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ABSTRACT

Selective plating media are used for the enumeration and isolation of bacterial pathogens from food and water samples.
This study compared the quantitative recovery of Salmonella spp. and Vibrio cholerae grown in nutrient-limited, filter-steril-
ized, reconditioned wastewater over the temperature range of 4 to 45°C using nonselective and pathogen-specific selective
media. Viable Salmonella were enumerated on tryptic soy agar (TSA) and XLT-4, and viable V. cholerae were enumerated
on TSA and thiosulfate-citrate-bile-sucrose agar. There was a statistically significant (P < 0.05) higher recovery of both
pathogens over the growth temperature range on TSA compared to the selective media. Trehalose, a stress-induced metabolite
of Salmonella, was isolated from the cells grown in the reconditioned wastewater, whereas, the V. cholerae exhibited a change
in cellular morphology from rod to coccoid shape. These results suggest that growth in nutrient-limited water injured or
stressed the individual pathogens. Care should be used in choosing the procedure and plating medium for quantitative recovery

of pathogens from such a nutrient-limiting environment.

The benefits of reclaimed wastewater usage are de-
creased water pollution and use costs, in addition to sup-
plementing available water resources (19). Applications of
wastewater reuse include agricultural irrigation (19) and use
by the food industry (19, 25), especially the reconditioned
process water from food-manufacturing operations (25).
The increased use of reclaimed water raises concerns about
the occurrence and survival of pathogens in this environ-
ment (26). For example, the survival and recovery of Sal-
monella spp. from surface water, weather pools, wastewater,
sea water, and bottled water are well documented (6, 18,
26). In addition, Vibrio spp. were reported to survive in
drinking water, surface water, and ballast, bilge, and sewage
(4, 12).

The accurate identification and quantitative enumera-
tion of these bacteria are essential to maintain public health.
Yet stresses such as nutrient-limiting conditions (4, 12, 18,
26) may injure cells and may restrict the performance of
traditional methods to identify these bacteria. In reviews on
bacterial injury, Hurst (/4) and Moriarty and Bell (21) re-
ported that stress injury can occur when bacteria are grown
in nutrient-limiting aquatic environments. Bissonnette et al.
(5) and Hoadley and Cheng (11) reported that as a result
of aquatic environmental stress, bacteria lost their ability to
produce colonies on selective agars due to the inhibitory
agents but produced colonies on nutritionally rich nonse-
lective agars. Both suggest that a major proportion of the
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total population was physiologically injured as a result of
exposure to the stresses of certain aquatic environments and
emphasized that such damaged cells were not necessarily
killed. However, the detection and enumeration of these in-
Jured survivors were impeded by the presence of inhibitory
compounds in specific- selective media (5, 11). Under nu-
trient-limiting conditions as found in the water environ-
ment, Salmonella (7, 9, 26) and Vibrio (12, 13) are reported
to lose the ability to form colonies during recovery on se-
lective agars, and when these bacteria are grown under
more severe (starvation) conditions, these injured or
stressed cells were reported to enter a state of viable but
nonculturable (7, 15).

Injury is related to the severity of stress. Hoadley and
Cheng (11) and Hurst (14) reported that the severity of the
stress injury is related to the amount of actual cells recov-
erable using nonselective media. Injured cells may grow on
nonselective media, but specific bacterial pathogens can
only be quantified using a comparison of growth on selec-
tive media. The highly selective agar, XL.T-4, and thiosul-
fate-citrate-bile-sucrose (TCBS) agar were developed for
isolating salmonellae (20) and vibrios (31), respectively. In-
formation is limited as to the recoverability of injured Sal-
monella from a nutrient-deprived environment using XLT-
4. West et al. (31) reported on the recovery rate of uninjured
Vibrio using TCBS and tryptic soy agar (TSA) supple-
mented with 1% NaCl, but information is limited on the
recovery rate of injured cells using TCBS. In addition to
the recoverability of injured cells on selective media, Du-
pray et al. (10) reported that stressed Salmonella produced
the intracellular osmoregulator trehalose under adverse
growth conditions, which can be identified by nuclear mag-



RECOVERY OF SALMONELLA AND V. CHOLERAE FROM RECONDITIONED WATER

netic resonance (NMR) analysis. Baker et al. (4), Kjelleberg
et al. (15), and Novitsky and Morita (22) reported that nu-
trient-deprived V. cholerae undergo a visible cellular mor-
phological change from rods to cocci under stress but are
still culturable. In a previous study Rajkowski et al. (26)
reported that both Salmonella and Vibrio grew under nu-
trient-limiting conditions in reconditioned plant wastewater
with a coliform growth response >2. The objective of the
present study was to determine if (i) there was a significant
difference in recovery of stressed cells grown in nutrient-
limiting reconditioned wastewater using the nonselective
(TSA) and selective XLT-4 or TCBS agars, (ii) if Salmo-
nella produced trehalose, and (iii) if Vibrio changed mor-
phologically after growth under the nutrient-limiting con-
ditions.

METHODS AND MATERIALS

Microorganisms. A three-strain mixture of either Salmonella
sp. or V. cholerae was used for the growth studies. Salmonella
Enteritidis was obtained from the Microbial Food Safety Research
Unit’s culture collection in this laboratory. Salmonella Typhimu-
rium 798 and Salmonella Choleraesuis 38 were obtained from the
U.S. Department of Agriculture National Animal Disease Center,
Ames, Iowa. The stock culture of each serovar was maintained in
brain-heart infusion broth (Difco Inc., Detroit, Mich.) and stored
at 4°C. V. cholerae strains N16961-O1 Inaba-El Tor-toxagenic,
0139 (non-01)-1837, and O1-569B were obtained from the U.S.
Food and Drug Administration, Washington, D.C. The stock cul-
tures of each Vibrio strain were maintained in brain-heart infusion
broth and stored at ambient temperature.

Preparation for the test inoculum of Salmonella or Vibrio was
described earlier (26). The final dilution of Salmonella or Vibrio
was made in the test water to yield 103 to 10* CFU/ml.

Experimental design. On the day the study began, unchlor-
inated, reconditioned water was collected from a local pork-pro-
cessing plant equipped with a wastewater treatment facility (18).
Water samples were shipped on ice to the Environmental Protec-
tion Agency laboratory, Cincinnati, Ohio for the coliform growth
response and assimilable organic carbon bioassay studies (3, 26).
For use in the growth studies the unchlorinated reconditioned wa-
ter was filter-sterilized using a 0.2-pm pore-size Nalgene filter
(Nalge, Rochester, N.Y.). Sterility was confirmed by plating on
TSA (Difco) before use.

Gradient growth temperature study. A liter of the filter-
sterilized, unchorinated, reconditioned water (FUR) was inoculat-
ed with either the mixed culture of Salmonella or Vibrio to
achieve a starting level of 103 to 10* CFU/ml. After mixing, 12
ml of the inoculated, unchlorinated, reuse water was distributed
into a duplicate set of sterile L-shaped test tubes placed in the
temperature gradient incubator (model TN-3E Advantec, Toyo
Roshi Inter., Co., Dublin, Calif.) containing 30 wells with the
gradient set between 3.5 and 55.3°C. Growth of Salmonella was
monitored at weekly intervals for up to 5 weeks by plating onto
TSA and XLT-4 (Difco) agars and incubating the plates at 37 =
1°C for 18 to 24 h before counting. Vibrio growth was monitored
at intervals of 2, 6, 8, and 15 days by plating onto TSA and TCBS
(Difco) agars and incubating the plates at 37 *+ 1°C for 18 to 24
h before counting. The gradient temperature range of each well
was verified at the end of the study using the thermocouple sensor
attached to the gradient incubator. Two trials were performed for
each organism.

Viability of the culture during the growth studies was deter-
mined by the LIVE/DEAD BacLight Viability Kit (Molecular
Probes, Inc. Eugene, Oreg.). The cells were concentrated by cen-
trifugation at 2,000 X g for 15 min, resuspended in filtered-ster-
ilized distilled water, and stained with the mixture of BacLight
nucleic acid stains. The stained cells were viewed under an Olym-
pus BH2 Epifluorescence microscope (Olympus, Tokyo, Japan)
fitted with a dichroic filter using blue fluorescence (A = 490 nm).

NMR qualitative determination for trehalose from Sal-
monella. The Salmonella cells were extracted for trehalose by
modifying the procedure of Dupray et al. (10). At the end of the
growth study, the Salmonella cells from the duplicate samples
were combined to obtain a 3-ml sample. A control sample and
the samples incubated at 28.4, 30, 32.1, 34.5, 37, and 39.4°C were
extracted (only samples where a total volume of 3 ml was ob-
tained). Instead of concentrating the cells by centrifugation (10),
the 3-ml samples were concentrated using a 0.2-pm pore-size Nal-
gene filter and rinsed twice with sterile deionized water, and the
filtrates were discarded. The retentates were lysed with 2 ml of
10% trichloracetic acid (Fisher Scientific, Fair Lawn, N.J.) by
placing the trichloracetic acid on the filter and filtering after 10
min contact time. A second extraction was done with a contact
time of 5 min before filtering. The filtrate (total of 4 ml) was
extracted with anhydrous ethyl ether (Mallinckrodt Chemical, Inc.,
Paris, Ky.) to remove the trichloracetic acid and the ether insol-
ubles were evaporated to dryness. The Salmonella control con-
sisted of the three-strain cocktail grown in brain-heart infusion
broth at 37°C and processed as described above.

For NMR analysis the samples were prepared by dissolving
the dry residue in 0.65 ml D,O (Cambridge Isotope Laboratory,
Andover, Mass.). Proton NMR spectra were obtained on a Varian
Unity +400 NMR Spectrometer (Varian Associates, Palo Alto,
Calif.) operating at 400 MHz. A presaturation pulse sequence was
used to suppress the residual water peak in the spectrum. Typically
1,024 (9,600 data points) transients were collected for each spec-
trum. Each spectrum was collected at 30°C and the spectra were
referenced using the water peak (4.73 ppm for trimethylsilane).

Electron microscopic examination of Vibrio cells. The Vib-
rio cells from the 32.9, 34.8, and 36.7°C were pooled and centri-
fuged at 2,500 X g to concentrate. Aliquots of 50 to 100 wl of
the concentrated cells were adsorbed to the surface of freshly
cleaned 12-mm-diameter glass coverslips. After drying, the cov-
erslips were immersed in 2 ml of a 2% (vol/vol) glutaraldehyde—
0.1 M imidizole buffer solution (pH 6.7) for 30 min followed by
immersion in 2% osmium tetroxide~0.1 M imidazole buffer for
60 min and washed in distilled water for 30 min. After dehydrat-
ing in graded ethanol solutions, the coverslips were critically point
dried. The samples were mounted on aluminum stubs using col-
loidal silver paste (Electron Microscopy Sciences, Ft. Washington,
Pa.) and sputter coated with gold (LVC-76, Plasma Sciences, Inc.,
Lorton, Va.). Samples were viewed using a scanning electron mi-
croscope (model SEM-JSM 840A, JEOL, Peabody, Mass.), and
digital images were collected using an Imix imaging workstation
(Princeton Gamma-tech, Princeton, N.J.).

Statistical analysis. Analyses of variances were performed
to determine the effect and interaction of media on bacterial
growth. The analysis was performed for each time period sepa-
rately. Calculations were performed using the general linear model
procedure of the SAS/STAT software system (28).

RESULTS

Gradient growth temperature study. Growth of the
mixture of three Salmonella sp. occurred in the FUR water
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FIGURE 1. Profiles of Salmonella serotypes after 3 and 5 weeks
growth in filtered, prechlorinated, reconditioned wastewater over
the temperature range of 3.5 to 42°C as recovered on TSA and
XLT-4 agar.

as measured by 1 log increase in CFU/ml enumerated on
TSA was reported earlier (26). The bioassay for the coli-
form growth response for the FUR used was 3.58 (26). Cell
counts for Salmonella grown in FUR after 3 and 5 weeks
of incubation as enumerated on both TSA and XLT-4 are
presented in Figure 1. The y axis is the actual cell count in
CFU/ml and the x axis shows the gradient temperature
range. The individual temperatures within the gradient in-
cubator ranged from 4.4 to 46.4 * 1°C and are listed in
Table 1. The results above the solid line represent growth
of the Salmonella in the FUR for the temperatures ranging
from 14.4 to 39.4 = 1°C. The number of Salmonella CFU/
ml recovered was higher using TSA than the selective me-
dia, XLT-4. The differences in recovery for Salmonella are
presented in Table 1. Statistical analysis showed that for all
% differences there were higher recoveries on TSA than on
XLT-4 (P > 0.05).

At the low temperature range (4.4 to 8.8°C) the cells
just maintained their numbers and the difference in recov-
ery is consistent. After 4 weeks at the higher temperature

TABLE 1. Percent difference between recovery of the three mixed
serotypes of Salmonella on TSA and XLT-4 over temperature
range of 4.4 to 46.4°C

Time in weeks

°C 0 2 3 4 5
4.4 7.9 15.14 19.6 214 24.1
5.1 114 16.5 18.1 225
6.1 9.2 73 16.4 16.8
6.9 13.5 4.7 13.8 12.0
79 12.7 45 9.0 8.2
8.7 15.4 12.5 11.1 10.8
9.8 16.2 79 11.1 72
10.6 13.2 75 6.7 2.5
11.5 3.8 46 4.4 5.8
12.4 11.6 41 3.9 2.7
135 2.1 93 4.5 2.1
14.4 3.1 96 25 55
15.9 1.5 13.2 4.3 6.3
17 53 59 1.5 3.0
184 3.8 6.1 3.7 47
19.9 4.2 12.5 4.8 29
21.5 2.1 8.3 29 2.3
23 1.3 72 14 14
24.5 6.9 14.8 4.6 3.0
26.4 5.8 14.0 0 42
284 5.4 11.8 2.6 0.7
30 6.7 6.7 3.6 35
32.1 20.2 11.1 17.1 53
34.5 29.4 194 25.0 153
37 —b 9.2 40.0 134
394 —>b 22.1 20.6 14.2
24 32 53 114 13.7

@ Statistically significant at P > 0.05 for all % differences.
b No growth on XLT-4 agar.

range (>>32°C) differences in recovery begin to reflect the
nonrecoverability on the selective agar. The differences in
recovery on XLT-4 at both the high (>32°C) and low (4.4
to 8.8°C) temperature ranges were statistically higher (P >
0.05) when compared to the mid-growth range (9.8 to 30°C)

Growth of the three-strain cocktail of V. cholerae oc-
curred over the temperature range of 10 to 37 = 1°C as
measured by 1 log increase in CFU/ml enumerated on TSA
(26). The bioassay for the coliform growth response for the
FUR used was 2.07 (26). Cell counts reported as CFU/ml
(y axis) for the V. cholerae grown in FUR counted after 6
and 15 days of incubation are presented in Figure 2. Any
point above the solid line represents growth of the Vibrio.
The individual temperatures within the gradient incubator
ranged from 4.7 to 51.1 = 1°C (x axis in Fig. 2) and are
listed in Table 2. The recovery on TSA in all cases was
statistically signiftcant (P > 0.05) and higher than the re-
covery on TCBS. For V. cholerae the % recovery differ-
ences are listed in Table 2.

Samples of Salmonella and Vibrio for those tempera-
tures that did not produce colonies when plated on TSA
(plate count <21 CFU/ml) were examined by the LIVE/
DEAD BacLight viability test kit. No viable cells were ob-
served.
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FIGURE 2. Profiles of V. cholerae strains after 6 and 15 days
growth in filtered, prechlorinated, reconditioned wastewater over
the temperature range of 4.7 to 51.1 * 1°C as recovered on TSA
and TCBS agar.

Trehalose determination from Salmonella. Detect-
able signals for trehalose were obtained for the 39.4°C sam-
ple but not for the control (Fig. 3). The NMR spectra of
extracts for all procedures tested showed dominant peaks
corresponding to those for trehalose between 4 to 3.5 ppm,
where ppm refers to the change in frequency relative to
TMS. At the end of the growth study, the 39.4°C samples
had decreasing cell counts on both the selective and non-
selective media, and the presence of trehalose from these
samples indicates injury to the cell. The samples incubated
at 28.4, 30, 32.1, 34.5, and 37°C did not have detectable
NMR signals for trehalose.

Electron microscopic examination of Vibrio cells.
Using the scanning electron microscope, the control V.
cholerae cells appeared as straight rods (Fig. 4, insert),
whereas, the cells grown in FUR under nutrient-limited
(starvation) conditions are no longer straight but appeared
shorter and rounder with some being v-shaped, indicating
stress to the cell (Fig. 4).

TABLE 2. Percent difference between recovery of the three mixed
strains of Vibrio on TSA and TCBS over temperature range of 4.7
to 51.1°C

Time in days

°C 0 2 6 8 15
4.7 19.7 23.7¢ —>b — —
6 30.8 — — —
73 24.6 — 429 313
84 31.1 — 60.6 42.5
9.7 43.8 75.9 9.1 8.4
10.8 529 13.5 49 20.8
119 40.9 12.7 33 22.7
13 154 11.3 34 219
14.1 8.6 7.0 2.8 15.0
15.3 6.2 14.2 3.8 19.6
16.6 10.6 52 6.0 31.0
17.9 6.7 9.8 39 124
19.1 104 59 5.7 7.9
20.4 11.0 6.7 1.7 26.5
21.2 9.2 8.1 5.0 9.3
232 8.3 7.5 2.7 10.0
245 10.8 6.2 2.6 14.0
26 9.0 6.2 4.7 —
275 10.3 5.9 44 —
29.2 11.0 8.6 3.0 44.7
30 11.0 13.5 5.1 15
329 11.8 5.1 16.1 52.0
34.8 9.1 29.2 273 56.4
36.7 39.5 — 24.3 16.8
391 20.7 38.7 63.7 —
41.5 324 57.3 34.0 —
445 288 - — — —
473 — — — —
511 — — — —

@ Statistically significant at P > 0.05 for all % differences.
b — indicates no growth on TCBS agar.

Trehalose

Stressed

Control

55 50 45 40 35 30 25 20 15 1.0 05 ppm

FIGURE 3. Proton NMR spectra of a cell extract of the three-
serotype mixture of Salmonella after 5 weeks growth in FUR. No
trehalose peaks were present in extract from control cells. Tre-
halose peaks were present in extract of stressed cells.
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FIGURE 4. Scanning electron micrographs of V. cholerae. Insert is one-fifth magnification and shows the control cells. Photomicrograph

shows morphological changes in the cell structure.

DISCUSSION

Salmonella recovery. The Salmonella serotypes used
in this study survived and grew in the FUR with a coliform
growth response >2.0. Similar results of survival and
growth in aquatic environments were observed for Salmo-
nella Enteritidis (7) and Salmonella Typhimurium (29).
Even though survival and/or growth did occur in the nu-
trient-limiting environment of the waters, the results of the
stress on the recoverability of the bacteria depend on the
organism’s culturability using selective and nonselective
methods (17, 27, 29). In his review of the various methods
for detection of Salmonella in foods, Andrews (2) reported
on the recovery of six selective plating media, including
XLT-4 developed by Miller et al. (21), which was used in
this study. Overall Andrews (2) reported that XI.T-4 had a
better recovery rate than other selective agars. Yet, while
we found that XI'T-4 gave good recovery under the nutri-
ent-limiting condition, recovery on XLT-4 was statistically
significantly (P > 0.05) lower than on the nonselective
agar. Roszak et al. (27) reported that for Salmonella spp.
and Hoardly and Cheng (11) stated that for other indicator
organisms, nonselective media were preferred over selec-
tive media to recover these bacteria from the water envi-
ronment. McFeters (17) concluded that under laboratory
conditions some bacteria grown and recovered from water
containing limited nutrients were not recoverable on selec-
tive media. This decrease or inability to recover is attributed
to the inhibitory ingredients of the selective media (2, 5,
11). In addition, the decreased recovery is attributed to a
stress response whereby the cells survive for long periods
of time in the aquatic environments (16, 26, 27). There are

now reports on the stress response for Salmonella under
starvation conditions (10, 29).

In our study, trehalose was identified in the extracts of
the Salmonella grown in the FUR, which indicates stress
or injury from starvation. Dupray et al. (10) observed that
there is intracellular synthesis of trehalose in Salmonella
Manhattan as determined by NMR analysis of extracts after
the cells were grown in wastewater. They report that the
accumulation of trehalose is an osmoprotective compound
produced by the cell as a survival mechanism. In our study,
the identification of trehalose would explain the long-term
survival of the Salmonella in FUR. It is implied (10, 29)
that starvation stress is related to the production of the os-
moprotectant through activation of kat F.

In addition to the synthesis of trehalose, there are re-
ports that the viable-but-nonculturable state can occur in
starvation-stressed Salmonella cells isolated from water
(27). In our study, we did not observe the state of viable
but nonculturable. Microscopic examination after staining
using the viability test kit showed that the cells were not
viable. There are also reports by Baker et al. (4), Lebaron
and Joux (16), and Thompson et al. (30), that enrichment
increases the recovery of the injured Salmonella, whereas,
Chmielewski and Frank (7) and Roszak et al. (27) reported
that the inability to recover with enrichment did not occur.
In our study due to the limited initial volume, we were
unable to perform any recovery procedure. This limited the
study to just the quantitative difference between the media.
Research is needed to determine the relationship between
degree of stress and culturability on selective media, viable
but nonculturable, and death.
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Vibrio recovery. The recovery of vibrios to prove their
presence and survival in water environments is well doc-
umented (4, 6, 23, 24). TCBS agar is the most widely used
medium for recovery, but it does contain bile salts that can
interfere with the outgrowth of slightly injured vibrios. Us-
ing Vibrio grown in broth culture, but not from cells grown
in an aquatic environment, West et al. (31) reported on Vib-
rio recovery on TCBS from different manufacturers. Abbott
et al. (1) compared TCBS and a nonbile-containing selec-
tive agar and claimed better recovery on the nonbile agar,
but the disadvantage of using this agar was reduced colony
size of V. cholerae.

In this study, we compared the recovery of Vibrio on
TCBS and TSA after growth under starvation conditions
and observed a statistically significant decrease (P < 0.05)
in recovery on TCBS. This decrease occurred with increase
in incubation time and at the high- and low-temperature
gradient range. The Vibrio grew and survived at the lower
temperature range. This observation of survival at the lower
temperature in foods was reported by Corrales et al. (8).
Another survival mechanism that the vibrio uses under star-
vation stress conditions is morphological change in cellular
shape from a straight rod to coccoid-shaped cells. Baker et
al. (4), Hood et al. (12), and Ostling et al. (24) reported on
this change. In our study when the stressed cells were ex-
amined, we observed the change from rod- to coccoid-
shaped with some bending to form v-shaped cells. In ad-
dition, Hood et al. (12) and Ostling et al. (24) report that
under starvation stress the vibrio’s protein synthesis rate
decreases. They (12, 24) proposed that certain lipids and
carbohydrates may provide the endogenous energy sources
needed for cell maintenance, and that under starvation
stress the decrease in lipid and carbohydrate metabolism
rate may affect cell wall and membrane integrity leading to
the change in cell shape. Another mechanism for survival
of vibrios in nutrient-limiting environments is the ability to
enter the viable-but-nonculturable state (14, 26). After mi-
croscopic examination of Vibrio cells using the stains pro-
vided in the viability test kit, we observed only dead cells,
confirming our inability to enumerate cells. V. cholerae is
reported to respond and grow with the addition of nutrients
after entering the viable-but-nonculturable state due to star-
vation (13, 27). Because of the limited volume used in the
gradient incubator, we were unable to perform any enrich-
ment methods to try to resuscitate the cells.

In conclusion, starvation-stressed Salmonella spp. and
V. cholerae directly assayed on selective agar resulted in
lower counts. Careful consideration should be taken in
choosing the plating media for direct quantitative recovery
of these pathogens from a nutrient-limiting environment
without enrichment.

ACKNOWLEDGMENTS

The author gratefully acknowledges the cooperation and assistance
of personnel at Hatfield Quality Meats, Inc., Hatfield, Pa., for providing
the reconditioned wastewater used in this study, John Phillips (Consulting
Statistician, U.S. Department of Agriculture, Agricultural Research Sta-
tion, North Atlantic Area) for statistical analysis, Peter Cooke for electron
microscopic analysis, and B. Huynh and J. Patsy for technical support.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

REFERENCES

Abbott, S. L., W. W. K. W. Cheung, and J. M. Janda. 1993. Evalu-
ation of a new selective agar, thiosulfate-chloride-iodide (TCI), for
the growth of pathogenic Vibrio species. Med. Microbiol. Lett. 2:
362-370.

Andrews, W. H. 1996. Evolution of methods for the detection of
Salmonella in foods. J. Assoc. Off. Agric. Chem. Int. 79:4-12.
APHA/AWWA/WEE 1992. Standard method for the examination of
water and wastewater, 18th ed., p. 9-40. American Public Health
Association, Washington, D.C.

Baker, R. M., E L. Singleton, and M. A. Hood. 1983. Effects of
nutrient deprivation on Vibrio cholerae. Appl. Environ. Microbiol.
46:930-940.

Bissonnette, G. K., J. J. Jezeski, G. A. McFeter, and D. G. Stuart.
1975. Influence of environmental stress on enumeration of indicator
bacteria from natural waters. Appl. Microbiol. 29:186-194.

Black, E. K., and G. R. Finch. 1993. Detection and occurrence of
waterborne bacterial and viral pathogens. Water Environ. Res. 65:
295-300.

Chmielewski, R. A. N., and J. E Frank. 1995. Formation of viable
but nonculturable Salmonella during starvation in chemically defined
solutions. Lett. Appl. Microbiol. 20:380-384.

Corrales, M. T, A. E. Bainotti, and A. C. Simonetta. 1994. Survival
of Vibrio cholerae O1 in common foodstuffs during storage at dif-
ferent temperatures. Lett. Microbiol. 18:277-280.

Desmonts, C., J. Minet, R. Colwell, and M. Cormier. 1990. Fluores-
cent-antibody method useful for detecting viable but nonculturable
Salmonella spp. in chlorinated wastewater. Appl. Environ. Microbiol.
56:1448-1452.

Dupray, E., A. Derrien, and R. Pichon. 1995. Osmoregulation by
trehalose synthesis in Salmonella manhattan after exposure to waste-
water. Lett. Appl. Microbiol. 20:148-151.

Hoadley, A. W., and C. M. Cheng. 1974. The recovery of indicator
bacteria on selective media. J. Appl. Bacteriol. 37:45-57.

Hood, M. A., J. B. Guckert, D. C. White, and E Deck. 1986. Effect
of nutrient deprivation on lipid, carbohydrate, DNA, RNA, and pro-
tein levels in Vibrio cholerae. Appl. Environ. Microbiol. 52:788-
793.

Hugq, A., and R. R. Colwell. 1996. A microbiological paradox: viable
but nonculturable bacteria with special reference to Vibrio cholerae.
J. Food Prot. 59:96-101.

Hurst, A. 1977. Bacterial injury: a review. Can. J. Microbiol. 23:
935-944.

Kjelleberg, S., M. Hermansson, P. Mérdén, and G. W. Jones. 1987.
The transient phase between growth and nongrowth of heterotrophic
bacteria, with emphasis on the marine environment. Annu. Rev. Mi-
crobiol. 41:25-49.

Lebaron, P, and E Joux. 1994. Flow cytometric analysis of the cel-
lular DNA content of Salmonella typhimurium and Alteromonas hal-
oplanktis during starvation and recovery in seawater. Appl. Environ.
Microbiol. 60:4345-4350.

McFeters, G. A. 1989. Detection and significance of injured indicator
and pathogenic bacteria in water, p. 179-210. In B. Ray (ed.), In-
jured index and pathogenic bacteria: occurrence and detection in
foods, water and feeds. CRC Press, Inc., Boca Raton, Fla.

Miller, A. J., E J. Schultz, A. Oser, J. L. Hallman, and S. A. Palumbo.
1994. Bacteriological safety of swine carcasses treated with recon-
ditioned water. J. Food Sci. 59:739-741, 746.

Miller, K. J. 1991. U.S. water reuse: current status and future trends,
p. 18-24. In Municipal wastewater reuse: selected readings on water
reuse. Environmental Protection Agency 430/09-91-022.

Miller, R. G., C. R. Tate, and E. T. Mallinson. 1994. Improved XLT4
agar: small addition of peptone to promote stronger production of
hydrogen-sulfide by Salmonellae. J. Food. Prot. 57:854-858.
Moriarty, D. J. W,, and R. T. Bell. 1993. Bacterial growth and star-
vation in aquatic environments, p. 25-53. In S. Kjelleberg (ed.),
Starvation in bacteria. Plenum Press, New York.

Novitsky, J. A., and R. Y. Morita. 1976. Morphological character-
ization of small cells resulting from nutrient starvation of psychro-
philic marine Vibrio. Appl. Environ. Microbiol. 32:616-622.



23.

24.

25.

26.

27.

RAJKOWSKI AND DUDLEY

Oliver, J. D. 1993. Formation of viable but nonculturable cells, p.
239-272. In S. Kjelleberg (ed.), Starvation in bacteria. Plenum Press,
New York.

(")stling, J., L. Holmquist, K. Flardh, B. Svenblad, A. Jouper-Jaan,
and S. Kjelleberg. 1993. Starvation and recovery of Vibrio, p. 103—
127. In S. Kjelleberg (ed.), Starvation in bacteria. Plenum Press,
New York.

Palumbo, S. A., K. T. Rajkowski, and A. J. Miller. 1997. Current
approaches for reconditioning process water and its use in food man-
ufacturing operations. Trends Food Sci. Technol. 8:69-74.
Rajkowski, K. T., E. W. Rice, B. Huynh, and J. Patsy. 1996. Growth
of Salmonella and Vibrio cholerae in reconditioned wastewater. J.
Food Prot. 59:577-581.

Roszak, D. B., D. J. Grimes, and R. R. Colwell. 1984. Viable but

28.

29.

30.

31.

nonrecoverable stage of Salmonella enteritidis in aquatic systems.
Can. J. Microbiol. 30:334-338.

SAS Institute, Inc. 1989. SAS/STAT user’s guide, version 6, 4th ed.,
vol. 2. SAS Institute Inc., Cary, N.C.

Spector, M. P, and J. W. Foster. 1993. Starvation-stress response
(SSR) of Salmonella typhimurium. Gene expression and survival
during nutrient starvation, p. 201-224. In S. Kjelleberg (ed.), Star-
vation in bacteria. Plenum Press, New York.

Thomason, B. M., D. J. Dodd, and W. B. Cherry. 1977. Increased
recovery of Salmonellae from environmental samples enriched with
buffered peptone water. Appl. Environ. Microbiol. 34:270-273.
West, P. A., E. Russek, P R. Brayton, and R. R. Colwell. 1982.
Statistical evaluation of a quality control method for isolation of
pathogenic Vibrio species on selected thiosulfate-citrate-bile salts-
sucrose agars. J. Clin. Microbiol. 16:1110-1116.



