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Inactivation of Escherichia coli O157:H7 and Salmonella on
Mung Beans, Alfalfa, and Other Seed Types Destined for Sprout
Production by Using an Oxychloro-Based Sanitizer
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ABSTRACT

The etficacy of

a stabilized oxvehloro-based food grade santtizer o decontaminate sceds destined Tor sprout production

has been evaluated. By using mung bean sceds as a model system. ie was demonstrated that the sanitizer could be used to

nactivate a fivesstrain cocktail of

Eschericiiia coli O157:HT or Salmonella itroduced onto beans at 10% o 10+ CFL
Sulnionella was more tolerant o stabilized oxychloro than was £, coli O137:H7. with sanitizer levels of

=150 and =30 ppm.

respectively. being required to ensure pathogen-free sprouts. The decontamination efficacy was also found o be dependent on

treatment ame
phytotoxice

controls,

(=8 hooptimal) und the seed-to-sanitizer ratio (>>1:4 optimal). Stabilized oxychloro treatment did not exhibit
cffects. as germination and sprout vields were not significantly (£ > (L03) different as compared with untreated
Although human pathogens could be effectively climinated from mung beans. the acrobic plate count of native

lmun*iom on \]11()Ll\ arown tmm treated \\.Cd was not \l“l)lﬁuml]\ <l-’ = (.05 differcot tmm the umrmlx The diversity of

SPrOULs was not .\ignif'ic;m:l)' affected by the zmi{i‘/m' treatment. H(\\\vuu iwas noted that Kiehsiella and Herbaspriition

thoth common plant endophytesy were

absent in sprouts derived from decontiminared seed but were present in control sprouts

When o further range of seed types was evaluated. it was found that alfulfic cress. Hux. und sovhean could he (:LU‘HMH\HLML(]

with the sabifized oxvehlore sanivrer
appears that
may limit the efficacy of the decontamination method.

However the decontamination cfficacy with other seed

svows loss consistent. it

the rate of seed germination and putative activity of sanitizer scquestering svstemish. in addivon 1o other fuctors,

Sprouted seeds have a high nutritive value, in addition

o anticholesterol and anticarcinogenic constituents (/7).
However. sprouted seeds continue to be implicated in out-
breaks of Toodborne illness and hence are considered a sig-
nificant food salety risk (76). One of the largest outbreaks
recorded oceurred within Ontarto, Canada, in 2005. Here
over 600 reported cases of salmonellosis were traced to
contaminated mung bean sprouts (7). To date. the majority
ol cases have been linked to alfalfa and bean sprouts (/5).
although other seed types have been identified as potential
pathogens (4. 3, 32). Salmonella is the
most [requently isolated human pathogen on sprouts, al-

vehiceles for human

though cases mvolving Escherichia coli O157:H7 have also
heen reported (20 300 36, 37

In the majority of [oodborne illness outbreaks. the seed
sprout production has been shown to be the most

stgnificant source of human pathogens (2). Therefore. the

used for

LS. Food and Drug Administration issued guidelines rec-
ommending that all seed destined for sprout production
should be decontaminated with calcium hypochlorite treat-
ment (20.000 ppm for at least 15 min) (2. /4. 39). Although
seed decontamination has improved the safety of sprouted

sy correspendenee.

o

¢

SO63

“h

vl Kawarri

seeds. a number of sporadic outhreaks ol foodborne ilness
and product
cur {16].
The limitation of calcium hypochlonte has Jed 10 a sus-
tained effort to find altemative
ods. However,
physicaly evaluated to date can reduc
pathogens on seeds (/5. 2/, 42).

recalls assoctated with sprouts continue to oc-

seed decontamination meth-
the majority of interventions (chemical and
e, but not eliminate.
Yet. successful mung bean
decontamination has been achieved by applying acetic acid
vapor for 12 h at 45°C (/). Mung beans held at 557°C for
4 10 7 days has also been rcporlcd to inactivate pathogens
inoculated onto mung beans (2-4). Dry heat (30°C for | hy
in combination with irradiation (2.5 kGy)
to eliminate £. coll O13
radish seeds. with negligible mapact on germination and
n the nee
with the expense of pradiation, the sctonal feastbility of ap-

i has been shown

7 on allfalfa. mung bean. and

vield £3). However give d o hmi seeds, together
plving the method in commercial practice is questionable.
The difficulty encountered with decontaminating seeds
can be based on multiple factors. For example. human path-
ogens can be located within shielded sites on seed coats
{(crevices. damaged areas), thereby being protected {rom an-
amicrobial treatments (95,
(even at levels <0.1 CF
mation treatment can grow o high levels during the sub

Any residual human pathogens

Ui/ey surviving the seed decontan-
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TABLE {1, Eschenchia L()]l O137:H7 um/ \\lmnml!d sirams/serovars used in 1/1(' o u(l\
ISy i Su
OFSTHT stran Source

serovir Neirey

[ coli O Water sedimient

H7-C1033

E. coii Q137 H7-Clt ‘ Sail
E.ocofi Q137 H7-COA52¢ Clinical
E. coli O15 : Clinical

E coli Q137 Clincatl

Alfultu
Alfalta sprouts
Alfulla sprouts
Alfalfa sprouts

Meleagridis E1” NProtts
Oranienburg €17
Newport (27
Senfienburg”

Montevideo Tomatoes

@ Srains obtained from Cunadian Rescarch Institute for Food Safety. University of Guelph. Guelph. Ontario. Cuanada.

# Strains donated by Dr

sequent sprouting process (224 Therefore. seed decontum-
nation treatments applied must ensure

ton of human pathogens while at the same lime maintin-

complete mactiva-
ing the viabilisn and vigor of the seed.

In the following study. o stabilized oxychloro (SOO)-
based sanitizer tcommercially known as Germin-8-or) o
decontaminated secds has heen evaluated. The sanitizer iy
essentinlly compased of a stabilizing agent and traces of
chlorate, with chlorite constituting the primary antimicro-
bial agent. Chlorite is typically used within the food indus-
try in ity acidic form o generate chlorine dioxide (79). In
il\ non;xcidi[icd é‘nrm chim‘nc is nnl c(mx’idcrcd a xuilszlc
water dt nclalml pH for ~~IX by and I()\\r ;mmmuuhml activ Il'\'
over shorl contact tmes (20, 25, 26). However, over ex-
tended contact times (226 hy. chlorite has been shown to
exhibit bactericidal properties without causing significant
cviotoxic affects against mammahan cells or fungi (25).

In the course of sprout production, it is standard prac-
tice 1o soak seeds for 3 1o 16 h to stimulate the germination
process (2). Therefore, by the inclusion of SOC at the seed
soak stage. it is possible to expose human pathogens o the
bactericidal agent over fong periods. without any adverse
affects on sprout development. The objectives of the current
study were o optimize and determine the efficacy of SOC
treatment o inactivate human pathogens on a range of dif-
ferent seed Lypes used in sprout production,

MATERIALS AND METHODS

Bm‘teriz:] strains and preparation of inocula. £ c0/i O157
H7 and
mental. chnicai. tomato. or sprout isolates (Table 1). An aliguot
{1 mh of an overnight eulwre of the individual £ coli O157:H7
or Salmoneifa ~wains was tansferred into 30 milb of ryptic soy
sroth (Difvo. Becton Dickson. Sparks. Md.y and incubated for 24

Satmonedla used in the study were composed of environ-

y

hoat 37
o for 10 min @

C. Bacterial colis were harvested by centrifugation (3.366)
FC and washed once in 0.8% saline. The final
cell petfer was vesuspended i sadine o a celf density of 10° CFU/
mil fca. ODg, of .2)
O137:H7
duce a cockunl that was subsequently used to inoculate seeds.

1. Egual volumes of the five different E. coli
or Salmonetla suspensions were then combined to pro-

Inoculation of seeds. Mung bean. alfalta, broccoli. buck-
wheat. clover. chickpeas. cress. flax. mustard, onion, radish. soy-
bean, sesame. and sunflower seads were obtained from Mumms
Secds. Lid. (Parkside. Saskatchewan, Canada). At least two sep-
araic batches of the different sced types were used during the
caurse of the study.

(. Puppe. Health Canada. Guelph. Ontario. Canada.

Seeds (230 gy were soaked in 2530 ml of the ive-strun cock-
til of E. coli O137:H7 or Salmonella Yor 20 min, The seeds were
then transterred 1o sterile filier paper within o biological safen
cabinct and allowed o dry at wmbient wmperiture for A8 w60

The noculated seeds were then used immediately or stored

4°C until reguired dmaximum of 3 davs

Seed decontamination and sprouting. Contaminaied sceds
(25 @) were soaked for detined perfods in 250 ml of the appro-
priate concentrution (23 to 200 ppm) of SOC solution (Verugene.
Lid.. Bolton. Lancashire. UK) at 28°C. The seeds were then re-
moved. nn\;d with distilled water. and germinated for up to 4

days at 28 G OV PO

Jiter plastic contutners pliced
mental chamber (Percival Scientutic, Perry, fowag, The sprout
cd daily with a S-min soak i 300 mi of sende
In parallel, control inoculated mung bean batches

seeds were walter
distitled warer.
were sodked for 200 min in 200600 ppm calcium hypochionte

{Fisher. Ottawa, Ontario, Cunaday propared i phasphate butier
(50 mM. pH 63 Verttication of the [ree chlorine coneenuu
was performed with a commercially avaitable chlorine wst kit
(Fisher). The beans were rinsed with disulled water and sprouted
as dexcribed above.

Microbiological analysis. Microbiological analysis was per-
formed on both the inoculated sceds and sprouts. Duphicase sam-
ples (1 gy of inoculated seed were suspended in 9 mlof butfored
peprone water (0.1%: Oxoid. Basingstoke., UKy and vortexed !'m'
1 min. For sprouts. duplicate 25-g samples were suspeaded in 223
mi of buﬂ’crcd pcpmnc water and stomached for 90 s at 230 vpmi
(model 400, - Steward and Co.. London, UK Dilution series

were pupaml 1 om the seed wash and sprout homogenates

safine prior to plating onto the appropriaie agar medium. Acy
plate counts were enwmerated on ryptic soy agar tOxoid) ncu-
bated at 30°C for 48 h. Salmonelic was cnumeratcd on cither
xylose lysine deoxychlorate (Oxoid) or brilliant green (Oxmd)
agar incubated at 42°C for 24 h. £, coli O157T:H7 was enumerated
on sorbitol MacConkey agar containing cefixime and retlunte
(Difco. Beeton Dickinsoni incubated at 37°C for 24 h,

Sprout samples (23 gy were tested for the presence of 8

monelia with the method deseribed in the Canadian Compendium

{ Analytical Mcthods, MFHPB 20 16/ Sprouis wore stspended
in _23 ml of buffered peptone water and incubaied at 427C for 24
h. An ahiquot (0.1
into the center of a semisolid Rappaport-Vassiliadis plate (Oxoid;
that was subsequently incubated at 37°C for 24 h. Cells from the
outer perimeter of the growth halo (presumptive motile Saimo-
nella)y were streaked onto brilliant green agar (Oxoid) and tncu-
bated at 37°C ovemight. The Oxoid Sulmoneila Latex Test
FT0203 was used for serological confirmation of typical colonies

mly of the enriched culture was then mocuiated

(i.e.. red colonies surrounded by brifliant red zones).
coli O137:H7 with buftered

Sprouts were enriched for £
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pepione water containing 0.5% twt/voly sodium thioglyeolate in-

C for 24 b 036 Ahguots (10 ph of the enriched

cubated ut 37
culture were then streaked onto cefixime and telluriie agar that
wins subsequentdy incubuted at 37 C tor 24 b Typical colonies
feoforlessy were confirmed as E0 cofi O157 with the Oxoid E. coli
O137 Latex Test DRO6G20OM.

DNA typing of E. coli O157:H7 and Salmonella. Entcro-
bacterial repetitive intergenic consensus (ERICI-PCR (40) was
used o identty which of the five strains of £, coli O157T:H7 or
serovurs of Sulmonella were present on sprouts upon completion
of the sprouting process. Up to five colonies from the positive
selective agar plates were picked onto Luria-Bertani agar (Difco.
Becton Dickinsony that was subsequently incubated at 37°C for
24 ho Single colonies were then suspended in 0.2 ml of Tris-EDTA
butter beated ag 100°C o yse cells. Cedl debris was removed by
cemrifugation (13,000 7 ¢y und the supernatant. containing DNA,
decanied mto o new Eppendorf whe,

The PCR reactions were carried out with a final volume of
25l conaimmg 24 1 of master mix and 1ol of the bacterial
cell supernatant (DNA template). In alll the primers used were
ERIC 1 tforward) 3 ATGTAAGCTCCTGGGGATTCAC-3" and
ERIC 2 treversey S-AAGTAAGTCGACTGGGGTGAGCG-3". The
final PCR reaction contained 100 pM of cach primen 1 U of Tay
DNA polvmerase (New England BioLabs, Tnc. Ipswich, Masso,
0.2 mM cach of the deoxyribonucleatide triphosphutes (dATPE
dCTP dGTE and dTTP: Sigma. St Louis. Moy, 2.0 mM MgCl,
(Promega. Madison. Wis), and Bufter IIT (11X concentration:
Bochringer Mannheim. Lid.. Burlington, Ontario. Canada). PCR
was perfornted in a thermal eveler (Gene Amp PCR System 9700,
Applicd Biosystems. Foster City. Calif.). Amplification parame-
33 cycles at 94°C
for 3 s, 367C for 90 s and 72°C for 4 min. The final cvele was
§ min at 72°C. PCR products were separated on 2% (wi/vol) aga-

wrs included 1 oevele at 94°C for 3 min, and

rose gels (Fishery prepured in Tris-horate-EDTA buffer supple-
mented with ethidium bromide (0.5 pwg/mi) All amplificd DNA
» V for 2.5 howith a 100-bp DNA
fadder (Sigmay acting as o molecular weight marker, Afier elec-

fragments were separated at

trophoresis the gels were visualized and digital images captured
with an image analyzer (Bio-Rad Laboratories. Mississauga, On-
tario. Canaday, DNA patterns were analyzed. and dice similarity
Hoienns caleulated with Molecutur Analyst Software. Bio-Rad

Hoovorvgon 3.0 (Bio-Rad Laboratories. Hercules.

DGGE. Denaturing gradient gel electrophoresis (DGGE) of
native microflora was performed to determine if decontaminating
sceds with SOC aftected the native sprout microbiota, Nonino-
culated mung beans were seaked i 200 ppm SOC for 24 b at
IXCUTh

s further 3 davs wath pertodic watering, Sprouts samples

rinsed with distitled water and sprout-

wans were thes

pwere collected rom cach bateh and suspended in 90 mi of
hutfered peptone water (0.1%) prior o stomaching, DNA was
extracted divectdy fron the sprout homogenates with a commercial

kit tDNcusy. Qiagen, Ine.. Misstssauga. Ontano. Canada) accord-

ing 1o the manutacturer’s instructions,
For the PCR-based DGGE analysis. a fragment of the ribo-
somal 165 rRNA gene containing the V

-V 3 yegion {position 339

w 339 in B ocofi geney was targeted. This region was amplified
from genomic DNA of the sprout microflora using primers HDAT-
GC (§-CGC CCG GGG CGC GCC CCG GGC GGG GCG
GGG GCA CGG GGG GAC TCC TAC GGG AGG CAG CAG
T-3" the GC chvmp is i boldfaces and HDA2 (3-GTA TTA CCG
CGG CTG CTG GCA C-371 as previously deseribed 1475 PCR
amplification was carried out in a totad volume of 30 pl containing

D DECONTAMINATION 15873

reaction buffer (10 mM Tris- HCOL ol X230 conring 2.5 mM
MeCloand 30 mM KCH, 0.2 m»M of cach deoxynucleoside o
phosphate. 20 pmol of cuach primer. 300 ng of hacterial DNAL
2.5 U of Tug DNA polymerase. The amplification progran was
94°C for 4 min: 30 cyeles of 947°C far 30« 36 °C for 30 s and
68°C for 60 ~: and finally, 68°C for 7 min.

Amplicons were separated by DGGE with the Bio-Rud DCo-

and

de system (Bio-Rad Laboratoriesy. The polvacrviamide gebs con-
sisted of 10% polyacrylamide fratio of acrylamide 1o bisacrvhe
mide. 37.5:11 and contained a 33 w0 63% gradient of urea and
formamide. which increased in the dircetion of electrophoresis, A
H00% denaturing solution contained 40% tvol/vol) formanude and
7 M urca. Electrophoresis was pertformed for 16 hat 70V i Tris-
acctate-EDTA buffer (pH 8.0y at a constant temperature of 60°C.
The gels were then silver stained untl sufticient band intensiny
had been attained.

and DNA was ex-
tracted using QlAguick Gel Extaction K tQrageny DNA same

Bands of interest were cut from the gel

ples were amplified using PCR and sequenced by Laboratory Ser-
vices (University of Guelph. Guelph, Ontano. Cunada). The ob-
tained sequences were cross-matched with those contained within
the GenBuank. European Molecular Biology Laboratory and DNA
Data Bank of Jupan databuses by using the BLAST algorithm,

SOC and protein concentration in spent soak water. SOC
wis measured as NaOCl with the method Jeseribed by Ingram
ctal. 126). Seeds were soaked 10 200 ppoy SOC solution for 24 h
as previousty deseribed. Aliguots (30 ply of spent soak water were
added to 30wl of 2% {wi/voh Kl and 1.5 mib of 30 mM HCL
with the formation of iodine being detected spectrophotometri-
cally at 330 am. Restduad chlorite msprouts derived from seeds
treated with SOC was also tested. Batches of sprouts (10 gy waere
suspended i 90 mib of distilled water and homuogenized. The ex-
tract was centrifuged (8.000 7 ¢ for 20 mini o remove sprout
debris and ¢blorite within the supernatant quanafied by using the
assay deseribed above. Calibragion curves were prepared with
NaOCl» solutions ranging from | o 200 ppm.

The protein content of spent soak water samples (5 mly was
determined using @ Bio-Rad Protem Assay kv iBio-Rad Lubora-

toriesy according to the manufacturer’s tnstructions.

Statistical analvsis. AH exporiments wore performed at feast
three times with duplicate samples bemge wesed on cach occasion,
Enumeration data was trunsformed into log values prior o anal-
ysis by analysis of variance and Tukey’s st (S-Plus. Insightful
Corp.. New Yorky In all cascs the significance fevel was seoat £
=< .03,

RESULTS AND DISCUSSION
Optimization of mung bean decontamination treat-
ment. SOC veatment did not stgnificantly (F = .05
the extent of germination (>97% 1, sprout vield. or appear-

ance when applied within the range of 0 1o 200 ppm. com-
pawred with nontreated controls (Table 2y, However. at

ect

>2.000 ppm SOC. there was a decrease in seed germina-
tion Lo <25%. and sprout development was stunted.

The aerobic plate counts recovered from mung beans
were high but comparable to values reported by others (331,
E. coli O157:H7 was relatively sensitive to SOC with seed
treatment using 100 ppm, resulting in pathogen-Tree sprouts
(Table 3). In conwast. a higher fevel of 200 ppm SOC was
required to inacuvate Salmonella (Tahle 31 Because of the
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TABLE 2.
with SOC

Bean sprout vieid from nung beans deconiaminated

Boun sprout yield (g

SOC ip

0 420 = 12
25 444 28 A

Hou 447 0 N

408 0 XA
419 = 20 A
175 421 ¢ 15 A
200 426 = 23 A

“ Mung bean
distitied

souked for 24 hoat 28°C
and the weight of

hatches (10 gy were
rolby or SOC
sprovts determimed Tollowing w 4day sprouting period. Means

0.0%)

wier icont sojution.,

followed by the samo deter are not significuntdy oF

different.

Salinonella 1o SOC, a concentration of
200 ppm was selected lor subsequent studies,

Treatment of seeds with 20,000 ppm {ree chlorine from
calcium hypochlorite did not lead to the elimination of the
two pathogens from mung beans. with high levels of both
Salmonella and E. coli O157:H7 being detected in sprouts
urown [rom the treated seed (Table 3). This result is in
agreement with the studies perlormed by Fett (/4]
also reported that caletum hypochlorite

higher tolerunce of

who
applied at the rec-
insulticient to eliminate pathogens
introduced onto mung beans, Therefore. the results confirm

ommended fevels wus
that SOC is @ more effective sanitizer {or decontamimating
seeds us comparad with calcium hypochlorite.

Through DNA lingerprinting, Salinonella enterica ser-
ovar Meleagridis waus the only serovar recovered from
sprouts derived {rom mung beans treated with an ineffective
concentration of SOC (130 ppm: Table 33, The dominance
of Meleagridis was not asseciated with the inability ol the
other Salinenella 10 grow on sprouting seeds, as individu-
ally inoculated serovars sttained comparable counts on bean
sprouts at diy 4 tresults not shown). Howurd and Huiche-
Salmonellu on
sprouting alfalla seed wus serovar independent. However,
the same workers did note that a Salmonella Cubana strain.

son 1237 also reported that the growth of

I Food Prot, Vol 69, No. 7

originally isolated from alfalfa sprouts. had a higher ﬂm\\xh
rate as compared with isolates derived from meat or clinical
sources {2 ?) The authors concluded that, although ditferent
serovars of Sulmonella can grow on sprouting seeds. the
which ultimately affects which

strain becomes dominant on alfulfa sprouts.

actual growth rates vary, v
This may be
for the dominance of |}

the underlying reason Meleagridin

bean sprouts encountered n the current study. Tt is also
possible that Meleagridis had enhanced wlerance 10 SOC
as individual serovars intro-
duced onto beans were equally sensitive to SOC treaiment
(results not shown).

Corresponding ERIC-PCR DNA  fingerprint studies
performed with £

treatment. This is unlikely,

were colt Q137 H7 isolates recoverad
from bean sprouts derived from beans weated with 23 ppm
S0cC.

strains of £

However. the banding patieras obtained for the fhe
coli O157
making differentiation problematic.

H7 all exhibited close similariy.
Although ERIC-PCR
has previously been applied to differentiate £ coli Q157
H7. the techmque has re
pared with pulsed-field gel electrophoresis or phage typing
(18, 29). Therelore. in the present study it was not possible
to establish which of the £ coli Q157
mung dominant on the \uhxuguun beun
coli O157:
mnurastrain

elatively low resolving power, com-

‘H7 introduced on
beans bhecame
sprouts. However. the relative sensitivity ol [,
H7 0 SOC would suggesl
resistance to the sanitizer exists.

Although £, coli O1537:H7 and Salinonella
tively nactivated on mung beans by SOC

that no .xignil’ic;ml

were eilee-
reatment at 230
and > 130 ppm, respectively. the aerobic plate counts dud
not significantly (£ = 0.03) differ between wreated and non-

{Table 3). This would suggest thal
lhc endogenous microflora was unaltered by the SOC treat-
ment. Indeed. through 165 rRNA analysis it
strated that the microbial populutions wssoctated with bean
sprouts derived from %()(‘»n‘eulcd see
were similar 0 nontreated controls.

eated sprout batches
was demon-

eds (monmovulated;
Jowever iU was noted
that bands corresponding o K{{'/l\'[(’/.:" and Herbaspiilivm
were missing in sproats derived lrom decontammated beans
(Fig. 1). Both bacteria are common endophytes and {re-
quently recovered from plants including sprowted seeds 172,

TABLE 3. Kflect of SOC conveniration on the efficacy of mung bean deconunmination and subsequent aerobic plaie and peithogen
county an sprogted seed
Log CFLU/g sprouts?
Conen
Sanitiser (ppin APC Salmoneita E.oeodi Q157
Control 934 - 058 A 9.10 ¢+ .26 A 912 - 0.66 4
SOC NT+ 887 = 043 a 909 T 060 A
952 = (.32 A 330 0z 0208 NDw
9.35 = 036 A 490 0 4328 NiY s
946 = 038 a ND ¢ ND i
Calcium hypochiorie 20,000 945 = 033 A 7.96 = 0.86 A 330 2 040

< Initial foading on mung beans was 107 10 107 CFU/g in all cases.

" Meuns within columns followed by the same letter are not significantly (P > 0.05) different.

< APC. aerobic plate count.
SNT. not weswed.
FND. ot

Foaposcetoogd g
delecied £t

Vadues are from sprouts derived from treated beans inoculated with £0 coli O157:H7.
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FIGURE 1. DGGE analysis showing profiles of 165 rRNA am-
plified from the microbiowe ol bean sprows derived from SOC-
treagied tanes 1 oand 2 and nomreated (lanes 3 and 4 mung
beans. Arrowheads correspond 1o Klehsiella (o) and Herbaspril-
fum 144,

13, 345 ~0 thewr presence was not unexpected. However, it
i~ unclear why the other microbial populations associated
with bean sprouts were apparently insensiive 1o SOC. It
could bhe that a proportion of the populations was present
deep within the seed or alternatively, the bacterial popula-
tions represent postreatment contamination derived from
the environment and/or irigation water. From the limited
studies on the microbial ecology of sprouts. it is believed
that seedbore contamination is of greater significance than
the sprouting environment (28). However, this may not ap-
phy o decontaminated seed, where it can be assumed the
endogenous microflora would have been reduced thereby
enabling environmental microbiota to become established
on the developing sprouls.

It has been previously reported that human pathogens
can potentially undergo recovery after sublethal exposure
o sunitizers (24). In the present study, sprouts testing neg-
ative at 48 h did not vield a positive reaction for either F.
coli O137:H7 or Salmonella when additional samples were
taken 96 h mto the sprouting process. Therefore. no evi-
dence of posttreatment recovery of either pathogen was ob-
served. Tn this respect. SOC treatment 18 compatible with
the current recommendation to screen for human pathogens
i spent irrigation water 48 hointo the sprouting process (2.

Through turther optimization studies. it was found that
the minimum mung bean-10-SOC ratio was 14 (wt/vol) to
achieve consistent inactivation of E. coli O157:H7 or Sal-
monelle (Table 4. Cuwrently, there are no specific recom-
mendations on the seed-to-sanitizer ratio that should be ap-
plicd dormg seed decomtanmination (2, 385 However the
results obtained in this study clearly illustrate that for SOC
at least, a defined seed-to-sanitizer ratio should be em-
ployed.

The contact time required to ensure elimination of hu-

"
-
A

SEED DECONTAMINATION |

TABLE 4. Eftect of mung bean 1o SOC saii

He

tizer ratio o the
efficacy of seed decontamination o elimingie Facherichia coli

O137:H7 or Salmonclia

iy posiiive by enrichs

Bean-top-sanitizer E. coli
ratie {wivol) Treatment OY37H? Saidimoiiclia
I Nontreated?® 4k i3
Treaed: 4id 444
12 Nontreaed 44 474
Treated 4id 474
14 Nontreated 444 474
Treated i (/4
16 Nontreated 474 474
Treated 0/ 074
18 Nontreated i 444
Treated [§78) 044
110 Nontreuated <44 444

Treared

074 074

¢ Inoculated mung beans 125 gy were soaked in SOC solutions w
different secd-to-sanitizer ratios, Afwer 24 hothe seeds were re-
moved and sprouted for a further 48 hoae 28°C.

then enriched for cither Feclierichia coii OV HT or Salmoncet-

The sprouts were

.

# Nontreated: inoculated muny beans soaked in distifled water for
21 h.

CTreated: noculated mung beans soaked in 200 ppm SOC sani-

tizer for 24 h

man pathogens on seeds was between § and 19 h (Table
53 The reasons for the extended soaking time to ensure the
elfective decontamination of mung heans wre unclear How-
ever. it can be assumed that the sunitizer absorption rales
vary among sceds within the same batch. Theretore. u long
contact tme is required o ensure that all pathogens are
refeased from protwetive sites on the seed coat and subse-
quently inactivated. This ix especiatly relevant considering
that even fow levels of sumviving human pathogens can
grow to high levels during the sprouting process (/7. 235

Decontamination of different seed (ypes. The effi-
cacy of the optimized SOC treatment to decontaminate o
broad range of seed types was evaluated. It was noted that

Conaet tme

thy
4 4/ 444
8 <474 i
19 074
24 (/4

¢ Inoculated mung beans (23 gy were soaked i SOC solutions for
ditferent periods. The sceds were removed and sprouted for a
further 48 h at 28°C prior w enrichment Yor cither Escherichia
coli O137:H7 or Salmonelia.
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TABLE 7. Efficacy of SOC sanitizer in decontominaring Salmo-
nellu-inocudared radish seod and mung beait mixnires

Nao. ot

positive by ennchment/

roetiis

no. tested

Seid

Seed tipe Trealment 1l
Sovbeuans Nontreaeds 44 4id
Treated (400 ppmy” 014 04
Alfulta Nontreated 444 44
Treated (200 ppim) /4 074
Cress Nontreated 44 44
Treated (200 ppn 074 0/4
Flax Nontreated e 474
Treated (200 ppimy 074 0/4
Clover Nopreated Hed ik
Treated 200 ppay 074 274
Mustard Nontreated e 4id
Treuted (400 ppoy 244 174
Rudish Nontreated 34 344
Treated (200 ppnuy 244 374
Chick pea Nontreated 444 4/4
Treated (200 ppm) 4/4 4/
Broceol Nontreated 474 414
Treated (200 ppms -+ e
Sunffower Nontreated RIA 373
(debulledy Treuted 400 ppr 33 373
Suntiower Nopitredated 373 33
twith hutlsg Treated (400 ppms M3 373
Buckwhem Nontresied RHK 3
Treated (+)0 ppn 33 373
Sesame Nontreated 33 3i3
Treated 400 ppm) 3/3 33
Onion Nontreated 3 33
Treated (400 ppi) 3/3 373

« Nontreated: inoculated seeds soaked in distitfed water for 24 h.

P Treated: inoculated seeds soaked in 200 or 400 ppm SOC san-
iizer for 24 b,

with all the seed types tested. both Saimoinella and E. coli

O137:H7 became estblished on the subseguent sprouts

(Table 61, This would suggest that although the majority of

foodborne iliness outhreaks are associated with alfalfa and
mung bean, most. if not all, sprouted seed could potential
act as vehicles for human pathogens.

Alfalfa, sovbean. flax, and cress seed inoculated with
either ¢ five-strain or five-serovar cocktall of £ coli O157:
H7 S-"') wonctla could be
(Tuble 6.

iahle l'c.\u!%.s were obtamned.

consistently decontaminated
However with cl(\\'er mustard. and radish. var-
lthough increasing the SOC
concentration o 400 ppm thuncui the decontaminating
efficacy for mustard without decreasing sprout yield. this
was found to significantly decrease the yield with clover
radish, broccoli. and chickpea. SOC weatment of other seed
types was unsuccessful even when applied at 400 ppm over
longer (4% h) contact Limes (results not shown).

The effect of seed type on the efficacy of SOC treat-
ment was unexpected. However, it was noted that those
seeds that were not successfully decontaminated with the

No. ot sprodls
Ritio of mwng positive by eacichineny/
1o radish seeds? N, tested
H00% mung beun (74
il 4i4
2:1 IS
1:2 474
100% radish 474

“ Mung beans were mixed with varying quantitics of radish sceds
and soaked in SOC (200 ppmy for 24 h at 287°C. The seed mix-
tures were then sprouted for 48 h with daily watering, und
sprouts were screened for the presence of Safmoneiia.

sanitizer germinated at a slower rate as compared with
mung beans or alfalfa. Therefore. it is possible that the pro-
tective sites within the seed shielded hunian pathogens tfron
the antimicrobial action of the sunitizer, An additional pos.
sibility is that the SOC acted synergistically with exudates
released by the seed 1o mactivate pathogens. Indeed. the
extracts from several seed Lypes have found to be potent
antimicrobial agents (/. &,
antimicrobials released by seeds such as mung beans were

31y Thevefore. it ix possible the

higher as compared with those seeds that could not be de-
contaminated. This hypothesis was tested by weating o min-
tere of mung beans and

sprouting (Table 7)

rudish seed with SOC prior o
However, even a low proportion ol
radish seed added 1o a batch of mung beans was sulficient
10 reduce the efficacy of the SOC decontamination treat-
ment, with Salmonella being recovered from the subsequent
sprouts. This would suggest that SOC was being seques-
tered by germinating radish seeds as opposed (o an anti-
microbial being released by mung beans. It has heen re-
ported that chlorite can be readily sequestered by protein
(27). However. when the protein content in spent soak so-
futions was assayed, content derived from mung bean (132
wg/mly was significantly (2 < (.05) higher when compared
radish (3

with eithe 7 wg/mby or soyvheun (37

Therefore. protein content cannot explain the low
of SOC 1o decontaminale the dilterent seed types.

When the residual SOC present in the
lution was determined. it was noteworthy that the levels in
samples taken from mung beans or soybean (72 to 74 ppm)
soak water were lemhcantlx (P << 0.05) hw}m as com-

spent soak so-

pared with radish (32 ppm) or broceoli (23 ppmi. This may

indicate that with lu latter seed types. the sanitizer con-
centration was reduced 1o below biocidal levels during the
treatment period. However. it was noted that the residuad
fevel of spent soak water from alfullu seeds after the 24 h
tremtment period was only
sprouts testing negative for Salmonelia. This appurent dis-

ppm despite the subsequent

crepancy can be explained by the relatively rapid inacti-
vation of human pathogens on alfalfa. Here the inactivation

f Salmonella on alfalfa could be achieved in <8 h. con-
p(ned with 8 to 19 h found with mung beuns tresulis no
shown). Therefore. it can be proposed that although the

levels of active SOC decrease during the course of alfulia




!

seed soaking. sufficient
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sanitizer is present at the critical

part of the germinaling stage o inactivate human patho-
gens.

As with all chemical-hased sanitizers, there is a risk of

chemical residues being associated with the sprouts at the
end of the sprouting process. However, in the present case
all sprout samples tested did not contain residual SOC (<]
ppm chiorite). This can be attributed to the endogenous
SOC-<equestering systems associated with the sprouts and

the muluple washing tirrigationy steps applied during

sprouting process.

In conclusion. a seed decontamination treatment based

on supplementing soak solutions with SOC has heen eval-

vated. Although SOC was ineffective in decontaminating

all seed types. severa

{e

of major commercial importance
¢ mung bean, alialfa. and soybean) could be success-

fully treated. Therefore. SOC represents an alternative to
the currently recommended calcium hypochlorite treatment.
Fature work will evaluate the efficacy of SOC to decontam-
mate naturally contaminated seed. in addition o evaluating

Nd

fat

nitizer performance on o commercial scale.
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Introduction

Abstract

Aim: To determine the mechanisms by which a stabilized oxychloro (SOC)-
based sanitizer, applied to decontaminate seeds destined for sprout production,
inactivates Escherichia coli O157:H7 phl and Salmonella serotvpe Meleagridis.
Materials and Results: The action of SOC on the metabolism, membrane and
DNA integrity of Salmonella and E. coli O157:H7 was studied. In both patho-
gens, there was an oxidative burst and depletion of intracellular glutathione
(GSH) upon initial exposure to 200 ppm SOC. Metabolic activity, measured
via bioluminescence, decreased over a 4-h period in E. coli O137:H7 phl cells
exposed to SOC. Membrane integrity, assessed through viability staining,
decreased progressively over 23 h when exposed to SOC. The appearance of
auxotrophic mutants suggested that DNA damage had also occurred. Enzymes
rich in disulfide bonds (alkaline phosphatase and protease) were sensitive to
the chlorite-based sanitizer. Through challenging other microbial tvpes, it was
found that Gram positive had higher tolerance to SOC than Gram negatives
with the exception of Salmonella. MS2 bacteriophage was highly sensitive; how-
ever, Bacillus endospores were not inactivated by SOC.

Conclusions: SOC inactivates E. coli O157:H7 and Salmonclla through GSH
oxidation and disruption of disulfide bonds. Ultimately, membrane damage
resulting from prolonged exposure to SOC leads to the loss of cell viability.
Significance and Impact of the Study: The results provide a basis for under-
standing why extended treatment times are required to inactivate bacteria using

SOC.

exposure times are unclear as is the mode by which SOC
inactivates pathogens.

A stabilized oxychloro (SOC)-based sanitizer has previ-
ouslv been shown to decontaminate sceds destined for
sprout production (Kumar ¢t al. 2006). The treatment is
based on introducing SOC into the water used to soak
seeds prior to the sprouting process. In validation studies,
it was demonstrated that by applying 200 ppm SOC, it
was possible to achieve consistent inactivation of Salmon-
ella and Escherichia coli O157:H7 on seeds such as mung
beans, without adversely affecting sprout development or
vield. However, to achieve pathogen inactivation, it was
necessary to soak the seeds in SOC for 8~19 h (Kumar
et al. 2006). The underlving reasons for the relatively long

SOC is a sanitizer principally composed of stabilized
sodium chlorite with traces of chlorate. Within the food
industry, it is a common practice to apply chlorite in an
acidified form or as a precursor for chlorine dioxide
{Gomez-Lopez et al. 2005; Inatsu ¢t al. 2005). Acidified
sodium chlorite or chlorine dioxide inactivates microbes
through membrane disruption (via peroxidation) in
combination with inhibition of protein and nucleic acid
synthesis (Scatina ef al. 1985). In the nonacidified form,
chlorite has relatively low oxidizing power, and hence
the mode of inactivation of cells is likelv to differ. The
most substantial studies performed to date with respect
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Pathogen inactivation by SOC

to elucidating the mode of inactivation elicited by non-
acidificd chlorite have been reported by Ingram et al.
(2003,2004). Here, the workers were specifically interes-
ted in the effect of chlorite on lipid membranes and
glutathione (GSH) levels in bacterial or mammalian cells.
The main conclusion from the studies was that chlorite
can directly oxidize GSH (stoichiometry of four GSH to
one chlorite) to GSSH with H,0O and NaCl as side prod-
ucts of the reaction. The accumulated GSSH was then
released from bacterial cells, thereby increasing the sus-
ceptibility of the cell to oxidative stress. No direct chem-
ical modification, such as peroxidation, of membrane
lipids was observed. The studies by Ingram et al. (2004)
also noted the insensitivity of ecukaryotic (mammalian
and fungi) cells to chlorite.

The mode by which chlorite inactivates bacteria appears
different from that of hvpochlorite and hydrogen peroxide.
The latter is considered to act as a nondiscriminating
oxidizing agent that attacks DNA, proteins and lipids,
although  the membranes  of bacteria  remain  intact
{Luppens ¢t al. 2003). Hypochlorite (chlorous acid), in
addition to direct interaction with lipids, also oxidizes
GSH. Unlike chlorite, oxidation of GSH via hypochlorite is
slower and goes beyond the GSSH stage resulting in the
formation of sulfonamides (Fu et al. 2002). In addition,
the action of hypochlorite causes generation of roxic chlo-
roamines, direct damage to lipids and disruption of nucleic
acids (Hawkins and Davies 2002; Hawkins et al. 2002).

The aim of the following study was to further elucidate
the mode by which nonacidified chiorite inactivates E. coli
O157:H7 and Salmouclla. Specifically, the cffect of sodium
chlorite on the intracellular GSH levels, activity of meta-
bolic pathways, DNA and membrane integrity of the
enteric pathogens were investigated.

Methods and materials

Microbial types and cultivation conditions

The different bacterial and bacteriophage types used in
the study are listed in Table 1. The majority of bacteria
was cultivated overnight within tryptic soy broth (1SB)
~or on tryptic soy agar (1SA) at cither 30 or 37°C.
Lactococcus lactis ssp. lactis was cultivated at 30°C in
M17 media supplemented with 2% lactose. Stationary
phase cultures were harvested by centrifugation (4000 g
for 10 min at 4°C) and washed once in 0-8% w/v sal-
ine. The cell pellet was finally resuspended in saline to
give a cell density of 10% CFU ml™". Bacillus subtilis
endospore crops were prepared on 2x SG medium
incubated for 14 days at 30°C. The spores were harves-
ted and washed four times in distilled water as des-
cribed by Nicholson and Setlow (1990). On the final

WEBacilius subtilis PS 346

M Kumar et af

Table 1 Bacteria and bacteriaphage used i the study

Bacteria/Bacterophage Source

NCTC 8C4¢
Farnead et al. (1993)
Hora et al. {2005)

Aeromonas hydrophilia

Escherichia coit O157:H7 pht
fux CDABE (Ph.1), Amp"
Escherichia coli O157:H7
C9490 uspA:gfouv, Amp®
Escherichia coli P36
qip/luxCDABE, Km®
Lactococcus lactis ssp. Lactis
Listeria monocytogenes
Pseudomonas fluorescens P35
gfolluxCDABE, Km*
Salmonella serotype Meteagridis E1”
Staphylococcus aureus NCTC 8325
MS2 F+ coliphage ATCC 15597-B1

Jabiasone et al. {2005}
Warr ner et ai. (2003}
ATCC 19435

NCTC 7973
Warriner {unpubiisnea cata)

NCTC, Natianai collection of type cultures; ATTC, Amercan type Cu -
ture coliection

*Isolate from alfalfa sprouts daonatec by Dr C, Poppe, Heath Canaoa,
Guelpn, ON, Canade

centrifugation step (5500 g, 10 min at 4°C), the spore
pellet was resuspended in sterile distilled water (SDW)
to give a final density of 10° CFU ml™'. MS2 bacterio-
phage was prepared using the double agar overlay
method with Salmonella serotype Typhimurium WG 49
acting as host cell (Schaper and Jofre 2000). Plates were
incubated for 24 h at 37°C and MS2 phage recovered
in SM buffer. The bacteriophage suspension was then
centrifuged (5500 g for 10 min at 4°C) and supernatant
passed through a microporous filter (0-43 gm; Fisher
Scientific, Ottawa, ON, Canada). MS2 numbers were
determined using the single agar method as described
in Method 1602 USEPA (United States Environmental

AP rotection Agency) (2001).

Inactivation of bacteria, spores and bacteriophage
by stabilized oxychloro sanitizer

SOC (commercial name Germin-8-or; Vernagene, Bolton,
Lancashire, UK) was supplied as a 20 000 ppm concen-
trate and diluted in sterile saline as required. The fiinal pH
of 200 ppm SOC in saline was 7-2. The test bacteria, spore
or bacteriophage stock suspensions were diluted using sal-
inc to give a final density of ¢. 10” CFU or PFU ml™". The
suspensions were pre-equilibrated at 30°C for 10 min
prior to the addition of SOC (25-200 ppm) and main-
tained at the same temperature for the duration of the 24-h
treatment period. Samples (0-1 mi) were withdrawn after
24 h and transferred to 99 ml saline containing 0-1% w/v
sodium thiosulfate to neutralize the SOC sanitizer (Kemp
and Schneider 2000). A dilution series was prepared in
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saline and survivors enumerated on TSA or M17 lactose
agar in the case of L. lactis. Results were expressed as the
log reduction in cell/phage numbers compared with sus-
pensions containing no SOC.

The inactivation of E. coli O157:H7 phl and Salmonella
scrotype  Meleagridis by SOC were also determined in
0-1% peptone or mung bean exudate. The latter was pre-
pared by steeping 30 g of mung beans in 50 mi of SDW
at 30°C for 24 h. The spent steep solution {exudates) was
passed through a Whatman no. 2 filter (Fisher Scientific)
to remove bean debris. The filtrate was sterilized by pass-

Pathogen inactivation by SOC

20 min. The samples were then withdrawn and residual
activity was compared with that of controls containing no
SocC.

Catalase (EC 1.11.1.6 from Aspergillus niger) activity
was determined at 37°C by adding 1-5 ul of sample into
phosphate pH 7.2)
10 mmol ™' hvdrogen peroxide. The decomposition of

. - iy .
buffer (30 mmol 17, containing

hydrogen peroxide was followed by monitoring the
absorbance at 240 nm (Acbi 1984). Glucose-6-phosphate
dehydrogenase (EC 1.1.1.49 from Leuconostoc nicseniero-

ides) measurement was performed using the method des-

ing through a 0-45 um flter membrane (Fisher Scientific) [ cribed by DeMoss et al. (1953). The assay mixture (final

and stored at —20°C until required.

SOC was mcasured as NaOCl, using the method des-
cribed by Ingram ef al. (2003). Aliquots (1 ml) of bacter-
ial suspension were withdrawn and cells were pelleted by
centrifugation (5500 ¢ for 10 min). The supernatant was
transterred to a fresh tube and 50 4 aliquots mixed with
an equal volume of 2% w/v KI prior to adding 1'5 ml of
50 mmol I”" HCL The formation of iodine was detected
spectrophotometrically at 350 nm.

Glutathione measurement

Suspensions (20 ml) of E. coli O157:H7 phl and Salmon-
ella (10° CEU mI™!) were prepared in saline as described
previously. At + = 0, SOC (200 ppm) was added to the
suspension and aliquots (1 ml) were removed periodically
at 0, 4, 16 and 24 h for GSH analysis. Here, the cell sam-
(13000 ¢ for
10 min at 4°C) and washed once in phosphate-buffered

ples were harvested by centrifugation

BWEl:aline (PBS). The pellet was resuspended in 80 ul of

10 mmol 1" HCI and cells lysed by two frecze/thaw
cveles. Lysed cells were then resuspended in 20 gl of 5%
wiv 3-sulfosalicvlic acid and centrifuged at 8000 ¢ for
10 min. The supernatant was then transferred to a fresh
tube and GSH assav using quantification kit in accord-
instructions  (Dojindo

ance with the manufacturer’s

Bl Molecular Technologies, Inc., MD, USA). A standard

curve was prepared using GSH in the range of 5-
1
100 gomol |

Enzyme assays

Spectrophotometric assays were performed in 1 ml quartz
cuvettes with absorbance measurements being recorded
using a Beckiman spectrophotometer (Beckman Coulter,
Mississauga, ON, Canada). All enzymes were purchased
from commercial sources (Sigma Chemical Co., MO,

EEAUSA). The appropriate enzyme was diluted in PBS to give

a final concentration of 40 U ml™! unless otherwise sta-
ted. SOC was added to a final concentration of 200 ppm
and tubes were incubated at room temperature for

volume 1 ml) consisted of 100 mmol I"" Tris=HCI (pH
7.6), 05 mmol 17" NADPY, MgCly-6H,0
and sample (1-5 pl). The reaction was initiated by the

5 mmol 17!

addition  of 20 gmol 17" glucose-6-phosphate  (mono-
sodium salt) and the rate of increase in absorbance at
340 nm recorded. NAD-dependent v-lactic dehvdroge-
nase (EC 1.1.1.27) was measured by the method des-
cribed by Melville et al. (1988). The assay mixture (final
volume 1 ml) consisted of 70 mmol I"" potassium phos-
phate buffer (pH 6.2), 0-2 mmol ™' NADH and sample
(1-5 ). The reaction was started by the addition of
sodium pyruvate (53 mmol 17"} and the decrease in
Asgonm recorded.

Superoxide dismutase (SOD; EC 1.15.1.1 from E. coli)
activity was measured using SOD assav kit in accordance
to the manufacturer’s instructions {Oxford Biomedical
Rescarch, Oxford, M, USA). Alkaline phosphatase (EC
3.1.3.01 from E coli) was measured in 2:8 ml phosphate
buffer (50 mmol I7'; pH 10-25) containing MgCly- 6H.O
(20 mmol 17, 01 ml of 04 gmol I
phosphate. The reaction was started by the addition of

p-nitrophenyl

01 ml of sample and the Ajsm measured after 20 min
incubation at 37°C (Garen and Levinthal 1960).

Protease (EC 3.4.23.18 from Aspergillus saitoi),
2 U ml™", was prepared in 10 mmol I”' sodium acetate
buffer with 5 mmol 17! calcium acetate (pH 7-5). Aliquots
(1 ml) of SOC-treated enzvme sample was mixed with
(0-65% .wlv
50 mmol 17" potassium phosphate buffer, pH 7-3) and

5ml of cascin  solution prepared  in

incubated at 37°C for 10 min. Reaction was stopped by
adding 100 mmol I trichloroacetic acid reagent and
samples were incubated for a further 30 min at 37°C.
This solution was then passed through a Whatman no. 30
filter (Fisher Scientific) and the protein content of the il
trate determined using Folin & Ciocalteu (F-C) phenol
reagent. Briefly, 2 ml of filtrate was added to 5 ml of
500 mmol I”' sodium carbonate solution and 1 ml of
25% v/v E-C phenol reagent prior to incubating at 37°C
for 30 min. The reaction mixture was filtered through
Whatman no. 50 filter prior to determining the Agqonm
(Anson 1938).
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Bioluminescence and green fluorescence protein

Aliquots (180 ul) of fAlter-sterilized mung bean exudates
were transferred to the wells of a microtitre plate. Each
well was inoculated with 20 gl of an overnight culture of
E. coli O157:H7 phl (lux CDABE, Amp") prepared in
TSB supplemented with 200 xg ml™' ampicillin. SOC
(200 ppm) was introduced to half of the microtitre plate
wells with the remaining acting as nontreated controls.
The plate was then transferred to a Victor microtitre plate
reader (Perkin Elmer, Wellesley, MA, USA), maintained
at 37°C, with the bioluminescence and OD,sgn, being
recorded every 30 min for 23 h.

The effect of SOC on the stability of green fluorescent
protein (GFP} was assessed using E. coli O157:H7 C9490
{uspAzgfpuy, r\mp“'). Here, suspensions (10° CrU ml™h
of the L. coli Q1537:H7 strain were prepared in saline and
180 1l was transferred to the wells of a microtitre plate.
SOC (200 ppm final concentration) was added to ten of
the wells with the remaining wells acting as controls. The
plate was placed in a microtitre plate reader programmed
to record the Asgunm and Assonm at 30-min intervals for
23 h.

Oxidative burst

(107 CFU mlI™")y of either Salmonella or
E. coli O157:H7 phl were prepared in 0.8% saline con-

Suspensions

taining 100 gmol 17! lucigenin (Sigma-Aldrich). The sus-
pensions were pre-equilibrated at 37°C prior to adding
200 ppm SOC. The increase in chemiluminescence was
recorded every 30 s for 3 min using a Turner Lumino-
meter (Turner BioSystems, Sunnyvale, CA, USA).

LIVE/DEAD" BacLight'™ viability staining

LIVE/DEAD viability stains were obtained from Molecu-
Jar Probes, Inc. (Invitrogen, Burlington, ON, Canada).
Suspensions of E. coli O157:H7 phil or Salm. Meleagridis
(10" CFU mi™"y were prepared in 0-8% saline containing
200 ppm SOC. Aliquots (0'1 ml) were transferred period-
icallv (1 = 0, 4, 16 and 24 h) and mixed with 5 gl Bac-
Light stain. After 10 min incubation in the dark at room
temperature, 3 pl of the suspension was transferred to a
ghass slide and viewed under an epifluorescent micro-
scope. Live cells appeared green while those with low or
no viability stained orange/red.

Auxotrophic mutants

Escherichia coli O157:H7 phl and Salm. Meleagridis
suspensions (10° CFU ml™') in saline were treated with
sublethal concentrations of SOC. Samples (0.1 ml) were

M. Kumar et al

9-9 ml saline containing

sodium thiosulfate and a dilution series was prepared.

transferred  periodically to

Survivors were then plated onto Luria—Bertani (LB)
agar and incubated for 24 h at 37°C. Individual colon-
ies were picked onto LB and minimal media agar
(Neidhardt et al. 1974) plates prior to incubating for
24 h at 37°C.

Enhanced resistance of Escherichia coli O157:H7
and Salmonella exposed to sublethal doses
of stabilized oxychloro sanitizer

Escherichia coli O157:H7 phl and Salm. Meleagridis
(c. 10° CFU mI™!) were inoculated onto the mung bean
seeds method Kumar ¢t al.
(2006). Inoculated beans were soaked in 25-30 ppm
SOC for 24 h and sprouted for 48 h at 30°C with peri-

odic watering. Sprout samples (10 g) were collected and

using the described by

suspended in 90 ml saline prior to stomaching. A dilu-
tion series was prepared and plated onto either CT-SMac
or brilliant green agar. The plates were incubated at
37°C for 24 h and a typical colony transferred to 10 ml
TSB and incubated overnight at 37°C. The culture was
used as an inoculum for a further batch of mung beans.
This process was repeated seven times and the resistance
of the final isolates to SOC was assessed as previously
described.

Statistical analysis

All experiments were repeated in triplicate. Quantitative
data were tested for significance using a combination of

the Student’s t-test, axovar and Tukey's test.

Results

Suspensions of the different bacterial types exhibited a
spectrum of sensitivities to SOC when contacted with
the sanitizer over a 24-h period. Escherichia  coli
0157:H7 phl and generic E. coli P36 cxhibited signifi-
cantly P <005
greater sensitivity to SOC compared with the other bac-

(Tukey—Kramer post  hoc  analysis,
terial types tested. High log reductions of Acromonas
hydrophilia were also achieved when >100 ppm  was
applied. Of the Gram-negative bacteria, Salnonella had
the highest tolerance to SOC with concentrations of
200 ppm being required to reduce counts below the
limit of detection. In comparison, the tested Gram-posit-
ive bacteria exhibited significantly (Tukev—Kramer post
hoc analysis, P < 0-05) higher resistance to SOC than
Gram negatives (apart from Salmonella) with Listeria
monocytogenes being the most tolerant (Table 2). No sig-
nificant reduction in B. subtilis endospores was achieved,
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Pathogen inactivation by SOC

Table 2. Log count reduction of bacteria, endospore and bacteropnage treated for 24 h i saine suppiemented with varying eveis of a stabii-

ZeG OxyCh 00-based sanst:zer

Log count reduction SOC (ppm)

Bacterium 25 50 100 150 200
Gram negatwve
Escherichia coli O157:H7 ph1 64+ 010% MDL* MDL* MDL* MDL*
E-coli P36 64 x 012* 64+ 011° MpL* 56 = 0-14° MDL*
Salmonella serotype Meleagricis 38 £ 021% 42 = 014f 40 0118 36+ 012° MDL*
Gram positive
Lactococcus lactis 21+ 012¢ 29 + 0-13¢ 39 x 0128 MDA MDLA
Staphylococcus aureus 28+ 011° 26+ 013 44 +017° 48 + 011" MDL*
Listeria monocytogenes 16 + 0:10° 2:5 + 0-15° 19+ 012° 18 £ 010 5-3 + 0:30°
Aeromonas hydrophilia 30=017° 65+ 011° MDL? MDL* MDL*
Encospores
Bacillus subtlis PS346 NT NT NT NT 012 £ 010°
Bacter ophage
MS2 F+ co pnage NT NT NT NT mDL*

NT, not tested; MDL (minimum detect:on imit; no survivors) <10 CFU or 100 PFU m;i !

Int.a’ concentration was ¢ 7 log CFU/PFU mi™ ' in all cases.

Va'ues within each column with the same superscript letters are not significantly different
9 y

suggesting that SOC has negligible sporocidal activity.
However, it was noted that MS2 coliphage could be
readily inactivated bv SOC (Table 2) with populations
decreasing below the level of detection (<3100 PFU ml™)
within the 24-h treatment period.

kinetics  of both  Salnonella and
E. coli O157:H7 phl by SOC was dependent on the
suspension medium used. A relatively rapid reduction

The inactivation

i Sahnonella numbers was observed with cell suspen-
sions prepared in saline (Fig. la). However, when Sal-
monella was suspended in mung bean exudates, there
was a delay (shoulder) in the inactivation of the bacter-
ium before a  progressive decrease in cell numbers
occurred. In contrast, Salhmonella suspended in 0'1%
peptone had a significantly higher (anova, P < 0-05)
tolerance towards SOC with levels remaining stable over
the 24-h treatment period (lig. Ia).

Escherichia coli O157:H7 phl numbers decreased rcl-
ativelv and rapidly in saline or mung bean cxudates
supplemented with 200 ppm SOC (Fig. Ib). Although
inactivation of E. coli O157:H7 occurred in 0-1% pep-
tone, the rate was significantly (axova, P < 0:05) lower
than that in either exudates or saline
(Fig. 1b).

There was no significant (¢-test, P > 0-05) depletion of

mung bean
g

chlorite in cell suspensions prepared in saline, as levels at
the start (200 ppm) were comparable to those measured
at the end of the 24-h contact period. SOC was less stable
in the presence of mung bean exudates and decreased by
42% + 3% by the end of the 24-h incubation period.
However, SOC was rapidly neutralized by 0-1% peptone
with levels decreasing to <10% within 2 min. A compar-
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Figure 1 Inactivation of Salmonella serotype Meeagrds (a) and
Escherichia coli O157:H7 pnl (b} 1n suspensons supplementeo with
200 ppm SOC. The resuspension medium was saline (¢), 0:1% pep-
tone (M) or mung bean exudate {4). Alquots from suspens:ons were
removed penodicaliy and chiorite was neutraiized witnh 0:-1% w/v
sodium thiosuifate prior to plating onto TSA and ncubating for 24 h
at 37°C. The dashed line denotes the 'mit of detect:on

able rate of SOC inactivation was also observed when the

. . . . i
sanitizer was in contact with cysteine (10 mmol I7') or
thiosulfate (0-1%) (results not shown).
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Table 3 Intrace.alar gutatn:one concentration :n Escherichia  coli
0157:H7 phi or Salmonella serotype Meleagndis exposed to
200 ppm stabiized oxychloro-based sanitizer. Suspensions were pre-
pared in saline supplemented with 200 ppm SOC with aliquots being
removed perodca.y o cetermmne mtraceiular glutathiane concentra-
$lelal

Giutath:one
content {umol | 1)
Salm Meieagnias

Gigtatnione
content (emos )
Ecoli pnl 0157 H7

Tme of exposae
10 26C pp~i SOC v

Contro: {0 ppm SOC: 1350 = 26 1200 + 1-3°
0 15+ 07° 132 = 1:6°
4n 14 £ 05° 135 = 108
16 A 15 = 0-5° 283 x 12
24 n 250 + 1:2¢ 140 + 1:3°

Values within eacn calumn with the same superscript letters are not
sign:f:cantly oifferent

Oxidative stress response of Salmonella and Escherichia
coli O157:H7 exposed to stabilized oxychloro sanitizer

Using lucigenin as a reporter for the generation of react-
ive O fons, it was found that both Salmonella and E. coli
O157:H7 phl cxperienced an oxidative burst within
5 min of exposure to 200 ppm SOC. The chemilumines-
cence peaked at 203 X 10" RLU ODgoonm U™ in E. coli
0Q157:H7 compared with 273 X 10* RLU ODgunm U™
for Salmonella. The chemiluminescence then progressively
declined as the lucigenin returned to its ground state.
However, no chemiluminescence was observed with SOC
and lucigenin in the absence of bacterial cells. In a similar
manner, no chemiluminescence was detected when lucige-
nin was added to cell suspensions containing no SOC.
This would confirm that SOC elicited the oxidative
response within the enteric pathogens and was not an
artefact of the lucigenin reporter.

In addition, to an oxidative burst, there was a signifi-
cant (aNova, P < 0:03) depletion of intracellular GSH
levels within both E coli O157:H7 phl and Salimonella
(Table 3). The rate of depletion was rapid in both bacter-
ial tvpes and occurred within minutes upon contact of
cells with the SOC solution. However, a marginal recov-
ery of intracellular GSH was observed towards the end of
the 24-h treatment period (Table 3).

Effect of stabilized oxychloro sanitizer on the
metabolism of growing Escherichia coli O157:H7 phl

Bioluminescence can be used as a measure of intracellu-
lar ATP concentration, and hence provide an assessment
on the metabolic activity of microbes (Chumkbunthod
et al. 1998). When E. coli O157:H7 phl was cultured in
filter-sterilized mung bean exudate supplemented with
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Figure 2 Bioluminescence of Escherichia coli O157:H7 pnl 1 the
presence () and absence (@) of 200 ppm SOC. Fiter-sterzed mung
bean exudates were suppiemented with SOC anc bicluminescence
monitored over 3 23-h period. Vaiues are presented as relative gt
units per ODgooner-

200 ppm SOC, the bioluminescence emitted from the
culture decreased progressively over the initial 4 h and
reached a low level throughout the remaining incuba-
tion period (Fig. 2). In contrast, the Dbioluminescent
profile of non-SOC-treated controls increased during the
log phase. The bioluminescence then decreased as the
suspension entered the

(Fig. 2).

stationary  phase  of  growth

Interaction of stabilized oxychloro sanitizer with green
fluorescent protein and selected enzymes

Monitoring changes in intracellular GFP provides a direct
means of establishing whether SOC  disrupts  protein
structures. The fluorescence of GFP is generated by the
excitation by light, which results in a rapid cyclization
between Ser65 and Gly67 to form an imidazolin-3-one
intermediate, which is followed by a much slower rate-
limiting oxygenation of the Tyr66 side chain by O
{March et al. 2003). Therefore, the fluorescence of GFP is
not only dependent on conformation but also the pres-
ence of oxygen.

When GFP-tagged E. coli O157:H7 C9490 was exposed
to 200 ppm SOC over a 24-h period, no loss of fluores-
cence was observed. Indeed, there was a progressive
increase in GIP fluorescence, despite the decrease in OD
of the cell suspension (Fig. 3).

When the stability of key enzvmes (catalase, glucose-
6-phosphate dehydrogenase, t-lactate dehvdrogenase and
SOD) was assayed following exposure to SOC (200 ppm
for 20 min), no significant (¢-test, P > 0:05) loss in activ-
ity occurred {results not shown). However, the activity of
protease was decreased by 27% + 8% following exposure
to 200 ppm SOC and that of alkaline phosphatase
completely inactivated within 20 min contact with the
sanitizer.
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Figure 3 Green fiuorescent protemn stabmty wihin Escherichia coli
0157'H7 C9490 n saine witnout (M) and with {(#) 200 ppm SOC.
Ihe A, of the £ coli O157.H7 suspeasion suppiemented with

200 ppm SOC (A) s aiso silustrated.

Membrane damage resulting from exposure to stabilized
oxychloro sanitizer

Suspensions  of either
O157:H7 phl

200 ppm SOC and aliquots withdrawn periodically for

Salim.  Meleagridis or E. coli
(prepared in saline) were treated with

viability staining. Using the BacLight viability stain, it was
observed that a proportion of the population (c. 2%) of
both Salmonella and E. coli O157:H7 had lost viability
upon initial contact with SOC. However, the level of dead
or low-viability cells increased to ¢. 50% by 4 h into the
incubation period. By 19 h and bevond, all the cells
within the population were stained orange/red, suggesting
that the population had lost viabilitv.

DNA damage in Escherichia coli O157:H7 phl and
Salmonella by exposure to stabilized oxychloro sanitizer

The extent to which SOC damages DNA was assessed by
screening for auxotrophic mutants in E. coli O157:H7 or
Salmonella exposed to sublethal doses of the sanitizer.
A significant {aNova, P < 0:05) number of auxotrophic
E. coli O137:H7 mutants were generated within 2 h expo-
sure to 25 or 200 ppm SOC (Table 4). In a similar man-

Table 4 Auxotrophic mutants of Escherichia coli 0157:H7 ph1 and
Salmonella serotype Meteagridis exposed to subiethal concentrations
of SoC

SOC concentration/ Auxotrophic mutants/

Bacterium contact time {(ppm/h) total colonies screened
£ coli O157:H7 0 5/144
251 5/144
25/2 74/144
200/1 6/144
200/2 52/144
Salm Meleagrdis 0 7/144
25/24 60/144
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BE3bial invaders (Gozzo 2003; Klebanoff 2005).

Pathogen inactivation by SOC

ner, exposure of Salinonella to sublethal concentrations of
SOC also resulted in a high proportion of auxotrophic
mutants (Table 4). The results would strongly suggest
that SOC either directly or indirectly induces DNA dam-
age.

A potential consequence of the mutagenic effects of
SOC is the generation of resistant mutants to the sanitizer.
However, neither E. coli O157:H7 phl nor Salmonella
acquired enhanced resistance to SOC when repeatedly
subjected to sublethal concentrations of the sanitizer.

Discussion

The inactivation of both Salmonella and E. coli O157:H7
by SOC follows a similar route. In the initial period fol-
lowing exposure to SOC, there is clear cevidence for the
accumulation of superoxide ions (O7) with a subsequent
loss of intracellular GSH. Within this carly phase, damage
to the genomic DNA occurred as assessed through the
generation of auxotrophic mutants. However, there was a
slower loss of metabolic activity as observed through the
gradual reduction in the level of bioluminescence pro-
duced by E. coli O157:H7 phl. Cell membrane disruption
was also slow and there was a clear variation in the rate
at which individual members of the population were
inactivated. This probably was the underlving reason for
the relatively long contact periods required to inactivate
pathogens by SOC i vitro and when applied into decon-
taminating seeds destined for sprout production (Kumar
et al. 2006).

In plants and macrophages, an oxidative burst of free
radicals forms the basis of defence systems against micro-
However,
within bacterial cells, the cause of the oxidative burst is
less well understood. It has been proposed that the rapid
accumulation of oxidative ions occurs when the anabolic
and catabolic pathwavs of metabolism become uncoupled
through a cessation of growth (Aldsworth eral. 1998;
Dodd and Aldsworth 2002).
dissipate ATP and reducing equivalents to nongrowth

Here, the cell attempts to

functions, thereby leading to a surge in free radicals. Tvp-
ically, the SOD would catalvse the conversion of the
superoxide ions to hydrogen peroxide that would subse-
quently be acted upon by catalase. Therefore, in the pre-
sent case, the oxidative burst observed may have been
because of metabolic uncoupling and/or the inactivation
of SOD. The latter is unlikely because of the fact that the
activity of SOD was unaffected by SOC. An alternative
mechanism would be the depletion of intracellular GSH
caused by the direct interaction with the chlorite compo-
nent of SOC. This hvpothesis is supported by the work of
Ingram et al. (2003), who demonstrated the direct oxida-
tion of GSH by sodium chlorite. Once in the oxidized
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form GSH can react with DNA or other reactive species,
thereby leading o significant intracellular damage (In-
gram er al. 2003). In the present study, it was noted that
in the initial period of SOC exposure there was a signifi-
cant number of auxotrophic mutants generated both
within Salmonella and E. coli O157:H7 phl. This was
likelv because of the accumulated GSSH that interacted
directly with the genomic DNA leading to gene disrup-
tion (Akerboom and Sies 1989). The cell counters the
damaging effect of GSSH by transporting the reactive
thiol into the outside environment (Akerboom and Sies
19893, This occurred with both E. coli Q157:H7 and Sal-
monella where the intracellular  GSH  concentrations
remained low throughout the incubation period.

The contribution of DNA damage to the loss of cell
viability is unclear. If SOC was indeed highly mutagenic
then it would be expected that exposure to sublethal
doses would eventually lead to the generation of resistant
mutants. This has been previously found with E. coli
0157:H7 exposed to sublethal concentrations of chlorate
{Callaway ¢t al. 2001). Here, mutants with reduced nitrite
reductase activity were less sensitive to chlorate because
of the negligible accumulation of chlorite (Callaway et al.
2001). Clearly, in the present case where chiorite is
applied directly, mutations in the nitrate reductase gene
would be less significant. Indeed, no evidence of enhanced
resistance in E. coli O157:H7 or Salmonella exposed to
sublethal concentrations over successive generations was
found. However, given the variation in the sensitivity of
different bacterial types to SOC, it is possible that mecha-
nisms exist, which enhance resistance to the sanitizer. The
nature of such mechanisms remains unclear but is worthy
of further study.

Although the initial contact of bacterial cells to SOC
provoked a cellular response, the actual rate of inactiva-
tion was slow. It was noted that the loss of biolumines-
cence within £ coli O157:H7 upon exposure to SOC
occurred over a 4-h period. This would strongly suggest
that catabolic pathways that supply the energy and redu-
cing equivalents to sustain bioluminesence were func-
tional upon initial exposure to SOC, despite the cessation
of bacterial growth. A possible explanation for the stabil-
ity of enzymes in the presence of chlorite can be attrib-
uted to the disulfide bond content. It is noteworthy that
enzymes present in the cytosol of bacterial cells have a
Jow abundance of disulfide bonds compared with exoen-
zymes or periplasmic proteins (Gilbert 1990; Hiniker and
Bardwell 2004). In addition, GFP is devoid of disulfide
bonds and correspondingly stable in the presence of chl-
orite. In contrast, the apparent high sensitivity of MS2
bacteriophage may be the result of disruption of disulfide
bonds essential for capsid stability (Golmohammadi et al.
1996). The direct oxidation of cysteine by chlorite along
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with the sensitivity of alkaline phosphatase (contains two
disulfide bonds) and protease {a single disulfide bond)
would also support the view that disulfide-bond-rich pro-
teins are more susceptible to attack by chlorite.

Through viability staining, it was evident that pore for-
mation in the cell membrane progressively occurred over
the 24-h treatment period. This would strongly suggest
that the final loss of cell viability was likely because of the
collapse of membrane functionality as opposed to direct
attack on enzymes or nucleic acids. This is in contradic-
tion to the results of Ingram et al. (2004), who suggested
that negligible interaction of chlorite with lipid mem-
branes occurs. However, it is important to note that
Ingram et al. (2004) studied the cftect ot chlorite on hi-
pids inn vitro and not membrane proteins. Therefore, it is
possible that membrane disruption was caused Dby the
action of chlorite on the disulfide-rich membrane pro-
teins as opposed to lipids directly.

Although Salmonella and E. coli O137:H7 were sensi-
tive to SOC in saline, the tolerances of both pathogens
were enhanced in the presence of 0.1% peptone. This
can be attributed to the neutralization of SOC by inter-
action with proteins contained within peptone. Neverthe-
less, it was interesting to note that although SOC was
rapidly neutralized by peptone, a significant reduction in
E. coli O157:H7 levels were observed and the growth of
Salmonella inhibited. This may suggest that the brief
exposure of bacterial cells to chlorite initiated a chain
reaction that ultimately resulted in loss of cell viability.
However, Salmonella and, to some extent, kL coli
0157:H7 were still able to grow on agar plates to form
visible colonies. This in turn would suggest that the tran-
sient exposure to chlorite causes cell injury that can be
repaired. Indeed, Ingram et al. (2003) noted that counts
of Pseudomonas aeruginosa or Staphylococcus aureus trea-
ted with 50 ppm chlorite increased towards the end of
the 24-h exposure period. In this respect, the long treat-
ment time (>19 h) required to inactivate pathogens on
seeds may be due to the need to exceed this critical
exposure time. It was also interesting to note that
although chlorite inactivated both pathogens in salinc,
there was no decrease in the sanitizer levels throughout
the 24-h incubation period. ‘The same result  was
obtained by Ingram et al. (2004) with Ps. acruginosa and
Staph. aureus. This would suggest that relatively small
concentrations of chicrite react with cellular constituents
to cause cell inactivation. It is possible that the dose
dependency of chlorite in inactivating bacteria is a result
of the concentration gradients required to facilitate the
uptake of chiorite into the cell. Very few studies have
been performed to determine how chlorite is transported
into the cell, although specific transporters of the oxy-
chloro compound have been identified in fungi (Zhou
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et al. 2000). Whether bacteria also possess an equivalent
chlorite transporter is not known.

Based on plate count data, it was evident that E. coli
O157:H7 was significantly more sensitive to SOC com-
pared with Salmonella. This was especially emphasized
with the relative inactivation of both bacterial tvpes in
mung bean exudates. Here, the inactivation of Salmonella
by SOC was delaved and occurred at a decreased rate
compared with E. coli O157:H7 phl. A possible explan-
ation for the enhanced tolerance of Salmonella to SOC
mav be associated with the ability of the bacterium to
utilize protective constituents within the mung bean exu-
dates. In addition, it should also be noted that as an
intracellular pathogen, Salimonella has evolved protective
mechanisms to avoid being inactivated by the oxidative
stress incurred during interaction with macrophages (Sly
et al. 2002). Therefore, it is plausible that the Salmonella
could resist the early oxidative stress response but subse-
quently was inactivated through continuous exposure to
SOC.

The higher tolerance of Gram-positive bacteria to chl-
orite has been previously reported (Ingram er al. 2003).
This has been attributed to the absence of GSH within
Gram-positive bacteria (Ingram et al. 2003). Therefore, it
is likely that the mode of inactivation of Gram-positive
bacteria differ from that of Gram negatives. The resistance
of endospores to SOC was most likelv because of the
poor penetration of active chlorite through the protective
spore coat. It has previously been found that Bacillus
spores are highly resistant to both hypochlorite and chlor-
in¢e dioxide unless the spore coat is removed (Young and
Sctlow 2003).

In conclusion, the evidence obtained in this study sug-
gests that inactivation of Salmonella and E. coli O157:H7
occurs through the direct action of SOC with disulfide
bonds of proteins and indirectly via reduced thiol-con-
taining compounds. This subsequently leads to DNA
damage and finally disruption of the membrane integrity.
Killing bv SOC is different from that observed for hvdro-
gen peroxide and hvpochlorite but similar to that of
chlorine dioxide (Scatina et al. 1985; Fu er al. 2002; Haw-
kins et al. 2002; Luppens et al. 2003). However, the action
of chlorite appears to be more discriminating and select-
ive compared with other oxidizing agents, including
chlorine dioxide, which may explain the insensitivity of
mammalian cells and sprouting seeds to the sanitizer (In-
gram ¢t al. 2004; Kumar et al. 2006).
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Introduction

Abstract

Aims: To evaluate the efficacy of a stabilized oxychloro-based (SOC) sanitizer
to decontaminate mung beans artificially or naturally contaminated with
Escherichia coli O157:H7 or Salmonella.

Methods and Results: Naturally contaminated beans were produced by intro-
ducing a five-strain cocktail of E. coli O157:H7 or Salmonella onto the flowers
of growing mung bean plants. Escherichia coli O157:H7 was only sporadically
recovered from sprout lots. (three testing positive from 10 tested) derived from
harvested beans. In contrast, Salmonella was recovered from 18 of 20 lots
screened. Pathogens present on naturally contaminated seed could be success-
fully inactivated with SOC applied at 200 ppm for 24 h at 28°C. SOC treat-
ment could also decontaminate artificially inoculated mung bean batches
containing different levels of contaminated seed. SOC inactivated E. coli
0157:H7, but not Salmonella introduced onto damaged (scarified) beans.
Conclusions: SOC sanitizer could inactivate Salmonella or E. coli O157:H7 nat-
urally or artificially introduced onto mung beans. However, the SOC treatment
failed to inactivate Salmonella introduced onto damaged mung beans.
Significance and Impact of the Study: SOC sanitizer represents an effective

" method for decontaminating undamaged mung beans.

- acid, hydrogen peroxide) can only reduce pathogen levels
on seeds but cannot ensure complete elimination (Anony-

Over the last decade there has been numerous food-borne lmous 1999; Wessinger and Beuchat 2000; Brooks et al.

illness outbreaks linked to sprouted seeds such as alfalfa
and bean sprouts (Fett et al. 2005). Salmonella is the most
frequently encountered human pathogen on sprouts
although cases involving Escherichia coli O157:H7 have
also been reported (Mohle-Boetani et al. 2001; Fett et al.
2005). In the majority of outbreaks the seed used for
sprout production ~has been shown to be the source of
human pathogens (Anonymous 1999). Therefore, it was
recommended - ‘that” ‘seeds should be treated with
20 000 ppm calcium hypochlorite prior to soaking and
subsequently sprouting (Anonymous 1999). However, it
is widely acknowledged that treatments based on hypo-
chlorite or alternative sanitizing agents (e.g. peroxyacetic

©® 2006 The Authors

2001). This is relevant considering that even relatively low
levels of surviving pathogens (<0-1 CFU g ') can grow to
densities in excess of 6 log CFU ¢! within 48 h into the
sprouting process (Holliday et al. 2001).

A successful decontamination method has been devised
based on supplementing the soak water used in the early
stages of sprout production with a stabilized oxychloro-
based sanitizer (SOC) (Kumar et al. 2006). A previous
study has demonstrated that SOC applied at 200 ppm for
>19 h can consistently inactivate either E. coli O157:H7
or Salmonella introduced onto mung beans (Kumar et al.
2006). However, the efficacy of SOC to decontaminate
naturally contaminated or damaged seed has yet to be
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Mung bean decontamination by SOC

determined. In both cases it is possible that low levels of
pathogens can become located in protective sites within
the seed inaccessible to sanitizing agents and significantly
reduce the efficacy of decontamination treatments
(Brooks et al. 2001; Charkowski et al. 2001; Fu et al.
2001; Howard and Hutcheson 2003; Winthrop et al.
2003; Montville and Schaffner 2005).

In the following study the efficacy of SOC sanitizer to
inactivate pathogens (Salmonella and E. coli O157:H7)
when introduced at low levels or on damaged mung
beans was evaluated. In addition, batches of naturally
contaminated mung beans were produced by introducing
the pathogens onto the flowers of growing plants from
which the seed pods emerged. The choice of flowers as
the inoculation site was selected to mimic the effect of
contaminated irrigation water which is considered to be
an important source of human pathogens present on
seeds (Anonymous 1999).

Materials and methods

Bacterial strains and preparation of inocula

R. Hora et al.

soaked in 250 ml of the five-strain cocktail of E. coli
0157:H7 or Salmonella for 20 min. The seeds were then
transferred to sterile filter paper within a biological safety
cabinet and allowed to dry at ambient temperature for
48-60 h. The inoculated mung beans were then intro-
duced into 100-g batches of uninoculated beans at differ-
ent levels (1-50%, w/w) and manually mixed - prior to
sprouting. For example, 1 g of -inoculated 'seeds was
mixed with 99 g of non-inoculated seed to give an inocu-
lation level of 1% (w/w).

For damaged seed, mung -beans: (in 5-g lots) were
placed between sheets of abrasive :paper and rubbed with
moderate pressure for ¢. 10 s to produce visible scarifica-
tion. The damaged mung beans (100 g) were then soaked
in bacterial suspension as described above and sprouted
directly without mixing with non-inoculated seed.

Cultivation and inoculation of mung bean plants

Mung beans (non-inoculated) were soaked in distilled
water at 30°C-overnight to stimulate germination prior to
transplanting into plug trays containing commercial grade
PGX . soil (Professional plug and germination growing

Escherichia coli O157:H7 and Salmonella used in the studymedium; Premier Horticulture Ltd, 2?22, QC, Canada).

were composed of environmental, clinical, tomato or
sprout isolates (Table 1). An aliquot (1 ml) of an over-
night culture of the individual E. coli O157:H7 or
Salmonella strains was transferred into 50 ml of tryptic
soy broth (Difco, Sparks, MD, USA) and incubated for
24 h at 37°C. Bacterial cells were harvested by centrifuga-
tion (5500 g for 10 min, 4°C) and washed once in 0-8%
saline. The final cell pellet was re-suspended in saline to a
final cell density of 10° CFU ml™'. Equal volumes of the
five different E. coli O157:H7 or Salmonella suspensions
were then combined to produce a cocktail that was subse-
quently used to inoculate beans or flowers of mung bean
plants.

Inoculation of undamaged and damaged mung beans

Mung beans (Vigna radiata) were purchased from Mumms
Seeds Ltd (Parkside, SK, Canada). Beans (250 g) were

The trays were transferred to a sealed growth room main-
tained at 25°C with a relative humidity set at 90%. After
2 weeks the seedlings were transplanted into 2-1 soil
microcosms containing commercial grade BX soil (Profes-
sional general purpose growing medium, Premier Horti-
culture Ltd). The relative humidity within the growth
room was maintained at 90% with 12/12 h day/night at
25/10°C respectively. Flowers started to appear on plants
7-8 weeks into the cultivation period. The calyx of indi-
vidual flowers was inoculated with a single 0-1 ml aliquot
of E. coli O157:H7 or Salmonella (10° CFU ml™"). The
plants (12 inoculated with E. coli O157 and 24 with
Salmonella) were cultivated for a further period (6-8 weeks)
to enable seed pod development and ripening. Seed pods
were manually harvested using sterile gloved hands and
transferred to the laboratory in sterile bags. The beans
were extracted from pods using a sterile scalpel blade and
pooled prior to subdividing into 0-7-12 g lots (40 lots

Escherichia coli O157:H7 strain*  Source

Salmonella enterica serovar  Source

Table 1 Escherichia coli 0157:H7 and Sal-
monella strains/serovars used in the study

coli 0157:H7 C1033 Water sediment Meleagridis E17

E.

E. coli 0157:H7 C1032 Soil Oranienburg C1%
E. coli O157:H7 C652 Clinical Newport C27

E. coli O157:H7 C476 Clinical Senftenburgt

E. coli O157:H7 C477 Clinical Montevideo*

Alfalfa sprouts
Alfalfa sprouts
Alfalfa sprouts
Alfalfa sprouts
Tomatoes

*Strains obtained from Canadian Research Institute for Food Safety, University of Guelph, Gue-

Iph, ON, Canada.

+Strains donated by Dr C. Poppe, Health Canada, Guelph, ON, Canada.
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for Salmonella and 20 for E. coli O157:H7). Half the seed
lots (for each pathogen type) were treated using SOC san-
itizer with the remaining acting as non-treated controls.

SOC treatment and sprouting of mung beans

Mung bean decontamination by SOC

streaked onto CT-SMAC that was subsequently incubated
at 37°C for 24 h. Typical colonies (colourless) were con-
firmed as E. coli O157:H7 using the Oxoid E. coli O157
Latex Test DR0620M.

Sprouts from mung beans derived from “inoculated
plants were screened for the presence of pathogens using

The different mung bean batches (i.e. naturally contamin- lthe same methods highlighted above. However, due to

ated, damaged or those containing inoculated seed intro-
duced at different levels) were soaked for 24 h at 28°C in
200 ppm SOC (commercial name Germin-8-or; Verna-
gene Ltd, Bolton, Lancashire, UK) using a ratio of 1 part
beans (dry weight) to 5 parts sanitizer (Kumar et al
2006). The seeds were then removed, rinsed with distilled
water prior to germinating for a further 4 days at 28°C.
The developing sprouts were watered daily by a 5-min
soak in 500 ml of sterile distilled water. Control (non-
decontaminated) mung bean batches were sprouted using
the same method except the SOC solution was replaced
with distilled water.

Microbiological analysis

For artificially inoculated mung beans, microbiological
analysis was performed on both the inoculated seeds and
sprouts. Duplicate samples (1 g) of inoculated seed were
suspended in 9 ml of buffered peptone water (0-1%,
Oxoid, Basingstoke, UK) and vortexed for 1 min. Salmon-
ella was enumerated on Brilliant Green agar (BG; Oxoid)
incubated at 42°C for 24 h. Escherichia coli O157:H7 was
enumerated on Sorbitol Maconkey agar containing-cefixi-
me and tellurite (CT-SMAC; Difco) incubated at 37°C for
24 h.

For sprouts, duplicate 25 g samples were suspended in
225 ml buffered peptone water and stomached for ‘90 s at
230 rev min~! (Model 400; A.J. Steward and Co., London,
UK). The sprout homogenates were tested for the presence
of Salmonella using the method described in'the Canadian
Compendium of Analytical Method, MFHPB 20 (Health
Canada 2003). Sprouts were suspended in 225 ml buffered
peptone water and incubated at 42°C for 24 h. An aliquot
(0-1 ml) of the enriched culture was then inoculated into
the centre of a semi-solid Rappaport-Vassiliadis plate
(Oxoid) that was subsequently incubated at 37°C for 24 h.
Cells from the outer perimeter of the growth halo (pre-
sumptive motile Salmonella) were streaked onto BG agar
(Oxoid) and incubated at 37°C overnight. The Oxoid
Salmonella Latex Test FT0203 was used for serological
confirmation of typical colonies (i.e. red colonies surroun-
ded by brilliant red zones).

Sprouts were enriched for E. coli O157:H7 using buf-

the small bean lots sprouted the entire batch:of sprouts
(8-13 g) was analysed.

DNA typing of Salmonella

Enterobacterial Repetitive - Intergenic Consensus (ERIC)-
PCR (Versalovic et al. 11991) was used to identify which
of the five strains .of Salmonella serovar present on
sprouts upon completion-of the sprouting process. Up to
five colonies from the positive selective agar plates were
picked onto Luria-Bertani (LB; Difco) agar that was sub-
sequently incubated at 37°C for 24 h. Single colonies were
then suspended in 0-2 ml of TE buffer heated at 100°C to
lyse cells. "Cell debris were removed by centrifugation
(13 000 g) and the supernatant, containing DNA, decan-
ted into a new Eppendorf tube. ERIC-PCR was performed
using the method described by Kumar et al. (2006). DNA
patterns were analysed and dice similarity coefficients cal-
culated using Molecular Analyst Software, Bio-Rad Fin-
gerprinting II version 3-0 (Bio-Rad Laboratories,
Hercules, CA, USA).

Bioassay for antimicrobial metabolites produced
by Salmonella

A bioassay was performed (as described by Fett 2006) to
determine the antagonistic activity exhibited by individual
Salmonella serovars used in the study. Briefly, aliquots
(20 pl) of an overnight culture of the test Salmonella was
spotted onto LB agar and incubated at 30°C for 24 h.
The agar plate was then exposed to chloroform vapour
for 1 h at room temperature within a fume hood (Protec-
tor, VWR, Mississauga, ON, Canada). Each plate was
then overlaid with 6 ml molten water agar (6 g agar I™")
containing 60 ul of an overnight suspension of the appro-
priate Salmonella serovar. The agar was allowed to solidify
prior to incubating plates at 30°C for 24 h. The plates
were then removed and visually inspected for zones of
inhibition.

Data analysis

Qualitative data were statistically analysed using 2 x 2

fered peptone water containing 0-5% (w/v) sodium thio- contingency tables (s-pLus, Insightful Corp., ??%2, NY,

glycolate incubated at 37°C for 24 h (Sata et al. 2003).
Aliquots (10 ul) of the enriched culture were then

© 2006 The Authors

USA). In all cases the significance level was set at
P <0:05.
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Results

Inactivation of E. coli O157:H7 and Salmonella inocula-
ted onto undamaged or damaged mung beans

When the inoculated beans were introduced into bat-
ches of non-inoculated beans and sprouted the subse-
quent bean sprouts tested positive for Salmonella or
E. coli O157:H7 (Table 2). However, no pathogens
were recovered from sprouts derived from SOC-treated
beans (Table 2). Escherichia coli O157:H7 introduced
onto damaged beans could also be successfully inacti-

I3vated by treating with 200 ppm SOC. However, SOC

treatment failed to decontamination damaged seeds
inoculated with Salmonella with all the subsequent
sprout samples testing positive for the enteric pathogen
(Table 2).

Decontamination of naturally contaminated seed

Mung beans derived from plants inoculated with E. coli
0157:H7 were sporadically contaminated with the
pathogen. When the beans was sprouted without apply-
ing SOC sanitizer, only three of the 10 lots were found
to be contaminated with E. coli O157:H7 (Table 3).
However, none of the sprouts derived from mung beans
subjected to SOC treatment tested positive for the
pathogen (Table 3).

The majority of mung bean lots (18 of 20) derived
from Salmonella-inoculated plants tested positive for the
bacterium when sprouted over a 4-day period (Table 3).

R. Hora et al.

Table 3 Salmonella or Escherichia coli 0157:H7 recovered from bean
sprouts produced from mung beans derived from plants in which the
human pathogens were introduced onto flowers

Mung bean Sprouts positive by enrichment
treatment* (positive/number tested)§
Escherichia Non-treatedt 3/10
coli 0157:H7 SOC treated} 0/10
Salmonella Non-treated 18/20
SOC treated 0/20

*Mung beans derived from inoculated plants were pooled and segre-
gated into equal lots.

tMung beans were soaked in distilled water for 24 h prior to sprout-
ing.

tMung bean batches (n = 3) soaked in 200 ppm SOC for 24 h prior
to sprouting.

§At the end of the 4-day sprouting process, bean sprouts (8-13 g)
were enriched for either E.-coli 0157:H7 or Salmonella.

However, no Salmonella was recovered from sprouts pro-
duced from beans treated with SOC (Table 3).

Through DNA typing, Salmonella enterica serovar Mel-
eagridis was found to be the only serovar of the five
introduced that was recovered from sprouts derived from
naturally contaminated, non-sanitized, mung beans. A
bioassay was performed to determine if serovar Meleagr-
idis may have produced an antimicrobial compound to
inhibit the growth of the other Salmonella within the
cocktail. However, no zones of inhibition were noted for
any of the combinations of Salmonella applied (results
not shown).

Table 2 The effect of introducing contaminated mung beans at different levels on the decontaminating efficacy of stabilized oxychloro-based

sanitizer treatment

Level of contaminated mung

Escherichia coli 0157:H7 Salmonella

beans introducedt Treatment (positive/number tested) (positive/number tested)¥
1% Not treated} 3/3* 3/3*

SOC treateds 0/3 0/3 )
10% Not treated 3/3 3/3

SOC treated 0/3 0/3
50% Not treated 3/3 3/3

SOC treated 0/3 0/3
100% Not treated 3/3 3/3

SOC treated 0/3 0/3
Damaged seedtt 100% Not treated 8/8 8/8

SOC treated 0/8 8/8

*Significantly (P < 0-05) greater number of sprout batches derived from non-treated mung beans tested positive for pathogens compared with

those receiving SOC treatment.

tMung beans were inoculated with a five-strain cocktail of either Salmonelia or E. coli 0157:H7. The inoculated mung beans (containing 10°-
10* CFU g™*) were introduced to batches of non-inoculated beans (1-50%, w/w) prior to treatment.

tMung bean batches (n = 3) soaked in distilled water for 24 h prior to sprouting.

§Mung bean batches (n = 3) soaked in 200 ppm SOC for 24 h prior to sprouting.

“At the end of the 4-day sprouting process, bean sprouts (25 g) were enriched for either £. coli 0157:H7 or Salmonella.

t1Bean sprouts derived from scarified mung beans inoculated with Salmonella or E. coli 0157:H7 and sprouted over a 4-day period.
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Discussion

The study has demonstrated that the efficacy of SOC to
inactivate Salmonella or E. coli O157:H7 was independent
of pathogen levels introduced into batches of undamaged
beans. It has been reported that human pathogens present
at low levels in the presence of a high level of endogenous
microflora express stress proteins that provide enhanced
tolerance to inimical processes (Dodd and Aldsworth
2002; Komitopoulou et al. 2004). Obviously, in the pre-
sent case even if stress responses were induced within
Salmonella and E. coli O157:H7 this did not affect the
efficacy of SOC treatment.

Stabilized oxychloro-based treatment was less effective
in inactivating Salmonella introduced onto damaged
mung beans. This is in agreement with other works that
have reported on the difficulty in decontaminating scari-
fied or damaged seed (Charkowski et al. 2001). It is likely
that by being located within crevices deep within the seed
the Salmonella were protected from the antimicrobial
effects of SOC. The greater susceptibility of E. coli
O157:H7 to SOC relates to the lower tolerance of the
pathogen to the sanitizer. In previous studies it was noted
that SOC sanitizer applied at 100 ppm could ensure inac-
tivation of E. coli O157:H7 on mung beans compared
with 200 ppm required to inactivate Salmonella (Kumar
et al. 2006). Therefore, in the current study it was likely
that SOC could penetrate into the bean interior but at an
insufficient concentration to inactivate Salmonella.
Regardless of this fact, the results support the view that
scarification or using damaged seed in sprout production
should be avoided (Anonymous 1999).

From studies using naturally contaminated seed it was
clearly evident that Salmonella could become established
on beans to a greater extent compared with E. coli
O157:H7.

The result would suggest that E. coli - O157:H7 has a
lower level of persistence on plants or unable to become
associated with developing beans. This may explain why
food-borne illness outbreaks linked to sprouts are more
commonly associated with Salmonella as opposed to
E. coli O157:H7 (Barak et al. 2002). However, it should
be noted that in a previous study performed by Cooley
et al. (2003) it was reported that E. coli O157:H7 could
contaminate Arabidopsis seed to a greater extent com-
pared with S. enterica serovar Newport when introduced
onto growing plants. Therefore, it is likely that the ability
of human pathogens to become established on seeds is
plant and strain‘dependent. In this respect it was interest-
ing to note that from the five Salmonella serovars intro-
duced onto the flowers of plants only serovar Meleagridis
was recovered from the subsequent sprouts. In a previous
study, the same serovar was recovered from sprouts

© 2006 The Authors
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derived from mung beans inoculated with the same
Salmonella serovar combination (Kumar et al. 2006). This
may suggest that Meleagridis has physiological attributes
that enhance interaction with sprouted seeds or. elicits
antagonistic effects against other Salmonella. The latter
seems unlikely as none of the Salmonella used in the cur-
rent study exhibited antagonistic affects in the agar plate
bioassay. Therefore, it is possible .that :‘Meleagridis could
exhibit greater tolerance to environmental stress, higher
attachment strength and/or greater growth rates on
sprouting seeds. Similar attributes have been implicated
in the establishment of Salmonella on sprouting alfalfa
(Howard and Hutcheson 2003; Barak et al. 2005). Whe-
ther such factors are: associated with Meleagridis is
unclear at present but is worthy of further study.

In the current study it ‘was found that SOC treatment
could be used to decontaminate naturally contaminated
seed. Despite the sporadic occurrence of E. coli O157:H7
on mung beans it is questionable whether the pathogen
was present on the seed prior to decontamination. How-
ever, the fact that no Salmonella was recovered from con-
trol sprouts strongly indicates that the SOC treatment
was a success. In previous studies with naturally contam-
inated seeds it was reported that 1800-2000 ppm calcium
hypochlorite was insufficient to ensure the elimination of
Salmonella (Fett 2002). Given that the SOC sanitizer
could achieve complete elimination of Salmonella when
applied at 200 ppm underlines the effectiveness of the
treatment compared with the recommended hypochlorite-
based method. Nevertheless, it is acknowledged that seeds
can be contaminated via various routes other than irriga-
tion water. In this respect further studies are warranted
on the efficacy of SOC treatment to decontaminate seeds
derived from sprout-related outbreaks where the levels
and spatial distribution of human pathogens may differ.
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Introduction

Abstract

Aims: To evaluate the efficacy of a stabilized oxychloro-based (SOC) sanitizer
to decontaminate mung beans artificially or naturally contaminated with
Escherichia coli O157:H7 or Salmonella.

Methods and Results: Naturally contaminated beans were produced by intro-
ducing a five-strain cocktail of E. coli O157:H7 or Salmonella onto the flowers
of growing mung bean plants. Escherichia coli O157:H7 was only sporadically
recovered from sprout lots (three testing positive from 10 tested) derived from
harvested beans. In contrast, Salmonella was recovered from 18 of 20 lots
screened. Pathogens present on naturally contaminated seed could be success-
fully inactivated with SOC applied at 200 ppm for 24 h at 28°C. SOC treat-
ment could also decontaminate artificially inoculated mung bean batches
containing different levels of contaminated seed. SOC inactivated E. coli
O157:H7, but not Salmonella introduced onto damaged (scarified) beans.
Conclusions: SOC sanitizer could inactivate Salmonella or E. coli O157:H7 nat-
urally or artificially introduced onto mung beans. However, the SOC treatment
failed to inactivate Salmonella introduced onto damaged mung beans.
Significance and Impact of the Study: SOC sanitizer represents an effective
method for decontaminating undamaged mung beans.

acid, hydrogen peroxide) can only reduce pathogen levels
on seeds but cannot ensure complete elimination (Anony-

Over the Jast decade there has been numerous food-borne
illness outbreaks linked to sprouted seeds such as alfalfa
and bean sprouts (Fett et al. 2005). Salmonella is the most
frequently encountered human pathogen on sprouts
although cases involving Escherichia coli O157:H7 have
also been reported (Mohle-Boetani et al. 2001; Fett et al.
2005). In the majority of outbreaks the seed used for
sprout production has been shown to be the source of
human pathogens (Anonymous 1999). Therefore, it was
recommended that seeds should be treated with
20 000 ppm calcium hypochlorite prior to soaking and
subsequently sprouting (Anonymous 1999). However, it
is widely acknowledged that treatments based on hypo-
chlorite or alternative sanitizing agents (e.g. peroxyacetic

mous 1999; Wessinger and Beuchat 2000; Brooks et al.
2001). This is relevant considering that even relatively low
levels of surviving pathogens (<0-1 CFU g™") can grow to
densities in excess of 6 log CFU g~! within 48 h into the
sprouting process (Holliday et al. 2001).

A successful decontamination method has been devised
based on supplementing the soak water used in the early
stages of sprout production with a stabilized oxychloro-
based sanitizer (SOC) (Kumar et al. 2006). A previous
study has demonstrated that SOC applied at 200 ppm for
>19 h can consistently inactivate either E. coli O157:H7
or Salmonella introduced onto mung beans (Kumar et al.
2006). However, the efficacy of SOC to decontaminate
naturally contaminated or damaged seed has yet to be
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determined. In both cases it is possible that low levels of
pathogens can become located in protective sites within
the seed inaccessible to sanitizing agents and significantly
reduce the efficacy of decontamination treatments
(Brooks et al. 2001; Charkowski et al. 2001; Fu et al.
2001; Howard and Hutcheson 2003; Winthrop ez al.
2003; Montville and Schaffner 2005).

In the following study the efficacy of SOC sanitizer to
inactivate pathogens (Salmonella and E. coli 0157:H7)
when introduced at low levels or on damaged mung
beans was evaluated. In addition, batches of naturally
contaminated mung beans were produced by introducing
the pathogens onto the flowers of growing plants from
which the seed pods emerged. The choice of flowers as
the inoculation site was selected to mimic the effect of
contaminated irrigation water which is considered to be
an important source of human pathogens present on
seeds (Anonymous 1999).

Materials and methods

Bacterial strains and preparation of inocula

Escherichia coli O157:H7 and Salmonella used in the study
were composed of environmental, clinical, tomato or
sprout isolates (Table 1). An aliquot (1 ml) of an over-
night culture of the individual E. coli O157:H7 or
Salmonella strains was transferred into 50 ml of tryptic
soy broth (Difco, Sparks, MD, USA) and incubated for
24 h at 37°C. Bacterial cells were harvested by centrifuga-
tion (5500 g for 10 min, 4°C) and washed once in 0-8%
saline. The final cell pellet was re-suspended in saline to a
final cell density of 10° CFU ml™. Equal volumes of the
five different E. coli O157:H7 or Salmonella suspensions
were then combined to produce a cocktail that was subse-
quently used to inoculate beans or flowers of mung bean
plants.

Inoculation of undamaged and damaged mung beans

Mung beans (Vigna radiata) were purchased from Mumms
Seeds Ltd (Parkside, SK, Canada). Beans (250 g) were

Mung bean decontamination by SOC

soaked in 250 ml of the five-strain cocktail of E. coli
O157:H7 or Salmonella for 20 min. The seeds were then
transferred to sterile filter paper within a biological safety
cabinet and allowed to dry at ambient temperature for
48-60 h. The inoculated mung beans were then intro-
duced into 100-g batches of uninoculated beans at differ-
ent levels (1-50%, w/w) and manually mixed prior to
sprouting. For example, 1 g of inoculated seeds was
mixed with 99 g of non-inoculated seed to give an inocu-
lation level of 1% (w/w).

For damaged seed, mung beans (in 5-g lots) were
placed between sheets of abrasive paper and rubbed with
moderate pressure for ¢. 10 s to produce visible scarifica-
tion. The damaged mung beans (100 g) were then soaked
in bacterial suspension as described above and sprouted
directly without mixing with non-inoculated seed.

Cultivation and inoculation of mung bean plants

Mung beans (non-inoculated) were soaked in distilled
water at 30°C overnight to stimulate germination prior to
transplanting into plug trays containing commercial grade
PGX soil (Professional plug and germination growing
medium; Premier Horticulture Ltd, Dorval, QC, Canada).
The trays were transferred to a sealed growth room main-
tained at 25°C with a relative humidity set at 90%. After
2 weeks the seedlings were transplanted into 2-1 soil
microcosms containing commercial grade BX soil (Profes-
sional general purpose growing medium, Premier Horti-
culture Ltd). The relative humidity within the growth
room was maintained at 90% with 12/12 h day/night at
25/10°C respectively. Flowers started to appear on plants
7-8 weeks into the cultivation period. The calyx of indi-
vidual flowers was inoculated with a single 0-1 ml aliquot
of E. coli O157:H7 or Salmonella (10° CFU ml™). The
plants (12 inoculated with E. coli O157 and 24 with
Salmonella) were cultivated for a further period (6-8 weeks)
to enable seed pod development and ripening. Seed pods
were manually harvested using sterile gloved hands and
transferred to the laboratory in sterile bags. The beans
were extracted from pods using a sterile scalpel blade and
pooled prior to subdividing into 0-7-1-2 g lots (40 lots

Table 1 Escherichia coli 0157:H7 and
Salmonella strains/serovars used in the study

Escherichia coli O157:H7 strain*

Source Salmonella enterica serovar Source

E. coli 0157:H7 C1033
E. coli 0157:H7 C1032
E. coli O157:H7 €652
E. coli O157:H7 C476
E. coli O157:H7 C477

Water sediment Meleagridis E1% Alfalfa sprouts

Soil Oranienburg C17 Alfalfa sprouts
Clinical Newport C27 Alfalfa sprouts
Clinical Senftenburgt Alfalfa sprouts
Clinical Montevideo™* Tomatoes

*Strains obtained from Canadian Research Institute for Food Safety, University of Guelph, Gue-

Iph, ON, Canada.

Strains donated by Dr C. Poppe, Health Canada, Guelph, ON, Canada.
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for Salmonella and 20 for E. coli O157:H7). Half the seed
lots (for each pathogen type) were treated using SOC san-
itizer with the remaining acting as non-treated controls.

SOC treatment and sprouting of mung beans

The different mung bean batches (i.e. naturally contamin-
ated, damaged or those containing inoculated seed intro-
duced at different levels) were soaked for 24 h at 28°C in
200 ppm SOC (commercial name Germin-8-or; Verna-
gene Ltd, Bolton, Lancashire, UK) using a ratio of 1 part
beans (dry weight) to 5 parts sanitizer (Kumar et al.
2006). The seeds were then removed, rinsed with distilled
water prior to germinating for a further 4 days at 28°C.
The developing sprouts were watered daily by a 5-min
soak in 500 ml of sterile distilled water. Control (non-
decontaminated) mung bean batches were sprouted using
the same method except the SOC solution was replaced
with distilled water.

Microbiological analysis

For artificially inoculated mung beans, microbiological
analysis was performed on both the inoculated seeds and
sprouts. Duplicate samples (1 g) of inoculated seed were
suspended in 9 ml of buffered peptone water (0-1%,
Oxoid, Basingstoke, UK) and vortexed for 1 min. Salmon-
ella was enumerated on Brilliant Green agar (BG; Oxoid)
incubated at 42°C for 24 h. Escherichia coli O157:H7 was
enumerated on Sorbito]l Maconkey agar containing cefixi-
me and tellurite (CT-SMAC; Difco) incubated at 37°C for
24 h.

For sprouts, duplicate 25 g samples were suspended in
225 ml buffered peptone water and stomached for 90 s at
230 rev min~' (Model 400; A.J. Steward and Co., London,
UK). The sprout homogenates were tested for the presence
of Salmonella using the method described in the Canadian
Compendium of Analytical Method, MFHPB 20 (Health
Canada 2003). Sprouts were suspended in 225 ml buffered
peptone water and incubated at 42°C for 24 h. An aliquot
(0-1 ml) of the enriched culture was then inoculated into
the centre of a semi-solid Rappaport—Vassiliadis plate
(Oxoid) that was subsequently incubated at 37°C for 24 h.
Cells from the outer perimeter of the growth halo (pre-
sumptive motile Salmonella) were streaked onto BG agar
(Oxoid) and incubated at 37°C overnight. The Oxoid
Salmonella Latex Test FT0203 was used for serological
confirmation of typical colonies (i.e. red colonies surroun-
ded by brilliant red zones).

Sprouts were enriched for E. coli O157:H7 using buf-
fered peptone water containing 0-5% (w/v) sodium thio-
glycolate incubated at 37°C for 24 h (Sata et al. 2003).
Aliquots (10 pl) of the enriched culture were then
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streaked onto CT-SMAC that was subsequently incubated
at 37°C for 24 h. Typical colonies (colourless) were con-
firmed as E. coli O157:H7 using the Oxoid E. coli 0157
Latex Test DRO620M.

Sprouts from mung beans derived from inoculated
plants were screened for the presence of pathogens using
the same methods highlighted above. However, because
of sprouting of the small bean lots the entire batch of
sprouts (8-13 g) was analysed.

DNA typing of Salmonella

Enterobacterial Repetitive Intergenic Consensus (ERIC)-
PCR (Versalovic et al. 1991) was used to identify which
of the five strains of Salmonella serovar present on
sprouts upon completion of the sprouting process. Up to
five colonies from the positive selective agar plates were
picked onto Luria—Bertani (LB; Difco) agar that was sub-
sequently incubated at 37°C for 24 h. Single colonies were
then suspended in 0-2 ml of TE buffer heated at 100°C to
lyse cells. Cell debris were removed by centrifugation
(13 000 g) and the supernatant, containing DNA, decan-
ted into a new Eppendorf tube. ERIC-PCR was performed
using the method described by Kumar et al. (2006). DNA
patterns were analysed and dice similarity coefficients cal-
culated using Molecular Analyst Software, Bio-Rad Fin-
gerprinting II version 30 (Bio-Rad Laboratories,
Hercules, CA, USA).

Bioassay for antimicrobial metabolites produced
by Salmonella

A bioassay was performed (as described by Fett 2006) to
determine the antagonistic activity exhibited by individual
Salimonella serovars used in the study. Briefly, aliquots
(20 pl) of an overnight culture of the test Salmonella was
spotted onto LB agar and incubated at 30°C for 24 h.
The agar plate was then exposed to chloroform vapour
for 1 h at room temperature within a fume hood (Protec-
tor, VWR, Mississauga, ON, Canada). Each plate was
then overlaid with 6 ml molten water agar (6 g agar I”")
containing 60 ul of an overnight suspension of the appro-
priate Salmonella serovar. The agar was allowed to solidify
prior to incubating plates at 30°C for 24 h. The plates
were then removed and visually inspected for zones of
inhibition.

Data analysis

Qualitative data were statistically analysed using 2 x 2
contingency tables (s-prus, Insightful Corp., New York,
NY, USA). In all cases the significance level was set at
P £ 005.
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Results

Inactivation of E. coli O157:H7 and Salmonella inocula-
ted onto undamaged or damaged mung beans

When the inoculated beans were introduced into bat-
ches of non-inoculated beans and sprouted the subse-
quent bean sprouts tested positive for Salmonella or
E. coli O157:H7 (Table 2). However, no pathogens
were recovered from sprouts derived from SOC-treated
beans (Table 2). Escherichia coli Q157:H7 introduced
onto damaged beans could also be successfully inacti-
vated by treating with 200 ppm SOC. However, SOC
treatment failed to decontaminate damaged seeds
inoculated with Salmonella, with all the subsequent
sprout samples testing positive for the enteric pathogen
(Table 2).

Decontamination of naturally contaminated seed

Mung beans derived from plants inoculated with E. coli
O157:H7 were
pathogen. When the beans was sprouted without apply-
ing SOC sanitizer, only three of the 10 lots were found
to be contaminated with E. coli O157:H7 (Table 3).
However, none of the sprouts derived from mung beans
subjected to SOC treatment tested positive for the
pathogen (Table 3).

The majority of mung bean lots (18 of 20) derived
from Salmonella-inoculated plants tested positive for the
bacterium when sprouted over a 4-day period (Table 3).

sporadically contaminated with the

Mung bean decontamination by SOC

Table 3 Salmonella or Escherichia coli O157:H7 recovered from bean
sprouts produced from mung beans derived from plants in which the
human pathogens were introduced onto flowers

Mung bean Sprouts positive by enrichment
treatment* (positive/number tested)§
Escherichia Non-treatedt 3/10
coli 0157:H7 SOC treatedi 0/10
Salmonella Non-treated 18120
SOC treated 0/20

*Mung beans derived from inoculated plants were pooled and segre-
gated into equal lots.

tMung beans were soaked in distilled water for 24 h prior to sprout-
ing.

tMung bean batches (n = 3) soaked in 200 ppm SOC for 24 h prior
to sprouting.

§At the end of the 4-day sprouting process, bean sprouts (8-13 g)
were enriched for either E. coli O157:H7 or Salmonelfa.

However, no Salmonella was recovered from sprouts pro-
duced from beans treated with SOC (Table 3).

Through DNA typing, Salmonella enterica serovar Mel-
eagridis was found to be the only serovar of the five
introduced that was recovered from sprouts derived from
naturally contaminated, non-sanitized, mung beans. A
bioassay was performed to determine if serovar Meleagr-
idis may have produced an antimicrobial compound to
inhibit the growth of the other Salmonella within the
cocktail. However, no zones of inhibition were noted for
any of the combinations of Salmonella applied (results
not shown).

Table 2 The effect of introducing contaminated mung beans at different levels on the decontaminating efficacy of stabilized oxychloro-based

sanitizer treatment

Level of contaminated mung

Escherichia coli O157:H7 Salmonella

beans introducedt Treatment (positive/number tested) (positive/number tested)¥
1% Not treated} 3/3* 3/3*

SOC treated§ 0/3 0/3 )
10% Not treated 3/3 3/3

SOC treated 0/3 0/3
50% Not treated 3/3 3/3

SOC treated 0/3 0/3
100% Not treated 3/3 3/3

SOC treated 0/3 0/3
Damaged seedtt 100% Not treated 8/8 8/8

SOC treated 0/8 8/8

*Significantly (P < 0-05) greater number of sprout batches derived from non-treated mung beans tested positive for pathogens compared with

those receiving SOC treatment.

tMung beans were inoculated with a five-strain cocktail of either Salmonella or E. coli 0157:H7. The inoculated mung beans (containing 10°-~
10* CFU g™") were introduced to batches of non-inoculated beans (1-50%, w/w) prior to treatment.

tMung bean batches (n = 3) soaked in distilled water for 24 h prior to sprouting.

§Mung bean batches (n = 3) soaked in 200 ppm SOC for 24 h prior to sprouting.

“At the end of the 4-day sprouting process, bean sprouts (25 g} were enriched for either £. coli O157:H7 or Salmonella.

itBean sprouts derived from scarified mung beans inoculated with Salmonella or E. coli 0157:H7 and sprouted over a 4-day period.

© 2006 The Authors
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Discussion

The study has demonstrated that the efficacy of SOC to
inactivate Salmonella or E. coli O157:H7 was independent
of pathogen levels introduced into batches of undamaged
beans. It has been reported that human pathogens present
at low levels in the presence of a high level of endogenous
microflora express stress proteins that provide enhanced
tolerance to inimical processes (Dodd and Aldsworth
2002; Komitopoulou et al. 2004). Obviously, in the pre-
sent case even if stress responses were induced within
Salmonella and E. coli O157:H7 this did not affect the
efficacy of SOC treatment.

Stabilized oxychloro-based treatment was less effective
in inactivating Salmonella introduced onto damaged
mung beans. This is in agreement with other works that
have reported on the difficulty in decontaminating scari-
fied or damaged seed (Charkowski et al. 2001). It is likely
that by being located within crevices deep within the seed
the Salmonella were protected from the antimicrobial
effects of SOC. The greater susceptibility of E. coli
0157:H7 to SOC relates to the lower tolerance of the
pathogen to the sanitizer. In previous studies it was noted
that SOC sanitizer applied at 100 ppm could ensure inac-
tivation of E. coli O157:H7 on mung beans compared
with 200 ppm required to inactivate Salmonella (Kumar
et al. 2006). Therefore, in the current study it was likely
that SOC could penetrate into the bean interior but at an
insufficient concentration to inactivate Salmonella.
Regardless of this fact, the results support the view that
scarification or using damaged seed in sprout production
should be avoided (Anonymous 1999).

From studies using naturally contaminated seed it was
clearly evident that Salmonella could become established
on beans to a greater extent compared with E. coli
O157:H7. The result would suggest that E. coli O157:H7
has a lower level of persistence on plants or unable to
become associated with developing beans. This may
explain why food-borne illness outbreaks linked to
sprouts are more commonly associated with Salmonella as
opposed to E. coli O157:H7 (Barak et al. 2002). However,
it should be noted that in a previous study performed by
Cooley et al. (2003) it was reported that E. coli O157:H7
could contaminate Arabidopsis seed to a greater extent
compared with S. enterica serovar Newport when intro-
duced onto growing plants. Therefore, it is likely that the
ability of human pathogens to become established on
seeds is plant and strain dependent. In this respect it was
interesting to note that from the five Salmonella serovars
introduced onto the flowers of plants only serovar Mel-
eagridis was recovered from the subsequent sprouts. In a
previous study, the same serovar was recovered from
sprouts derived from mung beans inoculated with the
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same Salmonella combination (Kumar et al.
2006). This may suggest that Meleagridis has physiologi-
cal attributes that enhance interaction with sprouted seeds

or elicits antagonistic effects against other Salmonella. The

serovar

latter seems unlikely as none of the Salmonella used in
the current study exhibited antagonistic affects in the agar
plate bioassay. Therefore, it is possible that Meleagridis
could exhibit greater tolerance to environmental stress,
higher attachment strength and/or greater growth rates
on sprouting seeds. Similar attributes have been implica-
ted in the establishment of Salmonella on sprouting alfalfa
(Howard and Hutcheson 2003; Barak et al. 2005). Whe-
ther such factors are associated with Meleagridis is
unclear at present but is worthy of further study.

In the current study it was found that SOC treatment
could be used to decontaminate naturally contaminated
seed. Despite the sporadic occurrence of E. coli O157:H7
on mung beans it is questionable whether the pathogen
was present on the seed prior to decontamination. How-
ever, the fact that no Salmonella was recovered from con-
trol sprouts strongly indicates that the SOC treatment
was a success. In previous studies with naturally contam-
inated seeds it was reported that 1800-2000 ppm calcium
hypochlorite was insufficient to ensure the elimination of
Salmonella (Fett 2002). Given that the SOC sanitizer
could achieve complete elimination of Salimmonella when
applied at 200 ppm underlines the effectiveness of the
treatment compared with the recommended hypochlorite-
based method. Nevertheless, it is acknowledged that seeds
can be contaminated via various routes other than irriga-
tion water. In this respect further studies are warranted
on the efficacy of SOC treatment to decontaminate seeds
derived from sprout-related outbreaks where the levels
and spatial distribution of human pathogens may differ.
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Abstract

BACKGROUND: Spent irrigation water testing has been recommended in sprouted seed production to detect the
presence of pathogens. However, because of the heterogeneous distribution of contamination within batches of
sprouted seed, taking single samples of spent irrigation water may return false-negative results. The following
evaluated whether spent irrigation water collected from multiple points provided a more representative assessment
of the microbiological status of the sprouting mung bean bed compared to when single samples were taken.

RESULTS: Generic Escherichia coli or Aeromonas was recovered in one and 10 of the 160 sprout samples taken
from 32 sprouting mung bean batches, respectively. Composite spent irrigation water samples tested positive
for generic E. coli on 19 occasions compared to 12 when single samples were taken. Mesophilic Aderomonas was
detected in 13 composite spent irrigation water samples which compared to eight single samples. The prevalence
of either target bacterium in composite spent irrigation water samples was not significantly (P > 0.05) different
compared to when a single sample was collected.

CONCLUSIONS: Sampling spent irrigation water from multiple points under sprouting mung bean beds does not
significantly increase the probability of detecting contamination, if present. The findings of the study should be

considered when devising sampling plans for spent irrigation water testing in bean sprout production.

© 2008 Society of Chemical Industry

Keywords: mung bean sprouts; spent irrigation water; testing; Salmonella; Escherichia coli; Aeromonas

INTRODUCTION

Sprouted seeds, such as bean sprouts, have been
implicated in numerous outbreaks of foodborne
illness.!? The largest outbreak of foodborne illness
linked to bean sprouts occurred within Ontario in
2005 and resulted in over 600 clinical cases of
salmonellosis (Canadian Food Inspection Agency,
http://www.inspection.gc.ca, 7 March 2007). To
address the increasing number of foodborne illness
outbreaks associated with sprouts, the US Food and
Drug Administration issued guidelines to enhance
food safety standards.®> Amongst other measures, the
guidelines recommend screening spent irrigation water
collected 48h into the sprouting process to screen
for the presence of pathogens such as Salmonella
and Escherichia coi O157:H7.* The screening of
spent irrigation water is preferred over testing sprouts
directly due to uniformity, ease of collecion and
analysis.> More significantly, because irrigation water
runs over the sprouts it is considered to provide a more

representative assessment of the microbiological status
of the sprouting seedbed compared to when individual
sprout samples are screened.’

Current recommendations state that a single spent
irrigation water sample should be taken from indi-
vidual sprouted seed batches.® Screening single spent
irrigation water samples has been considered satisfac-
tory for sprouts (e.g., alfalfa) produced within rotating
drums where the seeds are distributed as a monolayer
and irrigation water intimately mixed with the sprout-
ing seeds.*> However, a study performed by Liu and
Schaffner® illustrated that spent irrigation water sam-
pling for alfalfa sprouted on trays is more problematic
owing to the heterogeneous distribution of contam-
ination. Here, contamination introduced via seed at
a single point within a batch of sprouting alfalfa seed
fails to disseminate through the entire bed and hence is
restricted to localized sites. Consequently, when spent
irrigation water 1s taken from a distance (>20 cm in the
reported study)® from the original contamination site
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the probability of detecting the target bacteria is sig-
nificantly reduced. The problems associated with the
heterogeneous distribution of contamination are more
significant when attempting to devise sampling plans
for screening spent irrigation water derived from mung
bean sprout production.” Unlike alfalfa, mung beans
are sprouted in large quantities (25-75 kg) within deep
bins and hence the distribution of microbial popula-
tions are more heterogeneous. This was confirmed
by the findings of Hora ez al.,” who reported on the
distribution of opportunistic contaminants (generic
Escherichia coli and mesophilic Aeromonas) within 25 kg
batches of sprouting mung bean sprouts. The selection
of generic E. coli and Aeromonas to assess the distribu-
tion of contamination within sprouting seed batches
was based on the fact that both bacterial types are
occasionally recovered from sprout batches.” There-
fore, similar to human pathogens the bacteria would be
present on a proportion of the seed and spread though
the bed during the course of the sprouting process.
Screening for pathogens, such as Salmonella, directly
would have been problematic owing to the sporadic
nature in which they are encountered and also the
ethical issues associated with detecting a positive sam-
ple. In the study by Hora ez al.,” three spent irrigation
water samples were collected (left, center and right
side of the bed) in addition to corresponding sprout
samples at different depths over the sampling point. It
was found that contamination was localized within the
sprouting mung bean bed and consequently screening
a single sample of irrigation water for pathogens would
be unreliable in terms of assessing the microbiological
status of the bed.” Laboratory-based trials using beans
inoculated with either Salmonella or E. coli O157:H7
confirmed that contamination introduced at a spe-
cific point in the bed remains localized and does not
spread throughout the sprout batch within 48 h into
the sprouting process.’

A potential approach to address the heterogeneous
distribution of contamination within sprouting mung
bean batches is to take multiple spent irrigation water
samples. However, increasing the number of samples
will significantly add to the cost of testing, which would
be commercially unfeasible in the majority of sprout
operations. A more practical approach is to form a
composite from multiple samples, thereby enabling
a single test to be performed. Although composite
sampling in microbiological analysis can reduce the
cost of testing, there are disadvantages in terms of
diluting contamination to below the level of detection.?

The objective of the following study was to compare
composite versus single sampling of spent irrigation
water derived from sprouting mung bean beds. To
address the issues relating to dilution of contamination
by composite sampling the individual samples were
enriched prior to preparing composites. Although
this approach increased the number of steps in
sample analysis the enrichment step is relatively less
costly than selective detection and hence would not
significantly add to the expense of testing.

1550

MATERIALS AND METHODS

Description of the commercial sprout house and

sprouting process

The commercial sprout facility sprouted 75 kg lots of
mung beans within stainless steel bins (1.5m?) with
narrow slits on the base of the bed to permit drainage
of excess water. The mung beans were prepared for
sprouting by an initial rinse in municipal water prior
to loading into the sprouting bins. No seed sanitation
step was included in the preparation of beans prior
to sprouting. Irrigation water was delivered from a
moving overhead shower every 3 h. The temperature
of the growth room was maintained at 23°C with
filtered fresh air being constantly introduced. Between
batches of sprouts, the growth rooms and bins were
sanitized in accordance with Good Manufacturing
Practice.

Spent irrigation water and sprout sample
collection

Spent irrigation water for preparing composite sam-
ples was collected 48 h into the sprouting period using
10 x 100 mL sterile bottles (Pharm-Fisher, Ottawa,
ON, Canada) positioned at random locations under
the bed. In parallel, a 500 mL. sample was collected
from under the bed at a randomly selected location. In
all cases the sampling bottles were temporally fixed in
place using denture adhesive purchased from a local
supermarket. Samples (500mL) of incoming munic-
ipal water were also collected directly from the over-
head shower. Five 100 g sprout samples were collected
at random locations on and within the sprout bed and
placed in sterile bags. All the samples were transferred
to a portable cooler and processed within 24 h.

Microbiological analysis

Composite samples were prepared by subdividing
the 100 mL water samples into two 45 mL volumes.
Peptone water (Oxoid, Basingstoke, UK; 5ml., 10x
concentration) was added to one set of samples and
incubated overnight at 42°C to enrich for generic
E. coli. Alkaline peptone water (5mlL, pH 8, 10x
concentration containing 100 ugmL ™! ampicillin) was
added to the second set of subsamples and incubated
overnight at 37 °C to enrich for mesophilic Aeromonas.
Upon completion of the incubation period the
respective enriched cultures were combined to form a
500 mL composite sample. The single spent irrigation
water sample was subdivided into two 225mL
samples and supplemented with either 25 mL of 10x
concentration peptone water or alkaline peptone as
described above.

Sprout samples (25g) were suspended in 225mL
peptone water prior to incubating at 42 °C to enrich for
generic E. coli. or Aeromonas, 225 mL alkaline peptone
water containing 100 pgmL ™" ampicillin was added to
25 g sprouts and incubated at 37 °C for 24 h.

Aeromonas in the enriched sprout or spent irrigation
water samples was isolated by preparing a dilution
series of the enriched samples in Butterfield’s

¥ Sci Food Agric 88:1549-1553 (2008)
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phosphate diluent (BPD; Oxoid). Aliquots (0.1 mL) of
the 10~ to 1079 dilutions were spread plated onto the
surface of starch ampicillin agar (Oxoid) plates prior
to incubating at 37°C for 18-24h. Confirmation of
Aeromonas isolates was performed using triple sugar
iron agar slants and amino acids, and oxidase-positive
reaction.’

Generic E. coli was detected in the enriched
samples by preparing a dilution series in BPD that
were subsequently dispensed on E. coli/coliform Petri
films (3M, London, ON, Canada). The Petri films
were subsequently incubated at 37°C for 24h and
examined for typical colonies (purple/black with gas).

Statistical analysis

Sampling trials at a commercial sprout grower were
performed two or three times a week over an 11-week
period (32 sprout beds sampled in total). On each visit,
sprouts and spent irrigation water samples were taken
from two randomly selected bins contained within
the same growth room. Microbiological data were
reported as presence or absence in duplicate enriched
sprouts. The composite and single spent irrigation
water samples were also reported as presence/absence
for generic E. coli or mesophilic Aeromonas. The
qualitative data derived from the commercial sprout
sampling trial were analyzed using contingency table
analysis (S-Plus, Insightful Corp., NY, USA).

RESULTS

Generic E. coli and mesophilic Aeromonas were
consistently recovered from spent irrigation water
over the 11-week sampling period. From composite
sampling 19 of the 32 beds screened tested positive for
generic E. coli (Table 1). In comparison, 12 single
spent irrigation water samples tested positive for
generic E. coli, which is not significantly (P = 0.08)
different compared to when composite sampling was
performed (Table 1). On six occasions the composite
sample tested positive for generic E. coli and the single
spent irrigation water negative despite being derived
from the same sprout bin. However, in one sample
set the single spent irrigation water tested positive but
the composite negative (Table 1). Only one sprout
sample from a total of 160 screened tested positive
for generic E. coli, which was significantly (P < 0.05)
lower compared to the prevalence of the indicator
bacterium in spent irrigation water.

Mesophilic Aeromonas was recovered from 13 beds
sampled when performing composite sampling, which
is not significantly (P = 0.183) different compared
to when single samples were screened (Table 1). By
using composite sampling, the spent irrigation water
from nine beds tested positive for Aeromonas but not
when single samples were screened. In contrast, four
single spent irrigation water samples tested positive for
the bacterium with the composite sampling returning
negative results.

¥ Sci Food Agric 88:1549—-1553 (2008)
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Sprout samples taken from 10 sprouting mung
bean beds tested positive for Aeromonas. In two
beds, Aeromonas was recovered in all sprout samples
tested but was only recovered in one to three
samples in the other sprouting seed beds testing
positive. This would confirm that the distribution
of Aeromonas was heterogeneous. In two mung bean
beds Aeromonas was detected in the sprout samples
screened but not in either the single or composite
spent irrigation water samples. However, overall there
was no significant (P > 0.05) difference between the
number of positive Aeromonas in sprout and spent
irrigation water samples.

DISCUSSION

In total, generic E. coli was recovered from 20 (63%)
of the spentirrigation water derived from 32 individual
sprouting mung bean beds sampled, which compares
with 57% found in a previous study from a commercial
sprout producer.” The prevalence of generic E. coli
associated with sprouts was 0.63%, which compares
to 4% reported for sprouts sampled at retail'® or 5%
for sprouts sampled 48 h into the sprouting process.’

Mesophilic Aeromonas was recovered in 41% of
spent irrigation water and, collectively, 15% of sprout
samples taken from sprouting mung bean beds. In
comparison, the prevalence of mesophilic Aeromonas
in spent irrigation water and sprouts in a previous
study was 79% and 39% respectively.”

The origins of E. coli and Aeromonas were
not identified in the current study. The incoming
water used to irrigate sprouts tested negative for
both bacterial types, although it is possible that
environmental sources contributed to the microflora
of sprout beds. However, it is well established that
the seed used for sprouting is a common source of
contamination recovered from sprouts.?> Regardless
of the origins, the prevalence of generic E. coli
and mesophilic Aeromonas it can be confirmed that
spent irrigation water provides a more reliable index
of the microbiological status of sprouting mung
bean beds compared to sprouts.” Nevertheless, it
was interesting to note that on several occasions
sprouts tested positive for mesophilic Aeromonas
but negative in spent irrigation water. Therefore,
although spent irrigation water provides a more
reliable assessment of the microbiological status of
sprouting mung bean beds it should not be used as
a sole intervention to prevent contaminated products
reaching the market.

The main objective of the study was to evaluate
whether composite spent irrigation water sampling
provided a more representative assessment of the
microbiological status of sprouting mung bean beds
compared to when single samples of spent irrigation
water were taken. Although numerically, composite
sampling identified more Aeromonas and generic E.
coli positive sprout beds compared to when single
samples were screened, such differences were found to
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Table 1. Prevalence of generic Escherichia coli and mesophilic Aeromonas in sprouting mung bean bins as assessed by screening sprouts,

composite or single spent irrigation water samples

Generic E. coli

Mesophilic Aeromonas

Spent irrigation water?

Spent irrigation water?

Mung bean bed Composite Single Sprouts? Composite Single Sprouts?
1 - - - - - 1/5
2 + - - + - -
3 - - - + + -
4 — — - — — _
5 — — — — — —
6 + - - — - -
7 + + - - - -
8 + + - + - 2/5
9 - - - + + 1/5
10 + - — - - -
11 + - - + - -
12 + + - + - -
13 — + - + - 3/5
14 - - - + - 3/5
15 + + - - - -
16 + + - - - -
17 + + - + + -
18 - - - - - -
19 + - - - + -
20 - - - + - -
21 - - - + — -
22 + + - - - -
23 + - - + + 5/5
24 + - - + - 5/5
25 - - - - - -
26 + + 1/5 - - -
27 + + - - - -
28 - - - - — -
29 + + - - + 1/5
30 + + - - + -
31 - - - + 2/5
32 + - - - - 1/5
Total positive beds 19A 12A 1B 13A 8A 10A

+, positive; —, negative.

2 Spent irrigation water was collected from the same 32 sprouting mung bean bins.

b Five sprout samples per bin.

Values for total positive beds for individual bacterial types followed by the same letter are not significantly different (P > 0.05).

be insignificant. This may have been unexpected given
that sampling at more sites would have increased the
probability of capturing contamination, if present. It is
possible that the target bacteria were homogeneously
distributed within the sprouting mung bean beds,
thereby negating the benefits of composite sampling.
This is unlikely given that the Aeromonas and espe-
cially generic E. coli were sporadically recovered from
sprout samples. A more probable explanation is that
even though multiple samples were taken from under
the sprouting mung bean bins, this only represented
a relatively small area of the entire production bed. It
is also possible that collecting a single 500 mL sample
from a single site, compared to 10 x 100mL from
multiple locations, increased the probability of captur-
ing contamination from a specific area under the bed.
The increased probability of detected contamination
in 500 mL single samples, compared to 10 x 100 mL,
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was supported by the finding that a number of single
spent irrigation water samples tested positive for target
bacteria, with the composite samples testing negative.
The results of the study are in agreement with those
of Liu and Schaffner,® who reported that testing single
larger volumes (100 mL wersus 0.1 mL) significantly
increased the probability of detecting contamination
in sprouting alfalfa seed batches.

In conclusion, the study has demonstrated that
composite sampling does not provide a significantly
greater probability in detecting contamination in
sprouting mung bean beds compared to screening
single spent irrigation water samples.
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Concentration and detection of Salmonella

ABSTRACT

The following reports on the development of a culture-free method for Salmonella screening of
spent irrigation water derived from sprouting mung bean beds. The system used Tangential Flow
Filtration (TFF) to non-specifically concentrate cells from large (2 - 10 1) sample volumes. The
retentate (100 ml) from the TFF was then flowed over an anti-Salmonella antibody modified
cellulose acetate membrane. The captured Salmonella was detected by reacting with a secondary
anti-Salmonella and goat anti-rabbit biotin labelled antibody, followed by avidin-tagged glucose
oxidase. The hydrogen f)eroxide generated from the enzymic oxidation of glucose was
amperometrically detected at an underlying platinum electrode. It was found that 10 10of 2 log
CFU/ml Salmonella suspensions could be concentrated to 4 log CFU/ml with 60% recovery
regardless of the flow rate (112 — 511 ml/min) or transmembrane pressure (0-20 Ib in®) applied.
The solids content of spent irrigation water negatively affected the filtration rate of TFF. This
was most evident in spent irrigation water collected in the initial 24 h of the sprouting period
where the solids content was high (4170 mg/l) compared to samples collected at 96 h (560 mg/l).
Trials were performed using mung bean beds inoculated with different Salmonella levels (1.3 —
3.3 log CFU/g). By using the optimized TFF and flow-through immunoassay it was possible to
detect Salmonella in spent irrigation water at levels of 2.43 log CFU/ml within 4 h. The
integrated concentration and detection system will provide a useful tool for sprout producers to

perform in-house pathogen screening of spent irrigation water.




Concentration and detection of Salmonella

Sprouted seeds have been implicated in numerous outbreaks of foodborne illness (/). Sa/monella
remains the most common human pathogen associated with sprouts although outbreaks linked to
Escherichia coli O157:H7 have also been reported (27, 34, 43). To address the increasing
number of foodborne illness outbreaks, the U.S. Food and Drug Administration issued guidelines
in 1999 to enhance food safety standards within the sprout industry (/). Amongst other measures,
the guidelines recommend testing the spent irrigation water, 48 h into the sprouting process, for
presence of pathogens with specific reference to Sa/monella (1). Screening spent irrigation water
is preferred over testing sprouts directly due to uniformity, ease of collection and simple analysis
(I). More significantly, because irrigation water runs over the sprouts, it is considered to provide
a better assessment on the microbiological status of the sprouting seed bed compared to when

individual sprout samples are screened (/).

The protocols for sampling spent irrigation water were validated through studies using inoculated
and non-inoculated alfalfa (/7, 33). The results from the studies indicated that the growth of
Salmonella on sprouting alfalfa occurred early in the sprouting period and was homogenously
distributed throughout the sprout bed (71, 33). However, a study performed by Hora et al (/5)
illustrated that con-tamination within sprouting mung bean beds was heterogeneously distributed
and the spread of pathogens (Sal/monella and Escherichia coli O157:H7) delayed when
introduced at low levels (1 g inoculated beans per 500 g) (/6). Consequently, screening spent
irrigation water from a single point early in the sprouting period would not provide a reliable
measure of the microbiological safety of mung bean batches (/5). A more effective screening

method would be to screen large volumes of spent irrigation water late in the sprouting period.
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However, large sample volumes are incompatible with standard microbiological techniques
which typically involve pre-enrichment followed by selective plating. In addition, because of the
time required to perform pathogen screening, spent irrigation samples need to be collected within
the initial 48 h into sprouting to ensure that the results are known prior to product release (/). To
address such time constraints, there has been a sustained interest in rapid detection methods for
screening spent irrigation water. To date the majority of studies have focused on pathogen
detection methods based on immuno (latex test) or molecular methods (real-time PCR) (22, 27,
32). Although such techniques are both rapid and sensitive, the sample size applied to the sensor
is restricted to pl volumes thereby requiring a pre-enrichment step to increase pathogen levels to
the limit of detection. In addition, culture based techniques are unsuitable for on-site testing due

to the need for laboratory facilities and incurred time delay (22).

A non-culture based method has been described for screening spent irrigation water derived from
alfalfa beds. The method described was based on centrifugation of spent irrigation water (400
ml) to concentrate cells followed by selective detection using PCR (20). The researchers reported
99% recovery of Salmonella or E. coli O157:H7 with a lower detection limit of 2 log CFU/mL
Although sensitive, it can be considered that centrifugation and molecular based techniques are

too expensive for sprout producers to adopt.

In the following an integrated system has been developed based on Tangential Flow Filtration
(TFF) in combination with a flow-through electrochemical ELISA to enable sensitive, culture-
free, approach to screening spent irrigation water derived from mung bean sprout production
(Figure 1). TFF is a cross-flow system that enables high filtration rates of large volumes of

sample without excessive pore blocking as experienced with dead-end filtration techniques (26).
4
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TFF has been used extensively in the biotechnology industry to recover proteins or metabolic
products from fermentations (38) with less attention being placed on recovering microbial
biomass ({3, 26). However, Fu (12) developed a TFF sampling system for testing spent irrigation
water derived from alfalfa sprout production. Here, the spent irrigation water sample collected 48
h into the sprouting period was circulated within a TFF system achieving 100-fold concentration

of inoculated Salmonella or E. coli O157:H7 within 2 h. (12).

In the current study, the selective detection of Salmonella was achieved using a ﬂow—thrpugh
electrochemical ELISA-sensor. Flow-through immune-sensors have the distinct advantage over
conventional ELISA in terms of greater sample volumes that can be analyzed thereby enhancing
sensitivity (4, 36, 44, 45). Here, the sample is allowed to flow over a layer of antibodies to
capture fhe target analyte and subsequently reacted with an enzyme conjugate. The enzymatic
product of the conjugate can then be detected either calorimetrically or electrochemically.
Electrochemical transduction has the advantage over optical based methods with respect to low
cost hardware, robustness and relatively simple design, in addition to multi-analyte sensing using
microarrays (25). The two basic formats available for electrochemical based sensors are
chromatographic (immune-columns) or antibody modified electrodes. In the chromatographic
format, the cells are captured within a column, reacted with an enzyme conjugate along with
substrate. The electroactive product is then eluted and detected at a down-stream electrode (25).
The alternative approach is to directly or indirectly immobilize antibodies onto the electrode
surface thereby enabling low amounts of enzyme conjugate to be used in addition to enhanced
signals due to the lower dilution of enzyme product (25). However, a potential limitation of this
approach is passivation of the electrode by deposition of proteins and other organic constituents

5
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from the sample matrix (6, 28,35). Therefore, a protective membrane is typically overlaid onto
the electrode to prevent fouling of the electrode whilst at the same time allowing diffusion of the
enzyme product (27, 30). This is the main reason for selecting a low molecular weight enzymatic
product, such as hydrogen peroxide, that readily diffuses across membrane films to the

underlying electrode (41).

The objective of the following study was to develop a robust system for spent irrigation water
screening that could be readily adopted by sprout producers. To mimic the worse-case-scenario,
the integrated system was verified using spent irrigation water derived from sprouting mung
bean beds inoculated with low levels of Salmonella (1.3 log CFU/g) which may be encountered

naturally in contaminated seeds (23)

MATERIALS AND METHODS

Preparation of Salmonella suspensions

The Salmonella enterica serovars selected to study have either been implicated in sprout related
foodborne illness outbreaks or are of clinical significance. The Salmonella serovars used
(obtained from the culture collection of the Canadian Resear-ch Institute for Food Safety, Guelph,
Canada) in the study were Montevideo P2 (kanamycin resistant (42)), Heidelberg, Senftenberg,
Typhimurium DT104, Newport, Meleagridis and Oranienburg. The Salmonella were cultivated

aerobically in Luria-Bertani (LB) broth (Oxoid, Basingstoke, UK) at 37°C for 24 h. The cells

were harvested by centrifugation (5000 x g for 10 min at 4°C) and washed once in sterile saline.
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The pellet was finally resuspended in saline to give a final cell density of 7.0 log CFU/ml (ODggo

=0.2).

Preparation of spent mung bean irrigation water

Batches (500 g) of mung beans (donated by a local sprout producer) were placed into a 101
container with a perforated base to allow drainage of irrigation water. The container was placed
within a secondary vessel to collect the spent irrigation water. The mung beans were soaked
overnight in 2 1 of water at 25°C. The water was removed and sprouting continued for a further
96 h with daily irrigation using 2 1 volumes of sterile distilled water. On each occasion the water
was collected and transferred to a sterile bottle and maintained at 4°C until required.

Solids content of spent irrigation water was determined using a conductivity meter (Thermo-

Fisher, Whitby, Ontario, Canada).

Enumeration of Salmonella in spent irrigation water derived from sprouting mung bean

beds

Suspensions (500 ml) of Salmonella Montevideo P2 were prepared as described above. Mung
beans (100 g) were steep inoculated in the bacterial suspension (7 log CFU/ml) for 20 min and
subsequently transferred to blotting paper and allowed to dry overnight at room temperature (ca.
23°C). Initial loading of the mung beans was determined by placing 1 g of inoculated beans into
9 ml 0.1% peptone and vortexed for 60 s to release the attached cells. Serial dilutions were

prepared in 0.1% peptone and plated onto the LBk an agar (LB containing 30 pg/ml kanamycin).
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Different weights (1, 10 or 100 g) of inoculated beans were introduced into non-inoculated mung
bean batches to give a total weight of 500 g. The mung beans were soaked in 2 1 water for 24 h at
25°C to stimulate germination. The beans were transferred to 10 1 containers as described above
and sprouting continued for up to 96 h with daily irrigation using 2 1 volumes of water.
Salmonella levels within the spent irrigation water samples were determined by preparing a
dilution series and plating onto LBk an that was subsequently incubated at 37°C for 24 h. When
no counts were recovered on plates, 100 ml volumes of spent irrigation water were passed
through a sterile filter (47 mm, 0.45pm pore size; Thermo-Fisher, Whitby, ON, Canada) and

overlaid onto an LBgan agar prior to incubating at 37°C for 24 h.

Presence/absence tests for Salmonella were performed by adding 200 ml sample with 25
ml 0.1% peptone water and incubating at 37°C for 24 h. Aliquots (0.1 ml) was spotted onto
semi-solid RV agar (Oxoid) and incubated at 42°C for 20 h. Presumptive positive samples were
plated onto XL.D agar and incubated for 24 h at 37°C. The Oxoid Salmonella Latex Test FT0203
was used for serological confirmation of typical colonies (i.e. red colonies surrounded by

brilliant red zones).
Tangential flow filtration

The Tangential Flow Filtration (TFF) system, developed by Fu et al. (12), was adopted. The
systems uses a MiniKros module composed of hollow fiber polysulfone membranes with a 0.72
m’ working area and 0.2 pm pore size (Spectrum Labs, CA, USA). Other components of the TFF
system were a 10 1 capacity holding chamber, Polycap 36HD pre-filter (10 um pore size,

Spectrum Labs), peristaltic pump (Masterflex Economy Pump, Cole-Parmer, Vernon Hills, 1L,
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USA), pressure gauges at the in- and out-let of the TFF filter (Figure 1). The sample to be
concentrated was placed in the 10 | holding chamber and re-circulated in a closed loop system
through the TFF filtration unit. The flow rate was adjusted by the speed of the pump with the
inlet and outlet pressure being controlled by tightening screw clamps (Thermo-Fisher) on the

retentate side of the TFF.
The transmembrane pressure and flux rate were calculated using the following equations:-
Transmembrane Pressure = [(feed pressure + retentate pressure) / 2] — filtrate pressure

Flux Rate = filtrate rate (h) / area of the membrane (m)

The filtrate was collected in a secondary container and filtration continued until the dead-volume

of the system (100 ml) had been attained. The percent capture was calculated using the equation
% Capture = Salmonella CFU in Retentate/ Salmonella CFU original suspension x 100
Clean-In-Place of TFF filter cartridge

Three sanitizers were evaluated for Clean-In-Place regimes for regenerating the TFF system.
The sanitizers tested were sodium hypochlorite (200 mg/1); acidified sodium chlorite (200 mg/1);
and sodium hydroxide (200 mg/1). For each test the filter was used to concentrate a 2 1
Salmonella cell suspension (5 log CFU/ml). Upon completion of the concentration run the TFF
was back-flushed using 5 | sterile distilled water followed by a 20 min circulation of 1 1 volumes
of the selected sanitizer. Residual sanitizer was then removed by back-flushing with a further 51

of sterile distilled water. To verify the efficacy of sanitation, a 2 1 volume of saline was
9
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circulated through the TFF until the 100 ml dead-volume had been attained. The feed, retentate,
permeate, final back flush, and second retentate were screened for the presence of Salmonella by

plating onto LBxan agar as previously described.
Construction of flow through immuno-assay

The electrochemical cell consisted of a 3 mm diameter platinum electrode with a Ag/AgCl outer
electrode that served as the counter and reference (Rank Brothers, Cambridge, UK). The
electrode was linked to a Solartron 1260 potentiostat (London Scientific, London Ontario,
Canada) and polarised at 0.65V vs Ag/AgCl. The current response was recorded and data
processed using CorrWare (Scribner, Southern Pines, North Carolina, USA). The retentate was
placed in a holding chamber as fed into the electrochemical cell via a peristaltic pump (Thermo-
Fisher) operating at 0.89 ml/min. The volume above the membrane was set at 0.5 cm via a

plunger which was placed into the electrochemical cell.

The working electrode was overlaid with a membrane that served as a surface to immobilize the
capture antibody and semi-permeable interface to permit diffusion of hydrogen peroxide
(product of glucose oxidase enzyme conjugate), as well as a means of minimizing electrode
fouling. The membranes evaluated for this purpose were plast-icized polyvinyl chloride (PVC),
cellulose acetate and poly phenyl ether sulphone (PES). PVC was prepared by dissolving 60 mg
of PVC (MW 43000, Sigma-Aldrich, Oakville, ON, Canada) in 10 ml tetrahydrofuran (THF)

containing 100 ul Tween 20. The solution was cast into a glass petri-dish (100 mm diameter)

and solvent evaporated over-night at room temperature (ca. 23°C) within a fume-hood.
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Poly(phenyl ether sulphone) (60 mg, Sigma-Aldrich, Oakville, ON, Canada) was dissolved in 10
ml chloroform and cast into a glass petri-dish (100 mm diameter). Cellulose acetate (0.1 g) (MW
30000, Sigma-Aldrich) was dissolved in 10 ml acetone and cast into a glass Petri dish. In each
case the solvent was allowed to evaporate at room temperature within a fume-hood. The
permeability of the membranes to hydrogen peroxide was assessed by overlaying the working
electrode with 1.5 cm® sections of the test films. An aliquot (2 ml) of KCI (0.5 M) was added to
the electrochemical cell that was stirred via a magnetic stirrer. The working electrode was
polarized by applying 0.65 V vs Ag/AgCl and the current allowed to attain a steady baseline. A
step-calibration curve was constructed by the sequential addition of aliquots (0.1 ml) of hydrogen
peroxide (1 mM, Thermo-Fisher). The response was determined by subtracting the steady-state

current from the baseline.

To assess the anti-fouling properties of the different membranes, step-calibration curves were
performed in the presence of bovine serum albumin (10 mg/ml; Sigma-Aldrich) or a 7.0 log

CFU/ml heat killed Salmonella suspension.

Capture antibody immobilization

A mouse monoclonal anti-Salmonella IgG antibody, with specificity to the LPS core of Groups
A - E, (Abcam, Cambridge, MA, USA; ab20949) was immobilized onto cellulose acetate
membranes using a thiolation reaction. The reactive gold layer was deposited onto cellulose
acetate membranes by sputter coating at 15 mV for 2 min. The monoclonal anti-Salmonella
antibody was diluted to 0.5 mg /ml in PBS. Three cross-linker solutions (all obtained from

Sigma-Aldrich) were used to covalently attach a thiol group to the antibody; specifically: 20 mM
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dimethyl-3,3’-dithiobispropionimidate 2HCI (DTBP) (20 mM bicarbonate buffer, pH 9.0); 20
mM 3,3’-dithiobis (sulfosuccinimidylpropionate; DTSSP) (5 mM sodium citrate buffer, pH 5.0); -
and 20 mM each of N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP) and sulfosuccinimidyl
6-[3-(2-pyridyldithio)propionamido] hexanoate (sulfo-LC-SPDP) in sterile water. Aliquots (3 ul)
of each of the antibody and the three cross-linker solutions were gently mixed and incubated at
room temperature for 1 h. To reduce the disulfide bond of the now thiololated antibody, 2 pl of
dithiothreitol (DTT) (0.1 M sodium acetate buffer, 0.1 M NaCl, pH 4.5) was added to the
mixture and reacted for 30 min. The solution was then spread onto the gold layered cellulose
acetate membrane and allowed to dry at room temperature for 1 h. The antibody-coated
cellulose acetate membrane was then washed consecutively with phosphate buffered saline and

sterile distilled water.

Verification of antibody immobilization was performed by flowing 100 ml Salmonella
suspension (7 log CFU/ml) over the antibody modified cellulose acetate using flow rates of 0.58,
0.69 or 0.89 ml/min. The membrane was then rinsed with sterile water to remove loosely
attached cells. The captured cells were fixed onto the membrane by using 2 % glutaraldehyde
and 1 % osmium oxide followed by dehydration in ethanol solutions as described by Gamliel
(14). The membrane was then sputter coated with gold and viewed under a Hitachi S-3700N

Scanning Electron Microscope. (Hitachi, Pleasanton, CA).

Capture efficiency of the flow-through immune sensor was determined using 100 m! Salmonella
suspensions (100 ml) diluted from 7 log CFU/ml to 2 log CFU/ml. The suspension was
circulated around the flow system at a rate of 0.89 ml/min (total time 2 h). Samples (1 ml) were

removed at the start and end of the flow cell process and plated onto LBxan or XLD prior to
12
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incubation at 37°C for 24 h. The capture efficiency was calculated by comparing Salmonella in
the original suspension to levels retained within the suspension following the completion of the
circulation through the immune-sensor. The degree of non-specific binding was determined by
using gold spluttered cellulose acetate membranes containing no anti-Sa/monella antibodies.

Electrochemical detection of Salmonella

Salmonella captured on the antibody modified cellulose acetate membranes were reacted for 20
min at room temperature with 25 pl of a secondary antibody (rabbit polyclonal with affinity for
O and H antigens of Salmonella, 1 mg/ml; ab35156). The reaction cell was washed with 5 x 1 ml
volumes of saline to remove unbound antibody prior to addition of 100 pl of biotin labelled goat
polyclonal anti- rabbit (0.02 mg/ml; Abcam, ab6720). The antibody was allowed to attach for 20
min at room temperature prior to rinsing the cell with saline. Finally, 20 -120 pg glucose
oxidase avidin conjugated glucose oxidase (Vector Laboratories, Burlington, Ontario, Canada),
was applied to the membrane and allowed to bind to the biotin moiety of the anti-rabbit
polyclonal for 40 min. The reaction cell was rinsed with sterile water to remove unattached
glucose oxidase and Imlof electrolyte (0.1M KCl) added. The background current was allowed
to attain a steady state value prior to the addition of 1 ml glucose (1 M). The increase in current

was recorded and subtracted from the background to give the sensor response.

The concentration of active units of glucose oxidase antibody conjugate was determined using
dianisidine-peroxidase assay. The assay consisted of 1.25 ml dianisidine-buffer mixture (0.1 %
w/v Sigma-Aldrich), 100 pl 20 Purpurgalin units/ml peroxidase (Sigma-Aldrich) and 1 ul of the

conjugated glucose oxidase. The reaction was started by the addition of 150 ul 18 % w/v glucose

13




Concentration and detection of Sal/monella

and the increase in Asgonm recorded over 5 minutes using a Shimadzu spectrophotometer

(Thermo-Fisher) . The units/mg enzyme was calculated as follows:
Units/mg = AA4gon/min / (11.3 x mg enzyme / ml reaction mixture)
Statistical analysis and experimental design

Except where otherwise stated all tests were repeated three times. Means generated were
analyzed by analysis of variance and Tukey test. In all cases, the level of significance was set at

P <0.05.
RESULTS AND DISCUSSION
Concentration of Salmonella suspensions using Tangential Flow Filtration

For optimization studies, 10 1 of 0.8% w/v saline inoculated with 2 log CFU/ml (6 log CFU/10 1)
Salmonella was circulated through the TFF operating at different flow rates and transmembrane

pressure (TMP). The suspension was concentrated within the TFF system until the dead volume

(100 ml) had been attained which took 21 min to 3 h depending on the applied flow rate and

pressure.

The average concentration factor achieved using the various flow rate and TMP combinations
was 126-fold (60% recovery) which is comparable to values previously reported by other
workers for concentrating bacterial suspensions (I8, 26). Both flow rate and TMP did not have a
significant (P > 0.05) effect on the levels of Salmonella recovered (Figure 2). This may have
been unexpected given that flow rate and TMP collectively defined the shear forces imposed on

the cells which, if excessive, results in membrane disruption (26). It has been previously reported
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that high shear forces significantly decrease the recovery of yeasts cells by cross-flow filtration
(26). However, in the current study it was evident that Salmonella was less sensitive to the
generated shear forces thereby retaining viability during the filtration process. In practical terms
it is desirable to have high flow rates to facilitate rapid filtration and low TMP to reduce the
stresses imposed on the TFF thereby extending the working life-time of the filter (39). Spent
irrigation water contains solids derived from bean exudates, in addition to microbial biomass and
constituents that could impact on the filtration efficacy of TFF. It was found that the solids
content of spent irrigation water collected at different time periods during the sprouting period
varied significantly (P < 0.05; Figure 3). Spent irrigation water collected shortly after the beans
had been soaked in water for 24 h contained the highest solids content compared to samples
collected towards the end of the sprouting period (Figure 3). The changes in solids content can
be attributed to the release of exudates from the germinating beans that are maximal at the early
stages of sprout development (46). Relevant to the current study, the high solids content of the
spent irrigation water negatively affected the flux rate of TFF (Figure 3). The effect of solids
content on flux rates can be attributed to the accumulation of organic matter within the pores of

the TFF hollow fibre that impedes the flow of water through the membrane (2, 9, 29).

The solids content of spent irrigation water collected from mung bean beds 48-96 h into the
sprouting period was not significantly (P > 0.05) different. However, the flux rate observed for
irrigation water collected at either 48 or 72 h was significantly (P < 0.05) lower compared to
samples withdrawn at 96 h (Figure 3). Such differences may be attributed to the composition of
solids content. For example, polysaccharide materials results in agglomeration of particulates

which would result in increased biofouling compared to low molecular weight constituents such
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as organic acids (8, 19). Regardless of this fact the results indicated that spent irrigation water
collected at the end of the sprouting period resulted in less biofouling of the membrane and

facilitated high filtration rates.

The reduced flux with increasing solids content could be compensated to a degree by increasing
the TMP (Figure 3). By using a higher TMP (3.5 Ib inz) an increase in shear force is achieved
that minimizes the accumulation of organic matter within the pores of the TFF hollow fibre

thereby maintaining high flux rates ().

For optimal recovery of Salmonella it is desirable to collect samples when levels of the enteric
pathogen within the sprouting mung bean bed are maximal. Therefore, trials were performed to
determine the levels of Salmonella associated with spent irrigation water collected at different
times during the sprouting period. To mimic the worst-case-scenario, Salmonella was introduced
at low levels (1.3 log CFU/g) into 500 g mung bean batches. The levels of Sa/monella remained
relatively constant during the initial 48 h into the sprouting period then increased thereafter
attaining levels of 2.5 £ 0.4 log CFU/ml at 96 h. The results were in agreement with Hora et al
(15) who also reported low Salmonella levels in spent irrigation water when the enteric
pathogens were introduced at comparable cell densities as used in the current study. The low
level of Salmonella was unexpected given that other reports have demonstrated rapid growth of
the pathogen on sprouting seeds (17, 42). However, it should be noted that in the majority of
studies to date seeds were inoculated with a relatively high inoculum level (>4 log CFU/g) and
also levels of the enteric pathogen were enumerated on sprouts as opposed to spent irrigation

water.
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The low Salmonella levels within spent irrigation water observed in the current study can be
explained by the strong attachment of the human pathogen on sprouts (7). Consequently,
Salmonella is more likely to be retained within the sprout bed than washed out during irrigation
(15). A further possibility is the suppression of Salmonella growth by the antagonistic action of
endogenous microflora (/0). In the current study it was noted that the Total Aerobic Count
(TAC) associated with spent irrigation water progressively increased during the sprouting period
(Figure 4). Therefore, it is likely that Salmonella introduced at low levels could not effectively

compete in the early stages of the sprouting period.

It has been recommended that spent irrigation water should be sampled 48 h into the sprouting
period (7). Based on the results obtained in this study, sampling early in the sprouting production
would reduce the possibility of detecting Salmonella if present. However, by performing spent
irrigation water screening at the end of the sprouting period, the levels of Salmonella are

maximal and consequently more likely to be detected (15).

The recovery of Salmonella inoculated into spent irrigation water was evaluated. Here spent
irrigation water was collected from sprouting mung bean beds 96 h into the sprout production
and inoculated with defined levels of Salmonella using the 7 log CFU/ml suspension (Table 1).
The inoculated spent irrigation water was then concentrated using the optimized TFF. It was
found that the cell density of pathogens could be increased by 10 — 16 fold by using TFF (Table
1). The percent recovery of Salmonella in spent irrigation water was lower than that observed in
saline (Figure 2). In addition, it was noted that the % recovery of Sa/monella was significantly
(P < 0.05) decreased when 2 log CFU/ml suspensions were processed compared to 4.5 log

CFU/ml (Table 1). The lower recovery yields with dilute Salmonella suspensions could have
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been due to cells binding to the membrane surface which occurs during the filtration process

(26).
Clean-in-Place of Tangential Flow Filtration Unit

Although the TTF cartridges used in the current study were only intended for single-use, it can
be envisaged that in commercial practice the filter would perform multiple runs. This
necessitates developing clean-in-place protocols that can ensure inactivation and removal of
residual microbial cells without compromising the integrity of the filter membrane. From the
sanitizers tested it was evident that sodium hydroxide proved least effective with Salmonella
being recovered following the CIP cycle. In contrast, both hypochlorite and acidified sodium
chlorite were both effective at sanitizing the TFF unit. However, applying acidified sodium
chlorite caused accumulation of white crystals within the filter and hence negatively impacted on
performance. Consequently, sodium hypochlorite was used in subsequent studies for sanitizing
the TFF between pressure runs. In general the filters could be used to process 8 times before
failing (i.e. recovery of Salmonella from the permeate). No progressive decrease in filtration
performance (i.e. capture yield, flux rate) was observed between TFF runs. However, when
membrane failure occurred there was an abrupt loss of TMP which coincided with Salmonella

being recovered in the filtrate.
Flow-through amperometric immuno-sensor design and optimization

A flow-through immuno-assay was designed based on passing the retentate derived from the
TFF step over a membrane modified with anti-Sa/monella antibodies. In addition to acting as a
solid support, the membrane also functioned as a perm-selective membrane to prevent biofouling
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of the electrode which was used to detect the hydrogen peroxide enzymatic product of the
glucose oxidase antibody conjugate. The three different base membrane types evaluated were
cellulose acetate, plasticized PVC and poly phenyl ether sulphone (PES). All three polymers are
widely used in biosensor devices due to biocompatibility or perm-selectivity characteristics (3,
37). The PES membrane was too brittle and could not be overlaid over the electrode without
breaking and PVC was readily passivated by proteins. However, cellulose acetate membranes
were both biocompatible and permeable to hydrogen peroxide. Biocompatibility was evaluated
by determining the response to hydrogen peroxide in the presence and absence of BSA or heat
killed cells. Although the hydrogen peroxide amperometric response was lower in the presence
of BSA or heat killed cells this was insignificantly (P>0.05) different compared to when dose

response curves were performed in KCI alone (Figure 5).

Immobilization of antibodies onto cellulose acetate membranes

Anti-Salmonella antibody was immobilized onto the surface of gold sputtered cellulose acetate
membranes via thiol coupling. Verification of antibody immobilization was performed by
reacting the modified cell-ulose acetate membrane with diluted Sa/monella suspensions (6 log
CFU/ml). After incubating at room temperature for 40 min the membrane was rinsed to remove
non-attached Salmonella prior to viewing under SEM. Salmonella cells were observed on
antibody modified films although negligible numbers were encountered on non-modified

membranes (Figure 6). The results confirm that the antibody modified cellulose acetate resulted

in specific binding of Salmonella with minimal non-specific binding.
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The anti-Salmonella modified cellulose acetate membrane was integrated into a flow cell and
capture efficiency determined. Here, different Salmonella serovar suspensions (100ml) were
flowed (0.89 ml/min) over the antibody layer and changes in levels of the enteric pathogen
remaining being used to calculate the capture efficacy (Table 2). The capture efficiency of anti-
Salmonella modified cellulose acetate membranes ranged from 64 — 95% (Table 2). The similar
capture efficiencies with the different serovars confirm that the sensor could be used to capture

different Salmonella types tested.

The level of Salmonella captured is comparable to immune-columns (5) and paramagnetic beads
(40) both of which report efficiencies of 95%. In the current study the high capture efficiencies
could be attributed of the high affinity of the anti-Sa/monella antibodies. However, it should be
noted that the non-specific binding (i.e. films containing no antibodies) was relatively high (12-
36%; Table 2). The non-specific binding was likely caused by the attachment of cells to the
tubing and reaction cell. However, the capture of Salmonella was consistently higher with
antibody modified films indicating the majority of binding was specific and not due to passive
attachment.

The captured cells were detected by reacting Salmonella with a secondary rabbit anti-Salmonella
biotin-labelled antibody followed by avidin-tagged glucose oxidase. Glucose enzyme substrate
was then added and the hydrogen peroxide product detected amperometrically at the underlying
platinum electrode. The assay was optimized in terms of assay time, temperature, concentration
of antibody and glucose oxidase. The optimal sensor response was found by reacting 6 ul (2
mg/ml) biotin-labelled antibody with120 pg glucose oxidase at 23°C for 40 min (results not
shown).
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Evaluation of the integrated tangential flow filtration and amperometric immunosensor-
to detect Salmonella in spent irrigation water
Spent irrigation water (2 1) was collected from mung bean beds initially inoculated with different
levels of Salmonella (1.3 — 3.3 log CFU/g; Table 3). The level of Salmonella recovered from the
spent irrigation water at the end of the 96 h sprouting period was dependent on the initial
inoculation introduced onto the mung beans (Table 3). The same finding has been reported for
the growth of Salmonella introduced at different levels within sprouting alfalfa sprouts (24).
The concentration factor when the spent irrigation water was passed through the TFF was found
to be dependent on the Sa/monella concentration in the sample (Table 3). Low levels of
Salmonella in the spent irrigation water resulted in the lowest concentration factor which was
again possibly due to binding of cells to the filtration unit. It was noted that the concentration
factors were higher compared to when Salmonella was directly inoculated into spent irrigation
water (Table 1). This may have been attributed to the physiological state of the cells which
enhanced tolerance to shear effects and/or reduced attachment to the filter membrane.

The response of the amperometric immunosensor correlated (* = 0.91) with the Salmonella
levels within the retentate. However, it is unlikely that the sensor could be used to quantify
Salmonella present within the sprouting mung bean bed given the variability in recovery yield
using TFF and capture efficiency of the antibody modified membranes. The lack of quantitative
measurement should not be considered a weakness of the sensor given that any Sa/monella
detected would be considered a hazard. In this respect the lower detection limit is of greater
significance and as observed, the sensor could detect Sa/monella concentrations on the order of 2

log CFU/ml following TFF. The lower detection limit if the flow-through immune-sensor in
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isolation is comparable to other reported flow-through immune-sensors which typically can

detect levels on the order of 3-4 log CFU/ml (6, 31).

To test the reliability of the integrated TFF-sensor system 20 trials were perfofmed where mung
bean beds were inoculated with 1.3 log CFU/g Salmonella and sprouted for 96 h (Figure 7). The
spent irrigation water (2 1) was passed through the TFF system and retentate transferred to the
flow through immune-sensor. Each TFF filter cartridge was re-used seven times with the CIP
hypochlorite decontamination step as previously described. A fresh antibody modified cellulose

acetate membrane was used on each occasion.

The sensor response was found to be variable although consistently higher than the baseline
(spent irrigation water derived from non-inoculated mung bean beds). Sa/monella was not
detected in spent irrigation water taken from the control (non-inoculated) mung bean batches
confirming that no false-positives were generated by the sensor. Inoculated mung beans in Trial
2 gave a low response (Figure 7) which was not significantly different to the baseline value and
hence can be regarded as a false-negative given that the retentate sample tested positive for
Salmonella upon enrichment. Several samples resulted in high sensor responses which may be
related to variation in the fabricated antibody modified membrane or levels of Salmonella within
the retentate. However, regardless of this fact the results demonstrated the consistency of the
integrated system to detect Salmonella within spent irrigation water. Furthermore, Salmonella
captured on the membrane could be isolated by enrichment and subsequent plating onto selective
media thereby enabling conformational tests to be performed in addition to epidemiology

investigations.
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In conclusion, the study has provided proof-of-principle for an integrated device to screen spent
irrigation water derived from sprouting mung bean beds. The method is highly sensitive and can
detect Salmonella in spent irrigation water within 4 h. Due to the rapid analysis time it is possible
to take samples at the end of the sprouting process when Salmonella numbers are high. The
system can be potentially automated and TFF cartridges re-used both thereby making the system
a commercially viable alternative to current testing procedures. However, further studies are
needed to verify the device performance in capturing and detecting a wider range of Salmonella

serovars that may be encountered in sprouted seed production.
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Figure 1: Schematic diagram of the integrated Tangential Flow Filtration (TFF) and
amperometric flow-through ELISA. The spent irrigation water sample is recirculated through a
TFF unit to concentrate bacterial cells. The retentate is then flowed over capture antibodies
immobilized on the surface of a cellulose acetate membraﬁe. The captured Salmonella are

detected via the addition of secondary antibody glucose oxidase conjugate.

Figure 2: Effect of TFF flow rate and transmembrane pressure on the concentration of
Salmonella from a suspensions originally containing 2 log CFU/ml. Salmonella suspensions
were prepared in saline and passed through TFF unit at different transmembrane pressure and
flow rate. The cell density of Salmonella within the retentate following filtration was then

determined and used to calculate the concentration factor.

Figure 3. Effect of solids content of spent mung bean irrigation water on the flux rate through
tangential flow filtration unit. Mung bean batches (500g) were sprouted for 96h at 25°C and
watered daily with 2 | irrigation water. The spent irrigation water was collected and 100ml
samples withdrawn for dry weight analysis (¢). The vemaining spent irrigation water was passed
through TFF with an operating transmembrane pressure at either 3.5 [b in2 (m) or 0.5 [b in2

(A) and flow rate of 0.51 l/min.

31




Concentration and detection of Salmonella

Figure 4: Total aerobic count and Salmonella within spent irrigation water derived from
sprouting of mung bean batches at different time periods during sprouting. Batches (500g) of
mung beans were inoculated with Salmonella(1.3 log CFU/g). The beans were sprouted over 96h
at 25°C and irrigated daily with 2 | of water. The spent water was collected and Salmonella

levels determined.

Figure 5: Response of a cellulose acetate modified platinum electrode to hydrogen peroxide in
the presence of 0.1% BSA (A) or heat killed (4 log CFU/ml) Salmonella(B). Step calibration
curves were performed by addition of ImM hydrogen peroxide (4) to a polarized (0.65V vs
Ag/AgCl) platinum electrode modified with a cellulose acetate membrane. The dose response to
hydrogen peroxide was repeated in the presence of BSA or heat killed cells (m) using the same
cellulose acetate membrane. Finally the dose response of the cellulose acetate membrane to
hydrogen peroxide alone was assessed to determine the degree of biofouling (A ). Data points

represent the average of three different cellulose acetate membranes

Figure 6: Scanning electron micrographs of cellulose acetate membranes without (A) and with
(B) immobilized capture antibody. A thin gold layer was deposited onto the surface of cellulose
acetate membranes upon which capture antibody was immobilized. The membrane was reacted
with a Salmonella suspension and subseguently was to remove unbound cells. The control was
prepared in the same way except that no capture antibody was immobilized on the membrane
surface.
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Figure 7: Verification of integrated Tangential Flow Filtration and immune-sensor to detect
Salmonella in spent irrigation water collected from mung bean beds 96 h into the sprouting
process. Salmonella was inoculated into mung bean batches (1.3 log CFU/g) and sprouted over
96 h with daily irrigation with 2 | water. At the end of the sprouting period, 2 | of spent irrigation
water was collected and concentrated using TFF. The retentate was then applied to the
amperometric ELISA as described in the legend to Table 4. For sensor response for individual
samples was plotted (m) and compared to the average response obtained for samples derived

from non-inoculated controls (-—--).
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Table 1: Increased concentration and percent recovery after concentrating 2 | of spent
irrigation water containing Salmonella. Spent irrigation water was collected from mung bean
batches sprouted over 96h at 25°C. The spent irrigation water was inoculated with
Salmonella and passed through the TFF system.The levels of target bacteria were
enumerated from the retentate and used to calculate the concentration factor and percent

recovery. TMP 3.5 Ib in’ flow rate 511 ml/min

Initial Retentate log CFU/ml (CF?) % Recoveryb
(log CFU/ml)
4.5 5.7£0.58 (15.85) 82+8
2.0 3.0+0.13(10.00) 55+8

CF: Concentration factor = CFU retentate/CFU initial suspension

® o4 Recovery = (total CFU retentate/total CFU initial suspension)* 100




Table 2. Capture of different Salmonella serovars on anti-Salmonella modified and non-
modified cellulose acetate membranes. Salmonella suspensions (3 log CFU/ml) were flowed
over (0.89 ml/min) cellulose acetate membrane and levels of the enteric pathogen retained

within the suspension enumerated.

Salmonella Log CFU/ml Log CFU/ml

serovar . . . b
anti-Salmonella CA CA" control (% Capture)

(% Capture)b

Heidelberg 2.17 + 0.35 (90%)™ 2.96 + 0.17 (36%)"
Senftenberg 1.88 + 0.39 (95%)" 3.10+0.31 (12%)®
Montevideo 2.58 +0.23 (73%)" 3.03 £ 0.32 (25%)°

Newport 2.12+ 0.20 (91%)* 3.06 + 0.29 (20%)®
Meleagridis 2.71 £0.21 (64%)* 3.04 £ 0.31 (24%)°
Oranienburg 2.39 + 0.32 (83%)* 2.99 + 0.32 (32%)°

®CA: Cellulose acetate
® o4 Recovery = (CFU Remaining in suspension/total CFU Initial)*100

Values within rows followed by the same letter are not significantly different




Table 3: Concentration and detection of Salmonella from spent irrigation water derived from
sprouting mung bean beds. Salmonella was inoculated into mung bean batches (1.3 -3.3 log
CFU/g) and sprouted over 96 h. Spent irrigation samples (2 ) were collected at the end of
the sprouting period and circulated through tangential flow filtration unit (511 ml/min, TMP
3.5 Ib in). The retentate from the TFF was then passed through immune-flow cell (0.98
ml/min) and captured cells reacted with secondary glucose oxidase conjugate. The

amperometric sensor response upon addition of glucose substrate was then recorded.

Initial Loading Spent Irrigation Retentate Sensor Response
Water log CFU/ml (nA)
log CFU/g log CFU/ml (CF)*
0 0 0 32.619.82%
1.3 2.43+0.39 3.0+0.13 (4) 342.1+135.048
1.9 3.74+0.36 5.7£0.58 (91) 364.9+137.10°
33 4.17+0.46 7.47+£0.46 (3715) 668.4+71.91¢

°CF: Concentration factor = CFU retentate/CFU initial suspension

Means followed by the same letter are not significantly (P<0.05) different




Figure 1

Figure 1: Schematic diagram of the integrated Tangential Flow Filtration (TFF) and
amperometric flow-through ELISA. The spent irrigation water sample is recirculated through
a TFF unit to concentrate bacterial cells. The retentate is then flowed over capture
antibodies immobilized on the surface of a cellulose acetate membrane. The captured

Salmonella are detected via the addition of secondary antibody glucose oxidase conjugate.
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Figure 2

Figure 2: Effect of TFF flow rate and transmembrane pressure on the concentration of
Salmonella from a suspensions originally containing 2 log CFU/ml. Salmonella suspensions
were prepared in saline and passed through TFF unit at different transmembrane pressure
and flow rate. The cell density of Salmonella within the retentate following filtration was then

determined and used to calculate the concentration factor.
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Figure 3

Figure 3. Effect of solids content of spent mung bean irrigation water on the flux rate through
tangential flow filtration unit. Mung bean batches (500g) were sprouted for 96h at 25°C and
watered daily with 2 | irrigation water. The spent irrigation water was collected and 100ml
samples withdrawn for dry weight analysis (%). The remaining spent irrigation water was
passed through TFF with an operating transmembrane pressure at either 3.5 Ib in2 (m) or 0.5

Ibin2 (A) and flow rate of 0.51 l/min.
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Figure 4

Figure 4: Total aerobic count and Salmonella within spent irrigation water derived from
sprouting of mung bean batches at different time periods during sprouting. Batches (500g) of
mung beans were inoculated with Salmonella(1.3 log CFU/g). The beans were sprouted over
96h at 25°C and irrigated daily with 2 | of water. The spent water was collected and

Salmonella levels determined.
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Figure 5

Figure 5: Response of a cellulose acetate modified platinum electrode to hydrogen peroxide
in the presence of 0.1% BSA (4) or heat killed (4 log CFU/ml) Salmonella(B). Step
calibration curves were performed by addition of ImM hydrogen peroxide (4) to a polarized
(0.65V vs Ag/AgCl) platinum electrode modified with a cellulose acetate membrane. The
dose response to hydrogen peroxide was repeated in the presence of BS4 or heat killed cells
(m) using the same cellulose acetate membrane. Finally the dose response of the cellulose
acetate membrane to hydrogen peroxide alone was assessed to determine the degree of
biofouling (A ). Data points represent the average of three different cellulose acetate

membranes
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Figure 6

Figure 6: Scanning electron micrographs of cellulose acetate membranes without (4) and
with (B) immobilized capture antibody. A thin gold layer was deposited onto the surface of
cellulose acetate membranes upon which capture antibody was immobilized. The membrane
was reacted with a Salmonella suspension and subsequently was to remove unbound cells.

The control was prepared in the same way except that no capture antibody was immobilized

on the membrane surface.




Figure 7

Figure 7: Verification of integrated Tangential Flow Filtration and immune-sensor to detect
Salmonella in spent irrigation water collected from mung bean beds 96 h into the sprouting
process. Salmonella was inoculated into mung bean batches (1.3 log CFU/g) and sprouted
over 96 h with daily irrigation with 2 [ water. At the end of the sprouting period, 2 | of spent
irrigation water was collected and concentrated using TFF. The retentate was then applied to
the amperometric ELISA as described in the legend to Table 4. For sensor response for
individual samples was plotted (m) and compared to the average response obtained for

samples derived from non-inoculated controls (-----).
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ABSTRACT

The reliability of testing spent irrigation water to assess the microbiological status of sprouting mung bean beds has been
investigated. In commercial trials, the distribution of opportunistic contaminants within 32 bean sprout beds (25 kg of mung
beans per bin) was assessed 48 h after germination. The prevalence of generic Escherichia coli, thermotolerant coliforms, and
Aeromonas in sprouts (n = 288) was 5, 11, and 39%, respectively, and 57, 70, and 79% in the corresponding spent irrigation
water samples (n = 96). Contamination was heterogencously distributed within the seedbed. In laboratory trials, beans inoc-
ulated with a five-strain cocktail of either Salmonella or E. coli O157:H7 (103 to 10* CFU/g) were introduced (1 g/500 g of
noninoculated seeds) at defined locations (top, middle, or base), and the beans were then sprouted for 48 h. When seeds
inoculated with pathogens were introduced at the base or top of the seedbed, the pathogens were typically restricted to these
sites and resulted in 44% of the spent irrigation water samples returning false-negative results. Introducing inoculated beans
into the middle or at the presoak stage enhanced the distribution of both pathogens within the subsequent sprout bed and
resulted in comparable levels recovered in spent irrigation water. The study demonstrated that even though screening a single
sample of spent irrigation water is more reliable than testing sprouts directly, it does not provide an accurate assessment of
the microbiological status of sprouting mung bean beds. Such limitations may be addressed by ensuring that bean batches are
mixed prior to use and by taking spent irrigation water samples from multiple sites at the latter stages of the sprouting process.

Sprouted seeds have been implicated in numerous out-
breaks of foodbome illness (18). Salmonella remains the
most common human pathogen associated with sprouts, al-
though outbreaks linked to Escherichia coli O157:H7 have
also been reported (4). Between 1973 and 2001, 34 major
outbreaks of foodborne illness were directly linked to
sprouted seeds, the majority of which have involved alfalfa
and bean sprouts (25). To address the increasing number of
foodborne illness outbreaks associated with sprouts, the
FDA (U.S. Food and Drug Administration) issued guide-
lines to enhance food safety standards (/8). However, de-
spite the increased focus on food safety, outbreaks of food-
borne illness and product recalls continue to occur (23).
Among other measures, the guidelines recommend decon-
taminating seeds with 20,000 ppm of calcium hypochlorite
prior to sprouting (/8). However, studies have demonstrated
that, although seed decontamination can reduce populations
of human pathogens present, it cannot ensure the produc-
tion of pathogen-free sprouts (23). Therefore, there has
been an increased reliance on detecting pathogens (if pre-
sent) by screening spent irrigation water (23). The screen-
ing of spent irrigation water is preferred over testing sprouts
directly because of uniformity issues, ease of collection,
and analysis (18). More significantly, because irrigation wa-
ter runs over the sprouts, this method is thought to provide

* Author for correspondence. Tel: 519 824 4120 56072; Fax: 519 824
6631; E-mail: kwarrine@uoguelph.ca.

a more representative assessment of the microbiological sta-
tus of the sprouting seedbed than the screening of individ-
ual sprout samples (18).

Current recommendations state that 1 liter of spent ir-
rigation water samples should be taken from individual
sprouted seed batches 48 h into the sprouting process. Sub-
samples of the spent irrigation water are then screened for
the presence of Salmonella and E. coli O157:H7 (18). The
protocols for sampling spent irrigation water were validated
through studies that used inoculated and noninoculated al-
falfa seeds (9, 12, 21). 1t is assumed that the sampling pro-
tocols developed for alfalfa can be extrapolated to other
seed types. However, methods applied to sprout alfalfa
seeds differ significantly from those used to sprout beans.
Specifically, alfalfa is commonly sprouted in rotating drums
or as a monolayer of seeds on trays, with irrigation water
delivered for 10 s every 10 min. In contrast, mung beans
are sprouted in large quantities (25 kg) within deep con-
tainers (/8). The depth of the seedbed is approximately 15
cm but can increase threefold within 48 h and 10-fold upon
completion of the sprouting process (unpublished data).
During the sprouting of mung beans, irrigation water is de-
livered via a moving or static overhead sprinkler system for
1 min every 3 to 6 h. The water drains through the bed
and exits via slats at the base of the bin.

The contrasting sprouting methods used for alfalfa and
bean sprouts could lead to a difference in the distribution
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of human pathogens within the seedbed. Therefore, it is
possible that screening a single spent irrigation water sam-
ple (as recommended for alfalfa) is inadequate in assessing
the microbiological status of an entire batch of sprouting
seeds. However, no definitive studies have been performed
to determine the homogeneity of contamination within
commercial bean sprout beds.

Determining the uniformity of contamination within
large batches of sprouting mung beans is problematic, be-
cause screening for Salmonelia or E. coli O157:H7 directly
is unrealistic, given the rarity in which each pathogen is
encountered. On the assumption that human pathogens
would occur sporadically on seeds and not in entire batches,
there is a need to screen for bacteria that are also occa-
sionally encountered on bean sprouts. Clearly, total aerobic
counts and coliforms would be unsuitable, as both are
found at consistently high levels in sprouted seeds (135).
Potential alternatives are generic E. coli, thermotolerant co-
liforms (TCs), and mesophilic deromonas. All are oppor-
tunistic contaminants on sprouts, although specific preva-
lence rates have yet to be fully determined. A survey per-
formed in the United Kingdom estimated that the carriage
rate of generic E. coli in bean sprouts is 4% (14). The
prevalence of TCs in bean sprouts has been estimated to be
13% (20). There are no data on the carriage rate of meso-
philic Aeromonas associated with bean sprouts, although
the bacterium is frequently associated with salad vegetables
(5, 16, 19). Therefore, generic E. coli, TCs, and Aeromonas
represent opportunistic contaminants that are not ubiquitous
within sprouted seeds but that do occur at a greater fre-
quency than pathogens such as Salmonella or E. coli O157:
H7.

The present study consists of two parts. Specifically,
sampling trials performed within a commercial sprout fa-
cility were undertaken to evaluate the distribution of mi-
croflora within large-scale sprouting mung bean beds and
how this was reflected in screening spent irrigation water.
The second part of the study determined how low levels of
E. coli O157:H7 and Salmonella become distributed within
sprouting mung bean beds. Collectively, the goal of this
study was to determine if the currently recommended sin-
gle-sampling protocols provided an adequate method for
detecting contamination within sprouting mung bean beds.

MATERIALS AND METHODS

Description of the commercial sprout house and sprout-
ing process. The commercial sprout production facility consisted
of several separate growth rooms within which six to eight fixed,
slatted floor, sprouting bins (approx. 2.7 by 1.2 m) were housed.
Mung beans (25 kg) were rinsed with potable water prior to being
soaked for 3 h in 200 ppm of calcium hypochlorite solution (ca.
1:1 seed:sanitizer ratio). The beans were then transferred to a
sprouting bin (initial depth of seeds was ca. 15 cm) and watered
every 6 h via a moving overhead irrigation water system. The
temperature of the growth room varied from 24 to 30°C. Between
batches of sprouts, the growth rooms and bins were sanitized in
accordance with Good Manufacturing Practice.

Sample collection. Approximately 48 h after the initiation
of the sprouting process, samples of sprouts and spent irrigation
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FIGURE 1. Sampling regime performed in a commercial sprout
house. Each bin was subdivided into columns (left, center, and
right) within which sprout samples were withdrawn firom the top,
middle, or base. Prior to extracting the sprout samples, spent
irrigation water was collected from under each column.

water were collected from four randomly selected bins within a
single growth room. To determine the distribution of bacteria
within the sprouting seedbeds, individual bins were arbitrarily sep-
arated into three sections (Fig. 1). Spent irrigation water (3 X 3
liters) was collected from under the sprout bed at designated lo-
cations (right, center, and left). Sprouts (100 g per sample) were
then collected at differing depths of ca. 5 cm (top), 15 cm (mid-
dle), and 25 cm (base) within individual columns. The samples
were taken above the site from which the spent irrigation water
was collected. For each bin, columns of sprouts were collected 15
cm from the left edge, center, and right edge (Fig. 1). Therefore,
for each bin, three spent irrigation water samples and nine sprout
samples were collected in total. Incoming municipal irrigation wa-
ter (2 X 3 liters) was also collected. All samples were transferred
to a cooler and screened for the target bacteria within 24 h.

Mesophilic Aeromonas detection. The detection of Aero-
monas in sprout samples was performed as described by Neyts et
al. (19). Sprouts (25 g) were suspended in 225 ml of tryptic soya
broth containing 10 pg/ml of ampicillin (TSBA) and homoge-
nized in a stomacher for 2 min. The homogenate was incubated
at 28°C for 18 to 24 h, from which a dilution series was prepared
in Butterfield phosphate diluent. Aliquots (0.1 ml) of the 10! to
10-¢ dilutions were spread plated onto the surface of starch am-
picillin (Oxoid, Basingstoke, UK) agar plates prior to their incu-
bation at 28°C for 18 to 24 h. ‘

Spent irrigation water (100 ml) was filtered through a 45-
mm diameter, 0.45-um-pore-size filter membrane (Fisher, Ottawa,
Ontario, Canada). The membrane was then suspended in 10 ml
of TSBA and homogenized by stomaching for 2 min. The ho-
mogenates were incubated at 28°C for 24 h, and a dilution series
was prepared in sterile Butterfield phosphate diluent. Aliquots (0.1
ml) were plated onto starch ampicillin agar plates prior to being
incubated at 28°C for 24 h.

Confirmation of Aeromonas isolates was made with triple
sugar iron agar slants and oxidase-positive reactions (719). The
detection limit for mesophilic Aeromonas on sprouts was 1 CFU/
25 g of sprouts or 100 m! of spent irrigation water.

E. coli and TC detection. Generic E. coli was detected by
plating sprout homogenates (25 g of sprouts suspended in 225 ml
of Butterfield phosphate diluent and stomached for 2 min) onto
E. colilcoliform petri films (3M, London, Ontario, Canada) that
were subsequently incubated at 37°C for 24 h. The lower detection
limit for generic E. coli (when plating was performed in duplicate)
was 5 CFU/g. TCs were screened by the use of m-FC (Difco,
Becton Dickinson, Sparks, Md.) agar incubated at 44°C for 24 h
(lower detection limit was 50 CFU/g). Spent irrigation water (100
ml) was passed through a 0.45-um sterile filter that was subse-
quently suspended in 10 ml of Butterfield phosphate diluent and
stomached for 2 min prior to plating onto the appropriate media.
The lower detection limit for generic E. coli was 0.1 CFU/ml, and
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TABLE 1. Salmonella serovars and Escherichia coli O157:H7 strains used during the study

E. coli O157 strain? Original source

Salmonella serovars? Original source

. coli O157:H7-C1033 Water sediments
. coli O157:H7-C1032 Soil

. coli O157-C652 Clinical samples
. coli O157-C476 Clinical samples
. coli O157-C477 Clinical samples

oy by by by

Meleagridis E1l
Oranienburg C1

Alfalfa sprouts
Alfalfa sprouts

Newport C2 Alfalfa sprouts
Senftenberg Alfalfa sprouts
Montevideo Tomatoes

a All Escherichia coli O157:H7 strains and Sa/monella Montevideo serovars were donated by the Canadian Research Institute of Food
Safety. The remaining Salmonella strains were provided by Professor Poppe of Health Canada (Guelph, Ontario, Canada).

for, TCs, the lower detection limit for generic E. coli was 1 CFU/
ml.

Laboratory trials: bacteria and preparation of cell sus-
pensions. E. coli O157:H7 and Salmonella strains used in the
study were selected from environmental, clinical, or sprout iso-
lates (Table 1). Each of the strains was cultivated individually in
50 ml of TSB for 24 h at 37°C. Bacterial cells were harvested by
centrifugation (5,500 X g for 10 min at 4°C) and washed once in
0.8% (wt/vol) sterile saline. The cell pellet was lastly resuspended
in saline to give a final cell density of 10¢ CFU/ml (optical density
at 600 nm = 0.02). Equal volumes of the E. coli O157:H7 or
Salmonella suspensions were combined to form a five-strain cock-
tail that was subsequently used to inoculate seeds.

Inoculation of mung beans and sprouting. Seeds (250 g)
were soaked in 250 ml of the appropriate five-strain cocktail of
E. coli O157:H7 or Salmonella for 20 min. The seeds were al-
" lowed to dry for 48 h at room temperature and either used im-
mediately or stored at 4°C until required (maximum of 5 days).

Sprouting of inoculated mung beans. Noninoculated mung
beans were soaked for 3 h at 25°C in distilled water (1:1 ratio).
The soaked seeds were then introduced into cylindrical containers
(60 by 6.5 cm) with 5-mm holes drilled into the base to permit
the drainage of irrigation water. The depth of the bean column
was ca. 15 cm to reflect depths encountered in commercial prac-
tice. Inoculated seeds (20 g) were soaked in separate containers
(3 h at 25°C), and 1-g lots were introduced into the batch of
noninoculated seeds (500 g) at the base, middle, or top of the
cylindrical seedbed. The cylinders were then transferred to an en-
vironmental growth chamber (Percival Scientific, Inc., San An-
tonio, Tex.) maintained at 25°C and were watered periodically (ca.
every 8 h) with 2-liter volumes of municipal water. Control batch-
es of noninoculated beans were sprouted in parallel.

In a further set of experiments, the inoculated seeds (1 g)
were manually mixed with 500 g of noninoculated beans prior to
soaking for 3 h in 200 ppm of calcium hypochlorite or sterile
distilled water. The seeds were then transferred to cylindrical con-
tainers and sprouted as described.

Approximately 48 h into the sprouting process, 2-liter vol-
umes of water were applied to the top of the cylinder, and the
spent irrigation water was collected in a sterile container (spent
irrigation water). Two 500-ml samples of spent irrigation water
(taken from the first and last 500 ml) were collected and pooled
for microbiological analysis. Batches of sprouts (200 g) were
withdrawn from the top, center, and base of the cylinder. Care was
taken to minimize the mixing of sprouts taken from specific lo-
cations within the sprouting seedbed.

Detection and enumeration of Salmonella. Sprout samples
were tested for the presence of Salmonella as described in the
Health Canada Compendium of Analytical Methods, MFHPB-20

(10). Salmonella levels in positive sprout samples were enumer-
ated by a five-dilution three-tube most-probable-number (MPN)
technique. Batches (25 g) of sprouts were suspended in 225 ml
of buffered peptone water (BPW) and stomached for 2 min. A
dilution series was prepared in BPW; the tubes were subsequently
incubated at 36°C for 18 to 24 h. Aliquots (I ml) from each tube
were then transferred to tetrathionate brilliant green broth and in-
cubated at 42°C for 18 to 24 h. The selective enriched culture was
plated onto brilliant green sulfa agar and bismuth sulfite agar and
incubated at 35°C for 24 to 48 h. The MPN was obtained by
means of MPN tables.

The spent irrigation water sample (100 ml) was filtered
through a 0.45-pm membrane filter that was subsequently resus-
pended in 10 mi of BPW. The bacteria on the filter were then
released by vortexing, and a dilution series (three-tube MPN meth-
od) was prepared in BPW. The tubes were incubated at 36°C for
24 h. Confirmation of Salmonella was made in accordance with
the Health Canada MFHPB-20 method (10). Salmonella numbers
were then derived from MPN tables.

Detection and enumeration of E. coli O157:H7. Sprout
samples were tested for the presence of E. coli O157:H7 by a
combination of the immunomagnetic separation technique (Health
Canada, HPB MFLP-90) (/0) and a lateral flow immunoassay
method (Reveal O157:H7 kit, Neogen, Lansing, Mich.). E. coli
O157:H7 was enumerated in positive sprout samples by means of
MPN combined with the immunomagnetic separation method as
described by Fegan et al. (8). In this procedure, 25 g of sprouts
was suspended in 225 ml of BPW and stomached for 2 min. A
five-dilution three-tube MPN in 9-ml BPW tubes was prepared,
and all tubes were incubated at 42°C for 20 h. Aliquots (1 ml) of
each enriched broth were removed and tested by AIMS (antibody
immunomagnetic separation) with anti-E. coli O157 beads (Dy-
nal, Oslo, Norway) and the BeadRetriever (Dynal) according to
the manufacturer’s instructions. Volumes (100 1) of the collected
beads were plated onto CT-SMAC and CHROMagar O157 selec-
tive agars (Oxoid), which were subsequently incubated at 36°C
for 24 to 48 h. Suspect colonies were confirmed as E. coli O157:
H7 by serology (E. coli O157 test kit, Oxoid). Levels of E. coli
O157:H7 in the original sprout sample were then derived from
MPN tables.

Spent irrigation water (100-ml samples) was passed through
a 0.45-pm filter, and bacteria were released by submerging the
membrane in 10 ml of BPW and stomaching for 2 min. E. coli
O157:H7 was detected and then enumerated as described.

Statistical analysis. Sampling trials at a commercial sprout
house were performed weekly for 8§ weeks. On each visit, sprouts
and spent irrigation water samples were taken from four randomly
selected seedbeds contained within the same growth room. Sprout
and spent irrigation water samples were collected from designated
areas (across and within the seedbed). Microbiological data were
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reported as the presence and absence either in duplicate 25-g
sprout samples or in 100 ml of spent irrigation water samples.
The qualitative data derived from the commercial sprout sampling
trial were analyzed by contingency table analysis (S-Plus soft-
ware). The data were analyzed on the basis of sprout columns
(i.e., three columns per bin) or individual bins (n = 4 per trial).
Rank (Spearman) regression analysis was performed to assess the
correlation between the prevalence of target bacteria in the sprout
and spent irrigation water samples. The laboratory trials were per-
formed with quadruplicate sprouting seed batches in parallel with
duplicate (noninoculated) controls. The means generated from
quantitative data were analyzed by the Student’s 7 test and analysis
of variance. In all cases, the level of significance was set at P <
0.05.

RESULTS

Prevalence of generic E. coli, TCs, and mesophilic
Aeromonas associated with sprouting mung beans and
spent irrigation water produced in a commercial sprout
house. The occurrence of generic E. coli was not sporadic,
but rather, changed during the 8-week trial (Fig. 2A). The
prevalence of E. coli in spent irrigation water was signifi-
cantly higher (P < 0.01) than that associated with sprouts
(Fig. 2A). Nevertheless, there was a significant correlation
between E. coli recovered from sprouts and spent irrigation
water on an individual bin (v = 0.47 P = 0.04) basis.

The prevalence of TCs in spent irrigation water was
significantly higher (P << 0.01) than in sprouts (Fig. 2B).
No significant (P > 0.05) correlation existed between the
frequency with which TCs were recovered from spent ir-
rigation water when compared to sprouts (r; = 0.24). In
trials 4 to 6 (weeks 4 to 6), no TCs were recovered from
sprouts, despite the high prevalence within spent irrigation
water (Fig. 2B).

The proportion of sprout samples that tested positive
for mesophilic Aeromonas was comparable to spent irri-
gation water during the initial three trials performed (Fig.
2C). However, the frequency with which Aeromonas was
recovered from sprouts decreased during the subsequent tri-
als, although the number of positive spent irrigation water
samples remained high (Fig. 2C). Overall, there was a sig-
nificant correlation (r, = 0.58; P < 0.01) between the prev-
alence of Aeromonas in sprouts and spent irrigation water
on the basis of the individual bins sampled.

As to the interaction between the different bacterial
types, the prevalence of generic E. coli in spent irrigation
water correlated significantly with TCs (1, = 0.88; P <
0.01). However, Aeromonas did not show any significant
(P > 0.05) correlation with respect to either generic E. coli
or TCs.

Distribution of generic E. coli, TCs, and mesophilic
Aeromonas within germinating mung bean beds. Generic
E. coli was recovered from at least one sample (sprouts or
spent irrigation water) in 28 of the 32 bins sampled. In total,
6% of the spent irrigation water samples returned false-
negative results. In contrast, 49 (of 96) spent irrigation wa-
ter samples tested positive for the bacterium, but the cor-
responding sprouts were negative. Generic E. coli was het-
erogeneously distributed throughout the sprouting seedbed,
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FIGURE 2. Percent sprouts (%) and spent irrigation water ()
testing positive for (4) generic Escherichia coli, (B) thermotoler-
ant coliforms, and (C) mesophilic Aeromonas in commercially
sprouted mung beans. During each visit (one per week for 8
weeks), sprouts and spent irrigation water samples were collected

from four bins (12 columns). Data points represent percentage of

positive samples collected per visit.

and no specific site was more likely to be contaminated
with the bacterium (Table 2). E. coli was recovered
throughout 11 of the 96 sprout columns sampled but never
across the sprouting seedbed. The recovery of E. coli in
spent irrigation water also showed a random distribution
and was independent on the sampling site (Table 2). On 11
occasions, the spent irrigation water collected from ali three
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TABLE 2. Number of positive samples from sprouts and spent irrigation water taken from different locations within the sprouting bin®

No. of positive samples

Escherichia coli

Thermotolerant coliforms Mesophilic Aeromonas

No. of columns

Sampling site tested Left Center Right Left Center Right Left Center Right
Top 96 0 1 1 3 3 4 15 10 13
Middle 96 1 3 3 2 4 5 13 12 13
Base 96 2 2 2 2 3 5 12 11 13
Water 96 18 A 16 A 21 A 2B 19 B 26 B . 24cp 22 D 30 c

aNo significant difference (P > 0.05) was found between the number of positive sprout samples (for individual bacterial types) at
different sampling locations. The number of spent irrigation water samples (for individual bacterial types) with the same letter are not

significantly different (P > 0.05).

sites within a bin tested positive for E. coli. In the remain-
ing bins, the bacterium was recovered from two (9 bins),
one (6 bins), or none (6 bins) of the three spent irrigation
water samples collected.

At least one sprout or spent irrigation water sample
from the 32 sprouting seedbeds tested positive for TCs.
Collectively, spent irrigation water samples taken from in-
dividual bins showed the presence of TCs in 97% of the
seedbeds screened. TCs were recovered throughout the en-
tire column of sprouts on 7 of the 96 tested. However, only
a single bin contained TCs across the entire seedbed. This
would suggest that contamination within the sprouting
seedbed is localized and heterogeneously distributed (Table
2). With regard to spent irrigation water, TCs were recov-
ered in all three samples taken from 15 of 32 bins. In the
remaining 17 bins, TCs were present in only one (5 bins)
or two (12 bins) of the three spent irrigation water samples
taken.

Aeromonas was isolated in at least one spent irrigation
water sample taken from each bin. Aeromonas was recov-
ered throughout 8 of the 32 bins tested; however, in the
remaining 24 containers, the bacterium was either absent in
sprouts or localized at specific sites. Spent irrigation water
tested positive in all three samples taken in 23 of the 32
bins. In the remaining 9 bins, irrigation water tested posi-
tive in one (4 bins) or two (5 bins) of the three samples
taken. The frequency with which Aeromonas was present
in spent irrigation water taken from the center of the seed-
bed was significantly lower (P < 0.05) than from the right
edge (Table 2). However, there was no significant difference
between the prevalence of the bacterium at specific loca-
tions within the sprouting mung bean bed.

Laboratory trials. The loading of Salmonella or E.
coli O157:H7 on inoculated mung beans prior to use varied
between 103 and 10* CFU/g. Significant variation in the
distribution of E. coli O157:H7 was observed between trials
when inoculated seeds were introduced (1 g/500 g of non-
inoculated seeds) at the top of the seedbed. E. coli O157:
H7 either failed to grow or was typically restricted to the
site of introduction (Table 3). In all cases, the levels of E.
coli O157:H7 on sprouts and spent irrigation water were
low (Table 3). In one seedbed sampled, the sprouts tested
positive (350 = 157 MPN/g), but spent irrigation water
tested negative.

Significant variations in E. coli O157:H7 levels were
also observed when inoculated seeds were introduced into
the middle of the bed. On two occasions (trials I and II),
E. coli was distributed throughout the column of sprouting
seeds at high levels (Table 3). However, only low numbers
of E. coli O157:H7 were encountered in trials III and IV.
In general, high E. coli O157:H7 levels within the sprout
bed were reflective in the counts recovered in spent irri-
gation water (Table 3).

E. coli O157:H7 introduced to the base of the seedbed
typically became localized at this site, with negligible con-
tamination spreading to other parts of the sprouting seed
column (Table 3). Significantly, in three of the four trials
performed, sprouts tested positive for E. coli O157:H7, but
spent irrigation water tested negative. Low levels of E. coli
0157:H7 (17 MPN/ml) were recovered in one spent irri-
gation water sample, despite the sprouts at the base of the
seedbed containing >1.1 X 10° MPN/g (Table 3).

There was significant variation in Sa/monella counts in
sprouts when inoculated seeds were introduced at the top
of the seedbed. Indeed, there was significant (P < 0.01)
variation in the Salmonella levels in sprouts taken from the
same location in several instances (Table 3). The highest
Salmonella counts were recovered at the top of the seedbed
but decreased toward the base. Spent irrigation water had
levels of Salmonella comparable to those associated with
sprouts. However, in one trial, Salmonella levels in the
spent irrigation water were >1.1 X 10° MPN/ml when the
sprout counts ranged from 0.3 to 4.27 MPN/g. In trial IV,
no Salmonella was recovered from either sprouts or spent
irrigation water.

Similar to E. coli O157:H7, Salmonella introduced in
the middle of the seedbed spread to the top and base of the
column (Table 3). Spent irrigation water tested positive for
Salmonella at levels comparable to those recovered in
sprouts. However, in one spent irrigation water sample (trial
I, the level recovered was >1.1 X 103 MPN/ml, and
sprout Salmonella counts were low, <23 MPN/g.

Sprouts derived from beds in which the inoculated
seeds were introduced at the base either became localized
within this area or spread throughout the column. Again,
significant variations were observed in counts derived from
the same sampling point. For example, in one sprout sample
taken from the center of the seedbed (trial IV), counts var-
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TABLE 3. Distribution of Escherichia coli 0157:H7 and Salmonella introduced at different points within a sprouting mung bean bed”

MPN/g or ml
Location from which samples
were extracted <0.3 MDL? MDL-10? 102-103 >1.1 X 103
Escherichia coli O157:H7
Top inoculated
Top u 131 1 1! 0
Middle 3LILIV 1 0 0 0
Base 3I,ll.lv 0 llll 0 0
Spent irrigation water 2L1 v 11 0 0
Middle inoculated ‘
Top 1 v 0 0 oLl
Middle i v 0 0 2LH
Base 1LV 0 0 0 1LH
Spent irrigation water 1 0 1 I 1!
Base inoculated
Top 41-v 0 0 0 0
Middle 3LILYV 0 I 0 0
Base 1 0 v 0 2L1
Spent irrigation water 3LULIV 0 g 0 0
Inoculated seeds introduced during soaking stage
Top 0 0 0 0 1
Middle 0 0 0 0 1
Base 0 0 0 0 1
Spent irrigation water 0 0 0 0 ]
Salmonella
Top inoculated
Top v 0.5 11 0.5 0.5L1e
Middle v 1t 14, 0.5MHe 0.5
Base v H 2110 0 0
Spent irrigation water v 0 A 0 I8
Middle inoculated
TOp 11] 11 21L1Y 0 0
Middle 0 20LIV 0 i 14
Base 0 v 1 i I!
Spent irrigation water 0 0 211V I IR
Base inoculated
TOp 21,111 11 0 0 1V
Middle 1 1! 0 0.51ve 11, Q.51Ve
Base 0 0 0 0 3LiLIVd
Spent irrigation water 1 0 0 0 LIV
Inoculated seeds introduced during soaking stage®
Top 0 0 3 0 0
Middle 0 0 2.5 0 0.5¢
Base 0 0 1 2 0
Spent irrigation water 0 0 0 3 0

211V indicate the trial number from which sprouts and irrigation water samples were derived.

5 MDL (method detection limit) = 0.3 MPN/g or ml.
<(.5 denotes counts from duplicate sprout samples taken from the same location within the sprouting seedbeds but having pathogen

levels in different categories.

9 One sample (trial II) lost because of laboratory error.
¢ Values represent Salmonella counts from three separate trials.
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TABLE 4. Distribution of Escherichia coli O157:H7 and Salmonella within sprouting mung bean beds derived from inoculated seeds

treated with calcium hypochlorite (200 ppm for 20 min)

MPN/g or mi

Pathogen/sprouting period/location

sprouts were extracted from <0.3 MDL

MDL-102 102-10° >1.1 X 103

E. coli 0157
48 h
Top
Middle
Base
Spent irrigation water
96 h

Top

Middle

Base

Spent irrigation water

(= el ol
[== RN =3 e R ]

OO OO
oo OO

Salmonella
48 h
Top
Middle
Base
Spent irrigation water

[AS TS NS ]
OO OO

[ R e i )
o — O O

oo O - —_ 0 — O
NO = O
O — —

[ R e i )
—_— O

[ el ol

ied from 149 to 1.1 X 103 MPN/g. High levels of Salmo-
nella were associated with both spent irrigation water and
sprouts (Table 3). However, in trial III, spent irrigation wa-
ter tested negative, despite the sprouts at the base of the
container containing levels >1.1 X 10> MPN/g.

When Salmonella- or E. coli O157:H7-inoculated
seeds were introduced at the bean-soaking stage, the distri-
bution of contamination was homogeneously spread
throughout the subsequent column of mung bean sprouts.
Pathogen counts in spent irrigation water were comparable
to levels recovered in sprouts (Table 4).

Effect of seed decontamination on the distribution
of E. coli O157:H7 and Salmonella in mung bean sprout
beds. Calcium hypochlorite treatment of seeds inoculated
with E. coli O157:H7 resulted in low pathogen levels in
the subsequent sprouts (Table 4). However, when sprouts
were sampled following a 96-h sprouting period, E. coli
O157:H7 levels had increased to >1.1 X 10° MPN/g
throughout the sprouted mung bean column.

Calcium hypochlorite (200 ppm) treatment appeared
successful in decontaminating two of the three batches of
seeds inoculated with Salmonella (Table 4). However, in a
third seed batch, the human pathogen grew to high levels.
Spent irrigation water samples contained counts similar to
those associated with the corresponding sprout beds.

DISCUSSION

From a combination of commercial and laboratory
studies, the distribution of bacterial contamination within
sprouting mung bean beds has been determined. In the
commercial sampling trial, the prevalence of generic E. coli
and TCs was significantly higher than that reported in pre-
vious microbiological surveys of sprouted seeds (74, 20).
The source (environment versus seedbome) and reasons for

the temporal variability of contamination within the com-
mercial sprouting mung bean beds remain unclear. Never-
theless, the results clearly illustrate that generic E. coli,
TCs, and mesophilic Aeromonas are heterogeneously dis-
tributed within sprouting mung bean beds. Moreover, al-
though a correlation did exist between sprouts and spent
irrigation water, the prevalence of the target bacteria was
greater in the latter. This is in contrast to previous studies
that used alfalfa, in which bacterial counts in sprouts were
1 log higher than those encountered in spent irrigation wa-
ter (9, 12, 21). The sprouts must have harbored the target
bacteria for them to have been recovered in spent irrigation
water. On this basis, the apparently higher prevalence of the
opportunistic contaminants-in spent irrigation water was
likely because of the heterogeneous distribution of the tar-
get bacteria within the sprout bed.

Why contamination did not disseminate throughout the
sprout bed is unclear. It has been reported that E. coli or
Salmonella introduced onto inoculated seeds rapidly
spreads throughout the sprout bed, even when introduced
at low levels (9, 12, 21, 24). However, in such studies,
small batches of seeds were typically sprouted as a mono-
layer. In the present study, it is likely that the relatively
deep mung bean bed physically restricted the movement of
bacteria. Although the flow of irrigation water would have
facilitated the spread of bacteria, it appears to have been
limited to vertical as opposed to horizontal transmission.
This was likely a consequence of the deposition of columns
of water by the moving overhead irrigation system as it
passed over the sprouting seedbed.

A heterogeneous distribution of contamination was
also observed when seeds inoculated with either Sa/monella
or E. coli O157:H7 were introduced at specific points with-
in a sprouting mung bean bed. Although both pathogens
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were typically concentrated at the site of inoculation, it was
evident that Salmonella was disseminated throughout the
bed to a greater extent than was E. coli O157:H7 (Table 3).
It has previously been reported that the attachment of Sal-
monella to sprouting alfalfa seeds is stronger than that of
E. coli O157:H7 (1, 6). Moreover, it has been established
that the frequent watering of sprouting alfalfa seeds inoc-
ulated with E. coli O157:H7 results in lower counts of the
pathogen on the subsequent sprouts (6). Therefore, it is pos-
sible that the stronger attachment of Sa/monella to sprouts
resulted in a greater retention of the pathogen within the
seedbed. In contrast, the low attachment of E. coli O157:
H7 would have caused the bacterium to be washed out of
the sprouting seed column. Nevertheless, £. coli O157:H7
was still retained within the sprouting seedbed at localized
sites. This may have been due to the internalization of E.
coli O157:H7 within the sprouting mung beans and thereby
the lesser likelihood of being removed during the passage
of irrigation water (24). Significantly, unlike the commer-
cial trial, screening spent irrigation water frequently result-
ed in false-negative results. This could have been due to
the localization of pathogens within the site of inoculation
and the removal of loosely attached cells by the successive
watering cycles.

When inoculated seeds were introduced at the presoak
stage, both Salmonella and E. coli O157:H7 became dis-
tributed throughout the sprouting mung bean bed. This re-
sult may have been unexpected, considering that the cell
density of E. coli O157:H7 and Salmonella would have
been more diluted than when introduced at specific points
within the seedbed. However, during the seed-soaking step,
both E. coli O157:H7 and Salmonella released from the
seeds could freely move within the steeping solution, there-
by contaminating a larger quantity of mung beans. Al-
though present at low levels on steeped seeds, the nutrient-
rich exudates released from the seeds (/2) could have sup-
ported the growth of pathogens, thereby achieving the rel-
atively high levels observed 48 h into the sprouting process.
In practical ferms, the results illustrate that the mixing of
mung bean batches during the soaking stage can have a
significant effect on the distribution of contamination with-
in the subsequent sprouting seedbed.

The actual levels of human pathogens encountered on
naturally contaminated seeds remain open to speculation (9,
17). However, pathogen numbers are assumed to be low
and further reduced during seed decontamination (3, 7, 11,
21). Therefore, the model in which inoculated seeds were
introduced at specific locations within the seedbed may be
more reflective of what is encountered in reality. This was
the case when beans inoculated with E. coli O157:H7 were
introduced prior to the soaking stage and were subsequently
treated with 200 ppm of calcium hypochlorite. Here, the
pathogen became localized in the middle or base of the
sprout bed at varying levels 48 h into the sprouting process.
Significantly, £. coli O157:H7 counts in the spent irrigation
water at this time were close to the limit of detection. How-
ever, by performing sampling 96 h into the sprouting pro-
cess, higher counts were obtained in both the sprouts and
spent irrigation water.
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Salmonella either was not detected or proliferated to
high levels when the mung beans were treated with calcium
hypochlorite prior to germination. In this respect, it is ev-
ident that Salmonella follows the distribution pattern sim-
ilar to the pattern that occurs when inoculated seeds are
introduced at the presoak stage. This further highlights the
differences that exist between the distribution of the Sal-
monella and E. coli O157:H7 encountered within sprouting
mung bean beds.

The apparent inactivation of Salmonella on beans by
the use of relatively low concentrations of calcium hypo-
chlorite was unexpected, considering that the treatment has
previously been shown to have limited efficacy (2, 22).
However, given that both testing sprouts and spent irriga-
tion water are not completely reliable, it may have been
that Salmonella was present but not detected.

In conclusion, this study has illustrated the limitation
of screening spent irrigation water to report on the micro-
biological status of sprouting mung bean beds. Although
screening multiple spent irrigation water samples can par-
tially compensate for the heterogeneous distribution of con-
tamination, it cannot provide complete assurance that con-
tamination can be detected (if present). This is especially
true for Salmonella and E. coli O157:H7, because both
showed a wide variation in distribution patterns within bean
sprout beds. Without an effective seed decontamination
method, the success of spent irrigation water testing can
possibly be enhanced by ensuring that mung bean batches
are well mixed during the soak stage and that spent irri-
gation water is sampled at multiple sites during the latter
stages of the sprouting period. It is acknowledged that this
will increase the cost of sampling and require an extended
holding period before sprouts are released to market. How-
ever, rapid pathogen detection methods (/3) are currently
under development that should address such issues.
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Abstract

BACKGROUND: Spent irrigation water testing has been recommended in sprouted seed production to detect the
presence of pathogens. However, because of the heterogeneous distribution of contamination within batches of
sprouted seed, taking single samples of spent irrigation water may return false-negative results. The following
evaluated whether spent irrigation water collected from multiple points provided a more representative assessment
of the microbiological status of the sprouting mung bean bed compared to when single samples were taken.

RESULTS: Generic Escherichia coli or Aeromonas was recovered in one and 10 of the 160 sprout samples taken
from 32 sprouting mung bean batches, respectively. Composite spent irrigation water samples tested positive
for generic E. coli on 19 occasions compared to 12 when single samples were taken. Mesophilic Aderomonas was
detected in 13 composite spent irrigation water samples which compared to eight single samples. The prevalence
of either target bacterium in composite spent irrigation water samples was not significantly (P> 0.05) different
compared to when a single sample was collected.

CONCLUSIONS: Sampling spent irrigation water from multiple points under sprouting mung bean beds does not
significantly increase the probability of detecting contamination, if present. The findings of the study should be

considered when devising sampling plans for spent irrigation water testing in bean sprout production.

© 2008 Society of Chemical Industry

Keywords: mung bean sprouts; spent irrigation water; testing; Salmonella; Escherichia coli; Aeromonas

INTRODUCTION

Sprouted seeds, such as bean sprouts, have been
implicated in numerous outbreaks of foodborne
illness.!? The largest outbreak of foodborne illness
linked to bean sprouts occurred within Ontario in-
2005 and resulted in over 600 clinical cases of
salmonellosis (Canadian Food Inspection Agency,
http://www.inspection.gc.ca, 7 March 2007). To
address the increasing number of foodborne illness
outbreaks associated with sprouts, the US Food and
Drugs Administration issued guidelines to enhance
food safety standards.> Amongst other measures, the
guidelines recommend screening spent irrigation water
collected 48h into the sprouting process to screen
for the presence of pathogens such as Salmonella
and Escherichia coi O157:H7.* The screening of
spent irrigation water is preferred over testing sprouts
directly due to uniformity, ease of collection and
analysis.> More significantly, because irrigation water
runs over the sprouts it is considered to provide a more

representative assessment of the microbiological status
of the sprouting seedbed compared to when individual
sprout samples are screened.?

Current recommendations state that a single spent
irrigation water sample should be taken from indi-
vidual sprouted seed batches.? Screening single spent
irrigation water samples has been considered satisfac-
tory for sprouts (e.g., alfalfa) produced within rotating
drums where the seeds are distributed as a monolayer
and irrigation water intimately mixed with the sprout-
ing seeds.*> However, a study performed by Liu and
SchaffnerS illustrated that spent irrigation water sam-
pling for alfalfa sprouted on trays is more problematic
owing to the heterogeneous distribution of contam-
ination. Here, contamination introduced via seed at
a single point within a batch of sprouting alfailfa seed
fails to disseminate through the entire bed and hence is
restricted to localized sites. Consequently, when spent
irrigation water is taken from a distance (>20 cm in the
reported study)® from the original contamination site
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the probability of detecting the target bacteria is sig-
nificantly reduced. The problems associated with the
heterogeneous distribution of contamination are more
significant when attempting to devise sampling plans
for screening spent irrigation water derived from mung
bean sprout production.” Unlike alfalfa, mung beans
are sprouted in large quantites (25-75kg) within
deep bins and hence the distribution of microbial pop-
ulations is more heterogeneous. This was confirmed
by the findings of Hora ez al.,” who reported on the
distribution of opportunistic contaminants (generic
Escherichia coli and mesophilic Aeromonas) within 25 kg
batches of sprouting mung bean sprouts. The selection
of generic E. coli and Aeromonas to assess the distribu-
tion of contamination within sprouting seed batches
was based on the fact that both bacterial types are
occasionally recovered from sprout batches.” There-
fore, similar to human pathogens the bacteria would be
present on a proportion of the seed and spread though
the bed during the course of the sprouting process.
Screening for pathogens, such as Salmonella, directly
would have been problematic owing to the sporadic
nature in which they are encountered and also the
ethical issues associated with detecting a positive sam-
ple. In the study by Hora et al.,” three spent irrigation
water samples were collected (left, center and right
side of the bed) in addition to corresponding sprout
samples at different depths over the sampling point. It
was found that contamination was localized within the
sprouting mung bean bed and consequently screening
a single sample of irrigation water for pathogens would
be unreliable in terms of assessing the microbiological
status of the bed.” Laboratory-based trials using beans
inoculated with either Salmonella or E. coli O157:H7
confirmed that contamination introduced at a spe-
cific point in the bed remains localized and does not
spread throughout the sprout batch within 48h into
the sprouting process.”

A potential approach to address the heterogeneous
distribution of contamination within sprouting mung
bean batches is to take multiple spent irrigation water
samples. However, increasing the number of samples
will significantly add to the cost of testing, which would
be commercially unfeasible in the majority of sprout
operations. A more practical approach is to form a
composite from multiple samples, thereby enabling
a single test to be performed. Although composite
sampling in microbiological analysis can reduce the
cost of testing, there are disadvantages in terms of
diluting contamination to below the level of detection.

The objective of the following study was to compare
composite wversus single sampling of spent irrigation
water derived from sprouting mung bean beds. To
address the issues relating to dilution of contamination
by composite sampling the individual samples were
enriched prior to preparing composites. Although
this approach increased the number of steps in
sample analysis the enrichment step is relatively less
costly than selective detection and hence would not
significantly add to the expense of testing.

MATERIALS AND METHODS

Description of the commercial sprout house and

sprouting process

The commercial sprout facility sprouted 75 kg lots of
mung beans within stainless steel bins (1.5m?) with
narrow slits on the base of the bed to permit drainage
of excess water. The mung beans were prepared for
sprouting by an initial rinse in municipal water prior
to loading into the sprouting bins. No seed sanitation
step was included in the preparation of beans prior
to sprouting. Irrigation water was ‘delivered from a
moving overhead shower every 3h. The temperature
of the growth room was maintained at 23°C with
filtered fresh air being constantly introduced. Between
batches of sprouts, the growth rooms and bins were
sanitized in accordance with Good Manufacturing
Practice. »

Spent irrigation water and sprout sample
collection

Spent irrigation water for preparing composite -sam-
ples was collected 48 h into the sprouting period using
10 x 100 mL sterile bottles (Pharm-Fisher, Ottawa,
ON, Canada) positioned at random locations under
the bed. In parallel, a 500 mL. sample was collected
from under the bed at a randomly selected location. In
all cases the sampling bottles were temporally fixed in
place using denture adhesive purchased from a local
supermarket. Samples (500 mL) of incoming munic-
ipal water were also collected directly from the over-
head shower. Five 100 g sprout samples were collected
at random locations on and within the sprout bed and
placed in sterile bags. All the samples were transferred
to a portable cooler and processed within 24 h.

Microbiological analysis

Composite samples were prepared by subdividing
the 100 mL water samples into two 45 mL volumes.
Peptone water (Oxoid, Basingstoke, UK; 5mL, 10x

. concentration) was added to one set of samples and

incubated overnight at 42°C to enrich for generic
E. coli. Alkaline peptone water (5mL, pH 8, 10x
concentration containing 100 pgmL~! ampicillin) was
added to the second set of subsamples and incubated
overnight at 37 °C to enrich for mesophilic Aeromonas.
Upon completion of the incubation period the
respective enriched cultures were combined to form a
500 mL composite sample. The single spent irrigation
water sample was subdivided into two 225mL
samples and supplemented with either 25 mL of 10x
concentration peptone water or alkaline peptone as
described above.

Sprout samples (25g) were suspended in eeither
225 mL peptone water prior to incubating at 42°C
to enrich for generic E. coli. For Aeromonas, 225 mL
alkaline peptone water containing 10pug mL™! ampi-
cillin was added to 25 g sprouts and incubated at 37 °C
for 24 h.

Aeromonas in the enriched sprout or spent irrigation
water samples was isolated by preparing a dilution
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series of the enriched samples in Butterfield’s
phosphate diluent (BPD; Oxoid). Aliquots (0.1 mL) of
the 10~* to 1079 dilutions were spread plated onto the
surface of starch ampicillin agar (Oxoid) plates prior
to incubating at 37 °C for 18-24h. Confirmation of
Aeromonas isolates was performed using triple sugar
iron agar slants and amino acids, and oxidase-positive
reaction.e’

Generic E. coli was detected in the enriched
samples by preparing a dilution series in BPD that
were subsequently dispensed on E. coli/coliform Petri
films (3M, London, ON, Canada). The Petri films
were subsequently incubated at 37°C for 24h and
examined for typical colonies (purple/black with gas).

Statistical analysis

Sampling trials at a commercial sprout grower were
performed two or three times a week over an 11-week
period (32 sprout beds sampled in total). On each visit,
sprouts and spent irrigation water samples were taken
from two randomly selected bins contained within
the same growth room. Microbiological data were
reported as presence or absence in duplicate enriched
sprouts. The composite and single spent irrigation
water samples were also reported as presence/absence
for generic E. coli or mesophilic Aeromonas. The
qualitative data derived from the commercial sprout
sampling trial were analyzed using contingency table
analysis (S-Plus, Insightful Corp., NY, USA).

RESULTS

Generic E. coli and mesophilic Aeromonas were
consistently recovered from spent irrigation water
over the 11-week sampling period. From composite
sampling 19 of the 32 beds screened tested positive for
generic E. coli (Table 1). In comparison, 12 single
spent irrigation water samples tested positive for
generic E. coli, which is not significantly (P = 0.08)
different compared to when composite sampling was
performed (Table 1). On six occasions the composite
sample tested positive for generic E. coli and the single
spent irrigation water negative despite being derived
from the same sprout bin. However, in one sample
set the single spent irrigation water tested positive but
the composite negative (Table 1). Only one sprout
sample from a total of 160 screened tested positive
for generic E. coli, which was significantly (P < 0.05)
lower compared to the prevalence of the indicator
bacterium in spent irrigation water.

Mesophilic Aeromonas was recovered from 13 beds
sampled when performing composite sampling, which
is not significantly (P = 0.183) different compared
to when single samples were screened (Table 1). By
using composite sampling, the spent irrigation water
from nine beds tested positive for Aeromonas but not
when single samples were screened. In contrast, four
single spentirrigation water samples tested positive for
the bacterium with the composite sampling returning
negative results.

¥ Sci Food Agric 88:000—000 (2008)
DOI: 10.1002/jsfa

Spent irrigation water testing in sprout production

Sprout samples taken from 10 sprouting mung
bean beds tested positive for Aeromonas. In two
beds, Aeromonas was recovered in all sprout samples
tested but was only recovered in one to three
samples in the other sprouting seed beds testing
positive. This would confirm that the distribution
of Aeromonas was heterogeneous. In two mung bean
beds Aeromonas was detected in the sprout samples
screened but not in either the single or composite
spent irrigation water samples. However, overall there
was no significant (P > 0.05) difference between the
number of positive Aeromonas in sprout and spent
irrigation water samples.

DISCUSSION

In total, generic E. coli was recovered from 20 (63%)
of the spent irrigation water derived from 32 individual
sprouting mung bean beds sampled, which compares
with 57% found in a previous study from a commercial
sprout producer.” The prevalence of generic E. coli
associated with sprouts was 0.63%, which compares
to 4% reported for sprouts sampled at retail'® or 5%
for sprouts sampled 48 h into the sprouting process.’

Mesophilic Aeromonas was recovered in 41% of
spent irrigation water and, collectively, 15% of sprout
samples taken from sprouting mung bean beds. In
comparison, the prevalence of mesophilic Aeromonas
in spent irrigation water and sprouts in a previous
study was 79% and 39% respectively.’

The origins of E. coli and Aeromonas were
not identified in the current study. The incoming
water used to irrigate sprouts tested negative for
both bacterial types, although it is possible that
environmental sources contributed to the microflora
of sprout beds. However, it is well established that
the seed used for sprouting is a common source of
contamination recovered from sprouts.> Regardless
of the origins, the prevalence of generic E. coli
and mesophilic Aeromonas it can be confirmed that
spent irrigation water provides a more reliable index
of the microbiological status of sprouting mung
bean beds compared to sprouts.” Nevertheless, it
was interesting to note that on several occasions
sprouts tested positive for mesophilic Aeromonas
but negative in spent irrigation water. Therefore,
although spent irrigation water provides a more
reliable assessment of the microbiological status of
sprouting mung bean beds it should not be used as
a sole intervention to prevent contaminated products
reaching the market.

The main objective of the study was to evaluate
whether composite spent irrigation water sampling
provided a more representative assessment of the
microbiological status of sprouting mung bean beds
compared to when single samples of spent irrigation
water were taken. Although numerically, composite
sampling identified more Aeromonas and generic E.
coli positive sprout beds compared to when single
samples were screened, such differences were found to
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Tabie 1. Prevalence of generic Escherichia coli and mesophilic Aeromonas in sprouting mung bean bins as assessed by screening sprouts,

composite or single spent irrigation water samples

Generic E. coli

Mesophilic Aeromonas

Spent irrigation water?

Spent irrigation water?

Mung bean bed Composite Single Sprouts? Composite Single SproutsP
1 - - - - 1/5
2 + - - + - -
3 - - - + + -~
4 _ _ _ _ _ _
5 _ _ — _ _ _
6 + - - - - -
7 + + - - -
8 + + - + - 2/5
9 - - - + + 1/5
10 + - - - = -
1 4 - - + - -
12 + + - + - -
13 - + - + - 3/5
14 - - - ¥ - 3/5
15 + + - - - -
16 + + - - - -
17 + + - + + -
18 - - - - - -
19 + - - - + -
20 - - - + - -
21 - - - + - -
22 + + - - - -
23 + - - + + 5/5
24 + - - + - 5/5
25 - - - - - -
26 + + 1/5 - - -
07 n + - - - -
28 - - - - - -
29 + + - - + 1/5
30 + + - - + -
31 - - - - + 2/5
32 n - - - - 1/5
Total positive beds 19A 12A 1B 13A 8A 10A

+, positive; —, negative.

2 Spent irrigation water was collected from the same 32 sprouting mung bean bins.

® Five sprout samples per bin.

Values for total positive beds for individual bacterial types followed by the same letter are not significantly different (P > 0.05). -

be insignificant. This may have been unexpected given
that sampling at more sites would have increased the
probability of capturing contamination, if present. It is
possible that the target bacteria were homogeneously
distributed within the sprouting mung bean beds,
thereby negating the benefits of composite sampling.
This is unlikely given that the Aeromonas and especially
generic E. coli were sporadically recovered from sprout
samples. A more probable explanation is that even
though multiple samples were taken from under the
sprouting mung bean bins, this only represented a
relatively small area of the entire production bed.
It is also possible that collecting a single 500 mL
sample from a single site, compared to 10 x 100mL
from multiple locations, increased the probability
of capturing contamination from a specific area
under the bed. The increased probability of detected

contamination in 500mL single samples, compared
to 10 x 100 mL, was supported by the finding that
a number of single spent irrigation water samples
tested positive for target bacteria, with the composite
samples testing negative. The results of the study are
in agreement with those of Liu and Schaffner,® who
reported that testing single larger volumes (100 mL
versus 0.1 mL) significantly increased the probability
of detecting contamination in sprouting alfalfa seed
batches.

In conclusion, the study has demonstrated that
composite sampling does not provide a significantly
greater probability in detecting contamination in
sprouting mung bean beds compared to screening
single spent irrigation water samples.
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BACKGROUND: Spent irrigation water testing has been recommended in sprouted seed production to detect the

presence of pathogens. However, because of the heterogencous distribution of contamination within batches of 5
sprouted seed, taking single samples of spent irrigation water may return false-negative results. The following 76
evaluated whether spent irrigation water collected from multiple points provided a more representative assessment 77
of the microbiological status of the sprouting mung bean bed compared to when single samples were taken. 78

RESULTS: Generic Escherichia coli or Aeromonas was recovered in one and 10 of the 160 sprout samples taken ;0
from 32 sprouting mung bean batches, respectively. Composite spent irrigation water samples tested positive
for generic E. coli on 19 occasions compared to 12 when single samples were taken. Mesophilic Aeromonas was
detected in 13 composite spent irrigation water samples which compared to eight single samples. The prevalence

9

81
82

of either target bacterium in composite spent irrigation water samples was not significantly (P > 0.05) different

compared to when a single sample was collected.

85

CONCLUSIONS: Sampling spent irrigation water from multiple points under sprouting mung bean beds does not 86
significantly increase the probability of detecting contamination, if present. The findings of the study should be 87
considered when devising sampling plans for spent irrigation water testing in bean sprout production. 88

© 2008 Society of Chemical Industry

Keywords: mung bean sprouts; spent irrigation water; testing; Salmonella; Escherichia coli; Aeromonas

INTRODUCTION

Sprouted seeds, such as bean sprouts, have been
implicated in numerous outbreaks of foodborne
illness."? The largest outbreak of foodbome illness
linked to bean sprouts occurred within Ontario in
2005 and-resulted in over 600 clinical cases of
salmonellosis (Canadian Food Inspection Agency,
http://www.inspection.gc.ca, 7 March 2007). To
address the increasing number of foodborne illness
outbreaks associated with sprouts, the US Food and
Drug;! Administration issued guidelines to enhance
food safery standards.®> Amongst other measures, the
guidelines recommend screening spent irrigation water
collected 48h into the sprouting process to screen
for the presence of pathogens such as Salmonella
and Escherichia coli O157:H7.% The screening of
spent irrigation water is preferred over testing sprouts
directly due to uniformity, ease of collection and
analysis.* More significantly, because irrigation water
runs over the sprouts it is considered to provide a more

89
50
T
92
93

representative assessment of the microbiological status
of the sprouting seedbed compared to when individual 96
sprout samplcs are screened.? 97
Current rccommendations state that a single spent 08

irrigation water sample should be taken from indi-

vidual sprouted seed batches.? Screening single spent 100
irrigation water samples has been considered satisfac- 101
tory for sprouts (e.g., alfalfa) produced within rotating 102
drums where the sceds are distributed as a monolayer 103
and irrigation water intimarely mixed with the sprout- 14
ing sceds.*> However, a study performed by Liu and 105
Schaffner® illustrated that spent irrigation water sam- 106
pling for alfalfa sprouted on trays is more problematic 107
owing to the heterogeneous distribution of contam- 10§
ination. Here, contamination introduced via seed at 109
a single point within a batch of sprouting alfalfa seed 110
fails to disseminate through the entire bed and henceis 111
restricted to localized sites. Consequently, when spent 112
irrigation water is taken from a distance (>20 cm inthe 113
reported study)® from the original contamination site 114

115
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the probability of detecting the target bacteria is sig-
nificantly reduced. The problems associated with the
heterogeneous distribution of contamination are more
significant when attempting to devise sampling plans
for screening spent irrigation water derived from mung
bean sprout production.” Unlike alfalfa, mung beans
are sprouted in large quantities (25-75kg) within

deep bins and hence the distribution of microbial pop-

ulations 8 more heterogeneous. This was confirmed
by the findings of Hora et al.,” who reported on the
distribution of opportunistic contaminants (generic
Escherichia coli and mesophilic Aeromonas) within 25 kg
batches of sprouting mung bean sprouts. The selection
of generic E. coli and Aeromonas to assess the distribu-
tion of contamination within sprouting seed batches
was based on the fact that both bacterial types are
occasionally recovered from sprout batches.” There-
fore, similar to human pathogens the bacteria would be
present on a proportion of the seed and spread though
the béd during the course of the sprouting process.
Screening for pathogens, such as Salmonella, directly
would have been problematic owing to the sporadic
nature in which they are encountered and also the
cthical issues associated with detecting a positive sam-
ple. In the study by Hora et al.,” three spent irrigation
water samples were collected (left, center and right
side of the bed) in addition to corresponding sprout
samples at different depths over the sampling point. It
was found that contamination was localized within the
sprouting mung bean bed and consequently screening
a single sample of irrigation water for pathogens would
be unreliable in terms of assessing the microbiological
status of the bed.” Laboratory-based trials using beans
inoculated with either Salmonella or E. coli O157:H7
confirmed that contamination introduced at a spe-
cific point in the bed remains localized and does not
sprcad throughout the sprout batch within 48 h into
the sprouting process.”

A potential approach to address the heterogeneous
distribution of contamination within sprouting mung
bean batches is to take multiple spent irrigation water
samples. However, increasing the number of samples
will significantly add to the cost of testing, which would
be commercially unfeasible in the majority of sprout
operations. A more practical approach is to form a
composite from multiple samples, thereby cnabling
a single test to be performed. Although composite
sampling in microbiological analysis can reduce the
cost of testing, there are disadvantages in terms of
diluting contamination to below the level of detection. &

The objective of the following study was to compare
composite versus single sampling of spent irrigation
water derived from sprouting mung bean beds. To
address the issues relating to dilution of contamination
by composite sampling the individual samples were
enriched prior to preparing composites. Although
this approach increased the number of steps in
sample analysis the enrichment step is relatively less
costly than selective detection and hence would not
significantly add to the expense of testing.

MATERIALS AND METHODS

Description of the commercial sprout house and

sprouting process

The commercial sprout facility sprouted 75 kg lots of
mung beans within stainless steel bins (1.5 m?) with
narrow slits on the base of the bed to permit drainage
of excess water. The mung beans were prepared for
sprouting by an initial rinse in municipal water prior
to loading into the sprouting bins. No seed sanitation
step was included in the preparation of beans prior
to sprouting. Irrigation water was delivered from a
moving overhead shower every 3 h. The temperature
of the growth room was maintained at 23°C with
filtered fresh air being constantly introduced. Between
batches of sprouts, the growth rooms and bins were
sanitized in accordance with Good Manufacturing
Practice.

Spent irrigation water and sprout sample
collection

Spent irrigation water for preparing composite sam-
ples was collected 48 h into the sprouting period using
10 x 100 mL sterile bottles (Pharm-Fisher, Ottawa,
ON, Canada) positioned at random locations under
the bed. In parallel, a 500mL sample was collected
from under the bed at a randomly selected location. In
all cases the sampling bottles were temporally fixed in
place using denture adhesive purchased from a local
supermarket. Samples (500 mL) of incoming munic-
ipal water were also collected directly from the over-
head shower. Five 100 g sprout samples were collected
at random locations on and within the sprout bed and
placed in sterile bags. All the samples were transferred
to a portable cooler and processed within 24 h.

Microbiological analysis

Composite samples were prepared by subdividing
the 100 mL water samples into two 45 mL volumes.
Peptone water (Oxoid, Basingstoke, UK; 5mlL, 10x
concentration) was added to one sct of samples and
incubated overnight at 42°C to enrich for generic
E. coli. Alkaline peptone water (5mL, pH 8, 10x
concentration containing 100 pg mL~! ampicillin) was
added to the second set of subsamples and incubated
overnight at 37 °C to enrich for mesophilic Aeromonas.
Upon completion of the incubation period the
respective enriched cultures were combined to form a
500 mL composite sample. The single spent irrigation
water sample was subdivided into two 225mL
samples and supplemented with either 25 mL of 10x
concentration peptone water or alkaline peptone as
described above.

225mL peptone water prior to incubating at 42°C

to enrich for generic E. coli. Fér Aeromonas, 225mL 115
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alkaline peptone water containing ¥ugmL~' ampi-
cillin was added to 25 g sprouts and incubated at 37 °C
for 24h.

Aeromonas in the enriched sprout or spent irrigation
water samples was isolated by preparing a dilution
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series of the enriched samples in Butterfield’s
phosphate diluent (BPD; Oxoid). Aliquots (0.1 mL) of
the 107 to 1079 dilutions were spread plated onto the
surface of starch ampicillin agar (Oxoid) plates prior
to incubating at 37°C for 18-24h. Confirmation of
Aeromonas isolates was performed using triple sugar
iron agar slants and amino acids, and oxidase-positive
reaction.e®

Generic E. coli was detected in the enriched
samples by preparing a dilution series in BPD that
were subsequently dispensed on E. coli/coliform Petri
films (3M, London, ON, Canada). The Petri films
were subsequently incubated at 37°C for 24h and
examined for typical colonies (purple/black with gas).

Statistical analysis

Sampling trials at a commercial sprout grower were
performed two or three times a week over an 11-week
period (32 sprout beds sampled in total). On each visit,
sprouts and spent irrigation water samples were taken
from two randomly selected bins contained within
the same growth room. Microbiological data were
reported as presence or absence in duplicate enriched
sprouts. The composite and single spent irrigation
water samples were also reported as presence/absence
for generic E. coli or mesophilic Aeromonas. The
qualitative data derived from the commercial sprout
sampling trial were analyzed using contingency table
analysis (S-Plus, Insightful Corp., NY, USA).

RESULTS

Generic E. coli and mesophilic Aeromonas were
consistently recovered from spent irrigation water
over the 11-week sampling period. From composite
sampling 19 of the 32 beds screened tested positive for
generic E. coli (Table 1). In comparison, 12 single
spent irrigation water samples tested positive for
generic E. coli, which is not significantly (P = 0.08)
different compared to when composite sampling was
performed (Table 1). On six occasions the composite
sample tested positive for generic E. coli and the single
spent irrigation water negative despite being derived
from the same sprout bin. However, in one sample
set the single spent irrigation water tested positive but
the composite negative (Table 1). Only one sprout
sample from a total of 160 screened tested positive
for generic E. coli, which was significantly (P < 0.05)
lower compared to the prevalence of the indicator
bacterium in spent irrigation water.

Mesophilic Aeromonas was recovered from 13 beds
sampled when performing composite sampling, which
is not significantly (P = 0.183) different compared
to when single samples were screened (Table 1). By
using composite sampling, the spent irrigation water
from nine beds tested positive for Aeromonas but not
when single samples were screened. In contrast, four
single spent irrigation water samples tested positive for
the bacterium with the composite sampling returning
negative results.
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Sprout samples taken from 10 sprouting mung
bean beds tested positive for Aeromonas. In two
beds, Aeromonas was recovered in all sprout samples
tested but was only recovered in one to three
samples in the other sprouting seed beds testing
positive. This would confirm that the distribution
of Aeromonas was heterogeneous. In two mung bean
beds Aeromonas was detected in the sprout samples
screened but not in either the single or composite
spent irrigation water samples. However, overall there
was no significant (P > 0.05) difference between the
number of positive Aeromonas in sprout and spent
irrigation water samples.

DISCUSSION
In total, generic E. coli was recovered from 20 (63%)
of the spentirrigation water derived from 32 individual
sprouting mung bean beds sampled, which compares
with 57% found in a previous study from a commercial
sprout producer.” The prevalence of generic E. colt
associated with sprouts was 0.63%, which compares
to 4% reported for sprouts sampled at retail'® or 5%
for sprouts sampled 48 h into the sprouting process.”

Mesophilic Aeromonas was recovered in 41% of
spent irrigation water and, collectively, 15% of sprout
samples taken from sprouting mung bean beds. In
comparison, the prevalence of mesophilic Aeromonas
in spent irrigation water and sprouts in a previous
study was 79% and 39% respectively.’

The origins of E. coli and Aeromonas were
not identified in the current study. The incoming

.water used to irrigate sprouts tested negative for

both bacterial types, although it is possible that
environmental sources contributed to the microflora
of sprout beds. However, it is well established that
the seed used for sprouting is a common source of
contamination recovered {rom sprouts.? Regardless
of the origins, the prevalence of generic E. coli
and mesophilic deromonas it can be confirmed that
spent irrigation water provides a more reliable index
of the microbiological status of sprouting mung
bean beds compared to sprouts.” Nevertheless, it
was interesting to note that on several occasions
sprouts tested positive for mesophilic Aeromonas
but negative in spent irrigation water. Therefore,
although spent irrigation water provides a more
reliable assessment of the microbiological status of
sprouting mung bean beds it should not be used as
a sole intervention to prevent contaminated products
reaching the market.

The main objective of the study was to evaluate
whether composite spent irrigation water sampling
provided a more representative assessment of the
microbiological status of sprouting mung bean beds
compared to when single samples of spent irrigation
water were taken. Although numerically, composite
sampling identified more Aeromonas and generic E.
coli positive sprout beds compared to when single
samples were screened, such differences were found to
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Table 1. Prevalence of generic Escherichia coli and mesophilic Aeromonas in sprouting mung bean bins as assessed by screening sprouts,

composite or single spent irrigation water samples

Generic E. colf

Mesophilic Aeromonas

Spent irrigation water?

Spent irrigation water?

Mung bean bed Composite _ Single Sprouts® Composite Single Sprouts®
1 - - - - - 1/5
2 + - - + - -
3 - - - + + -
4 - — - - _ -
5 — — - - -~ —-
6 + - — - - -
7 + + - - - -
8 + + - + - 2/5
9 - - ~ + + 1/5
10 + - - - - -
11 + - — + - —
12 + + — + — —
13 - + - + — 3/5
14 - - - + — 3/5
15 + + -~ - — -
16 + + - - - -
17 + + - + + -
18 - - - - - -
19 + - - - + -
20 > - - + - -
21 - - - + - -
22 + + - -
23 + - - + + 5/5
24 T+ - - + - 5/5
25 - - - - — -
26 + + 1/5 - - -
27 + + - - - -
28 -~ - - - - -
29 + + - - + 1/5
30 + + - - + -
31 - - - - + 2/5
32 + - - - - 1/5
Total positive beds 19A 12A 1B 13A 8A 10A

-+, positive; —, negative.

2 Spent irrigation water was collected from the same 32 sprouting mung bean bins.

° Five sprout samples per bin.

Values for total positive beds for individual bacterial types followed by the same letter are not significantly different (P > 0.05).

be insignificant. This may have been unexpected given
that sampling at more sites would have increased the
probability of capturing contamination, if present. It is
possible that the target bacteria were homogeneously
distributed within the sprouting mung bean beds,
thereby negating the benefits of composite sampling.
This is unlikely given that the Aeromonas and especially
generic E. coli were sporadically recovered from sprout
samples. A more probable explanation is that even
though multiple samples were taken from under the
sprouting mung bean bins, this only represented a
relatively small area of the entire production bed.
It is also possible that collecting a single 500mL
sample from a single site, compared to 10 x 100mL
from multiple locations, increased the probability
of capturing contamination from a specific area
under the bed. The increased probability of detected

contamination in 500 mL single samples, compared
to 10 x 100 mL, was supported by the finding that
a number of single spent irrigation water samples
tested positive for target bacteria, with the composite
samples testing negative. The results of the study are
in agreement with those of Liu and Schaffner,® who
reported that testing single larger volumes (100 mL
versus 0.1 mL) significantly increased the probability
of detecting contamination in sprouting alfalfa secd
batches.

In conclusion, the study has demonstrated that
composite sampling does not provide a significantly
greater probability in detecting contamination in
sprouting mung bean beds compared to screening
single spent irrigation water samples.

J Sci Food Agric 88:000-000 (2008)
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