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Campylobacter jejuni is one of the most common causes of acute enteritis in the developed
world. The consumption of contaminated poultry, where C. jejuni is believed to be a
commensal organism, is amajor risk factor.However, the dynamics of this colonization process
in commercially reared chickens is still poorly understood. Quantification of these dynamics of
infection at an individual level is vital to understand transmission within populations and
formulate new control strategies. There are multiple potential routes of introduction of
C. jejuni into a commercial flock. Introduction is followed by a rapid increase in environmental
levels ofC. jejuni and the level of colonization of individual broilers. Recent experimental and
epidemiological evidence suggest that the celerity of this process could be masking a complex
pattern of colonization and extinction of bacterial strains within individual hosts. Despite the
rapidity of colonization, experimental transmission studies exhibit a highly variable and
unexplained delay time in the initial stages of the process. We review past models of
transmission of C. jejuni in broilers and consider simple modifications, motivated by the
plausible biological mechanisms of clearance and latency, which could account for this delay.
We show how simple mathematical models can be used to guide the focus of experimental
studies by providing testable predications based on our hypotheses. We conclude by
suggesting that competition experiments could be used to further understand the dynamics
and mechanisms underlying the colonization process. The population models for such
competition processes have been extensively studied in other ecological and evolutionary
contexts. However,C. jejuni can potentially adapt phenotypically through phase variation in
gene expression, leading to unification of ecological and evolutionary time-scales. For a
theoretician, the colonization dynamics of C. jejuni offer an experimental system to explore
these ‘phylodynamics’, the synthesis of population dynamics and evolutionary biology.
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1. INTRODUCTION

Campylobacter jejuni is one of the leading causes of
bacterial foodpoisoning in theworld today. Spreadby the
faeco-oral route, C. jejuni can colonize the intestinal
mucosa of most warm-blooded animals (Newell &
Fearnley 2003). In commercial broiler chickens, this
colonization is commensal,withC. jejuni foundathighest
levels in the mucosal crypts of the caeca and to a lesser
tion of 20 to a Theme Issue ‘Cross-scale influences on
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extent in the small intestine (Beery et al. 1988). However,
in humans, colonization can lead to acute enteritis, often
associated with invasion of the intestinal epithelial cells.
Symptoms usually present after an incubation period of
1–7 days and range in severity from protracted watery
diarrhoea to bloody diarrhoea with fever and abdominal
cramps (Black et al. 1988). Infections are typically self-
limiting, without the need for medical intervention;
however, severe sequelae can result. Significantly, cam-
pylobacterosis has been linked to the, albeit rare,
autoimmune disorders Miller Fisher syndrome and
Guillain-Barré syndrome (Altekruse et al. 1999). A risk
factor for human disease, at least in the developed world,
J. R. Soc. Interface (2007) 4, 819–829
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is the consumption of contaminated poultry products. It
is estimated that 80% of raw chicken sold in UK is
contaminatedwithC. jejuni (Corry&Atabay2001).This
contaminated meat may be responsible for between 20
and 40% of reported infections (Havelaar et al. 2007).
While the commensal colonization of chickens by
C. jejuni has been well documented, comparatively little
is known about the dynamics of this process.

The use of theoretical models in veterinary epidemiol-
ogy has a relatively shallow history, their utility still
viewed with some scepticism by the professional estab-
lishment (Wingfield et al. 2006). Epidemiological studies
ofC. jejuni have almost exclusively focused on static risk
assessment models based on questionnaires. The results
of these studies are often inconclusive and contradictory.
Thequantitativeassessmentof control strategies requires
a firm grasp not only on the routes of transmission but
also the mechanistic processes that underlie them. New
microbiological methods of genetic typing and tagging of
bacterial strains offer new insights into colonizationat the
level of the individual (Hendrixson&DiRita 2004; Grant
et al. 2005). Scaling these individual level effects to the
level of the population, in this case the broiler house, is a
non-trivial task. Mechanistic models of transmission can
translate experimentally derived hypotheses into quan-
titative predictions for the patterns of prevalence at the
population level.

Few studies, indeed only two that we are aware of,
have attempted to quantify rates of transmission and fit
mechanistic models to the spread ofC. jejuni in a broiler
house. Estimation of transmission rates is a notoriously
difficult task, sensitive to the choice of (theoretical and
animal) model assumptions. We review these two key
studies before going on to consider how new experi-
mental evidence concerning thewithin-host dynamics of
infection may modify their conclusions. We argue that
understanding the colonization dynamics of C. jejuni is
the key to understanding transmission. In §7, we
consider how the analysis of this experimental system
is complicated by the exceptional genetic plasticity of
C. jejuni. This leads to a convergence of time-scales
between evolutionary and ecological interactions, which
complicate the analysis of experimental data. Models
which synthesize evolutionary processes and population
dynamics, the so-called phylodynamic models, are
relatively new (Grenfell et al. 2004).

This review follows a top-down description of the
epidemiology and ecology of C. jejuni in broilers. An
understanding of epidemiological dynamics depends on
both field data and those from experimental studies.We
begin by reviewing the results of epidemiological field
studies and the natural course of colonization of
commercial flocks. We then introduce the basic model
framework which has been used to estimate rates of
transmissionwithin flocks before delving deeper into the
biology of colonization at the individual (and strain)
level and the implications that this could have in turn for
patterns of prevalence at the level of the population.
2. COLONIZATION OF THE FLOCK

Many epidemiological studies have been carried out to
quantify the possible sources of introduction ofC. jejuni
J. R. Soc. Interface (2007)
into a flock. Although the conclusions of individual
studies vary widely, a recent systematic review has
provided the first clear indications of consensus (Adkin
et al. 2006). Horizontal transmission is the most
probable mechanism (Sahin et al. 2002) with possible
sources including wild birds (Craven et al. 2000) and
other farm animals (Gregory et al. 1997), for which
insects (Ekdahl et al. 2005), contaminated groundwater
(Pearson et al. 1993) and farm workers (Berndtson
et al. 1996a) could be important vectors. Although the
potential for vertical transmission from breeder hens to
broilers exists (Newell & Fearnley 2003), in practice
this is thought to be at best a rare occurrence (Shanker
et al. 1986; van de Giessen et al. 1992; Chuma et al.
1997; Petersen et al. 2001) with no significant risk to
commercial flocks (Callicott et al. 2006).

Although many flocks appear to be dominated by a
single strain (Ring et al. 2005), two competing variants
(Jacobs-Reitsma et al. 1995; Berndtson et al. 1996b) and
even greater multiplicities of strains (Thomas et al. 1997;
Hiett et al. 2002) have been isolated from the same flock.
Wewould naturally expect the rate of introduction (from
the environment external to a facility) to vary greatly
between facilities depending on the methods of housing,
bio-security policies and the prevalence of C. jejuni in
the surrounding environment.Thebest illustrationof this
is the reported higher prevalence of C. jejuni found in
organic flocks compared with conventionally farmed
flocks (Van Overbeke et al. 2006).

Prevalence within infected commercial flocks is
strongly age dependent with chickens less than two to
three weeks old rarely being colonized naturally (Stern
et al. 2001a). The reasons for this so-called lag phase
(Newell & Fearnley 2003) are unclear but could include
the effect of maternally derived antibodies (Cawthraw
et al. 1994; Sahin et al. 2003) or age-related differences
in the intestinal environment and natural gut flora (van
der Wielen et al. 2000). Understanding the lag phase of
colonization could be the key to the development of new
control measures. Several studies have demonstrated
that the prevalence of C. jejuni in chickens (Wallace
et al. 1997), other farm animals (Stanley et al. 1998a,b)
and incidence in humans exhibits a marked seasonal
variation with the highest levels during the summer
months (Nylen et al. 2002; Meldrum et al. 2004). The
peak months of prevalence in chickens and incidence in
humans have a dependence on latitude and a close
correlation with temperature (Louis et al. 2004; Patrick
et al. 2004) suggesting that a common factor, extrinsic
to the host populations, may be responsible.

After infection, chickens rapidly (in less than a day)
exhibit high levels of C. jejuni in the caecal contents
(Shanker et al. 1990). Faecal shedding to the internal
environment within the housing facility (and then
ingestion) is likely to be the route of bird-to-bird
transmission rather than direct contact.
3. DYNAMICS OF TRANSMISSION

Quantitative predictions of the effectiveness of control
strategies are impossible without a mechanistic under-
standing of the processes underlying transmission
(Anderson & May 1979). Given the public health and
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Figure 1. Stochastic SI model. Two stochastic replicates of SI
model (with NZ400 and I(0)Z4) demonstrating variation in
delay times and similarity of epidemic phases. Note that,
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commercial importance of C. jejuni as a zoonotic
pathogen, it is somewhat surprising how little is known
concerning the routes and dynamics of colonization in
chickens. Few studies have attempted to quantify
transmission rates (Shanker et al. 1990; Stern et al.
2001b) and only two studies which we are aware of in the
literature have attempted to estimate (Van Gerwe et al.
2005) and describe (Hartnett et al. 2001) colonization
dynamicswithina commercialbroiler house.Bothstudies
chose, in the face of the multiple possible routes of
introduction and transmission previously discussed, to
describe colonization as a simple epidemic and attempt
to estimate a single epidemiological parameter, the most
basic parameter determining the rate of spread of an
infectious agent—the transmission rate. Despite this
their estimates differed by an order of magnitude
(bZ0.1–0.3, Hartnett et al. 2001; bZ1.04, Van Gerwe
et al. 2005). In an attempt to understand this disparity,
we need to consider the assumptions made by these two
key studies, in particular their chosen definition of the
transmission rate and the implications for future studies.
although increasingly unlikely, the delay time could be
arbitrarily large with no extinction of the pathogen (bZ1.04
contacts per day; parameters from Van Gerwe et al. 2005).
3.1. Definition of transmission rates

The general definition of transmission rates used in the
literature varies substantially according to the principal
modes of transmission and life history of the disease in
question. For example, the demography of the host
population and the within-host dynamics of infection
must be taken into account when interpreting the
meaningof aparticular transmission rate.Bothpublished
studies forC. jejuni in broilers chose to use variants of the
standard transmission term where the rate of new
infections is proportional to the number of susceptible
individuals (S ) and the fraction of the population (N )
which is infectious (I ) multiplied by a (constant)
transmission rate (b, with units of contacts per day).
Although details of their implementations vary, both
models essentially describe the epidemic process as a
unidirectional flow from susceptibility (S ) to infectious-
ness (I ), equivalent to the simple stochasticSImodel.The
dynamical structure is most clearly illustrated by the
deterministic implementation which can be summarized
in the pair of ordinary differential equations:

dS

dt
ZKbS

I

N
;

dI

dt
Z bS

I

N
: ð3:1Þ

By describing the population only in terms of the
numbers which are susceptible and infectious, we are
makingan implicit set of assumptions.Weassumethatall
individuals in the population are identical (have equal
susceptibility to infection) and there is only one infectious
agent (one strain) being transmitted. The rate of spread
depends on a constant ‘transmission rate’ and the
probability that an infectious individual will meet a
susceptible individual if the population is ‘well mixed’,
so-called ‘homogenous’ mixing.

Solutions of the stochastic model closely follow the
shape of solutions of the deterministic skeleton above,
with the addition of a variable delay time in the upswing
of the epidemic (figure 1). This delay is the product of
uncertainty in the chain of transmission at the start of
the epidemic due to low numbers: so-called demographic
J. R. Soc. Interface (2007)
stochasticity (Renshaw 1991). For a fixed transmission
rate, this delay time is therefore determined by the
initial number of infectives (I(0)) rather than the
total population size (N ). For a given epidemic curve,
derived experimentally or through simulation of the
stochastic model, the delay time can be defined as
the difference in the time to reach the midpoint of the
epidemic (I/NZ0.5) from that expected from the
deterministic SI model (Van Gerwe et al. 2005).

An important distinction should bemade between this
delay time and the lag phase phenomena described earlier
(length up to three weeks). The lag phase is not observed
in experimental studies, presumably due to the diffe-
rences between the artificial inoculation and the natural
course of acquiring C. jejuni. These include the inocula
used, experimental models typically use relatively high
doses of a single bacterial strain; the differences in the
physiological state of the bacteria, i.e. broth culture
versus bacteria from the environment and the presence of
naturally acquired gut flora in commercial flocks. In a
commercial flock, chicks will also be exposed to a wide
spectrumof bacteria leading to the rapid establishment of
a natural gut flora (van der Wielen et al. 2000).
Experimental models often use 1-day-old chicks with
inocula typically containing large numbers of a single
bacterial species.
3.2. Scaling and interpretation of transmission
rates

This choice (equation (3.1)) of definition of the
transmission rate, so-called frequency-dependent mass
action (De Jong et al. 1995), assumes that there is
homogenous mixing within the population and the
number of contacts between birds leading to trans-
mission of C. jejuni is independent of the size of the
flock. Great care must be taken in applying this model
to C. jejuni transmission in broilers, particularly as the
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population sizes in the experimental studies from which
we are able to estimate b are orders of magnitude
smaller than commercial flocks. Hartnett’s study was
based on experimental data from individually housed
birds and small groups (Shanker et al. 1990), while Van
Gerwe used data from a larger study of 400 birds at the
same density as commercial barns (Jacobs-Reitsma
1998). This alone could explain the order of magnitude
difference in the quoted transmission rates estimated by
these two authors. Resolving how transmission scales
with flock size is an outstanding and pressing issue for
understanding C. jejuni population dynamics. Given
the practicalities of control, animal welfare, time and
cost limiting the size of experimental studies, it is only
likely to be properly addressed through well-designed
field studies with regular (and extensive) sampling.

Applying the simple epidemic model, which
implicitly assumes direct transmission, to C. jejuni is
conceptually problematic given the probable import-
ance of indirect, environmental transmission and
transmission due to coprophagy. Both C. jejuni models
justify this modelling assumption using the study of
chicken movement patterns by Preston & Murphy
(1989). They described persistent social clustering of
chickens, which Van Gerwe et al. (2005) interpreted as
evidence of homogenous mixing. The argument being
that since the chickens were continually moving the
clusterswere well mixed spatially. Hartnett et al. (2001)
proposed the opposing position that clustering would
restrict transmission to a single cluster in the first phase
of the colonization process. Hartnett et al. (2001)
therefore used a two-stage model which only simplified
to the homogenous mixing SI model above (equation
(3.1)) after an initial delay time of approximately
3 days. The approach was justified by arguing that there
is a change in route of transmission after the primary
infection events. Transmission in the first stage is
restricted to direct transmission within a cluster, giving
way to more widespread transmission throughout the
flock, via contamination of the environment.

Hartnett essentially assumes the existence of a delay
time, which is backed up by Van Gerwe et al.’s analysis
of experimental data. While the argument for a change
in transmission routes is seductive, there is no
quantitative evidence to support this hypothesis and
the simple stochastic SI model produces the same
qualitative delay (figure 1) without the complex
contact structure assumed by Hartnett. However,
what is particularly interesting is that the length of
delay time estimated by Van Gerwe et al. (2005)
between 3 and 7 days was far greater than that expected
from the stochastic SI model (mean delay of 0.9 days).

If this delay is indeed due to the requirement for a
build-up of environmental contamination, then simpler
models (than Hartnett’s) could take this into account
by modelling the environmental contamination directly
(Anderson & May 1981). This would necessitate more
information not only on the levels of viable bacteria in
the environment but also on how the bacteria survive in
this, presumably, more hostile environment. Delving
deeper into the biology of colonization at the individual
level suggests that there may also be a genetic basis for
the delay, to which we will return later in §6. However,
J. R. Soc. Interface (2007)
there are also simpler, infection life-history traits which
could be experimentally derived and may have import-
ant implications not only for explaining this delay time
but also for the determination of transmission rates.
4. COLONIZATION OF THE INDIVIDUAL
BROILER

The definition and estimation of the most basic measure
of colonization, the minimum infectious dose (Chen
et al. 2006) or ID50,

1 is complicated for C. jejuni by the
potential of recycling of infectious material due to
coprophagy. However, doses as low as 40 colony
forming units (Cawthraw et al. 1996) have been
shown experimentally to successfully colonize 1-day-
old chicks, although the infectious dose varies between
strains of C. jejuni (Shanker et al. 1988, 1990; Stern
et al. 1988; Ringoir & Korolik 2003), physiological
status of the strain, and age and breeds of chicken
(Newell & Fearnley 2003). Colonization can be defined
by the presence of detectable levels of C. jejuni in fresh
faecal samples or directly from caecal contents post-
mortem. There is necessarily a period of establishment
during which the bird is infected (inoculated) but not
infectious (excreting). This deterministic delay is not
accounted for by the simple SI model, one factor which
may explain the disparity with experimental estimates
of the delay time which we will return to in §5.

The route of introduction into the chicken is also
potentially important, although only with respect to
artificial inoculation. Shanker observed an order of
magnitude of lower ID50 for cloacal challenge when
compared with the more regular oral introduction
(Shanker et al. 1988). This may be the result of the
direct (shorter) connection of the cloacal opening to the
primary source of colonization of C. jejuni, the caeca,
through the rectum. The implication is that large
numbers of bacteria may be lost on the journey through
the digestive system after oral inoculation. Essentially,
this implies that the success of colonization is not only
determined solely by competitive pressures within the
caeca, but also by the probability of survival within the
gut. This could be an important clue to the nature of
the within-host colonization dynamics. Young et al.
(1999) failed to achieve colonization via cloacal
challenge; however, it is unclear whether this was due
to differences in methodology or challenge strain.

Signature tagged mutagenesis studies (Hensel et al.
1995), where multiple individually tagged mutants are
screened for colonization potential through experi-
mental infection have proven highly successful for
many pathogens (Mazurkiewicz et al. 2006). Appli-
cation of the technique to C. jejuni has been proble-
matic, with high-frequency loss of (individually)
colonization proficient mutants in a 1-day chick
model (Hendrixson & DiRita 2004) and older birds
with a standardized gut flora (Grant et al. 2005). The
implication of these studies was that different strains of
campylobacter would compete for resources, which has
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recently been demonstrated for wild-type strains
(Konkel et al. 2007).

It would be natural to assume that competition
between bacteria could be an important mechanism
leading to clearance of a given strain. Such competition
models have a long history in ecology (Volterra&Brelot
1931; Lotka 1956) and have recently started to be
applied to model the competition dynamics of bacterial
flora with respect to food safety (Dens et al. 1999;
Vereecken et al. 2000). However, these deterministic
approaches do not account for the importance of chance,
variability and mutation (Kimura 1962) which may be
of particular importance for the ecology of C. jejuni.

The experiments ofGrant et al. (2005) found evidence,
not only for displacement of mutants but also frequent
transmission between birds housed together. Competi-
tive processes could be amechanism leading to clearance.
If displacement and transmission occur fast enough, we
maynot observe the effects of clearance in the population.
However, the transmission rates necessary to explain a
given epidemic curve could be quite different.

Clearance has been described in the field although
few studies have considered within flock prevalence, the
perception being that introduction necessarily leads to
rapid flock-wide colonization (Berndtson et al. 1996a;
Gregory et al. 1997; Evans & Sayers 2000; Shreeve et al.
2000). However, lower levels of prevalence have been
reported (Heuer et al. 2001) although this may be only
the result of late colonization and there is known to be a
wide range of colonization abilities between strains
(Ringoir & Korolik 2003).

To our knowledge, only one study provides evidence
of clearance occurring with wild-type strains (Achen
et al. 1998). An attempt was made to minimize
coprophagy by placing birds on wire mesh. Although
not a unique housing method, this attempt may have
been more successful due to the virulent pathology of
the campylobacter infection leading to continual
diarrhoea. The unusual pathology is itself a warning
that the results may not be generally applicable. The
study suggests that maintenance of C. jejuni within an
individual host is dependent on recycling of bacteria
through environmental contamination and copro-
phagy. This hypothesis is further supported by a
similar study (Willis et al. 2002) which showed a
lower prevalence of campylobacter in experimentally
infected birds housed in cages when compared with
those on a solid floor. Let us consider the impact that
clearance would have on transmission rates, if indeed it
does occur, by considering an elaboration of the simple
SI model considered previously.
5. FROM THE INDIVIDUAL TO THE FLOCK:
IMPLICATIONS OF CLEARANCE AND
LATENCY ON TRANSMISSION RATES

In this section, we consider how two simple life-history
traits of C. jejuni, a latent period and clearance (in this
model recovery without immunity to re-infection),
could affect the stochastic delay time observed
experimentally (§3.1) at the population level. Although
we could formulate a single model, we choose for
J. R. Soc. Interface (2007)
simplicity of argument to consider these two
mechanisms separately.

We can incorporate clearance straightforwardly by
adding a flow from the infective class I to the
susceptible class S at rate a to the SI model to form a
SIS model,

dS

dt
ZaIKbS

I

N
;

dI

dt
Z bS

I

N
KaI ; ð5:1Þ

which introduces a new non-trivial equilibrium fraction
of pathogen-free hosts a/b (figure 2). The existence of
an equilibrium level of prevalence (rather than total
colonization) is not enough to reject the clearance
mechanism outright. Although the experimental
studies reported total colonization, the sampling rate
used to determine prevalence was reduced for the latter
time points (based on the assumption that colonization
would be total). A level of prevalence high enough that
routine sampling (at a fixed rate) would not find
uninfected birds would still be consistent with the data.

The inclusion of a latent period requires the
definition of a new exposed (E ) class, into which
newly infected individuals enter, progressing to infec-
tious status at a constant rate n. This construction
makes a very specific assumption that the time spent in
latency is exponentially distributed. The exact distri-
bution of the latent period distribution is known to
affect both the estimation of transmission rates and the
amount of stochastic variability we would expect
(Wearing et al. 2005). Exponentially distributed latent
periods should lead to the greatest amount of varia-
bility (longest delay time) and provides the simplest
mathematical description. The deterministic skeleton
of this SEI model is

dS

dt
ZKbS

I

N
;

dE

dt
Z bS

I

N
KnE;

dI

dt
Z nE:

ð5:2Þ

The dynamics of the original SI model are recovered
for small a/0 and large n/N. In order to compare
different epidemic models fairly, we must demand that
they produce the same qualitative epidemic dynamics.
Increasing values of the clearance rate (a) and latent
period (TZ1/n) lead to slower epidemics. While this
could increase the previously defined delay time
arbitrarily, to allow a fair comparison with Van Gerwe
et al. (2005), we must demand that the newly
formulated models are still consistent with the original
data.Without access to the data, wemake the (indirect)
requirement that our SIS and SEI models match the
maximum rate of increase of I at the midpoint of the
epidemic of the SI model with Van Gerwe’s parameters.

This of course, is only a matter of curve fitting. What
is more interesting is that the new model structures can
lead to increased variability in the critical early period
of the epidemic even when they represent the same rate
of epidemic spread. In practice, given that the initial
conditions of the experiments were chosen to minimize
the effects of demographic stochasticity (four inocu-
lated chicks, I(0)Z4 in the SI and SIS models, E(0)Z4
in the SEI model), neither clearance nor inclusion of a
latent period alone could increase the delay time to the
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levels observed experimentally. Owing to the rapidity
of transmission, clearance would only lead to an
increase in the delay time of at the most half-a-day,
even at a high rate of clearance, which would have an
easily observable impact on prevalence at the end of the
experiment (figure 2). However, there is important
structural difference between the SI and SIS models—
the SI model colonization always takes place, while the
SIS model admits the possibility that colonization of
the flock will fail.

Short latent periods do have the potential to
significantly increase the length of the stochastic
delay time (figure 3). However, this increase in the
delay time is limited to a maximum of approximately
1.2 days for a latent period of approximately 1 day. Van
Gerwe et al. (2005) reported that the initially inocu-
lated birds were all C. jejuni positive within 1–2 days.
This simple analysis of a theoretical model demon-
strates that a latent period in a reasonable biological
range would have a significant (measurable) effect at
the population level. It should also be noted that
barring the delay time, both models with and without a
latent period could be equally well supported by the
data. However, the transmission rate required in a
model with a 1-day latent period has to be twice that of
the SI model (bZ2.13 compared with bZ1.04 contacts
per day) to match the same epidemic dynamics, which
could have important implications for the estimated
efficacy of control measures. This analysis also demon-
strates that there are theoretical bounds on the extent
to which a latent period could increase the delay time of
C. jejuni transmission and still remain consistent with
the experimental data.

This is the beauty of developing theoretical models
in tandem with experimental studies. The relative
J. R. Soc. Interface (2007)
importance of different biological mechanisms can be
assessed quantitatively based on our biological
hypotheses and can focus attention on processes that
may not have previously been of interest. In this
section, we choose to present the impact that clearance
and latency could have on the previously observed and
unexplained delay time in experimental transmission
studies. In this case, neither mechanism could generate
(mean) delay times in excess of 1 day and therefore
could not account for all of the variability seen in the
experimental study (Van Gerwe et al. 2005). However,
we have demonstrated the potential impact of a period
of latency. In stark comparison to the estimation of
transmission rates, which we argue can only be
achieved through field studies, such life-history traits
are best explored through controlled experiments in
model systems. The dynamics of the internal processes
by which individuals become infectious, crudely
considered here as a simple latent period, will have
knock on effects for the estimation of transmission
between individuals.
6. PHASE VARIATION—DYNAMICS OF GENE
EXPRESSION

The internal dynamics of infection are not necessarily
limited to the course of colonization by a single
bacterial strain. Multiple co-infections within flocks
and individual birds have been reported using serotyp-
ing (van de Giessen et al. 1992; Jacobs-Reitsma et al.
1995) and genotyping (Stern et al. 1997; Rivoal et al.
1999) methods. The presence of multiple strain types
within a flock is presumably a consequence of multiple
horizontal introductions from the environment.
However, it is also possible that genetic drift is
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and lower quartiles from 10 000 replicates of the stochastic model are plotted. (b) Delay time, measured as the difference in the
time to reach the midpoint of the epidemic between the stochastic model (with latent period) and the deterministic SI model,
plotted against latent period. Correcting the transmission rate in order to match the maximum growth rate of the simple
epidemic (SI) model places a limit on the extent to which the delay time can be increased and still be consistent with the
experimental data. Bold line represents the mean delay time, fine lines the envelope created by the standard deviations about
the mean calculated over 10 000 stochastic replicates. Triangles indicate the mean and envelope of delay time for the stochastic SI
model (without latent period).
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occurring during the short duration of colonization
(Wassenaar et al. 1998; Hook et al. 2005). This
hypothesis is further supported by the increase in
colonization potential (lowering of ID50) observed for
strains passaged through hosts (Cawthraw et al. 1996;
Ringoir & Korolik 2003; Jones et al. 2004). This
evolutionary change occurs over an exceedingly short
period (of the order of 3 days). However, C. jejuni does
possess a mechanism by which to change its gene
expression patterns rapidly through the mechanism of
phase variation, the effects of which on colonization
potential are well described (Carrillo et al. 2004;
Gaynor et al. 2004).
6.1. Mechanisms of phase variation in C. jejuni

Several hyper-variable regions of the C. jejuni genome
have been identified, corresponding primarily to genes
involved in expression of the flagella, the capsule and
lipooligosaccharide (Parkhill et al. 2000). These hyper-
variable sequences feature short runs of the same
nucleotide (homo-polymeric tracts). Such repeats lead
to a high probability of slip stranded misalignments
occurring during DNA replication. This can stop a gene
being expressed, or activate a previously suppressed
gene with the addition or loss of a single nucleotide
(Li & Graur 1991). In some cases, this can serve as a
molecular on/off switch for gene expression, which
occurs more rapidly than random mutation, and is
heritable. If selective pressures are favourable, certain
variants could rapidly ascend through the population.

What effects would we expect phase-variation to
have on colonization dynamics and the competition
between different strains and what models could be
used to describe this process?
J. R. Soc. Interface (2007)
6.2. Exploring phase variation through
competition experiments

From a modelling perspective, if we wish to understand
the complex community dynamics of a bacterial flora, it is
important to understand the null model first—the
dynamics of a single variant of C. jejuni in colonizing a
host. In vitro competition experiments, where we can
control more variables, critically the size of population
bottlenecksapplied to the system(Wahl&Gerrish 2001),
can be used to inform the analysis of the in vivo studies, as
well as to investigate the basic biology of the organism.
Bottlenecks not only increase the probability of stochas-
tic extinction, but also accelerate the evolutionary
process by selecting for the most abundant (and fittest)
genotypes (Gog et al. 2003). This selective pressure can
make competition experiments in vivo a highly sensitive
method of determining if adaptationhas occurred.Over a
long growth phase, even small changes in one variant’s
growth rate can lead toa large competitive advantage and
a corresponding change in the ratio of the two variants.
The relative difference in growth rates can therefore be
determined to a much greater accuracy than individual
growth rates, estimates of which are limited in accuracy
by the number of time points that can be collected. This
could also potentially form the basis for more sensitive
methods of estimation of phase variation rates, which are
not well defined for C. jejuni.
6.3. Phase variation and transmission
experiments

The experimental determination of phase variation rates
is a key requirement for the further development of
models of colonization forC. jejuni. Standardmethods for
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the estimation of mutation rates are based on some
assumptions which are not valid for phase variation,
particularly equal growth rate/fitness for each type, no
back mutation and an initial condition of one genotype/
phenotype (Saunders et al. 2003).Themain difficulty is in
controlling ‘jackpot’ cultures (mutation early in the
experiment leading to a much higher proportion of
mutants at the end of the experiment).

If cultured strains are going through adaptive
changes between in vitro culture and in vivo coloniza-
tion, phase variation could be an excellent explanation
for the delay time in the transmission experiments
discussed above. Selection for growth in vitro, either
during inoculum preparation or repeated laboratory
passage, could lead to a reduction in the diversity of
variants. We might expect that a broader distribution
of gene expressions in a population would be an
advantage for successful colonization. Indeed using
similar arguments, modelling studies, not specifically
developed for C. jejuni, have shown that growth in
hostile, fluctuating conditions can be aided by a more
broad diversity of gene expressions (Thattai & van
Oudenaarden 2004; Kussell & Leibler 2005). This is a
potential danger of using animal models to estimate the
transmission rates for real populations. The perceived
fitness of strains passaged in vivo may just be an
artefact of the emasculating effect of the culture process
weakening colonization ability (Wiles et al. 2006).
7. CONCLUSIONS

In this review, we have given a broad overview, over a
range of scales from the individual bacterium up to the
commercial flock, of the natural history of C. jejuni in
broiler chickens. Several key questions concerning
colonization remain, which could be of great import-
ance in reducing prevalence in commercial flocks.

Themost pressing is the origin of the lag phase and to a
lesser extent the delay time from experimental trans-
mission experiments. We know from experimental
studies that 1-day-old chicks are capable of being
colonized by C. jejuni and yet this does not happen in
commercial flocks until the chicks are around two to three
weeks old. Is this due to the success of bio-security in
keepingC. jejuni from entering flocks or do chicks remain
C. jejuni free over this period even with a constant low
level of exposure? If so, it is imperative to understand if
this is a function of dose, competitive interactions with
other commensal bacteria or changes in the physiological
(or immunological) status of the host.

Addressing these questions experimentally would
ideally involve the development of more sophisticated
experimental models which more closely mimic the
natural infection process (Wiles et al. 2006). However,
they may be best addressed through a combination of
carefully designed field studies and smaller scale
experiments concentrating on determining life-history
traits. The estimation of transmission rates from model
experimental systems will only ever be of limited
utility. The necessarily reduced size of experimental
populations tells us nothing concerning all the import-
ant scaling relationships of transmission rates between
flocks of different sizes. Determination of these most
J. R. Soc. Interface (2007)
fundamental epidemiological parameters is the crucial
first step in obtaining mechanistic models of trans-
mission. Detailed studies of the natural progression of
C. jejuni in real flocks with a high frequency of sampling
is likely to be the only successful way of doing so.

In contrast to the estimation of transmission rates,
issues pertinent to the life history of infection andmodel
structure are best addressed in controlled experimental
studies. Multiple infection experiments revealed
complex population and competition dynamics within
a single host (Hendrixson & DiRita 2004; Grant et al.
2005; Konkel et al. 2007). Understanding these
dynamics will require a joint effort between modellers
and experimentalists. We argue strongly that the
collaboration between modellers and experimentalists
should start at the beginning, when designing experi-
mental studies, rather than with consultation at the end
in the more conventional pattern of events. This
symbiotic process canbe beneficial to all sides,modelling
feeding into experimental design and consequently
leading to further model refinements.

We considered how the inclusion of two such life-
history traits, latency and clearance, which are not well
described for C. jejuni, would affect estimates of
transmission rates and patterns of prevalence in the
standard transmission model. In particular, we
explored mechanisms which could lead to the excep-
tionally long stochastic delay time estimated by Van
Gerwe et al. (2005) from transmission experiments.

There is only very limited evidence that clearance of
C. jejuni from hosts occurs in broiler flocks. Even if it
did occur at a reasonably high rate, recycling of
bacteria through the environment could lead to
continual re-seeding of C. jejuni into the intestinal
tract. However, the potential importance of this
indirect form of transmission brings into doubt the
validity of using simple epidemic models for C. jejuni
transmission. Models which explicitly account for the
levels of environmental contamination (more typically
used for macro-parasites) would be more appropriate.
This would require more detailed information on the
survival of C. jejuni in the environment and critically
the mechanisms by which natural infections occur. The
accumulation of environmental contamination is per-
haps the simplest explanation for the delay time
observed by Van Gerwe et al. (2005) and assumed by
Hartnett et al. (2001).

We demonstrated that a latent period, the conse-
quence of the time required for a broiler to start
shedding C. jejuni at high dose after infection
(inoculation), could at best increase the delay time
approximately by 1 day. With a biologically plausible
latent period, the estimated transmission rate could be
up to twice that estimated by the SI model. However,
the compartmental SEI model, which we considered
makes a simplistic (exponential) assumption about the
distribution of latent times within a flock. We might
expect the period of latency, effectively the time-scale
of colonization of an individual, to depend on
variations in host susceptibility and the magnitude of
the infectious dose. The theoretical importance of such
details have already been well established (Wearing
et al. 2005) and provides further motivation for more
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refined experimental explorations of the natural
infection process. Nevertheless, the simple models
explored in this review illustrate the importance of
understanding the detailed, within-host dynamics of
infection in formulating accurate models of within-
flock transmission.

We conclude by briefly describing the remarkable
genetic plasticity of C. jejuni through the mechanism of
phase variation. Understanding the ecology and epide-
miology of C. jejuni will require the unification of work
from disciplines over a large hierarchy of scales.
Modelling can form a bridge between these scales.
Finally, understanding C. jejuni colonization dynamics
will require the unification of ecological and evolution-
ary processes, synthesizing disparate modelling con-
cepts from ecology, genetics and evolutionary biology.
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