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ABSTRACT
Mung bean sprouts, typically consumed raw or minimally cooked, are often contaminated with pathogens. Internalized pathogens
pose a high risk because conventional sanitization methods are ineffective for their inactivation. The studies were performed (i) to
understand the potential of internalization of Salmonella in mung bean sprouts under conditions where the irrigation water was
contaminated and (ii) to determine if pre- and postharvest intervention methods are effective in inactivating the internalized pathogen.
Mung bean sprouts were grown hydroponically and exposed to green fluorescence protein–tagged Salmonella Typhimurium through
maturity. One experimental set received contaminated water daily, while other sets received contaminated water on a single day at
different times. For preharvest intervention, irrigation water was exposed to UV, and for postharvest intervention–contaminated sprouts
were subjected to a chlorine wash and UV light. Harvested samples were disinfected with ethanol and AgNO3 to differentiate surfaceassociate pathogens from the internalized ones. The internalized Salmonella Typhimurium in each set was quantified using the plate
count method. Internalized Salmonella Typhimurium was detected at levels of 2.0 to 5.1 log CFU/g under all conditions. Continuous
exposure to contaminated water during the entire period generated significantly higher levels of Salmonella Typhimurium
internalization than sets receiving contaminated water for only a single day (P , 0.05). Preintervention methods lowered the level of
internalized Salmonella by 1.84 log CFU/g (P , 0.05), whereas postintervention methods were ineffective in eliminating internalized
pathogens. Preintervention did not completely inactivate bacteria in sprouts and demonstrated that the remaining Salmonella
Typhimurium in water became more resistant to UV. Because postharvest intervention methods are ineffective, proper procedures for
maintaining clean irrigation water must be followed throughout production in a hydroponic system.

Sprouts are becoming increasingly popular due to their
high vitamin and mineral content, leading to associated
health benefits (25, 30). It is estimated by industry experts
that 15 million pounds of sprouts are grown annually in
the United States. Mung bean has been widely grown,
especially in Asian countries since ancient times and is still
widely grown in Asia, Africa, South America, the United
States, and Australia. Mung bean is best known for the
production of bean sprouts. It is very convenient to produce
mung bean sprouts at home or industry scale: briefly, soak
the mung bean seeds in water overnight at room temperature
until the seeds germinate; transfer the germinated seeds to a
bigger container; and sprinkle water during the sprouting
process. The sprouts are ready to consume after 4 to 5 days.
However, the sprouts are vulnerable to microbial
contamination because they are grown in a nutrient-rich
and moist environment (13, 40). A previous study has
shown that aerobic microorganisms were increased by 3 log
CFU/g during the sprouting stage, and several foodborne
pathogens were isolated at the final stage of production (26).
Because sprouts are typically consumed raw, they pose a
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high health risk to consumers as a vehicle for foodborne
disease (43). A number of sprout-linked foodborne outbreaks
have been reported since the 1990s, and Salmonella has been
one of the most commonly associated pathogens, with the
primary source of the pathogen being either contaminated
seeds or irrigation water (31, 33, 34, 38).
Pathogen contamination of sprouts can occur during
the production process at a manufacturing site. For
example, the Salmonella Enteritidis outbreak associated
with mung bean sprouts in Canada was likely because the
manufacturing site was contaminated by the bacteria from
the adjacent poultry processing plant (42). In addition,
water used for production might also be responsible for
contamination of sprouts. Furthermore, when contaminated
water comes into contact with growing produce, it has the
capacity to internalize pathogens in the plant. Bacteria can
enter a plant via the root system, stomata, or cracks in the
leafy green (28, 35). If the germination of seeds and further
production of green sprouts are conducted in a hydroponic
growing system, where the water is potentially polluted, an
understanding of the ability of Salmonella to internalize in
sprouts must be determined and methods must be
developed to prevent such events.
Seed treatment is considered as a critical barrier against
microbial contamination of edible plants. The U.S. Food
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MATERIALS AND METHODS
Hydroponic growth of mung bean sprout. Seeds of mung
bean (Vigna radiata) were purchased from a local grocery store
and were germinated in sterilized tap water in petri dishes at 20 to
22uC in the dark, with a beans-to-water ratio of 1:5 (wt/vol; each
petri dish contained ,6 g of seeds soaking in 30 ml of water). The
water drained after 12 h. About 20 g of germinated sprouts were
added in a small plastic bucket (250-ml capacity, inner bucket)
with holes at the bottom and then suspended inside a larger bucket
(3-liter capacity, outer bucket) through tubing. For contaminating
the irrigation water, Salmonella Typhimurium (ATCC 19585;
purchased from American Type Culture Collection) was labeled
with green fluorescence protein, as described in our previous study
(16). The green fluorescence protein–tagged Salmonella Typhimurium was cultured overnight and then added to 2 liters of
irrigation water to reach a final concentration of 109 CFU/ml. The
contaminated water was reserved in the outer bucket and sprayed
over the sprouts via tubing at a rate of 4.2 liters/min for 1 min with

a portable air pump. Water was allowed to completely drain from
the sprouts and into the outer bucket. This cycle of watering and
draining occurred every 8 h for 5 to 6 days, and the sprouts were
grown in a 20 to 22uC dark room at 30 to 40% relative humidity.
Determination of Salmonella in mung bean sprout. Mature
mung bean sprouts were harvested, and hulls were removed using
sterile forceps. Prior to determination of the internalized pathogen,
the surfaces were disinfected with 80% ethanol for 10 s, 1%
AgNO3 for 5 min, and rinsed in deionized water (14). The surfacedecontaminated sprouts were homogenized in 0.1% peptone water
(wt/vol) for 2 min in a sterile Whirl-Pak bag (Nasco, Fort
Atkinson, WI). The homogenized solution was directly plated onto
Luria-Bertani agar supplemented with 100 mg/ml (final concentration) ampicillin and incubated at 37uC for ,18 h. The plates were
examined for internalized green fluorescence protein Salmonella
Typhimurium colonies on the agar plates under UV light (365 nm)
prior to enumeration. Each set of the sprout samples (10 g of mung
bean sprouts) was tested in duplicate and all experiments were
repeated in triplicate.
Time dependency of internalization. Salmonella Typhimurium was added to the irrigation water at a final concentration of 9
log CFU/ml on varying days to determine the temporal
relationship between contact with the pathogen and the level of
internalization upon harvest. Salmonella Typhimurium was added
to the irrigation water on one of the days after germination. The
UV-C–treated irrigation water was circulated on day 1, 3, 4, 5, or
6 or every day (days 1 to 6) throughout the growth period. Sprouts
were grown for a total of 6 days and watered every 8 h. Samples
were collected once every 24-h cycle for the detection of
internalized pathogen.
Preharvest intervention. A UV-C irradiation chamber was
constructed for food and water disinfection, as described in our
previous study (15). Briefly, two UV-C lamps (254 nm, 15 W;
Philips TUV15 W G15T8 Long L, Philips, Eindhoven, The
Netherlands) were located on the top inside a plywood chamber,
and the UV intensity was measured by a UV-C meter (UV512C,
Digital UV-C Meter; General Tools, New York, NY). The UV-C
fluency (millijoules per square centimeter) was calculated as
intensity | time. Irrigation water was contaminated with 9 log
CFU/ml Salmonella Typhimurium. Before exposing the sprouts to
the irrigation water and every 24 h throughout growth, water
(,20 cm in depth) was subjected to UV-C light (UV fluency ~
950 mJ/cm2, 1.583 mW/cm2 for 10 min). The UV-C–treated
irrigation water was circulated in the sprout growing system, and
irrigation water samples were also collected daily before and after
UV irradiation to determine the viable remaining Salmonella
Typhimurium. Sprouts were harvested after 6 days of growth (on
day 7).
Postharvest intervention. Mung bean sprouts were grown
with the contaminated water (9 log CFU/ml Salmonella Typhimurium) for 7 days as described above. The water was recycled
during the entire length of growth. When harvested, the surfaces
were disinfected, and the sprouts were given one of the postharvest
interventions: (i) UV-C irradiation, (ii) a chlorine wash (500,
1,000, or 2,000 mg/liter/min; Table 1), or (iii) a combined chlorine
wash (2,000 mg/liter/min) followed by UV irradiation (778 mJ/
cm2) in an effort to remove the internalized pathogen. The sprouts
was spread on a tray as a monolayer, and 100 g of sprouts was
prepared to be treated at a time. The UV-C radiation fluency varied
by adjusting the distance between the UV-C lamp and the sprouts.
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and Drug Administration recommends soaking the seeds by
adding 20,000 ppm of calcium hypochlorite for 15 min
before proceeding to the sprouting phase (44). Much
research has focused on creating novel methods of killing
pathogens in sprout seeds, but fewer inquiries have focused
on contaminated irrigation water (2, 24, 29). In addition,
once microbial internalization occurs during the sprouting
stage, the use of external washes with chemical disinfectants
is ineffective in inactivating the microorganisms inside the
plants (5–7, 39). Among the studies that have attempted to
inactivate internalized microorganisms, gamma irradiation
has proved to be highly efficient (17, 36). However,
although gamma-radiated food has been proven to be safe
for human consumption, the public perception to the safety
of irradiated food has not been improved (32). Therefore,
the U.S. Food and Drug Administration requires that any
gamma-radiated food should be labeled with the ‘‘radura’’
logo and with a disclosure statement included that reads
‘‘Treated with radiation’’ or ‘‘Treated by irradiation’’ (45).
Additionally, the cost and safety issues of ionizing
irradiation may lower the perceived value of its application
in food preservation (11). As a method for nonionizing
irradiation, UV-C (200 to 280 nm, which has strong
germicidal ability) has been used for microbial disinfection
of water, work surfaces, and food products for decades (18).
Furthermore, UV-C light has been found to be successful
in reducing internalized pathogens, such as Salmonella and
Escherichia coli O157:H7, when bacteria are near the
surface (15, 20, 48).
The current study first examined the levels of
internalized Salmonella in sprouts grown hydroponically
under conditions in which the time and length of exposure
of sprouts to bacteria were varied. Secondly, preharvest UV
treatment of irrigation water and postharvest chlorine
washes of sprouts and/or UV treatment were used as
disinfection methods to determine whether these interventions were useful in preventing or eliminating pathogen
internalization. This study offers valuable information to
sprout growers and food industry providers about methods
to inhibit bacterial internalization and thus ensure the health
and safety of consumers.
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TABLE 1. Postharvest treatments of mung bean sprouts using
UV-C irradiation and chlorine wash
Treatment

UV-C

Chlorine

Treatment
time (min)

Fluency
(mJ/cm2)

0.130
0.260
1.296

10
10
10

78
156
778

Concn
(mg/liter)

Treatment
time (min)

C | t value
(mg/liter/min)

50
100
200

10
10
10

500
1,000
2,000

The chlorine wash was prepared by adding bleach (71.42 mg/ml;
Clorox, Oakland, CA) to deionized water, and about 100 g of sprouts
was immersed in chlorinated water (1 liter) in each treatment.
Statistical analysis. The statistical analysis was carried out
with SPSS 17.0 statistical software (SPSS Inc., Chicago, IL).
Arithmetic means and standard deviations of all the data of the
internalized Salmonella Typhimurium and the Salmonella Typhimurium concentration in the irrigation water were calculated.
Analysis of variance and Dunnett’s test were applied to evaluate
differences, and the results were considered significant at P , 0.05.

RESULTS
Time dependency of Salmonella internalization.
Salmonella Typhimurium internalization was present in
every group of sprout whether by a continuous regimen or
1-day contamination (Fig. 1). The level of internalization
ranged from 3 to 5 CFU/g in sprouts exposed throughout the
experiment and 2 to 5 CFU/g in sprouts exposed to bacteria
for only 1 day during the growth period. The ability of
Salmonella Typhimurium to internalize in mung bean
sprouts was not dependent on the day of exposure during
which bacteria were in contact with the sprouts (Fig. 1).
When sprouts were in contact with contaminated water
daily, the level of internalization in the harvested sprouts (on
day 7) was significantly greater than when sprouts were
exposed for only 1 day during growth (P , 0.05). Sprouts
in contact with Salmonella Typhimurium for only 1 day
during growth did not show a significant decrease (P . 0.05)
FIGURE 1. Level of internalization of Salmonella Typhimurium in mung bean sprouts
when in contact with the pathogen on days 1,
3, 4, 5, 6, or daily of growth and harvested
24 h after the initial contamination.

Preharvest intervention. Salmonella Typhimurium in
the irrigation water was significantly decreased after
exposure to UV light on each day (Table 2; P , 0.05).
However, in the next 24-h period after UV, the level of
Salmonella Typhimurium was found to be 4 to 5 log CFU/
ml, and the level of the remaining Salmonella Typhimuriun
in the water slightly increased after UV intervention (1.95 to
2.98 log CFU/ml from day 2 to day 5, P . 0.05). In water
with no UV irradiation, the concentration of Salmonella
Typhimurium in irrigation water decreased ,1 log daily.
Exposure of contaminated water to 950 mJ/cm2 UV
once before watering resulted in a significant decrease (P ,
0.05) in the amount of internalized Salmonella Typhimurium in mung bean sprouts (Table 3). Daily preharvest UV
irradiation resulted in a ,2-log reduction in internalized
pathogens compared with sprouts with no intervention.
However, the level of internalized Salmonella Typhimurium
remained high (3.72 log CFU/g).
Postharvest intervention. From the results of the plate
counts, it was found that Salmonella Typhimurium was
internalized in the mung bean sprout regardless of treatment
with chlorine, UV-C light, or a combination of chlorine and UVC (Table 4). There was no significant difference (P . 0.05) in
the level of internalization between any of the treatments.
Furthermore, there was no decrease in the level of Salmonella
internalization with the doses of UV-C that were used.
DISCUSSION
Pathogen internalization has been found in a variety of
fruits and vegetables in numerous studies (4, 10, 19, 22).
Specifically, Itoh et al. (23) demonstrated that E. coli O157
was able to internalize throughout the whole edible portion
of radish sprouts when the roots were immersed in
contaminated water. Both Salmonella Montevideo and E.
coli were capable of being internalized into growing sprout
when seeds were inoculated and grown on soft agar beds
(46). Andrews et al. (1) proposed that it was exudates

Downloaded from http://meridian.allenpress.com/jfp/article-pdf/77/5/752/1686909/0362-028x_jfp-13-370.pdf by guest on 24 September 2020

Intensity
(mW/cm2)

in the level of bacteria from the initial exposure day to the final
harvest day (on day 7). Similarly, there was no significant
difference in levels of internalization between sprouts at
harvest that were contaminated on day 1, 3, 4, 5, or 6.
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TABLE 2. The levels of Salmonella Typhimurium in irrigation water before and after exposure to UV-C light and water without exposure
to UV-C light over a 24-h period used in sprout growth
Salmonella Typhimurium (log CFU/ml) on irrigation day:
2

3

4

5

6

Without UV treatment

9.24 ¡ 0.21

8.04 ¡ 0.12

6.87 ¡ 0.15

4.81 ¡ 0.14

4.75 ¡ 0.28

With UV treatment
Before
After

9.24 ¡ 0.21
1.95 ¡ 1.27

5.06 ¡ 0.58
1.40 ¡ 0.98

5.09 ¡ 0.18
2.36 ¡ 0.36

4.09 ¡ 0.33
2.62 ¡ 0.31

3.88 ¡ 0.31
2.98 ¡ 0.62

TABLE 3. The levels of internalized Salmonella Typhimurium in
the sprouts that were irrigated with contaminated water without
treatment or with UV-C preintervention
Internalized Salmonella
Typhimurium (log CFU/g)

No treatment
Preintervention

5.56 ¡ 0.31
3.72 ¡ 0.60

internalized Salmonella Montevideo P2 in lettuce (20). Our
previous study showed that 1.96 and 1 log reductions of
internalized Salmonella Typhimurium were achieved when
using 150 mJ/cm2 UV-C to treat lettuce and green onion,
respectively (15). In the current study, different fluencies of
UV-C and different concentrations of chlorine (as a comparison) were ineffective in inactivating internalized Salmonella
Typhimurium; no significant reduction was observed even
when UV-C fluency reached 778 mJ/cm2 (Table 4; P . 0.05).
Neither chorine washing nor a combination of chlorine washes
followed by high fluency UV-C treatment could achieve a
significant reduction of internalized Salmonella Typhimurium
in mung bean sprouts (P . 0.05).
Preharvest intervention with UV light significantly
decreased the level of pathogen in the irrigation water and
the level of bacteria internalized in sprouts (P , 0.05)
(Table 2). The 24-h period treatment of water with 950 mJ/
cm2 UV-C was able to reduce the internalized Salmonella
Typhimurium by 1.84 log CFU/g (Table 3). On day 1, a
7.3-log reduction of Salmonella was achieved in the
irrigation water, but the level of inactivation was less after
day 1 (3.66 log on day 2 to 0.89 log on day 5), and the
remaining bacteria in the irrigation water actually increased
from day 2 to day 5). These results indicated that
Salmonella Typhimurium (in the irrigation water) not only
recovered, but became more resistant to UV treatment.
Exposure of bacteria, including Salmonella, to UV light
may cause mutations and increase the efficiency of UV
repair, making the bacteria more resistant to subsequent UV
TABLE 4. The levels of internalized Salmonella Typhimurium in
mung bean sprouts after exposure to chlorine wash, UV light, and
combination of chlorine and UV
Internalized Salmonella
Typhimurium (log CFU/g)

4.87 ¡ 0.78

No treatment
2

UV-C treatment (mJ/cm )
78
156
778

5.13 ¡ 0.50
5.46 ¡ 0.35
5.26 ¡ 0.44

Chlorine treatment (mg/liter/min)
500
1,000
2,000

4.83 ¡ 0.86
5.02 ¡ 0.58
4.19 ¡ 0.62

Combined treatment (778 mJ/cm2 UV z
2,000 mg/liter/min chlorine)

4.71 ¡ 0.81
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released from the germinating seeds that attracted and
supported bacterial growth around the vicinity of the plants
during the early sprouting stage. The internalization of
bacteria into the sprouts can occur through cracks in the
epidermis and fissures of plants and disseminated into the
entire developed hypocotyls (3, 46). In the current study, it
was examined if the level of internalization was dependent
upon the day that the pathogen first came in contact with the
sprouts and if there is any difference between daily exposures
to the pathogen versus a one-time exposure during growth.
As shown in Figure 1, internalized Salmonella Typhimurium
was detectable the day after exposure to contaminated water.
Moreover, the internalized Salmonella Typhimurium did not
disappear (e.g., level of internalized bacteria was more than 2
log CFU/g when the sprouts were collected on day 7
following exposure to Salmonella Typhimurium on day 1).
Based upon these results, it is posited that microbial
internalization may occur whenever sprouts are exposed to
contaminated water, and these scenarios will pose a health
risk when sprouts are consumed.
The most commonly used method for intervention,
washing with chlorine, has been shown ineffective for
inactivation of internalized pathogens in fresh produce (8,
39). Studies have demonstrated that using ionizing irradiation, such as gamma ray or electric beam, may significantly
decrease internalized bacteria in plants (9, 17, 36). However,
issues, such as cost and maintenance of the irradiation
processing equipment and consumer perception of the safety
of irradiated food, limit the use of ionizing irradiation in
food industry (11, 45, 32, 37). Treating fresh produce with
UV-C, as a nonionizing irradiation method, was found to
significantly decrease internalized pathogens in lettuce and
other leafy greens, suggesting UV-C as a possible method to
decrease the microbial load internalized in bean sprouts (15,
20). UV has been widely used for decontaminating air,
water, and food for several decades (12, 18). Combining
UV-C light (37.8 mJ/cm2) with hydrogen peroxide (1.5%,
wt/liter, 60 s) was able to remove 2.84 log CFU/g
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exposure (18, 26, 27, 41). In addition, dissolved organic
nutrients released from sprouting could be a shield or absorb
UV light that lower the efficacy of UV disinfection (21, 47).
Overall, Salmonella Typhimurium internalizes in mung
bean sprouts, which is not dependent upon the stage of
growth of the sprout. Sprouts continuously contaminated
with Salmonella Typhimurium showed a significantly
higher level of internalization when compared with sprouts
exposed only one time during growth. Postharvest intervention methods were not effective in reducing the level of
internalized pathogen, whereas preharvest intervention
using UV-C light to decontaminate irrigation water
significantly decreased the level of internalized pathogen,
although internalized Salmonella Typhimurium was still
detectable. Salmonella Typhimurium was able to recover in
the irrigation water over a 24-h period and became more
resistant to UV-C light. Based on our finding, it is
recommended that producers monitor their water source
prior to use on growing sprouts to prevent foodborne
disease outbreaks, because internalization is inevitable in the
presence of pathogens such as Salmonella. Once the sprouts
contain pathogens, they cannot be fully inactivated even
when using postharvest UV-C and chlorine intervention
methods.
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