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Human Vibrio infections associated with consumption of raw shellfish greatly impact the seafood industry. Vibrio cholerae-re-
lated disease is occasionally attributed to seafood, but V. vulnificus and V. parahaemolyticus are the primary targets of posthar-
vest processing (PHP) efforts in the United States, as they pose the greatest threat to the industry. Most successful PHP treat-
ments for Vibrio reduction also kill the molluscs and are not suitable for the lucrative half-shell market, while nonlethal
practices are generally less effective. Therefore, novel intervention strategies for Vibrio reduction are needed for live oyster prod-
ucts. Chitosan is a bioactive derivative of chitin that is generally recognized as safe as a food additive by the FDA, and chitosan
microparticles (CMs) were investigated in the present study as a potential PHP treatment for live oyster applications. Treatment
of broth cultures with 0.5% (wt/vol) CMs resulted in growth cessation of V. cholerae, V. vulnificus, and V. parahaemolyticus,
reducing culturable levels to nondetectable amounts after 3 h in three independent experiments. Furthermore, a similar treat-
ment in artificial seawater at 4, 25, and 37°C reduced V. vulnificus levels by ca. 7 log CFU/ml after 24 h of exposure, but 48 h of
exposure and elevated temperature were required to achieve similar results for V. parahaemolyticus and V. cholerae. Live oysters
that either were artificially inoculated or contained natural populations of V. vulnificus and V. parahaemolyticus showed signifi-
cant and consistent reductions following CM treatment (5%) compared to the amounts in the untreated controls. Thus, the re-
sults strongly support the promising potential for the application of CMs as a PHP treatment to reduce Vibrio spp. in intact live
oysters.

Vibrio species cause a significant proportion of human infec-
tions associated with consumption of raw or undercooked

shellfish, particularly raw oysters (1). The primary pathogens in
the United States are Vibrio vulnificus and V. parahaemolyticus;
however, in 2011 the first U.S. outbreak of cholera in recent his-
tory was attributed to the consumption of oysters contaminated
with V. cholerae O75 (2). Unlike other foodborne pathogens asso-
ciated with seafood, Vibrio spp. occur naturally in estuarine envi-
ronments, and their abundance is seasonal (3, 4). During warmer
months (when the water temperature is �20°C), nearly all oysters
harvested from U.S. Gulf Coast waters harbor V. vulnificus and/or
V. parahaemolyticus, with the highest densities periodically ex-
ceeding 104 most probable number (MPN)/g (5). Despite exten-
sive efforts employing hazard analysis and critical control point
approaches and improved sanitation by the seafood industry, the
incidence of seafood-associated cases continues to escalate, par-
ticularly during summer months, perhaps as a consequence of
increasing global water temperatures (6). Annual reports of the
incidence of Vibrio-related disease per 100,000 population in-
creased from 0.09 to 0.28 in the Cholera and Other Vibrio Illness
Surveillance system and from 0.15 to 0.42 in FoodNet in the last 15
years (1).

In response to the Vibrio risk assessment, the FDA imple-
mented guidance regarding postharvest processing (PHP) of Gulf
Coast oysters harvested during summer months (7). Established
PHP methods to reduce Vibrio numbers in oysters include ther-
mal, gamma irradiation, freezing, and high-hydrostatic-pressure
treatments (8–10). Although effective in reducing pathogen loads
to nondetectable levels (�30 MPN/g), these approved PHP treat-
ments generally kill the shellfish and may lead to undesirable
changes in shelf life, color, flavor, and texture (11). Furthermore,
a substantial demand for live oysters is apparent (12). Ice immer-

sion (13), depuration (immersion in recirculating, sanitized sea-
water) (14), and relaying (transport to offshore high-salinity/low-
Vibrio sites) (15) methods maintain product integrity but are less
effective. Therefore, development of novel PHP alternatives is vi-
tal to the seafood industry for alleviating issues of pathogenic
Vibrio spp. in raw oysters.

Chitin is the second most abundant natural biopolymer after
cellulose and is a component of various marine organisms, such as
the shells of crab, lobster, and shrimp (16, 17). Because of the low
level of biodegradation of chitin, a large amount of crustacean
exoskeleton waste accumulates after seafood processing, account-
ing for 50 to 90% of the total solid waste landing in the United
States (18, 19). In this respect, commercial application of chitin
derivatives from inexpensive seafood refuse is both an environ-
mentally acceptable use of an oceanic resource and an economi-
cally feasible solution for waste disposal. In recent decades, chi-
tosan has attracted a great deal of attention with a wide range of
applications (20). Chitosan is a deacetylated derivative of chitin,
and chitosan derived from shrimp was recently approved for gen-
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erally recognized as safe (GRAS) status as a food additive by the
U.S. Food and Drug Administration (21). In addition, Japan and
South Korea have approved the use of chitosan as a food additive
since 1983 and 1995, respectively (22, 23). Chitosan-mediated sys-
tems can significantly improve the bioavailability of drug delivery
and are categorized as nanoparticle, microparticle, or macrodeliv-
ery systems (17, 24, 25). Furthermore, the antimicrobial activity of
chitosan against both Gram-positive and Gram-negative patho-
gens as well as against food spoilage bacteria has been well dem-
onstrated (26, 27).

Chitosan microparticles (CMs) are derived from chitosan with
minor cross-linking modification, and a recent study showed that
application of CMs as a feed additive resulted in reduced shedding
of Escherichia coli O157:H7 in cattle (28). Chitosan was previously
shown to be effective against V. vulnificus in vitro and in mice (29),
but the effects of CMs against pathogenic Vibrio species and pos-
sible applications to live oysters have not been studied. Therefore,
the objective of this study was to investigate the effects of CM
treatment on pathogenic Vibrio spp. and evaluate the potential
feasibility of the use of CMs for PHP of live oysters.

MATERIALS AND METHODS
Bacterial strains and inoculum preparation. The three clinical strains of
Vibrio spp. used in this study included V. vulnificus CMCP6 (an encapsu-
lated biotype 1 strain with the C genotype commonly found in clinical
strains) (30), V. parahaemolyticus TX2103 (serotype O3:K6) (31), and V.
cholerae 139 classical O1 (32) and were provided by P. Gulig, A. DePola,
and J. Johnson, respectively. Strains were stored as �80°C frozen stock
cultures in Luria-Bertani broth with NaCl (LBN; 1.0% tryptone, 0.5%
yeast extract, 1.0% NaCl in deionized water, pH 8.4) in 50% glycerol. For
each experiment, bacteria were retrieved from the frozen stock and plated
onto LBN agar (LA), and individual colonies were used to inoculate LBN
for preparation of liquid inocula. All media were from Difco (Sparks,
MD), and unless otherwise stated, all other reagents were from Sigma-
Aldrich (St. Louis, MO).

CM preparation. Preparation of CMs followed a previously described
protocol (28, 33). Briefly, chitosan was purchased from Sigma-Aldrich
(catalog number 448869-250G), and a 1% (wt/vol) chitosan solution was
prepared in 2% (vol/vol) acetic acid with 1% (wt/vol) Tween 80. After
addition of 2 ml of 10% (wt/vol) aqueous sodium sulfate, the chitosan
solution was stirred and sonicated for 20 min to generate microparticles.
The chitosan microparticles were collected by centrifugation at 6,000 rpm
for 10 min, washed with deionized water three times, and freeze-dried for
further use.

In vitro evaluation of effects of CMs on growth of Vibrio spp. To
evaluate growth inhibition, for each experiment, bacteria from frozen
stock cultures were streaked onto LA for isolation, and the plates were
incubated at 37°C overnight. Inocula of each species were picked from LA
plates and were cultured separately overnight (18 to 23 h) in LBN broth at
37°C with shaking (100 rpm). The overnight cultures were serially diluted
in phosphate-buffered saline (PBS); enumerated by determination of the
absorbance at 600 nm, which was compared to the absorbance on a stan-
dard curve; and diluted in LBN (40 ml) at pH 7.4 to ca. 104 log CFU/ml.
Each strain was incubated in LBN with different CM concentrations (0.0,
0.1, 0.3, and 0.5%, wt/vol) in 250-ml Erlenmeyer flasks with shaking at
37°C, and the number of CFU/ml was determined by plating on LA plates
at 0, 3, 6, 9, and 12 h postinoculation.

For survival studies, sterile artificial seawater (ASW; Instant Ocean sea
salt; Aquarium Systems) was prepared in deionized water at a salinity of 20
ppt and pH 7.4. Inocula were prepared as described above, except that
they were prepared at levels of ca. 107 log CFU/ml in flasks of ASW (40 ml)
with different CM concentrations (0, 0.1, 0.3, and 0.5%) and incubated at
37, 25, or 4°C without shaking. The survival of each species was deter-
mined by plate counts on LA after 24 and 48 h incubation. All in vitro

results were reported as the number of mean log CFU/ml � standard
deviation from three independent experiments with three replicate flasks
for each experiment.

Effects of CM treatment on survival of V. vulnificus and V. parah-
aemolyticus in artificially inoculated oysters. Live oysters (Crassostrea
virginica) were obtained from a local seafood market, transported in cool-
ers on ice packs, and brought to the laboratory within 2 h. Oysters were
acclimated in air at room temperature (25 � 1°C) for 30 min in order to
avoid temperature shock and then cleaned under tap water to remove any
dirt or debris. Subsequently, the oysters (up to 30 oysters/tank) were
placed in 30-gallon tanks (Nalgene heavy-duty rectangular high-density
polyethylene [HDPE] tanks of 24 by 18 by 18 in. with a cover) in 20 liters
of ASW (20 ppt, pH 7.4) for 24 h of acclimation at room temperature
(25 � 1°C), using two pumps with charcoal filtration (Tetra Whisper
internal power filter 10i). Following acclimation in ASW, tetracycline was
used as previously described (34) to reduce the indigenous Vibrio levels
prior to experimental inoculation. Oysters (n � 6) were transferred to
smaller tanks (Nalgene HDPE pans 21 by 17 by 5 in.) containing 6 liters of
ASW with tetracycline (final concentration, 10 �g/ml) and incubated at
room temperature without filtration for 24 h. Exposure to antibiotics was
discontinued by transferring oysters to fresh ASW in new 6-liter tanks,
followed by incubation for 24 h with charcoal filtration to remove residual
tetracycline.

Oysters were artificially inoculated by addition of V. vulnificus or V.
parahaemolyticus to the ASW (ca. 106 CFU/ml) in fresh tanks, covered
with foil, and incubated without filtration for 24 h. Oysters were then
transferred to a new tank containing 6 liters of ASW and various concen-
trations (0.0, 0.1, 0.3, and 0.5%, wt/vol) of CMs and individually evalu-
ated for survival of V. vulnificus or V. parahaemolyticus after 0, 24, and 48
h of exposure to CMs. Oysters were removed from the tanks, transferred
to a biological safety cabinet, and shucked under sterile conditions using
shucking knives that had been rinsed with ethanol (70%) and flamed.
Oyster meats were collected aseptically in 50-ml sterile conical tubes,
weighed, and homogenized for 30 s with an equal volume of PBS using a
sterile miniblender (Stomacher 80 Biomaster; Seward) to prepare 1:2 di-
lution sample suspensions. Serial 10-fold PBS dilutions were used to enu-
merate the Vibrio spp. by spread plating on selective agars, namely, mod-
ified cellobiose-polymyxin B-colistin (mCPC) agar for V. vulnificus (35)
or Vibrio CHROMagar (CHROMagar Microbiology, Paris, France) for V.
parahaemolyticus. Presumptive V. vulnificus isolates (yellow colonies on
mCPC agar) or V. parahaemolyticus isolates (mauve colonies on Vibrio
CHROMagar) were counted, and the counts are reported as the number
of log CFU/g. All experiments were independently conducted three times
using 3 oyster replicates for each experimental condition and time point
for a total of 9 oysters per treatment.

Effects of CM treatment on survival of indigenous Vibrio spp. in
oysters. Market oysters were obtained in the summer to ensure high levels
of vibrios and acclimated to laboratory conditions in holding tanks as
described above. Oysters were then transferred to experimental tanks and
treated with various concentrations of CMs (0, 0.1, 0.3, and 0.5%) as
described above. Oysters were individually evaluated for survival of V.
vulnificus, V. parahaemolyticus, V. cholerae, and heterotrophic aerobic
bacteria after 0, 24, and 48 h of exposure to CMs by determining plate
counts on mCPC agar, Vibrio CHROMagar, thiosulfate-citrate-bile salts-
sucrose (TCBS) agar, and LA, respectively, as described above. Typical
colonies were assessed by PCR in trial 3, using primers specific for V.
vulnificus (36), V. parahaemolyticus (37), and V. cholerae (38). The results
represent those from three independent experiments using 3 oysters per
experimental condition and time point in the first and second trials and 6
oysters per sample in trial 3 for a total of 12 oysters per treatment.

Statistical analysis. The results of the microbiological tests were log
transformed for statistical analysis. Analyses of variance (ANOVAs) were
performed to test the null hypothesis that there were no effects of chitosan
treatment on the numbers of CFU of the bacterial population per g in
samples. If a null hypothesis was rejected at the 0.05 level, a Tukey’s mul-
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tiple-mean-comparison test was used to identify differences in treat-
ments. Another ANOVA of all the in vivo test results was also performed
on the basis of the differences between the counts on either day 1 or day 2
and the pretreatment counts. Student t tests were then used to determine
if the mean differences were significantly different from zero. The analysis
was run using JMP pro (version 11) software.

RESULTS
Chitosan inhibits the growth of Vibrio spp. in broth culture.
Different CM concentrations (0.1, 0.3, and 0.5) were evaluated for
inhibition of growth of the three pathogenic Vibrio spp. under
optimal culture conditions. Exposure to 0.5% CMs resulted in
growth cessation, and the levels of all three Vibrio spp. were sig-
nificantly (P � 0.0001) reduced compared to those in untreated
control samples (0.0% CMs) and became nondetectable at 3 h
posttreatment (Fig. 1). Similar results were obtained with 0.1 and

0.3% CMs for V. vulnificus and with 0.3% CMs for V. parahaemo-
lyticus (P � 0.0001). However, V. cholerae showed a more gradual
inhibition at 0.3% CMs compared to that for the control samples,
and no inhibition was observed for V. cholerae and V. parahaemo-
lyticus in 0.1% CMs. With 0.3% CMs, the reductions of V. cholerae
were significantly less than those of V. vulnificus or V. parahaemo-
lyticus (P � 0.02), and with 0.1% CMs, the reductions of V. para-
haemolyticus and V. cholerae were significantly less than those of V.
vulnificus (P � 0.03). Thus, the efficacy of CMs for the elimination
of these pathogenic vibrios varied among species.

Effects of CMs on survival of Vibrio spp. in ASW. The effects
of CMs on the survival of pathogenic Vibrio spp. under simplified
estuarine conditions, namely, in ASW at 20 ppt and pH 7.4, were
investigated using high levels of bacteria (ca. 107 CFU/ml). As
shown in Fig. 2, dramatic reductions (mean, �7 log CFU/ml)
were observed for all three species in comparison to the levels for
untreated control cultures following exposure to 0.5% CMs at
37°C (P � 0.001). V. vulnificus was the most sensitive of the species
to the deleterious effects of CMs and was no longer detected in
either 0.3% or 0.5% CMs by 24 h at all incubation temperatures
examined. V. vulnificus also became nondetectable even in 0.1%
CMs by 48 h at 25°C and 37°C but not at 4°C. Thus, sensitivity to
CMs also varied with temperature and appeared to increase with
increasing temperature, as a reduction to nondetectable levels was
not achieved at 4 or 25°C for V. parahaemolyticus and V. cholerae.
However, significant effects (P � 0.05) of all CM concentrations
compared to the effects for the untreated controls were evident for
all temperatures examined for V. vulnificus and V. parahaemolyti-
cus by 48 h of exposure. However, 0.1% CMs did not result in any
significant inhibition compared to that of the nontreated controls
for V. cholerae at any temperature over the entire experiment. The
results showed that sensitivity to CMs in ASW was consistent with
growth inhibition in broth culture, in that the same general trend
for species sensitivity was observed: V. vulnificus � V. parahaemo-
lyticus � V. cholerae.

Effect of CM treatment on survival of Vibrio spp. in artifi-
cially inoculated live oysters. Live oyster experiments were con-
ducted for V. vulnificus or V. parahaemolyticus, as these species are
the targets of oyster PHP in the U.S. seafood industry. Artificial
inoculations were achieved by pretreating the oysters with tetra-
cycline to remove native Vibrio populations and subsequently in-
oculating the ASW with Vibrios, which allows the oysters to inter-
nalize these bacteria via filter feeding, as previously described (34).
The survival of Vibrio spp. in individual oysters (n � 3) was eval-
uated in three independent experiments after 0, 24, and 48 h of
exposure to CMs by determining plate counts on selective agars
(mCPC agar and Vibrio CHROMagar for V. vulnificus or V. para-
haemolyticus, respectively). PCR confirmation was not per-
formed, as prescreening revealed no background Vibrio levels af-
ter tetracycline treatment (data not shown).

The pretreatment inocula in oyster meats averaged 4.6 log
CFU/g (Fig. 3). All three trials showed significant (P � 0.001)
reductions in numbers of CFU of V. vulnificus in oyster tissues
compared to the levels for the untreated controls after 24 h of
exposure for all concentrations of CMs, and the levels continued
to decline at 48 h. By 48 h, the reductions for V. vulnificus averaged
�4.0 log CFU/g from three independent experiments following
treatment with 0.5% CMs. Even at 0.1% CMs, decreases in V.
vulnificus levels were ca. 2 log CFU/g and were significantly (P �
0.0001) different from the levels observed in untreated control

FIG 1 Effects of CMs on growth of Vibrio spp. in broth culture. V. vulnificus
(Vv), V. parahaemolyticus (Vp), and V. cholerae (Vc) were cultured in LB with
different concentrations of CMs (0, 0.1, 0.3, and 0.5%) at 37°C with shaking, as
described in Materials and Methods, and bacterial growth was evaluated by
determining plate counts (numbers of mean log CFU/ml). Results are the
means from three independent experiments; standard deviations are indicated
by error bars.
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oysters. Significant reductions (P � 0.02) were also obtained for
V. parahaemolyticus treated with both 0.3% and 0.5% CMs com-
pared to the levels for the untreated controls, resulting in reduc-
tions of 2.2 and 3.3 log CFU/g, respectively, after 2 days. No sig-
nificant differences in V. parahaemolyticus levels in oysters treated
with 0.1% CMs from those in the untreated oysters were observed.
Thus, the results were consistent with those of the in vitro ex-
periments, in that both species were sensitive to CMs, but the
V. parahaemolyticus response was somewhat attenuated com-
pared to that of V. vulnificus.

Effect of CM treatment on survival of indigenous vibrios in
live oysters. To further examine the antimicrobial effect of CMs,
fresh summer oysters with indigenous populations of Vibrio spp.
were subjected to CM treatment in three independent experi-
ments. The numbers of mean log CFU/g for V. vulnificus and V.
parahaemolyticus were determined by the plate count method us-
ing selective agars. PCR confirmation was performed only in trial
3 and showed �80% agreement with the presumptive identifica-
tions (data not shown), which is consistent with the reported ac-
curacy of Vibrio identification on these agars (35, 39). V. cholerae
was not detected in these oysters. The heterotrophic aerobic bac-
teria in oyster homogenates were also enumerated by the standard
plate count method using nonselective LA.

As expected, the initial concentrations of V. vulnificus (Table 1)
and V. parahaemolyticus (Table 2) before treatment varied more
than the concentrations in artificially inoculated oysters, presum-
ably due to distinct conditions at harvest or during storage. Al-
though the results were consistent among the three independent
experiments, the data were not averaged due to variations in the
initial levels. Significant reductions (P � 0.05) in V. vulnificus
levels compared to those for the untreated controls were observed

for all CM concentrations by 24 h, and the levels continued to
decline after 48 h posttreatment. Exposure to 0.5% CMs was more
effective than that to the lower concentrations, and reductions on
day 2 posttreatment compared to the levels for the untreated con-
trols ranged from 1.9 to 3.9 log CFU/g for V. vulnificus and from
1.9 to 2.6 log CFU/g for V. parahaemolyticus over the three exper-
iments. Furthermore, greater vibriocidal activity was observed for
treated samples, determined by comparison of the levels after
treatment to the initial levels, and reached reductions of 4.0 and
4.7 log CFU/g for V. vulnificus and V. parahaemolyticus, respec-
tively, in some experiments. The levels of heterotrophic aerobic
bacteria also declined following CM treatment compared to the
levels for the untreated controls, and the reductions ranged from
1.4 to 3.4 log CFU/g (Table 3). The results may have been con-
founded by differences in the initial levels among the three trials,
but the results clearly demonstrate the significant effects of CMs
on Vibrio species in live oysters. It should also be noted that with
0.5% CMs, levels of V. vulnificus posttreatment were �30 CFU/g
for all experiments (Interstate Shellfish Sanitation Conference
[ISSC] criteria for validation of a PHP treatment), and the levels of
V. parahaemolyticus were all �100 CFU/g (criteria for the harvest)
(40–42).

DISCUSSION

Currently approved PHP methods effectively lower Vibrio levels
but are generally detrimental to maintaining live oyster shell stock
and can be expensive (12). Therefore, novel and more economical
PHP strategies are required for the successful treatment of oysters
harvested from Gulf Coast waters. This study demonstrated that
chitosan in the form of microparticles has strong anti-Vibrio ac-
tivity both on the growth of these bacteria in culture and on their

FIG 2 Effects of CMs on survival of Vibrio spp. in ASW. V. vulnificus (Vv), V. parahaemolyticus (Vp), and V. cholerae (Vc) were incubated in ASW (20 ppt, pH
7.4) with different concentrations of CMs (0, 0.1, 0.3, and 0.5%) at either 37°C, ca. 25°C (room temperature [RT]), or 4°C. Bacterial survival (number of mean
log CFU/ml) was calculated from three independent experiments; standard deviations are indicated by error bars.
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survival in seawater and oysters. In fact, in vitro growth was com-
pletely halted, and bacteria were nondetectable after 3 h of expo-
sure to 0.5% CMs. Similar treatment in seawater also reduced the
levels of all three species by �7.0 log CFU/ml within 48 h or
sooner at 37°C. Anti-Vibrio activity was dependent upon the spe-
cies, CM concentration, temperature, and exposure time. Among
the three species, V. vulnificus exhibited the greatest sensitivity,
and the response of all species was attenuated at 4°C, suggesting
that increased temperature serves to augment the negative effects
of CMs on survival. In contrast, the levels of all species gradually
declined somewhat at 4°C without CM treatment compared to
those in the untreated samples at higher temperatures, suggesting
a shift to a viable but nonculturable (VBNC) state previously de-
scribed for these species as a response to lower temperatures (43).
Induction of a VBNC state as a consequence of chitosan treatment
was not investigated, but prior studies demonstrated the rapid loss
of membrane integrity and viability in E. coli under similar con-
ditions of CM exposure (44). CM treatment did not appear to
induce a VBNC state in Vibrios at low temperature, as bacteria
were actually less sensitive to treatment at a lower temperature.

CM treatment was highly effective in reducing Vibrio levels in
live oysters for either inoculated or autochthonous populations of
V. vulnificus and V. parahaemolyticus. The results suggested that
the mitigation of Vibrio spp. in oysters harboring natural popula-

tions was somewhat less efficacious than that in artificially in-
fected oysters. However, these differences may reflect the variabil-
ity of pretreatment bacterial levels in naturally infected oysters, as
samples with higher initial concentrations generally exhibited

FIG 3 Effects of CMs on survival of Vibrio spp. in artificially inoculated oys-
ters. Oysters were inoculated with V. vulnificus (Vv) or V. parahaemolyticus
(Vp) by suspension of bacteria in ASW (20 ppt, pH 7.4, room temperature), as
described in Materials and Methods. Inoculated oysters were exposed to dif-
ferent concentrations of CMs (0, 0.1, 0.3, and 0.5%). Vibrio levels (number of
mean log CFU/g � standard deviation) in oysters were determined on selective
agars from three independent experiments for a total of nine oysters for each
condition and sampling time point at 0, 24, and 48 h posttreatment.

TABLE 1 Effects of CMs on indigenous V. vulnificus in oysters

Expt no. CM treatment (%)

V. vulnificus concn in oysters (no. of mean
log CFU/g � SD)a

Pretreatment Day 1 Day 2

1 0.0 (control) 4.74 � 0.16 4.96 � 0.52 4.64 � 0.80
0.1 3.34 � 0.29b 2.69 � 0.33
0.3 3.00 � 0.57b 1.60 � 1.39b

0.5 2.51 � 0.64b 0.70 � 1.22c

2 0.0 (control) 3.83 � 0.15 3.80 � 0.50 3.74 � 0.13
0.1 2.99 � 0.40 2.13 � 0.22
0.3 2.68 � 0.21b 1.24 � 1.07b

0.5 2.05 � 0.21b 0.53 � 0.92b

3 0.0 (control) 4.01 � 0.38 3.69 � 0.40 3.02 � 0.23
0.1 2.74 � 0.71 1.19 � 1.00b

0.3 1.34 � 1.07b 0.90 � 1.07b

0.5 1.29 � 1.43b 1.08 � 1.19b

a The number of mean log CFU/g � standard deviation (SD) based on plate counts on
mCPC agar from three independent experiments with 3 oysters in the first two
experiments and 6 oysters in the third experiment for a total of 12 oysters for each
experimental condition and time point.
b The reduction of the V. vulnificus level from initial the level is �3.52 mean log CFU/g
but is significantly different from the level for the control samples treated with 0.0%
CMs, as determined by two-tailed, one-way ANOVA (P � 0.05).
c The reduction of the V. vulnificus level from the initial level is �3.52 mean log CFU/g
and is significantly different from the level for the control samples treated with 0.0%
CMs, as determined by two-tailed, one-way ANOVA (P � 0.05).

TABLE 2 Effects of CMs on indigenous V. parahaemolyticus in oysters

Expt no. CM treatment (%)

V. parahaemolyticus concn in oysters
(no. of mean log CFU/g � SD)a

Pretreatment Day 1 Day 2

1 0.0 (control) 5.98 � 0.44 5.63 � 0.10 4.32 � 0.66
0.1 3.94 � 0.77b 2.88 � 0.40
0.3 3.93 � 0.65b 2.59 � 0.38
0.5 3.26 � 0.44b 1.72 � 0.46c

2 0.0 (control) 3.47 � 0.46 3.48 � 0.54 3.46 � 0.37
0.1 3.33 � 0.58 2.33 � 0.55
0.3 2.53 � 0.67 2.07 � 0.24
0.5 1.73 � 0.17b 1.13 � 0.98b

3 0.0 (control) 3.13 � 0.62 2.58 � 1.47 2.69 � 0.52
0.1 1.88 � 1.15 1.56 � 1.39
0.3 0.84 � 0.93 0.69 � 1.06b

0.5 0.68 � 0.79 0.76 � 0.84b

a The number of mean log CFU/g � standard deviation (SD) based on plate counts on
Vibrio CHROMagar from three independent experiments with 3 oysters in the first two
experiments and 6 oysters in the third experiment for a total of 12 oysters for each
experimental condition and time point.
b The reduction of the V. parahaemolyticus level from the initial level is �3.52 mean log
CFU/g but is significantly different from the level for the control samples treated with
0.0% CMs, as determined by two-tailed, one-way ANOVA (P � 0.05).
c The reduction of the V. parahaemolyticus level from the initial level is �3.52 mean log
CFU/g and is significantly different from the level for the control samples treated with
0.0% CMs, as determined by two-tailed, one-way ANOVA (P � 0.05).
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greater reductions following CM treatment. Discrepancies in the
results from studies with natural versus artificial populations may
also reflect a greater heterogeneity of natural bacterial popula-
tions, as it is plausible that various strains are more resistant to CM
exposure. Alternatively, the physiological state of the natural
Vibrio populations compared to that of the artificial Vibrio popu-
lations may provide preadaptation for resisting CMs (14, 45, 46).

Previous examination of the anti-Vibrio vulnificus activity of
water-soluble fractions of chitosan (10,000 and 1,000 kDa) found
greater activity with the higher molecular mass, 1 to 10 mg/ml (0.1
to 1.0%) of which was required for in vitro growth inhibition.
Furthermore, coadministration of 0.1 to 0.5 mg of chitosan with
V. vulnificus infections in mice significantly increased survival and
decreased dissemination in mice (29). Chitosan contains posi-
tively charged molecules that bind to negatively charged struc-
tures on cell surfaces and subsequently induce the leakage of in-
tracellular material from bacterial cells (26, 44, 47). Exposure to
water-soluble fractions of chitin has been shown to induce com-
petence in V. cholerae and V. vulnificus for uptake of DNA and is
used in molecular biology for transformation experiments (48,
49). The metal-binding capacity of chitosan was also considered to
block pathogens by disrupting the synthesis of proteins consisting
of virulence factors, such as cytolysin, elastase, and metalloprotei-
nase (29, 50, 51). In addition, soluble chitosan was found to in-
hibit Vibrio cell-to-cell communication through the suppression
of intracellular reactive oxygen species generation, which is
known to induce cell death (29).

Chitosan microparticles were used in the present study, as Jeon
and colleagues (44) demonstrated that they have significant anti-

microbial activity at pH 7 to 8, which coincides with the optimum
pH levels for both vibrios and oysters. They suggested that hydro-
phobic interactions contribute to the mechanism of CM antimi-
crobial activity above neutral pH, and binding of CMs to outer
membrane protein OmpA and to lipopolysaccharide (LPS) in E.
coli O157:H7 was shown to disrupt membranes, leading to cell
death. The mechanism of CM activity against Vibrio spp. has not
been investigated and is likely to be complex, due to the diversity
of these species. Significant species differences in sensitivity to
CMs were reported for Vibrio spp. on the basis of the strains
tested, and investigations into the basis for these differences may
provide a better understanding of the mechanisms of activity. It is
plausible that differences in the compositions of capsular polysac-
charide, LPS, or outer membrane proteins among these species
contribute to altered surface charge, hydrophobicity, binding
properties, etc., that correspond to species-specific differences in
CM sensitivity.

Although validation of CM treatment for PHP of oysters will
require criteria more exhaustive than those presented herein,
these results demonstrate that CM treatment likely meets the stan-
dards for oyster PHP validation. PHP validation standards de-
scribed by the ISSC (40) require a geometric mean reduction of
�3.52 log MPN/g from an initial level of 4 log MPN/g to achieve
�30 MPN/g following PHP for three independent trials using 10
replicates of 12 pooled oysters for each trial. The Canadian Food
Inspection Agency (CFIA) recently added total end product
guidelines for raw oysters, limiting V. parahaemolyticus counts so
that no more than 1 in 5 samples has counts exceeding 100 total V.
parahaemolyticus organisms per gram and no single sample has
counts exceeding 10,000 total V. parahaemolyticus organisms per
gram (41, 42). In our study, the observed reductions, as deter-
mined by plate counting for V. vulnificus in artificially inoculated
oysters and in one of three trials using natural populations, at-
tained the reductions that meet the PHP validation criteria, and in
all experiments the counts reached �30 CFU/g by day 2 of treat-
ment. The criteria for V. parahaemolyticus based on CFIA guide-
lines were also realized. These results substantiate the potential for
application of CMs against Vibrio spp. in oyster PHP, particularly
for the reduction of V. vulnificus. We investigated live oysters, but
applications of CMs for use as PHP with other seafood or as a
hurdle technology in which the processed product is then sub-
jected to additional PHP treatment(s) may also be effective. Fur-
ther studies will be needed to optimize the effects of CM treat-
ments and to determine the sensitivities of the different species
and of strains within each species, as well as to explore the capacity
for scaling up of the process and to investigate possible changes in
the sensory attributes and shelf life of the resulting product. Vali-
dation of CMs as a PHP treatment for live oysters or other shellfish
should provide the first available treatment that effectively elimi-
nates potentially pathogenic vibrios while maintaining the viabil-
ity of the molluscan shellfish.
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TABLE 3 Effects of CMs on heterotrophic aerobic bacteria in naturally
infected oysters

Expt no. CM treatment (%)

Concn of heterotrophic aerobic bacteria in
oysters (no. of mean log CFU/g � SD)a

Pretreatment Day 1 Day 2

1 0.0 (control) 6.96 � 0.13 6.91 � 0.10 6.11 � 0.30
0.1 4.68 � 0.28b 4.33 � 0.52b

0.3 4.32 � 0.69b 3.89 � 0.48b

0.5 4.27 � 0.41b 2.75 � 0.67c

2 0.0 (control) 5.69 � 0.30 5.43 � 0.23 5.31 � 0.21
0.1 4.28 � 0.33b 3.89 � 0.27b

0.3 3.72 � 0.27b 3.01 � 0.31b

0.5 3.11 � 0.43b 2.16 � 0.30b

3 0.0 (control) 5.40 � 0.47 4.83 � 0.27 4.90 � 0.36
0.1 3.93 � 0.61b 3.66 � 0.91
0.3 3.97 � 0.39 3.41 � 0.52b

0.5 3.63 � 0.73b 3.49 � 0.76b

a The number of mean log CFU/g � standard deviation (SD) based on plate counts on
LA from three independent experiments with 3 oysters in the first two experiments and
6 oysters in the third experiment for a total of 12 oysters for each experimental
condition and time point.
b The reduction of the heterotrophic aerobic bacterial level from the initial level is
�3.52 mean log CFU/g but is significantly different from the level for the control
samples treated with 0.0% CMs, as determined by two-tailed, one-way ANOVA (P �
0.05).
c The reduction of the heterotrophic aerobic bacterial level from the initial level is
�3.52 mean log CFU/g and is significantly different from the level for the control
samples treated with 0.0% CMs, as determined by two-tailed, one-way ANOVA (P �
0.05).
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