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Seasonal breeding drives the incidence of a chronic bacterial
infection in a free-living herbivore population
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SUMMARY

Understanding seasonal changes in age-related incidence of infections can be revealing for
disentangling how host heterogeneities affect transmission and how to control the spread of
infections between social groups. Seasonal forcing has been well documented in human childhood
diseases but the mechanisms responsible for age-related transmission in free-living and socially
structured animal populations are still poorly known. Here we studied the seasonal dynamics of
Bordetella bronchiseptica in a free-living rabbit population over 5 years and discuss the possible
mechanisms of infection. This bacterium has been isolated in livestock and wildlife where it
causes respiratory infections that rapidly spread between individuals and persist as subclinical
infections. Sera were collected from rabbits sampled monthly and examined using an ELISA.
Findings revealed that B. bronchiseptica circulates in the rabbit population with annual
prevalence ranging between 88 % and 97 %. Both seroprevalence and antibody optical density
index exhibited 1-year cycles, indicating that disease outbreaks were seasonal and suggesting that
long-lasting antibody protection was transient. Intra-annual dynamics showed a strong seasonal
signature associated with the recruitment of naive offspring during the breeding period. Infection
appeared to be mainly driven by mother-to-litter contacts rather than by interactions with other
members of the community. By age 2 months, 65 % of the kittens were seropositive.

Key words: Antibody optical density index, Bordetella bronchiseptica, European rabbit, host age,
mother-to-litter transmission, seasonality, seroprevalence.

INTRODUCTION likely to become infected when they are young and
immunologically naive. This results in an inverse re-
lationship between the age of infection and the force
of infection [3, 4]. The seasonal force of infection
contributes to the infection of susceptible hosts by
enhancing individual exposure and facilitating trans-
mission. For instance, the seasonal start of the school
term increases the contact rates between children and
* Author for correspondence: Dr I. M. Cattadori, Center for facilitates measles transmission [5-7]. Human popu-
Infectious Disease Dynamics, Department of Biology, 508 Mueller lations do not exhibit a strong seasonal birth pattern,
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(Email: ime3@psu.edu) where the birth of susceptible juveniles usually occurs

Age-related seasonal forcing has been documented
in childhood infections and shown to play an im-
portant role in driving pathogen dynamics [1, 2]. By
definition, childhood diseases have an age-related
transmission profile in that individuals are more
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during a distinct breeding season. In this instance, the
dynamics of infection are often driven by the seasonal
breeding and recruitment of naive newborns into the
pool of susceptibles [8—11].

Seasonality in the infection of naive offspring
generates fundamental questions in disease epidemi-
ology. For example: what is the route of infection of
these newborns? and, is there a particular age group
or class of individuals that infects the susceptible lit-
ter? While theoretical work has been very successful
in underpinning how host heterogeneities affect trans-
mission between social groups, applied studies have
highlighted the complexity of individual interactions
and the challenge of identifying who acquires infec-
tion from whom [12-15]. In structured animal popu-
lations with seasonal breeding, three non-mutually
exclusive processes could be suggested: (i) parents act
as a source of infection for their offspring through
direct parent-newborn contacts during the pre-
weaning/weaning period, (ii) infection occurs in the
weaned offspring by contacts with non-breeding adult
or sub-adult members of the community, or (iii) naive
juveniles get infected by spillover from other host
species (including vectors) through direct or indirect
contacts. The objective of this study was to examine
the first two hypotheses in a free-living rabbit popu-
lation infected with the respiratory pathogen Borde-
tella bronchiseptica and where distinct seasonal pulses
in host births, food availability and climatic conditions
were observed.

Infection with B. bronchiseptica causes outbreaks in
domesticated animals kept in crowded conditions
such as kennels, livestock holdings or laboratory
colonies [16—19]. In these settings, the bacterium
is difficult to control and spreads rapidly between
individuals; persistent infections can be life-long
with few clinical symptoms or they can prove fatal
when associated with other co-infecting pathogens
[18, 20-22]. B. bronchiseptica has been isolated in a
large number of wild animal species but few data are
available on the epidemiology of infection in natural
animal populations and the processes affecting the
pathogen spread between individuals are poorly
understood [23, 24].

In this study, rabbits were sampled monthly for
5 years and serologically tested for B. bronchiseptica
in order to identify whether seroprevalence and anti-
body levels exhibited inter-annual fluctuations with
a seasonal signature and an age-related pattern of
infection. The role of host heterogeneities on trans-
mission was further explored to identify the age and
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status of the individuals responsible for the majority
of the infection.

MATERIAL AND METHODS
The host—pathogen system

To understand the dynamics of B. bronchiseptica in-
fection in the European rabbit (Oryctolagus cuniculus)
it is important to consider the social organization in
the host population. Rabbits are structured into social
groups that live in multi-chamber burrows accessible
from different entrances. Each group represents a
stable breeding community with both dominant fe-
males and males and usually with high reproductive
rates [25, 26]. Individuals are highly philopatric and
natal dispersal appears to be male biased [25, 27].
Breeding females defend their nest and show a high
level of aggression against other females in close
proximity or unrelated juveniles; however, their hos-
tility may decrease if community densities are high or
few nesting sites are available [28, 29]. The stressful
consequences of breeding can be alleviated by the
presence of litter sisters with the reproductive females
[30]. Newborns emerge from the burrows at age
3-4 weeks after being in close contact with their
mother and siblings. Once weaned, the young feed on
vegetation close to the burrow. In seasonal climatic
regimens, reproduction is concentrated within a few
months of the year. For example, in our study popu-
lation in Scotland the majority of breeding (defined
hereafter as breeding season) mainly occurs between
April and July [10].

B. bronchiseptica is a Gram-negative bacterium be-
longing to the genus Bordetella, which also includes
the aetiological agents of whooping cough in humans,
B. pertussis and B. parapertussis. B. bronchiseptica
colonizes the respiratory tract causing infections of
varying severity, ranging from generally asympto-
matic to upper and incidental lower respiratory
disease [22, 31]. The majority of studies on the pro-
gression of B. bronchiseptica infection have focused
on the within-host response, particularly during the
initial acute phase in laboratory conditions [32-34].
B. bronchiseptica develops as a persistent infection
that follows an inflammatory phase where the acti-
vation of both the innate and acquired immune re-
sponse is observed [35, 36]. Infection clears from the
lungs and trachea by about 90 days post-infection but
persists chronically in the nasal cavity up to at least
140 days post-infection in rabbits [36] or 270 days
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post-infection in mice [32]. The common route for
infection is primarily through oro-nasal transmission
(contact or sneezing/aerosol) with chronic carriers
potentially acting as a constant source of infection
[24]. B. bronchiseptica can survive up to 24 weeks in
water-based media at 10 °C but indirect transmission
appears rare [37].

Data collection

A free-living population of European rabbits was
sampled every month from 2005 to 2009 at a study
area in Tayside (Scotland), as part of a regular pest
control procedure applied by the local landowner
under UK regulations. Blood samples collected from
each rabbit were centrifuged for 10 min at 13 000 rpm
and the serum isolated and stored at —20 °C. Rabbit
characteristics, i.e. sex, age, female breeding con-
ditions (enlarged nipples if lactating/nursing or
number of foetuses if pregnant) and biometry were
collected as described by Cattadori ef al. [10, 38].
Rabbit age and month of birth were estimated using
body and eye lens mass and body measurements
[10, 38]. Rabbits were classified in six age groups where
each group represents a 1-month age increment, from
age 2 months (individuals aged 1 month were not
sampled) to >7 months. For a more general classifi-
cation, kittens were aged 2—3 months, juveniles aged
4-5 months and adults aged >6 months [10]. To
capture the sexually active and/or dominant males
and examine their effect on the newborns, adult male
rabbits were classified in two main groups: sero-
positive adult males (all males in age groups 6 and 7)
and seropositive old males (only males in age group 7)
with testes mass >2 g, since it was not possible to
distinguish the breeding males on clearer character-
istics. Significant changes in the testes/body mass
ratio of adult males were recorded between months:
values were high between January and May, coincid-
ing with the pre- and breeding period, and the lowest
during the summer—autumn months [generalized
linear model (GLM): p.r.=11, 290; P<0-001].

Serological detection of B. bronchiseptica

Based on the sequence homology (>95%) and
antigenic cross-reactivity between B. pertussis and
B. bronchiseptica proteins, a number of studies have
utilized antibodies raised against purified B. pertussis
proteins to distinguish expression of homologues
by B. bronchiseptica [39]. To detect antibodies to
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B. bronchiseptica in wild rabbits we used an acellular
B. pertussis vaccine as the source of antigen [ado-
lescent/adult dose TDaP (Adacel), prepared by
Sanofi-Pasteur, USA] in an enzyme-linked immuno-
sorbent assay (ELISA) developed in the current
study. This vaccine comprised of purified B. pertussis
proteins [5 ug/0-5ml filamentous haemagglutinin
(FHA), 3ug/0-5ml pertactin (PRN), 5 ug/0-5ml
fimbriae types 2 and 3 and 2-5 ug/0-5 ml detoxified
pertussis toxin] in combination with diphtherial and
tetanus toxins. The entire contents of an acellular
B. pertussis vaccine vial (0-5 ml) were mixed with
0-2 M carbonate/bicarbonate coating buffers (9-5 ml,
pH 9-6) and 100 ul/well of this antigen mixture was
used to coat 96-well ELISA plates (Greiner Bio-One,
USA) overnight at 4 °C. Antigen-coated plates were
blocked with 5% skimmed milk in PBS-0-1% Tween-
20, pH 7-4 (PBS-T) and incubated with either wild or
control sera at a dilution of 1:250 in blocking buffer
for 1 h at 37 °C, followed by detection with horse-
radish peroxidase-conjugated goat anti-rabbit im-
munoglobulin antibodies at 37 °C for 1h (1:5000,
Southern Biotechnology, USA). Plates were washed
four times with PBS-T between incubations, devel-
oped with 2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) (Sigma-Aldrich, USA) for 15 min and
read spectrophotometrically at 405 nm. Values were
expressed as immunosorbent optical densities (OD).
Positive and negative control sera were collected from
laboratory-maintained New Zealand White rabbits
either positive or naive to B. bronchiseptica (our own
laboratory experiments and also kindly provided by
Covance Inc., USA) and were included on each plate.
All sera were tested in duplicate. Negative wild rabbits
were inferred as those individuals with OD values
equal to or below the negative controls, cases above
this cut-off were classified as positive. The specificity
and validity of the established cut-off for the ELISA
was further confirmed by Western blotting of 86 sera,
ranging from negative to positive OD at ELISA, and
using the vaccine as antigen source. Briefly, 125 ul
of the vaccine solubilized 1:1 in Laemmli’s buffer
(Bio-Rad, USA) were resolved on 6% SDS-PAGE
gels and transferred to Immobilon-P PVDF mem-
branes (Millipore, USA). Membranes were cut into
strips and each strip probed with selected sera at a
dilution of 1:1000 followed by detection with en-
hanced chemiluminescence technology (Pierce Bio-
technology, USA). The identity of the targeted
proteins (FHA and PRN) was independently verified
by performing Western blotting of the vaccine antigen
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with specific antibodies to FHA and PRN (data not
shown).

Data analyses

Initially and to confirm the consistency of the ELISAs
in plates, the relationship between OD of positive and
negative controls was examined. Plates were repeated
if the positive-negative control relationship across
all plates showed a Pearson’s correlation coefficient
(r) <0-70. For every sample the antibody OD values
were then standardized into an OD index as:

_ OD test sample — OD negative control
~ OD positive control — OD negative control

i

where X; represents a replicate for each individual at
every sampling point; the average of the two serum
replicates [X;=mean(X;+X;)] was then estimated
for each individual at each sampling point [40]. Data
analyses were based on seroprevalence and standard-
ized antibody OD indexes.

To highlight seasonal and long-term changes in
B. bronchiseptica dynamics a spectral analysis was
used on time-series of monthly seroprevalence data
and antibody OD indexes from seropositive in-
dividuals, between 2005 and 2009. This procedure al-
lowed us to detect the frequency of the most recurrent
fluctuations in the time-series, using a fast Fourier
transform. The output was visually represented
through a spectrogram of the relationship between
spectral density and cycle period (1/frequency); the
dominant cycle period exhibited the highest spectrum
density. To identify the host and environmental vari-
ables that mostly affected B. bronchiseptica infection
in the rabbit population, GLMs were applied where
seroprevalence, or OD index, were used as a response
variable and host sex, age, breeding status, month and
year of sampling were treated as independent factors.
Different combinations of independent variables were
tested and the most parsimonious models were pres-
ented and discussed.

RESULTS

Population data and serological detection of
B. bronchiseptica

The annual number of rabbits sampled (mean +s.D.:
262+ 18-125) and their sex ratio (male/female mean
ratio+s.p.: 1:26+0-19) were consistent over the
5 years of monitoring (y* for both P>0-05). In con-
trast, the juvenile—adult ratio was significantly higher
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in 2005 and lower in 2007 (juvenile—adult ratio
from 2005 to 2009, respectively: 0-38, 0-22, 0-18, 0-27,
0-36; ¥*=10-130, p.F. =4, P<0-05). The recruitment
of newborns generally peaked in June, while there
were no offspring sampled between September and
December and few collected in January and February.

The combination of ELISA and Western blotting
based on commercially available multi-component
acellular B. pertussis vaccine as source of antigen,
successfully allowed the detection of serum antibodies
to B. bronchiseptica in wild rabbits of different age
and sex and should thus provide a suitable general
approach for identifying seropositive cases in wild
populations. Furthermore, the specificity of the pro-
cedure was confirmed by Western blotting: a strong
reactivity to FHA and PRN was detected in positive
but not negative controls (see Supplementary Fig. S1,
available online) and matched the samples classified
as positive or negative by ELISA.

Annual, seasonal and age-related trends

Monthly seroprevalence and antibody OD indexes
were consistently similar between host sexes (female
vs. male mean+s.D., seroprevalence: 94-4+5% vs.
93-7+5%; OD index on positive cases: 0:099 +0-029
vs. 0-106+0-034; GLM for all: P>0-05) as such,
data from both sexes were combined unless specified.
Across the sampled population, B. bronchiseptica
seroprevalence was remarkably high but significantly
different among the years: the lowest prevalence
was recorded in 2006 and the highest in 2009 (mean
annual percentage+s.D.: 92+8%, 88+13%,
96 +7%, 96+8%, 97+5% from 2005 to 2009, re-
spectively, y*>=147-537, p.F.=56, P<0-001; Sup-
plementary Fig. S2, online). Within the year,
seroprevalence exhibited a clear seasonal signature;
values were at the lowest in May but increased and
remained relatively high from July to February
(Fig. 1a). The antibody OD index from positive cases
confirmed this seasonal pattern, mean serological
values decreased from April to June and increased
thereafter until December (Fig. 1a). Overall, both the
number of B. bronchiseptica cases and associated
OD index significantly increased with host age and
differed between month of sampling (Figs 1a, 2, for
all GLM, P<0-01; full analysis in Supplementary
Table S1, online). Temporal fluctuations in the infec-
tion were confirmed by the spectral analysis that
showed a strong 1-year cycle for seroprevalence as
well as OD index (Fig. 3).
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Fig. 1. B. bronchiseptica infection in a wild rabbit population based on serological analysis from 2005 to 2009. Monthly
(mean +s.E.) prevalence (@) and optical density (OD) index (O) (only positive cases used) in: (a) total sampled population,

(b) kittens, (c) juveniles, (d) adults.

To highlight age-related temporal changes in the
infection, analyses were repeated using the three main
age groups: kittens, juveniles and adults. Prevalence
was at the lowest in May for kittens, high and rela-
tively constant in adults and showed a tendency for
monthly fluctuations in juveniles (Fig. 15—d). Anti-
body OD index also showed monthly changes for
each age group (Fig. 1 b—d). Nevertheless, for each age
group neither the prevalence nor the OD index were
statistically significant among months. The spectral
analysis repeated for the three age groups’ monthly
time-series showed that, over 5 years of monitoring,
seroprevalence fluctuated with a 2-5-year cycle in
adults and a 1-year cycle in juveniles and kittens,
while for the OD index the cycle period was 1 year in
adults and kittens and 2-5 years in juveniles (Sup-
plementary Fig. S3, online). All together, these find-
ings suggest that B. bronchiseptica incidence increases
during the breeding season as newborns become

https://doi.org/10.1017/50950268810002311 Published online by Cambridge University Press

infected but also there may be a decay in the im-
munological protection of the adults.

Host heterogeneities and time of infection

To explore the hypotheses of pathogen transmission
either through parent-to-litter interactions or non-
breeding individual-to-litter contacts, monthly
changes in the number of seropositive cases, and as-
sociated mean antibody level, were examined in the
relationship between 2- or 3-month-old kittens and
breeding females (nursing/pregnant individuals),
sexually active and/or dominant males (adult males in
age groups 6 and 7 or only in age group 7) or sexually
mature non-breeding groups (adult females and juven-
iles of both sexes).

The number of 2-month-old positive kittens was
positively associated to the number of infected
breeding females sampled the previous month (time
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from 2005 to 2009. @, Seroprevalence; O, antibody optical
density (OD) index.
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Fig. 3. Spectrogram of spectral density vs. cycle period
(1/frequency) of B. bronchiseptica time-series for (a) sero-
prevalence and (b) optical density index data.

lag 1 GLM, coefficient +s.E.: 0:678 +0-227, D.F. =16,
P<0-003; Table 1, Fig. 4a). This analysis was re-
peated using the antibody OD index and a similar
positive relationship was observed between these two
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2 month

demographic groups (time lag 1 GLM, coefficient +
S.E.: 0-1384+0-063, p.F.=16, P<0-029; Table 1,
Fig. 4b). The number of B. bronchiseptica positive
cases and antibody level were also examined between
2-month-old kittens and non-breeding adult females,
adult males or old males with large testes as well
as juveniles of both sexes, in the same month or at
time lag 1. Overall, no significant relationships were
found between kittens and these population groups
(Table 1). A similar set of analyses was undertaken
focusing on 3-month-old kittens. The number of
positive 3-month-old kittens was related to the
number of positive breeding females sampled the
previous month (time lag 1 GLM, coefficient +s.E.:
0-819+0-274, p.r.=16, P<0-003; Table 1, Fig. 4a).
A positive association was also recorded between the
antibody levels of positive 3-month-old kittens and
infected breeding females sampled 2 months earlier
(time lag 2 GLM, coefficient+s.E.: 0-269+0-110,
D.F.=18, P<0-014; Table 1, Fig. 4¢). Additionally, a
significant positive relationship was observed between
the number of positive 3-month-old kittens and the
number of positive adult males at time lag 2, as well as
between their antibody levels at time lag 1 (Table 1).
Both positive non-breeding adult females and adult
males showed a consistent negative association with
the number of positive 3-month-old kittens (Table 1).
These kittens were also negatively related with the
number of infected juveniles (Table 1). Collectively,
these findings support the hypothesis that seropositive
breeding females represented the first source of
B. bronchiseptica infection for the 2- to 3-month old
kittens, while seropositive adult males only partially
contributed to this pattern.

DISCUSSION

The high seroprevalence recorded within and between
the 5 years of study indicates that B. bronchiseptica is
a common infection in the natural rabbit population
we monitored. The long-term dynamics of infection
showed a l-year cycle in prevalence and antibody
level of positive cases, a pattern consistent in the three
age groups: kittens, juveniles and adults. The annual
signature was mainly driven by the seasonal pulse
of susceptible newborns and probably changes in the
level of immune protection and the potential for an-
nual re-infections, or infection reactivation, in adults
and juveniles. The analysis of intra-annual dynamics
confirmed the strong age-related seasonality in the
pathogen—rabbit interaction: by age 2 months 65 % of
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the kittens had already seroconverted and by
September 94 % of the population was positive.

The social structure of the host population played
a major role in affecting pathogen transmission.
Number of seropositive kittens was positively associ-
ated with an increase in the number of positive breed-
ing females, which supports the hypothesis that
mothers represented the first source of infection for
their litters. The repeated mother-to-litter oro-nasal
contacts in the nest and the stressful conditions associ-
ated with breeding may have facilitated or enhanced
bacterial transmission even in mothers with an im-
mune response or a low oro-nasal bacterial load. In this
respect, our recent study on the immunoepidemiology
of B. bronchiseptica in rabbits showed that despite a
relatively high antibody response (IgG and IgA), in-
dividuals shed bacteria periodically through oro-nasal
contacts up to 140 days post-infection [36]. Strenuous
conditions during post-parturition could also have
facilitated the development of disease and the poten-
tial for transmission, as observed in cats infected with
B. bronchiseptica [41]. These results suggest that sero-
positive breeding females can act as a focal source of
infection in natural systems with a strong family
structure or parental care of the offspring.

A consistent positive relationship in the antibody
level was found between 2- or 3-month-old kittens
and breeding females sampled 1 or 2 months earlier
(time lags 1 or 2). As newborns grow older maternal
immunity, probably involving IgA antibody, wanes
and acquired immunity develops [18, 42]. While not
conclusive it is possible that kittens’ quality (i.e. the
ability to mount a strong immune response) is affected
by the conditions of breeding females (i.e. health and
feeding status) at the month of birth. For example,
based on the modelling of this rabbit population, we
previously found that the health of breeding female
and offspring contributed to the seasonal dynamics of
infection of the gastrointestinal nematode Tricho-
strongylus retortaeformis [11]. We did not find strong
supportive evidence for an early infection of the litter
by other seropositive members of the community.
For instance, it is possible that the observed negative
relationship between seropositive kittens and non-
breeding positive adult females was associated with
the territorial behaviour and intra-sexual aggression
of mothers against other adult females [26, 28]. Simi-
larly, the negative relationship observed between
number of positive kittens and positive juveniles
can be explained as an inverse density-dependent
relationship between the number of newborns and the
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dispersal of juveniles, mainly males [43, 44]. We were
not able to distinguish between males in breeding and
non-breeding status, moreover, the old males with
large testes did not appear to play a major role in
kitten infections. We did find a positive effect of the
total number of seropositive adult males on 3-month-
old positive kittens suggesting that there may be some
potential infection of kittens by adult males. Previous
studies found that dominant males defend the bur-
row, fight other males for hierarchy and breed with
females [28, 29]. Therefore, and as in our system,
while they are probably important for pathogen
transmission among the older members of the group,
adult males appear only to marginally contribute to
the infection of individuals aged a few weeks’ old.

This study described the epidemiology of infection
of B. bronchiseptica in a free-living rabbit population
monitored for 5 years using serological analyses. Both
seroprevalence and OD index generated trends similar
to the dynamics of a persistent infection but with
annual outbreaks. The combination of ELISA and
Western blot represented a reliable measure of rela-
tive changes in the systemic immune response of the
rabbit to a pathogen infection. We have proposed a
possible mechanism of transmission for B. bronchi-
septica; however, more detailed studies are needed to
disentangle the relative contribution of different social
groups and how they vary across time and with
changes in individual status. In particular, we need to
understand the movements and contact rates between
mothers and litter as well as the timing of develop-
ment of social interactions as individuals become
older and, ultimately, the long-term dynamics of in-
fection and/or re-infection. More broadly, further
studies are needed to understand the dynamics of
transmission in socially structured wild animal popu-
lations if we aim to apply successful control measures
to prevent disease spread across different social
groups.

NOTE

Supplementary material accompanies this paper on
the Journal’s website (http://journals.cambridge.org/

hyg).

ACKNOWLEDGEMENTS

We are grateful to the landowner and farm manager
(Allan Douglas) for allowing us to sample rabbits
on their land in Scotland and Laura Goodfield for


https://doi.org/10.1017/S0950268810002311

1218

A. K. Pathak and others

technical assistance. This study was funded by the
National Science Foundation DEB programme and
the Human Frontier Science Programme. A.K.P. and
B.B. were funded by the Human Frontier Science
Programme.

DECLARATION OF INTEREST

None.

REFERENCES

1.

10.

11.

12.

Altizer S, et al. Seasonality and the dynamics of infec-
tious diseases. Ecology Letters 2006; 9: 467—484.
Anderson RM, May RM. Infectious Diseases of
Humans. Oxford University Press, Oxford, U.K., 1992,
pp. 772.

Anderson RM, May RM. Vaccination against rubella
and measles — quantitative investigations of different
policies. Journal of Hygiene (London) 1983; 90: 259—
325.

Fine P, Clarkson J. Measles in England and Wales —I:
an analysis of factors underlying seasonal patterns.
International Journal Epidemiology 1982; 11: 5-14.
London WP, Yorke JA. Recurrent outbreaks of
measles, chickenpox and mumps. I. Seasonal variation
in contact rates. American Journal of Epidemiology
1973; 98: 453-468.

Finkenstadt BF, Grenfell BT. Time series modelling of
childhood diseases: a dynamical systems approach.
Applied Statistics 2000; 49: 182-205.

Grassly NC, Fraser C. Seasonal infectious disease
epidemiology. Proceeding of the Royal Society B,
Biological Sciences 2006; 273: 2541-2550.

Dobson AP, Hudson PJ. Population biology of
Trichostrongylus tenuis in the red grouse. In: Scott ME,
Smith G, eds. Lagopus lagopus scoticus. Parasitic and
Infectious Diseases London: Academic Press, 1994,
pp- 31-319.

Smith G. Modelling helminth population dynamics. In:
Perry BD, Hansen JW, eds. Modelling Vector-Borne and
other Parasitic Diseases: Proceedings of a Workshop
Organized by ILRAD in Collaboration with FAO,
ILRAD, Nairobi, Kenya 1992. Nairobi: The Inter-
national Laboratory for Research on Animal Diseases,
1994.

Cattadori IM, et al. Peak shift and epidemiology in a
seasonal host-nematode system. Proceeding of the Royal
Society, Series B, Biological Sciences 2005; 272:
1163-1169.

Cornell SJ, et al. Seasonality, cohort-dependence
and the development of immunity in a natural host-
nematode system. Proceeding of the Royal Society,
Series B, Biological Sciences 2008 ; 275: 511-518.
Ferguson NM, Donnelly CA, Anderson RM. The foot-
and-mouth epidemic in Great Britain: pattern of spread
and impact of interventions. Science 2001; 292:
1155-1160.

https://doi.org/10.1017/50950268810002311 Published online by Cambridge University Press

13.

14.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Edmunds WJ, et al. Mixing patterns and the spread of
close-contact infectious diseases. Emerging Themes in
Epidemiology 2006; 14: 3—10.

Klepac P, et al. Stage-structured transmission of pho-
cine distemper virus in the Dutch 2002 outbreak.
Proceeding of the Royal Society, Series B, Biological
Sciences 2009; 276: 2469-2476.

. Read JM, Eames KT, Edmunds WJ. Dynamic social

networks and the implications for the spread of infec-
tious disease. Journal of Royal Society Interface 2008 ;
26: 1001-1007.

Woode GN, McLeod N. Control of acute Bordetella
bronchiseptica pneumonia in a guinea pig colony.
Laboratory Animals 1967; 1: 91-94.

Baskerville M, Wood M, Baskerville A. An outbreak
of Bordetella bronchiseptica pneumonia in a colony of
common marmosets (Callithrix jacchus). Laboratory
Animals 1983; 17: 350-355.

Glass LS, Beasley JN. Infection with and antibody re-
sponse to Pasteurella multocida and Bordetella bronchi-
septica in immature rabbits. Laboratory Animal Science
1989; 39: 406-410.

. Hoskins JD, et al. Isolation and characterization of

Bordetella  bronchiseptica from cats in southern
Louisiana. Veterinary Immunology and Immuno-
pathology 1998 ; 65: 173-176.

Watson WT, et al. Experimental respiratory infection
with Pasteurella multocida and Bordetella bronchiseptica
in rabbits. Laboratory Animal Science 1975; 25:
459-464.

Elias B, et al. Interaction between immunity to
Bordetella bronchiseptica and infection of pig herds by
Bordetella bronchiseptica and Pasteurella multocida.
Journal of Veterinary Medical Science 1993; 55: 617—
622.

Rougier S, et al. Epidemiology and susceptibility of
pathogenic bacteria responsible for upper respiratory
tract infections in pet rabbits. Veterinary Microbiology
2006; 115: 192-198.

Bemis DA, Shek WR, Clifford CB. Bordetella bronchi-
septica infection of rats and mice. Comparative
Medicine 2003 ; 53: 11-20.

Cotter PA, Miller JF. Bordetella. In: Groisman EA, ed.
Principles of Bacterial Pathogenesis. San Diego, USA:
Academic Press, 2001, pp. 619-674.

Bell DJ. Mate choice in the European rabbit.
In: Bateson PP, ed. Mate Choice. Cambridge, UK:
Cambridge University Press, 1983, pp. 211-223.
Thompson HV, King CM. The FEuropean Rabbit:
History and Biology of a Successful Colonizer. Oxford
University Press, 1994.

Surridge AK, et al. Population structure and genetic
variation of European wild rabbits (Oryctolagus cuni-
culus) in East Anglia. Heredity 1999; 82: 479-487.
Cowan DP. Group living in the European rabbit (Or-
yetolagus cuniculus) — mutual benefit or resource local-
ization. Journal of Animal Ecology 1987;56: 779-795.
Mykytowycz R, Dudzinski ML. Aggressive and protec-
tive behavior of adult rabbits Oryctolagus cuniculus (L.)
towards juveniles. Behaviour 1972; 42: 97-120.


https://doi.org/10.1017/S0950268810002311

30.

31

32.

33.

34.

35.

36.

Rodel HG, et al. Social environment and reproduction
in female European rabbits (Oryctolagus cuniculus):
Benefits of the presence of litter sisters. Journal Com-
parative Psychology 2008 ; 122: 73-83.

Baker DG. Natural pathogens of laboratory mice, rats,
and rabbits and their effects on research. Clinical
Microbiology Reviews 1998; 11: 231-266.

Harvill ET, Cotter PA, Miller JF. Pregenomic com-
parative analysis between Bordetella bronchiseptica
RB50 and Bordetella pertussis Tohama I in murine
models of respiratory tract infection. Infection and
Immunity 1999; 67: 6109-6118.

Mattoo S, Cherry JD. Molecular pathogenesis, epi-
demiology, and clinical manifestations of respiratory
infections due to Bordetella pertussis and other Borde-
tella subspecies. Clinical Microbiology Reviews 2005;
18: 326-382.

Pilione MR, Harvill ET. The Bordetella bronchiseptica
type III secretion system inhibits gamma interferon
production that is required for efficient antibody-
mediated bacterial clearance. Infection and Immunity
2006; 74: 1043-1049.

Thakar J, et al. Modeling systems-level regulation of
host immune responses. PLoS Computational Biology
2007; 3: 1022-1039.

Pathak AK, et al. Immune regulation of a chronic bac-
teria infection and consequences for pathogen trans-
mission: the case of Bordetella bronchiseptica in rabbits.
BMC Microbiology 2010; 10: 226.

https://doi.org/10.1017/50950268810002311 Published online by Cambridge University Press

Seasonal, age-structured bacteria infection

37.

38.

39.

40.

41.

42.

43.

44,

1219

Porter JF, Wardlaw AC. Long-term survival of
Bordetella bronchiseptica in lakewater and in buffered
saline without added nutrients. FEMS Microbiology
Letters 1993; 110: 33-36.

Cattadori IM, Boag B, Hudson PJ. Parasite co-infection
and interaction as drivers of host heterogeneity.
International Journal of Parasitology 2008 ; 38: 371-380.
Staveley CM, et al. Molecular and antigenic character-
ization of Bordetella bronchiseptica isolated from a wild
southern sea otter (Enhydra lutris nereis) with severe
suppurative bronchopneumonia. Journal Veterinary
Diagnostic Investigation 2003 ; 15: 570-574.

Sanchez J, et al. Evaluation of the repeatability of
a crude adult indirect Ostertagia ostertagi ELISA
and methods of expressing test results. Veterinary
Parasitology 2002; 109: 75-90.

Coutts AJ, et al. Studies on natural transmission of
Bordetella bronchiseptica in cats. Veterinary Micro-
biology 1996; 48: 19-27.

Elahi S, et al. Maternal immunity provides protection
against pertussis in newborn piglets. Infection and
Immunity 2006; 74: 2619-2627.

Mykytowycz R, Gambale S. A study of the inter-warren
activities and dispersal of wild rabbits, Oryctolagus
cuniculus (L.), living in a 45-acre paddock. Wildlife
Research 1965;10: 111-123.

Parer 1. Dispersal of the wild rabbit (Oryctolagus
cuniculus) at Urana in New South Wales. Australian
Wildlife Research 1982;9: 427-441.


https://doi.org/10.1017/S0950268810002311

