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Knowledge of the risk potential of an irrigation source during routine use or in ‘root-cause’ investigation of
recall and outbreak events is a fundamental expectation in produce food safety management. Current
water filtration techniques, while effective in the concentration of human pathogens, are generally unable
to process large volumes of water or require access to expensive equipment. In this study, a modified
Moore swab (MMS) was evaluated for practical efficacy in capture-filtration of low concentrations of
human pathogens from volumes of irrigation water larger than are commonly used for analysis. Water sam-
ples were artificially inoculated with isolates of either commensal E. coli, E. coli O157:H7 or Salmonella
enterica expressing Green fluorescent protein (Gfp) and antibiotic resistance at concentrations between
100 and 102 CFU/10 L. Detection of the three mock-contaminant bacterial isolates was performed after en-
richment with incubation times that varied from 4 to 24 h, depending on the initial inoculation dose. Detec-
tion of commensal E. coli in artificially inoculated nanopure water samples was confirmed after 4 h of
enrichment incubation. Pathogen detection in artificially inoculated complex irrigation water samples such
as canal, reservoir and irrigation runoff water was possible during a time course of 7 h to 18 h. Verification
of MMS functionality was performed by analyzing non-inoculated environmental samples that led to the
identification of E. coli O157:H7 presence in 4 of 114 irrigation water samples. This field acquired data dem-
onstrated the MMS system approach was successful in trapping target microorganism in large water vol-
umes, across a range of natural water turbidity and densities of indigenous total coliform and E. coli
populations. The outcomes of these studies will likely be useful in improving testing for routine monitoring
water quality and an economic approach for assessment of viable pathogen presence in irrigation water by
assessing larger volumes of collected water in the laboratory or on-site.

© 2013 Published by Elsevier Ltd.
1. Introduction

It is well established that human pathogens can be present and sur-
vive in surface and groundwater (Macler & Merkle, 2000; Meays,
Broersma, Nordin, & Mazumder, 2004) and be ingested from contami-
nated recreational water and inadequately treated drinking water and,
therefore cause waterborne outbreaks (Al-Qadiri, Lu, Al-Alami, & Rasco,
2011; Craun et al., 2010; Wang & Doyle, 1998). Illness and outbreaks
from consumption of fresh whole and minimally processed vegetables
and fruits due to irrigation or foliar crop management applications
with water contaminated by diverse human pathogens has equally
been a long recognized reality (Gelting, Baloch, Zarate-Bermudez, &
Selman, 2011; Greene et al., 2008; Olsen et al., 2002; Pachepsky, Shelton,
McLain, Patel, & Mandrell, 2011; Soderstrom et al., 2008; Steele &
Odumeru, 2004; Suslow, 2010; Thurston-Enriquez et al., 2002). Regular
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programs for characterizing potential sources of contamination in irriga-
tion water sources and conveyance systems combined with monitoring
for presumptive fecal indicator presence have become a prominent
feature of Best Practice Guidance and Audit Standards towards minimiz-
ing risk and preventing crop contamination (Solomon, Yaron, &
Matthews, 2002; Solomon, Potenski, & Matthews, 2002; Suslow, 2010;
US FDA, 1998). Good Agricultural Practices (GAP's) framework docu-
ments emphasize the importance of adequate microbiological quality
of productionwater to reduce the burden of foodborne illness attributed
to raw agricultural commodities (US FDA, 1998). In a recent comprehen-
sive review Pachepsky et al. (2011) expansively detailed the body of
knowledge and public health rationale that formed the foundation for
these standards with specific risk categories based on culturable indica-
tor organisms. An alternative criterion to establish adequate water
quality used for irrigation could be the direct detection and quantifica-
tion of key human pathogens of concern (Pachepsky et al., 2011;
Suslow, 2010). As population densities of pathogens in irrigation sources,
in developed nations, are typically low and non-uniformly distributed,
concentration or capture-filtration is generally applied (Koster et al.,
2003). However, the challenge encountered when filtering large
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volumes of environmental water resideswithin the detection limit capa-
bilities, in particularwithwater samples of high turbidity and suspended
solids. Loge, Thompson, and Call (2002) reported that factors influencing
pathogen detection limit of pathogens inwater were the limited amount
of volume filtered, which is often less than 100 mL, as well as the pres-
ence of inhibitors in applications attempting to use direct detection
methods such as PCR assays. Thus, larger volumes ofwater should be an-
alyzed in order to effectively assess the potential for an acute or chronic
contamination of an irrigation source based on specific pathogen pres-
ence. While diverse equipment using highly advanced engineering and
membrane technologies have been developed, methods that are low
cost and employ simple technologymust be accessible to the agricultural
farming sector which is challenged to characterize the acceptability of
their water sources for fresh produce production.

Moore swabs have already been used to increase the frequency of
detection of E. coli O157:H7 in watershed run-off in the Salinas region
in relation to studying environmental risk factors for leafy greens
(Cooley et al., 2007). Cooley et al. (2007) retained the prior practice
of deploying swabs in a flowing environmental surface water for
one to several days before retrieval and microbiological testing.
While effective, this is labor and travel intensive and may not always
be practical. Bisha, Perez-Mendez, Danyluk, and Goodridge (2011)
reported comparative information for modified Moore swabs
(MMS) concentration efficiencies, as related to a continuous flow cen-
trifuge. However, these comparisons were limited to applications
using de-chlorinated municipal water sources inoculated with target
pathogens as a demonstration of quantitative recovery. For their pur-
pose, the residual water in the MMS swab was manually expressed,
cheesecloth swab discarded, and up to 35 mL filtered with a pre-
sumed 0.45 μm filter (though not specified) to allow assessment of
pre and post-concentrated water in both systems. Direct microbiolog-
ical filtration of this volume from diverse irrigation sources, as com-
pared to municipal water, is not always possible due to the high
inherent suspended solids content.

The main objective of this study was to evaluate MMS system effi-
ciency and detection limit when analyzing agricultural water samples
of different complexity and pathogen concentrations and further ap-
plication in complex environmental samples of surface water used
in fresh produce production. The anticipated outcome was to qualify
MMS as a practical, inexpensive and broadly accessible method, with-
out the requirement of placement and retrieval from remote loca-
tions, to assess risk associated with irrigation or environmental
water as a source of crop contamination.

2. Material and methods

2.1. Bacterial strains and inoculum preparation

For preliminary experiments commensal generic E. coli isolated
from an irrigation water source in the Salinas region of California
and transformed to produce Green fluorescent protein (Gfp) and re-
sistant to 50 mg/L of Kanamycin (Gfp+/Kan+; strain ID TVS 356),
E. coli O157:H7 (Gfp+/Kan+; strain ID PTVS81) and Salmonella
enterica serovar Michigan (Gfp+/Kan+; strain ID PTVS 055) were
used (D'Lima & Suslow, 2009; Miller, Leveau, & Lindow, 2000). For in-
oculum preparation, bacterial strains were revived from−80 °C stor-
age freezer stock to Petri dish plates of Trypic Soy Agar (TSA; Difco,
Sparks, MD) and incubated for 24 h at 37 °C. After the incubation pe-
riod, single colonies were selected and transferred to 5 mL of tryptic
soy broth (TSB; Difco, Sparks, MD) and incubated further 18 h at
37 °C. Cell cultures were centrifuged at 2500 ×g for 5 min; pellets
were washed three times in Butterfield's phosphate buffer (BPB;
Whatman, Florham Park, NJ) and resuspended in BPB. Final bacterial
pellet suspension was adjusted in spectrophotometer (GeneQuantpro
UV/Vis Spectrophotometer, Amersham Biosciences) by determining
optical density of 0.750, measured at 600 nm, which corresponds to
concentration of 109 CFU/mL for generic E. coli, E. coli O157:H7 and
S. enterica. Serial dilutions were prepared with BPB from 109 to
100 CFU/mL. Dilutions were plated on TSA supplemented with
Kanamycin (50 mg/L) and 1% (w/v) of sodium pyruvate (Fisher,
Bioreagents, Fair Lawn, NJ) (TSA+Kan+Pyr) to verify inoculum
concentration.

2.2. Optimized assembly of modified Moore swab (MMS)

A 92 by 95 cm2 cheesecloth grade #90 (44×36 Weave; Chesa-
peake Wiper & Supply, Inc.) was folded horizontally in half 3 times
and tightly rolled resulting in a cylindrical shape-swab 12 cm long
and 4.4 cm in diameter. This procedure was determined to be optimal
for capturing planktonic cells and fine environmental silt-clay cohe-
sive sediments (typically 8 to 24 μm) that may contain adhering tar-
get pathogens. On one end, a 10 cm long by 3.81 cm wide PVC pipe
was used to join on one end a 3.81 cm PVC connector to a 3.81 cm
PVC Male-to-Male coupler, and on the other end a second 3.81 cm
PVC D-2466 connector (Fig. 1). Connections were first primed with
Purple Primer (Oatey 31901) and then glued with PVC cement
(Oatey 31841) allowing cement to cure for 4 h. This model of
MMS-cassette can be constructed at a low cost and used multiple
times by sterilizing all parts in 20% bleach for 18–24 h followed by
rinsing in deionized water (DI) to later be washed with soap and
rinsed again with DI water. Prior to use for filtration, MMS was steril-
ized in an autoclave to later be placed inside a PVC pipe to create a fil-
tration cassette unit. After irrigation water collection, MMS units
were capped and placed in cooler with gel-ice packs. Shipment of
MMS was performed by extracting from the cassette into a
Whirl-pak bag and placed with gel-ice packs for overnight delivery.
Processing occurred within 24 h from sample collection.

2.3. MMS water filtration

For capture filtration, a MMS cassette was connected to sterile
tubing (Masterflex platinum-cured silicone tubing, L/S® 18; Cole
Parmer, USA) at each end-cap nipple. One end of the tubing was
placed into the influent artificially inoculated water sample and the
other end into the rotating head of a peristaltic pump set between
the MMS and an effluent collection receptacle. Pump speed was set
at a flow rate of 0.5 L/min. Filtration time for 10 L varied from 10 to
30 min depending on the water turbidity.

2.4. MMS capture of generic E. coli, E. coli O157:H7 and S. enterica in in-
oculated water

Water from two irrigation sources used for vegetable crop produc-
tion, an irrigation canal and an on-farm reservoir, and nanopure
water were utilized to test the effectiveness of MMS to trap targeted
bacteria (Fig. 2). Water turbidity was measured using Hach Colorim-
eter DR/850 protocol setting # 95 (Hach Company; Loveland, CO)
prior to inoculation and capture-filtration with MMS. Water volumes
of 10 L were inoculated with 100 μL of a washed cell suspension
containing 100, 101 and 102 CFU/mL of the selected strain described
above. One gram of clay-loam soil was suspended in 10 L of nanopure
water to create a turbidity of 1 NTU. This experimental water was
inoculated with generic E. coli (TVS 356). Non-sterile reservoir
water from a major agricultural region in California, collected within
24 h of use was similarly inoculated with E. coli O157:H7 (PTVS 81)
and irrigation district system canal water was inoculated with either
E. coli O157:H7 (PTVS 81) or S. enterica (PTVS 55). The inoculated bac-
terial concentration in the different water sources ranged from 2 to
638 CFU/10 L of water, to assess presence detection as a function of
the time of enrichment. As negative controls uninoculated water
samples from all three sources were utilized.



Fig. 1. Modified Moore swab cassette. a. Coupler (S×S) 3.81 cm. b. PVC pipe 10×3.81 cm. c. Female adapter (S×3FPT) 3.81×3.81 cm. d. Reducer Bushing flush style (SPG×FPT)
3.81×1.27 cm. e. Reducer Bushing (MPT×FPT) 3.81×1.27 cm. f. Hose barb to MPT fittings 1.27×0.95 cm. A cylindrical shape-swab 12×4.4 cm is tightly inserted inside MMS
unit before closing with reducer bushing (e).
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After filtration, the MMS cassette was separated from the tubing
and sealed on both ends using European 8D silicone stoppers and
placed on frozen gel-ice. Recovery was accomplished by extracting
the MMS from the cassette and placing the saturated swab in a sterile
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H7 and S. enterica, respectively. Samples, already in enrichment culture
broth, were massaged for 1 min and the full MMS incubated for a total
of 24 h at 42 °C for E. coli O157:H7 and 37 °C for generic E. coli and
S. enterica.

Duplicate aliquots of 15 mL were taken from MMS filtration of
inoculated nanopure water samples at 4 and 7 h of incubation to de-
termine the earliest point for cultural detection of generic E. coli
isolates during enrichment. Enrichment subsamples were filtered
with an IsoGrid membrane, a sterile 0.45 μm microfiltration device
(Neogen Corp.; Lansing, MI), and placed on CHROMagar™-ECC (DRG
International Inc.; Mountainside, NJ) supplemented with 50 mg/L of
Kanamycin (ECC+Kan) and held at 22 °C for 2 h then transferred to
44.5 °C for 24–48 h. Isogrid membranes were also placed on TSA+
Kan+Pyr and incubated at 37 °C for 36 h. Grids were inspected for
fluorescence typical of GFP at 18 and 36 h.

Recovery of pathogenic isolates was performed by collecting, in
duplicate, 200 μL aliquots of enrichment plated onto TSA+Kan+Pyr
agar and held at 37 °C for up to 36 h. E. coli O157:H7 inoculated in
irrigation reservoir water samples were recovered after 12 h and for
canal samples after 18 h. S. enterica recovery in irrigation canal sam-
ples was accomplished after 18 and 24 h. Plates were inspected for
fluorescence typical of GFP at 18 and 36 h.

2.5. Pathogen detection in inoculated complex irrigation water

2.5.1. MMS capture of E. coli O157:H7 and S. enterica in ditch, reservoir,
and canal inoculated water

To measure the efficacy of the MMS in capturing pathogens and
removing sediments, three different water sources (irrigation drain-
age ditch, two on-farm reservoirs, and three irrigation canal water
samples) were inoculated with E. coli O157:H7 and S. enterica
(Fig. 2). Water samples were inoculated with 100 μL of 100 and
101 CFU/mL for both pathogens. In ditch and both reservoir water sam-
ples, the final concentration of E. coli O157:H7 was 2.3 CFU/10 L while
canal water samples had concentrations of 44 CFU/10 L. S. enterica,
ditch and both reservoir sources were adjusted to 4.3 CFU/10 L. In tests
with canal water, the resultant concentration was 32.2 CFU/10 L.
Uninoculated water samples from all three water sources were used as
negative controls.

To further assess the MMS efficiency, two additional tests were
conducted with complex, higher environmental turbidity, irrigation
water samples. Before inoculation and after water filtration, turbidity
levels were determined using the most probable number (MPN) of
total coliforms and E. coli using IDEXX Colilert reagent in the
QuantiTray 2000 format (IDEXX Lab.; Westbrook, ME) in two
sub-samples of 100 mL each (Eccles, Searle, Holt, & Dennis, 2004).

Water filtration was performed as described in the previous
section. Filtration time varied from 20 to 30 min depending on the
water turbidity and volume. Bacterial enrichment was performed as
described above. Pathogen recovery was performed by plating, in
duplicate, 200 μL aliquots of enrichment onto TSA+Kan+Pyr and
held at 37 °C for up to 36 h. For both pathogens, ditch and reservoir
samples were recovered after 18 and 24 h; canal samples, were re-
covered after 7, 18 and 24 h. Plates were inspected for fluorescence
typical of GFP at 18 and 36 h.

2.6. Pathogen detection in environmental irrigation water

2.6.1. MMS capture of pathogens in environmental irrigation water
Water samples were collected from twomajor agricultural regions

in California, San Joaquin and Salinas Valley. Over the course of
2 years, 2008–2009, and between the months of July and October,
San Joaquin Valley water samples were collected from two irrigation
sources, canal and irrigation reservoir. Sampling collection was
performed at time of irrigation based on different application
methods: sprinkler emitters, drip emitter, and furrow (gated-pipe
and siphon tube). Canals sampled included: California Aqueduct,
Delta-Mendota Canal, San Luis Drain and San Luis Canal and their
associated lateral canals in Fresno, Merced and Stanislaus counties.
All canal locations were selected for proximity to potential sources
of fecal contamination such as concentrated animal feeding opera-
tions (CAFO's), and public access points where the surface water dis-
tribution system passed through rural communities.

Water samples from Salinas Valley were collected in 2009 during
the month of September and in 2010 at the beginning of cool season
vegetable production in April. Additional collections were conducted
during peak production from August to September. Four reservoirs
were selected for sampling due to reported wildlife intrusion and
their proximity to a CAFO and a composting operation, both being a
potential risk factor for contamination of the water body. In addition,
an affiliated environmental water source was sampled in 2009 to test
for the pathogen detection and recovery of phase of the MMS system,
in the event that actual irrigation source sampling was determined to
be consistently negative. This particular sampling was conducted on
lettuce field irrigation run-off water obtained from a tail-water ditch
passing through vegetated banks during peak flow.

2.6.2. Water collection and on-site MMS filtration
Sample collection time spanned from 0900 to 1900 h and was

achieved by grab-sampling water in five 4 L sterile plastic jars per
location. In addition, at some locations, MMS capture filtration was
performed in the field by connecting MMS cassette on one end to a
3.5 m by 0.95 cm sterile tubing (Masterflex platinum-cured silicone
tubing, L/S® 18; Cole Parmer, USA) supported with a 3.6 m extend-
able pole and equipped with plastic clips to secure the uptake-draw
end. MMS cassette was suspended vertically over a flow-thru dis-
charge container attached to sturdy mounts. The uptake end of the
tubing was placed into the sample location, extended at least 1 m be-
yond the shoreline of the irrigation source. For each sample point,
10 L of water was passed through a MMS filter by means of a peristal-
tic pump (Masterflex L/S® Easy-Load Pump Model 7518-00, Cole
Parmer, USA) powered by an external and portable power supply
(EverStart ES5LBS Battery; Johnson controls, Milwaukee, WI). Addi-
tional 500 mL water samples were taken to perform further fecal in-
dicator analysis.

2.6.3. Physicochemical and microbiological analysis of environmental
water samples

Readings for source water pH and temperature were executed on
site, immediately after collection and only for San Joaquin samples.
For transportation, either jars holding water samples or MMS cassette
were placed in a cooler and covered with ice-packs for 3 h until arriv-
al to UC Davis. After samples were brought to the lab, turbidity levels
were measured as described above. Water samples were processed to
quantify total coliforms and E. coli with Quanti-tray 2000. For generic
E. coli confirmation, periodic subsets of samples were extracted from
the broth contents of individual UV-positive cells (indicating pre-
sumptive E. coli) from the Quanti-Tray® grid. The paper side of the
template was wiped twice with a KimWipe saturated with 70% etha-
nol and pierced with a fine hypodermic needle. Approximately
0.25 mL of the broth was extracted and 10 μL placed on Chromagar™
ECC (DRG International Inc. Mountainside, NJ) to observe for typical
blue colonies after 24–32 h at 44.5 °C. For the purpose of this study,
this was accepted as adequate verification of generic E. coli presence
and accuracy in MPN enumeration.

2.6.4. Pathogen detection and culture confirmation in environmental
water samples

Samples were filtered with the MMS system as described above
and screened for pathogenic E. coli O157:H7 and S. enterica, accom-
plished by extracting the rolled swab and placing it in a sterile
Whirlpak® bag. The MMS was enriched as described above with



Table 1
Detection of generic E. coli, E. coli O157:H7 and S. enterica after filtration of inoculated
water through the MMS capture system.

Water Target Initial bacterial Recovery time (h)a
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mEHEC and BPW for E. coli O157 and Salmonella, respectively, and
incubated for up to 18 h at 37 °C. Detection of E. coli O157:H7 in
MMS mEHEC enrichment was achieved using the Biocontrol
GDS®-O157 (Biocontrol Systems, Bellevue, WA) following manufac-
turer instructions. Detection of S. enterica in MMS BPW enrichment
was done utilizing the GDS®-Salmonella (Biocontrol Systems,
Bellevue, WA) and BAX®-Salmonella (Dupont Qualicon) commercial
kits according to manufacturer instructions. GDS® and BAX® were
performed with 1 mL and 5 μL of enrichment broth respectively.

In addition, MMS mEHEC enrichments of samples obtained from
the Salinas water sources were screened for the presence of stx1,
stx2 and rfbE genes. Detection of shiga-like toxin genes was done
utilizing GDS® for shiga toxins and multiplex PCR (mPCR) which
also included the detection of the rfbE gene as described by
Bertrand and Roig (2007).

Additionally, MMS enrichments were screened to detect pathoge-
nicity markers of Salmonella and pathogenic E. coli using quantitative
real-time PCR with Taqman® probes. An aliquot of 200 μL of each
MMS enriched mEHEC and BPW was collected in tubes and placed
in a heating block at 95 °C for 10 min to obtain a culture lysate. For
Salmonella, detection was based in the amplification of invA, which
is a member of the genetic locus, inv, which allows Salmonella spp.
to enter the epithelial cells (Galan, Ginocchio, & Costeas, 1992).
Amplification of invA gene was conducted using forward primer
invA(Tq)-F (5′-TGGGCGACAAGACCATCA-3′), reverse primer invA(Tq)-R
(5′-TTGTCCTCCGCCCTGTCTAC-3′) and invA(Tq) probe (6FAMCAATGGT
CAGCATGGTATA-MGBNFQ). For detection of a broader group of patho-
genic E. coli (TPEC) forward primer TPEC-F (TGATCACTGGCGGCGATA),
reverse primer TPEC-R (TATGATGTCCTCATCTTCAGAGAGAAC) and
TPEC probe (6FAM-TGCTTCTGTGTATCAGGG-MGBNFQ) were utilized
(Lio & Syu, 2004). TPEC primers target a negative regulator protein
(L0044), on the locus of enterocyte effacement (LEE) with no other
known homologues. This is a 372 bp region, which is located outside of
the five major operons of LEE, and thus is required for expression of
the LEE genes in both EHEC and EPEC. The primers for L0044 were
redesigned from those previously reported by Lio and Syu (2004) to
adapt it to a real time PCR platform. Each 20 μL reaction to amplify either
invA or TPEC contained 10 μL of a 2× Taqman® Gene expression master
mix (Applied Biosystems Inc., Foster City, CA, USA), 0.5 μM of each
forward and reverse primers, 2.5 pmol of probe targeting genes afore-
mentioned (Applied Biosystems Inc., Foster City, CA, USA) and 2 μL of
the lysate. Amplification was conducted in a thermocycler (7300 Real
Time PCR System, Applied Biosystems Inc., Foster City, CA, USA) with a
protocol consisting in 1 cycle of 50 °C for 5 min, 1 cycle of denaturation
at 95 °C for 5 min, followed by 40 cycles of 95 °C for 30 s and annealing
at 60 °C for 1 min. Amplification lower or equal to the Ct value of a
standard containing 5 copies of target gene sequence was classified as
positive. All set of primers used in this study were previously tested for
inclusivity and exclusivity of the target species, utilizing a culture collec-
tion of other related Enterobacteriaceae as well as non related microor-
ganisms including Gram positive microorganisms. Primers were further
tested in a range of 101 to 107 copies to determine reaction efficiency
and sensitivity (data not shown).
source microorganism concentration
CFU/10 L

4 7 12 18 24

Nanopureb Generic E. coli 638 + + + + +
21 + + + + +
2 − + + + +

Irrigation1
(reservoir)

E. coli O157:H7 43 ND ND + + +
6 ND ND + + +

Irrigation2c

(canal)
E. coli O157:H7 16 ND ND ND + +
S. enterica 22 ND ND ND + +

(ND) not determined for this time point.
a (+) and (−) indicate positive and negative recoveries of the targeted bacteria,

respectively.
b Three set of experiments were conducted with Generic E. coli and nanopure water.
c Two sets of experiments per water sample were conducted with E. coli O157:H7

and S. enterica.
2.6.5. Pathogen isolation and culture confirmation
E. coli O157:H7 culture isolation was obtained by plating

GDS®-O157 immunomagnetic beads onto CHROMagar™-O157 (DRG In-
ternational Inc. Mountainside, NJ) followed by 24 h incubation at 37 °C.
Salmonella culture isolation was obtained by plating GDS®-Salmonella
immunomagnetic beads onto XLT4 (Difco, Sparks, MD) followed by
24 h incubation at 37 °C. Confirmation of E. coli O157:H7 isolates was
performed by mPCR to detect four genes: eaeA, stx1, stx2, hlyA and rfbE
as described by Haack et al. (2009). For S. enterica, isolate confirmation
was done with PCR targeting the invA gene (Ziemer & Steadham, 2003).
PCR confirmed isolates were submitted to the California Animal Health
& Food Safety Laboratory System (CAHFS, San Bernardino, CA) for
serotyping.

2.7. Statistical evaluation of MMS capture efficiency

Statistical analysis was performed with Statistical Analysis Soft-
ware V. 9.2 (SAS Institute Cary NC). Differences in E. coli and total
coliform populations among different environmental water samples
were achieved after ANOVA analysis using the GLM procedure and
Tukey pair wise comparison was applied for mean separation. To
establish significant difference among treatments a p-value lower
than 0.05 was utilized. Pearson correlation analysis was determined
using the CORR procedure.

3. Results

3.1. MMS capture filtration from zero turbidity water

Application of the MMS bacterial capture system was tested with
various water sources. Initial evaluations demonstrated the capacity
and functional recovery of generic E. coli with concentrations that
varied approximately from 100 to 102 CFU suspended in 10 L of
nanopure water. Culture-based detection, from water containing
100 CFU/10 L was possible after only 4 h of MMS enrichment, while
for samples containing 2 CFU/10 L, incubation time required 7 h
before colony detection of generic E. coli on solid media was observed
using standard plating techniques (Table 1).

MMS bacterial capture system was also functional in recovering
low numbers of pathogenic bacteria E. coli O157:H7 from reservoir
and canal inoculated water samples and S. enterica from inoculated
canal water. In these samples, concentrations of both pathogens
ranged from 100 to 101 CFU in 10 L. Pathogen detection was achieved
after 12 and 18 h in E. coli O157:H7 inoculated reservoir and canal
water, respectively. Confirmation of S. enterica capture in canal
water was achieved after 18 h of MMS enrichment (Table 1).
Uninoculated water samples tested negative for target organisms at
all time points.

3.2. MMS indicator and pathogen detection in inoculated complex water
samples and efficiency in removing sediments

MMS effectiveness was tested with E. coli O157:H7 and S. enterica
in more complex irrigation water samples (drainage ditch, reservoir
and canal). Pathogen detection from initial concentrations that
ranged between 100 and 101 CFU/10 L was feasible after MMS
enrichment of 7 h for canal and 18 h for ditch and reservoir
(Table 2). Assessment of changes in turbidity and the indigenous



Table 2
Modified Moore swab detection of E. coli O157:H7 and S. enterica in artificially inoculated complex irrigation water in relation to sediment removal and background bacteria
reduction.

Water source

Ditch watera Reservoira Canala

1 2 1 2 3

Initial pathogen concentration
(CFU/10 L)

E. coli O157:H7 2.3 44
S. enterica 4.3 32.2

MMS enrichment recovery time (h)b 7 h ND ND ND + + +
18 h + + + + + +
24 h + + + + + +

Total coliformsc Before filtration 4.38 3.94 2.51 5.15 3.57 5.24
After filtration 3.54±0.28 3.59±0.21 1.84±0.15 4.00±0.11 2.62±0.26 5.05±0.03
% Captured 85.6% 55.3% 78.6% 92.9% 88.8% 35.4%

E. colic Before filtration 1.75 2.03 1.24 1.59 0.49 1.89
After filtration 1.51±0.10 1.60±0.11 0.89±0.20 0.36±0.36 0.22±0.27 2.02±0.09
% Captured 42.5% 62.9% 55.3% 94.1% 46.3% 34.9%

Turbidity (NTU) Before filtration 225.50 21 3 900 27 11
After filtration 17.50 8.50 2 15 7 0
% Reduction 92.2% 59.5% 33.3% 98.3% 74.1% 100%

(ND) not determined for this time point.
a Two sets of experiments per water sample were conducted with E. coli O157:H7 and S. enterica.
b (+) and (−) indicate positive and negative recovery of both targeted pathogens, E. coli O157:H7 and S. enterica, respectively.
c Mean log MPN/100 mL±standard deviation.
d Percentage capture represents the percentage of the population trapped in the MMS.
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population densities of E. coli and total coliforms were tested from in-
fluent and effluent following MMS filtration. In the three water types,
reduction in populations of total coliforms and E. coli was less than
1-log regardless of the initial water turbidity. The singular exception
was in one canal water sample with an initial turbidity level of
900 NTU, in which a 1.15 and 1.23 log-reductions were observed for
total coliforms and E. coli, respectively, however pathogen detection
was achieved. MMS ability to reduce total coliforms and E. coli
showed an average percentage reduction of 72.8% and 56.0% respec-
tively. Results indicate that greater values of turbidity were associat-
ed with greater reduction of total coliforms and E. coli after filtration.

MMS sediment removal varied among samples depending on initial
water turbidity. Values before filtration ranged from 3 to 900 NTU;
however, MMS filtration clearly results in substantial water clarification
with values decreasing to between 0 and 17.50 NTU. Water samples
with initial turbidity greater than 225.5 NTU showed not only a greater
decrease in turbidity (at least 92.2% clarification), but also in quantita-
tive influent:effluent differential of indigenous total coliforms (85.6 to
92.9% capture) and E. coli (42.5 to 94.1% capture). In contrast, water
sampleswith turbidity lower than 20 NTUappeared to limit the efficacy
of capturing/removing total coliforms and E. coli (Table 2).

3.3. Pathogen detection in environmental water samples

3.3.1. San Joaquin Valley
Pathogen presence assessments of surface water samples were

performed from various San Joaquin Valley sources. Detection of E. coli
Table 3
Comparison of total coliforms and E. coli population by source in relation to pathogen pres

Water source N Total coliformsa E. colia

log MPN/100 mL

Canal 83 3.90A±0.61 0.75B±0.75
Drip 4 4.16A±1.47 0.87A,B±0.66
Furrow 4 4.54A±0.99 1.11A,B±1.06
Reservoir 6 4.24A±0.91 0.60B±1.11
Siphon 12 4.13A±0.92 0.88A,B±0.77
Tailwater 4 4.67A±1.09 2.06A±0.83
Sprinkler 1 3.65A 0.80A,B

Mean 4.00±0.74 0.83±0.80

a Results represent the mean±standard deviation (N=sample size). Different letters wi
b Results represent positive detection/total number of analyzed samples with Biocontrol
O157:H7 with GDS®-O157 was achieved after 18 h of MMS enrichment
in 4 out of 114 samples, all associated with sampling of irrigation canal
water. Isolation of colonies was achieved by plating GDS®-O157
immunomagnetic beads onto CHROMagar™-O157 colony. Confirmation
by mPCR, showed that isolated colonies contained eaeA, stx2 and rfbE
genes. S. enterica was not present in any of the 114 samples filtered
with MMS (Table 3).

Analysis of variance showed no significant difference (p>0.05) in
the population of total coliforms among the different sources tested.
Moreover, the population of E. coli was not significantly different,
with a p-value of p=0.07, among the sources, particularly for water
collected from furrows and irrigation runoff water, often returned to
an environmental water body or district irrigation canal system
where greater populations of E. coli were recovered (Table 3).

The effect of water temperature, turbidity, pH, month and time of
sample collection were evaluated using a parametric bivariate and
Pearson's correlation analysis between the populations of total coli-
forms and E. coli and the corresponding water variables. For total co-
liforms, a significant correlation was described among water
turbidity, temperature, and month of collection, which might indicate
an effect of seasonality in the deposition or growth of this
sub-population of potential quality indicators. In contrast, pH values
and the time of sample collection showed no significant linear corre-
lation with total coliform population densities. For the population of
E. coli, when a quadratic polynomial model was utilized, it was deter-
mined that there was a significant correlation with water tempera-
ture and pH (pb0.05) (data not shown). E. coli levels had no
ence in water from San Joaquin Valley.

Log diff MMS enrichment positives after 18 h incubation

GDS®-O157b GDS®-Sal BAX®-Salb

3.15±0.76 4/83 0/83
3.29±1.25 0/4 0/4
3.43±0.46 0/4 0/4
3.64±0.74 0/6 0/6
3.25±0.65 0/12 0/12
2.61±0.41 0/4 0/4
2.85 0/1 0/1
3.18±0.76 Total 4/114 0/114

thin the same column denote significant difference (pb0.05) among different sources.
GDS®-O157, GDS®-Salmonella and Dupont Qualicon BAX®-Salmonella respectively.



Table 4
Pearson's correlation values for total coliforms and E. coli among the environmental
and temporal water constituent traits during sample collection.

Variables N Pearson correlation coefficient

Total coliforms E. coli

Day collected 114 −0.24* −0.17
Month 113 −0.23* −0.11
Temperature 108 0.19* 0.17
Turbidity 108 0.35** 0.10
E. coli 114 0.53*** 1.00
Total coliforms 114 1.00 0.53***
E. coli O157:H7 presence 114 −0.18a −0.05

(*, **, ***) asterisks denote significance of the Pearson's correlation value (*pb0.05,
**pb0.001, and ***pb0.0001).
N=sample size.

a p-value=0.059.
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significant correlation with any of the other collection assessment
parameters. In addition, for these water sources, total coliform
populations were significantly correlated with numbers of E. coli in
the same processed sample (Table 3). Pearson's correlation analysis
showed a significant correlation between turbidity and total coli-
forms, but none with E. coli (Table 4).

3.3.2. Salinas Valley
Pathogen testing and detection of E. coli O157:H7 with

GDS®-O157 were achieved after 18 h of MMS enrichments in 3 out
of 16 samples, in which culture confirmation was achieved in 2 sam-
ples. Genotyping of isolated colonies by mPCR showed the presence
of eaeA, stx1, stx2, hylA and rfbE genes. Screening for TPEC resulted
in positive detection in 3 of 7 samples, while S. enterica was present
in 2 of 4 reservoir samples and also in an affiliated environmental
water source, lettuce field irrigation run-off water. Colony isolation
and confirmation were achieved from both sources. Taxonomic deter-
mination resulted in S. enterica subsp. arizonae and S. diarizonae.
Molecular testing of rfbE gene was only performed in 2010 samples
and detection outcomes were negative in all cases. Population of
total coliforms and E. coli remained similar among the samples with
a mean of log 3.56 MPN/100 mL and 2.28 MNP/100 mL, respectively.
Due to the limited number of samples obtained in this region, no
statistical analysis was performed (Table 5).

4. Discussion

Moore swabs and other modified versions have been previously
utilized as low-cost, coarse capture filters to evaluate microbiological
water quality. The use of conventional and advanced molecular
Table 5
Pathogen presence in water from reservoirs in Salinas Valley.

Background bacteria M

Total coliformsb E. colib G

log MPN/100 mL O

2009 September 3.74±0.28 2.96±0.09 3
2010 April nd nd 0

August 4.08 2.20 0
September 3.47±1.93 1.95±1.58 0

Mean 3.56±1.51 2.28±1.33 3

(ND) not determined for this time point.
a Results represent positive detection/total number of analyzed samples with Biocontrol

assays for pathogenic E. coli and invA genes which target a negative regulator of the LEE pa
b Mean log MPN/100 mL±standard deviation.
c Colony confirmation was obtained from 2 of 3 GDS®0157 positives. Colonies were furth

genes.
d Colony confirmation was obtained from qrt-PCR Taqman® assays positive, serotype Sa
e Colony confirmation was obtained from one BAX®-Salmonella positive. Colony was fur
techniques such as PCR, mPCR, quantitative PCR (qPCR), real time
PCR (qrt-PCR), reverse transcriptase PCR (RT-PCR), fluorescent in
situ hybridization (FISH), and nucleic acid sensor have been variously
applied for pathogen qualitative or quantitative detection in diverse
water bodies or sources (Csordas, Delwiche, & Barak, 2008; Gilbride,
Lee, & Beaudette, 2006; Girones et al., 2010; Noble & Weisberg,
2005). Regardless of the methodological sensitivity and efficiency to
quantify pathogens, these analytical tools remain limited by the
scope of the sample collection strategy and volume being analyzed,
typically limited to 100 mL (Noble & Weisberg, 2005). As most irriga-
tion sources are expected to be non-homogeneous, especially flowing
surface water, the potential for failing to identify risk potential at
practical levels of pathogen presence in a water body with small vol-
ume samples is probable (Pachepsky et al., 2011; Suslow, 2010). As a
simple and low-cost approach to irrigation or environmental water
sampling, the cassette-MMS method of capturing pathogens allowed
the filtration of larger than standard water volumes, 10 L in this
study, including high clarity and complex turbid water sources with
higher suspended solids. Moreover, traditional grab sampling tech-
niques for environmental water require keeping water refrigerated
for transportation, thus often limiting the practical amount of ana-
lyzed material transferred to a contract lab. The MMS method, in
our experience, has proven to be a simple process enabling the oppor-
tunity for daily on-site capture filtration of greater than 10 L, with
the aid of a power supply and portable pump, and compact transport
or shipping of MMS cassettes or extracted swabs under chilled
conditions.

In addition to sampling larger volumes, MMS is able to capture sed-
iments, suspended particles and algal fragments (e.g. Cladophora spp.)
present in thewater typical of canals and lakes that are known to harbor
pathogens and likely to be a source of chronic contamination (Badgley,
Nayak, & Harwood, 2010; Badgley, Thomas, & Harwood, 2010;
Byappanahalli et al., 2009; Ishii et al., 2006). There is a particular con-
cern for algae presence in shoreline stabilizing rocks, soil banks of
unlined irrigation conveyance systems, concrete-lined canal sidewalls
and in irrigation booster-pump basins. Environmental assessment
for water quality, in related studies, has shown that sampling non-
disturbed bulkwatermost often results in non-detection of target path-
ogens, whereas sampling of algal filaments from the same site resulted
in positive detection of EHEC or Salmonella (unpublished data).

When using MMS with environmental samples, a common chal-
lenge resides in analyzing capture-swabs that co-concentrate large
amounts of background bacteria that may interfere with pathogen en-
richment and detection. While direct PCR amplification of pathogens
from water remains a difficult task considering their low concentra-
tions, water bacterial heterogeneity and presence of inhibitors; the
use of filtration followed by an enrichment step prior to molecular
olecular detectiona BAX®-
Sal

DS® Taqman® assays

157 stx1 stx2 TPEC invA

/8c 3/8c 5/8c ND 1/1d ND
/3 0/3 0/3 1/3 1/3e 1/3e

/1 0/1 0/1 1/1 1/1 1/1
/4 0/4 0/4 1/3 nd nd
/16 3/16 5/16 3/7 3/5 2/4

GDS®-O157, stx1, stx2, and Dupont Qualicon BAX®-Salmonella and qrt-PCR Taqman®
thogenicity island in pathogenic E. coli and the invasion gene invA in Salmonella.

er screened for genotyping which evidenced presence of rfbE, hylA, eaeA, stx1 and stx2

lmonella arizonae and S. diarizonae.
ther screened for genotyping which evidenced presence of invA gene.
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techniques seems to be the most reasonable approach (Noble &
Weisberg, 2005). In this study, environmental sample analysis after
MMS enrichment was performed by means of immunomagnetic
separation system (IMS) using the GDS detection system for E. coli
O157:H7 and S. enterica. Similar detection systems, without an IMS
process step, developed by Qualicon BAX were also utilized. These
applications of molecular detection platforms, though originally
intended to be used for rapid testing of pathogens without an enrich-
ment step (Fu, Rogelj, & Kieft, 2005), provide the opportunity to give
sensitive results for quality assessments of larger water volumeswith-
in a 24 h timeframe. Since the MMS capture filtration process de-
scribed was followed by enrichment, and a limited incubation time,
typically 7 h, this allowed for a relatively rapid time to a decision
point on qualifying a given irrigation water source within routine or
risk-related sampling programs. Enrichment analyses of artificially
inoculated samples were determined to be positive after 4 and 18 h
for zero-measurably turbidity and complexwater samples, respectively.
For environmental samples enrichment analysis was performed after
18 h, but as short as 7 h, of incubation with an additional 3 h for qPCR
results; still within the desired 24 h decision point timing and consider-
ing the volume of water being analyzed.

When filtering samples with a native turbidity at a collection of
more than 200 NTU, MMS was able to significantly lower turbidity
by capturing sediments and target indicator bacteria, up to 92.9%
and 94.1% of coliforms and E. coli respectively. Most likely bacteria
are attached to the silt-clay fraction or organic micro-aggregates of
the suspended solids (Pandey, Soupir, & Rehmann, 2012). Impedi-
ment of solids on the cheesecloth may further aid to capture plank-
tonic cells within the filter. Although the target bacterial retention
in the MMS filter was limited to about 1-log, results showed that
this level of capture was sufficient for non-quantitative pathogen re-
tention and subsequent detection (Table 2). When filtering near
zero-turbidity water samples, it is advisable to add small amounts
of sterile clay texture soil or commercial clay (e.g. Bentonite; Sigma
Chemical) to the water with pre-filtration mixing to improve MMS
capturing capabilities. However, selected microorganisms used to
inoculate water were successfully detected, qualitatively, regardless
of the initial water turbidity level and indigenous coliform and
E. coli concentrations.

The application of the MMS system in environmental water sam-
ples in San Joaquin and Salinas Valley evidences its applicability for
pathogen monitoring. In both regions pathogen detection after MMS
enrichment and molecular detection was achieved. In Salinas' envi-
ronmental samples, 1 out of 3 E. coli O157:H7 positive water sources
and both Salinas region positives for S. enterica, indicator E. coli
populations, at the time of collection, were slightly above the
126 MPN/100 mL (log 2.1 MPN/100 mL) standards. In contrast, in
all four samples from San Joaquin in which E. coli O157:H7 was
detected, indicator E. coli populations, at the time of collection, were
below the 126 MPN/100 mL standards for overhead and drip/furrow
irrigation adopted for the CA leafy green industry and several other
produce commodities, such as fresh market tomatoes (United Fresh,
2011). These results suggest that indicator E. coli may inadequately
reflect the presence of pathogens in the water, an issue extensively
reviewed in a recent critical review by (Pachepsky et al., 2011).
Separate from the main objective of this study, our assessment
provides additional evidence that neither total coliform nor E. coli
numbers in a water source, determined from a ‘snapshot’ sample,
provide predictive insights to the presence of pathogenic forms. Envi-
ronmental results showed that total coliform populations showed no
significant difference among the different sample types; conversely,
E. coli concentrations in tailwater (irrigation runoff) showed higher
counts when compared to the other sources. These two particular
sample types tend to carry more sediments and soil particles hence
increasing the turbidity and background bacterial counts. Environ-
mental data shows a link between total coliforms population and
seasonality, especially at the end of summer and beginning of fall.
These results are also supported by the temperature relationship
with total coliform concentrations in the hot summer days that coin-
cide with algal bloom season observed in San Joaquin valley canals in
early August to early September and in the CA Central Coast surface
water reservoirs in late August to early October. As typical for the re-
gion, irrigation district sources were the most numerous of the sam-
ples collected and not previously identified as harboring viable
pathogens in assessment with the typical 100 mL sampling protocols
(US EPA, 2001). This outcome highlights the importance of sample
procedure and sample size if the objective is to functionally improve
the assessment of pathogen presence in a water source intended for
application to fresh produce. The expanding experiences with pro-
grammatic monitoring of fresh produce irrigation sources suggest
the need for alternative indicator organisms and critical limits to
better assess the risk of water fecal contamination.

5. Conclusions

The results reported in this study provide data that support valida-
tion of an optimized MMS system for laboratory and in-field/on-farm
capture-filtration of low concentrations of human pathogens from
low turbidity water and high turbidity complex water and environ-
mental water samples. As a practical and readily accessible system
for applied research or Good Agricultural Practices preventive con-
trols and compliance monitoring, it is an economical and sufficiently
sensitive approach to agricultural water testing. Understanding the
source of contamination, presence and prevalence of pathogens in
irrigation water is crucial in fresh produce safety management. The
application of this strategy to increase the sample size analyzed
through filtration and bacterial trapping in water will provide a
more informative technique for monitoring water quality intended
for fresh produce irrigation and foliar contact applications as well as
a better tool for risk assessment of various water sources, where
access to more sophisticated, precise, and expensive equipment is
not available.
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