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ABSTRACT Salmonella can become viable but nonculturable (VBNC) in response to
environmental stressors, but the induction of the VBNC state in Salmonella contami-
nating ready-to-eat dried fruit is poorly characterized. Dried apples, strawberries, and
raisins were mixed with a five-strain cocktail of Salmonella at 4% volume per weight
of dried fruit at 109 CFU/g. The inoculated dried fruit were then dried in desiccators
at 25°C until the water activity (aw) approximated that of the uninoculated dried
fruit. However, Salmonella could not be recovered after drying, not even after enrich-
ment, suggesting a population reduction of approximately 8 log CFU/g. To assess
the potential impact of storage temperature on survival, dried apples were spot-ino-
culated with the Salmonella cocktail, dried under ambient atmosphere at 25°C, and
stored at 4 and 25°C. Spot inoculation permitted recovery of Salmonella on dried
apple after drying, with the population of Salmonella decreasing progressively on
dried apples stored at 25°C until it was undetectable after about 46 days, even fol-
lowing enrichment. The population decline was noticeably slower at 4°C, with
Salmonella being detected until 82 days. However, fluorescence microscopy and laser
scanning confocal microscopy with the LIVE/DEAD BacLight bacterial viability system
at time points at which no Salmonella could be recovered on growth media even
following enrichment showed that a large proportion (56 to 85%) of the Salmonella
cells on the dried fruit were viable. The data suggest that the unique combination of
stressors in dried fruit can induce large numbers of VBNC cells of Salmonella.

IMPORTANCE Salmonella is a leading foodborne pathogen globally causing numerous
outbreaks of foodborne illnesses and remains the leading contributor to deaths
attributed to foodborne disease in the United States and other industrialized nations.
Therefore, efficient detection methods for Salmonella contaminating food are critical
for public health and food safety. Culture-based microbiological methods are consid-
ered the gold standard for the detection and enumeration of Salmonella in food.
Findings from this study suggest that unique stressors on dried fruit can induce the
VBNC state in Salmonella, thus rendering it undetectable with culture-based methods
even though the bacteria remain viable. Therefore, strong consideration should be
given to using, in addition to culture-based methods, microscopic and molecular
methods for the accurate detection of all viable and/or culturable cells of Salmonella
contaminating dried fruit, as all of these cells have the potential to cause human
illness.

KEYWORDS dried fruit, survival, low-moisture foods, Salmonella, confocal microscopy,
viable but nonculturable

Bacteria in the viable-but-nonculturable (VBNC) state fail to grow under laboratory
conditions, which would normally permit growth, although they remain alive and

metabolically active (1). Since the pioneering studies on the induction of the VBNC
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state in Escherichia coli and Vibrio cholerae (2, 3), many foodborne pathogens have
been reported to enter into the VBNC state in response to stressful environmental con-
ditions (4–6). Various stressors including desiccation, low pH, UV-radiation, and ther-
mosonication have been shown to induce the VBNC state in diverse serotypes of
Salmonella (7–10).

Significant attention has been paid to the potential for stressors commonly encoun-
tered in foods or food processing environments to induce the VBNC state (11). A large
percentage of the population of Salmonella enterica serovar Thompson contaminating
spinach leaves transitioned into the VBNC state when exposed to chlorine (12).
Treatment of chicken breasts with lactic acid and peracetic acid induced the VBNC
state in Salmonella contaminating the product (13). Moreover, Salmonella inoculated
into grape juice became nonculturable but remained viable after storage at 4°C for 48
h (14). However, there are crucial knowledge gaps regarding the occurrence or induc-
tion of the VBNC state in Salmonella contaminating low-moisture foods (LMFs), defined
as those with water activity (aw) below 0.85 (15).

Salmonella is a leading cause of foodborne illnesses globally (16). In the United
States alone, Salmonella is estimated to cause 1 million cases of foodborne illnesses
annually, accounting for 28% of all hospitalizations and 35% of all deaths attributed to
known foodborne bacterial pathogens (17, 18). The U.S. Department of Agriculture
Economic Research Service (USDA-ERS) estimated the average cost of foodborne illness
from Salmonella in 2018 to be $4.1 billion (19). Contaminated LMFs are important
vehicles for Salmonella outbreaks, accounting for 21% of investigated Salmonella out-
breaks reported by the Centers for Disease Control and Prevention (CDC) from 2007 to
2018 (20). Worldwide, LMFs were involved in numerous outbreaks, with Salmonella re-
sponsible for 53% of these outbreaks (21), while an overwhelming majority (.83%) of
foodborne outbreaks associated with LMFs in the United States between 2007 and
2018 involved Salmonella (20).

Several studies have shown that Salmonella is able to survive low-moisture condi-
tions in LMFs and dry abiotic surfaces for an extended time period (15, 22). It is con-
ceivable that VBNC Salmonella may have contributed to LMF-associated outbreaks
where low numbers of Salmonella cells were recovered from the implicated products
(8, 23–25). However, experimental evidence for the induction of the VBNC state in
Salmonella contaminating LMFs is lacking.

Unlike many other LMFs, dried fruit are characterized by a unique combination of
traits, including low water activity (,0.6), high sugar content (38 to 66%), low pH
(,4.5), and antimicrobial phenolic compounds (26–28). The survival of Salmonella on
dried fruit is considerably lower than that on other LMFs (15, 22, 29). Nonetheless,
Salmonella could still be recovered from certain dried fruit for weeks or months, espe-
cially at lower temperature (28), suggesting that the presence of Salmonella on dried
fruit raises food safety and public health concerns. Furthermore, the extent to which
fruit may harbor Salmonella in the VBNC state, which would not be detected by tradi-
tional culture-based approaches, remains unknown.

In the course of an investigation of the transcriptional responses of Salmonella con-
taminating various types of LMFs, we noted that transcripts could be readily obtained
from Salmonella inoculated on dried apples at time points that failed to yield
Salmonella on selective or nonselective media (30). Since bacterial RNA is generally
short-lived, with a half-life ranging from seconds to only a few hours (31, 32), we
hypothesized that Salmonella cells contaminating the dried apples may have transi-
tioned into the VBNC state and, hence, became unculturable on growth media.
Therefore, the objective of the current study was to assess the induction of the VBNC
state in Salmonella contaminating dried fruit.

RESULTS

Dried apples, dried strawberries, and raisins were directly provided by industry sour-
ces (hereafter referred to as “industry-supplied”), while Red Delicious (RD) and Granny
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Smith (GS) apples were purchased from local grocery stores and dried in the laboratory
as described in Materials and Methods. The total aerobic bacterial count of industry-
supplied dried apples and strawberries was below the limit of detection of 20 CFU/g,
while raisins had 2 to 3 log CFU/g (data not shown). Similar numbers of aerobic bacte-
ria (2 to 3 log CFU/g) were obtained from laboratory-dried Red Delicious and Granny
Smith apples (data not shown). Salmonella was not detected in any of the dried fruit
before inoculation. The average aw of uninoculated dried fruit ranged from 0.41 (indus-
try-supplied dried apples) to 0.64 (laboratory-dried Red Delicious apple) (Table 1), and
the aw of the inoculated dried fruit did not change significantly during storage (data
not shown). The average pH of dried fruit homogenates ranged from 3.1 (dried Granny
Smith) to 4.6 (raisins), and the Brix (the amount of dissolved solids in rinsates of dried
fruit) ranged from 14 (laboratory-dried Red Delicious apple) to 29.4 degrees Brix (°Bx)
(industry-supplied dried apples) as shown in Table 1.

The viable but nonculturable state was induced in Salmonella contaminating
dried fruit. Dried strawberries, apples, and raisins were inoculated in bulk with Salmonella
by mixing the dried products with a Salmonella strain cocktail cell suspension to approxi-
mately 9 6 0.2 log CFU/g. However, Salmonella could not be recovered on growth media
(limit of detection [LOD], 20 CFU/g) after drying the fruits for 7 days to the original aw,
even following enrichment (Fig. 1). Survival studies were also done with bulk-inoculated
Red Delicious and Granny Smith apples dried in the laboratory in order to determine if the
rapid loss in culturability was peculiar to the industry-supplied dried fruit, e.g., due to the
possible addition of sulfites. After drying for 7 days, the levels of Salmonella on dried Red
Delicious apples decreased from 9.2 CFU/g to 5.7 and 4.3 log CFU/g on Trypticase soy
broth (TSB) containing 0.6% yeast extract (TSB-YE) supplemented with 1.2% agar (TSA-YE)
and xylose lysine deoxycholate (XLD), respectively (Fig. 1). Even more pronounced reduc-
tions were seen with Granny Smith, where after drying for 7 days to the original aw,
Salmonella was not detected in one trial, and populations were reduced to approximately
1.6 and 1.2 log CFU/g on TSA-YE and XLD, respectively, in the two other trials (Fig. 1).

Previous studies suggested that preadaptation of Salmonella to acidic pH via
growth on glucose-supplemented TSA-YE improved its survival on dried fruit (28). To
test the potential impact of low-pH preadaptation on the survival of Salmonella on
dried apples, the Salmonella inoculum was prepared with cultures grown on TSA-YE
supplemented with 1% glucose (TSA-YEG) (37°C, 24 h) to a final pH of 4.4, and then
was bulk-inoculated on dried apples at 9.4 log CFU/g. However, the preadapted
Salmonella cells also became undetectable after the fruit was dried for 7 days (,20
CFU/g), with no colonies observed on XLD or TSA-YE aerobically, anaerobically, or
under microaerobic conditions (37°C, 24 h).

Viability staining of rinsates of dried fruit, followed by visualization with fluores-
cence microscopy, revealed numerous Salmonella cells that were viable despite the ab-
sence of colonies on agar plates. In comparison to the inoculum where 99.5% of the
cells fluoresced green (Fig. 2A), a significant fraction, i.e., 85 6 9 and 67.3 6 6%, of the
rinsates of bulk-inoculated industry-supplied apples and strawberries, respectively,

TABLE 1Water activity, pH, and Brix of dried fruit used in this study

Dried fruit

Water activity (aw)a

pHb

Brix
(°Bx)bUninoculated After inoculation After drying

Industry-supplied dried apples 0.56 0.65 0.53 4.5 29.4
Raisins 0.42 0.77 0.44 4.6 21.4
Strawberries 0.41 0.63 0.49 4.4 24.1
Red Delicious apples 0.64 0.72 0.65 4.1 14
Granny Smith apples 0.51 0.64 0.51 3.2 17
aFor aw measurements, dried strawberries were sliced into smaller pieces while dried apple fragments and raisins
were analyzed without size reduction as described in Materials and Methods. Water activity measurements
were taken in triplicate using a benchtop water activity meter.

bTo determine the pH and Brix, homogenates of dried fruit were prepared as described in Materials and
Methods. The pH and the Brix of the homogenates were analyzed using a benchtop pH meter and a pocket
refractometer, respectively, as described in Materials and Methods.
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appeared to contain viable cells of salmonellae upon completion of the 7-day drying
period (Fig. 2B and C). Since no fluorescing bacteria were detected on uninoculated
dried apples (Fig. 2H) or strawberries (data not shown), the fluorescing bacterial cells
on the inoculated products were considered to be Salmonella. Uninoculated raisins
had significant background fluorescence from bacterial cells that were morphologically
similar to Salmonella (data not shown) and, therefore, were not pursued further with
fluorescence microscopy.

Salmonella survived longer on spot-inoculated dried apples, with survival
markedly enhanced at 4°C. The aw of spot-inoculated (9.2 log CFU/fragment) dried
apples immediately after inoculation and after drying was 0.75 and 0.54, respectively. In
contrast to the rapid population reductions observed on bulk-inoculated dried apples
(fruit homogeneously mixed with inoculum and dried in desiccators at 25°C) where no
Salmonella could be recovered upon drying of the fruit to the original aw, there was no
significant decline in the levels of Salmonella on the spot-inoculated apples (9.1 log CFU/
fragment) after 3 h of drying under ambient conditions at 25°C. However, the populations
decreased progressively upon storage at 25°C until Salmonella became nondetectable
(,10 CFU/g) on TSA-YE plates on day 466 2 (Fig. 3). Growth was also examined on pyru-
vate-supplemented media (TSA-YEP) to test if protection against oxidative stress would
promote the resuscitation of VBNC Salmonella. Significantly longer maintenance of cultur-
ability (P, 0.0001) was noted when the spot-inoculated apples were stored at 4°C, where
Salmonella could be detected for as long as 82 6 3 days (Fig. 3). Furthermore, higher
numbers of Salmonella tended to be recovered on TSA-YEP than on TSA-YE, regardless of
the storage temperature, until Salmonella failed to grow on either medium (Fig. 3).

Even though Salmonella on spot-inoculated dried apples stored at 4 and 25°C failed
to form colonies on either TSYE or TSA-YEP after 82 6 3 and 46 6 2 days, respectively
(Fig. 3), confocal microscopy suggested a high percentage of viable Salmonella even af-
ter these time periods, e.g., 50 days at 25°C or 110 days at 4°C. The confocal micros-
copy data suggested that an estimated 68 6 6% of the Salmonella population on spot-
inoculated dried apples stored for 50 days at 25°C was viable (Fig. 2E), with the per-
centage decreasing significantly (P , 0.05) to 54 6 4% at 110 days (Fig. 2F). Similarly,
spot-inoculated dried apples stored for 110 days at 4°C contained 56 6 9% of viable
Salmonella, even though colonies were no longer obtained on growth media (Fig. 2G).

FIG 1 Survival of Salmonella on dried strawberries, raisins, and dried apples (A) and Red Delicious (RD) and Granny Smith (GS) apples (B). Apples,
strawberries, and raisins were industry supplied, while Granny Smith (GS) and Red Delicious (RD) were purchased at retail and dried at the laboratory as
described in Materials and Methods. The dried fruit were inoculated, dried, and stored as described in Materials and Methods. The population of Salmonella
on the dried fruit was enumerated on nonselective (TSA-YE) and selective (XLD) media immediately after inoculation (T0) and after drying (T7) as described
in Materials and Methods. Data represent averages from three independent trials with two samples processed per trial, and error bars indicate standard
deviation. Salmonella was undetected on the dried Granny Smith apples in the first trial; thus, survival data represent average of the second and third
trials. Black and red bars indicate counts on TSA-YE and XLD, respectively. *, Salmonella was below the limit of detection (20 cells/g).
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FIG 2 Visualization of live and dead Salmonella cells from inoculated dried fruit by fluorescence (A to
C) or laser scanning confocal (D to J) microscopy. Live (green) and dead (red) cells were visualized
after staining with the LIVE/DEAD BacLight bacterial viability kit as described in Materials and
Methods. Inoculum suspensions (A), rinsate of industry-supplied, bulk-inoculated dried apples after
drying for 7 days (B), rinsate of bulk-inoculated dried strawberries after drying for 7 days (C), surface
of spot-inoculated dried apples after drying for 3 h (D), surface of spot-inoculated dried apples after
storage for 50 days at 25°C (E), surface of spot-inoculated dried apples after storage for 110 days at

(Continued on next page)
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To estimate the total population of live cells on the dried apples, quantitative PCR
(qPCR) was first used to determine the total (dead and live) populations of Salmonella
on spot-inoculated industry-supplied dried apples stored for 50 and 110 days at 25
and 4°C, respectively. The concentration of genomic DNA (gDNA) isolated per frag-
ment of inoculated apple after 3 h of drying, 50 days at 25°C, or 110 days at 4°C was
approximately 12.4 6 1.2, 11.3 6 0.8, and 10.6 6 1.1 mg, respectively. The average
invA threshold cycle (CT) values for 100, 10, 1, 0.1, and 0.01 ng DNA were approximately
11.6, 15.3, 18.7, 22.3, and 25.4, respectively, while the invA CT values of DNA samples
from inoculated apples stored at 25°C for 50 days and 4°C for 110 days were 12.12 and
12.88, respectively (data not shown). Based on the above-discussed percentage of via-
ble (green-fluorescing) cells in the total population of Salmonella on dried apples, the
population of live Salmonella on dried apples after 50 days at 25°C and 110 days at 4°C
was estimated to be 5.01 � 108 and 3.98 � 108 cells/fragment, respectively. Therefore,
an estimated 31.7 and 25.2% of the total population of Salmonella inoculated on the
dried apples (1.58 � 109 CFU/fragment) were viable after storage for 50 days at 25°C
and 110 days at 4°C, even though no colonies were recovered on agar plates at these
time points.

Assessing the role of high sugar concentration on the survival of Salmonella. In
addition to low aw and pH, dried apples also have quite a high sugar content, esti-
mated to be 57% (33). To determine the effect of high sugar concentration on
Salmonella survival on dried apples, we assessed survival in pasteurized apple juice
with or without fructose supplementation (30%). The aw and pH of the apple juice was
0.99 and 3.9, respectively, and the addition of fructose reduced the aw to 0.86 while
the pH was unchanged. Aerobic bacteria were not detected before inoculation (,10
CFU/ml). In apple juice without fructose, the population of Salmonella was reduced
from 8 log CFU/ml upon inoculation to 6.5 log CFU/ml after 24 h at 25°C and further
reduced to 5.2 log CFU/ml after 4 additional days of storage (Fig. 4). Population reduc-
tions were significantly (P , 0.001) higher in apple juice supplemented with 30% fruc-
tose, as the population decreased to 5.3 log CFU/ml after 24 h and was undetectable
by culture at 5 days at 25°C (,10 CFU/ml) (Fig. 4). However, despite the apparent

FIG 3 Survival of Salmonella on industry-supplied, spot-inoculated dried apples. Individual fragments
of dried apples were inoculated, dried, and stored at 4 and 25°C as described in Materials and
Methods. The population of Salmonella was enumerated on TSA-YE and TSA-YE supplemented with
pyruvate (TSA-YEP) as described in Materials and Methods immediately after inoculation, after drying,
and periodically during storage. Data represent averages from two independent trials with three
samples processed per trial, and error bars indicate standard deviation.

FIG 2 Legend (Continued)
25°C (F), surface of spot-inoculated dried apples after storage for 110 days at 4°C (G), surface of
uninoculated dried apples (H), inoculated apple juice with 30% fructose stored at 25°C for 5 days (I),
and inoculated apple juice without fructose stored at 25°C for 5 days (J). Representative fields are
shown. The red and green hues in panel H (uninoculated dried apples) were autofluorescence from
the fruits.
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severe impact of fructose content on the recovery of Salmonella on growth media, flu-
orescence-based viability was not noticeably impacted. Most (92% 6 4%) of the
Salmonella cells in apple juice after 5 days of storage fluoresced green, with or without
added fructose (Fig. 2I and J).

DISCUSSION

The exact routes and levels of contamination of low-moisture foods with Salmonella
remain largely unknown. A high inoculum level was used in this study to inoculate dried
fruit in order to better monitor population reductions, since Salmonella tends to survive
longer in low-moisture environments when at a high inoculum level (29, 34). Such high
bacterial populations were necessary due to the high (.107 CFU/ml) detection limit for
the in situ assessment of bacterial viability using fluorophores SYTO 9 and propidium
iodide (PI) with laser scanning confocal microscopy (35, 36). In addition, we wished to
compare the survival data from the current study to transcriptional analyses of inoculated
dried fruit and other LMFs, which will be presented separately and where similarly high
inoculum levels were used to obtain adequate RNA yields.

The rapid decline in the culturability of Salmonella bulk-inoculated on dried fruit
even at the high inoculation level used in this current study was in pronounced con-
trast to the prolonged survival of several Salmonella strains noted upon bulk-inocula-
tion of a different LMF, i.e., in-shell pistachios, using the same conditions and methods
for inoculum preparation as employed here (37). The rapid loss of culturability in the
current study emphasized the level of stress imposed by dried fruit on Salmonella.
Moreover, preadapting Salmonella to an acidic pH of 4.4 before inoculating dried
apples did not improve survival, as both preadapted and nonpreadapted cells of
Salmonella were not detected on bulk-inoculated dried apples after the 7-day drying
period at 25°C. Since rapid reductions in the levels of Salmonella were also noted with
apples dried in-house, especially Granny Smith, it is unlikely that the rapid reduction
on the supplied apples was due to sulfur dioxide or other antimicrobial agents that
might have been added to the apples by the industry supplier. Communications from
the industry supplier subsequently indicated that the dried fruits were indeed not
treated with sulfur dioxide (B. Larrick, personal communication).

A previous study reported a rapid reduction in the population of Salmonella inocu-
lated onto dried fruit (dried cranberries, raisins, dried strawberries, date paste), although
the observed population reductions were lower compared to the current study (29). In
the latter study, the inoculum was a suspension of a 5-strain Salmonella cocktail, prea-
dapted to pH 4.7 and mist-inoculated at approximately 7 log CFU/g followed by drying
for 1 h and storage at 4 and 25°C (29). The investigators reported reductions of 1 and 2

FIG 4 Survival of Salmonella in apple juice. Apple juice with (blue and red) or without (orange and
green) fructose was inoculated with Salmonella as described in Materials and Methods and stored in
the dark at 25°C. The population of Salmonella immediately after inoculation and periodically during
storage was enumerated on TSA-YE (green and red) and TSA-YEP (blue and orange) as described in
Materials and Methods. Dashed horizontal lines denote the limit of detection of 10 CFU/ml. The
experiment was done in three independent trials, and error bars represent standard deviation.
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log CFU/g on raisins and dried strawberries, respectively, after the 1-h drying period, and
by 3.5 and 4.3 log CFU/g, respectively, after storage at 25°C for 6 days (29). Differences
with the current study may be due to the different inoculation methods and drying times
used. Differences in strains and types of dried fruit could also result in variation in survival.
Among the five strains used in the cocktails, only Salmonella enterica serovar Tennessee
strain K4643 was shared between that study and the current one.

Our data suggest that the failure to recover Salmonella on growth media from the
surface of dried fruit, may not be due totally to cell death but may result from the
induction of the VBNC state in at least a portion of the population. This was estimated
in spot-inoculated apples to correspond to 31.7 and 25.2% of the total population ino-
culated after storage for 50 days at 25°C and 110 days at 4°C, respectively. This ability
of Salmonella to enter the VBNC state on dried fruit raises potential food safety con-
cerns, as the pathogen would not be detected with standard culture-based methods,
resulting in false-negative results and potentially allowing contaminated products to
be released to the public. The potential health risk is particularly accentuated by the
fact that dried fruit are considered a ready-to-eat product and are often consumed
without further treatment.

The method of inoculation noticeably impacted the rate at which the VBNC state
was induced in dried apples. Salmonella on spot-inoculated dried apples remained cul-
turable much longer compared to bulk-inoculated dried apples. The faster reduction in
culturability on bulk-inoculated dried apples may be due to the extended drying time
(7 days) required to restore the aw to that of uninoculated dried apples. Drying of bulk-
inoculated apples inside desiccators, in contrast to air-dried spot-inoculated apples,
may have conferred additional stress, thereby inducing the VBNC state sooner.
Additionally, the higher cell density in the spot-inoculated dried apple, leading to the
closer proximity of cells and possible quorum-sensing-related responses may have
contributed to the slower induction of the VBNC state compared to the bulk-inocu-
lated dried apples (38).

A pronounced impact of temperature was also noted, with Salmonella surviving sig-
nificantly longer (P , 0.0001) on spot-inoculated dried apples stored at 4°C than at
25°C. This protective effect of low temperature agrees with previous studies (29, 34,
39). However, our findings suggest that the induction of the VBNC state was possible
even under low temperature storage.

Entry into the VBNC state is induced in Salmonella when exposed to stresses, but
the exact triggering factors in dried fruits remain unknown. Several stressors, including
low pH and aw, high sugar content, aspects of the desiccation process, and naturally
occurring antimicrobials are present in most types of dried fruit (29). We tested the sur-
vival of Salmonella in apple juice with or without added fructose in order to assess the
impact of high sugar concentration on the induction of the VBNC state in Salmonella in
the absence of a very low aw (aw . 0.85 in both). The recovery of Salmonella on agar
media was significantly impacted by the presence of sugar, with a high sugar concen-
tration resulting in a rapid loss of culturability, although viability was not impacted.
Therefore, the induction of the VBNC state in Salmonella contaminating the dried fruit
may be the result of a combination of effects, i.e., high solute concentration, low pH,
and other stressors on dried fruits, and not solely low aw or acid stress. Several tools
have been used to detect bacteria in the VBNC state (40). A criterion distinguishing live
and dead bacterial cells is the integrity of the cell membrane, which is expected to be
intact in viable cells but compromised after cell death (41). The LIVE/DEAD BacLight
bacterial viability stain has been widely used to determine the viability of Salmonella
(8, 13). The viability stains SYTO 9 and propidium iodide (PI) bind to nucleic acids, with
PI being able to penetrate only cells with damaged cytoplasmic membranes, while
SYTO 9 penetrates cells with both intact and damaged membranes (36). However, the
nucleic acid-binding affinity of PI is 30-fold higher than that of SYTO 9, and thus PI out-
competes SYTO 9 in dead cells, which therefore stain red (36). The proportion of VBNC
Salmonella cells on spot-inoculated dried apples stored at 25°C significantly (P , 0.05)
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decreased from 68% 6 6% at 50 days to 54% 6 4% at 110 days, suggesting that a frac-
tion of VBNC Salmonella died upon continued storage on dried apples.

The potential of VBNC Salmonella to cause illness is poorly understood, but a grow-
ing body of evidence suggests that VBNC cells can be resuscitated under favorable
conditions (11). Supplementation of growth media with pyruvate, siderophores, cata-
lase, the dissolved oxygen-removing agent Oxyrase, and a heat-stable enterobacterial
autoinducer and coculturing with eukaryotic host cells are some of the methods that
have been used to resuscitate VBNC Salmonella (9, 38, 42–44). In the current study,
growth media containing pyruvate yielded higher numbers of Salmonella than growth
media without the supplementation. However, once CFU could no longer be detected
on agar media, neither supplementation of the growth medium with sodium pyruvate
nor incubation under anaerobic or microaerobic conditions appeared to promote
resuscitation of VBNC Salmonella in the current study. It is worth noting that in previ-
ous studies that reported the resuscitation of VBNC Salmonella, only a fraction of the
VBNC population was resuscitated while a significant proportion remained uncultura-
ble (8, 9, 44). The mechanisms involved in the resuscitation of VBNC cells remain poorly
understood, but the bacterial agent involved, the stressors that trigger the VBNC state
and their duration of exposure, as well as the age of the VBNC cells appear to play im-
portant roles in resuscitation (11, 45). Therefore, although procedures used in the cur-
rent study to resuscitate VBNC Salmonella were not successful, other factors that VBNC
Salmonella may encounter in the environment, food processing plants, or in the
human gastrointestinal tract may allow for resuscitation.

In conclusion, the findings from this study showed that Salmonella can enter the
VBNC state on dried fruit, which could lead to an underestimation of the viable cells of
Salmonella using culture-based microbiological methods. Further studies are needed
to understand the key environmental factors that trigger the induction and resuscita-
tion of the VBNC state in Salmonella and the molecular mechanisms that are involved.
Additionally, further research needs to be done on the physiology and virulence of
VBNC Salmonella. Lastly, future technological advances that permit lower limits of
detection of VBNC cells are expected to enable investigations at low inoculum levels
that would more adequately simulate natural contamination events. Such studies will
further our understanding of the practical and public health implications of the induc-
tion and persistence of the Salmonella VBNC state in dried fruit.

MATERIALS ANDMETHODS
Characteristics of dried fruit and measurement of water activity (aw), pH, and Brix. Dried apples

were provided directly by an industry cooperator as bulk-packed dried-fruit fragments with average
dimensions of 9 by 9 by 2 mm and an average weight of 0.2 g; whole dried strawberries and raisins were
provided by the same industry cooperator as entire dried fruit, with average weights of 3 and 0.7 g per
individual fruit, respectively. For in-house preparation of dried apples, fresh Red Delicious and Granny
Smith apples were purchased from local stores, peeled, sliced into fragments (10 by 10 by 2 mm) and
dehydrated for 12 h using a 6-tray Cabela household dehydrator (model 54-1646; Sidney, NE, USA). They
were then stored in Whirl-Pak stomacher bags (750 ml; Nasco, Fort Atkinson, WI) until use.

The aw of dried fruit before and after inoculation, after drying, and periodically during storage was
determined using a benchtop water activity meter (AquaLab model 3TE; Decagon Devices, Pullman,
WA). The aw of samples inoculated with Salmonella could not be measured due to pathogen concerns
for the benchtop water activity meter. Therefore, dried fruits that were inoculated with heat-killed non-
pathogenic Escherichia coli K-12 at the same volume/weight as dried fruit inoculated with Salmonella
were used instead. Dried strawberries were sliced into smaller pieces in order to fit the loading chamber
of the water activity meter, while dried apples fragments and raisins were analyzed without size reduc-
tion. To determine the pH of dried fruit homogenates, the dried fruit (10 g) was macerated in 10 ml dis-
tilled water (dH2O) in 50-ml conical centrifuge tubes (VWR Int.) using a flame-sterilized spatula and then
vortexed for 60 s. The pH of the homogenate was determined using a benchtop pH meter (Orion model
410Aplus; Thermo Scientific, Waltham, MA). The amount of dissolved solids (including sugars) in rinsates
of dried fruit was measured as Brix (°Bx). Dried fruit (5 g) was transferred into 10 ml dH2O in 50-ml coni-
cal centrifuge tubes (VWR Int.), the mixtures were vortexed at high speed for 2 min, and the Brix of the
rinsates was determine using a pocket refractometer PAL-3 (Atago, Minato-ku, Tokyo, Japan). The aw,
pH, and Brix were determined in triplicate for each type of dried fruit.

Bacterial cultures and inoculum preparation. The Salmonella enterica strains used in this study are
shown in Table 2 and were kindly provided by Nathan Anderson (U.S. Food and Drug Administration,
Institute for Food Safety and Health, Bedford Park, Illinois). The strains were selected because of their

Viable-but-Nonculturable Salmonella on Dried Fruit Applied and Environmental Microbiology

January 2022 Volume 88 Issue 2 e01733-21 aem.asm.org 9

https://aem.asm.org


involvement in LMF-associated outbreaks and also because they have been employed in storage and
thermal resistance studies (46). Media and conditions routinely used for growth include Trypticase soy
broth (TSB) (Becton, Dickinson & Co., Sparks, MD) containing 0.6% yeast extract (TSB-YE) (Becton,
Dickinson & Co.) and TSB-YE supplemented with 1.2% agar (TSA-YE) (Becton, Dickinson & Co.) incubated
statically at 37°C for 24 h. Bacterial culture stocks were preserved in TSB containing 20% glycerol (Fisher
Scientific, Fair Lawn, NJ) at 280°C. To prepare the inoculum suspension, frozen stock cultures of individ-
ual strains were streaked on TSA-YE plates and incubated at 37°C for 24 h. A single colony was then ino-
culated in 3 ml TSB-YE in 15-ml conical centrifuge tubes (Becton, Dickinson & Co.), incubated overnight
at 37°C, and 100 ml of each culture was spread-plated on TSA-YE followed by incubation at 37°C for 24 h
to achieve a bacterial lawn. For each strain, the bacterial lawn from two agar plates was harvested using
10-ml sterile disposable plastic loops (Fisher Scientific), resuspended in 10 ml of sterile deionized water
(dH2O), washed twice, and then combined in equal volumes to achieve a 5-strain cocktail (50 ml) used
to inoculate the LMFs.

Bulk-inoculation, storage, and microbiological analysis of dried fruit. Before inoculation, 5 g of
each type of dried fruit was transferred into 10 ml of dH2O in 15-ml centrifuge tubes (VWR Int., Radnor,
PA). The mixtures were vortexed at high speed, serially diluted in dH2O, and appropriate dilutions were
plated on TSA-YE and xylose lysine deoxycholate (XLD) agar (Becton, Dickinson & Co.), followed by incu-
bation at 37°C for 24 h to enumerate total aerobic bacteria and Salmonella, respectively. Each inocula-
tion was performed in triplicate. To inoculate the dried fruit, 200 g of each type of dried fruit was
weighed into separate sterile Whirl-Pak stomacher bags (750 ml; Nasco, Fort Atkinson, WI) and bulk-ino-
culated at 10% volume of cell suspension per weight by transferring 20 ml of cell suspension into the
bags in a series of four additions of 5 ml each, with each addition followed by vigorous shaking by hand
for 30 s. After inoculation, the bags were shaken again for 30 s to further mix the content, and the inocu-
lated dried fruit was spread on perforated ceramic plates inside a Nalgene polypropylene desiccator
(Thermo Scientific, Waltham, MA) containing Drierite (W.A. Hammond Drierite Co. Ltd., Xenia, OH) as the
desiccant. The desiccators were kept inside an incubator at 25°C and 33 to 48% rH for 7 days at which
time the aw of the inoculated dried fruit was within 98% to 120% of uninoculated products. To enumer-
ate Salmonella on dried fruit immediately after inoculation and after drying, 5 g of dried fruit was trans-
ferred into 10 ml of dH2O inside 50-ml conical centrifuge tubes (VWR Int.). The mixtures were vigorously
shaken at high speed for 60 s, serially diluted in dH2O, and appropriate dilutions were plated on TSA-YE
and XLD agar plates, followed by incubation at 37°C for 24 h. The differences between Salmonella CFU
on TSA-YE and the selective medium XLD would correspond to potentially injured cells that can be
recovered on the nonselective medium TSA-YE but fail to grow on XLD (47). The experiment was per-
formed in three independent trials, with duplicate samples analyzed at each time.

Further assessment of survival of Salmonella on dried apples utilized Salmonella preadapted to low
pH as described (29). Individual strains of Salmonella enterica serovar Agona, S. Tennessee, Salmonella
enterica serovar Montevideo, Salmonella enterica serovar Mbandaka, and Salmonella enterica serovar
Reading were grown in 1 ml TSB-YE at 37°C for 24 h. From the overnight bacterial cultures, a 100-ml cell
suspension of each strain was individually spread-plated onto TSA-YE supplemented with 1% glucose
(TSA-YEG), followed by incubation at 37°C for 24 h. Harvesting of the cells from the lawns and prepara-
tion of the 5-strain cocktail as inoculum were done as described previously. The inoculated dried apples
were dried as described previously for 7 days, and enumerations were done as described previously on
TSA-YE and XLD agar plates. When indicated, the plates were also incubated at 37°C for 24 h microaer-
obically using a Bactrox hypoxic chamber (SHEL LAB, Cornelius, OR; model 388L) set at 5% O2, 10% CO2,
complemented with nitrogen, and anaerobically using an anaerobic chamber (COY, Grass Lake, MI)
maintained at 5% CO2, 10% H2, and 85% N2.

Enrichment for Salmonella contaminating dried fruit. When Salmonella contaminating dried fruit
was below the limit of detection (20 CFU/g), samples were enriched according to the FDA Bacteriological
Analytical Manual (48) protocol with modifications. Briefly, 5 g of the dried apples, dried strawberries, and
raisins was transferred into 15 ml of lactose broth (Becton, Dickinson & Co.) in 50-ml centrifuge tubes (VWR
Int.) and incubated at 37°C for 24 h. After 24 h, 100 ml of the lactose broth was transferred into 9 ml
Rappaport-Vassiliadis broth (Oxoid, Basingstoke, UK) and incubated at 42°C for 48 h. Suspensions (100 ml)
from the lactose and Rappaport-Vassiliadis broths were plated on XLD agar plates, which were incubated at
37°C for 24 h.

Spot-inoculation and cold storage of dried apples. Fragments of the industry-supplied dried apples
were placed in sterile Petri dishes and spot-inoculated with 20 ml per fragment (approximately 109 CFU)
of the 5-strain Salmonella strain cocktail described above. The inoculated fragments were air-dried inside
a biosafety cabinet for 3 h with the Petri dish lid off, and then the Petri dishes were covered, sealed with
parafilm, and stored in the dark at 25 or 4°C. For enumerations, individual fragments were transferred

TABLE 2 Salmonella enterica strains used in this study

Strain Source and reference
Salmonella Agona strain 447867 Rice and wheat puff cereal outbreak, 2008 (51)
Salmonella Tennessee strain K4643 Peanut butter outbreak, 2006–2007 (52)
SalmonellaMontevideo strain 488275 Black pepper outbreak, 2009–2010 (53)
SalmonellaMbandaka 698538 Sesame tahini paste outbreak, 2013 (54)
Salmonella Reading Unknown source
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into 1 ml of dH2O in 1.5-ml Eppendorf tubes, and the population of Salmonella was enumerated on TSA-
YE as described previously. Dilutions were also plated on TSA-YE with 0.1% sodium pyruvate (TSA-YEP)
(Acros Organics, Fair Lawn, NJ, USA) and incubated at 37°C for 24 h. Spot-inoculation of dried apples
was employed in three independent trials, with duplicate samples for each time point.

Survival of Salmonella in apple juice. Organic pasteurized apple juice was purchased from a local
store and stored at 4°C until usage. The pH, Brix, and background microbiota of the juice was deter-
mined as described previously. Fructose (9 g; Sigma-Aldrich, St. Louis, MO) was added to 30 ml of apple
juice at 30% wt/vol to increase the Brix of the juice to that of the dried apple rinsate described above.
To test the effect of high solute concentration on the survival of Salmonella, 30 ml of apple juice with or
without fructose in 50-ml conical centrifuge tubes (VWR Int.) was inoculated with the 5-strain Salmonella
cocktail described above at 108 CFU/ml and stored in the dark at 25°C. Immediately after inoculation
and periodically during storage, 1 ml of inoculated apple juice with or without fructose was serially
diluted in sterile dH2O, and appropriate dilutions were spread-plated on TSA-YE and TSA-YEP. The
experiment was repeated in three independent trials with duplicate samples at each time point.

Viability staining and visualization of Salmonella on dried fruit. Dried fruits were bulk-inoculated
with Salmonella and dried to the original aw for 7 days as described previously. Rinsates from the inocu-
lated fruit were stained with the LIVE/DEAD BacLight bacterial viability kit (Invitrogen, Eugene, Oregon)
according to the manufacturer’s instructions. Briefly, the green (SYTO 9) and red (propidium iodide)
stains were mixed in equal volumes, and 1 ml of the mixture was added to 300 ml of the rinsate from the
inoculated dried fruit and incubated in the dark at 25°C for 10 min. The suspensions were then spotted
(3 ml) onto glass slides, dried under ambient conditions for 2 min to fix the cells onto the slides, and
visualized with a fluorescence microscope (BX63; Olympus, Waltham, MA). Green fluorescence (live bac-
teria) was captured with fluorescein isothiocyanate (FITC) filters, while Texas Red (TR) filters were used to
detect red fluorescence (dead bacteria). The cell suspension used as inoculum and rinsates of uninocu-
lated dried fruit were similarly stained and visualized. Visualization of Salmonella in the rinsates from
dried fruit was performed in three independent trials with duplicate samples processed per trial. Images
were acquired from at least three different microscopy fields per replicate of each trial using Olympus
cellSens image analysis software (Olympus, Waltham, MA). Fluorescing (live and dead) bacterial cells
were counted with ImageJ (49) to compute the percentage of viable cells as the number of green fluo-
rescing cells over the total number of cells. VBNC Salmonella in inoculated apple juice with or without
fructose was detected by staining 300 ml of apple juice as described for inoculum suspensions.
Visualization was performed using 2 ml of stained apple juice, and viable cells were enumerated as
described. The experiment was performed in three independent trials.

Laser scanning confocal microscopy was used to visualize Salmonella on the surfaces of spot-inocu-
lated dried apples after drying for 3 h, at 50 and 110 days of storage at 25°C, and at 110 days of storage
at 4°C. Briefly, an equal-volume mixture of SYTO 9 and PI stains was diluted with dH2O 1:4, and 5 ml was
spotted on the inoculated spot, followed by incubation in the dark at 25°C for 15 min. A small fragment
(3 by 3 mm) with a flat surface was excised from the stained region using a flame-sterilized razor blade
and placed in 300 ml dH2O in a glass cell culture dish (P35G-1.5-20-C; MatTek, MA, USA) with the stained
surface immersed in the water. Image acquisition was performed using a Zeiss LSM 880 confocal laser
scanning microscope (Carl Zeiss Inc. Thornwood, NY, USA) at the Cellular and Molecular Imaging Facility
at North Carolina State University. A multiline argon laser light source and an inverted LD C-Apochromat
40�/1.1 W Korr M27 water immersion objective lens were used for all experiments. Simultaneous acqui-
sition with two main dichroic beam splitters (MBS) at 488 and 561 nm was used to image the double
marker line with the pinhole maintained at 1 Airy unit (AU) (1.1 mm). SYTO 9 was excited at 488 nm and
emission was collected at 499 to 561 nm, while PI was excited at 561 nm with emission collected at 578
to 669 nm. Images were processed using the Zeiss Zen Blue software (Zeiss, Obercohen, Germany). The
experiment was conducted in three independent trials with duplicate samples in each trial, and image
acquisition from at least three different microscopy fields per replicate of each trial. Fluorescing bacterial
cells were enumerated as described previously.

Bacterial DNA extraction and quantitative real-time PCR. Individual fragments of spot-inoculated
dried apples after drying for 3 h and at 50 and 110 days of storage at 25 and 4°C, respectively, were
transferred into 1 ml of dH2O in 1.5-ml microcentrifuge tubes (VWR Int.). The mixtures were vortexed at
high speed for 60 s, the apple fragments were removed, and the remaining suspensions were centri-
fuged at 15,000 � g and 25°C for 2 min. Genomic DNA (gDNA) of the bacterial cells in the resulting pel-
let was extracted with the Qiagen DNeasy blood and tissue kit (Qiagen Sciences Inc., Germantown, MD)
according to the manufacturer’s instructions. DNA was extracted in duplicate in two independent trials,
and DNA concentration was determined with NanoDrop spectrophotometer (Model ND2000C; Thermo
Scientific).

The quantity of the target gene invA in each gDNA sample was determined using the StepOnePlus real-
time PCR system (Applied Biosystems, Foster City, CA). The real-time PCR mix consisted of 1� iTaq Universal
SYBR green supermix (Bio-Rad Laboratories Inc, Des Plaines, IL), 600 nM (each) forward (invAForward, 59-
TCGCCAGTACGATATTCAGTG-39) and reverse (invAReverse, 59-AGGCCTTCGGGTTGTAAAGT-39) primers, and
the gDNA template in a 20-ml reaction mixture. The thermocycler conditions used included 95°C for 10 min
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. For dried apples after 3 h of drying, five reactions
containing 0.01, 0.1, 1, 10, and 100 ng of template gDNA were run. DNA samples from 50 and 110 days of
storage at 25 and 4°C, respectively, were used as template in separate reactions. The threshold cycle (CT) val-
ues and concentrations were exported into Microsoft Excel 365 (Redmond, WA) and a plot of average CT val-
ues against gDNA concentration was computed. Since invA is a single-copy gene in Salmonella (50), the cop-
ies of invA detected are expected to correspond to the population of Salmonella (live and dead) in the
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sample. Total population of Salmonella/fragment was calculated from the standard curve generated with
gDNA from dried apples after 3 h of drying, with number of viable cells.

cells=fragment
� � ¼ Nv

NT
� Tc

where Nv and NT are fluorescence microscopy-based counts of viable (green) cells and total (green or
red) cells, respectively, determined as described previously, while Tc is the total population of Salmonella
(live and dead) calculated from the qPCR data.

ACKNOWLEDGMENTS
This study was partially supported by the Institute for the Advancement of Food and

Nutrition Sciences (IAFNS), through an International Life Sciences Institute (ILSI) North
America Food Microbiology Committee grant. IAFNS is a nonprofit science organization
that pools funding from industry collaborators and advances science through the in-
kind and financial contributions from public and private sector participants.

The authors acknowledge the use of the Cellular and Molecular Imaging Facility
(CMIF) at North Carolina State University, which is supported by the State of North
Carolina and the National Science Foundation.

REFERENCES
1. Oliver JD. 2010. Recent findings on the viable but nonculturable state in

pathogenic bacteria. FEMS Microbiol Rev 34:415–425. https://doi.org/10
.1111/j.1574-6976.2009.00200.x.

2. Xu H, Roberts N, Singleton FL, Attwell RW, Grimes DJ, Colwell RR. 1982.
Survival and viability of nonculturable Escherichia coli and Vibrio cholerae
in the estuarine and marine environment. Microb Ecol 8:313–323. https://
doi.org/10.1007/BF02010671.

3. Colwell RR. 2009. Viable but non-cultivable bacteria, p 121–129. In Epstein
SS (ed), Uncultivated microorganisms. Springer Verlag, Berlin, Germany.

4. Oliver JD, Dagher M, Linden K. 2005. Induction of Escherichia coli and Sal-
monella Typhimurium into the viable but nonculturable state following
chlorination of wastewater. J Water Health 3:249–257. https://doi.org/10
.2166/wh.2005.040.

5. Patrone V, Campana R, Vallorani L, Dominici S, Federici S, Casadei L,
Gioacchini AM, Stocchi V, Baffone W. 2013. CadF expression in Campylo-
bacter jejuni strains incubated under low-temperature water microcosm
conditions which induce the viable but non-culturable (VBNC) state.
Antonie Van Leeuwenhoek 103:979–988. https://doi.org/10.1007/s10482
-013-9877-5.

6. Wei C, Zhao X. 2018. Induction of viable but nonculturable Escherichia coli
O157:H7 by low temperature and its resuscitation. Front Microbiol 13:
2728. https://doi.org/10.3389/fmicb.2018.02728.

7. Cunningham E, O’Byrne C, Oliver JD. 2009. Effect of weak acids on Listeria
monocytogenes survival: evidence for a viable but nonculturable state in
response to low pH. Food Control 20:1141–1144. https://doi.org/10.1016/
j.foodcont.2009.03.005.

8. Gruzdev N, Pinto R, Sela Saldinger S. 2012. Persistence of Salmonella
enterica during dehydration and subsequent cold storage. Food Microbiol
32:415–422. https://doi.org/10.1016/j.fm.2012.08.003.

9. Morishige Y, Koike A, Tamura-Ueyama A, Amano F. 2017. Induction of via-
ble but nonculturable Salmonella in exponentially grown cells by expo-
sure to a low-humidity environment and their resuscitation by catalase. J
Food Prot 80:288–294. https://doi.org/10.4315/0362-028X.JFP-16-183.

10. Liao H, Jiang L, Zhang R. 2018. Induction of a viable but non-culturable
state in Salmonella Typhimurium by thermosonication and factors affect-
ing resuscitation. FEMS Microbiol Lett 365:1–11. https://doi.org/10.1093/
femsle/fnx249.

11. Zhao X, Zhong J, Wei C, Lin CW, Ding T. 2017. Current perspectives on via-
ble but non-culturable state in foodborne pathogens. Front Microbiol 8:
580. https://doi.org/10.3389/fmicb.2017.00580.

12. Highmore CJ, Warner JC, Rothwell SD, Wilks SA, Keevil CW. 2018. Viable-
but-nonculturable Listeria monocytogenes and Salmonella enterica sero-
var Thompson induced by chlorine stress remain infectious. mBio 9:
e00540-18. https://doi.org/10.1128/mBio.00540-18.

13. Purevdorj-Gage L, Nixon B, Bodine K, Xu Q, Doerrler WT. 2018. Differential
effect of food sanitizers on formation of viable but nonculturable Salmo-
nella enterica in poultry. J Food Prot 81:386–393. https://doi.org/10.4315/
0362-028X.JFP-17-335.

14. Nicolò MS, Gioffrè A, Carnazza S, Platania G, Silvestro ID, Guglielmino SPP.
2011. Viable but nonculturable state of foodborne pathogens in grape-
fruit juice: a study of laboratory. Foodborne Pathog Dis 8:11–17. https://
doi.org/10.1089/fpd.2009.0491.

15. Beuchat LR, Komitopoulou E, Beckers H, Betts RP, Bourdichon F, Fanning
S, Joosten HM, Kuile BHT. 2013. Low-water activity foods: increased con-
cern as vehicles of foodborne pathogens. J Food Prot 76:150–172. https://
doi.org/10.4315/0362-028X.JFP-12-211.

16. Hoffmann S, Devleesschauwer B, Aspinall W, Cooke R, Corrigan T,
Havelaar A, Angulo F, Gibb H, Kirk M, Lake R, Speybroeck N, Torgerson P,
Hald T. 2017. Attribution of global foodborne disease to specific foods:
findings from a World Health Organization structured expert elicitation.
PLoS One 12:e0183641. https://doi.org/10.1371/journal.pone.0183641.

17. Mead PS, Slutsker L, Dietz V, McCaig LF, Bresee JS, Shapiro C, Griffin PM,
Tauxe RV. 1999. Food-related illness and death in the United States.
Emerg Infect Dis 5:607–625. https://doi.org/10.3201/eid0505.990502.

18. Scallan E, Hoekstra RM, Angulo FJ, Tauxe RV, Widdowson MA, Roy SL,
Jones JL, Griffin PM. 2011. Foodborne illness acquired in the United
States—major pathogens. Emerg Infect Dis 17:7–15. https://doi.org/10
.3201/eid1701.p11101.

19. U.S. Department of Agriculture, Economic Research Service. 2020. Cost esti-
mates of foodborne. U.S. Department of Agriculture, Washington DC.
https://www.ers.usda.gov/data-products/cost-estimates-of-foodborne
-illnesses/. Accessed 9 August 2021.

20. Center for Disease Control and Prevention. 2019. Reports of selected Salmo-
nella outbreak investigations. Center for Disease Control and Prevention,
Atlanta, GA. https://www.cdc.gov/salmonella/outbreaks.html. Accessed 20
November 2020.

21. Farakos SM, Schaffner DW, Frank JF. 2014. Predicting survival of Salmo-
nella in low-water activity foods: an analysis of literature data. J Food Prot
77:1448–1461. https://doi.org/10.4315/0362-028X.JFP-14-013.

22. Finn S, Condell O, McClure P, Amézquita A, Fanning S. 2013. Mechanisms
of survival, responses, and sources of Salmonella in low-moisture environ-
ments. Front Microbiol 4:331. https://doi.org/10.3389/fmicb.2013.00331.

23. Gill ON, Sockett PN, Bartlett CLR, Vaile MS, Rowe B, Gilbert RJ, Dulake C,
Murrell HC, Salmaso S. 1983. Outbreak of Salmonella Napoli infection
caused by imported chocolate bars. Lancet 1:574–577.

24. Danyluk MD, Jones TM, Abd SJ, Schlitt-Dittrich F, Jacobs M, Harris LJ. 2007.
Prevalence and amounts of Salmonella found on raw California almonds. J
Food Prot 70:820–827. https://doi.org/10.4315/0362-028x-70.4.820.

25. Asakura H, Makino S, Takagi T, Kuri A, Kurazono T, Watarai M, Shirahata T.
2002. Passage in mice causes a change in the ability of Salmonella enter-
ica serovar Oranienburg to survive NaCl osmotic stress: resuscitation from
the viable but non-culturable state. FEMS Microbiol Lett 212:87–93.
https://doi.org/10.1111/j.1574-6968.2002.tb11249.x.

26. U.S. Department of Agriculture. 2018. Food composition databases. U.S.
Department of Agriculture, Washington DC. https://www.nal.usda.gov/
fnic/dried-fruit. Accessed 15 November 2021.

Jayeola et al. Applied and Environmental Microbiology

January 2022 Volume 88 Issue 2 e01733-21 aem.asm.org 12

https://doi.org/10.1111/j.1574-6976.2009.00200.x
https://doi.org/10.1111/j.1574-6976.2009.00200.x
https://doi.org/10.1007/BF02010671
https://doi.org/10.1007/BF02010671
https://doi.org/10.2166/wh.2005.040
https://doi.org/10.2166/wh.2005.040
https://doi.org/10.1007/s10482-013-9877-5
https://doi.org/10.1007/s10482-013-9877-5
https://doi.org/10.3389/fmicb.2018.02728
https://doi.org/10.1016/j.foodcont.2009.03.005
https://doi.org/10.1016/j.foodcont.2009.03.005
https://doi.org/10.1016/j.fm.2012.08.003
https://doi.org/10.4315/0362-028X.JFP-16-183
https://doi.org/10.1093/femsle/fnx249
https://doi.org/10.1093/femsle/fnx249
https://doi.org/10.3389/fmicb.2017.00580
https://doi.org/10.1128/mBio.00540-18
https://doi.org/10.4315/0362-028X.JFP-17-335
https://doi.org/10.4315/0362-028X.JFP-17-335
https://doi.org/10.1089/fpd.2009.0491
https://doi.org/10.1089/fpd.2009.0491
https://doi.org/10.4315/0362-028X.JFP-12-211
https://doi.org/10.4315/0362-028X.JFP-12-211
https://doi.org/10.1371/journal.pone.0183641
https://doi.org/10.3201/eid0505.990502
https://doi.org/10.3201/eid1701.p11101
https://doi.org/10.3201/eid1701.p11101
https://www.ers.usda.gov/data-products/cost-estimates-of-foodborne-illnesses/
https://www.ers.usda.gov/data-products/cost-estimates-of-foodborne-illnesses/
https://www.cdc.gov/salmonella/outbreaks.html
https://doi.org/10.4315/0362-028X.JFP-14-013
https://doi.org/10.3389/fmicb.2013.00331
https://doi.org/10.4315/0362-028x-70.4.820
https://doi.org/10.1111/j.1574-6968.2002.tb11249.x
https://www.nal.usda.gov/fnic/dried-fruit
https://www.nal.usda.gov/fnic/dried-fruit
https://aem.asm.org


27. Dauthy ME, Food and Agriculture Organization of the United Nations. 1995.
Fruits and vegetable processing. FAO agricultural services bulletin 119.
Food and Agriculture Organization of the United Nations, Rome, Italy.

28. Beuchat LR, Mann DA. 2014. Survival of Salmonella on dried fruits and in
aqueous dried fruit homogenates as affected by temperature. J Food Prot
77:1102–1109. https://doi.org/10.4315/0362-028X.JFP-13-549.

29. Beuchat LR, Mann DA. 2015. Survival of Salmonella in cookie and cracker
sandwiches containing inoculated, low-water activity fillings. J Food Prot
78:1828–1834. https://doi.org/10.4315/0362-028X.JFP-15-142.

30. Jayeola V, Farber J, Kathariou S. 2017. Assessment of survival and differen-
tial expression of stress response of genes of Salmonella in low-moisture
foods, abstr P-15814. Abstr Annual Meeting Int Assoc Food Prot. Interna-
tional Association for Food Protection, Des Moines, Iowa.

31. Laalami S, Zig L, Putzer H. 2014. Initiation of mRNA decay in bacteria. Cell
Mol Life Sci 71:1799–1828. https://doi.org/10.1007/s00018-013-1472-4.

32. Selinger DW, Saxena RM, Cheung KJ, Church GM, Rosenow C. 2003.
Global RNA half-life analysis in Escherichia coli reveals positional patterns
of transcript degradation. Genome Res 13:216–223. https://doi.org/10
.1101/gr.912603.

33. US Department of Agriculture. 2019. Apples, dried, sulfured, uncooked:
SR Legacy 171691. U.S. Department of Agriculture, Washington DC.
https://fdc.nal.usda.gov/fdc-app.html#/food-details/171691/nutrients.
Accessed 9 August 2021.

34. Blessington T, Theofel CG, Mitcham EJ, Harris LJ. 2013. Survival of food-
borne pathogens on inshell walnuts. Int J Food Microbiol 166:341–348.
https://doi.org/10.1016/j.ijfoodmicro.2013.07.016.

35. Auty MA, Gardiner GE, McBrearty SJ, O'Sullivan EO, Mulvihill DM, Collins
JK, Fitzgerald GF, Stanton C, Ross RP. 2001. Direct in situ viability assess-
ment of bacteria in probiotic dairy products using viability staining in
conjunction with confocal scanning laser microscopy. Appl Environ
Microbiol 67:420–425. https://doi.org/10.1128/AEM.67.1.420-425.2001.

36. Stiefel P, Schmidt-Emrich S, Maniura-Weber K, Ren Q. 2015. Critical
aspects of using bacterial cell viability assays with the fluorophores
SYTO9 and propidium iodide. BMC Microbiol 15:36. https://doi.org/10
.1186/s12866-015-0376-x.

37. Jayeola V, McClelland M, Porwollik S, Chu W, Farber J, Kathariou S. 2020.
Identification of novel genes mediating survival of Salmonella on low-
moisture foods via transposon sequencing analysis. Front Microbiol 11:
726. https://doi.org/10.3389/fmicb.2020.00726.

38. Liao H, Zhong X, Xu L, Ma Q, Wang Y, Cai Y, Guo X. 2019. Quorum-sensing
systems trigger catalase expression to reverse the oxyR deletion-medi-
ated VBNC state in Salmonella typhimurium. Res Microbiol 170:65–73.
https://doi.org/10.1016/j.resmic.2018.10.004.

39. Kimber MA, Kaur H, Wang L, Danyluk MD, Harris LJ. 2012. Survival of Sal-
monella, Escherichia coli O157:H7, and Listeria monocytogenes on inocu-
lated almonds and pistachios stored at 219, 4, and 24°C. J Food Prot 75:
1394–1403. https://doi.org/10.4315/0362-028X.JFP-12-023.

40. Ramamurthy T, Ghosh A, Pazhani GP, Shinoda S. 2014. Current perspec-
tives on viable but non-culturable (VBNC) pathogenic bacteria. Front Pub-
lic Health 2:103. https://doi.org/10.3389/fpubh.2014.00103.

41. Berney M, Hammes F, Bosshard F, Weilenmann HU, Egli T. 2007. Assess-
ment and interpretation of bacterial viability by using the LIVE/DEAD Bac-
Light kit in combination with flow cytometry. Appl Environ Microbiol 73:
3283–3290. https://doi.org/10.1128/AEM.02750-06.

42. Reissbrodt R, Rienaecker I, Romanova JM, Freestone PP, Haigh RD, Lyte M,
Tschäpe H, Williams PH. 2002. Resuscitation of Salmonella enterica serovar
typhimurium and enterohemorrhagic Escherichia coli from the viable but
nonculturable state by heat-stable enterobacterial autoinducer. Appl En-
viron Microbiol 68:4788–4794. https://doi.org/10.1128/AEM.68.10.4788
-4794.2002.

43. Gupte AR, Rezende CLED, Joseph SW. 2003. Induction and resuscitation
of viable but nonculturable Salmonella enterica serovar Typhimurium
DT104. Appl Environ Microbiol 69:6669–6675. https://doi.org/10.1128/
AEM.69.11.6669-6675.2003.

44. Senoh M, Ghosh-Banerjee J, Ramamurthy T, Colwell RR, Miyoshi S, Nair
GB, Takeda Y. 2012. Conversion of viable but nonculturable enteric bacte-
ria to culturable by co-culture with eukaryotic cells. Microbiol Immunol
56:342–345. https://doi.org/10.1111/j.1348-0421.2012.00440.x.

45. Ayrapetyan M, Oliver JD. 2016. The viable but non-culturable state and its
relevance in food safety. Curr Opin Food Sci 8:127–133. https://doi.org/10
.1016/j.cofs.2016.04.010.

46. Wei X, Lau SK, Stratton J, Irmak S, Bianchini A, Subbiah J. 2018. Radio-fre-
quency processing for inactivation of Salmonella enterica and Enterococ-
cus faecium NRRL B-2354 in black peppercorn. J Food Prot 81:1685–1695.
https://doi.org/10.4315/0362-028X.JFP-18-080.

47. Wang X, Devlieghere F, Geeraerd A, Uyttendaele M. 2017. Thermal inacti-
vation and sublethal injury kinetics of Salmonella enterica and Listeria
monocytogenes in broth versus agar surface. Int J Food Microbiol 243:
70–77. https://doi.org/10.1016/j.ijfoodmicro.2016.12.008.

48. Andrews WH, Wang H, Jacobson A, Hammack TS. 2016. Salmonella. In
Bacteriological analytical manual. U.S. Food and Drug Administration, Sil-
ver Spring, MD.

49. Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to ImageJ: 25
years of image analysis. Nat Methods 9:671–675. https://doi.org/10.1038/
nmeth.2089.

50. Galán JE, Ginocchio C, Costeas P. 1992. Molecular and functional charac-
terization of the Salmonella invasion gene invA: homology of InvA to
members of a new protein family. J Bacteriol 174:4338–4349. https://doi
.org/10.1128/jb.174.13.4338-4349.1992.

51. Russo ET, Biggerstaff G, Hoekstra RM, Meyer S, Patel N, Miller B, Quick R2,
for the Salmonella Agona Outbreak Investigation Team. 2013. A recur-
rent, multistate outbreak of Salmonella serotype Agona infections associ-
ated with dry, unsweetened cereal consumption, United States. J Food
Prot 76:227–230. https://doi.org/10.4315/0362-028X.JFP-12-209.

52. Center for Disease Control and Prevention. 2007. Multistate outbreak of
Salmonella serotype Tennessee infections associated with peanut butter—
United States, 2006–2007. Morb Mortal Wkly Rep 56:521–524.

53. Gieraltowski L, Julian E, Pringle J, Macdonald K, Quilliam D, Marsden-Haug
N, Saathoff-Huber L, Von Stein D, Kissler B, Parish M, Elder D, Howard-King
V, Besser J, Sodha S, Loharikar A, Dalton S, Williams I, Behravesh BC. 2013.
Nationwide outbreak of Salmonella Montevideo infections associated with
contaminated imported black and red pepper: warehouse membership
cards provide critical clues to identify the source. Epidemiol Infect 141:
1244–1252. https://doi.org/10.1017/S0950268812001859.

54. Center for Disease Control and Prevention. 2013. Multistate outbreak of
Salmonella Montevideo and Salmonella Mbandaka infections linked to
tahini sesame paste. Center for Disease Control and Prevention, Atlanta,
GA. https://www.cdc.gov/salmonella/montevideo-tahini-05-13/. Accessed
20 October 2020.

Viable-but-Nonculturable Salmonella on Dried Fruit Applied and Environmental Microbiology

January 2022 Volume 88 Issue 2 e01733-21 aem.asm.org 13

https://doi.org/10.4315/0362-028X.JFP-13-549
https://doi.org/10.4315/0362-028X.JFP-15-142
https://doi.org/10.1007/s00018-013-1472-4
https://doi.org/10.1101/gr.912603
https://doi.org/10.1101/gr.912603
https://fdc.nal.usda.gov/fdc-app.html#/food-details/171691/nutrients
https://doi.org/10.1016/j.ijfoodmicro.2013.07.016
https://doi.org/10.1128/AEM.67.1.420-425.2001
https://doi.org/10.1186/s12866-015-0376-x
https://doi.org/10.1186/s12866-015-0376-x
https://doi.org/10.3389/fmicb.2020.00726
https://doi.org/10.1016/j.resmic.2018.10.004
https://doi.org/10.4315/0362-028X.JFP-12-023
https://doi.org/10.3389/fpubh.2014.00103
https://doi.org/10.1128/AEM.02750-06
https://doi.org/10.1128/AEM.68.10.4788-4794.2002
https://doi.org/10.1128/AEM.68.10.4788-4794.2002
https://doi.org/10.1128/AEM.69.11.6669-6675.2003
https://doi.org/10.1128/AEM.69.11.6669-6675.2003
https://doi.org/10.1111/j.1348-0421.2012.00440.x
https://doi.org/10.1016/j.cofs.2016.04.010
https://doi.org/10.1016/j.cofs.2016.04.010
https://doi.org/10.4315/0362-028X.JFP-18-080
https://doi.org/10.1016/j.ijfoodmicro.2016.12.008
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1128/jb.174.13.4338-4349.1992
https://doi.org/10.1128/jb.174.13.4338-4349.1992
https://doi.org/10.4315/0362-028X.JFP-12-209
https://doi.org/10.1017/S0950268812001859
https://www.cdc.gov/salmonella/montevideo-tahini-05-13/
https://aem.asm.org

	RESULTS
	The viable but nonculturable state was induced in Salmonella contaminating dried fruit.
	Salmonella survived longer on spot-inoculated dried apples, with survival markedly enhanced at 4°C.
	Assessing the role of high sugar concentration on the survival of Salmonella.

	DISCUSSION
	MATERIALS AND METHODS
	Characteristics of dried fruit and measurement of water activity (aw), pH, and Brix.
	Bacterial cultures and inoculum preparation.
	Bulk-inoculation, storage, and microbiological analysis of dried fruit.
	Enrichment for Salmonella contaminating dried fruit.
	Spot-inoculation and cold storage of dried apples.
	Survival of Salmonella in apple juice.
	Viability staining and visualization of Salmonella on dried fruit.
	Bacterial DNA extraction and quantitative real-time PCR.

	ACKNOWLEDGMENTS
	REFERENCES

