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Small- and medium-size farms in the mid-Atlantic region of the United States use varied agricultural practices to produce leafy
greens during spring and fall, but the impact of preharvest practices on food safety risk remains unclear. To assess farm-level
risk factors, bacterial indicators, Salmonella enterica, and Shiga toxin-producing Escherichia coli (STEC) from 32 organic and
conventional farms were analyzed. A total of 577 leafy greens, irrigation water, compost, field soil, and pond sediment samples
were collected. Salmonella was recovered from 2.2% of leafy greens (n � 369) and 7.7% of sediment (n � 13) samples. There was
an association between Salmonella recovery and growing season (fall versus spring) (P � 0.006) but not farming system (organic
or conventional) (P � 0.920) or region (P � 0.991). No STEC was isolated. In all, 10% of samples were positive for E. coli: 6% of
leafy greens, 18% of irrigation water, 10% of soil, 38% of sediment, and 27% of compost samples. Farming system was not a sig-
nificant factor for levels of E. coli or aerobic mesophiles on leafy greens but was a significant factor for total coliforms (TC) (P <
0.001), with higher counts from organic farm samples. Growing season was a factor for aerobic mesophiles on leafy greens (P �
0.004), with higher levels in fall than in spring. Water source was a factor for all indicator bacteria (P < 0.001), and end-of-line
groundwater had marginally higher TC counts than source samples (P � 0.059). Overall, the data suggest that seasonal events,
weather conditions, and proximity of compost piles might be important factors contributing to microbial contamination on
farms growing leafy greens.

Increased awareness of the nutritional and economic benefits of
eating fresh produce has caused global consumption to increase

4.5% from 1990 to 2004 (1), but field-grown foods such as vege-
tables and leafy greens (including lettuce, spinach, spring mix, and
kale) can also serve as reservoirs of microorganisms, including
bacteria, molds, and yeasts. Most of these microorganisms are not
harmful and are part of the background microflora of the plant.
However, human-pathogenic bacteria such as Salmonella, Listeria
monocytogenes, Shigella spp., and Escherichia coli O157:H7 have
been associated with foodborne outbreaks involving fresh pro-
duce (2). The ability of foodborne pathogens to colonize and per-
sist as part of the plant microbiome as endophytes or epiphytes
(reviewed in reference 3) represents a significant food safety risk,
as fresh produce is often consumed raw without any processing
“kill step.”

In the United States, estimates calculate approximately 4.9 mil-
lion yearly incidents of food-related illnesses attributed to plant
commodities, with leafy vegetables comprising 22.3% of these (4).
Following the E. coli O157:H7 multistate outbreak in fall 2006,
which was attributed to spinach (5), leafy greens have received
significant attention from government, industry, and academic
researchers. Other incidents have implicated leafy greens as a ve-
hicle for E. coli O157:H7 transmission since the 2006 outbreak,
including shredded lettuce (6), romaine lettuce (7), spinach and
spring mix blend (8) and ready-to-eat salads (9).

Although the increase in foodborne disease linked to produce
might be due to the increase in consumption of fresh produce or

to changes in how fresh produce is processed and distributed,
farm management and practices are still considered to play an
important role (10). In the 2006 E. coli O157:H7 outbreak from
spinach, colonization of livestock and feral swine with the impli-
cated strain, together with harvesting practices, could have con-
tributed to spinach contamination in the field (11). Preventing
preharvest contamination is crucial, since remediation or elimi-
nation of contamination that occurs before harvest is difficult to
achieve during the postharvest stage. E. coli O157:H7 can persist
on leafy vegetables in the field (12), and leaf age (13, 14) and
cultivar characteristics (such as leaf blade roughness) (15) have

Received 6 January 2015 Accepted 19 January 2015

Accepted manuscript posted online 23 January 2015

Citation Marine SC, Pagadala S, Wang F, Pahl DM, Melendez MV, Kline WL, Oni RA,
Walsh CS, Everts KL, Buchanan RL, Micallef SA. 2015. The growing season, but not
the farming system, is a food safety risk determinant for leafy greens in the mid-
Atlantic region of the United States. Appl Environ Microbiol 81:2395–2407.
doi:10.1128/AEM.00051-15.

Editor: M. W. Griffiths

Address correspondence to Shirley A. Micallef, smicall@umd.edu.

S.C.M., S.P., and F.W. contributed equally to this article.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.00051-15.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AEM.00051-15

April 2015 Volume 81 Number 7 aem.asm.org 2395Applied and Environmental Microbiology

http://dx.doi.org/10.1128/AEM.00051-15
http://dx.doi.org/10.1128/AEM.00051-15
http://dx.doi.org/10.1128/AEM.00051-15
http://dx.doi.org/10.1128/AEM.00051-15
http://aem.asm.org


been shown to impact persistence. Another factor which likely
contributes to foodborne outbreaks is use of contaminated irriga-
tion water (16). New Jersey, one of the nation’s leading producers
of fresh market spinach, irrigates 19% of its cropland (which ex-
cludes pasture) (17), despite its average annual precipitation of
1,140 mm (18). This is in stark contrast to New York, which grows
more than two dozen types of leafy greens, including spinach, and
receives similar rainfall (average of 1,021 mm/year) but irrigates
less than 2% of its cropland. The risk of using contaminated irri-
gation water is amplified in leafy greens production, as irrigation
water is frequently applied via overhead sprinkler systems, and
therefore water comes in direct contact with the edible portion of
the crop, which is often consumed raw. Nonpathogenic E. coli
strains have been shown to be consistently recovered from field-
grown iceberg and romaine lettuce following overhead irrigation
with contaminated water, but not with subsurface trickle (drip) or
surface-applied furrow irrigation (19), and Salmonella has been
shown to persist in the phyllosphere of greenhouse-grown
parsley plants following overhead irrigation with contami-
nated water (20). In the mid-Atlantic (which consists of Dela-
ware, Maryland, New Jersey, Pennsylvania, Virginia, and West
Virginia [21]), surface water may be the main irrigation source
available to growers (22). Bihn et al. reported that in New York
more than half of surveyed fresh produce growers used surface
water (23). Several studies have identified surface water as a pre-
dominant reservoir for Salmonella along the eastern coast of the
United States (24–26), although Salmonella outbreaks associated
with leafy greens are less frequently reported than those with other
vegetables (27).

In the United States, the sales of organic foods have increased
compared to those of conventional produce. Between 1997 and
2008, organic food sales quintupled from $3.6 billion to $21.1
billion, with produce and dairy accounting for over half of the
total sales (28). However, organic food sales remain a small frac-
tion of the market volume, about 3% of total food sales (28). The
USDA Organic Rule implemented in 2002 included the acceptable
production practices for foods marketed as organic, which largely
limited the use of vegetable crop fertilizers to animal and plant
wastes (29). As organic growers rely primarily on animal-derived
fertilizer, it has been suggested that organically grown produce has
a greater risk of pathogenic contamination than produce grown
on conventional farms (30). Additionally, small- and medium-
scale vegetable farms (defined as those less than 40 ha in size or
with gross cash farm income of less than $999,999) (31, 32) differ
from large-scale farms in their fertilization and cropping methods,
harvesting and postharvest handling practices, and access to cap-
ital and labor resources. Small- and medium-size farms also tend
to rely more on direct-to-consumer marketing channels, such as
selling produce at local farmer’s markets and through Communi-
ty-Supported Agriculture programs (33). Within the mid-Atlantic
states of Maryland, Delaware, and New Jersey, more than 90%
(2,257 of 2,476) of fresh market vegetable farms are classified as
small and medium scale, compared to 76% of farms in California
(2,597 of 3,421) (31). Previous surveys report no difference in
pathogen prevalence due to production scale (25) or between con-
ventionally and organically grown produce (34, 35), although in
the latter study, two “semiorganic” samples were contaminated
with Salmonella (34). Our own work with tomatoes cultivated in
the mid-Atlantic region found that farming system was not a sig-
nificant factor for indicator bacteria or enteric pathogens (36).

Data on leafy greens in the mid-Atlantic are still sparse, however.
Due to differences in production scale, practices, and climate, data
from other regions in the United States are not directly applicable
to this region. The issue of whether organically grown leafy greens
pose a greater risk for foodborne disease remains largely unre-
solved. Moreover, leafy greens are grown during two seasons in
the mid-Atlantic, spring and fall, when the weather is wet and
relatively mild, and the influence of the growing season on food
safety risk is not known.

The objectives of this study were to address these data gaps by
assessing pathogen prevalence and quantifying generic E. coli in
leafy greens and their production areas in the mid-Atlantic region
of the United States and to determine the influence of growing
season, farming system, region, irrigation water source, and sam-
pling time on food safety risk. Additionally, levels of indicator
bacteria were used as a means to compare the influences of these
factors on the microbiota of leafy greens and environmental sam-
ples from production areas. This survey focused on the prevalence
of the pathogens Salmonella and Shiga toxin-producing E. coli
(STEC) and the presence and enumeration of bacterial indicator
organisms (generic E. coli, total coliforms, and aerobic mesoph-
iles) on small- and medium-size farms growing leafy greens in the
mid-Atlantic. Both organic and conventional farms in multiple
states were included, together with a variety of leafy greens, irri-
gation water sources, and irrigation systems. This is the first ex-
tensive study to address microbial contamination of fresh leafy
greens from small- and medium-size farms in the mid-Atlantic.

MATERIALS AND METHODS
Farmer recruitment. Farms were recruited by personal invitation,
through email, phone, or personal visit. In this study, farm invitation was
based on several factors, including cultivation scale (small- or medium-
size operations), geographical location (situated in the mid-Atlantic re-
gion), and willingness to provide samples and information about produc-
tion practices. Cultivation scale can be measured in terms of acreage or
annual sales, although both classification systems have limitations. For
this study, small-size operations were those with less than four hectares
of vegetable production (37) or gross cash farm incomes of less than
$350,000 (32), while medium-size operations were those with less than 40
ha of leafy greens production (31) or gross cash farm incomes of less than
$999,999 (32). No compensation was given to any participating farm or
farmer. Information about on-farm production practices was obtained
through email, phone, or in-person conversations with individual
farmers prior to or following sample collection. Conventional and
organic farms were included in the study. The term “organic” is a
labeling term regulated by the USDA National Organic Program. In
this paper, “organic farms” are defined as those which employed pri-
marily or exclusively organic, agroecological, or sustainable practices,
excluded or rarely used synthetic pesticides, and intentionally sought
to sustain or improve soil quality. As with other agricultural research
(34, 38–40), we are not referring to any particular certification criteria
and include both certified and noncertified examples in our data.
Farmers were recruited from four regions within three states: Mary-
land, Delaware, and New Jersey. In response to the diversity in regional
agriculture and environmental and climatic conditions within Mary-
land, the state was split into two distinct sampling regions, central
Maryland and Eastern Shore (east of the Chesapeake Bay). A total of 32
farms participated in this study, which consisted of 15 conventional
and 17 organic operations (5 conventional and 4 organic farms in
central Maryland, 1 conventional farm and 4 organic farms in Eastern
Shore, 9 conventional and 4 organic farms in New Jersey, and 5 organic
farms in Delaware).
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Sample collection. Samples were collected in fall 2012 and spring
2013. During the fall leafy greens growing season, participating farms were
visited every 2 weeks from 24 September to 22 October; the final sampling
trip was delayed until 13 November due to Hurricane Sandy (which made
landfall on 29 October 2012). During the spring leafy greens growing
season, participating farms were visited every week for 3 weeks from 13
May to 28 May. The following sample types were collected: foliage of leafy
greenss; irrigation well, pond, or river water; pond or river sediment
(based on whether a pond or river was used for irrigation); field soil; and
compost (based on availability). Aseptic technique (use of latex gloves,
disinfecting gloves with 70% ethanol between samples, and sterile bags)
was employed during sampling. Each random leafy greens sample (ap-
proximately 25 g) consisted of “saleable” product (unsoiled internal leaves
for head and cos lettuce and unsoiled leaves for loose leaf lettuce and other
types of leafy greens) from random plants throughout the field collected in
a serpentine pattern (random leafy greens samples [RLG]). Any leaves not
touching the ground or plastic mulch could be included in an RLG. Tar-
geted leafy greens samples (TLG) (approximately 25 g each) were not
limited to “saleable” product and could include soiled and external leaves.
A maximum of four leafy greens samples (2 RLG and 2 TLG) were asep-
tically collected into sterile Whirl-pak bags (Nasco, Fort Atkinson, WI)
from each farm at each sampling trip. Preference was given to spinach
during fall sampling and lettuce during spring sampling, though samples
were collected based on what the participating farmer was growing for
market. Irrigation well and pond and river water samples (approximately
1 liter) were collected from the source (well water tap and surface sample
for pond or river) and from the end of the irrigation system (drip line or
sprinkler). Well water taps and the open ends of the drip irrigation tubing
and sprinkler heads were disinfected with 70% ethanol prior to sampling,
and the well water taps and irrigation water systems were allowed to run
freely for 1 min. Water layers were stirred before pond water collection,
with efforts made not to disturb any sediment during the process. Two
irrigation water samples (1 liter each) were collected into sterile Whirl-
pak bags or Nalgene bottles (Thermo Scientific, Rochester, NY) from each
farm at each sampling trip. Depending on availability, approximately 100
g each of field soil, pond and river sediment, and compost was collected
into sterile Whirl-pak bags or Nalgene bottles from each farm, using ster-
ile scoops (Fisher Scientific, Hampton, NH). Both field soil and compost
samples consisted of mixed surface and subsurface layers. All environ-
mental samples were placed in coolers with ice packs and transported to
the lab for microbiological analysis within 24 h of collection. A total of 577
samples were collected (see Table S1 in the supplemental material). On-
farm samples were collected by one team and analyzed in the laboratory by
a different team, in an effort to maintain farmer confidentiality and min-
imize bias.

Enumeration of aerobic bacteria, generic E. coli, and total coliforms.
(i) Leafy greens sample preparation. Individual leafy greens samples were
diluted at a 1:1 (wt/vol) ratio with buffered peptone water (BPW) (Becton,
Dickinson and Company, Franklin Lakes, NJ) in sterile Whirl-pak filter
bags (Nasco, Fort Atkinson, WI). Sample bags were palpated for 2 min at
250 rpm in a Stomacher 400 circulator (Seward Laboratory Systems Inc.,
Port Saint Lucie, FL) to homogenize leaf tissue. A dilution series (10�1 to
10�4) was prepared using the rinsate from each sample and 0.1% peptone
water (PW) (Becton, Dickinson and Company, Franklin Lakes, NJ). A
1-ml aliquot of each dilution was then pipetted onto aerobic plate count
(APC) Petrifilms (3M Global Headquarters, St. Paul, MN) for enumera-
tion of aerobic mesophiles and onto E. coli/coliform Petrifilms (3M)
(AOAC official method 991.14) for quantification of E. coli and total co-
liforms. Per the manufacturer recommendations, Petrifilms were incu-
bated at 35°C for 24 h (for coliforms) or at 35°C for 48 h (for E. coli and
APC) prior to counting. The limit of detection was 10 CFU/g of sample.
The remaining BPW rinsate from each sample was incubated at 37°C for
24 h, followed by DNA extraction and PCR screening for Salmonella and
STEC, as described in “Detection of Salmonella and STEC” below.

(ii) Field soil, compost, and sediment sample preparation. For solid
samples, 10 g of an individual sample was transferred to a sterile container
and diluted 1:10 (wt/vol) with BPW. A dilution series (10�1 to 10�4) was
then made with 0.1% PW, and aliquots of each dilution (1 ml each) were
pipetted onto APC or E. coli/coliform 3M Petrifilms. The limit of detec-
tion was 10 CFU/g of sample. BPW enrichments were incubated for
pathogen isolation as described in “Detection of Salmonella and STEC”
below.

(iii) Irrigation water sample preparation. Irrigation water samples
were processed using the EPA standard membrane filtration protocol
(EPA method 1604 [41]). First, 10-fold serial dilutions (ranging from 100
to 10�3 ml, depending on turbidity) were prepared. Then, aliquots of the
original water sample (a 100-ml and a 250-ml aliquot) and of each dilu-
tion (a 10-ml aliquot) were passed through 0.45-�m mixed cellulose ester
filters (Millipore, Billerica, MA) using a PALL filtration system (PALL Life
Sciences, Ann Arbor, MI). The filters from the 100-ml and 10-ml aliquots
were then aseptically removed, placed onto MI agar (Becton, Dickinson
and Company, Franklin Lakes, NJ), and incubated at 37°C for 24 h, at
which time blue colonies (E. coli count) were counted under ambient light
conditions and fluorescent colonies (total coliform [TC] count) were
counted under long-wavelength (365-nm) fluorescent light. The limit of
detection was 0.01 CFU/ml of sample. The filter from the 250-ml aliquot
was transferred to a sterile tube containing 40 ml BPW, vortexed, and
incubated at 37°C for 24 h. Following incubation, this sample was ana-
lyzed for Salmonella and STEC using PCR, as described in “Detection of
Salmonella and STEC” below.

Detection of Salmonella and STEC. (i) DNA extraction. DNA extrac-
tion of preenrichment broths was accomplished by centrifuging 1-ml ali-
quots of each enriched sample at 16,000 � g for 3 min and then resus-
pending the pelleted cells in 100 �l of PrepMan Ultra sample preparation
reagent (Applied Biosystems, Foster City, CA). The mixtures were then
heated at 95°C for 10 min and centrifuged at 12,000 � g for 2 min, and 2
�l of each supernatant was removed for PCR amplification, as described
below.

(ii) PCR amplification. PCR amplification to detect the presence of
Salmonella enterica was performed using species-specific primers and
protocols. For Salmonella invA gene detection, we used a 25-�l PCR mix-
ture containing 1� PCR buffer (Promega, Madison, WI), 0.2 mM each
deoxynucleoside triphosphate (dNTP) (Life Technologies, Grand Island,
NY), 1.5 mM MgCl2, 1 �M each primer (Integrated DNA Technologies
[IDT], Coralville, IA), 0.25 �M probe, 1.5 U of GoTaq Hot Start polymer-
ase (Promega), and 2 �l of DNA template (BPW suspension) (42). Quan-
titative PCR (qPCR) consisted of 45 cycles of denaturation at 95°C for 15
s followed by annealing and extension at 60°C for 30 s in an iCycler ther-
mal cycler with the iQ5 real-time PCR detection system (Bio-Rad, Hercu-
les, CA). Fluorescence readings were acquired using the 6-carboxyfluores-
cein (FAM) channel, and the cycle threshold (CT) was obtained when the
readings crossed 30 units. The limit of detection was 10 CFU/25 g or 10
CFU/25 ml with enrichment.

(iii) PCR amplification for STEC. PCR amplification to detect the
presence of Shiga toxin genes stx1 and stx2 was performed using published
primers (43). Briefly, a 25-�l PCR amplification mixture containing 1�
PCR buffer (Promega), 0.1 mM each dNTP (Life Technologies), 2.5 mM
MgCl2, 0.5 �M each primer (Integrated DNA Technologies, Coralville,
IA), 1.25 U of GoTaq Hot Start polymerase (Promega), and 2 �l of DNA
template was amplified in a C1000 Touch thermal cycler (Bio-Rad). Cy-
cling parameters consisted of 95°C for 10 min, followed by 30 cycles of
denaturation at 94°C for 30 s, primer annealing at 58°C for 30 s, and
extension at 72°C for 30 s and a final extension at 72°C for 5 min. PCR
products were analyzed using an ethidium bromide-stained 1.5% agarose
gel, observed under UV light, and documented with a Molecular Imager
Gel Doc XR system (Bio-Rad). The limit of detection was 10 CFU/25 g or
10 CFU/25 ml with enrichment. E. coli O157:H7 EDL933 was used as a
positive control in all PCRs.
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Isolation of Salmonella and STEC. To isolate Salmonella, 15 ml of
tetrathionate (TT) Hajna broth (BD) with 1 ml of iodine solution was
inoculated with 1 ml of BPW suspension from an invA PCR-positive
sample and incubated at 37°C for 24 h. Then, a 10-�l aliquot was streaked
onto XLT4 agar (BD), incubated at 37°C for 24 h, and evaluated for pre-
sumptive Salmonella colony growth. For STEC isolation, BPW suspen-
sions were used following the colony hybridization method, as previously
described (44).

Statistical analysis. Data were analyzed using JMP version 10 (SAS
Institute Inc., Cary, NC) for all bacterial counts. All microbial counts were
log transformed to obtain a normal distribution and for statistical analy-
ses. The data were examined both pooled and unpooled, based on growing
season. Since indicator organism counts (APC, generic E. coli, and TC) for
compost, sediment, and irrigation water samples were not significantly
different between fall 2012 and spring 2013, data were pooled. For field
soil samples, there were significant differences for all indicator organism
counts based on growing season, so data were examined unpooled. For
leafy greens samples, there were significant differences for APC between
fall 2012 and spring 2013, so those data were examined unpooled. How-
ever, since generic E. coli and TC counts for leafy greens samples were not
significantly different based on growing season, those data were pooled.
Samples from individual farms were not analyzed separately. Prevalences
of indicator organisms among produce, soil, and irrigation water samples
from the different regions and farming systems were compared using
standard and multiple chi-square tests. Statistically significant differences
between sample types, region, sampling time, and farming system were
determined using Student’s t test. Regression analysis was used to examine
correlations between indicator bacteria for a particular sample type. For
all measures of association, P values of �0.05 were considered significant.

RESULTS
Microbiological survey of leafy greens and environmental sam-
ples. A total of 577 samples were collected from the 32 farms

sampled (see Table S1 in the supplemental material). Of the 577
samples collected, 140 were collected from central Maryland farms,
80 from Eastern Shore farms, 74 from Delaware farms, and 283 from
New Jersey farms. A total of 369 leafy greens samples (191 grown
using conventional practices and 178 using organic practices), 60 soil
samples, 13 pond sediment samples, 11 compost samples, and 124
water samples were collected (see Table S1 in the supplemental ma-
terial). Of the water samples, 93 were directly from the water source,
including 66 from wells (groundwater), 23 from ponds, 2 from rivers,
and 2 from the municipal water supply; the remaining 31 water sam-
ples were collected from the end of the irrigation system line. The
majority of farms (26 of 32) used overhead sprinkler irrigation, with
the remaining six farms using trickle (drip) irrigation.

Presence of pathogens on farms. The prevalence of Shiga
toxin genes was 0.3% (2/577) across all samples. One sample was
positive for stx1, and one sample was positive for stx2. Both Shiga
toxin gene-positive samples were collected from leafy greens sam-
ples (one from Delaware and the other from central Maryland).
STEC was not isolated from either of the samples positive for
Shiga toxin genes.

Out of 577 total samples, 4.2% (24/577) were qPCR positive for
invA (Table 1). The samples comprised 15 leafy greens samples, six
water samples, one compost sample, and two field soil samples.
Seven farms had two or more samples that were PCR positive for
invA. Growing season (fall 2012 versus spring 2013) was a signif-
icant factor for Salmonella PCR-positive leafy greens samples [�2

(1) � 7.52, P � 0.006]. There was no significant relationship be-
tween invA presence and sample type [�2 (4) � 1.70, P � 0.791],
sampling time [�2 (2) � 5.53, P � 0.063] or farming system [�2

(1) � 2.09, P � 0.148] (numbers in parentheses indicate degrees

TABLE 1 Salmonella-positive samples collected during fall 2012 and spring 2013a

Sample no. Date collected Sample typeb Region Farming system Farm no.

Salmonella

Serovar
qPCR positive
for invA

Culture
confirmed

1 24 September 2012 Spinach Delaware Organic DE3 Yes No
2 24 September 2012 Field soil Eastern Shore Organic ES1 Yes No
3 24 September 2012 Bok choy Central Maryland Organic MD8 Yes No
4 24 September 2012 Spinach New Jersey Organic NJ6 Yes No
5 1 October 2012 Groundwater New Jersey Conventional NJ10 Yes No
6 1 October 2012 Groundwater New Jersey Conventional NJ12 Yes No
7 9 October 2012 Bok choy Eastern Shore Organic ES1 Yes Yes Newport
8 9 October 2012 Spinach New Jersey Organic NJ7 Yes No
9 9 October 2012 Spinach New Jersey Organic NJ5 Yes No
10 9 October 2012 Groundwater New Jersey Organic NJ5 Yes No
11 15 October 2012 Spinach New Jersey Conventional NJ10 Yes Yes Mbandaka
12 15 October 2012 Spinach New Jersey Conventional NJ10 Yes Yes Mbandaka
13 15 October 2012 Spinach New Jersey Conventional NJ11 Yes Yes Mbandaka
14 15 October 2012 Spinach New Jersey Conventional NJ12 Yes Yes Mbandaka
15 15 October 2012 Kale Delaware Organic DE5 Yes Yes Mbandaka
16 22 October 2012 Spinach Central Maryland Organic MD2 Yes Yes Braenderup
17 22 October 2012 Spinach Central Maryland Organic MD8 Yes Yes Braenderup
18 13 May 2013 Groundwater New Jersey Conventional NJ11 Yes No
19 13 May 2013 Pond water New Jersey Conventional NJ14 Yes No
20 13 May 2013 Field soil New Jersey Conventional NJ15 Yes No
21 13 May 2013 Pond water New Jersey Organic NJ7 Yes No
22 20 May 2013 Lettuce Delaware Organic DE1 Yes No
23 20 May 2013 Collards Delaware Organic DE6 Yes No
24 20 May 2013 Pond sediment New Jersey Organic NJ7 Yes Yes Thompson
a Total number of samples by region: 140 (central Maryland), 80 (Eastern Shore), 74 (Delaware), and 283 (New Jersey).
b Leafy greens samples include both random and targeted; irrigation water samples include both source and end of line.
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of freedom). Salmonella was culture confirmed in nine of the sam-
ples positive for invA (Table 1). Eight of these positive samples
were leafy greens samples collected in fall 2012 from both conven-
tional and organic farming systems, split evenly between RLG and
TLG, and each geographic region was represented (four from New
Jersey, two from central Maryland, one from the Eastern Shore,
and one from Delaware). The most common serotype was S. en-
terica serotype Mbandaka (5/8); S. Braenderup (2/8) and S. New-
port (1/8) were also isolated from the leafy greens samples. A
significant relationship between Salmonella presence and growing
season was found [�2 (1) � 7.54, P � 0.006]. The ninth sample
from which Salmonella was isolated (S. Thompson) was a pond
sediment sample collected in spring 2013 from an organic farm in
New Jersey. The sediment sample was from a different New Jersey
farm than the Salmonella-positive leafy greens samples from that
region.

Indicator bacteria. Indicator bacteria were isolated from envi-
ronmental samples in each region and at each sampling date. Of
the 577 total samples analyzed, 89.9% (519/577) were positive for
APC, 10.2% (59/577) for generic E. coli, and 61.7% (356/577) for
TC. Total samples were split almost evenly between farming sys-
tems (organic farms, n � 285; conventional farms, n � 292),
though more than half (54.2%; 32/59) of samples positive for ge-
neric E. coli were collected from organic farms. As expected, sam-
ple type was a significant factor (P � 0.001) for all indicator bac-
teria. For organic farms, field soil samples had the highest average
APC and TC counts, and compost samples had the highest generic
E. coli counts (Table 2). For conventional farms, field soil samples
had the highest average APC, and pond sediment samples had the
highest average generic E. coli and TC counts. Compost was not
available for sampling at any of the participating conventional
farms. There was no significant relationship between the total
number of positive samples and farming system for APC [�2 (1) �
2.45, P � 0.118] or generic E. coli [�2 (1) � 0.05, P � 0.826].
However, there was a significant relationship between the total
number of positive samples and farming system for TC [�2 (1) �
10.42, P � 0.001], with organic farms having more TC-positive
samples (68.2%) than conventional farms (55.1%).

(i) Leafy greens samples. Of the 369 leafy greens samples ana-
lyzed, 98.9% (365/369) were positive for APC, 6.2% (23/369) for
generic E. coli, and 61.0% (225/369) for TC. Growing season was
not a significant factor for generic E. coli (P � 0.750) or TC (P �
0.163) levels, so data for leafy greens for those indicator organisms

were pooled. The variety of leafy greens (spinach, lettuce, or other,
which included bok choy and beet greens) was not a significant
factor for generic E. coli (P � 0.693) or TC (P � 0.222) counts, and
the percentage of samples positive for generic E. coli ranged from
5.4% (7/130) with spinach to 8.3% (3/36) with other (P � 0.803)
(Fig. 1). Farming system was not a significant factor for generic E.
coli levels (P � 0.646), and the number of positive leafy greens
samples was not significantly different [�2 (1) � 0.15, P � 0.697]
between organic and conventional farms (6.7% [12/178] and
5.8% [11/191], respectively) (Table 2). However, farming system
was a significant factor for TC (P � 0.001), and samples collected
from organic farms had higher counts (average, 2.04 log CFU/g)
than those from conventional farms (average, 1.30 log CFU/g)
(Table 2). Although more TC-positive samples were collected from
organic farms (71.3%) than from conventional farms (51.3%), they
were not significantly different (P � 0.052). Region was not a signif-
icant factor for generic E. coli levels (P � 0.250); however, region
was a significant factor for TC (P � 0.001), with central Maryland
having lower average counts. Sampling time was a significant fac-
tor for both generic E. coli (P � 0.003) and TC (P � 0.003) counts,

TABLE 2 Average indicator bacterial counts by sample type and farming system

Sample type

Organic farms Conventional farms

No. of
samples

Avg count, log CFU/g or log CFU/ml (% positive
samples)a

No. of
samples

Avg count, log CFU/g or log CFU/ml (% positive
samples)

APC E. coli
Total
coliforms APC E. coli

Total
coliforms

Leafy greens 178 5.71 a* (99) 0.10 b (7) 2.04 b* (71†) 191 5.37 a* (99) 0.12 b (6) 1.30 a* (51†)
Irrigation water 67 0.74 c (64) 0.10 b (12) 0.52 c (57) 57 0.62 c (51) 0.13 a (25) 0.58 b (47)
Field soil 26 5.89 a (96) 0.48 a* (23†) 3.00 a* (85) 34 5.67 a (100) 0.00 a* (0†) 1.71 a* (71)
Compost 11 5.70 ab (91) 0.83 a (27) 2.59 ab (91) 0 — — —
Pond Sediment 3 4.07 b (100) 0.54 ab (67) 1.31 abc (67) 10 4.11 b (100) 0.16 a (30) 2.00 a (80)
a Data for sample types having different letters were significantly different (P � 0.05) within the column. *, statistically significant difference between indicator bacterial counts of
organic and conventional samples for a given sample type. †, statistically significant difference between percent positive for organic and conventional samples for a given sample
type. —, no samples of that type were collected from that farming system. Data were log transformed prior to statistical analysis.

FIG 1 Average indicator bacterial counts (log CFU/g) (bars) and percentages
of positive samples (lines) for different leafy greens by variety. Each variety
consisted of random and targeted samples. “Other” includes bok choy, Swiss
chard, kale, and beet greens. The dashed line indicates the percentage of pos-
itive samples for generic E. coli. Variety of leafy greens (spinach, lettuce, or
other) was not a significant factor for any indicator bacteria. Data were log
transformed prior to statistical analysis. Standard error bars shown.
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with sampling time 3 having counts similar to (generic E. coli data;
average, 0.04 log CFU/g) or lower than (TC data; average, 1.26 log
CFU/g) those at sampling time 1 (average, 0.06 log CFU/g and
1.81 log CFU/g, respectively).

Growing season was a significant factor for APC (P � 0.004)
(fall 2012 samples had higher average counts), so data for that
indicator were examined unpooled. For produce samples col-
lected in fall 2012, leafy green variety (P � 0.259) and farming
system (P � 0.236) were not significant factors for APC. However,
sampling time (P � 0.001) and region (P � 0.004) were significant
factors, with sampling time 3 and central Maryland having lower
average counts, respectively. For produce samples collected in
spring 2013, neither leafy green variety (P � 0.071), farming sys-
tem (P � 0.078), nor region (P � 0.269) was a significant factor for
APC. However, sampling time (P � 0.001) was a significant factor,
and again, sampling time 3 had the lowest APC (average, 4.52 log
CFU/g) compared to sampling times 1 (average, 5.41 log CFU/g)
and 2 (average, 6.02 log CFU/g).

Bacterial counts on leafy greens were also assessed by TLG
versus RLG. The majority of TLG (42.0%; 63/150) were selected
because the plants had soiled leaves or the leaves were touching the
ground or plastic mulch. Other common reasons for TLG selec-
tion included plants below power lines or on the edge of the field
(16.0%; 24/150), diseased or unhealthy plants (8.7%; 13/150),
plants near signs of animal intrusion (such as tracks, feathers, or
fur) or contamination (such as scat) (8.0%; 12/104), plants in
flooded areas of the field (4.7%; 7/150), plants with noticeable
insect damage (4.7%; 7/150), plants near compost piles (4.0%;
6/150), or other (such as close proximity to weeds) (12.0%; 18/
104). Categories of TLG were based on potential risk factors iden-
tified and/or reviewed in previous publications (10, 45–47). Type
of leafy greens sample (TLG versus RLG) was not a significant
factor for APC levels in fall 2012 (P � 0.864) or spring 2013 (P �
0.176) or for generic E. coli (data pooled; P � 0.084), although
TLG had a higher rate of positive samples (9.3%; 14/150) than
RLG (4.1%; 9/219). However, type of leafy greens sample was a
significant factor for TC levels (data pooled; P � 0.027) with TLG
having higher counts (average, 1.88 log CFU/g) than RLG (aver-
age, 1.50 log CFU/g) (Table 3). The highest average TC counts
originated from leafy greens near compost piles (3.89 log CFU/g)
and with noticeable insect damage (3.32 log CFU/g).

(ii) Irrigation water samples. Of the 124 irrigation water sam-
ples analyzed, the majority consisted of groundwater (77.4%; 96/
124), and the remaining 28 samples (22.6%) consisted of surface
water (ponds, streams, and creek sources). Since U.S. municipal
water supplies are chlorinated, the two municipal water samples
collected from central Maryland were excluded from further data
analysis. Source of irrigation water was a significant factor for all
indicator bacteria (P � 0.001), and groundwater samples had
lower APC, generic E. coli, and TC counts and percent positive
samples than surface water samples (Fig. 2). Of the groundwater
samples, 45.7% (43/94) were positive for APC, 0.0% (0/94) were
positive for generic E. coli, and 40.4% (38/94) were positive for
TC. Of the surface water samples, 100.0% (28/28) were positive
for APC, 78.6% (22/28) were positive for generic E. coli, and
96.4% (27/28) were positive for TC. End-of-line groundwater
samples were not significantly different from source groundwater
samples for APC (P � 0.079) and TC (P � 0.059) levels; however,
a weak effect was observed in the latter (significant at a P value of
�0.1), with higher TC counts observed in end-of-line samples

(1.39 log CFU/100 ml versus 0.73 log CFU/100 ml) (Fig. 2A).
End-of-line samples also constituted a smaller proportion of the
APC- and TC-positive groundwater samples (15/43 and 14/38,
respectively) than the source samples (28/43 and 24/38). End-of-
line surface water samples were not significantly different from
source surface water samples in terms of APC (P � 0.943), generic
E. coli (P � 0.982), or TC (P � 0.163) levels (Fig. 2B). Region was
a significant factor for APC (P � 0.003) and TC (P � 0.009) in
groundwater samples, with New Jersey having lower (average,
0.63 log CFU/100 ml and 0.47 log CFU/100 ml, respectively)
counts than all other regions (Table 4). Sampling time was not a
significant factor for any indicator bacteria for groundwater or
surface water samples.

(iii) Field soil, compost, and sediment samples. Of the 60 field
soil samples analyzed, 98.3% (59/60) were positive for APC,
10.0% (6/60) for generic E. coli, and 76.7% (46/60) for TC. Grow-
ing season was a significant factor for APC (P � 0.006), generic E.
coli (P � 0.031), and TC (P � 0.001), with fall 2012 field soil
samples having higher average counts and generally more positive
samples for all three indicator organism (Fig. 3). Farming system
was a significant factor for TC (P � 0.001) in fall 2012 samples,
with field soil collected from organic farms having higher counts
(average, 3.56 log CFU/g) than those collected from conventional
farms (average, 2.28 log CFU/g). Sampling time was a significant
factor for APC in spring 2013 (P � 0.001) samples. Region was not
statistically significant for any of the indicator bacteria counts for
fall 2012 or spring 2013 field soil samples.

Of the 13 pond and river sediment samples analyzed, 100%
(13/13) were positive for APC, 38.5% (5/13) for generic E. coli, and
76.9% (10/13) for TC. The majority of sediment samples (69.2%;
9/13) were collected from New Jersey; the remaining samples were
collected from central Maryland (3/13) and the Eastern Shore (1/
13). No sediment samples were collected from Delaware.

Of the 11 compost samples analyzed, 90.9% (10/11) were pos-

TABLE 3 Average indicator bacterial counts for various targeted leafy
greens samples

Reason for TLGa n

Avg count (log CFU/g) � SDb

APC
Generic
E. coli

Total
coliforms

Soiled leavesc 63 5.59 � 1.01 0.12 � 0.48 1.54 � 1.45 b
Below power lines or

on edge of field
24 5.47 � 1.64 0.08 � 0.28 1.80 � 1.40 ab

Diseased plants 13 4.63 � 1.48 0.23 � 0.60 2.60 � 1.77 ab
Signs of animalsd 12 5.61 � 0.57 0.22 � 0.78 1.07 � 1.42 b
In flooded areas 7 6.70 � 1.36 0.29 � 0.76 2.36 � 2.19 ab
Insect damage 7 6.18 � 1.00 0.35 � 0.94 3.32 � 2.40 ab
Near compost piles 6 4.77 � 2.57 0.35 � 0.86 3.89 � 0.49 a
Othere 18 6.32 � 0.85 0.14 � 0.41 1.82 � 1.72 ab

RLG 219 5.50 � 1.28 0.07 � 0.41 1.50 � 1.61
a TLGs consisted of samples collected from a targeted area within the field, as specified;
random leafy greens (RLG) were included for comparison.
b Different letters indicate significant differences (P � 0.05) among various targeted
leafy greens within the column. Reason for TLG was not significant for APC (P �
0.076) or generic E. coli (P � 0.852). Data were log transformed prior to statistical
analysis.
c Also includes plants with leaves touching the ground or plastic mulch.
d Includes signs of animal intrusion (such as tracks or fur) and contamination (such as
scat).
e Includes close proximity to weeds and volunteer leafy green plants.
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FIG 2 (A) Average indicator bacterial counts (log CFU/100 ml) (bars) and percentages of positive samples (lines) for groundwater irrigation. (B) Average
indicator bacterial counts (log CFU/100 ml) (bars) and percentages of positive samples (lines) for surface water irrigation. Groundwater included shallow and
deep wells; surface water included ponds, creeks, and streams. Irrigation water samples consisted of source and end-of-line samples. F, number of individual
farms represented by region. CFU per 100 ml of aerobic mesophilic bacteria (APC), generic E. coli, and total coliforms (TC) were averaged across source or
end-of-line samples from farms using groundwater in Delaware (n � 15 and n � 5), eastern Maryland (ES) (n � 13 and n � 3), central Maryland (MD) (n �
7, source only), and New Jersey (n � 31 and n � 20) and across source or end-of-line samples from farms using surface water in eastern Maryland (n � 5, source
only), central Maryland (n � 9 and n � 2), and New Jersey (n � 1 and n � 1). No Delaware farms using surface water participated in this study. Source of
irrigation water was a significant factor (P � 0.001) for all indicator bacteria. No generic E. coli was detected in any of the groundwater samples. Data were log
transformed prior to statistical analysis. Standard error bars shown.
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itive for APC, 27.3% (3/11) for generic E. coli, and 90.9% (10/11)
for TC. The majority of compost samples (54.5%; 6/11) were col-
lected from New Jersey; the remaining samples were collected
from central Maryland (2/11) and Delaware (3/11). No compost
samples were collected from the Eastern Shore.

Associations among sample types. There was a significant re-
lationship between generic E. coli prevalence on leafy greens and
sampling time [�2 (2) � 8.45, P � 0.015] and type (TLG versus
RLG) [�2 (1) � 4.16, P � 0.041] but not between farming system
[�2 (1) � 0.15, P � 0.697], region [�2 (3) � 6.04, P � 0.110], or
variety (spinach, lettuce, or other) [�2 (2) � 0.44, P � 0.802].
There was no association between the number of leafy greens sam-
ples that were culture confirmed for Salmonella and sampling time
[�2 (2) � 3.31, P � 0.191], region [�2 (3) � 0.11, p � 0.991], or
farming system [�2 (1) � 0.01, p � 0.920]. However, there was an
association between the number of leafy greens samples that were
culture confirmed for Salmonella and growing season [�2 (1) �
7.54, P � 0.006].

There was a significant relationship between generic E. coli
prevalence in irrigation water and region [�2 (3) � 13.11, P �
0.004] but not between sampling time [�2 (2) � 0.41, P � 0.813]
or irrigation water type (source versus end of line) [�2 (1) � 1.96,
P � 0.161]. APC was strongly correlated with TC count (P �
0.001, r2 � 0.882) for irrigation water samples but only moder-
ately correlated with generic E. coli (P � 0.001, r2 � 0.395). TC
counts were moderately correlated with E. coli counts (P � 0.001,
R2 � 0.404).

For both fall 2012 and spring 2013 field soil samples, there was
not a significant relationship between generic E. coli prevalence in
soil and region [�2 (3) � 2.34 (P � 0.505) and �2 (3) � 0.30 (P �
0.960)], sampling time [�2 (2) � 2.19 (P � 0.334) and �2 (2) �
2.97 (P � 0.226)], or farming system [�2 (1) � 3.69 (P � 0.055)
and �2 (1) � 0.36 (P � 0.549)]. However, TC counts in field soil
were marginally correlated with APC counts (P � 0.098, r2 �

0.047) on leafy greens and were moderately correlated with TC
counts (P � 0.002, r2 � 0.151) on leafy greens.

There was no association between any indicator bacterial
counts in irrigation water and leafy greens or between irrigation
water and field soil.

DISCUSSION

This report on the microbiological quality of leafy greens from
small- and medium-size farms is, to our knowledge, the most
extensive survey of its kind carried out in the mid-Atlantic region
to date. Although STEC was not isolated, S. enterica was culture
confirmed in 2.2% of leafy greens samples. S. Mbandaka was the
most common serotype identified, and data from the Food-Borne
Disease Outbreak Surveillance System indicate that among food-
related illnesses caused by S. Mbandaka between 1998 and 2008,
more than half were associated with plant commodities (48). In-
terestingly, we also isolated S. Braenderup from two of our leafy
greens samples. Although this serotype is less common in food-
borne outbreaks than S. Mbandaka and S. Newport, it has been
associated with outbreaks involving iceberg lettuce in the United
Kingdom (49). S. Newport has also caused tomato-associated out-
breaks in the mid-Atlantic region (16) and has been previously
isolated from other farms there (25). Only a limited number of
studies have been conducted in the United States to investigate the
prevalence of Salmonella and STEC on leafy greens at the farm
level. Previous reports have indicated a very low level (�2%) of
Salmonella contamination and largely an absence of STEC on pre-
harvested produce, ranging from 0 to 0.3% (34, 50–53). The de-
tection of 2.2% of Salmonella-positive leafy greens samples in this
study appears to be higher than previously reported. Interestingly,
all the Salmonella-positive leafy greens samples that were culture
confirmed were collected in October 2012, and a significant asso-
ciation was found with growing season but not with farming sys-
tem, region, or sampling time within a season. The recovery of
Salmonella from leafy greens samples in the fall points to a signif-
icant contamination risk, possibly caused by a combination of
factors. Specific seasonal events and potential pathogen sources

TABLE 4 Average aerobic mesophilic bacterial and total coliform
counts in groundwater samples by regiona

Region Sample type n

Avg count (log CFU/100 ml) � SDb

Aerobic mesophilic
bacteria

Total
coliforms

Delaware Source 15 1.27 � 1.75 1.23 � 1.75
End of line 5 3.59 � 0.74 3.30 � 1.71
Total 20 1.84 � 2.00 a 1.75 � 1.93 a

Central Maryland Source 7 2.50 � 1.31 1.50 � 1.27
End of line 0 — —
Total 7 2.50 � 1.31 a 1.50 � 1.27 ab

Eastern Shore Source 13 1.04 � 1.63 1.04 � 1.77
End of line 3 1.76 � 2.03 1.37 � 2.12
Total 16 1.18 � 1.66 ab 1.10 � 1.77 ab

New Jersey Source 31 0.36 � 0.78 0.18 � 0.44
End of line 20 1.04 � 1.04 0.92 � 1.78
Total 51 0.63 � 1.30 b 0.47 � 1.20 b

a Groundwater samples included shallow and deep wells; municipal water samples are
omitted from this table. No generic E. coli was detected in any of the groundwater
samples.
b Data for regions having different letters were significantly different (P � 0.05) within
the column. Data were log transformed prior to statistical analysis. —, no end-of-line
groundwater samples were collected from that region.

FIG 3 Average indicator bacterial counts (log CFU/g) (bars) and percentages
of positive samples (lines) for field soil by growing season. Field soil samples
consisted of mixed surface and subsurface layers. The dashed line indicates the
percentage of positive samples for aerobic mesophilic bacteria (APC), generic
E. coli, and total coliforms (TC). Growing season (fall 2012 versus spring 2013)
was a significant factor (P � 0.05) for all indicator bacteria; asterisks indicate
degree of significance (*, P � 0.05; **, P � 0.001) for a given indicator organ-
ism between the two growing seasons. Data were log transformed prior to
statistical analysis. Standard error bars shown.
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other than those assessed could be contributing to the introduc-
tion into and persistence of foodborne pathogens in the farm eco-
system.

Although reported pathogen prevalence on produce samples
tends to be low, pathogen prevalence in the agricultural environ-
ment varies. In a major leafy vegetable production region in cen-
tral California, previous research has found the highest Salmonella
contamination rate (7.1%) in water, followed by wildlife feces
(4.3%) and soil/sediment (2.6%) (52). More recently, a two-
and-a-half-year survey of farms growing leafy greens within
that region found that 6.3% of water samples and 4.3% of
sediment samples had detectable levels of Salmonella (54). Sal-
monella was also present in the majority (65%) of samples taken
bimonthly at watershed sites in the vicinity of the central Califor-
nia leafy greens growing region (55), and in New York state, 9.2%
of irrigation water samples and 2.2% of soil samples collected
from fruit and vegetable farms were found to be Salmonella posi-
tive (26). In our study, only one pond sediment sample was cul-
ture confirmed for Salmonella. This low pathogen prevalence in
the environment agrees with our previous survey on mid-Atlantic
tomato farms performed in summer of 2012, where no Salmonella
or STEC was isolated from 163 environmental samples from the
same region (36).

Salmonella was isolated from spinach, kale, and bok choy on
three separate sampling dates in October 2012, from organic and
conventional farms geographically separated from each other in
three different states. The diversity in type of leafy greens samples,
on-farm production practices, and geography suggests that a fac-
tor with widespread influence, such as climate, may have played a
role. Climate change and weather patterns are being recognized as
drivers of transmission of human pathogens in ecosystems, as well
as playing a role in pathogen survival and persistence in the envi-
ronment (56, 57). In our study, most of the participating farms
were impacted by Hurricane Sandy, the second most destructive
tropical cyclone to hit the United States since 1900 (58). Hurri-
cane Sandy made landfall in the mid-Atlantic on 30 October 2012,
causing a catastrophic storm surge and dropping more than 8 in.
of rain in Maryland, Delaware, and New Jersey as it traveled in a
north-northeast direction (58). Consequently, we expected to see
elevated levels of bacterial indicator organisms and human patho-
gens in our environmental samples collected following Hurricane
Sandy, as a result of higher rainfall, damaging winds, flooding, and
increased movement of wildlife across urban and agricultural
landscapes. Previous research in North Carolina had found ge-
neric E. coli densities as high as 1.3 � 104 CFU/100 ml within the
Pamlico Sound (an estuary which drains nearby low-lying agricul-
tural fields) immediately following Hurricane Floyd (September
1999), as hurricane floodwaters largely replaced the estuary
water (59). Over the next month as floodwaters receded, E. coli
densities decreased at some collection sites but increased at others.
Surprisingly, in our study, no pathogens were recovered and levels
of bacterial indicator organisms and enteric pathogens were not
elevated following Hurricane Sandy, despite heavy rainfall and
tidal flooding. It is possible that crops in fields that receive heavy
rain, but do not flood, could experience a washing effect of phyl-
lospheric microbiota, thus explaining the absence of spikes in in-
dicator counts following the storm. Hurricane Sandy also merged
with an Arctic cold front prior to making landfall (60), and the
resulting temperature fluctuations and near-freezing conditions
along the East Coast (61) likely hindered bacterial growth.

In this study, sampling time was identified as a key factor af-
fecting the carriage of bacterial indicators in produce and soil
samples, as evidenced by the fact that samples collected during fall
sampling time 3 (occurred between late October and early No-
vember 2012) tended to yield lower TC counts and/or APC levels
and spring sampling time 3 lower APC levels. Ailes et al. observed
higher concentrations of TC and higher APC on collards and spin-
ach harvested in fall compared to winter (62), which agrees with
our data from sampling time 3 during an unseasonably cold sea-
son (60). The dynamic changes in microbiological quality of pro-
duce and soil samples are attributable to weather conditions (such
as temperature, precipitation patterns, humidity, and UV light) and
farm practices and management (such as irrigation use, chemical in-
puts, and soil amendments), which all vary by season. Increased tem-
perature and rainfall were indicated as the most important factors
contributing to the persistence, survival, and spread of E. coli
O157:H7 and Salmonella in produce and reservoirs, such as ma-
nure, compost, soil, and surface water (57). In a study examining
factors affecting the occurrence of E. coli O157:H7 contamination
in irrigation ponds, the variation among samples in E. coli
O157:H7 levels, bacterial diversity, and culturable bacteria (in-
cluding fecal coliforms) was associated with season (63). In this
study, Salmonella was detected in leafy greens only in October,
prior to Hurricane Sandy, and not during any other sampling
time. This may have been due to seasonal differences in microbial
diversity within the leafy greens phyllosphere community (64),
impact of leaf age on Salmonella growth rates (13, 65), or local
weather events prior to sampling. In the United States, 2012 was
also the warmest year on record (66), and previous work on cilan-
tro has shown that Salmonella can achieve a high population den-
sity on foliage at temperatures of 30°C (67). The warm year could
have favored survival of Salmonella in the agro-environment, al-
though no Salmonella was detected prior to October in this study.
Bacterial populations in the phyllosphere frequently fluctuate,
and subpopulations of the indicator bacteria we quantified may
largely reflect the environmental conditions present at the time
and place of sampling (reviewed in reference 68). Unfortunately,
sampling time integrates multiple factors which require rigorous
testing to identify, making the development of management prac-
tices that minimize the risk of enteric pathogen contamination of
produce very challenging.

We also found that organic farms yielded more leafy greens
and field soil samples positive for TC than conventional farms,
and TC levels were significantly higher on those sample types from
organic farms. Several studies have compared the prevalence of
various indicator microorganisms on organic and conventional
vegetables at the farm or retail level. Maffei and colleagues re-
ported that some organic produce varieties such as lettuce, chic-
ory, catalogna, and collard greens available in retail markets in
Brazil had greater microbial counts than conventional items (69),
which is similar to what Bohaychuk et al. found in Canadian farm-
ers’ markets (70). Assessment of the microbial quality of fresh
produce collected from farms in the United States (34) and Spain
(71) showed that organic products had significantly higher TC
counts and a higher percentage of generic E. coli-positive samples.
In this study, however, higher TC counts in leafy greens samples
did not coincide with increases in generic E. coli or pathogen re-
covery (Table 2). Seeing that the adequacy of TC counts as predic-
tors of foodborne pathogen occurrence in surface waters has been
questioned as a result of weak or no correlations with enteric
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pathogens (72, 73), the higher TC concentrations from leafy
greens obtained in this study do not support discrepancies in food
safety risk as a result of organic versus conventional farming prac-
tices, since they did not correlate with higher pathogen isolation
rates or generic E. coli counts. In spite of the limited value of using
TC counts to assess food safety risks, this measure does indicate
that farming system can impact the microbiological status of leafy
greens production, which has implications for sustainable agricul-
ture systems.

Leafy greens are easily contaminated due to large leaf surface
areas and leaf topographical features, which facilitate the attach-
ment or entrapment of microorganisms (15, 74). Although wrap-
per leaves that could collect more debris from the air or the
ground are typically removed from head and cos lettuce before
market, all leaves are marketed in many leafy green varieties such
as baby spinach and baby leaf lettuce. In our study, significantly
higher TC counts were obtained from leafy greens samples tar-
geted for their proximity to compost heaps than from samples
having soiled leaves or close to areas where signs of animal intru-
sion were present. A number of organic farms we visited per-
formed composting of animal or plant waste on site, in close prox-
imity to leafy greens production areas. Publications on the
transmission of aerosolized enteric pathogens are sparse; how-
ever, strains of E. coli and S. enterica have been recovered at dis-
tances up to 125 m downwind from liquid hog manure applica-
tion (75). Interestingly, the predominant bacterial species in
aerosols may be different from those within fresh or dry manure,
as was shown recently with cow manure at dairy farms (76) and
beef cattle feedlots (77). Although compost piles at participating
farms were separated from vegetable growing areas, maintenance
(static or turned, on concrete slab or bare ground, etc.), barriers
(covered or not, etc.), and environmental conditions varied, and
growers were not asked to adjust their practices during the study.
In this study, no confirmatory tests were conducted to track the
source of TC on leaves. Further data are needed to assess risks
associated with aerosolization of microorganisms and the impact
of field placement and proximal surroundings and activities, in-
cluding not only composting and compost storage but also animal
operations and application of manure amendments to adjacent
fields.

Splash-mediated soil dispersal was a potential contamination
route for human-pathogenic bacteria onto fresh produce (78, 79),
and the transfer of foodborne pathogens to external produce sur-
faces via contact with contaminated soil has been reported (80,
81). However, evidence also supports the notion that selection for
phyllospheric microbial community members is largely plant reg-
ulated and less influenced by environmental factors such as water
type (82) or airborne migration (83), which might explain why
soiled leaves did not harbor significantly higher indicator bacterial
counts. In any case, field surroundings and activities close to har-
vest are of concern in small- to medium-size farms, which tend to
have larger production areas exposed to such risk factors. Estab-
lishment of buffer zones (a vegetative buffer zone or nonagricul-
tural lands such as riparian forest plantings, wetlands, or grass-
lands) between the agricultural field(s) and potential environmental
pathogen reservoirs has been demonstrated as an effective way to
reduce pathogen prevalence in crops (26), but this may not be feasible
for small farms with limited production acreage.

Irrigation water contaminated with high levels of enteric bac-
teria, viruses, protozoa, or helminths can result in increased fre-

quency of pathogen isolations from harvested produce (63, 84,
85). The use of groundwater as an irrigation water source is com-
mon and preferred in the mid-Atlantic region, as groundwater is
considered to have microbiological quality superior to that of sur-
face water. In this study, a greater proportion of the groundwater
samples positive for APC and TC were collected from the source,
suggesting microbial intrusion into the well. Routine inspection
and maintenance of the well casing, cap, and seals are therefore
recommended to ensure structural integrity, and surface runoff
should be directed away from wellheads. A marginal increase of
0.7 log CFU/100 ml in TC levels was also detected at the ends of
irrigation lines delivering water to crops when groundwater was
used, although the effect was weak and not significant at a P value
of �0.05. This observation was also made in a previous study
conducted during the summer on tomato fields in the same re-
gion, where a stronger and statistically significant effect was ob-
served (P � 0.001) (34). This increase in microbial load in
groundwater moving through irrigation lines might also be season
dependent, with a more pronounced effect in the warmer summer
months. Water may become contaminated by runoff from nearby
livestock and poultry operations or from excessive land applica-
tion of manure. Runoff may transport pathogens from the origi-
nal field site of manure application to water bodies serving as
irrigation sources (86, 87). Although the impact might be tran-
sient, irrigation methods (such as overhead sprinkler, surface-ap-
plied furrow, or subsurface trickle [drip] irrigation) can influence
the microbiological quality of produce (88, 89). Trickle (drip)
irrigation is considered to have a lower risk for contaminating
produce since water does not contact the edible parts of produce;
previous research has shown internalization and persistence of E.
coli O157:H7 in lettuce leaves following spray irrigation with con-
taminated water (90). In contrast, a study using groundwater or
surface water for pesticide mixing and application to tomatoes
revealed no significant impacts to tomato fruit microbial commu-
nities (82).

In this study, the majority of participating farms (26 of 32)
used overhead irrigation for leafy greens; however, no association
was found between indicator bacterial counts in irrigation water
and bacterial counts on leafy greens or between irrigation water
and field soil. Regardless, practices that increase the potential risk
of pathogen contamination should be reduced or eliminated. The
establishment of pathogens in biofilms attached to the inside of
irrigation lines is a potential risk that could lead to irrigation water
contamination. Testing irrigation water at the end of irrigation
lines, rather than at the source, is a simple measure that would iden-
tify any problems within irrigation lines. These findings continue to
support the need for establishment of irrigation line maintenance
guidelines.

Taking the findings together, this current study generated
baseline microbiological data for small- and medium-scale farms
growing leafy greens in the mid-Atlantic region. The presence of
Salmonella in preharvest leafy greens within a specific time frame
in the fall points to potential risks associated with growing season
which are yet unidentified. Since leafy greens in the mid-Atlantic
region are grown mainly in the spring and autumn, seasonal fac-
tors that interact with climate, such as field placement and proxi-
mal surroundings or activities might be the most important deter-
minants contributing to microbiological inputs with food safety risk
implications on small- and medium-size farms. Future work should
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assess these risks in a commodity-specific manner and at the local and
regional scales.
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