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Identification of management practices associated with preharvest pathogen contamination of produce fields is crucial to the
development of effective Good Agricultural Practices (GAPs). A cross-sectional study was conducted to (i) determine manage-
ment practices associated with a Salmonella- or Listeria monocytogenes-positive field and (ii) quantify the frequency of these
pathogens in irrigation and nonirrigation water sources. Over 5 weeks, 21 produce farms in New York State were visited. Field-
level management practices were recorded for 263 fields, and 600 environmental samples (soil, drag swab, and water) were col-
lected and analyzed for Salmonella and L. monocytogenes. Management practices were evaluated for their association with the
presence of a pathogen-positive field. Salmonella and L. monocytogenes were detected in 6.1% and 17.5% of fields (n � 263) and
11% and 30% of water samples (n � 74), respectively. The majority of pathogen-positive water samples were from nonirrigation
surface water sources. Multivariate analysis showed that manure application within a year increased the odds of a Salmonella-
positive field (odds ratio [OR], 16.7), while the presence of a buffer zone had a protective effect (OR, 0.1). Irrigation (within 3
days of sample collection) (OR, 6.0), reported wildlife observation (within 3 days of sample collection) (OR, 6.1), and soil cultiva-
tion (within 7 days of sample collection) (OR, 2.9) all increased the likelihood of an L. monocytogenes-positive field. Our findings
provide new data that will assist growers with science-based evaluation of their current GAPs and implementation of preventive
controls that reduce the risk of preharvest contamination.

Produce commodities have been estimated to account for an
estimated 46%, 38%, and 23% of food-borne illnesses, hospi-

talizations, and deaths in the United States, respectively (1). The
fact that produce commodities are often consumed raw or with
minimal processing likely contributes to the risk of food-borne
disease associated with produce. Salmonella and Listeria monocy-
togenes are two bacterial food-borne pathogens that represent a
substantial burden to the produce industry. Produce-borne Sal-
monella outbreaks have been responsible for a considerable num-
ber of food-borne illness cases (2–6). For example, a Salmonella
outbreak in 2005, associated with tomatoes, resulted in 459 ill-
nesses across 21 U.S. states (7). In 2008, an outbreak of Salmonella,
linked to jalapeno peppers, sickened approximately 1,500 individ-
uals from 43 states, the District of Columbia, and Canada; this
became the largest known outbreak of food-borne illness in the
United States within the past decade (8). L. monocytogenes was
responsible for a 2011 produce-borne outbreak in the United
States, with 147 illnesses, 33 deaths, and 1 miscarriage, due to
consumption of cantaloupe (9). In addition, a considerable num-
ber of produce recalls (e.g., of spinach and lettuce) have occurred
in the past 3 years as a result of L. monocytogenes contamination
(10). Both Salmonella and L. monocytogenes can contaminate, per-
sist, and amplify at any point along the farm-to-fork continuum
from production to consumption; therefore, minimizing the risk
of contamination by these pathogens throughout the supply chain
is essential to reducing food-borne illness risks (11–13).

The risk of produce contamination can be reduced by control-
ling for conditions that favor pathogen introduction and growth
in the preharvest environment. Preharvest produce safety is com-
plicated by the fact that each farm has a distinct combination of
environmental risk factors (e.g., topography, land-use interac-
tions, and climate). Combinations of these environmental factors
influence the frequency and transmission of food-borne patho-

gens and subsequently impact the risk of produce contamination
(14). Mitigating contamination risks from environmental factors
may be complex and challenging (e.g., as it is difficult to modify
farm landscapes); however, modifying management practices to
minimize contamination risks may be a more achievable ap-
proach. Eighty-nine percent of growers in the United States have
reported already implementing at least one on-farm food safety
measure due to pressure from auditors, inspectors, buyers, and
other food safety professionals (15). Examples of food safety mea-
sures that were implemented include removing riparian areas,
treating irrigation water, installing fences, and using poison bait to
control rodents. While these practices were initially used to limit
food safety risks in high-risk crops (e.g., leafy greens and toma-
toes), a follow-up study determined that these practices were also
being applied to low-risk crops (e.g., potatoes and squash), thus
increasing the cost of production (16). In addition, some of these
practices may also have negative effects on landscape health (17).
The average per acre cost to growers to implement food safety
modifications to meet the “Leafy Green Marketing Agreement”
(LGMA) was $13.60 based on a survey conducted in 2008 and
2009 (18).

Preharvest contamination with food-borne pathogens can oc-
cur from a variety of sources (e.g., irrigation and runoff water, soil
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amendments such as manure, and fecal deposition from intruding
domesticated and wild animals). In addition, management prac-
tices (e.g., worker hygiene and buffer zones) and geospatial factors
(e.g., soil characteristics) can significantly modulate the risk of
contamination from different sources (2, 3, 12, 19–21). A number
of studies have shown that water can act as both a source of patho-
gens and a vehicle of pathogen introduction to preharvest envi-
ronments and produce (20, 22–25). For example, surface water
has been reported to have a wide range of Salmonella (6% to 80%)
and L. monocytogenes (6.4% to 62%) prevalence (24, 26–29). In
particular, Salmonella prevalence of 6 to 9% has been reported for
water samples obtained from produce-growing regions in Califor-
nia and New York State (14, 23). Manas et al. (30) determined that
lettuce plants irrigated with nonpotable water had significantly
higher rates of total coliforms and Salmonella contamination than
lettuce irrigated with drinking water. A number of studies also
have linked sporadic or repeated contamination events in produce
fields to wildlife fecal deposits (21), with a variety of bacterial
food-borne pathogens, including Salmonella and L. monocyto-
genes, regularly isolated from fecal samples collected from wildlife
and domesticated animals (3, 31–36). Salmonella can also survive
in the soil for long periods of time (e.g., up to 230 days in one study
[37]) when introduced by contaminated poultry or cow manure.
A study of farm management practices in Minnesota and Wiscon-
sin found that the use of manure significantly increased the risk of
Escherichia coli contamination in organic (odds ratio [OR], 13.2)
and semiorganic (OR, 12.9) produce (38). Another study demon-
strated that worker hygiene (e.g., portable toilets and hand-wash-
ing stations) and trainings were important in reducing the likeli-
hood of generic E. coli contamination at the preharvest level (39).

While a number of studies (3, 12, 23, 38–41) have suggested
that specific farm management practices may impact pathogen
contamination in the preharvest environment, we are not aware of
any studies that used statistical methods to quantitatively assess
the risk of pathogen contamination associated with specific field-
level management practices. These types of data are essential to
allow for identification of practices that can significantly increase
or decrease the likelihood of field-level contamination in order to
facilitate implementation of science-based preventive controls.
Thus, the purposes of this study were to (i) evaluate the prevalence
of Salmonella and L. monocytogenes isolated from environmental
samples (soil, drag swab, and water) and (ii) identify field-level
management practices associated with the presence of Salmonella
or L. monocytogenes.

MATERIALS AND METHODS
Study design. Twenty-one produce farms in New York State were en-
rolled in a cross-sectional study. Enrollment was based on the willingness
of the grower to participate in the study. Participation entailed giving
permission to collect environmental samples from produce fields on the
farm and agreeing to fill out a questionnaire regarding field-level manage-
ment practices associated with each field that was sampled. Farms were
located in three regions of New York State, with five in western New York,
12 in central New York, and four in eastern New York. Farm visits were
performed over a 5-week period in June and July 2012. At least 10 fields
were selected per farm. A single composite soil sample (consisting of five
subsamples of soil from five locations in the field) and an area drag swab
sample were collected for each field (using a sampling area of approxi-
mately 0.2 ha). Additionally, samples were collected from water sources
that were (i) used for field irrigation (n � 23) or (ii) not used for field
irrigation but within 50 m from a sampled field (n � 51). Six hundred

samples were collected for the study (263 composite soil samples, 263 area
drag swab samples, and 74 water samples).

Questionnaire design. A questionnaire was developed to obtain data
on field-level practices identified in the literature as possible factors (e.g.,
manure application and irrigation water) that influence the risk of pre-
harvest contamination (see the supplemental material). The interview
form included questions to obtain (i) general farm characteristics (15
questions) and (ii) information on sampled fields (11 field questions).
Seven of the 11 field-specific questions were time dependent. For instance,
growers were asked the last time a sampled field was irrigated, with answer
options of within 3 days, 4 to 7 days, 8 to 14 days, and over 14 days/never.
One of the time-dependent questions (frequency of irrigation) had two
follow-up questions. The two follow-up questions were (i) source of irri-
gation water (e.g., pond) and (ii) type of irrigation system used (e.g., drip).
The remaining four field-specific questions were not time dependent. For
example, growers were asked if the field had a buffer zone (i.e., defined as
at least a 5-m strip where no produce was grown). Questionnaires were
administered by a single interviewer (L.K.S.) and completed at the time of
sample collection in a face-to-face interview, which lasted approximately
1 h. Data were coded from the questionnaires, entered into Excel (Mi-
crosoft, Redmond, WA), and imported into SAS 9.3 (SAS Institute Inc.,
Cary, NC).

Sample collection. Samples were collected as previously detailed by
Strawn et al. (14). Briefly, latex gloves and disposable plastic boot covers
(Nasco, Fort Atkinson, WI) disinfected with 70% ethanol were worn and
changed for sample collection at each field. Five soil samples per field were
taken using sterile scoops (Fisher Scientific, Hampton, NH) at least six
inches (15.2 cm) below the surface (subsurface soil) and deposited in
separate sterile Whirl-Pak bags (Nasco). A premoistened drag swab (30 ml
of buffered peptone water [BPW] [Becton, Dickinson, Franklin Lakes,
NJ] in a sterile Whirl-Pak bag), as previously described by Uesugi et al.
(42), was dragged through the field (side to side in 10-m increments,
around perimeter of field) for 10 min. Water samples (n � 74) were
collected directly into sterile 250-ml jars; a sampling pole (Nasco) was
used if necessary (i.e., for creeks and ponds). Surface water samples were
taken a minimum of 2 m from the water’s edge and 0.3 m below the
surface. All samples were transported on ice, stored at 4 � 2°C, and pro-
cessed within 24 h of collection.

Sample preparation. Samples were prepared for two enrichment
schemes to allow for separate isolation and detection of Salmonella and L.
monocytogenes. Composite soil samples were prepared by combining 5-g
portions of each of the five subsamples of soil collected in a field in dupli-
cate. Both 25-g composite soil samples were deposited into sterile filter
Whirl-Pak bags. Individual drag swab samples were combined with BPW,
hand massaged for 2 min, and squeezed, and 10 ml of the liquid contents
was aseptically transferred to each of two sterile filter Whirl-Pak bags.
Water samples were tested according to Environmental Protection
Agency (EPA) standard methods (43, 44). Briefly, each water sample col-
lected (250 ml) was passed through a 0.45-�m filter unit (Nalgene, Roch-
ester, NY). The filter was then aseptically removed and cut in half, and
each portion was transferred to a separate sterile filter Whirl-Pak bag.

Salmonella and L. monocytogenes detection and isolation. Salmo-
nella (45) and L. monocytogenes (46) detection and isolation were per-
formed using modified versions of the procedures outlined in the U.S.
Food and Drug Administration’s Bacteriological analytical manual (FDA
BAM). No quantification of Salmonella or L. monocytogenes was per-
formed. Briefly, for Salmonella detection and isolation, samples were di-
luted 1:10 with tryptic soy broth (TSB) (Becton, Dickinson) and allowed
to stand for 2 h at room temperature (23 � 2°C). After incubation at 35 �
2°C for an additional 24 h, two aliquots (1.0 and 0.1 ml) were transferred
to 9 and 9.9 ml of tetrathionate (TT) (Oxoid, Cambridge, United King-
dom) and Rappaport-Vassiliadis (RV) (Oxoid) broths, respectively. Both
selective enrichment broths were incubated at 42°C in a shaking water
bath for 24 h. A 50-�l aliquot of TT and RV broths was plated onto xylose
lysine deoxycholate agar (XLD) (Neogen, Lansing, MI) and CHROMagar
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Salmonella (CHROMagar Company, Paris, France), and incubated at 35
and 37 � 2°C for 24 and 48 h, respectively. Up to four presumptive
Salmonella colonies per selective enrichment and plating medium combi-
nation (e.g., TT-XLD and RV-XLD) were substreaked to brain heart in-
fusion agar (BHI) (Becton, Dickinson) and incubated at 37 � 2°C for 24
h. Presumptive Salmonella colonies were confirmed by a PCR assay that
detects the gene invA (47). For L. monocytogenes, all samples were diluted
1:10 with buffered Listeria enrichment broth (BLEB) (Becton, Dickinson)
and incubated at 30 � 2°C for 24 h. Listeria selective enrichment supple-
ment (Oxoid) was added to enrichments at 4 h. At 24 and 48 h, 50 �l of
enrichment was streaked onto modified Oxford agar (MOX) (Becton,
Dickinson) and L. monocytogenes plating medium (LMPM) (Biosynth
International, Itasca, IL). MOX and LMPM plates were incubated for 48 h
at 30 and 35 � 2°C, respectively. Up to four L. monocytogenes presumptive
colonies per plating medium and time combination (e.g., MOX at 24 h or
LMPM at 48 h) were substreaked onto BHI. BHI plates were incubated for
37 � 2°C for 24 h. Presumptive L. monocytogenes colonies were confirmed
by PCR amplification and sequencing of the partial sigB gene (48–50).
Controls were processed in parallel with each pathogen detection and
isolation scheme. Salmonella strain ATCC 700408 (FSL F6-826) (51) and
L. monocytogenes strain FSL R3-001 (52) were used as positive controls.
Sterile enrichment media were used as negative controls.

Classification of isolates. There were four isolation schemes each for
Salmonella (TT-XLD, RV-XLD, TT-Chrome, and RV-Chrome) and L.
monocytogenes (LMPM 24 h, MOX 24 h, LMPM 48 h, and MOX 48 h); one
isolate from each isolation scheme was used for subtyping (as detailed
below), yielding up to four representative isolates per pathogen-positive
sample. Representative isolates were streaked from frozen culture onto
BHI and incubated at 37°C for 18 h, and a well-isolated colony was se-
lected. Salmonella serotyping using the White-Kauffman-Le Minor
scheme (53) was conducted by the Wadsworth Center, New York State
Department of Health (Albany, NY). Nucleotide sequences of sigB from L.
monocytogenes isolates were obtained by Sanger sequencing performed by
the Cornell University Life Sciences Core Laboratories Center. Allelic
types (ATs), as defined by a unique combination of polymorphisms (54,
55), were assigned by comparison of sigB sequences to an internal refer-
ence database.

Statistical analysis. Separate statistical analyses for Salmonella and L.
monocytogenes were performed in SAS 9.3. An initial descriptive analysis
was performed to calculate Salmonella and L. monocytogenes prevalence
for all samples (n � 600) and each sample type collected: soil (n � 263),
drag swab (n � 263), and water (n � 74). Univariate associations between
pathogen-positive terrestrial samples and region and week sampled were
determined using a chi-square test or Fisher’s exact test (if the expected
frequency in any cell was less than 5). Confidence intervals (95%) were
calculated assuming a binominal distribution. Individual P values are re-
ported for each test.

A field was used as the unit of analysis for model development to
identify field-level risk factors associated with Salmonella and L. monocy-
togenes contamination in produce fields. A field was considered positive if
either a soil or drag swab sample collected from that field was confirmed
culture positive for the respective pathogen. Chi-square or Fisher’s exact
tests were computed for each of the 11 specific field questions (i.e., fac-
tors). Factors determined to be significant (P � 0.05) were retained as
candidates for subsequent multivariate analysis. The general linear mixed
model (GLIMMIX) procedure was used to model the association between
each candidate factor (univariate analysis) or factors (multivariate analy-
sis) and the outcome (Salmonella or L. monocytogenes-positive/negative
field). Fields within a farm were not independent; therefore, farm was
included in the model (as a random effect). Effect estimates (�), standard
errors (SEs), odds ratios (ORs), 95% confidence intervals (CIs), and P
values were determined for each candidate factor. Potential colinearity
among the candidate factors was evaluated by Spearman’s rank correla-
tion coefficient test. Multivariable models were built using a stepwise se-
lection method and assessed by fit statistics, such as Akaike’s information

criteria and Schwarz’s Bayesian criterion. The final model retained only
variables that significantly improved the fit of the model (P � 0.05). In-
teraction terms were also tested, but none were significant.

Isolate storage and data access. All isolates were preserved at �80°C
in 15% glycerol. Isolate information and subtyping data from this study
are archived and available through the Food Microbe Tracker database
(http://www.foodmicrobetracker.com).

RESULTS
Salmonella and L. monocytogenes prevalence in terrestrial sam-
ples. The prevalence of Salmonella in terrestrial samples (n � 263
soil and n � 263 drag swab samples) was 3.4% (18/526). Salmo-
nella prevalence was higher among soil samples (13/263) than
among drag swab samples (5/263). Salmonella was detected in
6.1% of fields sampled (16/263). For two fields, both soil and drag
swab samples were positive for Salmonella. No significant differ-
ence was observed in the Salmonella prevalence in soil and drag
swab samples by region (P � 0.4 and 0.9, respectively) and week
sampled (P � 0.9 and 0.6, respectively). Furthermore, no signifi-
cant difference was observed for the field-level prevalence of Sal-
monella by region (P � 0.8) and week sampled (P � 0.9).

The prevalence of L. monocytogenes in terrestrial samples (n �
263 soil and n � 263 drag swab samples) was 9.7% (51/526). L.
monocytogenes prevalence in soil and drag swab samples was 11%
(30/263) and 8% (21/263), respectively. L. monocytogenes was de-
tected in 46 of the 263 fields sampled (17.5%). Five fields had both
soil and drag swab samples that were positive for L. monocytogenes.
No significant difference was found in the L. monocytogenes prev-
alence in soil and drag swab samples by region (P � 0.2 and 0.3,
respectively) and week sampled (P � 0.7 and 0.2, respectively). In
addition, no significant difference was found for the field-level
prevalence of L. monocytogenes by region (P � 0.9) and week sam-
pled (P � 0.1).

Salmonella and L. monocytogenes prevalence in water sam-
ples. The prevalence of Salmonella and L. monocytogenes in water
samples was 11% (8/74) and 30% (22/74), respectively. Samples
were collected from irrigation (n � 23) and nonirrigation (within
50 m of a sampled field; n � 51) water sources (Table 1).

The prevalence of Salmonella and L. monocytogenes in water
samples used for irrigation was 4% (1/23) and 9% (2/23), respec-
tively. Fourteen of the samples collected from irrigation sources
were obtained from engineered water sources (e.g., well or munic-
ipal), which were of potable water quality; all of these samples
were negative for Salmonella and L. monocytogenes. The remaining
nine water samples were from surface water sources (1 creek and 8
pond samples); three samples from ponds used for field irrigation
tested positive for Salmonella (1 sample) and L. monocytogenes
(two samples). All fields using these irrigation water sources were
negative for the presence of Salmonella and L. monocytogenes (Ta-
ble 1).

Salmonella and L. monocytogenes were detected in 14% (7/51)
and 39% (20/51), respectively, of water samples obtained from
nonirrigation sources and within 50 m of a sampled field. Water
samples were collected from three source types: ponds (n � 17),
roadside or field buffer ditches (n � 13), and flowing surface water
(e.g., rivers, creeks, or streams) (n � 21). The prevalence of Sal-
monella was higher in roadside or field buffer ditch samples (23%;
3/13), than in pond (12%; 2/17) and flowing surface water (10%;
2/21) samples. The prevalence of L. monocytogenes was highest in
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pond samples (59%; 10/17), compared to roadside or field buffer
ditch (39%, 5/13) and flowing surface water (24%, 5/21) samples.

Characterization of Salmonella and L. monocytogenes iso-
lated from terrestrial and water samples. Serotyping was per-
formed on one representative Salmonella isolate per isolation
scheme, which yielded 35 Salmonella isolates from the 26 positive
samples. Three of the 26 samples yielded isolates with more than
one serotype. Salmonella enterica serotypes Give and Typhimu-
rium were isolated from a single water sample (isolation schemes
TT-Chrome and TT-XLD, respectively), S. enterica serotypes
Agona and Tennessee were isolated from a drag swab sample (iso-
lation schemes RV-Chrome and RV-XLD), and S. enterica sero-
types Senftenburg and Newport were isolated from a soil sample
(isolation schemes RV-Chrome and RV-XLD, respectively). The
remaining 23 Salmonella-positive samples represented one sero-
type. These isolates were identified as S. enterica serotypes New-
port (8 samples), Cerro (5 samples), Thompson (5 samples),

Agona (2 samples), IV 40:z4,z32:� (2 samples), and Give (1 sam-
ple). For the two fields where Salmonella was isolated in both soil
and drag swab samples, the same serotype (S. Cerro) was isolated
in both sample types from one field, whereas different serotypes
(S. Thompson and S. Cerro) were isolated in the soil and drag
swab samples from the other field.

Two-hundred sixteen L. monocytogenes isolates (one isolate per
isolation scheme) were subtyped based on alignment of sigB nu-
cleotide sequences. None of the four isolation schemes yielded
different subtypes for any sample. The 73 representative L. mono-
cytogenes isolates (from the 73 L. monocytogenes-positive samples)
yielded nine different allelic types that represented L. monocyto-
genes lineage I (29 isolates, 5 ATs), II (41 isolates, 3 ATs), and IIIa
(3 isolates, 1 AT). L. monocytogenes was detected in both soil and
drag swab samples for five fields. The same subtype was identified
in soil and drag swab samples in two fields (AT 57 and AT 59),
whereas different subtypes (ATs 57 and 61, ATs 78 and 137, and
ATs 57 and 58) were isolated in the soil and drag swab samples
from three fields.

Risk factors associated with Salmonella contamination of
produce fields. Three of the 11 field management practices eval-
uated (manure application, soil cultivation, and buffer zone) were
significantly associated with a Salmonella-positive field by univar-
iate analysis (Table 2). Fields where manure was applied within a
year prior to sample collection had higher odds of Salmonella iso-
lation (OR � 19.0; 95% CI � 4.9, 77.0) than fields where manure
had not been applied. Fields where soil was cultivated within 7
days prior to sample collection were approximately 6 times more
likely (OR � 6.3; 95% CI � 1.6, 23.0) to be Salmonella positive
than fields where soil was not cultivated for at least 30 days. The
presence of a buffer zone was shown to have a protective effect and
reduced the likelihood of a Salmonella-positive field by 5 times
(OR � 0.2; 95% CI � 0.1, 0.5) (Table 2).

Examination of Spearman’s rank correlation coefficients for
the three retained candidate factors from the univariate analysis
showed a correlation between application of manure and soil cul-
tivation of a field. Therefore, three multivariable models were
evaluated: model 1, manure application, soil cultivation, and buf-
fer zone; model 2, manure application and buffer zone; and model
3, soil cultivation and buffer zone. In the multivariate model with

TABLE 1 Salmonella and L. monocytogenes prevalence in water samples
collected from irrigation and nonirrigation water sources

Category
No. of
samples

% prevalence (frequency) of
samples with:

Salmonella L. monocytogenes

Not used for irrigationa 51 14 (7) 39 (20)
Pond 17 12 (2) 59 (10)
Ditchb 13 23 (3) 39 (5)
River/creek/stream 21 10 (2) 24 (5)

Used for irrigation 23 4 (1) 9 (2)
Engineeredc 14 0 (0) 0 (0)
Pond 8 13 (1) 25 (2)
River/creek/stream 1 0 (0) 0 (0)

Total 74 11 (8) 30 (22)
a Water samples not used for irrigation were collected within 50 m from a sampled
field.
b A ditch was defined as either a roadside ditch (located between road and field) or a
runoff ditch (located between landscape feature [e.g., a pasture] and field, often part of
a buffer zone).
c Engineered water was defined as water from a well or municipal source (i.e., a potable
water source).

TABLE 2 Univariate analyses of management practices that influence the likelihood of Salmonella being detected in a produce field (based on
testing of soil and drag swab samples)

Factor Description � coefficient SE OR 95% CI P value

Manure Last time manure was applied to field
Within 365 days 3.0 0.7 19.0 4.9, 77 �0.001
Over 365 days 0.4 0.9 1.5 0.2, 9.4 0.681
Not applied 0 1.0

Soil cultivation Last time soil in field was cultivated
Within 7 days 1.8 0.7 6.3 1.6, 23 0.008
8 to 14 days 0.5 0.9 1.6 0.3, 9.9 0.625
15 to 30 days �0.9 1.2 0.4 0.1, 4.2 0.461
Over 30 days 0 1.0

Buffer zonea Does field have a buffer zone
Yes �1.7 0.5 0.2 0.1, 0.5 0.002
No 0 1.0

a A buffer zone was defined as a strip of land where no produce was grown, at least approximately 5 m wide.
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the best fit (i.e., model 2) (Table 3), application of manure to a
field within a year prior to sample collection was associated with a
higher likelihood of Salmonella being detected in a field (OR �
16.7; 95% CI � 3.0, 94.4) than for fields where manure had not
been applied. The presence of a buffer zone was associated with a
lower likelihood of Salmonella being detected in a field (OR � 0.1;
95% CI � 0.03, 0.6) than absence of a buffer zone (Table 3).

Risk factors associated with L. monocytogenes contamina-

tion in produce fields. Six of the 11 field management practices
(manure application, reporting of wildlife, worker activity, irriga-
tion, soil cultivation, and reporting of a buffer zone) were signif-
icantly associated with an L. monocytogenes-positive field by uni-
variate analysis (Table 4); five of these six factors were time
dependent. Fields where manure was applied within a year prior to
sample collection had 7 times higher odds of L. monocytogenes
isolation (OR � 7.0; 95% CI � 3.1, 15.4) than fields where manure

TABLE 3 Multivariate final modela of risk factors that influence the likelihood of Salmonella being detected in a produce field (based on testing of
soil and drag swab samples)

Factor Description � coefficient SE OR 95% CI P value

Manure Last time manure was applied to field
Within 365 days 2.8 0.9 16.7 3.0, 94.4 0.002
Over 365 days 0.3 1.1 1.3 0.2, 11 0.789
Not applied 0 1.0

Buffer zoneb Does field have a buffer zone
Yes �2.0 0.7 0.1 0.03, 0.6 0.008
No 0 1.0

Farm Random effect 1.6 1.5
a Final model developed in PROC GLIMMIX, with farm as random effect.
b A buffer zone was defined as a strip of land where no produce was grown, at least approximately 5 m wide.

TABLE 4 Univariate analyses of management practices that influence the likelihood of L. monocytogenes being detected in a produce field (based on
testing of soil and drag swab samples)

Factor Description � coefficient SE OR 95% CI P value

Manure Last time manure was applied to field
Within 365 days 1.9 0.4 7.0 3.1, 15.4 �0.001
Over 365 days �0.4 0.5 0.6 0.2, 1.7 0.381
Not applied 0 1.0

Wildlifea Last time wildlife was observed in field
Within 3 days 1.5 0.6 4.4 1.2, 15.6 0.022
4 to 7 days �0.2 0.7 0.8 0.2, 3.1 0.725
8 to 30 days 0 1.0

Worker activityb Last time workers were in field
Within 3 days 2.4 0.8 10.5 2.3, 47.5 0.003
4 to 7 days 0.7 0.8 1.9 0.4, 9.9 0.439
8 to 30 days 1.0 0.9 2.6 0.5, 14.7 0.281
Over 30 days 0 1.0

Irrigation Last time field was irrigated
Within 3 days 1.7 0.4 5.3 2.4, 12.0 �0.001
4 to 7 days �0.3 0.5 0.8 0.3, 2.2 0.599
8 to 14 days �1.3 0.7 0.3 0.1, 1.1 0.061
Over 14 days/not irrigated 0 1.0

Soil cultivation Last time soil in field was cultivated
Within 7 days 2.1 0.5 8.1 3.3, 19.6 �0.001
8 to 14 days 0.6 0.6 1.8 0.6, 5.7 0.293
15 to 30 days �0.4 0.6 0.7 0.2, 2.2 0.540
Over 30 days 0 1.0

Buffer zonec Does field have a buffer zone
Yes �0.8 0.4 0.5 0.2, 0.9 0.049
No 0 1.0

a Answer option 4 (never) was not selected in the questionnaire; therefore, it was excluded from analysis.
b A worker was a man or woman in the field, not in the cab of farm equipment (e.g., tractor).
c A buffer zone was defined as a strip of land where no produce was grown, at least approximately 5 m wide.
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had not been applied. Fields where growers reported observation
of wildlife within 3 days prior to sample collection had higher odds
of L. monocytogenes isolation (OR � 4.4; 95% CI � 1.2, 15.6) than
fields where growers did not report observation of wildlife for at
least 7 days. Fields where soil was cultivated within 7 days prior to
sample collection were approximately 8 times more likely (OR �
8.1; 95% CI � 3.3, 19.6) to be L. monocytogenes positive than fields
where soil was not cultivated for at least 30 days. Fields with recent
worker activity (within 3 days prior to sample collection) had 10.5
times higher odds of L. monocytogenes isolation (OR � 10.5; 95%
CI � 2.3, 47.5) than fields where workers had been absent for
longer than 30 days. A number of other worker-related factors did
not show significant associations with L. monocytogenes contami-
nation, including delivery of food safety training (in the native
language), presence of portable toilets and handwashing stations
(within a quarter-mile of fields), frequency of cleaning toilets, and
posting of signs advocating food safety and or sanitation best prac-
tices in changing areas; for most of these factors, a high level of
compliance with “best practices” was reported (e.g., all farms re-
ported cleaning toilets at least once a week). Fields irrigated within
3 days prior to sample collection had nearly 5.5 times higher odds
of L. monocytogenes isolation (OR � 5.3; 95% CI � 2.4, 12.0) than
fields irrigated at least 14 days before. Furthermore, no significant
difference was observed in L. monocytogenes-positive fields for ir-
rigation type (overhead versus drip). Lastly, the presence of a buf-
fer zone was shown to have a protective effect and reduced the
likelihood of an L. monocytogenes-positive field (OR � 0.5; 95%
CI � 0.2, 0.9) (Table 4).

Correlation between the six factors retained by univariate anal-
ysis was evaluated using Spearman’s rank correlation coefficients.
Similar to the findings for Salmonella, a correlation was observed
between manure application and soil cultivation of a field. The
three multivariable models evaluated were the following: model 1,
manure application, reported observation of wildlife, worker ac-
tivity, irrigation, soil cultivation, and buffer zone; model 2, ma-
nure application, reported observation of wildlife, worker activity,

irrigation, and buffer zone; and model 3, reported observation of
wildlife, worker activity, irrigation, soil cultivation, and buffer
zone. The multivariate model with the best fit was model 3 (Table
5). In this model, reported observation of wildlife in a field (OR �
6.1; 95% CI � 1.3, 28.4) and irrigation of a field (OR � 6.0; 95%
CI � 2.0, 18.1) within 3 days prior to sample collection were
associated with higher odds of L. monocytogenes isolation. Fields
where soil was cultivated within 7 days prior to sample collection
were nearly 3 times more likely to be L. monocytogenes positive
than fields where soil was cultivated at least 30 days before (OR �
2.9; 95% CI � 1.1, 8.6) (Table 5).

DISCUSSION

Our study reported here is one of the first to quantitatively identify
management practices that are associated with an increased or
decreased likelihood of Salmonella and L. monocytogenes isolation
in produce fields. In a univariate analysis, six factors (manure
application, reported observation of wildlife, worker activity, irri-
gation, soil cultivation, and buffer zone presence) were identified
as significant risk factors for Salmonella or L. monocytogenes con-
tamination. Five of the six risk factors were influenced by time of
application to fields, suggesting that adjustments to current prac-
tices may reduce the potential for produce contamination with
minimal costs to growers.

Some risk factors influence the likelihood of isolation of both
Salmonella and L. monocytogenes in fields. Based on the separate
univariate analysis of the Salmonella and L. monocytogenes data,
we identified three risk factors that significantly affected the like-
lihood of both Salmonella and L. monocytogenes detection. As ad-
justments of management factors related to these risk factors have
the potential to reduce contamination with both of these key
pathogens, these three factors are discussed below.

Our data specifically showed that recent cultivation of fields
(i.e., within 7 days of sample collection) was significantly associ-
ated with an increased likelihood of both Salmonella and L. mono-
cytogenes isolation from fields. Soil cultivation was also found to

TABLE 5 Multivariate final modela of risk factors that influence the likelihood of L. monocytogenes being detected in a produce field (based on
testing of soil and drag swab samples)

Factor Description � coefficient SE OR 95% CI P value

Wildlifeb Last time wildlife was observed in field
Within 3 days 1.8 0.8 6.1 1.3, 28.4 0.021
4 to 7 days �0.02 0.8 1.0 0.2, 4.8 0.978
8 to 30 days 0 1.0

Irrigation Last time field was irrigated
Within 3 days 1.8 0.6 6.0 2.0, 18.1 0.001
4 to 7 days 0.2 0.7 1.2 0.3, 4.5 0.793
8 to 14 days �0.8 0.8 0.4 0.1, 2.0 0.288
Over 14 days/not irrigated 0 1.0

Soil cultivation Last time soil in field was cultivated
Within 7 days 1.1 0.6 2.9 1.1, 8.6 0.050
8 to 14 days 0.3 0.7 1.4 0.4, 5.1 0.660
15 to 30 days �0.9 0.7 0.4 0.1, 1.7 0.224
Over 30 days 0 1.0

Farm Random effect 0.1 3.3
a Final model developed in PROC GLIMMIX, with farm as random effect.
b Answer option 4 (never) was not selected in the questionnaire; therefore, it was excluded from analysis.
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be a significant risk factor in the final multivariate model for L.
monocytogenes isolation. A likely explanation for these findings is
that pathogens present in the subsurface soil are exposed to the
surface when soil is cultivated, making them more likely to be
detected and possibly also more likely to contaminate produce.
Furthermore, the likelihood of pathogen isolation will decrease
over time after cultivation, due to exposure to environmental con-
ditions (e.g., UV light) that reduce pathogen loads. This model is
supported by previous studies (14, 23, 42) that have shown the
presence and persistence of Salmonella and L. monocytogenes in
subsurface soil. For example, Salmonella was detected in 2.6% and
2.0% of soil samples collected from produce-growing regions in
California and New York State, respectively, while L. monocyto-
genes prevalence in soil was 9% in New York State preharvest
environments (14, 23). Interestingly, Park et al. (39) observed that
spinach contamination with generic E. coli was less likely when a
field was cultivated prior to the growing season; this may reflect
that cultivation at time points considerably before sampling (e.g.,
�7 days before) will reduce overall pathogen loads by exposing
pathogens present in the subsurface soil to UV light and other
inactivating conditions (e.g., desiccation). This hypothesis is sup-
ported by the observation that Salmonella and Listeria numbers in
inoculated livestock waste declined more rapidly when this mate-
rial was spread on the surface of soil than when it was incorporated
into the soil, where it would be protected from exposure to envi-
ronmental conditions (e.g., UV light or harsh temperatures) (56).

Application of manure was also identified as a significant factor
that increased the odds of both Salmonella and L. monocytogenes
isolation in fields. Numerous studies (37, 39, 41, 57–64) have
demonstrated that the application of manure to soils can intro-
duce pathogens and may facilitate long-term persistence of patho-
gens in soil. One study observed Salmonella to persist in manure,
manure-amended nonsterilized soil, and manure-amended ster-
ilized soil for 184, 332, and 405 days, respectively (60). However,
the association between pathogen contamination of fields and
manure application has not been previously described for com-
mercial produce farms. Some studies (38, 39) have investigated
the association between generic E. coli contamination of prehar-
vest produce samples and application of manure to fields. One
study observed that generic E. coli contamination was lower in
spinach samples collected over a 2-year period if the application of
manure occurred greater than 200 days prior to sample collection
(39), while another study observed that E. coli prevalence in pro-
duce samples collected preharvest was not affected by the applica-
tion of manure between 90 and 120 days prior to sampling (38).
Our results suggest that application of manure to fields can signif-
icantly influence the risk of both Salmonella and L. monocytogenes
contamination; therefore, management of manure before appli-
cation is essential. Manure management practices, such as aging,
treating, and handling of manure before application have been
shown to affect the survival of food-borne pathogens in manure
(38, 56, 65). For example, one study (65) showed that composting
cow manure before application was effective at killing Salmonella,
supporting that management of manure before application to
fields may limit or reduce the risks associated with manure use in
produce preharvest environments.

In addition, the likelihood of Salmonella and L. monocytogenes
isolation in fields was significantly decreased if growers reported
the presence of a buffer zone, defined as a zone of at least 5 m
separating the edge of produce fields from potential environmen-

tal pathogen reservoirs (e.g., forests, roads, waterways, livestock
operations). These data suggest that even buffer zones narrower
than the 10 m (30 ft) recommended in the 2012 version of the
LGMA (Table 6 in reference 66) are associated with reduced
pathogen prevalence. Surprisingly, there is little science-based re-
search to support the hypothesis that the presence of a buffer zone
is associated with decreased pathogen prevalence in preharvest
environments. Therefore, in our study we formally tested the hy-
pothesis that the presence of a buffer zone is associated with de-
creased pathogen (i.e., Salmonella and L. monocytogenes) preva-
lence in produce fields. Some previous studies (67–69) suggest
that vegetative buffer zones may be effective in reducing bacterial
pathogen loads in sewage runoff and wastewater from animal fa-
cilities. Vegetative buffer zones and nonagricultural lands adja-
cent to produce fields (e.g., riparian, wetlands, or grasslands) also
offer a variety of ecological benefits (16, 17, 69, 70). Combined,
these data suggest that the effects of buffer zones and nonagricul-
tural lands adjacent to produce fields on pathogen prevalence may
be driven by complex ecological interactions that will require fur-
ther field studies that include mathematical modeling efforts.
These research efforts will also need to define the effects of differ-
ent types of buffer zones (i.e., bare strips or specific vegetation)
and the quantitative relationship between buffer zone width and
type and pathogen reduction.

Some risk factors specifically increase the likelihood of isola-
tion of L. monocytogenes in fields. While some risk factors in-
creased or reduced the likelihood of both Salmonella and L. mono-
cytogenes, others (worker activity, reported wildlife observation,
and irrigation) were identified to increase solely the likelihood of
L. monocytogenes detection in fields. Worker activity was signifi-
cantly associated with an increased likelihood of L. monocytogenes
isolation in fields by univariate analysis but was not significant in
the multivariate analysis. However, reported observation of wild-
life and irrigation of fields were significantly associated with
higher odds of L. monocytogenes isolation by multivariate analysis
and are discussed below.

Reported observation of wildlife was based on visual confirma-
tion (i.e., sighting of wildlife in a field) by the grower or his/her
staff (e.g., field supervisor). We acknowledge that growers who
have their farms and food safety programs (e.g., GAPs) frequently
audited may be less inclined to report presence of wildlife because
they are aware of the risks associated with wildlife in fields, while
growers who have their farms and food safety programs infre-
quently audited may be more forthcoming to report presence of
wildlife. Future studies may choose to measure the impact of wild-
life and potential pathogen contamination by objective measures
(e.g., the use of infrared cameras to detect wildlife in fields). Our
study does provide quantitative data to support previous studies
(2, 12, 19, 25, 32) that suggested that wildlife may be a source of
pathogen contamination in fields. Furthermore, wildlife has also
been suspected as the source of pathogen contamination in a
number of produce-associated outbreaks (13, 70, 71). While re-
ported observation of wildlife was shown to be a risk factor in-
creasing the likelihood of L. monocytogenes isolation in fields, this
finding may be site specific to New York State or parts of New York
State; Langholz and Jay-Russell have discussed that pathogen
prevalence in wildlife may be dependent on geographic location
and local landscape characteristics (70).

Recent irrigation was also shown to significantly increase the
odds of L. monocytogenes isolation in fields. Water has been iden-
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tified as a major reservoir for pathogens and irrigation as a vehicle
for transmission of pathogens to fields and produce (12, 30, 41,
72–75). L. monocytogenes is often found in various water sources,
with reported prevalence from �1% to 29% (14, 76, 77). We also
observed here a high prevalence of L. monocytogenes in water,
particularly surface water sources (e.g., ponds). Steele and Odu-
meru (72) that observed surface water had the most variable mi-
crobial quality and, if contaminated, could lead to widespread
contamination of crops. Our findings suggest that detection of L.
monocytogenes in fields was more likely only if irrigation occurred
within a few days prior to sample collection. Two studies have also
shown an association between pathogen detection and time of
irrigation or water application. One study observed that Salmo-
nella sprayed on tomatoes was not able to be recovered from the
tomatoes after 2 days (78). The second study observed that the risk
of E. coli contamination in spinach samples decreased when irri-
gation in a field occurred �5 days prior to sample collection. In
addition to L. monocytogenes introduction with irrigation water,
the association of irrigation with an increased frequency of L.
monocytogenes detection may also reflect the fact that moist soils
may facilitate L. monocytogenes growth or detection, consistent
with previous studies that reported a higher L. monocytogenes
prevalence in moist soils (14, 79). Overall, our data suggest that
avoiding irrigation at least 3 days before harvest (if possible and
feasible) may reduce potential L. monocytogenes contamination to
produce, and possibly the transfer into packinghouses, from soil
in the fields.

Conclusions. This study provides quantitative data on man-
agement practices that represent potential risk factors for produce
field contamination. A majority of research previously conducted
to investigate these risk factors has been pathogen inoculation
based or targeted the presence of indicator organisms (i.e., generic
E. coli). Such studies are commonly employed because the preva-
lence of food-borne pathogens (Salmonella and Shiga toxin-pro-
ducing E. coli) in produce production environments is low. Sta-
tistically robust analyses are difficult to conduct unless a sufficient
number of pathogen-positive samples are obtained, and this gen-
erally requires an extremely large sample size. Large sample sizes
in environmental field studies are often difficult to achieve due to
considerable labor and financial costs and difficulties gaining ac-
cess to commercial operations. We focused on only 11 key man-
agement practices previously discussed as risk factors for prehar-
vest contamination, limited the number of levels within each
factor, and opted for a statistical procedure to deal with farm as a
confounder in order to prevent bias and misinterpretation of re-
sults (e.g., spurious relationships). This study was conducted in
New York State, and thus the risk factors identified may not always
be appropriate in other produce-growing regions in the United
States or elsewhere. Additionally, fields were sampled over a
5-week period in June and July, and as a result, risk factors iden-
tified may not be applicable to other time periods (e.g., late in the
growing season). Despite some limitations, this study is one of the
first to use field-collected data to provide quantitative data on
management practices associated with detection of Salmonella
and L. monocytogenes (two food-borne pathogens of concern to
the produce industry). These findings will assist growers in (i)
evaluating their current on-farm food safety plans (e.g., GAPs),
(ii) implementing preventive controls that reduce the risk of pre-
harvest contamination, and (iii) making more informed decisions
related to field practices prior to harvest.

ACKNOWLEDGMENTS

This project was supported by the Agriculture and Food Research Initia-
tive Competitive Grant no. 2012-67011-19875 from the USDA National
Institute of Food and Agriculture.

We are grateful for the technical assistance of Maureen Gunderson
and the editing assistance of Travis Chapin and Gina Ryan.

REFERENCES
1. Painter JA, Hoekstra RM, Ayers T, Tauxe RV, Braden CR, Angulo FJ,

Griffin PM. 2013. Attribution of foodborne illnesses, hospitalizations,
and deaths to food commodities by using outbreak data, United States,
1998-2008. Emerg. Infect. Dis. 19:407– 415.

2. Doyle MP, Erickson MC. 2008. The problems with fresh produce: an
overview. J. Appl. Microbiol. 105:317–330.

3. Hanning IB, Nutt JD, Ricke SC. 2009. Salmonellosis outbreaks in the
United States due to fresh produce: sources and potential intervention
measures. Foodborne Pathog. Dis. 6:635– 648.

4. Scallan E, Hoekstra RM, Angulo FJ, Tauxe RV, Widdowson MA, Roy
SL, Jones JL, Griffin PM. 2011. Foodborne illness acquired in the United
States—major pathogens. Emerg. Infect. Dis. 17:7–15.

5. Olaimat AN, Holley RA. 2012. Factors influencing the microbial safety of
fresh produce: a review. Food Microbiol. 32:1–19.

6. Warriner K, Huber A, Namvar A, Fan W, Dunfield K. 2009. Recent
advances in the microbial safety of fresh fruits and vegetables. Adv. Food
Nutr. Res. 57:155–208.

7. Bidol SA, Daly ER, Rickert RE, Hill TA, Al Khaldi S, Taylor TH, Jr,
Lynch MF, Painter JA, Braden CR, Yu PA, Demma L, Behravesh CB,
Olson CK, Greene SK, Schmitz AM, Blaney DD, Gershman M. 2007.
Multistate outbreaks of Salmonella infections associated with raw toma-
toes eaten in restaurants—United States, 2005–2006. MMWR Morb.
Mortal. Wkly. Rep. 56:909 –911.

8. Mody RK, Greene SA, Gaul L, Sever A, Pichette S, Zambrana I, Dang
T, Gass A, Wood R, Herman K, Cantwell LB, Falkenhorst G, Wanne-
muehler K, Hoekstra RM, McCullum I, Cone A, Franklin L, Austin J,
Delea K, Behravesh CB, Sodha SV, Yee JC, Emanuel B, Al-Khaldi SF,
Jefferson V, Williams IT, Griffin PM, Swerdlow DL. 2011. National
outbreak of Salmonella serotype Saintpaul infections: importance of Texas
restaurant investigations in implicating jalapeno peppers. PLoS One 6:7.
doi:10.1371/journal.pone.0016579.

9. US Food and Drug Administration. 2012. Final update on multistate
outbreak of listeriosis linked to whole cantaloupes. FDA, Washington,
DC. http://www.fda.gov/Food/RecallsOutbreaksEmergencies/Outbreaks
/ucm272372.htm.

10. US Food and Drug Administration. 2011-2013, posting date. All recalls.
FDA, Washington, DC. http://www.fda.gov/Safety/Recalls/default.htm.

11. Berger CN, Sodha SV, Shaw RK, Griffin PM, Pink D, Hand P, Frankel
G. 2010. Fresh fruit and vegetables as vehicles for the transmission of
human pathogens. Environ. Microbiol. 12:2385–2397.

12. Beuchat LR. 2006. Vectors and conditions for preharvest contamination
of fruits and vegetables with pathogens capable of causing enteric diseases.
Br. Food J. 108:38 –53.

13. Harris LJ, Farber JN, Beuchat LR, Parish ME, Suslow TV, Garrett EH,
Busta FF. 2003. Outbreaks associated with fresh produce: incidence,
growth, and survival of pathogens in fresh and fresh cut produce. Comp.
Rev. Food Sci. Food Safety 2:78 –141.

14. Strawn LK, Fortes ED, Bihn EA, Nightingale KK, Grohn YT, Worobo
RW, Wiedmann M, Bergholz PW. 2013. Landscape and meteorological
factors affecting prevalence of three food-borne pathogens in fruit and
vegetable farms. Appl. Environ. Microbiol. 79:588 – 600.

15. Beretti M, Stuart D. 2008. Food safety and environmental quality impose
conflicting demands on Central Coast growers. Calif. Agr. 62:68 –73.

16. Lowell K, Langholz J, Stuart D. 2010. Safe and sustainable: co-managing
for food safety and ecological health in California’s Central Coast region.
The Nature Conservancy of California, San Francisco, CA.

17. Gennet S, Howard J, Langholz J, Andrews K, Reynolds MD, Morrison
SA. 2013. Farm practices for food safety: an emerging threat to floodplain
and riparian ecosystems. Front. Ecol. Environ. 11:236 –242.

18. Hardesty SD, Kusunose Y. 2009. Growers’ compliance costs for the leafy
greens marketing agreement and other food safety programs. UC Small
Farm Program research brief. ANR, University of California, Davis, CA.
http://sfp.ucdavis.edu/files/143911.pdf.

Field Practices Associated with Presence of Pathogens

December 2013 Volume 79 Number 24 aem.asm.org 7625

http://dx.doi.org/10.1371/journal.pone.0016579
http://www.fda.gov/Food/RecallsOutbreaksEmergencies/Outbreaks/ucm272372.htm
http://www.fda.gov/Food/RecallsOutbreaksEmergencies/Outbreaks/ucm272372.htm
http://www.fda.gov/Safety/Recalls/default.htm
http://sfp.ucdavis.edu/files/143911.pdf
http://aem.asm.org


19. Beuchat LR. 1996. Pathogenic microorganisms associated with fresh pro-
duce. J. Food Prot. 59:204 –216.

20. Cooley M, Carychao D, Crawford-Miksza L, Jay MT, Myers C, Rose C,
Keys C, Farrar J, Mandrell RE. 2007. Incidence and tracking of Esche-
richia coli O157:H7 in a major produce production region in California.
PLoS One 2:16. doi:10.1371/journal.pone.0001159.

21. Jay MT, Cooley M, Carychao D, Wiscomb GW, Sweitzer RA, Crawford-
Miksza L, Farrar JA, Lau DK, O’Connell J, Millington A, Asmundson
RV, Atwill ER, Mandrell RE. 2007. Escherichia coli O157:H7 in feral swine
near spinach fields and cattle, central California coast. Emerg. Infect. Dis.
13:1908 –1911.

22. Foltz VD. 1969. Salmonella ecology. J. Am. Oil Chem. Soc. 46:222.
23. Gorski L, Parker CT, Liang A, Cooley MB, Jay-Russell MT, Gordus AG,

Atwill ER, Mandrell RE. 2011. Prevalence, distribution, and diversity of
Salmonella enterica in a major produce region of California. Appl. Envi-
ron. Microbiol. 77:2734 –2748.

24. Haley BJ, Cole DJ, Lipp EK. 2009. Distribution, diversity, and seasonality
of waterborne salmonellae in a rural watershed. Appl. Environ. Microbiol.
75:1248 –1255.

25. Winfield MD, Groisman EA. 2003. Role of nonhost environments in the
lifestyles of Salmonella and Escherichia coli. Appl. Environ. Microbiol. 69:
3687–3694.

26. Jokinen C, Edge TA, Ho S, Koning W, Laing C, Mauro W, Medeiros D,
Miller J, Robertson W, Taboada E, Thomas JE, Topp E, Ziebell K,
Gannon VPJ. 2011. Molecular subtypes of Campylobacter spp., Salmonella
enterica, and Escherichia coli O157:H7 isolated from faecal and surface
water samples in the Oldman River watershed, Alberta, Canada. Water
Res. 45:1247–1257.

27. Patchanee P, Molla B, White N, Line DE, Gebreyes WA. 2010. Tracking
Salmonella contamination in various watersheds and phenotypic and ge-
notypic diversity. Foodborne Pathog. Dis. 7:1113–1120.

28. Johnson JYM, Thomas JE, Graham TA, Townshend I, Byrne J, Selinger
LB, Gannon VPJ. 2003. Prevalence of Escherichia coli O157:H7 and Sal-
monella spp. in surface waters of southern Alberta and its relation to ma-
nure sources. Can. J. Microbiol. 49:326 –335.

29. Wilkes G, Edge TA, Gannon VPJ, Jokinen C, Lyautey E, Neumann NF,
Ruecker N, Scott A, Sunohara M, Topp E, Lapen DR. 2011. Associations
among pathogenic bacteria, parasites, and environmental and land use
factors in multiple mixed-use watersheds. Water Res. 45:5807–5825.

30. Manas P, Castro E, de las Heras J. 2009. Irrigation with treated waste-
water: effects on soil, lettuce (Lactuca sativa) crop and dynamics of micro-
organisms. J. Environ. Sci. Health Part A 44:1261–1273.

31. Nightingale KK, Fortes ED, Nightingale CR, Her Z, Schukken YH,
Grohn YT, Wiedmann M. 2003. Transmission and ecology of Listeria
monocytogenes in ruminant hosts and the pre-harvest food environment,
abstr P-079. Abstr. 103rd Gen. Meet. Am. Soc. Microbiol.

32. Lyautey E, Hartmann A, Pagotto F, Tyler K, Lapen DR, Wilkes G,
Piveteau P, Rieu A, Robertson WJ, Medeiros DT, Edge TA, Gannon V,
Topp E. 2007. Characteristics and frequency of detection of fecal Listeria
monocytogenes shed by livestock, wildlife, and humans. Can. J. Microbiol.
53:1158 –1167.

33. Centers for Disease Control and Prevention. 1999. Reptile-associated
Salmonellosis—selected states, 1996 –1998. MMWR Morb. Mortal. Wkly.
Rep. 48:1009 –1013.

34. Cummings KJ, Warnick LD, Elton M, Rodriguez-Rivera LD, Siler JD,
Wright EM, Groehn YT, Wiedmann M. 2010. Salmonella enterica sero-
type Cerro among dairy cattle in New York: an emerging pathogen? Food-
borne Pathog. Dis. 7:659 – 665.

35. Hoelzer K, Switt AIM, Wiedmann M. 2011. Animal contact as a source
of human non-typhoidal salmonellosis. Vet. Res. 42:34.

36. Centers for Disease Control and Prevention. 2010. Multistate outbreak
of human Salmonella typhimurium infections associated with aquatic
frogs—United States, 2009. MMWR Morb. Mortal. Wkly. Rep. 58:1433–
1436.

37. Islam M, Morgan J, Doyle MP, Phatak SC, Millner P, Jiang XP. 2004.
Fate of Salmonella enterica serovar Typhimurium on carrots and radishes
grown in fields treated with contaminated manure composts or irrigation
water. Appl. Environ. Microbiol. 70:2497–2502.

38. Mukherjee A, Speh D, Diez-Gonzalez F. 2007. Association of farm
management practices with risk of Escherichia coli contamination in pre-
harvest produce grown in Minnesota and Wisconsin. Int. J. Food Micro-
biol. 120:296 –302.

39. Park S, Navratil S, Gregory A, Bauer A, Srinath I, Jun M, Szonyi B,

Nightingale K, Anciso J, Ivanek R. 2013. Generic Escherichia coli con-
tamination of spinach at the preharvest stage: effects of farm management
and environmental factors. Appl. Environ. Microbiol. 79:4347– 4358.

40. Doyle MP, Erickson MC. 2012. Opportunities for mitigating pathogen
contamination during on-farm food production. Int. J. Food Microbiol.
152:54 –74.

41. Park S, Szonyi B, Gautam R, Nightingale K, Anciso J, Ivanek R. 2012.
Risk factors for microbial contamination in fruits and vegetables at the
preharvest level: a systematic review. J. Food Prot. 75:2055–2081.

42. Uesugi AR, Danyluk MD, Mandrell RE, Harris LJ. 2007. Isolation of
Salmonella Enteritidis phage type 30 from a single almond orchard over a
5-year period. J. Food Prot. 70:1784 –1789.

43. Enivironmental Protection Agency. 2000. Improved enumeration meth-
ods for the recreational water quality indicators: Enterococci and Esche-
richia coli. EPA/821/R-97/004. Office or Science and Technology, Wash-
ington, DC.

44. Environmental Protection Agency. 2002. Method 1603: Escherichia coli
(E. coli) in water by membrane filtration using modified membrane-
thermotolerant Escherichia coli agar (modified mTEC). EPA 821-R-02-
023. Office of Science and Technology, Washington DC.

45. Andrews WH, Hammack T. 2011, posting date. Bacteriological analytical
manual, chapter 5. Salmonella. Food and Drug Administration, Washington,
DC. http://www.fda.gov/Food/FoodScienceResearch/LaboratoryMethods
/ucm070149.htm.

46. Hitchins AD, Jinneman K. 2011. BAM: detection and enumeration of
Listeria monocytogenes, April 2011 ed, chapter 10. Food and Drug Admin-
istration, Washington, DC. http://www.fda.gov/Food/FoodScience
Research/LaboratoryMethods/ucm071400.htm.

47. Kim JS, Lee GG, Park JS, Jung YH, Kwak HS, Kim SB, Nam YS, Kwon
ST. 2007. A novel multiplex PCR assay for rapid and simultaneous detec-
tion of five pathogenic bacteria: Escherichia coli O157:H7, Salmonella,
Staphylococcus aureus, Listeria monocytogenes, and Vibrio parahaemolyti-
cus. J. Food Prot. 70:1656 –1662.

48. Nightingale KK, Windham K, Wiedmann M. 2005. Evolution and mo-
lecular phylogeny of Listeria monocytogenes isolated from human and an-
imal listeriosis cases and foods. J. Bacteriol. 187:5537–5551.

49. den Bakker HC, Bundrant BN, Fortes ED, Orsi RH, Wiedmann M.
2010. A population genetics-based and phylogenetic approach to under-
standing the evolution of virulence in the genus Listeria. Appl. Environ.
Microbiol. 76:6085– 6100.

50. Bundrant BN, Hutchins T, den Bakker HC, Fortes E, Wiedmann M.
2011. Listeriosis outbreak in dairy cattle caused by an unusual Listeria
monocytogenes serotype 4b strain. J. Vet. Diagn. Invest. 23:155–158.

51. Noah CW, Shaw CI, Ikeda JS, Kreuzer KS, Sofos JN. 2005. Development
of green fluorescent protein-expressing bacterial strains and evaluation
for potential use as positive controls in sample analyses. J. Food Prot.
68:680 – 686.

52. Roberts AJ, Wiedmann M. 2006. Allelic exchange and site-directed mu-
tagenesis probe the contribution of ActA amino-acid variability to phos-
phorylation and virulence-associated phenotypes among Listeria monocy-
togenes strains. FEMS Microbiol. Lett. 254:300 –307.

53. Grimont PAD, Weill FX. 2007. Antigenic formulae of the Salmonella
serovars, 9th ed. World Health Organization Collaborating Centre for
Reference and Research on Salmonella, Pasteur Institute, Paris, France.

54. Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W,
Lipman DJ. 1997. Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Res. 25:3389 –3402.

55. Nightingale K, Bovell L, Grajczyk A, Wiedmann M. 2007. Combined
sigB allelic typing and multiplex PCR provide improved discriminatory
power and reliability for Listeria monocytogenes molecular serotyping. J.
Microbiol. Methods 68:52–59.

56. Hutchison ML, Walters LD, Moore A, Crookes KM, Avery SM. 2004.
Effect of length of time before incorporation on survival of pathogenic
bacteria present in livestock wastes applied to agricultural soil. Appl. En-
viron. Microbiol. 70:5111–5118.

57. Solomon EB, Yaron S, Matthews KR. 2002. Transmission of Escherichia
coli O157:H7 from contaminated manure and irrigation water to lettuce
plant tissue and its subsequent internalization. Appl. Environ. Microbiol.
68:397– 400.

58. Holley RA, Arrus KM, Ominski KH, Tenuta M, Blank G. 2006. Salmo-
nella survival in manure-treated soils during simulated seasonal temper-
ature exposure. J. Environ. Qual. 35:1170 –1180.

Strawn et al.

7626 aem.asm.org Applied and Environmental Microbiology

http://dx.doi.org/10.1371/journal.pone.0001159
http://www.fda.gov/Food/FoodScienceResearch/LaboratoryMethods/ucm070149.htm
http://www.fda.gov/Food/FoodScienceResearch/LaboratoryMethods/ucm070149.htm
http://www.fda.gov/Food/FoodScienceResearch/LaboratoryMethods/ucm071400.htm
http://www.fda.gov/Food/FoodScienceResearch/LaboratoryMethods/ucm071400.htm
http://aem.asm.org


59. Ohtomo R, Minato K, Saito M. 2004. Survival of Escherichia coli in a field
amended with cow feces slurry. Soil Sci. Plant Nutr. 50:575–581.

60. You Y, Rankin SC, Aceto HW, Benson CE, Toth JD, Dou Z. 2006.
Survival of Salmonella enterica serovar Newport in manure and manure-
amended soils. Appl. Environ. Microbiol. 72:5777–5783.

61. Franz E, Semenov AV, van Bruggen AHC. 2008. Modelling the contam-
ination of lettuce with Escherichia coli O157:H7 from manure-amended
soil and the effect of intervention strategies. J. Appl. Microbiol. 105:1569 –
1584.

62. Franz E, Semenov AV, Termorshuizen AJ, de Vos OJ, Bokhorst JG, van
Bruggen AHC. 2008. Manure-amended soil characteristics affecting the
survival of E-coli O157:H7 in 36 Dutch soils. Environ. Microbiol. 10:313–
327.

63. Semenov AV, van Overbeek L, van Bruggen AHC. 2009. Percolation and
survival of Escherichia coli O157:H7 and Salmonella enterica serovar Ty-
phimurium in soil amended with contaminated dairy manure or slurry.
Appl. Environ. Microbiol. 75:3206 –3215.

64. Natvig EE, Ingham SC, Ingham BH, Cooperband LR, Roper TR. 2002.
Salmonella enterica serovar Typhimurium and Escherichia coli contamina-
tion of root and leaf vegetables grown in soils with incorporated bovine
manure. Appl. Environ. Microbiol. 68:2737–2744.

65. Lung AJ, Lin CM, Kim JM, Marshall MR, Nordstedt R, Thompson NP,
Wei CI. 2001. Destruction of Escherichia coli O157:H7 and Salmonella
enteritidis in cow manure composting. J. Food Prot. 64:1309 –1314.

66. Leafy Green Marketing Agreenment Advisory Board. 2012. Commodity
specific food safety guidelines for the production and harvest of lettuce
and leafy greens. http://www.lgma.ca.gov/sites/default/files/08.31.12%20
CALGMA%20GAPs%20-%20metrics.pdf.

67. Koelsch RK, Lorimor JC, Mankin KR. 2006. Vegetative treatment sys-
tems for management of open lot runoff: review of literature. Appl. Eng.
Agr. 22:141–153.

68. Hill VR, Sobsey MD. 2001. Removal of Salmonella and microbial indi-
cators in constructed wetlands treating swine wastewater. Water Sci.
Technol. 44:215–222.

69. Stuart D, Shennan C, Brown M. 2006. Food safety versus environmental

protection on the Central California coast: exploring the science behind an
apparent conflict. Center for Agroecology and Sustainable Food Systems.
http://casfs.ucsc.edu/wp-content/uploads/2010/10/Research_Brief_10
.pdf.

70. Langholz J, Jay-Russell M. 2013. Potential role of wildlife in pathogenic
contamination of fresh produce. Hum. Wildl. Interact. 7:140 –157.

71. Sivapalasingam S, Friedman CR, Cohen L, Tauxe RV. 2004. Fresh
produce: a growing cause of outbreaks of foodborne illness in the United
States, 1973 through 1997. J. Food Prot. 67:2342–2353.

72. Steele M, Odumeru J. 2004. Irrigation water as source of foodborne
pathogens on fruit and vegetables. J. Food Prot. 67:2839 –2849.

73. Fonseca JM, Fallon SD, Sanchez CA, Nolte KD. 2011. Escherichia coli
survival in lettuce fields following its introduction through different irri-
gation systems. J. Appl. Microbiol. 110:893–902.

74. Gu GY, Luo ZY, Cevallos-Cevallos JM, Adams P, Vellidis G, Wright A,
van Bruggen AHC. 2013. Factors affecting the occurrence of Escherichia
coli O157 contamination in irrigation ponds on produce farms in the
Suwannee River Watershed. Can. J. Microbiol. 59:175–182.

75. Benjamin L, Atwill ER, Jay-Russell M, Cooley M, Carychao D, Gorski
L, Mandrell RE. 2013. Occurrence of generic Escherichia coli, E. coli O157
and Salmonella spp. in water and sediment from leafy green produce farms
and streams on the Central California coast. Int. J. Food Microbiol. 165:
65–76.

76. Lyautey E, Lapen DR, Wilkes G, McCleary K, Pagotto F, Tyler K,
Hartmann A, Piveteau P, Rieu A, Robertson WJ, Medeiros DT, Edge
TA, Gannon V, Topp E. 2007. Distribution and characteristics of Listeria
monocytogenes isolates from surface waters of the South Nation River wa-
tershed, Ontario, Canada. Appl. Environ. Microbiol. 73:5401–5410.

77. Sauders B. 2005. Molecular epidemiology, diversity, distribution and
ecology of Listeria. PhD thesis. Cornell University, Ithaca, NY.

78. Rudolfs W, Falk LL, Ragotzkie RA. 1951. Contamination of vegetables
grown in polluted soil. 1. Bacterial contamination. Sewage Ind. Wastes
23:253–268.

79. Welshimer HJ. 1960. Survival of Listeria monocytogenes in soil. J. Bacte-
riol. 80:316 –320.

Field Practices Associated with Presence of Pathogens

December 2013 Volume 79 Number 24 aem.asm.org 7627

http://www.lgma.ca.gov/sites/default/files/08.31.12%20CALGMA%20GAPs%20-%20metrics.pdf
http://www.lgma.ca.gov/sites/default/files/08.31.12%20CALGMA%20GAPs%20-%20metrics.pdf
http://casfs.ucsc.edu/wp-content/uploads/2010/10/Research_Brief_10.pdf
http://casfs.ucsc.edu/wp-content/uploads/2010/10/Research_Brief_10.pdf
http://aem.asm.org

	Risk Factors Associated with Salmonella and Listeria monocytogenes Contamination of Produce Fields
	MATERIALS AND METHODS
	Study design.
	Questionnaire design.
	Sample collection.
	Sample preparation.
	Salmonella and L. monocytogenes detection and isolation.
	Classification of isolates.
	Statistical analysis.
	Isolate storage and data access.

	RESULTS
	Salmonella and L. monocytogenes prevalence in terrestrial samples.
	Salmonella and L. monocytogenes prevalence in water samples.
	Characterization of Salmonella and L. monocytogenes isolated from terrestrial and water samples.
	Risk factors associated with Salmonella contamination of produce fields.
	Risk factors associated with L. monocytogenes contamination in produce fields.

	DISCUSSION
	Some risk factors influence the likelihood of isolation of both Salmonella and L. monocytogenes in fields.
	Some risk factors specifically increase the likelihood of isolation of L. monocytogenes in fields.
	Conclusions.

	ACKNOWLEDGMENTS
	REFERENCES


