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Human norovirus (huNoV) and hepatitis A virus (HAV) have been involved in several produce-associated outbreaks and identi-
fied as major food-borne viral etiologies. In this study, the survival of huNoV surrogates (murine norovirus [MNV] and Tulane
virus [TV]) and HAV was investigated on alfalfa seeds during storage and postgermination. Alfalfa seeds were inoculated with
MNV, TV, or HAV with titers of 6.46 � 0.06 log PFU/g, 3.87 � 0.38 log PFU/g, or 7.01 � 0.07 log 50% tissue culture infectious
doses (TCID50)/g, respectively. Inoculated seeds were stored for up to 50 days at 22°C and sampled during that storage period on
days 0, 2, 5, 10, and 15. Following storage, virus presence was monitored over a 1-week germination period. Viruses remained
infectious after 50 days, with titers of 1.61 � 0.19 log PFU/g, 0.85 � 0.21 log PFU/g, and 3.43 � 0.21 log TCID50/g for MNV, TV,
and HAV, respectively. HAV demonstrated greater persistence than MNV and TV, without a statistically significant reduction
over 20 days (<1 log TCID50/g); however, relatively high levels of genomic copies of all viruses persisted over the testing time
period. Low titers of viruses were found on sprouts and were located in all tissues as well as in sprout-spent water sampled on
days 1, 3, and 6 following seed planting. Results revealed the persistence of viruses in seeds for a prolonged period of time, and
perhaps of greater importance these data suggest the ease of which virus may transfer from seeds to sprouts and spent water dur-
ing germination. These findings highlight the importance of sanitation and prevention procedures before and during
germination.

With the increasing consumption of sprouted seeds due to
health benefits (1), sprouts have been found associated with

at least 55 food-borne outbreaks occurring worldwide, resulting
in a total of 15,233 illnesses (2). In 2011, the large outbreak in
Europe associated with fenugreek seeds contaminated by Esche-
richia coli O104:H4 (3) renewed awareness for sprout and seed
safety. Alfalfa sprouts historically have been a major player in
food-borne outbreaks. According to the U.S. Food and Drug Ad-
ministration (FDA), since 1990 there have been more than 30
reported outbreaks linked to the consumption of raw or lightly
cooked alfalfa sprouts in North America, where E. coli O157:H7
and various serotypes of Salmonella were identified as the major
bacterial etiologies (4). It is known that sprouts have the potential
for bacterial pathogen growth during germination, which pro-
vides a warm, humid, and nutrient-abundant environment for
sprouting. Recently, the FDA Food Safety Modernization Act
(FSMA) Proposed Produce Safety Rule addressed the importance
of sprout safety by requiring treatment immediately before
sprouting to reduce microorganisms and specific bacterial moni-
toring, including testing of sprouts and spent irrigation waters.

Many research studies have been conducted in attempts to bet-
ter understand the interaction of bacterial pathogens with seeds
and sprouts (5–12). If the seeds were contaminated prior to ger-
mination, bacterial pathogens such as E. coli O157:H7, Vibrio chol-
erae O1, and Salmonella enterica serovar Typhi may grow and are
more likely to be transferred to outer surfaces and inner tissues (5,
6). Many factors that affect bacterial attachment were identified,
such as characteristics of surfaces, types of bacterial pathogens,
and methods of disinfection. It was found that wrinkled/rough or
damaged alfalfa seeds were likely to harbor more bacteria, and this
bacterial contamination was also more resistant to sanitizers com-
pared to that of smooth and healthy seeds (8, 13). Barak et al. (7,
10) found that different serovars of S. enterica and plant-associ-
ated bacteria attached to alfalfa sprouts significantly better than E.

coli O157:H7 during rinsing steps, probably due to the presence of
curli. Other factors affecting bacterial growth and survival on
seeds were also identified, such as homogenization methods, rins-
ing methods, soaking times, temperature, use of surfactants, irri-
gation systems, and sprouting devices (11, 12). However, little
knowledge is known about the risk and survival associated with
the viruses on seeds and sprouts. It is likely that viruses may be
present in these moist environments that have previously been
found to harbor contamination with pathogenic bacteria; how-
ever, the lack of epidemiological evidence is likely due to the lack
of testing of foods and fecal samples for norovirus or other food-
borne viruses.

Viruses are a great concern for produce safety, as viruses may
be introduced from the preharvest environment at the farm, at the
sprouting facility, and during preparation via infected food han-
dlers or cross-contamination in restaurant/food establishments
(14–17). It was estimated that viruses cause over 5 million food-
borne illnesses each year in the United States, and human norovi-
rus (huNoV) and hepatitis A virus (HAV) are identified as the
most common viral etiologies of food-borne illnesses (18, 19). The
low infectious dose of both huNoV and HAV, with estimated av-
erages of 10 to 100 virus particles, means that even a small amount
of contamination has the potential to cause illness (20–22).

Currently, there is no cell culture available for huNoVs in the
laboratory; therefore, surrogates like murine norovirus (MNV)
are used to predict norovirus behavior in environmental persis-
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tence studies (23). MNV was the first norovirus to be propagated
in cell culture and shares similar genetic and structural features
with human norovirus (23). Tulane virus (TV), a newly discov-
ered calicivirus, belongs to the genus Recovirus and is another
potential surrogate (24, 25). TV has significant genetic diversity
compared with MNV but is capable of binding histo-blood group
antigens (HBGA), which indicates that it shares structure similar-
ity with huNoVs (26). Therefore, it is interesting to compare the
survival of these two huNoV surrogates in environmental settings.

In this study, the behaviors of MNV, TV, and HAV were inves-
tigated on intentionally contaminated alfalfa seeds during storage
and on sprouts after a 7-day germination period. The degree of
virus transfer to spent irrigation water was also investigated.
Lastly, the distribution of viruses on contaminated sprouts was
investigated. This study is important for determining the persis-
tence of viruses on the seed surface and for evaluating the potential
risk associated with sprouting and irrigation water after seed con-
tamination.

MATERIALS AND METHODS
Virus cultivation and infectivity. Murine norovirus (MNV-1) (a gift
from Herbert Virgin, Washington University School of Medicine, St.
Louis, MO) was cultured in RAW 264.7 cells (ATCC TIB-71) in Dulbec-
co’s modified Eagles medium (DMEM) (Invitrogen, Carlsbad, CA) sup-
plemented with 10% fetal bovine serum (FBS) (Mediatech, Manassas,
VA), 100 U/ml penicillin-streptomycin-0.25 �g/ml amphotericin B
(HyClone, Logan, UT), 2 mM L-alanine–L-glutamine (Gibco, Carlsbad,
CA), and 1 mM sodium bicarbonate (Cellgro, Manassas, VA). Tulane
virus (a gift from Xi Jiang, University of Cincinnati College of Medicine,
Cincinnati, OH) was propagated in LLC-MK2 cells (ATCC CCL-7) in
medium 199 (HyClone, Logan, UT) supplemented with 10% FBS and 100
U/ml penicillin G-streptomycin-0.25 �g/ml amphotericin B. After typi-
cally 48 h of infection of 80 to 90% confluent monolayers for both MNV
and TV, complete cytopathic effect (CPE) was observed. Hepatitis A virus
(HAV) strain HM175 (ATCC VR-1402) was propagated in fetal rhesus
monkey kidney cells (FRhK-4) (ATCC CRL-1688) in DMEM supple-
mented with 10% FBS, 100 U/ml penicillin G-streptomycin-0.25 �g/ml
amphotericin B, and 1 mM sodium bicarbonate. HAV was then infected
in an 80 to 90% confluent monolayer of FRhK-4 cells for typically 7 days
to observe CPE. Viruses were obtained following three cycles of freeze-
thawing infected cells and centrifugation at 2,000 � g for 15 min. The
supernatant was filtered through by a 0.2-�m-pore-size membrane filter
(Thermo, Rochester, NY) before storing viruses at �80°C until use.

MNV and TV plaque assays were performed similarly to previous
studies with slight modifications (23, 24). In brief, RAW 264.7 and LLC-
MK2 cells were grown to 80 to 90% confluence in 6-well plates (Costar;
Corning, NY), and 100 �l of 10-fold serial dilutions of each virus sample
prepared in Hanks’ balanced salt solution (HBSS) (Cellgro, Manassas,
VA) was dispensed over monolayers in duplicate. The plates were incu-
bated at 37°C with 5% CO2 for 1 h with gentle agitation every 15 min
followed by the addition of 2-ml overlays. MNV-1 overlays consisted of
1.5% agarose (Lonza SeaPlaque; Rockland, ME) with complete Eagles
medium (MEM) (HyClone, Logan, UT) supplemented with 2% FBS, 100
U/ml penicillin G-streptomycin-0.25 �g/ml amphotericin B, 2 mM
L-alanine–L-glutamine, and 1 mM sodium pyruvate. TV overlays con-
sisted of 1.5% agarose with complete medium 199 supplemented with 2%
FBS and 100 U/ml penicillin G-streptomycin-0.25 �g/ml amphotericin B.
After the incubation period (typically 48 h for MNV and TV), 1 ml of 0.2
g/liter neutral red (Fisher, Fair Lawn, NJ) was added into each well, fol-
lowed by 2 to 5 h of incubation. Titers of virus were determined and
expressed by PFU.

The titer of HAV was determined by using the 50% tissue culture
infectious dose (TCID50) in fetal rhesus monkey kidney cells (FRhK-4)
(27). Cell monolayers were allowed to grow in 96-well plates containing

complete DMEM supplemented with 2% FBS, 100 U/ml penicillin G-
streptomycin-0.25 �g/ml amphotericin B, and 1 mM sodium bicarbon-
ate. Virus samples (100 �l) in 10-fold serial dilutions (eight replicates for
each dilution) were inoculated onto confluent cells at 37°C with 5% CO2

for typically 15 days, and CPE was observed microscopically. Virus titers
were determined and expressed by TCID50 using the Reed-Muench
method (27).

Virus genome quantification by real-time RT-PCR. The presence of
MNV, TV, and HAV genomic copies was detected on seeds, sprouts, and
water samples. To generate a standard curve for each virus type, 1 ml of
virus stock with known genomic copies (107 genomic copies/ml for both
HAV and MNV and 106 genomic copies/ml for TV) was 10-fold serially
diluted with HBSS. RNA was extracted and reverse transcribed into cDNA
by using the QIAamp viral RNA minikit (Qiagen, Valencia, CA) and Om-
niscript reverse transcription (RT) kit (Qiagen) as reference protocols,
respectively. Three sets of primers were used for each type of virus: for-
ward primer (5=-CAGCACATCAGAAAGGTGAG-3=) and reverse primer
(5=-CTCCAGAATCATCTCCAAC-3=) for HAV (28), forward primer
(5=-CCAGCTTGATGTAGGCGATT-3=) and reverse primer (5=-CTCAG
CCATTGCACTCAAAG-3=) for TV (26), forward primer (5=-TCTTCGC
AAGACACGCCAATTTCAG-3=) and reverse primer (5=-GCATCACAA
TGTCAGGGTCAACTC-3=) for MNV (29). Real-time PCRs were
performed in a total reaction volume of 20 �l containing 10 �l SYBR
green PCR master mix (Qiagen), 2 �l cDNA, and the same set of primers
with the protocol from the QuantiTect SYBR green PCR kit (Qiagen) on
384-well plates. Reactions were run on the Applied Biosystems 7900 HT
sequence detection system (Applied Biosystems, Foster City, CA) with the
following thermal conditions: 95°C for 10 min followed by 40 cycles of
94°C for 15 s, annealing temperature of each virus for 30 s (59°C for MNV,
56°C for HAV, 59°C for TV), followed by a dissociation step at 60°C for 15
s and 90°C for 15 s. SYBR green signals were read in every cycle, and the
logarithm of the increment in fluorescence was plotted versus the cycle
number with a fixed threshold level for all runs. Virus quantity was then
determined by comparison to a standard curve and expressed as genomic
copies. The standard curve was generated in duplicate for each quantita-
tive PCR (qPCR) run. The detection limit for all virus types was deter-
mined to be �100 genomic copies/ml. MNV, TV, and HAV in HBSS
served as positive controls, and negative controls consisted of the environ-
mental sample (seed, sprout, or water) without virus.

Alfalfa seed preparation and storage. Alfalfa seeds (Johnny’s Selected
Seeds, Winslow, ME) were sterilized by submerging seeds in 70% ethanol
for 5 min, followed by soaking them in a 10% bleach solution for 20 min.
Seeds were rinsed with deionized water and then dried under the laminar
flow hood at room temperature overnight before being divided into 1-g
samples in 1.5-ml microcentrifuge tubes prior to inoculation. After treat-
ment, little effect was observed visually on sprouting percentage com-
pared with untreated sprout seeds. Every 1 g of seed sample was individ-
ually inoculated with 200 �l of MNV, TV, or HAV and was stored for up
to 50 days at 22°C in individual closed tubes. Seed samples were collected
on sampling days (0, 2, 5, 10, 15, 20, 30, and 50), and every 1 g of seeds was
carefully placed into 1 ml of HBSS and vortexed for 1 min, and the solu-
tion was retained for infectivity assays or/and real-time RT-PCR.

Alfalfa sprout germination and irrigation water collection. On sam-
pling days (0, 2, 5, 10, and 15), another set of inoculated seed samples were
germinated in the sprout growth chambers (Victorio, Orem, UT). The
growth chamber had three trays: the top tray was empty and used for
watering, the middle tray had rings to distribute seeds evenly and was used
for germination, and the bottom tray was a holding container to collect
spent irrigation water. During the 7-day germination period, 500 ml mu-
nicipal tap water was added daily on the top tray. Water was then siphoned
over seeds/sprout and finally drained and collected in the bottom tray.
The humidity and temperature inside growth chambers containing uni-
noculated seeds/sprouts were measured and recorded daily by a Traceable
Therm./Clock/Humidity monitor (Fisher, Pittsburgh, PA). Spent irriga-
tion water samples (1 ml, duplicates) were collected on days 1, 3, and 6
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following initial seed sprouting for each sample and were processed for
quantification of virus collected in the spent irrigation water. Sprouts
(approximately 12 g sprouts from 1 g seeds after 7-day germination) were
collected in 50-ml centrifuge tubes containing 10 ml HBSS and vortexed
for 1 min to elute the virus from the sprout for virus detection. In addi-
tion, 10 alfalfa sprouts germinated from inoculation day 0 seeds were
randomly collected. The portions of sprouts, including primary root, hy-
pocotyl, true leaves, and seed coat, were cut separately by using scissors
and collected with forceps. The scissors and forceps were soaked in 10%
bleach (Clorox, Oakland, CA) and neutralized in 5% sodium thiosulfate
(Fisher, Fair Lawn, NJ) every time after being used to prevent cross-con-
tamination. The presence of virus genomic copies from each portion of
sprouts was determined.

Statistical analysis. Experiments were conducted in triplicate. Results
are reported as means and standard deviations. Data were analyzed by
analysis of variance (ANOVA) on JMP software (version 9.0; SAS Institute
Inc., Cary, NC), and significance was indicated if P values were �0.05.

RESULTS
Virus recovery on the surface of alfalfa seeds after inoculation.
Initial titers of viruses inoculated on seeds were determined to be
6.46 � 0.06 log PFU/g (7.15 � 0.50 log genomic copies/g) for
MNV, 3.87 � 0.38 log PFU/g (5.92 � 0.45 log genomic copies/g)
for TV, and 7.01 � 0.07 log TCID50/g (7.90 � 0.37 log genomic
copies/g) for HAV. After seeds were visibly dried after inoculation
(approximately an hour) on day 0, MNV, TV, and HAV were
recovered from seeds with titers of 6.55 � 0.24 log PFU/g (7.44 �
0.06 log genomic copies/g), 3.43 � 0.07 log PFU/g (5.73 � 1.19 log
genomic copies/g), and 5.60 � 0.19 log TCID50/g (6.55 � 0.15 log
genomic copies/g), respectively. Log reductions were listed on day
0 (Table 1). The results showed significant reductions of HAV and
TV on the surface of seeds after drying, with values of 1.41 � 0.19
TCID50/g and 0.44 � 0.07 log PFU/g (P � 0.05), respectively.
MNV was an exception, where little reduction was observed.

Survival of viruses on alfalfa seeds and in HBSS during a 50-
day storage at 22°C. The survival rates of infectious virus particles
for MNV, TV, and HAV on seeds after inoculation as well as in
HBSS were determined at 21°C (ranging from 17.9 to 23.4°C) for
up to 50 days. The infectivity reductions for each virus with log
PFU or log TCID50 were determined (Table 1). All viruses re-
mained infectious on seeds for up to 50 days, with various trends
in reduction. Generally, the reductions observed in infectivity in-
creased with extended storage time both on alfalfa seeds and in
HBSS.

After an initial decrease of 1.5 log TCID50/g after drying, HAV
persisted with no significant reduction on the surface of alfalfa
seeds (�1 log TCID50/g) over 20 days (P � 0.05) and decreased

approximately 2 log TCID50/g within 50 days; however, both
MNV and TV were reduced significantly within the first 2 days
(P � 0.05) on seeds. A greater reduction in MNV (almost 5 log
PFU/g) was observed on the seed surface than in TV (approxi-
mately 2 log PFU/g) after 50 days.

There was no significant reduction in HBSS within the first 2
days; however, a significant decrease was observed after 5 days
(P � 0.05), regardless of virus type. TV was relatively stable in
HBSS with less than a 2 log PFU/g reduction after 50 days, whereas
a �4 to 5 log PFU/g or TCID50/g reduction was found in both
MNV and HAV.

Differences in virus survival were observed based on matrices
(either seeds or HBSS). The reductions in virus infectivity from
seeds and in HBSS were similar over this storage period for MNV,
and no significant difference (P � 0.05) was observed between
seeds and HBSS over the storage period on day 10. TV decreased
more quickly starting on day 0 in seeds, and significantly greater
reductions (P � 0.05) were found in seeds beginning at day 10. In
addition, after a reduction of approximately 1.5 log TCID50/g on
day 0, HAV persisted on seeds and in HBSS.

The genomic copies of all the viruses were also determined over
the time period, and the data were displayed in Fig. 1 and 2. The
numbers of genomic copies for HAV and MNV were relatively
constant in both matrices, resulting in an �2-log reduction over
50 days. No significant differences in genomic copies of HAV and
MNV were detected on seeds within the first 30 and 15 days, re-
spectively. However, this trend was not observed for TV. The
genomic copies of TV had trends similar to those of the plaque
assay results and significantly decreased after 10 days in both ma-
trices. The reduction of TV genomic copies in HBSS was lower
than that on seeds, which matched the plaque assay data as well.

Survival of viruses on alfalfa sprout after 7 days of germina-
tion. The seeds were allowed to germinate for 0, 2, 5, 10, and 15

TABLE 1 Infectivity reduction of HAV, MNV, and TV on alfalfa seeds and in HBSS stored at 22°C for up to 50 days

Virus Matrix

Infectivity reduction of virus (log PFU/g or log TCID50/g)a on day:

0 2 5 10 15 20 30 50

HAV Seeds a 1.41 � 0.19 A a 1.44 � 0.32 A a 2.02 � 0.93 A a 1.61 � 0.09 A a 1.78 � 0.14 A a 2.15 � 0.39 A a 3.68 � 0.00 B a 3.58 � 0.21 B
HBSS b 0.00 � 0.00 A b 0.05 � 0.00 A a 0.80 � 0.35 B a 1.80 � 0.35 C a 1.80 � 0.35 C a 2.38 � 0.00 CD a 2.80 � 0.35 D a 4.22 � 0.24 E

MNV Seeds a �0.09 � 0.24 A a 0.76 � 0.63 B a 2.18 � 0.03 C a 2.46 � 0.04 CD a 2.86 � 0.14 DE a 3.14 � 0.21 EF a 3.90 � 0.22 F a 4.85 � 0.19 G
HBSS a 0.00 � 0.00 A a �0.32 � 0.43 A a 2.24 � 0.11 B b 2.97 � 0.03 C a 3.19 � 0.10 C a 3.82 � 0.14 CD a 4.22 � 0.13 D a 4.94 � 0.31 E

TV Seeds a 0.44 � 0.07 A a 0.57 � 0.12 B a 0.81 � 0.04 B a 1.53 � 0.08 C a 2.01 � 0.17 D a 2.15 � 0.16 D a 2.19 � 0.09 D a 2.58 � 0.21 E
HBSS b 0.00 � 0.00 A a 0.03 � 0.34 A a 0.77 � 0.28 B b 0.91 � 0.03 BC b 1.00 � 0.06 BC b 1.24 � 0.03 C b 1.69 � 0.01 D b 1.84 � 0.08 D

a Values are means � standard deviations (SD) from three replicates; values in rows with the same preceding letter indicate no significant difference (P � 0.05) between seeds and
HBSS for each virus; values in rows with the same following letter indicate no significant difference (P � 0.05) in virus survival between different sampling days.

1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

0 5 10 15 20 25 30 35 40 45 50

V
ir

us
 s

ur
vi

al
 o

n 
se

ed
s 

(lo
g 

ge
no

m
ic

 c
op

ie
s/

g)

Time (days)

HAV

MNV

TV

FIG 1 Genomic copies of HAV, MNV, and TV present on alfalfa seeds stored
at 22°C for up to 50 days.
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days postinoculation with daily watering. After a 7-day germina-
tion period, the approximate weight of sprouts germinated from 1
g of seeds was �12 g, and viruses were detected on sprouts from
seeds that were artificially contaminated. The humidity of sprouts
was measured mainly above 55% in the growth chamber, ranging
from 36% to �90%. The levels of viruses detected on sprouts
depended largely on the amounts of viruses that survived on seeds
initially (Table 2). As there was no significant reduction of HAV
on seeds within the first 15 days (P � 0.05), similar levels of HAV
ranging from 2.43 to 3.46 log TCID50 were detected on the sprouts
after germination for all the samples selected within this period,
approximately 2.5 log TCID50 lower than the initial titers on the
inoculated seeds. In addition, the levels of MNV and TV found on
sprouts decreased corresponding to the decreasing titers over
time. Interestingly the titers of TV associated with sprouts were
�1 log PFU lower than that on seeds before germination, whereas
more reductions were observed with HAV and MNV. Again, the
numbers of genomic copies were similar with small fluctuations,
which were �1 to 2 logs higher than that determined by infectivity
assays for all the sprout samples. As observed previously, the
genomic copies of HAV and MNV declined but were persistent on
sprouts. However, the TV genomic copies were found to be rela-
tively stable over the course of the experiment.

Virus was distributed within the alfalfa sprout. The anatomy of
a sprout (Fig. 3), including four parts, primary root, hypocotyl,
true leaves, and seed coat, shows all portions of sprouts which
were identified at least twice to be contaminated by each virus
RNA genome (Table 3).

Presence of viruses in irrigation water during sprout germi-
nation. The alfalfa seeds were watered daily, and irrigation water
was collected on days 1, 3, and 6 during a 7-day germination

period to determine the presence of each virus. The levels of HAV,
MNV, and TV transferred from seeds/sprouts to irrigation water
are shown in Fig. 4A, B, and C. Viruses were detected in all the
irrigation water samples over the germination period. Due to the
initial inoculum levels, the levels of MNV and HAV were higher
than that of TV, with approximately 2 log PFU and 2 log TCID50,
respectively, in irrigation water on germination day 1 within this
15-day storage period, whereas more than 1 log PFU of TV was
found on germination day 1 for all samples. A general trend of
decreasing number of viruses in irrigation water from day 1 to day
6 was observed during sprouting, and in most cases significantly
larger amounts of viruses were detected on day 1 than on days 3
and 6 (P � 0.05). As well, the titers of each virus in water on the
same germination day decreased with extending time. Little re-
duction of HAV and MNV was observed in water on each germi-
nation day, and the levels of TV were likely similar on day 6. The
numbers of genomic copies of each virus were found relatively
persistent, at �1 to 2 logs higher than that determined by infec-
tivity assays.

DISCUSSION

Alfalfa sprouts may become contaminated from a number of
sources, including contaminated seeds, water, or mishandling/
cross-contamination during food preparation (30–32). Contam-
inated seeds were previously identified as the major cause for
sprout-associated outbreaks (17). In this study, we demonstrated
that MNV, TV, and HAV can persist on the surface of alfalfa seeds
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FIG 2 Genomic copies of HAV, MNV, and TV present in HBSS stored at 22°C
for up to 50 days.

TABLE 2 Infectivity and genomic copies of HAV, MNV, and TV on alfalfa sprouts germinated (1 g seeds) on days 0, 2, 5, 10, and 15 after
inoculation

Day

Virus survival on sprouts from inoculated seeds after storage timea

HAV MNV TV

Infectivity (log TCID50)
No. of genomic
copies

Infectivity
(log PFU)

No. of genomic
copies

Infectivity
(log PFU)

No. of genomic
copies

0 3.46 � 0.71 A 4.25 � 0.47 AB 3.10 � 0.08 A 4.73 � 0.51 A 2.19 � 0.06 A 3.36 � 0.22 A
2 3.04 � 0.59 A 4.57 � 0.07 A 2.73 � 0.36 AB 3.64 � 0.69 AB 2.13 � 0.09 A 3.58 � 0.65 A
5 2.71 � 0.35 A 4.19 � 0.20 AB 2.31 � 0.36 B 3.43 � 0.50 B 2.08 � 0.03 A 3.94 � 0.36 A
10 2.54 � 0.12 A 4.34 � 0.65 AB 2.16 � 0.05 B 3.29 � 0.19 B 1.26 � 0.12 B 3.49 � 0.05 A
15 2.43 � 0.04 A 3.58 � 0.64 B 1.14 � 0.05 C 2.78 � 0.91 B 1.09 � 0.12 B 3.47 � 0.15 A
a Values are means � SD from three replicates; values in columns with the same letter indicate no significant difference (P � 0.05) comparing virus survival by infectivity assay or
number of genomic copies on sprouts from inoculated seeds with storage periods of 0, 2, 5, 10, and 15 days.

FIG 3 Anatomy of an alfalfa sprout. The presence of viruses on each portion
of the sprout was determined after a 7-day period of germination.
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for a prolonged period, and these viruses could contaminate
sprouts after germination and be transferred to spent irrigation
water. This result is not surprising and is supported by previous
viral infectivity studies at room temperature in tap water/seawa-
ter/groundwater, which demonstrated long-term infectivity of
MNV (�30 days), TV (�30 days), huNoV (�61 days), and HAV
(�60 days) (25, 33, 34).

Virus survival varied depending on virus types and matrices.
Different survival patterns were observed on seeds and in HBSS
for all the viruses. HAV was relatively persistent over the first 20
days, followed by small reductions within 50 days on seeds, which
confirmed the conclusion that HAV persisted better under dry
conditions, as stated in other studies (35). On day 0, viruses were
recovered from seeds after drying, and for both HAV and TV,
recoveries from seeds after inoculation decreased significantly.
Previous studies showed that HAV did not lose infectivity after
drying in plasma or culture medium (36). Observed reductions
may be explained by differences in recovery, which reinforces the
strong attachment between alfalfa seeds and viruses. The influen-
tial factors, including electrostatic and hydrophobic forces, as well
as isoelectric point (pI) of the capsid proteins, environmental con-
ditions (e.g., pH, ionic strength, humidity, darkness, and temper-
ature), were identified to be involved in virus binding to similar
matrices (34, 37–41). Little additional reduction was observed af-
ter MNV was recovered from seeds on day 0, which revealed rel-
atively weak attachment.

It appears that alfalfa seeds can provide niches for virus survival
and protect viruses from harsh conditions. With their oval shape,
the surfaces of alfalfa seeds are relatively uniform. The seed surface
contains small hills and narrow valleys which are not likely to
allow entrapment of bacteria (8); however, these valleys might
offer spots for virus attachment, as viral particles are much smaller
than bacterial pathogens. It is possible that viruses harbored
within seed coat crevices may escape the environmental effects of
light, temperature, and pH fluctuations. Additionally, surface
crevices could also prevent removal or inactivation of food-borne
pathogens by washing and reduce contact with disinfectants, re-
sulting in ineffective virus removal and inactivation.

The survival rates of MNV and TV were slightly different on
seeds as well as in HBSS. However, recent studies showed more
similar patterns of both MNV and TV survival in tap water over 25
days at 20°C (25). In most cases, viruses tend to survive better at
lower temperatures (25, 35, 42, 43), and the temperature fluctua-
tions could result in virus inactivation. In addition, alfalfa sprouts
provided a neutral pH (44), and pH ranging from 6 to 8 has been
shown to be preferable for virus survival, with decreased rates of
inactivation (25, 42, 43, 45). HBSS contains salts and provides a
stable pH at �7.25, which is within that range. The difference
observed here may be in part explained by the levels of initial

inoculums. The initial titer of TV was much lower than that of
MNV, and it is possible that the virus could persist for a long
period of time at low levels. Moreover, it was shown that HAV
survival was inversely proportional to the level of relative humid-
ity (35), whereas MNV acted in the opposite manner (42).

Attempts to correlate virus infectivity with the number of
genomic copies as determined by real-time RT-PCR provided
useful information on the relative stability of the virus itself. The
genomic copies of HAV and MNV on seeds were relatively persis-
tent regardless of their infectivity, whereas for TV, the genomic
copies decreased in a manner similar to the number of infective
virus as determined by plaque assay. This may indicate loss of
HAV and MNV infectivity as a result of capsid changes rather than
from denaturation that could impact genome integrity. In addi-
tion, the inactivation of TV may lead to degradation of RNA more
easily. However, the genomic materials detected in this study were
small segments for each virus, and it should be noted that these do
not represent the whole genome. On the contrary, the levels of TV

TABLE 3 Localization of HAV, MNV, and TV in the alfalfa sproutsa

Virus

No. of positive samples/total no.

Primary root Hypocotyl First true leaves Seed coat

HAV 3/3 3/3 3/3 3/3
MNV 2/3 3/3 3/3 3/3
TV 2/3 3/3 3/3 3/3
a Each sample represents a pool of 10 sprouts. Sprouts were germinated from seeds at
inoculation day 0.

FIG 4 Presence of HAV (A), MNV (B), and TV (C) in spent irrigation water
collected on days 1, 3, and 6 during alfalfa seed germination from seeds inoc-
ulated on day 0 and stored for up to 15 days.
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genomic copies detected on sprouts and spent water were stable
without significant difference (P � 0.05), probably due to the high
level of humidity.

As huNoV surrogates, TV may be more environmentally ro-
bust than MNV, with less reduction in infectivity observed both
on seeds and in HBSS, and the genomic copies were capable of
persisting in HBSS regardless of infectivity. This indicates that TV
could be another possible surrogate for huNoV in environmental
studies, especially under the conditions of high humidity. Sinclair
et al. provided the criteria for surrogate selection to conduct risk
assessment in the environment, emphasizing both surrogate attri-
butes (e.g., practical, biological, and environmental attributes)
and experimental context (46). In order to determine if TV is the
ideal surrogate, it is necessary that the characteristics of TV are
similar or very close to that of huNoV in natural or engineered
systems. TV is cultivable in cell culture and still genetically related
to huNoVs, although not as similar as MNV is. The most interest-
ing property of TV is its functional morphology to bind HBGA
(26). In this study, TV displayed environmental attributes similar
to those of MNV, which was relatively tolerant at room tempera-
ture and had a neutral pH regardless of humidity, and TV gener-
ally exhibited greater resistances than MNV in infectivity. Consid-
ering both attributes, TV can be selected as a tentative surrogate of
huNoVs in environmental survival studies. However, one surro-
gate might not be able to present the full properties of huNoVs
under different environmental conditions or treatments, and the
number of genomic copies of TV in drying conditions was very
persistent and decreased in a pattern similar to that of its infectiv-
ity. Therefore, it remains necessary to employ several surrogates
for study to better understand the potential behavior of huNoVs,
as surrogates exhibit slight differences in each attribute.

Virus transmission in water is an important concern for the
sprout industry, based on this study. The seeds were watered daily
for germination, and the rates of virus survival on seeds were sig-
nificantly reduced after the first watering, but the viruses spread
through water to contaminate the entire batch of sprouts, includ-
ing all the portions of sprouts. Three types of viruses all survived
and were still infectious in the irrigation water during the process
of germination, and the virus titers depended on the initial levels
on the seeds. TV survival in the germination water was found to be
less than that of HAV and MNV due to the original lower inocu-
lum. A similar conclusion was drawn from previous reports (47–
49). It was previously observed that viruses in contaminated water
could be easily absorbed by vegetables after being immersed in
water, and viruses persisted during storage (50). Washing without
any application of disinfectant or sanitizers can result in reduction
but does not guarantee a complete decontamination (50). In view
of the fact that alfalfa sprouts are most likely consumed raw or may
be just slightly cooked as an ingredient for different recipes, ade-
quate hygienic measures both in production and during prepara-
tion are necessary to reduce food-borne illness.

Studies showed the presence of viruses in used irrigation water
at room temperature stored for a short period and that viruses
could be transmitted to produce by being washed with contami-
nated water or could be internalized via roots (50–52). Wastewa-
ter or irrigation water can be another source of contamination if
reused (53). The risks can be increased by virus persistence as well
as by the heterogeneous distribution of viruses (54). It is advisable
to test the irrigation water to obtain an indication of the amount of
contamination of sprouts grown from seeds and avoid cross-con-

tamination (55). Other techniques to reduce contamination on
seeds can be utilized, such as high-pressure processing (56), irra-
diation (57), heat, and calcium hypochlorite (58).

In this study, alfalfa seeds were selected as a model to under-
stand the behavior of food-borne viruses during a prolonged stor-
age, as well as the interaction of viruses with sprouted seeds and
their transfer to irrigation water during germination. These find-
ings suggest that viruses may survive for a relatively long period of
time on seeds and reveal the ease with which viruses may transfer
and spread during the germination process. Thus, it is imperative
to apply appropriate disinfectants to remove pathogens from
seeds and to implement good agricultural and manufacturing
practices, including worker hygiene and sanitation, during
sprouting to limit contamination and cross-contamination. At-
tention should be paid to the reuse of irrigation water, which
could be a potential source of pathogens.
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