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ABSTRACT Alternative irrigation waters (rivers, ponds, and reclaimed water) can
harbor bacterial foodborne pathogens like Salmonella enterica and Listeria monocyto-
genes, potentially contaminating fruit and vegetable commodities. Detecting foodborne
pathogens using qPCR-based methods may accelerate testing methods and procedures
compared to culture-based methods. This study compared detection of S. enterica and
L. monocytogenes by qPCR (real-time PCR) and culture methods in irrigation waters to
determine the influence of water type (river, pond, and reclaimed water), season (winter,
spring, summer, and fall), or volume (0.1, 1, and 10 L) on sensitivity, accuracy, specific-
ity, and positive (PPV), and negative (NPV) predictive values of these methods. Water
samples were collected by filtration through modified Moore swabs (MMS) over a 2-year
period at 11 sites in the Mid-Atlantic U.S. on a bi-weekly or monthly schedule. For qPCR,
bacterial DNA from culture-enriched samples (n = 1,990) was analyzed by multiplex qPCR
specific for S. enterica and L. monocytogenes. For culture detection, enriched samples
were selectively enriched, isolated, and PCR confirmed. PPVs for qPCR detection of S.
enterica and L. monocytogenes were 68% and 67%, respectively. The NPV were 87% (S.
enterica) and 85% (L. monocytogenes). Higher levels of qPCR/culture agreement were
observed in spring and summer compared to fall and winter for S. enterica; for L.
monocytogenes, lower levels of agreement were observed in winter compared to spring,
summer, and fall. Reclaimed and pond water supported higher levels of qPCR/culture
agreement compared to river water for both S. enterica and L. monocytogenes, indicating
that water type may influence the agreement of these results.

IMPORTANCE Detecting foodborne pathogens in irrigation water can inform interven-
tions and management strategies to reduce risk of contamination and illness associated
with fresh and fresh-cut fruits and vegetables. The use of non-culture methods like
gPCR has the potential to accelerate the testing process. Results indicated that pond Editor Luxin Wang, University of California Davis,
and reclaimed water showed higher levels of agreement between culture and qPCR Davis, California, USA

methods than river water, perhaps due to specific physiochemical characteristics of the s e e S e e SRS,
water. These findings also show that season and sample volume affect the agreement manan.sharma@usda.gov.

of qPCR and culture results. Overall, gPCR methods could be more confidently utilized
to determine the absence of Salmonella enterica and Listeria monocytogenes in irrigation
water samples examined in this study.
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Iternative water sources (rivers, ponds, and reclaimed water) are used to irrigate

fruit and vegetable crops in order to conserve groundwater, a critical resource.
However, irrigation waters can harbor foodborne pathogens such as Shiga-toxin-produc-
ing Escherichia coli, Salmonella enterica, and Listeria monocytogenes (1-3). Fresh produce,
like leafy greens, melons, tomatoes, and cucumbers, irrigated with contaminated water,
can lead to outbreaks of foodborne illness. The development of rapid and accurate
detection (PCR-based) methods for bacterial pathogens like S. enterica and L. monocyto-
genes could offer cost- and time-saving benefits for fruit and vegetable growers, as well
as shippers and distributors of produce.

Currently, culture-based methods offer reliable and standardized procedures for
pathogen detection in water or pre-harvest produce environments (4). However, culture
methods are time-consuming, with non-selective and selective enrichment steps taking
up to 7 days or more for final confirmation of a specific pathogen (5). In addition,
these methods can be quite laborious, requiring extensive time for media preparation,
numerous transfer steps from one media to another, and several incubation periods each
lasting 24 h or longer depending on the specific pathogen. In some cases, real-time
PCR (referred to as quantitative PCR, gPCR, in this work) may provide similar levels
of sensitivity for detection of pathogens (6), and multiplex gPCR can simultaneously
identify multiple pathogens in various food and other matrices (4). PCR-based detection
methods offer faster results compared to culture-based methods, potentially eliminating
the need for selective enrichment steps and biochemical confirmations in some cases. If
a qPCR method was determined to be as sensitive as culture-based methods, then their
use would represent a step-wise improvement to allow growers and regulators to make
water-use decisions more quickly. Park et al. (7) developed a multiplex qPCR assay for
the simultaneous detection of Salmonella, Campylobacter, and E. coli O157:H7 in water
samples. Ding et al. (8) developed a multiplex gPCR technique combined with a primary
enrichment step suitable for the detection of Staphylococcus aureus, L. monocytogenes,
and S. enterica in raw milk and the dairy farm environment (feces, soil, feed, and water).

Our current study modified a multiplex qPCR assay developed for the detection of
S. enterica, L. monocytogenes, and E. coli O157:H7 in pork samples which included a
prior primary, non-selective enrichment step (9). The objective of the study presented
here was to compare the detection of S. enterica and L. monocytogenes by culture-based
methods and qPCR-based methods from non-selective enrichments to expedite the
detection of pathogens in irrigation waters. Alternative irrigation water sources in the
Mid-Atlantic U.S. were analyzed and the influence of sample volume, water type (source),
and season on the agreements of qPCR- and culture-based results were investigated.
For work presented here, the gPCR method refers to the technique formerly known as
real-time PCR and PCR results here are reported in a positive /negative context without a
quantitiatve component.

MATERIALS AND METHODS
Sample collection

Water samples were collected by filtration through modified Moore swabs (MMS) over
a 2-year period from a total of 11 sites. These included three reclaimed water plants,
two tidal/brackish rivers, four non-tidal freshwater creeks (classified as rivers), and
two agricultural ponds, all located in the Mid-Atlantic region of the U.S. as previously
described (2, 3). At each sampling event, 0.1, 1, and 10 L samples were taken, in triplicate,
and filtered through a MMS. Previous work used these volumes to quantify S. enterica
and L. monocytogenes levels using a Most Probable Number (MPN) assay (2, 3).

Water sample pre-enrichment

MMS swabs were pre-enriched in 100 mL of Universal Pre-enrichment Broth (UPB,
Neogen, Lansing, MI) in Whirl-pak bags (Nasco, Fort Atkinson, WI). Sample bags
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containing MMS were hand massaged for 1 min, followed by static incubation at 37°C
for 18-24 h. Following incubation, sample bags were homogenized by hand massage
for 1 min. Pre-enriched samples (40 mL) were transferred to a 50-mL conical tube (VWR,
Radnor, PA) for retention and microbial analysis.

Pre-enrichment DNA extraction

For the gPCR-based method (hereafter referred to as gPCR method), DNA was extracted
from UPB-enriched (pre-enriched) samples. Briefly, 1 mL of the pre-enriched samples (n
= 1,990) was transferred to a 1.5-mL microcentrifuge tube and centrifuged (Eppendorf
5425, Hamburg, Germany) at 13,200 rpm (16.1 x 1,000 x g) for 5 min. The supernatant
was discarded and pellets were frozen at —20°C until prepared for DNA extraction. DNA
was extracted using the Isolate Il Genomic DNA kit (Bioline, Memphis, TN) according
to the manufacturer’s instructions with the following modifications: (i) pellets were
suspended in a user-made lysis buffer (supplemental material) and incubated at 37°C for
1 h; and (ii) a two-step elution process was used following the manufacturer’s alternative
directions. Extracted DNA was stored at —20°C until ready for qPCR assay.

Pathogen isolation from water samples

For isolation of pathogens from water samples, pre-enriched samples (n = 1,990) were
subjected to pathogen-specific secondary enrichment, followed by plating on selective
media. For S. enterica isolation, 1T mL and 100 pL of the pre-enriched sample were
transferred to 9 mL of tetrathionate (TT, Accumedia) broth and 10 mL of Rappaport
Vassiliadis (RV, Accumedia) broth, respectively, for selective enrichment. Samples were
incubated at 42°C for 18-24 h. Selective enrichments were plated onto XLT4 agar and
incubated at 37°C for 18-24 h. Three presumptive black S. enterica isolates per swab were
selected, streaked on a new XLT4 plate, and incubated at 42°C for 18-24 h for isolation.
Isolates were resuspended in 1 mL of TSB supplemented with 15% glycerol (vol/vol) and
stored at —80°C for retention.

For L. monocytogenes isolation, T mL of the pre-enrichment was transferred to 9 mL
of Buffered Listeria Enrichment Broth (BLEB; Neogen, Lansing, MI) containing 10 mg/L
acriflavin, 50 mg/L cycloheximide, and 40 mg/L sodium nalidixic acid, and incubated at
37°C for 18-24 h. Ten microliters of the enriched broth were streaked onto RAPID’L.mono
medium and incubated at 37°C for 48 h. Three presumptive turquoise L. monocytogenes
isolates per dilution were transferred to a RAPID’L.mono plate and incubated at 37°C for
18-24 hfor isolation. A single colony was transferred into 1 mL of TSB supplemented with
15% glycerol (vol/vol) and 0.6% yeast extract (wt/vol) and stored at —80°C.

Bacterial isolate DNA extraction

DNA extraction of these isolates from culture enrichment was conducted using
the InstaGene Matrix DNA Kit (Bio-Rad, Hercules, CA), following the manufacturer’s
instructions with one modification. Instead of suspension in water and pelleting by
centrifugation, a single colony was transferred directly to 200 pL of InstaGene matrix in a
1.5-mL microcentrifuge tube. Extracted DNA was stored at —20°C until ready for real-time
PCR confirmation.

qPCR assay

qPCR was performed on DNA extracted from pre-enrichments and presumptive
pathogen DNA extracted from culture isolation, using the methods and primers
previously described by Kawasaki et al. (9). A multiplex real-time PCR assay for S. enterica
and L. monocytogenes was conducted on a CFX96 Touch real-time PCR system (Bio-Rad)
or an Mx 3005P QPCR system (Agilent, Santa Clara, CA, USA) using the SensiFAST Probe
Lo-ROX kit (Bioline). PCR cycling parameters included: an initial denaturation of 10 min
at 95°C, followed by 40 cycles of: 20 s at 95°C, 30 s at 64°C, and 30 s at 72°C, and a
final extension of 7 min at 72°C. Details on primer sequences, reaction composition,
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and thermal cycling conditions are provided with the data set. For S. enterica, primers
targeted a Salmonella-specific gene (yfiR) (10).

S. enterica and L. monocytogenes detection and confirmation

For qPCR results from pre-enriched samples, positive detection was determined when
the Cycle threshold (Cy) value was <35. For culture results, the MMS were considered
positive when a presumptive isolate from a water sample of either S. enterica or L.
monocytogenes was confirmed by qPCR assay.

Statistical analysis

To compare qPCR method results with the culture method results, sensitivity (true
positive percentage), specificity (true negative percentage), accuracy (percentage of
true positives and true negatives), positive predictive value (PPV; the probability that a
positive result was a true positive), and negative predictive value (NPV; the probability
that a negative result was a true negative) were calculated using the epiR package
version 2.0.57 (11) in R version 4.2.2 (12). Formulas for these terms are listed in Table 1.
The culture method result was used as the basis for the determination of the aforemen-
tioned values. Samples that were positive or negative by both methods were considered
true positives and true negatives, respectively. Samples with qPCR negative and culture
positive results were categorized as false negatives; samples with gPCR positive and
culture negative results were categorized as false positives.

To evaluate the influence of filtration volume, water type, and season on agreement
between qPCR and culture method results, a mixed effects logistic regression model
was constructed using the Ime4 package version 1.1-31 (13) in R. The fixed effects of
the model were filtration volume, water type, and season with site of water collection
included as a random effect. Models were constructed separately for S. enterica and L.
monocytogenes data. The dependent variable of these models was qPCR/culture method
agreement, where a “1” indicated either a true positive or a true negative result. A
“0" indicated mixed results, either a false positive or false negative. Logistic regression
models for each water type (pond, reclaimed, and river) used the 0.1 L filtration volume,
and the Fall season as the reference model. Odds ratios (ORs) were calculated from
logistic regression coefficients to compare the likelihood of method agreement by
sampling volume and season. Odds ratios >1 denote that a variable increases the
likelihood that qPCR and culture results will agree, whereas odds ratios <1 denote that
a variable decreases the likelihood of method agreement. Statistical significance in this
study was defined by P values <0.05.

Logistic regression models were visualized using the “effects” package version 4.2-2
(14) in R. The “effects” package calculates probabilities from logistic regression model
coefficients by building separate models that consider the effects of each level of a
variable (water type, season, or volume), while all other model coefficients are scaled by
their means to represent their average effects on the model. Resulting model coefficients
for the levels of each variable are converted from log-odds to probabilities using the
inverse-logit function. The resulting plots demonstrate the individual effects that each

TABLE 1 Definitions of sensitivity, specificity, accuracy, positive predictive value, and negative predictive value®

Microbiology Spectrum

Term Description

Sensitivity Percentage of true positives

Specificity Percentage of true negatives

Accuracy Percentage of true positives and true negatives (or culture, qPCR agreement) (TP + TN)/(TP + FP + TN + FN)]
Positive predictive value Probability that a gPCR positive indicates a true positive

Negative predictive value Probability that gPCR negative indicates a true negative

TP, true positive (both the culture method and qPCR method detected the pathogen from the same sample; FN, false negative—ulture method detected pathogen but
PCR method did not; TN, true negative (both the culture method and qPCR method did not detect the pathogen from the same sample); FP, false positive (the culture

method did not detect the pathogen in the sample but the gPCR method did).
®Values listed in Tables 2 to 6 are percentages.
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variable (filtration volume, water type, or season) has on the probability of gPCR and
culture methods agreement.

RESULTS
Performance of qPCR in comparison to standard culture methods

In this study, the performance of a multiplex qPCR method versus standard culture
methods was evaluated according to pathogen, water type, filtration volume, and
season. Quantitative analysis of the culture data in this set has previously been reported
from references (2, 3).

Table 2 shows the overall performance of this qPCR method for S. enterica and L.
monocytogenes in all three water types, all three volumes, and all four seasons. Sensitiv-
ity, the percentage of true positives, was greater for S. enterica (70%) than for L. monocy-
togenes (39%). Specificity, the percentage of true negatives, was 86% for S. enterica and
95% for L. monocytogenes. The accuracy of the qPCR method was similar for S. enterica
and L. monocytogenes at 81% and 83%, respectively. The PPV (68%) and NPV (87%) for S.
enterica were similar to the PPV (67%) and NPV (85%) for L. monocytogenes.

Tables 3 and 4 show the performance of the qPCR method for detecting both
pathogens in each water type at different filtration volumes. In this study, more samples
were collected from river (n = 1,049) compared to pond (n = 591) and reclaimed water
(n = 350) sources. For S. enterica in river water samples, sensitivity values increased as
sample volume of MMS decreased. Accuracy values were lower in river water (76%)
compared to pond (88%) or reclaimed water (86%). Across all water types, accuracy
values increased as sample volume decreased, with the highest accuracy levels observed
in the lowest volumes (0.1 L) and the lowest accuracy levels observed in the largest
volumes (10 L). The largest increase in accuracy values across sample volumes occurred
in river water, where the percentage increase from 10 L samples (68%) to 0.1 L samples
(81%) was 13%, while the increases in accuracy levels were 7% and 4% for pond and
reclaimed water, respectively, over the same volumes. Similar to accuracy levels, NPV
values increased as sample volumes decreased across all water types. Conversely, PPV
decreased as sample volume decreased. Overall, PPV was highest in river water samples
(77%) compared to pond (32%) and reclaimed water (42%). The range of specificity
values for all volumes of pond and reclaimed water samples were between 87% and
93%, whereas river water samples ranged from 70% to 83% for these performance
metrics (Table 3).

For L. monocytogenes, accuracy levels followed similar trends as those for S. enterica
—accuracy values and NPVs increased as sample volumes decreased over all water
types (Table 4). However, accuracy levels were lower for river water (71%) compared
to pond water (96%) or reclaimed water (95%). NPV was highest in pond (97%) and
reclaimed water samples (98%) compared to river water (71%). Sensitivity values across
all water types and volumes were generally low (0-44%), except when filtering 0.1 L
of pond water (67%) (Table 4). Specificity levels were between 91% and 98% for L.
monocytogenes. Overall PPV was highest in river water (72%), followed by pond water
(52%) and reclaimed water (8%).

Tables 5 and 6 show the performance of qPCR for detecting both pathogens in each
water type during different seasons. No reclaimed water samples were collected during
the Winter. For S. enterica, sensitivity was higher in river water during Winter (92%)

TABLE 2 Performance of qPCR method for the detection of Salmonella enterica and Listeria monocytogenes

Microbiology Spectrum

Pathogen No. of samples % (Lower value, upper value)®

True False False True

Total positive positive negative negative Sensitivity Specificity Accuracy

Positive predictive

Negative
predictive value

Salmonella 1,990 421 197 178 1,194 70 (66,74) 86(84,88) 81(79,83)
L. monocytogenes 1,990 167 81 263 1,479 39(34,44) 95(94,96) 83(81,84)

87 (85-89)
85 (83-87)

“Numbers in parenthesis represent the 95% confidence interval for the lower and upper values of sensitivity, specificity, accuracy, and positive and negative predictive
values. True positive, positive by both methods; false positive, positive only by gPCR; false negative, positive only by culture; true negative, negative by both methods.
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TABLE 3 Performance of qPCR method by water type within each water volume for Salmonella enterica

Water Vol (L) No. of samples % (lower value, upper value)®
type Total  True False False True Sensitivity ~ Specificity Accuracy Positive Negative
positive positive negative  negative predictive value predictive value
River All 1,049 371 110 145 423 72 (68, 76) 9 (76, 83) 6(73,78) 7 (73-81) 4(71-78)
10 349 168 29 83 69 67 (61,73) 0 (60, 79) 8 (63,73) 85(80-90) 5(37-54)
1 350 17 33 44 156 73 (65,79) 3 (76, 88) 8(73,82) 78(71-84) 8 (72-84)
0.1 350 86 48 18 198 83(74,89) 0 (75, 85) 1(77,85) 64(55-72) 2 (87-95)
Pond All 591 23 49 23 496 50 (35, 65) 1(88,93) 8 (85,90) 32(21-44) 96 (93-97)
10 197 19 15 14 149 58 (39, 75) 91(85,95) 85(80,90) 56 (38-73) 91 (86-95)
1 198 3 20 7 168 30(7,65) 89 (84, 93) 6 (81,91) 13(3-34) 6 (92-98)
0.1 196 1 14 2 179 33(1,91) 93 (88, 96) 2 (87,95) 7(0-32) 9 (96-100)
Reclaimed All 350 27 38 10 275 73 (56, 86) 88(84,91) 6 (82,90) 42 (29-54) 6 (94-98)
10 116 12 10 8 86 60 (36, 81) 0 (82, 95) 4 (77,91)  55(32-76) 1 (84-96)
1 117 8 14 2 93 80 (44, 97) 7(79,93) 6(79,92) 36(17-59) 98 (93-100)
0.1 117 7 14 0 96 100 (59, 100) 7(80,93) 88(81,93) 33(15-57) 100 (96-100)

“Data grouped by water type and filtration volume (all, 10, 1, and 0.1 L). Numbers in parenthesis represent 95% confidence intervals for sensitivity, specificity, accuracy,
positive predictive values, and negative predictive values. True positive, positive by both methods; false positive, positive only by qPCR; false negative, positive only by
culture; true negative, negative by both methods.

compared to Spring (85%), Fall (67%), or Summer (61%) (Table 5). Similar to river water,
sensitivity for pond water samples was 100% in the Winter and Spring, 61% in the Fall,
and 26% in the Summer. Sensitivity for reclaimed water samples was highest in the
Summer (90%), followed by Fall (67%) and Spring (45%). Specificity for all water types
and seasons ranged from 85-98%, except for river water samples collected in the Fall and
Winter which were 74% and 71%, respectively. Accuracy across all seasons ranged from
70% to 84% in river water, 83% to 98% in pond water, and 82% to 91% in reclaimed water
samples. PPVs across seasons were higher in river water samples (67-83%) compared
to pond (13-50%) and reclaimed water (33-47%). NPVs for all water types and seasons
ranged from 88% to 100%, except for river water samples collected in the Fall (65%) and
Summer (65%) (Table 5).

For L. monocytogenes, sensitivity was low across different seasons and water types
ranging from 20% to 55% in river water, 0% to 54% in pond water, and 0% to 14% in
reclaimed water samples (Table 6). Specificity was similar across water types and seasons,
ranging from 93% to 100%, except for river water in the Winter (70%). Accuracy was
higher in pond and reclaimed water samples (90-98%) compared to river water (62-74%)

TABLE 4 Performance of qPCR by water type within each water volume for Listeria monocytogenes

Water Vol (L) No. of samples % (Lower value, upper value)”
type Total True False False True Sensitivity ~ Specificity Accuracy Positive predictive Negative predictive
positive positive negative negative value value

River All 1,049 155 60 240 594 9(34,44)  91(88,93) 1(69,74) 72(66-78) 71 (68-74)
10 349 72 19 92 166 44 (36,52) 90 (84,94) 8(63,73) 79 (69-87) 64 (58-70)
1 350 44 19 80 207 5 (27, 45) 92 (87,95) 2(67,76) 70(57-81) 72 (67-77)
0.1 350 39 22 68 221 36 (27,46)  91(87,94) 4(69,79) 64(51-76) 76 (71-81)

Pond All 591 1 10 16 554 41(22,61)  98(97,99) 6 (94,97) 52 (30-74) 97 (95-98)
10 197 4 5 8 180 33(10,65) 97(94,99) 93(89,96) 44(14-79) 96 (92-98)
1 198 3 3 6 186 33(7,70) 98(95,100) 95(92,98) 50 (12-88) 97 (93-99)
0.1 196 4 2 2 188 67(22,96)  99(96,100) 98(95,99) 67 (22-96) 99 (96-100)

Reclaimed All 350 1 1 7 331 12(0,53) 97 (94, 98) 5(92,97) 8(0-38) 98 (96-99)
10 116 0 7 2 107 0(0, 84) 94 (88, 97) 2(86,96) 0(0-41) 98 (94-100)
1 17 0 3 3 1m 0(0,71) 97 (93, 99) 5(89,98) 0(0-71) 97 (93-99)
0.1 17 1 1 2 113 33(1,91) 99 (95,100) 97(93,99) 50 (1-99) 98 (94-100)

9Data grouped by water type and filtration volume (all, 10, 1, and 0.1 L). Numbers in parenthesis represent 95% confidence intervals for sensitivity, specificity, accuracy,
positive predictive values, and negative predictive values. True positive, positive by both methods; false positive, positive only by qPCR; false negative, positive only by
culture; true negative, negative by both methods.
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TABLE 5 Performance of qPCR by water type within each season for Salmonella enterica

Water Season No. of samples % (Lower value, upper value)’
type Total  True False False True Sensitivity Specificity Accuracy  Positive Negative
positive positive negative negative predictive value predictive value

River All 1,049 371 110 145 423 2(68,76) 79(76,83) 6(73,78) 77 (73-81) 74 (71-78)
Fall 295 108 35 53 929 7 (59-74) 74 (66-81) 0(65-75) 76 (68-82) 65 (57-73)
Winter 165 59 29 5 72 92(83-97) 71 (61-80) 9(72-85) 67 (56-77) 94 (85-98)
Spring 257 93 24 17 123 85 (76-91) 84 (77-89) 4 (79-88) 79 (71-86) 88 (81-93)
Summer 332 111 22 70 129 1(54-68) 85 (79-91) 2(67-77) 83(76-89) 65 (58-71)

Pond All 591 23 49 23 496 0(35,65) 91(88,93) 8(85,90) 32(21-44) 96 (93-97)
Fall 216 14 28 9 165 61(39-80) 85 (80-90) 3(77-88) 33 (20-50) 95 (90-98)
Winter 99 2 2 0 95 100 (16-100)98 (93-100) 98 (93-100) 50 (7-93) 100 (96-100)
Spring 116 2 13 0 101 100 (16-100) 89 (81-94) 9(82-94) 13 (2-40) 100 (96-100)
Summer 160 5 6 14 135 26 (9-51) 96 (91-98) 8(81-92) 45(17-77) 91 (85-95)

Reclaimed All 350 27 38 10 275 73(56,86) 88(84,91) 6(82,90) 42 (29-54 96 (94-98)
Fall 107 4 8 2 93 67 (22-96) 92 (85-97) 1(83-95) 33(10-65) 98 (93-100)
Winter 0 0 0 0 0 ND® ND ND ND ND
Spring 90 5 10 6 69 45(17-77) 87(78-94) 82(73-89) 33(12-62) 92 (83-97)
Summer 153 18 20 2 113 90 (68-99) 85(78-91) 86(79-91) 47 (31-64) 98 (94-100)

“Data grouped by water type and season (all, Fall, Winter, Spring, and Summer). Numbers in parenthesis represent 95% confidence intervals for sensitivity, specificity,
accuracy, positive predictive values, and negative predictive values. True positive, positive by both methods; false positive, positive only by qPCR; false negative, positive
only by culture; true negative, negative by both methods.

°ND, not determined.

across all seasons. PPV was highly variable in river (59-85%), pond (0-80%) water, and
reclaimed water samples (0-50%). NPV was higher in pond and reclaimed water samples
(93-100%) compared to river water (60-74%) across all seasons. Several values for pond
and reclaimed water samples could not be calculated because either no true positives,
false positives, or false negatives were observed (Table 6).

TABLE 6 Performance of qPCR by water type within each season for Listeria monocytogenes

Water Season No. of samples % (Lower value, upper value)®
type Total True False False True Sensitivity Specificity  Accuracy Positive Negative
positive positive negative negative predictive value predictive value

River All 1,049 155 60 240 594 39 (34, 44) 1(88,93) 1(69,74) 72(66-78) 71 (68-74)
Fall 295 17 12 70 196 20(12-29) 94 (90-97) 2(67-77) 9 (39-76) 4 (68-79)
Winter 165 46 24 38 57 55 (44-66) 0 (59-80) 2 (55-70) 66 (53-77) 60 (49-70)
Spring 257 52 9 61 135 46 (37-56) 94 (88-97) 3(67-78)  85(74-93) 69 (62-75)
Summer 332 40 15 71 206 36 (27-46) 93 (89-96) 4 (69-79) 3(59-84) 4 (69-79)

Pond All 591 1 10 16 554 41(22,61) 98(97,99) 96(94,97) 52(30-74) 97 (95-98)
Fall 216 0 5 0 211 ND 8(95-99) 98(95-99) 0(0-52) 100 (98-100)
Winter 99 7 4 6 82 54 (25-81) 95 (89-99) 0(82-95) 64 (31-89) 93 (86-97)
Spring 116 0 0 1 115 0(0-98) 100 (97-100) 99 (95-100) ND 99 (95-100)
Summer 160 4 1 9 146 31(9-61)  99(96-100) 94 (89-97) 80 (28-99) 94 (89-97)

Reclaimed All 350 1 11 7 331 12(0,53) 7 (94, 98) 5(92,97) 8(0-38) 98 (96-99)
Fall 107 0 3 0 104 ND 7 (92-99) 7(92-99) 0(0-71) 100 (97-100)
Winter 0 0 0 0 0 ND ND ND ND ND
Spring 90 1 1 6 82 14 (0-58)  99(93-100) 92(85-97) 50(1-99) 93 (86-97)
Summer 153 0 7 1 145 0(0-98) 95(91-98)  95(90-98)  0(0-41) 99 (96-100)

“Data grouped by water type and season (all, Fall, Winter, Spring, and Summer). Numbers in parenthesis represent 95% confidence intervals for sensitivity, specificity,
accuracy, positive predictive values, and negative predictive values. True positive, positive by both methods; false positive, positive only by qPCR; false negative, positive
only by culture; true negative, negative by both methods. ND, not determined.
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FIG 1 Probability of gPCR and culture results agreement with 95% confidence intervals by filtration volume,

enterica.

Odds ratios and probabilities comparing qPCR and standard culture methods
agreement by water type, filtration volume, and season

Figures 1 and 2 demonstrate the estimated probabilities that the qPCR and culture
method results will agree (i.e., a true positive or true negative) for both pathogens at
each water type, season, and filtration volume. For S. enterica, the probability of method
agreement decreased as filtration volumes increased, with 0.87 at 0.1 L, 0.84 at 1 L, and
0.78 at 10 L. Among different seasons, the probability of agreement was higher in the
Winter (0.88) and Spring (0.87) compared to the Summer (0.81) and Fall (0.79). For water
types, gPCR/culture method agreement was higher for reclaimed (0.92) and pond water
(0.89) than river water (0.74) (Fig. 1). For L. monocytogenes, the probability of method
agreement was highest at the 0.1 L filtration volume (0.90), followed by 1 L (0.88) and
10 L (0.85). Seasonal agreement was similar in the Fall, Spring, and Summer (0.89) and
decreased in the Winter (0.81). Among different water types, pond, and reclaimed water
both had high agreement probabilities of 0.96 compared to 0.72 for river water samples
(Fig. 2).

The calculated ORs demonstrate similar effects for filtration volume, season, and
water type on the likelihood of agreement between gqPCR and culture method results. OR
for each water type was based on a reference model for S. enterica and L. monocytogenes.
Volume of water samples and season of collection significantly influenced the agreement
of culture and PCR results more frequently for S. enterica than for L. monocytogenes.
Agreement of culture and gPCR results for S. enterica was influenced by a variety of
seasonal and collection volume factors. For reclaimed water, 0.1 L samples collected
in Spring (OR = 0.38, P < 0.030), and samples collected in Summer (OR = 0.44, P <
0.050), was significantly (<0.05) less likely to have gPCR and culture results in agreement
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monocytogenes.

compared to the reference model (reclaimed water, 0.1 L, Fall). In comparison to the
reference model used for river water (river water, 0.1 L, Fall), 10 L samples was signifi-
cantly (P < 0.001) less likely to support the agreement of gPCR and culture results (OR
= 0.48). For river water samples, 0.1 L samples collected in the Spring was significantly
(P < 0.001) more likely to have agreement between qPCR and culture results compared
to the reference model (OR = 2.57). Similarly, 0.1 L samples collected in Winter was also
significantly (P < 0.030) more likely to support agreement of gPCR and culture results
compared to river water reference conditions (OR = 1.67). Pond water results were similar
to those of river water for 10 L samples taken in the fall, and for 0.1 L water samples
taken in the winter. Compared to the reference model for pond water (pond water,
0.1 L, Fall), 10 L water samples was significantly (P < 0.041) less likely to support the
agreement of qPCR and culture results (OR = 0.51). For 0.1 L water samples taken in
Winter compared reference model, samples were significantly (P < 0.002) more likely to
support the agreement of gPCR and culture results (OR = 10.06)

For L. monocytogenes, qPCR and culture results from 0.1 L river water samples
collected in Winter were significantly (P < 0.040) less likely to agree (OR = 0.65) when
compared with the reference conditions for river water (river water, 0.1 L, Fall). For pond
water, 0.1 L samples collected in Winter were also significantly (P < 0.005) less likely to
show gPCR and culture agreement (OR = 0.21) compared to the reference conditions
(pond water, 0.1 L, Fall).
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DISCUSSION

Numerous surveys have reported the presence of S. enterica, E. coli O157:H7, and L.
monocytogenes in irrigation water sources (15-22). Irrigation water is a known risk for
the pre-harvest contamination of fresh produce, and effective water quality monitoring
tools are needed to help growers ensure the safety of their irrigation water sources (23).
For bacterial pathogens like S. enterica and L. monocytogenes, the process of reliably
detecting pathogens requires several days of pre- and selective culture enrichment.
An accurate, qPCR assay specific for S. enterica and L. monocytogenes could expedite
this process for those making decisions on the use of water. For both S. enterica and
L. monocytogenes, specificity values (86-95%) were greater than sensitivity values (39—
70%), and NPV (85-87%) were greater than PPV (67-68%) (Table 2). Since both specificity
and NPVs are based on the percentages of true negatives, these results broadly indicate
that gPCR results would be useful and reliable to indicate a negative test result (absence
of the pathogen) in these water samples. As shown above, water type and volume
influenced the magnitude of several of the values that were quantified in this study. The
low sensitivity value (39%) for L. monocytogenes is a reflection of the agreement between
culture and gPCR method detection. The high number of false negatives (where L.
monocytogenes is detected by culture but not qPCR) indicates the culture method
was more sensitive than the gPCR method for the pathogen. The gPCR assay may
not be as sensitive for the target genes in the non-selective enrichment broth, where
multiple organisms and perhaps low levels of L. monocytogenes are present. Previous
work has shown that as little as 2 pg of L. monocytogenes DNA was detected from
unenriched broth in the presence of E. coli 0157:H7 and S. enterica DNA (9), so enriched
water samples in our study may have contained less than 2 pg L. monocytogenes DNA.
Alternatively, the presence of DNA from other bacterial species may have interfered
with the qPCR assay. The use of UPB as a non-selective enrichment for 24 h without
the addition of selective agents (acriflavin, cycloheximide nalidixic acid used in Listeria
spp. enrichment) may have allowed other bacteria to grow to high levels, increasing
the amount of non-L. monocytogenes DNA present, and decreasing the sensitivity of the
L. monocytogenes specific qPCR assay. Specific PCR inhibitors (mentioned later in this
section) may have also affected the sensitivity of the qPCR assay. Another factor that
may impact the qPCR detection is the serogroup of L. monocytogenes isolates recovered.
In previous work, several L. monocytogenes isolates belonging to serogroup 4b isolates
(7/17) were shown not to possess the hlyA gene (the target of the qPCR assay used in
this study), which potentially indicates that several isolates may have been recovered by
culture methods but not detected by qPCR methods (24).

gPCR performance metrics for both pathogens were affected by the different water
types tested. Accuracy values for S. enterica were lower in river water compared to pond
or reclaimed water (Table 3), and a similar trend was observed for L. monocytogenes
(Table 4), with smaller differences in accuracy values. While river water had higher PPVs
for S. enterica (77%) and L. monocytogenes (72%) compared to other water types, these
values essentially indicate approximately 25% of positive samples would not be detected
by gPCR assay in river samples. Similarly, the NPV for S. enterica (71%) and L. monocyto-
genes (74%) also indicate an approximate 25% chance of mischaracterizing a negative
result as positive.

For both S. enterica and L. monocytogenes, the probability of culture method and
qPCR agreement were lower in river water compared to pond or reclaimed water (Fig.
1 and 2). The inherent variability in river water quality and microbial flux may affect the
agreement of culture and gPCR results. Previously published findings for these same
water samples reported higher prevalence and levels of S. enterica and L. monocytogenes
in river water compared to pond and reclaimed waters. Specific water quality attributes
associated with water types may have explained the differences in culture method and
gPCR method agreement. Previous work has shown that Cr values for qPCR detection
of invA in S. Typhimurium inoculated into undiluted river water were significantly (P <
0.05) greater than Cy values in 1:10 dilutions of the same water, indicating that PCR
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inhibitors from undiluted river water can affect qPCR detection of S. Typhimurium (25).
Although previous work using the same water samples from the current study has not
shown dramatic differences between turbidity values measured from four river sites
(average 6.6 FNU) and two pond sites (6.4 FNU) (26), the specific chemical elements
which compose the turbidity may be important to consider when considering qPCR
results. The chemical composition of turbidity may vary among water sources and water
types with varying consequences for the detection of pathogens or fecal indicators
(27). Humic substances (humic acid, fulvic acid, and humin) can often be a component
of turbidity but are not generally measured separately during routine water testing.
Humic acid and fulvic acid can interfere with DNA polymerase activity, binding DNA,
and disrupting ion concentrations in PCR reactions (28). Humic acid was shown to also
decrease the intensity of fluorescence signals associated with qPCR detection, potentially
decreasing the sensitivity of qPCR assays in environmental samples (28). In addition,
the variability in qPCR performance across water types may have been affected by
differing microbial communities and physiochemical properties in the water samples
collected. In our current study, diluting enriched cultures or using a specific PCR inhibitor
removal kit in addition to the silica-based/column DNA kit before DNA extraction may
have potentially improved the agreement of culture and qPCR methods. Similarly, the
use of propidium monoazide (PMA) may have decreased the number of false positives
(culture negative and gPCR positive) obtained in our study. However, the number of
samples (1,990) processed and analyzed in this study may the use of PMA unwieldy in
the laboratory workflow when frozen samples of non-selective enrichment broth were
analyzed after culture analysis.

Previous work with this same culture result data noted that filtering 10 L of water
through an MMS significantly improved the odds of S. enterica recovery compared to
0.1 L [2,3]. For L. monocytogenes, Sharma et al. (2) observed a significant increase in
the likelihood of recovery from 10 L filtration compared to 0.1 L, but Acheamfour et al.
(3) found no significant differences in L. monocytogenes recovery by volume of water
filtered from different sites of water collection. For S. enterica and L. monocytogenes, our
results found that the likelihood of agreement between qPCR and culture methods was
significantly lower when filtering 10 L of water compared to 0.1 L for both pathogens
in river water (Table 7). We hypothesize that the greater volume filtered may have
increased the amount of PCR inhibitors present in the enriched sample, leading to more
false negatives (culture positive and qPCR negative) among samples. Similar trends were
observed for S. enterica in pond water. The effects of seasonality on method agreement
differed for both pathogens. For S. enterica, the likelihood (odds ratio) and probability
of qPCR and culture method agreement were higher in the Spring and Winter, which
were also the seasons with the lowest prevalence of Salmonella (2, 3). For both river and
pond water, winter was more likely (OR > 1) to yield a likelihood of culture and gqPCR
method agreement for Salmonella. Conversely, L. monocytogenes was more prevalent in
the Winter (2, 3), but had the lowest probability of qPCR and culture agreement (OR <1)
during this season for both and river and pond water.

Several studies have compared gPCR-based and culture methods for the detection
of pathogenic and indicator bacteria in irrigation water sources (18, 25-28). However,
these studies do not use performance metrics such as sensitivity, specificity, accuracy,
NPV, and PPV. Using similar culture and qPCR methods for the detection of S. enterica
and L. monocytogenes, Zhu et al. (29) evaluated reclaimed and return flow waters in
Arizona for the presence of pathogenic bacteria, and reported that results from both
gPCR and culture methods for the detection of S. enterica and L. monocytogenes were
comparable (27). In our current study, the qPCR method performed better for the
detection of S. enterica than L. monocytogenes, which had poor sensitivity and PPV in
all water types. Li et al. (18) developed a new scheme for S. enterica recovery in surface
water samples using qPCR as a screening step after pre-enrichment based on the FDA's
Bacteriological Analytical Manual (BAM) methodology for Salmonella recovery. Their
PCR-based Salmonella recovery scheme reduced the turnaround time for results to 4
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TABLE 7 Odds ratios of gPCR and culture method results agreement for filtration volumes and seasons of each water type for Salmonella enterica and Listeria
monocytogenes

Variable S. enterica L. monocytogenes
Odds ratio (95% CI)* P value® Odds ratio (95% Cl) Pvalue
Reclaimed water reference model (reclaimed water, 0.1 L volume, Fall)’  32.99 (6.79-160.13) <0.001 141.06 (19.36-1027.98) <0.001
1L volume 0.85 (0.39-1.87) 0.684 0.48 (0.12-1.95) 0.305
10 L volume 0.72 (0.33-1.57) 0.414 0.31(0.08-1.15) 0.080
Spring 0.38(0.16-0.91) 0.030 0.29 (0.07-1.17) 0.081
Summer 0.44 (0.20-1.00) 0.050 0.43(0.11-1.66) 0.219
River water reference model (river water, 0.1 L volume, Fall) 2.82(1.81-4.40) <0.001 3.03(1.86-4.94) <0.001
1L volume 0.82 (0.56-1.19) 0.289 0.87 (0.62-1.23) 0.430
10 L volume 0.48 (0.34-0.69) <0.001 0.73 (0.52-1.02) 0.065
Spring 2.57 (1.67-3.96) <0.001 1.08 (0.73-1.59) 0.703
Summer 1.23(0.86-1.76) 0.256 1.13(0.78-1.62) 0.519
Winter 1.67 (1.05-2.65) 0.030 0.65 (0.42-0.98) 0.040
Pond water reference model (pond water, 0.1 L volume, Fall) 7.73 (4.06-14.72) <0.001 94.76 (26.33-340.99) <0.001
1L volume 0.55 (0.29-1.07) 0.079 0.43(0.13-1.44) 0.173
10 L volume 0.51(0.26-0.97) 0.041 0.29 (0.09-0.91) 0.034
Spring 1.63(0.82-3.22) 0.160 2.72(0.31-23.62) 0.364
Summer 1.46 (0.81-2.64) 0.206 0.36 (0.12-1.06) 0.065
Winter 10.06 (2.37-42.65) 0.002 0.21 (0.07-0.63) 0.005

90dds ratios and 95% confidence intervals reported for each model variable. Odds ratios >1 denote that a variable increased likelihood of method agreement; odds ratios <1
denote decreased likelihood of method agreement. P values <0.05 denote significance.

Within each variable and water type, all conditions of the reference model remain the same except the variable listed in that specific row. For example, in reclaimed water,
where 1 L, the odds ratio listed is compared conditions for the reference model to reclaimed water, 1 L, Fall).

days compared to 5-9 days with the BAM method and significantly increased recovery
efficiency (18). In our current study, the turnaround time was reduced from 6 days with
the culture method to 2 days with the gPCR method. The performance of the multiplex
PCR method described in our study could be improved by modifying the gPCR method
itself or the steps before qPCR. For example, Volpe et al. (30) developed an effective
gPCR method for the detection of low levels of Salmonella (1-10 CFU/L) in irrigation
waters which incorporated a locked nucleic acid (LNA) fluorescent probe and an internal
amplification control (IAC). The addition of an LNA probe could improve the sensitivity
of the gPCR method and an IAC would minimize false negative results caused by PCR
inhibitors (31). The use of propidium monoazide in combination with qPCR methods also
provided similar estimates of levels of E. coli in irrigation water (32). McEgan et al. (33)
combined immunomagnetic separation (IMS) beads with qPCR to demonstrate a 100%
recovery for low levels of Salmonella (1 CFU/L) in inoculated surface water compared to
83% recovery using a culture method. The use of IMS beads after pre-enrichment may
significantly improve the sensitivity of the current qPCR method for both pathogens.
These studies were done in the same types of surface water.

As fruit and vegetable farmers seek alternative irrigation water sources, evaluating
the microbial quality of these sources will be essential to prevent pre-harvest contamina-
tion of fresh produce. Detecting pathogens in water more quickly can provide farmers
with options to reduce the risk of contamination to crops, like treating water from the
irrigation source with an antimicrobial sanitizer like sodium hypochlorite or peroxyacetic
acid (PAA) to reduce the potential presence of these pathogens in irrigation water. There
will be a constant need for the development and validation of rapid, sensitive, and
accurate qPCR-based tests to monitor water quality. The use of qPCR-based methods
allows for faster results (<2 days) compared to traditional culture-based methods (=6
days) (17). However, qPCR methods require more expensive equipment and reagents,
as well as training for personnel to properly conduct the tests. Culture-based methods
require only basic microbiology equipment necessary for the recovery, which can be
further analyzed with traditional and molecular subtyping methods to track sources of
contamination (18).
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Results in our study show that the type of surface water, volume collected, and
seasonality all affect the agreement of qPCR and culture results for S. enterica and L.
monocytogenes. Specifically, gPCR determination of the absence of S. enterica and L.
monocytogenes in pond water and reclaimed water was accurate, based on NPVs and
accuracy values for these water types. In both pond and reclaimed water, prevalence of
these pathogens was lower than for river water. If lower prevalence is linked to lower
microbial diversity or microbial load compared to river water, as previously determined
for these sites (2, 3), this could indicate that qPCR may provide more reliable results
under these conditions. qPCR results were less determinative of the presence of these
pathogens in river water, where their prevalence was increased, and overall could
not provide a conclusive result that would not require culture confirmation of these
pathogens. Future work could explore the effects of bacterial levels and diversity of
water samples on the accuracy of this method.

ACKNOWLEDGMENTS

Koariante Rogers, Rico Duncan, and Maryam Taabodi from University of Maryland
Eastern Shore, and Rhodel Bradshaw from University of Maryland/USDA ARS all
contributed to environmental sample collection for this work.

This work was supported by the United States Department of Agriculture-National
Institute of Food and Agriculture, grant number 2016-68007-25064, awarded to
the University of Maryland School of Public Health, that established CONSERVE: A
Center of Excellence at the Nexus of Sustainable Water Reuse, Food and Health
and the U.S. Department of Agriculture, Agricultural Research Service Project Plan
8042-42610-001-000-D “Improving Pre-harvest Produce Safety through Reduction of
Pathogen Levels in Agricultural Environments and Development and Validation of
Farm-scale Microbial Quality Model for Irrigation Water Sources.”

AUTHOR AFFILIATIONS

'Department of Agriculture, Food and Resource Sciences, University of Maryland Eastern
Shore, Princess Anne, Maryland, USA

“Department of Biological Sciences, Delaware State University, Dover, Delaware, USA
*United States Department of Agriculture, Agricultural Research Service, Beltsville
Agricultural Research Center, Environmental Microbial and Food Safety Laboratory,
Beltsville, Maryland, USA

“Department of Environmental System Engineering, Chonnam National University, Yeosu,
Republic of Korea

*Department of Animal and Food Sciences, University of Delaware, Newark, Delaware,
USA

®Department of Agriculture, Food and Resource Sciences, University of Maryland Eastern
Shore, Princess Anne, Maryland, USA

’Department of Plant Science and Landscape Architecture, University of Maryland,
College Park, Maryland, USA

8Maryland Institute for Applied Environmental Health, University of Maryland School of
Public Health, College Park, Maryland, USA

*Department of Natural Sciences, University of Maryland Eastern Shore, Princess Anne,
Maryland, USA

PRESENT ADDRESS

Salina Parveen, Delaware State University, Dover, Delaware, USA
Alan Gutierrez, Oak Ridge Institute of Science and Education, Oak Ridge, Tennessee, USA
Eric T. Handy, Delaware State University, Dover, Delaware, USA

April 2024 Volume 12 Issue 4

Microbiology Spectrum

10.1128/spectrum.03536-2313


https://doi.org/10.1128/spectrum.03536-23

Research Article Microbiology Spectrum

AUTHOR ORCIDs

Salina Parveen  http://orcid.org/0000-0002-1917-3847
Joseph R. Haymaker @ http://orcid.org/0000-0002-7306-2638
Shirley A. Micallef @2 http://orcid.org/0000-0003-0041-2139
Kalmia E. Kniel @ http://orcid.org/0000-0003-0924-1217
Amy R. Sapkota @ http://orcid.org/0000-0001-8666-6978
Manan Sharma @ http://orcid.org/0000-0002-8585-0308

FUNDING

Funder Grant(s) Author(s)

USDA | National Institute of 2016-68007-25064 Chanelle L. Acheamfour
Food and Agriculture (NIFA)

Salina Parveen

Shirley A. Micallef

Rachel E. Rosenberg Goldstein
Kalmia E. Kniel

Amy R. Sapkota

Fawzy Hashem

Manan Sharma

USDA | Agricultural Research 8042-42610-001-000-D Alan Gutierrez
Service (ARS) Cheryl East

AUTHOR CONTRIBUTIONS

Chanelle L. Acheamfour, Formal analysis, Investigation, Methodology, Writing — original
draft | Salina Parveen, Formal analysis, Funding acquisition, Investigation, Methodology,
Supervision, Writing - original draft, Writing — review and editing | Alan Gutierrez, Data
curation, Formal analysis, Methodology, Writing — original draft, Writing - review and
editing | Eric T. Handy, Formal analysis, Investigation, Methodology, Writing - original
draft | Sara Behal, Investigation, Methodology | Donghyun Kim, Investigation, Methodol-
ogy | Seongyun Kim, Formal analysis | Cheryl East, Conceptualization, Funding acquisi-
tion, Investigation, Methodology, Project administration, Writing — review and editing |
Ray Xiong, Formal analysis, Investigation, Writing - original draft, Writing - review and
editing | Joseph R. Haymaker, Investigation, Methodology | Shirley A. Micallef, Con-
ceptualization, Data curation, Funding acquisition, Investigation, Methodology, Project
administration, Supervision, Writing — original draft, Writing - review and editing | Rachel
E. Rosenberg Goldstein, Conceptualization, Investigation, Project administration, Writing
- review and editing | Kalmia E. Kniel, Conceptualization, Investigation, Methodology,
Writing — review and editing | Amy R. Sapkota, Conceptualization, Funding acquisi-
tion, Investigation, Methodology, Project administration, Writing — review and editing
| Fawzy Hashem, Funding acquisition, Investigation, Methodology, Project administra-
tion, Writing — review and editing | Manan Sharma, Conceptualization, Data curation,
Formal analysis, Funding acquisition, Investigation, Methodology, Project administration,
Supervision, Writing - original draft, Writing — review and editing

DATA AVAILABILITY

The data set generated for this study is available at Ag Data Commons: https://fig-
share.com/s/072a6b7d00feb3ab22b6.

REFERENCES
1. Haymaker J, Sharma M, Parveen S, Hashem F, May EB, Handy ET, White C, water and reclaimed water in the Mid-Atlantic U.S. Environ Res 172:630-
East C, Bradshaw R, Micallef SA, et al. 2019. Prevalence of shiga-toxigenic 636. https://doi.org/10.1016/j.envres.2019.02.019

and atypical enteropathogenic Escherichia coli in untreated surface

April 2024 Volume 12 Issue 4 10.1128/spectrum.03536-2314


https://figshare.com/s/072a6b7d00feb3ab22b6
https://doi.org/10.1016/j.envres.2019.02.019
https://doi.org/10.1128/spectrum.03536-23

Research Article

April 2024 Volume 12

Sharma M, Handy ET, East CL, Kim S, Jiang C, Callahan MT, Allard SM,
Micallef S, Craighead S, Anderson-Coughlin B, et al. 2020. Prevalence of
Salmonella and Listeria monocytogenes in non-traditional irrigation
waters in the Mid-Atlantic United States is affected by water type,
season, and recovery method. PLoS ONE 15:0229365. https://doi.org/
10.1371/journal.pone.0229365

Acheamfour CL, Parveen S, Hashem F, Sharma M, Gerdes ME, May EB,
Rogers K, Haymaker J, Duncan R, Foust D, et al. 2021. Levels of
Salmonella enterica and Listeria monocytogenes in alternative irrigation
water vary based on water source on the Eastern shore of Maryland.
Microbiol Spectr 9:e00669-21. https://doi.org/10.1128/Spectrum.00669-
21

Germini A, Masola A, Carnevali P, Marchelli R. 2009. Simultaneous
detection of Escherichia coli O175:H7, S. enterica, and Listeria monocyto-
genes by multiplex PCR. Food Control 20:733-738. https://doi.org/10.
1016/j.foodcont.2008.09.010

Xihong Z, Chii-Wann L, Jun W. 2014. Advances in rapid detection
methods for foodborne pathogens. J Microbiol Biotechnol 24:297-312.
https://doi.org/10.4014/jmb.1310.10013

Chen J-Q, Healey S, Regan P, Laksanalamai P, Hu Z. 2017. PCR-based
methodologies for detection and characterization of Listeria monocyto-
genes and Listeria ivanovii in foods and environmental sources. Food Sci
Hum Wellness 6:39-59. https://doi.org/10.1016/j.fshw.2017.03.001

Park SH, Hanning I, Jarquin R, Moore P, Donoghue DJ, Donoghue AM,
Ricke SC. 2011. Multiplex PCR assay for the detection and quantification
of Campylobacter spp., Escherichia coli O157:H7, and Salmonella
serotypes in water samples. FEMS Microbiol Lett 316:7-15. https://doi.
org/10.1111/j.1574-6968.2010.02188.x

Ding T, Suo Y, Zhang Z, Liu D, Ye X, Chen S, Zhao Y. 2017. A Multiplex RT-
PCR assay for S. aureus, L. Monocytogenes, and S. enterica detection in
raw milk with pre-enrichment. Front Microbiol 8. https://doi.org/10.
3389/fmicb.2017.00989

Kawasaki S, Fratamico PM, Horikoshi N, Okada Y, Takeshita K, Sameshima
T, Kawamoto S. 2010. Multiplex real-time polymerase chain reaction
assay for simultaneous detection and quantification of Salmonella
species, Listeria monocytogenes, and Escherichia coli O157:H7 in ground
pork samples. Foodborne Pathog Dis 7:549-554. https://doi.org/10.
1089/fpd.2009.0465

Tsen H-Y, Liou J-W, Lin C-K. 1994. Possible use of a polymerase chain
reaction method for specific detection of Salmonella in ground beef. J
Ferment Bioeng 77:137-143. https://doi.org/10.1016/0922--
338X(94)90312-3

Stevenson M, Sergeant E, Nunes T, Heuer C, Marshall J, Sanchez J. 2023.
epiR: tools for the analysis of epidemiological data

R Core Team. 2022. R: a language and environment for statistical
computing, R foundation for statistical computing. Vienna, Austria.
Available from: https://www.R-project.org

Bates D, Machler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects
models using Ime4. J Stat Softw 67:1-48. https://doi.org/10.18637/jss.
v067.i01

Fox J. 2003. Effect displays in R for generalised linear models. J Stat Softw
8:1-24. https://doi.org/10.18637/jss.v008.i15

Gorski L, Cooley MB, Oryang D, Carychao D, Nguyen K, Luo Y, Weinstein
L, Brown E, Allard M, Mandrell RE, Chen Y. 2022. Prevalence and clonal
diversity of over 1,200 Listeria monocytogenes isolates collected from
public access waters near produce production areas on the central
California coast during 2011 to 2016. Appl Environ Microbiol
88:€00357-22. https://doi.org/10.1128/aem.00357-22

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 Environ
Microbiol 77:2734-2748. https://doi.org/10.1128/AEM.02321-10

Luo Z, Gu G, Ginn A, Giurcanu MC, Adams P, Vellidis G, van Bruggen AHC,
Danyluk MD, Wright AC. 2015. Distribution and characterization of
Salmonella enterica isolates from irrigation ponds in the southeastern
United States. Appl Environ Microbiol 81:4376-4387. https://doi.org/10.
1128/AEM.04086-14

Li B, Vellidis G, Liu H, Jay-Russell M, Zhao S, Hu Z, Wright A, Elkins CA.
2014. Diversity and antimicrobial resistance of Salmonella enterica

Issue 4

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Microbiology Spectrum

isolates from surface water in southeastern United States. Appl Environ
Microbiol 80:6355-6365. https://doi.org/10.1128/AEM.02063-14
Santiago P, Jiménez-Belenguer A, Garcia-Hernandez J, Estellés RM,
Hernandez Pérez M, Castillo Lopez MA, Ferris MA, Moreno Y. 2018. High
prevalence of S. enterica in wastewater reused for irrigation assessed by
molecular methods. Int J Hyg Environ Health 221:95-101. https://doi.
0rg/10.1016/j.ijheh.2017.10.007

Harris CS, Tertuliano M, Rajeev S, Vellidis G, Levy K. 2018. Impact of storm
runoff on Salmonella and Escherichia coli prevalence in irrigation ponds
of fresh produce farms in Southern Georgia. J Appl Microbiol 124:910-
921. https://doi.org/10.1111/jam.13689

Gu G, Strawn LK, Zheng J, Reed EA, Rideout SL. 2019. Diversity and
dynamics of Salmonella enterica in water sources, poultry litters, and
field soils amended with poultry litter in a major agricultural area of
Virginia. Front Microbiol 10:2868. https://doi.org/10.3389/fmicb.2019.
02868

Weller D, Wiedmann M, Strawn LK. 2015. Spatial and temporal factors
associated with an increased prevalence of Listeria monocytogenes in
spinach fields in New York State. Appl Environ Microbiol 81:6059-6069.
https://doi.org/10.1128/AEM.01286-15

Johnson WM, Tyler SD, Ewan EP, Ashton FE, Wang G, Rozee KR. 1992.
Detection of genes coding for listeriolysin and Listeria monocytogenes
antigen A (ImaA) in Listeria spp. by the polymerase chain reaction.
Microb Pathog 12:79-86. https://doi.org/10.1016/0882-4010(92)90068-y
Alegbeleye O, Sant’Ana AS. 2023. Microbiological quality of irrigation
water for cultivation of fruits and vegetables: an overview of available
guidelines, water testing strategies and some factors that influence
compliance. Environ Res 220:114771. https://doi.org/10.1016/j.envres.
2022.114771

Ahmed W, Sawant S, Huygens F, Goonetilleke A, Gardner T. 2009.
Prevalence and occurrence of zoonotic bacterial pathogens in surface
waters determined by quantitative PCR. Water Res 43:4918-4928. https:/
/doi.org/10.1016/j.watres.2009.03.041

Kim S, Pachepsky Y, Micallef SA, Rosenberg Goldstein R, Sapkota AR,
Hashem F, Parveen S, Kniel KE, Sharma M. 2023. Temporal stability of
Salmonella enterica and Listeria monocytogenes in surface waters used
for irrigation in the Mid-Atlantic United States. J Food Prot 86:100058.
https://doi.org/10.1016/j.jfp.2023.100058

Léziart T, Dutheil de la Rochere P-M, Cheswick R, Jarvis P, Nocker A. 2019.
Effect of turbidity on water disinfection by chlorination with the
emphasis on humic acids and chalk. Environ Technol 40:1734-1743.
https://doi.org/10.1080/09593330.2019.1585480

Sidstedt M, Jansson L, Nilsson E, Noppa L, Forsman M, Radstrom P,
Hedman J. 2015. Humic substances cause fluorescence inhibition in real-
time polymerase chain reaction. Anal Biochem 487:30-37. https://doi.
org/10.1016/j.ab.2015.07.002

Zhu L, Torres M, Betancourt WQ, Sharma M, Micallef SA, Gerba C,
Sapkota AR, Sapkota A, Parveen S, Hashem F, May E, Kniel K, Pop M,
Ravishankar S. 2019. Incidence of fecal indicator and pathogenic
bacteria in reclaimed and return flow waters in Arizona, USA. Environ Res
170:122-127. https://doi.org/10.1016/j.envres.2018.11.048

Volpe G, Delibato E, Fabiani L, Pucci E, Piermarini S, D'’Angelo A, Capuano
F, De Medici D, Palleschi G. 2016. Development and evaluation of an
ELIME assay to reveal the presence of Salmonella in irrigation water:
comparison with real-time PCR and the standard culture method.
Talanta 149:202-210. https://doi.org/10.1016/j.talanta.2015.11.015
Ballantyne KN, van Oorschot RAH, Mitchell RJ. 2008. Locked nucleic acids
in PCR primers increase sensitivity and performance. Genomics 91:301-
305. https://doi.org/10.1016/j.ygeno0.2007.10.016

Truchado P, Gil MI, Kostic T, Allende A. 2016. Optimization and validation
of a PMA qPCR method for Escherichia coli quantification in primary
production. Food Control 62:150-156. https://doi.org/10.1016/j.
foodcont.2015.10.014

McEgan R, Rodrigues CAP, Sbodio A, Suslow TV, Goodridge LD, Danyluk
MD. 2013. Detection of S. enterica from large volumes of water by
modified Moore swabs and tangential flow filtration. Lett Appl Microbiol
56:88-94. https://doi.org/10.1111/lam.12016

10.1128/spectrum.03536-2315


https://doi.org/10.1371/journal.pone.0229365
https://doi.org/10.1128/Spectrum.00669-21
https://doi.org/10.1016/j.foodcont.2008.09.010
https://doi.org/10.4014/jmb.1310.10013
https://doi.org/10.1016/j.fshw.2017.03.001
https://doi.org/10.1111/j.1574-6968.2010.02188.x
https://doi.org/10.3389/fmicb.2017.00989
https://doi.org/10.1089/fpd.2009.0465
https://doi.org/10.1016/0922-338X(94)90312-3
https://www.R-project.org
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v008.i15
https://doi.org/10.1128/aem.00357-22
https://doi.org/10.1128/AEM.02321-10
https://doi.org/10.1128/AEM.04086-14
https://doi.org/10.1128/AEM.02063-14
https://doi.org/10.1016/j.ijheh.2017.10.007
https://doi.org/10.1111/jam.13689
https://doi.org/10.3389/fmicb.2019.02868
https://doi.org/10.1128/AEM.01286-15
https://doi.org/10.1016/0882-4010(92)90068-y
https://doi.org/10.1016/j.envres.2022.114771
https://doi.org/10.1016/j.watres.2009.03.041
https://doi.org/10.1016/j.jfp.2023.100058
https://doi.org/10.1080/09593330.2019.1585480
https://doi.org/10.1016/j.ab.2015.07.002
https://doi.org/10.1016/j.envres.2018.11.048
https://doi.org/10.1016/j.talanta.2015.11.015
https://doi.org/10.1016/j.ygeno.2007.10.016
https://doi.org/10.1016/j.foodcont.2015.10.014
https://doi.org/10.1111/lam.12016
https://doi.org/10.1128/spectrum.03536-23

	Detection of Salmonella enterica and Listeria monocytogenes in alternative irrigation water by culture and qPCR-based methods in the Mid-Atlantic U.S.
	MATERIALS AND METHODS
	Sample collection
	Water sample pre-enrichment
	Pre-enrichment DNA extraction
	Pathogen isolation from water samples
	Bacterial isolate DNA extraction
	qPCR assay
	S. enterica and L. monocytogenes detection and confirmation
	Statistical analysis

	RESULTS
	Performance of qPCR in comparison to standard culture methods
	Odds ratios and probabilities comparing qPCR and standard culture methods agreement by water type, filtration volume, and season

	DISCUSSION


