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SUMMARY

Evidence from epidemiological and molecular studies of bovine Escherichia coli O157:H7
suggests that strains are frequently transmitted across wide geographic distances. To test this
hypothesis, we compared the geographic and genetic distance of a set of international bovine
Escherichia coli O157:H7 isolates using the Mantel correlation. For a measure of genetic
relatedness, pulsed-field gel electrophoresis of six different restriction enzyme digests was used to
generate an average Dice similarity coefficient for each isolate pair. Geographic distance was
calculated using latitude and longitude data for isolate source locations. The Mantel correlation
between genetic similarity and the logarithm of geographic distance in kilometers was —0-21
(P<0-001). The low magnitude of the Mantel correlation indicates that transmission over long
distances is common. The occurrence of isolates from different continents on the same cluster of
the dendrogram also supports the idea that Escherichia coli O157:H7 strains can be transferred
with considerable frequency over global distances.

INTRODUCTION research efforts aimed at reducing prevalence of O157

The significance of Escherichia coli O157:H7 (O157) imong cattle herdsI havedgretalt fotenttlal.tf.or lr eductln%
as a human pathogen has been known since 1982 [1]. uman exposure. n Order to target critical contro

. . . . . oints for O157 on farms, it is necessary to under-
While various food vehicles have been associated with P . . Y
human infection, foods of bovine origin are the most stand how O157 is disseminated between cattle herds.

. . Results of molecular genetic subtyping of O157
common vehicle [2-5]. There have also been an in- B yp £
. . . from cattle herds suggest that new strains of O157 are
creasing number of outbreaks attributed to either . )
. . . introduced onto farms by some mechanism other than
direct human to animal contact, or to contact with a

. . animal movement: (1) indistinguishable subtypes of
manure-contaminated environment [6—10]. Therefore, .
[ ] 0157 were isolated from herds located hundreds of
kilometers apart, (2) the number of subtypes did not
* Author for correspondence : Department of Microbiology, Mol- . , FUET
ecular Biology and Biochemistry, University of Idaho, Moscow, differ between open herds (Where repldcement animals
ID 83844, USA. were purchased from off the farm) and closed herds
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(where replacements were raised on the farm), and
(3) in herds sampled longitudinally, new subtypes of
0157 were observed to appear, or herds that were
negative for more than a year became positive for
0157, suggesting a source of new strains external to
the farm [11, 12]. Although O157 has been found
in wildlife [13], it seems unlikely that wildlife could
account for transmission over hundreds of kilometers.

One plausible vehicle for widespread dissemination
is cattle feed, which is frequently shipped over great
geographic distances. For example, cottonseed is a
common component of cattle diets in the northwest-
ern United States, so must be frequently shipped from
the southern states where it is produced [14]. Feeds
are also shipped intercontinentally more frequently
and in greater amounts by weight than are live cattle
[15]. Generic E. coli are common in purchased feeds
(30-50% of samples, [16]) and can replicate to high
concentrations when feeds become wet [16]. O157
has been found at low prevalence in samples of
component feeds prior to their exposure to cattle on
the farm (personal observation). Because the typical
dairy herd purchases hundreds of truckloads of feeds
per year, even a low prevalence of O157 would result
in several exposures per year. The importance of feed
as a vehicle for transmission of Salmonella enterica
has been well documented for pigs, poultry, and cattle
[17-21].

We hypothesized that O157 strains are frequently
transmitted across wide geographic distances, and
that feed is a likely vehicle for transmission. Because
of the difficulties inherent in testing this hypothesis
directly, we chose to employ molecular subtyping to
compare genetic and geographic distance between
0157 isolates of bovine origin. If transmission by feed
were common, one would expect to see very little
localization of subtypes, and the correlation between
genetic and geographic distance should be low. On
the other hand, a high genetic—geographic distance
correlation among isolates would not support the
hypothesis that feeds play the major role in inter-herd
dissemination. The Mantel test was chosen because it
accommodates for the lack of independence between
pairwise comparisons and has been used for genetic—
geographic analyses of other species [22, 23].

METHODS

Isolates

Isolates of O157 from the United States were
drawn from studies conducted by the Field Discase
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Investigation Unit, Washington State University,
Washington, USA [12, 13, 24, 25], and from the
Food Animal Health Research Program, Ohio State
University, Wooster, Ohio. Isolates from Japan,
Australia, and Scotland were provided by the
National Institute of Animal Health in Japan [26, 27],
Food Safety and Quality Section, Food Science
Australia, Brisbane Laboratory [28, 29], and the
Regional Veterinary Centre, Inverness, Scotland [30],
respectively. Confirmation of O157 was performed
as in cited articles, and for the isolates from Ohio
by multiplex PCR carried out at Washington State
University [31, 32].

Pulsed-field gel electrophoresis (PFGE)

Isolates were grown overnight on sheep blood agar,
suspended with sterile cotton swabs in 3 ml of TE
buffer (100 mm Tris and 100 mm EDTA) and adjusted
to an optical density of 1-:3—1-4 at 610 nm. Aliquots
of bacterial suspension (200 ul) were transferred to
1-5-ml microcentrifuge tubes. Proteinase K (10 ul of
20 mg/ml) was added to each tube. InCert (FMC,
Rockland, ME) agarose was added (1:6% with 1%
sodium dodecyl sulfate in TE, 200 ul) to each tube,
mixed, and immediately dispensed into plug molds
(BioRad, Hercules, CA). After solidifying, plugs were
transferred to round-bottomed tubes, and 1-5 ml of
ES buffer (0-5m EDTA, pH 9-0; 1 % sodium-lauroyl-
sarcosine) and 40 ul of proteinase K (20 mg/ml) were
added to each tube. Plugs were then incubated with
shaking at 54 °C for 1h. Lysis buffer was then
removed from each tube, plugs were washed in sterile
distilled water (twice at 50 °C, 15 min), and then in TE
buffer (four times, 50 °C, 15 min). Plug slices (2 mm)
were digested with a restriction endonuclease (see
Table 1 for times and temperatures). PFGE was per-
formed on a CHEF-DRII PFGE apparatus (BioRad)
using the following parameters: separation on an
agarose (Seakem Gold agarose, FMC Bio Products,
Rockland, ME) gel in 0-5x Tris-Borate-EDTA at
14 °C at 6 volts/cm. Agarose concentration, run time
and pulse time differed according to the enzyme used
(Table 1). Gels were stained with ethidium bromide
and photographed with UV transillumination. The
photographic image was captured digitally using a
gel documentation system (Alphalmager 2000, Alpha
Innotech Corporation, San Leandro, CA). Digital
images were analysed using Bionumerics software
(Applied Maths, Sint-Martens-Latem, Belgium). Both
lambda DNA ladders (BioRad) and the standard
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Table 1. Restriction enzyme digest conditions and electrophoresis conditions for each restriction enzyme used for

PFGE of 0157 isolates

Digestion Units of  Agarose Initial Final Average

temperature  Digestion  enzyme concentration  Run time  switch switch number
Enzyme  (°C) time (h) per plug (%) (h) time (s)  time(s)  of bands
Binl 37 1620 10 1-0 22 2:2 54-2 12-8
Nhel 37 16-20 15 1-0 24 1 15 12-4
Pacl 37 16-20 24 12 24 0-1 11 167
Sfil 50 1620 29 1-0 22 1 15 17-4
Spel 37 16-20 25 1-0 22 5 25 10-5
Xbal 37 4-16 30 1-0 20 2:2 542 149

isolate, G5244 [33], were used as size standards and for
between-gel standardization in Bionumerics.

Latitude and longitude and United States trade data

Latitude and longitude data for locations outside the
United States were obtained from the Gazetteer
Search engine of the National Imagery and Mapping
Agency web site at http://gnpswww.nima.mil/geo-
names/GNS/index.jsp. Latitude and longitude data
for locations inside the United States were obtained
from the US Gazetteer search engine of the US Cen-
sus Bureau web site at http://www.census.gov/cgi-bin/
gazetteer. Latitude and longitude in decimal degrees
were used to calculate distance in kilometers using a
published formula based on spherical trigonometry
[34]. A limited number of distance calculations were
checked using an atlas of the world [35].

Numbers of live cattle and metric tons of feed im-
ported from and exported to the United States
were available on the USDA Foreign Agricultural
Service internet site, http://www.fas.usda.gov/us-
trade/ [36]. Bulk, Intermediate, and Consumer-
Oriented (BICO) commodity groups included all
feeds and fodders except for poultry feeds, and all
live bovine animals.

Data analysis

For each enzyme, Dice similarity coefficients were
calculated in Bionumerics (Applied Maths). Percent
tolerance settings varied according to the enzyme used
(range: 1-0-3-0%), and were determined by mini-
mizing the percent tolerance that resulted in 100 %
similarity between the standard isolate lanes. The Dice
similarity coefficient is equal to the number of shared
bands times two, divided by the total number of bands
being compared [37]. Cluster analysis was performed
in Bionumerics based on Dice coefficients and the
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Table 2. Source of 0157 isolates by year of sample
collection and country of origin

Australia Japan Scotland United States Total

1994 — — — 17 17
1995 1 — — 5 6
1996 1 17 — 3 21
1997 3 — — — 3
1998 1 — — 1 2
1999 1 — 11 4 16
2002 — — — 4 4
Total 7 17 11 34 69

unweighted pair method of arithmetic averages
(UPGMA) to generate a composite dendrogram based
on an unweighted average of six similarity coefficients
from six enzymes. This average similarity for each iso-
late pair was used as a single estimate of relatedness,
which was then used for the genetic—geographic com-
parison. The geographic distance matrix was com-
puted using SAS (Cary, NC). The genetic similarity
and geographic distance matrices were exported from
SAS to Excel, in which the Mantel correlation [38]
between genetic similarity and the logarithm (base 10)
of the distance in kilometers was calculated using
Poptools [39].

RESULTS

The total number of isolates was 69, with collection
years ranging from 1994 through 2002 (Table 2). The
Mantel correlation between genetic similarity (aver-
age Dice similarity coefficient from 6 enzymes) and
the log base 10 of geographic distance in kilometers
was —0-21 (P<0-01). Figure 1 is the composite
dendrogram from the average of six Dice similarities
generated by six enzymes. There were several examples
where isolates from separate continents occurred on
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similari Isolate Year
Percent similarity > number isolated Country Subregion
[————— 7420 1996 Japan Tochigi
,..I S 7421 1996 Japan Niigata
0757 1994 USA Whatcom County, WA
1273 1994 USA Coos County, OR
7439 1996 Japan Wakayama
7423 1996 Japan Miyagi
7407 1996 Japan Tokushima
7409 1996 Japan Ehime
— 7478 1996 Japan Yamaguchi
7488 1996 Japan Miyazaki
7433 1996 Japan Nara
7436 1996 Japan Iwate
7500 1996 Japan Chiba
[ 7495 1996 Japan Fukushima
1328 1994 USA WA Basin
6025 1999 USA Grant County, WA
0961 1994 USA Clackamas County, OR
| 7460 1996 Japan Nagano
1159 1994 USA lowa
1136 1994 USA Minnesota
1119 1994 USA Texas
1053 1994 USA Arizona
L 1104 1994 USA California
| 8833 2002 USA Tuscarawas County, OH
L 8837 2002 USA Columbiana County, OH
8176 1995 Australia SE Queensland
'_l—-l: 8179 1997 Australia  SE Queensland
8182 1997 Australia NE Queensland
] —L—' L 8184 1998 Australia SE Queensland
7649 1999 Scotland Angus
8183 1997 Australia Victoria
7641 1999 Scotland Shetland
___l—‘: 7644 1999 Scotland Aberdeenshire
7653 1999 Scotland Orkney
M 7632 1999 Scotland Ross-shire
7638 1999 Scotland Lanarkshire
r.i I 7630 1999 Scotland Stirlingshire
7637 1999 Scotland Kirkcudbrightshire
———| l 7622 1999 Scotland Peeblesshire
7636 1999 Scotland Dumfries
7469 1996 Japan Shimane
7648 1999 Scotland Caithness
5987 1999 USA Yakima County, WA
0935 1994 USA Marion County, OR
2571 1995 USA Yamhill County, OR
2311 1995 USA SW OR
1041 1994 USA Colorado
0827 1994 USA Josephine County, OR
r 8177 1996 Australia SE Queensland
L 8185 1999 Australia SE Queensland
1160 1994 USA Nebraska
— 1124 1994 USA Kansas
f 0817 1994 USA Klamath County, OR
L 1015 1994 USA Marion County, OR
— 7484 1996 Japan Hiroshima
_r_: 7505 1996 Japan Toyama
3041 1995 USA Western WA
4048 1996 USA Latah County, ID
5203 1999 USA Hamilton County, KS
5612 1999 USA NW WA
[ { 6040 1999 USA Yakima County, WA
- 3753 1996 USA Whitman County, WA
7416 1996 Japan Kouchi
8834 2002 USA Stark County, OH
g —— 1048 1994 USA Colorado
‘—___: 3975 1996 USA New York
8832 2002 USA Madison County, OH
[ 3214 1995 USA Southern Idaho
L 3281 1995 USA Clackamas County, OR

Fig. 1. Composite dendrogram of O157 isolates based on PFGE using six enzymes.

from Japan (7469) and from Scotland (7648) clustered
together, and another isolate from Japan (7416) clus-
tered with three isolates from Washington State

the same cluster, and so were likely to share a recent
common ancestor, including strain 1273 from Oregon
clustered with a six isolates from Japan, an isolate
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Fig. 2. Scatterplot of genetic similarity vs. log 10 geographic distance for 63 bovine faecal Escherichia coli O157:H7 isolates
(2346 isolate pairs). The Mantel correlation was —0-21 (P <0-01).

(Fig. 1). Figure 2 is a scatterplot of genetic similarity
as measured by the average of six Dice coefficients
plotted against the log base 10 of geographic distance
in kilometers. Occurrences of isolate pairs with high
similarity but from widely separated geographic
locations occur in the upper-right of the scatterplot
distribution.

DISCUSSION

The finding of a significant Mantel correlation con-
firms that transmission over a short distance is more
likely to occur than over a long distance, however the
low magnitude (—0-21) indicates that transmission
over long distances is common. The occurrence of
geographically distant isolates on the same clusters
of the dendrogram also supports the frequent occur-
rence of such widespread transmission. In contrast,
genetic—geographic analyses of infectious agents
which are environmentally labile outside of a host,
and therefore not subject to fomite transmission,
have demonstrated strong geographic clustering of
subtypes [40—42].

While the Mantel correlation and dendrogram sup-
port the idea that O157 is transferred with consider-
able frequency over global distances, how this occurs
is unknown. Some reasonable hypotheses concern-
ing vehicles of dissemination include the movements
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of wild or domestic live animals, bird migration,
human travel, and shipments of feeds. Most terrestrial
wildlife species do not migrate over great distances,
and none over oceans. Wild birds do migrate great
distances, but the major migratory routes lie in a
north—south direction and would not explain frequent
east-west transoceanic transmission [43]. Human
travel occurs frequently and transcontinentally, so
cannot be ruled out as a possible means of dissemi-
nation of O157 strains. The introduction of O157 into
a cattle herd from human faeces would most likely
occur by faecal contamination of cattle feed at some
point during the processing and transport of feed. In
developed countries such as those represented in the
present study, human faecal contamination of herd
water supplies is probably rare, but faecal contami-
nation of cattle feed does occur in parts of the United
States as demonstrated by a relatively high incidence
of Taenia saginata cysticercosis in feedlot cattle of the
northwestern United States [44, 45].

Data on relative amounts of feed and live cattle that
are shipped intercontinentally are consistent with the
hypothesis that feed can be a vehicle for O157 dissemi-
nation. The isolates from Japan were distributed
throughout the dendrogram in Figure 1 and fre-
quently clustered with US isolates, whereas isolates
from Australia and Scotland tended to cluster with
each other.
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During 1992 through 2001, United States exports
of feeds and fodders to Japan averaged 2-4 million
metric tons per year, while those to Australia and
the United Kingdom averaged 0-8 million and 0-3
million, respectively [36]. Compared to feeds, animals
are shipped in fewer amounts by weight and less
frequently. Although intercontinental trade in live
bovine animals is small and sporadic, a single live
bovine animal could be colonized with high numbers
of bacteria so it is difficult to rule out their role in
dissemination of O157.

It is possible that our finding of similar isolates
from geographically distant locations is a result of
recurrent mutations (homoplasy); in other words,
even though isolates have a high similarity based on
restriction enzyme profiles, they may not truly share
a recent common ancestor. This seems unlikely, be-
cause we used six enzymes rather than one or two
to establish relatedness. As shown previously, the
correlation between similarity coefficients generated
by two single enzymes was poor (average 0-4), but
that correlation improved when additional enzymes
contributed to the similarity measure. This was de-
termined by comparing the average similarity from
independent sets of two and three enzymes. It was
projected from those data that two independent sets
of six enzymes would produce similarity measures
that were highly correlated (r=0-8) (personal obser-
vation).

Unfortunately, the data available in the present
study made it difficult to rule out time as a con-
founder. The isolates from Japan and Scotland were
relatively clustered in time as well as space, which
would bias our observations toward a higher corre-
lation between genetic similarity and geographic dis-
tance. On the other hand, isolates from the US and
Australia were obtained over several years, which
would bias our observations toward a lower genetic—
geographic correlation. The distribution of isolates in
the dendrogram argues against a large effect of such
biases, because isolates from Japan and the US
occurred on clusters throughout the dendrogram,
while most isolates from Australia clustered together.

Future opportunities for a more direct test of the
hypothesis that feeds serve as a vehicle to introduce
new strains of O157 into herds may be provided as the
sensitivity of detection methods improves. A longi-
tudinal study of small, closed herds fed heat-treated
feeds compared to those fed untreated feeds may be
feasible. This or other study design options should be
encouraged in light of the results presented here.
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