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ABSTRACT

Variability among microorganisms in barotolerance has been demonstrated at genus, species, and strain levels. Identifi-
cation of conditions and additives that enhance the efficacy of ultrahigh pressure (UHP) against important foodborne micro-
organisms is crucial for maximizing product safety and stability. Preliminary work indicated that FD&C Red No. 3 (Red 3),
a xanthene derivative, was bactericidal and acted synergistically with UHP against Lactobacillus spp. The objective of this
study was to determine the antimicrobial efficacy of Red 3 and other xanthene derivatives, alone and combined with UHP,
against spoilage and pathogenic bacteria in citrate-phosphate buffer (pH 7.0). Xanthene derivatives tested were fluorescein,
Eosin Y, Erythrosin B, Phloxine B, Red 3, and Rose Bengal. Halogenated xanthene derivatives (10 ppm) were effective at
reducing Listeria monocytogenes survivors but ineffective against Escherichia coli O157:H7. When combined with UHP (400
MPa, 3 min), the presence of derivatives enhanced inactivation. Because Red 3 was the only xanthene derivative to produce
synergistic inactivation of both pathogens, further studies using this colorant were warranted. Efficacy of Red 3 against gram-
positive bacteria (Lactobacillus plantarum and L. monocytogenes) was concentration dependent (1 to 10 ppm). E. coli O157:
H7 strains were resistant to Red 3 concentrations up to 300 ppm. When Red 3 was combined with UHP, the lethality against
gram-positive and gram-negative bacteria was dose dependent, with synergy being significant for most strains at �3 ppm.
Additional gram-positive and gram-negative bacteria showed lethalities similar to those observed for L. plantarum or L.
monocytogenes, and E. coli O157:H7, respectively. Red 3 is a potentially useful additive to enhance the safety and stability
of UHP-treated food products.

Ultrahigh pressure (UHP) processing is receiving in-
creased attention in the food industry as a means of inac-
tivating microbial contaminants without impairing the qual-
ity attributes of food. Lethal effects of UHP on foodborne
microorganisms have been widely investigated, and consid-
erable variability in barotolerance, up to the strain level,
has been demonstrated (3). Barotolerant strains of Listeria
monocytogenes (18), Lactobacillus plantarum, Lactobacil-
lus fermentum (20), and Escherichia coli O157:H7 (5) have
been identified; these pose potential risk in foods processed
using pressure. Consequently, it is important to identify
conditions and additives that enhance the efficacy of pres-
sure against foodborne pathogenic and spoilage microor-
ganisms.

Investigators screened a large number of additives, par-
ticularly antimicrobial peptides, for synergy with high pres-
sure against foodborne pathogens. Antimicrobial peptides
(e.g., nisin) are usually effective against gram-positive bac-
teria, but the efficacy of these compounds against gram-
negatives is limited (8, 9). Researchers demonstrated en-
hanced inactivation of gram-positive and gram-negative
bacteria by UHP when combined with nisin, lysozyme, pe-
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diocin, lactoferrin, and lactoferricin (7, 8). The sensitivity
of gram-negative bacteria to these combination treatments
is thought to be caused by permeabilization of the outer
membrane due to the high-pressure treatment (7). None of
the previously tested compounds, coupled with UHP, were
effective against all organisms; however, each organism
tested was sensitive to at least one additive-pressure com-
bination (8). Chung et al. (1) and Vurma et al. (19) found
that phenolic antioxidants, particularly TBHQ (tert-butyl-
hydroquinone), sensitize L. monocytogenes to UHP.

Approved colorants are traditionally used to improve
food appearance and are thought to have little effect on the
product beyond tincture strength. Limited studies have ad-
dressed the antimicrobial properties of food colorants (4,
13, 14). In 1930, Owen (12) investigated the efficacy of
synthetic dyes against various bacteria. Impregnated disk
assays have been used to determine the antimicrobial activ-
ities of various synthetic food colorants (11).

Seven synthetic certified food color additives were tested
in this laboratory for antimicrobial efficacy against Lactoba-
cillus spp. This preliminary study showed that the xanthene
derivative FD&C Red No. 3 (color index no. 45460, Eryth-
rosin B) was the only U.S.-certified food colorant to possess
antimicrobial activity against Lactobacillus spp. when the dye
was tested alone or in combination with UHP (data not
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shown). Based on these observations, the antimicrobial prop-
erties of FD&C Red No. 3 and other xanthene-derived col-
orants were quantified. Additionally, synergy between these
compounds and UHP processing against foodborne spoilage
and pathogenic bacteria was investigated.

MATERIALS AND METHODS

Bacterial strains. L. monocytogenes (Scott A and OSY-328),
L. plantarum (OSY-104 and MDOS-32), E. coli O157:H7 (EDL
933, OSY-MBM, and OSY-ASM), Staphylococcus aureus (ATCC
6538), Salmonella enterica serovar Typhimurium (ATCC 2637),
and Pediococcus acidilactici (PXL) were obtained from the cul-
ture collection of the Food Safety Laboratory at The Ohio State
University (Columbus) and tested in this study. Stock cultures
were suspended in appropriate broth medium (tryptic soy broth
[TSB] or de Man Rogosa Sharpe [MRS] broth) containing 40%
(vol/vol) glycerol and stored at �80�C. Immediately before ex-
periments, L. plantarum and P. acidilactici strains were trans-
ferred from the frozen stock culture to MRS agar (Criterion, Santa
Maria, Calif.) and incubated for 48 to 72 h at 30 and 37�C, re-
spectively. Similarly, L. monocytogenes, E. coli, S. aureus, and
Salmonella were transferred from frozen stock culture to Trypti-
case soy agar (TSA; Criterion) and incubated at 37�C for 48 to
72 h. Three isolated colonies of each strain were transferred to
the appropriate broth (MRS or TSB) and incubated overnight at
30�C (for L. plantarum) or 37�C (for all other bacteria).

Xanthene derivatives. FD&C Red No. 3 (color index [CI]
no. 45430, Japan Food Red No. 3) was obtained from Spectrum
Chemical Manufacturing Corporation (New Brunswick, N.J.).
Fluorescein (CI no. 45350), Erythrosin B (CI no. 45430, Japan
Food Red No. 3), Phloxine B (CI no. 45410, Japan Food Red No.
104), Eosin Y (CI no. 45380), and Rose Bengal (CI no. 45440,
Japan Food Red No. 105) were purchased from Sigma-Aldrich
(St. Louis, Mo.). Stock solutions (10 to 1,000 ppm) were prepared
by dissolving the colorant in sterile distilled water. All solutions
were used within 30 min of preparation. FD&C Red No. 3 is
referred to as ‘‘Red 3’’ throughout this study.

High-pressure equipment and conditions. All pressure
treatments were performed using a hydrostatic food processor
(Quintus QFP6, Flow Pressure Systems, Kent, Wash.) containing
1:1 (vol/vol) glycol-water pressure-transmitting fluid (Houghto-
Safe 620 TY, Houghton International Inc., Valley Forge, Pa.). The
press consists of a jacketed vessel with end closures, has a 2-liter
capacity, and is designed to operate at pressures of up to 900 MPa.
To reduce the effect of temperature on ultrahigh pressure inacti-
vation, the initial glycol-water processing fluid was 5 to 10�C to
achieve a holding temperature of 20 to 25�C. Holding temperature
was verified with a thermocouple within the pressure vessel. All
experiments were performed at 400 MPa with a 3-min holding
time.

Bacterial treatment in buffer. Overnight cultures were cen-
trifuged at 10,000 rpm (12,400 � g) for 10 min (Sorvall RC-5B
refrigerated superspeed centrifuge equipped with SM-24 rotor)
and suspended in sterile citrate-phosphate buffer (0.087 M phos-
phate, 0.0065 M citrate, pH 7.0). Cell suspensions contained ap-
proximately 109 CFU/ml. Aliquots (0.9 ml) of cell suspensions
were transferred into sterile polyethylene bags (Fisher Scientific
Co., Pittsburgh, Pa.) containing 0.1 ml of food colorant stock so-
lution to achieve the desired final concentration of these additives,
and the bags were heat sealed.

Sample bags were then placed into a larger polyethylene bag
and sealed using a vacuum sealer (Vacmaster, Kansas City, Mo.).

Samples were held on ice for approximately 30 min prior to high-
pressure treatment. After pressurization, bags were immediately
returned to ice until plated on microbiological media. Non–pres-
sure-treated bags were held on ice throughout the duration of the
experiment. Samples treated with colorant, with and without UHP
treatment, were handled in a similar manner, with the same ex-
posure time to Red 3. Cells were exposed to the colorant during
sample preparation, processing, and plating, and estimated expo-
sure time was approximately 3 h. Bags were opened aseptically,
and the contents were decimally diluted in 0.1% peptone water
and spread plated on the appropriate agar medium. L. plantarum
strains were plated on MRS agar and incubated at 30�C for 72 h
prior to enumeration. L. monocytogenes, E. coli, Salmonella, and
S. aureus strains were plated on TSA and incubated at 37�C for
48 h. P. acidilactici strains were plated on MRS agar and incu-
bated at 37�C for 48 h. Experiments were performed in triplicate,
unless otherwise indicated.

Statistical analysis. Data analysis of variance was performed
using the General Linear Models Procedure of SAS (SAS Institute,
Cary, N.C.). Comparisons between the average reductions (in log
CFU/milliliter) in response to treatments were made using Tukey’s
Studentized Range test. Synergy was defined as a significant differ-
ence between (i) log reduction by dye alone plus log reduction by
UHP alone and (ii) log reduction by dye plus UHP combination,
with significance determined using a two-sampled t test.

RESULTS

Species and strain variability to UHP lethality. Bar-
otolerance levels of selected foodborne bacterial strains
were compared side by side in this preliminary experiment,
and results are presented in Figure 1. A pressure treatment
of 400 MPa with a holding time of 3 min resulted in sig-
nificant differences in inactivation among the strains tested.
Average inactivation ranged from 0.1 log CFU/ml for L.
monocytogenes OSY-328 to 3.9 log CFU/ml for L. plan-
tarum OSY-104. This is the first study to compare these
strains side by side under uniform treatment conditions. L.
plantarum MDOS-32 and L. monocytogenes OSY-328
strains were the most pressure resistant, whereas L. plan-
tarum OSY-104 and L. monocytogenes Scott A were the
most sensitive to this pressure treatment. E. coli strains did
not vary significantly in their pressure resistance under the
tested conditions.

Screening xanthene derivatives for synergy with
UHP. Red 3 belongs to a class of compounds called xan-
thene derivatives. These share a common xanthene ring and
may have halogen substitutions on this ring or on the sin-
gle-ring structure (Fig. 2). Inactivation of L. monocytogenes
OSY-328 and E. coli EDL 933 by xanthene derivatives
alone and in combination with pressure treatment is shown
in Figures 3 and 4. Rose Bengal, Phloxine B, Erythrosin B,
and Red 3 were effective at inactivating L. monocytogenes
OSY-328 without pressure treatment. Rose Bengal was the
most effective, leading to a reduction of 5.0 log CFU/ml.
Phloxine B inactivated 3.6 log CFU of L. monocytogenes
OSY-328 per ml, followed by Red 3 and Erythrosin B in-
activating 2.2 and 2.0 log CFU/ml, respectively. Eosin Y
and fluorescein did not significantly inactivate L. monocy-
togenes. In combination with UHP, Red 3 and Erythrosin B
resulted in synergistic inactivation of L. monocytogenes
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FIGURE 1. Inactivation of Lactobacillus
plantarum, Listeria monocytogenes, and
Escherichia coli O157:H7 strains by ultra-
high pressure treatment. Pressure treat-
ments were 400 MPa with a holding time
of 3 min. Temperature during holding time
was between 20 and 25�C. Error bars in-
dicate standard error; n � 3. Different let-
ter designations indicate significant differ-
ences (P � 0.05) in barotolerance among
strains shown.

FIGURE 2. Chemical structures of xanthene derivatives used in
this study. Erythrosin B is a synonym for FD&C Red No. 3.

OSY-328, reducing the population by 7.0 and 7.4 log CFU/
ml, respectively. Treating L. monocytogenes with the com-
bination of UHP and Eosin Y also resulted in statistically
significant synergistic lethality, leading to an inactivation of
1.0 log CFU/ml compared with 0.3 log CFU/ml by UHP
alone (P � 0.002). Efficacies of Rose Bengal and Phloxine
B were enhanced when these additives were combined with
UHP; however, the effect was not significantly greater than
the additive effect of pressure and dye, indicating lack of
synergy.

None of the xanthene derivatives were effective against
E. coli EDL 933 without UHP treatment (Fig. 4). Rose
Bengal, phloxine B, Red 3, erythrosin B, or eosin Y, in
combination with UHP, caused synergistic inactivation of
E. coli EDL 933. Eosin Y was less effective than the other
xanthene derivatives mentioned, leading to an average in-
activation of only 3.8 log CFU/ml, whereas the other com-
binations inactivated approximately 5 log CFU/ml. Fluo-
rescein treatment, with or without pressure, was ineffective
against E. coli. These findings indicate the importance of
halogenation of xanthene derivatives with regard to anti-

microbial properties and efficacy when combined with UHP
treatment.

Dose-dependent inactivation of bacteria by Red 3
treatment. Species varied in their sensitivity to Red 3 treat-
ment at 1 to 10 ppm (Fig. 5). L. plantarum strains were
highly sensitive to Red 3 treatment, whereas L. monocyto-
genes strains were moderately sensitive. E. coli strains were
unaffected by Red 3 at these low concentrations. Increasing
Red 3 concentrations to 300 ppm showed no bactericidal
effect against E. coli strains (data not shown).

For the gram-positive organisms, inactivation generally
correlated with Red 3 concentration (Fig. 5). Strains of L.
monocytogenes were considerably more resistant to Red 3
treatment compared with L. plantarum strains. L. plantarum
strains and L. monocytogenes OSY-328 showed significant
differences in inactivation with increasing dye concentra-
tion. L. monocytogenes Scott A showed a similar trend of
dose-dependent inactivation; however, these differences
were marginally significant (P � 0.060). Strain variability
was noticeable among gram-positive species. A treatment
with 3 ppm of colorant resulted in an average reduction of
3.4 log CFU of L. plantarum MDOS-32 per ml, whereas
the same treatment decreased L. plantarum OSY-104 pop-
ulation by 0.7 log CFU/ml only. A higher concentration of
Red 3 (10 ppm) decreased the populations of L. monocy-
togenes OSY-328 and Scott A by 1.7 and 0.5 log CFU/ml,
respectively. To our knowledge, this is the first study to
demonstrate variability among bacterial strains in resistance
to xanthene derivatives.

Synergy between UHP and Red 3 against foodborne
bacterial strains. The efficacy of combinations of UHP
(400 MPa, 3 min) and Red 3 (1 to 10 ppm) against selected
foodborne bacteria was dependent on the dye dose, with
increasing colorant concentration resulting in increased in-
activation (Fig. 6). For the purposes of this study, syner-
gistic inactivation by the combination treatment is defined
as a significant difference between the additive effect of the
two treatments (i.e., sum of the inactivation by UHP and
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FIGURE 3. Inactivation of Listeria
monocytogenes OSY-328 by xanthene de-
rivatives (10 ppm), ultrahigh pressure, and
their combinations. Pressure treatments
were 400 MPa with a holding time of 3
min. Temperature during holding was 20
to 25�C. Error bars indicate standard er-
ror; n � 2. * Statistically synergistic effect
of colorant and ultrahigh pressure combi-
nation (P value reported for synergy).

FIGURE 4. Inactivation of Escherichia
coli EDL 933 by xanthene derivatives (10
ppm), ultrahigh pressure, and their com-
binations. Pressure treatments were 400
MPa with a holding time of 3 min. Tem-
perature during holding time was between
20 and 25�C. Error bars indicate standard
error; n � 3. * Effect of colorant and ul-
trahigh pressure combination (P value re-
ported for synergy).

the inactivation by Red 3) and the inactivation by the com-
bination treatment. The combination was extremely effec-
tive against L. plantarum strains, but synergy was often not
statistically significant due to the excessive sensitivity of
these strains to the individual treatments. L. plantarum
MDOS-32 did not show significant synergistic inactivation
by the combination treatment at any concentration due to
its high sensitivity to the dye treatment. Sensitivity of L.
plantarum OSY-104 to UHP masked the synergy of the
combined treatment; synergy was apparent only when 3
ppm of Red 3 was combined with pressure.

Synergistic inactivation of the combination treatment
was apparent for L. monocytogenes and E. coli strains at
Red 3 concentrations of 3 ppm and higher. Interestingly, E.
coli strains were sensitive to the combination treatments,
whereas these strains were resistant to Red 3 alone. E. coli
OSY-MBM and OSY-ASM tended to be more resistant to
the combination treatments than E. coli EDL 933; however,

for most colorant concentrations, this result may be ex-
plained by relative differences in resistance of these strains
to the ultrahigh pressure treatment alone.

Additional bacterial species of importance to the food
industry were tested for their relative sensitivity to Red 3
with or without UHP treatment (Fig. 7). Similar to E. coli,
Salmonella Typhimurium was resistant to 10 ppm of Red
3 but was quite sensitive to the combination treatment,
which decreased Salmonella population by �7.0 log CFU/
ml. S. aureus and P. acidilactici were also tested to verify
trends seen previously with gram-positive organisms. S. au-
reus was comparable to L. monocytogenes OSY-328 in re-
sistance to colorant, pressure, and combination treatments.
P. acidilactici was extremely sensitive to Red 3 treatment,
which inactivated the population by �7.0 log CFU/ml.
However, this bacterium was extremely resistant to UHP
treatment; treatment with 400 MPa for 3 min inactivated
�0.1 log CFU/ml. Synergistic inactivation by the combi-
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FIGURE 5. Inactivation of Lactobacillus
plantarum, Listeria monocytogenes, and
Escherichia coli O157:H7 strains by dif-
ferent concentrations of FD&C Red No. 3.
Error bars indicate standard error; n � 3.
Different letter designations indicate sig-
nificant differences in dye efficacy for each
strain tested (P � 0.05).

FIGURE 6. Inactivation of Lactobacillus
plantarum, Listeria monocytogenes, and
Escherichia coli O157:H7 strains by com-
binations of FD&C Red No. 3 and ultra-
high pressure treatment. Pressure treat-
ments were 400 MPa with a holding time
of 3 min. Temperature during holding time
was between 20 and 25�C. Error bars in-
dicate standard error; n � 3. * Synergistic
inactivation of Red 3 and ultrahigh pres-
sure (P � 0.05). Solid horizontal lines
across bar clusters indicate the reduction
in log CFU per milliliter caused by pres-
sure only.

nation treatment was measurable for Salmonella Typhi-
murium and S. aureus.

DISCUSSION

Previous investigators reported variability among
strains of various bacterial species to inactivation by UHP
treatment. Strains of L. plantarum, L. monocytogenes, and
E. coli O157:H7 were selected for this study based on pre-
vious reports indicating their variability in barotolerance (6,
19, 21). When these strains were compared side by side, L.
plantarum MDOS-32 was significantly more resistant to
UHP treatment than was L. plantarum OSY-104. Likewise,
L. monocytogenes OSY-328 was significantly more resistant
than L. monocytogenes Scott A. E. coli O157:H7 strains
did not vary significantly in their pressure resistance under
the tested conditions; however, the trend remained consis-
tent with previous reports of strain OSY-MBM and OSY-
ASM being more pressure resistant than EDL 933 (6).

The impact of xanthene derivatives and their chemical
structures on inactivation of bacteria has been reported re-
cently. Wang et al. (22) found that the inherent toxicity of
xanthene derivatives was significantly dependent on parent

molecule structure (fluorescein skeleton) and that halogen
substitutions contributed slightly to activity against E. coli,
S. aureus, and Saccharomyces cerevisiae. Phloxine and
Rose Bengal were the most effective xanthene derivatives
tested (22); this agrees with the results of the present study
of the bactericidal action of xanthene derivatives against L.
monocytogenes OSY-328 (Fig. 6). Rasooly and Weisz (16)
tested numerous xanthene derivatives (100 ppm) for their
ability to inhibit the growth of S. aureus in broth. Halogen
substitutions on the hydroxyxanthene moiety and tetra-
chlorination in the benzoic moiety were found to be im-
portant structural requirements to inhibit growth of S. au-
reus (16). Several xanthene derivatives, especially Rose
Bengal, are known for their photosensitizing ability, and
this has been hypothesized to be a mechanism for inacti-
vation of bacteria by these compounds (17). The impact of
photooxidation was not measured nor optimized in this
study; further investigations on the impact of photooxida-
tion will be completed in future studies.

Dose dependence of inactivation of bacteria by xan-
thene derivatives has been reported in previous studies.
Schäfer et al. (17) found that increasing concentrations of
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FIGURE 7. Inactivation of Salmonella
enterica serovar Typhimurium, Staphylo-
coccus aureus, and Pediococcus acidilac-
tici by FD&C Red No. 3 (10 ppm) with or
without ultrahigh pressure treatment.
Pressure treatments were 400 MPa with a
holding time of 3 min. Temperature during
holding time was between 20 and 25�C.
Error bars indicate standard error; n � 3.
Numbers above bars are P values associ-
ated with the synergistic effect between
Red 3 and UHP.

Rose Bengal (0 to 5 ppm), with extensive light treatment,
increased the efficacy of the dye against E. coli and Dein-
ococcus radiodurans. At the lowest concentration (0.5
ppm) tested by these researchers, there was not significant
inactivation. Rose Bengal at concentrations of �1 ppm pro-
duced detectable lethality to E. coli and D. radiodurans
(17).

In the present study, gram-negative bacteria were re-
sistant to xanthene derivatives. For example, Red 3 at con-
centrations up to 300 ppm was not bactericidal to E. coli
strains. The outer membrane of gram-negative bacteria
serves as a protective shield preventing deleterious com-
pounds from accessing potential cellular targets (10, 17).
This selective permeability of the outer membrane may pro-
tect E. coli from inactivation by Red 3. Previous investi-
gators have reported conflicting data on inactivation of
gram-negative bacteria by xanthene derivatives. Rasooly
(15) tested the effect of Phloxine B on inactivation of var-
ious gram-positive and gram-negative bacteria. Gram-pos-
itive bacteria, including S. aureus, Bacillus cereus, Bacillus
mycoides, Bacillus thuringiensis, and Bacillus subtilis, were
inactivated by concentrations ranging from 25 to 100 �g
of Phloxine B per ml. Gram-negative bacteria, including
Salmonella, E. coli, and E. coli O157:H7 strains, were re-
sistant to 100 �g of Phloxine B per ml (15). These reports
are in agreement with the findings of the current study.
However, Wang et al. (22) found 125 �M Erythrosin B
(	100 ppm) to be effective against E. coli with light ex-
posure, and 500 �M (	400 ppm) treatments were effective
without light exposure. Differences in sensitivity of gram-
negative bacteria may be due to strain variability, light in-
tensity, and dye concentration. This variability is likely due
to major differences in technique and methodology and
whether the goal of the study was to inactivate bacteria or
to simply inhibit their growth. Regardless, researchers agree
that gram-negative bacteria are substantially more resistant
to xanthene derivatives than gram positives, suggesting a
protective role for the gram negative’s outer membrane.
Penetration of a biocide through the outer membrane of

gram-negative bacteria may often be determined by the
compound’s physical character (charge, hydrophobicity, or
amphipathicity) rather than its chemical structure (2). Chan-
nels, or porins, within the outer membrane allow hydro-
philic compounds of �700 Da (depending on osmotic con-
ditions) to pass to the periplasmic space and access the
cytoplasmic membrane. Hydrophobic compounds are en-
tirely excluded due to the polar nature of the outer leaflet;
however, specific molecules may have separate permeation
mechanisms to cross the outer membrane (10).

In conclusion, halogenated xanthene derivatives were
bactericidal against gram-positive bacteria, and these com-
pounds, in combination with UHP treatment, led to syner-
gistic lethality against gram-positive and gram-negative
bacteria. Red 3 is an approved food colorant in the United
States and may potentially be permitted as an additive to
promote food safety. This investigation shows the feasibil-
ity of using Red 3 to enhance the shelf life and safety of
pressure-processed food products. Further investigations are
needed to elucidate the mechanism of inactivation of path-
ogens by Red 3–UHP combination, to reveal the role of
photooxidation in the synergy between these treatments,
and to determine the effectiveness of the colorant within
food systems.

ACKNOWLEDGMENTS

The authors thank Dr. Mark Daeschel (Oregon State University) for
providing L. plantarum MDOS-32. The authors thank Aaron Malone (The
Ohio State University) for providing the wild-type and pressure-resistant
mutants of E. coli O157:H7 EDL 933 (OSY-ASM and OSY-MBM) and
Dr. MacDonald Wick for his valuable suggestions. Support for this re-
search was provided by grants from the Center for Advanced Food Pro-
cessing and Packaging Studies, and U.S. Department of Agriculture Na-
tional Integrated Food Safety Initiative Project no. 2003-51110-02093.
The authors thank the Department of Microbiology for providing Research
Assistantship to J. Waite.

REFERENCES

1. Chung, Y.-K., M. Vurma, E. J. Turek, G. W. Chism, and A. E. You-
sef. 2005. Inactivation of barotolerant Listeria monocytogenes in



J. Food Prot., Vol. 71, No. 9 ANTIMICROBIAL SYNERGY BETWEEN HIGH PRESSURE AND RED NO. 3 1867

sausage by combination of high-pressure processing and food-grade
additives. J. Food Prot. 68:744–750.

2. Denyer, S. P., and J.-Y. Maillard. 2002. Cellular impermeability and
uptake of biocides and antibiotics in Gram-negative bacteria. J. Appl.
Microbiol. 92:35S–45S.

3. Lado, B. H., and A. E. Yousef. 2002. Alternative food-preservation
technologies: efficacy and mechanisms. Microbes Infect. 4:433–440.

4. Lakdawalla, A. A., and M. S. Netrawali. 1988. Mutagenicity, co-
mutagenicity, and antimutagenicity of erythrosine (FD and C Red
3), a food dye, in the Ames/Salmonella assay. Mutat. Res. 204:131–
139.

5. Malone, A. S., Y.-K. Chung, and A. E. Yousef. 2006. Genes of
Escherichia coli O157:H7 that are involved in high pressure resis-
tance. Appl. Environ. Microbiol. 72:2661–2671.

6. Malone, A. S., L. A. Rodriguez-Romo, N. A. Baldauf, L. E. Rod-
riguez-Saona, and A. E. Yousef. 2006. Differentiation of Escherichia
coli O157:H7 processing-resistant isogenic mutants recovered from
high-pressure processed apple juice by Fourier-Transform Infrared
Spectroscopy. Abstr. Int. Assoc. Food Protection Annu. Meet., Cal-
gary, Alberta, Canada, 2006, abstr. P5-43. Available at: http://
foodprotection.org.

7. Masschalck, B., D. Deckers, and C. W. Michiels. 2003. Sensitization
of outer-membrane mutants of Salmonella Typhimurium and Pseu-
domonas aeruginosa to antimicrobial peptides under high pressure.
J. Food Prot. 66:1360–1367.

8. Masschalck, B., R. Van Houdt, and C. W. Michiels. 2001. High
pressure increases bactericidal activity and spectrum of lactoferrin,
lactoferricin and nisin. Int. J. Food Microbiol. 64:325–332.

9. Masschalck, B., R. Van Houdt, E. G. R. Van Haver, and C. W. Mi-
chiels. 2001. Inactivation of gram-negative bacteria by lysozyme,
denatured lysozyme, and lysozyme-derived peptides under high hy-
drostatic pressure. Appl. Environ. Microbiol. 67:339–344.

10. Niedhardt, F. C., J. L. Ingraham, and M. Schaechter. 1990. Physi-
ology of the bacterial cell: a molecular approach. Sinauer Associates,
Inc., Sunderland, Mass.
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