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This study reports analysis of faecal shedding dynamics in cattle for three Escherichia coli O157:H7
(ECO157) strains (S1, S2 and S3) of different genotype and ecological history, using experimental inocu-
lation data. The three strains were compared for their shedding frequency and level of ECO157 in faeces.
A multistate Markov chain model was used to compare shedding patterns of S1 and S2. Strains S1 and S2
were detected seven to eight times more often and at 104 larger levels than strain S3. Strains S1 and S2
had similar frequencies and levels of shedding. However, the total time spent in the shedding state during
colonization was on average four times longer for S1 (15 days) compared to S2 (4 days). These results
indicate that an ECO157 strain effect on the frequency, level, pattern and the duration of faecal shedding
may need to be considered in control of ECO157 in the cattle reservoir.

Keywords: Escherichia coli O157:H7; multistate Markov chain model; shedding; colonization

1. Introduction

Escherichia coli O157:H7 (ECO157) is a member of the enterohaemorrhagic E. coli and is
an important cause of haemorrhagic colitis in humans worldwide [39,40]. Faecal shedding of
ECO157 by the colonized (we are using the term ‘colonize’ instead of infection, because ECO157
does not cause clinical symptoms in cattle) cattle is a major public health concern because it
presents a risk for human exposure and illness through direct and indirect contacts. Human illness
from direct contact is possible during farm visits [6] or consumption of contaminated milk and
meat products [9]. Indirect contact-related illness may occur due to consumption of fruits and
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vegetables that are contaminated from application of cattle manure as fertilizers or irrigation from
water sources supplied with farm runoffs [40]. Reducing level of ECO157 in faeces and/or length
of faecal shedding in cattle directly contributes to decreasing human exposure and thereby is the
goal of every control programme [14,41]. However, despite copious research efforts, it has not been
possible to reduce faecal shedding prevalence and levels to levels that prevent human exposure
and illness. One of the major hindrances is the lack of understanding of the faecal shedding pattern
during colonization, the process which makes detection, and thus control, difficult.

The patterns and duration of faecal shedding reported in literature for ECO157 in cattle vary
considerably. The herd level shedding prevalence of ECO157 in cattle varies between 8% and 87%
[17,25] and the prevalence in a positive herd may vary between 1.7% and 20% [25]. The observed
variation in within and between herd prevalence may be explained partly by the difference in the
duration of shedding [24].Variability in the pattern and length of shedding in turn may be governed
by a multitude of host, pathogen and environment-related factors such as cattle production type,
animal age, colonizing strain of ECO157 and the exposure dose used in the study. Ages of cattle
and exposure doses have been shown to be important determinants of ECO157 faecal shedding
pattern and duration [5]. Cattle exposed to high doses and young calves tend to shed at a higher
level and for a longer period of time [5]. The strain effect on the shedding pattern and duration
has been suggested from an inoculation study using a mixture of five strains [3], but it has not
been investigated using single strains under controlled experimental conditions which eliminate
the possibility of strain interaction within a host. Furthermore, we are not aware of any study
that quantitatively describes and compares strain-specific shedding pattern and duration of cattle
colonization with ECO157.

For an intermittently shed pathogen, such as ECO157, the duration of colonization comprises
one or more periods of active shedding followed by transient non-shedding. Breaking down the
length of colonization into its components: shedding and non-shedding (or below detection level
shedding) periods and describing them quantitatively is desirable for better detection and control
of ECO157 in cattle, but it is constrained by the complexity of shedding behaviour and financial
limitations to conduct a large experimental study with intensive sample collection. We hypothesize
that the pattern of faecal shedding in cattle is affected by the strain of ECO157 colonizing the
host. Thus, there is a need for statistical comparison of strain-specific shedding patterns and
durations in terms of the length of shedding and non-shedding episodes and the total duration of
colonization for different strains. This can be achieved by employing multistate Markov chain
(MC) modelling [19,29].

An MC model is defined by a set of states and transition intensities to describe movement of an
individual between these states in continuous time [29]. The movement between states is governed
by transition intensities which may depend on time and a set of independent or time-dependent
explanatory variables [20]. While recurrent events survival analysis may also be used to analyse
multistate models with recurrent events, the MC model has the advantage in terms of bringing out
important biological insights which may be ignored in the former method [30]. In an MC model,
each censored individual contributes with more information to the model than it can contribute to
survival analysis with a single event end-point (that the individual did not reach) because prior state
transition experiences of these subjects add useful information to the process. The most important
limitation of the survival analysis is its inability to make predictions beyond observed data, whereas
multistate MC model can be used to predict beyond untested circumstances [18]. Furthermore, the
MC model presents a flexible tool for the study of covariate effect on the various transition rates.

The objective of this study was to use experimental inoculation data on ECO157 faecal shed-
ding in cattle to compare three ECO157 strains by (i) describing and comparing strain-specific
frequency and level (CFU/sample) of faecal shedding, and (ii) estimating and comparing the
duration of shedding and non-shedding episodes as well as the total length of colonization, using
a multistate MC model.
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2. Materials and methods

2.1. Description of experimental setup

2.1.1. Experimental animals

Twenty-four, 4–5-month-old Holstein steers, weighing between 127 and 191 kg were purchased
from a commercial livestock dealer in Wisconsin. The steers were randomly ear-tagged (with
numbers: 1–24), divided into four groups of six, and housed in four separate pens in two rooms
(A and B; each with two pens separated by a corridor to prevent contact between groups) at
the Livestock Laboratory of the University of Wisconsin-Madison. On arrival to the Laboratory,
the steers were vaccinated with Bovi-Shield Gold� (Pfizer, Inc., New York, NY) and Vision 7�

(Intervet, Inc., Summit, NJ) in accordance with the label directions. The steers also received a
single dose of Ceftiofur (3.0 mg CE/lb Excede�, Pfizer, Inc., NewYork, NY) to prevent shipping
fever. Steers 1 through 12 were housed in room A (with steers 1–6 in pen 1, and steers 7 through 12
in pen 2). Steers 13 through 18 were housed in pen 3 and steers 19 through 24 were housed in pen
4 in room B. The rooms had slatted floor, controlled temperature (20◦C) with a positive pressure
ventilation system, and were equipped with headlocks and waste flushing system. Only the animal
caretakers and the investigators had access to the rooms. The pens were cleaned two times a day
by flushing water over the pen floor. Steers were provided with a ration consisting of alfalfa,
shelled corn, chopped hay, and a standard concentrate supplement once a day in accordance
with the National Research Council’s specifications to attain an average weight gains of 0.7
kg/day [31]. The ration was offered in bins and water was provided ad libitum using water
flow cups. Both feed and water were accessible through headlocks. The steers were monitored
daily for their health status prior to the experimental challenge and three times per week after
the experimental challenge. Also, for 20 days prior to experimental inoculation, steers were
monitored by obtaining and testing recto-anal mucosal swabs (RAMS; described below) once
every 2 days to ensure the absence of wild-type ECO157. All procedures were approved by
the University of Wisconsin-Madison School of Veterinary Medicine IACUC (protocol number
A01388-0-03-09).

2.1.2. Animal inoculation and ECO157 strains

Experimental inoculations of steers in the study with three different ECO157 strains (FRIK 47,
FRIK 1641 and FRIK 2533) were conducted simultaneously. For brevity, hereafter, we will refer
to these three strains as S1, S2 and S3, respectively. The 12 steers in room A were inoculated with
S1, and the six steers each in pens 3 and 4 in room B were inoculated with S2 and S3, respectively.
Within each group the steers were inoculated with 106 CFUs of the respective strain of ECO157
per os in drinking water. Inoculation was performed by offering 1 ml of inoculum diluted in
approximately 10 ml water in a clean and empty water cup to individual steers in each group.
To ensure complete uptake of the inoculums, steers were restricted from drinking water for 12 h
before inoculation. Investigators observed the steers while they consumed the entire inoculums.
Additional fresh water was provided in the same water cup to ensure that any remaining inoculum
was consumed.

The three strains of ECO157 used in these inoculation experiments represent different ecological
histories in terms of their source of identification and isolation. Strain S1 was originally isolated
from an infected human patient [32], S2 from a raccoon [37] and S3 from a cattle farm. These
strains also have different genotypes as indicated by different genetic marker profiles [16]. Most
notably, strains S2 and S3 lacked stx1 and hly933 genetic markers, respectively.
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2.1.3. Sampling, isolation, enumeration and PCR confirmation

The RAMS samples were collected from all steers 1 day after inoculation and every alternate day
thereafter through day 30 post inoculation using sterile cotton tipped applicators (6 inch long).
The applicator was inserted 1–2 inches into the rectum and rubbed three to four times along
the mucosal surface using rapid motion. All RAMS samples were stored in 5 ml of modified
E. coli broth (mEC; Remel, Lenexa, KS) and novobiocin (0.02 mg/ml; mECnov; novobiocin by
Remel, Lenexa, KS) and processed within 1 h. The RAMS samples were tested for the presence of
ECO157 by direct plating of samples on Sorbitol MacConkey agar supplemented with 0.05 mg/l
cefixime and 2.5 mg/l potassium tellurite (Cefixime tellurite-Sorbitol MacConkey (CT-SMAC),
BD, Sparks, MD). Plates were incubated at 37◦C for 20–24 h and suspect colonies of ECO157
were presumptively confirmed by the latex agglutination test (Remel, Lenexa, KS). For each
potentially positive sample, up to five randomly selected suspect colonies on CT-SMAC agar
and those confirmed by latex agglutination were selected, and sub-cultured in Luria-Bertani (LB)
broth (BD DifcoTM LB Broth, Miller, Sparks, MD) for 3 h and frozen in 15% glycerol-LB media at
−80◦C for later confirmation by PCR. Enumeration of ECO157 per RAMS was performed for all
positive samples. Exact enumeration was recorded if the RAMS sample had ECO157 level below
or slightly over 105 CFU. Four RAMS samples had extremely large ECO157 levels (i.e. much
higher than the upper enumeration limit). These RAMS samples were therefore, assigned a number
that was greater than our upper enumeration limit by first-order of magnitude (i.e. 106 CFU). The
minimum detection limit of the direct plating procedure was <10 CFUs of ECO157/RAMS
sample. Template DNA, extracted using the boiled colony method, was used in a realtime PCR as
reported by Gonzales et al. [16]. PCR confirmation was done using a panel of 28 genetic markers
on the OpenArray� System from Applied Biosystems by Life Technologies [16].

2.2. Statistical analyses

The overall and group specific numbers of sampling days when RAMS samples were found
positive for the three ECO157 inoculation strains were estimated and compared by computing the
medians and interquartile ranges (IQR). The proportion of animals shedding the inoculated strain
at any sampling day was calculated by dividing the number of animals shedding the inoculated
strain by the total number of animals initially inoculated with that ECO157 strain. Group specific
time series of the proportion of steers shedding an ECO157 strain was visualized graphically.
The overall and strain-specific average level (CFU/sample) of ECO157 shed by an individual
steer was calculated by considering only the positive samples. From this, the overall and the
strain-specific distribution of ECO157 shedding level/sample was calculated and represented as
the probability distribution function. The median, IQR, and 95% confidence interval (CI) of the
ECO157 shedding level/sample/day for all steers were calculated and represented as a time series
plot using box plots. The difference in the ECO157 faecal shedding level between the inoculation
strain groups was tested by using the nonparametric Wilcoxon-rank-sum test for two samples. The
difference in the proportion of animals starting to shed following inoculation with different strains
was assessed by comparing the number of animals shedding on the day 2 using a Chi-square test.
To quantify the duration of shedding and colonization and assess whether strain effect produced
a statistically significantly different dynamics of faecal shedding, a multistate MC model was
developed as explained in the next section. Strain S3 was not evaluated in the multistate MC
model because this strain was detected only on one occasion post inoculation and in only two
steers. Thus, obviously this strain had a markedly different shedding pattern and a shorter duration
of shedding compared to the other two strains. All statistical analyses were performed in R version
2.13.1 (R Development Core Team, 2011). In all analyses of statistical significance, a P-value of
0.05 was used.
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1056 R. Gautam et al.

Table 1. Summary of the observed number of transi-
tions between states.

To

From 1 2 3 4 99

1 1 11 0 7 0
2 0 64 5 8 1
3 0 5 0 0 0
4 0 0 0 168 0

2.2.1. Multistate Markov model structure and analysis

The longitudinal faecal shedding data from our ECO157 inoculation study provided information
on ECO157 presence/absence and concentration (CFU/RAMS) in faeces on any given day and
the pattern of shedding over a period of 30 days. Several pertinent facts on the faecal-shedding
pattern were observed, which complemented with the existing understanding of the intermittent
nature of ECO157 faecal shedding, formed the basis for constructing the multistate MC model.
Some animals started to shed from the next day after inoculation; some did not start shedding
until several days after inoculation while a few others were never observed to shed. The animals
that started to shed stopped faecal shedding after a few days. A few of the animals that stopped
shedding were never detected to shed again while others resumed shedding. Those that resumed
shedding went through several episodes of shedding and non-shedding until the end of the study.
All of the foregoing observations were used to determine the possible states and transitions in
constructing the faecal shedding multistate MC model. A four state transition MC model, with
states for latency, shedding, non-shedding, and recovery was developed to describe the observed
faecal shedding patterns. The information on the ECO157 presence or absence in a RAMS sample
and the time of sample collection since challenge were used to classify animals into one of the
four states under the following conditions:

• State 1 = latency: The day of inoculation and negative samples immediately after challenge.
If the animals remained negative on ≥4 consecutive sampling days, they were considered
recovered and entered state 4. This transition was allowed because not all exposed animals
became colonized by ECO157 as is evident from Table 1.

• State 2 = shedding: Any positive sample during the study period.
• State 3 = intermittent non-shedding: Negative samples following state 2 over a period of less

than 7 days or (considering that samples were collected every other day) over ≤3 consecutive
sampling occasions.

• State 4 = Recovery: Negative samples over a period of more than 7 days or over ≥4 consecutive
sampling occasions. Four or more consecutive negative samples following state 2 was consid-
ered indicative of clearance of ECO157 from the animal’s recto-anal junction; and likewise,
this condition following state 1 indicated that the animal never became colonized after exposure
(inoculation). This condition was applied to prevent false classification of animals in states 1
and 3 as recovered (state 4) and is consistent with criteria used by several previously published
studies [22,36].

• 99 = censored state: Negative samples at the end of the study for which, because of termination
of the study, it was not clear whether an animal is in the intermittent non-shedding state (state
3) or in the recovered state (state 4). Thus, by censoring, we mean that the animal could only
be in one of the two possible censor states, state 3 or state 4. The reader should note that unlike
the usual meaning of a censored event time in the survival analysis, here it is the state (and not
the event time) that is censored [20].
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Figure 1. A flow diagram of a multistate model describing the states and allowed transitions for faecal shedding of
ECO157. The four possible states (i = 1,2,3,4) correspond to the latent, shedding, non-shedding and recovered states.
Coefficients (q↓ij) represent the instantaneous transition intensities for a steer from state to state.

A flow diagram of the multistate MC model with three transient states (i = 1, 2 and 3) and one
absorbing state (i = 4) is presented in Figure 1. The arrows in the diagram indicate possible tran-
sitions between states and the coefficients (qij) represent the corresponding transition intensities
between states.

The developed multistate MC model was used similarly as in [19], to quantify and compare
faecal shedding patterns of strains S1 and S2 in terms of transition intensities among states, and the
duration of average one-time and total time of stay in the shedding and non-shedding states. The
exact transition times were unknown and they were modelled as such. However, observation times
were considered and modelled as fixed and sampling times were considered to be non-informative.
The model was analysed using the msm package in R. Theoretical and methodological details
about the implementation and execution of multistate MC models using the msm package in R
can be found elsewhere [20]. The multistate MC model was implemented under three specific
assumptions about the ECO157 faecal shedding process: (i) transition times are independent
of the faecal shedding processes before reaching the current state, (ii) transition intensities are
homogeneous across steers inoculated with the same strain and (iii) transition intensities are
homogeneous through time.

Assumption (i) is an inherent property of Markov models which could not be assessed due to
lack of data about the exact time of transitions [23]. Assumption (ii) was assessed by including the
‘ECO157 strain’variable as a covariate in the saturated model (Hs1, where the subscript ‘s’denotes
saturated and ‘1’ denotes the model number) and comparing the resulting model fit to the fit for
the model without the covariate (H0). In the saturated model (Hs1), the effect of ECO157 strain
(covariate) in all of the five permitted transitions was assessed. Therefore, the full model had a
total of 10 parameters, 5 corresponding to baseline transition intensities and 5 different regression
coefficients for the covariate effect. Several reduced versions of the full model were assessed by
constraining selected transition intensities and to identify the most parsimonious covariate model.
In doing so, the following biologically meaningful relationships between transition intensities that
could generate a better model fit were considered: (a) in Hs2, we tested if the ECO157 strain effect
was equal on the progression (i.e. q12 = q23) and recovery (i.e. q14 = q24) transitions; (b) in Hs3,
we tested if the effect of ECO157 strain was the same only for transitions to recovery (i.e. only
q14 = q24); (c) in Hs4, we tested if the strain effect was the same only for the progression from
state 2 to state 3 and regression from state 3 to state 2 (i.e. only q23 = q32); (d) in Hs5, we tested
if the effect of strain on all transition intensities was the same (i.e. q12 = q14 = q23 = q24 = q32);
and (e) in Hs6, we tested if all the transition intensities were of equal magnitude with transition
intensities for recovery acting in the opposite direction to those for progression and regression
(i.e. q12 = −q14 = q23 = −q24 = q32).The best covariate model was selected by comparing the
likelihood ratios (LR) test statistics. Strain-specific differences in faecal-shedding patterns were
assessed by comparing several measures including: (1) hazard ratios (HRs), (2) ratios of transition
intensities for states having more than one transition out of it, (3) duration of stay in each state
(i.e. sojourn and total time resulting from recurrent visit to the state) and (4) the probability for not
recovering from each state (i.e. the survival rate in the jargon of survival analysis).Assumption (iii)
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was assessed by fitting a time-inhomogeneous model that allows time to be piece-wise constant
[20] and comparing the fit of this model to the time-homogeneous model. In the model with the
strain effect, strain (S1) was used as the reference group.

The internal validity of the model was assessed by comparing the observed proportion of steers
in different states over time with the model predicted mean prevalences in different states and
constructing the 95% CIs around the mean prevalences, using bootstrapping methods. To calculate
the CIs, 1000 simulations of random vectors were generated from the asymptotic multivariate
normal distribution derived from the maximum likelihood estimates (and covariance matrix) of
the log transition intensities followed by the calculation of the covariate effects and the expected
prevalences for each replicate [15]. The external validity of the model was assessed for strain S1
by using an independent data set on faecal shedding described for the control group of calves in
a recently published study [22].

3. Results

3.1. Descriptive statistics

The data set consisted of 15 RAMS samples for each of the 24 steers over the 30 day study
period with a total of 360 RAMS samples. In the S1 strain group, 8 out of 12 (67 %) ani-
mals were positive while in the S2 and S3 strain groups only 2 out of 6 animals (33%)
were positive on the day following inoculation (i.e. day 2). However, the difference in pro-
portions positive on day 2 between groups was not statistically significant. While the time
series of the proportion of positive animals in the S1 and S2 strain groups followed an irreg-
ular pattern over the study period, there were no positive animals in the S3 group after day 2
(Figure 2(a)). The median numbers (and ranges) of positive samples detected per steer inoc-
ulated with strains S1, S2 and S3 were 8 (0–13), 7 (0–10) and 0 (0–1), respectively. Then
obviously, the number of positive samples for steers in the S1 and S2 strain groups were sig-
nificantly higher than for steers in the S3 strain group (P-values = 0.005 and 0.01, respectively).
The median shedding level per steer was 102.98 CFUs (IQR = 101.92 − 104.29 CFUs). Illustrative
time series plots are presented in Figure 2(b–d) depicting variation in the overall and strain-
specific shedding levels during the study period, respectively. The median shedding levels in
the S1 (102.97 CFUs) and S2 (103 CFUs) strain groups were significantly greater than those
for the S3 strain group in which the maximum shedding level was 101.25 CFUs (P-values 0.04
and 0.03, respectively); here comparison to the higher of the two shedding loads was deemed
more informative than comparison to the median because there were only two observations
for shedding level in S3 group). However, the median shedding levels of strains S1 and S2
were similar. The distribution of all detected ECO157 shedding levels was bimodal (Figure 3).
Approximately, 60% of samples had less than 5000 CFUs of ECO157 and only about 25% of
positive samples had levels above 104 CFU. However, almost all steers shedding ECO157 were
detected to shed at high levels at some point during their colonization with the exception of
a few.

3.2. Multistate MC model

The portion of the data set for strains S1 and S2 contained 288 observations with 80 positive
samples (categorized as the shedding state or state 2). The negative samples (n = 208) were cat-
egorized into different states as follows: 19 observation as latent, 5 as intermittent non-shedding
and 183 as recovered. The remaining single data point was censored (i.e. the steer could have
been either in the intermittent non-shedding or recovered state). Table 1 shows the number of
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Journal of Biological Dynamics 1059

Figure 2. Time series of the proportion of steers shedding ECO157 post inoculation by strain (a), and box-plots showing
the detected ECO157 levels (CFUs) per day among all three strain groups of steers (b), and separately among S1 (c) and
S2 strain groups (d). In boxplots in b–d, upper and lower ends of the box represent the IQR and the thick horizontal line
inside the box indicates the median, while the whiskers and circles indicate 95% CIs and minimum/maximum values,
respectively.

Figure 3. The distribution of ECO157 levels (CFU) detected in RAMS samples in all strain groups (a), S1 strain group
(b) and S2 strain group (c).

transition between model states. The best covariate model was the Hs6 model (with constraints
q12 = −q14 = q23 = −q24 = q32) which had a borderline significantly better fit (df = 6, LR
P-value = 0.13) than the model without the covariate. Considering the biological relevance of the
strain effect on the dynamics of faecal shedding, model Hs6 was examined further. For this model,
the comparison between the observed and predicted prevalences including their 95% CI for steers
in different states indicated a very good fit of the model to the data (Figure 4). It was concluded that
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Figure 4. Observed versus model predicted prevalences with 95% CI of steers in different states of faecal shedding post
inoculation. The solid line represents the observed prevalence, dashed line is the mean expected prevalence and the two
dotted lines represent upper and lower bounds of the 95% CI.

Table 2. Average sojourn and total time of stay in each state in days and the associated
95% CIs for ECO157 strains S1 and S2.

Strains States Sojourn time (95% CI) Total time (95% CI)

S1 Latent 0.3 (0.2, 0.6) 0.36 (0.2, 0.6)
Shedding 4.3 (0.4, 17.2) 14.6 (5.7, 33.2)
Non-shedding 0.4 (0.03, 4) 1.2 (0.3, 4.4)

S2 Latent 0.4 (0.2, 0.7) 0.32 (0.2, 0.7)
Shedding 5.3 (0.9, 12.8) 4.2 (0.8, 16.3)
Non-shedding 0.7 (0.1, 8.2) 0.25 (0.02, 3)

Note: The CIs were calculated by simulating 1000 random vectors from the asymptotic multivariate
normal distribution implied by the maximum likelihood estimates (and covariance matrix) of the log
transition intensities and covariate (strain) effect and then back transforming the estimates.

the data supported the internal validity of the model. The fitted time-inhomogeneous model did
not suggest any evidence of transition intensities changing over time, therefore, the third model
assumption of homogeneous transition intensities through time was considered to hold.

The mean sojourn time (duration of one-time occupancy of a state) and the expected total length
of stay in the transient states are shown in Table 2. While the two strains had similar sojourn times,
the total lengths of stay in the shedding and non-shedding states for the S1 strain were on average
almost four times greater than for the S2 strain. Such a difference in the total duration of stays
could be explained by more frequent re-entry of animals colonized with the S1 strain into the
shedding and non-shedding states as compared to those colonized with the S2 strain. Indeed,
Figure 5 shows that steers inoculated with the strain S1 were on average less likely to recover
from the latent or shedding states compared to the steers inoculated with strain S2. This is also
supported by on average greater HR for moving from latent and shedding states to the recovered
state in the S2 group compared to S1 group (Figure 6). It should be noted here that CIs of the
estimated HRs crossed the value of 1 by a narrow margin indicating a lack of conclusive evidence
of the effect of strains on the transition intensities. The average probability for not entering the
recovered state from all transient states against time was greater for S1 compared to S2 group
(Figure 7). All together, these results indicate that colonization by the strain S1 tends to last longer
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Figure 5. Mean ratios of transition intensities out of a state with the corresponding 95% CIs in log10 scale.

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

1 - 2 1 - 4 2 - 3 2 - 4 3 - 2

H
az

ar
d

 r
at

io

Strain S2

Figure 6. HRs with 95% CIs showing the strain effect (S2 compared to S1) on the model transition intensities. States
1, 2, 3 and 4 correspond to the latent, shedding, non-shedding and recovery states, respectively.

than by strain S2 and explain the estimated longer average total times spent in the shedding and
non-shedding states for S1 compared to S2 (Table 2).

The external validation with an independent data set from [22] for the strain S1 predicted the
average sojourn and total time in state 2 (the shedding state) of 4 days (95% CI = 0.1, 24.3)
and 11.4 days (95% CI = 3.9, 31.1), respectively, which are very close to the model predicted
estimates here (4.3 and 14.6 days respectively). Predictions of the average sojourn and total times
in the non-shedding state of 0.2 days (95% CI = 0, 32) and 0.46 days (95% CI = 0.07, 2.7),
estimated for the independent data, also had reasonably good fit to the model predictions of 0.4
and 1.2 days, respectively.

4. Discussion

In this study, we evaluated the effect of ECO157 strain on the ECO157 faecal shedding dynamics
during colonization in cattle using experimental inoculation data. We found that one strain (S3)
was substantially different from the other two strains in that it was detected only once during
the entire study period and at 104 CFU/RAMS lower levels. This is in agreement with the fact
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Figure 7. Expected probability of remaining in the latent (state 1), shedding (state 2) and non-shedding (state 3) states
of the faecal shedding model as opposed to entering the recovered state for strains S1 and S2.

that it lacked the whole plasmid pO157, which among other genetic material carries an important
virulence marker hly933 (enterohemolysin) held responsible for survival of ECO157 in the cattle
host [26,27].While shedding frequencies and levels were similar between S1 and S2, they appeared
to have different shedding patterns. Steers colonized by S1 appeared to make recurrent visits
between shedding and non-shedding more often than steers colonized by S2 although the sojourn
times of the two strain groups were comparable. Thus, the total duration of stay in the shedding
state (state 2) for steers in the S1 group was on average almost four times longer compared to
steers in the S2 group. In the sections that follow, we elaborate on the findings and discuss the
implications, merits and limitations of the study.

The period of ECO157 colonization in cattle has been recognized to exhibit an intermittent
shedding pattern, with periods of non-shedding (or shedding at undetectable levels) interspersed
within shedding periods [2,28]. Nevertheless, shedding and colonization have been traditionally
used interchangeably without firm distinction between the two terms. An important achievement
of this study was, therefore, in the ability to quantitatively partition the total colonization time of
ECO157 into shedding and non-shedding periods and to study the patterns of faecal shedding.
Evidence of the strain effect on the pattern of ECO157 faecal shedding was found in this study.
While the strain effect model had only a borderline better fit compared to the model without the
strain effect (P-value = 0.13), its internal and external validation supported its validity. Further-
more, CIs of the estimated HRs and ratios of transition intensities crossed the value of one, i.e.
zero if log transformation is considered, (which would indicate absence of the strain effect) by
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only a small margin. Thus, it seems plausible that the borderline significant fit of the strain effect
model was a consequence of the considerably small sample size rather than there not being a
difference between strains S1 and S2. The strain effect model indicated that strains S1 and S2
have similar sojourn times in the states of faecal shedding. However, strain S1 had on average
four times longer total length of stay in the shedding and non-shedding states during colonization
compared to strain S2. This can be explained by two biological phenomena. First, steers colonized
with strain S1 were on average more likely to move to the shedding state as indicated by the HRs
in Figure 6 and transition intensity ratios in Figure 5. Second, the HRs and transition intensity
ratios also indicated that steers colonized with strain S1 were more likely to make recurrent visits
between the shedding and non-shedding states before final clearance of ECO157 from faeces
compared to those colonized with strain S2. The average duration of colonization, obtained by
adding the average length of time spent in the latent, shedding and non-shedding states, were 16
(95% CI = 6, 38) days and 5 (95% CI = 1, 17) days for strains S1 and S2. Previously published
literature have reported average duration of faecal shedding of ECO157 (strains: 86–24 Nal-R
and FRIK 1275) in cattle to vary between 17 and over 43 days [34,38], which is consistent with
the average colonization time for S1 estimated in this study. While it would be interesting to
compare the genetic markers of strains 86–24 Nal-R and FRIK 1275 with S1, we were not able
to determine genetic markers for the former two strains from the published literature.

The substantially longer total duration of shedding of strain S1 compared to S2 has important
implications on the spread and control of ECO157 within the cattle population. It is reasonable
to assume that longer total shedding time provides longer opportunity for the pathogen spread to
the susceptible herd members. Given an equal or better colonization ability compared to the other
strains, we expect that a strain with the longer total shedding period will be more prevalent and
more adapted to the cattle population. On the other hand, its longer total shedding time may also
provide a greater opportunity for its detection and may require a less intensive sampling to detect
all positive animals.

Apart from the study presented here, we are aware of only two other studies which tried to
separate and quantify the shedding and non-shedding states, using an MC approach for Listeria
monocytogenes in cattle [18] and Salmonella in pigs [19]. That being said, in Ivanek et al. [18],
intermittent shedding was studied in the naturally infected calves and thus the estimated duration
of shedding and non-shedding episodes cannot be used to determine the duration of infection
following exposure mainly for two reasons: (i) because the time when calves became colonized
was unknown and (ii) the possibility of re-infection(s) was not considered. In that sense, even
the shedding and non-shedding durations do not represent the shedding behaviour within one
colonization cycle. We used the experimental data with known day of challenge and used the
literature supported decision criteria to rule out the possibility of shedding due to re-infection.
Thus, the study presented here represents one colonization cycle and demonstrates how multistate
MC modelling approach could be used to describe intermittent shedding behaviour in terms of
duration of shedding and non-shedding episodes as well as the total colonization time influenced
by the ECO157 strain covariate.

The three strains used in this study had different ECO157 ecological histories. Namely, strain
S3 was isolated from a cattle farm (C.W. Kaspar, unpublished data), strain S2 was isolated from a
raccoon [37] and strain S1 is a fully sequenced human pathogen 933W (ATCC43895) originally
isolated from an infected human patient [32]. The three strains also had different genotypes as
indicated by the pulse field gel electrophoretic patterns [37,38] and genetic marker profiles [16].
In particular, compared to strain S1, strain S3 lacked genetic markers O11-C, R4-N and R5-N as
well as the whole plasmid pO157, including the genetic marker hly933, while strain S2 lacked two
markers, stx1 and R4-N [16]. The inability of S3 to successfully colonize steers after inoculation
in contrast to the other two strains and the difference in the shedding patterns observed between
strains S1 and S2 may thus be explained by the differences in their genotypes. Indeed, it has
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been reported that ECO157 strains with different virulence factors, and their combinations, have
different colonization abilities in cattle and are also relevant from the human health point of view. In
particular stx1 and stx2 are known to be part of the genome of lambdoid prophages [13] responsible
for production of cytotoxin that contributes to diarrhoea observed in infected humans [21]. On the
other hand hly933 is a plasmid encoded virulence factor responsible for cytotoxin known to cause
lysis of red blood cells [12]. These findings obviously lead to another interesting question: could
the observed variations in faecal shedding prevalence under field conditions in otherwise similar
herds partly be explained by the differences in the genetic markers of the colonizing strains? It is
not a purely speculative statement, because, at least one experimental study involving inoculation
of calves with a mixture of five ECO157 strains documented the predominance of only a few
strains in the faeces [3]. Another field study reported differences in the restriction endonuclease
digestion profiles among ECO157 positive cattle farms [10]. This warrants an independent field
study to investigate the association between specific genetic marker combinations and shedding
prevalence, as was also suggested by at least one other recently published study [8]. The ECO157
shedding levels per sample/day had a bimodal distribution with the majority of samples sharing
low shedding levels (<5000 CFUs) and only a small proportion (<20%) having high shedding
levels (>50,000 CFUs) (Figure 3). The proportion of RAMS under high and low shedding level
category observed in this study was consistent with the previously published study that reported
shedding levels of less than 5000 CFUs/g of faeces in 53% of samples and more than 50,000
CFUs/g of faeces in 27% of the samples [35]. The occurrence of the bimodal shedding pattern has
been reported and was attributed to the presence of a few high level shedders within the population
[4]. However, a close examination of the individual steer-shedding level data revealed that almost
all steers shed at a high level (>10,000) at some point during the course of colonization, and the
high shedding level was not always observed in the first shedding episode; rather, occasionally,
the high shedding levels were present in the subsequent episodes of shedding (i.e. after a transient
period of non-shedding). Therefore, the observed bimodal shedding level pattern in this study
essentially reflects shedding at two different rates (high and low) during the course of colonization
by ECO157 rather than the existence of two distinct cattle sub-populations adapted to shedding
at different rates.

The findings in this study depend on several important assumptions that were made in the
development of the model in addition to the underlying multistate MC model assumptions. The
assumptions that the steers were correctly classified into shedding and non-shedding states and
that the model structure in terms of states considered and the transitions permitted between states
were valid. The ability to classify the individuals correctly into shedding and non-shedding states
was related to the performance of the diagnostic test. The data used in this study were generated
using direct plating on CT-SMAC to detect the presence of ECO157 in RAMS which is a standard
method [11]. While we acknowledge that faecal shedding may have been under detected if the
shedding level was below 10 CFUs/RAMS, overall we do not expect misclassification of steers
to be a major problem in this study. Intermittent shedding behaviour of ECO157 among cattle is
a widely accepted phenomenon [1,33]; therefore, we believe that the model structure used in this
study closely reflected the biological process of faecal shedding in cattle.

In conclusion, we have quantitatively described the shedding pattern of ECO157 and compared
the potential influence of colonizing strain on the shedding dynamics. The results indicated that
faecal shedding associated with different ECO157 strains varies with respect to shedding fre-
quency, levels, patterns and durations. Since the three strains evaluated in this study had different
genotypes, our findings support previous reports that specific genetic (virulence) markers play
an important role in the ability of ECO157 to colonize and persist in cattle [3,7]. The parameter
estimates obtained from this study will be useful in mathematical modelling to advance our under-
standing of ECO157 transmission dynamics. Collectively, these findings will support efforts to
control ECO157 in cattle with the ultimate goal of protecting human health.
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