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ABSTRACT
From 2003 to 2004, we studied the impact of environmental influences on the microbiological quality of a hydroponic
tomato farm. The presence of Salmonella was investigated on 906 samples of tomatoes and 714 environmental samples. The
farm comprised 14 greenhouses and a technologically advanced packinghouse, and operated under a sanitary agricultural
practices plan. The objective of the present study was to determine the operating sources of contamination. During the course
of the study, two independent natural events affected the farm. In 2003, water runoff entered some of the greenhouses. A year
later, wild animals (opossums, mice, and sparrows) gained entry into several of the greenhouses. Salmonella and Escherichicj
coli were found in samples of tomatoes, water puddles, soil, shoes, and the feces of local wild and farm animals. Salmonella
Montevideo, Salmonella Newport, and strains of the F serogroup were isolated from tomatoes. Almost all of the Salmonella
Newport strains were isolated from samples collected during or immediately after the flood. Analysis by pulsed-field gel
electrophoresis revealed that some Salmonella Montevideo isolates from tomatoes, opossums, and mice displayed identical
XbaI or AvrII patterns, suggesting that these wild animals represented one source of contamination. F serogroup strains were
found mostly on samples of goat feces and personnel shoes when standard working practices were in place. Shoes were found
to be an important vehicle for dissemination of Salmonella into the greenhouses. The level of protection provided by hydroponic
greenhouses does not exclude the eventuality that enteric pathogenic bacteria can gain access through various avenues.

Tomatoes have repeatedly been identified as vehicles
of human salmonellosis (7, 12, 16). Contamination may occur at several points in the field—table continuum (2). Produce grown in open fields can be subjected to several sources of contamination: soil, manure, irrigation water, runoff,
fauna, and workers (3, 4, 9). On the other hand, growing
produce in hydroponic greenhouses is an option that may
provide a higher level of protection to microbial safety by
removing or reducing some sources of contamination, including manure, compost, and soil. However, there is scarce
information on the microbiological hazards during this type
of farming (19). Riser et al. (19) did not detect Salmonella
or Escherichia coli on hydroponically grown lettuce. However, both of these bacteria have been found on hydroponic
tomatoes grown on a greenhouse farm with good sanitary
conditions: 2.8 and 0.6%, respectively (17).
The site of the present study was a hydroponic tomato
farm where most of its production is exported to the United
States. The farm has 14 greenhouses and a packinghouse,
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toilets, and hand washing facilities. Water comes from a
deep well and is chlorinated before use. Additionally, workers receive adequate training on sanitary agricultural practices (SAPs). However, two separate, unexpected natural
intrusions occurred during the course of this study. In 2003,
a drastic increase in rainfall in Mexico resulted in floods.
Consequently, runoff penetrated into four greenhouses at
the site of study. Seven months later, wild animals gained
access into five greenhouses. Thus, both events presented
an extraordinary opportunity to study contamination under
natural albeit unusual conditions at hydroponic greenhouses. Pulsed-field gel electrophoresis (PFGE) genotyping is
used to trace pathogens linked to foodborne outbreaks.
Wonderling et al. (22) used PFGE to track Salmonella on
carcasses throughout slaughter. Baloda et al. (1) evaluated
the persistence of Salmonella Typhimurium in a piggery
environment through PFGE. The objective of this study was
to identify the sources of Salmonella contamination of tomatoes, under standard working conditions and following
invasive natural events via characterization of microbial
isolates, using PFGE fingerprinting.

MATERIALS AND METHODS
Hydroponic farm. The farm, located in rural Queretaro,
Mexico. produces tomatoes year round for distribution in Mexico
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and the United States. It comprises 14 greenhouses and a packinghouse. One greenhouse was exclusively used as a seed nursery.
The facilities, of approximately 1 ha each, were built with materials (e.g., concrete foundations, steel wall studs, and walls and
ceilings made of hard plastic) to protect internal growing operations from external environmental impact. At the entrance of each
greenhouse, workers change their personal shoes for a pair of
working shoes provided by management for exclusive use inside
the facilities. There are five bathrooms and hand washing facilities, evenly distributed in the farm, and sufficient for workers from
all areas. All water comes from a protected well, is chlorinated
(0.2 to 1.5 ppm) and regularly monitored for potability (as defined
by AOAC International). Soil is never used for agricultural purposes, and its presence is limited to sections on the floor. Floors
are mostly made of cement. The studied greenhouse farm had a
high-end technological level. Computer software controls the environmental conditions for optimal growth of tomatoes, including
ventilation, temperature, relative humidity, and irrigation rate of
the nutrient solution. Temperature and relative humidity were generally maintained at 25 to 30°C, and 75 to 80%, respectively.
Tomato seeds are sprouted and then plantlets are grown in
pots with vermiculite and irrigated with nutrient solution. Bumblebees (Bombus ternarius) are used as flower pollinators. Tomatoes are harvested by hand, placed in plastic bins with spongecovered bottoms, and transported to the packinghouse by farm
tractor. There, tomatoes are dusted off with a cleaning cloth before
packaging and shipment. Management specifies that tomatoes
found on the ground should not be exported to the United States.
All personnel receive introductory training, emphasizing SAPs
such as proper hand washing, shoe disinfection, and proper use
of working attire. All employees wear laboratory coats and hairnets inside the greenhouses and packinghouse at all times. Packinghouse workers also wear gloves. Cleaning cloths, sponges, and
gloves were washed and disinfected daily, though treatments were
variable. Colored inflatable balls are suspended from the ceiling
at the entrance of some facilities as a bird deterrent device.
Sampling. Careful and continuous observation of working
maneuvers and practices or events that might contribute to contamination of tomatoes at the greenhouses before sampling were
carried out. Sampling and microbiological tests were carried out
to verify observed violations to SAPs and other potential microbial hazards. The presence of Salmonella and E. co/i was determined on samples of tomatoes, water puddles, soil, sponge,
gloves, and the surfaces of hands and shoes. E. co/i was screened
in samples of water (from the well and after chlorine disinfection).
From 2003 to 2004, samples were collected aseptically with sterile
utensils every 2 weeks from all facilities throughout the annual
production cycle, and then placed into individual commercial plastic bags and transported to the laboratory in a thennocontainer. A
hydroponic tomato sample consisted of six unripe (green) fruits
with similar characteristics (ripeness, size, spatial location on the
plant) taken directly from the plant. Water-puddle samples consisted of ca. 50 ml collected with a pipette. Samples of 50 g of
soil were collected with spoon. Sponge samples were obtained by
cutting lO-g portions off a sponge block, with scissors. Whole
gloves were collected and placed in a plastic bag. The entire surface of one hand and the sole of the shoe were sampled using a
sterile Moore swab (folded gauze, 30 cm 3 ) hydrated with 0.1%
peptone water (Casein Peptone, Bioxon, Becton Dickinson, Cuautitlan-Izcalli, Mexico) for I mm.
During the period of time when wild animals (opossums,
mice, and sparrows) were entering the greenhouses, the sampling
of tomatoes was slightly modified. Since fecal matter was usually
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found at one specific area in the affected greenhouses, tomato
samples were taken at 1 to 5, 30 to 35, and 65 to 70 m from the
point where feces were found. In addition, tomatoes were sampled
at three height levels of the plant: on the floor, 20 to 25, and 50
to 60 cm from the ground. The types and numbers of samples
collected were tomatoes (906), puddles (138), soil (87), well water
(43), disinfected water (43), cleaning cloths (12), gloves (12), and
sponge (5), and surface samples of working shoes (125), personal
shoes (122), and hands (15). Fecal matter samples were from
opossums (37 samples), mice (16), cows (15), goats (14), dogs
(11), sparrows (10), and horses (9). Analyses were carried out no
later than 3 h after sample collection.
Sample preparation. For tomato samples, 600 ml of sterile
lactose broth (LB Bioxon, Becton Dickinson) was added to the
bag containing the six fruits, and each one was vigorously rubbed
by hand for 1 mm. Each cloth, glove, and swab sample was suspended in 100 ml of LB and pummeled for I min at normal speed,
using a Stomacher 400 (Seward, Norfolk, UK). For the rest of the
solid samples, 10 g was added to 90 ml of LB and mixed by hand
for I mm.
Microbiological analyses. Samples were examined for the
presence of Salmonella and enumerated for E. co/i (14). E. co/i
was enumerated by the most probable number technique, and values were calculated using the Thomas approximation (20). Tenand 1-ml aliquots and appropriate decimal dilutions of the samples
were inoculated in tubes containing LB and then incubated at
35°C for 24 h. Forty-microliter aliquots from tubes with gas production were transferred to tubes containing fluorocult lauryl sulfate broth (Bioxon, Becton Dickinson), and then incubated at 44.5
± 0.2°C for 24 h in a constant-temperature water bath (model
251, Precision Scientific, Inc., Chicago, Ill.). Tubes showing gas
production, a positive indole reaction, and fluorescence under ultraviolet light (to evidence 3-glucuronidase activity) were considered positive for E. co/i.
The methods used to detect Salmonella were validated before
using them in the present study. The presence of salmonellae was
determined in water puddle samples by adding 10 to 90 ml of
LB. A Moore swab from the nutrient solution samples was added
to 100 ml of LB in a plastic bag. For the rest of the samples,
including tomatoes, the remaining volume of each homogenate
was used. All suspensions were incubated at 35°C for 24 h. Selective enrichment was done in tetrathionate broth (Merck, Mexico City, Mexico) and Rappaport- Vassiliadis broth (Accumedia,
Baltimore, Md.) incubated in a constant temperature bath at 43°C
for 24 h, and selenite cystine broth (Merck) at 35°C for 24 h. For
Salmonella isolation, three media were used for each enrichment
broth: xylose lysine desoxycholate agar (Merck), bismuth sulfite
agar (Bioxon, Becton Dickinson), and Salmonella—Shigella agar
(Bioxon, Becton Dickinson) incubated at 35°C for 24 h. Six typical colonies from each plate were purified onto tryptic soy agar,
and then a single colony was picked and inoculated onto triple
sugar iron agar (Bioxon, Becton Dickinson), lysine iron agar
(Bioxon, Becton Dickinson), and into urea broth (Bioxon) and 1%
peptone water (Casein Peptone, Bioxon, Becton Dickinson) for
indole production. Isolates were confirmed by serological testing
with Salmonella 0 Antiserum Poly A—I & Vi (Difco, Becton
Dickinson, Sparks, Md.). Confirmed pure Salmonella isolates
were serotyped at the Institute of Diagnostic and Epidemiological
Reference (Mexico City, Mexico).
PFGE of Salmonella isolates. For PFGE, DNA agarose
plugs were prepared using procedures followed by the Centers for
Disease Control and Prevention (18). DNA from each isolate was
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TABLE 1. Salmonella and E. coli on tomatoes and other types of samples collected before, during, and after the flood and entry of
wild animalsa
Flood'
Material
Tomato

Puddles
Soil
Working shoes
Personal shoes
Animal feces

Wild animals"

Organism

Before

During

After

Before

During

After

Salmonella
E. coli
Salmonella
E. coli
Salmonella
E. coli
Salmonella
E. coli
Salmonella
E. coli
Salmonella

2/110 (1.8)
3/110(2.7)
5/65 (7.7)
20/65 (30.8)
0/14 (0)
1/14 (7.1)
0/28 (0)
11/28 (39.3)
0/23 (0)
12/23 (52.2)
ND

0/4 (0)
2/4 (50)
4/7 (57.1)
7/7 (100)
NDC
ND
4/16 (25)
16/16 (100)
4/9 (44.4)
9/9 (100)
ND

3/32 (9.4)
6/32 (18.8)
0/13 (0)
11/13 (84.6)
4/14 (28.5)
4/14(28.5)
2/18 (11.1)
5/18 (27.8)
1/15 (6.7)
2/15 (13.3)
2/10 (20)

1/30 (3.3)
2/30 (6.7)
0/6 (0)
3/6 (50)
1/14(7.1)
1/14 (7.1)
0/20(0)
0/20 (0)
0/20(0)
2/20(10)
4/12 (33.3)

55/530 (10.4)
135/242 (55.8)
3/16 (18.8)
11/16 (68.8)
4/28 (14.3)
19/28 (67.9)
0/19 (0)
5/19 (26.3)
4/20 (20)
4/20 (20)
29/63 (46)

5/200 (2.5)
18/66 (27.3)
5/31 (16.1)
16/31 (51.6)
3/17 (17.6)
15/17 (88.2)
0/24 (0)
0/24 (0)
4/35 (11.4)
8/35 (22.9)
11/27 (40.7)

a Increase in rain rates in 2003 caused runoff to enter four greenhouses: before (January to June), during (7 to 21 July), and after (August
to October). Wild animals, including opossums, mice, and sparrows gained access into six greenhouses: before (November 2003 to
the third week of February 2004), during (24 February to April 2004), and after (May to November 2004).
b Number of positive samples/number of samples tested (percentage of
Salmonella- or E. coli.-positive samples).
Not determined.
analyzed using the restriction endonucleases XbaI (40 U per sample; New England Biolabs, Ipswich, Mass.) and AvrII (12 U per
sample; New England Biolabs) incubated overnight (12 to 16 h)
at 37°C. Salmonella Braenderup H9812 was used as the DNA size
standard strain, after XbaI digestion. Electrophoresis was performed in a 1% agarose gel, using 0.5X Tris-borate-EDTA buffer
on a Chef Mapper XA (BioRad Laboratories, Hercules, Calif.) at
6 V/cm for 19 h at 14°C, with an initial switch time of 2.16 s and
a final switch time of 63.8 s. Gels were stained for 30 min at
room temperature with 10 mg/ml ethidium bromide (Invitrogen,
Carlsbad, Calif.) solution. Gel images were acquired using a
BioRad Gel Doc system with the Multi-Analyst software program
version 1.1 (BioRad) and analyzed using BioNumerics software
program version 2.0 (Applied Maths BVBA, Saint-Martens Latern, Belgium). Similarities between isolate fingerprints were determined on the basis of the Dice correlation coefficient. A band
position tolerance of 1% was used for the analysis of PFGE patterns. Dendograms were generated by unweighted pairwise grouping with mathematical averaging. Isolates were considered to have
the same pulsotype when the number and location of the bands
were indistinguishable.

natural occurrences. First, in the summer of 2003, floods
affected several areas in Mexico, including the study site.
Runoff entered four greenhouses, and water levels reached
the top of the tomato pots. Water was removed from the
affected facilities; however, the greenhouse structure was
not modified, and no sanitation treatment was carried out.
After a week, runoff water had been completely drained.
The second event occurred in February 2004. Animal
feces were found inside five greenhouses. Usually, the fecal
matter was found only at the opposite end of the greenhouse entrance. The morphology of the fecal droppings and
the finding of half-eaten tomatoes indicated that wild animals had broken into the facilities. This was communicated
to management, and traps were placed. Opossums, mice,
and sparrows were found thereafter. Management chose an
external service to sanitize interior soil and surfaces of the
affected greenhouses, but treatment evaluation was not performed.

Source of Salmonella contamination. We compared pulsotypes of the most frequently identified serotypes recovered from
tomatoes with strains having the same pulsotypes isolated from
materials with a potential role as contaminants. Samples positive
to serotypes, XbaI, and AvrII pulsotypes isolated from tomatoes
were grouped into three periods (before, during, and after) for both
the flood and the entry of wild animals.

Salmonella and E. coli incidence. A total of 1,620
samples were collected from the greenhouse farm and its
environment, including 906 samples of hydroponic tomatoes. Samples of tomatoes, puddles, soil, and personal and
working shoes were positive to Salmonella and E. coli (Table 1). As expected, for most of the analyzed materials the
incidence of the pathogen and E. coli increased during or
immediately after both natural invasive events. With time,
incidence levels tended to decrease, and in some cases,
were as low as those found under ordinary working conditions were. Construction materials of greenhouses are
quite resistant to environmental conditions, but the magnitude of the flood surpassed the physical barrier, and runoff
entered some of the facilities. We suspected that wild animals accessed the greenhouses through a few holes in the
original construction or cracks left open after structural
modifications. In addition, opossums may have entered by
digging through the ground. However, both microorganisms

Statistical analysis. JMP 5.0 software (SAS Institute, Cary,
N.C.) was used to perform the Kruskal-Wallis test to determine
whether there were significant differences (P < 0.05) between
median levels of E. coli for tomatoes collected at different spatial
points from the point of contamination during the entry of the
wild animals. The same groupings were compared for Salmonella
incidence on tomatoes with the Z test for two independent proportions.

RESULTS AND DISCUSSION
Hydroponic operations. The physical barriers that
greenhouses provide were undermined by two independent
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TABLE 2. Salmonella Montevideo, sero group F, and Newport on tomatoes and other types of samples before, during, and after the
flood and entry of wild type animals'
Salmonella

serotype

Material

Montevideo

Tomato
Puddles
Soil
Sponge
Opossum feces
Mice feces
Dog feces
Horse feces
Tomato
Puddles
Soil
Working shoes
Personal shoes
Horse feces
Goat feces
Opossum feces
Mice feces
Tomato
Puddles
Soil
Working shoes
Personal shoes
Tires
Cow feces

Serogroup F'

Newport

Wild animals"

Hood"

Before

During

After

Before

During

After

55
3
4

2
4
3

19
3

1

4

"Increase in rain rates in 2003 caused runoff to enter four greenhouses: before (January to June), during (7 to 21 July), and after (August
to October). Wild animals, including opossums, mice, and sparrows gained access into six greenhouses: before (November 2003 to
the third week of February 2004), during (24 February to April 2004), and after (May to November 2004).
b Number of samples positive for the specific serotype.
c Strains with unknown antigenic profile.
were present in samples collected during normal working
conditions. This could have been the result of persistence
of the pathogen after the disasters, but could also be due
to other sources of contamination. The presence and persistence of Salmonella in puddles and soil suggests that
these materials could be reservoirs for the pathogen, supporting its survival and even growth. Salmonella has shown
variable survival periods on and in tomatoes (21, 23), fresh
water (15), waste irrigation water (13), and soil (1). Additionally, it is possible that aerosols from contaminated puddles and soil will reach the fruits on the plant (15). Contaminated irrigation water, runoff, and soil have been recognized as sources of contamination for produce grown in
open fields (3).
Contaminated worker shoes may be vehicles for contamination with enteric pathogens, from either outside the
greenhouses or from one facility to another. The levels of
E. coli on personal shoes were higher than those of working
shoes were before the flood. However, there was a higher
level of contamination with Salmonella and E. coli on
working shoes compared with personal shoes after the
flood. Working shoes were provided by management to the
workers to wear inside the greenhouse at the suggestion of
our research group after finding that personal shoes were

positive for E. coli, even after shoes received a disinfection
treatment with quaternary salts solution (800 ppm) on a
sanitary mat (17). However, working shoes were not used
exclusively inside the greenhouse, but were also worn to
go from one facility to another. Shoes have seldom been
mentioned as vehicles of contamination in food production
areas (8). This dissemination mechanism of enteric pathogens should be considered as an important control point
during working procedures in greenhouses.
The fecal matter of both wild (opossums, mice) and
farm animals (goats, dogs, cows, and horses) was positive
for Salmonella (Table 1). Only fecal matter from wild animals found inside the greenhouses was sampled, while that
of farm animals was collected from two nearby settlements,
where most of the workers lived. Both types of animals
have been reported as carriers of Salmonella and as sources
of contamination to produce (5). Sponges were used to
avoid mechanical damage of tomatoes by being placed at
the bottom of transporting bins, but they were removed
from all working procedures shortly after our work began.
Before this, one of five sponge samples was positive for
the pathogen. All analyzed samples of gloves (12), cloths
(12), and workers' hands (15) were negative for Salmonella
and E. coli. The pathogen was not detected in all 10 sam-
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TABLE 3. PFGE pulsolypes (XbaJ) of Salmonella Montevideo, Newport, and serogroup F strains isolated from tomatoes and other
types of samples before, during, and after the flood and the entry
Salmonella

serotype

Montevideo

Hood"

Pulsotype
C

D
J
M
N
Serogroup F'

Newport

of wild animals'

II

Xa

Xb

Xe

Material
Tomato
Puddles
Soil
Dog feces
Horse feces
Opossum feces
Mice feces
Tomato
Soil
Tomato
Tomato
Tomato
Tomato
Tomato
Soil
Personal shoes
Goat feces
Horse feces
Opossum feces
Tomato
Soil
Working shoes
Cow feces
Tomato
Soil
Tires
Cow feces
Tomato

Before

During

2
1

3

Wild

After

Before

2

animals"

During

After

49
3
4

1
2
2

19
3
4

3
4
4
2

a Increase in rain rates in 2003 caused runoff to enter four greenhouses: before (January to June), during (7 to 21 July), and after (August
to October). Wild animals, including opossums, mice, and sparrows gained access into six greenhouses: before (November 2003 to
the third week of February 2004), during (24 February to April 2004), and after (May to November 2004).
b Number of samples positive for the particular pulsotype.
Strains with unknown antigenic profile.
ples collected of fecal matter from sparrows. These samples
were mainly collected before the flood. More noteworthy,
of the 43 samples each for well water and chlorinated water,
E. coli was detected only once from each type of water
samples (data not shown). Both positive samples were collected during the flood. Disinfected water is used for all
working maneuvers, including hand washing, and preparation of disinfectants and nutrient solution. The low incidence or absence of Salmonella and E. coli indicates that
water, gloves, hands, and sponges played, if at all, at least
a limited role in contamination of the tomatoes. This is not
unexpected, since SAPs are enforced at the site of study,
including hand washing and glove washing and disinfection.
Salmonella serotypes. Overall, from 160 Salmonellapositive samples, 945 strains were isolated. From each positive sample one to three strains were selected and serotyped (n = 250). The identified Salmonella serovars were
Montevideo (64%); Newport (6.8%); Connecticut, Meleagridis, and Oranienburg (4.3% each); Bredeney (3.1%);

Abaetetuba and Poona (1.9% each); Bardo (1.2%); and
Give, Midway, München, Vejle, and Woodhull (0.6% each).
Additionally, some strains could only be identified at the
serogroup level: 14.9, 1.2, and 0.6% of serogroups F, El,
and Gi, respectively (data not shown). Salmonella Montevideo, serogroup F strains, and Salmonella Newport were
detected on hydroponic tomatoes (Table 2). Both Salmonella Montevideo and Salmonella Newport have been
linked with salmonellosjs outbreaks associated with raw tomatoes (6, 12). Additionally, the prevalence and/or persistence of Salmonella Montevideo on tomatoes at the studied
greenhouses shows remarkable similarities with experimental studies in which the same serotype was the most dominant on tomato plant tissues after inoculation of nutrient
solution (11) or during flowering (10). A potential ecological relationship unique to these serovars and tomatoes deserves scientific research. Most of the samples positive for
Salmonella Montevideo were collected during the time
when wild animals entered the greenhouse.
Even though the partially serotyped F serogroup strains
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TABLE 4. PFGE pulsolypes (AvrII) of Salmonella Montevideo, Newport, and sero group F strains isolated from tomatoes and other
types of samples before, during, and after the flood and the entry of wild animals°
Salmonella
serotype
Montevideo

Pulsotype
a
b

c
d

e
g
h

Serogroup Fc

p
r
s
ii

iv

Newport

Wild

Flood"

Aa

Ad

Material
Tomato
Puddles
Tomato
Puddles
Soil
Dog feces
Horse feces
Opossum feces
Mice feces
Tomato
Tomato
Soil
Opossum feces
Tomato
Puddles
Tomato
Tomato
Soil
Tomato
Soil
Tomato
Tomato
Tomato
Tomato
Soil
Personal shoes
Goat feces
Opossum feces
Mice feces
Horse feces
Tomato
Personal shoes
Goat feces

Before

During

1
2

2

Tomato
Tires
Cow feces
Tomato
Soil
Working shoes
Personal shoes
Cow feces

After

Before

animals"

During

After

6
1
28
2
4

2
2
1

14
3
2
6
1
5
6
1
1
4
1

1
2
1
1

3
4

1
2
1
2
1
1
1
2

a Increase in rain rates in 2003 caused runoff to enter four greenhouses: before (January to June), during (7 to 21 July), and after (August
to October). Wild animals, including opossums, mice, and sparrows gained access into six greenhouses: before (November 2003 to
the third week of February 2004), during (24 February to April 2004), and after (May to November 2004).
b Number of samples positive for the particular pulsotype.
Strains with unknown antigenic profile.
may belong to different serotypes, we decided to analyze
them as one group, since most of them were recovered from
the same period and showed a similar or identical antigenic
profile. Most of the F serogroup strains were recovered during and after the entry of wild animals, but they were also
recovered from the feces of farm animals. Thus, serotyping
could not discriminate between different sources of contamination or both farm and wild animals are sources of contamination for both serotypes. The presence of F serogroup

strains suggests that shoes may be vectors for transporting
the pathogen from the sites where farm animals were
housed to other locations. All Salmonella Newport—positive
samples were recovered during and after the flood. We suspect that runoff came in contact with different sources of
contamination before entering the greenhouses, but the only
confirmed external material positive for Salmonella Newport was cow feces.
In addition to Salmonella Montevideo, Salmonella

682

OROZCO R. ET

AL.

Food Prot., Vol. 71, No. 4

TABLE 5. Distribution of Salmonella-positive tomatoes in greenhouses affected by the entry of wild animals'
Distance from the
animal fecal matter
Horizontal
1-5 m
30-35 m
65-70 m
Height
Ground
20-25 cm
50-60 cm

No. of Salmonella-positive samples/
no. of samples tested (%)
32/139 (23) At-'
14/135 (10.4) B
0/120 (0) C
43/210 (20.5) A
6/71 (8.5) B
0/67 (0) c

a Wild animals (opossums, mice, and sparrows) gained access into
six greenhouses (24 February to April 2004). Farm animal
(cows, dogs, horses, and goats) fecal matter was recollected from
rural settings and roads near the company.
h Different letters between lines indicate significant differences (P
< 0.05).
Newport, and F serogroup strains, other serotypes were recovered during and after the flood: Salmonella Connecticut,
Salmonella Meleagridis, Salmonella Bredeney, Salmonella
Vejie, Salmonella Poona, and strains of serogroup Gi (data
not shown). In addition, puddles and soil were positive for
the three serotypes identified on tomato samples.
XbaI pulsotypes. PFGE was performed on DNA from
strains of Salmonella Montevideo Salmonella Newport, and
F serogroup with XbaI. For Salmonella Montevideo, 14 patterns were obtained, and from these, 6 were isolated from
tomatoes (Table 3). The most common pulsotype (C) was
isolated mainly during the time of entry of wild animals.
Although feces from farm animals like dogs and horses
were also positive for pulsotype C, it was most often isolated from opossum feces. On the other hand, the F serogroup strains resulted in six PFGE patterns, but only one
pulsotype (II) was isolated from tomatoes (Table 3). Pulsotype II strains were mostly recovered from farm animals
and personal shoes, but also from feces of opossums (one
sample). These results suggest that the presence of Salmonella Montevideo on hydroponic tomatoes is the consequence of the entry of wild animals into the greenhouses.
In addition, shoes carrying animal feces positive for Salmonella (F serogroup strains) may be vehicles of contamination into the greenhouses. A discreet, but important
number of samples from puddles (8) and soil (11) were also
positive for pulsotypes isolated from tomatoes. As noted by
Baloda et al. (1) and Wonderling et al. (22), some pulsotypes may be more able to adapt and survive on specific
environments of production facilities.
AvrII pulsotypes. A second restriction digestion of

DNA from Salmonella Montevideo and F serogroup strains
was performed with AvrII. There were 19 restriction patterns for Salmonella Montevideo and 6 for F serogroup
strains (data not shown). As expected, analysis of pulsotypes using AvrII resulted in some new associations, while
some remained the same as with XbaI. Eleven pulsotypes
of Salmonella Montevideo and two F serogroup pulsotypes

were recovered from tomatoes (Table 4). Salmonella Montevideo pulsotype b strains were isolated from 14 opossum
fecal samples, and 28 tomato samples. There was also an
association of F serogroup strains of pulsotype ii isolated
from tomatoes with personnel shoes and the feces of farm
animals tested after the entry of wild animals. Additionally,
Salmonella Newport strains were also digested with both
restriction enzymes. The resulting PFGE patterns (five for
both endonucleases) showed similar associations to those
observed for serotyping, namely, most of the strains belonged to pulsotypes observed immediately after the flood
(Tables 3 and 4). Thus, observations made for XbaI patterns
regarding opossums and shoes as sources of contamination,
and prevalence of some pulsotypes were reinforced by the
resulting AvrII patterns.
Salmonella distribution. When the entry of wild animals occurred, we found a higher frequency of Salmonella
on tomatoes that were closest to the fecal matter, both for
horizontal (23%) and vertical (20.5%) distributions (P <
0.05) (Table 5). Tomatoes from plants in the middle of the
greenhouse and growing at half the height of the plant were
also positive: 10.4 and 8.5%, respectively. These results
indicate that contamination has spread from its original
source. Wild animals might have been at different areas
inside the greenhouse. The presence of Salmonella in the
middle of the plant could be due to contamination from the
fur and paws of opossums and mice that possibly climbed
up the plants to reach the tomatoes.
In conclusion, tomatoes and the greenhouse environment can become contaminated with Salmonella despite the
physical barriers and SAPs plan. Serotyping results, PFGE
profiles, and the association of Salmonella-positive samples
throughout the time of study showed three distinct contamination events. Salmonella Newport contamination occurred
mainly during the flood. Most Salmonella Montevideo
strains were linked to the entry of wild opossums into the
greenhouse, and contamination with F serogroup strains
may have been the result of introducing feces from farm
animals by worker shoes. This apparently may have occurred even when working conditions were not affected by
environmental contingencies. However, these results do not
exclude the possibility that other sources of Salmonella
might have been operating during our study. The exclusion
of wild animals from greenhouses and proper use and
changing of shoes in the facilities are important control
points that contribute to prevent Salmonella contamination
of hydroponic tomatoes. Ongoing research studies at our
laboratory are directed to determine to what extent greenhouse puddles and soil operate as sources of Salmonella
contamination.
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