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ABSTRACT: The Vibrionaceae are environmentally ubiquitous to estuarine waters. Two species in particular, 
V. vu ln ificu s  and V. parahaem olyticus, are important human pathogens that are transmitted by the consumption 
of contaminated molluscan shellfish. This document provides a comprehensive review of the current state of knowl
edge about these important foodborne disease agents. Topics include the epidemiology of human disease; biotypes 
and virulence factors; cultural and molecular-based detection methods; phenotyping and genotyping approaches; 
microbial ecology; and candidate control strategies. Recent international risk assessment efforts are also described. 
The reader will gain an understanding of why these organisms pose a public health risk and how improving our 
understanding of their behavior in the environment and the host can aid in reducing that risk in the future.

Introduction_________________________________________
In the United States, contaminated seafood is responsible for 

26.5%  o f all foodborne disease outbreaks (Mead and others 1 999) 
w ith  the m ajority o f these illnesses associated w ith  the con
sumption o f raw bivalve molluscan shellfish (Cook 1991). Bi
valves, includ ing oysters, clams, mussels, and cockles, are filter- 
feeding organisms that pump seawater through the ir digestive 
systems to obtain oxygen and food and, in this process, accu
mulate and concentrate microorganisms. These organisms can 
be harmless commensals as w e ll as pathogens, the most s ignifi
cant of w h ich  are the human enteric viruses and the pathogenic 
Vibrio  species. Since shellfish are frequently consumed whole 
and raw, they can serve as passive carriers o f foodborne disease 
agents.

Vibrio  species designations
The genus Vibrio  is in the fam ily  Vibrionaceae, w h ich  

also includes the genera Aeromonas, Plesiomonas, and Pho
tobacterium  (Atlas 1997). A ll v ibrios are ubiquitous in the 
marine environm ent and all species except Vibrio cholerae 
and Vibrio m im icus require sodium chloride supplementa
tion o f media for growth. There are 30 species in the genus 
Vibrio; 13 o f these are pathogenic to humans, includ ing 
V. cholerae, V. m im icus, V. fluvialis, V. parahaemolyticus, 
V. alginolyticus, V. cincinnatiensis, V. hollisae, V. vulnificus, 
V. furnissii, V. damsela, V. m etshnikovii, and V. carchariae. A ll 
o f the pathogenic vibrios have been reported to cause food
borne disease, although V. cholerae  O l ,  V. parahaemolyticus,
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and V. vuln ificus  are considered the most significant agents. M em 
bers o f the Vibrio  genus are straight or curved Gram-negative, 
nonspore-form ing rods, 0.5 to 0.8 pm  in w id th  and 1.4 to 2.6 
pm  in length (McLaughlin 1 995). However, when they are grown 
in the laboratory, they frequently revert to straight rod m orpho l
ogy (Atlas 1997). Vibrios are m otile by a single polar flagellum  
and are aerobic or facu ltatively anaerobic. Most species produce 
oxidase and catalase and ferment glucose w ithou t producing 
gas (McLaughlin 1 995). V. vuln ificus  is sim ilar phenotypically to 
V. parahaemolyticus (O liver 1 989). The 2 m ostdistinctive charac
teristics o f V. vuln ificus  are ferm entation o f lactose and production 
of/3-D-galactosidase and these biochem ical tests for them can be 
used to distinguish it from  the related V. parahaemolyticus  (Hollis 
and others 1 976).

C lassification  of K  vulnificus  strains
Historically, V. vuln ificus  strains have been classified by b io 

typing, a technique based on a com bination of different pheno
typic, serologic, and host range characteristics. Biotype 1 can be 
found in warm  marine waters and was in itia lly  thought to be the 
on ly  biotype associated w ith  human infection (Blake and others 
1980). Biotype 1 strains are pathogenic to humans, have differ
ent im m unolog ica lly  d istinct lipopolysaccharide (LPS) types, and 
are indole positive (Biosca and others 1996). Biotype 2 was first 
thought to be pathogenic on ly  to eels (Tison and others 1982), 
but this was later disputed based on human c lin ica l evidence 
(Veenstra and others 1 992; Amaro and Biosca, 1996). In addition, 
Amaro and others (1992a, 1 992b) compared the 2 biotypes, f in d 
ing that biotype 2 strains were able to adhere to human and fish 
cell lines and were high ly cytotoxic. In addition, biotype 2 strains 
were more viru len t fo r mice (LD50 =  1 0s to 1 06 CFU) when com 
pared to biotype 1 strains (LD50 =  1 08 CFU). In general, biotype 
2 strains have the fo llow ing  characteristics: pathogenic to both 
humans and eels; expression o f a common LPS type; and negative 
indole reaction (Biosca and others 1996). In 1996, V. vuln ificus
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biotype 3 was first described when it was associated w ith  an ou t
break invo lv ing 62 Israeli patients w ith  either w ound infection 
or septicemia (Bisharat and others 1999, 2005). To date, human 
disease caused by biotype 3 has not been associated w ith  food 
consumption.

There appears to be a relationship between different 1 6S rRNA 
sequences and the viru lence o f V. vuln ificus  and this has been 
used as a means o f strain typing as w e ll. The sequence o f 1 6S 
rRNA is h igh ly conserved among all organisms and is com m only 
used to discern the evolutionary relationships among prokary
otes. Various regions w ith in  the rRNA genes evolve at slightly 
different rates, resulting in alternating regions o f nucleotide con
servation and variab ility  (De Rijk and others 1992; Van de Peer 
and others 1996). Recently, Nilsson and others (2003) reported 
differences in rRNA sequences between c lin ica l and environm en
tal V. vuln ificus  strains. These data showed that two 1 6S rRNA 
types (designated A and B) contain a 492 bp-am plified region 
w h ich  has an A lu I cleavage site after nucleotides 202 and 244, 
and a Hae III cleavage site after nucleotides 1 68 and 372. The d if
ference between types A and B is that the type A sequence has an 
additional A lu  I cleavage site after nucleotide 140, whereas type 
B has an additional Hae  III site after nucleotide 147. In general, 
the B sequence is more high ly associated w ith  c lin ica l strains and 
the A sequence is associated w ith  environm ental isolates. A dd i
tionally, Lin and Schwarz (2003) found more type A strains to be 
isolated in June and July, w h ile  more type B strains were isolated 
in September.

Pathogen ic ity  of K  vulnificus
V. vuln ificus  v iru lence is multifaceted and not w e ll understood. 

Indeed, many v iru lence factors have been reported fo r this organ
ism, includ ing (1) a polysaccharide capsule; (2) various extracel
lu lar enzymes; (3) exotoxins; and (4) the ab ility  to obtain iron from 
transferrin (Linkous and O live r 1999; G ulig and others 2005). The 
absence o f estrogen has also been cited as a host factor linked to 
increased risk o f infection (Linkous and O live r 1 999).

The presence o f a capsule, w h ich  is also related to colony opac
ity, is probably the best-known viru lence factor for V. vulnificus. 
V. vuln ificus  is an extracellu lar pathogen that relies on its polysac
charide capsule to avoid phagocytosis by host defense cells (Link
ous and O live r 1 999; Strom and Paranjpye 2000; G ulig  and others
2005). The transformation o f encapsulated isolates to the nonen
capsulated form  is dependent on growth phase and tempera
ture, w h ich  in turn affect bacterial cell morphology. For instance, 
W right and others (1990) found an increase in the expression 
of capsular polysaccararide (CPS) during the logarithm ic growth 
phase and a decrease during the stationary phase o f growth fo r 
a c lin ica l isolate o f V. vulnificus. Also, there was significant ex
pression o f CPS observed for cells grown at 30 C as compared to 
those grown at 37 C. Encapsulated isolates have opaque colony 
m orphology but can undergo a reversible phase variation to the 
translucent colony phenotype, w h ich  is correlated w ith  reduced 
CPS production (W right and others 1990; Strom and Paranjpye 
2000). W right and others (1990) reported that nonencapsulated 
strains (clin ical) produced by transposon mutagenesis had a lethal 
dose over 4 times higher than that o f the encapsulated strains. 
Research has shown that infection w ith  V. vuln ificus  e licits an 
antibody response specific to the capsule (Foire and others 1992) 
and V. vulnificus, like other bacteria, relies on the capsule to resist 
host defenses during systemic disease.

There is evidence that several extracellu lar enzymes play a 
role in V. vuln ificus  pathogenicity. M oreno and Landgraf (1998) 
reported that the enzymes lecithinase, lipase, caseinolytic pro
tease, and DNase were present in >  90% o f the V. vuln ificus  
strains screened, all o fw h ic h  were isolated from seafood samples. 
The protease may be particularly important, as O live r and others

(1986) found that 91% o f the c lin ica l and environm ental strains 
o f V. vuln ificus  screened produced a protease that was capable of 
breaking down native a lbum in, hypothesizing that this protease 
m ight be involved in prom oting systemic infection. A separate 
metalloprotease contain ing a z inc atom is able to degrade a num 
ber o f b io log ica lly  im portant host-associated proteins, includ ing 
elastin, fibrinogen, and plasma protease inhib itors (M iyoshi and 
others 1 995). The most dramatic pathological action o f the metal
loprotease is its vascular perm eability-enhancing action (Shinoda 
and M iyoshi 2000).

The exotoxin hem olysin/cytolysin produced by V. vulnificus  
has been the most studied v iru lence marker. FHemolysin/cytolysin, 
encoded by a gene designated vvhA  (other abbreviations are cth 
and hha), is a heat-labile enzyme that lyses mammalian erythro
cytes and is cytotoxic to a variety o f m ammalian tissue culture 
cell lines (Gray and Kreger 1985; Strom and Paranjpye 2000). 
The vvhA  protein displays 65% and 60% amino acid sequence 
sim ilarity to the V. cholerae  El Tor hemolysin and V. cholerae  non- 
01  cytolysin, respectively (Yamamoto and others 1990; W right 
and Morris 1991; Strom and Paranjpye 2000). Gray and Kreger 
(1986) reported antibodies specific to the V. vuln ificus  hemolysin 
in the blood of infected mice, suggesting that the enzyme plays 
a role in pathogenicity. Later, Gray and Kreger (1987) dem on
strated that mice injected w ith  hemolysin developed skin dam 
age sim ilar to that o f infected humans. Lee and others (2004) 
found that 20% normal pooled human serum significantly in
hibited hem olytic and cytotoxic activities o f the vvhA  protein, 
suggesting that it could be inactivated in v ivo  and that its activ ity 
m ight be compromised by serum constituents such as cholesterol. 
W hen these same investigators inoculated mice intraperitoneally 
w ith  1 07 CFU o f a c lin ica l V. vuln ificus  isolate, they observed the 
expression of the vvhA  gene product in bacterial cells isolated 
from  host livers, suggesting that the protein itself is produced in 
vivo  and in association w ith  particular tissues.

The amount o f iron available in the host is an im portant fac
tor in fluencing the lethality of V. vulnificus. W right and others 
(1981) showed that the intraperitoneal LD50 was reduced from 
1 06 CFU to 1 CFU in iron-treated mice. Later, Reyes and o th
ers (1987) classified both c lin ica l and environm ental strains of 
V. vuln ificus  into categories of v iru len t and avirulent, w ith  the 
form er demonstrating a lethal infectious dose o f <  1 0s CFU/mL, 
w h ile  the latter fai led to k ill suckling mice at doses > 1 0 9 CFU/mL, 
although route o f adm inistration was an im portant m itigating fac
tor. M orris and others (1987) found that none o f the V. vulnificus  
strains (clin ical and environm ental) tested was capable of growth 
in iron-lim ited media in the presence of 30% saturated transfer
rin; however, some strains were able to grow in the presence of 
1 00% saturated transferrin. These investigators hypothesized that 
the increased saturation o f transferrin, either through an excess 
o f iron or through a relative decrease in the amount o f trans
ferrin, may be associated w ith  the pathogenesis o f V. vulnificus  
(Morris and others 1987; Brennt and others 1991). Transferrin is 
an iron transport protein and, because free iron is v irtua lly  ab
sent in the body, pathogenic bacteria like V. vuln ificus  may have 
evolved mechanisms to scavenge iron from the iron transport 
proteins (Strom and Paranjpye 2000). Alternatively, they may use 
iron-scavenging siderophores and proteins that can serve as iron 
donors (such as phenolate and hydroxamate [Simpson and O live r 
1983] and hem oglobin, methemoglobin, and hematin [FHelms 
and others 1984]) (Gulig and others 2005). Stelma and others
(1992) used the iron-overloaded mouse model to characterize 
the viru lence o f various V. vuln ificus  strains of c lin ica l and en
vironm ental orig in , find ing  that iron-overloaded mice died after 
challenge w ith  lower doses (< 1 02 CFU) of a v iru len t strain as 
compared to higher doses (> 4.0 x  1 03 CFU) of an avirulent 
strain. Starks and others (2000) found that 3 c lin ica l strains and
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3 attenuated isolates o f V. vuln ificus  from  oysters or seawater 
caused identical skin lesions in subcutaneously inoculated iron 
dextran-treated mice; however, the inocula required fo r identi
cal frequency and magnitude o f infection were at least 350-fold 
higher fo r the environm ental strains. The investigators' data sug
gested that the difference between these c lin ica l and environ
mental strains m ight be related to the ir ab ility  to grow in the 
host and/or susceptib ility to host defenses. In addition, Starks and 
others (2000) reported that c lin ica l and environm ental strains of 
V. vuln ificus  required 10s-fold higher inocula to cause an identi
cal disease process in normal m ice as compared to those treated 
w ith  iron dextran. However, DePaola and others (2003), w ho 
evaluated strains o f V. vuln ificus  obtained from  market oysters 
and from  oyster-associated prim ary septicemia cases, found that 
88% of all the strains characterized were viru len t when subcu
taneously inoculated into iron dextran-treated mice, suggesting 
little  strain-to-strain variab ility  in the infection process when an
imals cannot appropriate ly m etabolize iron. Recently, Choi and 
others (2006) conducted a study on the cyc lic  AM P-cAMP recep
tor protein (CRP) com plex by creating a crp  deletion mutant to 
study the role this com plex plays in V. vuln ificus  viru lence. They 
found that V. vuln ificus growth  decreased under iron-lim ited con
ditions. The vuln ibactin-m ediated iron-uptake system was sup
pressed along w ith  the transcription o f the vis and vuuA  genes, 
and growth was suppressed on transferrin-bound iron and in cir
rhotic ascites. Furthermore, all the defects o f the crp  mutant were 
restored by in-trans com plementation o f the w ild -type  crp  gene. 
These data suggest that the CRP com plex plays an im portant role 
in iron u tiliza tion  (Choi and others 2006).

Epidem iological evidence suggests that men are more suscep
tib le  to V. vuln ificus  infection than wom en. For instance, Shapiro 
and others (1 998) reported that 86% o f the reported cases of 
V. vuln ificus  infection occurred in men. Eighty-five percent of in
dividuals w ho develop endotoxic shock from V. vuln ificus  are 
males (O liver 1989; Merkel and others 2001). Although this may 
be due to the fact that men are more like ly to consume raw 
oysters, or that men are more like ly to have underlying liver 
disease, a recent study by Merkel and others (2001) offers an 
alternative explanation related to the protective effect o f estro
gen. In this study, the investigators showed that male rats injected 
w ith  V. vuln ificus  LPS had an 82% fata lity rate whereas normal 
female rats treated identica lly had a fata lity rate o f on ly  21%. 
W hen these female rats were ovariectom ized, thereby lowering 
their estrogen levels, fata lity rates increased to 75% (Merkel and 
others 2001). W hen ovariectom ized female mice were treated 
w ith  subsequent estrogen replacement therapy, a decrease in 
m orta lity rates was observed, making the m ortality rates of hor
m onally treated ovariectom ized females s im ilar to those of the 
nonovariectom ized female mice (38% and 21%, respectively). 
Furthermore, gonadectom ized male mice died at the same rate 
as nongonadectom ized males. However, when gonadectomized 
male mice were treated w ith  estrogen, a decrease in the m ortality 
rate occurred (from 80% down to 50% mortality, respectively). 
Protection in these male mice increased w ith  increasing estrogen 
dose. Taken together, the data o f Merkel and others (2001 ) suggest 
that estrogen provides protection against V. vuln ificus  endotoxic 
shock.

C lassification  of K  parahaem olyticus  strains
Historically, the species V. parahaemolyticus has been fur

ther classified based on serotype, w h ich  is discussed subse
quently. M ore recently, classifications have been made based 
on the presence o f particular genes, some o f w h ich  correlate 
w ith  pathogenicity. For general species delineation, the therm o
labile hemolysin (tlh) gene is used. V. parahaemolyticus strains 
are considered "pathogenic" if the thermostable d irect hemolysin

(tdh) and/or TDH-related hemolysin (trh) genes are present. These 
genes, and the ir relationship to pathogenicity, are discussed in 
greater detail below.

Pathogen ic ity  of K  parahaem olyticus
M any viru lence factors are thought to play a role in the 

pathogenicity of V. parahaemolyticus, includ ing those associ
ated w ith  beta-hemolysis, adherence factors, various enzymes, 
and the products of the tdh, trh, and ure genes. H istorically, 
V. parahaemolyticus pathogenicity has been associated w ith  
the Kanagawa phenomenon (KP), w h ich  is observed as beta- 
hemolysis on Wagatsuma agar. V irtua lly all c lin ica l isolates of 
V. parahaemolyticus are KP-positive, whereas on ly 1 % to 2% of 
environm ental strains are KP-positive (Sakazaki and others 1968; 
M iyam oto and others 1969; N ishibuchi and Kaper 1995). It is 
now known that the Kanagawa reaction is caused by the ther
mostable d irect hemolysin (TDH) protein (N ishibuchi and Kaper 
1995), so named because it is not inactivated by heat (100 C 
fo r 10 min) and because its hem olytic activ ity is not enhanced 
by the addition o f lecithin, suggesting d irect activ ity on erythro- 
cyctes (Sakurai and others 1973; N ishibuchi and Kaper 1995). 
Kaper and others (1 984) were the first to clone the gene encod
ing the TDH protein (designated tdh 1 ) from  V. parahaemolyticus 
strain W P1, w h ich  was c lin ica l in origin. This group subsequently 
used probes derived from this gene to identify tdh genes in other 
V. parahaemolyticus strains. Later, Hida and Yamamoto (1990) 
found that V. parahaemolyticus strain WP1 actually contained a 
2nd and distinct tdh gene, designated tdh 2. A survey conducted 
by N ishibuchi and Kaper (1 990) showed that all KP-positive (c lin 
ical) V. parahaemolyticus strains do indeed contain 2 tdh genes, 
whereas V. parahaemolyticus strains (clin ical and environmental) 
that show weak hemolysis on Wagatsuma agar and are consid
ered to be on ly KP-intermediate have on ly  1 tdh  gene. When 
looking at KP-negative strains, most o f w h ich  are o f environm en
tal orig in , 16% of these strains contained 1 copy o f the tdh gene, 
w h ile  the rest o f the KP-negative strains did not have the tdh 
gene, suggesting that most KP-negative strains cannot produce 
the TDH protein (N ishibuchi and others 1985; N ishibuchi and 
Kaper 1995). Occasionally, isolates o f other Vibrio  spp., inc lud
ing V. hollisae, V. cholerae no n -0 1 , and V. m im icus, have been 
found to carry the tdh gene (N ishibuchi and Kaper 1 995).

Regardless o f the importance o f the Kanagawa factor and 
the TDH protein, KP-negative strains o f V. parahaemolyticus 
have occasionally been associated w ith  outbreaks o f gastroen
teritis. Honda and others (1 987, 1 988) reported that some KP- 
negative strains o f V. parahaemolyticus  associated w ith  illness in 
humans produced a TDH-related hemolysin (designated TRH) 
w h ich  was sim ilar but not identical to the TDH protein. The 
TRH protein was first found in 0 3 :K 6  strains. Furthermore, this 
new hemolysin, w h ich  was mostly associated w ith  environm en
tal V. parahaemolyticus  isolates, was responsible fo r significant 
lethality in the mouse model when the animals were challenged 
by intraperitoneal in jection (Sarkar and others 1987). The gene 
corresponding to this protein was designated trh. There is about 
a 69% sim ilarity in nucleotide sequence when com paring the trh 
and tdh genes, suggesting that they evolved from  a common an
cestor (Honda and others 1988; N ishibuchi and others 1989). In 
addition, evidence exists that there are m ultip le  forms o f the trh 
gene among some Vibrio spp. w h ich  d iffer in nucleotide sequence 
and whose corresponding proteins differ in hem olytic activity, but 
w h ich  appear to be derived from  a com m on ancestor (Kishishita 
and others 1992). Some clin ica l isolates were shown to contain 
both the tdh and trh genes, whereas most environm ental isolates 
do not contain tdh or trh genes (Xu and others 1994). In a se
ries o f deletion mutation experiments, investigators deleting all 
or part o f the trh gene observed that the hem olytic activ ity o f the
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protein was lost; however, the mutants were still somewhat active 
in cytotoxity assays and caused partial flu id  accum ulation in lig 
ated rabbit small intestines (M ing and others 1994). These data 
suggest that viru lence factors in addition to TRH and TDH are 
involved in the pathogenicity o f V. parahaemolyticus. However, 
the CDC recently noted that V. parahaemolyticus  strains lack
ing both the tdh and trh genes were associated w ith  more severe 
cases o f V. parahaemolyticus in fection, many of w h ich  required 
hospitalization (Yu and others 2006).

Early w ork  suggested that "adhesiveness" appears to play an 
im portant role in V. parahaemolyticus pathogenicity. Hackney 
and others (1 980) found that all c lin ica l and environm ental strains 
of V. parahaemolyticus  that they tested were capable of adhering 
to human fetal intestinal (HFI) cells, although the degree o f adher
ence was variable. Strains isolated from  patients were observed to 
have high adherence capab ility  regardless of the ir Kanagawa re
action, whereas Kanagawa-negative strains isolated from seafood 
exhibited the weakest adherence. Yamamoto and Yokota (1989) 
reported that the ab ility  o f V. parahaemolyticus  c lin ica l isolates 
to adhere to human small intestinal mucosa correlated roughly 
w ith  hemagglutinin levels in human or guinea pig erythrocytes.

M any enzymes are thought to play a role in the pathogenicity of 
V. parahaemolyticus. Baffone and others (2001 ) examined several 
enzym atic (lipase, gelatinase, and hemolysin), b io logical (adhe
siveness, cytotoxicity, and enterotoxicity), and enteropathogenic 
activities of V. parahaemolyticus  strains isolated from seawater, 
find ing  that v irtua lly  all strains tested had lipase and gelatinase 
activity, whereas on ly 10% were positive for hemolysin activ
ity. As many as 80% and 90% o f the V. parahaemolyticus iso
lates screened had adhesive and cytotox ic ity  capabilities, re
spectively. Furthermore, 30% o f the V. parahaemolyticus strains 
were pathogenic to w h ite  mice using the ileal loop assay, w h ile  
60% o f strains were lethal to adult mice using the w ho le  animal 
bioassay.

It has been suggested that urea hydrolysis may be 
used as a marker to predict po tentia lly  v iru len t strains of 
V. parahaemolyticus. Abbot and others (1989) first reported this 
phenomenon, find ing that the urease-positive phenotype was as
sociated w ith  the 04 :K 12  serotype. Kaysner and others (1994a) 
reported that fc//i-positive isolates o f c lin ica l and environm en
tal orig in were also urease-positive, w h ile  Osawa and others
(1996) reported that all c lin ica l and environm ental strains car
rying the trh gene tested positive fo r urease, lida and others
(1997) found that the ure gene was responsible fo r urease pro
duction in V. parahaemolyticus  and that the ure and trh genes 
were genetically linked, as demonstrated by restriction endonu
clease digestion. A later study revealed close p rox im ity  o f the tdh, 
trh, and ure genes on the chromosome o f pathogenic (clinical) 
V. parahaemolyticus strains (lida and others 1998). These data 
suggest the presence of a pathogenicity island, w h ich  may have 
occurred as a consequence o f gene transfer, because the GC con
tent o f the tdh and trh genes is considerably lower than the mean 
GC content o f the genomic DN A o f V. parahaemolyticus.

The means of transfer o f this putative pathogenicity is
land has motivated recent research endeavors. One hypothe
sis is the role of filam entous phage in gene transfer. For in 
stance, Southern b lo t hybrid ization has demonstrated the in 
tegration o f a filam entous phage genome into chromosomal 
DN A o f V. parahaemolyticus  (Chang and others 1998) and 
others have shown filamentous phage specifica lly associated 
w ith  the pandemic V. parahaemolyticus strains (03 :K 6, 04 :K 68 , 
and 0 1 :K  untypeable) (lida and others 2001; Chang and o th 
ers 2002). Gene transfer by plasmid is another means by 
w h ich  V. parahaemolyticus could have obtained genes asso
ciated w ith  pathogenicity. For instance, it is w e ll documented 
that the tdh gene is found in many Vibrio species (N ishibuchi

and others 1985, 1990, 1996; Honda and others 1986). Some 
investigators favor plasm id-mediated gene transfer between 
V. parahaemolyticus  and V. cholera  non-01 tdh genes (Honda 
and others 1986; Baba and others 1991), w h ile  others do not 
(N ishibuchi and others 1985; N ishibuchi and Kaper 1990). 
Nonetheless, there is evidence that the tdh genes o f many Vibrio  
species are flanked by insertion sequence-like elements (Baba 
and others 1991; Terai and others 1991), suggesting that the 
tdh genes may be derived from  a common ancestral source and 
may be readily transposed w ith in  chromosomes. Lin and o th
ers (1993) reported that V. parahaemolyticus  AQ 3815 contains a 
toxRS operon, a regulatory gene that controls the expression of 
the tdh  gene, s im ilar to V. cholerae.

Recent sequencing efforts have aided in e lucidation o f the 
relationships between Vibrio  species, w h ich  contain 2 cir
cular chromosomes (Yamaichi and others 1999). Tagomori 
and others (2002) compared the genetic maps o f KP-positive 
V. parahaemolyticus strain KX-V237, V. parahaemolyticus 
AQ 4673 (clin ical), and V. cholerae  N16961, find ing  that the 
genomes of KX-V237 and AQ 4673 were very similar. The large 
chromosomes o f KX-V237 and V. cholerae  N1 6961 were similar, 
although the small chromosomes were less so. Sim ilarly, M akino 
and others (2003) found that, when com paring sequences associ
ated w ith  the V. parahaemolyticus genome to those o f V. cholerae, 
there were apparently many rearrangements w ith in  and between 
the 2 chromosomes. The genes for the type III secretion system 
(TTSS) were identified in the genome o f V. parahaemolyticus, 
but not in V. cholerae. The TTSS is a central viru lence factor 
for diarrhea-causing bacteria such as Shigella, Salmonella, and 
enteropathogenic Escherichia co li. These data suggest that TTSS 
m ight be a mechanism associated w ith  V. parahaemolyticus  in
fection, one considerably d iffe rentfrom  the mechanism of disease 
caused by V. cholerae. In a recent study, O no and others (2006) 
showed that V. parahaemolyticus R IMD2210633 (clin ical) con
tains 2 sets of the gene clusters (TTSS1 and TTSS2) that encode 
for the TTSS.

Serovars of K  parahaem olyticus
Serotyping o f V. parahaeomolyticus  is done using antibod

ies specific to O  (somatic) and K (capsular) antigens; all 
V. parahaemolyticus  strains share a common H (flagellar) antigen. 
To date, 1 2 O  antigen types and over 70 K antigen types have been 
described, though many strains remain untypable (Kaysner and 
DePaola 2001). Furthermore, five o f the K antigens have been 
found to occur w ith  either of 2 O  group antigens, y ie ld ing 76 
recognized serotypes (Table 1).

In 1996, a unique serovar (03:K6) o f V. parahaemolyticus 
abruptly appeared in Calcutta, India (Okuda and others 1997).

Table 1 — Reported serotypes of V. parahaemolyticus (FDA 
BAM 2001)

O antigen K antigen

1 1, 25, 26, 32, 38, 41, 56, 58, 64, 69
2 3, 28
3 4, 5, 6, 7, 27, 30, 31, 33, 37, 43, 45, 48, 54, 57, 58, 59, 65
4 4, 8, 9, 10, 11, 12, 13, 34, 42, 49, 53, 55, 63, 67
5 5, 15, 17, 30, 47, 60, 61, 68
6 6, 18, 46
7 7, 19
8 8, 20, 21, 22, 39, 70
9 9, 23, 44

10 19, 24, 52, 66, 71
11 36, 40, 50, 51, 61
12 52
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A total o f 134 strains o f V. parahaemolyticus collected between 
1994 and 1996 during active surveillance among hospitalized 
patients in Calcutta were classified as serovar 03 :K 6 . The so- 
called Calcutta 0 3 :K 6  strain was very d iffe rentfrom  other 03 :K 6  
strains isolated from  Asian travelers between 1982 and 1993; 
however, the Calcutta 0 3 :K 6  strain was indistinguishable from 
other 0 3 :K 6  isolates obtained between 1995 and 1996 from 
Southeast Asian countries. This suggested that a unique 03 :K 6  
clone may have become prevalent w orldw ide  in the late 1990s 
(Okuda and others 1997; Bag and others 1999). In addition to 
the appearance of this new 0 3 :K 6  serovar, strains of serovars 
0 4 :K 6 8  and 01  :K untypeable (KUT) have been associated w ith  
an increased incidence of V. parahaemolyticus  infections w o rld 
w ide. Furthermore, these strains (serovars new ly emerged 03 :K 6 , 
0 4 :K 68 , and 0 1 :K  untypeable) appear to be high ly sim ilar by 
restriction fragment length polym orphism -pulsed fie ld  gel elec
trophoresis (RFLP-PFGE) and arb itrarily  primed polymerase chain 
reaction (AP-PCR) (Okura and others 2003). After the appear
ance o f these pandemic strains in India, they spread to many 
Asian countries. In Vietnam, from  1997 to 1999, 49%  o f 523 
V. parahaemolyticus strains isolated from  hospitalized patients 
were pandemic strains. During this survey, there was an o b v i
ous transition o f prevalence between the pandemic strains, w ith  
0 3 :K 6 ,0 4 :K 6 8 , and 01  :K25 serotypes being more prevalentdur- 
ing 1997, 1998, and 1999, respectively (Chowdhury and others
2004). From 1 998 to 200 in Bangladesh and Thailand, 66 strains 
o f V. parahaemolyticus  were isolated from patients and 14 d if
ferent serotypes were identified (Bhuiyan and others 2002). Tai
wan observed an increase in food-borne outbreaks during 1996 
to 1999 w ith  the new V. parahaemolyticus serovar 0 3 :K 6  ac
counting fo r 50.1 % to 83.8% of annual V. parahaemolyticus in
fections (Chiou and others 2000). W ong and others (2000) com 
pared 0 3 :K 6  strains from India, Japan, Taiwan, and Korea by 
RFLP-PFGE and found 13 different patterns. Cluster analysis re
vealed 2 d istinct cluster groups; 1 group contained all strains iso
lated before 1996 and a 2nd group consisted o f strains isolated 
after 1996. This was the 1st report that demonstrated that the 
new 0 3 :K 6  strains from  Korea, Taiwan, Japan, and India were 
genetically related. Chowdhury and others (2000) showed that 
some strains w ith  serotypes 0 4 :K 6 8  and 0 1 :K U T  have RFLP- 
PFGE patterns sim ilar to the pandemic 0 3 :K 6  strains, suggesting 
that they may have originated from  the Calcutta 0 3 :K 6  pandemic 
strain. In a recent review, Nair and others (2007) postulated that 
other serotypes w ith  identical genotypes and m olecular profiles 
to those of 0 3 : K6 emerged from a single 0 3 : K6 serotype. These 
were co llective ly  referred to as "serovariants" of 03 :K 6 . These 
serovariants appeared to have diverged from the 0 3 :K 6  isolates 
by alteration o f the O  and K antigens, and they constitute what 
are now considered as pandemic 0 3 :K 6  strains.

During 1 998 there were V. parahaemolyticus outbreaks in the 
United States associated w ith  pandemic 0 3 :K 6  strains (DePaola 
and others 1998). Matsumoto and others (2000) compared 
pandemic 0 3 :K 6  strains from North Am erica and Asia using 
m olecular methods and demonstrated that the North American 
strains were indistinguishable from  the Asian strains. This was 
a significant find ing  as never before had V. parahaemolyticus 
been considered pandem ic (Matsumoto and others 2000). The 
pandemic 0 3 :K 6  serotype was im plicated in 2 outbreaks in 
Chile in 1998 and 2004 (Gonzalez-Escalona and others 2005). 
Q u ilic i and others (2005) reported the presence o f the pan
dem ic V. parahaemolyticus  0 3 :K 6  serovar in France and, dur
ing this same tim e frame, M artinez-Urtaza and others (2005) de
scribed a pandemic 0 3 :K 6  outbreak in Spain, suggesting that 
this serovar had spread to Europe. Ansaruzzaman and others 
(2005) reported the 1st appearance of the pandemic serovars 
o f V. parahaemolyticus in sub-Saharan Africa, w ith  42 cases

of V. parahaemolyticus  in Beira, M ozam bique, from February 
to May 2004. O f the 42 isolates, 32 belonged to the 03 :K 6  
serotype, 2 belonged to the 0 4 :K 6 8  serotype, and the remain
ing 8 isolates did not belong to any o f the known pandemic 
serovars. In 2005, Fuenzalida and others (2006) described the 
largest V. parahaemolyticus  outbreak ever reported (about 11 000 
cases), caused by the pandemic 0 3 :K6 strains and associated w ith  
Chilean shellfish consumption. FHowever, analysis o f shellfish iso
lates showed on ly  3/50 samples positive for V. parahaemolyticus 
contained detectable levels of pandemic 0 3 :K 6  strains. Non- 
pathogenic V. parahaemolyticus  was isolated from  the m ajority 
of samples and was separated into 14 distinct groups by direct 
genome restriction enzyme analysis (DCREA); these were clearly 
distinguishable from  the pandem ic clone.

Epidem iology
There are 3 major c lin ica l manifestations o f Vibrio  infection: 

w ound infection, prim ary septicemia, and gastroenteritis. A l
though both V. vuln ificus  and V. parahaemolyticus cases occur 
sporadically, the form er are almost always sporadic w h ile  the 
latter can also occur in outbreak settings. Desenclos and others 
(1 991 ) used the case contro l study design to estimate the annual 
incidence o f all Vibrio  infection at 95.4 per m illion  for raw oys
ter consumers w ith  liver disease, 9.2 per m illion  for raw oyster 
consumers w ithou t liver disease, and 2.2 per m illion  for those 
w ho do not consume raw oysters. Another case contro l study 
conducted by H lady and Klontz (1996) reported disease m ani
festation proportions o f 51 %, 24%, and 1 7% for gastroenteritis, 
w ound infection, and septicemia, respectively. Fatality rates were 
on ly  1 % for gastroenteritis, but were 5% for w ound infection and 
44%  for septic disease. Sixty-eight percent o f gastroenteritis and 
83% of prim ary septicemia cases were associated w ith  raw oys
ter consumption. Ninety-one percent o f the prim ary septicemia 
cases and 86% of the w ound infections occurred in A pril through 
October, w ith  48%  of those w ith  prim ary septicemia reporting 
pre-existing liver disease (FHIady and Klontz 1996). Possibly, as 
a consequence o f recent clim ate events such as El N iño, w h ich 
caused the water temperatures to be warm er than normal, about 
20% o f all V. vuln ificus  prim ary septicemia cases since 2000 
have occurred in November (M. Glatzer, personal com m unica
tion, 2006).

Gastroenteritis. W hen V. vuln ificus  and V. parahaemolyticus 
are isolated from  stool alone, they are characterized as caus
ing gastroenteritis (Strom and Paranjpye 2000). Gastroenteritis 
caused by V. vuln ificus  and V. parahaemolyticus may go un
reported since the disease is not usually life-threatening and 
symptoms are typ ica lly  not severe enough to warrant medical 
attention. In a study conducted by FHIady and Klontz (1996), 
V. parahaemolyticus, V. cholerae, V. hollisae, V. m im icus, and 
V. fluvia lis, as w e ll as V. vulnificus, were all associated w ith  
the gastrointestinal disease syndrome. V. parahaemolyticus  is 
the v ib rio  most often associated w ith  gastroenteritis. In fact, 
V. parahaemolyticus  seafood-borne gastroenteritis is the leading 
cause o f foodborne disease outbreaks in Taiwan and Japan (Pan 
and others 1 997). Chiou and others (2000) reported that 542 out 
o f 850 outbreaks in Taiwan between 1 995 and 1 999 were caused 
by V. parahaemolyticus; w ith  40 serovars (prim arily 03 :K 6) rep
resented. Su and others (2005) reported that, during 1995 to 
2001, there were 2057 cases o f V. parahaemolyticus in northern 
Taiwan; the m ajority (99.4%) o f V. parahaemolyticus  strains could 
be identified by K serotyping, w ith  55.2%  representing the K6 
serovar.

Gastroenteritis outbreaks caused by V. parahamolyticus. h is to r
ically, V. parahaemolyticus has been associated prim arily  w ith  
sporadic disease in the United States; however, large gastroenteri
tis outbreaks have occurred. Early on, postcooking contam ination
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of crustaceans was associated w ith  outbreaks. In the late 1990s, 
there was a shift toward links to the consumption o f raw oys
ters. In a 1 981 outbreak in W ashington and Oregon, raw oysters 
from W illipa  Bay, Wash., were im plicated. A ll 5 isolates obtained 
from the feces of individuals showing gastrointestinal symptoms 
hydrolyzed urea, were KP-positive, and belonged to serotype 
04 :K 12 (Nolan and others 1984). In 1988, Vibrio  surveillance 
began in 4 G ulf Coast states (Alabama, Florida, Louisiana, and 
Texas) and by the end of that year, 34 V. parahaemolyticus cases 
had been reported w ith  1 case o f septicemia, 26 cases of gastroen
teritis, and 6 w ound infections (Levine and others 1 993). Between 
1988 and 1 997, a total of 345 cases of V. parahaemolyticus  infec
tion were reported to the CDC by the G ulf Coast Vibrio  Surveil
lance System. O f these cases, 59% were gastroenteritis, 34% were 
w ound infections, and 5% were septicemia (Daniels and others 
2000 ).

In 1 997, a culture-confirm ed outbreak of V. parahaemolyticus 
occurred in North Am erica and resulted in 209 cases, all at
tributable to the consumption of oysters harvested from  coastal 
waters o f Californ ia, O regon, W ashington, and British Colum bia. 
Many different serotypes were isolated from patients, some of 
w h ich  matched those identified from  oyster samples (CDC 1 998). 
The fo llow ing  year, another multistate outbreak associated w ith  
the consumption of raw oysters harvested from  the Galveston Bay, 
Tex., occurred. In this case, V. parahaemolyticus infections were 
reported in 296 Texas residents and 1 20 individuals from 1 2 other 
states. Subsets of the c lin ica l isolates collected were all identi
fied as the V. parahaemolyticus pandemic serotype 0 3 :K 6 , w h ich  
contained the tdh gene. A lthough none o f the oyster isolates had 
RFLP-PFGE patterns matching the c lin ica l strains, the RFLP-PFGE 
patterns of the Galveston Bay and the Asian V. parahaemolyticus 
pandemic 0 3 :K 6  strains were shown to be distinct but closely re
lated (Matsumoto and others 2000). Consumption o f shellfish or 
crustaceans harvested from  Long Island, N.Y., waters were im 
plicated in another V. parahaemolyticus outbreak in 1998. In 
this case, 1 2 V. parahaemolyticus c lin ica l isolates were identified 
as the pandemic 0 3 :K 6  serotype (CDC 1999). In 2006, another 
V. parahaemolyticus outbreak occurred in New York, Oregon, 
and W ashington, w ith  a total o f 1 77 cases o f w h ich  72 were con
firmed. In this outbreak, the strains im plicated were not of the 
pandemic serotype. Contaminated oysters and clams harvested 
from Washington and British Colum bia sites were linked in the 
traceback investigation (CDC 2006).

Follow ing the outbreaks in W ashington, Texas, and New York 
in 1997 and 1998, DePaola and others (2000) tested shellfish from 
the same location as the outbreaks for total V. parahaemolyticus 
and pathogenic {tdh and/or trh) strains. These investigators re
covered V. parahaemolyticus in 77% of the Pacific Northwest 
oyster samples tested, w ith  pathogenic strains detected at den
sities o f <  10 MPN/g in on ly  15% o f the 1997 samples, and 
no pathogenic strains detected in the 1998 samples. FHowever, 
all Texas oyster samples tested positive for V. parahaemolyticus, 
most w ith  densities ranging between 100 and 1000 MPN/g; 1 
sample had a density o f 23000 MPN/g. O n ly  2 samples tested 
positive fo r pathogenic strains. New York samples had total 
V. parahaemolyticus densities ranging from < 10  to 120 MPN/g 
but no samples tested positive for pathogenic strains. These 
data show that the levels o f V. parahaemolyticus vary w ide ly  
in different harvesting locations, and that the proportion of 
pathogenic strains is generally quite small and they are frequently 
nondetectable.

In 2004 July, an outbreak o f V. parahaemolyticus  occurred in 
Alaska; 62 people were reported as having gastroenteritis asso
ciated w ith  consumption o f raw oysters harvested from Alaskan 
waters and served during a cruise. Nine stool samples were con
firm ed as positive fo r V. parahaemolyticus and 8 isolates were

sent to the CDC fo r typing; V. parahaemolyticus  06 :K 18  was 
identified as 7 o f the 8 c lin ica l isolates. A ll oyster samples taken 
from  an im plicated cruise ship were positive fo r tdh, and 4 d if
ferent serotypes (06 :K 18, 0 1 :K 9 , 05 :K 17 , and O10:K68) were 
represented. N inety-six oyster samples were taken from  Alaskan 
farms and 31 samples were positive fo r V. parahaemolyticus. A ll 
samples positive fo r V. parahaemolyticus came from  farms in the 
Prince W illiam  Sound and southeastern Alaska. In this case, 11 
serotypes were identified, but all 0 6 :K 1 8  isolates came from a 
single farm. The RFLP-PFGE patterns obtained for the c lin ica l 
and oyster isolates were high ly related. The RFLP-PFGE pattern 
o f 06:K1 8 isolates observed in this outbreak was sim ilar to that 
o f the 06:K1 8 isolates found in Pudget Sound, suggesting possi
ble spread of these strains by such routes as discharge o f ballast 
water, m igration o f marine animals, or sea birds. Interestingly, all 
oysters were harvested when the mean da ily  water temperature 
was 1 5 C or greater; previously, it was thought that Alaskan w a
ters were too cold to harbor V. parahaemolyticus  (McLaughlin 
and others 2005).

Wound infections. V. vuln ificus  and V. parahaemolyticus  are 
most often associated w ith  w ound infections, although FHIady 
and Klontz (1996) reported that other Vibrio  species can oc
casionally be responsible for this disease syndrome. W ound in
fections are defined as those cases where a patient incurred a 
w ound before or during exposure to seawater, seafood drippings, 
or punctures from spinesorbones, and from  w h ich  V. vu ln ificusor 
V. parahaem olyticuswas  subsequently cultured from that wound, 
b lood, or an otherwise norm ally sterile site (Strom and Paranjpye 
2000). The m ajority o f w ound infections, whether caused by 
V. vuln ificus  or V. parahaemolyticus, occur in fishermen and 
seafood processors. In a study conducted by Strom and Paran
jpye (2000), 69% o f w ound infections appeared to be related to 
occupational exposures among oyster shuckers and commercial 
fishermen.

Atypical infections. There have been some atypical infections 
caused by Vibrio  spp. reported in the literature. Vartain and 
Septimus (1990) were the first to describe osteomyelitis caused 
by V. vuln ificus  in a person w ho scraped his leg on a rock in 
brackish water. The patient in itia lly  developed a w ound infection; 
1 3 w k  later the bone was infected. An ocular infection caused by 
V. vulnificus, Plesiomonas shigelloides, and Shewanella putrefa
ciens occurred when a fisherman was struck in the eye w ith  a fish
hook (Butt and others 1 997). Johnson and Arnett (2001 ) reported a 
case o f septic arthritis in a patient w ho consumed oysters the day 
before onset and V. vuln ificus  was isolated from  blood and syn
ovial flu id  around an arthritic wrist. A fatal case o f V. vulnificus- 
associated m eningoencephalitis occurred in a patient w ho con
sumed raw fish and had a history o f chronic liver disease (Kim 
and others 2003). Penland and others (2000) reported 17 cases 
o f trauma-associated ocular infections, includ ing 7 caused by 
V. vulnificus, 5 by V. alginolyticus, 3 by V. parahaemolyticus, 
and 1 each by V. albensis and V. fluvialis. The 1 st case o f a 
V. vuln ificus  ocu lar infection not associated w ith  trauma was re
cently reported in Korea and linked to raw fish consumption (J u n g  

and others 2005).
Primary septicemia caused by V. vulnificus. Primary septicemia 

caused by V. vuln ificus  is usually associated w ith  the consump
tion o f raw shellfish and is defined as a systemic illness character
ized by fever and shock and in w h ich  V. vuln ificus  is isolated from 
blood or an otherwise sterile site (Strom and Paranjpye 2000). 
Although most often caused by V. vulnificus, FHIady and Klontz 
(1996) showed that V. cholerae  non-01 and V. parahaemolyticus 
can cause septic disease. Fortunately, these infections are rela
tive ly  rare and, on average, there are 32 V. vuln ificus  culture- 
confirm ed prim ary septicemia cases reported to CDC annually, 
w ith  nearly all o f these associated w ith  the consumption of oysters
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harvested from the G ulf o f M exico. Because this does not in 
clude cases for w h ich there is no food history, the CDC esti
mates approxim ately 100 prim ary septicemia cases per year in 
the United States (Mead and others 1999). The Korean CDC esti
mates 40 to 70 confirm ed cases annually in that country (Korea 
Center for Disease Control and Prevention 2004). This appar
ent higher incidence of V. vu ln ificus  infections in Korea may be 
the result o f greater exposure due to high consumption of raw 
seafood or a higher prevalence o f predisposing factors. It is well 
recognized that there are specific risk factors for the develop
ment o f V. vuln ificus  sepsis (H lady and Klontz 1996). Not on ly 
is raw oyster consumption a risk factor, but underlying liver dis
eases, includ ing cirrhosis, damage to the liver due to alcoholism, 
and chronic hepatitis, are strong predictors for fatal outcomes of 
V. vuln ificus  sepsis, w ith  80% of those w ho die from the infection 
fa lling into these risk groups (Shapiro and others 1998; Strom and 
Paranjpye 2000).

M ethods of isolation and detection
Culture methods. M u ltip le  methods are recommended for the 

detection and/or enumeration of Vibrio  species. The FDA Bacte
rio logical Analytical Manual (BAM) (Kayser and DePaola 2001) 
cites standard procedures for the recovery of V. vuln ificus  and 
V. parahaem olyticus from raw molluscan shellfish. For enumer
ation, most probable number (MPN) analysis (Figure 1) or d i
rect plating on nonselective media fo llow ed by D N A colony 
hybrid ization are the 2 techniques most frequently used (Fig
ure 2). Briefly, MPN analysis for the enumeration of either 
organism is done by 10-fold serial d ilu tion  o f shellfish sam
ples in phosphate-buffered saline (PBS), fo llow ed by inocu la
tion o f d ilu tions in alkaline peptone water (APW), typ ica lly  
in trip licate. APW  is incubated at 35 to 37 °C for 18 to 
24 h and tubes positive for growth are streaked onto m od
ified cellob iose-polym yxin B-colistin (mCPC) agar (for isola
tion o f V. vulnificus) and/or thiosulfate-citrate-bile salts-sucrose

Sample preparation:

Enrichment:

50-g sample of oyster in 450 mL PBS 
Blend 2 min

Inoculate APW MPN tubes

Figure 1 — Schematic of 
V. parahaemolyticus and 
V. vulnificus identification methods 
(FDA 2001)

Incubate 
18-24 h 

V 3 5 -37°C

Selective agars: Streak enrichment 
and MPN tubes to 
mCPC or TCBS

39-40 °C 
18-24 h

Yellow
colonies

35-37 °C 
18-24 h

Greenish-bluish
colonies

Molecular methods
See Figure 2 and 3 
for DNA probes and PCR

Purification: Three typical colonies
streaked onto TiNi 

and inoculate GA and GS

35-37 °C 
12-24 h

Other preliminary biochemical tests
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(TCBS) agar (for isolation of V. parahaemolyticus). The mCPC 
and TCBS plates are incubated for 18 to 24 h at 39 to 40 °C 
and 35 to 37 °C, respectively, fo llow ed by exam ination for typ 
ical colonies. For biochem ical identification, 3 or more typical 
colonies from each agar type are subjected to oxidase, arginine- 
glucose slant (AGS), orn ith ine decarboxylase, 0 /1 2 9  Vibriostat 
sensitivity, and the ONPG tests (Table 2). A lternatively, b iochem 

ical profiles can be obtained using API 20E (bioM erieux Inc., 
Hazelwood, M o., U.S.A.) strips. As an alternative to biochem 
ical identification, the FDA BAM suggests the use o f species- 
specific alkaline phosphatase-labeled D N A probes (Figure 2) or 
PCR (Figure 3). Probes targeting the cytolysin gene (vvhA) are 
used for the identification of V vuln ificus , w h ile  those targeting 
sequences for the tlh  can be used to identify V parahaemolyticus.

Sample preparation: Figure 2 _  schem atic
200-250 g (10-12 oysters) oyster sample in equal amounts of PBS making a 1:1 dilution. Qf yr parahaemolyticus

i and V. vulnificus
y  Blend 90 sec identification with

DNA probes (FDA
Spread plate 0.2 + 0.01 g of 1:1 dilution on T¡N3 (V. parahaemolyticus) and W A  (V. vulnificus) plates and 2001 )

100 jaL of IO'2 and IO'3 dilution on T ^  and VVA.

Incubate at 35 -  37 °C for 18-24 h
Filter preparation:

Label Whatman #541 filters (tlh, tdh, or vv/zA) and place filter, label side down, on the surface of plate.
Make a mark on the filter and the Petri dish for confirmation later.

Lysis filters with 1 mL of lysis solution/filter. Microwave filter for 30 s per filter.

Wash filters with 4 mL ammonium acetate buffer/each filter at room temperature for 5 min.Wash filters 
with 10 mL of lx  S SC solution/filter for 2 min and repeat

i
Wash filters with 10 mL of lx  SSC and 20 uL of stock ProK for each filter at 42 °C for 30 min. Rinse

filters 3 times in lx  SSC (10 mL/filter) for 10 min.

Hybridization: ^
Place 1 to 5 filters marked tlh and tdh (V. parahaemolyticus) in a water bath at 54 °C for 30 min and in a 

water bath at 55 °C for 30 min vvhA ( V. vulnificus) with control strips and add 10 mL of hybridization
buffer.»u f̂ei

Add the individual probe tlh, tdh, or vvhA (final eone, is 0.5 pmol/mL)(sequences can be found in Table 3 
and 4) to bag with filters and fresh hybridization buffer and incubate for 1 h.

Rinse tlh filters 2 times with lx SSC/SDS for 10 min in bath at 54 °C.
Rinse tdh filters 2 times with 3xSSC/SDS for 10 min in bath at 54 °C.
Rinse vvhA filters 2 times with lx  SSC/SDS for 10 min in bath at 55 °C.

i
Rinse filter 5 times for 5 min each in IX SSC (10 mL/filter) at room temperature.

i
Add 5 filters to 20 mL of NBT/BCIP solution and incubate 35 °C in the dark.

Reaction is usually complete by 24 h.

i
Rinse filter 3 times with distilled water (10 mL/filter) for 10 min. Count purple colonies and report as

CFU/g. Store filter in the dark.

Confirmation: \
Re-line filters with Petri plate and select 5 to 10 colonies that are tlh+, tdh+, or vvhA+ and streak to TCBS 

or VVA, respectively, and then re-probe with tlh, tdh, and/or vvhA.
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Identification o f the "v iru len t" V. parahaemolyticus strains can 
be done by hybrid ization or PCR targeting the tdh (Kayser and 
DePaola 2001) and/or trh genes (Nordstrom and others 
2006).

BAM methods are recommended for offic ia l analysis but may 
not reflect the latest technology or optim al methodology fo r de
tection o f V. vuln ificus  and V. parahaemolyticus in naturally 
contaminated shellfish. Investigators have compared a variety 
o f m ethodological alternatives (Alain and others 2001), inc lud
ing different d ilu tion  and enrichm ent buffers (Hagan and o th
ers 1994; Azanza and others 1996) and plating media (O liver 
1981; O live r and others 1992; Hoi and others 1998a, 1998b; 
Cerda-Cuellar and others 2000). D irect plating remains d ifficu lt 
because o f the large amount o f natural m icroflora that may also 
grow on selective media. M ice lli and others (1993) developed 
an alternative method for d irect plaing of V. vuln ificus  from oys
ter homogenates. Using the ir so-called V. vuln ificus  enumeration 
(VVE) medium that contained O xgall, sodium cholate, sodium 
taurocholate, and potassium tellurite , they reported reduction of 
61% to 99% o f marine-associated background m icroflora w ith 
out adversely affecting the recovery o f V. vulnificus. Detection 
lim its were as few  as 1 0 culturable V. vuln ificus  cells in 1 00 g of 
shellfish and compared favorably to MPN enrichm ent approaches 
w ith  a shorter tim e to result. Recently, a chrom ogenic medium 
(Bio-Chrome V ibrio m edium, BCVM, BioM edix, Pomona, Calif., 
U.S.A.) was developed to differentiate V. parahaemolyticus from 
other Vibrio  species (Hara-Kudo and others 2001) and its e ffi
cacy has since been validated (Duan and Su 2005; Su and others
2005).

M olecular-based d e tec tion  m ethods
DNA hybridization. Molecular-based methods, w h ich  rely on

Table 2 —Preliminary biochemical tests

Test V. parahaemolyticus V. vulnificus

TCBS agar Green Green
mCPC agar No growth Yellow
CC agar No growth Yellow
AGS KA KA
Oxidase + +
Arginine dihydrase - -

Ornithine decarboxylase + +
Lysine decarboxylase + +
0% NaCI - -

3% NaCI + +
6% NaCI + +
8% NaCI + -

10% NaCI - -

Growth at 42 C + +
Sucrose - -

D-Cellobiose V +
Lactose - +
Arabinose + -

D-Mannose + +
D-Mannitol + V
ONPG - +
Voges Proskauer - -

10 /eg 0 /129 R S
150 f i g  0/129 S s
Gelatinase + +
Urease V -

KA =  slant alkaline/but slightly acidic; V  =  variable; R =  resistant; and S =  sensitive (FDA 
2001).

detection o f specific gene targets by a variety o f methods, have 
aided in the rapid identification and discrim ination o f Vibrio 
species from one another. See Tables 3 and 4 for details about 
gene targets and primers/probes for detection. N ishibuchi and 
others (1 985) were the first to report a specific D N A  probe for the 
detection of V. parahaemolyticus, w h ich  targeted the tdh gene 
but cross-reacted w ith  some KP-negative strains. Soon thereafter, 
N ishibuchi and others (1 986) evaluated 4 synthetic oligodeoxyri- 
bonucleotide probes corresponding to different regions o f the tdh 
gene and demonstrated that under stringent hybrid ization con
ditions, tw o o f the probes were capable o f distinguishing KP- 
positive from negative or w eakly positive strains. Lee and o th 
ers (1992) developed a different o ligonucleotide probe target
ing the tdh gene and found that this probe identified 89 o f 95 
V. parahaemolyticus isolates. M cCarthy and others (1999) re
ported that an alkaline phosphatase-labeled probe targeting the 
tlh  gene correctly identified all 124 v ib rio  strains tested. Gooch 
and others (2001 ) used alkaline phosphatase (AP)-labeled tlh  and 
digoxigenin-labeled tlh  probes for DN A probe colony hybrid iza
tion to enumerate V. parahaemolyticus  after d irect p lating onto 
T-| N 3 (1 % tryptone, 3% NaCI, 2% agar) m edium, find ing sim ilar 
results to those obtained using the BAM MPN method. A t low 
V. parahaemolyticus  densities, the MPN method was more sensi
tive (3 MPN/g for a 0.1 g) than direct plating methods (1 0 CFU/g 
fo r a 0.1 g sample). Nordstrom and DePaola (2003) reported 
that spread-plating on Tï N3 after APW  enrichm ent fo llow ed by 
colony hybrid ization using AP-labeled tdh probes was superior 
fo r the recovery o f pathogenic V. parahaemolyticus  when com 
pared to a more conventional streak plate method. Ellison and 
others (2001) used the BAM-MPN and a d irect p lating proce
dure fo llow ed by DN A probe co lony hybrid ization using an AP- 
labeled tlh  probe (direct-VPAP) to determ ine V. parahaemolyticus 
levels in retail oysters from Florida. A lthough the correlation be
tween methods was good, the direct-VPAP method was more 
rapid and precise.

W right and others (1 993) developed an AP-labeled DN A probe 
(W AP) targeting the cytolysin {vvhA) gene o f V. vuln ificus  w h ich 
effectively differentiated the organism from other Vibrio  species. 
DePaola and others (1997) applied W A P  for DN A colony hy
brid ization fo llow ing  direct plating o f G u lf o f M exico oysters 
onto V. vuln ificus  agar (VVA) and designated this method as 
d irect-W AP. The d irec t-W A P  and the BAM MPN methods were 
compared for enumeration o f V. vuln ificus  levels in G ulf Coast 
oysters. The methods were in agreement >  90% o f the time 
and the d irec t-W A P  approach was more rapid and precise than 
BAM MPN, although it did have a higher lim it o f detection 
(DePaola and others 1 997). Cerda-Cuellar and others (2000) de
veloped a probe specific to the 1 6S rD N A gene of V. vuln ificus  
and successfully used it to distinguish this organism from  other 
species o f the Vibrio  genus. For enumeration o f V. vuln ificus  
and V. parahaemolyticus in water samples, a hydrophobic grid 
membrane filtra tion  (HGMF) technique has been applied in con
junction  w ith  cultural (DePaola and others 1988) and m olecu
lar (Kaysner and others 1 994b) detection approaches. For ex
ample, Banerjee and others (2002) demonstrated that enumera
tion o f V. parahaemolyticus and V. vuln ificus  from  water samples 
could be achieved in 1 d by DN A probe co lony hybrid ization 
o f HGMF colony lifts using digoxigenin-labeled probes specific 
fo r tlh  and vvhA  genes o f V. parahaemolyticus and V. vulnificus, 
respectively.

Polymerase chain reaction. Conventional PCR and real-time 
PCR have also been used to identify V. parahaemolyticus (Table 3) 
and V. vuln ificus  (Table 4). Brauns and others (1991) detected 
culturable and nonculturable V. vuln ificus  by PCR am plification 
using primers flanking the cytotoxin-hem olysin (vvhA) gene. In 
this case, as little  as 72 pg and 31 ng o f D N A  from  culturable
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cells and nonculturable cells, respectively, could be detected. 
Lee and others (1995) developed a species-specific PCR assay 
to differentiate C parahaem olyticus from C alginolyticus  using a 
D N A region (pR72H) that is present in V. parahaem olyticus and 
absent in V. alginolyticus. The sensitivity o f the PCR was approx
imately 1 CFU using purified chromosomal D N A  in the am p li
fication reactions, w ith  a high degree o f specificity. Karunasagar 
and others (1996) developed a PCR assay targeting the tdh gene, 
reporting detection lim its >  104 CFU/g o f V. parahaemolyticus 
when applied to lysates prepared d irectly from fish homogenates. 
Improved detection sensitivity (< 10 CFU/mL) was obtained by 
perform ing PCR after an 8-h enrichm ent in APW. D ileep and 
others (2003) compared conventional cultural methods and PCR 
targeting the toxR gene for the detection of V. parahaemolyticus 
in various seafood products; these investigators found that 
PCR performed better if it was preceded by a 6-h culture 
enrichment.

A  number of m ultip lex PCR assays have been developed 
for detection o f the pathogenic vibrios. Brasher and others
(1998) designed a m ultip lex PCR assay to simultaneously detect 
V. vu ln ificus, V. cholerae, and V. parahaem olyticus (species spe
cific) based on am plification o f regions corresponding to gene 
targets vvhA, ctx, and tlh , respectively. W hen applied to a rtifi
c ia lly  inoculated oyster homogenates, these investigators were 
able to detect <  IO 1 to 102 CFU/g after a 6-h enrichment. 
Wang and others (1997) developed a PCR method able to detect

13 different foodborne pathogens, includ ing V. cholerae (ctx), 
V. parahaem olyticus (pR72H fragment), and V. vuln ificus (vvhA), 
w ith  detection lim its o f 40, 4, and 100 cells per reaction, respec
tively. Bej and others (1999) designed a m ultip lex PCR assay to 
detect total and pathogenic strains of V. parahaemolyticus using 
tlh, tdh, and trh genes as targets. This assay gave the expected 
reactions on 111 isolates o f V. parahaemolyticus and the inves
tigators found that, in a few cases, the presence o f the tdh gene 
was not associated w ith  the Kanagawa phenomenon. The inves
tigators reported that the detection lim it for all 3 genes was be
tween 101 and 102 CFU per 10 g when the assay was applied 
to seeded oysters that were pre-enriched for 6 h (Bej and others 
1999).

The open reading frame (ORF8), derived from a filamentous 
phage (f237), has been exclusively associated w ith  pandemic 
V. parahaem olyticus strains (Nasu and others 2000). The ORF8 
sequence is d istinct from other sequences in the database, but 
the phage itself is sim ilar to the CTX phage that carries the genes 
that encode for cholera enterotoxin (cfxAB), an im portant v iru 
lence marker o f V. cholerae (W aldor and others 1996). Interest
ingly, the ORF8 sequence was on ly detected by co lony hybrid iza
tion using a digoxigenin-labeled D N A  probe in pandemic 03 :K 6  
strains isolated after 1996 (Nasu and others 2000). lida and others 
(2001 ) used the same method to evaluate 96 V. parahaemolyticus 
strains and found 53 isolates positive for the ORF8 sequence. 
These 53 isolates were represented by the 03 :K 6 , 04 :K 68, and

Grow suspected colonies overnight at 35 °C. Centrifuge 1 mL of culture in a Figure 3 — Schematic
microcentrifuge tube for 3 min at 15,000 x g  and wash the pellet twice with physiological of V. parahaemolyticus

saline. Resuspend the pellet in 1 mL distilled water and boil for 10 min. and V. vulnificus 
confirmation by PCR 
(Kayser and DePaola 
2001)

V. parahaemolyticus (Multiplex PCR) 
The primer sets (tlh, tdh, and trh) are in Table 3.

I
PCR conditions 
Denature at 94 °C for 3 min 
Denature at 94 °C for 1 min 
Anneal at 60 °C for 1 min 
Extend at 72 °C for 2 min 
Final extend at 72 °C for 3 min 
Hold at 8 °C for indefinite 
25 cycles

1

V. vulnificus (PCR) 
The primer set (vvhA) is in Table 4.

1
PCR conditions 
94 °C for 10 min 
94 °C for 1 min 
62 °C for 1 min 
72 °C for 1 min 
72 °C for 10 min 

8 °C for indefinite 
25 cycles

Make a 1.5% agarose gel containing 1 pg/mL ethidium bromide. Mix 10 pL PCR product 
with 2 pL 6X loading gel and load sample wells. Use a constant voltage of 5 to 10 V/cm. 
Illuminate gel with a UV transluminator and visualize bands relative to molecular weight 

marker migration.
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Table 3 — Molecular methods and sequences used to identify V. parahaemolyticus

Gene Location Sequence Application Reference

tdh 330 to 350 
504 to 524 
685 to 702 
735 to 754

5'-CCATCTGTCCCTTTTCCTGCC-3' 
5'-GGTACTAAATGGTTGACATCC-3' 
5'-CCAAGTAAAAT GTATTTGG-3' 
5'-GCATATGAGAGTGGTAGTGG-3'

DNA hybridization Nishibuchi and others (1986) 

Kaysner and others (1994)

tdh 1275 bp 5'-GCTAAGTTTGTTGGTGAAGAT-3' DNA hybridization Lee and others (1992)
tlh 904 to 927 Forward

* 5' -AA AG CG G ATTAT GCAGAAGCACTG-3' 
Reverse
5' -G CTACTTT CTAG C AI I I I CTCTGC-3'

DNA hybridization 

PCR
Multiplex PCR

♦McCarthy and others (1999), 
♦Gooch and others (2001), 
♦Ellison and others (2001), 
♦Nordstrom and DePaola (2003) 
Brasher and others (1998)
Bej and others (1999)
Kayser and DePaola (2001)

pR72H 140 to 526 Forward
5'-TGCGAATTCGATAGGGTGTTAACC-3'
Reverse
5'-CGAATCCTTGAACATACGCAGC-3'

PCR Lee and others (1995)

tdh2 85 to 719 Forward
5' -TTTC AT G ATTATT C AG TT-3' 
Reverse
5' -TTTG TTG G ATATAC AC AT-3'

PCR Karunasagar and others (1996)

Genomic DNA Not described Forward
5'-GAATTCGATAGGGTGTTAACC-3'
Reverse
5 '-AT CCTTG AACATACG CAG C-3'

PCR Wang and others (1997)

tdh Not described 5' -G G TTCTATTCC AAG TAAAATG TATTTG -3' Hybridization Kayser and DePaola (2001)
foxRS/old Not described Forward

5' -TAATG AG G TAG AAACG -3' 
Reverse
5'-ACGTAACGGGCCTACG-3'

PCR Osawa and others (2002) 
Okura and others (2003)

foxRS/new Not described Forward
5' -TAATG AG G TAG AAAC A-3' 
Reverse
5'-ACGTAACGGGCCTACA-3'

GS-PCR Matsumoto and others (2000) 
Bhuiyan and others (2002) 
Osawa and others (2002) 
Okura and others (2003)

toxR 609 to 958 Forward
5'-GTCTTCTGACGCAATCGTTG-3'
Reverse
5'-ATACGAGTGGTTGCTTGCTGTCATG-3'

PCR Dileep and others (2003)

ORF8 823 to 1192 Forward
5' - AG G ACG C AG TTACG CTTG ATG -3'
Reverse
5'-CTAACGCATTGTCCCTTTGTAG-3'
Probe
5' - FAM - AAG CC ATTAAC AG TTG AAG G CG TTG A 
CT-BHQ1

PCR

Real-time

Myers and others (2003) 

Ward and Bej (2006)

ORF8 Not described Forward
5'-GTTCGCATACAGTTGAGG-3'
Reverse
5' - AAGTAC AG C AG G AG TG AG -3'

Colony hybridization 
PCR

Nasu and others (2000); 
lida and others (2001) 
Yeung and others (2003) 
Okura and others (2003)

tlh Not described Forward
5'-CGAGAACGCAGACATTACGTTC-3'
Reverse
5'-TGCTCCAGATCGTGTGGTTG-3'
Probe
5'-FAM-TCGCCGCTGACAATCGCTTCTCAT-BHQ1-3'

Real-time PCR Davis and others (2004) 
Kaufman and others (2004)

tdh Not described Forward
5' -G TA AAG GTCTCTGAC l i l i  GGAC-3' 
Reverse
5'-TGG AATAG AACCTT CATCTT CACC-3'

Multiplex PCR Bej and others (1999) 
Kayser and DePaola (2001)

Continued
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Table 3 — Continued

Gene Location Sequence Application Reference

tdh Not described Forward
5' - AA AC ATCTG C l i l i  GAGCTTCCA-3'
Reverse
5'-CT CG AACAACAAACAATAT CT CAT CAG -3' 
Probe
5'-FAM -TGTCCCTTTCCTG CCCCCG G -TAM RA-3'

Real-time PCR Blackstone and others (2003)

tdh Not described Forward
5'-CATCTTCGTACGGTTTTCTTTTTACA-3'
Reverse
5'-TCTGTCCC l i l i  CCTGCCC-3'
Probe
5' - FAM -TCT CG AACAACAAACAATAT CTC ATC A 
GAACCG-BHQ1-3'

Real-time PCR Davis and others (2004)

trh Not described Forward
5' -TTG G CTTCG ATA I I I I CAGTATCT-3'

Multiplex PCR Bej and others (1999) 
Kayser and DePaola (2001)

trh Not described

trh
gyrB

Not described 
Not described

tlh 781 to 1230

tdh 170 to 438

trh 82 to 287

toxR Not described

Reverse
5' -C ATAAC AAACATAT G CCCATTTCCG -3' 
Forward
5'-GCCAAGTGTAACGTATTTGGATGA-3'
Reverse
5'-TGCCCATTT CCG CTCT CA-3'
Probe
5'-FAM-ACGCCAGATATTTCGTCAATGTCGA
AGC-BHQ1-3'
5' - ACTTTG CTTTC AG TTTG CTATT G G CT-'3 
Forward
5'-TGAAGGT-TTGACTGCCGTTGT-3'
Reverse
5'-TGGGTTTTCGACCAAGAACTCA-3'
Probe
5'-FAM -TTCTCACCCATCG CCG ATTCAACCG 
C-TAMRA-3'
Forward
5' -AA AG CG G ATTAT G C AG AACTG -3'
Reverse
5'-G CTACTTT CTAG CATTTT CTCTGC-3' 
Probe
5' -Tex R - AAG AACTT C ATG TTG ATG AC A 
CT-BHQ2-3'
Forward
5'-CCAT CCATACCTTTT CTTT CT CC-3' 
Reverse
5'-ACTGTCATATAGGCGCTTAAC-3'
Probe
5' -T ET-TATTTG TTG TTAG AAATAC AAC A 
AT-BHQ1-3'
Forward
5'-GTATAG GTCT CT G ACTTTT G G AC-3' 
Reverse
S'-CTACAGAATTATAGGAATGTTGAAG-S'
Probe
5' -Cy 5-ATTTTACG AAC AC AG C AG AAT -1 o wa 
Black RQ-3'
Forward
5'-GACGCAATCGTTGAACCAGAA-3'
Reverse
5'-GCAAATCGGTAGTAATAGTGCCAA-3'
Probe
5 '-VIC-AAAG CACCTGTGG CTTCTG CTG - 
TAMRA-3'

Real-time PCR Davis and others (2004)

DNA hybridization 
Real-time PCR

Nordstrom and others (2006) 
Cai and others (2006)

Hybridization
PCR
Real-time PCR

Real-time PCR

Kayser and DePaola (2001 ) 
Kayser and DePaola (2001) 
Ward and Bej (2006)

Ward and Bej (2006)

Real-time PCR Ward and Bej (2006)

Real-time PCR Takahashii and others (2005)
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0 1 :K U T  pandemic strains, but not in nonpandem ic strains of 
any other serovar. A lthough these 2 studies used hybrid iza
tion rather than PCR, Myers and others (2003) later developed 
a PCR assay targeting ORF8 specifica lly for the detection of 
the pandemic V. parahaemolyticus  0 3 :K 6  clone. The specificity 
o f this PCR assay was confirm ed on ly  DN A from  pathogenic 
V. parahaemolyticus 0 3 :K 6  pandem ic isolates (after 1996) could 
be am plified, w h ile  the primers did not am plify the older (prior to 
1 996), non-03 :K 6  V. parahaemolyticus strains, other Vibrio  spp., 
or any other non-V ib rio  spp. screened. Myers and others (2003) 
detected 1 03 CFU pandemic V. parahaemolyticus 03:K6/1 00 mL 
o f seeded G ulf waters. A t about the same tim e, Yeung and others
(2003) used oligonucleotide primers for ORF8 w ith  conventional 
PCR and correctly identified 39 V. parahaemolyticus pandemic 
isolates out o f 78 total V. parahaemolyticus isolates, all of w h ich  
contained the tlh  gene.

Sequences corresponding to the foxRS operon have also 
been used as the target for PCR assays to identify pandemic 
V. parahaemolyticus (Table 3). The foxR is a regulatory gene of 
toxigenic V. cholerae  (M iller and others 1987), but Lin and others 
(1 993) found a foxR gene in V. parahaemolyticus. This gene had 
hom ology to the foxR o f V. cholerae, w h ich  appears to promote 
the expression o f the tdh2 gene and, to a lesser extent, the tclhl 
gene. Matsumoto and others (2000) found that pandem ic strains 
o f V. parahaemolyticus have sequence substitutions at 7 base po
sitions w ith in  the foxRS operon (foxRS/new). They developed a

PCR method that targeted 2 o f the base positions unique to the 
pandemic 0 3 :K 6  strain, resulting in an assay capable o f d ifferen
tiating the pandemic clone, includ ing divergent serotypes from 
the old 0 3 :K 6  strains, from  other nonpandem ic strains. Okura 
and others (2004) developed a PCR assay to identify the pan
dem ic group o f V. parahaemolyticus  using a marker derived from 
the group-specific sequence o f an arb itrarily  primed-PCR frag
ment that encodes for a "hypothetical prote in ." These PCR assays 
identified on ly  the pandem ic strains and further differentiated 82 
V. parahaemolyticus strains (38 pandemic and 44 nonpandemic).

The performance o f PCR assays based on ORF8 and toxRS/new  
sequences for d ifferentiating pandemic V. parahaemolyticus 
strains has been examined by Osawa and others (2002). The 
investigators found that the ORF8 assay detected on ly  the pan
dem ic clone, w h ile  the toxRS/new  assay detected all pandemic 
clone isolates and 4 strains isolated between 1 982 and 1 988, the 
latter o f w h ich  were also untypeable by RFLP-PFGE. FHowever, 
Bhuiyan and others (2002) disputed these findings when they re
ported that the ORF8 assay failed to identify 8 pandem ic 03 :K 6  
strains and one 0 4 :K 6 8  strain. Okura and others (2003) found 
toxRS/new  sequences in 4 0 3 :K 6  strains that did not contain tdh 
and ORF8 absent in 3 pandemic 0 3 :K 6  strains, w h ile  C howdhury 
and others (2004) found ORF8 missing in 1 0% of the pandemic 
strains they tested. These studies indicate that neither foxRS nor 
ORF8 can be relied upon exclusively to differentiate pandemic 
V. parahaemolyticus from  nonpandem ic strains.

Table 4 — Molecular methods and sequences used to identify V. vulnificus

Gene Location Sequence Application Reference

Cytolysin 1857 to 1880 5'-CTGTCACGGCAGTTGGAACCA-3' DNA hybridization Yamamoto and others (1990), 
W right and others (1993)

vvhA 726 to 1113 Forward
5'-CGCTCACTGGGGCAGTGGCTG-3'
Reverse
5'-CCGTTAACCGAACGACCCGC-3'

PCR Brauns and others (1991)

Cytolysin 3.2 kb Entire plasmid pCVD702 DNA hybridization Kaysner and others (1994)
vvhA Not described 5'-GAGCTGTCACGGCAGTTGGAACCA-3' DNA hybridization Kayser and DePaola (2001 )
vvhA 731 to 1113 Forward

5'-ACTGGGCAGTGGCT-3'
Reverse
5'-GCCGTTAACCGAACCA-3'
Probe
5'-ROXAACTATCGTGCACGCTTTGGTACCGT-
BHQ2-3'

PCR
Real-time PCR

Wang and others (1997) 
Panicker and Bej (2005)

vvhA 785 to 990 Forward
5'-CAACTTCAAACCGAACTATGAC-3'
Reverse
5'-CCAGTCGATGCGAATACGTTG-3'
Probe
5'-FAM-AACTATCGTGCA CGC TTTGGTACCGT- 
BHQ-3'

PCR
Real-time PCR 
EMA real time

Brasher and others (1998) 
Panicker and others (2004) 
Panicker and Bej (2005)

vvhA 785 to 1303 Forward
5'-CCG CG GTACAG GTTG G CG CA-3' 
Reverse
5'-CG CCACCCACTTT CG GGCC-3'

PCR Kayser and DePaola (2001 )

16S DNA 618 to 641 5'-GTCTGCCAGTTTCAAATGCAGTTC-3' DNA hybridization Cerda-Cuella and others (2000)
vvhA 786 to 990 Forward

5' -TTATG CTG AG AACG G TG AC A-3'
Reverse
5 '- 1 I I IATCTAGCCCCAAACTTG-3'
Probe
5'-CCGTTAACCGAACCA CCCGCAA-BHQ-3'

Real-time PCR Campbell and Wright (2003) 
Panicker and Bej (2005)
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Real-time PCR. Real time-PCR allows for the confirm ation of 
am plicon identity w h ile  the am plifica tion reaction is progress
ing, thereby bypassing tim e-consum ing electrophoresis and hy
brid ization methods. The method is considered quantitative by 
some, although when applied to detection of pathogens in food 
samples, this has yet to be realized. Real time-PCR has recently 
been applied to the detection and identification o f Vibrio para
haemolyticus (Table 3). Blackstone and others (2003) were the 
first to report such an assay when they developed a method 
to detect pathogenic V. parahaemolyticus by targeting the tdh 
gene in a TaqMan format. W hen applied to enrichments of nat
urally contaminated oysters, the real-time PCR method was sig
n ificantly more sensitive when compared to a streak plate/probe 
method. In addition, the real-time assay was faster and less re
source intensive. Davis and others (2004) developed a TaqMan 
m ultip lex real time-PCR method targeting the tlh, tdh, and trh 
genes o f V. parahaemolyticus using TaqMan probes w ith  differ
ent labels. This assay was used to identify V. parahaemolyticus as 
the etio logica l agent in a foodborne disease outbreak associated 
w ith  consumption of contaminated mussels. Kaufman and others
(2004) found a strong corre lation between cycle threshold and 
log concentration when using a real-time TaqMan PCR method 
targeting the tlh  gene to detect V. parahaemolyticus in oyster man
tle flu id . Recently, a TaqMan real-time PCR assay targeting the 
toxR gene was developed to quantify total V. parahaemolyticus in 
shellfish and seawater (Takahashii and others 2005). These inves
tigators found the method to be specific for V. parahaemolyticus 
and reported a corre lation between cycle threshold and log10 
of V. parahaemolyticus cell number. This real-time PCR method 
was compared to the MPN cultural method for detection of 
V. parahaemolyticus in blue mussel and short-neck clams; 3 o f the 
10 samples w h ich  contained <  5 MPN/g by the cultural method 
were not detected by PCR, w h ile  5 o f the 1 0 samples gave sim ilar 
results w ith  both methods (Takahashii and others 2005). Cai and 
others (2006) developed a TaqMan real-time PCR method target- 
ing thegyrB  gene, w h ich  is w e ll conserved in V. parahaemolyticus 
and has a single gene copy. The method had a detection lim it of
1 CFU per PCR reaction when applied to pure culture and 6 to 
8 CFU per PCR reaction in spiked raw oyster. The method was 
used to evaluate 300 seafood samples and 97 were PCR-positive 
fo r V. parahaemolyticus; on ly  78 samples were positive using a 
conventional culture method. Ward and Bej (2006) developed a 
TaqMan m ultip lex real-time PCR method targeting the tlh, ORF8, 
tdh, and trh genes o f V. parahaemolyticus for identification o f the 
organism in shellfish. This method identified total and pathogenic 
V. parahaemolyticus w ith  detection lim its o f 1 CFU/g o f oyster af
ter overnight enrichm ent (1 6 h).

Real-time PCR has also been used for identification of 
V. vuln ificus  (Table 4). Campbell and W right (2003) developed a 
TaqMan real-time PCR assay targeting the cytolysin gene (vvhA) of 
V. vuln ificus  and found this method to be specific after exam ina
tion o f 28 Vf vuln ificus  strains and 22 no n -Vf vuln ificus  strains; the 
detection lim it was 72 fg/pL  o f genomic DNA. W hen compared 
to the co lony lift hybrid ization using the W A P  gene probe, the
2 methods correlated w e ll and had sim ilar sensitivity (Campbell 
and W right 2003). Panicker and others (2004) developed a SYBR 
Green-based real-time PCR method targeting the hemolysin (vvh) 
gene o f V. vuln ificus  and applied it to the detection o f the organ
ism in shellfish and G ulf waters. They reported no cross-reactivity 
w ith  other Vibrio  and non -V ib rio  bacterial strains. The m inim um  
detection lim it o f the assay was 1 02 CFU V. vulnificus/g  o f oys
ter tissue homogenate, or IO 2 CFU/10 mL water, as applied to 
samples w ithou t p rio r cultural enrichment. Improved detection 
lim its (1 CFU/g) were obtained when samples were enriched for 
5 h. The entire method took on ly  8 h, includ ing sample pro
cessing, enrichment, and real-time PCR. Panicker and Bej (2005)

compared 3 sets o f o ligonucleotide primers fo r detection o f the 
V. vuln ificus vvhA  gene in the TaqMan real-time PCR format. 
Two o f the 3 prim er sets (set 1 : F-vvh785/R-vvh990 and set 2: 
F-vvh731/R-vvh1113 primers w ith  P-vvh874) were specific for 
V. vulnificus. Detection lim its o f 1 p g jp f  o f purified DN A, IO 3 
CFU/mL o f pure culture, and 1 CFU/g o f oyster (after a 5-h enrich
ment) were achieved. Recently, Wang and Levin (2006) reported 
a TaqMan real-time PCR assay that discrim inated between viable 
and nonviable V. vuln ificus  cells using the D N A  intercalating 
agent eth idium  m onoazide (EMA).

S train  typing m ethods
Many different methods have been applied to 

V. parahaemolyticus and V. vuln ificus  strain typing. In an 
early study, Tamplin and others (1996) reported a high degree 
o f variation in RFLP-PFGE profiles o f 53 c lin ica l and 78 envi
ronmental isolates o f V. vulnificus. Ryang and others (1999) 
reported sim ilar genetic diversity using RFLP-PFGE to type 
c lin ica l V. vuln ificus  strains in Korea. Both studies reported 
slightly less diversity fo r other typing methods such as ribotyping 
(Tamplin and others 1996) and random am plified po lym orphic 
D N A (RAPD) analysis (Ryang and others 1999). RFLP-PFGE 
has been used to identify the vehicle o f V. vuln ificus  infection 
and to study the relationship between patient isolates. O verall, 
infection appears to resultfrom  the proliferation o f a single strain, 
although c lin ica l strains from different patients are frequently 
unique (Jackson and others 1997). Warner and O live r (1999) 
used RAPD analysis to differentiate various Vibrio  species, 
find ing  a great degree o f heterogeneity in banding patterns, even 
w ith in  a specific species (V. vuln ificus  in particular). Arias and 
others (1998) recommended RAPD PCR for the differentiation 
o f phenotypically atypical V. vuln ificus  strains as a simpler 
and slightly less d iscrim inatory method, w h ile  recommending 
ribotyping fo r finer d iscrim ination between isolates. Others 
confirm ed the great degree o f d iversity seen w ith  RAPD PCR, 
noting little  corre lation between strain source and RAPD pattern 
(Lin and others 2003). The same can be said for arb itrarily  primed 
(AP)-PCR (Vickery and others 2000). It is also clear that biotype 
designations do not always correlate w ith  phylogenies generated 
by m olecular typing methods (Gutacker and others 2003).

Much o f the typing w ork  fo r V. parahaemolyticus has been 
done by W ong and colleagues. These investigators examined 
130 V. parahaemolyticus isolates from Taiwan by RFLP-PFGE, 
find ing  14 RFLP-PFGE types and 39 patterns; domestic c lin ica l 
isolates were clustered into 4 types and showed little  sim ilar
ity to foreign clin ica l strains and domestic environm ental strains 
(Wong and others 1996). W hen they used RFLP-PFGE to group 
315 V. parahaemolyticus  isolates from contaminated seafood, 
96 patterns and 22 types were obtained. There was little rela
tionship between RFLP-PFGE type and strain orig in (Wong and 
others 1999). W ong and others (2000) also used RFLP-PFGE to 
characterize Taiwanese c lin ica l isolates, reporting 57 patterns 
grouped into 19 types, w ith  5 o f these types contain ing 76% of 
the isolates and a clear and distinct type fo r the pandemic 03 :K 6  
strains. The ab ility  o f RFLP-PFGE to differentiate between pan
dem ic 0 3 :K 6  and non-03 :K 6  isolates was confirm ed by Yeung 
and others (2002) and W ong and others (2000). Marshall and 
others (1 999) compared RFLP-PFGE, enterobacterial repetitive in
tergen ic consensus sequence (ERIC) PCR, ribotyping, and RFLP- 
PFGE on patient and environm ental isolates associated w ith  a 
1 997 V. parahaemolyticus  outbreak in Canada and found no sin
gle method to be superior. In general, ERIC PCR and ribotyp
ing were less discrim inatory, whereas RFLP-PFGE was extremely 
d iscrim inatory. Likewise, W ong and others (2001) evaluated 3 
PCR-based V. parahaemolyticus  typing methods, find ing  riboso- 
mal gene spacer sequence (RS)-PCR a more practical method
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than ERIC PCR because it generated fewer bands and patterns. 
More recently, EHara-Kudo and others (2003) concluded that, 
based on RFLP-PFGE, TDFH-negative isolates were rather dis
tant from  TDFH-positive isolates, and that TDFH-positive strains 
were closely related to one another, regardless o f serovar. De
Paola and others (2003) used ribotying and serotyping to char
acterize V. parahaemolyticus isolates derived from  c lin ica l, envi
ronmental, and food sources and found no relationship between 
serogroup and ribogroup. Certain semigroups and ribogroups con
tained both c lin ica l and environm ental isolates, w h ile  others just 
contained environm ental isolates, im ply ing that certain serotypes 
or ribotypes m aybe more relevant to human disease. Isolates from 
the Pacific Coast o f North America appeared to be a d istinct pop
ulation from those found near the G ulf and A tlan tic Coasts.

In recent outbreaks, a new method based on direct genome 
restriction enzyme analysis (DGREA) has been used to group 
V. parahaemolyticus isolates. The method involves digestion of 
bacterial DN A w ith  a 6-base restriction endonuclease that gen
erates 30 to 40 fragments o f sizes ranging from  500 to 2500 bp 
in length. These are separated using po lyacrylam ide gel elec
trophoresis and banding patterns visualized by silver nitrate stain
ing. Fuenzalida and others (2006) found that DGREA was able to 
discrim inate different clones of V. parahaemolyticus, w ith  clus
ter analysis identify ing 16 different groups; on ly  2 groups cor
responded to the pandem ic 0 3 :K 6  isolates. DGREA results had 
discrim inatory power sim ilar to that o f RFLP-PFGE.

Ecology
Vibrio  species are ubiquitous in estuarine waters and can fre

quently be isolated in high numbers from bivalves, crustaceans, 
finfish, sediment, and plankton (Kelly 1982: O live r and others 
1982; Tamplin and others 1982; O 'N e il and others 1992; De
Paola and others 1994). In general, higher densities o f the or
ganisms are found in oyster digestive tissue (Tamplin and Capers 
1992; DePaola and others 1997) as compared to muscle tissue. 
Considerable oyster-to-oyster variab ility  in v ib rio  levels has been 
noted. For example, Kaufman and others (2003) observed occa
sional "hot" oysters contain ing V. parahaemolyticus levels >10- 
fo ld  higher than those o f oysters harvested at the same time and 
w ith in  a 1 -m 2 p roxim ity  (Kaufman et al. 2003).

Both organisms have been isolated from  U.S. waters as far north 
as the Great Bay o f Maine (V. vulnificus) (O 'N e il and others 1992), 
Alaska (V. parahaemolyticus) (McLaughin and others 2005), and 
Long Island, New York (V. parahaemolyticus) (Tepedino 1982). 
Lower densities o f V. vuln ificus  and V. parahaemolyticus were 
isolated from Pacific, Canadian, and North A tlan tic waters where 
the water temperatures were generally cooler year round; higher 
densities were found in m id-A tlan tic, Chesapeake Bay, and G ulf 
o f M exico waters where the water temperatures were warm er 
year round (Kaysner and others 1987; O 'N e il and others 1992; 
Cook 1994; DePaola and others 1994; W right and others 1996; 
Motes and others 1998).

Seasonal temperature and salinity. Both temperature and salin
ity play im portant and interrelated roles in the levels o f Vibrio  
spp. Kelly and Stroh (1988) reported that V. parahaemolyticus 
was found in Pacific Northwest coastal waters on ly  during the 
summer months, when water temperatures were above 1 7 C 
and salinities were below  13 ppt. Further research by Kaspar and 
Tamplin (1 993) demonstrated that at salinities between 5 and 25 
ppt, V. vuln ificus  levels increased; however, when salinities were 
30, 35, and 38 ppt, V. vuln ificus  levels decreased by 58%, 88%, 
and 83%, respectively. The same trend was reported by Motes 
and others (1 998), w ho observed lower numbers o f V. vulnificus  
at salinities above 28 ppt, w h ich  is typical o f some A tlan tic coastal 
sites in North and South Carolina. This high salinity may explain 
in part w hy  V. vuln ificus  cannot be isolated routine ly in oysters

harvested from  waters o ff these shores. FHigh V. vuln ificus  lev
els, however, were found in oysters harvested from  intermediate 
salinities between 5 and 25 ppt (Motes and others 1998).

Regardless o f the role o f salinity, temperature probably has 
the most im portant effect on the prevalence and levels o f the 
pathogenic vibrios. The growth of V. vuln ificus  is favored by 
relatively high temperatures and the organism has an optim um  
growth temperature o f 37 C (Kelly 1982). Kaspar and Tamplin
(1993) reported that V. vuln ificus  grew in the temperature range 
of 13 to 22 C. W right and others (1996) were able to culture 
V. vuln ificus  from  estuarine waters o f Chesapeake Bay collected 
at temperatures as low  as 8 : C; however, V. vuln ificus  was not re
covered at temperatures lower than 12.5 C from  G u lf o f M exico 
waters (Simonson and Siebeling 1986). In general, V. vuln ificus  
is isolated infrequently from surface water samples from  the G ulf 
of M exico in January through March, when water temperatures 
are below  20 C (Kelly, 1982). Peak recovery of V. vuln ificus  
occurs in September, and there is substantial seasonal variation 
in prevalence and levels of the organism. Studies have dem on
strated that during the summer months, V. vuln ificus  levels were 
sim ilar (about 1 04 CFU/g) in oysters harvested from  the G ulf of 
M exico and M id  A tlan tic states, but the levels were considerably 
higher in the G ulf o f M exico for other seasons (Cook and others
2002). V iru lent strains o f V. vuln ificus  have been found on the 
West Coast, although not as frequently or in as high numbers as 
from G u lf and A tlan tic Coast waters (Kaysner and others 1 987). 
Likewise, clams harvested from the northeastern U.S. coast and 
all U.S. West Coast waters had com paratively lower levels of 
V. vuln ificus  (Brenton and others 2001 ), perhaps due to the lower 
mean temperatures o f these waters.

Seasonal and regional variation in the prevalence and levels 
o f V. parahaemolyticus has also been noted. As is the case for 
V. vulnificus, the levels o f V. parahaemolyticus  in G u lf Coast 
oysters also peaks during the summer, fo llow ed by a gradual 
reduction in the colder months o f the year (Motes and others 
1998). DePaola and others (1990) compared seasonal levels of 
V. parahaemolyticus in Pacific, G ulf, and A tlan tic Coast waters 
and oyster samples. The data showed strong correlations be
tween water temperature and V. parahaemolyticus  levels. The 
G ulf Coast had the warmest mean water temperature (22 C) and 
highest mean V. parahaemolyticus  levels o f 11000 CFU/100 g 
(oysters) and 44 CFU/100 mL (water), w h ile  the Pacific coast 
water was the coldest (15 C) and was associated w ith  lower 
levels o f V. parahaemolyticus (2100 CFU/100 g for oysters and 
2 CFU/100 mL for water). Kaufman and others (2003) reported 
total V. parahaemolyticus levels im m ediately after harvest dur
ing June, July, and September to range from  200 to 2000 CFU/g 
in 90% of the oysters tested. Cook and others (2002) detected 
V. parahaemolyticus in 94.2%  o f shellfish taken from  waters 
that were above 25 C, but the organism was present in on ly 
14.9% o f shellfish samples harvested from  waters that were be
low  10 C. Gooch and others (2002) found that when water 
temperature at harvest was above 20 C (April through Decem
ber), the mean density o f V. parahaemolyticus was 1 3000 CFU/ 
100 g, whereas, when water temperatures were be low  20 C 
(January through March), the mean density was approxim ately 
1-log10 lower, at 1500 CFU/100 g. DePaola and others (2003) 
reported sim ilar seasonal trends in total V. parahaemolyticus for 
2 sampling sites in Alabama. They also found that pathogenic 
V. parahaemolyticus {td h + ) strains constituted a higher percent
age of the V. parahaemolyticus population when water tem 
peratures and total V. parahaemolyticus  levels were lower. The 
levels o f pathogenic strains (fc//i-positive) ranged from 10 to 
20 CFU/g in 40%  o f the oysters harvested during June and July 
but pathogenic strains were nondetectable in oysters harvested in 
September. FHowever, after storage at 26 C for 24 h, pathogenic
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V. parahaemolyticus was detected at levels o f >  100 CFU/g in 
some oysters collected in June and July but remained nonde- 
tectable in oysters collected in September (Kaufman and others
2003).

The role of aquatic wildlife and Zooplankton. Aquatic birds may 
be a vector fo r Vibrio spp., especially during the w in ter months. 
For example, V. cholerae  has been isolated from  aquatic birds 
at low  levels and studies have reported the presence o f non- 
01  V. cholerae in ducks (Bisgaard and Kristen 1975) and gulls 
(Lee and others 1981) during the w inter, when Vibrio  spp. were 
not found in the water colum n. FHowever, there is less inform a
tion available regarding the role o f aquatic birds in the persis
tence and/or spread o f V. parahaemolyticus and V. vulnificus. In 
one study, non-01 V. cholerae, V. parahaemolyticus, and other 
lactose-positive vibrios were isolated from  bird feces (Roberts and 
others 1984). A later study by Buck (1 990) reported Vibrio  spp. in 
association w ith  gulls and pelicans, w h ile  Miyasaka and others
(2005) found a higher percentage o f V. parahaemolyticus  posi
tive samples (55.4%) compared to V. vuln ificus  positive samples 
(14.1 %) in w ild  aquatic birds in Japan during the w in ter months. 
In v irtua lly  all instances, the level o f vibrios in bird populations 
was quite low.

Although V. vuln ificus  levels are higher in the estuarine env i
ronment during the warm summer months, the organism persists 
throughout the year. There are many ways in w h ich  V. vulnificus  
and V. parahaemolyticus can survive. Vanoy and others (1992) 
and W right and others (1996) found V. vuln ificus  in plankton, 
suggesting that this bacterium may inhabit habitats s im ilar to 
V. cholerae  and V. parahaemolyticus. V. vuln ificus  also persists 
in marine sediment, suggesting w in te r survival in the floe zone at 
the sediment interface; when conditions are more conducive fo r 
growth (summer months), V. vuln ificus  w ill then colon ize p lank
ton (Vanoy and others 1 992). DePaola and others (1 994) isolated 
V. vuln ificus  throughout the w in ter months from the intestines of 
estuarine fish from  the G ulf o f M exico, at densities higher than 
those found in oysters, sediment, or seawater.

Indeed, the relationship between Zooplankton and Vibrio  spp. 
may explain the year-round persistence o f the vibrios. It is w e ll 
documented that Vibrio  spp. make up a significant portion of 
the natural m icroflora o f Zooplankton, especially Zooplankton 
w ith  chitinous exoskeleton such as copepods (FHuq and others 
1983; Sakar and others 1 983; Chowdhury and others 1 989; Carli 
and others 1993). FHuq and others (1983) found higher numbers 
of vibrios associated w ith  Zooplankton than were found in the 
surrounding water colum n. A study conducted by Watkins and 
Cabelli (1985) demonstrated that on ly  ch itin  and net zooplank- 
ters (live or dead) supported the growth o f V. parahaemolyticus 
in estuarine water. FHeidelberg and others (2002) found a diverse 
group o f bacteria associated w ith  Zooplankton, w ith  higher lev
els of bacteria associated w ith  Zooplankton during the cooler 
months of the year. FHowever, the m ajority o f these organisms 
were V. cholerae, V. m im icus, and V. vulnificus.

Extracellular proteins produced by V. vuln ificus  are also im por
tant in the organism's ab ility  to survive in the estuarine environ
ment and perhaps cause disease in infected hosts. For example, 
V. vuln ificus  exports a chitinase that may be used by the bacterium 
to colon ize and adhere to the ch itin  exoskeletons o f Zooplankton. 
The metalloprotease and hemolysin may a llow  the organism to 
colon ize and m u ltip ly  in molluscan shellfish by breaking down 
tissue at the site o f colon ization, prom oting release o f necessary 
nutrients (Strom and Paranjpye 2000).

Bacteriophages. Bacteriophages are abundant in the marine 
environm ent, and those specific for the pathogenic Vibrio  spp. 
are no exception (Suttle and others 1990; Boehme and others 
1993; Jiang and Paul 1 994). For example, Moebus and Nattkem- 
per (1983) isolated 366 phages from  the A ltan tic, 362 o f w h ich

initiated infection in bacteria belonging to the Vibrionaceae fam 
ily. Furthermore, 280 o f these phages were specific for the Vibrio  
spp. Pelon and others (1995) isolated 9 phage strains specific for 
V. vulnificus, w ith  patterns of susceptib ility varying w ith  specific 
V. vuln ificus  strain. Based on these results, the same investigators 
(Luftig and Pelon, 1996) attempted to use these 9 bacteriophage 
strains to reduce V. vulnficus  populations in estuarine water, f in d 
ing that in vitro  exposure to 1.0 mL o f the pooled phages reduced 
V. vuln ificus  levels by 5-log10. DePaola and others (1 997) identi
fied phages; infecting V. vuln ificus  in estuarine waters, sediments, 
plankton, crustacea, and the intestines of finfish and molluscan 
shellfish harvested from the G ulf Coast. The latter habitat had 
the highest abundance o f phages; however, the lowest densities 
o f phages were in the hemolymph and mantle flu id  o f oysters. 
Estimates o f abundance ranged from  1 01 to 1 0s PFU/g o f oyster 
tissue.

As is the case fo r V. vuln ificus  bacteriophages, those infect
ing V. parahaemolyticus are abundant and diverse, having been 
isolated from  the coastal waters of Laos, FHawaii, Florida, and 
the Pacific and A tlan tic coasts o f North Am erica (Sklarow and 
others 1973; Baross and others 1978; Kellogg and others 1995; 
Nakasone and others 1999; FHardies and others 2003; Comeau 
and others 2005). FHowever, V. parhaem olyticus  bacteriophages 
were not detected in the sediment and on ly  found at low  levels 
in waters o ff the coast o f British Colum bia (Comeau and others
2006). Koga and others (1982) isolated 18 bacteriophages infec
tious to V. parahaeomlyticus and reported 4 different m oropho- 
logical groups. Furthermore, there appeared to be no correlation 
between O  and K serotype of V. parahaeomlyticus  strains and 
host range o f phages (Koga and others 1982). Like V. vulnificus  
phages, Comeau and others (2005) found 13 phages specific for 
V. parhaem olyticus  to be consistently higher (0.5 x  104 to 11 x 
1 04 virus/cm 3) year round in oysters compared to sediment and 
water. In a later study, the same investigators (Comeau and others
2006) demonstrated that V. parahameolyticus phages infect be
tween 4 and 13 V. parahaemolyticus strains w ith  a unique host 
range pattern. There also appears to be a relationship between 
host range and season (Comeau and others 2005). Using these 
same 13 phages to contro l V. parahaemolyticus  in the environ
ment, the investigators achieved reduction o f the organism by 
74%, 62%, and 30% in sediment, oysters, and the water colum n, 
respectively. FHowever, bacteriophage treatment has yet to be re
alized as a practical method to control Vibrio  contam ination in 
oysters or the ir waters.

Starvation and the viable but nonculturable (VBNC) state. Mar
den and others (1985) were the first to characterize the behav
ior o f marine bacteria to starvation. In fact, starvation is one of 
several stresses (in addition to cold temperature and subopti
mal pH) (Gauthier 2000) that can induce the so-called viable 
but nonculturable (VBNC) state. Starvation com bined w ith  cold 
stress may be particularly effective in inducing VBNC (Linder and 
O live r 1 989). This term describes bacterial cells that do not form 
colonies on high-nutrient solid media, but are considered alive 
because metabolic activ ity can still be detected (Gauthier 2000; 
O live r 2000). The VBNC state can be contrasted to cell in jury 
in that injured cells lose the ir ab ility  to grow on selective me
dia, but can still be cultured on nutrient-rich media; VBNC cells 
cannot be cultured at all. S ignificant effort has gone into charac
terizing the VBNC state as related to the survival and viru lence 
o f V. cholerae  and V. vuln ificus  (O liver and Bockian 1 995; W ong 
and others 2004; Asakura and others 2007). There is, however, 
evidence that V. parahaemolyticus  also enters the VBNC state 
(Jiang and Chai 1996; W ong and Wang 2004).

There are physio logical manifestations associated w ith  entry 
into the VBNC state. M orpholog ica lly, V. vuln ificus  cells in the 
VBNC state are small cocci (0.3 pm ), whereas after resuscitation
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the cells become rod shaped (3 pm  in length and 0.7 in w idth) 
(Linder and O live r 1989; Nilsson and others 1991). VBNC cells 
also clum p, suggesting the production o f exopolysaccharides re
sulting in an outer membrane that is "b lebbed" (Johnston and 
Brown 2002). Blebbing is a m odification to the outer membrane 
that is frequently associated w ith  bacterial resistance mechanisms 
(Jones and others 1 989). O live r and Co lw e ll (1 973) observed that, 
as temperature decreased, there was a proportional increase in 
the amount o f unsaturated fatty acids in the cell membrane of 
V. vulnificus. Indeed, the pa lm itic  (C16) plus pa lm ito le ic (C16:1) 
fatty acid content was decreased by 57%, whereas short-chain 
fatty acid content increased from 5.4% to 29.0%  as cells were 
entering the VBNC state (Linder and O live r 1989). W ong and 
others (2004) found differences in the activities o f 2 enzymes and 
in the fatty acid profiles o f V. parahaemolyticus ST550 cells based 
on cu ltu rab ility  status. D uring the 1stw k o f exposure to starvation 
conditions, an increase in C 15:0 fatty acid content and a decrease 
in C 16:1 content was observed. Also, the enzyme superoxide dis- 
mutase became nondetectable in the VBNC state, w h ile  the ce l
lu lar concentration of glucose-6-phosphate dehydrogenase did 
not change upon entry into the VBNC state.

Clearly, the VBNC state is a mechanism for bacteria to survive 
adverse conditions and there is evidence that stress cond ition 
ing impacts both induction o f and speed at w h ich  cells enter the 
VBNC state. For example, Bryan and others (1999) observed that 
V. vuln ificus  entered the VBNC state when the temperature was 
shifted from  35 to 6 C; however, when the culture was sub
jected to 15 C prior to further temperature downshift, the cells 
remained culturable. O live ran d  others (1 991 ) reported tha tw hen 
V. vuln ificus  cells were prestarved for 24 h at room temperature 
and subsequently exposed to 5 C, they failed to enter the VBNC 
state, whereas cells starved for the same period at 5 C did enter 
the VBNC. W hen cells were starved for on ly  1, 2, and 4 h before 
exposure to 5 C, the cells also entered the VBNC state, but at a 
slower rate.

Vibrio  species that have entered the VBNC state can usually 
be revived w ith in  3 d after a temperature shift to 21 C. A lead
ing theory to explain VBNC is that it is associated w ith  increased 
sensitivity to hydrogen peroxide. This was first reported by W h ite 
side and O live r (1 997) w ho noted that VBNC cells o f V. vulnificus  
could not be resuscitated after temperature upshift to 22 C if sus
pended in nutrient-rich broth, but could be resuscitated in m in
imal media, such as artific ia l seawater (ASW), most like ly  due 
to the presence o f peroxide byproducts occurring during media 
sterilization. It is w e ll documented that injured cells frequently 
demonstrate an increased sensitivity to the toxic effects o f hydro
gen peroxide, a phenomenon that can be ameliorated by media 
supplementation w ith  sodium pyruvate or catalase (Baird-Parker 
and Davenport 1965; Rayman and others 1978). Bogosian and 
others (2000) were the first to supplement media w ith  catalase 
or pyruvate to promote the recovery o f V. vulnificus, noting that 
higher culturable cell counts were observed after such supple
mentation. M ore recently, Kong and others (2004) constructed 
a deletion mutant o f V. vuln ificus  w h ich  lacked catalase (oxyR) 
activity. W hen compared to the w ild -type  strain, the investigators 
showed that low  temperature inhib ited catalase activity, w h ich  
like ly  contributed to loss o f culturab ility . The loss o f the super
oxide dismutase activ ity in V. parahaemolyticus strains having 
entered the VBNC state provides further evidence for increased 
sensitivity to hydrogen peroxide (Wong and others 2004).

Some have speculated that the VBNC state does not really ex
ist, but instead some viable cells remain and when the sample 
is subjected again to a more favorable environm ent, those resid
ual viable cells replicate and become detectable on m icrob io
logical media. Bogosian and others (2000) conducted a series of 
experiments to address this issue. Specifically, they demonstrated

tha tw hen  warmed to room temperature, VBNC cells that could 
be cultured on pyruvate-supplemented media were able to use 
the nutrients provided by the dead cells to support the form a
tion of more than 1 progeny cell. FHowever, when the hydrogen 
peroxide-sensitive cell population declined to nondetectable lev
els on pyruvate-supplemented media, leaving on ly  nonculturable 
cells present, w arm ing did not lead to cell growth (Bogosian and 
others 2000).

The relationship between the VBNC state and viru lence also 
is o f great interest. Co lw e ll and others (1 996) fed VBNC cells of 
V. cholerae  to human volunteers and observed an absence of dis
ease but low  levels o f fecal shedding. Linder and O live r (1989) 
reported that VBNC cells o f V. vuln ificus  lost v iru lence in the 
mouse model; however, a low  level o f inoculum  (5 x  1 04 cells) by 
the intraperitoneal route was used in these experiments. In a later 
study, O live r and Bockian (1 995) showed that intraperitoneal in
jection o f mice w ith  a total o f 10s VBNC cells o f V. vuln ificus  
was lethal. In an effort to determ ine if VBNC cells remained 
pathogenic, 3 strains (V. a lginolyticus, V. parahaemolyticus  (en
vironm ental origin), and V. parahaemolyticus  ATCC 43996) were 
induced into the VBNC state, fo llow ed by intragastric inocu la
tion of 8 Balb/C m ice for each bacterial strain. In this experi
ment, isolation and confirm ation was obtained in 25% o f the 
mice challenged w ith  V. a lginolyticus, 37.5%  o f mice challenged 
w ith  V. parahaemolyticus, and 50% of mice challenged w ith  
V. parahaemolyticus  ATCC 43996. In addition, when the strains 
were first inoculated in the mouse model, they caused flu id  ac
cum ulation and expressed viru lence characteristics (hemolysin 
production, adhesiveness, and cytotoxicity). FHowever, when the 
strains were reisolated from the mice, grown in BFHI broth, and 
then injected into the rat ileal loop, v iru lence factor expression 
(hemolysin production, adhesiveness, and cytotoxicity) was lost. 
Nonetheless, after 2 consecutive passages in the rat ileal loop 
model, v iru lence characteristics were reactivated. This is im por
tant because it suggests that VBNC cells retain the ir ab ility  to 
express proteins associated w ith  pathogencity, although such ex
pression may be transient and/or unpredictable (Baffone and o th 
ers 2003).

Stress response: pH and refrigerated storage. It is w e ll docu
mented that vibrios in the VBNC state are more resistant to sub- 
lethal stressors. For example, V. parahaemolyticus cells induced 
into the VBNC state by exposure to cold temperatures were ob 
served to be more resistant to thermal inactivation (42 and 47 C), 
low  salinity, and acid inactivation (pH 4) (Wong and Wang 2004). 
Koga and Takumi (1995) reported that V. parahaemolyticus cells 
in the starved state were more resistant to other environmental 
stresses such as heat (47 C) and osmotic pressure.

Such stress response may be o f concern when using processing 
methods intended to reduce the levels o f vibrios in raw or m in i
m ally processed molluscan shellfish. W ith regards to the effect of 
pH, Karem and others (1994) demonstrated tha tw hen Aeromonas 
hydrophila  suspended in broth was shifted from  pH 7.2 to 5.0 
(conditioned), the cells survived longer when exposed to a fu r
ther pH downshift to 3.5. It appears that A. hydrophila  exhibits 
an adaptive acid-tolerance response capable o f protecting cells 
at pH values as low  as 3.5. W ong and others (1998) found that 
V. parahaemolyticus was more acid tolerant in the broth model 
when first conditioned by a pH downshift from 7.5 to 5.0. Koga 
and others (1999) found acid-adapted V. parahaemolyticus  cells 
had an increased resistance to heat (47 C), crystal vio let, bile, 
and deoxycholic acid, as compared to nonadapted cells. In addi
tion, these investigators noticed a change in the com position of 
the outer membrane protein of acid-adapted cells. Koo and others 
(2000) reported strain-to-strain differences in acid tolerance for 
V. vulnificus, although there did appear to be a pH value (some
where around pH 2.0) be low  w h ich  all strains were inactivated.
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Bang and Drake (2004) reported that 3 strains of V. vuln ificus  
had increased acid resistance in broth acidified w ith  c itric  acid 
(pH 3.5) after prior adaptation at pH 5.5, regardless o f strain and 
duration o f adaptation tim e; the same phenomenon was not ob 
served when acetic acid was used as the acidulant. These same 
investigators demonstrated that acid adaptation involves induc
tion o f specific proteins. Freeze-thaw resistance and cold storage 
survival were improved w ith  prior exposure to c itric  acid (pH 5.0) 
fo r 1 0 h, but this effect was strain specific (Bang and Drake 2004). 
Most recently, W ong and Lui (2006) found that V. vuln ificus  
cells adapted by exposure to acid (pH 4.4) or heat (41 C) were 
not cross-protected when exposed to low  salinity (0.04% NaCI) 
conditions.

Although we know that prolonged exposure to nutrient- 
depleted media and cold temperatures can induce the VBNC 
state, some investigators became interested in the response o f Vib
rios to so-called cold stress. Indeed, some organisms are able to 
adapt and persist at very low  temperatures when previously con
ditioned by exposure to less-cold temperature. Bryan and others 
(1999) suggested that cold-adaptive or protective proteins pro
duced by V. vuln ificus  may enhance survival and tolerance to 
cold and freezing temperatures. They also hypothesized that iron 
plays a role in adaptation at cold temperature, since the removal 
o f iron from  the growth medium prio r to cold adaptation reduced 
v ia b ility  by 2 -log10 CFU/mL. It was demonstrated that 40 d ifferent 
proteins were synthesized at higher levels by V. vuln ificus  upon 
exposure to cold stress (McGovern and O live r 1995). Lin and 
others (2004) found that when V. parahaemolyticus was cold- 
shocked at 20 or 15 C for 2 or 4 h, the cells demonstrated better 
survival upon subsequent exposure to low  temperature o f 5 or 
— 18 C, or to crystal vio let, but were more susceptible to high 
temperature (47 C), hydrogen peroxide, and lactic and acetic 
acids, when compared to unconditioned cells. Bryan and others
(1999) showed that a culture of V. vuln ificus  demonstrated bet
ter survival during frozen storage (—78 C) when freezing was 
preceded by cold shock. Bang and Drake (2002) also found im 
proved survival o f V. vuln ificus  under cold temperature storage 
when cells underwent a cold temperature preconditioning step.

Techniques to  e lim ina te  Vibrio  species from  oysters
Currently, shellfish harvestingwaters are classified usingthe co

nform orfeca l coliform  index. Unfortunately, since Vibrio  species 
are ubiquitous to the marine environm ent, the levels o f the trad i
tional fecal indicators do not correlate w ith  the presence or levels 
o f the environm ental vibrios, and hence the fecal coliform  index 
is not useful fo r con tro lling  these organisms (Tamplin and o th 
ers 1 982). This was confirm ed by O 'N e il and others (1 992) w ho 
found no correlation between fecal coliform  and V. vuln ificus  
levels. However, Watkins and Cabelli (1985) found an indirect 
relationship between V. parahaemolyticus  levels and po llu tion 
in Naraganssett Bay and hypothesized that this was a result of 
nutrient stim ulation. Ruple and Cook (1992) observed corre la
tion between the fecal coliform  level and V. vuInificus  during the 
warm er months (May to September), but this relationship did not 
hold up during the cooler months o f the year.

Commercial heat shock. Currently, the commercial heat shock 
process is used as a processing aid, p rim arily  in North and 
South Carolina, to facilita te the shucking o f shellstock oysters 
(Hesselman and others 1999). This process involves submerging 
about 70 ch illed oysters in w ire  baskets into a heat-shock tank 
contain ing approxim ately 850 L of potable water at a temperature 
of 67 C for about 5 m in, depending on oyster size and relative 
oyster condition. After heat-shocking, the oysters are cooled by 
spraying for 1 min w ith  potable water prior to shucking and wash
ing. Hesselman and others (1999) found that this commercial 
heat-shock process reduces V. vuln ificus  levels by 2- to 4 -log10.

No reduction in V. vuln ificus  levels were observed in oysters that 
were merely washed. Ruple and Cook (1992) showed that w h ile  
com m ercial heat-shock processing o f oysters d id  not reduce the 
levels o f V. vulnificus, immediate storage on ice did reduce the 
levels by 1 - to 2-log10 CFU/g.

Cook and Ruple (1992) demonstrated that low-temperature 
pasteurization (50 C) for 10 min reduced V. vuln ificus  and 
V. parahaemolyticus counts from 10s MPN/g to nondetectable 
levels in inoculated shellstock oysters; this was confirm ed by 
Andrews and others (2000). In a later report, Andrews and o th
ers (2003a) demonstrated that a com bined hot-water/cold-shock 
"pasteurization" process w ith  a temperature o f 50 to 52 C re
duced V. parahaemolyticus 03:K6 (106 CFU/g o f oyster) in shell- 
stock oysters to nondetectable levels w ith in  22 m in, w ithou t 
changing the sensory properties o f the product.

Depuration and relaying. Depuration is the process of con
tro lled purifica tion whereby shellfish are placed in disinfected, 
recirculating or flow -through seawater and allowed to actively 
filter-feed, typ ica lly  fo r 24 to 48 h. The use o f this practice is quite 
lim ited in the United States but extensive in Europe. Disinfectants 
com m only used in depuration waters are chlorine, ozone, and 
u ltravio let light. G roubert and O live r (1994) used a V. vulnificus  
strain (CVD713), w h ich  was genetically transformed to carry a 
stable TnphoA transposon encoding kanamycin resistance and al
kaline phosphatase activity, to demonstrate that oysters al lowed to 
filter-feed in artific ia lly  contaminated waters were able to reduce, 
to nondetectable levels, accumulated V. vuln ificus  w ith in  48 h of 
the onset o f depuration. Interestingly, however, the level of natu
ra lly occurring V. vuln ificus  in these oysters was not reduced by 
depuration. Eyles and Davey (1 984) also reported that depuration 
did not produce a substantial reduction in V. parahaemolyticus 
levels in shellfish, but Nordstrom and others (2004) were able 
to achieve better reduction in V. parahaemolyticus  levels after 
overnight tidal submersion, compared to intertidal exposure, in 
Hood Canal, Wash. W h ile  this is technica lly  not depuration, it 
does suggest that, under certain conditions, V. parahaemolyticus 
can be elim inated. Tamplin and Capers (1992) found that recir
culation o f depuration waters through UV light at above 23 C 
was an ineffective contro l because V. vuln ificus was able to m ul
tip ly  in oyster tissues under these conditions. However, when the 
seawater was maintained at 15 C, V. vuln ificus  could not be de
tected in seawater, nor did m ultip lica tion  o f V. vuln ificus  occur 
in the oyster.

Relaying is another purifica tion method that involves m ov
ing shellfish from  a restricted harvesting area to an open area 
where natural cleansing can occur. Cook and Eilender (1986) 
found that the temperature and the m icrobio log ica l qua lity  of 
the relaying water had an impact on the length o f tim e needed 
to reduce fecal coliform  levels in oysters. Add itionally, oysters 
that were physio log ica lly stressed took longer to cleanse than did 
unstressed oysters, presumably due to slower metabolic activity. 
W h ile  pathogens such as Salmonella can be elim inated w ith in  
5 d by relaying (Cook and Eilender 1986), Motes and DePaola
(1996) demonstrated that longer relaying periods (1 7 to 49 d) and 
high salinity (> 30 ppt) were required to decrease V. vulnificus  
levels from  1 03 CFU/g to <10  MPN/g. As w ith  depuration, relay
ing cannot be relied upon to com plete ly e lim inate V. vulnificus  
from  shellfish.

GRAS compounds. As a possible aid in con tro lling  Vibrio  
contam ination in shellfish, investigators have examined certain 
preservatives that are generally recognized as safe (GRAS) by the 
U.S. Food and Drug Adm inistration. Sun and others (1994) were 
able to achieve a 2-log10 reduction in the levels o f naturally oc
curring V. vuln ificus  in oysters treated w ith  diacetyl at a concen
tration o f 0.05%, w h ile  lactic acid and butylated hydroxyanisole 
(BHA) compounds at a concentration of 0.05%  did not have an
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effect on V. vuln ificus  levels. Diacetyl appears to affect the per
m eability of cell membranes and accumulates in the membrane 
lip id  b ilayer (Johnson and Steele 2001 ).

There are also naturally occurring compounds in oys
ters that may promote the inactivation o f V. vuln ificus  and 
V. parahaemolyticus. For example, oysters contain hemocytes, 
w h ich  entrap bacteria w ith in  phagosomes, after w h ich  an enzy
matic degradation process begins (Cheng 1975). A lthough theo
retica lly this process may be lethal to the vibrios, Genthner and 
others (1 999) reported that oyster hemocytes did not have a sig
nificant lethal effect on either opaque or translucent strains of 
V. vulnificus; for V. parahaemolyticus, the opaque stains were 
more resistant to the effect o f hemocytes than were the translu
cent strains. Unfortunately, most oysters found in m id-A tlantic 
and G ulf Coast waters are infected w ith  Perkinsus marinus, an 
oyster pathogen w h ich  produces a serine protease capable o f d i
gesting oyster connective tissues. Tali and others (1 999) found that 
oyster hemocytes treated w ith  the serine protease produced by P. 
marinus were less effic ient in con tro lling  the levels o f naturally 
occurring V. vuln ificus  when compared to untreated hemocytes, 
suggesting that P. marinus, may actually suppress the natural ab il
ity o f oyster hemocytes to elim inate V. vulnificus.

Ionizing irradiation. Gamma irradiation can elim inate Vibrio  
species from  shellstock and shucked oysters. Vibrio  species are 
among the most radiation-sensitive bacteria; V. cholerae  and 
V. vuln ificus  can be elim inated when exposed to doses less than 
0.1 kGy (M allett and others 1991 ). Novak and others (1 966) found 
that a 0.2 Mrad (2 kGy) dose o f gamma radiation could be ap
plied fo r pasteurization o f oyster meat w ith ou t causing changes 
in organoleptic quality. After this treatment, total bacterial counts 
decreased by 99%. Matches and Liston (1971) found that, in 
most cases, V. parahaemolyticus was reduced 4- to 6-log10 us
ing a dose o f 30 to 40 krad (0.3 to 0.4 kGy). Andrews and o th
ers (2003b) showed that ioniz ing irradiation doses o f 1.0 kGy 
reduced V. vuln ificus  at in itia l inoculum  o f 1 07 CFU/g to non
detectable levels as applied to w ho le  shell oysters. Oysters in
oculated w ith  V. parahaemolyticus 03:K6 (104 CFU/g) reached 
nondetectable levels after treatment w ith  1.5 kGy. Most oysters 
survived the treatment and sensory data showed that consumers 
could not tell a difference between irradiated and nonirradiated 
oysters. Recently, the FDA approved irradiation as a food additive 
for seafood, includ ing oysters.

Temperature control and refrigeration. Refrigeration controls 
the m ultip lica tion  o f V. vuln ificus  and V. parahaemolyticus in 
oysters. Cook and Ruple (1989) investigated the effects of various 
storage temperatures (10, 22, 30 C) on oysters and found that 
members o f the Vibrionaceae fam ily  increased in shellstock oys
ters stored at 22 and 30 C, w h ile l 0 C storage prevented growth. 
Cook (1994) also observed that V. vuln ificus  d id not m u ltip ly  in 
oysters stored at be low  13 C and growth at 18 C was signifi
cantly slower than at ambient air temperature (23 to 34 C).

Prolonged refrigeration may actually reduce the levels o f the 
pathogenic vibrios. For instance, Cook and Ruple (1992) ob
served that w ith in  14 to 21 d of refrigerated storage, V. vulnificus  
in shellfish could be reduced to nondetectable levels (< 3 
MPN/g). Later Cook and others (2002) estimated that V. vulnificus  
levels declined by 0.041-log unit/d during refrigeration of re
tail oysters. FHowever, Kaysner and others (1989) demonstrated 
that, in a rtific ia lly  contam inated shellstock and shucked oysters, 
V. vuln ificus  survived for 14 d at 2° C. It is generally recog
nized that, w h ile  levels may decline over tim e, prolonged re
frigeration cannot be relied upon to e lim inate V. vuln ificus  or 
V. parahaemolyticus from  contam inated shellstock.

If the temperature o f shellstock is not im m ediately contro lled, 
growth o f vibrios can occur quite rapidly. For example, Cook
(1997) observed that the levels o f V. vuln ificus  in freshly har

vested shellstock oysters held w ithou t refrigeration fo r 3.5, 7, 
10.5, and 14 h increased 0.75-, 1.30-, 1.74-, and 1.94-log units, 
respectively. For this reason, the U.S. National Shellfish Sani
tation Program stipulated (in 1993) the 1st refrigeration gu ide
lines for raw molluscan shellfish. These were made more strin
gent in 1995, w ith  a requirement that shellstock be placed un
der temperature control w ith in  12 to 14 h of harvest, depend
ing on the average m onth ly maximum water temperature (Cook 
1997). M ore recently, regulations state that commercial shellfish 
must be refrigerated w ith in  10 h after harvest when water tem 
perature exceeds 27 C (U.S. Department o f Health and FHuman 
Services 1999). In 1995, the Interstate Shellfish Sanitation Con
ference (ISSC) adopted an additional control plan for states that 
had been confirm ed as the orig inating site o f shellstock products 
associated w ith  two or more V. vuln ificus  illnesses. In this case, 
if water temperature was between 1 8 and 23 C, shellstock was 
required to be placed under temperature contro l w ith in  14 h; if 
greater than 23 C and less than 28 C, the tim e lim it was less 
than 1 2 h; and if the water temperature was greater than 28 C, 
the tim e lim it was less than 6 h (Associated Press 1996). Once 
placed under temperature contro l, shellstock must be iced, or the 
storage area or conveyance otherwise continuously maintained 
at 7.2 C or below, until fina l sale to the consumer.

Not on ly  is tim e unrefrigerated on boat docks an issue, but 
com m ercial coo ling o f oyster sacks has been estimated to take an 
average o f 5.5 h (CFSAN/FDA 2005), during w h ich  tim e Vibrio 
growth can still occur, albeit more slowly. This is contrasted to 
d ie-o ff that occurs during extended refrigerated storage. Taken 
together, the growth of V. vuln ificus  and V. parahaemolyticus that 
occurs before oysters reach the target refrigeration temperatures 
of 13° C (V. vulnificus) and 10° C (V. parahaemolyticus) results 
in higher levels o f these organisms at consumption relative to 
the levels at harvest. For example, W right and others (1 996) and 
Motes and others (1998) reported that the levels o f V. vuln ificus  
in G u lf o f M exico and Chesapeake Bay oysters at harvest are 
typ ica lly  1 -log10 lower than they are at retail. Likewise, Cook and 
others (2002) observed that V. vuln ificus  and V. parahaemolyticus 
levels in retail oysters orig inating from the G ulf o f M exico were 
1- to 2-log10 greater than at harvest.

Freezing and frozen storage. Cook and Ruple (1992) reported 
that freezing reduces the levels o f Vibrio spp. in shellfish, a l
though it does not elim inate the organism, even after frozen stor
age for up to 12 wk. A temperature o f —20 C was more ef
fective for inactivating V. vuln ificus  than was 0 C. A t —80 C, 
V. vuln ificus  and V. parahaemolyticus cell numbers in brain heart 
infusion broth supplemented w ith  3% NaCI dropped by 1-log10 
CFU/g during the freezing process and remained stable thereafter 
fo r 35 d (Boutin and others 1985). Johnston and Brown (2002) 
showed that the total cell numbers were the same for freshly cu l
tured V. vulnificus, V. cholerae, and V. parahaemolyticus both 
before and after freezing (—20 C); s im ilar results were obtained 
fo r VBNC cells. In a study conducted by Parker and others (1 994), 
the com bination o f vacuum packaging and freezing decreased 
V. vuln ificus  levels in oysters by 3- to 4 -log10 CFU/g w ith in  7 d 
postfreezing, and levels continued to drop throughout frozen 
storage up to day 70, although complete e lim ination was never 
achieved. The com bination o f vacuum packaging and freezing 
contro lled V. vuln ificus  levels more effectively than did freez
ing w ith  conventional packaging (Parker and others 1994). ISSC 
has adopted freezing com bined w ith  frozen storage as an accept
able means for postharvest treatment to control V. vuln ificus  and 
V. parahaemolyticus. A number of firm s now use this process, 
w h ich  must be validated and FHACCP com pliant (21 CFR 123).

High hydrostatic pressure. Most microorganisms are baroduric, 
meaning they can survive under high pressures but norm ally 
grow  best at atmospheric pressure. FHigh-pressure application is
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a prom ising emerging technology to contro l pathogens in cer
tain foods. W hen using pressure to inactivate microorganisms, 
the treatment depends on the intensity o f the pressure and the 
length o f exposure (Hoover and others 1989). In general, Vib
rio  spp. are extremely sensitive to pressure. Styles and others 
(1 991 ) demonstrated that V. parahaemolyticus is rap id ly reduced 
to nondetectable levels at pressures higher than 1 700 atm when 
suspended in clam ju ice. More recent research has used the in 
ternational system o f units (SI) conversion and the megaPascal 
(MPa) un it in place o f atmospheres (atm) (the relationship be
tween the 2 is 10:1, atm:Mpa). Berlin and others (1 999) reported 
that treatment w ith  hydrostatic pressure o f 250 MPa for 10 min 
at 25 C reduced V. vuln ificus  in pure culture to nondetectable 
levels w ithou t triggering the VBNC state. However, V. vuln ificus  
cells in the VBNC state appear to be more resistant to the lethal 
effects o f high hydrostatic pressure (Berlin and others 1 999). Cook 
(2003) found that V. vuln ificus  strains suspended in PBS were the 
most sensitive to high pressure (200 MPa), whereas V. cholerae 
strains were more resistant. Furthermore, strains of the pandemic 
0 3 : K6 serotype of V. parahaemolyticus were more resistant to 
pressure than were strains o f other serotypes or Vibrio  spp. For 
instance, in order to obtain a better than 5-log10 CFU/g reduction 
of V. vuln ificus  in oysters, a treatment of 250 MPa for 1 20 s was 
required, w h ile  a treatment of 300 MPa for 180 s was required 
to obtain a s im ilar reduction in pandemic V. parahaemolyticus 
serotype 0 3 : K6 (Cook 2003). Most recently, Koo and others
(2006) found that at 241 MPa, it took 11 and 5 m in (including 
a 3-m in pressure come-up time) to achieve a 6-log10 reduction 
of pandemic V. parahaemolyticus 0 3 :K 6  and V. vulnificus, re
spectively, in PBS. Both V. parahaemolyticus and V. vuln ificus  
reached nondetectable levels in PBS and oysters at 586 MPa af
ter 8 and 7 m in, respectively. Some companies have obtained 
ISSC approval to use this method for postharvest processing (A. 
DePaola, personal com m unication 2007).

Heat treatment. Heat is a very effective means to elim inate 
cells o f Vibrio  species and was approved as a postharvest pro
cess by the ISSC in 2003. V. vuln ificus  cells are rapid ly and 
exponentia lly inactivated at 50 C or higher (Ama and others 
1994). Cook and Ruple (1992) demonstrated that V. vuln ificus  
(4.3 x  103 CFU/g) in naturally contam inated shellfish could be 
reduced to nondetectable levels by exposing oysters to a temper
ature o f 50 C for 1 0 m in. Cultures o f V. vulnificus, V. cholerae, 
and V. parahaemolyticus  showed D-values o f 1 2 s, 22.5 s, and 
1.75 m in, respectively, at 55 C, and all 3 organisms, when sus
pended in broth, were reduced by more than 7-log10 CFU/mL 
when treated at 70 C fo r 2 min (Johnston and Brown 2002). In 
broth, V. parahaemolyticus was more resistant to heat inactiva
tion at 47 C when preceded by a heat shock at 42 C for 30 m in; 
unconditioned V. parahaemolyticus cells were readily inactivated 
at 47 C (Wong and others 2002). V. vu ln ificusw as  more resistant 
to heating when suspended in oyster homogenate than in buffer, 
presumably due to the protective effects o f the suspending ma
trix  (Ama and others 1 994). Accord ing to Kim and others (1 997), 
V. vuln ificus  m orphotype influences thermal death times; opaque 
strains have higher D  and z D values than do translucent strains, 
suggesting that the form er have increased heat resistance. The D- 
values for opaque colonies range from  3.44 to 3.66 min and those 
fo r translucent colonies range from 3.1 8 to 3.38 min at 47 C; the 
range o f z D-values for opaque colonies is 2.45 to 2.51 C w h ile  
the range fo r translucent colonies is 1.89 to 2.07 C.

Risk assessm ent
Recently, the CFSAN-FDA (2005) conducted a quantitative risk 

assessment for V. parahaemolyticus (VPRA) in raw oysters in the 
United States. Since water temperature was considered the major 
factor affecting V. parahaemolyticus density at harvest, different

models were constructed for seasons (winter, spring, summer, and 
fall), regions (G ulf Coast of Louisiana because oyster boats are 
on the water longer before refrigerating, G u lf Coast excluding 
Louisiana, m id-A tlan tic, Northeast A tlantic, Pacific Northwest), 
and by harvesting practice (dredging and intertidal for the Pa
c ific  Northwest). The VPRA model predicted the highest levels 
o f total and pathogenic V. parahaemolyticus at harvest in the 
G ulf Coast region due to warm er temperatures. The total lev
els o f V. parahaemolyticus at harvest were predicted to be 2.1 
x  103 , 2.2 x  102 , 5.2 x  101, and 9.4 x  102 cells/g oyster 
for summer, fa ll, w inter, and spring, respectively, fo r the G ulf 
Coast region. A lthough the Pacific Northwest has the coolest w a
ter temperature, when harvesting by the intertidal method, the 
VPRA predicted that it has the 2nd-highest levels o f pathogenic 
V. parahaemolyticus. This was due to warm air exposure dur
ing intertidal harvesting, along w ith  the fact that the ratio of 
pathogenic to total V. parahaemolyticus is higher in this region 
than in others.

A ir temperature was considered second to water temperature 
in terms o f factors in fluencing the density of V. parahaemolyticus 
in oysters after harvest. This is because the organism's growth 
rate is temperature dependent and it continues to m u ltip ly  af
ter harvest unless shellstock are refrigerated rapidly. During the 
summer months in the Louisiana G ulf Coast region, the VPRA 
model predicted pathogenic V. parahaemolyticus levels o f 720 
cells/serving at harvest; at consum ption, the levels reached 21000 
cells/serving. In fact, the levels o f pathogenic V. parahaemolyticus 
from  harvest to consumption increased for all 6 harvest re
gions/practices in the United States, suggesting the need to pro
vide better contro l of V. parahaemolyticus m u ltip lica tion  im m e
diate ly after harvest.

Human challenge data in con junction w ith  the Beta-Poisson 
model were used to estimate the dose-response relationship. 
The VPRA suggested that there was a low  risk (<0.001 %) of 
gastroenteritis fo llow ing  the consumption o f 1 04 cells o f tdh+  
V. parahaemolyticus/serving, and a high (50%) risk when 1 08 
cells/serving were consumed. The model was calibrated to the 
CDC's estimate o f 2800 oyster-associated V. parahaemolyticus 
cases annually in the United States. However, the Alaskan ou t
break investigation suggested that the infectious dose o f the 
Alaska strains may be thousands o f times lower (McLaughin and 
others 2005). The risk assessment predicted the mean annual 
number o f illnesses to be the highest in the G ulf Coast (Louisiana) 
region w ith  1406, 132, 7, and 505 cases occurring in the sum
mer, fa ll, w inter, spring seasons, respectively. The other regions, 
in descending order o f total annual illnesses, were as fo llow s: the 
G ulf Coast (non-Louisiana) (546 cases), Pacific Northwest (inter
tidal) (192 cases), Northeast A tlan tic (19 cases), m id-A tlan tic (15 
cases), and Pacific Northwest (dredging) (4 cases). The Pacific 
Northwest (intertidal) region had relatively high predictions of 
illness due to the fact that oysters harvested in intertidal areas are 
norm ally exposed to higher temperatures before refrigeration.

The VPRA clearly demonstrated that the use o f postharvest 
treatments (PHT) w ill reduce the number o f illnesses caused by 
this organism. For example, the model predicted that if a4 .5 -lo g10 
reduction o f V. parahaemolyticus  were obtained, the probability  
o f illness w ou ld  decrease to less than 1.0 case/y in all regions 
o f the United States. Using this same benchmark fo r inactivation, 
PHT such as heat, pressure, and freezing were predicted to reduce 
the number o f cases by >  99.99% . Rapid postharvest ch illing  of 
oysters could reduce theoretica lly reduce V. parahaemolyticus 
illness by 90% to 99%.

Using a fram ework and parameters sim ilar to those o f the 
VPRA, the W orld Health Organization (W HO) and Food and A gri
culture O rganization (FAO-W HO  2005) conducted a quantitative 
risk assessment for V. vuln ificus  in raw oysters from the U.S. G ulf
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Coast (VVRA). Consistent w ith  the previous V. parahaemolyticus 
w ork, the levels o f V. vuln ificus  in oysters at harvest were most 
influenced by water temperature; they were, however, also in flu 
enced by salinity. The highest estimated levels of V. vuln ificus  at 
harvest were 5.6 x  1 03 CFU/g during the summer, and the lowest 
were 8.0 x  1 01 CFU/gin the w inter, for oysters harvested from 
waters w ith  a salin ity o f be low  30 ppt. The risk assessment model 
predicted that V. vuln ificus  levels increased substantially during 
postharvest storage, w ith  predicted mean levels o f 5.7 x  104 and 
8.0 x  1 O1 V. vulnificus/g  in the summer and w inter, respectively. 
A serving size o f approxim ately 1 96 g o f oyster meat w ou ld  pro
vide an ingested dose of V. vuln ificus  of 1.1 x  1 07 and 1.6 x  1 04 
in the summer and w inter, respectively.

For hazard characterization, the Beta-Poisson dose-response 
model was used in con junction w ith  human c lin ica l data. Under 
current harvest and postharvest conditions, V. vuln ificus  illnesses 
were estimated at 0.5, 11.7, 12.2, and 8.0 for w inter, spring, 
summer, and autumn, respectively. If alternative processes were 
used to reduce V. vuln ificus  levels to 300, 30, and 3 CFU/g, the 
annual number o f cases was estimated at 7.7, 1.2, and 0.16, 
respectively.

Summary___________________________________________
V. vuln ificus  and V. parahaemolyticus infections occur 

w o rldw ide  and are associated w ith  significant m orb id ity  and 
mortality. A lthough V. vuln ificus  is more abundant than 
V. parahaemolyticus in the G ulf o f M exico during the warm er 
months, V. parahaemolyticus has a greater seasonal and geo
graphic range than does V. vulnificus, and it is generally more 
abundant year round. Because o f the ir association w ith  seafood, 
these agents are a significant concern to the shellfish indus
try and pub lic  health agencies. M uch research has been con
ducted regarding the effects o f environm ental factors, such as 
water temperature and salinity, on the prevalence and levels of 
V. parahaemolyticus and V. vuln ificus  in water and shellfish. 
FHowever, less is known about the levels of pathogenic strains 
o f V. parahaemolyticus and V. vuln ificus  in oysters and waters, 
particularly w ith  respect to environm ental and seasonal effects.

There are numerous culture-based and m olecular methods 
for the detection o f V. parahaemolyticus and V. vulnificus. 
These methods have become more effic ient over the past 
20 y. V. parahaemolyticus and V. vuln ificus  can readily 
be detected and enumerated, but differentiating pathogenic 
strains from  nonpathogenic strains remains a challenge. Most 
V. parahaemolyticus and V. vuln ificus  strains have been shown 
to be genetically heterogeneous, w ith  the exception o f the 
pandemic strains o f V. parahaemolyticus. O verall, no precise 
conclusions can be drawn about pathogenic strains as com 
pared to nonpathogenic strains and questions remain about 
pathogenicity and the role of recognized and purported v iru 
lence factors. W ith  the ab ility  to sequence the entire genomes 
o f V. parahaemolyticus and V. vulnificus, we w ill soon be able 
to explain how these organisms evolved to survive the changing 
aquatic environm ent and to better characterize genes associated 
w ith  viru lence and survivability. This w ill lead to improved un
derstanding o f risk, and hopefully, new and more effective control 
measures.
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