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Shiga Toxin-Producing Escherichia coli a Public Health Challenge inthe Pre-Harvest

Stage ofthe OFarmto-TableO @ntinuum

Patfcia Pereira Baltas

TECHNICAL ABSTRACT

Escherichia colis part of the normal gastrointestinal microbiota of many animals, especially cattle. While

most strains are commensal, Shiga tgxiaducingE. coli (STEC) can cause severe human illness.

Pathogenicity of STEC issaociated with genes sualthose encoding Shiga toxins, enterohemolysin, and

intimin. By targeting these genes, highly sensitive moledudaed techniqudselp detect potentially harmful STEC.

Persistent carriers and environmental contamination magdp®nsible for maintenance of STEC in cattle
farms.Prevalence may be further influenceddigt, distance to contaminated waserces, wildlife contact, slurry
application to pasture, and population density. Relevance in environmental contaminatipadsed proportional

to the amount of STEC shed in feces, but there is no consensus as to which production stage/age is most important.

Distribution and transmission of STEC O157 are widely studied, but risk factor®fe€D157 STEC are
not as well defied Understanding what contributes for contamination of animals prior to concentration in high

density feedlots may reveal opportunities for upstream control of shedding and transmission.

Our purpose was to: (a) determine prevalence of STEC in fecallesmrftipm animals in a cowalf
pasturebased production system; (b) describe effects of age class (dam, calf), spatial distribution of cattle; and time
point of sampling ordistribution of strainspositive for virulence genestxi, stx2, eaéA, andhlyA; (c) isolate and

identify serotypes present gtxpositive samples; and (d) assess genetic similarity of isolates.

Understanding factors that influence distribution of STEC strains may help supgarimomanagement

strategies with potential to yield safegef products.



NON-TECHNICAL ABSTRACT

Escherichia coliare bacteria found in the intestines of cadthel other animals, including humansostare
harmless, but some produttexins B Shiga toxirs B that can cause severe, even fatal, illness in peopte have
consumed raw or undercooked contaminated beef or contaminated presipeeially when immunocompromised

These bacteria arariants ofE. coliknown as Shiga toxiproducingE. coli (STEC).

We conducted a study to evaluate the effects of caltledhines, age, and physical proximity on the

possibility of cattle harboringnd shedding closely relat&TEC.

We collected fecal samples at 3 time points from 90 Angus cows andeaséctivecalves,distributedby
12 paddocksSmall amounts of fecahaterial were placed in growth media in which STEC can thrive. It is possible
to find potentially harmfuBTEC using ayeneticbasedmethod called polymerase chain reaction (PGREC was
found in 93.3% (84/90) adults, and 95.6% (86/90) calves. Youngadswere more likely to harbor STEC when
compared to adults, and populations from different paddocks presented different pEtehnesichia colicolonies
were further differentiated. Of 330 STEC colonies 102 vgeretype0121, 12 were 0103, 4 were O1HEhd 1 was

0157.

There is a high prevalence of animals harboring STEC in the herd. The role of current physical proximity
(paddock) seems to be more important than bloodline in the establishment of dominant STEC populations. Animals

within bloodline do nbshare STEC populations.
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Chapter 1: Shiga ToxinProducing Escherichia colibLiterature Review

BACKGROUND
General Descriptionand Early History

Escherchia coli (E. coli) is aspecies ofjram-negative facultative anaerobic, nesporeforming bacteria
Cells are roeshaped(bacilli), typically about 2.0micrometers(! m) long and 0.2B51.0 ! m in diameter, with @&
approximatevolume of 0.80.7 ! m® (Cronan, 201% To date, more than 700serotypes ofE. coli have been
proposed most of whichare considered part of the commensal intestinal rfiazeo of endothermic animals,

predominantly cattléLeimbach et al., 2093

The bodyof animals is rich imicheswherebacteriacanthrive. Of the microorgaisms that can uskoth
oxygenandfermentatiornto produce energin the form of ATP(facultative anaerobgsE. coliis the most abundant
(Gyles, 2007. Harmless strains dE. coli are beneficial to their hosts lproducing vitamin K2, and bialancing
colonization of the intestine withon-pathogenic bacteriéLeimbach et al., 20)3Bacterial colonization of the Gl
tract begins shortly after birth and, by the time of full development, prokaryotic cells in thacGbtutnumbr
eukaryotic cellsin humans the adult gastrointestina(Gl) tract containsaboutof 1kg 2.2 Ibs) of bacteria,of

which betweer0.1% and 1%s E. coli(Bentley & Meganathan, 1982

In the late nineteenth century (1888&erman bacteriologist and pediatrician Theodor Escherich £1857
1911) introducednenrnamed Bacteium coli commun@to the Society of Morphology and Physiologfscherich,
1886). In thelectureOThe intestinal bacteria of the neonate and bfeasnhfantO, Escheridtemonstratethe use
groundbreaking pureulture and bacterialcharacterization techniqudas explore morphology and biochemical
properties of thigpreviously unknowrbacterial ppulation which he hadecovered fronthe colon of both healthy

and diarrheic childre(Escherit, 188§.

In recognition ofEscherichOs warkhe Bacterium coli communwas later renamedEscherichiacoli by
Castellaniand Chalmer$1919) andit hassincebecome the most extensivediudiedunicellular life form(Cronan,
2014; Shulman et al., 20Q8. coliis now considered the epitome of prokaryote physiology and molecular genetics,
as well asone ofthe best representatipiof the equilibrium between bacterial commensalism and pathogenicity

(Eisenstein & Zalezk, 2000; Hacker & BlumOehler, 2007)Still, until the early 195Qst was thought thakE. coli



would only cause gastrointestinal disease in infants. The fact that some pathogenic strains could also cause illness in
adults was not definitely proven unéult volunteers were experimentally inoculated véthcoli isolated from

diarrheic infants, resulting in trdevelopment of similar clinical sigr{&oya et al., 1954

The next logical step was to identify the pathogenitrategies of the bacteridn 1966, researchers
demonstrated thability of chloroformikilled E. coli cultures from babies with gastroenteritis to cause dilatation of
theligated gut segment adhe small intestingn a rabbit modelwhile strains from healthy infants did n@this work
led to the hypothesithat a heatiable enterotoxigenic (LT) substance from certain kind& ofoli could produce
diarrhea, whileE. coli from healthy individuals lacked these substanCesylor & Bettelheim, 1966 A few years
later, using porcineoriginated strains, it was demonstrated theatstable (HT) versions of these substance also

seemed to exigSmith & Gyles, 197D

While the evolutionary history of STEC is not yelly understood, it imcceptedhat the toxin ofShigella
dysenteriagype | is thdikeliest source otthe aforementioneenterotoxigenic substangdsaving made its way into
E. coli by means of théambda () bacteriophageThe bxins arenow referredto, interchangeablyas Verotoxins
(vtx, due to specit toxic effects on Vero cellg)r Shiga toxinsgtx); consequentlyk. coli producing the toxin(s) is
known asVerotoxin-producingE. coli (VTEC) or Shigatoxin-producingE. coli (STEC) (Konowalchuk et al.,

1977a; Smith & Linggood, 1971)

Taxonomic Classification and Justification

Escherichiacoli strainsare included in thelomain andkingdomof Bacteria, phylum Poteobacteria, class

Gammaproteobacteriarder Enterobacterialegamily Enterobacteriaceae, agenus Escherigh.

Escherichia colifits into the @main andkingdom of Bacteriaas members of the species all are
prokaryotic (anucleath unicellular micoorganismsThe phylum Proteobacterigs composed olbacteria whichare
classified asGramnegativedue tocomposition and structui their cell walls: presene of an innerphospholipid
madecytoplasmic membraneovered bya thin peptidoglycatayer, and an outer membraneomposed primarily of
lipopolysaccharideghe O Antigen and phospholipid} (Letellier & Santamaria, 20Q02Unlike Grampositive the
peptdoglycan laye of Gramnegativebacteriais too thinto retainthe crystalviolet dye used in Gramstainingupon

washing with an alcoholic solutiorThus, once contrast staining is appli@amnegative bacterialisplay the



contrast stain coloringather than theiolet (Coico, 2005; Letellier & Santamaria, 2002; Neidhardt et al., 1990)
Other characteristicef Gramnegativesinclude: presence of poringproteins that allow the migration of specific
molecues across the outemembrang surface layergS-layers) linkedto lipopolysacharides via ionic, protein
protein, carbohydratearbohydrate, and/or protegarbohydrate interactis (rather thandirectly to the
peptidogly@n layer);flagella with four supporting rings (prese in E. coli); absence ofeichoic and lipoteichoic
acids lipoproteins connected to structupmlysaccharide majority is non-sporeforming, as is the case &. coli

(Letellier & Santamaria, 2002; Neidhardtadt, 1990)

Within class Gamma Proteobacteriascherichia coliare Enterobacterialeslue to beingfacultative
anaerobidacilli. Family Enterobacteriacedarther groupghose that are ntibe via peritrichous flagellagrow well
at 32¢, andare Oxidaenegativeand Catalas@ositive Enterobacteriaceae are often referred to as OenterobacteriaO
or "enteric bacteria”, as several of its members live in the intestines of animals, including ljEeanstein &
Zaleznik, 200Q. Escherichia coliis one of sevenspeciescurrently recognizedin the Genus Eschericllhe
remairder species areEscherichia albertii E. blattag E. fergusonii E. hermannii E. senegalensigandE. vulneris
Each specieslisplaysa set of unique ibchemical/metabolic properties, whiclwhen combinedmake it unique

(Abbott et al., 2003; Arita, 2004; Wang & Levin, 2009)

Biochemistry and Culture

Escherichia colicanthrive on a diversity ofsubstrates;saa facultative anaerobe, when oxygen is present,
the bacteriuntan praluceenergyby aerobic respiration; ithe absence of oxygen, it cawitch to fermentation
(anaerobic respiratigrio fulfill its energyneeds albeit less efficientlycomplete oxidation of 1 mol of glucose leads
to a theoretical maximum vyield of 26 mol of ATP in aerobic conditions, @n@d mol of ATP in ana®bic
conditions(Kaleta et al., 2013; Madigan &rock, 2009; Wang & Levin, 2009Dtherbiochemicalcharacteristics
that separat€&. colifrom other bacteria in the same genus arfarinents lactoseghe enzyme lysine decarboxylase
is presentit is VogusProskauer negative; produces indole; doesgnotv on nitrate; and does not produceSH

(Goodsell, 200%



E. coli strains best survive and growat mid-range temperaturesof 15 ¥Cto 45 1%C with optimum
performanceat temperatures o21vC to 37%4&till, survival andgrowth of somestrainshas been documented

temperaturesas low as 7.%.GShaw et al., 1971andbr as high as 49:GHerendeen et al., 19Y.9

To develop interventionwith potential toreduceprevalence of shedding is crucial to detenine factors
mediating STEC prevalence and distribution, which commonly involves isolating STEC from bovineTtases.
task, however, is complicated by anmoer of factors, which make far from simple or straightforwardSome
relevant lurdles that resarchersmust overcomeare: obtaining the correct samples;preserving said samples;
avoiding crosscontamination; managing animals to avoid injurigsjating thewantedbacteria from greater than
10" CFU/g background microfloraand obtaining intact, ein, PCRinhibitor-free, quality DNA (Baltasar et al.,
2014; Bettelheim, 2008; Bettelheim, 2007; Bolton et al., 2011; Boom et al., 1999; Boom et al.,Tb9@®@d}rcome
some of these challenges, researchers hanedetowards different methodologies; this, however, has beeome

problemin itself, making ithard tocompae results between studies.

Variation in methodolog startswith sampling reseathers have generally collectéztal materialn one of
four ways:pen floor fecal pat, rectal fecal grab, rectal fecal swalbecteanal mucosal swab(RAMS) Although
sensitivity ofthese methods has not baaethodically measured amdmpared for noit©157 STECdifferencesn
isolation of STEC O157have been observedibeit not consistently: altures from rectoanal mucosal swakere
observed to have a greater sensitivity than fecal samples for the detection of STE&b&thiaro et al., 2011;
Cobbold et al., 2007; Greeuigt et al., 2005; Naylor et al., 2003; Rice et al., 2008)ontrast, others ka found
fecalgrab samples to be more sensitive compard&iAiS (Khaitsa et al., 2005; Niu et al., 2008}hers stillfound

no sgnificant differencedbetween the method€ernicchiaro et al., 2011; Davis et al., 2006)

Upon collection, écal samples amftensuspended inreenrichmenbroth Thisto allows multiplication of
bacteria pior to streaking onto isolation agaor as astep prior toDNA extraction.A variety of enrichment
procedures have been tried with different broths, concentrations, and incubation conditidasthe enrichment
step isoftenomitted whenproperlyused the detection limit can be enhanced to approximatelCEQ/g ofsample
pre-enrichmentSTEC (Foster et al., 2003; Hussein et al., 2008; Paddock et al., . 2birighment broths arbave
been suggested and usied STEC, priorto more specifidetectionand identification stepéDonnenberg, 2013
Some researchers incorporate selective agents (such as various antibiotics and bile sat®nnctmentoroths

(Karama et al., 2008; Kerr et al., 2001; Leung et al., 2004¢reas others prefer to use nonselective bidémn et



al., 2013; LeJeune et al., 200®uffered peptone water (BPW) and trypticase &ogth (TSB) are the most
commonly used noselective broth§Cookson et al.,, 2006; Fukushima et al., 2000; Fukushima & Seki, 2004;
Pearce et al., 2004; Shaw et al., 20@4hile broths such as these are likelyiriorease the viability of any STEC
present, they may also increase the viability of background microffanae authordiave usel long incubation
periodsof 18 B 24 h (Ayding et al., 2010; Inat & Siriken, 201,0hile othershave selected short¢é h) ones
(Ayding et al., 2010; Fegan et al., 2004, Ibekwe & Grieve, 20®3nehaveincubata the broths atemperatures as
high as41-42 iC (Fegan et al., 2004; Inat & Siriken, 2010; Khandaghi et al., 2@#i)e otherspreferred lower
temperatures of 37;C, closer to optimal growth conditions of gekeoli (Baltasar et al., 2014; Kang et &Q01;
Karama et al., 2008)t has also been suggested that the use of 37;C comes from a publication utilizing the original
outbreak strain of STEC O14Doyle & Schoeni, 1984; Gonthier et al., 2001; Vimont et 2007) Otherstudies
including a more varied selection oétrains, the optimal growth temperature for STEC was reported to pg;40
however, very few studidsave examined optimal growth temperatures in-8d57 STEC(Gonthier et al., 2001;

Nauta & Dufrenne, 1999)

Broth inoculationis often doneusing a dilution factor of 1t part offeces to 10 parts of broth (ey0g
of fecesto 10.0 mlof brothy Baltasar etl., 2014. In some case$arger amounts feal material were used in larger
volumes of brothstill obtainingapproximately the sameoncentrations (e.®25.0 g of feces in 225 ml of brgth
Khandaghi et al., 2011fvaluaton of effectiveness of different ratiademonstratedhat smaller volume®f broth
resulted in a greater numberkfecal samplegositive for targeted isolatg&vans et al., 20011t has also been
observed thatigher prevalence of target isolatesrerecognizedvhen samples were run in duplicgkevans et al.,

2011).

Reportsstatingthat the presence of bile saltsgimt alter characteristics ofome STEGtrains(e.g.growth
inhibition of previouslyinjured cells andantimicrobial resistangehave ledsomeresearcherso use a modified
version ofE. coli broth, from which bile saltshad beerremoved(Kobayashi et al., 2001b¥onsidering thabile
salts are the selective componéntE. coli broth, by removing themthe broth becomeson-selective similar to
TSB (Kobayashi et al., 2001blMacConkg brothcould prevent growth ofnost Grampositiveenteric bacterigbut
not select against neBTEC Gramnegativebacteria(Pradel et al., 2000; Renter et al., 2005)widely popular
broth utilizes a selective mdia, such & E. coli broth or Gramnegative brothenhancing its selectivenegsth the

addition of antbiotics (.g.novobiocin 20 mg/l{Byrne et al., 2003; Ding et al., 2009; Heuvelink et al., 1996; Kleiss



et al, 1995) This is also a disputedrocedure since inhibition of some STEC straiysthis antibiotichas been
documentedCobbold et al., 2004; Jeon et al., 2013; Kanki et al., 208apther type of brothutilizes a non
selective broth lik&f'SB, modified by the addition of novobiocin (8 mg / ), vancomycin (16 mg / 1), rifampicine (2

mg / I), bile salts (1.5 g / I) and potassium tellurite (1.0 mdJdjis et al., 2011; NgaezBravo et al., 2007; Posse

et al., 2008; Vimont et al., 2007Meanwhile, adaptations of this method haso included (in addition or as a
replacement).B or BPW broths, with addition antibiotics likecefsoludin cefixime acrifavline,andstregomycin
(Chapman et al., 1997; Cobbold & Desmarchelier, 2000b; Kerr et al., 2001; Ogden et al., 2004; Scott et.al., 2009)
A limitation of thesebroths is that they have only bearmlidatedfor a limited number BEC strains and it is not

known whether other STEC would be excludedhave its growth favore@Posse et al., 2008LComparingthe
modified TS broth described in Posse et al., (200@}h EC broth it was shown thathy usingEC brothalone,

there was one log increase in detection limit, upon testing samples with multiplex PCR (Paddock et al., 2012).

Enrichment tubes maybe held static or gently agitated during incubation. In general, static incubations are
used, but some researchers have preferred to agitate the broth tubes during incubation (Renter et al., 2005). To date,

little has been done directly compared recovery between static or agitation incubations.

Enriched fecal samples may then be screened for STEC serogroup-specific genes and/or virulence genes by
PCR. Generally, a sub-sample of the enriched sample is removed, boiled and centrifuged to lyse the bacterial cells,
releasing any DNA into the supernatant. The DNA must then be extracted and purified from the supernatant by
phenol-chloroform extraction, or any number of commercial Kits. A single or multiplex PCR may then be run on the
purified DNA to determine if any genes of interest are present (Baltasar et al., 2014; Paton & Paton, 1998a). The
advantage of screening fecal sample is the number of samples that need to be further process may be reduced. While
decreasing the number of samples that need to be further processed can greatly decrease cost and logistical concerns,
there are disadvantages and concerns with screening samples by PCR. First, while it is generally accepted that PCR
is more sensitive than culture based methods, this may not always be the case. PCR screening must be completed
swiftly to know which samples will need further processing, hence enhancing their viability. Also, if more than one
gene is examined prior to isolation (i.e. a STEC serogroup and stx), the method cannot determine if those genes
were in the same isolate. This method relies on gene specific primers, if base pair mutations occur in the primer
region of the target genes the PCR may no longer detect that gene. Inmunomagnetic separatidiMS) is commonly

performed on enriched fecal broths. The procedure consists of mixing a small aliquot of enriched fecal broth with



metallic beads coated with antigens specific to a serogiOlgvik et al., 1994)The fecal broth bead mixture is
gently homogenizedand incubatedBacteria withmatchingsurfaceLPS link to the beadsurface antigens, arate

then extractedwith magrets, washed and plated on afar colony growth. "his methodhas the advantage of
concentrating théacteria of intereswhile excluding background bacteria, thus providing haglecificity and
sensitvity (Olsvik et al, 1994).However,thereare alsomportant disadvantageeach bead ispecific to a target
serogroup, so the@rocedure and subsequent plating must be repdatethe number of serogroups targeted.
Currently, only two commer@l compaifes around the worldproduce magnetic beadand shortageés not
uncommon Also, beads are only commercially available for 5 serogroups (026, 0103, 0111, 0145 and 0157),
although blank beads are available and the procedure to coat beads in a serodgreups&archers choosing has

been publisheOlsvik et al., 1994)

Regardlesof the materialyielded bythe previous step (commonly bacteria/bead complexes or enriched
broth), isolatesin these materials must be platd colony growth,selectionand isolation Even dter selective
enrichment step, there is almost always contamination with extraneous microorganisms. To minimize this, while
some researchers have chosen plating on simple non-selective agars (e.g. blood agar) (Beutin et al., 1997; Bollinger
et al., 2007), others have preferred semi-selective media, such as MacConkey agar (Alali et al., 2004; Alam &
Zurek, 2006; Orskov & Orskov, 1992; Wells et al., 1991). Others still, have preferred more selective plating media,
possibly at the risk of sacrificing some E. coli isolates as well (Chapman et al., 1997; Costa et al., 2011; Davis,
2010). When random colonies are chosen from these agar plates and tested for STEC, success often depends on the
ratio of STEC to non-target bacteria (background flora), as well as the ability to differentiate colonies based on
morphologic characteristics. To avoid operator discrepancies and consequent bias, some have added a DNA-based

step at this point, to help separation of STEC from mixed colony populations (Jenkins et al., 2003).

Cultural isolation of STEC from foods and feces is time-consuming, labor-intensive, and costly. Thus,
rapid immunological detection systems have been developed, which significantly reduce the time spent with
analysis. These methods include enzyme-linked immunosorbent assay (ELISA), colony immunoblot assay, direct
immunofluorescent filter techniques, and several immunocapture techniques: serotyping for the “O” and “H”
antigens. Both polyclonal and monoclonal antibodies specific for the O and H antigens are used for these methods.
Many of these test systems are able to detect concentrations of less than one O157 STEC cell/g of raw meat after

overnight enrichment. Presumptive results can be available after just 24 h; however, isolation of the organisms is



still necessary for furthebNA-basedconfirmation The primary use of these procedures is to identify food and
fecal samples thamight be contaminated witBTEC. This canbe significant drain ontime and resources,

depending on how many colonies are to be selected

To date,little work has been doneomparing different STEC agarpossibly due tdanconsistency of
biochemical properties-or example, Hiramatsu and colle&g tried to develop an agar specific for the serogroup
026; it was based on knowhamnose fermentation deficiency, and resistance to cefixime and potassium tellurite
When researchers examindek growth ofl02 pathogenicstrains of O2@n their newly ceated agaronly 89 were

able to growand seven of theseere able tdermentrhamnosédBielaszewska et al., 2005; Hiramatsu et al., 2002)

Without a reliable selective plating media, problems are exacerbdten fecal samples are analyzed
Fermentation characteristics of the background flora cannot be predictedlangsmay phenotypically resemble
a target serogroup. While research has taken advantage of the serogroup-specific plating medium for O157 (CT-
SMAC) for many years, the search for equivalents that can be used for other serotypes is a relatively recent one

(Eblen, 2007).

Escherichia coli as a Model Microorganism

E. coli is the epitome of microbial life, and the best described organism known to science: laboratory strain
K12 was one of the first organisms to have its genome completely sequenced and published by Science, in 1997

(Blattner et al., 1997; Stein et al., 2002).

Its simple nutritional requirements, fast reproduction and growth rates, ability to grow on chemically
defined media, and an extensive genetic toolbox, all make E. coli a perfect model organism, and one particularly
useful in studies involving molecular genetics, general prokaryote physiology and morphology, and biotechnology

(Cronan, 2014; Wang & Levin, 2009).

In biology, a “model” is a living organism (plant, animal, or microbe) that can be used to simulate a given
biologic system and/or process (Cronan, 2014). Model organisms have the advantage of providing a common
denominator for comparison, and are also part of the strategy to mitigate the use of potentially unethical and/or
unfeasible animal and human experiments (Cronan, 2014; Royal Society, 2015). In order to serve as a “model”, the

organism should be simple, generally well described and understood, widely accessible, and easily manipulated and



maintained (Goldsmith, 1993; Griffiths et al., 2009; Mortlock, 2012). This concept is based on different species
sharing similar genes, which have been inherited from common ancestors (e.g. humans and yeast). In any given
organism, the same genetic sequence is conserved in the nucleus of every somatic cell; three-letter sequences of
DNA molecules are read by ribosomes and converted to amino acids, which then group into proteins. The essence of
this coding system is that correspondence between gene-sequence(s) and resulting protein(s) seems to be universal.
As many DNA sequences are shared down the evolutionary tree, it is possible to replace genes in model organisms
with those of other species without affecting protein function, allowing observation of how similar genes respond to

changing experimental conditions across species (Gallup; Griffiths et al., 2009; Mortlock, 2012).

Some cultivated laboratory strains (e.g. E. coli K12) are so well adapted to artificial environments that all
ability to colonize the GI tract has been lost. Also, several of these have lost their ability to form biofilms (Lederberg
& Tatum, 1946; Vidal et al., 1998). While some such features can be protective against antibodies and other
chemicals, they require a large expenditure of energy and material resources seldom available in natural

environments.

Serotypes and Diversity

There are many different types of E. coli, which are commonly referred to as strains, serogroups, or
serotypes. The bacteria are serotyped based on surface antigens, specifically the somatic (O), flagellar (H), and
capsular (K) antigens (Orskov et al., 1977). Currently, there are from 174 to 181 recognized O antigens (some of
which are still being debated), and 56 H antigens defined in the serotyping scheme; however, non-motile (NM)
strains have also been identified (Gyles, 2007; Wang et al., 2003). If antigens O, H, and K are be found in nature in
as many as the potential combinations, the number of E. coli serotypes is could be in excess of 100,000. The number
of frequent pathogenic serotypes is, however, limited. Two main groups of such frequent serotypes are (a) serotypes

from diarrheal disease and (b) serotypes from extraintestinal disease (Gyles, 2007).

In 1985, the first new species in the genus Escherichia was described, E. fergusonii (Farmer et al., 1985). In
2003, a second new species integrated the genus, E. albertii (Huys et al., 2003). Hyma et al. (2005) described the
evolutionary relationship of E. albertii to E. coli, and its identity to the diarrheal pathogen Shigella boydii serotypes

7 and 13. All of the other named species and serotypes of Shigella are actually members of E. coli (Sims and Kim,



2011). There aréour other named species of Eschericlitablattae E. senegalensi&. vulneris andE. hermannij
but strains of these species are only distantly related to other Escherichia and are not valid members of the genus

(Walk etal., 2009.

To date, several BST (bacterial source tracking) methods that attempt to link various animal sources (e.g.,
geese, humans, cows, deer, gulls, etc.) with types of fecal contamination have been evaluated. Typically, these
methods use phenotypi@its, such as antibiotic resistance and other biochemical propét@esvood et al., 2000;
Parveen et al., 1997pbut genotypic profiles generated by molecular methbdse greatly expanded scientific
understading of the evolution, ecology, epidemiology, diversity, and population genetics of bacteria, including
STEC. These methods includgulsefield gel electrophoresis (PFGEulti-locus sequence analysis (MLSA)

(Maiden et al., 1998); multiple-locusvariable number tandem repeat analyM&VA ); repetitive sequence based-

PCR (rep-PCR), which r& upon the presence of repetitive DNA sequen@=dtasar et al., 2014; Carson et al.,
2003; Dombek et al., 2000pr determination of hostpecific 16S rDNA genetic markerto match bacterial
fingerprint isolatad from agiven event(e.g. outbrealor environmental contaminationd bacterial fingerprirg
isolated fromspecific host specie@Bernhard & Field, 200Q)ribotyping (Carson et al., 2001; Hartel et al., 2002
Parveen et al., 1999)enaturinggradient gel electrophoregiBuchan et al., 2001 andphagetyping (Chapman et

al., 1997) Coupled with the growtHingerprintbasedand whole genome sequencimigtabases, theris an
increasing number of studieslatingand charactering E. colifrom nonclinical sourcegBernhard & Field, 2000;

Elviss et al.,, 2009; Ezawa et al., 2004onsequently,understanding ofbacterid diversity has increased
enormously. These studies have revealed substantially more genetic variation in the genus Escheridvéa, and f

Ocryptic cladesO of Escherittaiae been identifieWalk et al., 2009)

Sourcesand Ecology

E. coliis a ubiquitoudacterium it has beersolated fromwater,soil, rocks,plants farm equipmentmeat
andfeces froma wide variety of animalsAlthoughmore frequent in the intestines afreothermic vertebratethe
bacteriahave also beenrecovered from ectothermianimals. The infection strategy oE. coli is to colonize a
mucosal site, evade host defenses] multiply while damaginthe hosDs intestinal lining and competing with other

members of the commensal microbiotde infectious dose for STEC O157:H7ist knownwith precision,but it
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has been suggested to tedatively low: somewhere between4s organismsup to 100 organism@Mellies et al.,

2007; Scheffe, 2007; Smith & Linggood, 1971)

Ruminants are the pri@reservoirof STEC intestines of whonthe organismsommensallyinhabit. Once
excreted withfeces,the bacteriaare free tocontaminatecattle hides meatand/or any otheproducts or surfaces
contactingthe contaminated higls duringmanagementransportation andlaughter process (Erickson & Doyle,
2007; Shinagawa et al., 2000Although this might seem straightforward, ig not a simple task for the
microorganisms eithebeforeany growth, multiplication and spreadirggnoccur, any microbes trying taolonize
the gut ofanimalswill first have to survivethe effect of salivaryenzymes as well as the mechanical effectf
tongue ad teeth.In cattle and other ungulate rumingntsicroorganismsare then swallowed and travel down the
esophagus into the first compartment of their composed stomemhsumen.The rumen contains a complex
ecosystem of microbesvhose commensal task ig break dowrfibrous materials that wouldtherwise remain
mostly indigested throughotite gastrointestinal tracThe presence of these microorganisms starting in the rumen
(ratherthanin more distal portions of the gumproves the efficiency dfood breakdown andutrientabsorption.

The rumen microfloras alsoable to use noproteinnitrogen, fixating it into bacterial proteinswhich can thetbe
digested and used @nimals.Any microorganisms seeking to thrive in this environment will not drdyeto
compete with othet, but alsoresist continuousumenmotility, regurgitation, cud chewing, 4&xposure to saliva

and reswallowing Thesemechanical and chemical stressesve thanain purpose of mixingngesta, andeducing

its particle sizeprior to further digestionThe rumen is a complex ecosystem, where fermentation of dietary
components contributes to the growth of bacteria and production of volatile fatty acids (VFAs). Bacterial species
compose most of thaicroflora, but the presence lbécteriaingestingprokaryotes isndicative of ahealthy ruminal
ecosystem. Bacterial species can usually be classified according to their preferred substreéislolytic,
pectinolytic, ureolytic, sugautilizing, acidutilizing, proteolytic, lipidutilizing, hemicellulolitic, and amyloljc
species.Thus, ype of diet directly affects the balance betwegastrointestinal bacteriapecies;for example,
intensive cattle production systemahere animals are fed concentratestainingmostly carbohyrhtes (sugars and
starches)pectins, andgomefibers (cellulose and hemicelluloseyill have animals producingcetate, propionate,
and butyratewhich lowerrumenpH. At low pH conditions, acetate production declines, aropionate production
increasesFurther drop will favor microorganisms that produce lactate, whichthv@hincrease anthalance the pH

(Aharoni et al., 2009; Callaway et al., 2009a; Nutrition, 1996um, rumen microbial growth is affectly such
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factors as: the composition of feed (substrate); size of particles (affecting where and in which ruminal layer the
particles will end up); feeding pattern, salivation (fluid and mineral flow), intake (affecting passage rate and how
long particlesstay in the rumen), rate of carbohydrate fermentation; and availability of sub$tnataicrobial

growth (Callaway et al., 2009a)still, micrdbial activity does not end here, continuittgoughout the Gl tract.
Microorganisms thasurvive the ruma& and continueto more distal portions of the guiill have to endurethe
presence of more digestivenzymes, peristaltic movemertostimmune systemattacls, and further competition

with pre-established miciitora (Pacheco & Sperandio, 2012; Paton & Paton, 1998b; Porter et al., 1997; Zhao et al.,

2013)

As environmentatonditionsin the lower gastrointestinal tract azensiderablydifferent from those found
on hides,in soil, sedimentsor water, enteric bact@ havehad todevelopmechanisms to cope with boifternal
host and external environments. Althouglere is agrowing understanding dhe molecular and physiologhkasis
of E. coliOs interaction witmtestinal cellsthere is muchyet to learn abouthe phenotypic respons¢hat allow
rapid adaptation teuch radicallydissimilarconditions as well as about thectivationmechanismsf stressinduced

genegBolton et al., 1999; Bolton et al., 2011)

In geneal, nonO157 STEC respond to stresses such as acid, heat, and other stresses induced during food
preparation similar to O157 STEHBuncic et al., 2014; Duffy et al., 2034)owever,Stxcarrying phagesare also
widespread in the environment, asgkem to benore resistant to chlorination, pasteurization, and composting than

ther hostbacteria(MartinezCastillo & Muniesa, 2014; Muniesa et al., 1999)

Virulence Factors andPathogenesis

Although otherEscherichiabacteria can be pathogen&d.E. albertiiis associated with diarrheal disease
in Bangladeshi childrenk. coliis thebestknown and studied pathogen in the geritscherichia(Abbott et al.,
2003. Based on pathogenesis, thare four to six groups (some resgeers combine groups) &. coli serotypes,
often called pathotypes, which cause illnegth different characteristicsThe nomenclature is derived from
description of the type of lesions and strategies of attack utilized by specific pathogenic stk G: E
enterohemorrhagickE. coli (EHEC); enterotoxigenicE. coli (ETEC); enteropathogenic. coli (EPEC);

enteroinvasive E. coli (EIEC); enteroadherent. coli (EAEC); diffuseadhering E. coli (DAEC); and
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enteroaggregative. coli (EAQgEC)(Orskov & Orskov, 199R Despitea multitude ofstrategies usetb distinguish
strains ofE. coli, there is much overlap in the mechanisms of pathogeokg&éious pathotypes. Similar virulence
pathways mg be pursued by more than one type of straimd microbial evolution means that researchers are
always one step, perhaps more, behind bacterial ability to adapt and develop new pathogdiolliragesr et al.,

2007; Jenkins et al., 2003; Khan et al., 2002)

Pathogenicity of STEC is thought te lassociated with various genegluding those encoding for Shiga
toxins 6txl andstxX?) and Intimin éaed), which are located in the bacterial chromosome and are neigpe for
inhibition of protein synthesis and attachiagdeffacing enteric lesions, respectivelBolton, 2011; Farfan &
Torres, 2012)Another relevant virulenckactoris hlyA, a plasmid gene encoding for amterohemolysiniNguyen

& Sperandio, 201p

Analysis of the toxingoded bystxl andstx2 genes revealed that they a#d-type toxins: loth toxins are
composed of five B subunits and oAesubunit,which are encoded on a temperate bacterioplsegkinsertednto
the E. colichromosome. The B subusibindto globotriaosylceramideGb3) receptorsglycolipids of unknown
function found in membranes of eukaryotic cells. After endocytosis, the A subunit enzymatically inactivates the 60S
ribosomal subunit, thus blocking protein synthékisnowalchuk et al., 197; Konowalchuk et al., 1977b; Smith &
Linggood, 1971)The stxgenes are either encoded on an inducible prophage that can switch into the lytic phase to
produce more virus particles, or the genes bmyassed down by being present on prophage remmatitek. coli
chromosome(Fogg et al.,, 2012)The lambda bacteriophagmn infect a variety of bacterial strainpromoting
exchange of genetic material between th&imis form of phage genome inserted and integratetthérbacterial
genome oin an extrachromosoah plasmid is called a prophage, i.e. a latent form of the phagehich the viral

genes are preseint the genomevithout causinglisruptiors to the bacterial ceiRecktenwald & Schmidt, 2002)

The DNA sequence oftxl is highly conserved, with only a few recognized variadtsta, stxlc, and
stx1d. This toxin is also indistinguishable from a toxin producedStygella dysenteriagype 1, hence the term
OShigdike toxinO(Burk et al., 2003; Paton et al., 199%jeanwhile, the sequencef st is markedly more
divergent,resulting in proteinsith only 56% aminoacid homology with Shiga toxin To date,more than20
variantsof stx2 have been describedtx2, stx2v, stx2va, stx2vh-a, stx2vh-b, stx2vh-c, stx2v-0x392, stx2v-0x393,
stx2c, stx2d-0x3a, stx20x3b, stx2d-ount, stx20118,stx20111,stx20113,stx2048, stx2e, stx2ev, stx2NV206, stx2f,

stx2g, stx2h, andstx2i (Bertin et al., 2001; de Sablet et al., 2008; Gannon et al., 1990; Ito et al., £360; &
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Paton, 1998a; Paton et al., 1993; Paton & Paton, 1998bye molecules may be secreted alone or in combination
and variants seem to display different levelsoadicity: for example st variantsstX2a andstx2d are up to 25 times
more virulentthan st@c andstxb (Fuller et al., 2011l Since there have been different nomenclature schemes
applied to variants atx2 without retesting or using methods similar to the original, it is possible #tahs point,

there issomenomenclatureverlap, with differennames for the same sequence.

Even though the preferred receptor for genstid andstx2 is globotriaosylceramidesp3), variants may
show different affinities for other molecules (e.g. thef@red receptor foste, a variant obtx2 produced by
strains ofE. colithat cause edema disease in swine, is globotetraosylcer@@tg). Humans, rabbits, and pigs
have vascular receptors fetx and develostxmediated vascular damagghiga toxn type 2 has better affinity for
the Gb3receptos thanhasShiga toxin type 1, making ihany timesnore powerful than Shiga toxin type(Ruller
et al., 2011; Tesh et al., 1993)isis the likely explanation a® why E. coli producing Shiga toxin type i more
prevalentamongstHUS patients thaft. coli producing Shiga toxin type 1 alofEogg et al., 2012; Fraser et al.,

2004; Fuller et al., 2011; Mead & Griffin, 1998lutsker et al., 1997)

In cattle,the Stxrecepor globotriaosylceramide (Gb3) feundin kidney and brain tissues, but not in the
gastrointestinal traatr blood vessel§PruimboomBrees et al., 20Q0This is themost likelyexplanation as tarhy

cattle havesuch a close relationship and pacific coexistence with STEC.

The mechanism by which colonization of the lower Gl tract occurs is best described for STEC that conta
the Olocus of enterdeyeffacementO pathogenicitiaisd, or OLEE regionOsing a type lll secretion system, STEC
secretes aepithelial receptor for intimin (encoded lbge?) called Tir(translocatd intimin receptoy into the host
cell, along with ¢ther secreted proteins (Kenny et al., 1997). This intimate adherence of STEC to the host intestinal
epithelium through the Intimin/Ticomplexallows the bacteria to become colonized in the host gastrointestinal
tract originating the characteristicattahing and effacin® (A/E) lesions. These A/E lesions result in loss of
enterocyte microvilliandin formation of pedestals from accumulation of cytoskeletal components (Sherman et al,
1988). At leasB3 variants ofeaeA have beendentified encoding proties with different Gterminak, which bind
Tir (Garrido et al., 2006 It is generally recognized that intimin is required for STEC pathogenesis; however,
alternative forms of adherenstrategieshave beerproposed (Paton et b, 1998; Vidal et al., 2008). Vidal and

colleagues (2008) studied adherence to epithelial cebaémegative STEC, findinghat saaand apsuint region
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participate in the adhesion process. Putative adhesion gé&ieandIpfAO157 have also been deibed (Vidal et

al., 2007).

Multiple copies ofstxharboring prophage can be present in a single bactekutrsuch configurations
have demonstrated instabilifFogg et al., 2012 Loss of the prophage from STEC has been docieddyuth in

human infectiongnd @attle-harbored isolate@Bielaszewska et al., 2007; Junqueira et al., 2010)

Detection of Shiga toxins @txgenesalone(the commonhreat among STEC) is not sufficient to elaborate
definite statements regardinpathogenicity oE. coliisolates;many other virulence factoseemto be implicated in
pathogenicity:for example,a virulence plasmid (pO157), and the locus of enterocyte effacement (LEE). The
60MDa plasmid encodes a hemolysin that, associated wéitiagdjzed transport systems, may all&wcoli to use
host blood released into the intestine as a source of iron. The LEE contains genes for an adhesion molecule (intimin)
and for other factors important to the production of attachkifecing lesions. Aseen before,re of several unique
characteristics of gramegative bacteria is the structure of the bacterial outer memttaneuter leaflet of this
membrane comprises a complex lipopolysaccharide (LR)se lipid portion acts as an endotoxiihen gram:
negative bacteria enter the circulatory system| #®8can cause a toxic reactiobhe LPS is also what idengf the

O-group of the bacteria, while the flagella antigen characterizes-tiredtp of a given strain.

Risk Factors for Human Infection

Human infection with STEGnost frequentlydevelops afteingestion offood contaminatedwith feces
Those whoconsumeraw or undercookefbods and/or drinks especiallyundercooked ground meat, aregatater
risk of STEC infectionAt lower risk are thee @nsumingtreated or pasteurized fluidas well asappropriately
treated orcooked foodsthus such practices at@ghly advisedIn addition, any food or liquid involved in a recall
due to possibl&. coli contamination should be disposed of immealiatFor example,n August of 2010, about 1
million pounds of beef was recalled, in California, due to poteliatoli 0157:H7 contaminatior{Bottemiller,
2010) More recent recallbaveincluded, beyond ground bee¢pmponents placeidito dry pet foodsspinach, and
alfalfa sproutgMarlet, 2016) Recalls ofE. colicontaminated foods are usually voluntary, but, if a company refuses
to recall its products, the U.S. Food and Drug Administration (FDA) and U.S. Department of AgricultureOs Food

Safkety and Inspection Service (FSIS) have legal authority to detain and seize potentially contaminated food products

15



from the marke{CDC, 2011; FDA, 2011; USDA, 2011)

In the Ofarnto-forkO continuumindividuals who due to thepotential foroccupational environmental
exposure are at greater risk of infection include: thoserking directly with livestock;daycareworkers and
attendeesthose living with daycare attendees livestock handlers; food handlers; ret¢i@@al water users; and

those who travel to locations lackibgsicstandard food hygiene practidggsing et al., 2007)

Hostphysiologicfactorsalso come directly into plaghose who are immunocompromised, the very young,
and the elddy are at greater risif infection with lowerdosesof microorganismsand arealso mordikely to suffer

from complications and sequelae, some of which candmelicapping and/dife-threateningThorpe, 2004)

Clinicopathologic Propertiesand Public Health Impacts

It is estimated that more than 8.9 million Americans suffer from foodborne illness each year. In 2013,
63,153 cases of infection witfEscherichia coliO157 were registeredvith Non-O157 Shiga toxirproducing
Escherichia coliaccountingfor 112,752(Hoffmann et al., 2012 Foodborne illness caused by the 15 most common
foodborne pathogens costs the economy more than $15.6 billion yearly. OfEduiserichia coliO157 is
responsible for about $271,418,690, and b7 Shiga toxirproducing Escherichia colifor $27,364,561

(Hoffmann et al., 2012

Escherichia coliO157 was first classifiedhs a human pathogen in 1982, during investigation into an
outbreak of hemorrhagic colitis associated with consumption of hamburgers from a fast food chain réRiteyant
et al., 1983 As the serotype responsible for most human outbreaks adli-implicated liness, serotype O157:H7
has been consideredfood adulterant since 1994fter yet another mediatic outbreimvolving a fast food chain
restauran{Donnenberg, 2003 However, incidence of human illnesses caused byQihi/ STECserotypes has
increased nearly eigliold between 2000 and 20 Bettelheim, 2007; Brooks et al., 2005; Eblen, 2007; USDA,
2011) The top human disease causing STEC serotypes in the United States are 0157, 3210100121,
045, 0145, 0124, 0118, 069, and O138allan et al., 20)1As thdr public health impact has been progressively
recognized, the list dE. coli serotypes considered food adulterants expanded, in 2012, to include serotypes 026,

045, 0103, 0111, 0121, and O14Bettelheim, 2007; Books et al., 2005; Eblen, 2007; USDA, 2011)
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Outbreaks of STEC human illness have been linked to consumption of contaminated fresh produce and
other commodities (e.g. negpasteurized dairy products), but 69% of these are attributed to consumption of
undercooked contaminated beef, especially ground @htshter et al., 20)3 Most STEC infections last about a
week and tend to resolve spontaneously with little or no treatment; however, supportive treatment becomes an
urgent necessity if the patient loeces dehydrated, anemic, or develops further complicatibnemplications do
develop, such as severe dehydration, anemia, hemolytic uremic syndrome (HUS) or thrombotic thrombocytopenic

purpura (TTP), the outcomes can decline from good to poor verylgR&ton & Paton, 1998b

After an incubation period of 3 to 5 days, the characteristic features of STEC infection include a short

period of abdominal cramps and nbimody diarrhea, with or without significant fever. In about 90%hef cases,

watery diarrhea progresses to hemorrhagic colitis, a condition characterized by the presence of blood in the stools. In
most infected individuals, these symptoms last about a week, and resolve without atgrrorgyoblems or
medication. Howeer, the real life impacts d&. coliinfection can vary widely between individuatiepending on

the virulence of the STEC strain and host immune system condiliprio 61% of cases in outbreaks of STEC
illness develop hemolytic uremic syndrome (HUS), endition characterized by hemolytic anemia and
thrombocytopenia, which may culminate in renal failuvéh case fatality risks of% to 10% (Boyer & Niaudet,

2011; Scallan et al., 2006)

Detection Methods and Dagnosis

Infection withE. coli O157:H7 or other Shiga toxiproducingE. coliis usually confirmed byletection of
thetoxin-producingbacteriain stool specimesifrom infected individuad (CDC, 201). Furthermore, tere are tests

designed specifically for the screening of food products, especially beef.

Shiga toxinproducingE. coli are a heterogeneous group of microorganisms, wiéske in common the
carriage of phagencodedstx genes and, with the exception thie O157 serotype, no biochemical markers are
available to facilitate identificatio(Eblen, 2007; Paton & Paton, 1998E)forts to isolate and characterize STEC
other that O157 require more sophisticated methautsh asonestargeting portions of the bacterial genoriéth
new legislation beingmplementedadding STEC @jroups 026, 045, 0103, O111, 0121 and 0145 to the list of

food adulteranis theestablishmenof specific, sensitive, fasteproducible, sim@, and accessiblaethodologyfor
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detection of these serotypesifisdemand(Buncic et al., 2014; Paddock et al., 2011; USDA, 20Clrrently, the
Food Safety Inspection Services siBCR to detect presence edeandstxin samples. When these virulence genes
are simultaneously present,-gboups are identified by immunomagnetic separation. However, until recently,

magnetic beads for-Qroups 045 and 0145 were not yet commercially avail@O, 2013.

Once colonies are grown @gar plate (evenusingagas with properties thashouldallow differentiaton
of suspect coloniesjurther testing is required to confirm virulence aserotype. Several methods exist for
confirmation, each of which has advantages and disadvantagesof themost comprehensive metroig known
as colowy hybridization (Paton and Paton, 1998). During this process, colonies are replicaerylon membnae
with DNA oligonucleotides matching eithetxor a specific serotype. Once positive colonies are identifiey can
be transferredfrom the original plate and preservediith this method all coloniesgrowing on a platecan be
screened, but thisan ke very time consumingparticularly withlarge numbeof samples All other confirmation
methods involve subulturing a certain number of colonifs further testingThe number of colonies that are sub
cultured varies widely (ranging from 1 to 50 @&l0), and researcherseldomdescribe how theyleterminedthe
number of coloniegpicked for sub-culturing. Subcultured colonies are commonly screened via PCRstoor
serotypespecific DNA. These PCR reactions have been combined into -astemenuliplex PCR to detect top
virulence (includingsty) andor serotype genes (026, 045, 0103, 0111, 0121, 0145 and [Ba&lfgsar et al.,
2014. While this method is quicker and easier than a hybridization method, it is libyitdte fact that separate
reaction must be performed for every coloApother method to detestx presences to grow suspect colonies in a
broth, centrifugea sample from the brotfilter the resultingsupernatantandthen adding ito Vero cells to observe
cytotoxicity (Alexa etal.,, 2011; de Boer et al.,, 1994Jhe gold standardest for serotype determination is
agglutination with a standardized set of antis@kkexa et al., 2011; Blanco et al., 1996jowever this is only
practical br serotype reference labs that specialize in this method as a semvitd&eep the antisera in stock
Individual serotype antisera can be obtained, but thethod is more subjective thaRCR for serotype
determination. A less subjective antisbased rethod (latex agglutination) that is faster than PCR is available
commercially for the O157 serotype, biithas yet to become commercially available for any other ser®type

(Brown-Brandl et al., 2009; Dodson & LeJse; 2005)

Another proven method to detect STEC contamination in fpedpeciallyground beef and beef tririg the

BAX (DuPont, Wilmington, DE) Redlime assay This is an automated method that uses polymerase chain
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reaction (PCR) technology for deteet of E. coliO157:H7 and other STEC serotypegonenrichment in a broth

provided by the manufacturer ati€2for 1024 h (or a researcheselected broth)the system idetifies specific

DNA fragments, which aranique toSTEC TheBAX System usea lysisbuffer that, once addet theenrichment

breaks down cell walls and membranes, releasilgmosomaDNA. Tubes are heated for 20 minutes atjG#*

2 iC and 10 minutes at 9% + 3 |C, and then cooled in a cooling block. PCR tablets are hydrat&diysite and

run in a BAX System Q7machire. Although this method has beeleveloped to deted. coli 0157:H7 in meat

products the manufacturer has expanded the range of serotypes, and some authors have used it successfully to

process fecal or RAMS saeg (McDonough et al., 2000; Narva®&ravo et al., 2013; Stephens et al., 2007b)

As noted,characterization and comparisonl#Ecterialisolates bycontrastingrestriction enzymaligested
chromosomal DNA fragmes{fingerprints) is highly discriminatonallowing similaritiesto be readily determined.
Utility of a giventechniquedependerston suitableselectionof restrictionenzyme(s)andon the methodselectedo
score similarities between fingerprintsRestriction enzyme are selected from amongst thodleat have suitable
frequencyof restrictionsitesfor a given enzymegenomecombination Frequeng of sitesis calculatedfrom the
frequencyof di-and tri nucleotidesn sequenced gendom the speciesof interest using Markov chain analysis.
Fingerprintsform when PCR productsarerun sideby-side on electrophoresis gglwith DNA-size standardsThe
number distribution,and intensityof bandsarethen scoredandscoresare comparednumericalprofiles) between
isolates Thus, a single electrophoretic gel Igie analyzable data, which cae compared with data from other gels
(Baltasar et al., 2014; Beutin et al., 1997; Buchan et al., 200&se approaches haveyen efficacy a8ST tools,
but they can be very timeonsuming and labentensive. This development of faster, reproducible, and less kabor
intensive methods that could serve similar purposes is in denmMatlix-assisted laser desoigut/ionization
(MALDI) time-of-flight (TOF) mass spectrometry (MS) has evolvadickly thanks to innovations likmew
ionization techniques and detection methfdm Baar, 2000)The time from samplingto final characterization is
muchreducedn comparisorto traditional fingerprintingnethodsThe useof directly visualized-estrictionenzyme
digests of chromosomal DNA (fingerprints) from bacteria offers a rapid and reproducible methofibr
characterizatiorand classificationof isolates applicableto ecological,epidemiological and populationgenetic
studies(Christner et al., 2014However, when compared B®OX-A1R primerrepPCR,MALDI -TOF seems to

have less repeatability, but performs better &3S tool(Siegrist et al., 2007)
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Treatment

The disease induced by STEC can be exacerbat8tk groduction in the gut is amplifiedAntibiotic
therapy to treat STEC iattions is not recommended because stress inducgwd@ttiages into the lytic cycle,
resulting in a surge of toxin production. Evidence further suggests thah&pes can be transduced to commensal
gut flora, escalating the severity of ttisease. Thyspart from supportive care, such as close attention to hydration

and nutrition, there is no specific therapy to IBIIECsymptomgKarch et al., 2005; Allison, 2007).

The finding that. coliO157:H7 initially speeds up blood coagulation may lead tiaréumedical therapies

that could mitigate complicatiorfMead & Griffin, 1999.

Prevention Strategies

Prevention of infection requires control measures at all stages of the food chain, from agricultural
production on the farm to processing, mtatturing and preparation of foods1 both commercial estaBliments
and household kitcheng&ducation in hygienic handling of foods directed at farmhands, abattoirs workers, and
those involved in the food preparation at all scales is essential torkesgbiological contamination to a minimum
(FAO & WHO, 2009) Once contaminated, the only effective method of eliminating STHECo#rer potentially
harmful bacteria from foods is to introduce a bactericidal treatment, such as heating (e.g. cooking, pasteurization)
or irradiation. The Hazard Analysis and Critical Points (HACCP) is a. B®EC in products otattle origin,
HACCP reconmends several procedures that can be implemented at the farm, at s|launghtar the consumer

(Havelaar et al., 2010b; Tauxe et al., 2010)

Pre-harvest and Harvestontrol in Cattle

Growing international trademigration and travel have accelerated digpersl of foodborneand other
illnesses including STECinfections This has createdonditions undewhich a singlesource of contamination
could spread topeopleand animalswvorldwide (Tauxe et al., 2010)The number of cases of disease might be
reduced by implementation of various mitigation strategies at thégouest and harvest stages (e.g. screening

animals preslaughter to reduce introdimn of large numbers of pathogens in the slaughtering environment). Good
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hygieneprior andduring slaughtering practices reduces contamination of carcasses by feces, but does not guarantee
the absence of STEC from all cattlerived product¢éBuncic et al., 2014)

At the production level hie first critical control point i€deduction of STECcarriagésheddingoy animal®.
Several offarm procedures have been suggested, which have the potenf&l least in theory) reduce fecal
shedding of STEC in cattle. These procedtitesughly into two categories: reduction pfimary exposure through
modification of management practicesd interventions to increase animal resistg@alaway; Callaway et al.,
2009b) Reducing animal sheddirapd consequéinide contaminatiois likely to inaease the effectiveness of well
established generic harvest procedures implemented in abattoirs around th@Akanldi et al., 2011; Bach et al.,

2004; Bonardi et al., 2004; Boqvist et al., 2009)

Simulation research hasonfirmedthat the death rate aficroorganisms likde. coliO157:H7 is increased
with increased cleanliness of chutes, beds, and (Mosough Ahmadi et al., 2007y his supports the argumetitat
even basic hygine practices caand dg have an impachi crosscontamination of animald.oneragan & Brashears,
2005) To date, vaccinatiomwith attenuated O157:H7 straimas not beerffective likely due to theselectionof
strairs that havdost sone of its virulencefactors Such straingdo not cause thdypical attachingand effacing
lesions Also, since STECare part of the natural microbiota cdittle, their presence does mbimulate immunity
and vaccination with surface antigedsesnot resut in immunization ofanimals against subsequent infection
(Gyles, 1998) Still, vaccination withtype Ill secreted proteins has beesported to reduce fecal shedding in
experimentally infected calve§hus, research in this field is going (Allen et al., 2011; Ransom et al., 2003;
Vogstad et al., 2013Another major area of focus is thiese of competitive exclusidd in which a microbe that is
capable of outompeting the target pathogen is used. The administratibaraflesamicroorganismgprobiotics)
such asBifidobacterig Lactobacillusor Butyrivibrio, with a similar microbiologicahiche toE. coli O157:H7can
reduce the amount of organisms that achieve attachimértestinal cellstherebylimiting the ability of(at least)E.
coli O157:H7 to colonize the intestinal tra@rashears et al2003; Shaw et al., 2004; Stephens et al., 2007a;
Stephens et al., 2010)he use of antibiotics to contrBl coliO157:H7 shedding in cattle is controvers@bncerns
that widespread use of antimicrobials to reduce STEC populations (partidlady O157) may result in selection
of antimicrobiatresistant bacteria have halted progress in this area. In the experimental studies that have been
undertakenadministration ofantibiotics like neomyciwassuccessful in reducing sheddifigansom et al., 2003)

Feeding ionophorese(g. monasin and lasalocid) haseen used to reduamicrobial populations rad increase
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feed/gain ratis; however, theseantimicrobials inhibit populations of Grapositive bacteria in the gut, thereby
having the potential to give Granegativessuch asSTEC, competitive adlantage. Researchers tHatused on
trying different combinations ofliet, ionophores, rad antimicrobials have demonstratédht for the most part,
inclusion ofionophores eitheslightly increass shedding oE. coliO157, or has no effe¢Herriott et al., 1998; Van
Baale et al., 2004)rhe most ppmising of these combinations included addition of monensin and tylosin @ylan
antimicrobia) to a foragebased diet, resulting in reduction®f coli O157:H7 populationspto 2 1og10 CFU/ml in
rumen contentéMcAllister et al., 2006)Adding crude glycerin ardr distillersOgrainswith solubles(DDGS), co-
producs of ethanol productioroften used as protein and energy supplements in cattle dietd)eleashown to
increase fecal shedding Bicherichia coli0157:H7 (Jacob et al., 2008Dther feed additives that habeen tried
include ractopaminég’ agonist), organic acids, citrus products, seaweed (tasco), tannins, and phenolics. While some
combinations have led to promising decreaseB.inoli O157 colonization and shedding, most results have been
inconsistent acss studieqCallaway et al., 2009bA feed additive that has let to more consisteatluction of
STEC carriageand has sparkesome interest amongst catffeoduces is sodium chlorateSodium chlorate is a
relaively inexpensive odorless pale yellow to white crystalline solid. It is highly soluble in water and heavier,
sinking and dissolvingapidly. Sodium chlorate seems to be effective becausenthecellular baterial enzyme
nitrate reductasdoes not diffeentiate between nitrate awctilorate; thereforehe enzyme reduceke chlorate into

chlorite in the cytoplasm, arahlorite accumulations toxic to bacterigCallaway et al., 2004; Skinner et al., 2005)

Bacteiophageqphageskyrehighly specific viruses that target bacte@ad are capable of delivering their
DNA directly into the cytoplasm dfacterialcells. It has been suggested tmaodified phagescould be utilized as
OTrojan horses® deliver lethaportions of DNA to bacteria of intere@Rozema et al., 20093 problem with this
strategy is the rapid development of bacterial resistance to a single phage; thus, rathtdizihgra single phage
type, scientists have been working on OcocktailO minessdifferent phagesyhich can be used to target multiple
serotypes and surface receptdkkso, any selected phage must be exclusively lytic to avoid transference dtgenet

material between bacteria, which might increase their pathogefBecapban et al., 2005; Law, 2000)

When calves experimentally infected wih coli 0157 were fed high-fiber diet had lower ruminal fatty
add concentration andhigher pHthan thosefed a high-concentrate dietCattle fed a higkconcentrate diet and
switched to a 50% corn silage and 50% alfalfa tegf prior to assessmenhad lowercounts ofgenericE. coli

(Jordan & McEwen, 1998)n contrast, imen cattle were switchedoim a foragetype diet to a higtgrain finishing
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ration, fecal anduminal generid. coliconcentrations increasé¢Berry et al., 2006)This research work has proven
that dietary changes during the finishing period have influenée @oli counts. Howevercostbenefit analysis is

yet to be done, as well as the study afya/to make thesgietaryshifts more specifi¢Berry et al., 2006)

Fasting increase#. coli, Enterobacterand total anaerobic bacterial populatiohsotighout the intestinal
tract (Buchko et al., 2000; Gregory et al., 200@nhd increase®almonellaand E. coli populations in the rumen

(Brownlie & Grau, 1967)Thus, this approach is not recommended to control STEC populations.

Preharvest interventions to reduce cattle sheddinde.o€oli O157:H7 have shown potential to reduce
environmental pathogen contaration at the farm level, transportation, slaughterhouse entrance andutimesec
steps in the food chain. Still, as these-lpagvest strategies evolvié must not be forgotten th#tere is no substitute
for good hygiene and procedures in processiagtpbhnd food preparation environmernitive-animal interventions
to reduce pathogens must imegrated ina logic successiorof steps that complemeirt-plant interventionsand

consumer educatiosothatreductionor eliminationsof pathogesin thefood supply can be maximized.

The following critical control point iwvolves the slaughter of animalBecal contamination of hides is
believed to be a major source @dntaminationfor slaughter equipment and any other surfaces that may come in
contact withsaid hidesPreconditioning of animals prior to shipment has been proven to reduce shi@htihget
al., 2004) Also, lower population densitiei transport trailerand shorter ridekave resulted indiminishedhide
contamination(Barham et al., 2002; Minihan et al., 2008hus less stressfulransportation conditionsncreased
cleanliness and more spacare essentialconditions to maintain animal welfareeduce strgs, and minimizing
introduction of potentially pathogenic microorganisms in the slaughter environi@faitfer et al., 2009)Pre-
evisceration sanitation of slaughter equipmerals® highly recommende@Buchanan & Doyle, 1997; Vold et al.,
2000) Additionally, steam vacuums and steaabinets have been recommendedéshsurface contaminatiooff
of hides(Arthur etal., 2007) A setback of this approach is that it has been showrptbaence obackground flora
inhibits the growth ofE. coli O157:H7;thus, application ohonspecific elimination oimicroorganismsnay open
doors to further contamination bgny micoorganisms capable of surviving this step, some of which may be

pathogens like STEQ/old et al., 2000)

The method by which foods are processed and preparemifimmercerepresents anotheritical control

point, which can influencefood carriageof STEC and other foodborne pathogeriaditionally, thermal
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inactivation methods have been used to reduce the probability of pathogen survival in a food(Brathastan &
Doyle, 1997) A limitation of this practice is that food, particularly fresh produwzds to be adequately sanitized
while still preservingts raw characterControlling E. coli O157:H7 in fruits, vegetables, dairy products, andes
has been mostly achieved witldequate pasteurization or exposure to ionizing radiation of pro(Ruthanan &
Doyle, 1997) Irradiation, however, has prohiliive costsand is still seen with apprehension by rmmber of
consumers: some have shared concerns that demonstietteeancy toassociatehe concept of irradiatiomith
exposure of food paducts to radioactive materials, which is not the cAss, some bacterial and fungal toxins are

not inactivated by currently used irradiation do@é¢avehar et al., 2010a)

The ultimate goal of these prevention strategies, although not without increased costs for the cattle
production industry, has the potential to greatly reduce the risk of consumer ouilBeakanan & Doyle, 1997)
Unfortunately, most of these prevention strategies focused exclusivély apnili 0157, leaving out other serotypes

of STEC that have been shown to be at least as concerning frebti@hgealth point of view.

Householdbased Prevention

Although it is unreasonable to advocate avoidance of raw fresh fruits and vegetables that could be
contaminated as a prevention measure, it is practical and highly recommended to educate sahawnérod
safety practices that would limit contamination of uncooked foods within the consumer kifthese
recommendations should in all cases be implemented, especially "cook thoroughly”, so that the core of the food
reaches at least 7C. Fruits and vegetableshould always be washed carefulygpecially if they are eaten raw. If
possible, vegetables and fruits should be peeled. Vulnerable populations (e.g. small children, the elderly
immunocompromised should avoid the consumption of raw or amtboked meat products, raw milk and
products made from raw milk. Regular and proper hand washing (particularly before food preparation and/or
consumption, and after toilet contact) is highly recommeri8adders, 2001}ollowing these recomandations
is particularly relevant for people who take care of small children, food handlers, immunocompromised
individuals, and the elderly. The bacterium can be padisedtly from persorto-person, as well as through food,
water, and direct contact wianimals including those in petting zo¢Bavis et al., 2005)A lesserknownfact is

that STEC infections have been caused by aohwith recreational water(Soller etal.,, 2010) Thus it is
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especially important to protect waterwaysetlands, andwater reservoirsfrom contamination with fecal
materials, especially those from cattleecgtions(Bolton et al., 2011; Dorner et ak004) Also, drinking water

should be treated with antibacterial Atmxic substances or filteregbarticularly when sourced froropenair

water reservoirs and waterwaySther complimentary homregased strategies include: avoid cross contamination

of foodd(surfaces, utensils); keep food refrigerated or frozen and properly separated; and make sure food is kept

at appropriate temperature at all times (no fluctuati(®sheffe, 2007)

Surveillance

The Centers for Disease Control and Prevention (CDC) defines epidemiologic surveillance as the Oongoing
systematic collection, analgs and interpretation of health data essential to the planning, implementation, and
evaluation of public health practice, closely integrated with the timely dissemination of these data to those who need

to knowQCDC, 2012)

Early recognition and resolution of outbreaks are crucial to prevent the spread of infections. The Center for
Disease Control and Prevention has occupied a central role in the coordination oflesftirtg to the recognition
of outbreaksand identification of their sources a result of this epidemiological work, in collaboration with State
Public Health Laboratories and Health Departments, the amount of people affected by outbreaks can be limited
(Cary et al., 2000)

Knowing where to look for different types data can saveuchtime and resourcetnformation may be
gathered during outbreak investigations, in specialized research studies, and/or from public health network
surveillance databas¢gDC, 2011) Answering quesbns and improving prevention is tipgnacle of a continuous
team learning effotowardsimprovement. When formal and/or informalrgeillance detects a problera.§.STEC
infectiors), awell-plannedepidemiological investigatiois the besavailable tol to clarify relevant cluesbout its
etiology, source and impact. In some cases, particularly if the pathogen and its transmigsgare understood,
control and prevention measures can be directly applied. In other fiartlest researchmay be nededto answer
new questions raised by tremergencef infection andto interpretany epidemiologicalfindings. Results ofsaid
research cathenbe used to develop and implememw or improvectontrol and prevention strategies. In either

case, surveillace further helps documenthe effectiveness afontrol and prevention eff@tWith succession of
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events ore hopes to see the incidence infection decrease, as prevention becorimeseasingly successful.
Assemblingsufficient evidencecan be extremelyime andresource consumingnformation is often scattered
people are not always cooperatiaaddifferent individual interests may come into playith greater attention and

support, thavheelof public health controbnd preventionvill eventuallyspin faste.

In the United States, the FoodNet system has been extremely osddulto monitor the burden and to
conduct swift assessments of new thretitsgenerate consistent and comparable information despite variation in
local notification requiremets. Since outbreaks can beither local or widespreadyith advent of subtypéased
surveillance networksuch as PulseNgh the United States and other locations around the world, and EnterNet in

Europe, more geographically dispersed outbreaks cantbetele.

Prevalence and Distribution in Domestic Ruminants

Shiga toxinproducingE. coli strains are present worldwide, at prevalences that range from anywhere from
0 to 100%(de Boer et al., 1994; Geue et al., 2pMifferences in prevalence of cattle shedding 0157 STEC, in
survey studies, have been linked to factors sucliets production stage, type of production, sex, distance to
contaminated watesources, contact witlildlife, seasonality, cattle breedlugy application to pasture, weight,
and animal population densityin randomized controlled trials, the following factors have been shown to affect

sheddingadministration of antibioticadministration of probioticdack of preconditioning prior taransportation;

As primary reservoirstuminantanimals are asymptomatic carri@sSTEC Prevalence in cattleeems to
vary widely across studieslue tofactors such aglifferences in target populations, sampling strategies, potential
seasonal changes prevalence, intermittent shedding, and differerinemethodology of screening and isolation.
Furthermore, access to farms/sampling sites is often off limits to researchers and representatives of State and Federal

agenciegFernandez et al., 2009; LeJeune et al., 2001)

In one of the most comprehensive reviews to ddtessein and Bollingetescribed worldwide prevalerse
of E. coli O157 in cattle ranging from 0% to 27.3% in animals on irrigated pasture,%.® 6.9% in those on
rangeland forages, and @30 19.7% in feedlotHussein & Bolinger, 200%. Presence of ne®157E. coliranged
from 4.®% to 44.8% in grazing cattle, and from %@o 55.9% in feedlot§Hussein & Bollinger, 2006 The Animal

and Plant Health Inspection Servig¢SDA) testedE. coliisolates from 1,305 fecal samples collected between 1991
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and 1992 from dairy heifers. Atetlime, 5.9% of samplesgted positive fostxgenes through DNA hybridization

in whatwas one of the first surveys ¢éxpand knowledge beyortl coliO157 in North America cattle(Cray et al.,
1996. More recently, Cobbold et al. foumashimalprevalenceof STEC in Washington State herds to be 8% in dairy
cattle, 11% in range beef cattle, and 3% in feedlBtdbbold et al., 2004 BarkocyGallagher et al. foundtxgenes

to be harbored by 34.3% beef cattle presented for slaughter in three large-pre@essing plants in the Midwest,

and norO157 STEC were present in 19.3% of all samfBeskocy-Gallagher et al., 2003

In Australia, a longitudinal stydin dairy herds found STEC in 14.6% of animdlSobbold &
Desmarchelier, 2000aln Ireland, 40% (480/1,200) of fecal samples from dairy and beef cattle were posiste for
virulence genes through PCR. In Irancattle survey found that 12.1% (51/420) of animals shed STEC, and 146
strains were isolated from these animals: 10.3% of these were O15heaathaining were no®157 (Tahamtan
et al., 201Q. In Japan, a tat of 358 rectal swabs from dairy cattle in 78 farms were tested for presestebyf
PCR. Animal prevalencef 46% in calves, 66% in heifers, and 69% in covesfound. However, when nested PCR
was used, all samples wet@rned outpositive (Kobayashi et al., 2001a)n France, a study of beef cattle, dairy
cattle, and young bulls fourstx genes in 18.1% of fecal sampl@ogerie et al., 2001 In Brazil, prevalence of
STEC in Minas Gerais 39.2%, (40/102) in beef cattle, and 17.5% (18/103) in dairy(Cditieira et al., 2008
Clearly, prevalence of STEC in the SVAREC herd is at the high end of these values, but comparaugodata
studies is of limited value due to differences in target populations, sampling strategies, potential seasonal changes in
prevalence, intermittent shedding, and differences in methodology of screening and isolation. For &asople,

0157 tends tdve more prevalent during spring and summer, while@&B7E. coliis found more frequently in the

fall (Barkocy-Gallagher et al., 2003; Cho et al., 2009; Cobbold et al., 2004; Ferens & Hovde, 2011; Sargeant et al.
2007) It has been suggested that colonization of the rectoanal junction may result in longer periods of shedding:
cattle shedding O15&. colifor less than one week were positive by fecal culture, but not by culture of rectal swabs,
while animals withpositive cultures for an average of 26 days had positive rectal swabs early in the study. Re
infection from environmental sources, particularly water troughs and fecal pads, may alsB. la#ipstrains
circulating in the farm(Bolton et al., 2011; Ferens & Hovde, 2011; LeJeune et al., 20013nimals kept
exclusively on pasture, it has been suggested that SSiedding may lastor longer periods of time when

compared to animals fed higgrain diets, althoughesults across studies are inconsis(@aillaway et al., 2009b)
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A clearer picture of STEC presence in herds is achieved in longitudinal studies, by addressing potential

fluctuations in prevalence through samplingnultiple timepoints.

In reportsfrom the early 90s, it was suggested that calves always shed more STEC tharoagulFor
example, prevalencef 8% in dams and 19% in calvessdescribed in the United States, and of 9% in cows and
25% in calves irCanadgWells et al., 1991; Wilson et al., 1992)though more recent studies also describe similar
scenarios, as methods become more sensitive, differences are not present in all surveys: Kobayashi eda. report
higher prevalence in cows than in calves, while Cerqueira et al. found no diffe(€ecgaeira et al., 1999; Cho et
al., 2009; Kobayashi et al., 2001&) studies where distinction was made between gne postweaning calves,
preweaning animals harbored STEC less frequently thase ofany other age class, while postweaningreais
had the highest prevalenckaegreid et al. notesimilarly high prevalencef E. coli 0157 in Midwesternbeef
calves, suggdimg that presence of STEC in preweaning calves may be more common than what has been
previously describedLaegreid et al., 1999)n addition, it has been suggested that calves kept in groups prior to
weaning maybe more likely to shed the bacteria than calves in separate pens prior to wesimghs et al.,

1994).

In Brazil, Oliveiraand his research partndmund stxi in 15.6% (28/180) of beef, and in 26.7% (16/60)
dairy cattle;stx2 was found in 30% (54/180) of beef and 53.3% (32/60) of dairy cattle. Simultaneous presence of
stxl andstX2 sequences was found in 54.4% (98/180) of beef, and 20% (12/60) of dairy cattle. Viruleneaggene
was found in 0.6% (1/180)f teef and 15% (9/60) of dairy cati{®liveira et al., 200B Once again, following the
logic previously presented for differences in prevalence between and within herds, a common trend is hard to
identify acrossstudies. Regardless, when looking at fecal samples as a whole, it is impossible to know the
distribution of virulence genes by isolate, which would be more relevant from a public health standpcefand,
Monagah et al(2011)found a prevalence @&fix2 in isolates from beef and dairy cattle, and soil sam(plesmaghan
et al., 201) Virulence genestxi, stX2, or a combination of both wagresent in 22%, 2%, and 36% of isolates,
respectively. Theaéd sequence was found in 18% of sampgl@®naghan et al., 20}1Gould et al. summarized
FoodNet data collecteddm 2007 to 2010 from patients with STEC infections, and concluded that me&tlftah
isolates (74%) were positive fetxl alone, while 17% were positive fetbx2 only, and 9% had both virulence genes.

Among patients with O15E. coliinfections,stxl alore was present in 51% of isolate$? alone was found in
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47% of isolates, and the remaining isolates had both genes. All isolates from HUS patiesti@ f@duld et al.,

2013.
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ABSTRACT

Shiga toxin producingscherichiacoli (STEC) are commonly found itihe gastrointestina{(GT) of cattle
tracts. In this studyprevalenceanddistributionof E. colivirulence geness{xl, stX2, hlyA, andeaé) were assessed
in a cowcalf pasturebased production system. Angus cows (n=8@J their calves (n=90) wekept in three on
farm locations, and fecalamples were collected at three consecutive-fioiets (July, August and September,
2011). After enrichment of samples, detectiorstfl, stx2 eaeA andhlyA was done by multiplex ®R (mPCR).
Fecal samples positive fatxgenes were obtained from 93.3% (84/90) of dams and 95.6% (86/90) of calves at one
or more sampling timpoints. Age class (dam, calf), spatial distribution of cattleféom locations B, H, K) and
sampling timepaint influenced prevalence and distribution of virulence genes in the herd. Gb288sitive fecal
samples, 744. colicolonies were isolated. Virulence patterns of isolates were determined through stlGias
present in 41.9% (312/744) of isolates in 6.5% (48/744)eadA in 4.2% (31/744), andilyA in 2.4% (18/744).
Prevalence of ne@®157 STEC was high among the isolates: 33.8% (112/331) were 0121, 3.6% (12/331) were
0103, 1.8% (6/331) were O113. One isolate (0.3%) was identified as serotype Repetitive element sequence
basedPCR (repPCR) fingerprinting was used to study genetic diversitgtepositiveE. coliisolates. Overall, rep
PCR fingerprints were highly similar supporting the hypothesis that strains are transmitted betweenbanhinuels
necessarily from a dam to its calf. Highly similar STEC isolates were obtained at each samphlipginimbut
isolates obtained from dams were more diverse than isolates from calves, suggesting theatssteamdifferences
in transfer may xast. Understanding transfer &. colifrom environmental and animal sources to calves may aid in

developing intervention strategies to reduce early life stage colonization of cattle.
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INTRODUCTION

Escherichia coliis part of the normal gastrointestl microbiota of many endothermic animals. While most
strains are commensal, Shiga tepiroducingE. coli (STEC)is capable of causing severe human illnssnk et
al., 2011; Prevention, 2011l the United Sites, it is estimated that STEC cause approximately 265,000 human
illnesses every year. Serogroup 0157:H7 is the STEC serogroup most frequently linked to outbreaks, and has been
considerech food adulterant since 1994. The incidence of human illnesse® cwerO157 STEC serogroups has
increasedsubstantially in recent yea(Bettelheim, 2007; Brooks et al., 2005; Eblen, 2007; USDA, 201H1i)s, as
their public health impact has been progressively recognizedygeso026, 045, 0103, 0111, 0121, and 0145

were added to the list of food adulteragBettelheim, 2007; Brooks et al., 2005; Eblen, 2007; USDA, 2011)

Up to 61% of cases in outbreaks of STEC illness develop hémalsemic syndrome (HUS), a condition
characterized by hemolytic anemia and thrombocytopenia, which may culminate in renal failure with case fatality
risks of 5 to 10%Scallan et al., 2006 Outbreaks have beemked to fresh produce and other commodities, but
69% of these are attributed to consumption of contaminated(Bagfter et al., 2093 Pathogenicity of STEC is
thought to be associated with various genes, including those encoding for Shigago&iasdstx?) and Intimin
(eadd), which are located in the bacterial chromosome and are responsible for inhibition of protein synthesis and
attachingandeffacing enteric lesions, respective{iolton, 2011; Farfan & ®rres, 2012) Another relevant
virulence marker ishlyA, a plasmid gene encoding for an enterohemolyBiguyen & Sperandio, 20}2 By
targeting these virulence genes, highly sensitive moletased techniques enable the detection of potentially

harmful STEC strains, even when these are present in small nufBb&o, 2011; Fagan et al., 1999)

Cattle are considered important reservoirs of STEC, and a combination of factors such as presence of animal
carriers and environmental contamination may be responsible for maintenance of specific isol&darim for
extensive period&Callaway et al., 2009; Ferens & Hovde, 2011, Polifroni et al., 20Ar&valence of STEC among
cattle seems to be further influenced digt, distance to contaminated wasaurces, cotact withwildlife, slurry
application to pasture, and animal population der(§igrnandez et al., 2009; LeJeune et al., 2004¢ role played
by dams and calves in environmental contamination is expectedpmpertional to the amount of STEC shed in
feces, but there is no consensus as to which age class is the most (€evaueira et al., 1999; Cho et al., 2009;

Kobayashi et al., 2001; Renter et al., 2005; Rerital.£2004)
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Distribution, transmission, and maintenance of STEC, especially of serogroup 0157, have been
systematically studied in feedlots and dairies, but risk factors feOi&y STEC in cowcalf pasturebased systems
are not well characterize@Renter et al., 2005; Renter et al., 2004hderstanding factors that, at the farm level,
contribute for primary contamination of animals that will be concentrated indeghity feedlots may reveal
opportunities fo upstream control of shedding and transmisg®AO, 2012; Sargeant et al., 2007; Smith et al.,
2010) As nor0O157 STEC have been increasingly associated with human illness, filling this gap in knowledge

needs tde prioritized.

The purpose of this study was: (a) to determine the prevalence of STEC in fecal samples from animals in a
cow-calf pasturebased production system; (b) to describe the effects of age class (dam, calf), spatial distribution of
cattle (onfarm locations), and timeoint of sampling (July, August, September)distributionof E. coli positive
for virulence genestxi, stX2, eaé?, and hlyA; (c) to isolate and identiffE. coli serotypes present stxpositive

fecal samples; and (d) to assessgic differentiation of STEC isolates.

Understanding factors that influence distribution of potentially pathodergoli strains will help support en

farm management strategies with the potential to contribute to safer beef products.

MATERIALS AND M ETHODS

The Virginia Tech Institutional Animal Care and Use Committeel(®B) approveall cattlecare and

managemeryprocedures here described.

Cattle and Farm Characteristics

Angus cows (n=90) and their calves (n=90) were houstteé@henandoah Val Agricultural Research and
Extension Center (SVAREC) of Virginia Tech. Climate at the isitemperate, vih mean air temperature of 21.9
%C in July, 24.9 ¥C in August, and 19.8 ¥C in September (NOAA, 2011). Pasture was composed of (in order of
abundane): tall fescue FestucaarundinaceaSchrel), orchard grasgDactylis glomerata L), bluegrass Roa
pratensis L), white clover Trifolium repens L), and red cloverT. pratense L). All animals were maintained in an

exclusive pasturbased cowcalf systen, within the same premises in three locations (B, H, K) with 30-caifv
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pairs each (stocking rate of 1.54 mai units/ha). Ofiarm locationreplicates of a pasture trial. Locations were
fenced and separated by a hard surface road, and a minimum ofe2&@.nCalves were born in a-88y calving
season (Marckpril) and were weaned at the end of September. Water wasdpd via automatic, batype

watererdMiraFount, Grinnel, IA). Samples included in this study were collected prior to weaning.

Sampe Collection and Rocessing

Fecal samplesvere obtaineder rectumon July 12, August 7, and Septembero12011, during routine
procedures. Feces were collected using nitrile disposable gloves, and immediately transferred into sterile
polypropylene cemifuge tubes. A total of 503 fecal samples, 258 from dams and 245 from calves, were collected at
the three sampling timpoints. Samples were then transported to the laboratory on ice (for approximately 2 h, at an
average temperature of 5%C) and store@C&tC until processing. Enrichment for coliforms was performed by
incubating 1 g of feces in 9 ml of Lausyryptose Broth (LTB; DifcoBD, Sparks, MD for 72 hat 370C. Feces in
LTB (1 mL) were transferred into Brilliant Green Bile Broth 2% (BG; Dife®), and incubated at 370C for 72 h to

enrich for coltaerogenes bacteria, includiig coli.

Detection ofE. coli Virulence Genes in Fecal 8mples

After enrichment, fecal samples were screened for preseri€ecoli virulence genestxi, stX2, eaéA, and
hlyA using a previously described multiplex PCR (mPCR) prot¢Ealgan et al., 1999 A primer designed to
amplify a fragment of the 16S rDNA gene. coli O157:H7 strSakaipositions 5' 1883’ 1334)was addedo the
primer mix. The fecal enrichment in BG was washed for DNA extraction by centrifugation at 4000 x g for 10 min
and resuspension of the pellet in 1 ml of 1% buffered peptone water (Siddnh, St. Louis, MO). Fecal DNA
was extracted from 60Dl of washed enrichment using the 28 Fecal DNA Kit (Zymo Research, Irvine, CA)
following manufacturer instructions. Multiplex PCR reactions were undertaken in volumes! bic@btaining 10
mM pentaplex primer mix, 10 mM dNTPs (USB, Cleveland, OH), TOSO, 25 mM MgCJ (USB, Cleveland,
OH), Fisher Buffer A (Fisher Scientific, Pittsburgh, PA), 1.5 UrafjDNA polymerase (Fisher Scientific), and 20
ng of template DNA. AriCycler iQ5PCR (BicRad, Hercules, CA) was programmed with the following settings:

950C for 5 min; 30 cycles of 904C for 15 sec, 530C for 30 sec, and 720C for 30 sec; and 720C for 10 min. An
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outbreaklinked strain (ATCC 43894) from the American Type Culture Collection (Manassas, VA) served as a
positive control for each set of mPCR réaws, and doublglistilled water (ddHO) served as negative control.
Amplified DNA fragments were resolved through electrophoresis, and success of individual reactions was indicated

by amplification of theE. coli16S rDNA fragment.

Selection of Fecal 8mples for Further Characterization

To undergo further characterization, fecal samples had to meet the following criteria: (a) posiste for
genes by mPCR and (b) be collected from animals with more than two generations present in the herd. The latter
criterion was included in order to achieve a more stable genetic background among animals whose samples were

used for isolation oE. colicolonies.

Rep-PCR fingerprinting of E. coliisolates

Repetitive element sequence ba&€R (rep-PCR) using the BOA1R primer was selected to generate
genomic fingerprints of colonies with identified@Poups and of colonies with more than two virulence genes. DNA
was obtained from 5001 of E. coli cultures in TSBusing the Gentra Puregene Yeast/Bacteria Kit (Qiagen,
Valencia, CA) following manufacturer instructions. PCR reactions were undertaken as deeikeguane et al.,

2013.

RepPCR gel images were converted to Otagged image file formatO (TIFF), and imported into Bionumerics
software version 7.1 (Applied Mathematics, AustiiX, USA) for analysis. Gels were normalized against an
external reference standard consisting of bands ranging from 300 bp to 2000 bp. Both top and bottom 10% of each
gel were excluded from the analysis. Bands were manually selected in each lane, sindthafewv or no bands,
representing PCR failure, were omitt&tbrmalization with the same set of external standards allowed comparisons
to be made across multiple gelsm@arity between fingerprints was calculated with the Cosine correlation
coefficiert, a method that considers band position and band intensity. This coefficient was selected as that delivering
the highest average similarity for the positive control str&incfli O157:H7;ATCC 43894)included in all gels.
Optimization and position tolance settings were set at 0.9% and 1.0%, respectively. The initial analysis included

170 isolates. To avoid bias due to overrepresentation of straipiécate DNA fingerprints corresponding o coli
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isolates from the same animal and sampling 4romt with fingerprints >99.8% similar were represented by a
single isolate in the final analysi3ohnson et al., 20Q4isolates with fingerprints >90% similar were considered as
members of the same cluster and issdatwith fingerprints >98.5% similar were considered Ohighly similarO

(Byappanabhalli et al., 2007; Johnson et al., 2004)

Similarity scores calculated using CosineOs coefficient were used to construct Unweight€domai
Method using Arithmetic mean (UPGMA) dendrograms. A comprehensive dendrogram was built encompassing all
retained cattle isolates (n=74) in addition to 10 control strains from human origin (Table 1; FigDrskby et al.,

1977; Valadez et al., 2011; Wells et al., 198®artial dendrograms (not shown) were constructed to facilitate
calculation of diversity indices for isolates from dams (n=39), calves (n=35); location B (n=26), location H (n=24),
and locgion K (n=24). The Shannon diversity index assesses species diversity in a population and was calculated

from the UPGMA dendrograms as follows:

- H'=!" plnp,

i=1

wheresS is the total number of clusters, gnds calculated asn]]/ [N], wheren; is the number of isolas in a cluster

and N] is the total number of isolatédnderson et al., 2006; Byappanahalli et al., 2007)

Maximum similarity Jackknife analysis was performed in Bionumerics 7.1 (Applied Mathematics) to
determire how accurately similarity coefficients were able to predict origin of each isolate. Jackknife analysis
consists of removing one isolate at a time from the database, calculating new similarity coefficients for the
remaining isolates, and resubmitting thelate back to the database while determining to which group or category it
is most similar. The percentage of isolates correctly assigned to its original category is then calculated. The overall
cophenetic correlation coefficient was calculated using ¢benprehensive UPGMA dendrogram. Genetic
differentiation ofE. coliisolates was assessed in Arlequin V3.5 by analysis of molecular variance (AMEDdA)
is translated by the fixation index {f. Binary bandmatching characters were generated from #@PCR

fingerprint data(Excoffier et al., 199p
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Statistical Analysis

Descriptive analysis was performed using JMP Pro V10.0 (SAS Institute Inc., Cary, NC). The OGLIMMIXO
procedure in SAS V9.3 (SAS Institute Inc., Cary, NC) was used to create a multivariate logistic regression model.
Individual anmals were considered experimental units, and a variable was created to pair dams with their respective
calves in 90 darcalf pairs. Both animal identification and damalf pairing were included in the ORANDOMO
statement. Data was analyzed by tipwnt of sample collection (July, August, September). Response variables
were the presence or absence of virulence gsixésstxX2, eaél, or hlyA. Independent variables were animal age
class (dam, calf), efarm location (B, H, K), and interaction between the twamiables. The CLASS statement
included animal identification, dawalf pair, animal age class, and-famm location. Orthogonal contrasts were
included in the ESTIMATE statement to calculate odds ratios with 95% confidence limits. Odds ratios with

assocatedP-values ofP ! 0.05were considered significant.

RESULTS

Virulence Genes Detected in Fecal Samples

The prevalence of cattle sheddistypositiveE. coliat one or more sampling tirpints was 93.3% (84/90)
in dams and 95.6% (86/90) in calves. &&ty percent (352/503) of fecal samples had one or more virulence genes,
with 58.3% (293/503) being positive for eithsxl or stX2. Virulence genetxl was present in 38.8% (195/503) of
fecal samplesstX2 in 47.3% (238/503)eaéA in 36.4% (183/503), andllyA in 18.5% (93/503) (Table 2). Two
combinations of virulence genes dominated: 75 specimens were positigedfostx2, andeaé?, and 59 were
positive forstx2 only. Odds ratios associated with the presence of individual virulence grhedxX2, eaeA, and
hlyA in fecal samples were influenced by both animal age class afatrariocation, and varied across sampling
time-points (Table 3). While 4 dams were negative at each sampling, 16 were always positive. Only 2 calves were

negative at each sampgj, while 6 were always positive.
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Virulence Typing and O-group Identification of E. colilsolates

Seven hundred and forfgur colonies were isolated from 80 animals wsttxpositive fecal samples. Of
these isolates, 44.5% (331/744) wstepositive, fom 68 animals. Among isolates with at least one virulence gene,
38.3% (285/744) of isolates had one virulence gene, 3.9% (29/744) had two, 2.8% (21/744) had three, and one
isolate carried all four. The virulence gene most frequently detectedstxigscaried by 41.9% (312/744) of
isolates. Virulence genstx2 was present in 6.5% (48/744) of isolatea@A in 4.2% (31/744), andilyA in 2.4%
(18/744). Thirteen different combinations of virulence genes were observed, but most isolates (n=270) were
exclusivey positive forstxl (Table 4). Different combinations of virulence genes were carridgl bgli isolates of
the same &roup.SerotypeO121 was identified in 33.8% (112/331) of isolates, 0103 in 3.6% (12/331), 0113 in

1.8% (6/331), and 0157 in 0.3% (1/33Tabled).

Rep-PCR Fingerprinting Analysis

The number ompliconswithin each fingerprint ranged from 10 to 30, with sizes frompraxmately 200
bp to 4000 bpMinimum similarity between isolates, as expressed at the root of the comprehensiagdendwas
69.3%, with 12 clusters of isolates with fingerprir®0% similar.Clusters I, IV, V, and VIII contained 86.5%
(64/74) of isolates, and clusters 1V, V, and VIII contained 9 Ohighly similarO fingerprints (>98.5% similar). All
control strainswith exception of that representisgrotype0121, were part of cluster VIIIl. The Shannon diversity

index calculated for the comprehensive dendrogramlwk excluding control strain fingerprints (Figuty

Similarity scores of isolates from dams wéretween 76.1 and 99.5%, and scores of isolates from calves
were between 82.6 and 99.7%. The Shannon diversity index was 1.90 for dam isolates and 0.91 for calf isolates. A
lower percentage of isolates from dams (35.9%) was attributed to their corretasgyerlten compared to isolates

from calves 71.49%9 when Jackknife analysis was performed.

Similarity scores of isolates from animals in farm location B were between 81.8 and 99.6%, scores of
isolates from animals in farm location H were between 80.8 &rt¥® and scores of isolates from animals in farm
location K were between 74.5 and 98.2%. The Shannon diversity indices were: 1.23 for B; 1.20 for H; and 1.56 for

K. Through Jackknife analysis, isolates from animals in location B and location H werelgateibuted to their
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original location46.2% and 54.2% of times, respectively. Isolates from animals in location K were correctly

attributed to that locatio8.3%of times.

E. coliisolates presented little genetic differentiation as demonstratecedgwhF;; values, and variation
OwithinO rather than ObetweenO age classes and farm location accounted for nearly all variation among isolate:
(Table 5). Isolates from dams were more diverse than isolates from calyes (F01; p = 0.02), suggesting
differences in transmission between strains-f&dm farm location was not associated with differences in genetic
differentiation among isolates {F= 0.004;p = 0.22; Table 5), suggesting that environmental factors may keep

strains circulating in the farm.

DISCUSSION

Prevalence and characterizationEofcoli serotype O157:H7 in cattle herds has been extensively described,
and risk factors for colonization and shedding have been identiedseTopping et al., 207; Cho et al., 2009;
Cobbaut et al., 2009However, prevalence and ecology of f@h57 STEC in cattle, in particular-@roups 026,
045, 0103, 0111, 0126, and 0145, is poorly understBoabks et al., 2005; Cha al., 2009; Frank et al., 2011)
Knowledge of factors mediating STEC distribution must be expanded beyond a single serotype to diesign on
interventions with potential to improve the safety of beef products. ShigapgodhucingE. coli have in commp
the carriage of phagencodedstx genes and, with exception of the 0157 serogroup, no biochemical markers are
available to facilitate their identificatiofPaton & Paton, 1998Isolation and characterization STEC other than
0157 require sophisticated molecutersed methodologigfagan et al., 1999Multiplex PCR was used to detect

E. colipositive for virulence genestxl, stx2, eadA, andhlyA in fecal samples.

Point prevalence of STEC shedders in this herd ranged from%b®371.7%, surpassing previous
prevalences reported in grazing cattleOo% to 27.3% for STEC 0157 and 44/to 44.8% for STEC no®157
(Hussein, 200} Nevertheless, comparing STEC prevalence between studies may be of limitedvhleeto,
among other factors, differences in sampling strategies and enrichment pr¢ferelss & Hovde, 2011; Hussein
& Bollinger, 2005) Likelihood of finding STEC increases when samples are enriched, showing that method

sensitivity may play an important role in testing outcorfiesrens & Hovde, 2011; Hussein et al., 2008y
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improve chanesof growingE. coli, fecal samples were placed on ice and transported as quickly as possible to the
laboratory in order to: (1) minimize growth of competitive microbiota in the fecal matter; and (2) to improve the
survival of any STEC present in the sdegp Upon arrival, samples were immediately stoae-800C to restrict
further biological and chemical reactions, such as breakdown of nucleic acids. Cryopreservation ichbusdsg,

at -800C results in a high freezing ratdth formation of small ice crystals that are less likely to damage cell
membranegSouzu et al., 1989 Thus, we anticipate that the majority of STEC survived the freeze/thaw process,
and that the extendeednrichment steps improved the detection and isolation of surviving coliforms. Generic

enrichment was followed by enrichment for eaérogenes bacteria.

Sampling was performed at tiap®ints within summer and early fall to increase the likelihood of asges
the prevalence of STEC in the herd at its pPalerogroup O157 is most prevalent in cattle feces during summer,
while nonrO157 strains are most prevalent in the (BlirkocyGallagher et al., 2003; Cho et,&009; Cobbold et
al., 2004; Ferens & Hovde, 201Dnce exposed, individual animals seem to shed STEC for relatively short periods
of time (Ezawa et al., 2004 however, colonization of the reetmal junction ad reintroduction from
environmental sources, particularly water troughs and feces, mayEkeeji strains circulating in farms for weeks
or even monthg¢Ferens & Hovde, 2011; LeJeune et al., 20CHttle in ou study were kept exclusively on pastiire
conditions under which cattle may shed STEC for longer periods when compared to animals-fgdihigiets,

although results across studies are inconsig¢€aitaway etal., 2009.

Within each sampling timpoint, the prevalence of virulence genes varied between dams and calves: while
in July and September calves were more likely to shed STEC, dams were more likely to shed in August (Table 3).
This supports previousrdings thak. coli populations of young animals do not mirror those of détaobayashi et
al., 2001; Polifroni et al., 2012; Wilson et al., 199@) early prevalence studies, it had been suggested that calves
might always shed STEC more frequently than their dams, although this trend has not been evident in recent studies
(Cerqueira et al., 1999; Cho et al., 2009; Kobayashi et al., 200%yudies where distinction wasade between
pre- and postweaning calves, preveaning animals harbored STEC less frequently than any other age class, while
postweaning animals had the highest prevalence. These differences may be a consequence of weaning stress, more
intensive housing calitions during the posteaning period, and changes in diet and physiology associated with
shift from a preruminant to a ruminant gastrointestinal tréChaseTopping et al., 2007; Ferens & Hovde, 2011,

Fernandeet al., 2009; Rogerie et al., 2001; Wells et al., 198bnetheless, relatively high prevalence of STEC in
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preweaning calves was recorded in this study, as had also been noEecédrO157 in Midwestern beef calves,
suggesting that the presenceS¥EC in preweaning calves may often be underestimdtexkgreid et al., 1999

Calves kept in groups prior to weaning may also be more likely to shed the bacteria than calves kept in separate pens
prior to weaning(Heinrichs et al., 1994 Co-housing of calves included in this study may have contributed to the

high prevalence of STEC observed in theweaning calves.

Despite differences in prevalence of shedding, no stei differences in distribution &. coli virulence
genes were detected among animals in differerfaon locations. Onlyhe virulence genestxd was more likely to

be present in fecal samples from location H in July and from location B in Septerab&3)T

Isolates of STEC serogroups 0121, 0113, 0103, and 0157 were present in the herd, and similar virulence
patterns were confirmed in isolates of the samgrdup, as previously describ€Beutin et al., 199 Serogroup
0121 isolates dominated, suggesting that they may either outcompete other serogroups in the gastrointestinal tract of
cattle, or outgrow them during enrichment, culture and isolation procedures. Enrichment and culture bias may also
be responsie for differences in presence of virulence genes boflecal samples and in isolates, by potentially
inhibiting the growth of specific isolates below the threshold of PCR detection. Selection of additional colonies from
fecal samples, refinement of twde conditions, and research on increasingly sensitive and affordable tests are
important considerations to further expand knowledge of STEC transmission dynamics among animals within cattle

herds.

Repetitive element sequence ba&¥tR fingerprints of STE isolates were closely related, as
demonstrated by the high percentage of similarity translated by CosineOs correlation coefficient (Figure 1). This
supports the existence of vehicles for transmission other than direct transfer. Only isolates fromKodatawged
slightly from those originated in locations B and H, which may be a consequence of its relative geographic seclusion
and less frequent exposure to personnel and vehicles. Members of the herd have likely shared isolates among each
other, withinlocation or between adjacent locations B and H, potentially through personnel and vehicles, wildlife or
contaminated rwoff, as previously reporte(Fernandez et al., 2009; Hancock et al., 2001; LeJeune et @l; 20

Wilkes et al., 2011)

Fixation indices (E;) obtained from MANOVA analysis also confirm the close genetic relationship

between isolates (Table 5). Significant differences in genetic diversity were observed between isolates from animals
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in differentage classes. Isolates from calves presented less genetic variability among themselves when compared to
those from dams: the Shannon diversity index was lower in calves, and a higher percentage of isolates from calves
was correctly attributed to their grooporigin when Jackknife analysis was performed. This suggests that particular
STEC strains have a distinct ability to colonize immature gastrointestinal systems. Variability of isolates between
different groups (offarm locations and age classes) wasagsvsubstantially lower than variability within groups.

This may be the first study to identify differences in genetic variability between STEC isolates from calves and
dams utilizing regPCR fingerprintingE. coli strains used as positive controls inststudy had been isolated from

human patients. With exception of the 0121 strain, all control strains were in the same cluster, together with a few
cattle isolates. High similarity between fBER fingerprints of pathogenic isolates of human origin ansetfimm

cattle reemphasizes the potential public health impact of these animals as sources of human infection with STEC.
Furthermore, the close relationship between potentially pathogenic STEC isolates of diffgreap® stresses the

utility of whole-genome techniques to characterize public health relevant isolates beyond -fpeinpOand

presence of a limited number of virulence genes.

Virulence gene distribution may provide clues for determining the potential of isolates to impact human
health.In 2013, FoodNetreportedcharacterization of a total &1 nonO157 STEC isolatesf humanorigin; of
these,74% waspositive forstxl alone, 17% waspositive forstX2 only, and 9% had both virulence geri@suld et
a., 2013. In the same report, of 1213 0157 STEC isola286 carriedstxl alone, 47%carriedstX, and 51% of
isolatescarriedboth genes. All patients with HUS had STEC isolates cargtx@)(Gould et al., 2013 In this cattle
study, 38.0% (283/744) of isolates were positivestat and negative fastX2, 2.6% (19/744) were positive fet
and negativestxl, and botlstxl andstX2 were present in 3.9% (29/744) of isolates. Although presence of virulence
genes does not always equate with pathogenicity, the United States Department of Agriculture uses preliminary
screening for simultaneous presesbegenes an@aeas criterion to decide whether samples should undergo further
testing(USDA, 2013. Of 744 isolates, 27 were pos#iyor stxl orstX2 andeaéA. Of these, four weré&. coli0121
positive forstx2 andeaeA simultaneously, which supports the role of cattle as potential sources of STEC illness in
humans. The least frequent virulence gene iy, which was found in 18 idates. Colonization of young animals
with STEC strains of public health concern emphasizes the need for interventions at thalfclavel of

production, prior to relocation of calves to feedlots.
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Prevention of offarm contamination of cattle has the guatial toimprove safety of beef products, armd a
essential part of this process relies on understaritisngiology and ecology of hepathogen interactions. We have
demonstrated the widespread presence of ShE(Qpasturéased cowcalf herd, and ideifted O-groups that have
been responsible for outbreaks of human illness in cattle. Prevalence of STEC in cattle may often be
underrepresented due to animal factors, such as shifts in bacterial shedding, laboratory methodology, and sampling
strategies. Dierences in STEC colonization and shedding across animals in different age classes stress the need to
tailor onfarm contamination prevention and control strategies. Animals of different ages do not share the same
behavior and physiology, which may justif§pme of the differences observed in this study. A-caiff system
designed to reduce carriage of STEC by animals should focus on preventing transmission of STEC from dams to
calves. Future studies should address the relevance of individual animals erersoeamental contamination in
maintenance and spread of STEC strains within and between herds, while addressing potential differences between

strains.

65



FIGURES

Virulence Genes o 2 a x
] = £ - Q =
o [P © o Q
i < = €35 £ e} a2
Percentage similarity (%) . % (>\j< }—5 § ?’ TS g g 3
2 e 8 8 8 8 g8wss 0 @ < o O
: : [ -+ - om s 8 A K| |
— - -+ - 0121 s %81 A K [l
o+ - of21 A % 12C B
-+ o121 s @63 A K
- - - 0121 A 41C H 1
P NRec  J 56 C H
—{ ‘— - - + - 0121 A 68 C K
- -+ - o121 s m4 A B
v -+ - o7 s *8 C B
- o3 A 050 A H
e o121 A % A K
-+ ot21 s 15C B
S+ - o121 A 083 A K
- ot21 A 8 A B
e NRee S 80 A K
e ot21 A 23C B
S o121 A 51 A H
e . of21 s 450 C H
M e o121 s ac H
e of21 A 134¢C H
S o121 s 1c B v
e . of21 A 450 C H
o121 cni. ctr ctil.
e o121 s 85 C K
e o121 A »y28C B
o+ - NRee A 4aA H
e o121 A »2:8C B
- o121 A 134C H
T ot21 J esiC K
e . o121 s 85 A K
-+ - NRec  J %8 C B
- o121 A @12C B
S of21 A 54 C H
- o121 A 45C H
—: R 0113 s *52 A H
- - o3 s @8C H
- o121 s 8 C K
-+ - - o103 A 63C K
S o121 s 4“4 A H
e . of21 s 81 A K
S+ o121 J 2%C B
-+ o121 A 5 A H
B o121 J »14C B \
-+ of21 s [-RERY B
- o121 A 63 A K
] e of21 s o13C B
- o121 A 29 A B
S of21 A 25 A B
S e+ o103 A 65 C K
— | of21 J 72 A K
-+ - o3 A * 52 A H ] A
. o121 s W4 A B
e+ - o121 A 12 A B I
. o121 A 51C H
- -+ o121 A 050 A H
EEE o121 A 4 A H
69.3% -+ of21 A 8 A K
: -+ - o103 A 69 A K
P NRec  J 20C B
026 ctrl ctl. ctr
-+ o121 A 40A H
045 cti ctl. ctr
- -+ ot21 A @68 A K
+oe 4+ NRee A 53 C H
o157 cl ctl. ctr
M S+ 4+ - NRe S Y14 C B
S+ - NRec S v13A B Vil
B o113 ctrl. ctrl. Ctrl
o5  cil e ctr
o+ 4 - NRec S 74C K
— 091 ctrl ctrl. ctr
-+ - o121 J esiC K
0103 ctl ctrl. ctr
oMt cl ctl. ctr
o157 cl ctrl. ctr
S+ - NRec A ABA B
—: R o121 A 43 A H
| - -+ - of21 s V13 A B
- -+ - o121 A 70 A K
— [ of21 A B A B
- -+ - o121 A ABA B IX
[+ - 0103 s * 52 A H X
[+ - 0121 A 083 A K XI
- o121 A X1 A K Xl

66



Figure 1: Dendrogram obtained from rdRCR fingerprint analysis dE. coli isolates from cows and calves in the

herd. Identical isolates from the same animal and sampling period were not included. Comparisons were constructed
using CosineOs correlation coefficient. The top ruler represents percentages of similarity betweeraisblies,

numeric value at the root is the cophenetic correlation calculated for the dendrogram as a whole. Characterization of
isolates includes virulence profilsgrotype(N.D. = Onot determined®) and sampling month. Correspondence of
isolates to the anial from which they were obtained is also shown: OAnimal IDO is composed by a number, which
identifies each pair composed by a dam and its calf, and a letter informing about the animal age class (A= OAdult®; C
= Ocalfd). Isolates originating in the samnepkeD same animal and periddare marked with a unique symbol
adjacent to the OAnimal IDO (n=16)-f@m locations, in which the animals were kept, are represented the letters
OBO, OHO, and OKO. Rectangles were drawn around OclustersO formesl rhyprisdleia 90% similar. Roman

numerals (ko XII) identify each cluster.

TABLES

Table 1: Reference strains used as positive controls for mPCR reactiegeo(P determination) and répCR

comprehensive dendrogram construction.

Bacterial Strain Culture I D Isolation Source Reference

(Orskov et al., 1977;

E. coliO26:H H311b Human Feces, Denmar}
Valadez et al., 2011)
E. coliO45:H2 05-6545 Human Feces, Canada USDA-ARS
. (Orskov et al., 1977;
E. coliO91:K:H" ATCC 23980 Human Feces, énmark
Valadez et al., 2011)
) (Orskov et al., 1977;
E. coliO103:K:H8 ATCC 23982 Human Feces, Denmar}
Valadez et al., 2011)
. (Orskov et al., 1977;
E. coliO111:H ATCC 33780 Human Feces, Scotlanc
Valadez et al., 2011)
i ) (Orskov et al., 1977;
E. coliO113:H21 618250 Human Feces, Australia
Valadez et al., 2011)
E. coliO121:H19 03-2832 Human Feces, Canada USDA-ARS
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(Orskov et al., 1977;

E. coliO145 K:H" E1385 (3) Human Feces
Valadez et al., 2011)
(Orskov et al., 1977;
E. coliO157:H7 ATCC 43894 Human Feces, M|
Valadez et al., 2011)
E. coliO157:H7 ATCC 43895 Raw hamburger, OR (Wells et al., 1988

Table 2: Determination of pattern of virulence gersgl, stX2, eaéd, and hlyA by mPCR in 503 dcal samples
(Panel A) and total number of samples positive for individual virulence genes (Panel B), in dams and calves in July,

August, and September.

JULY AUGUST SEPTEMBER Total

A. Virulence genes
Dams Calves Dams Calves Dams Calves

503
st sbe eaed  hiyA (n=78) (n=85) (n=90) (n=82) (n=90) (n=78)

+ + + + 0 4 4 3 0 5 16
+ + - + 0 0 7 3 0 1 11
+ - + + 0 4 1 4 0 4 13
- + + + 0 4 2 1 0 1 8
+ + + - 1 9 24 0 20 21 75
+ - - + 2 1 1 0 2 1 7
+ + - - 3 4 15 1 5 10 38
- + + - 2 4 8 4 5 3 26
+ - + - 0 1 1 3 0 1 6
- + - + 1 2 1 1 0 0 5
- - + + 0 6 0 6 0 1 13
+ - . - 11 4 5 3 4 2 29
- + - - 8 15 7 23 2 4 59
- - + - 9 0 7 3 6 1 26
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- - - - 35 26 6 23 43 18 151
B. Virulence genes (total)

stxt 17 27 58 17 31 45 195

st 15 42 68 36 32 45 238

eadA 12 32 47 24 31 37 183

hlyA 9 22 17 22 5 18 93

Table 3: Association of animal age class andfarm location with presence or absence of virulence genes in fecal
samples. Only odds ratios with associated P v&l0®5 ae presented.

Sample Collection Dependent Variable Explanatory Variable OR (95% CI) P-value
JULY stxl Location: H 2.82 (1.13p7.05)
0.03
K 1.00
stx2 Age Class: Dam 0.24 (0.11b0 50)
0.0002
Calf 1.00
ead Age Class: Dam 0.30 (0.14D0.65)
0.003
Calf 1.00
hlyA Age Class: Dam 0.36 (0.1590.87)
0.02
Calf 1.00
AUGUST stxl Age Class: Dam 11.07 (4.4BD27.71)
<0.0001
Calf 1.00

Location*Age Class: H*Dam 9.70 (2.5437.02)
0.001
H*Calf 1.00

K*Dam 70.74 (7.720648.18)
0.0003
K*Calf 1.00
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stx2 Age Class: Dam 4.09 (2.06b8.12)

<0.0001
Calf 1.00
eadh Age Class: Dam 3.40 (1.60D7.18)
0.002
Calf 1.00
Location: H 3.70 (1.40010.24)
0.009
K 1.00
B 3.47 (1.31D9.16)
0.013
K 1.00
hlyA Location*Age Class: H*Dam 0.25 (0.0600.97)
0.04
H*Calf 1.00
SEPTEMBER stxd Age Class: Dam 0.34 (0.170.67)
0.004
Calf 1.00
Location: B 3.53 (1.3499.08) 0.01
K 1.00
stx2 Age Class: Dam 0.38 (0.200.73)
0.002
Calff 1.00
hlyA Age Class: Dam 0.19 (0.06D0.59)
0.004
Calf 1.00

Table 4: Virulence patterns and-@roups as determined by mPCR in #4coli isolates and number of animals

represented.
_ Number of Total animals
Virulence genes ) O-groups detected
colonies represented
st st2 eaA hlyA Dams Calves Dams Calves Dams Calves
+ + + + 1 0 1 0 0121 -
+ + - + 1 0 1 0 N.D.! -
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+ - + + 0 5 0 1 - N.D.!

- + + + 0 8 0 2 - N.D.!

+ + + - 6 1 3 1 0121, N.D! N.D.

+ - - + 2 0 1 0 N.D. -

+ + - - 12 8 6 3 0121, N.D! N.D.

+ - + - 3 3 1 3 0103, 0121 0121, 0157, N.D.
+ - - - 159 111 18 15 0103, 0121, N.D. 0113, 0121, N.D.
- + - - 0 11 0 6 - 0103, N.D!

. - + - 0 4 0 1 - N.A.2

. - - + 1 0 1 0 N.A.2 N.A.2

- - - - 159 251 9 15 N.A.2 N.A.2

1. None deternmied: colonies negative for 026, 045, 091, 0103, 0111, 0113, 0121, 0145, or O157.

2. Not applicable: @roups were not determined for colonies that werestxgtositive

Table 5. Analyses of Molecular Variance (AMOVA) f&. coliisolates collected frorattlein the SVAREC herd.

Observed Partition
Source of Variation
df Sum of Square¢« Variance % Total Fg; P-value

Age Classes
Between Age Classes: 1 15.7 0.15 1.48
0.01 0.02
Within Age Classes: 72 729.2 10.13 98.52
Spatial Distribution
Between Paddocks: 2 22.2 0.04 0.37
0.004 0.22
Within Paddocks: 71 722.7 10.18 99.63

Isolates were grouped following characteristics of the animals from which they were isolated. Sources of variation,

i.e. age class and spatial distition, were considered separately to best assess genetic variability Bf ¢bé
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isolates. Isolates were first considered in 2 age class categories: dams (n=39) and calves (n=35), and then in 3 spatial
distribution categories: paddock B (n=26), padddt (n=24), and paddock K (n=24). Analysis of Molecular
Variance was performed in Arlequin V3.5 using the binary band pattern gener&iethumerics software version

7.1 (Applied Math, Austin, TX, USA).
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Chapter 3: General Conclusion and Future Directions

The combined efforts of the food industandfederd, state and localegulatoryand public healtlagencies
are credited with making th&tandingof U.S. food supplyamongt the safest in the worldAmericans spend more
than $1 trillion on food each year, nearly half of it in restaurants, schools, anglaitesin andoutside the home.
Still, a number of welpublicized outbreaks and spalic cases of foodborne illnesave occurred, and still occur
every year. Theosts are measured not only in dollars, but,asd more importantly, in human lives,cdeased
quality of life, and production losses. Most of the products responsible for these illnesses have animal origin, or
were contaminated by animal dodhuman wasteSince 1982, wherk. coli O157 was recognized as a major
pathogen, research has foedson understanding its sources, ecology, diversity, virulence factors, prevalence, and
risk factors for human illnesMuch has been learned in the 34 years since the outbreak that brought this serotype of
E. colito the attation of public health agendehoweveronly recently have other potentially pathogeRiccoli
saotypes been investigated, aids not obvious whether they obey by the same principleghermore, research
has focused mostly on samples from feedlots and dairy productodsabetter understanding of STEittle

interactions requires expansion to other systems of production

To help fill in the aforementioned gap in reseatble,purposef our workwere to determine prevalence
of all stxcarryingfecal samples from animals ancowcalf pasturebased production systemescribe effects of age
class (dam, calf), spatial distribution of cattle, and tpoent of sampling ordistribution of strainspositive for
virulence genestxl, stX2, eaéd, andhlyA; isolate and identify setgpes present istxpositive samples; antb

assess genetic similarity séidisolatesutilizing repPCR.

In this study we havedemonstrated the widespread sgeceof STEC serotypes in a cegalf grass fed
production system. Of thé44 colonies isolad in the three timeeriods investigated, only one w&FEC O157.
This emphasizes the fact that, in order to minindeatamination of animals and their surrounding environment,
knowledge of factors mediatingTEC presence and distribution must be expdrzyond a single serotypsitill,
anyimprovements in detection and quantificatiorEofcoli O157 in fecesand further understanding of its ecology
in cattle could potentially lead to strategies to redumeerall pathogenprevalenceand individual loadswhile

protectingthe environmentMeanwhile,it is important to acknowledge and understand the differebetéseen
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serotypes in particularso that reductioror removalof STEC O157doesnot end up giving other pathogens a
competitive advantagélthoughimpossible to know with certainty from a single study, we may have witnessed this
eventat play, for the first timein this herd.Although preservation angolation methodsould have contributefbr
beensolelyresponsiblgfor the observed dominancé serotype O121n stx+ isolates which amounted to a total of
33.8% (112/331) o$tx-positiveisolatesthe contribution of cattle management operations cannot be fully excluded.
Given that serotype 0121 was significantly linkedhe development dbloody diarrhea irhumanbasedstudies
undertaken between 1983 and 2@B2ooks et al., 2005}t is of particular interest to understand the characteristics
of this serotype, particularly when it comes to carriag®iflence geneswWe found fourE. coli 0121 colonies
carryingstX2 andeaeA simultaneouslyone of which carried all fowirulence genes searcheddxi, stX2, eaéA, and

hlyA.

Whether serotyp®121is more frequent in cowalf grassfed production systeswhen compared to other
production models is a question to be answered by future resedrich must be expanded beyoadingle hergd

while preservingnethodology similar to that of this study.

Carriage of these isolatdsy calvesmay also reflect upon contamination of animals throughout the
remainingstagesf production all the way to the consumerOs taBléhough we did not assess actual production of
toxins byour isolates, they do seem to carry enough virulence genes to raise some ddrisgraupled with point
prevalence of STEC shedders in this herd ranging from 50.3% to 71.7%, leaves a lot of work to be done by post
harvest decontamination procedures. To reduce this pressure, itisiwgto prevent oafarm contamination and
crosscontamination of cattle, which can only be done tgtermining factors mediating STEC prevalence and
distribution, as well asnderstanding the biology and ecology of hosthogen interaction§ince cattle are major
reservoirs and rarely demonstrate clinisans consistent with STEC infection, the best available way to assess

these factorgvolves isolating STEC from bovine feces.

Prevalence o$tx+ animals in the herd is one of the highest reported in acadfypasturebased production
system. Differencebetween paddocks in distribution of virulence genes suggest that physical proximity of animals
contributes to the establishment of domin&ntcoli populations.Contradictingseveral claims, alves may not
consistently shed morstx+ E. coli than adult cile and the fact that isolates from calves presented less genetic
variability among them than those from dams suggests that, once installed, particular STEC strains have a distinct

ability to colonize immature gastrointestinal systems. Further researahsteer this question would be highly
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desirable Differences in STEC colonization and shedding across animals in different age classes stress the need to
tailor onfarm contamination prevention and control strategies. Animals of different ages do nothghaeme
behavior and physiology, which may justify some of the differences observed in this study.-#alE@ystem
designed to reduce carriage of STEC by animals should focus on preventing tramsofisSTEC from dams to

calves and so on, all the way harvestFuture studies should address the relevance of individual animal shedders
versus environmental contamination in maintenance and spread of STEC strains within and between herds, while

addressing potential differences between strains.

Besidesdemonstrating the widespread presence of STE@ pasturédbased cowcalf herd, we also
identified O-groups that have been responsible for outbreaks of human illness in cattle (0103, 0113, 0121, and
0157) further confirmedthat isolates included in the samO-group may harbor different virulence gene
combinations, emphasizing their diversifthis further raises the question on whether the legislation and resulting
procedures should focus on removal of products contaminated with Bivasli serotypes, orather focus on the
presence of virulence genes and/or the proteins they originabeuBing on virulence genes, ituisgent to establish,

with as much certainty and consensus as possible, which exact genes must be present for illness to occur.

Prevalence of STEC in cattle may be underrepresented due to animal factors, such as shifts in bacterial
shedding, laboratory methodology, and sampling strategies. Although longitudinal study desigmsnimaye
some of these issues, it is by no means guarante¢desearchers will ever develop a meti@9% sensitive
particularly without sacrificingnuch neededpecificity. Furthermoregollection of large fecal samples (> 5.0 g) is
sometimes difficult, as animals tend to evacuate more often when stressdiligea empty rectums upon
immobilization in the chute. When swabs are used, the weight of the sample cannot be determined (the swab is
generally placed in 10.0 ml of brottGobbold & Desmarchelier, 2000; Fukusta & Seki, 2004)Also, presence of
reaction inhibitors, such as humic acids, may be responsible for decreased PCR efficiency. To avoid this, DNA
extraction methods with steps to exclude PCR inhibitors should be preferred, and conserved DNA regiobg should
used in PCR procedures to confirm success of individaaiple reactions. If success of reactions is not confirmed,
artificially low ratios of adult animals shedding STHE@y be obtained when compared to calves, since, as we

observed, successful PCRactions are more likely to be obtained with samples collected from calves.

To overcome somef these and othehallenges, researchers have leaoedards different methodologies,

which has,in itself, become a problem. Comparison of results across studie be aery laborious(if possible)
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endeavor. In order to compare shedding prevalence from animals naexptiged to different environmental
factorsand management practices, it is important to unify methodofjgrts to isolate and characteris®EC
beyond the 0157 serogroup requimethodsmore sophisticated (targeting surface antigens or bacterial genome)
than a simple culture medium. Still, it would &emajor time and resource saterave a selective and differential
culture media (similato CT-SMAC for the 0157 STEC serogrougyailable for other major STEC serotyp&be
closestavailable tool comes in the forof agars such as CHROMagar STEC (CHROMagar, Paris, France) and
Rainbow STEC (Biolog Inc., Hayward, CA). Although their exact cosifjpn is proprietary information that has

not been disclosed, thesediahave both selective and chromogenic properties, and are available commercially to
target major STEC serogroups involved in outbreaks of human illness (e.g. 026, 048 0111, O&BVer frey

too come withfamiliar issues: relyng on principles such as antibiotic resistance and fermentation characteristics of
targeted STEC serogroups (e.g. novobiocin and potassium tellurite); they have only been tested on a limited number
of serotys; chromogenic differences between colonies of different serotypes argaftanbtle; andhey forget

thatthe same STEC serotype, it is known that resistance and fermentation characteristics may vary widely

Although not without its merit and placemt, it is likely that progress in the development of an ideal
culture or enrichment media for each and every strain of interest may take precious time and resources that could,
otherwise, be invested in already proven methsdsh as whole genome sequeggciwhich may (particularly in
some instances, geographic settjirgsd economic resourcesjll have prohibitive costs, but are likely to become
cheaper once optimizetld be more efficientifhprove repeatabilityconsume less resources, occupy smadiss

specializedspacesbeless expensiyesimple to use antb interpret can be used on field researeks.)

Furthermore,likelihood of finding STEC increases when samples are enriched, showing that method
sensitivity can play an important ra[Eerens & Hovde, 2011; Hussein et al., 2008 used a generic enrichment,
followed by enrichment for colierogenes bacteria to improve chances of growingEangoli present in fecal
samples. This has the disadvantagesncouraging the growth of some background flora that might be able to

survive in the selective broth and compete with STEC for the same niche.

Several studies have explored methods to reduce pathogenic bacteria ilsoateof these methods have
been describe@dbove,under@Preharvest and Harvest Control in CattleO. In order to convince the cattle production
industry of the importance of such expenditures, it is essential to collaborate with individuals and associations to

understand how much prockers know and care about STEC, and whidbrmation sources or vehicles could be
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effectively and efficiently used to inform producers about the bestbewsdfit interventions that could be applied to
reduce STEC contamination in their farfrsthe contgt and continuatiomf these effortsperhapshe development
of a special certificatiorcould serveas an extra encouragemento install certain offarm pathogen mitigation
strategiesdemonstrating that, at the soumfea certified productexceptionaimeasurs were taken to protect the

consumer.
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