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ABSTRACT

A COMPARATIVE ANALYSIS OF DETECTION TECHNIQUES FORBALMONELLAN
SURFACE WATERS

By
Matthew T. Flood

Surface waters provide a challenge for pathogeectien due to changing environmental
conditions and microbial populations that may dfieethod chemistry. Due to the importance
of these pathogens with regard to human healtliql idgtection and screening of water samples
is necessary to determine the risks of potentidiqgeens present at any given time. The ANSR
assay, using Nicking Enzyme Amplification ReactigNEAR™) technology, originally
developed for food safety, was tested for its eiffecess in detectinalmonellain surface
waters. The main objective of this study was teedsine if the ANSR assay is appropriate for
detection ofSalmonellain surface waters and comparable to the curreltiredbased industry
standard USEPA 1682 method. These methods werdtbgtcomparing their ability to detect
seeded and naturally-occurriBglmonellan surface waters from around Michigan and northern
Ohio. The ANSR assay and the USEPA 1682 method found¥84nAd 31.4% of samples
positive for naturally-occurrin@almonellarespectively. The ANSR assay has shown the ability
to detectSalmonellain surface waters at least as well as the USEPA& h6&hod, but because
of its much higher potential for false positiveslats low precision and accuracy rates, it should
be used in conjunction with other detection methtmlsonfirm positive results. This assay
shows potential for use as a rapid screening mosdirface water samples in order to prioritize

in depth testing at sites, however what appeale tialse-positives will need to be reduced.
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CHAPTER 1. THE IMPORTANCE OF SALMONELLA IN WATER

1. General Information on Salmonella

1.1 Salmonella Taxonomy

Salmonellaare Gram-negative, facultative anaerobic non-sfaomeing bacillus shaped
bacteria, which belong to the family Enterobactw&e. The genu&almonellaconsists of two
recognized specieSalmonella entericandSalmonella bongoriTable 1).Salmonella enterica
is further divided into six subspeciesiterica(subsp. I)salamagsubsp. Il)arizonae(subsp.
llla), diarizonae(subsp. llIb)houtenagsubsp. IV), andndica (subp. VI) (Table 1). These
subspecies are further divided into over 2500 ssliased on their unique combinations of
somatic O and flagellar H1 and H2 antigens (Tabl@bpoff et al., 2004, Grimont and Weill,
2007, Su and Chiu, 2007, Chen et al. 2013). Whiemrneg to serovars it is not necessary to
name the species and subspecieSatonellajnstead only the genus and the non-italicized
capitalized serovar name are required (GrimontWedl|, 2007). For example&almonella
enterica entericgsubsp. I) Typhimurium would b®almonellalyphimurium. This is accepted
due to the uniqueness of each serovar name, whaahod repeated within either species, or
subspecies ddalmonella The subspecie€salmonella entericésubsp. I)contains most of these
serovars (Grimont and Weill, 2007, Chen et al. 20M8anySalmonellaserovars are known to
be enteric pathogens with most residing in$laémonella entericaubspeciesnterica The most
common of these serovars and arguably the mostriangan regards to human health &:e
EnteritidisandS. Typhimurium with both combined being responsibledeer 60% of all
Salmonellaoutbreaks causing human illness and 58% of allrtedacases of human iliness
caused bysalmonellaFigure 1, Figure 2) (Doyle et al., 2009, BelliBtasco and Arnedo-Pena,

2011). TheSalmonellaspeciedvongoridoes not have any subspecies, but includes 2%2agsro



(Grimont and Weill, 2007). Most serovars@dimonellgpossess peritrichous flagella allowing
for motility. Though motility is a crucial critesn for the identification oSalmonellaspp. many

serovars have been found to be non-motile (Bugaral., 2012).



Table 1. Salmonella species and subspecies

Specie S. enterica S. bongori
: . calamrae . . -

Subspecies enterica(l) (an arizonae(llla) diarizonae(lllb) houtenaglV) indica (VI)
Number of Serovars 1,531 50¢& 99 33€ 73 13 22
Human Health _— . . . . . .

Significance
Preferred Host Warm-blooded enimals | Cold-blooded enimals and the environmrent
Characteristics
Dulcitol + + - - - v +
ONPG (2h) - - + + - % +
Malonete - + + + - - -
Gelatinese - + + + + + -
Sorbitol + + + + + - +
Grown with KCN - - - - + - +
L (+)-tartrate® + - - - - - -
Galacturongte - + - + + + +
y-glutamyltransferase +* + - + + + +
B-glucuronidese % % - + - % -
Mucate + + + — (70%) - + +
Salicine - - - - + - -
Lactose - - — (75%) +(75%) - Y -
Lysed by phige O1 + + - + - + Y,

a d-tartrate

b Typhimurium v, Dublin -

+ 90% or nore positive reactions
- 90% or nore negeétive reactions
v different reactions given by dfferent

Conrbined end updited from: (Minor et &l., 1982, Ninor €t al., 1986, lopoff et al., 2004, (rimont and Weill, 2007



Figure 1. Salmonella serovars reported as causes of outbreaks of human illness arouncet

world from 1992 - 2008
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Figure 2. Salmonella serovars reported as causes of cases of human illness around
world from 1992 - 2008
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1.2 Clinical importance

Salmonellaspp. are the disease-causing agents of salmomseifosumans and, to this
day, cause significant worldwide public health cenms. Salmonellosis has three clinically
distinguishable forms: gastroenteritis, entericefe\xand septicemia. Serovars of salmonella that
cause these illnesses are put into two categariggoaps, typhoid and nontyphd&hlmonella.
Salmonellalyphi andS. ParatyphiA, B, and Care referred to as typho&almonelladue to their
roles as the causes of typhoid fever. All otBatmonellaserovars being considered nontyphoid
SalmonellaBoth gastroenteritis and enteric fever cause&dynonellaspp. are still of concern
today even in developed countries (Dale et al.72@0asi et al., 2008, Berg, 2008, Kozlica et
al., 2010, Levantesi et al., 2012, Chen et al. 2088 monellanfection is difficult to control due
to the bacterium’s widespread distribution, higletance to environmental stress, multiple drug
resistance, and adaptability (Runkel et al., 2@t&n et al. 2013). Both groups®éimonella
typhoid and nontyphoid, are known to be transmittedugh the fecal-oral route of infection.
While the causes of typhoid and paratyphoid fe@eTyphi andS.ParatyphiA, B, and C) are
host-specific to humans, nontyph@dlmonellsserovars are known to be zoonotic pathogens
and are of importance in both humans and animals.

Majowicz et al. (2010) reported that the globaldair of nontyphoidalmonella
gastroenteritis had an average incidence of 1.18bées/100 person-years each year with a total
of 93.8 million cases and 155,000 deaths. Incidentelisease were highest in Asia, which had
an average of 4.72 episodes/100 person-years eachvth a total of 83.4 million cases and
137,700 deaths (Majowicz et al., 2010). In the th8re are approximately 1 million cases of
salmonellosis each year with approximately 19,000 @se cases requiring hospitalization

(CDC, 2011). In the US, while there has been a 2&daction in food-related illness caused by



pathogens such &scherichia colandCampylobactein the last decade, there have been no
significant changes in the incidence of salmondl{®sterholm, 2011).

Typhoid and enteric fevers causedSy yphi andS.Paratyphiwhile not common in
developed nations, are still a cause for conceless developed countries around the world.
Kindhuaser (2003) reported an annual incidence/ahillion cases of typhoid and paratyphoid
fever worldwide Salmonellaserovars Typhand Paratyphare strictly human pathogens and
human feces are the main source of typhoid feagmsmission. Thus water that has been

contaminated with sewage and feces can be a n@jocesof infection (Levantesi et al., 2012).

1.3 Multiple Drug Resistance

Multiple drug resistant (MDR$almonellas an issue of emerging concern due to the
increasing frequency of MDR strains in recent yghightfoot, 2004, Pond, 2005, Lynch et al.,
2009). Antibiotic resistance is seen in both typhamd nontyphoi&almonellaFlor et al., 2011,
Chen et al., 2013). Antimicrobial resistance amsalgnonellae rose from 20-30% in the early
1990s to 70% in various countries by the year 2@0, resistance rates varying among
serovars (Su et al., 2004, Lauderdale et al., 2B@fy and Threlfall, 2008, Lee et al., 2009). For
example, two serovars that are both globally disted but show different levels of resistance
areS.TyphimuriumandS. Enteritidis(Su et al., 2004 Helms et al., 20055almonella
Typhimuriumhas a much higher rate of resistance Badenteritidis(which is relatively more
susceptible to antimicrobial agents), w&hryphimurium definitive phage type (DT) 104
emerging as a global health problem since the 1880<t al., 2004 Helms et al., 2005).
Multidrug-resistant nontyphoiSalmonellastrains are usually resistant to ampicillin,
chloramphenicol/florfenicol, streptomycin/spectingsim, sulfonamides, and tetracyclines

(Helms et al., 2005). Resistance to extended spaatephalosporins, trimethoprim,



fluoroquinolones, ciprofloxacin, ceftriaxone andlapenems have also been documented in
nontyphoidSalmonellastrains (Angulo et al., 2000, Guerra et al., 2@y et al., 2004, Jean et
al. 2005, Lee et al., 2009, Hall, 2010, Su et11, Su et al., 2012). Similar patterns of
resistance are prevalenttTyphiandS. Paratyphi, both of which exhibit resistance to
chloramphenicol, beta-lactams, quinolones, azitlyom ampicillin, trimethoprim-
sulphamethoxazole, and ciproflaxin (Kumar et &0& Chuang et al., 2009, Molloy et al.,
2010, Zaki and Karande, 2011). As these MDR streamginue to disseminate there is an
increased risk of nontyphoid and typhoid diseasepiizations in both developed and

underdeveloped nations.

2. Salmonella in Water

2.1 Survival in Water

Although reservoirs obalmonellanclude both domestic and wild animals, survivad an
persistence in the environment have been showa tmportant in the spread 8almonella
While S.Typhi andS.Paratyphiare not as widely disseminated in nature as nowigph
Salmonellaserovars due to their restrictive host requiremérgs humans), water still plays a
crucial role in the spread of typhoid and paratygliever. Nontyphoidsalmonellas much
more widely distributed in the environment perhbpsause it is known to be a zoonotic disease
(Percival and Williams, 2014). Water is often oeeked when it comes t®almonella
outbreaks, except f@. Typhi, which is known to spread through shared wsberces. Most
cases of salmonellosis (95%) are attributed to fmodamination, although contaminated waters
sources including drinking, surface, and groundwhasee been implicated in human iliness as

well (Doyle et al., 2009, Percival and Williams,120.



2.2 Waterborne Outbreaks ofSalmonella

Waterborne outbreaks &almonellaare associated with poor-quality water due to
inadequate or lack of treatment of a contaminatenice or fecal contamination of the
distribution system such as a sewage cross coong&ngulo et al., 1997). Infections by
waterborneSalmonellacan occur through drinking or swimming in contaated water
(O'Reilly et al., 2007, Hsu et al., 2011). In adaiit foodborne outbreaks may occur as a result of

food that has been washed or come in contact withaeninated water (CDC, 2012a).
2.2.1 Waterborne outbreaks in developed countries

Present day waterborne outbreakS&afmonellahat occur in developed countries are
mostly associated with nontyphdghlmonellsserovars (Levantesi et al., 2012). Historically,
outbreaks caused by typhdsélmonellaserovars were present, but proper water treatment,
through the use of municipal and wastewater treatsgstems during the second half of th& 20
century, has greatly contributed to reduction ineslaorne outbreaks and the spread of typhoid
fever in most industrialized countries, althoughhe US, 300-400 cases of typhoid fever are
still reported each year (Smith et al. 2006, CD@&, Lynch et al., 2009). In the US, sporadic
cases of typhoid and paratyphoid fever still oanul are often a result of people becoming
exposed during foreign travel in areas where teeatie is more common. In Italy, the Indian
subcontinent, and southeast Asia, typhoid fevemarnesnendemic (DeRoeck et al., 2007, Rizzo et
al., 2008, Lynch et al., 2009).

In the US, waterborne outbreaks have been most cmtyrassociated with the
Salmonellaserovars Typhimurium, Enteritidis, Javiana, NewpB#dreilly, and Weltervreden
(Covert, 1999, Craun et al., 2004). Between thesyg#871 and 2000, 15 drinking-water-

outbreaks of nontyphoi8almonellaoccurred6% of the total were considered to be zoonotic



pathogen waterborne outbreaks) (Table 2) (CDC, 1GE&, 1979, CDC, 1983, CDC, 1985,
CDC, 1988, CDC, 1996, CDC, 1998, CDC, 2002, 20aBC(C2011) Eleven were associated
with community water systems and groundwater (Cetual., 2004). In 1993, a significant
waterborne outbreak &almonellaryphimuriumoccurred in Gideon, Missouri, where 650
people were infected, 15 were hospitalized, anaéd@ ¢Angulo et al., 1997). However, between
2000 and 2006, waterborne outbreakSalimonellavere rare in the US (Yoder et al., 2004,
CDC, 2006, Yoder et al., 2008). Two outbreaks aszlim 2008, demonstrating that waterborne
outbreaks continue to occur in areas where theréhadequate water supply systems or
deficiencies in water treatment (Berg, 2008, Kazkt al., 2010). From March to April of 2008,
a waterborne outbreak 8falmonellaoccurred in Alamosa, Colorado, where the drinkirades
was not chlorinated prior to the outbreak, butdity had been in compliance with all health-
based drinking water standards (Berg, 2008). There 442 reported illnesses (122 were
laboratory-confirmed) and one death reported beiethidemiological estimates suggested up to
1,300 people fell ill (Berg, 2008). Four monthselain August of 2008, an outbreak of
Salmonelld 4,[5],12:i- was identified in a rural community Tennessee where an untreated
private spring-fed water system was contaminated (fases) (Kozlica et al., 2010). The use of
private wells and septic systems have been idedtds important risk factors for sporadic
Salmonellanfections in children (Denno et al., 2009).

Between 1995 and 2005, there was only one CDC-eghavaterborne outbreak of
Salmonellawhichwaslinked to recreational water exposure in the Unii¢ates (CDC, 1998,
Pond, 2005). The scarcity of recreational watere@amonelleoutbreaks seems to indicate that
recreational waters are insignificant as the cafi§almonellanfections, but this is not always

the case. Three Washington State county healthrithegats have identified both aquatic and
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marine recreational waters as important risk factor sporadiSalmonellanfections in

children (Denno et al., 2009).
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Table 2. Waterborne Salmonella outbreaks in the U.S. 1971 to 2008

Year Etiological Agent Outbreaks CasesType of Systeni Deficiency? Location
1978 Salmonella 1 78 Com - -
1978 Salmonella 1 11 Ncom - -
1979 Salmonella 1 69 Ncom - -
1983 Salmonella 2 1150 Com - -
1985 Samonella Typhi 1 60 Comr 4 Vi
1986 Samonella, Mixed 1 9 Comr 2 MS
1986 Salmonella 1 61 Com 4 uT
1993 Samonella Typhimurium 1 62& Comr 4 MO
1995 Samonella Java 1 3 Rec - GA
1999 Samonella Typhimurium 1 124 Comr 3 MO
2000 Samonella Bareilly 1 84 Ind 5 Multistate
2004 Samonella Typhimurium 1 70 Ncom 3,4 MT
2007 Samonella Newport 1 2 Ind 2 TN
2007 Mixed agents* 1 229 Ncom 2 Wi
2008 Samonella Typhimurium 1 1,30( Corr 4 CO
2008 Samonella serover | 4,5,12i:- 1 5 Ncom 2 TN

* Agents included Samonella, Norovirus genogroup |, .nd Carrpylobacter

§ Community Water System, Ncom = Noncommunity Water System, Ind = Indviduel Water System, Rec = Recreationél
Waters

a Treatment deficiency codes: 2 - Untreated groundvater intended for drinking, 3 - Treatment deficiency, 4 -
Distribution system deficiency, includes storage L®gionella in drinking water system
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Australia has reported that of 10 observed drinkuagerborne outbreaks, from 2001 to
2007, 50% were caused Bglmonellaspp. making it the most common pathogen in drinking
water outbreaks during this period (Dale et alQZ)0These outbreaks were associated with both
typhoid and nontyphoi&almonellaspp. Unlike the community water outbreaks seehend.S.,
waterborne outbreaks &almonellan Australia were related to contaminated watssmfbore
holes, storage tanks, and roof-collected rain wdtaylor et al., 2000, Ashbolt and Kirk, 2006,
Franklin et al., 2009).

European reporting of waterborne outbreaks is aalearly defined as in the US,
because drinking water is categorized as a fo&tlnope, precluding the definitive identification
of specific waterborne outbreaks. In addition, dopspecific reporting is limited. Two country
-specific reviews have been conducted in recentsyiedtaly and in the UK (Smith et al., 2006,
Blasi et al., 2008). Between 1998 and 2@monellaspp. were identified in 21.5% of the total
water-related disease (WRD) outbreaks in Italy $Bé al., 2008). This may be an
underestimation of the true disease burden duadereeporting as seen in Table 3. While in
England and Wales, between 1992 and 28@Bnonellaspp. were not associated with any

waterborne outbreaks (Smith et al., 2006).
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Table 3. Salmonella water-related dicease (WRD) outbreaks in Italy 1998 - 200
Epidemic Focus

Drinking Water Agricultural Shelfish Total
Total WRD Outbreaks 30 9 147 186
Total WRD Cases 1,017 32 1,497 2,546
Salmonella WRD Outbreaks 11 (36.7%) 2 (22.2%): 27 (18.4%) 40 (21.5%
Salmonella WRD Cacses 63 (6.2%)" 6 (18.8%)’ 232 (15.5%) 301 (11.8%
Unidentified WRD Outbreaks 1 (3.3%)* 3 (33.3%)* 80 (54.4%)* 84 (45.2%)
Unidentified WRD Cases 723 (71.1%)* 9 (28.1%)* 680 (45.4%)* 1,412 (55.5%)
% of Total WRD Outbreaks 5.9% 0.01% 14.5% 21.50%
% of Total Identified WRD Outbreak 37.9% 33.3% 40.3% 39.20%
% of Total Identified WRD Cases 21.4% 26.1% 28.4% 25.7%

* Percentages Reflect proporion of oubreaks/cases within each focues

Data obtained from: (Blasi et al., 2008
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According to the CDC, approximately 42,000 nontyigHgalmonellanfections and 400
deaths are reported each year in the US (CDC, 20¥2tle many infections are mild in nature
and thus left undiagnosed and unreported, wateelftstmonellaoutbreaks are still of concern.
It is estimated that the actual incidence of intectis at least 29 times higher than what is
reported (CDC, 2012b). With the large numbeBafmonellanfections occurring in both
humans and animals within the US, it is clear thahan sewage and manure are sources of
pathogens contaminating water supplies. As wafeastructures continue to age there is an
increased probability of waterborne outbreaks awegr Because poor and failing water
infrastructure leads to increased waterborne oalisiesignificant investments in current water
infrastructure will need to be made. For exampleéhe US the American Water Works
Association (AWWA) has estimated that over the r&xiyears more than $1 trillion will need to
be invested to both repair and upgrade currentnift@structure (AWWA, 2012). The EPA
has also expressed the need for substantial ineasimwater infrastructure over the next two

decades (EPA, 2013).
2.2.2 Underdeveloped Nations

Underdeveloped nations face an even greater riglatdrborneSalmonelleoutbreaks,
especially with regard to typhollmonellaserovars (Swaddiwudhipong & Kanlayanaphotporn,
2001, Srikantiah et al., 2006, Lynch et al., 2009y, 2010). This risk is directly related to the
absence of proper water infrastructure, with theld/blealth Organization (WHO), reporting
2.5 billion people still lacking access to improvsahitation and 768 million people lacking
access to an improved drinking water source a®bt ZWHO, 2013). The dissemination of

MDR S.Typhi also poses an increased risk in underdevdlopéons, given that with MDR
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typhoid serovars have been reported in multiplekaing water outbreaks in Asia (Mermin et al.,
1999, Swaddiwudhipong & Kanlayanaphotporn, 2001yikest al., 2005, Kim, 2010).

Typhoid Salmonellaserovars remain major public health concerns atdbe world, but
especially in both the Indian subcontinent andlseast Asia where they remain endemic
allowing epidemics to continue to occur (DeRoecklgt2007). The main sources of typhoid and
paratyphoid fever epidemics in Asia are contamuhaltenking waters, which originate from a
variety of sources including well water, unboilgatisg water, and piped municipal water
(Mermin et al., 1999, Swaddiwudhipong & Kanlayanagplorn, 2001, Kim et al., 2003, Lewis et
al., 2005, Bhunia et al., 2009, Farooqui et alQ®0In 1997, a contaminated municipal water
system in Dushanbe, Tajikistan led to an enormegigeenic of typhoid fever in which 8,901
cases were reported (Mermin et al., 1999). An oheftming number (93%) dalmonellalyphi
isolates recovered from this outbreak showed i@%ist to seven different antibiotics (i.e.
ampicillin, streptomycin, chloramphenicol, nalidiacid, sulfisoxazole, tetracycline, and
trimethoprim-sulfamethoxazole) (Mermin et al., 1R99ultiple drug resistance i8almonella
Typhi outbreaks is not limited to any one countryAsia. In 1999, a waterborne outbreak of
MDR S.Typhi occurred in the Poppra District of the TakWnce in Thailand when the
village’s spring water became contaminated (Swaddhpong & Kanlayanaphotporn, 2001).
In 2000, an outbreak of MDRB.Typhi occurred in Mumbai, India when a well wateusce
became contaminated (Misra et al., 2005). The #rgjagle-point source outbreak of MEER
Typhi occurred in 2002 in Bharatpur, Nepal whendhb municipal water supply became
contaminated, resulting in 5,963 cases of typheuf (Lewis et al., 2005). In 2004, a
community water outbreak of MDR. Typhi occurred in a small village near Karachi, B,

in which over 300 people became ill, due to contetion of the village’s well (Farooqui et al.,
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2009). Most recently, Singla et al. (2013) repodedutbreak of MDRS. Typhi in a suburban
area of the city of Chandigarh, India. While 90%le¢ known morbidity and mortality caused
by typhoid fever occurs in Asia (Crump et al., 2p0@remains a major disease burden in Africa
as well.

Salmonellalyphi is a major cause of enteric disease in Afria due to the absence of
comprehensive surveillance studies and reliablesnrea of the incidence of disease occurring,
the actual burden of typhoid fever is unknown (Cpushal., 2004). Much of Africa (e.g., the
Venda region in South Africa) still lacks clean gt water and proper sanitization (Obi et al.,
2004, Potgieter et al., 2005), which imposes aregmed risk of waterborne infections and
outbreaks. While little waterborne outbreak infotimia is available for Africa, some studies
have linkedSalmonellao incidences of disease caused by contaminatést waurces
(Oguntoke et al., 2009, Bessong et al., 2009). iglelDrug Resistant nontyphoalmonella
serovars are reported in many African countridsetdhe most common cause of bacteraemia in
children. Although the route of transmission isemain, clustering of cases during the rainy
season suggests a possible waterborne/water-agsbgensmission route (Suresh & Smith,

2004, Gordon & Graham, 2008).

2.3 The role of water in foodborne outbreaks

The role of water in foodborne outbreaks is anotlerfounding issue with the detection
and reporting of waterborrgalmonellaoutbreaks. Contaminated water may play an important
role in foodborne outbreaks (Berger et al., 20bQj,the outbreaks are often attributed to the
food product consumed and not the source of comi@ion itself. According to the CDC
(2012a), the quality of the water that comes irdntact with fresh fruits and vegetables is a

critical factor influencing the potential for oudlaks to occur. This is particularly important since
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large portions of surface waters, which are usedfigation, are contaminated with effluent
(e.g., 71% of irrigation waters in the UK) (Tyredlal., 2006). In the US, the CDC has reported
52 foodborne outbreaks 8almonellasince 2006, 13 of which were associated with ffesits

or vegetables (CDC, 2014). According to the CDCLEgH), a number of foodborne outbreaks
associated with fresh fruits and vegetables waiestl to contaminated water. In 2002 and then
again in 2005, during the investigation of t&#almonellaoutbreaks linked to tomatoes, after
tracing the outbreaks back to Virginia, the outkrearovar responsible in both outbredks,
Newport, was isolated from pond water used fogation (Greene et al., 2008). These two
outbreaks and subsequent isolation ofShidewport serovar from the same pond water three
years apart shows that if the original source otamination (e.g., the pond water) is not
properly dealt with then the risk of outbreaks @oang increases substantially (Greene et al.,
2008). This suggests that there may be an unknambar ofSalmonellaoutbreaks that are due
to contaminated water and are never reported bedaadth officials cease investigations of
outbreaks once a common food product has beenfiddneven though the food product itself
may not be the original source of contaminatiorisTapresents an area of study that requires

further investigation to fully understand the rofecontaminated water in foodborne outbreaks.

3. Research Objectives

While many countries have established some guieeliorSalmonellain drinking water
supplies, information and criteria f@almonellan environmental waters are limited (Hsu et al.,
2011). As incidences of waterborne and water-rdI&&monellaoutbreaks increase, interest in
pathogen detection and ecology in recreationalteyasd groundwater have grown. The current
USEPA 1682 method fdealmonelladetection (USEPA, 2006) for waste and surface mwate

the US is based on most probable number (MPN) satiained by enrichment of multiple
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volumes/dilutions. This culture-based method isetioonsuming, labor intensive, and can be
nonspecific for pathogeni8almonellaspecies, subtypes, and serovars without additieséihg.
Novel alternative methods that combine culture gadetic approaches that rapidly detect live
organisms (results within 24 hours) are emerginth application to food but have not been
evaluated for water. This study sought to determathether a novel isotherm&8almonellaspp.
detection assay originally developed for food safethich uses nicking enzyme amplification
reaction (NEAR™) technology (Van Ness et al., 208B)wing for rapid (<1 hr) total sample
processing times and relatively low costs (~$10 (dajnis appropriate for the detection of
Salmonella sppin surface waters. This study also sought to detex whether this novel assay
is comparable to the current culture-based USEP&2 Iidethod forSalmonelladetection in
surface and wastewaters. The causes of differeffcasy, between the USEPA 1682 method
and the novel isotherm&almonella sppdetection assay are also of interest.
The objectives of this research were to:
e Compare the US EPA 1682 method and a novel iso@damathod forSalmonella spp.
detection in surface and wastewater.
o Compare recovery efficiencies of the two methodsaipaired set of sample
matrices.
o Determine the impact of the initial enrichment naetieing used in the USEPA
1682 method on detection 8&lmonella sppn water.
o Determine the false positive and negative ratesciésted with the two methods
based on genetic species identification in watemdes.
e Determine the applicability of this new isothernmaéthod inSalmonelladetection in

surface waters.
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4. Methods of Detection

Salmonelladetection methods are generally divided into twegaries, culture-based
and non-culture-based with many of these methodsldeed for the food industry first, and
then later applied to environmental samples. Wtuleently culture-based methods are preferred
by regulatory agencies, due to their ability towshbe presence of live possibly-infectious
organisms, non-culture-based methods are of gneaest to the water quality community due to
their normally high specificity, rapid detection®lmonellaDNA targets, and their ability to
process a much larger number of samples in a gignify smaller period of time. However,
these non-culture-based methods do not allow far tisers to claim any risk to human health
based on their results because they cannot showaaignce that th8almonellaDNA that they
are detecting is coming from live possibly-infeasoorganisms. It is precisely because of this
that water quality regulatory agencies are unwgllio accept these methods results without
evidence of live organisms. This need to show tiesgnce of live organisms has led to the
combination of culture-based and non-culture-bakdction methods with an attempt to
shorten the amount of time spent on culturing tlgawisms by testing suspectgdimonella
isolates with molecular targets. For example, tNSR" assay foSalmonelladetection
developed by the Neogen Corp. utilizes a preenrgtiratep prior to analysis to allow for the
growth of possibl&almonellasolates (Mozola et al., 2013). Nevertheless, &cHjic serovar
identification is required, currently the only defive way to identify allSalmonellaserovars is

through serotyping (Grimont and Weills, 2007).

4.1 Culture-based Detection oSalmonella
Culture-based detection methods $aimonellaall follow a general pattern for detection

and identification. First samples are grown in a-selective media (e.g., buffered peptone water
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or trypticase soy broth). This is then followedtkgnsferring the enrichment to one or more
selective enrichment medias (e.g., selenite cysteiaoth, RV10 broth, Hektoen enteric,
Salmonella-Shigellagar, bismuth sulfite agar, phenol red-brilliandpRaport-Vassiliadis broth,
modified semisolid Rappaport-Vassiliadis agar/braiose lysine deoxycholate agar). After
selection, isolates undergo biochemical screerermy,(urea broth, lysine iron agar, triple sugar
iron agar) and final typing using antisera to confspecific serovars. If enumeration of samples
is desired, a most probable number (MPN) approsiemiployed by running replicates of
different sample volumes. The standard method&imonelladetection in the US is the EPA
1682 method foSalmonelladetection in biosolids (USEPA, 2006), which haserdly been
modified for use specifically in water, and is ntive EPA method 1200: Analytical Protocol for
Non-Typhoidal Salmonella in Drinking and Surfacet8Y84USEPA, 2012). The other standard
method forSalmonelladetection, which is used in the food industry, follbows the same

general protocol as the USEPA 1682 and 1200 metisdtie 1ISO International Standard 6579
(2002). The USEPA 1682 method and the ISO IntevnatiStandard 6579 are both regularly
used forSalmonelladetection in fresh and salt waters (Polo et aR9] @€atalao Dionisio et al.,
2000, Baudart et al., 2000, Martinez-Urtaza et26lQ4, Shellenbarger et al., 2008, Setti et al.,
2009, Haley et al., 2009, Gorski et al., 2011). MWthese methods provide valuable information
on the presence/absence, identities, and condensaif viable and potentially infectious
Salmonellaspp., they also are both time-consuming and laftensive. Depending on the
chosen selective medias and biochemical testsingiinese methods can take up to a full 40 h
week to achieve results. In the case of the USESBR Inethod, specific species, subspecies and
serovar identification is unachievable due to tee of only one polyvalent O antiserum as

instructed in the method without the use of addalaantisera or molecular identification. Even
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so, these methods are often combined with moleteddniques to identify and characterize
Salmonellasolates, such as in Walters et al.’s (2013) repaper identifyingsalmonella
entericadiversity in central California coastal waterwaysl&alhares et al.’s (2014) paper
examiningSalmonellaand antimicrobial resistance in an animal-basettalgural river system.
When dealing with constantly changing environmeataiditions, the amount of time required
for running these methods is impractical if resangpis needed or risk-based decisions are

being made.

4.2 Non-culture-based Detection oalmonella

Non-culture-based detection methodsSaitmonellgpresent a much faster and less
labor-intensive alternative to culture-based d@eaanethods, but unless used in conjunction
with culture-based methods, they are usually unibtketermine if the organism(s) detected are
alive or dead. Numerous non-culture-based methmdSdlmonelladetection are available with
varying gene targets, and technologies with nevwhot continue to be investigated. There are
endpoint PCR-based methods for a number of diffegene targets includingvA, which was
utilized by Rahn et al. in 1992 f&@almonelladetection in environmental samples (Ziemer and
Steadham, 2003, Bonetta et al., 2011, Hsu et@l12 The 16s rDNA region is also being used
as a gene target (Ziemer and Steadham, 2003, lain, @004) along with theilA gene(Ziemer
and Steadham, 2003), the enterotoxin ggr€Ziemer and Steadham, 2003), repetitive DNA
fragments (Ziemer and Steadham, 2003), a fur-régaiigeneroB (Ziemer and Steadham,
2003), andsalmonella’shistidine transport operon (Ziemer and Steadha®3REndpoint PCR
is highly variable with its sensitivity to detésalmonelladepending on the gene target chosen,
the number of gene copies per cell, and whethapba non-selective preenrichment step has

been incorporated into the method’s protocol. PGIR theinvA gene has shown to have a
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highly variable limit of detection, depending or tteaction conditions. After a non-selective
preenrichment step is performed as low as 26 CFdamlbe detected (Rahn et la., 1992, Fey et
al., 2004, Mogandei et al., 2007).

Due to the complexity of environmental samples wiitrerse microbial communities
endpoint PCR is often times supplemented by therparation of nested primer sets and
multiplex PCR in order to target either multiplengdargets or multiple organisms of interest
(Waage et al., 1999, Touron et al., 2005, Fand e2@12, Zhang et al., 2012, Xiao et al., 2013).
Nested PCR has been shown to greatly increasetis¢tisity of endpoint PCR allowing as low
as 1 CFU/ml to be detected in environmental watermes with upwards of $@FU/mI of
background microflora (Riyaz-Ul-Hassan et al., 2004

Real-time quantitative PCR (QPCR) has been showshaynnon et al. (2007) to detect as
low as 100 fg of genomic DNA, or 22 gene copiesbam a standard curve usidAgromonas
Klerks et al. (2004) also showed a quantifiableedebdn limit of 200 CFU/ml and a qualitative
detection limit of 2 CFU/reaction using three diffiet primer/probe sets for the geig®A,
invA, and spa@nd an internal amplification control (IAC) targegia green fluorescence
protein (GFP)-coding sequence. Fey et al. (20®&H sthowed detection limits of 2 and 20
copies/reaction of DNA and RNA respectively, whieng a SYBR Green rt-PCR from Qiagen
(Hilden, Germany) using a specific 16s rRNA targied the RNA foinvA as a control. More
recently, rt-PCR has been used to targebtpa gene with similar success to previous gene
targets forfSalmonellan water samples. Several commercial rt-PCR kitsSEimonella
detection in food products have been released tigawell, and in 2012 were evaluated by
Margot et al., who showed relatively consistentiltsswith all seven kits which were evaluated

with only four coming up with false- positive foorme Citrobacterspp.
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In 2003, Goodridge et al. compared a rapid MPN-th&ezyme-linked immunosorbant
assay (ELISA) method against a traditional MPN radtand was able to show no significant
difference between the two. In the last coupleezrg, reports of the possibility of using gold
nanoparticles for electrochemical detectiorfsafmonellehave been published, but as of yet
have not been applied to water samples.

One of the most promising new non-culture-baseldnelogies for environmental sample
analysis andalmonelladetection specifically is next generation metageicgaquencing. As
these technologies continue to develop the anadysisdentification of entire microbial
communities down to species level or below will ds®e more readily available. Li et al. (2012)
have already used pyrosequencing with the genetsangA, iroB, hns, hisj, hilaandfimY for
the rapid identification oSalmonella entericaDng et al. (2013) recently used lllumina shotgun
16S rRNA sequencing on a diverse microbial comnyuniidentify twice as many species
levels operational taxonomic units (OTUs) than pres protocols. As faster and more precise
methods foiSalmonelladetection are developed, our ability to quicklyntify potential risks to
human health from the aquatic environment will atswease allowing for the reduction of

illness from contaminated water sources.
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Chapter 2. Materials and Methods

1. Study Sites

1.1 Survey 1 Study Sites

The four surface water sites in this survey wem@seh for their different characteristics
including average flow rate, geographic locatiorthiv Michigan, watershed input, and the
probable sources of fecal pollution input receivBdkese sites included the Red Cedar River, the
Grand River, the River Raisin, and a local farmatafhe Red Cedar River runs through urban
and rural areas and eventually drains into the GRimer, which flows through a large city at
the point of sample collection eventually emptyinip Lake Michigan. The River Raisin flows
through largely rural areas and empties into Lake.E The farm canal was isolated from any
surface water input other than precipitation. Mapthe hydrology, major watersheds, and

sampling locations were created using ArcGIS 9(Bidure 3).
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Figure 3. Map of Survey 1 sampling sites
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1.2 Survey 2 Study Sites

The 21 surface water sites in this survey were@hd@®m across Michigan and northern
Ohio. These sites were chosen to represent théegtehversity of flow rate, geographic
location, watershed input, and probable sourcdsaafl pollution across the Michigan’s Lower
Peninsula and northern Ohio (Table 4). Maps ohiydrology, major watersheds, and sampling

locations were created using ArcGIS 9.3.1 (Figyre 4
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Figure 4. Map of Survey 2 sampling sites
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Table 4. Surface water sampling site conditions andiatershed inputs

Drainage area

Discharge (ft'/s)

# of WWTPs

% of Rural

% Urban

Sampling Site  Length (mi) US Watersheds o on day of discharging into land use in land use in
(mi©) . .
sampling surface water site watershed Wateshed
Grand Rver 228 Upper Grand 780.24 1,150 87.81 8.80%
(Lansing)
Grand Rver 228 Lower Grand 5,096.44 10,100 84.55%  11.58%
(Grand Rapids)
Muskegon Rver 227.¢ Muskegor 2,650.7: 2,15( 2 88.58% 11.58%
St. Joseph River 163.¢ St. coseph 4,710.3: 3,96( 3 89.93% 5.75%
Maumee River 137 Maumee 6,330.01 2,32( 1 95.00% 3.00%
River Reisin 136.6 Raisin 442.11 367 3 90.26%  5.87%
(Adrian)
River Relsin 136.6 Raisin 1,060.30 293 90.26%  5.87%
(Monroe)
Kalamazoo Rver 128.] Kalamazoc 1,021.4. 1,20( 1 88.44Y% 7.39%
Huron Rver 126.2 Huror 877 337 3 79.55% 11.71%
Shiawassee River 118.€ Shiawassee 508.0¢ 42¢ 4 90.01¥% 6.42%
Red Ceder River 50.4 Upper Grand 342.9¢ 147 4 87.81 8.80%
Rouge¢ River 47 .4 Detroit 397.9¢ 52 3 47.16% 48.7¢
Detroit, Lake St. Claire,
Detroit River 28 Clinton River, Rouge 700 170,000 3 47.16% 48.79
River, Ecorse River
Saginew River 22 Saginew 5,982.6! 2,50( 3 76.03% 19.18%
Black River 2.5 Black-Macatawa 283.6: 10z 2 85.76% 10.37¥%
Ottawe 2C Ottawa-Stony 15% 15 N/A 87.58% 8.42%
Farm Cenel 1 N/A Upper Grand N/A N/A 0 87.81 8.80%
Farm Cenel 2 N/A Flint N/A N/A 0 84.00% 15.00%

Data Sources: (USGS, 2014, M DEQ, 2014, (H EFA, 2014

* This deta was not available (N/A) for the specified

29



2. Samples

A total of 45 samples were collected from all stsdgs. The four sites for Survey 1 were
each sampled six times over the course of four hsodtrring the fall of 2012. Samples for
Survey 2 were collected only once from each sitrdter to facilitate the greatest diversity of
samples available for analysis. Each sample caus@t2, 1-L sample volumes collected by

grab sampling at each site.

2.1 Sample Transport and Preparation

All samples were collected in sterile 1L samplirgjtles and stored on ice during
transport back to the laboratory. Once in the latwoy, samples were stored at 4°C until
analysis, which began as soon as possible withim @4er sample collection. Sample bottles
were shaken thoroughly before analysis and 1L tetal compiled from a mixture of the total 2L

that was sampled. This was then composited and genmed before analysis.

3. Salmonélla Analysis

The twoSalmonelladetection protocols, using most probable numberNWMP
enumeration, used in this study were a modifiediverof the USEPA 1682 method, and the
ANSR" Assay (USEPA, 2006, Mozola et al., 2013). Mosbpidle number (MPN) enumeration
is achieved through the use of qualitative pres@atsence results from different dilutions or
volumes of the sample in order to calculate outntiost likely concentration of target organisms
is present in the original sample volume. The USHBB2 method, consisting of primary
enrichment in a non-selective broth followed byes#l’e enrichment and characterization on
selective indicator agar, was modified for the ims&ater by removing steps involved with

biosolid dry weight analysis (USEPA, 2012). The ANSAssay consisted of a single 24-h
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nonselective enrichment step followed by cell lysisl immediate molecular analysis (Mozola et
al., 2013). While most MPN protocols usually inwlserial dilutions of a sample, our water
samples were not diluted sinBalmonellaconcentrations in environmental samples are very
low. Instead, we analyzed five replicates of thuadiluted sample volumes (20ml, 10ml, 1ml)

for each sample resulting in 15 replicates for esarhple. The theoretical detection range for our
methods was 0.65 MPN/100ml to 161 MPN/100ml. Ongarecision recovery samples, created
using seeded laboratory reagent water, along vasitige and negative controls were run

through both protocols for each sample analysisthat

3.1 USEPA 1682 method protocol

The three undiluted sample volumes (20ml, 10ml,) Imelre transferred into sterile
containers with Trypticase Soy Broth for primaryienment. After incubation for 24h + 2h at
36°C, six discrete drops of @0were applied equal distance apart on Modified iSeha
Rappaport-Vassiliadis (MSRV) medium. The inoculad#8RYV plates were incubated for 18h +
2h at 42°C, then two drops showing moatility (a hfmloning around the drop) were plated on
separate xylose-lysine desoxycholate agar (XLDjer®24h + 2h of incubation at 36°C,
presumptive positive colonies were selected antstesred to lysine iron agar (LIA), triple sugar
iron agar (TSI), and urea broth. After a final 248h of incubation at 36°C, colonies from either
LIA or TSI were tested against polyvalent O antiserd and VI (BD, Franklin Lakes, New
Jersey, USA), which detect the most comrSatmonellaserovars of concern, to confirm the

presence ofalmonella.

3.2 ANSR" Assay protocol
The three undiluted samples volumes (20ml, 10ml) frare transferred into sterile

containers with Neogen’s Enrichment Broth #3 (Nepd&ansing, Michigan, USA) for primary
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enrichment. All subsequent steps were performedhgemanufacturer’s directions. After
incubation at 36°C for 24h * 2h, Bl0of each replicate were placed in 1.2ml tubesc#ir lysis.

A total of 45Qul of lysis buffer was added to each tube and theobated at 80°C for 20 min.
Prior to the addition of sample supernatant, tudmesaining ANSR' lyophilized reagent were
preheated to 56°C for at least 3 min in the ANSBader (Neogen, Lansing, Michigan, USA).
After lysis, 5Qu of the lysed sample’s supernatant was transfaoédbes containing the
ANSR" lyophilized reagent, and homogenized. Reagenstulse capped, the reader’s lid
closed, and assay run initiated. The presence/absesults foSalmonellavere obtained for
each replicate using fluorescent tags and enunteusiag MPN methodology. Overall sampling
handling time following enrichment for one sampbasisting of the three undiluted sample
volumes (20ml, 10ml, 1ml) and each of their fivplieates was approximately 45 min compared

to the approximately 40 hrs needed to run the USEEZ2 method.

3.3 Recovery efficiency comparison

Volumes of 500ml were split from each sample dunugvey 1 and were seeded with
Salmonellalryphimurium ATCC#14028 for the determination of teeovery efficiencies of the
USEPA 1682 method and the ANSR™ assay as desdridé8EPA 1682 method (USEPA,
2006).Salmonellaryphimurium ATCC#14028 cultures were grown overmighd enumerated
on heart infusion agar (HIA). Samples were seedé bvetween 2.59xI9and 5.31x10
CFU/ml. Seeded samples were run through both potsdac order to compare the recovery
efficiency of each. Laboratory reagent water wae akeded to determine the Ongoing Precision
Recovery (OPR) for both the USEPA 1682 method hrddMNSR" assay in order to determine

whether the two methods were performing corre®lye to the lack of a defined acceptable
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percent recovery for the ANSRassay, values defined by the USEPA for the USE6821

method were used.

3.4 Initial nonselective enrichment media compariso

During Survey 2, a comparison of the effect, if amiythe initial nonselective enrichment
media used with each assay was performed with agturccurring bacteria. Samples cultured
in each nonselective enrichment media (i.e. TSBEmithment Broth #3) were run through the
USEPA 1682 method to determine if any statisticsiginificant difference in the detection of
Salmonellavas occurring. A Fisher’'s Exact test for indepermgewas performed to determine

the statistical significance withcavalue of 0.05.

3.5 Independent molecular confirmation of Survey Zamples

Since the ANSR assay is currently a novel technology S@imonelladetection and was
not originally developed for environmental watealysis an independent molecular
confirmation of its results was performed. This wasessary in order to strengthen our
confidence in its results when detectB@monellan environmental samples in which we did

not have a known concentration of our target organi
3.5.1 Sample preparation and storage for independémolecular confirmation

After initial enrichment during Survey 2, 10ml adah sample replicate were aliquoted
for later DNA extraction. The 10ml aliquots weentrifuged at 4500xg (4500rcf) for 15
minutes. The supernatant was then removed by éispirdhe remaining cell pellet for each
replicate were then resuspended in 1ml of steatbe@datory reagent water and stored at -80°C

until DNA extraction was performed.

3.5.2 DNA extraction

33



DNA extraction was performed using Qiagen’s QIADIWA Mini kit (Qiagen, Hilden,
Germany) as per the manufacturer’s instructions. Ilbml microcentrifuge tube, 20 of
proteinase k, 200l of lysing buffer, and 20d of sample were added. The microcentrifuge tube
was then incubated at 56°C for 10 min in a watérbafter incubation, the microcentrifuge
tubes were centrifuged briefly and then 200f 100% ethanol were added to the sample. This
was then mixed by pulse-vortexing for 15 s and thwefly centrifuged to remove any
remaining droplets of sample from the inside oftti®e’s lid. This mixture was then pipetted
into a QIAmp spin column, and centrifuged at 6009 for 1 min. The column was then placed
into a clean collection tube, while the filtratesadiscarded. Next, 5Q0of a wash buffer was
added to the column and centrifuged at 6000 x d fmin. This filtrate was again discarded and
the column was placed into a clean collection twhere 50Qul of a second wash buffer was
added to the column and centrifuged at 20,0000¢ @ imin. Finally the column was placed into
a sterile microcentrifuge tube, and was eluted &0l of AE buffer by centrifugation at 6000
x g for 1 min after a 5 min incubation at room tergiure. After extraction, DNA samples were

stored at -20°C until analysis.
3.5.3 Molecular detection assay

DNA samples were analyzed for the presencgabinonellausing a proprietary custom
microbial DNA gPCR array from Qiagen (Qiagen, Hild&ermany). The qPCR array targeted
the 16s rDNA specific foBalmonella enteric@\NCBI Tax ID # 28901). The array also included
a proprietary 16s rDNA target for general bactaidtiection along with a positive PCR control,
and a no template PCR control for confirmationhaf presence of 16s rDNA, that the assay was
working correctly, and the ct value cutoff for gog sample identification respectively.

Samples were transported on ice to National Samté&toundation International’s (NSF Int.)
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world headquarters in Ann Arbor, Michigan for tegti Samples were run on the array as per the
manufacturer’s instructions. All preparation of 8@ well array plates was performed in the dark
in order to avoid inactivating the mastermix. Argagtes and Microbial gPCR mastermix
(Qiagen, Hilden, Germany) were removed from -2Q%&4er and allowed to thaw prior to the
addition of reagents. The Microbial gPCR master(@iagen, Hilden, Germany) remained
covered until its addition to the array plate. Eadil received 14l of mastermix, Gul of
DNAse-free water, and @ of template. Wells were then sealed with opttbat wall 8-cap

strips, and the array plate was placed into theRBd CFX96 Touch Real-Time PCR Detection
System (Bio-Rad, Hercules, California, USA). Crgliprotocol for gPCR is described in Table
5.

Table 5. Microbial DNA gPCR array cycling protocol for use with
Qiagen’s Microbial DNA gPCR custom array kit

Step Time Temperature Cycles
Initial PCR activation 10 min 95°C 1
. 15 sec 95°C
Denaturation
Slow ramp réte at 1.0°C per sec 40
Annealing and Extension 2 min 60.0°C
Plate Read

A minimum threshold value of ¥0and a cutoff ct value of 35 was used to determine

whether a sample was considered positive.

3.6 Statistical Analysis

All statistical analysis was performed using Ristaal software (R Core Team, 2012).
For all descriptive statistics including log tramshed data in figures, samples with no detectable
levels ofSalmonellavere assigned a value of 0.325 MPN/100ml (halfidineer detection limit)
and samples, which contained levelsSafmonellaabove the upper detection limit, were

assigned a value of 160.9 MPN/100ml in order tonadize and make figures more readable
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with a y-intercept at 0. Following log transformigidPN/100ml, samples were plotted with 95%
confidence intervals to examine any observabledfices.

Fisher's Exact test for independence, which capdsormed on smaller sample sizes,
was chosen for analysis of the two methods’ presiabsence data due to the restrictions for use
of the Pearson’s chi-squared test. Fisher's exatti$ used to examine contingency between two
categories. It assumes a null hypothesis of inddgre, so any p-value belaw= 0.05
indicates that the two categories’ test resulg. (@resence/absenceSdimonella are not
significantly different from each other.

A Mann-Whitney U test was used to compare the aangBons ofSalmonelladetected
by each method. This test allows for fewer assusngtio be made about the data, including
normal distribution, and is an alternative to tlared Student’s t-test with greater efficiency on
non-normal distributions. This test allows for tesessment of paired populations by
determining if their population mean ranks diffegrsficantly. It assumes a null hypothesis that
the two populations are the same. Thus any p-uhkitgails is above an alpha of 0.05 indicates
that the two populations are not significantly erént.

The USEPA 1682 method was used as our “gold stdhdasthod in order to determine
the sensitivity, specificity, precision, and acayraf the ANSR' assay, while the results
obtained from gPCR were used to confirm the catmra based on the USEPA 1682 method
and provide a measure to determine the USEPA 1@&8Bad’s sensitivity, specificity, etc. The

following formulas were used:
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True Positives (TP)
(True Positives (TP) + False Negatives (FN))

Sensitivity (True Positive Rate) =

True Negatives (TN)
(False Positives (FP) + True Negatives(TN))

Specificity (True Negative Rate) =

False Positive Rate (FPR) = —(FP TN

False Negative Rate (FNR) = 1 — Sensitivity (True Positive Rate)

y B (TP + TN)
ceuracy = (Positives + Negatives)
Precision — TP
recision = (TP + FP)
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Chapter 3. Results
1. Survey 1 Results

1.1 Naturally occurring Salmonella

Salmonellavas found in 21% (N = 5) of the total N = 24 sa@splvith an average of 0.99
MPN/100ml using the USEPA 1682 assay (Table 6.3 ANSR" assay detecteBalmonellan
75% (N=18) of the total samples with an averag®.87 MPN/100mlI (Table 6). Sample
MPN/100ml values ranged from < 0.65 to 2.90 MPNmD®@ith the USEPA 1682 assay and <
0.65 to 15.29 MPN/100ml with the ANSRassay (Table 6). For the USEPA 1682 method,
Table 7 shows each sampling site’s contributiotihéototal number of samples collected, the
number of positive samples per site, and percepositive samples for each site. Using the
USEPA 1682 assagialmonellavas detected in 33.33% of the samples taken freniRitrer
Raisin during Survey 1. Only 16.67% of the sampdéen from the Grand River using the
USEPA 1682 assay had detectable levelSatmonellaThe Red Cedar River and Farm Canal 1

also detecte@almonellawith the USEPA 1682 method in only 16.67% of eattheir samples.

Table 6. Percent positive and MPN/100ml levels faraturally occurring Salmonella in surface water
for the USEPA 1682 method and ANSR assay in Survey 1.

EPA 1682 ANSR™ assay
Total % Positive (N =24) 21% (N=5) 75% (N=18)
Average (MPN/100mi)* 0.9¢ 3.71
MPN Range (MPN/100ml) <0.65 — 2.90 <0.65— 15.29

* = Average MPN/100ml value calculated without thelusion of Non-detect values
8 = <0.65 MPN/100ml Represents the lower detedtioit for the MPN calculations
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Table 7. Fositive samples of naturally occurring Salmonella in surface water for the
USEPA 1682 method in Survey 1.
River Raisin Grand River Red Cedar River Farm Canal 1

Samples 6 6 6 6
Positive Samples (N) 2 1 1 1
% Positive at site 33.33¥% 16.67% 16.67% 16.67%
Total % Positive (N=24)  8.33% 4.17% 4.17% 4.17%

The ANSR" assay showed considerably higher levels of detecti each site, as seen in
Table 8.Salmonellavas detected in 83.33% of samples collected frarRiver Raisin and
100% of the samples collected from the Grand Rigamng this assay. The Red Cedar River
showed detectable levels 8&lmonelldrom 50% of its samples, and Farm Canal 1 had 83.33
of its samples also showing detectable levelSalmonellaThe specific samples and their

positive results for the naturally occurriBgimonellacan be found in Table 9.

Table 8. Fositive samples of naturally occurring Salmonella in surface water for the

ANSR"™ assay in Survey 1
River Raisin Grand River Red Cedar River Farm Canal 1

Samples 6 6 6 6
Positive Samples (N) 5 6 3 5
% Positive at site 83.33¥% 100.00¥ 50.00¥ 83.33%
Total % Positive (N=24) 20.83% 25.00% 12.50% 20.83%
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Table 9. Naturally occurring ard seeded samples found positive for Salmonella by

the USEPA 1682 method and the ANSR assay during Survey 1.
Naturally Occurring Seeded**

USEPA 1682  ANSR" USEPA 1682  ANSR"

River Raisin
1* — + + +
2 — — + +
3 + + + +
4 — — + +
5 — + + +
6 + + + +

Grand River
1 + + + +
2 — + + +
3 — + + +
4 — + + +
5 — + + +
6 — + + +

Red Cedar River

1 + + + +
2 — — + +
3 — + + +
4 — — + +
5 — + + +
6 — — + +

Farm Canal 1
1 — + + +
2 — — + +
3 + + + +
4 — + + +
5 — + + +
6 — + + +

* Numbers correspond o sampling detes, 1 - 1015/12, 2 - 1022/12, 3 - :1/5/12, 4 -
11/12/12,5 - 11/26/12, 6 - 12/17/12

** 100% of ceeded samples were found poitive by boh methods. This was expected
as high concentrations of the bacteria were seitiedhe surface water samples for
recovery analysis.
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All samples found positive (N=5) f@almonellausing the USEPA 1682 assay were also
found to be positive with the ANSRassay, however there were 13 samples negativeeby t
USEPA 1682 method that were positive by the ANSRsay. Table 10 shows the five samples
found positive with both assays along with theiresponding MPN/100ml values. With the
exception of the River Raisin sample 6 (12/17/1#),concentrations were not noticeably

different.

Table 10. MPN/100ml levels for Salmonella in water samples found to be positive by both the
USEPA 1682 method and the ANSR' assay during Survey 1.

EPA 1682 method ANSR" assay
(1)* Grand River (MPN/100ml) 0.67 0.67
(1)* Red Cedar (MPN/100ml) 2.55 2.34
(3)* River Raisin (MPN/100ml) 0.72 1.44
(3)* Farm Canal (MPN/100ml) 2.9 0.72
(6)* River Raisin (MPN/100ml) 0.67 8.22

* N umbers correspond o sampling detes, 1 - 1015/12, 2 - 1022/12, 3 - [1/5/12, 4 - 11/12/12, 5 -
11/26/12, 6 - 12/17/12

Specific MPN/100ml values for each sample can bedadn Table 11. Samples not
found to be positive faBalmonellavere listed as below the detection limit (DL) farth assays

(<0.65 MPN/100ml).
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Table 11. Survey 1. MPN/100ml values for naturallypccuring Salmonella in surface water samples

USEPA 1682 method 1°

Sampling Date

2 3 4 5 6
Sampling Site
River Raisin <0.65* <0.65 0.720 <0.65 <0.65 0.670
Grand River 0.670 <0.65 <0.65 <0.65 <0.65 <0.65
Red Cedar River 2.550 <0.65 <0.65 <0.65 <0.65 <0.65
Farm Canal 1 <0.65 <0.65 2.900 <0.65 <0.65 <0.65
ANSR™ assay 1 2 3 4 5 6
Sampling Site
River Raisin 0.720 <0.65 1.440 <0.65 10.860 8.220
Grand River 0.670 0.720 0.650 6.370 2.260 15.290
Red Cedar River 2.340 <0.65 0.720 <0.65 3.300 <0.65
Farm Canal 1 0.650 <0.65 0.720 2.020 6.930 3.930

a Numbers correspond o sampling detes, 1 - 101512, 2 - 1022/12, 3 - 11/5/12, 4 - 1/12/12, 5 - 1/26/12,

6-12/17/12

* The lower detection limit of <0.65 MPN/100ml

Log transformedalmonellaMPN/100ml values for each site obtained with theeEB8

1682 method and with the ANSRassay can be found in Figures 5 — 8 and Figure$®

respectively. Average MPN/100ml values that haventdeg transformed for both detection

methods can be seen in Figures 13 and 14. Notalttddta were log transformed after adding

0.325 (half the lower detection limit) to samplegheut detectable levels &almonella
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Log MPN/100ml

Log MPN/100ml

Figure 5. Log transformed MPN/100ml values for River Raisin tha
were obtained from the USEPA 1682 method in Survey
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Sample

Figure 6. Log transformed MPN/100ml values for Grand River thai
were obtained from the USEPA 1682 method in Survey
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--------------------------- - --- Detection Limit
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Log MPN/100ml

Log MPN/100ml

Figure 7. Log transformed MPN/100ml values for Red Cedar Rive
that were obtained from the USEPA 1682 method in Survey
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Figure 8. Log transformed MPN/100ml values for Farm Canal 1. tha
were obtained from the USEPA 1682 method in Survey
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Log MPN/100ml
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Figure 9. Log transformed MPN/100ml values for River Raisin tha
were obtained from the ANSF™ assay in Survey 1
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Figure 10. Log transformed MPN/100ml values for Grand River that
were obtained from the ANSF™ assay in Survey 1
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Log MPN/100ml

Log MPN/100ml

Figure 11. Log transformed MPN/100ml values for Red Cedar Rive
that were obtained from the ANSF™™ assay in Survey 1
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Figure 12. Log transformed MPN/100ml values for Farm Canal 1 tha
were obtained from the ANSF™ assay in Survey 1

2.5

0.5 -

—————————— ® - - --- Detection Limit
Log 0.6¢

46



Log MPN/100ml

Log MPN/100ml

Figure 13. Log transformed average MPN/100ml values for eac
sampling site obtained from the USEPA 1682 method in Surve)
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Figure 14. Log transformed average MPN/100ml values for eac
sampling site obtained from the ANSF™™ assay in Survey 1
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Figure 15 shows a comparison of the average logfltamed MPN/100ml values fi
Salmonellausing both the USEPA 1682 method and the A™ assay in Survey where six
samples were collected froeach of the four surface water site for a totallef 24 sample
Salmonellaconcentrations in MPN/100ml were log transformethm same manner
mentioned above. Figures 189 show a comparison of the log transformed comagahs of
Salmonelladetected by both methods at each swith non-overlapping 95%onfidence
intervals. he two methods were found to be significantly ddfg by a Man-Whitney U tes

(p-value 0.003¢=0.05).

Figure 15. Comparison of log transformed average MPN/100ml value
for Salmonella using the USEPA 1682 method and the ANS™ assay
in Survey 1

3.5

Log MPN/100ml

..................... ---- Detection Limit
0 . . Log 0.6t

"EPA 168 "JANSR

48



Figure 16. Comparison of Log transformed MPN/100ml values ¢
Salmonellafor River Raisin using the USEPA 1682 method and th
ANSR™ assay in Survey 1
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Figure 17. Comparison of Log transformed MPN/100ml values ¢
Salmonellafor Grand River using the USEPA 1682 method and th
ANSR™ assay in Survey 1
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Figure 18. Comparison of Log transformed MPN/100ml values ¢
Salmonellafor Red Cedar River using the USEPA 1682 method ar
the ANSR™ assay in Survey 1
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Figure 19. Comparison of Log transformed MPN/100ml values ¢
Salmonellafor Farm Canal 1. using the USEPA 1682 method and tt
ANSR™ assay in Survey 1
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The combined results of all samples tested duringesy 1 can be seen in Figure 20,
which shows only four (River Raisin samples 5 an@&nd River sample 6, and Farm Canal
sample 5) out of the 24 samples taken having netdlfierences in th8almonella

concentrations when comparing the USEPA 1682 methddhe ANSK assays.
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Log MPN/100ml

Figure 20. Log transformed MPN/100ml values for naturally occurincSalmonella for all
samples examined during Survey 1
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1.2 Recovery efficiency comparison

Samples, which were seeded withimonellalyphimurium (ATCC#14028) in order to
determine the recovery efficiency for each of the R4 samples collected during Survey 1, had
MPN/100ml values ranging from 4.13 to 160.90 MPNb0for both the USEPA 1682 method
and the ANSR assay (Table 12). Using a Mann-Whitney U test withdedalmonellassample
concentrations the USEPA 1682 method and the AN&&say were found to be not
significantly different (p-value of 0.246d@,= 0.05). The USEPA 1682 method’s maximum and
minimum percent recoveries recorded during the Sulvstudy were 251.21% and 11.73%
respectively and for the ANSRassay they were 620.78% and 0% respectively. Vemge
percent recovery for the USEPA 1682 method for eachpling site ranged from 53.16% at the
Red Cedar River to 87.65% at the River Raisin du8arvey 1 (Table 12). The average percent
recovery for the ANSR assay for each sampling site ranged from 47.57tteaRed Cedar
River to 288.88% at Farm Canal 1 (Table 12). Oftthial N=24 samples taken during this
survey, only one sample from the USEPA 1682 mettamtla percent recovery outside of the
acceptable range (0 — 246%) as defined by the USER®& method, while the ANSRassay
had seven samples out of this range (Table 12¢eShe Ongoing Precision Recovery samples
(OPR) (recovery efficiency samples using seedeor&bry reagent water) for both the USEPA
1682 method and the ANSRassay had percent recoveries all within the USES32 method’s
acceptable range (0 — 246%)) it is suggested tkeadamples whose percent recoveries fall
outside of the acceptable range are yielding pesults due to a matrix interference effect (e.qg.,

environmental contamination inhibiting the growtidaecovery oSalmonelld.
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Table 12. Recovery efficiency results for the USEPRA682 method and the ANSR” assay during Survey 1.

USEPA 1682 method

ANSR™ assay

Seeded Final % Average % Final % Average %
Site Sample #* Concentration Concentration Recovery** Recovery Concentration Recovery* Recovery
(CFU/100ml)  (MPN/100ml) at each site (MPN/100ml) at each site
River Raisin
1 45.60 91.78 76.25 34.77 74.67
2 28.50 11.81 40.25 91.78 320.52
3 29.10 4.13 11.73 10.12 29.86
4 25.90 23.98 91.45 87.65 160.90 620.78 270.26
5 36.40 91.78 251.25 160.90 412.20
6 28.10 16.14 54.99 54.22 163.51
Grand River
1 45.60 34.77 74.78 91.78 199.80
2 28.50 19.07 65.70 15.71 52.54
3 29.10 19.07 64.49 11.81 38.39
4 25.90 12.27 46.18 312 6.36 0.00 99.74
5 36.40 54.22 148.06 15.29 35.80
6 28.10 12.45 43.10 91.78 271.88
Red Cedar River
1 45.60 34.77 70.66 12.27 21.78
2 28.50 34.77 120.72 19.07 65.70
3 29.10 11.51 38.48 13.04 42.39
4 25.90 7.97 29.56 >3.16 5.01 18.11 4rst
5 36.40 15.24 40.98 17.07 37.83
6 28.10 5.55 18.57 28.34 99.58

54



Table 12. (cont'd)

Farm Canal 1.

1 45.60 34.77 75.54 91.78 199.85
2 28.50 12.68 43.30 91.78 320.52
3 29.10 34.77 109.64 10.12 32.34
4 25.90 54.22 20836 o073 16090  614.23 288.88
5 36.40 23.98 64.99 9.98 8.38
6 28.10 5.55 18.57 160.90  557.95
OPR Sampled
1 45.6 91.78 201.27 34.77 76.25
2 28.5 34.77 121.86 23.19 81.27
3 29.10 6.81 23.43 34.77 119.62
4 25.90 9.98 38.58 54.22 209.61
5 36.40 34.77 95.52 9.98 27.42
6 28.10 28.34 100.73 16.14 57.37

* Numbers correspond o sampling detes, 1 - 1015/12, 2 - 1022/12, 3 - 1/5/12, 4 - 11/12/12, 5 - 1/126/12, 6 -

12/17/12

** Acceptable percent recovery range is from 0 10 246% i< defined by the USEFA 1682 nethod. The ANSR' assay acceptable percent
recovery range is currently undefined

8 Fercent recoveries thet are outside of the acceptable renge as defined by the USEFA 1682 nethoc
1 Ongoing Frecision Recovery samples
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The average percent recovery for the USEPA 168hadeduring Survey 1 was 75.32%,
with a maximum percent recovery of 251.5% and amum percent recovery of 11.73%, which
falls with the USEPA 1682 method’s defined accelgtalercent recovery range of 0 to 246%
(Table 13). The average percent recovery for th&RNassay during Survey 1 was 176.61%

with a maximum percent recovery of 620.78% and @immm percent recovery of 0% (Table

13).

Table 13. Overal recovery efficiency comparison foN=24 samples in Survey 1.

USEPA 1682 method ANSR™ assay

Average % Recovery 75.32% 176.61%
Max % Recovery 251.25% 620.78%
Min % Recovery 11.73% 0%
Average OPR** % Recovery 96.90% 95.26%
Acceptable % Recovery 0 - 246% uUD*

* Undefined by the literature
** Ongoing Precision Recovery
Figures 21 — 24 compare the methods by showintpth#ansformed MPN/100m|
values of recovered seed8dlmonelldrom each sample from the various sites. Overlappin
95% confidence intervals are seen for most experisnd he different water samples from the

various locations did not influence any differemteecoveries between the two methods.
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Figure 21. Comparison of Log transformed MPN/100ml values ¢
seededSalmonella for River Raisin using the USEPA 1682 methoi
and the ANSF™ assay in Survey 1
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Figure 22. Comparison of Log transformed MPN/100ml values ¢
seededSalmonella for Grand River using the USEPA 1682 methoc
and the ANSF™ assay in Survey 1
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Figure 23. Comparison of Log transformed MPN/100ml values ¢
seededSalmonella for Red Cedar River using the USEPA 168:
method and the ANSF™ assay in Survey 1
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Figure 24. Comparison of Log transformed MPN/100ml values ¢
seededSalmonella for Farm Canal 1 using the USEPA 1682 metho
and the ANSF™ assay in Survey 1
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2. Survey 2 Results

2.1 Initial nonselective enrichment comparison

A comparison of the initial nonselective enrichineredia (TSB used in USEPA 1682
method and Enrichment media #3 used in the AN @Bsay) was undertaken to ascertain
whether this step influenced the growthSalmonellaand the subsequent lower detection by the
USEPA 1682 method. Both were compared for natuadburringSalmonellawith the USEPA
1682 method. Samples that were found positive &wunally occurringSalmonellausing TSB
and/or Enrichment media #3 during this comparisamlze seen in Table 14. Overall, 42.9% or 9
out of 21 samples were found positive for naturattgurringSalmonellavhen enriched with
TSB. With the use of the Enrichment Media #3, 28d@% out of 21 samples were found
positive for naturally occurrin§almonellgTable 14). Samples found positive with the use of
TSB and Enrichment media #3 had very similar ave&N/100ml values with 1.38 and 1.11
MPN/100ml respectively. Both initial nonselectiveriehment media had very similar ranges
with samples found positive with TSB ranging frame tower limit of detection <0.65 to 2.09
MPN/100ml, and with samples found positive with iEnment media #3 ranging from the lower
limit of detection <0.65 to 1.34 MPN/100ml (Tabl&)1The two media types were not
statistically different (p-values 0.009%550.05) using a Fisher’s exact test for continge#cy.
Mann-Whitney U test found no significant differertmetween the two media types results (p-

value 0.2821¢=0.05).
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Table 14. MPN/100ml values for naturally occuringSalmonella using the

USEPA 1682 method with two different initial enrichment medias (TSI§
& Enrichment Media #3) during Survey 2.

M PN/100m|
TSB! Enrichment Media #3
Farm Canal 2 <0.65 <0.65
Shiawasse River <0.65 <0.65
Grand River 1 <0.65 <0.65
Raisin River 1 <0.65 <0.65
Saginaw River <0.65 <0.65
Red Cedar River 1.30 <0.65
Detroit River <0.65 <0.65
Rouge River <0.65 <0.65
Grand River 2 1.39 <0.65
Muskegon River 2.09 1.34
Black River 0.65 1.30
St. Joseph River <0.65 <0.65
Kalamazoo River 1.44 1.34
Ottawa River 2.90 1.34
Maumee River 0.67 0.67
River Raisin 2 <0.65 <0.65
Huron River <0.65 <0.65
AS (A)* <0.65 <0.65
AS (B)* 1.30 <0.65
HRC (A)* 0.67 <0.65
HRC (B)* <0.65 0.65
Total % Positive (N =21) 42.9% (N=9) 28.6% (MN=6)
Average (MPN/100ml} 1.38 1.11
MPN Range (MPN/100ml) <0.65 - 2.09 <0.65-1.34

1 Tryptic Soy Broth

8 <0.65 MPN/100ml Represents the lower detectoit for the MPN
calculations

* Wastewater Treatment samples are given individuel codes for their location
in the treatment train AS (A) & HRC (A) - Influer&S (B) & HRC (B) -

* Average MPN/100ml value calculated without thelusion of values that
fell below the detection limit of <0.65 MPN/100m|
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Figure 25 shows the log transformed MPN/100ml valfiee naturally occurring
Salmonelladuring the initial nonselective enrichment medienparison for all samples taken
during Survey 2. All of the 95% confidence intesrahow an overlap. However, TSB appears to
improve the detection and more samples would neéeé tollected and tested to show statistical

significance.
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Figure 25. Log transformed MPN/100ml values for naturally occurincSalmonella during initial

enrichment media comparison in Survey
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2.2 Survey 2 detection method comparison

During Survey 2, 21 samples were tested with 4219% 9) and 95.2% (N = 20) found
positive by the USEPA 1682 method and the ANSRsay, respectively (Table 15). Samples
found positive by the USEPA 1682 method had comaganhs ranging from the lower detection
limit of the MPN method of <0.65 MPN/100ml to 2.0PN/100ml (Table 15). Samples found
positive by the ANSR assay had concentrations ranging from the lowtctien limit (<0.65
MPN/100ml) of the MPN method to the upper detectiomt (>160.90 MPN/100ml) of the
MPN method (Table 15). The average concentratiddatrhonelladetected by the USEPA 1682
method and the ANSRassay were 1.38 and 24.37 MPN/100m|, respectiiélg.two methods’
results from Survey 2 were found to be significaxifferent (p-value 0.000004,= 0.05) by a

Mann-Whitney U test.
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Table 15. MPN/100ml values and total percent of saples found positive
for naturally occuring Salmonella by the USEPA 1682 method and the
ANSR™ assay during Survey 2

USEPA 1682 method ANSR™ assay

Farm Canal 2 <0.65 2.62
Shiawasse River <0.65 12.99
Grand River 1 <0.65 17.67
Raisin River 1 <0.65 17.07
Saginaw River <0.65 5.17
Red Cedar River 1.3 6.57
Detroit River <0.65 15.63
Rouge River <0.65 1.95
Grand River 2 1.39 2.62
Muskegon River 2.09 27.08
Black River 0.65 3.28
St. Joseph River <0.65 11.73
Kalamazoo River 1.44 17.07
Ottawa River 2.9 160.9
Maumee River 0.67 8.55
River Raisin 2 <0.65 12.68
Huron River <0.65 160.9
AS (A)* <0.65 0.72
AS (B)* 1.3 0.65
HRC (A)* 0.67 1.55
HRC (B)* <0.65 <0.65
Total % Positive (N =21) 42.9% (N=9) 95.2% (MN=20)
Average (M PN/100ml)** 1.3¢ 24.3i
MPN Range (MPN/100ml) <0.65 - 2.09 <0.65 — >160.90

8 <0.65 MPN/100n Represents the lower detection limit for the MPN

* Wastewater Treatment samples are given individuel codes for their location
in the treatment train AS (A) & HRC (A) - InflueAS (B) & HRC (B) -

* Average MPN/100n velue calculated without the inclusion of velues below
the detection limit of <0.65 MPN/100ml

9 >160.90 NFN/100m represents the upper detection limit for MFN
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Although there were considerably more samplesdquositive by the ANSR assay (N
= 20) than with the USEPA 1682 method (N = 9)oéllhe samples that were found positive by
the USEPA 1682 method were also found positiveheyANSR" assay. These samples along

with their MPN/100ml values can be seen in Table 16

Table 16. MPN/100ml values for naturally occuring Salmonella in water samples found to be
positive by both the USEPA 1682 method and ANSRassay during Survey 2.

EPA 1682 assay ANSR"™ assay

Red Cedar River 1.30 6.57
Grand River 2 1.39 2.62
Muskegon River 2.09 27.08
Black River 0.65 3.28

Kalamazoo River 1.44 17.07

Ottawa River 2.90 160.90
Maumee River 0.67 8.55
AS (B)* 1.30 0.65
HRC (A)* 0.67 1.55

* Wastewater Treatment samples are given individuél codes for their location in the treatment train AS
(A) & HRC (A) - Influent, AS (B) & HRC (B) - Nondisfected effluent

As seen in Figure 26, Survey 2 had considerablseraamples (N = 11) with different
observable concentrations between the two deteptgthods than were seen in Survey 1 (see
Figure 20). This included the samples from the Bassee River, the Grand River, River Raisin,
the Detroit River, the Muskegon River, the St. pbsRiver, the Kalamazoo River, the Ottawa

River, the Maumee River, and the Huron River.
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Figure 26. Survey 2 Log transformed MPN/100ml values for naturally occuriniSalmonella
using the USEPA 1682 method and the ANS™ assay
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Figure 27, seen below, shows the average log vtemstd MPN/100ml values for bo
the USEPA 1682 method and the AN™ assay with the 95% confidence intervals for t

overlapping.

Figure 27. Survey 2 average Log MPN/100ml values for the USEHI
1682 method and the ANS™ assay
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3. Independent Genetic Confirmation and Combined Swey Results

All 21 samples tested during Survey 2 by the USHEB82 method and ANSRassay
were also analyzed by qPCR as an independenntestiér to determine if the discrepancies
between the two were false positives or negativable 17 shows the results of the gPCR
analysis for both the USEPA 1682 method samplestm@ANSR" assay. Of the 21 samples
42.9% (N = 9) were positive by USEPA 1682 metho@mehs 47.62% (N = 10) were found
positive by gPCR with a 90.48% (N = 19) overallesgnent between the two (Table 17). Of the
21 samples tested with the ANSRssay (with 95.2% positive, N=20), 71.43% (N = @&)e

found positive by gPCR with a 76.19% (N = 16) olleagreement between the two (Table 17).
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Table 17. Samples found positive for naturally occuring Salmonella by the USEPA 1682

method and the ANSR' assay and confirmed with gPCR during Survey 2.

USEPA 1682 gPCR ANSR"™ assay gPCR

Farm Canal 2 — — +
Shiawasse River — —
Grand River 1 — —
Raisin River 1 — —
Saginaw River —
Red Cedar River +
Detroit River — —
Rouge River — —
Grand River 2 + +
Muskegon River + +
Black River + +
St. Joseph River —
Kalamazoo River +
Ottawa River +
Maumee River +
River Raisin 2 — —
Huron River — —
AS (A)* — —
AS (B)* + +
HRC (A)* + +

HRC (B)* — + — —
Total % Positive (N =21) 42.9% (N=9) 47.62% (M=10) 95.2% (N=20) 71.43% (M=15)

% Agreement with gPCR 90.48% (M=19) 76.19% (M=16)
* Wastewater Treatment samples are given individuél codes for their location In the treatment
train AS (A) & HRC (A) - Influent, AS (B) & HRC (B) - Nondisinfected effl uent

+ + +

+ + + 4+ +++ 4+ ++ |+

+ + + 4+ + + 4+ +++++++++++++

Twelve ANSR" assay samples from Survey 1 were also analyzegPByR in order to
increase the confidence of the statistical analyi$ie results for these samples can be seen in
Table 18. Using the statistical software, R, Fidbeact Test’s for contingency was run for each
combination of sample results from the USEPA 16&2hmd, the ANSR assay, and the gPCR
assay. The null hypothesis with this test is thatgositive and negative results obtained by each
of the two methods are independent of the resbligimed by the other, thus should reveal

different results. The alternative hypothesis & the results of one method are dependent (or
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congruent) on the results obtained by the othee.ddmparison of the USEPA 1682 method
against the ANSR assay at 95% confidence was not significant (pev8.08059) and thus does
not allow for the rejection of the null hypothetiat these two method’s results are independent
of each other. The comparison of the USEPA 168hateagainst the gPCR assay at 95%
confidence was found to be significant (p-valuedQ9D5) allowing for the rejection of the null
hypothesis that these two tests are independeatc@imparison of the ANSRassay and the
gPCR assay at 95% confidence was significant (pev@l04448) and thus allows for the

rejection of the null hypothesis that these twastese independent.

Table 18. Survey 1. ANSR" assay samples analyzed by qPCR

Site Sample* ANSR™ ascay gPCR**
River Raisin
4 — _
5 + —
3] + +
Grand River
4 + —
5 + —
6 + —
Red Cedar River
4 _
5 + —
6 — —
Farm Canal 1.
4 + —
5 + —
6 + —

* Numbers correspond to sampling dates, 1 - 102,571 10/2212,
3-11/5/12, 4 - 11/12/12, 5 - 11/26/12, 6 - 121P7/

** Samples from Survey 1. were not concentrated es previously
described for samples saved for genetic testingngBurvey 2.
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When Survey 1 and Survey 2’s results are combitinedtotal percent positive for the
USEPA 1682 method and ANSRassay were 31.1% (N = 14) and 84.4% (N = 38) aethely
(Table 19). The average MPN/100ml for the USEPA218®thod for both surveys was 0.81
MPN/100ml (Table 19). The average MPN/100ml for ANSR™ assay for both surveys was
12.34 MPN/100ml. The USEPA 1682 method showed gaaf MPN/100ml values from <0.65
to 2.90 over the course of both assays, while tNER" assay showed a much wider range of

values from <0.65 to >160.90 MPN/100ml (Table 19).

Table 19. Survey 1 and Survey 2 combined results for riredd comparison

USEPA 1682 method ANSR™ assay

Survey 1. (N = 24)

Total % Positive 20.8% (N =5) 75.0% (N = 18)
Average (MPN/100ml)* 0.31 2.83
MPN Range (MPN/100ml) <0.65-2.90 <0.65 - 15.29
Survey 2. (N = 21)
Total % Positive 42.9% (N =9) 95.2% (N = 20)
Average (MPN/100ml)* 1.38 23.21
MPN Range (MPN/100ml) <0.65-2.90 <0.65 - >160.90**
Survey 1 and 2 Combined
Total % Positive 31.1% (N = 14) 84.4% (N = 38)
Average (MPN/100ml)* 0.81 12.34
MPN Range (MPN/100ml) <0.65-2.90 <0.65 - >160.90
* Average MPN/100rI calculated with ony the inclusion of samples found ‘0 be
positive

** <0.65 MPN/100r and >160.90 NPN/100n1 represent the lower and uppr limits
of detection for the MPN method, repectively

The ANSR" assay had a calculated sensitivity of 100%, sipityiof 22.58%, a false
positive rate of 77.4%, and a false negative ra®o@based on the USEPA 1682 method. When
these values were calculated based on the resqiémed from qPCR assay for samples positive
by the ANSR" assay in part of Survey 1 (Table 18) and Survef@ ANSR" assay’s sensitivity

and false negative rate were identical and onlyllsraaations were seen in its calculated
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specificity and false positive rate (25% and 758spectively). The ANSR assay also had a
precision and accuracy of 36.8% and 46.67%, resadgt Using the gPCR as a reference, the
USEPA 1682 method had a sensitivity and specif@it§0% and 90.9%, respectively. The
USEPA 1682 method also had a false positive andtivegrate of 9.1% and 20% respectively.
The USEPA 1682 method’s precision and accuracy Weteer than the ANSRassay as well

with 80% and 85.7%, respectively.
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Chapter 4. Discussion

The 54% (N = 13/24) discrepancy of positive sampletween the methods seen in
Survey 1 (USEPA 1682 method 5/24 positive, AN'S#&say 18/24 positive) was initially
concerning. Due to the USEPA 1682 method’s recagnas the “gold standard” f&almonella
detection this discrepancy was hypothesized to baea caused by false positive results from
the ANSR" assay and possibly some false negatives from 8&RA 1682 method. While the
ANSR" assay provided similar MPN/100ml values (Tableth@)high percentage of samples
could not be confirmed as “true positives” using ¢PCR assay. These initial results show a
difference in the sensitivity and specificity oettwo methods even while each method’s
recovery efficiency with seeded surface water sas)pvhen using a Mann-Whitney U test,
were found to not significantly differ (p-value @&7,0 = 0.05) in their ability to detect
Salmonellavhen present in concentrations above both methHmai$s of detection.

Due to the discrepancies seen between the two uhethdurvey 1, a second survey was
performed, but instead of only examining water sasfrom four different sites (three of which
were within relatively close proximity as seen igle 3), Survey 2 looked at 17 different
surface water sites (Figure 4) from a variety ffledent areas around Michigan and Northern
Ohio, along with four wastewater samples. This d@se in order to analyze the performance of
the two methods in a more diverse set of water sswath varying drainage areas, major
watersheds, flows, and wastewater inputs (Tabl&dnpling was limited to the lower half of
Michigan’s Lower Peninsula and Northern Ohio, idarto increase the chances of finding
Salmonellan surface water samples due to the known inpum fnastewater treatment plants

and nonpoint source pollution which are more abahten in Northern Michigan.
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Survey 2 showed a similar pattern of detectiomaSurvey 1, with a 52.3% (N=11/21)
discrepancy between the two methods (USEPA 168Baded/21 positive and the ANSR
assay 20/21 positive). Two (Ottawa River and FaanaC 2) out of the 21 surface waters chosen
for this survey did not receive discharges fromtesaster treatment plants (Table 4). While the
Ottawa River sample was found to be positive by lmethods, only the ANSRassay found
Farm Canal 2 positive. The majority of surface watehere sampling took place also had large
proportions of rural land use cover contributinggeh respective watershed (Table 4).

The exclusion of the use of different enrichmentradetween the two methods as a
factor in the difference in detection seen in #tigly, was achieved after comparing the samples
(N = 21) enriched by TSB (42.9% positive) and Emment media #3 (28.6% positive) using a
Fisher Exact test (p-value 0.0095+ 0.05). This suggests that the initial enrichnrertia does
not contribute to any significant differences ined#ion seen using the USEPA 1682 method. In
order to attempt to confirm these results, the twenlia would have to be tested using the
USEPA 1682 method, the ANSRassay, and gPCR. It is still not clear whetheraimglification
reaction is responsible for the increased detecti®n in the ANSR assay. That being said, the
use of TSB with the ANSR assay was not advisable due to the assay’s séfysiti matrix
effects caused by variability of composition of@tlkenrichment media. Thus more work in this
area is needed in order to determine if any siggifi differences would occur if alternative
enrichment or selective media were used prior topda analysis with the ANSRassay. For
example, sodium pyruvate, which has been recogragedkey molecule for the resuscitation of
Salmonelldrom a viable-but-not-culturable (VBNC) or sub-lally injured state back to a
growing and colony forming state, is present inAINSR" assay enrichment media but not in

the TSB (Gurtler and Kornacki, 2009, Morishige let2013). This may have contributed to

74



considerable disparity between the two methodgyif Bnough levels of possibly VBNC
Salmonellacells were present in the sample. The ANSRsay as well as the gPCR should be
able to detect those populations along with otleaithy organisms but the gPCR did not
confirm this hypothesis.

Although 84.4% of samples positive for all surfacaer samples (N = 45) during this
study using the ANSR assay is high, other studies have reported simitas in surface waters
(e.g., rivers and streams) (e.g., Haley et al.92Q0able Al). In surface waters that regularly
receive fecal pollution through agricultural runaefid wastewater effluent discharges, Haley et
al. (2009) reported that 79.2% (N = 57) of theirséPnples collected from surface waters in a
rural watershed were found positive #almonellawhile Thomas et al. (2012) found 78.4% of
samples were also positive (Table Al). The majaritiand use (>75%) within each of the
watersheds where surface water sampling took ¢adéis study was rural, with the exception
of the Detroit watershed, which had approximatél9e5rural and 50% urban land use, but has
one of the largest areas of treated and untreaigdge input in the state (i.e. the city of Detroit)
(Table 4).

As seen in Table AlSalmonelladetection in surface water varies widely in bothcpat
detected and concentratid®almonellgprevalence can range anywhere from 2.55% (Martinez-
Urtaza et al. 2010) to 100% (Lemarchand and Leh @003, Bonadonna et al. 2006) with
concentrations of 0.006 CFU/100ml tc® TFU/100ml (Joyti et al., 2010, Lemarchand and
Lebaron, 2003). One of the most important factorthe relative presence and concentration of
Salmonellan any given surface water is the pollution inpeirig received, whether it be raw

human sewage as in the case of Jyoti et al. (20&B)Salmonellaconcentrations reaching up to
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10° CFU/100ml or in the case of Patchanee et al. 2@Hd€reSalmonellgprevalence was high in
a variety of watersheds with different nonpointrses of pollution.

All methods have advantages and disadvantages MeoWw€&€R methods are now gaining
acceptance in regard to both their specificity s@aisitivity. The samples from Survey 2 were
tested using a proprietary gPCR 16s rDNA gene tangay, which has a detection limit of 100
gene copies foB. enterican metagenomic samples (Fosbrink et al., 2013g€ha2014). This
gPCR array allowed for the confirmation of 90.48%=19) and 76.19% (N = 16) of the
samples from the USEPA 1682 method and ANS$Rsay, respectively (Table 17).

This use of an independent genetic confirmatiooufresults, allowed us to determine
that while the ANSR assay has 100% sensitivity it also has a higle fadsitive rate (77.4%),
and low specificity (22.58%). In contrast, the USEES82 method had a lower sensitivity
(80%), but had a higher specificity (90.9%), anmbasiderably lower false positive rate (9.1%).
That being said, use of the ANSRssay may still be applicable to water qualityinesas a
screening method, but currently cannot be usedeglacement for standard culture-based
methods. Perhaps it is suited more as a tool fodrscreening of sites suspected of receiving
fecal pollution that may pose a human health risksed in conjunction with multiple pathogen
detection studies. One would need to understandharhicrobes are causing the false positives
and perhaps redesign the primers.

While most water quality is still monitored throutiie use of indicator organisms (e.g.,
E. coli), a growing interest in pathogen detection anditodng has arisen. This is in part due to
molecular methods, which have been undergoing argeimcrease in specificity, sensitivity,
and decrease in assay time and cost, becomingneaady available for widespread use.

Interest in the detection and monitoring of indiadl pathogens has also arisen from the
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recognition that current fecal indicators may bahla to accurately predict the presence and
levels of enteric pathogens, but this is still dedawithin the scientific community (Lemarchand
and Lebaron, 2003, Arvanitidou et al., 2005, Haravebal., 2005, Savichtcheva et al., 2007, Wu
et al., 2011, Payment and Locas, 2011). Howevehout the incorporation of a growth and
possibly selection step, molecular techniques &h@gen detection cannot differentiate between
live and dead organisms, which is crucial if anuaate assessment of potential risk to human
health is to be determined. The ANSBssay represents a potentially valuable resoorce f
water quality testing due to its inclusion of batblecular detection and culture techniques.
While one can also run culture and PCR togetherently setting up an MPN would be more
time consuming. In addition, results are availatihin minutes with ANSR while PCR
would take 2 to 3 more hours.

Since the Nicking Enzyme Amplification Reaction (NE™) technology developed by
Van Ness et al. (2003), was only recently licensgtlieogen for use in the development of the
ANSR" assay for the detection 8almonellan food matrices, there are currently no previous
publications on its potential application and edtig in water matrices. The only current
publication available is Neogen’s own validationdst for approval by the association of
analytical communities (AOAC) in 2013 (Mozola et @013). This technology, and specific
assay require more study in order to determine lwdrghey have widespread applicability in
water quality testing. It may be that new primees@eeded for use with water samples, or
additional purification or dilution steps may ndede taken in order to prevent any matrix
interference effects from influencing detectionutes

Because this assay incorporates both moleculactitaieand growth in a non-selective

enrichment media, this assay should be able topocate the speed and accuracy of this
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molecular based detection, and the increased andelof having potentially live infectious
organisms present through the use of an enrichatept However, since an enrichment step is
used by this assay and the results are preseneeta)ysa MPN enumeration method must also be
incorporated in order to determine concentratidrth®target organism. The ANSRassay is
reported to have a detection limit of"OFU/mI after enrichment with 99.1% inclusivity fall
Salmonellagenetic subgroups and 100% exclusivity based oB88h#on-salmonellae tested
(Mozola et al., 2013). However, these values asgtb@n detection in specific food matrices
(e.g., ground beef, milk, etc.), and as we have beee water matrices can produce considerably
different results.

In comparison to more traditional culture-basedhods (USEPA 1682, ISO 6579) for
Salmonelladetection, the ANSR assay is considerably faster, less labor intensive has been
shown to be inclusive for all genetic subgroup$ oéntericaandS. bongor; unlike the USEPA
1682 method which has the potential for excludaggslcommosalmonellaserovars at several
different steps. For example, in the USEPA 1682hwdt non-motile or monophasic
(Salmonellavhich can only express one “H” flagular antigen)ulebfail to show motility on
MSRYV (Bugarel et al., 2012). Also, almost 300 eommental serovars, which are known to
have variable lactose fermentation capacity, waalgse false negative results on XLD and TSI
media (Table 1), which are critical in the USEP/A26nethod for distinguishing potential
positive Salmonellasamples from non-target organisms, with Park €Rffl12) showing a
specificity of only 73.0% fo6almonelleon XLD media. Marita et al. (2006) reported the
isolation of 10 strains d&.Enteritidis, which is one of the most common serswassociated
with human illness (Figures 1 and 2), produced tregaesults for lysine-decarboxylase activity

(i.e. the lysine iron agar slants used in the USEB82 method). There is also the limitations of
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the use of the polyvalent O antiserum (a-1 & vged in the USEPA 1682 method, which while
targeting théSalmonellaserovars most commonly associated with human 8loasy covers
about 23.73% (N=612) of all of the 2,579 recognidatimonelleserovars, without the inclusion
of testing with additional antiserums (Grimont af@ill, 2007). These deficiencies in ability of
the current USEPA 1682 method in detecting lessnaonSalmonellaserovars are often
addressed through modification of method procedilmesigh the inclusion of additional
selective media and biochemical tests, along vighpossible addition of molecular methods,
and confirmatory steps (e.g., pulsed field geltetgxhoresis or additional serotyping).

The USEPA 1682 method is considered the “gold statidor Salmonelladetection in
water, but it is limited by the ability of eachitd tests to include or exclude potentalimonella
isolates based on selection criteria that are mosistently shared among serovarSafmonella
(e.g., lactose fermenters, non-motile strains,serdvars without O antigens recognized by the
polyvalent O antisera used by the method). The AN&Bsay is also limited by its own
detection limit and its sensitivity to matrix eftecwhich can inhibit its PCR reaction. While the
limitations of traditional culture-based methodsermedo be significant, culture-based detection is
still used more often than molecular methodsSalmonelladetection (Table Al). Looking at
the studies found in Table A1, 75%%élmonelladetection studies were conducted using
culture-based methods. While molecular methods weed less often, they had almost
equivalent average detection rates with cultureetdasethods having an average of 33.37%
samples positive fdalmonellaand molecular methods having 31.74% positive. Bletiection
methods showed a very wide range of detection &vith79.17% positive and 3.13 — 87.5%

positive for culture-based and molecular methoelspectively (Table Al).
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It is also important to consider that if t8Balmonellavere clumped together or attached
to suspended particles in the water samples thgynoishave been distributed evenly
throughout the samples, thus allowing for some $a$rp receive greater concentrations of
Salmonellahan others as seen in Droppo et al. (2009) wineregsuspension of sediment
particles greatly affecteB8almonelladetection. The even distribution of organisms tigraut
the sample is one of the basic assumptions maolelar to perform MPN enumeration. If this
assumption is violated then the estimated concgmtraf samples may be incorrect. Although
this is a potential flaw with MPN calculations, thge of sample homogenization and filtration
may allow for the reduction of any influence thiayrhave on samples. This area requires more
research to determine what significance suspenaléts rave in differences between paired
samples. However, only five out the 20 studies erachin Table Al since 2009 reported on
Salmonellaconcentrations.

In order to determine any further applicabilitytbé ANSR" assay for water quality
testing, a series of experiments should look ati#tection limit for variou$almonellaserovars,
the effects of sodium pyruvate on the regrowth BN cells and the ability of the ANSR
assay to detect those cells. Also, determiningdficing the non-selective enrichment time for
the ANSR" assay and incorporating a selective media beferfepning the assay, will help to
increase the confidence tidlmonellas being detected rather than a false positiveezhby
an interference effect from the water matrix. laiso crucial to determine the effects, if anyt tha
different water types and quality (e.g., fresh, imarbrackish) have on the ability of the assay to
accurately dete®@almonellaln addition, more study is needed in determinirgdause of false
positives between the PCR and ANSRssay. This could be accomplished by enrichingpéesn

initially in TSB media, testing them with PCR, athen transferring them to Enrichment media
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#3 and retesting by PCR and also by the AN$Rsay. This could also be followed by isolation
and identification through the use of selective meohd serotyping, allowing us to determine if

any specific serovars are not detected by speuiithods.
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Table Al. Studies onSalmonella occurance in surface waters

<iti <
Frequency po\_|t|ve samples Total Values Surface yvater Survey extent Country Reference
%( or # of isolates*) samples matrix
62.7% (N=241) 384 ND** Freshwater 8 sampling sitesedrg Brazil Palhares et al. (2014)
7.20% (N=19) 264 ND Freshwater 12 sampling sites, 22 ;g Liang et al. (2013)
months
31.11% (N=42) 135 ND Freshwater 12 sampling site, 4thon ~ USA Haack et al. (2013)
<0.03-0.418 . . . .
0, =
29.84%(N=57) 191 MPN/100ml Freshwater 10 sampling sites, 2 years China Xiao. ¢2013)
78.4% (N=91) 116 ND Freshwater 3 sampling sites, 2g/ear Canada Thomas et al. (2012)
<0.075-0.725 . .
0, =
30.71% (N=74) 241 MPN/100m! Freshwater 14 sampling sites, 2 years USA Walterk €2@i3, 2011)
49.4%(N=154) 312 ND Freshwater 13 Sar:‘npc')'r?t%?tes' 12 cameroon Henriette et al. (2012)
7.14% (N=18) 252 ND Freshwater 20 sampling sites, USA Gorski et al. (2011)
14months
8.47% (N=29) 342 ND Freshwater 9 sampling sites, 2g/ear Canada Jokinen et al. (2011)
12.90% (N=24) 186 ND Freshwater 4 sampling sites, 2syea Canada Jokinen et al. (2010)
54.65% (N=47) 86 ND Freshwater $ sampling sites, 2sjear  USA Patchanee et al. (2010)
87.5% (N=7) 8 10' - 10 Freshwater 8 sampling sites, 1 day India Jyoti €8l10)
CFU/100ml
6.99% (N=10) 143 ND Freshwater 10 Sar:‘npc')'r?t%?tes' 10 ysa Schriewer et al. (2010)
3.13% (N=1) 32 ND Freshwater 8 sampling sites, 14 montlAustralia Ahmed et al. (2009)
62.5% (N=20) 32 ND Freshwater 1 sampling site Canada mrep al. (2009)
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4.12% (N=10)
79.17% (N=57)
42.10% (N=8)
15.66% (N=13)
4-159%
14.3% (N=7)
20.0% (N=7)
74.70% (N=62)
11.16% (N=26)
3.80% (N=3)
9.93% (N=72)

53.33% (N=30)

92.59% (N=25)

94.44% (N=17)

100%°

2.55% (N=18)

243

72

19

87

1600

49

35

83

233

79

725

30

27

18

>300

707

ND

0.25-3.63
MPN/100ml

02-17
MPN/100ml

ND
ND
ND
ND
ND
ND
ND
ND
ND

1.51x 10 - 4.15

x 10° CFU/100ml

3.73x10 -

1.10x16
CFU/100m!

10 - 1¢
MPN/100ml

ND

Table Al. (cont'd)

Seawater 6 sampling sites, 4 years orobto Setti et al. (2009)
Freshwater 6 sampling sites 1 year USA Haley et 809?
Freshwater Numerous sampling sites, 2 USA Byappanahalli et al. (2009)

years
. . Czech .
Freshwater 2 sampling sites, 1 yearRepublic Dolejska et al. (2009)
Freshwater 24 sampling sites, 3 years Canada keg\@t al. (2009)
Freshwater 10 sampling sites, 5 daysthétlands Heuvelink et al. (2008)

Wetland water 25 sampling sites, 2ithe  Canada Shellenbarger et al. (2008)

Freshwater 82 sampling sites, 1 day USA Meinersmann et al. (2008)
Freshwater Random samples, 2 yearMexico Simental and Martinez-Urtaza
(2008)
Freshwater 8 sampling sites, 1 year thét&ands Schets et al. (2008)
Freshwater 25 sampling sites, 15 New Till et al. (2008)
months Zealand

Freshwater 5 sampling sites, 3 ont  Japan Svichtcheva et al. (2007)

Seawater Random samples, 6 months  Lebanon HarakeH{20G6)
Freshwater Random samples, 6 months  Lebanon Haraleh(2006)
Freshwatet 8 sampling sites, 2 years Italy Bonadonna et al.gp00

Seawater 4 sampling sites, 4 years painS  Martinez-Urtaza et al. (2004)
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Table Al. (cont'd)
16-21 ampling sites, 2

5.36% (N=43) 802 ND Freshwater years Canada Gannon et al. (2004)
74.93% (N=281) 375 ND Freshwater 8 sampling sites Safriba Obi et al. (2004)
100% (N=10) 10 10° - 10° Freshwater 1 sampling site, 1 year Italy Bonadonrad. ¢2003)
MPN/100ml
6.23% (N=89) 1429 ND Freshwater 135 sampling sitegd&ty Canada Johnson et al. (2003)
57.14% (N=8) 14 ND Freshwater Weekly sampling, 5 month#frica Obi et al. (2003)
0.006 - 4.24 Lemarchand and Lebaron
0, =
100% (N=8) 8 CEU/100mI Freshwater France (2003)
230 isolates + 183 isolates 76 ND Freshwater 4 sampling sites, 19 months  France &naatlal. (2000)
from flood events
1.3-74 Seawater and : : L
0, =
48.39% (N=135) 279 CEU/100mI estuarine water 6 sampling sites, 2 years Portugal Catalo Dionisial.g2000)
7.02 (N =222) 3164 N/A Seawater and 236 sampling sites, 5 years USA Polo et al. (1999)
freshwater
136 isolates 48 18.8 - 204.3 Freshwater 2 sampling sites, 2 years India Sharmdrajult (1995)
MPN/100m! ping sres, 2y
31.1% (N=145 45 <0.65 - 2.9C Freshwater 21 sampling sites, 2 years USA This thesis
MPN/100mf
<0.65 - >160.9(
0 = 45 Freshwater 21 sampling sites, 2 years USA This thesis
84.4% (N=38J MPN/100mf Ping y

* Number of isolates used when frequency of positive samples not reporied

** Concentration of Samonella was Not determined (ND)
a different percentages in different seasons

b Highly contamingted erea with direct sewage discherge occuring

¢ Samonella detected using the USEFA 1682 nethoc
d Salmonelladetected using the ANSR assay
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Figure Al. River Raisin MPN/100ml valuesfor Survey 1 obtained
from the USEPA 1682 methoc
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Figure A2. Grand River MPN/100ml values for Survey 1 obtaine(
from the USEPA 1682 methoc
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Figure A3. Red Cedar River MPN/100ml values for Survey
obtained from the USEPA 1682 metho
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Figure A4. Farm Canal 1 MPN/100ml values for Survey .
obtained from the USEPA 1682 metho
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Figure A5. River Raisin MPN/100ml values for Survey 1 obtaine
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Figure A6. Grand River MPN/100ml values for Survey 1 obtaines
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Figure A7. Red Cedar River MPN/100ml values for Survey
obtained from the ANSF™ assay
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Figure A8. Farm Canal 1. MPN/100ml values for Survey .
obtained from the ANSF™ assay
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