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The antimicrobial activity of organic acids in combination with nonchemical treatments was evaluated for
inactivation of Salmonella enterica serotype Typhimurium within 1 min. It was observed that the effectiveness
of the multiple-hurdle treatments was temperature (P = 0.05) and pH (P = 0.05) dependent and corresponded
to the degree of organic acid lipophilicity (sodium acetate being least effective and sodium propionate being the
most effective). This led to the hypothesis that the loss in viability was due at least in part to cell membrane
disruption. Evaluation of osmotic response, potassium ion leakage, and transmission electron micrographs
confirmed treatment effects on the cell membrane. Interestingly, all treatments, even those with no effect on
viability, such as with sodium acetate, resulted in measurable cellular stress. Microarray experiments explored
the specific response of S. Typhimurium to sodium acetate and sodium propionate, the most similar of the
tested treatments in terms of pK, and ionic strength, and found little difference in the changes in gene
expression following exposure to either, despite their very different effects on viability. Taken together, the
results reported support our hypothesis that treatment with heated, acidified, organic acid salt solutions for
1 min causes loss of S. Typhimurium viability at least in part by membrane damage and that the degree of
effectiveness can be correlated with lipophilicity of the organic acid. Overall, the data presented here indicate
that a combined thermal, acidified sodium propionate treatment can provide an effective antimicrobial

treatment against Salmonella.

Salmonella is a major food-borne pathogen contributing to
thousands of cases of food-borne illness each year, with more
than 40,000 confirmed cases reported in 2006 (9). Since 1996,
Salmonella enterica serotypes Typhimurium and Enteritidis
have continued to be the most common serotypes associated
with illness (9). Moreover, the most recent CDC figures show
that 34.2% and 21.9% of Salmonella Typhimurium isolates are
resistant to two and five antibiotic subclasses, respectively (10).
The United States Department of Agriculture (USDA) Food
Safety and Inspection Service (FSIS) 2008 progress report
found that, of the inspected industries, poultry processors were
still the most common industrial segment to be Salmonella
positive, with 7.3% of broilers positive for Salmonella (61, 62).
Improved antimicrobial treatments are thus needed to improve
poultry safety and lower the incidence of salmonellosis.

Researchers have explored a variety of antimicrobial tech-
niques, including chemical and thermal treatments, to reduce
Salmonella contamination of poultry carcasses. Chlorine in
chill tanks is one of the most universally employed interven-
tions (46), but it has several disadvantages, including produc-
tion of toxic by-products (40) and loss of efficacy in the pres-
ence of organic debris (46). In addition, consumer interest in
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organic food products is increasing and chlorine (above the
level found in drinking water) is not approved for use in pro-
cessing of organic foods (11). For these reasons, there is inter-
est in reducing the reliance on chlorine in poultry processing.
Organic acids and their salts have long been used as food
additives and preservatives but also have food processing ap-
plications (45). Numerous organic acids and their salts, such as
lactic acid/lactate and acetic acid/acetate, have generally rec-
ognized as safe (GRAS) status (12). Another benefit to organic
acids is their ability to maintain antimicrobial efficacy even in
the presence of extraneous organic matter (13), unlike chlorine
(46). Organic acids have several different putative antimicro-
bial mechanisms, including osmotic stress, disruption of intra-
cellular pH, and newer concepts like membrane perturbation
(for a review, see reference 25). Much research on the antimi-
crobial nature of organic acids focuses on their accumulation
in the cytoplasm, potentially leading to both osmotic stress and
cytoplasmic acidification, but scientists are moving away from
this in light of developments suggesting that bacteria do not
always require a pH-neutral cytoplasm (28, 36). Furthermore,
the existence of organic acid-specific effects has been con-
firmed by recent research demonstrating divergent changes in
gene expression following exposure to various organic acids.
For example, it has been observed that acetate (17, 18, 30) and
formate (26) stimulate virulence gene expression in Salmonella
while propionate and butyrate can repress it (17, 18, 23).
Thermal treatments are another common antimicrobial in-
tervention. Thermal treatments of poultry carcasses have been
shown to lower carcass contamination with the food-borne
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TABLE 1. Relevant characteristics of pH 4 organic acid salt solutions and controls

Molecular

Estimated ionic

Treatment formula pH % HAC strength? Salinity (ppt)?

Organic acid salt solutions®

2.5% sodium acetate C,H;NaO, 4 85 0.27 9.6

2.5% sodium lactate C;HsNaO; 4 42 0.24 8.2

2.5% sodium propionate C;HsNaO, 4 88 0.32 12.3
Controls

Deionized H,O NA® 4 NA 0.0074 0.4

PBS NA 7.4 NA 0.32 12

“ Organic acid salt percentages were selected to be consistent with current literature and federal regulations (22, 38).

> NA, not applicable.

¢ % HA, percent undissociated weak organic acid at pH 4 as calculated by the Henderson-Hasselbach equation [pH = pK, + log,,(A~/HA)] using the pK, values
4.76, 3.86, and 4.87 for SA, SL, and SP, respectively. For comparison purposes, at pH 7 the % HA values are 0.3, 0.1, and 0.7 for SA, SL, and SP, respectively.

4 Specific conductance (used in estimated ionic strength calculation) and salinity were measured using an Orion conductivity meter at 25°C. Tonic strength was
calculated using the equation I = S[i] X z? (where i is each ion and z is its charge), and the Russell equation (I = 1.6 X 107> X specific conductance [in mmhos/cm]

[49]) was used for calculating the estimated ionic strength.

pathogen Campylobacter (7). Thermal treatments have also
been studied for efficacy against Salmonella (37, 38). The treat-
ment temperatures explored range from 55°C up to 70°C (7,
37, 38), but it has been noted that temperatures around 70°C
can lead to a partially cooked appearance (15). Reducing the
length of thermal treatment application can help reduce ad-
verse effects on the carcasses. Purnell and colleagues (43)
showed that a thermal treatment of 75°C for 30 s can lead to
tearing of the skin, while a modified thermal treatment of 70°C
for 40 s followed by an immediate cool-down had no adverse
effect.

Multiple-hurdle antimicrobial intervention treatments are
often investigated for their potential to reduce microbial pop-
ulations by use of combined mild treatments (31). When de-
signing interventions for application in food processing, mul-
tiple-hurdle interventions are particularly advantageous
because they can lead to effective reductions in food-borne
pathogens using treatments at low intensities, which can max-
imize the likelihood that food quality will be maintained (39,
53). We have strategically designed a multiple-hurdle interven-
tion employing select organic acid salts (sodium acetate [SA],
sodium lactate [SL], and sodium propionate [SP]), pH, and
temperature hurdles combined into one treatment. Previous
research in our lab has shown similar treatments to be highly
effective against S. Typhimurium (36). Here, we investigate the
range of treatment effectiveness in vitro as well as the treat-
ment’s mechanism of action using viability, osmotic response,
potassium leakage, and transmission electron microscopy
(TEM) studies.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Salmonella enterica subsp. enterica
serotype Typhimurium strain LT2 (ATCC 19585) (35) was used for the duration
of the study. S. Typhimurium LT2 was stored as a glycerol stock at —80°C. Prior
to an experiment, S. Typhimurium LT2 was streaked for isolation on brain heart
infusion (BHI; Difco BD Diagnostics, Sparks, MD) agar and incubated at 37°C
overnight. For growth, a single isolated colony was inoculated into a culture tube
containing 5 ml of sterile BHI broth and incubated without aeration at 37°C.
After 12 h, the culture was transferred 1:100 into fresh BHI broth and again
incubated without aeration at 37°C. Following 12 h of incubation, the culture was
transferred 1:1,000 into fresh BHI and incubated without aeration at 37°C until
stationary phase (defined as 12 h postinoculation).

Application of heated, acidified organic acid salt treatments. Heated, acidified
organic acid salt treatments were applied as previously reported and with the

following modifications (36). For each treatment, 50 pl of stationary-phase S.
Typhimurium (approximately 10° CFU) was exposed to 450 pl of one of the
following solutions: 1.25% or 2.5% sodium lactate (SL), sodium acetate (SA), or
sodium propionate (SP) (all prepared in deionized H,O [dH,O] and adjusted to
pH 4 or 7) or sterile dH,O adjusted to pH 4. The two pH levels were selected to
evaluate the effect of the proportion of undissociated weak organic acid (Table
1). All organic acid salts were obtained from Sigma-Aldrich (St. Louis, MO), and
solution percentages were selected to be within the range documented in current
literature and federal regulations (22, 37). Prior to use, all solutions were ster-
ilized by autoclaving for 20 min at 121°C and 15 Ib/in® The organic acid salt
treatments were preheated to 50°C, 55°C, or 60°C prior to exposure to S. Ty-
phimurium. Following addition of the solution, the treatments were placed in a
water bath at the appropriate temperature for 1 min. Room-temperature treat-
ments were applied for 5 min. These four test temperatures were chosen such
that they were below the point (i.e., 70°C) at which poultry carcass quality has
been shown to decline (15). Immediately following exposure, appropriate serial
dilutions in phosphate-buffered saline (PBS, pH 7.4) were spread-plated onto
BHI agar and the plates were incubated for 18 h at 37°C prior to enumeration of
recovered Salmonella. Results were recorded as log;, CFU/ml with a detection
limit of 1 log;, CFU/ml. All experiments were performed at least three inde-
pendent times.

Osmotic response assays. The osmotic response ability of S. Typhimurium
following exposure to the organic acid salt solution treatments was assessed. A
loss of osmotic response has been correlated with a loss of membrane integrity
(55, 56). Osmotic response was estimated by measuring the ability of Salmonella
exposed to a given treatment to respond to PBS + 0.75 M NaCl relative to PBS
alone. In hypertonic solutions (i.e., PBS + 0.75 M NaCl), cells will plasmolyze,
resulting in an increase in optical density (OD) relative to the OD of the control
(i.e., PBS) (32); this change in OD will here be referred to as the osmotic
response. Osmotic response assays were performed essentially as described pre-
viously (52). Briefly, 1 ml of stationary-phase S. Typhimurium (approximately 10°
CFU) was exposed to one of the following 50°C or 55°C treatments: 2.5%
solutions of SA, SL, and SP (pH 4 or 7). At this high concentration of cells, all
treatments were sublethal (data not shown), ensuring that the stress on only
viable cells was measured. After 1 min of incubation, the bacterial suspensions
were centrifuged for 5 min to remove the treatment and then resuspended in
either PBS or PBS containing 0.75 M NaCl (PBS + 0.75 M NaCl). After 4 min
of room-temperature incubation, optical density at 680 nm (ODyg) of the PBS
or PBS + 0.75 M NaCl suspensions was measured. Osmotic response data are
reported as the percent OD increase ([ODpgs | nact/ODpgs] X 100) and repre-
sent the averages of at least three independent experiments.

Potassium measurements. Potassium is an important intracellular ion in many
bacteria, including Salmonella, and is actively imported into cells (59). Potassium
leakage from Salmonella exposed to the organic acid salt treatments was used to
estimate the treatments’ membrane-damaging effects. Potassium was measured
using a Genesis inductively coupled plasma optical emission spectrometer (ICP-
OES; Spectro Analytical Instruments Inc.). For ICP-OES analysis, S. Typhimu-
rium was grown as described to stationary phase. One milliliter of stationary-
phase S. Typhimurium (approximately 10° CFU) was exposed to 9 ml of each of
the following treatments at 55°C for 1 min: 2.5% solutions of SA, SL, and SP (pH
4 or 7) or dH,O (pH 4). This high concentration of cells was used to ensure that
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FIG. 1. Reduction of S. Typhimurium viability following exposure
to solutions of 2.5% sodium acetate (SA), sodium lactate (SL), and
sodium propionate (SP) at pH 4 relative to the control treatment
(dH,O, pH 4) at the four temperatures indicated. Error bars indicate
standard deviations. Each of the experimental factors temperature and
organic acid contributed significantly to the reduction of S. Typhimu-
rium (P = 0.05). Letters above the bars represent statistically signifi-
cant differences within each temperature.

all treatments were sublethal (data not shown) and that only leakage from viable
cells was measured. Immediately following treatment, bacterial suspensions were
centrifuged for 10 min to pellet the cells and the supernatants were filter ster-
ilized (0.2 wm). Filtered supernatants from treated cells were collected three
independent times and held at 4°C until analysis. Potassium levels are presented
as parts per million (ppm).

TEM. Transmission electron microscopy (TEM) was used to visualize the
effects of the organic acid salt treatments on the cell wall and membrane. Prior
to TEM analysis, S. Typhimurium was grown as described to stationary phase.
One milliliter of S. Typhimurium (approximately 10° CFU) was exposed to 9 ml
of each of the following at 55°C for 1 min: 2.5% solutions of SA, SL, and SP (pH
4 or 7) and dH,O (pH 4). Immediately following, bacterial suspensions were
centrifuged for 10 min to collect the cells. Cell pellets were fixed, sectioned, and
stained as previously described (33). Briefly, pellets were fixed in a modified
Karnovsky fixative (2% paraformaldehyde and 2.5% glutaraldehyde in 0.5 M
cacodylate buffer, pH 7.2) and postfixed in 1% osmium tetroxide in 0.5 M
cacodylate buffer, pH 7.2 (27). The cell pellets were stained overnight in 0.5%
uranyl acetate at 4°C and then dehydrated with a graded ethanol series. The cell
pellets were embedded in Spurr’s medium at 70°C overnight (54). The embedded
pellets were sectioned using a diamond knife and then stained with 2% uranyl
acetate and Reynolds’ lead citrate (44) for 4 min each. The stained cell pellet
sections were viewed at 80 kV with a JEM 100 CX transmission electron micro-
scope (JEOL, Tokyo, Japan), and all images were taken at 16,000X. All chem-
icals used in TEM specimen preparation were purchased from Electron Micros-
copy Supply (Hatfield, PA).

RNA isolation. RNA was isolated in order to analyze S. Typhimurium gene
expression after exposure to SA and SP at pH 4. These two treatments were
specifically chosen because (i) acetic and propionic acids are similar in pK, and
the corresponding pH 4 organic acid salt treatments have similar ionic strength
and salinity (Table 1) and (ii) Salmonella itself produces SA (16) and therefore
may have specific mechanisms in place for countering increased SA, possibly
contributing to its observed enhanced survival following SA exposure (Fig. 1). In
preparation for total RNA extraction, 1 ml of stationary-phase S. Typhimurium
(approximately 10° CFU) was exposed to 9 ml of each of the following at 55°C
for 1 min: 2.5% solutions of SA and SP and dH,O (all pH 4). All treatments were
sublethal (data not shown) at this high concentration of cells, ensuring that RNA
was collected only from viable cells. The treated S. Typhimurium cells were then
centrifuged for 5 min to remove the treatment, and the cell pellets were resus-
pended in 1 ml of RNAProtect (Qiagen, Valencia, CA). After 5 min of incuba-
tion at room temperature, the RNAProtect was removed by centrifugation and
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the cell pellets were resuspended in 1 ml of Trizol (Invitrogen, Grand Island,
NY). The cells were broken using the FastPrep system (Qbiogene, Irvine, CA)
for 40 s at 6.0 m/s (rapid oscillating reciprocal motion/s). From the broken cell
lysate, RNA was extracted per the manufacturer’s instructions. Extracted RNA
was purified using the RNeasy minikit with DNase treatment (Qiagen). RNA
quantity and quality were determined by spectroscopy (NanoDrop 2000; Nano-
Drop Products, Wilmington, DE) and electrophoresis (Experion automated
electrophoresis system using the Experion RNA StdSens analysis kit; Bio-Rad,
Hercules, CA).

Microarray hybridization and processing. cDNA was generated by using ran-
dom hexamers (Invitrogen) as primers for reverse transcription. The primers
were annealed (70°C for 10 min, followed by snap-freezing in ice for 1 min) to
total RNA (2.5 pg) and were extended with SuperScript III reverse transcriptase
(Invitrogen) with 0.1 M dithiothreitol, 12.5 mM deoxynucleoside triphosphate
(dNTP)/5-(3-aminoallyl)-2'-dUTP, trisodium salt (aa-UTP; Ambion, Austin,
TX) mix at 42°C overnight. Residual RNA was removed by alkaline treatment
followed by neutralization, and cDNA was purified with a QIAquick PCR puri-
fication kit (Qiagen). Purified aminoallyl-modified cDNA was subsequently
labeled with Cy3 or Cy5 monofunctional N-hydroxysuccinimide (NHS) ester
cyanogen dyes (GE-Amersham Pharmacia Biotech, Piscataway, NJ) accord-
ing to the manufacturer’s instructions. Labeled cDNA was purified using a
Qiagen PCR purification kit, and the purified labeled cDNA was hybridized
with Salmonella Typhimurium genome microarrays version 8.0 provided by
the Pathogen Functional Genomics Resource Center (PFGRC). The array
design information is available at http://pfgrc.jcvi.org/index.php/microarray
/array_description/salmonella_typhimurium/version8.html.

Microarray data analysis. Hybridization signals were scanned using an Axon
4000B scanner (Axon Instruments) with Acuity 4.0 software, and scans were
saved as a TIFF image. Scans were analyzed using TIGR-Spotfinder (www.tigr
.org/software/) software, and the local background was subsequently subtracted.
The data set was normalized by applying the LOWESS algorithm using TIGR-
MIDAS (www.tigr.org/software/) software. The normalized log, ratio of test/
reference signal for each spot was recorded. The averaged log, ratio for each
gene on the six replicate slides was ultimately calculated. Significant changes of
gene expression were identified with SAM (significance analysis of microarrays)
software using one class mode (60). The SAM program was used to assign a score
to each gene on the basis of change in gene expression relative to the standard
deviation of repeated measurements. For genes with scores greater than the
adjustable threshold, permutations of the repeated measurements were used to
estimate the percentage of genes identified by chance, i.e., the false discovery
rate (FDR) (60). A cutoff of 2-fold for over- and underexpressed open reading
frames (ORFs) was used to identify differentially expressed genes. The differ-
entially regulated genes were further classified according to the functional cat-
egories described in the comprehensive microbial resource of TIGR (http://cmr
tigr.org/tigr-scripts/ CMR/shared/Genomes.cgi). To ensure the quality of the
microarray experimental data, three independent biological replicates were used
to prepare RNA samples. RNA samples obtained from each biological replicate
were used to make Cy-dye-labeled probes for at least two separate arrays in
which the incorporated dye was reversed (dye swap).

Statistical analyses. For all experiments except microarrays, statistical analy-
ses were performed using JMP 7.0. When performing two or more mean com-
parisons within a data set, one-way analysis of variance (ANOVA) or Tukey-
Kramer honestly significant difference (HSD) was used. In all cases, statistical
significance was set at a = 0.05.

Microarray data accession number. The data discussed in this publication have
been deposited in NCBI's Gene Expression Omnibus (GEO; http:/www.ncbi.nlm
.nih.gov/geo/) and are accessible through GEO series accession number GSE27922
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE27922) (19).

RESULTS

Heated, acidified solutions of SL and SP are effective
against S. Typhimurium within 1 min. The heated, acidified
organic acid salt treatments were performed by exposing sta-
tionary-phase S. Typhimurium to 1.25 and 2.5% solutions of
different organic acid salts (SA, SL, or SP) at four different
temperatures (room temperature and 50, 55, and 60°C) and
two pHs (4 and 7) as well as dH,O (pH 4). Overall, treatment
effectiveness was found to be pH (P = 0.05), temperature (P =
0.05), and organic acid (P = 0.05) dependent but the effect of
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FIG. 2. Osmotic response of stationary-phase S. Typhimurium to
PBS and PBS + 0.75 M NaCl as measured by the percent change in
ODyggp. S. Typhimurium was exposed for 1 min to 50°C (top) or 55°C
(bottom) solutions of 2.5% sodium lactate (SL), sodium propionate
(SP), or sodium acetate (SA) at pH 7 (dark gray) or pH 4 (light gray).
Error bars represent standard deviations, and numbers above each bar
show the highest % OD increase recorded. The asterisks indicate pH
4 treatments that were significantly reduced compared to their pH 7
counterparts.

organic acid concentration was not statistically significant (P =
0.05). No statistically significant differences between any of the
pH 7 treatments at any of the tested temperatures were ob-
served (P = 0.05, data not shown). Thus, results discussed
below refer to the pH 4 2.5% organic acid treatments only
(Fig. 1).

In general, increasing effectiveness of the pH 4 treatments,
in terms of greater reduction in viability relative to the dH,O
control, was observed with increasing temperature (Fig. 1) and
organic acid lipophilicity, as approximated by the chemical
structure (Table 1). At 55°C, S. Typhimurium viability fol-
lowing exposure to 2.5% SP resulted in a statistically signif-
icant reduction (4.12 log CFU/ml) relative to all other 55°C
treatments except SL (1.28 logs). Interestingly, while reduc-
tion of S. Typhimurium exposed to 2.5% SA did increase
from 0.23 logs at 55°C to 0.94 logs at 60°C, SA was still
significantly less effective than SL and SP at 60°C (P = 0.05).
Thus, the synergistic reduction in S. Typhimurium survival
observed with the 1-min combination treatment of 55 or
60°C heat and either of the acidic SL or SP treatments was
not observed for SA, which had virtually no effect on sur-
vival, regardless of temperature.
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Osmotic response measurements suggest that heated, acid-
ified SL and SP treatments affect the S. Typhimurium mem-
brane. To better characterize the cause behind the observed
loss of viability, S. Typhimurium was assessed for its osmotic
response ability following exposure to pH 4 solutions of 2.5%
SA, SL, or SP for 1 min. The organic acid salt solutions at pH
7 served as control treatments. At 50°C, effects on S. Typhi-
murium’s osmotic response were apparent for the pH 4 organic
acid salt treatments (Fig. 2), despite a lack of effect on viability
at 50°C (Fig. 1). Compared to their pH 7 counterparts at 50°C,
both SL and SP exhibited a reduced osmotic response with
only 16 and 11% increases in OD, respectively. At 55°C, the
reduced osmotic response following SL and SP pH 4 treat-
ments compared with SL and SP at pH 7 was also observed
(14.5 and 13.9%), respectively), and this reduction was signifi-
cant (P < 0.05, Fig. 2).

Potassium leakage and TEM analyses indicate that heated
SL and SP treatments influence the S. Typhimurium mem-
brane regardless of pH. The results of the osmotic response
assays were further supported by ICP-OES measurements of
potassium loss from S. Typhimurium exposed to pH 4 solutions
of 2.5% SA, SL, or SP at 55°C for 1 min (Table 2). The organic
acid salt solutions at pH 7, pH 4 dH,O, and PBS (pH 7.4)
served as controls. As expected, pH 4 dH,O as well as PBS
resulted in minimal potassium leakage (approximately 2 ppm).
These data are consistent with the robust osmotic response
displayed by S. Typhimurium following exposure to 55°C pH 4
dH,O (data not shown). Surprisingly, SL and SP at pH 7
yielded potassium leakage values nearly identical to those ob-
served at pH 4 (Table 2). Even exposure to SA had a modest
effect, which was more pronounced at pH 4 (6.9 ppm) than pH
7 (3.5 ppm). Furthermore, the potassium leakage resulting
from exposure to any of the organic acid salt treatments was
significantly greater than that from either pH 4 dH,O or pH
7.4 PBS (P < 0.05).

In order to visualize the treated cells, stationary-phase S.
Typhimurium exposed to 55°C solutions of 2.5% SA, SL, or SP
at pH 7 (Fig. 3A, B, and C, respectively) and pH 4 (Fig. 3D, E,
and F) for 1 min was visualized using TEM. Aberrances in the
cell wall/membrane were observed in cells exposed to all treat-
ments, but cells exposed to the pH 4 organic acid salt solutions

TABLE 2. Potassium leakage from S. Typhimurium exposed to
multiple-hurdle treatments at 55°C

Potassium lost (SD)

Treatment pH (ppm)*

Organic acid salt solutions
2.5% sodium acetate 4 6.9 (0.17)P
7 3.5 (0.21)F
2.5% sodium lactate 16.5 (0.51)*
14.3 (0.35)®
2.5% sodium propionate 4 12.1 (0.01)¢
7 115 (0.12)°

Controls

Deionized H,O 4 2.4 (0.09)F
PBS 7.4 2.2 (0.27)F

“ Capital letters indicate statistical groupings.
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FIG. 3. In preparation for TEM, stationary-phase S. Typhimurium cells were exposed to organic acid salt treatments at 55°C for 1 min. Images
A, B, and C represent S. Typhimurium exposed to pH 7 solutions of 2.5% sodium acetate, sodium lactate, and sodium propionate, respectively,
while images D, E, and F show cells following exposure to pH 4 solution of 2.5% sodium acetate, sodium lactate, and sodium propionate,
respectively. Image G shows cells exposed to the control (pH 4 dH,O). Circular shapes depict cell cross sections, and long oval shapes show cells
lengthwise. Cell wall/membrane aberrances are indicated by the large arrows, and clumping of the cytoplasmic contents is shown by arrowheads.

showed visible clumping of the cytoplasmic contents compared
to cells exposed to the pH 7 solutions or the water control
(Fig. 3G).

Microarray results suggest minimal differences in the re-
sponse of S. Typhimurium to either 55°C pH 4 SA or SP
exposure. The viability, osmotic response, potassium leakage,
and TEM data indicated existence of an organic acid-specific
treatment effect on S. Typhimurium. We sought to better char-
acterize the response of S. Typhimurium to these treatments
by comparing its patterns of gene expression after exposure to
SA and SP at pH 4. These treatments were specifically chosen
because, despite the chemical similarities between the SA and
SP treatments, the survival of S. Typhimurium following expo-
sure to SP was generally significantly less compared to SA
(Fig. 1).

Stationary-phase S. Typhimurium was exposed to each of
the following at 55°C for 1 min: 2.5% solutions of SA and SP
and dH,O (all pH 4). Total RNA from SA- and SP-treated
cells was competitively hybridized against that from the pH 4

dH,O-treated cells, providing an internal control for temper-
ature and pH. Overall, it was found that 353 S. Typhimurium
genes were differentially expressed in SA- and/or SP-treated
cells, including 14 plasmid-associated genes (Fig. 4; see Table
S1 in the supplemental material). For genes differentially ex-

SA total

288 319
(124u,168d) (131u,181d)

SA and SP

FIG. 4. Comparison of Salmonella Typhimurium gene expression
in response to pH 4 sodium acetate (SA) and sodium propionate (SP)
treatments (u, upregulated genes; d, downregulated genes).
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pressed following treatment with SA and SP (n = 254), no
opposing changes in gene expression were observed (i.e., if
gene expression was up in SA it was also up in SP and vice
versa). Transcription of 203 (59%) of the genes was repressed
in at least one treatment, and 150 (41%) genes were induced.
Seventeen percent of genes were differentially expressed in
response to SP only (n = 65), while only 10% of genes were
differentially expressed in response to SA only (n = 34). Ex-
pression of the transcriptional regulator rpoS was repressed in
response to pH 4 SA or SP exposure (—2.23 and —2.17, re-
spectively; Table S1). It was observed that numerous genes
with functions in heat shock response or as molecular chaper-
ones were repressed following either pH 4 SA or pH 4 SP
treatment (e.g., dnak, hptl, dnal, grpE, clpP, and hscAB; Table
S1). It was also found that genes related to regulation of
attachment and/or motility (e.g., fimW, fimZ, and fliZ) were
induced (Table S1).

DISCUSSION

Salmonella contamination of poultry is an important con-
tributor to food-borne illness. In this study, multiple-hurdle
treatments, combining organic acid salt, pH, and temperature
hurdles, were examined for their mechanism of action against
Salmonella in vitro. It was observed that a synergistic reduction
of S. Typhimurium could be achieved with the combination of
heat (>50°C), acidic pH, and at least two of the organic acid
salts tested. Specifically, at 55°C both SL and SP, the more
lipophilic organic acids, led to significant reductions in S. Ty-
phimurium numbers within 1 min of treatment, but it was not
until 60°C that SA, the least lipophilic, began to cause a sub-
stantial reduction.

Both organic acids and temperature are known to influence
membranes by diffusion through them and by altering their
fluidity, respectively (2, 25). This led us to suspect that the
mechanism of efficacy of the thermal, organic acid salt treat-
ments was through membrane disruption. In addition to dif-
fusing through membranes, undissociated organic acids have
been shown to partition into the bilayer in correlation with
their lipophilicity and cause membrane perturbation (21, 57,
58). A study by Stratford et al. (58) examined the effects of the
acetic and sorbic acid treatments (pH 4) on various spoilage
yeasts at 28°C over the course of 28 days. They concluded that
acetic acid can inhibit Aspergillus niger by cytoplasmic acidifi-
cation, while the more lipophilic (and more toxic) sorbic acid
did not cause a substantial drop in pH;. The researchers hy-
pothesized that sorbic acid inhibited 4. niger through pertur-
bation of the membrane. The osmotic response and potassium
leakage data shown here support the hypothesis that lipophilic
organic acids (in this case lactic and propionic) affect the in-
tegrity of the cell membrane. The osmotic response data
showed an effect of pH 4 SL and SP on S. Typhimurium at
50°C and 55°C. Sampathkumar et al. (52) also observed a
similar reduction in the ability of S. Typhimurium to respond
to a change in osmotic pressure following exposure to alkaline
pH. Their data showed comparable osmotic responses at pH 7
(27%), while at pH 10 the response was reduced to approxi-
mately 16%, suggesting that alkaline pH also affects S. Typhi-
murium membrane integrity. Our potassium leakage results
support the osmotic response data, clearly demonstrating that
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SL and SP caused the greatest potassium loss of the tested
treatments.

It was notable that, while the 55°C pH 7 SL- and SP-exposed
S. Typhimurium maintained an osmotic response and re-
mained viable, these treatments still caused significant potas-
sium leakage. It is commonly thought that it is the undissoci-
ated organic acids that cross or partition into the cell
membrane and are responsible for the antimicrobial effects of
organic acids (25). However, our pH 7 potassium leakage and
TEM data suggest that even solutions of highly dissociated
lipophilic organic acids (i.e., lactate and propionate at pH 7)
are capable of weakening the membrane. TEM further re-
vealed that cells exposed to any of the pH 4 organic acid salt
treatments showed obvious cytoplasmic clumping. This clump-
ing may indicate denatured proteins and ribosomes resulting
from an acidic cytoplasmic pH facilitated by the now-leaky
membrane. Similar compaction of the S. Typhimurium cyto-
plasm has previously been observed following exposure to
2.5% trisodium phosphate (pH 11), a treatment which was
concluded to affect membrane integrity (52). Moreover, lactic
acid has been shown to permeabilize the outer membrane of S.
Typhimurium (1, 24). Helander and Mattila-Sandholm (24)
observed that the presence of either lactic or citric acids in-
creased cellular uptake of the fluorescent dye 1-N-phenylnaph-
thylamine when exposed to nisin (compared with uptake fol-
lowing exposure to nisin alone). The authors also noted that
acetic, lactic, citric, and propionic acids at pH 4 were not
sufficient to cause significant cellular leakage by the methods
used in that study (i.e., measurement of nucleic acids lost
following room-temperature exposure). This is consistent with
our data, which showed no substantial reduction in viability
caused by the room-temperature treatments.

The microarray data comparing the effects on gene expres-
sion of pH 4 SA and SP treatments further confirm the TEM
results demonstrating that S. Typhimurium responses to any of
the given treatments are very similar. This may be a result of
the short exposure time (1 min), which may not allow for
substantial changes in gene transcription. While collecting
RNA following a longer exposure may have revealed more
organic acid-specific changes in gene expression, it was impor-
tant to perform the analysis using the short exposure time to
reflect what would be most likely to occur in a processing
setting (43). Following either treatment, no increases in tran-
scription of rpoS or phoPQ, both genes known to play key roles
in response to organic and inorganic acid stress in Salmonella
(3, 6, 20, 29), were observed. Likewise, while acetate and pro-
pionate have been shown previously to influence virulence
gene expression (17, 18, 23, 30), no significant changes were
observed in transcription of virulence factors. There may be
the potential for repression of at least one of the Salmonella
pathogenicity islands (SPI1), as it was found that dnaK expres-
sion was repressed in response to either pH 4 SA or pH 4 SP
treatment. dnaK has recently been demonstrated to contribute
to SPI1 regulation via a series of intermediate genes that ulti-
mately affect the SPI1 transcriptional regulator HilD (34).
dnaK expression has also been shown to be inhibited by gamma
irradiation (8), demonstrating that a variety of environmental
conditions affect dnaK regulation. In addition to the SPI1
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genes themselves, fimbrial genes also have important roles in
Salmonella pathogenicity (14). FliZ has been shown to post-
translationally regulate FimZ, leading to a repression of type 1
fimbrial genes (51). The regulators fliZ and fimZ were induced
following both pH 4 SA and SP exposure. It has also been
demonstrated that FimZ can induce AilE, which is a negative
regulator of SPI1 (5, 50). These data together support the
hypothesis that the pH 4 SA and pH 4 SP treatments may in
fact lead to a repression of virulence gene expression. The
microarray analysis also revealed that numerous heat shock
genes were repressed following either pH 4 SA or pH 4 SP
treatment. These data support a recent study that found S.
Typhimurium to be impaired in the synthesis of heat shock
genes following membrane damage (41). Together, these data
suggest that S. Typhimurium relies heavily on its membrane
integrity in order to accurately respond to its surrounding
environment.

Membrane destabilization weakens the cell against a variety
of factors that can lead to cell death (e.g., changes in intracel-
lular pH, loss of cellular contents, loss of the electrochemical
gradient [in turn causing loss of motility and ATP produc-
tion]), but it is not the only mechanism by which organic acids
have been shown to work against Salmonella. A study from
2005 suggested that an intracellular pH drop following expo-
sure to various organic acids can cause destabilization of cyto-
plasmic enzymes in Salmonella (42), and Barua et al. (4) de-
termined that S. Typhimurium lipopolysaccharide (LPS)
mutants were less fit to grow in the presence of acetic acid than
the wild-type strain. These researchers suggested that LPS
specifically may contribute to acid resistance. However, an-
other explanation might be that any outer membrane damage
(to LPS or otherwise) may also result in increased acid sensi-
tivity, as is supported by our potassium leakage and TEM
results. While our study cannot exclude other mechanisms of
antimicrobial efficacy for the tested multiple-hurdle treatments
(i.e., organic acid anion accumulation [47]) as contributing
factors, the data support the conclusion that membrane desta-
bilization is a critical component during exposure to the brief
(1-min) SL and SP treatments tested.

Conclusions. The significant reduction of S. Typhimurium
that occurs following a multiple-hurdle treatment of select
heated, acidified organic acid salt solutions can be attributed at
least in part to the membrane-damaging effects of the com-
bined thermal and organic acid treatment, with effectiveness
increasing as organic acid lipophilicity increases. The mem-
brane disruption then leaves Salmonella vulnerable to the
acidic pH of the treatment. Existing literature has documented
several possible mechanisms of action for organic acids, and
these data further suggest that the mechanism may vary ac-
cording to the accompanying conditions of exposure. Our re-
sults highlight that in spite of chemical similarity (i.e., SA and
SP) antimicrobial effectiveness of organic acids can vary.
Therefore, it may be important to take into account organic
acid-specific effects prior to application of organic acid inter-
vention treatments in a commercial setting. Overall, the data
presented indicate that a combined thermal, acidified SP treat-
ment may provide a simple yet effective antimicrobial treat-
ment to combat Salmonella.
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