.391
Temperature –0.902 0.003 0.096 0.405
Vibrio –0.081 –0.299 0.263 –0.225
Tot. bacteria –0.026 0.200 –0.588 –0.432
TPC –0.215 –0.330 0.100 –0.385

Table 7. Correlation among environmental variables used in canonical correspondence analysis for the reference site. Tot. bact.: 
total bacteria; TPC: total plate count

Variables Chl a PO4 NH4 NO3 SiO2 O2 Salinity pH Temp Vibrio Tot. bact.

Chl a 1.00
PO4 –0.07 1.00
NH4 –0.16 0.04 1.00
NO3 –0.18 0.76 0.33 1.00
SiO2 –0.19 0.58 0.30 0.95a 1.00
O2 0.00 0.02 0.33 –0.26 –0.30 1.00
Salinity 0.68 0.17 0.38 0.39 0.41 0.14 1.00
pH 0.63 0.25 0.39 0.46 0.48 0.14 0.99a 1.00
Temp 0.65 0.21 0.37 0.44 0.47 0.12 1.00a 1.00a 1.00
Vibrio –0.31 –0.09 0.53 –0.23 –0.19 0.65 –0.21 –0.19 –0.20 1.00
Tot. bact. –0.13 0.52 –0.06 0.48 0.30 –0.67 –0.22 –0.19 –0.20 –0.35 1.00
TPC –0.23 0.30 0.52 0.09 0.08 0.65 –0.04 0.00 –0.02 0.91a –0.18
aCorrelated data
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Flagellates were positively related to vibrios in all
mesocosms as well as at the reference site (Figs. 4 & 5);
this suggests a high turnover rate of vibrios in the sys-
tem. Production of vibrios reached approximately 0.35
to 0.45 cell doublings d–1 during the first 10 d of the
experiment. The highest rates occurred in the sedi-
ment-inoculated mesocosms. A drop in density on
Day 13 of the experiment (down to an average of
4000 cells ml–1) in all mesocosms could not be ex-
plained by high predation rates, but we speculate that
this might have been due either to a temporary short-
age of high quality organic substances or to a viral
infection. A second increase in vibrio growth could be
observed at the end of the mesocosm experiment. At
this stage, the mesocosms had switched from a domi-
nance of autotrophs to a dominance of heterotrophs.
This could also be observed in the significant increase
in flagellate numbers in the meocosms at the end of the
experiment, i.e. on Day 17. Propagation of V. cholerae

within a bacterioplankton assemblage has previously
been demonstrated at rates of between 2.3 and 3.3 cell
doublings d–1, but these rates were achieved in meso-
cosms lacking a natural living planktonic commu-
nity (Mouriño-Pérez et al. 2003), in dilution cultures
amended with glucose (Pinhassi & Berman 2003), or in
mesocosms without protozoan grazers (Wolden et al.
2006). Our mesocosms were inoculated with a natural
microbial community with many trophic levels in-
cluded (except larger zooplankton such as copepods),
and thus correlated more closely to a natural system.

The results from the present study highlight the impor-
tance of further studies regarding vibrio growth and pro-
liferation in the natural environment. We have shown
that a diatom bloom can support vibrio growth. Further-
more, phytoplankton blooms, when recorded as high
levels of chl a, should be used with caution as predictors
for future vibrio epidemics, since the origin of the chl a
probably has a significant effect on vibrio abundance.
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