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Although autochthonous vibrio densities are known to be influenced by water temperature and salinity, little
is understood about other environmental factors associated with their abundance and distribution. Densities
of culturable Vibrio vulnificus containing vvh (V. vulnificus hemolysin gene) and V. parahaemolyticus containing
tlh (thermolabile hemolysin gene, ubiquitous in V. parahaemolyticus), tdh (thermostable direct hemolysin gene,
V. parahaemolyticus pathogenicity factor), and trh (tdh-related hemolysin gene, V. parahaemolyticus pathoge-
nicity factor) were measured in coastal waters of Mississippi and Alabama. Over a 19-month sampling period,
vibrio densities in water, oysters, and sediment varied significantly with sea surface temperature (SST). On
average, tdh-to-tlh ratios were significantly higher than trh-to-tlh ratios in water and oysters but not in
sediment. Although tlh densities were lower than vvh densities in water and in oysters, the opposite was true
in sediment. Regression analysis indicated that SST had a significant association with vvh and tlh densities in
water and oysters, while salinity was significantly related to vibrio densities in the water column. Chlorophyll
a levels in the water were correlated significantly with vvh in sediment and oysters and with pathogenic V.
parahaemolyticus (tdh and trh) in the water column. Furthermore, turbidity was a significant predictor of V.
parahaemolyticus density in all sample types (water, oyster, and sediment), and its role in predicting the risk
of V. parahaemolyticus illness may be more important than previously realized. This study identified (i)
culturable vibrios in winter sediment samples, (ii) niche-based differences in the abundance of vibrios, and (iii)
predictive signatures resulting from correlations between environmental parameters and vibrio densities.

Vibrio spp. occur naturally in estuarine and marine environ-
ments, and two species of this genus, V. vulnificus and V.
parahaemolyticus, are responsible for the majority of reported
vibrio illnesses in the United States (2). V. vulnificus infections
are most commonly associated with the Gulf of Mexico, either
via consumption of raw oysters harvested from these waters or
wound infections following exposure to seawater. On average,
about 50 cases of V. vulnificus septicemia are reported in the
United States each year, with a case fatality rate of approxi-
mately 50% (31), the highest of any food-borne pathogen. In
contrast, V. parahaemolyticus is the most common cause of sea-
food-associated bacterial gastroenteritis in the United States,
with an estimated annual rate of 4,500 cases per year according
to the Centers for Disease Control and Prevention. V. para-
haemolyticus also causes wound infections, though these are less
frequent and less severe compared to those caused by V. vulnificus
(5). Primary septicemia can occur following V. parahaemolyticus
infection, but it is relatively rare for this pathogen. In the United
States, V. parahaemolyticus illness most often results from con-
sumption of raw or undercooked seafood, particularly oysters.

It is well established that vibrio densities correlate strongly

with sea surface temperature (SST), with densities increasing
as temperatures increase; however, with the exception of sa-
linity, little is definitively known about the influence of other
environmental parameters, such as turbidity and chlorophyll a
(22, 33). Consequently, while SST has been estimated to ex-
plain approximately 50% of the annual variation of V. para-
haemolyticus abundance in oysters harvested from the northern
Gulf of Mexico (40), a considerable amount of variation re-
mains unexplained. It is of interest to delineate the effects of
other environmental parameters independent of SST, as these
parameters may be associated with spatial and temporal vari-
ation of vibrio densities within seasonal periods when SST is
relatively constant and risk of human exposure and illness is
high. Moreover, the majority of what is known about V. para-
haemolyticus in the environment is based on total populations;
little information is available on the pathogenic subpopula-
tions. Isolates containing genetic markers for pathogenicity
factors, including the thermostable direct hemolysin (TDH)
and TDH-related hemolysin (TRH) typically constitute �1%
of the population in marine or postharvest oyster samples, but
they account for �90% of clinical isolates (12). The basis for V.
vulnificus pathogenicity remains unclear, as few pathogenicity
factors have been described definitively (31). To address these
data gaps, we monitored densities of culturable V. vulnificus
containing vvh (the V. vulnificus hemolysin gene) and V. para-
haemolyticus containing tlh (the thermolabile hemolysin gene,
ubiquitous in V. parahaemolyticus), tdh, and trh in water, oys-
ters, and sediment collected from coastal waters of Mississippi
and Alabama. Associations between bacterial densities and
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environmental parameters were analyzed by regressing obser-
vations against sea surface temperature, chlorophyll a, turbid-
ity, and salinity.

MATERIALS AND METHODS

Sample collections and measurement of environmental parameters. Samples
were collected monthly from February 2006 to August 2007 at four oyster reefs
within a ca.-70-mile stretch along the Mississippi Gulf Coast. Each oyster sample,
consisting of 20 to 30 oysters, was collected by dredging. Each sample was stored
in clean polypropylene bags and immediately placed on ice. Approximately 6
liters of surface water was collected in sterile 14-liter plastic buckets, and at least
100 g of sediment from the upper 2 cm of the sediment surface was collected
using an Ekman dredge. In addition, monthly water samples were collected using
sterile 4-liter bottles from eight sites in Alabama’s Mobile Bay in February,
March, and May of 2006. All samples were transported to the lab in large
(�120-liter) coolers within a thin layer of ice and analyzed within 5 h of collec-
tion. SST was measured in the field using a calibrated digital thermometer
(Brooklyn Thermometer Company, Farmingdale, NY); salinity and turbidity
were measured in the lab using a portable refractometer (VWR, West Chester,
PA) and a LaMotte 2020 turbidity meter (Chestertown, MD), respectively. Chlo-
rophyll a was determined by the filtering of 100 ml of water through a 45-mm
GF/C filter (Whatman, Kent, ME), extraction with acetone, and measurement
using a Turner TD-700 fluorometer (Sunnyvale, CA) as previously described (4).

Quantification of V. vulnificus and V. parahaemolyticus densities by direct
plating/colony hybridization (DP/CH). Oysters were shucked and homogenized;
0.01 g and 0.1 g of homogenate were plated onto V. vulnificus agar (VVA) plates
(2% peptone, 3% NaCl, 1% cellobiose, 0.06% bromthymol blue [pH 8.2]) for
detection of V. vulnificus, as described previously (37). In addition, oyster ho-
mogenate was plated onto triplicate T1N3 agar plates (1% tryptone, 3% NaCl
[pH 7.2]) for detection of V. parahaemolyticus in three samples as previously
described (11, 12, 19, 40). Water samples were shaken vigorously, and 1 ml was
plated onto VVA and T1N3 plates as previously described (1, 19, 40). Sediment
samples were diluted by half in an equal weight of phosphate-buffered saline
(PBS; 3.72 mM NaH2PO4 � 2H2O, 14.0 mM Na2HPO4 � 2H2O, 0.145 M NaCl
[pH 7.4]), and 1:1 and 1:10 dilutions of this mixture were prepared; 0.2 g of these
dilutions were then plated onto three sets of T1N3 plates for enumeration of total
(tlh) and pathogenic (tdh and trh) V. parahaemolyticus to yield final weights of
0.05 g and 0.01 g of sediment, respectively (19). Based on an expectation of
higher densities of V. vulnificus in sediment samples, 0.01-g and 0.005-g final
weights of sediment samples were plated onto VVA plates for enumeration of V.
vulnificus. All plates were incubated overnight at 37°C. Colonies were lifted and
probed with alkaline phosphatase-labeled oligonucleotide probes (DNA Tech-
nology A/S, Risskov, Denmark) specific for vvh, tdh, trh, and tlh, as described
previously (26, 27, 30, 40). Probe sequences are as described previously (30, 37).
When the colorimetric substrate nitroblue tetrazolium-5-bromo-4-chloro-3-in-
dolylphosphate (NBT-BCIP) (Roche, Madison, WI) was added to probe-treated
filters, the positive colonies, as indicated by development of a purple color, were
counted on each filter using visual observation and a hand-held cell counter.

Quantification of total and pathogenic V. parahaemolyticus densities by real-
time PCR in an MPN format. Because levels of tdh� and trh� V. parahaemo-
lyticus are usually below the limit of detection (LOD) of the DP/CH method,
larger sample portions were enriched in an most-probable-number (MPN) for-
mat to improve the assay’s sensitivity for tdh� and trh� V. parahaemolyticus.
Alkaline peptone water (APW [10�], 10% peptone, 1% NaCl [pH 8.5]) was
used to enrich three volumes of water (1 liter, 100 ml, and 10 ml) and two
volumes of oyster homogenate (equal to 10 g and 1 g) in triplicate. Enrichments
were incubated overnight at 37°C. Following incubation, 1-ml aliquots of each
enrichment were boiled for 10 min, immediately plunged into ice, and stored at
�20°C. The aliquots were then used as templates for multiplex real-time PCR
using a SmartCycler II system (Cepheid, Sunnyvale, CA) as described previously
(30). Primers and the tlh probe were obtained from Integrated DNA Technol-
ogies (Coralville, IA), tdh and trh probes were obtained from Applied Biosystems
(Foster City, CA), and the DNA internal amplification control (IAC) template
was obtained from BioGX (Birmingham, AL). The IAC was included in every
PCR, as described previously (30), and lack of amplification from the IAC
indicated inhibition; inhibited templates were diluted 1:10 and repeated. Primer
and probe sequences are as described previously (30).

Statistical analyses. Generalized linear mixed model (GLMM) regressions
were used to estimate distributions of vibrio abundance in oyster, sediment, and
water and their relationship to environmental parameters. The application of
GLMM in the present context circumvents the calculation of density estimates

on the level of individual samples, which can be problematic when vibrio densi-
ties (particularly tdh and trh) are frequently expected to be below the LOD. In
GLMM regression analysis, continuous latent distributions underlying the dis-
crete observations of abundance (e.g., plate counts and MPN outcomes) are
assumed to follow a specified parametric distribution, which is then estimated
based on the discrete observations considered the response variables in the
regression. In the present context, based on observations from numerous envi-
ronmental studies of vibrios and other pathogens, the latent distribution of vibrio
abundance was taken to follow a log-normal distribution, with the mean log10

densities generally considered to be linearly related to environmental parame-
ters. However, given the range of salinities observed, a quadratic polynomial was
used to model the effect of salinity. Where applicable, plate counts and real-time
PCR-MPN determinations for aliquots from the same sample were treated as
repeated measurements, marginally distributed as either Poisson or binomial
outcomes, respectively, conditional on the latent distribution of abundance and
the volume of sample examined. The approach of using GLMM with discrete
mixed-type response variables and latent (underlying) log-normal distribution
was considered an appropriate method for combining the plate count and real-
time PCR-MPN data in a manner that weighted the outcomes of the different
methods in inverse proportion to their inherent measurement errors. Given
apparent inhibition of certain PCRs at low dilution levels in some samples,
PCR-MPN data were truncated to one dilution level, as has been described
previously (10). The predictor variables for temperature and salinity were ex-
pressed in units of degrees Celsius and parts per thousand, respectively, while
predictor variables for chlorophyll a and turbidity were expressed in base 10
logarithms of micrograms/liter and nephelometric turbidity units (NTU), respec-
tively. Regression parameter estimates were determined by the maximum like-
lihood criteria. Because measurements of pathogenic V. parahaemolyticus (tdh
and trh) densities were frequently below the LOD, the proportion of the varia-
tion in plate count and real-time PCR-MPN data explained by environmental
parameters was evaluated using Nagelkerke’s pseudo-R2 statistic (29) to estimate
partial coefficients of determination, as has been described by Lipsitz et al. (24).
Fitted regressions were evaluated by Akaike’s information criteria and residual
plots. Additional regression diagnostics were conducted to evaluate the possible
effects of multicollinearity on estimated regression coefficients and partial coef-
ficients of determination. All statistical analyses were conducted using SAS
PROC NLMIXED (SAS Institute, Cary, NC). An alpha level of 0.05 was con-
sidered the minimum level for statistical significance.

For graphical presentation of data, densities of vvh�, tlh�, tdh�, and trh�

vibrios were determined by dividing the total number of CFU on one or more
plates by the corresponding total volume of water or weight of oyster and
sediment examined. Only values for CFU counts between 1 and 250 CFU/plate
were plotted after accounting for dilution. The LOD ranges for V. vulnificus in
water, oysters, and sediment were therefore 1 to 250 CFU/ml, 10 to 25,000
CFU/g, and 100 to 50,000 CFU/g, respectively. The LOD ranges for V. para-
haemolyticus in water, oysters, and sediment were 1 to 250 CFU/ml, 10 to 25,000
CFU/g, and 20 to 25,000 CFU/g, respectively. To distinguish between detectable
and nondetectable levels, nondetects (zeros) were replaced with 20% of the
limits of detection when graphing the data.

RESULTS

Distribution and abundance of V. vulnificus and V. parahae-
molyticus. The maximum culturable vibrio densities in water
were as high as �250 CFU/ml; minimum, maximum, and me-
dian densities are indicated in Table 1. The maximum vibrio
densities in oysters and in sediment were up to 2.8 � 103

CFU/g and up to �2.5 � 104 CFU/g, respectively. Ranges for
temperature, chlorophyll a, turbidity, and salinity were 9 to
34°C, 1 to 275 �g/liter, 0 to 47 nephelometric turbidity units,
and 3 to 35 ppt, respectively.

Overall, sampling detected both V. vulnificus and V. para-
haemolyticus in most water, oyster, and sediment samples. Spe-
cifically, based on DP/CH measurements alone, V. parahaemo-
lyticus detection rates were highest in sediment samples (94%),
followed by oysters (87%) and water (49%) (Table 1). On the
other hand, V. vulnificus detection rates were highest in oysters
(87%), followed by sediment (81%) and water (61%). De-
tection rates and densities exhibited appreciable site-to-site
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variation (data not shown) in addition to an overall seasonal
variation (Fig. 1), with higher detection rates and densities
associated with warmer SST. Both V. parahaemolyticus and V.
vulnificus remained culturable from sediment, even as temper-
atures dropped below 15°C, but in water and oysters, they fell
below levels detectable by DP/CH; this phenomenon was more
pronounced for V. parahaemolyticus.

Estimated mean vibrio densities (in log10 CFU/ml or log10

CFU/g) determined by regression analysis were highest in sed-
iment and lowest in water for all four gene targets (Table 1).
Detection of tdh or trh in water samples was very infrequent,
but detection of tdh was more frequent than detection of trh by
DP/CH (8% versus 3%) and by MPN/PCR (48% versus 31%).
In oysters, tdh was detected by DP/CH and/or MPN/PCR in
70% of samples, and trh was detected in 60% of samples.
DP/CH detection of all four gene targets exhibited greatest
variability in water followed by oysters and sediment. The tdh
and trh densities exhibited more variability than tlh densities in
all three sample types.

Over the course of the sampling period, V. vulnificus and V.
parahaemolyticus densities decreased in water and oysters as
SST decreased and were frequently below the minimum LOD
for the DP/CH method during cooler months, when water
temperatures fell below 15°C (Fig. 1). Both V. vulnificus and V.
parahaemolyticus remained culturable in sediment samples
when they could not be cultured from water or oysters.

Relationships of vvh, tlh, tdh, and trh. The tdh and trh mark-
ers were detected at similar frequencies in water, in oysters,
and in sediment; indeed, when a subset of individual isolates
from this study were examined separately, the majority (78%)
contained both tdh and trh (19).

The median values for abundance of tlh relative to vvh (tlh-
to-vvh ratio) in water and oysters were 0.5 (n � 73) and 0.7
(n � 65), respectively, whereas the median tlh-to-vvh ratio in
sediment was 3.5 (n � 50). Thus, on a sample-to-sample basis,
V. parahaemolyticus densities tended to be lower than V. vulni-
ficus densities in water and in oysters, but V. parahaemolyticus
densities were higher than V. vulnificus densities in the sedi-
ment, and this is illustrated in Fig. 2.

When the differences between latent distributions of vibrio
densities, [log(tlh) � log(vvh)] and [log(tdh) � log(tlh)], were
analyzed by regression of observed data against environmental
parameters in GLMM analysis, turbidity was identified as a
major factor associated with these differences. Regression co-
efficients (b) describing the relationship between [log(tlh) �
log(vvh)] and turbidity were estimated to be 0.89, 1.65, and
1.46 in water, oysters, and sediment, respectively. Those values
describing the relationship between [log(tdh) � log(tlh)] and
turbidity were 2.52 and 1.87 in water and oysters, respectively;
no significant relationship existed with these levels in sediment.
In addition, chlorophyll a levels were associated with [log(tlh) �
log(vvh)] in water (b � �1.13) and with [log(tdh) � log(tlh)] in
oysters (b � �2.12). Temperature was not associated with any
differences in relative abundance between tlh and vvh, but it
was associated with differences in tdh versus tlh abundance
[log(tdh) � log(tlh)] in both water (b � �0.10) and in oysters
(b � �0.06).

Associations of V. vulnificus and V. parahaemolyticus densi-
ties with environmental determinants. GLMM regression
analysis indicated different patterns in the association between
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environmental parameters and the abundance of vibrios by
type (gene marker) (Fig. 3). In general, temperature and sa-
linity had a significant association with densities of vvh and tlh
in water samples, while salinity, chlorophyll a, and turbidity
had a significant association with the abundance of vibrios with
pathogenicity markers tdh and trh; in particular, turbidity was
found to be strongly related to tdh and trh densities in all
sample types. For oyster and sediment samples, the association
with environmental parameters was more variable depending

on the target. Results are summarized in Tables S2 to S5 in the
supplemental material for the vibrio markers vvh, tlh, tdh, and
trh, respectively.

Regression diagnostics were conducted to evaluate the pos-
sibility of adverse effects of collinearity between predictors on
the estimated regression coefficients and measures of partial
association. For each sample type (water, sediment, and oys-
ter), the amount of collinearity in the environmental variables
was quantified by determining the amount of variation in each

FIG. 1. Densities of V. parahaemolyticus and V. vulnificus, as quantified by DP/CH for tlh and vvh markers, respectively, over the course of the
19-month study. Red squares, density of tlh or vvh in number of CFU/ml (water) or CFU/g (oysters and sediment); blue diamonds, sea surface
temperature in °C. Red arrow identifies nondetects, in which the number of CFU were below the limits of detection by DP/CH analysis. For
graphing purposes, nondetects (zeros) were replaced with 20% of the limits of detection, which were 0.2 CFU/ml water, 2 CFU/g oyster, and 4 (V.
parahaemolyticus) or 20 (V. vulnificus) CFU/g sediment. Note that V. parahaemolyticus and V. vulnificus remain culturable from sediment, even as
temperatures drop below 15°C.
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predictor variable that was associated with that of the other
three. Corresponding variance inflation factors (VIF) for each
predictor variable were determined and found to range from
1.2 to 2.1. This range of values indicates that the probable
effects of collinearity are relatively small, as the variance of
regression parameter estimates is inflated by at most a factor of
2.1, which would not be considered indicative of a severe effect
(6). Stability of regression coefficient estimates was further
evaluated by systematic removal of predictor variables. Param-
eter estimates were found to be reasonably robust and partic-
ularly so with respect to temperature and salinity.

Effects of salinity were summarized by two regression coef-
ficients corresponding to a second-degree polynomial rather
than a simple linear term. The regression coefficients, written
as a combination (b1, b2), express both the linear and quadratic
terms, respectively. This factor is referred to simply as salinity
throughout Results and Discussion, without reference to the
individual linear and quadratic components of the polynomial.
Also, as indicated previously, regression variables for chloro-
phyll a and turbidity are log transformations of the original

measurement values, and therefore, regression coefficient es-
timates are in units of log10 micrograms/liter and log10 NTU,
for chlorophyll a and turbidity, respectively.

Abundance of vvh in water samples was significantly associ-
ated with temperature (regression coefficient [b] � 0.10; partial
coefficient of determination [pseudo-R2] � 29%) and salinity
(b1 � 0.14, b2 � �0.0027; R2 � 26%). Detection of tlh in water
samples was significantly associated with temperature (b �
0.12; R2 � 39%), salinity (b1 � 0.17, b2 � �0.0039; R2 � 24%),
and turbidity (b � 1.4; R2 � 15%). Temperature was not a
significant predictor of tdh or trh density in water samples, but
salinity was a significant predictor of tdh (b1 � 0.62, b2 �
�0.014; R2 � 8%) and trh (b1 � 0.3, b2 � �0.011; R2 � 5%)
densities, respectively.

Detection of vvh in oyster samples was significantly associ-
ated with temperature (b � 0.072; R2 � 27%) and by chloro-
phyll a levels in the water column (b � 1.30; R2 � 16%).
Temperature (b � 0.063; R2 � 18%), salinity (b1 � 0.47, b2 �
�0.0099; R2 � 17%), and turbidity (b � 1.10; R2 � 12%) were
all significant predictors of tlh density in oysters. Salinity (b1 �

0

FIG. 2. Relative abundance of tlh compared to vvh (tlh-to-vvh ratio) during the 19-month sampling period in water (diamonds), oysters
(triangles), and sediment (squares). Temperature is indicated by the connected black squares. Median ratios for water, oysters, and sediment (red
lines) were 0.5, 0.7, and 3.5, respectively. Ratios were calculated as tlh densities (number of CFU/g or ml) divided by vvh densities (number of
CFU/g or ml); thus, values of greater than 1.00 indicate that the tlh density was higher than the vvh density in that particular sample, while values
of less than 1.00 indicate the opposite.
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FIG. 3. Partial coefficients of determination (Pseudo-R2) for temperature (Temp., black), salinity (Sal, diamonds), log10 chlorophyll a (Chl-a,
stripes), and log10 turbidity (Turb., gray) (A) and regression coefficients for temperature, salinity, quadratic salinity (Salinity2), log10 chlorophyll
a (Chl-a), and log10 turbidity (B). Densities of tlh, tdh, trh, and vvh were measured in water (wat), oysters (oys), and sediment (sed); only statistically
significant partial coefficients of determination and regression coefficients (P � 0.05) are presented.
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1.50, b2 � �0.032; R2 � 16%) and turbidity (b � 2.70; R2 �
12%) were significant predictors of trh density in oyster sam-
ples, while only turbidity was a significant predictor of tdh
density in oysters (b � 2.70; R2 � 17%).

Detection of vvh in sediment was significantly affected by
salinity (b1 � 0.61, b2 � �0.014; R2 � 22%) and chlorophyll a
levels (b � 1.1; R2 � 14%) in the water column. Detection of
tlh in sediment was significantly associated with salinity (b1 �
0.41, b2 � �0.0085; R2 � 13%) and turbidity (b � 1.4; R2 �
17%) levels in the water column, while only turbidity was a
significant predictor of tdh (b � 2.0; R2 � 16%) and trh (b �
2.3; R2 � 19%) in the sediment.

DISCUSSION

The role of temperature in determining the abundance of
vibrios in marine and estuarine environments has been well
documented, but temperature accounts for only a portion of
the variability in V. vulnificus and V. parahaemolyticus densities
(2, 12, 22, 28, 33, 40). In this study, we have monitored tem-
perature and other environmental parameters that may affect
V. vulnificus and V. parahaemolyticus abundance in water, oys-
ters, and sediment collected from coastal waters of Mississippi
and Alabama over the course of 19 months. Few studies have
addressed the occurrence of total and pathogenic V. parahae-
molyticus as well as V. vulnificus at this level of spatial and
temporal detail.

Temperature was strongly associated with vibrio densities,
but unlike previous reports of up to 50% (2, 9), partial coef-
ficients of determination were 39% and 29% for tlh and vvh,
respectively. The association of vvh with temperature here is in
contrast to the work of Motes et al., in which the R2 value was
60% when using an antibody-based MPN method (28). The
absence of a relationship between temperature and pathogenic
V. parahaemolyticus, despite its strong association with total V.
parahaemolyticus, was also surprising. Previous studies (12)
have demonstrated that the ratios of pathogenic to total V. para-
haemolyticus are higher when temperatures are lower. Thus, it is
possible that pathogenic V. parahaemolyticus responds differently
to temperature than total V. parahaemolyticus.

The relationship between salinity and vibrio densities was
consistent with observations of previous studies indicating a
nonlinear relationship when salinities vary over a sufficiently
wide range (2, 40). The fitted coefficients (linear and qua-
dratic) indicate that, where an association with salinity was
found to be significant, vibrio densities tended to increase with
salinity up to an optimal point (27 ppt for vvh in water, 22 ppt
for tlh in water, 24 ppt for tlh in oysters, 22 ppt for tdh in water,
and 14 ppt for trh in water) and then decreased as salinities
increased beyond the optimum level. No significant trend ver-
sus salinity was apparent for V. vulnificus densities in oysters,
which is surprising in light of previous studies (28, 31, 34). In
comparing these observations to the findings of previous stud-
ies, it should be recognized that a nonlinear relationship will
not be identified when salinities do not vary over a sufficiently
wide range or the range of variation lies on only one side of the
optimum salinity level. This was the case in our previous study
(40). At one site in Alabama, salinity varied over a narrow
range and there was no identifiable association between salin-
ity and vibrio densities. At the second site, in Mississippi,

where salinity varied over a wider range but below the opti-
mum level, a significant positive linear relationship with salin-
ity was identified (40). Other studies have also identified the
importance of salinity to vibrio densities (23, 25, 28, 32). The
salinity ranges in these studies varied, but all were narrower
than that of the current study, which had a wide salinity range
of 3 to 35 ppt.

Regression analysis indicated that chlorophyll a, like tem-
perature, also had a different association with total V. para-
haemolyticus than with pathogenic V. parahaemolyticus, further
suggesting that these two subpopulations may respond differ-
ently to environmental cues. The relationship between vibrios
and chlorophyll a levels has been explored previously (8, 13, 33,
34, 38). Studies of Chesapeake Bay (18) and in Peru (14),
however, reported no correlation between V. cholerae and
chlorophyll a. A 2004 study in New Jersey reported that po-
tential correlation between total chlorophyll a and total vibrios
measured by PCR using vibrio genus primers was masked by a
relatively strong correlation between temperature and total
chlorophyll a (36). The correlation between temperature and
chlorophyll a in our study would appear to be much less, as
regression diagnostics did not suggest any problematical issues.

Turbidity was positively associated with total V. parahaemo-
lyticus in all sample types, but it was not significantly associated
with vvh in any sample type. Turbidity, as it existed spatially
and temporally in this study, was a stronger driving force with
respect to the rarer pathogenic V. parahaemolyticus rather than
with respect to total V. parahaemolyticus.

The median abundance of tlh relative to vvh (tlh-to-vvh ra-
tio) in water and oysters was �1, indicating that V. parahae-
molyticus was outnumbered by V. vulnificus, while the median
tlh-to-vvh ratio in sediment was 3.5, indicating that the oppo-
site was true in sediment. As turbidity increased, the relative
abundance of tlh versus vvh (tlh-to-vvh ratio) increased in all
sample types. This indicates a possibility that these two vibrio
populations may react differently to the components of turbid-
ity or to the events that cause increased turbidity. Chlorophyll
a had the opposite association, in which the relative abundance
ratio decreased as chlorophyll a levels increased. The relation-
ship between the tlh-to-vvh ratios and temperature was mini-
mal. The difference between tdh and tlh (tdh-to-tlh ratio) was
found to be associated equally with turbidity and chlorophyll a.
Thus, in one possible scenario, changes in turbidity may cause
selection of one vibrio over the other, while changes in chlo-
rophyll a levels may drive the densities closer to one another.

This study is unique in several aspects. First, turbidity had a
significant relationship with V. parahaemolyticus density in
both the sediment and the water column but not with density
of V. vulnificus in the sediment. Potentially, this indicates a
close association of V. parahaemolyticus with sedimentary en-
vironments. Sediment resuspension is an important contribu-
tor to turbidity in the water column. Therefore, resuspension
of sediment during storm and wind events or by any activities
that disturb the bottom sediment are potentially redistributing
bacterial reservoirs into the water column. This is especially
true in the Mississippi Sound, where the mean water depth is
2.98 m (15). It is unclear why turbidity in the water column
would be a significant predictor of bacterial density in the
sediment, but it may be related to composition of turbidity
(resuspensions, blooms, and runoff) and the frequency and
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proximity of suspension events increasing turbidity in the water
column and mixing the sediment-water interface, creating a
deeper aerobic layer in the sediment. Additionally, sedimen-
tation of water column particulates, including organic matter,
such as diatoms, dinoflagellates, fungi, and zooplankton, pro-
vides additional attachment surfaces and nutrient resources in
the sediment matrix (7, 17, 21). Thus, turbidity may be more
important than previously realized, with respect to the in-
traseasonal variation of V. parahaemolyticus abundance, when
water temperatures are relatively constant.

Second, this study demonstrated that V. parahaemolyticus
outnumbered V. vulnificus in the sediment but not in oysters or
in the water column. A comparison of two previous studies
indicates that V. vulnificus outnumbers V. parahaemolyticus
when temperatures are warm, but the reverse is true when
temperatures are cold (12, 28). There have been no published
reports suggesting that V. parahaemolyticus is better adapted
for sediment than V. vulnificus. Our study suggests that some
factor(s) associated with either the sediment, the bacteria, or
the interaction of the two causes this phenomenon. It is pos-
sible that there is some buffering or protective component in
sediment. Indeed, there are many attachment sites in sediment
that may serve as microhabitats for vibrios, and these sites may
be more heavily colonized by or more readily available to V.
parahaemolyticus than to V. vulnificus. The ability of vibrios to
attach to chitin (7, 16), surfaces of edaphic and epiphytic dia-
toms (A. R. Flowers, personal communication), and organic
detritus in the sediment may also contribute to their protection
from shock, death, or predation.

Remote sensing has demonstrated that our sampling areas
in the Mississippi Sound and Dauphin Island have some of the
highest turbidity levels in the Gulf of Mexico, likely because of
the Mississippi River and Mobile Bay plumes (NOAA Coast-
Watch; http://coastwatch.noaa.gov, accessed 20 January 2009)
and because the coastal waters of Mississippi and Alabama are
very shallow and therefore subject to sediment resuspension.
These plumes and resuspended sediment are sources of nutri-
ent influx that could support V. parahaemolyticus growth.

The majority of the pathogenic V. parahaemolyticus isolates
characterized in this study contained both tdh and trh, and a
smaller group contained tdh alone. This is in contrast to other
studies in which these distributions vary (19, 20, 35). A subset
of the tdh� and trh� V. parahaemolyticus identified in this study
was collected for phylogenetic studies, resulting in a collection
of 98 tdh�, trh�, or tdh� trh� isolates of V. parahaemolyticus.
Of these 98 isolates, 18 contained tdh only, 3 contained trh
only, and 77 were tdh� trh� (19). This also has implications in
light of the fact that we subjected 41 of these tdh� and trh�

strains to multilocus sequence analysis (19), and none of these
matched the O3:K6 pandemic clone that likely was introduced
into the United States in 1998, including the 7/41 that were tdh
positive and trh negative, like the pandemic clone.

Assessing the risk of V. parahaemolyticus infection from con-
sumption of oysters or other seafood requires an extensive
understanding of the environmental predictors of V. parahae-
molyticus. However, more data have been collected on the
densities of total V. parahaemolyticus than on potentially
pathogenic V. parahaemolyticus because the latter is less nu-
merous in the environment and methods for its accurate enu-
meration in environmental samples have only recently become

available. Unfortunately, total V. parahaemolyticus levels do
not completely reflect levels of pathogenic V. parahaemolyticus
in oysters because of the inconsistent relationship between
these two populations. While temperature appears to be the
most important factor influencing the level of total V. para-
haemolyticus, our results suggest that turbidity may be more
influential than temperature or other environmental factors
for predicting the abundance of pathogenic V. parahaemolyti-
cus. This has implications, with respect to human health risk, as
the role of turbidity may make the distribution of exposure to
pathogens more variable, especially when one takes into ac-
count postharvest effects in oysters. Of note, this study relied
on culture-dependent methods to quantify vibrios in the envi-
ronment. One shortcoming of this study is the fact that non-
culturable vibrios are potentially pathogenic (3), and the abun-
dance or risk may be underestimated because of this.

In conclusion, our results demonstrate that V. parahaemo-
lyticus and V. vulnificus tend to distribute differently between
the water column and the sediment, with V. vulnificus favoring
the water column and V. parahaemolyticus favoring the sedi-
ment. Higher levels of V. vulnificus in the water may account
for the higher levels in oysters relative to V. parahaemolyticus.
The affinity of V. parahaemolyticus for sediment is probably the
underlying factor resulting in the positive correlation between
turbidity and V. parahaemolyticus levels in the overlying waters
and oysters. Sediment appears to serve as a reservoir of patho-
genic V. parahaemolyticus in the water and oysters when resus-
pended. Incorporation of the current data on the relationship
between turbidity and total or pathogenic V. parahaemolyticus
into risk assessment models would improve their accuracy. The
ability to measure turbidity, temperature, and other relevant
environmental factors on a global scale using remote sensing
technology will also greatly enhance the power of this ap-
proach.
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