APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Jan. 2003, p. 122-129
0099-2240/03/$08.00+0 DOI: 10.1128/AEM.69.1.122-129.2003

Vol. 69, No. 1

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

High pH during Trisodium Phosphate Treatment Causes Membrane
Damage and Destruction of Salmonella enterica Serovar Enteritidis
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Trisodium phosphate (TSP) is now widely used during the processing of poultry and red meats, but the
mechanism whereby it inactivates gram-negative bacteria such Salmonella spp. remains unclear. Thus, Salmo-
nella enterica serovar Enteritidis (ATCC 4931) cells were treated with different concentrations of TSP (1.5, 2.0,
and 2.5% [wt/vol]) and compared with (i) cells treated with the same pH as the TSP treatments (pH 10.0, 10.5,
and 11.0, respectively) and (ii) cells treated with different concentrations of TSP (1.5, 2.0, and 2.5% [wt/vol])
adjusted to a pH of 7.0 = 0.2 (mean * standard deviation). Cell viability, loss of membrane integrity, cellular
leakage, release of lipopolysaccharides, and cell morphology were accordingly examined and quantified under
the above treatment conditions. Exposure of serovar Enteritidis cells to TSP or equivalent alkaline pH resulted
in the loss of cell viability and membrane integrity in a TSP concentration- or alkaline pH-dependent manner.
In contrast, cells treated with different concentrations of TSP whose pH was adjusted to 7.0 did not show any
loss of cell viability or membrane integrity. A 30-min pretreatment with 1.0 mM EDTA significantly enhanced
the loss of membrane integrity only when followed by TSP or alkaline pH treatments. Measuring the absor-
bance at 260 nm, agarose gel electrophoresis, Bradford assay, and Tricine-sodium dodecyl sulfate gel electro-
phoresis of filtrates of treated cell suspensions revealed considerable release of DNA, proteins, and lipopoly-
saccharides compared to controls and pH 7.0 TSP treatments. Electron microscopic examination of TSP- or
alkaline pH-treated cells showed disfigured cell surface topology and wrinkled appearance and showed evi-
dence of a TSP concentration- and pH-dependent disruption of the cytoplasmic and outer membranes. These
results demonstrate that TSP treatment permeabilizes and disrupts the cytoplasmic and outer membranes of
serovar Enteritidis cells because of the alkaline pH, which in turn leads to release of intracellular contents and

eventual cell death.

Salmonella species continue to be commonly associated with
cases of food-borne disease in developed countries. In the
United States in 2001, the incidence per 100,000 people was
highest for salmonellosis (15.1), followed by campylobacterio-
sis (13.8) and shigellosis (6.4) (4). Enteric pathogens usually
contaminate the surface of raw animal products during slaugh-
ter and primary processing (scalding, defeathering or dehiding,
rinsing, cutting, mixing, grinding, etc.) and can attach and/or
reside in the regular and irregular surfaces of the skin, multiply
and, thereafter, contaminate food preparation surfaces, hands,
and utensils. Food spoilage and illness can result from this
carryover of bacteria if these contaminated products are un-
dercooked (5) or handled improperly. Due to the wide range of
potential handling abuses, it is highly desirable to significantly
reduce the numbers of pathogenic bacteria attached to the
surfaces of these products.

An array of methods for reducing the load of potential
pathogens on the surfaces of meat products has been devel-
oped. These methods use ionizing radiation (11), organic acid
sprays (8, 35), and phosphate (e.g., trisodium phosphate [TSP]
and polyphosphates) dips or sprays (8) to reduce the numbers
of bacterial pathogens present on raw animal products follow-
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ing processing. TSP is generally recognized as safe by the Food
and Drug Administration and has been approved by the U.S.
Department of Agriculture for use as a food ingredient (12)
and for the reduction of Salmonella contamination during
poultry processing (13). The process involves immersing
postchill whole birds for 15 s in a 10% solution of Av-Gard
TSP, allowing the excess TSP solution to drip from the bird,
presumably leaving minimal amounts of phosphate on the car-
cass (30). Taste tests showed that TSP treatment at these
relatively high concentrations had no effect on flavor, texture,
or appearance of treated poultry (3, 17). At 8 to 15% (wt/vol),
TSP has been demonstrated to reduce the number of artifi-
cially inoculated gram-negative pathogens surviving on sur-
faces of foodstuffs (9, 31, 38, 40). Log reductions in viable
counts of 1.4 and 0.9 were obtained for FEscherichia coli
O157:H7 and Salmonella enterica serovar Typhimurium, re-
spectively, on beef adipose tissue, although significantly lower
reductions (0.9 and 0.5, respectively) were observed on fascia
(19). On chicken carcasses, Slavik et al. (34) and Kim et al. (20)
showed that TSP treatment at 10 or 50°C reduced Salmonella
counts by 1.6 to 1.8 log units per carcass, and in a scanning
electron microscopic study Kim and Slavik (18) showed TSP
effectively removed attached Salmonella organisms from
chicken skin.

Very little scientific evidence is available which identifies the
actual mechanisms of TSP antimicrobial activity. Possible
modes of action of TSP include (i) exposing microorganisms to
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high pH, which might particularly affect cell membrane com-
ponents (27); (ii) enhancing detachment of bacteria from food
surfaces by sequestration of metal ions (22); and (iii) removing
fat from the skin surface, thereby allowing bacteria to be
washed from the food surfaces more effectively (1, 14, 18). To
date, studies involving TSP have mainly focused on evaluating
the efficiency of Salmonella removal by the process (6, 8, 40—
42), whereas there is no published information that documents
possible mechanisms of TSP antimicrobial action. We were
interested in the role of the high pH generated by dissolved
TSP, which during TSP treatment of Salmonella enterica sero-
var Enteritidis could be responsible for lethal action. This
hypothesis was examined using a series of comparative studies
involving treatment solutions containing different concentra-
tions of TSP, treatment solutions adjusted to the equivalent pH
as in each of the TSP treatments, and TSP solutions pH ad-
justed to 7.0. Direct and indirect indices of cell survival, mem-
brane damage, and cellular leakage were also employed to
examine specific antimicrobial effects.

MATERIALS AND METHODS

Bacteria and culture conditions. S. enterica serovar Enteritidis (ATCC 4931)
was obtained from the American Type Culture Collection (Rockville, Md.). The
stock culture was grown on tryptic soy agar (TSA; Sigma Chemical Co., St. Louis,
Mo.) at 37°C for 18 h and maintained for a maximum period of 1 month at 4°C,
after which a new stock culture was prepared from the frozen stock. A loopful of
this stock culture was used to prepare the inoculum.

Preparation of cell suspensions for antimicrobial studies. The inoculum cul-
ture was prepared by transferring a loopful of colony material from TSA plates
and incubating the resulting liquid culture on a gyratory shaker (100 rpm) at 37°C
for 24 h. Cells in the stationary phase of growth were prepared by transferring 1.0
ml of this batch culture into 100 ml of fresh tryptic soy broth (TSB; Sigma
Chemical Co.) and incubating this culture for 16 h under the same conditions.

Exposure of cells to TSP and high pH. Stationary-phase cells were harvested
by centrifugation at 12,000 X g for 10 min at 4°C. The pellet was then washed
once with phosphate-buffered saline (PBS) (pH 7.0). Washed cells were har-
vested again by centrifugation and resuspended in 100 ml of treatment solution
at room temperature (RT; 25 * 0.2°C) containing either (i) TSB (control), (ii)
TSB with 1.5, 2.0, or 2.5% (wt/vol) TSP, (iii) 1.5, 2.0, or 2.5% (wt/vol) TSP (in a
TSB solution) that was pH adjusted to 7.0 = 0.2 with 6 N HCI, or (iv) TSB that
was pH adjusted to 10.0 = 0.2, 10.5 = 0.2, or 11.0 * 0.2 with NaOH (these
solutions correspond to the pH values of 1.5, 2.0, and 2.5% TSP treatment
solutions above, respectively).

Cell viability. One-milliliter aliquots of each treated cell suspension were
removed at predetermined time intervals (0, 5, 10, 20, 30, 40, 50, and 60 min) and
serially diluted in 0.1% peptone water. Appropriate dilutions were then plated
on TSA. The plates were counted for CFU following incubation at 37°C for 24 h
and plotted against time (survival curves). The decimal reduction time (D value),
defined as the time required to destroy 90% of the organisms, was calculated
from these survival curves. All cell viability experiments were repeated three
separate times.

PI uptake. Washed stationary-phase cells resuspended in different treatment
solutions (as described above) were incubated in 250-ml Erlenmeyer flasks on a
gyratory shaker (100 rpm) at RT for 30 min. Propidium iodide (PI; Sigma
Chemical Co.) was then added to each flask (final concentration of 5.0 uM) and
incubated for an additional 30 min under the same conditions. Following incu-
bation with PI, cells were centrifuged and washed twice with PBS. Washed cells
were diluted to an optical density at 680 nm (ODgg() of 0.5 = 0.2 with PBS. The
fluorescence of the resultant cell suspensions was then measured with a fluorom-
eter (G. K. Turner Associates, Palo Alto, Calif.); the excitation wavelength was
set at 495 nm, and the emission wavelength was set at >595 nm. Fluorescence
values obtained from untreated control cells were subtracted from all treatment
values.

Experiments were also performed to delineate the effects of TSP on the outer
membrane; cells were pretreated with EDTA, which removes stabilizing divalent
cations from the outer membrane by chelation, before exposure to TSP. Washed
stationary-phase cells were resuspended in 100 ml of 0.1 M Tris-HCI (pH 7.5)
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containing 1.0 mM EDTA and incubated on a gyratory shaker (100 rpm) at RT
for 30 min. After incubation, cells were centrifuged and washed once with PBS.
Washed cells were resuspended in treatment solutions containing either (i) TSB
(control), (ii) TSB with 1.5, 2.0, or 2.5% TSP, (iii) 1.5, 2.0, or 2.5% (wt/vol) TSP
(in a TSB solution) that was pH adjusted to 7.0 £ 0.2 with 6 N HCI, or (iv) TSB
that was pH adjusted to 10.0 = 0.2, 10.5 = 0.2, or 11.0 * 0.2 with NaOH and then
measured for PI uptake as described above.

To isolate the effect of Mg?* on the outer membrane of cells pretreated with
EDTA, washed stationary-phase cells were resuspended in 100 ml of 0.1 M
Tris-HCI (pH 7.5) containing different concentrations of MgCl, (0.5, 2.5, 5.0, 7.5,
and 10.0 mM) along with 1.0 mM EDTA. The resuspended cells were incubated
on a gyratory shaker (100 rpm) at RT for 30 min before exposure to 2.0% TSP
for 1 h and then measured for PI uptake, as described above. Simultaneously,
washed stationary-phase cells were incubated on a gyratory shaker (100 rpm) at
RT for 1 h in 100 ml of TSB containing 2.0% TSP along with different concen-
trations of MgCl, (5.0, 10.0, 15.0, 20.0, and 25.0 mM) and measured for PI
uptake.

Measurement of osmotic response. Approximately 1.0 ml of cells was exposed
for 1 h to either (i) 1.5, 2.0, or 2.5% TSP (in a TSB solution), (ii) 1.5, 2.0, or 2.5%
TSP (in a TSB solution) that was pH adjusted to 7.0 * 0.2 with 6 N HCI, or (iii)
TSB that was pH adjusted to 10.0 = 0.2, 10.5 = 0.2, or 11.0 = 0.2 with NaOH.
The cells from each treatment were then centrifuged and washed once with PBS.
Washed cells were resuspended in 1.0 ml of PBS, after which 100 wl of this
suspension was added in triplicate to (i) 1.0 ml of PBS and (ii) 1.0 ml of PBS
containing 0.75 M NaCl. The ODgg, of these suspensions was measured 4 min
after mixing by using a Spectronic 601 spectrophotometer (Milton Roy, N.Y.).
The increase in ODgg, was calculated by subtracting the mean value of the three
measurements in PBS from the mean value of the three measurements in PBS
containing 0.75 M NaCl. These OD increases were expressed as a percentage of
the mean value obtained with PBS alone.

Measurement of cellular leakage. Leakage of cytoplasmic contents was deter-
mined by measuring the absorbance at 260 nm (Spectronic 601) of the cell
filtrates following various treatments. Washed stationary-phase cells were resus-
pended in 100 ml of sterile distilled water containing different concentrations of
TSP (0 [control], 0.5, 1.0, 1.5, 2.0, and 2.5%) and distilled water containing
different concentrations of TSP (0.5, 1.0, 1.5, 2.0, and 2.5%) with pH adjusted to
7.0 and incubated on a gyratory shaker at RT for 1 h. The pHs of the treatment
solutions containing 0, 0.5, 1.0, 1.5, 2.0, or 2.5% TSP were 7.2, 12.10, 12.28, 12.35,
12.40, and 12.44, respectively. The treatment solutions were not prepared in TSB
as in previous studies, as the absorbance of TSB at 260 nm was unreadable by the
spectrophotometer. After incubation, 3.0 ml of each treated cell suspension was
filtered through a 25-mm-diameter, 0.2-wm-pore-size Nalgene syringe filter
(VWR CanLab, Mississauga, Ontario, Canada). The filtrates were then exam-
ined for the presence of nucleic acids by measuring the absorbance at 260 nm
(A560) and also running 1.0-ml aliquots of the phenol-chloroform-isoamyl alcohol
(25:24:1 [vol/vol]; Life Technologies, Grand Island, N.Y.) concentrated super-
natants on a 0.75% agarose gel. The Bradford assay (2) was also performed on
the filtrates to quantify release of proteins by the various treatments. The pos-
sible release of outer membrane components like lipopolysaccharides (LPS)
following various treatments was examined as described by Vaara (39).

Electron microscopy. Cells exposed to TSP or alkaline pH were harvested by
centrifugation, washed twice in 1X PBS, and pelleted by centrifugation at 12,000
X g for 10 min. Pelleted cells were resuspended in fresh fixative containing 3.0%
glutaraldehyde in 0.1 M sodium cacodylate buffer (SCB). The cells were pelleted
by centrifugation, washed three times with 0.1 M SCB, and fixed with 1.0%
osmium tetroxide (OsO,) in 0.1 M SCB for 1 h at RT. The cells were then stained
en bloc in saturated uranyl acetate and dehydrated in a gradient series of ethanol
(50, 70, 95, and 100% [vol/vol]) for 5.0 min per immersion. The cells were then
washed three times for 5 min each with propylene oxide and perfused with
Epon-Ardite. Preparations were thin sectioned and viewed using a Phillips 410
LS electron microscope. All chemicals used in the preparation of specimens for
electron microscopy were purchased from Electron Microscopy Supply (Fort
Washington, Pa.).

RESULTS AND DISCUSSION

Effect of TSP on cell viability. The results of this study
showed that TSP reduces the viability of serovar Enteritidis
cells in a concentration-dependent manner (Fig. 1A). This
effect was lost, however, if cells were exposed to TSB solutions
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FIG. 1. Effect of different concentrations of TSP (A), TSP with pH adjusted to 7.0 (B), or alkaline pH (C) on the viability of S. enterica serovar
Enteritidis ATCC 4931 cells over time. Following treatment, cell suspensions were diluted and plated on TSA, and CFU were enumerated after
incubation at 37°C for 24 h. Log CFU were plotted against time. Data from each treatment are the mean of three separate replications. Standard

deviations were in the range of 10 to 15% of the given values.

containing 1.5, 2.0, or 2.5% (wt/vol) TSP adjusted to pH 7.0
(Fig. 1B). Serovar Enteritidis cells were only slightly inhibited
when treated with 1.5% TSP (D value, 36.90 min) or equivalent
alkaline pH (10.0) TSB (D value, 25.12 min) solutions for 1 h
(Fig. 1A and C). However, increasing the concentration of TSP
in the treatment solution from 1.5 to 2.5% resulted in a rapid
loss of viability (D values for 1.5, 2.0, and 2.5% TSP were 36.90,
15.17, and 6.27 min, respectively), with no detectable survivors
after 1 h. These decreases in survival were similar to those
observed when cells were exposed to high pH TSB solutions

(Fig. 1C). Cells of serovar Enteritidis better survived treatment
with 1.5% TSP, or equivalent alkaline pH (pH 10.0) TSB
solutions, and showed only a 2- or 3-log reduction in CFU,
respectively, after a 1-h exposure (Fig. 1A and C) compared
to a 5- or 6-log reduction in CFU within 20 min of exposure
to 2.5% TSP or equivalent alkaline pH (pH 11.0), respec-
tively. It is noteworthy that when the pH of the various TSP
treatment solutions was adjusted to 7.0, no loss in bacterial
survival was observed (Fig. 1B), demonstrating that TSP had
no effect on cell viability at pH 7.0. Thus, the effectiveness of
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FIG. 2. PI uptake of S. enterica serovar Enteritidis ATCC 4931 cells exposed to different concentrations of TSP, TSP with pH adjusted to 7.0,
or alkaline pH for 1 h following pretreatment with (solid bars) or without (open bars) 1.0 mM EDTA in 0.1 M Tris-HCl for 30 min. The percent
fluorescence value for each treatment is the mean of three separate replications. The fluorescence value obtained for untreated control cells was
subtracted from all experimental values. Error bars represent = 1 standard deviation.

TSP appeared to directly correlate with the alkaline pH of
TSP solutions.

PI uptake. When serovar Enteritidis cells were exposed to
increasing concentrations of TSP, an increase in the uptake of
the membrane-impermeant fluorescent dye PI was seen, sug-
gesting that TSP treatment permeabilized both the outer and
cytoplasmic membrane (Fig. 2). However, when cells were
exposed to treatment solutions containing different concentra-
tions of TSP where the pH had been adjusted to 7.0, the PI
uptake by cells was similar to that of the control (Fig. 2).

Gram-negative bacteria have previously been shown to be
more susceptible to high pH because of their very thin (2 to 3
nm) peptidoglycan layer (28). The peptidoglycan layer stabi-
lizes the cytoplasmic membrane of intact bacterial cells against
turgor pressure (7). The peptidoglycan layer of gram-negative
bacteria, once weakened by high pH, may be less capable of
preventing the cytoplasmic membrane from bursting, as shown
by Mendonca et al. (27) for serovar Enteritidis and E. coli cells
suspended in NaHCO5-NaOH buffer solution at pH 10.0.

To understand the effect of TSP or equivalent alkaline pH
on the outer membrane of serovar Enteritidis cells, stationary-
phase cells were pretreated with EDTA to sequester stabilizing
divalent cations from the outer membrane. EDTA pretreat-
ment of serovar Enteritidis cells significantly (P < 0.05) en-
hanced PI uptake following TSP or equivalent alkaline pH
exposure, compared to the PI uptake of cells treated similarly
without EDTA pretreatment (Fig. 2). EDTA is known to have

a significant effect on the outer membrane permeability of
gram-negative bacteria (23) and removes, by chelation, stabi-
lizing divalent cations like Mg?* and to a lesser extent Ca**
from their binding sites in LPS. As a consequence of EDTA
treatment, the outer membrane becomes more permeable to
agents that otherwise would not cross the cell membrane (15,
23, 24, 29). Short-term EDTA treatments of bacteria have
been used to introduce macromolecules and hydrophobic com-
pounds through the outer membrane without affecting cell
viability (16, 23, 33, 36). In this study, short-term (30-min)
treatment with EDTA alone did not affect cell viability or
induce PI uptake (data not shown). The addition of MgCl,
during pretreatment of cells with EDTA before exposure to
2.0% TSP inhibited the PI uptake-enhancing activity seen in
EDTA-pretreated cells, resulting in fluorescence levels similar
to those seen in cells exposed to 2.0% TSP without any pre-
treatment (Fig. 3). This effect is likely the consequence of the
chelation of excess Mg>* with EDTA, thus making EDTA
unavailable for reaction with Mg?* in the outer membrane.
Pretreatment of serovar Enteritidis cells with MgCl, at 0.5 to
10.0 mM (in 0.1 M Tris-HCI, pH 7.5) before exposure to 2.0%
TSP did not have any effect on the PI uptake (data not shown).
However, the addition of MgCl, along with 2.0% TSP in the
treatment solution resulted in a reduction in PI uptake com-
pared to that in cells exposed to 2.0% TSP alone. This reduc-
tion in PI uptake was observed at a 10 mM MgCl, concentra-
tion, and at concentrations of 25 mM MgCl, PI uptake was
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FIG. 3. PI uptake by S. enterica serovar Enteritidis ATCC 4931 cells pretreated with different concentrations of MgCl, (open bars) or MgCl,
in combination with 1.0 mM EDTA (solid bars) for 30 min prior to 1-h treatment with 2.0% TSP. The percent fluorescence value for each
treatment is the mean of three separate replications. The fluorescence value obtained for untreated control cells was subtracted from all

experimental values. Error bars represent + 1 standard deviation.

completely inhibited, possibly due to direct complex formation
between TSP and MgCl, making TSP unavailable to act on the
outer membrane. Alternatively, MgCl, stabilizes the outer
membrane of the cells, making it resistant to the effects of TSP.
The former explanation seems most likely, as pretreatment
with MgCl,, unlike EDTA, had no effect on the uptake of PI
(data not shown) following TSP exposure (i.e., TSP resulted in
an increase in PI uptake with or without MgCl, pretreatment).
These observations suggest that TSP, like EDTA, forms che-
lates with divalent cations in the outer membrane, leading to
increased permeability of the outer membrane.

Cells exposed to either 2.5% TSP or equivalent alkaline pH
(11.0) TSB solution rapidly lost viability and accordingly ex-
hibited the greatest PI uptake (Fig. 2). This suggested that the
cells had sustained membrane damage and become permeable
to the membrane-impermeant dye PI. In contrast, cells ex-
posed to either 1.5% TSP or equivalent alkaline pH (10.0) TSB
solution showed very little loss of viability and the least uptake
of PL.

Osmotic response. When cell suspensions are placed in hy-
pertonic salt solutions, an increase in OD results as a conse-
quence of light scattering and has been shown to be related to
the extent of plasmolysis (26). This ability to plasmolyse in
hypertonic salt solutions is referred to as the osmotic response.
In cold-shocked Klebsiella aerogenes cells, a good correlation
between this loss of osmotic response and cell death was found
to exist (37). Korber et al. (21) developed a microscopic
method for the direct measurement of plasmolysis in single
cells, demonstrating that loss of osmotic response (i.e., loss of
membrane integrity) correlated with the death of individual
cells. During the present study, serovar Enteritidis cells ex-

posed to increasing TSP concentrations lost their ability to
plasmolyse in 0.75 M NaCl in a TSP concentration-dependent
manner (Fig. 4), suggesting that the cells had sustained mem-
brane damage. A similar response was observed when cells
were exposed to high pH. Results from PI uptake and osmotic
response studies confirmed that a negative relationship existed
between cell viability and membrane damage when cells were
exposed to TSP or equivalent alkaline pH TSB solutions.
Leakage of cellular contents. While the A, of filtrates of
cells exposed to TSP was significantly (P < 0.05) higher than
that for untreated control values, no significant (P < 0.05)
difference in the 4,4, was observed in filtrates of cells exposed
to different concentrations of TSP (Table 1). Thus, increasing
the time of exposure to different concentrations of TSP did not
have any significant effect on 4,4, values. The presence of
nucleic acids in the cell-free filtrates of TSP- or alkaline pH-
treated cells was confirmed by agarose gel electrophoresis,
whereas none could be detected in untreated control and pH
7.0-adjusted TSP treatments (data not shown). Bradford assays
performed on filtrates of cells exposed to TSP also revealed the
presence of a very high concentration of protein; no protein
was detected in filtrates of untreated control (Table 1) and pH
7.0 TSP-treated cell suspensions (data not shown). Tricine-
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
analysis of cell-free supernatants of TSP- or alkaline pH-
treated serovar Enteritidis cells revealed a prominent ladder
pattern characteristic of smooth-type LPS, indicating that
these treatments facilitated the release of LPS from the outer
membrane (data not shown). Very little LPS was present in the
supernatant of control or pH 7.0 TSP-treated cell suspensions.
Thus, membrane damage due to TSP treatment was in fact
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FIG. 4. Osmotic response of S. enterica serovar Enteritidis ATCC 4931 cells following 1 h of treatment with different concentrations of TSP,
TSP with pH adjusted to 7.0, or alkaline pH. The ODgg, of cell suspensions was measured in both PBS and PBS containing 0.75 M NaCl. The
osmotic response of treated cells was measured as the increase in ODg, of the cell suspension placed in 0.75 M NaCl divided by the ODgg, in PBS.
The ODgg, increase was then expressed as a percentage of the value obtained with PBS alone. The percent OD increase for each treatment is the
mean of three separate experiments. Error bars represent = 1 standard deviation.

found to be consistent with the increased release of 260-nm-
absorbing material to the medium (Table 1) and the presence
of DNA, proteins (Table 1), and LPS in the filtrates of TSP-
treated cell suspensions.

Electron microscopy. The cells used for this study were sta-
tionary-phase washed cells. As a result, the electron micro-
graphs of the untreated control (cells suspended in fresh TSB
for 1 h) consisted mostly of single or dividing “doublet” cells.
The dimensions and sizes of these cells were 0.75 to 1.0 by 0.5
pm in length and diameter. Internal ultrastructures of these
cells show a centrally situated genome surrounded by the cy-
toplasmic area with tightly packed ribosomes. The cell mem-
branes and walls and the periplasmic spaces of these cells can
be clearly distinguished. Cells treated with TSP (Fig. 5A)
showed that cells had lost their general shape. The genome

TABLE 1. Absorbance at 260 nm and concentration of proteins in
cell-free filtrates of S. enterica serovar Enteritidis ATCC 4931 cells
exposed to different concentrations of TSP

TSP conen (% wt/vol) Ase™? Protein conen (pg/pl)”
0.0 0.12 0.00
0.5 1.96 1.57
1.0 1.98 1.99
1.5 1.98 2.82
2.0 1.98 3.11
25 1.98 3.12

“ Absorbance values from the control treatment (0% TSP) were subtracted
from the treatment values.

b Data are means of three separate replications.

¢ Protein content was estimated by Bradford assay.

area was disorganized and appeared as loosely packed DNA
and polyribosomes. These effects are expected if DNA degra-
dation and release are associated with TSP treatment. TSP-
treated cells also showed distortions and collapse in the mem-
brane-wall continuity. In many instances, and especially with
2.5% TSP treatments, breaks in the outer membranes were
evident. Finally, distinct condensation and beading of cytoplas-
mic material (Fig. 5) preferentially towards the inner mem-
brane or the polar regions of the cells and some vacuolization
were seen. Cells exposed to alkaline pH (Fig. 5B) showed a
number of similarities to TSP-treated cells. Disappearance of
the outer membrane and breaks between the cell wall and
outer membranes observed in TSP-treated cells were also ev-
ident during alkaline pH treatment. Vacuolization, exagger-
ated condensation, and beading in the cytoplasmic area were
observed, similar to TSP treatments. In most cases, disrupted
cytoplasmic membranes could be observed in close association
with the condensed cytoplasm (Fig. 5B). The condensation of
the cytoplasm in cells exposed to TSP or alkaline pH could, in
part, be explained by the fact that proteins and other cytoplas-
mic constituents would denature and precipitate at high pH.
DNA, being highly hydrophilic (32), would remain water sol-
uble and separate in the liquid phase from the rest of the
cytoplasm and would be released out of the cell once the outer
and cytoplasmic membranes were disrupted (Fig. 5A). This
was confirmed by the increased A4, values of filtrates of cells
exposed to TSP or high pH and also detection of DNA on
agarose gels in these filtrates (Table 1). Mendonca et al. (27)
reported similar membrane damage and discharge of intracel-
lular material in serovar Enteritidis and E. coli cells exposed to
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FIG. 5. Electron micrograph thin sections of S. enterica serovar Enteritidis ATCC 4931 cells exposed to 2.5% TSP (A) or pH 11.0 TSB solutions
(B). In panel A, long arrows show disruption and holes in the outer and cytoplasmic membranes, whereas the arrowheads (without shafts) in panels
A and B show what appeared to be compacted regions of residual ribosomes and amorphous bodies situated close to the disrupted membrane.
In panel B, the wide arrow with shaft shows an example of the disrupted cytoplasmic membrane closely associated with the condensed cytoplasm.

Bars, 0.5 pm.

pH 12 at 45°C. Membrane damage is not restricted to exposure
to high pH alone. Electron microscopic studies have shown
similar effects in Salmonella spp. and E. coli following starva-
tion, freezing, and exposure to lysozyme (10, 25) or high pres-
sure (250 MPa), and in Listeria monocytogenes after freezing
and prolonged frozen storage or exposure to high pressure
(500 MPa). A similar response was observed when L. mono-
cytogenes cells were exposed to pH 12.0 (27).

The results presented in this study indicate that TSP is a
potent membrane-acting agent, as indirectly evidenced by its
ability to induce the uptake of the membrane-impermeant dye

PI and release of LPS, DNA and RNA, and intracellular pro-
teins from treated cells. The TSP action on membranes occurs
at both functional and structural levels, as directly evidenced
by electron microscopic examination. The inhibition of PI up-
take by MgCl, added in excess during TSP treatment suggests
that the mode of action of TSP could involve chelation of
divalent cations in the outer membrane. However, when the
pH of the treatment solutions containing TSP was adjusted to
7.0, TSP had no effect on cell viability and there was no evi-
dence of membrane damage. Overall, these results provide
compelling evidence that the high pH during TSP treatment,
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and to a lesser extent sequestration of metal ions in the outer
membrane by TSP, lead to membrane damage, release of in-
tracellular contents, and cell death.
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