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Abstract

Pulsed-field gel electrophoresis Xbal patterns of Shiga toxin—producing Escherichia coli O157 (STEC O157) isolates
(n=156) found in ground beef sampled from U.S. processing plants and retail stores during 2001 to 2006 were
summarized and compared with Xbal patterns from human STEC O157 isolates (1 =14,591) in the national
PulseNet E. coli database. Four ground beef samples contained more than one pulsed-field gel electrophoresis
subtype of STEC O157. Of the 117 unique patterns found in ground beef, 100 (85%) appeared only once, and 17
(15%) were found in more than one isolate. The six patterns that appeared most frequently in human isolates were
also found among the eight most common ground beef patterns. The yearly proportion of human isolates with the
two most common patterns changed inversely, such that these patterns traded dominance over the study period.
Human isolates with patterns that were first detected in both ground beef and humans contemporaneously were
clustered in a 6-month window around the time of the respective ground beef sample. Of the 156 ground beef
isolates, 82 (53%) were indistinguishable from at least one human isolate in this 6-month window. The yearly
proportions of human STEC O157 isolates that were indistinguishable from ground beef isolates decreased sig-
nificantly from 2002 to 2003 (12.3-0.8%), and then increased significantly from 2003 to 2006 (overall 0.8-12.6%).
This increase in the numbers of human isolates that matched a ground beef isolate occurred during a period of
relatively consistent rates of ground beef contamination with STEC O157. Pattern similarity of STEC O157 isolates
derived from ground beef and clinical cases may serve as a good predictor of human incidence trends.

Introduction

HIGA TOXIN-PRODUCING EscHERICHIA corr O157 (STEC

0157) continues to play a substantial role in foodborne
illness. Mead et al. (1999) estimated that STEC O157 causes
over 70,000 illnesses and over 600 deaths each year in the
United States. The bovine gastrointestinal tract is the main
reservoir for this pathogen (Karch et al., 1999). Contaminated
undercooked ground beef is recognized as a major source of
human STEC 0157 infection (CDC, 1993, 2002; Rangel et al.,
2005). Alternate routes of infection exist, including ingestion

of other contaminated foods such as vegetables and unpas-
teurized cider (FDA, 2006, 2007; CDC, 1996, 1997), direct
contact with animals (CDC, 2001, 2005; Kassenborg et al.,
2004; Voetsch et al., 2006), and secondary transmission from ill
humans (Belongia ef al., 1993).

The Food Safety and Inspection Service (FSIS) of the United
States Department of Agriculture (USDA) began testing
ground beef for STEC 0157 in 1994 (USDA-FSIS, 2008). As
part of ongoing, risk-based verification testing of raw ground
beef, inspectors at federal ground beef processing establish-
ments randomly collected one pound of ground beef for STEC
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0157 testing in FSIS laboratories. For each year from 2001 to
2006, FSIS laboratories tested between 6,000 and 12,000
ground beef samples for STEC O157.

The Centers for Disease Control and Prevention (CDC) has
used the Foodborne Diseases Active Surveillance Network
(FoodNet) to estimate the incidence of human infections with
STEC 0157 in the United States since 1996 (CDC, 2007a).
Figure 1 summarizes yearly human incidence and the percent
of contaminated ground beef samples during the study period
(CDC, 2007a; USDA-FSIS, 2008). Both the percent-positive
rates of STEC 0157 in ground beef and the incidence of human
STEC 0157 infections decreased during 2002 through 2004. In
2005 and 2006, however, the incidence of infections in humans
increased above the goal set for the Healthy People 2010 ini-
tiative (1 case per 100,000 persons) (USDHHS, 2007), while
ground beef percent-positive rates remained relatively un-
changed. Possible explanations for this divergence in trends
include the increasing roles of routes of STEC O157 trans-
mission other than ground beef (CDC, 2007b) and the ap-
parent recent emergence of strains with enhanced virulence
(Manning et al., 2008).

Molecular subtyping may give insights into recent sur-
veillance data. Pulsed-field gel electrophoresis (PFGE) has
been used in epidemiologic investigations of infectious dis-
ease since the mid-1990s (Bender et al., 1997). In 1996, the CDC
created PulseNet—the national subtyping network for food-
borne disease surveillance, with databases of PFGE patterns
from isolates of STEC 0157 and other pathogens. FSIS began
contributing PFGE patterns to PulseNet from STEC O157-
positive ground beef samples in 1998.

Ground beef and human STEC O157 PFGE patterns have
been compared on a case-by-case basis during outbreak inves-
tigations, but a systematic multi-year comparison has not been
completed. This report summarizes and compares the PFGE
patterns of STEC O157 isolated from ground beef and humans
in the United States during the period from 2001 to 2006.
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Materials and Methods

STEC 0157 isolates were identified from the 50 states of the
United States from 2001 through 2006 using FSIS sampling
records, laboratory data (USDA-FSIS, unpublished data,
2007), and the PulseNet E. coli database. Isolates were in-
cluded in the study if the Xbal pattern had sufficient visual
clarity to assign it a unique identifier, hereafter referred to as a
“name.” PulseNet PFGE pattern names were used, and iso-
lates were said to match if their Xbal patterns were indistin-
guishable.

STEC 0157 isolates (1 =156) were identified from regula-
tory program samples of ground beef that were routinely
collected (not associated with outbreak investigation or
follow-up sampling) at federally inspected beef processing
establishments (1 = 137) and retail stores (1 = 19). The sample
collection date was used as the reference date for ground beef
isolates. Human STEC 0157 isolates from 2001 to 2006
(n=14,591) were identified. Human isolates from the first
3 months of 2007 (1 =162) were also used for comparison to
FSIS ground beef isolates found in late 2006. The date on
which the isolate was confirmed by culture was used as the
reference date for human isolates. In its absence, the following
formulas (generally used by PulseNet staff ) were used to es-
timate the culture-confirmed date: the date the isolate was
received at the laboratory for PFGE analysis minus 7 days, or
(in the absence of the received date) the date the isolate was
uploaded to the PulseNet database minus 14 days.

The most frequently appearing patterns in the ground beef
and human subsets were compared by pattern name. Chan-
ges in the yearly percentage of isolates with the two most
common patterns in both the ground beef and human subsets
(EXHX01.0047 and EXHX01.0074) were also analyzed for
statistical significance using the y*-test for trend in the Epilnfo
(v. 6) Statcalc program (CDC), with p-values <0.05 considered
significant.

0.90% 1.8
0.80%1—| o-""’/\. 16
o [——JPercent Positive Ground Beef Samples %_
s —#—Human Incidence (cases per 100,000 people) o
£ 070% 1 | - 14 8
'® 060%1 | 12 o
[ =1
m -
g &
g 050% 1 1.0 =
o 8
o 2
o 0.40%A +08 &
2 o
= o
= g
o 0.30%1 06 3
o o
= =
§ 0.20%4 | 04 §
8 :
010% 1+ 0.2
0.00% T T T T - 0.0

2001 2002 2003

2004 2005 2006
Year

FIG.1. Yearly percentage of Shiga toxin—producing Escherichia coli O157 (STEC O157)-positive ground beef samples and the
Foodborne Diseases Active Surveillance Network—estimated incidence of human infection with STEC O157 in the United

States, 2001-2006.
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FIG. 2. STEC 0157 isolates from humans with pulsed-field gel electrophoresis (PFGE) Xbal patterns that first appeared in
both humans and ground beef within five calendar months of each other, United States, 2001-2006. Human isolates totaled
by month relative to the date of the respective matching ground beef sample. Chart shows human isolate totals from six

months before through twelve months after the matching ground beef sampling date.

Ground beef and human isolate patterns were also compared
by pattern image. Pattern similarity was assessed by cluster
analysis (Dice; UPGMA) and fast band-matching applications
of Bionumerics software (Applied Maths, Sint-Martens-Latem,
Belgium), and confirmed by visual comparison.

Matching human and ground beef isolates were considered
to be temporally associated if the human isolate was identified
within six calendar months of the date of the ground beef
sample. To define this period of temporal association, patterns
were identified from first-appearing human isolates that
matched a nonrepeating ground beef isolate within five cal-
endar months before or after the month that the ground beef
sample was collected. Human STEC O157 isolates with these
patterns were totaled by month with reference to the collec-
tion month of the matching ground beef sample. From these
totals, a cluster of matching isolates was identified in a 6-
month window from one calendar month before the ground
beef sample through four calendar months after (Fig. 2).

Yearly proportions of ground beef isolates that matched at
least one human isolate within the 6-month window were
calculated. Similarly, yearly proportions of human isolates
that matched a ground beef isolate within the 6-month
window were also calculated. The statistical significance of
year-to-year differences in proportion was assessed using the
two-tailed, Yates-corrected y>-test (CDC), with p-values <0.05
considered significant. The Yates” correction for continuity
was used to provide a more conservative estimate of signifi-
cance due to the low yearly numbers of ground beef isolates.
The statistical significance of trends in proportion over mul-
tiple years was assessed using the y>-test for trend (CDC),
with p-values <0.05 considered significant.

Results

A summary of ground beef and human STEC O157 isolates
in the study, their Xbal PFGE patterns, and their matching

TABLE 1. SUMMARY OF GROUND BEEF AND HUMAN SHIGA TOXIN-PRODUCING ESCHERICHIA corLr O157 STuDY ISOLATES
AND THEIR PULSED-FIELD GEL ELECTROPHORESIS (PFGE) XBAI PATTERNS, UNITED STATES, 2001-2006, SHOWING
THE TOTAL NUMBER OF [SOLATES AND DISTINCT PATTERNS, DISTINCT PATTERN:ISOLATE (DP:I) RATIOS, THE NUMBER
AND PERCENTAGE OF ISOLATES WITH PATTERNS THAT APPEARED ONLY ONCE DURING THE STUDY PERIOD,

AND THE NUMBER AND PERCENT AGE OF GROUND BEEF ISOLATES THAT MATCHED A HUMAN ISOLATE (AND VICE VERSA)
BY PFEGE XBAI PATTERN DURING THE ENTIRE STUDY PERIOD AND WITHIN A 6-MoNTH WINDOW?

Isolates with Isolates Isolates
patterns matching matching in
appearing once 2001-2006 6-month window?®

Isolate source  Total isolates  Distinct patterns  DP:I ratio # % of total # % of total # % of total
Ground beef 156 117 0.75 100 64 110 71 82 53
Human 14,591 3018 0.21 1762 12 5448 37 1177 8

“The 6-month window: from one calendar month before the ground beef sample date through four calendar months after, the calendar

month of the sample counting as one month.
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TaBrLe 2. THE 17 REPEATED PFGE XBAI PATTERNS
FROM SHIGA TOXIN—-PRODUCING E. corr O157 IsOLATES
FounD IN GROUND BEEF SAMPLES, UNITED STATES,
2001-2006, BY PATTERN NAME, COUNT OF ISOLATES,
FREQUENCY RANK," AND CORRESPONDING RANK?
AMONG HUMAN ISOLATES

Ground beef ~ Ground

Pattern name  isolate count beef rank® Human rank®

3 human isolates®
1 human isolate®

EXHX01.1068
EXHXO01.1354

EXHX01.0074 9 1 2
EXHX01.0047 8 2 1
EXHX01.0008 5 3 11
EXHX01.0224 4 4 3
EXHX01.0800 3 5 No human isolates?
EXHX01.0124 3 5 4
EXHXO01.1343 3 5 5
EXHX01.0011 3 5 6
EXHX01.1058 2 6 No human isolates?
EXHX01.2178 2 6 No human isolates®
EXHX01.0200 2 6 9
EXHX01.0097 2 6 12
EXHX01.0238 2 6 26
EXHXO01.0272 2 6 28
EXHX01.1401 2 6 120

2 6

2 6

"Ranked according to how frequently the pattern was found
during the study period, with the rank of 1 denoting the most
frequently appearing pattern.

PDenotes the number of human isolates with this Xbal pattern
found in PulseNet, 2001-2006.

characteristics can be found in Table 1. Roughly two-thirds of
ground beef isolates matched a human isolate sometime in the
study period, and about one-half matched in the 6-month
window. There was more pattern diversity (greater distinct
pattern:isolate ratio) among ground beef isolates than among
human isolates. Of the 117 distinct patterns found in ground
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beef, 100 (85%) appeared in only one isolate, and 17 (15%)
were represented by two or more ground beef isolates. For
each repeated ground beef pattern, none of the representative
isolates came from samples collected at the same location.

Details about the 17 patterns repeated in ground beef iso-
lates, as well as comparisons with the patterns most com-
monly found in human isolates, are given in Table 2. The six
most common human patterns were found among the top
eight ground beef patterns. Three of the most common
ground beef patterns were not found in humans. Similarly, 2
of the top 10 human patterns (8th ranked, EXH01.0087, and
10th ranked, EXHO01.0079) were not found in ground beef
(data not shown). The two most common patterns,
EXHO01.0047 and EXH01.0074, were the same in both ground
beef and humans, albeit opposite for each subset in order of
representative isolates.

The yearly percentage of human isolates with pattern
EXHO01.0047 significantly increased overall, from 3.5% (95
isolates) in 2001 to 11.6% (334 isolates) in 2006 (x*=150.4,
p < 0.001), while the yearly percentage of isolates with pattern
EXHO01.0074 significantly decreased overall from 6.5% (176
isolates) in 2001 to 3.7% (107 isolates) in 2006 (y>=48.7,
p <0.001) after an initial increase (Fig. 3). Similar trends are
suggested from ground beef isolates with these patterns, but
are less certain due to the relatively low numbers of ground
beef isolates (data not shown).

Four ground beef samples yielded multiple isolates (with
different patterns) per sample. Three of these multiple-isolate
samples contained two isolates each (pairs), and one con-
tained three (triplet). Each single-sample group of isolates was
different in terms of whether the isolates matched a human
isolate in the 6-month window, as follows. Both ground beef
isolates from one pair and two isolates from the triplet mat-
ched at least one human isolate; the other ground beef isolate
in the triplet did not match. In another pair, one ground beef
isolate matched, and the other did not. Neither of the ground
beef isolates from the remaining pair matched.
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FIG. 3. Yearly percentage of STEC O157 isolates from humans with PFGE Xbal patterns EXH01.0047 and EXH01.0074,

United States, 2001-2006.
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FIG. 4. Yearly percentage of STEC O157 isolates from ground beef indistinguishable from human isolates by PFGE Xbal
pattern, United States, 2001-2006. Similarly, yearly percentage of STEC O157 isolates from humans indistinguishable from
ground beef isolates by PFGE Xbal pattern. Matching analyzed in a period from one calendar month before through four
calendar months after ground beef sample collection (6-month time window).

Figure 4 shows both the yearly percentage of ground beef
isolates that matched a human isolate in the 6-month window,
and the yearly percentage of human isolates that matched a
ground beef isolate in the 6-month window. For ground beef
isolates, year-to-year matching percentage differences were
not statistically significant. However, the decreasing trend
from 58.7% in 2001 to 27.8% in 2003 was significant (x>*=4.97,
p=0.026), as was the increasing trend from 27.8% in 2003 to
72.7% in 2006 (x*=8.10, p =0.004). For human isolates, the
decrease in matching percentage from 12.3% in 2002 to 0.8% in
2003 was statistically significant (x*>=206.8, p <0.001), as was
the increasing trend from 0.8% in 2003 to 12.6% in 2006
(x*=351.8, p <0.001).

Discussion

This study compared subsets of ground beef and human
isolates of STEC 0157 found in the United States during 2001
to 2006 by PFGE Xbal patterns. The year 2001 was chosen as
the first year of the study because complete FSIS sampling
data were not available before this year, and since 2001 was
the first year in which all 50 states submitted PFGE patterns of
STEC 0157 isolates to PulseNet (Gerner-Smidt et al., 2005).

PFGE patterns made by digestion enzymes other than Xbal
(BInl/Avrll and Spel) were not analyzed because they were
not available for all isolates in the study. Patterns from ad-
ditional enzymes can strengthen the case for genetic related-
ness (Singer et al., 2004) and can be particularly helpful in
providing more evidence of an association during an out-
break investigation. For the purposes of this multi-year study,
however, consistent comparison by one enzyme was consid-
ered adequate to reveal trends in similarity.

The genetic diversity observed among isolates from ground
beef is consistent with surveys of STEC O157 isolated from
cattle on dairy farms (Faith et al., 1996; Wetzel and Lejeune,

2006), feedlots (Lejeune ef al., 2004), and at slaughter (Arthur
et al., 2007). Also, the resemblance between the lists of fre-
quently appearing human and ground beef patterns is in
harmony with the findings of a recent USDA’s Agricultural
Research Service study that found substantial similarity
between the most common human Xbal patterns in PulseNet
and patterns isolated from cattle at slaughter (Arthur et al.,
2007). Further, many of the pattern names in the Agricultural
Research Service report were found among the patterns from
the ground beef isolates in the present study. The similarities
between cattle and ground beef isolates suggest that PFGE
patterns from ground beef isolates may be good indicators of
STEC 0157 PFGE subtypes emerging from the cattle reser-
voir. The likeness between common human and ground beef
patterns also lends support to the idea that contaminated
ground beef continues to be a major vehicle for transmission
of STEC O157 to people.

There were also some intriguing differences between the
most common PFGE patterns in STEC O157 isolates from
humans and ground beef. Two of the 10 most common human
patterns from 2001 to 2006 did not appear in ground beef over
the same period. These could simply have been missed in
ground beef because the amount of ground beef sampled in
the routine regulatory program is relatively small compared
to the amount produced nationally. It may also be that these
human patterns represent transmission routes other than
ground beef.

Another difference between the two pattern subsets is that
three repeated ground beef patterns did not appear in a human
isolate in the database, nor did many other once-appearing
ground beef isolates. Possible reasons that these patterns did
not appear among humans isolates include limitations in sur-
veillance, the proper cooking of meat by consumers, and the
fact that STEC O157-positive product detected by FSIS usually
does not reach commerce. Another possible explanation,
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however, is that these patterns were associated with isolates
that tended to make people sick less often, or with milder
symptoms. This possibility is supported by recent research
showing that certain STEC O157 strains are specific to the
bovine reservoir (Besser et al., 2007; Bono et al., 2007).

The increasing and decreasing trends in the two most
common patterns show that certain PFGE subtypes can
become more or less prominent over time. The shifting
dominance of strains may also help explain trends in inci-
dence of human infections, since certain STEC O157 strains,
such as those with different Shiga toxin subtypes, are more
pathogenic and/or virulent than others (Roldgaard ef al., 2004;
Kawano et al., 2008).

The four instances of multiple PFGE patterns isolated from
the same ground beef sample are not surprising given that
meat from multiple animals is often combined in ground beef
processing, and that different cattle on the same farm have
been shown to harbor distinct STEC O157 strains (Faith et al.,
1996; Wetzel and Lejeune, 2006). Moreover, one animal can
carry multiple STEC O157 strains (Faith et al., 1996), so it is
possible that ground beef contaminated with STEC O157 from
only a single animal might contain more than one strain. Most
STEC O157 outbreaks are thought to involve cases that all
exhibit the same PFGE pattern (Tauxe, 2006). However, the
fact that two ground beef samples each contained two distinct
subtypes that matched contemporaneous human case isolates
suggests that one contaminated batch of ground beef could
cause human STEC O157 cases with different strains. Out-
breaks of this nature have been reported (Proctor ef al., 2002;
CDC, 2007c). Public health officials should be alert for such
multi-strain outbreaks.

It has been suggested that the decrease in human incidence
of STEC 0157 infections from 2002 to 2004 was largely the
result of decreased contamination of the ground beef supply
(CDC, 2006; Naugle et al., 2005, 2006; USDA-FSIS, 2006). The
fact that ground beef positive rates remained at record lows
while FoodNet incidence rates climbed in 2005 and 2006 in-
dicates that factors other than the level of ground beef con-
tamination also have an influence on human incidence. The
increasing role of illness from contaminated leafy greens,
animal contact, and other non-ground beef sources may
partly explain recent trends (CDC, 2007b). Ecological shifts
such as the possible emergence of increasingly virulent STEC
0157 strains could also help explain the data (Manning et al.,
2008).

Comparison of the human and ground beef isolate subsets
showed proportions of matching similar to FoodNet human
incidence data. This similarity suggests that contaminated
ground beef is still a major contributor to the burden of
human STEC O157 illness. These findings also suggest that
the proportion of human isolates that match ground beef may
be a more accurate predictor of human incidence than ground
beef contamination rates alone.

Adding STEC 0157 isolates from sources other than
ground beef to the comparison described in this study could
reveal clues about different routes of disease transmission.
FSIS has recently broadened its sampling program to include
beef trim and other raw beef products (USDA-FSIS, 2007a,
2007b). Animal and environmental testing on cattle farms and
feedlots should be considered to better understand the strain
characteristics at the ultimate source of most STEC 0157 in-
fections. Indeed, the USDA’s Animal and Plant Health In-
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spection Service already collects routine fecal samples of cattle
on farms as part of ongoing studies (USDA-APHIS, 2006,
2007). Another method of surveillance is to test cattle at
slaughter plants (Arthur ef al., 2007). Thinking beyond beef,
outbreaks from leafy greens, raw milk, and contact with cattle
and other animals over the past few years have highlighted
the need for a reevaluation of STEC O157 attribution. Com-
paring molecular subtypes of farm, food, and human isolates
may help us better understand and prevent pathways of
STEC O157 transmission.

Enhanced surveillance and molecular comparison will re-
quire increased data-sharing between FSIS, CDC, FDA, and
other current and future PulseNet partners. The collaboration
required for the present study has strengthened the bond
between FSIS and CDC, and has shown the benefits of inter-
agency cooperation. The recent increases in human STEC
0157 incidence should provide renewed motivation for
public health agencies to cooperate toward decreasing trans-
mission. Given the complex nature of STEC O157 ecology,
transmission, and regulation, increased surveillance and co-
operation are essential for our nation to reach the STEC O157
Healthy People goals of 2010 and beyond.
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