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The increased summertime prevalence of cattle carriage of enterohemorrhagic Shiga toxin-producing Escherichia coli O157:H7
(STEC O157) is associated with the increased summertime incidence of human infection. The mechanism driving the seasonality
of STEC O157 carriage among cattle is unknown. We conducted experimental challenge trials to distinguish whether factors ex-
trinsic or intrinsic to cattle underlie the seasonality of STEC O157 colonization. Holstein steers (n � 20) exposed to ambient en-
vironmental conditions were challenged with a standardized pool of STEC O157 strains four times at 6-month intervals. The
densities and durations of rectoanal junction mucosa (RAJ) colonization with STEC O157 were compared by season (winter ver-
sus summer), dose (109 CFU versus 107 CFU), and route of challenge (oral versus rectal). Following summer challenges, the RAJ
STEC O157 colonization density was significantly lower (P � 0.016) and the duration was shorter (P � 0.052) than for winter
challenges, a seasonal pattern opposite to that observed naturally. Colonization was unaffected by the challenge route, indicating
that passage through the gastrointestinal microbiome did not significantly affect the infectious dose to the RAJ. A 2-log reduc-
tion of the challenge doses in the second-year trials was accompanied by similarly reduced RAJ colonization in both seasons (P <
0.001). These results refute the hypothesis that cattle are predisposed to STEC O157 colonization during the summer months,
either due to intrinsic factors or indirectly due to gastrointestinal tract microbiome effects. Instead, the data support the hypoth-
esis that the increased summertime STEC O157 colonization results from increased seasonal oral exposure to this pathogen.

Shiga toxin-producing Escherichia coli serotype O157:H7
(STEC O157) is an important zoonotic pathogen estimated to

cause �70,000 cases of human infection annually in the United
States (1, 2). Human disease is characterized by mild to severe,
frequently hemorrhagic diarrhea, and the development of a severe
sequela, the hemolytic-uremic syndrome, in approximately 5 to
10% of patients (3). Cattle are an important asymptomatic reser-
voir host of STEC O157, which may be transmitted to humans by
ingestion of contaminated meat, produce, or water or by direct
contact with cattle carrying the pathogen (4–6). The seasonal vari-
ation in STEC O157 fecal shedding by cattle, specifically the higher
summertime prevalence, occurs in diverse regions, including
Canada, England, Italy, South Korea, the Netherlands, Turkey,
and the United States (7–20). Similar summertime peak shedding
is also reported in sheep (11, 15, 21). Contrary patterns have been
occasionally reported, including a higher wintertime prevalence
(22, 23) or no seasonal variation (24–26); however, these are un-
usual and sometimes are confounded by other factors such as a
change to indoor housing (22).

The seasonal summertime shedding of STEC O157 in cattle
parallels both seasonal increases in carcass contamination at abat-
toirs and the increased summertime incidence of human STEC
O157 infection (26–28). Given the evidence linking human infec-
tion to the bovine reservoir, it is likely that the reduction of STEC
O157 shedding in cattle during summertime might result in re-
duced carcass contamination rates at the abattoir and, ultimately,
reduced human disease burden (29, 30).

Understanding the mechanism of the seasonal variation in
STEC O157 colonization of cattle may provide insights for the
design of practical, effective interventions to mitigate the risk this
pathogen poses to humans. Researchers have suggested that the

seasonality of STEC O157 shedding by cattle might be influenced
by extrinsic factors such as ambient temperature through effects
on environmental proliferation of STEC O157, seasonal variation
in protozoal predation or intermicrobial competition affecting
STEC O157 in environmental reservoirs, and/or seasonal varia-
tion in feed components affecting STEC O157 replication (29).
Alternatively or in addition, intrinsic factors such as host gastro-
intestinal microbiome effects on STEC O157 infectivity and/or
day length-associated endocrine effects (31, 32) may mediate the
seasonality of STEC O157 colonization of cattle. In this study, we
repeatedly challenged a cohort of cattle in the summer and winter
months over a 2-year period. The magnitude and duration of
STEC O157 colonization at the rectoanal junction mucosa (RAJ)
following these seasonal experimental challenges provided data to
help distinguish among the alternative hypothesized mechanisms
underlying the seasonal variation in STEC O157 colonization of
cattle.
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MATERIALS AND METHODS
Bacterial strains. Four STEC O157 strains were used in this study, includ-
ing two clinical isolates (C1, lab reference number WSU11763, isolated
from diarrheic human feces, provided by the Washington Department of
Health; C2, ATCC strain 43894, isolated from diarrheic human feces dur-
ing an outbreak of hemorrhagic colitis in Michigan) and two isolates
obtained from healthy cattle (B1, lab reference number WSU5880; B2, lab
reference number WSU6996). Strains C1 and C2 represent two of the
most common STEC O157 genotypes isolated from human disease, with
Shiga toxin (Stx)-associated bacteriophage insertion site (SBI) profiles
ASY22c (SNP lineage IIa) and WY12 (SNP lineage Ib), respectively (33,
34). The cattle strains B1 and B2 represent two genotypes rarely isolated
from clinical human disease but common in cattle, with SBI profiles SY2c
and ASY12c, respectively (both single-nucleotide-polymorphism [SNP]
lineage Vc) (33, 34). Cultures were grown in Trypticase soy broth (TSB)
(Difco, USA) and incubated with aeration at 37°C for 24 h. Equal volumes
of broth cultures of each strain were combined, and 10% (vol/vol) glycerol
was added, producing a challenge mixture containing 2.25 � 109 CFU/ml
with equal numbers of each strain. This mixture was dispensed in 1-ml
aliquots and stored at �80°C. The numbers and the equal representation
of the four STEC O157 strains were reconfirmed between the second and
third challenge studies and again following the final challenge study to
demonstrate that the challenge dose was stable.

Animals. Twenty 5-month-old Holstein steers were obtained from a
commercial dairy in central Washington State, ear tagged (T1 through
T20), and randomly allocated to two equal-sized groups (A and B) (Fig.
1). Cattle within each group were housed in pairs, with randomly assigned
pen mates from the same group. All pens were roofed but lacked side walls
and so were open to elements of the outdoor environment, including
temperature, daylight, and humidity fluctuations. Each pen contained a
water source heated to maintain a minimum temperature of 4°C during
the winter. The pens were cleaned daily by removal of manure followed by
a water flush over the floors. Throughout the study, all steers were pro-
vided a diet composed of 90% alfalfa hay and 10% grain pellets designed to
meet the National Research Council growth and maintenance require-
ments. The feed components were purchased in quantities sufficient to
feed the cattle for each entire calendar year, including both the summer
and winter challenge trials. Steers had free access to trace-mineral-supple-
mented salt blocks. The cattle were acclimated to these conditions for 4
weeks before the bacterial challenge. Environmental factors such as tem-
perature and precipitation were recorded in each trial. All personnel fol-
lowed strict biosafety procedures for the handling and management of
cattle, and all procedures were approved by the University of Idaho Insti-
tutional Animal Care and Use and Biosafety Committee.

Challenge trials. In each of the four experimental trials (Fig. 1), steers
in groups A and B were given single doses of the 4-strain STEC O157
mixture by either oral or rectal instillation. The high-dose (2.3 � 109

CFU) summer and winter trials were initiated in August and February,
respectively, during year 1 of the study, and the low-dose (1.1 � 107 CFU,
produced by a 1:100 dilution of the standardized aliquots) summer and
winter trials were initiated in the same months during year 2 of the study.
Group A steers were challenged orally and group B rectally in the year 1
trials, and these challenge routes were reversed in the year 2 trials. The oral
challenges were delivered to the caudal oral cavity of each steer by dispos-
able syringes, followed immediately by oral instillation of 60 ml of water.
The rectal challenges were applied as previously described (35). Briefly,
feces were manually removed from the terminal rectum, and the STEC
O157 challenge dose was placed directly into the rectum approximately 5
cm anterior to the anus by a disposable syringe. A sterile foam-tipped
swab (catalog no. 14-960-3H; Thermo Fisher Scientific, Waltham, MA)
was immediately inserted 5 cm into the anus and rubbed vigorously on the
RAJ. After swabbing, defecation was inhibited for 10 min by holding the
steer’s tail firmly against the anus.

During each trial, the steers that were culture negative for STEC O157
on two consecutive sampling days were considered to have cleared the

STEC O157 and were moved to pasture until the beginning of the next
trial.

Sampling, STEC O157 enumeration, and genotype analysis. RAJ
swab (RAMS) samples were obtained from each steer on days 0 (prior to
the challenge inoculation), 1, 3, and 7 and weekly thereafter through 56
days postchallenge using a sterile foam-tipped swab (Thermo Fisher Sci-
entific) and processed for bacterial isolation as previously described (35,
36). Briefly, the RAMS samples were vigorously mixed in 3 ml of ice-cold
sterile TSB and kept on ice until further processing. Both direct and en-
richment bacterial culture procedures were used. For direct cultures, se-
rial 10-fold dilutions of the RAMS homogenates were plated onto sorbitol
MacConkey agar supplemented with cefixime (50 ng/ml), potassium tel-
lurite (2.5 �g/ml), vancomycin (40 mg/liter), and 4-methylumbelliferyl-
�-D-glucuronide (MUG) (0.1 mg/ml) (SMAC-CTVM). The plates were
incubated overnight at 37°C, and the numbers of colorless (sorbitol-non-
fermenting) colonies that did not fluoresce when illuminated by 363-nm
light (�-D-glucuronidase negative) were recorded. These were further
confirmed to be STEC O157 by O157 latex agglutination testing (up to 20
colonies per sample) (Pro-Lab Diagnostics, Canada), and the proportion
of O157 colonies was multiplied by the total sorbitol and �-D-glucuroni-

FIG 1 Experimental design. Twenty 5-month-old Holstein steers (T1 to T20)
were randomly assigned to groups (A and B) and pens for four trials conducted
at 6-month intervals (HS [high dose, summer], HW [high dose, winter], LS
[low dose, summer], and LW [low dose, winter]). Steers within the groups
were randomly assigned to pens of two, indicated by boxes. In both years 1 and
2, the summer trials began in August and the winter trials began in February. In
the HS and HW trials, group A cattle were challenged orally and group B cattle
were challenged rectally with 109 CFU (high dose) STEC O157. In the LS and
LW trials, group A cattle were challenged rectally and group B cattle were
challenged orally with 107 CFU (low dose) STEC O157. Cattle were pastured
following clearance of STEC O157 in each trial until 1 week prior to the start of
the next trial.
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dase colony counts to estimate the CFU density of STEC O157. The RAMS
samples negative by direct culture were enriched by overnight incubation
(37°C, aerated), prior to plating on SMAC-CTVM and screening for
STEC O157, as described above. The RAMS samples negative on direct
culture but positive by enrichment culture were arbitrarily assigned a
value of 15 CFU/swab (equivalent to 50% of the minimum detectable
direct plating value).

Pen floor and water trough samples were collected weekly and tested
for the presence of STEC O157. On each sampling day, a 0.25-m2 area of
pen floor was swabbed before cleaning, and the swab was vigorously
mixed in 3 ml of TSB. Mixed water and sediment samples (50 ml) from the
bottoms of water troughs were placed into sterile conical centrifuge tubes
and centrifuged (3,000 � g, 10 min, 4°C). The pellets (1.5 ml) were mixed
with 1.5 ml of double-strength TSB, incubated, and processed to detect
STEC O157 as described for the RAMS samples above.

Representative STEC O157 colonies were saved (12.5% glycerol in LB,
�80°C) from all samples with positive O157 latex agglutination tests both
from direct cultures (12 colonies or all present if fewer than 12) and from
enrichment cultures (3 colonies or all present if fewer than 3). These STEC
O157 isolates were genotyped by multiplex PCR for SBI sites to distin-
guish the four different challenge strains (34, 37).

Statistical analysis. NCSS 2007 version 07.1.19 (NCSS, LLC,
Kaysville, UT) was used for the statistical analyses. The experimental unit
for each trial was the animal, since the challenges and colonizations were
measured individually. Since the year 2 challenge doses were reduced
from 109 CFU to 107 CFU and also the routes of challenge were switched
between groups A and B cattle, these two factors could not be simultane-
ously analyzed. Therefore, we first performed separate analyses of year 1
and year 2 trial data, neither of which detected any tendency for an effect
of the route of the challenge on the magnitude or duration of STEC O157
RAJ colonization. Therefore, in the final analysis, the data from year 1 and
2 trials were combined, and the challenge route variable was excluded
from the models tested. For all trials, animals were considered colonized
following a challenge dose until negative cultures were obtained on two
consecutive sampling dates.

The RAJ colonization data were initially analyzed using repeated-mea-
sures analysis of variance (ANOVA) models to determine the effects of the
independent variables dose and season on log10(CFU � 1) STEC O157
per RAJ swab as the dependent variable. The RAJ colonization data failed
the Anderson-Darling and the Shapiro-Wilk W tests for normal distribu-
tion following log transformation, and attempts to find an alternative
transformation that normalized the data were unsuccessful. Therefore,
the RAMS STEC O157 CFU data for days 1 through 56 in each trial were
used to calculate an area under the curve (AUC) value for the RAMS
colonization for each animal, using a trapezoidal rule method. Following
log10 transformation, the AUC data were normally distributed and were
used as the dependent variable to evaluate the effects of the independent
factors dose and season using a mixed-model ANOVA. Both of these

approaches (repeated-measures ANOVA applied to the log10-trans-
formed RAJ STEC O157 CFU and mixed-model ANOVA applied to the
log10 AUC-transformed fecal shedding data) detected similar associations
between independent and dependent variables.

The effects of the dose, season, and challenge route on the duration of
STEC O157 RAJ colonization were analyzed using Kaplan-Meier survival
analyses with log rank tests and Cox-Mantel hazard ratios for multiple
comparisons. The individual animal effects on the density and duration of
RAJ colonization were analyzed using general linear models with the log10

AUC data and Kaplan-Meier survival analyses and Cox-Mantel hazard
ratios for multiple comparisons, respectively. All statistical tests were in-
terpreted using a significance level of �0.05.

RESULTS

We compared the seasonal trends of STEC O157 RAJ colonization
of a cohort of cattle following four experimental challenge trials
conducted in the summer and winter seasons (August and Febru-
ary) over a 2-year period (Fig. 1). The steers were housed in an
isolation barn with open sides exposed to ambient temperatures
and other weather variables. The weather conditions during the
study were typical of the inland Pacific Northwest (Table 1): cold,
moist winters and warm, very dry summers. Throughout the
study, all cattle remained asymptomatic during STEC O157 car-
riage. Animal T4 was removed during the last low-dose winter
trial due to behavioral problems, and as a result, data from that
animal were not available for that trial.

Density of STEC O157 RAJ colonization. Similar temporal
trends in STEC O157 density on the RAMS were observed during
each trial, with a peak density (�104 CFU/swab) on days 1 to 3
postchallenge followed by a general downward trend to �10 CFU/
swab on day 56 (Fig. 2; see also Table S1 in the supplemental
material). To normalize data for analysis, STEC O157 detection
on the RAMS on the multiple sampling days was transformed by
the calculation of the AUC for each animal for each trial. The
STEC O157 shedding AUC values were significantly lower follow-
ing the summer trials (P 	 0.016) than following the winter trials
(Table 2; Fig. 3A). The STEC O157 AUC values were significantly
higher (P 
 0.001) following the higher-dose challenges con-
ducted during year 1 trials than those after the lower-dose (107-
CFU) challenges conducted in year 2 (Table 2; Fig. 3B). The STEC
O157 shedding AUC values were not significantly affected by the
route of challenge (oral versus rectal) at either high or low chal-
lenge doses (Table 2).

We also evaluated the STEC O157 density detected on the
RAMS on each sampling day following challenges using repeated-

TABLE 1 Temperatures and cumulative precipitation during each of the four trial periods

Trial Days

Mean temp � SD (°C)

Precipitation (in.)High Low

High dose, summer (HS) 1–28 28.6 � 5.1 7.8 � 4.3 0.28
29–56 17.0 � 5.1 4.5 � 2.8 2.06

High dose, winter (HW) 1–28 7.7 � 4.5 �1.3 � 4.4 6.45
29–56 14.5 � 5.3 2.0 � 3.7 4.01

Low dose, summer (LS) 1–28 24.5 � 4.5 2.7 � 4.4 0
29–56 14.4 � 5.6 3.3 � 4.2 4.07

Low dose, winter (LW) 1–28 8.9 � 3.1 �1.0 � 3.3 1.81
29–56 13.0 � 3.9 0.6 � 3.4 3.2
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measures ANOVA (Table 2; Fig. 2). These data failed normality
tests despite multiple attempted transformations, but nevertheless
the resulting analyses were broadly consistent with those deter-
mined using the AUC approach: the STEC O157 density on the
RAMS was lower following the summer challenges than following
the winter challenges, although this trend was not statistically sig-
nificant (P 	 0.06). The STEC O157 density on the RAMS was
significantly (P 	 0.009) higher following the higher-dose chal-
lenges of the year 1 trials than following the lower-dose year 2
trials. The STEC O157 density on the RAMS following the chal-
lenge did not differ significantly by the route of challenge (oral
versus rectal) in either year 1 or year 2 challenge trials (Table 2).

Duration of STEC O157 RAJ colonization. STEC O157 was
cultured from the RAMS of all animals in all four trials on day 1
following the challenge, and only a single animal (T5) cleared
STEC O157 by day 3 and that occurred in only one (low dose,
summer) of the four trials. Beginning on day 7, a clear decrease in
the numbers of cattle that were culture positive for STEC O157
was observed during both summer and winter following both
high- and low-dose challenges (Fig. 4; see also Table S2 in the

supplemental material). By day 56 following challenge, the pro-
portions of STEC O157 culture-positive cattle were 0 (low dose,
summer), 0.15 (high dose, summer), 0.26 (low dose, winter), and
0.35 (high dose, winter).

The duration of the detection of STEC O157 on the RAMS was

FIG 2 Density of STEC O157 carriage by cattle. Enumeration of STEC O157
CFU on RAJ swabs (least square means � SEM) from 20 steers during 56 days
postchallenge for four trials (HS [high dose, summer], HW [high dose, win-
ter], LS [low dose, summer], and LW [low dose, winter]).

TABLE 2 Comparison of the densities of RAJ STEC O157 colonization represented as log10 transformations of the area under the shedding curve
and mean CFU per sampling date

Yr Dose Route Season AUC (LSM � SEM)a AUC P value CFU (LSM � SEM) CFU P value

1 High Oral Both 4.91 � 0.21 0.81 1.87 � 0.24 0.57
High Rectal Both 4.98 � 0.21 2.07 � 0.24
High Both Summer 4.87 � 0.21 0.57 1.79 � 0.24 0.33
High Both Winter 5.02 � 0.19 2.14 � 0.24

2 Low Oral Both 4.12 � 0.22 0.27 1.30 � 0.14 0.22
Low Rectal Both 4.47 � 0.22 1.57 � 0.15
Low Both Summer 3.93 � 0.24 0.06 1.25 � 0.14 0.08
Low Both Winter 4.66 � 0.14 1.63 � 0.15

Both High Both Both 4.95 � 0.16 0.0006 1.97 � 0.13 0.009
Low Both Both 4.29 � 0.16 1.43 � 0.13
Both Both Summer 4.40 � 0.17 0.016 1.52 � 0.13 0.06
Both Both Winter 4.84 � 0.14 1.88 � 0.13

a AUC, area under the shedding curve; LSM, least-squares means.

FIG 3 Comparison of the effects of season and challenge dose on STEC O157
carriage. The numbers of STEC O157 CFU per RAJ swab during 56 days post-
challenge were converted to a single area under the curve (AUC) value for each
animal for each trial. Bars represent least-squares means, and error bars indi-
cate standard errors of the mean (SEM). (A) Least-squares mean log10 AUC
values by season. AUC values following the summer and winter challenges
differed significantly (P 	 0.0157). (B) Least-squares mean log10 AUC values
by dose. AUC values after high-dose (109 CFU) and low-dose (107 CFU) chal-
lenges differed significantly (P 	 0.0005).
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longer following the winter challenges than following the summer
challenges, regardless of the challenge dose, and was longer fol-
lowing higher-dose challenges than following lower-dose chal-
lenges, although these differences were not statistically significant
(log rank tests and Kaplan-Meier survival curve, P 	 0.052) (Fig.
4; see also Table S2 in the supplemental material).

Individual animal variations in density and duration of
STEC O157 RAJ colonization. The magnitudes of the STEC O157
AUCs across all four trials did not differ significantly among the 20
cattle (P 	 0.40) (see Fig. S1 in the supplemental material). How-
ever, the durations of the RAJ colonization did differ among the 20
cattle (log rank test and Kaplan-Meier survival curve, P 	 0.02).
Specifically, across the four experimental challenges, five animals
were STEC O157 culture positive significantly longer than one or
more of the other animals (P � 0.05) (Fig. 5): steer T17 was col-
onized significantly longer than steers T4, T5, T6, T9, T10, T11,
T12, T13, T15, T18, and T19; steer T13 was colonized longer than
steers T4, T5, T12, T18, and T19; and steers T2, T3, and T14 were
colonized longer than steer T18. The duration of the colonization
of individual steers was not demonstrably related to the coloniza-
tion status of the other steers housed in the same pen (Fig. 5).

Effect of bacterial strain in STEC O157 RAJ colonization. The
four different genotypes were nearly equally represented in stored
(�80°C) aliquots of the challenge mixture measured before the
first trial (12 to 33%), between the second and third trials (21 to
28%), and after the fourth trial (20 to 28%). Within each trial, the
proportions of each strain detected on the RAMS remained
roughly similar for the first week following the challenge, but dif-
ferences in the proportional representation of the strains devel-
oped in the second week and persisted through day 56 postchal-
lenge (see Table S3 in the supplemental material). There was no

FIG 4 Kaplan-Meier survival curves for STEC O157 carriage by cattle. Colo-
nization was determined by RAJ swab culture for each of four seasonal trials
(HS [high dose, summer], HW [high dose, winter], LS [low dose, summer],
and LW [low dose, winter]). Animals were considered colonized until they
were culture negative for STEC O157 on two sequential sampling dates. A
trend toward more prolonged shedding during the winter months at each dose
level was not statistically significant (P 	 0.058).

FIG 5 Duration of colonization of STEC O157 by individual cattle in each of the four seasonal trials (HS [high dose, summer], HW [high dose, winter], LS [low
dose, summer], and LW [low dose, winter]).
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significant difference in the colonization by the clinical and bovine
genotypes (see Fig. S2). Within individual animals, detection of a
single STEC O157 genotype became more common with increas-
ing time after the challenge, but no consistent genotype was dom-
inant among the steers that remained STEC O157 colonized for 21
or more days postchallenge. In each trial, the predominant colo-
nizing genotypes after the second week postchallenge frequently
differed between colonized pen mates (see Table S3).

Environmental STEC O157 on pen floors and in water
troughs. No seasonal differences in STEC O157 contamination
were measured among the environmental samples. All trough wa-
ter/sediment samples were culture negative for STEC O157
through all four challenge trials. However, 47% of floor samples
from pens containing one or more STEC O157 culture-positive
steers were culture positive for STEC O157, and 13% of the floor
samples from pens containing animals with STEC O157 detect-
able only by enrichment culture (
30 CFU/swab) were culture
positive for STEC O157.

DISCUSSION

The mechanism underlying the seasonal variation in cattle STEC
O157 colonization is an important question because the summer-
time increases in the prevalence may overwhelm postharvest food
safety measures (28, 38–40), increasing the risk of food contami-
nation, human infection, and disease. Furthermore, identification
of the source(s) of seasonal variation in cattle colonization may
lead to identification of novel control measures that might signif-
icantly reduce the public health burden associated with this patho-
gen. The key finding of this study was that the cattle colonization
resulting from standardized exposure doses given either orally or
rectally, at two different dose levels, did not exhibit seasonal vari-
ation in a direction that might help explain the seasonal variation
repeatedly observed in field studies. In fact, we documented a
small but statistically significant seasonal variation with a winter
peak, opposite to the summer peak colonization that has been
repeatedly documented on farms. This finding suggests that the
seasonal variation is not due to factors intrinsic to cattle (such as
endocrine factors or other factors mediated by the season or day
length). Also, the lack of observed seasonal colonization differ-
ences between cattle after oral or RAJ challenge suggests little or no
seasonal difference in the ability of STEC O157 to transit the gas-
trointestinal tract to colonize the RAJ. Therefore, our results are
most consistent with the hypothesis that the seasonal variation
observed in cattle on farms results from seasonal differences in the
exposure dose, rather than intrinsic or gut microbiome factors.
The high degree of consistency in fecal shedding observed in this
study contrasts markedly with the heterogeneous shedding pat-
terns observed on farms (41); this contrast also supports the hy-
pothesis that the heterogeneous shedding patterns observed on
farms result at least in part from heterogeneous oral exposures of
cattle to environmental STEC O157.

This study has several limitations, including the relatively small
sample size, the physical environment and diet of the cattle that
may not be broadly representative of cattle management systems,
and the possibility that the challenge doses of STEC O157 were not
representative of those resulting in natural cattle infection. A co-
hort of 20 steers is quite small, given the variability in STEC O157
colonization and fecal shedding that has been reported from large
commercial cattle operations (10, 42, 43). However, our study
design included elements designed to reduce several sources of

variability. First, we used highly consistent challenge doses for all
steers for both seasons within each year of our study, whereas oral
exposures are likely to be widely variable among cattle within pens
on farms. In addition, we maintained a high degree of pen sanita-
tion and water hygiene to minimize the occurrence of transmis-
sion resulting from pen and water contamination with STEC
O157. The success of these efforts was confirmed by microbiologic
monitoring. Also, pen mates carried different predominant geno-
types, and culture-negative animals were not recolonized by cul-
ture-positive pen mates. In the end, the detection of a statistically
significant effect of season (with increased colonization following
winter challenges) shows that the cohort size was sufficient to
detect seasonal factors affecting bovine colonization.

No single study environment could be considered representa-
tive of the overall cattle industry, but our study facility provided
cattle with exposure to most environmental variables experienced
by cattle naturally, including day length, temperature, and humid-
ity. Our cattle facility was roofed, and so the animals were not
directly exposed to precipitation and were only exposed to direct
sunlight at dawn and dusk, both factors that have been identified
as potential drivers of STEC O157 colonization of cattle (44, 45).
We cannot exclude the possibility that direct exposure to precip-
itation may have changed our results. However, the typical pattern
of precipitation in our region is for minimal or no precipitation in
August, a time when we observe seasonally increased colonization
of cattle, indicating that exposure to rainfall is not required for the
seasonal variation in STEC O157 colonization. Similarly, our
strict controls on pen and water trough hygiene and our use of the
same feed sources and harvest years for both the August and Feb-
ruary challenge studies are not representative of routine industry
practices but were necessary to minimize the exposure of the study
cattle to these (extrinsic to cattle) factors. Therefore, feed and
water hygiene and environmental sanitation along with the non-
cattle reservoir of STEC O157 affecting the fecal-oral transmission
remain plausible mechanisms for the seasonal variation observed
on farms (46).

Finally, the challenge doses of STEC O157 we used may be
larger than those that result in natural infection of cattle (47).
While we cannot eliminate this possibility entirely, the observa-
tion of similar trends with 107-CFU exposure doses (relatively low
compared to those in previous experimental cattle challenges with
STEC O157) in the second year of the study shows that these
trends are observed under a fairly wide range of challenge expo-
sures. The STEC O157 colonization patterns observed here fol-
lowing both low- and high-dose challenges were not dissimilar to
those we have reported following even lower-dose (104 CFU) chal-
lenges or natural contact transmission (47), suggesting that the
doses used resulted in reasonably normal colonization events.

There were three reasons to anticipate increased summertime
colonization in the year 1 trials: in addition to the unknown mech-
anism underlying the seasonal variation in bovine STEC O157
colonization generally, both increasing age postweaning (41) and
the effect of previous exposure to STEC O157 (48, 49) were ex-
pected to reduce colonization in February compared to that in the
preceding August. Therefore, based on the lack of observed in-
creased summertime colonization in the year 1 trials despite the
combined expected effects of season, age, and immunity, we
elected to reduce the challenge doses used in the year 2 trials to
determine whether the lack of increased summertime coloniza-
tion might be an artifact of a nonphysiologically high challenge
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dose. It is also noteworthy that, although we did not analyze spe-
cific immune responses, the STEC O157 colonization of our study
cohort did not appreciably decrease even after four challenges,
suggesting that protective immunity was either not elicited or was
not strong enough or of sufficient duration to provide protection.

Subject to the limitations of this study described above, our
findings support the hypothesis that the seasonal variation in bo-
vine colonization with STEC O157 observed in the field results
from seasonal differences in oral exposures of cattle rather than
from seasonal differences in systemic or upper gastrointestinal
physiologic factors. The increased oral exposures of cattle might
be simply due to increased summertime fecal-oral transmission
within cattle operations mediated by proliferation of the pathogen
in bedding, feeds, or water troughs, resulting in increased expo-
sure doses (29, 50). Alternatively, given the generally transient
nature of bovine colonization, heightened carriage could be due to
increased summertime exposure of cattle to another noncattle
animal or environmental reservoir. Efforts to identify the source
of the increased summer oral exposure of cattle to STEC O157 are
ongoing.
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