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ABSTRACT The spread of wild-type Escherichia coli bear-
ing a transferable plasmid was studied in a farm environment.
E. coli of bovine and porcine origin were marked by resistance
to nalidixic acid (Na") or rifampicin (Rf"), and a transferable,
multiple resistance plasmid (pSL222-1 derivative of plasmid
R222) was introduced by conjugation. In separate experiments,
the two mutant derivatives were fed back to the respective host
animals, which were housed adjacent to, but separate from,
one or more ‘‘recipient’’ animals. No antibiotic was given.
Although the Rf" derivatives declined rapidly to undetectable
levels within 1 week, the Na" mutants of bovine and porcine
origin persisted in the original hosts and in their bedding
throughout most of each 4-month test period. Test bacteria
were isolated from mice residing in the same pen as the donor
animals and from multiple secondary hosts having direct or
indirect contact with the inoculated donors, but not from
neighboring animals maintained in isolation. The bovine mu-
tant was excreted by two caretakers for >4 weeks and was
recovered for 4—6 weeks from pigs, fowl, and flies. Although
the porcine mutant appeared to colonize less effectively, it
spread rapidly to flies and mice and was recovered transiently
from humans and fowl. Despite high transfer rates of plasmid
pSL222-1 from E. coli K-12 in vitro, transfer of the plasmid
from the animal E. coli host was very low and transfer in vivo
was not detected among indigenous gut or environmental
bacteria. E. coli of animal origin can spread rapidly and can
colonize the intestinal tract of humans and of other animals in
the absence of antibiotic selection.

The frequency, direction, and conditions of the natural
spread of bacteria and their plasmids within the environment
are of obvious importance in understanding the epidemiology
of pathogenic and antibiotic-resistant bacteria and the means
by which natural and genetically engineered strains and
plasmids may be maintained in the environment. Antibiotic
resistance genes commonly exist in human and animal flora
(1, 2), but it has been difficult to track the flow of these genes
and their bacterial hosts between animal species (3-5), and
minimal or no colonization has been reported in the absence
of antibiotic use (6-9). The degree to which animal host
specificity contributes to biologic containment of Escherichia
coli is also not well understood. To address these questions,
we designed studies in a controlled, yet natural, farm envi-
ronment in which ingress and egress of participants were
known and different elements that could affect spread of E.
coli and its plasmids could be examined. The effect of direct
and indirect contact with an animal hosting a marked E. coli
was evaluated and the spread and persistence of the organism
in new hosts were documented. The results demonstrated a
rapid spread of E. coli among different humans and animals
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and environmental sources in the absence of antibiotic se-
lection.

MATERIALS AND METHODS

Bacterial Strains. For the bovine studies, two morpholog-
ically identical, antibiotic-susceptible E. coli were selected
from among the predominant lactose-fermenting enteric flora
[titer = 6 X 10° colony-forming units (cfu)/g of feces] of the
heifer. They were isolates of the same clone as shown by
identical chromosomal DNA fragment profiles after endonu-
clease digestion with three or more enzymes (EcoRI1, BamHI,
Bgl 11, HindIlIl, and Sal I) and multilocus enzyme electro-
phoresis (performed by T. Whittam, University Park, PA).
One isolate was mutated to nalidixic acid resistance (Na") (30
pg/ml) (SLC1) and the other was mutated to rifampicin
resistance (Rf") (100 ug/ml) (SLC2) by plating on the anti-
biotic-containing medium. We introduced plasmid pSL222-1
(a transfer-derepressed mutant derived from R222 by ethyl-
methane sulfonate mutagenesis) conferring resistance to tet-
racycline (Tc"), chloramphenicol (Cm"), sulfonamide, and
streptomycin/spectinomycin into each strain, creating
SLC1-R and SLC2-R. Both hosts maintained the plasmid
through =100 generations of growth in L broth (per liter: 10
g of tryptone, 5 g of yeast extract, 5 g of NaCl, 1 g of glucose,
pH 7.0). Although transfer out of the E. coli K-12 host was
efficient (10! per donor cell), transfer from the new host was
low (=108 per donor cell). All four strains showed identical
growth rates in L broth and minimal medium (10).

For the porcine studies, two antibiotic-susceptible E. coli
were selected from among the lactose-fermenting porcine
fecal flora. Both showed identical chromosomal digestion
patterns and multilocus enzyme electrophoresis (see above)
but were distinctly different from the bovine strains. Spon-
taneous Na- (SLP1) or Rf-(SLP2) resistant derivatives were
made as above. Kanamycin resistance (Kn") was added to
plasmid pSL222-1 by incorporating the Tn5 transposon.
Plasmid pSL.222-1::Tn5 was then mated into the E. coli,
creating SLP1-R and SLP2-R. No plasmid loss was observed
through 40 generations of growth; some spontaneous loss
(=10%) was noted following the subsequent 10 generations.
This plasmid also exhibited repressed transfer (<1078 per
donor cell) from the wild-type E. coli. The parental strains
and their resistant derivatives had identical growth rates in L
broth and minimal medium.

Inocula were grown to midlogarithmic phase in L broth,
collected by centrifugation, resuspended in buffered saline,
and transported on ice to the experimental site. Doses were
administered orally in gelatin capsules.

Abbreviations: cfu, colony-forming unit(s); Na, nalidixic acid; Rf,
rifampicin; Tc, tetracycline; Cm, chloramphenicol; Kn, kanamycin;
T, resistance.
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Selective Media. Primary isolations were performed on L
agar or MacConkey (MAC) agar containing Tc (10 ng/ml) and
Cm (25 pg/ml) for the selection of strains bearing pSL222-1
and on Cm (25 ug/ml) and Kn (10 pg/ml) for strains carrying
pSL222-1::Tn5. L plates also contained amphotericin B at 2
png/ml (Sigma) to inhibit molds. To ensure detection of test
bacteria that might have undergone plasmid loss, repre-
sentative ‘‘negative’’ samples were confirmed by plating di-
rectly onto MAC agar with Rf or Na only. Gram-negative
organisms were enumerated on plain MAC agar. Primary
isolates were confirmed by replica-plating onto MAC agar
having either Na at 30 wg/ml (to identify Na' test strains) or Rf
at 50 ug/ml (to identify the Rf* mutant).

Experimental Design. Experiments were conducted in a
privately owned barn (Sherborn, MA), housing domestic
animals that received no antibiotics. The experimental pens
(A and B) consisted of two wooden stalls (3.5 m X 2.8 m) with
concrete floors, divided by a 1.5-m-high solid wooden bar-
rier. Attached to each side (1.0 m from the floor) was a long,
narrow wooden cage (1.5 m X 0.15 m X 0.15 m) with a
screened front, each housing five commercial feeder mice.
This arrangement prevented physical contact between the
test animals but permitted access to air, insects, and wild
birds (mostly sparrows).

One yearling heifer (which received the test strains) and
one yearling bull (potential recipient) were introduced into
the adjacent pens. Each received a normal diet of hay, Coarse
14 (Purina), and water ad lib. The mice received water and
commercial rodent feed consisting of seeds and grains. An-
tibiotic-free feed was purchased; no antibiotics were given
except where noted. The animal bedding of straw and wood
shavings was rotated periodically by replacing half of the
soiled portion with fresh material. Contaminated bedding
from the donor side was placed into autoclave bags and
sealed. Following inoculation of the donor animal with the
test strains, sampling was performed daily for the first week
and one to three times weekly thereafter by selecting the most
recently deposited feces from the test pens. Mice were
sampled by removal from cages to a decontaminated plastic
container where newly excreted fecal pellets were pooled
into sterile test tubes. Where containment procedures were
observed, the caretaker entered the recipient cage (pen A)
initially, performed all required procedures, and then, wear-
ing disposable plastic boots, entered the donor side (pen B).
Upon exit, the boots were removed to autoclave bags.

Following the bovine studies, the cages were thoroughly
cleaned using a mild disinfectant. Two 7-month-old female
Yorkshire pigs (raised without antibiotics) were introduced
into each of the two isolation pens. Donor pigs received the
test bacteria and containment and sampling procedures were
performed as before. All pigs were fed nonmedicated Hog
Grower Chow (Purina) and water ad lib. The bedding (wood
shavings) was rotated and disposed of as described above.

Sampling Methodology. Recovery assays employed 10-fold
serial dilution into sterile buffered saline (SBS) of 50-g fecal
samples from humans and the larger test animals and 0.5- to
10-g samples from mice and chickens. Fifty grams of ran-
domly collected and mixed bedding samples from several
areas was diluted 10-fold (wt/vol) in SBS, homogenized for
60 sec in a Waring blender, and assayed by plating. Water
samples were diluted 10-fold in SBS or concentrated by
filtering 100 ml through a 0.45-um (Nalgene) filter. The filter
was ‘‘vortexed’’ thoroughly in 5 ml of SBS and plated (1 ml
and 0.1 ml) on selective medium. Airborne insects (predom-
inantly flies) were collected on commercial adhesive fly paper
hung above the two stalls. Pooled samples of insects (0.1-1.0
g) were diluted 10-fold in SBS and macerated with a glass
grinder prior to plating.

Less than 10 cfu/g was detected by homogenization of 25 g
of sample in 225 ml of MAC broth with Tc and Cm. Following
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aeration at 37°C for 24 hr, the broth was plated on the
corresponding selective agar. This enrichment method was
initiated on day 39 for the animals and environmental samples.

To distinguish feces of pigs within the same pen, 0.2 g of
an inert blue tracer dye (FD & C no. 2, gift of Crompton and
Knowles) was fed orally in gelatin capsules to one of the two
animals 1-2 days prior to sampling. This imparted a blue-
green tinge to fecal specimens of pigs receiving the dye.

Air and a variety of environmental elements, including
horizontal and vertical surfaces, as well as animal and human
skin and clothing were monitored for test bacteria. Sampling
was performed with the Andersen microbial air sampler,
gravitational settling cultures, and contact plates (11) using
the same selective media described above.

Confirmation of Test Bacteria. Test bacteria recovered on
primary isolation media were replica-plated to Na- or Rf-
containing agar for confirmation. One or more of the isolates
obtained from each animal species was selected for plasmid
evaluation and restriction enzyme analysis of chromosomal
DNA using at least two endonucleases (EcoRI, BamHI,
HindIll, and Bgl II). Patterns identical to those of the
inoculated strains confirmed the presence of test bacteria in
the new host. These data were further confirmed by multi-
locus enzyme electrophoresis (see above). Representative
colonies from all primary selective media (i.e., Tc and Cm or
Cm and Kn) that were not Rff or Na" were selected for
analysis of plasmid DNA by gel electrophoresis. Any strains
containing large plasmids that migrated similarly to pSL222-1
were digested with EcoRI for further confirmation.

RESULTS

Spread from Bovine Hosts in a Closed Environment. The
first study examined colonization and spread of marked
bovine E. coli to potential recipients within the pen of an
inoculated heifer (pen B) as well as to a bull and mice
maintained in an adjacent closed environment (pen A). The
heifer received approximately equal numbers of E. coli
SLC1-R and SLC2-R (pen B, Fig. 1) orally in evenly divided
doses on days 0, 2, and 3. The inoculated animal showed
immediate colonization, primarily with SLC1-R (Fig. 1).
High levels (up to 10° cfu/g, =10-50% of the total coliforms)
were excreted through 10 days postinoculation. Intermit-
tently, low levels were recovered for the duration of the study
(=4 months). Titers up to 10° cfu/g were found in all bedding
materials, but only sporadically and at low titers (<10 cfu/g)
from drinking water.

Test organisms (predominantly SL.C1-R) were recovered
from mice during the first 16 days and again on day 42, but
only from those housed in the donor pen. Test organisms
occasionally appeared in enrichment cultures of bedding
materials from the bull cage (Fig. 1) but not from the bull
feces. Nineteen days after inoculation, SLC1-R was excreted
by the single caretaker having direct animal contact (Fig. 1).
Titers were as high as 10° cfu/g (1-3% of all coliforms) and
persisted for =1 month before declining to undetectable
levels.

On day 111, the heifer and bull each received chlortetracy-
cline (12 g over a 5-day period; Fig. 1). In both animals the
frequency of Tc' indigenous flora increased from =15% to a
maximum of 63-92% of the total Enterobacteriaceae; how-
ever, there was little effect on recovery of test organisms from
the heifer (Figs. 1 and 2), and none was detected in the bull.

Spread from Bovine Hosts in an Open Environment. In the
second study, designed to test spread in an open environ-
ment, the bull was inoculated with a combined total of 2.7 X
10! SL.C1-R and SLC2-R (Fig. 2) and procedures preventing
cross-contamination were eliminated. The organisms (chiefly
SLC1-R) readily colonized the bull’s intestinal tract (Fig. 2).
Within 5-11 days, both caretakers who had direct contact
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with the bull began to excrete test organisms (>95% SLC1-R)
at titers of 10*-10° cfu/g. Excretion ceased in caretaker 1,
who had animal contact for only 2 weeks, but persisted for at
least 37 days in caretaker 2, who maintained regular contact.
Mice excreted low levels of SLC1-R for 2 weeks only.
Beginning on day 10, substantial numbers of flies (about
10-35; i.e., 0.2-1.0 g) were obtained and these bore SLC1-R
at titers of 10'-10° cfu/g for =30 days.

Within 3 days postinoculation, test organisms were recov-
ered from bedding materials in a pig stall adjacent to the bull
pen. By at least day 10 (Fig. 2), pigs began excreting test
bacteria at titers of 10-10° cfu/g (0.001-0.01% of the total
Enterobacteriaceae). The heifer showed no increased excre-
tion but sporadically shed the test bacteria (presumably from
the initial ingestion) for a minimum of 13 additional days,
when testing was stopped. Chickens confined to wire cages
6.1 m away began excreting SLC1-R within 25 days and
continued to shed them at titers up to 10* cfu/g for =1.5
months (Fig. 2). In addition, fresh feces from a free-roaming
rooster harbored SLC1-R at 10* cfu/g. This and other free-
roaming fowl had been observed within the confines of the pig
pen as well as around the chicken cages.

In both studies, densities of test organisms from air sam-
ples were consistently low (0-3 cfu/1.68 m3). Recovery from
gravitational settling cultures and contact plates indicated
organisms were present on surfaces inside and outside of
donor and recipient pens, whether or not containment pro-
cedures were employed. The highest concentrations were
recovered from horizontal wooden surfaces within the test
pens, including those of the mouse cages. As in the other
samples, the Na" mutant was the major organism detected;
the Rf" mutant was rarely recovered from these cultures.

Spread from Porcine Hosts. In a third study, two pigs were
placed in each isolation cage and each pig in pen B received
5.4 x 10° SLP1-R and 6.7 X 10° SLP2-R (Fig. 3). Although
containment procedures for a ‘‘closed’’ environment were
followed (as described in experiment 1), flies were present
which had access to both pens. The titers of indigenous and
test bacteria were examined in the most recently deposited
pig feces. Test bacteria (generally >99% SLP1-R) colonized
the porcine intestinal tract up to 10° cfu/g and were consis-
tently recovered from water and bedding materials. SLP1-R
were also excreted by mice in the same pen as the inoculated
pigs but not by mice in the recipient side (Fig. 3). Test
bacteria (>90% SLP1-R) were recovered regularly from flies
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enrichment. Pigs were not available
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rows indicate the administration of 12
g of chlortetracycline over a S-day
period.

and occasionally from bedding materials on the recipient
side, but only once (1 cfu/0.4 g) from pigs in the adjacent pen
(Fig. 3). SLP1-R were detected once in a single caretaker
(<10 cfu/g). No caged chickens were available for examina-
tion; however, test organisms were recovered from 1 of 10
cultures of free-roaming turkeys (10% cfu/g).

To determine the effect of direct physical contact, we
exchanged one pig from each of the two cages (Fig. 4). The
positive pig in each cage continued to excrete low levels
(=10' cfu/g) of Na' and Rf" test organisms. The negative
“‘recipient’’ animals occasionally shed detectable levels, but
this trend did not persist. To evaluate the effect of antibiotic
ingestion, each pig in pen A was given 4.5 g of oxytetracycline
(Sigma) (Fig. 4). In at least one pig, the antibiotic increased
the relative excretion of Tc' bacteria (as compared to total
Enterobacteriaceae) from =50% to 100% but did not increase
the overall numbers of Tc' bacteria or the titers of test
organisms. An additional dose (2 g) to the original donor pig
(pen A) also failed to increase excretion of test bacteria.

On day 116, the donor pig in pen B was reinoculated with
7.2 x 10° SLP1-R and 9.6 x 10° SLP2-R (Fig. 4). The titers
of each organism increased in both cagemates; however,
recovery from the adjacent pen showed no change. As in the
bovine experiments, the Na® derivative (SLP1-R) was de-
tected in low titer in aerosols (<3 cfu/1.68 m?) and in various
environmental samples throughout the test period.

Relative Recovery of Na® and Rf" Marked Strains. In all
studies, the Rf" mutant showed a markedly decreased sur-
vival as compared to the Na* mutant. Whereas the initial
Rf"/Na' ratio of ingested organisms was approximately equal
(0.87 and 0.69 for the bovine studies; 1.2 and 1.3 for the
porcine experiments), the subsequent ratio in feces was
=0.07. Although the Rf" bovine mutant was detectable for a
maximum of 7-9 days, the Na" mutant persisted much longer
(at least 70 days in the heifer and pigs). The Na', but not the
Rf*, bovine mutant spread to flies, pigs, and chickens. The
RS porcine E. coli was detectable throughout most of the
sampling period, but only at low levels.

Spread of Plasmid to Indigenous Strains. Organisms recov-
ered on primary isolation media that were not resistant to Na
or Rf were indigenous flora and assumed to be potential
recipients of the test plasmid. However, none of those
representative phenotypes bearing large plasmids produced
EcoRI digestion patterns similar to the test plasmids. Thus
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FiG. 2. Recovery of marked bovine E. coli in an open environ-
ment. The bull was inoculated with marked E. coli (1.6 x 10!
SLC1-R; 1.1 x 10" SLC2-R). No containment procedures were
observed during this phase. (Data are presented as described in the
legend to Fig. 1.) The open arrow indicates time when the bull was
released into an ad_]acent field. Flies first appeared on day 10. *, At
least one of the positive fecal specimens was derived from mice in
pen A, but it was not determined whether mice in pen B were
excreting test bacteria as well. , Fresh feces retrieved from a
free-roaming rooster contained 1 X 10* cfu/g of SLC1-R.

transfer of the test plasmids was not detected in the indige-
nous flora of new animal hosts.

DISCUSSION

In previous studies we traced an E. coli from chickens to two
human handlers, but the chicken strain was only transiently
found in their fecal flora (6). Other invesﬁgators have also
demonstrated transient carriage or poor colonization of E.
coli ingested by humans (7-9, 12) or picked up from animals
or their carcasses (4), with or without concurrent antibiotic
ingeStion In the present experiments, E. coli of bovine or
porcme sut origin spread readily into human and other host
specnes in the immediate interactive environments, resulting,
in some cases, in prolonged colonization of these secondary
recipients. Such exchange was maximal when open contact
among the animal hosts was permitted and minimal when
animals were kept in isolation. Test organisms were isolated
from humans in direct contact with inoculated bovines and
pigs, from pigs having indirect contact through humans and
flies, and from mice and chickens having indirect contact
through aerosols, flies, or other free-roaming barnyard ani-
mals. The reason for the more efficient spread in this study
as compared to others is not clear but may relate to intrinsic
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FiG. 3. Recovery of marked porcine E. coli in a closed environ-
ment. Two pigs housed in pen B each received SLP1-R (5.4 x 10%)
and SLP2-R (6.7 x 10°) porcine E. coli bearing pSL222-1::Tn5 (see
text). Survival and spread of test bacteria were followed as described
in the legend to Fig. 1, maintaining isolation conditions for animals
in pen A. Bars represent titers of SLP1-R, which was the predom-
inant organism recovered. No caged chickens were available during
this study and no flies were recovered after day 40 due to decreasing
ambient temperatures. *, SLP1-R found at 10° cfu/g in 1 of 10
samples of fresh feces taken between days 3 and 54 from free-
roaming turkeys. T, SLP1-R found in a fecal enrichment culture of
one caretaker on day 33. )

characteristics (including the marker used) of the strains
selected or to the routes of acquisition.

When reintroduced into their respective hosts, E. coli
recolonized the gut for months in the absence of any antibi-
otic consumption. Although colonization did not persist
indefinitely at high titers, the test strains did remain for many
weeks before gradually decreasing to undetectable or occa-
sionally detectable levels. This gradual loss was presumably
due to the inherent transient nature of gut flora as has been
noted previously (1, 13). Although colonization may have
persisted because of reingestion from environmental sources
(14), there were periods when fecal titers were low despite
high concentration in the immediate environments (e.g.,
bedding) (Fig. 1). Moreover, colonization occurred in hu-
mans and wild animals having limited or intermittent expo-
sure to the inoculated pen (Fig. 2). h

No colonization occurred in isolated animals of the same
species despite detectable titers of test organisms in their
immediate environment (i.e., bedding materials, air samples,
and various surfaces). The low levels of organisms present
under isolation conditions were apparently insufficient to
result in colonization. It was surprising, therefore, that
animals of different species outside the confines of the pens
were colonized by the test organisms (e.g., turkeys by the
porcine strain; chickens and pigs by the bovine strain).
Presumably factors other than environmental density alone
enhanced this intraspecies colonization.

There was a large difference in the colonization compe-
tency of the inoculated marked strains. Except for the Rf" and
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Na' markers, the mutants were otherwise identical as deter-
mined by morphology, growth rates, restriction endonucle-
ase digestion patterns of chromosomal DNA, and multilocus
enzyme electrophoresis. The Rf* mutant showed a marked
decrease in ability to survive and persist, suggesting that the
mutation introduced may have somehow affected survival.
We noted a similar phenomenon previously in which Rf* E.
coli K-12 failed to compete efficiently in germ-free mice that
were colonized with an otherwise isogenic Na' derivative
(15). More recently we observed that certain Rf* mutants of
a Pseudomonas fluorescens strain showed decreased com-
petitive fitness in soil assays as compared to the wild-type
parental strain (16); however, this change could be linked to
altered growth rate and an altered membrane protein profile.
Such changes were not found in the wild-type E. coli studied
here (data not shown).

The bovine derivative appeared to colonize a variety of
hosts more efficiently than the porcine strain. Whereas the
porcine strains were readily recoverable from mice and flies,
they were recovered only transiently from avian species and
one human caretaker. These findings indicated that the
porcine strains could survive and grow but less successfully
colonize the gut of these latter hosts. We also noted that the
plasmid was somewhat unstable in the porcine hosts, so that
its spread may be underestimated. We checked this possi-
bility by testing a limited number of negative fecal samples on
Rf- or Na-containing agar. This procedure did not reveal any
plasmid-less derivatives of the inoculated strains.

Transfer of the pSL222 derivative plasmids to indigenous
wild-type bacteria was not detected in any of these studies.
This finding probably relates to its low transfer from the
wild-type E. coli hosts (=10~® transconjugants per donor
bacterium from bovine and porcine strains). Despite lack of
observed transfer, the plasmids were carried with their
bacterial host into multiple animal species, providing the
potential for considerable spread should a conjugation event
occur. That resistance genes can transfer widely has been
demonstrated in studies of nourseothricin resistance. The
gene initially emerged on a transposon among E. coli in pigs
treated with the antibiotic. It was subsequently found on
different plasmids in E. coli associated with farm workers,
farm family members, and people in the community (17).

This study documents and characterizes prospectively the
natural colonization of the intestinal tract of different animal
hosts by E. coli from another animal. The results agree with
studies that found E. coli of the same multilocus enzyme

was 1°C, and flies and other insects were not
present.

electrophoretic type in fecal samples from different animal
hosts (18). They extend these findings and others that have
shown transient transfer (4, 6) by demonstrating the rapidity
of spread and the persistence in several different domestic
and wild animals without antibiotic selection. The findings,
therefore, show that E. coli are not restricted to one animal
host and that they, with their plasmids, can spread naturally
from one animal host to colonize the intestinal tract of
humans and other animal species.
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