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Abstract. Hydroponic greenhouse tomato production’s popularity has grown in the United
States tomeet the demands for year-round availability of fresh tomatoes.AlthoughSalmonella
has been the cause of several foodborne illness outbreaks linked to tomatoes, the potential for
contamination in hydroponic production is not well understood. The objectives of this study
were to determine whether biweekly inoculation of Salmonella in a hydroponic tomato
nutrient solution would lead to Salmonella survival and contamination of the tomato fruit
and plants, hydroponic nutrient film technique (NFT) troughs, and water receptacles. An
avirulent strain of SalmonellaTyphimuriumwas used to contaminate the nutrient solution at
a concentration of 105 colony-forming units (CFU)/mL. Inoculation was conducted on day
0 and biweekly until the termination of project at 12 weeks; samples were filtered and plated
on selective media. Leaves and biofilm coupons were collected on day 0 and every 2 weeks
postinoculation.Leaf sampleswere analyzedusing culturemethods. Thebiofilmcouponswere
analyzed using tape fluorescence in situ hybridization (FISH) method. Fruit samples were
collected 6 weeks postinoculation until termination of project and analyzed using culture
methods. Typical Salmonella morphology of colonies on plates streaked from overnight
cultures from plant samples were confirmed by automated ribotyping. A 2-log10 reduction of
cells was observed in water samples 2 days post initial inoculation. Reduction continued over
the 2-week period with few cells surviving until the next inoculation. S. Typhimurium was
observed on the surface of the root systems. However, a splash incident resulted in low-level
contamination of selected leaves and fruit samples. The results of the study indicate that
although contaminated hydroponic nutrient solution led to surface contamination of roots,
such an event may not pose a high risk of contamination of hydroponically grown fruit.

Hydroponic greenhouse production has
increased in recent years to help meet the
demand for year-round fresh produce avail-
ability. The Economic Research Service
(ERS) of the United States Department of
Agriculture (USDA) has also reported a rise
in imports of fresh fruits and vegetables
with the average U.S. annual consumption
of commercially grown fresh fruits almost
6 kg higher and fresh vegetables 22.7 kg higher
compared with 2003–05 (Huang and Huang,
2007). Along with consumption increases,

foodborne illnesses associated with fresh
produce have also increased with an esti-
mated 46% of foodborne illness outbreaks
from 1998 to 2008 attributed to the consump-
tion of produce (Painter et al., 2013). Fresh
produce is often consumed raw, bypassing
processing steps that could help eliminate
pathogens in the event of contamination
(Francis et al., 1999). Salmonella enterica
and multiple serotypes have been linked
with multistate foodborne illness outbreaks
attributed to tomatoes, cucumbers, canta-
loupe, sprouts, and peppers (Bennett et al.,
2015). Tomatoes have been ranked second
in fresh produce commodities associated
with foodborne pathogens, and these out-
breaks have often been linked to S. enterica
(Anderson et al., 2011; Bennett et al., 2015;
Cummings et al., 2001; Fatica and
Schneider, 2011; Greene et al., 2008). More
than three dozen Salmonella outbreaks were
associated with raw tomatoes from 1998 to
2014 (Bennett et al., 2015; CDC, 2015).
Tomatoes were linked to a large outbreak of
Salmonella in 2008, which resulted in 1442
confirmed illnesses and a $100 million
dollar loss to the tomato industry (Mody
et al., 2011). Tomato-associated outbreaks
prompted the U.S. Food and Drug Admin-
istration (FDA) to create a ‘‘Tomato Team’’
in collaboration with industry stakeholders,
with a goal of examining risk factors asso-
ciated with tomatoes specifying emphasis on
enteric pathogens such as Salmonella and
developing intervention steps (United Fresh
Produce Association, 2010; US FDA, 1998).

The Produce Safety Rule implemented
in FDA’s Food Safety Modernization Act
(FSMA) sets standards for vegetable and fruit
production (US FDA, 2014) in an effort to
prevent microbial contamination and reduce
foodborne illnesses associated with fresh
produce. Fresh produce safety research is
top priority to better understand microbial
contamination by examining ecological niches
of the pathogens and various sources of con-
tamination, which could lead to better interven-
tion steps to controlmicrobial growth (Beuchat,
2002). Contamination of produce with food-
borne pathogens may occur through numer-
ous pre- and postharvest handling practices,
but one of the most commonly recognized
sources of contamination of fresh produce is
water: surface,wash, and irrigation (Steele and
Odumeru, 2004). Water has been highlighted
as a potential source of preharvest contamina-
tion of tomatoes in previous studies and reports
(Bennett et al., 2015; Lopez-Galvez et al.,
2014). Contaminated irrigation water can be
a risk with field-grown produce, and it is also
a concern during greenhouse production, which
typically involves soilless media. The risk
associated with foodborne pathogens in irri-
gation water and nutrient solution is a major
issue because of the rapidly growing tomato
greenhouse industry (Lopez-Galvez et al.,
2014).

Research to improve produce safety has
been conducted on laboratory- and field-
grown tomatoes. Although Salmonella has
been the cause of several foodborne illness
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outbreaks linked to tomatoes, the potential
for contamination in hydroponic commercial
production is not well understood, and little
research has focused on the commercial
hydroponic setting (Guo et al., 2002; Hintz
et al., 2010; Lopez-Galvez et al., 2014;
Orozoco et al., 2008). Lower preharvest risk
factors are generally associated with hydro-
ponic systems, which are considered to be
safer microbially than open-field production
(Lopez-Galvez et al., 2014; Orozoco et al.,
2008). Miles et al. (2009) examined contam-
ination of tomato plants after a series of
alternate watering regimes via irrigation wa-
ter that contained Salmonella Montevideo.
They reported five positive root samples and
that Salmonella was able to survive in the
fertilizer; however, the tomato fruit was not
contaminated with Salmonella. Given the
evidence of issues associated with Salmonella
andwater, more research is needed to examine
contamination by Salmonella spp. via green-
house hydroponic commercial tomato pro-
duction. The objectives of this study were to
determine whether biweekly inoculation of
Salmonella in a hydroponic tomato system
nutrient solution would lead to survival and
contamination of the tomato plants, hydro-
ponic NFT troughs, and water receptacles.

Materials and Methods

Experimental design. The tomato cultivar
Jet Star (Lycopersicon esculentum Mill., ‘Jet
Star’ F1; Harris seeds, Rochester, NY) was
selected for all experiments because of its
indeterminate growth habit, and heavy vine
producing large fruit with resistance to crack-
ing and scarring for internalization analysis.
The plants were grown in the Plant Envi-
ronmental Research Center (PERC) green-
houses on the campus of Colorado State
University (Fort Collins, CO). Temperature
and relative humidity of the greenhouse
facility were monitored using a Wadsworth
Control MicroSTEP (Wadsworth Control
Systems, Arvada, CO). Deionized water was
used for the nutrient solution. Six independent
NFT hydroponic systems were constructed
with eight plants per system. TheNFT systems
were divided into two treatment groups in-
cluding a control group (nutrient solution
contained deionized water only) and an ex-
perimental group [nutrient solution contained
deionized water inoculated with Salmonella
enterica subsp. enterica serovar Typhimurium
(LT2) biweekly].

Tomato plant growing conditions. Seeds
were sown into rockwool gro-blocks (15 · 15 ·
14 cm cubes; Grodan BV, The Netherlands)
on trays in a greenhouse propagation room.
After 6 weeks, the tomato seedlings were
trimmed and transplanted where roots
were allowed to grow throughout the net
pots (Hydrofarms, Santa Fe Springs, CA).
The seedlings were staked for support us-
ing garden stakes (Bond Manufacturing,
Antioch, CA).

Hydroponic system parameters. Net pots
were distributed throughout a NFT hy-
droponic system (eight tomato plants per

system). The NFT system was selected be-
cause of its ability to be a closed environment
and reduce biosafety concerns. Each system
was composed of a 1040-L intermediate bulk
container (IBC) tote serving as the nutrient
reservoir, 95-L recirculating return reservoir
(Rubbermaid, Atlanta, GA), and 2-GT50 TSW
series NFT hydroponic channels and acces-
sories (10 · 5 cm; Grow Tech, Dyersville, IA)
contained in an ebb and flood table covered
with sheets of black polyethylene (PE)
plastic. The nutrient tank was filled to 568
L using a volumetric shutoff valve (Bermadon
brand; FarmTek, Dyerville, IA). Each nu-
trient tank contained an aquarium digital
thermometer (Petco, San Diego, CA), air
stone (ActiveAqua-Hydrofarm; Petaluma,
CA), EC monitor (Milwaukee Instruments,
Rocky Mount, NC), and pH probe monitor
(Milwaukee Instruments) sealed in place for
daily tank measurements. The nutrient reser-
voirs were painted with black spray paint to
reduce the growth of algae. The NFT system
consisted of recirculating system in which
awaterfall pump (Flotec, Delavan,WI) located
in the nutrient reservoir pumped nutrients
through the hydroponic channel where the
runoff was collected in the return tank and
nutrients pumped back to the nutrient reser-
voir using a water-removal utility pumpwith
on and off intelligence (Flotec). Plants were
transplanted into the NFT system and then
tied to a bar suspended from the greenhouse
trusses above each system using string and
zip ties. The systems were slanted at a 2%
grade for gravity flow.

Maintenance of nutrients and hydroponic
system. Nutrients used in the nutrient solution
were 0.6 g·L–1 4N–7.8P–31.5K (4–18–38
Chem-Gro Tomato Formula; Hydro-Garden
Inc., Colorado Springs, CO), 0.3 g·L–1 calcium
nitrate (NorskHydroAgri NorthAmerica, Inc.,
Tampa, FL), and 0.3 g·L–1 magnesium sulfate
(Hydro-Garden Inc.). The nutrients levels were
maintained at an electrical conductance level of
1.0 dS·m–1. The target pH was 6.0 and adjusted
with pHUp and pHDown concentrates [pHUp
(potassium hydroxide) and pH Down (phos-
phoric acid); Advanced Nutrients, Abbotsford,
BC, Canada], which were monitored and
recorded daily. Oxygen was incorporated into
the system using an air pump with air stones
and diffuser. The temperature was monitored
using an aquarium digital thermometer and
recorded daily. Pollinationwas performedwith
daily maintenance of the plants by shaking the
flower cluster. No pesticides were used during
this experiment.

Bacterial culture and antibiotic susceptibility.
An avirulent strain of Salmonella enterica
subsp. enterica serovar Typhimurium LT2
was obtained from Dr. Michelle Danyluk
[Citrus Research and Education Center
(CREC) of the University of Florida, Lake
Alfred, FL]. The strain was stored at –80 �C
in tryptic soy broth (TSB; Difco, Becton
Dickinson, Sparks, MD) supplemented with
20% (v/v) glycerol. S. Typhimurium LT2
has been used in previous studies as an
avirulent surrogate in BSL1 facilities (Puerta-
Gomez et al., 2013).

S. Typhimurium LT2 was tested for
antibiotic sensitivity against a panel of 12
antibiotics using the Kirby-Bauer disk dif-
fusion method for zones of inhibitions at
CSU Veterinary Diagnostic Laboratory (Fort
Collins, CO). The strain was found to be
resistant to amikacin, ceftiofur, cephalothin,
gentamicin, and streptomycin. The mini-
mum inhibitory concentration (MIC) was
used to provide the baseline for supplemen-
tation of media with selected antibiotics.
Selective media xylose lysine deoxycholate
(XLD) agar and buffered peptone water
(BPW) used throughout the research were
supplemented at ½ MIC concentration of
gentamicin (0.5 mcg/mL) and streptomycin
(6 mcg/mL) (Sigma-Aldrich, Saint Louis,
MO). Presumptively positive S. Typhimurium
colonies on XLD media presented as black
colonies because of the production of hy-
drogen sulfide (H2S).

Inoculum preparation and inoculation.
For each inoculation occurrence (day 0 and
biweekly), the strain (S. Typhimurium LT2)
was activated by streaking on tryptic soy agar
(TSA; Becton Dickinson) and incubated at
35 ± 2 �C for 24 h. One isolated colony was
selected and transferred to 10 mL of TSB
(Becton Dickson) followed by incubation
with shaking at 35 ± 2 �C for 24 h. Ten
milliliters of overnight culture was trans-
ferred to 300 mL of TSB and incubated with
shaking at 35 ± 2 �C for 24 h. A 10-mL
aliquot of the overnight inoculum was
removed for enumeration on TSA, to con-
firm that the initial inoculum concentration
was �9 log10 CFU/mL.

Of the six hydroponic systems, four were
inoculated with S. Typhimurium by adding
300 mL of the overnight culture to the 568-L
nutrient solution, which resulted in a final
inoculum of 5 log10 CFU/mL. The nutrient
solution was inoculated on the first day of the
study and then every 2 weeks for 12 weeks.
The remaining two hydroponic systems
served as uninoculated controls with nutrient
solution and deionized water only.

Microbial analysis of the nutrient solution.
Nutrient solution sample collection oc-
curred every other day for a total of 12 weeks
(n = 43). Nutrient solution samples (120 mL)
were extracted through sterile tubing attached
to a side spout from the nutrient tank into
a 118-mL sterile specimen cup. The samples
were stored on ice and transported to the
laboratory within an hour. One hundred
milliliters of nutrient solution was serially di-
luted in lambda buffer [100 mL NaCl, 8 mM

MgSO4·7H2O, 50 mL Tris-HCl (pH 7.5)] and
filtered through a Microcheck beverage filter
(Pall� Life Sciences, Port Washington, NY)
according to the manufacturer instructions.
The filter was placed face up on an XLD
agar plate (HiMedia, VWR, Randor, PA) with
antibiotic supplements and incubated at 35 ±
2 �C for 24 h. Colonies were enumerated to
determine concentration in CFU/mL. Filtration
and direct plating were used to enumerate
S. Typhimurium from the nutrient solutions.

Sample collection tomato plants. All col-
lected tomato plant portions were analyzed

714 HORTSCIENCE VOL. 52(5) MAY 2017



for the presence of S. Typhimurium. Collection
of randomly selected leaf portions of the tomato
plants occurred on day 0 and every 2 weeks.
Tomato fruit samples were collected 6 weeks
post initial inoculation of the hydroponic
system using a random selection process. Root
samples were collected at the termination of
the 12-week project post initial inoculation.

Microbiological analysis of leaf portions.
Four mature leaves were randomly selected
from the upper and lower portion of the
tomato plant (control, n = 32 per sampling;
treated, n = 64 per sampling; 12 total sample
weeks). The four leaves were aseptically
removed from the plant using sterilized
scissors and transferred into a single sterile
stomacher bag (Nasco Whirl-Pak, Fort
Atkinson, WI). The leaves from each portion
were pooled to create one individual sample,
and weights were recorded. A 1:5 ratio (weight
to volume) of BPW (Becton Dickson) with
antibiotic supplements was added to the
sample bag, and the sample was stomached
for 90 s. The samples were incubated at
35 ± 2 �C for 24 h. The overnight enrich-
ment was streaked onto supplemented XLD
agar (HiMedia, VWR). After 24-h incuba-
tion at 35 ± 2 �C, colonies displaying
typical Salmonella morphology were con-
sidered presumptively positive.

Microbiological analysis of tomato fruit.
Green to orange tomato fruits were harvested
(to mimic commercial harvesting practices)
from the tomato plants (control, n = 182;
treated, n = 180) starting at week 6 post initial
inoculation occurrence until the termination
of the project at week 12. Tomato fruits were
aseptically removed from the plant using
sterilized scissors and transferred into indi-
vidual sterile sample bags.

The total amount of samples collected in
a day was split in half into two batches:
quarter and whole fruit. One half of the batch
of tomatoes was analyzed using the modified
whole soak method (whole) to detect surface
contamination, and the other half of the batch
was analyzed using the modified quarter and
stomach method (quarter) to detect internal-
ization contamination as described previ-
ously by Wang et al. (2012). The ‘‘whole’’
method required weighing of the whole
tomato fruit and a 1:1 test portion (w/v) of
supplemented BPW before placement in the
stomacher bag. The ‘‘quartered’’ methods
required cutting of tomato fruit into four
quarters before placement in Seward� stom-
acher 400 circulators. The samples were
soaked at 4 �C for 24 h and then incubated
at 35 ± 2 �C for 24 h. The enrichment was
streaked onto supplemented XLD agar. After
24-h incubation at 35 ± 2 �C, colonies dis-
playing typical Salmonella morphology were
considered presumptively positive and were
selected, subcultured on TSA, and further
analyzed.

Root analysis. At the termination of the
study, the bottom portion of the tomato
plants, including net pots and the root sys-
tems, was aseptically removed from the NFT
system using scissors (control, n = 8; treated,
n = 32). Each root system was individually

placed in a sample bag and weighed. A 1:1 test
portion (weight to volume) of BPW with
antibiotic supplements was added to the stom-
acher bag. The root samples were massaged
by hand to release compacted root samples.
The samples were incubated at 35 ± 2 �C
for 24 h and streaked onto XLD agar with
antibiotic supplements. After 24-h incubation
at 35 ± 2 �C, colonies displaying typical
Salmonella morphology were considered pre-
sumptively positive and were selected, subcul-
tured on TSA, and further analyzed.

Confirmation by automated RiboPrinter.
Presumptive Salmonella colonies isolated
from the leaves, fruit, and root samples
were confirmed using automated ribotyp-
ing. Ribosomal DNA from each isolate was
profiled using the RiboPrinter Microbial
Characterization System (Dupont Qualicon,
Wilmington, DE) in accordance with man-
ufacturer instructions. Briefly, the method-
ology included selecting single colonies
from overnight TSA plates, suspending in
sample buffer, and heat-treating before being
placed in the automated RiboPrinter Microbial
Characterization System. DNA restriction was
then performed with PvuII. In this system, the
restricted DNA was separated by gel electro-
phoresis and subsequently transferred to a
nylon membrane for Southern blot analyses
usingDNAprobes complementary to ribosomal
sequences, yielding a Riboprint pattern.
The Riboprint patterns of the isolates were
matched to reference patterns using DuPont
RiboExplorer Software (Ver. 2.2.0232.0).

Biofilm analysis. The determination of
biofilm production was conducted to assess
if Salmonella could form biolfilms in the
hydroponic setup. Polyvinyl chloride (PVC)
type I gray coupons (2.5 cm · 2.5 cm; Fort
Collins Plastics, Fort Collins, CO) were hung
from the lid of the recirculating return reser-
voir with string and weighed down using a
stainless steel nut. Surfaces of coupons were
analyzed for the presence of Salmonella spp.
using the tape FISH methodology as described
by a previous study (Bisha and Brehm-Stecher,
2010). The FISH method included in situ
hybridization procedures with fluorescent
probes targeting rRNA to visualize the

presence of Salmonella spp. cells extracted
from the surface of the biofilm coupon while
preserving the microbial community struc-
ture. A Leica DM4500 P LED microscope
(Leica Camera, Germany) was used for
microscopic analyses. Images were captured
using Q-Capture Pro7 software (Q Imaging,
Surrey, BC, Canada).

Statistical analysis. Each treatment group
(S. Typhimurium-treated and control) con-
tained eight tomato plants (total of 48 plants).
Leaves and fruit from each group were sam-
pled at random. The correlation between the
plant tissue type (root, leaves, or fruit) and
control (uninoculated) regarding the presence
of S. Typhimurium was evaluated using chi
square (c2) analysis. Statistical analysis was
completed using R Foundation for Statistical
Computing (R version 2.15.1; Vienna, Austria).

Results

Survival of S. typhimurium in nutrient
solution. There were four treated sys-
tems (nutrient solution inoculated at log10
5 CFU/mL) and two control systems (un-
inoculated). Over the course of the experi-
ment, the desired level of S. Typhimurium
at log10 5 CFU/mL was obtained in the
nutrient solution at every inoculation event
as shown in Fig. 1. No S. Typhimurium was
recovered from the control tanks. There was
a 2-log10 reduction observed between the
initial inoculation event and the next sam-
pling time point (2 d post initial inocula-
tion). The reduction continued until the next
inoculation period 2 weeks later. This sug-
gested that S. Typhimurium did not survive
well in the conventional hydroponic nutri-
ent solution.

Tomato plant analysis. There were 32
tomato plants in the treated hydroponic systems
and 16 tomato plants in the control (uninocu-
lated) hydroponic systems. Leaf samples
were obtained from upper and lower por-
tions of the plant and pooled for analysis on
day 0 and biweekly. At the start of week 8,
one of the treated hydroponic system plants
broke free from the suspension support, and
the hydroponic system was damaged. The

Fig. 1. Changes in avirulent Salmonella enterica serovar Typhimurium LT2 levels (log10 CFU/100 mL) in
hydroponic nutrient solution during 82 d (duration of project 12 weeks). S. Typhimurium was not
recovered from the control nutrient solution tanks and not shown in this figure.
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damaged piping system allowed the nutrient
solution to be splashed throughout the
system. The piping system was repaired,
but the plant samples remained damaged. At
week 11, a pooled leaf sample from the
lower portion of the damaged tomato plant
in the treated hydroponic system confirmed
positive for S. Typhimurium via auto-
mated ribotyping as shown in Table 1. No
S. Typhimurium confirmation was observed
from any of the other leaf samples taken
from both treated and control plants from
the other systems.

Tomato fruit samples were collected
6 weeks post initial inoculation and every
week until the termination of the project at
12 weeks. One of the quartered tomato fruit
samples from the lower portion of a treated
plant tested positive for S. Typhimurium as
shown in Table 1. Both positive leaf and
tomato samples had contact with the contam-
inated nutrient solution from the inoculated
tank because of the suspension support col-
lapsing, damaging the system, and causing
splashing of inoculated nutrient solution on
the plant. No S. Typhimurium colonies were
observed from any of the other tomato fruit or
leaf samples taken fromboth treated and control
plants as shown in Table 1. No S.Typhimurium
colonies were found on roots from the control
plants where 43.5% of the roots sampled from
plants grown in the inoculated systems tested
positive for S. Typhimurium (P < 0.05).

Biofilm analysis. Tape FISH analyses on
PVC coupons were performed as described
previously by Bisha and Brehm-Stecher
(2010). No S. Typhimurium cells were ob-
served on the PVC coupons from both treated
and control tanks. Coupon surfaces were also
enriched in BPW and streaked out onto XLD
agar, and typical colonies were not observed.

Discussion

This study aimed to investigate whether
continuous contamination of nutrient solution
with S.Typhimuriumwould result inmicrobial
survival and contamination of hydroponically
grown tomato plants, hydroponic troughs, and
water receptacles. Previous studies have ex-
amined risk factors associatedwith greenhouse
or hydroponically grown tomatoes. For exam-
ple, Guo et al. (2002) observed a Salmonella
concentration of more than 3.38 log10 CFU/g

in the hypocotyls-cotyledons, stems, and
leaves of plants grown for 9 d with contin-
uous exposure to Salmonella-contaminated
Hoagland nutrient solution, regardless of
root conditions. Similarly, after continuous
contact with Salmonella-contaminated irri-
gation water, contamination was observed
in 65% of the roots, 40% of stems, 10% of
leaves, and 6% of internal fruit samples
(Hintz et al., 2010). However, Miles et al.
(2009) examined contamination of tomato
plants after a series of alternate watering
regimes by irrigation water that contained
Salmonella Montevideo. Five root samples
tested positive, and Salmonella was able to
survive in the fertilizer; however, the tomato
fruit was not contaminated. In the current
study, we observed consistent contamination
of roots with S. Typhimurium, but it was not
found in leaves, or the fruit over the course of
the study, with the exception for the instances
in which the tomato plants and fruit directly
contacted the contaminated nutrient solution.
Our results suggest that the nutrient solution,
if contaminated with Salmonella, could lead
to contamination of hydroponic tomato root
system.

Zhou et al. (2014) examined the impact of
tomato fruit immersion times in water con-
taining Salmonella and reported that longer
immersion time had an effect on internaliza-
tion, with internalized bacteria persisting for
2 weeks of storage. Other studies have shown
that S. Typhimurium could be internalized
into tomato plants via leaves inoculated with
suspension of 109 CFU/mL Salmonella with
surfactant Silwet L-77 without inducing any
colonization in the tomato plants (Gu et al.,
2011). In this study, we observed contami-
nation on a single tomato fruit and pooled leaf
sample after one plant collapsed and had
contact with the inoculated water, although
it was not determined whether Salmonella
was present internally. Even if plants and
fruits should come in contact with contami-
nated nutrient solution in a hydroponic oper-
ation, subsequent survival and growth of
Salmonella will likely depend on the con-
taminating serovar. For example, Shi et al.
(2007) used serovars associated with tomato-
linked outbreaks of salmonellosis (Javiana,
Montevideo, and Newport) and those typi-
cally isolated from animal or clinical infec-
tion serovars (Dublin, Enteritidis, Hadar,

Infantis, Typhimurium, and Senftenberg) to
test the survival from the inoculated flowers of
growing plants. It was discovered that serovar
Montevideo ismore adapted to survival within
tomatoes and was recovered from 90% of the
fruit screened. Both S. Enteritidis, Typhimu-
rium andDublin were less adaptive to grow on
ripened intact tomatoes.

The literature contains conflicting results
with respect to the fate of tomato plants that are
contaminated with S. Typhimurium via the
roots. In our study, we observed S. Typhimu-
rium contamination of root systems (43%)
through contaminated nutrient solution, which
agrees with the finding of earlier studies (Hintz
et al., 2010). The researchers also observed that
S. Newport might be associated with the root
system and to a lesser degree with the stem
and leaves of tomato plants when introduced
to contaminated irrigation water (Hintz
et al., 2010). Similarly, Miles et al. (2009)
found that the serotype Montevideo survival
was observed in five of their root samples,
whereas all tomato fruits tested negative. On
the other hand, Montevideo did survive in
the commercially available fertilizer used
in the same study. Nevertheless, there was
one instance when inoculation of the roots
led to contamination of other parts of the plant
especially in the presence of a plant pathogen
such as Ralstonia solanacearum (Pollard
et al., 2014). Guo et al. (2002) has shown
that a hydroponic system with direct root
inoculation with a five serotype mixture of
S. enterica [Montevideo (serogroup C1),
Michigan (serogroup J), Poona (serogroup
G), Hartford (serogroup C1), and Enteritidis
(serogroup D)] could lead to contamination
of the entire plant and that Salmonella could
survive in or on tomato fruit from the time of
inoculation at the flowering stage through
fruit development and maturation. Direct
inoculation of the roots was the method used
to introduce Salmonella in the abovemen-
tioned studies, whereas contamination of the
roots occurred via an indirect mechanism
(contaminated nutrient solution) in our study.
Other researchers have found that using this
approach can have an alternative effect
on the whole environment. For example,
plants irrigated with contaminated water
have been found to have larger populations
of Salmonella than those grown in infected
soil (Barak et al., 2011).

Biofilms are defined as a structured com-
munity of bacterial cells enclosed in a self-
produced polymeric matrix adhered to a
surface (Steenackers et al., 2012). Its forma-
tion and the accumulation of microorganisms
on surfaces depend on various factors such as
composition of surface materials, microbial
occurrence in water, concentration, tempera-
ture, hydraulics of systems, and concentra-
tion and quality of nutrients and disinfectants
(Zacheus et al., 2000). Typically, biofilms
are common in aquatic environments such
as recirculating systems because they can
harbor pathogenic organisms through the
water and solid interface on tanks and
equipment (King et al., 2004; Zacheus et al.,
2000). Thus, we were interested to determine

Table 1. Number of positive and negative results from hydroponic tomato plant samples (Lycopersicon
esculentum Mill. ‘Jet Star’ F1) [tomato fruit (quartered and whole), leaves (upper and lower), and
roots]. All presumptively positive Salmonella enterica serovar Typhimurium samples confirmed using
automated RiboTyping�.

Sampling point Sample type Control/treated Number of positive samples Prevalence (%)

Tomatoes Quartered Control 0/85 0
Treated 1/79 1.2

Whole Control 0/97 0
Treated 0/101 0

Leaves Upper Control 0/112 0
Treated 0/224 0

Lower Control 0/112 0
Treated 1/223 0.4

Root Whole Control 0/16 0
Treated 10/23z 43.5

zSignificant at P # 0.05 by c2 (chi squared) analysis.
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whether Salmonella could form biofilms in
a hydroponic system. During our 12-week
study, we did not observe any formation of
biofilm on the PVC coupons collected from
the recirculating tank. This may have been
because S. Typhimurium did not survive well
in the nutrient solution, and there were not
enough bacteria to colonize the PVC coupons.
However, other studies have found total counts
of heterotrophic bacteria slightly higher on PE
than on PVC (Zacheus et al., 2000). Previous
studies have shown that Salmonella’s flagella
play a major role in biofilm formation and
the attachment to PVC surfaces (Kim and
Wei, 2009; Mireles et al., 2001; Stafford
and Hughes, 2007).

Determining the survival of Salmonella
spp. in conventional nutrient solution used in
a hydroponic tomato operation was one of
the major objectives of this study. More
specifically, we were interested in assessing
if Salmonella contamination of groundwater
could lead to nutrient solution contamina-
tion and subsequent contamination of the
tomato plants. Although groundwater is less
likely to be contaminated with food and
waterborne pathogens than surface water
(Fawell and Nieuwenhuijsen, 2003), there
have been outbreaks of waterborne illness
associated with contaminated groundwater.
This highlights the possibility that groundwa-
ter, which is often untreated, could serve as a
vehicle by which hydroponically grown toma-
toes and other fresh produce could be contam-
inated with foodborne pathogens such as
Salmonella. For example, a major waterborne
outbreak of S. Typhimurium in Alamosa, CO,
in 2008 was linked to contaminated ground-
water (Ailes et al., 2013) resulting in 434
illnesses, 20 hospitalizations, and one death.
Untreated groundwater is the second most
common cause of intestinal illness, which
often occurs in nonmunicipal water systems
such as camps or outdoor workplaces and
one occurred in a meeting facility (Beer
et al., 2015).

In conclusion, it was observed in this study
that continuous inoculation of S. Typhimurium
in a hydroponic system nutrient solution was
capable of contaminating the root surface of the
tomato plants, but did not appear to contami-
nate the leaves or be internalized to an observ-
able extent in the fruit portion of tomato plants.
However, the contamination of roots may raise
concerns with other hydroponic crops, such
as leafy greens, because of the closer prox-
imity of the vegetative portion to the roots.
As hydroponic vegetable production con-
tinues to increase, more research is needed
to address these food safety issues.
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