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ABSTRACT

This study was comducted o examine the fate af Eehedehia col O157:H7 during the manufactune and aging of Gowda and
stimedeourd  Cheddar cheess made om v milk. Cheeses were manufadured  fom impasiewriza] milk  experimendally
comaminatked with ame of thrar strams of £, cali 157107 a1 an approximate population level of 20 CFLmL Samples of malk,
whey, curd, and chasse wae callecked for enumeration of hackeria throughout the manufaciuring and aging pmoes. Dverall,
hacterial conmis m hath chasse types moneased almest 10k from mitial inoculation kevels m milk (o approximately 125 CFLY:
found m cheeses an day 1. Fom this paml, counts dropped ignificanily over 60 days (o mean kevek of 25 and 5 {FLjg m
Chedder and Gouda, respedively. Levels of E. cali (3] 57:H7 felland dayed below 5 CFLVE afler an average of 94 @ 108 days
mn Cowcl and Cheddar, mespectively, yel remained detectahle afier selective enmichmen for more than 270 dags m hath cheess
ypes. Changes i pathogen levels aobsorved throughow manu faciure and aging did ol sigmificantly differ by cheese type. In
apreemen! with resulls af previows studies, our results suggest that the 6day agmg regquinament alane is insulfcien o
campletely elmimte kvels aof viahle E. coli N5T:HT m Gouda or stimed-curd Cheddar cheese mamnufactiured fmom raw milk

combammated with low kevels of this pathagen

Foodbome owibreaks of Esclerichia codi OL57:H?
infection have boon associated with a wide range of food
products, including raw and pastcurized milk and milk
products (2, d-5, 13, 15, 17, 2, 26, 28, 37) such as cheese
(58, I8, 36) In the lae 190s, both the US. Food and
Drug Adminiswation (FOA) and Heahh Canada proposed
bans on the use of raw milk in checsemaking. The FDA's
proposal was supponed in pan by published repons
detailing the survival of E. coll Q15T HT beyond &0 days
aof aging in Cheddar chesse /2, 32 Although outhe aks
invaolving oter pathopens have cocumed, the only domestic
outhresk of £ coli DISTHT illiess linked 1o the
consumption of chesse occumed in 1998 in Wisconsin,
where vai uwsed 1o make raw milk Cheddar cheese wene
imadvenently used 1o make fresh chesse curds, These curds
wiere ineorrectly labekd and sold & ''pasteurized”™ and
eveniually sickened 55 peoplke (50 The fist confinmed
outhreak of £, codi Q15T HT infection in Canads assoc med
with maw milk hard cheese oocumad in 2002, Aped Gouda
chozse was found 1o be contaminated with the pathogen
LM days aler production despite having mer e gulaed
miciehiclegical and aging requirements (15

In addition 1o those serstypes idemified in outhresks,
numenous  serolypes of Shigs toxin—producing £, codi,

= muther for conespomdence. Tel: SC-GAGEEE1D Fax: MACASA-OO01C
E- i I e sl kool v oche.

imcluding O157:HTY, have boon Bolated from a vanety of
cheese npes manulfacwred Dom @y milk ¢4, 27, 351 E. coli
OLFV:HT can readily contaminase raw milk on the Fam
bocause dainy cattke ane a known eservoir of Shiga toxin—
producing £, codl, including enterchemorthagic sirains such
as seronpe Q15T HT (0. Variable contamination rakes up
i L0 have boon reponed For serotype O1L5T:HT in bulk
tank milk samphkes colkoted throughout Wonh America (fJ,
2, 24

Giiven the potential for contam ination and the severity
ol the resultan weaicoinfoction, numensus reseanchers have
cxamined the behavier of £ cold OI5T:HT during the
manubacire and aging of vanous cheese varetes, including
Cheddar 32, 33). The applicability of previous nesearch on
the survival of this paithogen in Cheddar choese has been
questioned based on Fauls in experimental desipn  and
varalions in cheese compositon and staning pathogen
populations ¢ 12) In these challenge studies, strain-io-sirain
varalion in survival was ol examined, and only one
methed of manufascmre was evaluated. According 1o the
LS. Federal Standards of ldentity (21 CFR §133.113),
Cheddar cheese can be prepaned by a wraditional cheddaring
prooass or by any other procedune that produces a lnished
cheese with the same physical and chemical properties. The
procadune of choice is olen a stirned-curd methed. Both
Cheddar and Gouda chosses belong 1o the family of
uncoked, pressoed ohosses,
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The objectives of this sudy wenz (0) 10 determine the
survival of £ coli OI5T:HY during the manufacime and
aging of stmed-curd Cheddar choese mamilaciuned foam
raw milk, (i) e examine the variation in behavior among
thiee E. ool O1T5THT swains, (00 1o examine the survival
of a single cubicak srain of £ coll Q157 HT during the
manufacure and aging of Gouda choese manulfacmred foa
raw milk, and (iv) o determine whether milk quality and
checse composition ane cormelabed with pathog en survival.

MATERIALS AND METHODS

Bacterial strains and milk preparation. Three sirams of £
el DN5T:HY wene wtiliad mdveally for Cheddar dheess
making trials: O79I7, OWD BCL, and OWD BC2. Based on the
resuls obfamed in the Cheddar rials, a smgle stmin (CWD EC2)
was wilizad m the Gouda frials. S4rain CT927, 2 human sabte fom
an appl cider=asocinte] outhreak, was oblaned Fom the FDA
Center for Food Safety and Applied Rorition (Callege Park, MO
Stram OWD EC] was isolied fromrmaw goat™s milk colleded from a
famsiead cheese operatiom in 2006 (0. Sram OWD BCZ,
amocial with a A2 aulbreak Imked o Gowle cheasse (TH), was
kindly provided by the Provindal Heabh Lahoratory of AThera,
Camachy. Froeem stock cublures weme gmown in ingplic soy hrath
supplemenied with 6% wasl exdnc (TSEYE: Do, B, Sperks,
WO for 22 hoat 37 4+ 170 A loap (-~ 10 pdp was then used
maculate 9 mlaf TRRYE for two s uocess ve mooulations hefore the
culiure was uszd. Falkny ng regrawth, oulures were serially dilulel
and mocubted mio approcimalely 9 Mew of inpesteurted cow's
milk fohaned from the Paul Miller Ressarch Complex: doiry famm,
Uminersity of Vermeml, Barlmgion) m sanifeed 2-gallon (7 G- liker)
plastic contxiners o achieve the lagd population af ~-20 CFL¥ml.
Inarculted raw milk was then steored ovemight i a refigeraktr =
20 for use the falkrwmg maming.

Chestlidar chasese maanulaciure. Stirmed-cund Chexldar cheese
was manufachud om raw milk noculved with K coli 01 57:H7
am 12 clifferent days. When posible, muliple rials using differem
straims of E. call {1 57:H7 were conducled on asmgle day. A dotal
al 19 expermenty] dheeses (6 with sram ™27, 7 with stran
WD ECL and & with stzun WD B2 were selecied foruse m
the sluwdy. Tempemiure and acidification prables dunng cheose
many Bctune were memitanze and recorded using a tlemperaturne and
pH data Jogger (madel D0 9505, Dela Ohm, Padu, laly )

Far each rial, moculated raw milk (pH 6.7 fo 4.5, frawhle
acidity af (L17 fo (LXFE) was remenved from the refrigerator anc
ackded 10 a anitized 1k]ide oolangular danles sieel] jacketed
cheese val (mock] FT20, Ammbekl, Hanpshine, UKL Mik was
raiezl 1o 3270 and held & this emperatune for 2l kas 30 nun afier
the acklitkm of the Irzese-dried direct == hotic ack] stader (BA (2]
ar BA 022, Danisca A%, Copenhagen., Demmark ), which was
acdkded a1 & Danmisco colure units (DO per 100 Iiers. Thee
culiue= both combxin Lackeoceuy ey, Lacknwoceus oremaris,
and Sgreprococcuy Shermoplilus. Call remma (16 mlS100 likers,
sirength 1:1 500Kk New England ChecemaXking Supply, Ashiickl,
MA) ciluded 1:40n stenle dedomized water was then added, and the
milk waz stirrad for 3 do 60 5. Culfng tme was determmed with
the falkrwing equation: aufimg tme = fme of doccubtiom +
ftime of ooculton = 1.5k Once desizsd firmmess was reached.,
the magulum was cul mia ourds (05 by (05 onp with slenle wine
ourel Emives (16 by 1] anb Cuxls were allowed 1o stile e 2 min
amnel then stimed while the tanperatre was raizsd 1790 every £ min
unfil a emperature af 3 4 0.5 wax mached. Sirng was then
comfimeed umtil 2 rget pH of 5.8 4+ 0005 was reached, a1 which
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pevind the whey was dramexl. The emaining curds wiere stirmed umfil
they rmched a pHof 55 + (005, a1 which poimi they were dy
salied wiing the formula described by Van Slyle and Price (48] for
mmmal sling and mixed for 5 d0 10 min o asune even
disiributiem al =all. Curds were then transferred 1o a plactic hoap
(10 by 14 ome ARDVT, Tomme 1000, Fromegex, Rmeosk.,
Chehec, Canach) lmed with anitted dispoable cheese chh
{ Samined, 057 200%, Melwm Jameson, Marshbekl, Wl which was
ol do fil Cunck were then pressed overnight in a cheese press
(E28, New England Cheesmaking Supply) al approcimaicly
236 5.'i.-.|1|.:. Cheeses were remaved fraom the hoop when the rga
pi af 52 4 (L] was reached. Cheeses were then vacuum salked
| Mlulivac CIHE Walfedschwenden, (ermamy b m slancard 3.mil
thick vacuum pouches (8 10%P- 1, Bulcher & Pacler Supply Ca.,
Detmait, M) 2% + & mhar and stored 21 9 4+ 1°C in a refn gerator
imode] W29 BEG, Avanti. Miami, FLj

Ciotla chewse manufaciore. Gowda cheese was manufac
tured fmm mw molk inooulated with £ eali O157:H7 siram WD
B2 ax previos by describid for Chedkdar cheese with the following
meelifcations o 3 swooesive cays for a iolal of thee irak
yvicklmg thee cheeses. Milk was firdd sindardizd o a wrge
prafemzial ratio of 107 gmough the additiom of 1.1 hkers of
pasteuned skim milk g0 7.6 1es of s milk, with the assumgticon
that the prakein cemiend af the raw and skim milks was similar and
that ciffesnces would he negligihle given the small popartion of
skim milk acded. These hers of milk was then added o the val.
and (122 g of genular ysoryme O muramidass {Lysalac,
Fordras 5.4 Lugana, Swilmrland) nchydrated 1:000 in sterik
deiomioed waler was added, falliwed by the additiom of the
remaiming 5.7 hers af milk, for a fiml Jysoaoyme concentration af
5 pgiml. Lyscemyme was added fo comral e blowng defecks
enconmiered in prelimmany inak. With anly three triak, no rottion
ol slafers was employed, and only BA 021 and LH 100 Danisoo b
werne uhilied al 625 and (075 DOLY 100 T #ess, mes pectively. LHICK
comsists of LackabaciTuy helvetiou s and Lactobacillu g laclis subsp.
ke, Adter approximate]ly 20 min of opening at 3000, und il
mucrohial remned was added (95 ml 100 hlers, 130 06K Damisca b
Cuiting fime was  deermined by moliplying the time of
Mocoubtion by 10 fine of Aocculatiom 4+ (ime of Pocoultion
# 1 The resuling cosgulum was oul m the same mammer as or
Chedcar cheese, Cunds wemr allowed 1o setike and =1 Bor 1 min
amnel them stired or 30 mm. Afler stirring., approximately 2.6 1ers
al whey was Emoved (~30F% af the imtial milk valume), and
appracimately L8 liers of slerile ap water (38 4+ 270) was add el
(=2 1% al imtial milk valume)to achieve a dihied whey frathle
acidity of 0085%. The temperahme was then raised o 38 + 050,
and slirmg was conlimued o approximake]y 50 min al which poim
the curds wes: prepressecd with light pessune under the whey kb
1k min. The whey was then dramed, and the mated curd was on
and placed in a plastic hoap and pressed overnighl as previously
cesioribed with a slightly kower pressure af approximately 177 of
cm’. Cheeses were removed from hoops when the target pH of
Sla + U5 was reached and transfemned o0 a adurated Nal'l
sarhutiom adjusted 1o pH 5.2 + 005 with acetic acid 5% acidity)
anel hrimed for 3.5 Wb (7.7 hfkgh Cheeses were alknved o dry ma
Bivalety cabmed and then vacuum =zaled. Gouda cheeses were
slored al 14 4+ 1°C Tor the frst 5 weeks and 9 + 170 for the
remaincer af the aging period.

Microbhiologial sampling. For Cheddar trials, milk and
chees: amples wem meplically collected during the cheese
mamibBcolurmg praass al the fallowmg slepss mw milk hefone
maculatiom, inaoulted milk afler overnight irigeraion but before
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iz, mei ke hefore ooagultion, ourd afier cutting, whey at the st of
draming, curd a1 end of draiming befone salting, and cheese afier
avemighl pressing (oday 1 For Gouda triaks, milk and chees:
amples were blen al the falkwing paints: @w milk befon:
meculation, maoulked milk afer overnight exirigeration b hefore
we, milk bebore coagubtion, ound afier cultng, whey remowved.
whey afer additiom of wash water, cuxd hefore pesng, cheess
hefore hrinmg, and hrined cheese (day 15 Whey mocdverenitly
collecied curing removal of curd afier culting was pouna off hefone
additiom al dilumi as described beknw. Fmished cheese sampls
wen: ahlained by cutting cach wheel inhalf with a slenlk knife and
callecimg four wedge amples, which were placed together in a
slenle Whirl Pak hag {Masco, FL Ak mson, Wik The 25.g amalytical
amples wes faken Fom theie hags. The emaiming halves af the
cheewe wheek werne vaouum sealed and siored as previoushy
desiribed. Twao wedge samples fnom cach half wene remeved and
paatlia] 2l subsagquent sampling pomts. Aler collacdtion, samples
were immelitkely ambyzed o the presnoz af £ oeaofi 0151 HT.
mcud mg the detemimtion of population levels as desorihed heaw.
Cheese samples were calleclx] dunng the aging period on days 7.
14,21, 28,35, 42,60, 72,90, 104, and 1200 and themevery 30 days
umitil E. el (5T HT was no longer deteded through dired pliing
al 1 pl of enrichment ouliune, as described helow.

Microbiological amalysis. Milk sonderd plae commts (5PCs)
and coliform coumls (OUs) were determmed] cm Peinhlm aerohic
courd {ACH phites and OF phies (36 Microbiology, 54, Faul, k)
mouhated 2132 4+ 1'C for &8 and 24 b respectively . Resuling milk
counts from AT ples wene rounced off o two significani Agunes o
the time of comversion 1o 5P For the detection and enumeration af
E ealf O157:H7 in inooulted raw malk, milk before coagulation.
amel all whey ample, 1 ml aof cach ample (ype was phial m
duplicate om four plates {250 p] per plate ) ol CHROMagar O1 57 :H7
(DRG Imemational, Mowmiams ke, K1, which were then mouhaed
for 24 h a1 3770, For the defectiom and emmeratiom af £ ool
QI 57:H7 in curel anel chamse sangples, 25-8 amplks wene phoed n
Whirl-Fak hags (Mascal, diluted 1:5 m 103 ml of room empemtune
enmkrahemerrhagic K enl hrath (EEB), and slomached in a
Swomacher 4N circubdor (Sewand Limdled, Woarthimglon, LK) for
3 min and them by hand unti]l sufcientlly homogenioed . One
millililer afl this homogemate was plaed n duplicie on four plts
(2500 gl per phiey of CHROMagar Q157 HT and mouhated
previensly described. An additioml 125 mlof EEB was then added
o the hamaogemie fo atin a 1:10 dilikm, and this mixdure wa
mouhated for 22 h a1 37C for emnchment. To detan the presence af
E eali OQ157:HT when mo typical colomies wene presend for
erumeratiom, 10 pl of the enriched ample was siealed ono
CHROMagar () 157:HT for saltion and movhaled for24h at 37
E ool Q15T:HT kves m dheese were oomskkered  ouliumally
mcketecahle when the pathogen oould nel he cullumsd afier
eorichmenl from amples mllacied al for sucossive amplng
painis, a1 which poim sampling and amalyes were femimded.
Presumpiive colmmies emmerated or detecied on CHROMagar
O 57:HT wene randomdy purified on inygtic say agar with 6% yeasi
exiract (THRAYE B and mouhated for &8 h at 37°C kor fudher
cem firmatin. Purilfied calonies were subouliured m 9 mlaf TEBYE
tha was moubated for 22 h al 370 Frvemicmliler aliquots afl
TEBYE culure were them amabyzed by miomaled FUR wwing the E.
ol 5THT assay for the BAX PCR sysem {DuPant Qualicon,
Wilmimgion, DE) accoxdimg fo the manufaciunes s insdructions.

Physicochemical analysis of cheese. The following physi
cochamical anahses were oomducled on the milk hefore chese
manubciure and on the cheese afler dehooping in duplicate: B
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| Bahcock methad b, pH {Accumet Ressanch AR 1SD with a fla tip
elecimode, Aoumet Befoence 13-6230k46, Fisher Scientiflic Inker
maiioml, Hamplom, KA, okl salids (TS; afier doying o constamni
weight al 102°C) and sah Chlorkde Amlyer 926, Melion
Jamezsan, Marshfiekd, Wl alt in mokue: phase (5L maisiune
mmfal subslance (MRMFS)L and fal m dry matter (FOM) wene
detemined wimg the kalkwng formulee:

SM = sall /[ 100 — TS)] = 100
WINFS = || 100 — TS| 100 — Fat)] = 100

FOM = | fa1/ T8) = 104

Titratehle acidily (L1 M kalH, phenalphilalem mdicatarh
was defermimed for the milk hefore and throughoul manufacire.
The twrgets for Cheddar cheesr composifiom as suggesied by
Lawmmoe e al. 27 ) included pH af 5.1 0 5.3, 52 1o 529 MNFS,
52 1o 5% FOM, and £.7 w0 5.7% Sk, The fallowing compesitiom
was ook cered accepiahle (220 pH of 5 0 5.4, 50 o 5% MNFS.
) o 57% FDM, and £ o &% 5b. The rgeks for Gowda cheese
compesifiom were pH of 5.1 1o 5.4, 55 fo 61% MNFE, 46 1a 5(F:
FDOM, and 4 io &% Sk

Halistical analysis. Eumeration dat were log tmnsfonmed
for all amalyses. The resuling dala were amlyeed using PSS for
Windows (version 17001, P55 Inc., Chicaga., IL . Between-sirain
dhifferences inthe means of depandent varnhles, mcheling hackerial
coumds and physicochemical parameters, wene analyxed using the
GLM proosdure anabsis of vanance. Comelfioms  hetwoen
hacierial coums and physicodhemical paraneters were determimed
wing Pearsom’s comelation. Where appropnate, the eflecls af
slram, fime, and siram aver fime and cheese fhype, time, and bpe
aver ime on E enll 157 HT counts were ddermimed using the
GLM procedure for repeated measunes. Repression anadyses af
coumds over  fme durmg aging were caloulated wsing Jog
transfommed mean oounds hecawse of the presence af null vales.

RESULTS

Cheddar and Gouda choeses wene mamifactuned froam raw
milk experimentally comaminsed with £, cofi O15T:HT.
R sulting Cheddar and Goudia chesses ranged in weight from
~ 500w THDand ~ 775 1o B0 g, respoctively. £, coll 157:HT
was ol detected in any mills used For chesse manufaciune
b ioculation. Mean log SPCs and log OCs did ot differ
sjpnilicantly betwesn Cheddar chesses when grouped by arain
of noculaed £ coll OLFTHT. With the data from all thiee
strains pocled, mean { £ aandand devistion [SD]) SPC and OC
wiere 26+ 0 3and 14 £ 0.4 log CFUMmL mespe ctively, For
Cheddar cheese wrials. Mean SPC and OF were 279 + 000
and 200 £+ 0.12 log CFLUm], respacively, for Gouda wials.
Adthough log SPC values did not differ significanty between
cheese tpes, log O valwes werne significantdy higher in the
milk wilizsd in the mamifaouse of Gouda, Overall, kevels of
natural milk fora raely comelaed with counts of £, ool
O1L5THT obee rved during the manufaciune or aging periods. In
Grouds cheese, log OCs wene negatively commelated (00905, &
= 0033 with pathoegen kevelks in fresh cheese (day 1) and log
SMCs were positively come lited (0090, £ = 0.006) with the
mizan duration of pathogen survival

Cleese  oompositon  According 1o US. Federal
Standards of kdentity (21 CFR §133.113), Cheddar choese
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TABLE 1. Parvent modgure, mod gure nonfind subsiance (WNFS ),
fad i dry matter (FDM ), and salt o ooidare plas (SW) of
experimenial cheaeres”

s e et Chasdar Gioands

Melcxizlume {500 HIE2 4 (24 . 4741 + 1.2 .
MINFS (%) 520100 4 (95 5584 4+ (L7 &
FIOkd %) 53012 4 (LE2 & AT8 + L5 &
M (%) 552 4 (L3} & 47 4+ LM s

“ Wahes are mean + 50 Within mows, means with difleznt letiors
differ significantly at P == (KL

must opntain & keast 5000 FDM and must be less than or
equal o 3%% moigue by weight, All experimental Cheddar
chooses metl these equiements & dehooping (Table 1
Mean moisture, MNFES, FDM, and SM did no differ
significanly bemween irials when anal yzed separely by £
i AT HT strain, so data from all theee sirains combbined
ame displayed in Table 1. Alhough changes in mawral milk
flora did not appear 10 have any major effect on the
physicochemical aspocts of this cheese, lop OO was
posilively comelated with MMES (0459, = (0ME)L As
with oiher compositional parameers, pH at dehooping did
mod differ significantly between wialk when grouped by
swain with & mean of 523 + 007, Despite the large
variance in kg 5PC, a swong negative oomelation | — 0549,
£ = 0015 was observed etween log SPC and pH of
Cheddar cheese at dehooping. Owverall four, Four, and thes
triak wsing sirains C7927, OWD ECL, and CWD ECZ,
mespeciively, were within our  deal targel range oo
physicochemical characiernistics. No differencs in pathogen
population levels in fresh or aped cheese wene obseryed
between trials within or outside this targer ange.

The FDA siandsrd for Gouds cheese {21 CFR
S133.142) sames that the minimum FDM is 46% with a
mEximum mokiue conem of 45% All experimental
Crouda chocses met the requirements for FDM afier brining
{Table 1) At this phase Gouda cheeses were slightly high in
miisture but wene within mange by the theoretical time of
sale and continued 1o docrease, reaching a mean of 3975 +
0685 by day 290, Log OC was negatively comrelaied with
miisture (— 1, = (L0014 a8 was MNFS (-1, P = 0006
Mean pH a1 dehooping was 516 + 0005,

Belavior of E. coli (157:HT during cleese maam-
facture. A significant effect of tme on £, codl OL5T:HY
countis Mrom initial milk incculation s fesh Cheddar choese
on day | owas observed {f = 00030 However, no
significamt effect of £, coll O15THT stmain employved on
counts observed was found a1 any sampling point, so the
data lor all thiee swains were pooled for funher analysis.
The resulis of all srans combined are displayed in Table 2.
Iy 9ol the 19 Cheddar rials, £. codi D157 HT colonies were
nol obseneed through direar plating of whey because of
avergrowih by backeround Ao, Overgrowih alss was an
ismue i the direa plating of curd samples taken befone
saling in seven of these nine trials, These vk wene me
imcludied in the analyses.
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TABLE 2. Escherichin cali OFSTHT counds durng the many
faciure of sirred-card Cheddar and Gouda cheesers”

E. ol CASTHT oCFU el or g

o e 0 e icaada
klilk 18 + 2. [4+3a
Kk hefore comgubdion 4+ 3a 44
Curd afler culting M+ Th 5 + 1948
Whiy remaved” M P41
Whey phes wash watker” NA 542
Whey al draining” A4+ 6 KA
Curd hefare salting 2% + 55« NA
Curd hefone pres<ing WA IR +9de
Cheese hefone haning M 988 + 3T o
Cheese iay 1) 18 4+ & e 145 4+ 2il s

T Walues ane mean | + S5ER L Within columas, means with differem
leters differ sigmificanty a1 P = (W15 KA, not applicahlke.

* Walues obtiined for whey samples wene nol mcluded with these
fram curd and cheese n ovmparative anahses.

Level of £ coli O15THT did nea differ significamly
between chosse types sl any gape during  manufaciune.
Similarly, thene was mo e Moct of cheese type on the change
in K ocodi OLFTHT levelk  over tme during  these
v fac Turing 5o ps

Belavior of E. coli (0157:HT during the aging of
cheese, A significant elfect of dme on the change in mean
{ £ standard emor of the mean [SEM)) counis of E. cod
OIS HT in Cheddar chocse was observed (f = <0001}
from day | 1o day &0 friom 1494 + 47 1025 + ¢ CFUSE foa
all strains combined (Fig. 1. Alhough the decesse in
pathopen popublation levels dwing this time period did s
differ significantly by strain, individual survival curves for
cach strain are displayed in Figure 2. Pahogen levels
continuad 1o decline during aging and dropped below the
detection limin for dirsca plating (=5 CFLU/g) for all wrials
after day 180, This decrease in E. cadi Q15T HT counts from
day 6w day 180 was significam (F < 0001 No
significant differences in mean counts Beiween sirains wene
found a1 each individual sampling point o during the 18-
day aging period overall. On average, lewels of £ ool
O15THT Bl and stayed below the culiune dewction limin
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FIGURE 1. Counts {mean -+ SEM ) of Excherichia cali QU577
durng the aging o sirmed.curd Cheddar cleese fall gming
bl



I oo Paog _ Wl T3 Mo 12

am

i e L
!

LN F
v b e LT

= i‘; | T A= 0
: . I*i':!-!— - i

— * —_—
07 123 14 Lo 1D

& ety TLET

o 2 qi a2 - H
=1l

A Traedlad]

50

A1l

LR
1=

T R Y PR

ks
%% |l IR T 1]
ety : .
: LA T T T .
DT I A R B UL
5, Uil

E i QIETHT O )

B

EhH]
LUK

L H!

m |° l
]- - & Id e Ve
.i‘_} + ER LY

" . R Ik

- i jr{ LI LA < 1] LLLL I Ly | S R LU A B

. Tareitar]

AN LT HYCF g
— —
[=] -
= -
—_——

FIGLURE 2. Counts fmean + SEW ) of Excherichia coli Q5707
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aging o dirred-card Cheddar clees. * Counds bdow enumera
Hon Dt but deteciable affer ennchment.

after 97 + 53, 112 + 27, and 116 + 38 days for sirains
CWD ECL OWD BEC2, and C7927, respectively, or 108 +
A6 days For all thiee strains combined. With a  culwre
detection limit of =5 CFLlU/ml, some cells may have
remained in the choese afier this poind, thus mequiring
enfichment for dewection. Aler enrichment, £, codi 157 HT
was detectable by agar plating for a mean{ + 500 of 266 +
36, 337 + 9%, and 295 + 48 days for sirains CWD ECL,
OWD BECY, and CT927, respectively. The mean day
which E. coli OI5THT bocame undetoctable did no diffier
significanily between the three arains, with a survival time
aof 207 + 72 days for all frains combined.
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FIGURE 3. Counts {mean - SEM ) of Excherichi cali Q05 7047
srain CWD BC2 dundng the aging of Gouda cheere. * County
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As pbserved in Cheddar choese, mean | + SEM) counis
of E. el OLST:HY in Gouda cheese dropped sgnificanly
(=S QU0 from 145 £+ 20 CFUfg on day 1 w0 5 + 3CFLY
g on day &0 (Fig. 3). Pathogen levels continued 1o decline
during aging and dropped  below  the detection limin
detection limit for direct plating afer 120 days in all wials.
The change in counts from day &0 1o 1200 was m
significant. Afier falling below the dewction lmi, £ cofl
OLETHT was detectable by enrichment and agar plating for
a mean | 500 of 300+ 30 days.

Levels of £, codi OI5T:HT did ot diffier sgnificantly
between cheese types atl any sampling point during aging
through 180 days Similarly there was no effect of choese
iy onthe change in £, codi O157:HT kevels during the &0-
day aging period or theough 180 days. Accordingly, the
average duration of survival did nod differ by cheese npe.

Correlatlons Because of limited data, surong comeala-
tiens were nod found between physicochemical measune-
mizns and pathoegen levels inmilk, curd, and Finished choese
samphes (day 1) for both cheese types. However, a strong
positive comelation was found betweon MNFS and E. codi
OLAT:HT coums in Cheddar cheese on day | of sampling
0537, £ = 0018 and numercus subsegquent sampling
days up w day 150, as well a5 the mean durmtion of
pathogen survival (0487, f = (U035) in this cheese,
Similarly, a stirong positive comelation was found betwoen
dehooping pH and pathogen levels in the cheese on day |
0561, £ = 0037 but at no other sampling poins, The pH
measured & dehooping (0505, £ = 0027 was suongly
commelated with the tme & which E. codi O15THT was
deemed undeteciable. Similar o the siation in Cheddar
cheese, & strong positive comelation was found between
MNFS and E. codd Q1537 HY coums in Gouda cheese on day
| of sampling (009, f = 00T and on numernous
subsequent sampling days up w day 104,

DISCUSSION

I this study, the Fate of £, codi Q15T HT was examined
during the manufactune and aging of Gouda and stimed-curd
Cheddar chesses made from raw milk. Assuming that £, cofi
can contaminate raw milk at the time of collaction, we oped
1 simulate the scemario of milk contaminstion followed by
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bulk 1ank refrigeration before cheessmaking This iz an
imponant considerstion because E. coll OI3THT can
supvive and may be able 1o grow n oraw omilk at low
lemperstunes (25 ).

Challenge audies have revealed that £, coll O157:HY
can survive the processing conditions used for & variety of
chocses, ncluding Cheddar (19, 24, 37-34) However,
previeus studies on Cheddar cheese have  employed
unsealistically high aarting populations that in some cases
were nel in compliance with curment FDA fandards (121
The micrebielogical qualiy of the raw mik wilized was
typically not reponed and cenainly quesionsble. For
example, the rw milk used for the manufaciure of
experimental chesse by Schlesser and colleagues (33)
contained various levels of natusally oocuming £, ool
O15T:HT. The applicabiliny of previcus resuls obmined by
Rensma and Henning ¢32) for the survival of this pathog en
in Cheddar chese ako has boen questioned because the
experimental design in that swdy Failed 1o consider the
poential safeguards provided by the use of ized
milk and an adequate 5M content (f2) The SM ratio
directly influences waker sctvity {&,) and thos the me of
microbial growth in cheese. For example, in an effon o
minimze the development of of Flavers, the target SM For
Cheddar cheese & 4.5 w0 5.5% (23). Inthe present swdy,
cheese SM lkevels were typically within suggesed ranges
with ealy miner variation, 50 i1 was nol surprising that we
did et find any signilicant cormelations betwoan SM and
levels of E. coli 157 HT during aging in both Gouda and
stimed-curd Cheddar cheese. Schlesser e al. ¢33) investi-
gated the suwrvival of & fvesirain cockiall of E. ool
OL5THT in Cheddar cheese manufaciuned from unpesieur-
imed milk and concluded thar the mesulis of these studies
confimmed these of previeus reperts and indicae that a &0-
day aging peried is nel adequate for eliminatng E. ooli
OLSTHT in cheesa, However, in sdditien o SM, other
critical and relsied parameters that aust be contrelled in the
production of high-qualiy Cheddsr cheese, including
MMES, FDM, and pH, varied considerably and s dmes
were far oul of the normal range. As observed in the present
swdy, pH iz pesiively comelsied with levels of E. ooli
157 HT in fresh cheese . Schlesser et al. ¢33) stased that sah
conlent was within iypical range but wene refeming 1o 1o1al
salt rather than SM. Although FDM is nod necessarily a
critical parameter, a high FDM is pesitively correlaied with
a high MNFS. Relaied s oa,, MNFS may be the most
imponant parameier bocause i alse & used & an indicsion of
the potential enzymatic and microbial sctivity dusing cheese
ripening; in the present siody, MMNFS was posiively
comelaied with pathogen levelk and dusstion of survival
The manufaciuring methed empleyed in the present study
differed from these used in previeus swdies of Cheddar
cheese; the curds were stirned untl desired acidiny was
attained raher than being 'cheddared™ {cut, tumed, and
stacked) and milled befome sahing and pressing.

Our resulis indicate that although coumts of £, coll
O1I5VHT in milk did ms change significantly through
coagulation, populsicn kevels incressed after expulsion of
whey and contraction of the curd during heating in both
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varielies, Inepeases can ocoud &8 & resull of bacterial ozl
enirapment in the curd and populstion growih afer a lag
phese during the heating siep of cheese nmanufacwre (24
Incresses in bacterial counts from inital levels in milk
through ripening heave been reponed for numerous cheese
varieties manufactured from raw and pesteurized milk,
including Cheddar (F, 14, 14, 19, 24, 32, 33 E. eali
OLETHT kevels incresse during the manufaciuring process
(32, 33), with the majority of cells renwining entrapped in
the curd and only miner losses 1o the whey 321 For Grans
Padanag, the heating swess incwmed during the cooking of the
curd affect E. codi OLSTHT viabilivy ¢ 74 Despite a higher
final wemperatune {6270, the durstion of hesting employed
in the manufscure of Indian cheese |(Paneer) was nol
sufficient 1o insctvale £ coli OLST:HT 39 Heat
inactivation is nor likely 1o occur in Cheddsr o Gouds
bz ause their manufscre is characterized by shon hesting
times and low temperstunes. Direct salting of the curds and
pressing overnight did not appear 1o have s immediane
effect on microbial counts in our experimental Cheddar
cheese, Bimilaly, Feisna and Henning (32) neponed
incresses i E. codi OI5THT populastions afier salting in
ized milk Cheddar with a low inital milk ineculation
level {1 CEUml). In tha swdy, pathogen kevels in choese
incressed after pressing in the high ineculbstion wesiment
(100 CFLUml) bt decreased in the low ineculation
trestment. Overall, the kevels reponed by these investigsions
were similar in curd before saling and afler pressing Fes
both inoculation kevels, in agreement with the observations
in Cheddar in the present fudy. E. codl OL3T:HT levek also
remained unchanged through pressing in raw milk Cheddar
inoculsed at a kevel comparable 1o tha employed in the
present study (33 CFUMml) (33). In contrast, reductions in
levels observed in pasia flsas cheeses afier brining have
been aiributed o the increased suscepiibility of E. coli
OLFTHT 1o the antimicrobial effocs of sall afer hes-
induced injury incurred during high wempersiune sireiching
EE T
Beductions i E. coll OIFTHY populstion levels
observed during the aging (<230 days) of choeses aich as
Colby and Fenwne are likely the nesut of prelonged
exposune 10 bow pH, the presence of starer culwre, low
tempersiure, and high =sh concentration (/91 Similar
reductions from high iniial milk incculatien levels w
undetectable levels in cheese within S0 days of siorage wene
observed in brined cheeses such a5 Fota and Telemes (16
However, in agreement with similar sudics on Cheddar ¢32,
33, our resulis indicate that when present even st Jow levels
in raw milk, this pahegen can survive a well-conirelled
cheese nmanufscuring process and remain viable in high-
quality finished cheese during the aging period well beyond
S davs, Ahhough levels fell below the deection limi in
cheese with an inital milk necultion of 1 CFLUfml
Reitma and Henning /32 ) dewcted viable E. coldi O157:HY
in Cheddar for wp 1w 130 days {using an enrichment
procedune) and for up e 138 days in cheese manufacuned
friom milk ineculaed @ 1000 CFUMmL Wih an initial saw
milk noculation of —~1 CFUml, Schlesser and colleagues
{33 dewected £, codd Q15T HY aler 210 days of aging, and
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viahle cells were found out te 240 days. Similarly, levels of
E.ocodi OI5THT remained ahove our dewection lmi (=5
CFU/mlD) for a1t mest 180 days inothe present study, &
obscrved n Cheddar. We could s1ill dewea viahle E. ool
OL5T:HT czlls n choste afer maone than | year of aging, as
wis neponed by Schlesser and colleagues in their udy of
chiese with higher inoculation levels (~ 1000w~ 100,000
CFUMmlL. Based o the mode of activity and the resulis of
previeus  investigations (3, 30), the concenwation of
Iysoeyme wilized in the manufaciure of Gouda cheese in
the present study {50 pgfml) would have no inhibiiery effect
on E. codi O15T:HY.

Despite the incidence of E. coll O15THT in raw milk
and iis reporied survival in cheese and the boelstion from
cheese sl retail, it is net clear why the reponed incidences of
MNness and outhreasks linked o raw milk chosses ane so low.
Ii is possible thet the incidence of E. cofl OLSTHT in raw
milk used for the manufaciure of @w milk cheese s puch
lower than that reponed for milk in general. In two surveys
oonducied in 20086 and 20H, a combined 1ol £ sl
OLSTHT incidencs of 0.43% (1 of 234 samples) was found
2, 10). Similardy, the incidence of this pahegen in choese
may be lower than expected; in the FDAs demestic and
mpened cheese compliance program, only theee cheese
samples wene pesitive for E. codi OL5THT from s tetal of
3360 samples tested betweoen | January 2004 and 31
December 2008 (unpublished daa). In the case of raw milk
choeses, this low incidenoe could be a funclion of a low
incidence in milk used for cheesemaking or contamination
kvels thar are safficiently Jow w [Eoiliee  elimination
during aging. Because of the variation in hest susceptibility,
a number of individuals expesed o chesses contaminaied
with E. codi D157 HT may develop mild forms of illness tha
go unrepened. Human and bovine iselses of E. oolf
OLAT:HT from the two distina lineages tha ane dissemi-
mated  within the Unbed Swies may be  differentally
distributed, suggesting thar one of these lincages may be
kss vinulem for humans of may noed be efficienly
wransmited 10 humans from bovine sources (22, Altemma-
tively, the expression of vinlence within the cheese matrix
may be ahered over ime by prolonged exposure 1o sali,
acid, low lemperatuges, Jow moistune, and the presence of
staner  culture. This aea of research needs  funher
iy st gation.
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