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ABSTRACT

Shiga toxin—producing Escherichia coli (STEC) are major foodborne human pathogens that cause mild to hemorrhagic
colitis, which could lead to complications of hemolytic uremic syndrome. Seven serogroups, 026, 045, 0103, O111, O121,
0145, and 0157, account for the majority of the STEC illnesses in the United States. Shiga toxins 1 and 2, encoded by stx; and
stx,, respectively, and intimin, encoded by eae gene, are major virulence factors. Cattle are a major reservoir of STEC, but swine
also harbor them in the hindgut and shed STEC in the feces. Our objectives were to use a culture method to isolate and identify
major and minor serogroups of STEC in finisher pig feces. Shiga toxin genes were subtyped to assess public health implications
of STEC. Fecal samples (n = 598) from finisher pigs, collected from 10 pig flows, were enriched in E. coli broth and tested for
stxy, Stx, and eae by a multiplex PCR (mPCR) assay. Samples positive for stx; or stx, gene were subjected to culture methods,
with or without immunomagnetic separation and plating on selective or nonselective media, for isolation and identification of
stx-positive isolates. The culture method yielded a total of 178 isolates belonging to 23 serogroups. The three predominant
serogroups were 08, 086, and O121. The 178 STEC strains included 26 strains with szx;, and 152 strains with stx,. subtypes.
Strains with stx;,, particularly in association with eae (026 and O103), have the potential to cause severe human infections. All
stx,-positive isolates carried the subtype stx,., a subtype that causes edema disease in swine, but is rarely involved in human
infections. Several strains were also positive for genes that encode for enterotoxins, which are involved in neonatal and
postweaning diarrhea in swine. In conclusion, our study showed that healthy finisher pigs harbored and shed several serogroups
of E. coli carrying virulence genes involved in neonatal diarrhea, postweaning diarrhea, and edema disease, but prevalence of
STEC of public health importance was low.
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¢ Swine harbor Shiga toxin—producing Escherichia coli (STEC) and shed them in the feces.
* Swine STEC could be a source of foodborne infections in humans.
* Culture method identified major and minor serogroups of STEC.

* Major serogroups of STEC included O8, 086, and O121.

* A majority of the STEC possessed Shiga toxin 2e, which is not a major public threat.

Key words: Culture method; Feces; Serogroups; Shiga toxin—producing Escherichia coli; Shiga toxin subtypes; Swine

Shiga toxin—producing Escherichia coli (STEC) are
major foodborne pathogens. Infections caused by STEC
range from mild to bloody diarrhea (hemorrhagic colitis) to
complications of kidney failure, resulting in hemolytic
uremic syndrome, and even death (79, 43). A primary
virulence factor of STEC is a secreted protein called Shiga
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toxin (Stx), encoded by a gene carried on a prophage (42).
The toxin is divided into two types, Stx1 and Stx2, encoded
by stx; and stx, genes, respectively, which share some
amino acid homology but differ in antigenicity and degree
of cytotoxicity (54, 72). In addition, each toxin type has
several subtypes. Shiga toxin 1 has three subtypes (Stxla,
Stxlc, and Stx1d) and Stx2 has seven subtypes (Stx2a,
Stx2b, Stx2c, Stx2d, Stx2e, Stx2f, and Stx2g) (47, 66).
Shiga toxin 2 is more cytotoxic than Stxl, and certain
subtypes, Stx2a, Stx2c¢, and Stx2d, are more often
associated with hemorrhagic colitis and complications,
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including hemolytic uremic syndrome (22, 32, 47). In
addition to Stx, a cluster of genes located on a pathogenicity
island, the locus of enterocyte effacement, encode a type 111
secretion system and effector proteins, which contribute to
intestinal colonization and effacement lesions (42). One of
the genes on locus of enterocyte effacement, E. coli
attaching and effacing gene, eae, encodes for an outer
membrane protein called intimin, which mediates attach-
ment of STEC to epithelial cells (42). Only a subset of
specific STEC serogroups referred to as enterohemorrhagic
E. coli (EHEC) contain locus of enterocyte effacement and
intimin and have the ability to induce attaching and effacing
lesions in intestinal epithelium (71).

Among the 187 known serogroups of E. coli (20), as
many as 158 serogroups have been associated with the
STEC pathotype (8, 38, 45, 77). Seven serogroups, 026,
045, 0103, O111, O121, O145, and O157, referred to as
“top-7 STEC,” are responsible for a majority of STEC
infections, including several major foodborne outbreaks
(14, 34, 65). Ruminants are a major reservoir of STEC in
which they colonize the hindgut and are shed in the feces.
Several studies have shown that swine also harbor STEC
and shed them in their feces (16, 30, 31, 64, 75). Therefore,
swine can also be a source of STEC to humans, and a few
outbreaks have been linked to the consumption of pork
products contaminated with STEC (37, 74, 76). In cattle,
STEC are commensals and do not cause disease, but in
swine, STEC serogroups that produce Stx2e subtype cause
edema disease (1, 23, 33). Certain serogroups of STEC,
particularly in swine, have been shown to carry genes that
encode for enterotoxins involved in neonatal or postwean-
ing diarrhea (1, 24, 53). Although clinically relevant top-7
serogroups have been detected and isolated from swine
feces, a majority of the isolates were serogroups other than
the top-7 and included O8, 059, 071, 086, 0100, O163,
0174, and O184 (16, 75, 76). Recently, we reported, by
multiplex PCR (mPCR) assays, a high prevalence of
serogroups of 026, O121, and O157 among the top-7 and
08, 086, 091, 0100, and O174 among the non—top-7 in
feces of finisher pigs (64). Because of the limitation of the
PCR method, which does not indicate the association of Stx
genes with the serogroups present in the feces, their public
health importance or potential to cause edema disease in
swine could not be ascertained. Therefore, our objectives in
this study were to use culture methods to identify and
isolate major and minor serogroups of STEC, identify
STEC serogroups that carry enterotoxin genes, and subtype
the Stx gene in the STEC isolates to assess their potential to
cause disease in swine and humans.

MATERIALS AND METHODS

Study design and samples. The study design and sample
collections have been described previously (64). In brief, 10 pig
flows from eight states (lowa, Kansas, Minnesota, Nebraska,
North Carolina, Oklahoma, Ohio, and South Dakota) were
included in the study. In each pig flow, six different finishing
sites were randomly selected, and from each site, fecal samples
from 10 finisher pigs close to marketing were collected once (60
samples per pig flow; n = 598 fecal samples).
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Fecal sample enrichment and detection of Stx genes and
top-7 and 0104 serogroups. Approximately 1 g of fecal sample
was suspended in 9 mL of E. coli broth (Difco, BD, Waltham, MA
(57)). The sample was vortexed for 1 min and incubated at 40°C
for 6 h. After incubation, 1 mL was pipetted into a 2-mL
centrifuge tube. The contents were boiled for 10 min and
centrifuged at 9,400 X g for 5 min. The DNA in the supernatant
was purified by using a GeneClean Turbo kit (MP Biomedicals,
Solon, OH). The purified DNA was used to detect Stx1 (stx;), Stx2
(stxy), and eae genes by real-time PCR assay (52). Fecal samples
positive for stx; or stx, genes were then subjected to an mPCR
assay to detect serogroups of 026, 045, 0103, 0104, O111, O121,
0145, and O157 (2, 55).

Selective isolation and identification of 026, 045, 0103,
0104, O111, 0121, 0145, and O157 serogroups. Enriched fecal
samples positive for any of the eight (top-7 and O104) serogroups
by the mPCR assay were subjected to immunomagnetic separation
(IMS) specific to the serogroup and then spread plated onto
selective media for isolation. In brief, 980 pL of enriched sample
was mixed with 20 pL of the IMS beads (Abraxis, Warminster,
PA) specific for the PCR-positive serogroups, individually or
pooled, based on the number of serogroups present (50). The IMS
procedure was performed according to the protocol provided by
the manufacturer of the KingFisher Flex magnetic particle
processor (Thermo Fisher Scientific, Waltham, MA). Fifty
microliters of the final IMS suspension was spread plated onto
sorbitol MacConkey agar with cefixime (0.05 mg/L) and
potassium tellurite (2.5 mg/L) (CT-SMAC) or modified Possé
agar (51, 62) for isolation of O157 and non-O157 STEC,
respectively. All plates were incubated at 37°C for 18 to 24 h.
From the CT-SMAC plate, up to six gray colonies (sorbitol
negative) were picked and streaked onto blood agar plates (Remel,
Lenexa, KS) and incubated at 37°C for 18 to 24 h. Colonies were
subjected to E. coli O157 latex agglutination test, and a colony
positive for agglutination was subjected to an mPCR assay to
confirm O157 and H7 antigens and three virulence genes (stx,
stx,, and eae) (3). From the modified Possé agar plate, up to 10
chromogenic colonies were picked and streaked onto blood agar
plates and incubated at 37°C for 18 to 24 h. The colonies of the 10
isolates from each plate were pooled in 50 pL of distilled water.
The solution was boiled for 10 min, centrifuged at 2,200 X g for 2
min, and then tested by mPCR assay for the top-7 and O104
serogroups and three virulence genes (68). If the pooled colonies
were positive for any of the serogroups, each isolate was tested
individually by mPCR. All confirmed stx-positive isolates were
stored in cryogenic beads (CryoCare, Key Scientific Products,
Round Rock, TX).

Nonselective isolation of E. coli (without IMS) by direct
plating of enriched fecal samples. Enriched fecal samples
positive for the stx; or the stx, gene were directly spot inoculated
with a sterile cotton swab onto MacConkey agar (MAC; Remel)
and eosin—methylene blue (EMB; Remel) agar plates, and then
sterile loops were used to streak from the swabbed area for
isolation of E. coli. Also, samples were diluted (1 in 100 dilution)
in E. coli broth, and 25 pL of the diluted inoculum was spread
plated onto MAC and EMB plates. Inoculated plates were
incubated at 37°C for 18 to 24 h. In total, 10 putative colonies
presumptive of E. coli from MAC plate (pink, round, smooth
colonies) and 10 putative colonies from EMB plate (iridescent
green- and black-pigmented colonies) for each sample were
streaked onto blood agar plates and incubated at 37°C for 18 to 24
h. The 10 colonies obtained for each sample were pooled in 50 uL
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of distilled water. The solution was boiled for 10 min and
centrifuged at 2,200 X g for 2 min. The boiled lysate was subjected
to a real-time PCR assay (52) to detect stx;, stx,, and eae. If
pooled colonies were positive for stx; or stx,, each colony was
tested individually by mPCR assay to detect the top-7 and O104.
Any colony positive for stx; or stx, but negative for the top-7 was
considered as non—top-7 STEC. The serogroups of the stx-positive
isolates were identified by 14 sets of mPCR assays targeting 137
non—top-7 serogroups of STEC (45). All stx-positive isolates were
stored at —80°C in cryogenic beads.

Subtyping of Stx genes of STEC isolates. The stx genes of
the isolated STEC strains (n = 178) were subtyped by a touchdown
PCR method as described previously (69). In brief, each strain was
grown on blood agar plates. A single colony was picked and
suspended in distilled water after which it was boiled and
centrifuged. The supernatant (lysate) was used to amplify szx; and
stx, genes. Amplicons were purified and shipped to Genewiz, Inc.
(South Plainfield, NJ) for nucleotide sequencing. The chromato-
gram data of each sequence were individually analyzed for
conflicts, and secondary peaks and consensus sequences were
produced using CLC Main Workbench software (Qiagen,
Valencia, CA). The nucleotide sequences were conceptually
translated to amino acid sequences, and Stx subtypes were
determined based on the amino acid motifs that define each stx
subtype (66). Because the primers designed to amplify the stx gene
did not include the subtype stx,., a PCR assay outlined was used
for strains that were negative for all the other subtypes of stx; (66).

Detection of enterohemolysin and enterotoxins. PCR
assays were used to identify the following genes in all the STEC
isolates (n = 178): ehxA, which encodes for enterohemolysin (2),
and enterotoxin genes elt, estA, estB, and ast4, which encode for
heat-labile enterotoxin, heat stable entetrotoxins A and B, and
enteroaggregative heat-stable enterotoxin 1 (EAST1), respectively

(79).

Statistical analysis. Statistical analysis was performed using
STATA 16.1 (StataCorp, College Station, TX). Multiple mean
comparisons were obtained for each variable assuming equal
variances across states by Bonferroni approach, to adjust the
comparison-wise error rates. Analysis was done using Probit
regression on binary dependent variables assuming that the
probability of a positive outcome is determined by the standard
normal cumulative distribution function (49). The means for
number of fecal samples with pooled colonies positive for stx; or
stx, gene, number of pure cultures positive for the stx; or stx, genes,
and number of pure cultures positive for serogroups other than the
eight serogroups obtained from direct plating of enriched fecal
samples on MAC or EMB agar were compared by a two-sample ¢
test. The Cohen’s kappa statistics was used to measure the interrater
agreement for numbers of pooled cultures or pure cultures positive
for the stx gene between MAC and EMB agar plates (46). Results
were considered significant at a P value < 0.05.

RESULTS

Of the 598 enriched fecal samples tested by reverse
transcriptase PCR assay for the three virulence genes, 419
(70.1%) samples were positive for stx; and/or stx, genes and
398 (66.7%) samples were positive for eae (Table 1).

Detection and isolation of STEC 026, 045, 0103,
0104, O111, 0121, 0145, and O157. Of the 419 fecal
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samples subjected to IMS and plating on selective media
(CT-SMAC and modified Possé), 208 samples (208 of 598,
34.8%) were positive for one or more of the eight targeted
serogroups (Table 1). The prevalence of the eight serogroups
ranged from 15% in fecal samples collected from a pig flow
in South Dakota to 75% in samples collected from a pig flow
in Towa. In total, 190 isolates (31.8% of fecal samples)
positive for one of the eight serogroups were obtained in pure
cultures. The five predominant serogroups isolated were 026
(38 of 598, 6.4%), 045 (24 of 598, 4.0%), 0104 (25 of 598,
4.2%), 0121 (62 of 598, 10.4%), and O157 (24 of 598,
4.0%). None of the fecal samples yielded an isolate positive
for the O111 serogroup. Of the 190 isolates, only 25 were
positive for a Stx gene, which included one strain each of
026 and 0103 and 23 strains of O121 (Table 1). Both 026
and 0103 were positive for stx; and eae genes, and the 23
0121 strains were positive for stx, and negative for eae.
None of the 045 (n =24), 0145 (n=_8), and O157 (n =24)
isolates contained stx, eae, or fliCy; genes. In addition, 23
isolates were identified to be positive for stx; or stx, gene, but
negative for the eight serogroups (top-7 and O104). The 23
STEC strains, identified by mPCR assays, belonged to
serogroups of O2 (n=3), O8 (n=4), 036 (n=2), 055 (n=
2), 076 (n=1), 086 (n = 2), and O115 (n = 1), and eight
strains were negative for any of the 137 targeted serogroups
(Table 1).

Detection and isolation of STEC by direct plating of
enriched fecal samples onto MAC and EMB agar.
Because no serogroup-specific IMS beads are available and
no selective media have been developed for serogroups
other than the eight serogroups (top-7 and O104), fecal
samples enriched in £. coli broth and positive for stx; and/or
stx, genes were inoculated directly onto MAC and EMB
agar. After incubation, pooled putative colonies of E. coli
(10 colonies per sample) were tested for Stx genes, and if
positive, each pure culture was tested by mPCR assay for
stx gene and serogroup identification. Initially, 200 of 300
fecal samples from five pig flows that were positive for stx;
and/or stx, genes were plated onto both MAC and EMB
agar. The proportion of samples with pooled colonies (10
colonies per sample) positive for stx; and/or stx, genes were
81 (40.5%) of 200 (confidence interval [CI] =33 to 47) and
71 (35.5%) of 200 (CI =28 to 42) for MAC and EMB agar,
respectively (Table 2). The total number of pure cultures
positive for stx; and/or stx, obtained by testing individual
colonies were 63 (31.5%) from MAC and 56 (28.0%) from
EMB. The total number of isolates belonging to top-7 or
0104 (3 for MAC and 4 for EMB) and non—top-7 STEC (60
[30%] for MAC and 53 [26.5%] for EMB) was similar
between the two media (Table 2). The kappa coefficient for
the proportion of samples with pooled colonies of 10
positive for stx; and/or stx, genes and total number of pure
cultures positive for stx; and/or stx, obtained by testing
individual colonies from MAC or EMB was 0.89 or higher,
indicating almost perfect agreement between the two media
(Table 2). Because neither medium was better than the
other, only MAC medium was used for the remaining 300
samples.

1202 Idy L0 UO Jasn Sa0IAIBS [BDIUYDS | -AlUM B1BlS Sesuey] Aq Jpd 69 L-L-78-X820-29€01/9952.L2/69L/|/+8/pd-ajone/d)fjwoo ssaidua)|e uelpLawy//:diy woly papeojumoq



J. Food Prot., Vol. 84, No. 1

REMFRY ET AL.

172

Downloaded from http://meridian.allenpress.com/jfp/article-pdf/84/1/169/2772566/i0362-028x-84-1-169.pdf by Kansas State Univ- Technical Services user on 01 April 2021

‘(5#) sdnoiBoias (1O pue L-doy ay) uey) 1oy10 HFLS Jo sdnoi3oias o] Sunedie; sKesse YHJW Jo s19s ] Suisn Aq paynuapr sdnoisoras
“(LSTO PUB ‘SHT1O “ITIO ‘T110 ‘Y010 ‘€010 ‘SO ‘970) sdnorgores 1ysia oy 10§ YDd ¥o[dnnuwr Aq aaneSeu inq ouss x7s 10f 2AnIsod saje[os] ,
"(£S) (ava pue Txgs ‘Txzs) soUQS QIUL[NIA 1Y) PUB (LSTO PUB ‘SHIO ‘1210 ‘I110 ‘Y010 ‘€010 ‘SHO ‘970) sdnoi3oias 1ySio Junesie; Aesse YDJ xo[dninw Aq pasay,

"(z¢) Kesse YD own-[edr £q paisa], ,
(500 < d) TURIJIIP A[[BONISTIL)S 10U AT 19139] dWES oy} SUuLIeyS MOI B UIYIIM SUBIA ,

(67¢) €2 0 S I 14 0 4 I 6 I 0 (%) Te10L,
8 0 I I 1 0 4 I 4 paynuapru)
I 1 SI10
(4 4 980
1 I 9L0O
(4 (4 996)
(4 I I 9€0
14 12 80
€ (4 1 [46)
_sdnoi3o1os pa3agie) Jy3o ayy uey) 1oyio sdnoiSoios o3 SurSuolaq sAL[OSI JO OU [B)0}/SAR[O0SI dANISOd-X7s JO "ON
061/ST 6/L T/l 8/S 9/1 ST/l 4] 01/0 0v/T 12y L1y [el0L,
vT/0 1/0 /0 0 1/0 0 ¥/0 0 T/0 1/0 11/0 LSTO
8/0 0 0 0 0 20 ¥/0 1/0 0 1/0 0 S¥10
79/€T 8/L 6/1 9/$ /1 8/0 0 /0 L1/T 9/ €/€ 1Z10
0 0 0 0 0 0 0 0 0 0 0 1110
ST/0 0 11/0 0 0 /0 0 [40] 8/0 0 0 ¥010
6/1 0 0 0 1/0 T/0 0 0 €/0 /0 1/1 €010
vT/0 0 T 1/0 0 1/0 0 €/0 1/0 /0 1/0 SO
8¢/1 0 9/0 1/0 €/0 8/1 /0 0 6/0 9/0 1/0 920
,SdnorSoras pajesie JySio 0} JurSuO[aq SAIBJOSI JO "OU [EJ0}/SAIE[OST dANISOd-X7s JO "ON
@19 061 (gspve  (azy  (gepve  (QoDVv9 Lipoasy (00 avel (LoD vol (L99) @ or (0°s¢) av I (£'87) av LI paje[os] saxmnd aind
aanisod-dnoi3o1as Jo (9) "ON
®¥e) 8oz (98D av T (£g9) age (0sDVeE (L9D Vol (06€)29ver (L9 Vol (Log)aver (sL)asy (geh) 289z (£€7) av vl ,sdnoigozos
aﬂwwo A} JO 210w JO dUuO I0J
aanisod sojdwres 899} Jo (%) "ON
(L99) 86¢ (T'1L) add ¢y (L9L) A 9y (9'9p) av 8Z (L'19) 8 Lg (L'+8) @ 05 (L'99) 24 0t (£89) 28 I+ (0°S6) A LS (L'19) 28 LE (£€) V 0T a2 10}
aanisod sojdwes [899) Jo (%) "ON
(Tros) 61y (€00 vl  (€86) 065 (0sLasy (€€6) 089S (L6L) 28 Ly (00€) V8L (£88) 28¢5 (€86) D65 (L'18) 28 61 (0°6E) V 1T s 10/pue 1xgs 10]
aanisod sojdwes [899) Jo (%) "ON
(865 = u) (6§ = u) (09 = u) (09 = u) (09 = u) (65 = u) (09 = u) (09 = u) (09 = u) (09 = u) (09 = u) dnoi3oxos pue oued HHLS
e, BUI[OIB)) YMON BYSBIQON 7 mop 3id 1 mop 3id oryo rWOYRO 7 mop 3id 1 mop 3id BJOSAUUTIA! sesuey|
eloNR( INOS BMOT

,SPP2q dpauInUIOUNUIL]
21fidads-dno.a3o.4as Suiajoaulr poyaul 24n1nd Yyl U0 pasnq (966 = U) $222f auins u1 (D LS) 1109 BIYILIYISH Su1onpo.d—uixoy v31ys Jo (0[O puv [-doy) sdnoi3oaas 1y31a fo aouappaaiq | 1GV.L



J. Food Prot., Vol. 84, No. 1 STEC SEROGROUPS IN SWINE FECES 173

TABLE 2. Detection and isolation of Shiga toxin—producing Escherichia coli (STEC) from Shiga toxin—positive fecal samples (n = 200)
that were directly plated onto MacConkey or eosin—methylene blue agar

No. of fecal samples” cultured ~ No. of fecal samples” cultured

on MacConkey agar, on eosin—methylene blue agar,
n =200 n = 200 Kappa
Item (%; 95% confidence interval) (%; 95% confidence interval) P value”  coefficient®

No. of fecal samples with pooled colonies of 10

that were positive for stx; and/or stx,” 81 (40.5; 33-47) 71 (35.5; 28-42) 0.30 0.89
No. of pure cultures positive for szx; and/or stx, 63 (31.5; 25-38) 56 (28.0; 21-34) 0.44 0.91
No. of pure cultures positive for the eight STEC

serogroups® 3 4 _— —
No. of pure cultures positive for serogroups

other than the eight STEC 60 (30.0; 23-36) 53 (26.5; 20-32) 0.43 0.91

“ Include fecal samples collected from five pig flows located in the states of Kansas, Minnesota, lowa, and Oklahoma.

b Based on two-sample ¢ test.

¢ Based on kappa statistic.

¢ Determined by real-time PCR (52).

¢ Determined by 11-plex conventional PCR targeting eight serogroups (026, 045, 0103, 0104, O111, 0121, 0145, and O157) and three
virulence genes (stx;, stx,, and eae) (57).

/., not computed due to complete agreement.

Results from detection and isolation of STEC from all Stx gene types and subtypes. In total, 178 STEC
stx-positive samples (n = 419) from the 10 pig flows that strains, which included 26 stx; strains and 152 stx, strains,
were directly plated onto MAC medium are shown in Table were subtyped (Table 5). If a fecal sample yielded more than
3. Of the 419 samples positive for szx; and/or stx, (70.1%)  one isolate by both culture methods (IMS and direct plating)
tested by the 11-plex PCR, 159 samples (26.7% of the total and the isolates belonged to the same serogroup and had the
fecal samples) yielded pooled colonies (pool of 10 same Stx type, only one isolate from that sample was used for
randomly picked putative E. coli colonies) that were subtyping. None of the 178 strains contained both stx; and
positive for stx; and/or stx, genes. When the colonies from stx,. The two strains of stxj-positive 026 and O103 were also
the stx-positive pools were individually tested by 11-plex  positive for eae gene. Of the 152 stxp-positive serogroups
PCR (026, 045, 0103, 0104, OI111, O121, O145, and identified, only serogroup OS51 (n = 2) was positive for eae
0157 serogroups and stxy, stx,, and eae genes), a total of  gene. All 26 stx; strains contained stx;, subtype. All 152 stx,-
154 pure cultures were obtained that were positive for stx; positive strains, which included 122 strains of identified
and/or stx,. Overall, the number of samples that yielded serogroups and 30 strains of unknown serogroups, contained
pooled colonies positive for either stx; or stx, and the  stxp. subtype. The 27 strains of O121 obtained with or without
number of pure cultures obtained positive for stx; or stx, IMS method, which is one of the top-6 non-O157 STEC
were different among 10 flows (P < 0.05; Table 3). The involved in human infections, also contained stx,. (Table 5).
prevalence of stx-positive serogroups ranged from 3.3% in
samples from pig flow in Kansas to 43.3% in samples Prevalence of enterohemolysin and enterotoxin
collected from one of the pig flows in Iowa and South genes. Only two serogroups, 026 and O103, were positive
Dakota. Of the 154 isolates obtained, 14 (2.3% of the total for the ehxA gene (Table 5). Among the enterotoxin genes
fecal samples) belonged to one or more of the eight  tested, ast4 (EAST1) was the most prevalent (74 of 178,
serogroups (top-7 and O104) and the remaining 140 (23.4% 41.6%), followed by heat-stable enterotoxins est4 (30 of
of the total fecal samples) belonged to other serogroups 178, 16.9%) and estB (22 of 178, 12.4%) (Table 5). None of
(Table 3). All 14 top-7 STEC were identified as serogroup  the STEC strains contained the heat-labile enterotoxin gene
O121. (elt). Serogroups 026 and O103, which are two of the top-7

Among the 140 STEC isolates subjected to mPCR STEC involved in human infections and positive for stx,
assays, serogroups were identified for 113 isolates and 27 were negative for the four enterotoxin genes (astA, estA,
isolates were negative for the targeted 137 serogroups estB, and elf). All the other stx;-positive serogroups, except
(Table 4). Among the 20 serogroups identified, three 0149, were positive for the EAST1 gene. Serogroup O121,
serogroups, O8 (31 of 140), 086 (19 of 140), and O100 another top-7 STEC and positive for stx,., was positive for
(9 of 140), were the most predominant. The prevalence of =~ EASTI gene and negative for the other three genes. Shiga
all 23 STEC serogroups and unidentified serogroups, toxin 2—positive serogroups of 02, 036, O51, and O143
isolated with or without IMS, expressed as the proportion  were negative for all the enterotoxin genes. Of the 30 stxp.-
of the total fecal samples tested (n = 598) in the study are  positive strains of unknown serogroups, 6 were positive for
shown in Figure 1. The three predominant serogroups of = EASTI and 15 were positive for each of two heat-stable
STEC isolated in pure cultures from 598 fecal samples were enterotoxins (Table 5). Two strains of O159 serogroup, 2 of
08 (5.9%), 0121 (4.3%), and O86 (3.2%) (Fig. 1). the 35 strains of O8 serogroup, and 5 strains of the 30
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TABLE 4. Detection of serogroups of Shiga toxin—producing Escherichia coli (STEC), other than the top-7 (026, 045, 0103, 111, O121,
0145, and 0O157), isolated by direct plating of Shiga toxin—positive fecal samples (n = 419) on MacConkey agar by 14 sets of multiplex

PCR assays®

Towa

Kansas Minnesota Pig flow 1 Pig flow 2 Oklahoma

South Dakota

Ohio Pig flow 1 Pig flow 2 Nebraska North Carolina Total

Serogroup (n=60) (m=60) (=600 (=60 H=60) (=59 @H=60) (M=060) (=600 (n=259)  (n=>598)
02 2 2
08 9 5 6 7 2 1 1 31
09 1 1 1 3 6
036 4 1 1 6
051 1 1 2
055 1 1
069 2 2
076 1 2 3 6
081 1 1
086 1 8 3 6 1 19
0100 1 1 1 4 2 9
0110 1 1
0115 3 2 5
0120 1 1
0131 2 2
0143 1 1
0149 3 2 1 6
0159 1 1 2
0174 2 2 2 6
0180 2 2 4
Unidentified 2 1 10 4 2 8 27

Total (%) 0 (0) 22 (36.7) 26 (43.3) 18 (30.0) 11 (18.3) 11 (18.6) 25 (41.7) 9 (15.0) 17 (28.3)  1(1.7) 140 (23.4)

¢ Serogroups identified by using 14 sets of mPCR assays targeting 137 serogroups of STEC other than the top-7 and O104 serogroups

(45).

unidentified serogroups were positive for all three entero-
toxin genes (astA, estd, and estB).

DISCUSSION

The fecal samples (n = 598) used in this study were
from 10 pig flows located in the top swine-producing states

Shiga toxin gene-positive
serogroups

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Prevalence in swine feces, %

FIGURE 1. Prevalence of top-7 (dark bars) and non—top-7 (gray
bars) serogroups of Shiga toxin gene—positive Escherichia coli
isolates as proportion of fecal samples (n = 598) obtained by
cultured method.

in the United States. The PCR method detected 208
samples (34.8%) as positive for one or more of the eight
STEC serogroups (020, 045, 0103, 0104, O111, O121,
0145, and O157). The culture method (IMS followed by
plating on selective media) yielded a total of 190
serogroup-positive isolates in pure cultures. Among the
eight targeted STEC serogroups, the five predominant
serogroups detected were 026, 045, 0104, O121, and
0157. However, only a small number of the isolates (25 of
190) were positive for the stx gene. A similar high
prevalence of STEC serogroups negative for stx gene have
also been reported in feces of cattle (57). Absence of stx
gene, which is carried on a mobile genetic element
(prophage), in a known STEC serogroup suggests either
the loss of the phage or the organism has the potential to
acquire the phage to become Shiga toxigenic (3, 15). Also,
it is possible these serogroups had H types, which are not
known to carry the prophage. Interestingly, none of the
0157 isolates obtained in this study was positive for Stx
gene or H7 gene, indicating that O157 strains had other H
type and not pathogenic, unlike O157:H7. This is in
contrast to prevalence in cattle in which the O157 isolates
are almost always positive for one or both stx and H7
genes (57). In a 2000 National Animal Health Monitoring
System study that involved 687 fecal samples collected
from finisher pigs in 13 top swine-producing states, none
of the stx-positive isolates obtained belonged to the O157
serogroup (30). In another National Animal Health
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TABLE 5. Prevalence of Shiga toxin gene subtypes, intimin, and enterotoxin genes in Escherichia coli strains isolated from swine feces

Shiga toxin gene

Enterotoxin gene”

No. of Intimin Enterohemolysin

Serogroup strains Type Subtype gene, eae gene, ehxA astA elt estA estB
026 1 stxq Stxq, 1 1
0103 1 SIX1, 1 1
0110 1 StX1, 1
069 2 Stxq, 2
0180 4 StX1, 4
o115 5 SIX1, 5
076 6 Stxq, 6
0149 6 S,
081 1 S, St 1
0120 1 Stoe 1
0143 1 Stoe
051 2 Stoe 2
055 2 Stoe 2
0159 2 Stoe 2 2 2
0131 2 Stoe 2
02 3 Stoe
09 6 Stoe 2 2
0174 6 Stoe 2
036 7 Stioe
0100 9 StX2e 3 6
086 19 Stoe 1
0121 26 StXpe 26
08 35 StX2e 13 3 2
Unidentified 30 Stoe 6 15 15

“ astA, enteroaggregative heat-stable enterotoxin 1 (EAST1); elt, heat-labile enterotoxin (LT); est4, heat-stable enterotoxin A (STa); estB,

heat-stable enterotoxin (STb).

Monitoring System study that tested swine feces for E. coli
O157:H7, serogroup O157 was isolated from 106 (4.2%)
of 2,526 fecal samples and only five (0.2%) isolates
contained the stx gene (26). In studies that have reported
isolation of O157 from swine feces, detection of isolates
with szx gene is a rare occurrence (16, 18, 27).
Interestingly, outbreaks of STEC infection associated with
pork products were more often with O157 than other
STEC serogroups (18, 37, 74).

The predominant s¢x-positive serogroup among the top-
7 was O121 (23 of 25 stx-positive isolates). In studies that
have reported prevalence and characteristics of STEC in
finisher pigs in the United States, serogroup O121 was not
detected or detected at a much lower rate (76, 30, 75). The
difference is likely because of the use of O121-specific IMS
beads in our study, which likely enhanced the probability of
isolation from feces. The mPCR assay, designed to detect
the top-7 serogroups and three virulence genes in cattle
feces, also included serogroup O104 (55, 68) because in
2011, O104:H4, a hybrid pathotype of STEC and enter-
oaggregative E. coli, was involved in a major foodborne
outbreak in Europe (6). Also, O104 serogroup-specific IMS
beads are commercially available and culture method for
selective isolation and identification from cattle feces have
been described previously (68). Although serogroup O104
strains were isolated in this study (25 of 598, 4.2%), none of
them possessed stx genes.

Because no IMS beads are commercially available and
no selective media have been developed for isolation of
STEC other the top-7 and O104, fecal samples positive for
stx gene were directly plated onto media (MAC and EMB)
that are selective and somewhat differential for E. coli.
Other studies have used commercial chromogenic agar such
as CHROMagar or Rainbow agar (13, 16, 75). Use of
different media can affect the ability to isolate different
STEC serogroups. Some of the commercial chromogenic
agar media contain a selective agent, tellurite, which is
inhibitory to certain STEC strains (36, 56). Neither MAC
nor EMB allows phenotypic identification of any particular
serogroup or pathotype of E. coli. In the initial comparison
of the two media, neither medium was superior to the other;
therefore, MAC was chosen as the medium for isolation for
the remaining fecal samples. The nonselective isolation
method allowed us to obtain a total of 154 isolates (25.8%
of the total fecal samples) positive for stx genes in pure
cultures, which included 14 top-7 STEC (all O121) and 140
non—top-7 STEC. Of all the non—top-7 STEC serogroups
identified in this study, the serogroups with the highest
prevalence were O8 (35 of 598, 5.9%), 086 (19 of 598,
3.2%), 0100 (9 of 598, 1.5%), and 036 (7 of 598, 1.2%).
The predominance of E. coli O8 in swine feces agrees with
previous studies (30, 31, 44). Serogroup OS8 is one of the
common serogroups involved in postweaning diarrhea in
weaned piglets (33, 35). It is not surprising that a small
proportion of strains were unidentified because even with

1202 Idy L0 UO Jasn Sa0IAIBS [BDIUYDS | -AlUM B1BlS Sesuey] Aq Jpd 69 L-L-78-X820-29€01/9952.L2/69L/|/+8/pd-ajone/d)fjwoo ssaidua)|e uelpLawy//:diy woly papeojumoq



J. Food Prot., Vol. 84, No. 1

the conventional serological method, a proportion of E. coli
isolates are untypeable (2/). It is possible that the
unidentified serogroups belong to the 13 serogroups of
STEC that were not targeted in the mPCR assays (45). Also,
a couple of STEC serogroups, O14 and O57, which do not
contain O-antigen biosynthesis gene clusters, are negative
in PCR assays (20, 39). It would be of interest to have these
unidentified strains whole genome sequenced for in silico
serogrouping (41).

A majority of the STEC isolates from swine feces (152
of 178, 85.4%) carried stx, gene. Of the two Stx types, Stx2
is more cytotoxic and more commonly associated with
severity and complications of human STEC illnesses than
Stx1 (22, 47, 60). Shiga toxin 2, particularly in association
with intimin, results in a higher risk for severe infections
(12). Only 1 of the 22 stx,-positive serogroups, O51, carried
intimin (eae) gene. Intimin is the best-characterized adhesin
that mediates attachment and induces effacement of enter-
ocytes (71), but there are other adhesins in STEC, such as
autoagglutinating adhesin, encoded by saa gene, that can
mediate attachment (58, 59). The rarity of eae gene in swine
STEC strains agrees with other reports (4, 70, 76). The 26
strains belonging to eight serogroups carrying Stx1 gene
possessed stxj,, a subtype that has the potential to cause
severe infections particularly in association with intimin
(eae) gene (14). Only two serogroups, 026 and O103, were
positive for eae gene, and these two serogroups are the two
most commonly implicated in human STEC infections, next
only to O157 (14, 65).

Interestingly, all 152 stx,-positive isolates, which
included both identified (n = 122) and unidentified (n =
30) serogroups, carried the stxp. subtype. All strains of
serogroup O121 (n = 26), which is one of the top-7
serogroups involved in human STEC illnesses, also carried
stx;. gene. The same serogroup isolated from cattle feces or
human clinical cases generally carries a stx subtype other
than stx,. (68). Shiga toxin 2e is the most common subtype
of Stx found in E. coli isolated from swine feces and pork
products (4, 11, 30), which is likely because Stx2e-
producing E. coli is the cause of edema disease,
characterized by subcutaneous and submucosal edema,
neurological signs, and death, in weaned piglets. In contrast
to swine, Stx2e-producing E. coli is rarely isolated from
other animals (7/). Although several stx,.-positive strains,
none except O8 belonged to the O groups frequently
involved in edema disease, which are O8, O138, 0139,
0141, and O147 (1, 23, 35, 76).

Besides Stx genes, several strains were positive for
genes that encode for heat-stable enterotoxigenic (est4 and
estB) and enteroaggregative (astA) enterotoxins, which are
the toxins involved in E. coli causing neonatal diarrhea and
postweaning diarrhea in swine (23, 29, 33, 40, 79).
Interestingly, none of the strains carried the heat-labile
enterotoxin gene (elt), which agrees with reports on stx,.-
producing E. coli isolated from swine and pork products
(11). The prevalence of Shiga toxin gene—positive E. coli
strains harboring enterotoxin genes in swine feces is not
uncommon (4, 7, 28, 33, 53, 63, 67, 78, 80).

Shiga toxin 2e—producing E. coli are not a major threat
for causing human infections, but they have been isolated
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from feces of healthy humans and in sporadic cases of mild
diarrhea (9, 10, 32, 48, 61, 70). A couple of stx,.-positive
serogroups, 060 and O101, which are more frequently
reported to cause human infections, were not detected in
this study (32). Certain serotypes producing Stx2e, such as
09:H", O101:H ", and O51:H49, have been associated with
hemolytic uremic syndrome, a serious complication of
STEC infection (25, 73). There is evidence that stx,.-
positive E. coli involved in human infections have acquired
specific virulence determinants to facilitate adaptation to the
human host (70). In addition, several stx,.-positive strains
also contained genes that produce enterotoxins (EASTI1 or
heat-stable enterotoxin), which have the potential to cause
diarrhea in humans.

Our findings in this study show that swine in the
finishing phase harbored, and shed in the feces, several
serogroups of STEC that included both top-7, implicated in
human infections, and non—top-7. However, only a small
proportion of the serogroup-positive strains isolated carried
Stx gene and a majority did not carry the gene that codes for
intimin, a major colonizing factor. Shiga toxin gene—
positive O157, the most common serogroup of human
STEC infections, including infections linked to pork, was
not detected in swine feces. A majority of STEC strains
isolated in the study carried Stx gene subtype 2e, which is
not considered to be of major public health importance and
is only involved in sporadic cases of mild diarrhea. Our
study shows that healthy pigs in the finishing phase harbor
and shed several serogroups of E. coli carrying virulence
genes involved in neonatal diarrhea, postweaning diarrhea,
and edema disease, but prevalence of STEC that are of
public health threat is low.
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