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Abstract
Salmonella is one of the major sources of toxi-infection in humans. Incidences of human salmonellosis have greatly increased over the
past 20 years and this can largely be attributed to epidemics of Salmonella enteritidis phage type 4 within poultry. The main concern with
this bacterium is the existence of silent carriers, i.e. animals harbouring S. enteritidis without expressing any visible symptoms. In this
article, we formulate a model for S. enteritidis transmission in hen houses, considering both the hens and the environmental bacterium
contamination. By considering the hen’s individual development of the disease, we build a model for the production of eggs
contaminated by S. enteritidis. The objectives are to analyse the dynamic of the disease, and to provide understanding of measures to
avoid the endemicity of S. enteritidis in industrial hen houses.
r 2006 Elsevier Ltd. All rights reserved.
Keywords: Salmonella infection; Models; Reproductive number; Asymptotic behaviour

1. Introduction
Salmonella is one of the major sources of toxi-infection
in humans and, in France, the most common one (Bouvet
et al., 2002). The incidence of human salmonellosis has
increased greatly over the past 20 years and this can mostly
be attributed to epidemics of Salmonella enteritidis phage
type 4 in poultry in numerous countries (Barrow et al.,
2003; Guard-Petter, 2001). The association between egg
consumption and S. enteritidis outbreaks is a serious
international economic and public health problem (Centers
for Disease Control and Prevention, 2000, 2003; GuardPetter, 2001; Patrick et al., 2004). Transmission to hens
may originate from contaminated food or water or by
contact with wild animals. But the main concern with
this bacterium is the existence of silent carriers, i.e.
animals harbouring S. enteritidis without expressing any
visible symptoms. These animals can, in turn, transmit the
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bacterium to their ﬂock-mates through horizontal transmission or to their offspring by vertical transmission.
However, they are difﬁcult to distinguish from healthy
animals, thus are responsible for transmission to human
beings. To control this zoonosis, a number of prophylactic
means have been developed. Vaccinations have a general
effect and may reduce animal contamination and
rate of excretion of the bacterium through the faeces
(Zhang-Barber et al., 1999). Other methods aim to reduce
the introduction of the bacterium into the gut. This is
the case for competitive exclusion, which is based on the
early implementation of an adult-type intestinal ﬂora
which competes with S. enteritidis (Rabsch et al., 2000;
Rantala and Nurmi, 1973) or acidiﬁcation of feed
which deters bacterial growth. Genetic methods may
also be successful in increasing resistance to systemic
disease (Bumstead and Barrow, 1988) or carrier-state
(Beaumont et al., 1999), thus reducing the need for
antibiotic treatments and the risk of antibioresistance.
However, the efﬁciency of these methods was most often
measured after experimental inoculation, thus comparing
S. enteritidis contamination rates at a given interval after
inoculation and neglecting the dynamics of bacterial
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dissemination within the ﬂock. The objective of this study
is to derive models of Salmonella transmission and use
them to choose the best strategies to limit the rate of
contamination within egg production.
We develop a model to compare the impact of those
prophylactic methods, on the dynamics of S. enteritidis
transmission both within the laying ﬂock of hens and in the
environment. This model is derived from a model
incorporating spatial structure which is necessary to
understand the contamination process (see Prévost et al.,
2006). Here, hens are implicitly assumed to remain within
their cages, thus are motionless, while the bacteria diffuse
in the environment. The contamination of susceptible hens
is determined by contact between hens and bacteria in the
environment. When the diffusion process for bacteria is
sufﬁciently fast the model can be simpliﬁed to another
model presented in Section 2. The model also incorporates
the main features of the hens contamination status,
distinguishing between three steps: digestive contamination, systemic infection (when systemic organs such as liver
or spleen are contaminated after translocation of the
bacterium through the digestive barrier), and bacterial
clearance leading to recovery. Furthermore, we use this
epidemic model for hens to describe the percentage of
contamination within egg production. To our best knowledge, such a problem has not been explored yet.
In this article, we ﬁrst present the model of S. enteritidis
transmission, and compare it to existing data. We build a
model for production of contaminated eggs which will also
be compared to data. We investigate the dependency of the
model to parameters.
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Fig. 1. Flow diagram of epidemic populations of hens.

The different steps and the bacterial load are coupled
into the following system:
dSðtÞ
¼ kCðtÞSðtÞ þ nRðtÞ,
dt
dI D ðtÞ
¼ kCðtÞSðtÞ  gI D ðtÞ,
dt
dI S ðtÞ
¼ gI D ðtÞ  ZI S ðtÞ,
dt
dRðtÞ
¼ ZI S ðtÞ  nRðtÞ,
dt
dCðtÞ
¼ bE I D ðtÞ þ bI I S ðtÞ  lCðtÞ,
dt
0

0

where initial conditions are ðS 0 ; I D ; I S ; R0 ; C 0 Þ 2 ½0; þ1Þ5 .

2. Models

2.2. Interpretation of parameters and validation of the model

2.1. Epidemic model formulation

We give some interpretation of different parameters of
model and ﬁx values to simulate infection. As an average
size concerning the ﬂock of fowl, N ¼ 20 000 was chosen.
The initial environmental contamination level, C0 was
chosen within the range of experimental inoculation doses
106–109 CFU (colony for unit) as reported by Gast (1993),
Gast et al. (1997), and Protais et al. (1996). In the following
the various parameters which have been included into the
model will be described:

Let S(t) be the number of susceptible hens at time t, ID(t)
the number of hens suffering from digestive contamination
at time t (i.e. D-infectious), IS(t) the number of hens
suffering from systemic contamination (i.e. S-infectious) at
time t, and R(t) the number of recovered hens (i.e. having
been able to eliminate all bacteria). The status D-infectious
is assumed to be a transient status, so that infected hens
will ﬁrst be D-infectious, and after some time, become
S-infectious hens. In the model, the total number of
hens is constant and equal to N, so we have SðtÞ þ I D ðtÞþ
I S ðtÞ þ RðtÞ ¼ N; 8tX0. Let C(t) be the bacterial environmental contamination (i.e. bacterial load within hen house)
at time t. We assume that the transmission rate (the rate at
which susceptible becomes D-infectious) is proportional to
the total number of bacteria. This transmission is
represented by the term kCðtÞSðtÞ. We also suppose that
D-infectious and S-infectious animals shed bacterium in
the environment (by an excretion process). This ﬂux of
excreted bacterium is hypothesized to be equal to
bE I D ðtÞ þ bI I S ðtÞ.
The transfer between stages is summarized in Fig. 1.





k: The exposition rate k modulates the transmission of
the infection. Fitting different values of this parameter
allows to take into consideration different types of
infections (from food, fresh water, or experimental
inoculation).
g: A distinction was made between D-infectious and
S-infectious animals to take into account the efﬁciency
of the digestive barrier. To include this efﬁciency, we
deﬁned the parameter g which determines the rate of
translocation through the digestive barrier. Its value was
chosen to ﬁt the interval between inoculation and the
value of the maximum percentage of infection reported
in Gast et al. (1997).
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Z: The recovery rate Z depends on the development of
innate or acquired immunity, and mechanisms of
bacterial clearance, which result in the decrease and
ﬁnally to the elimination of bacterial contamination.
Value of this rate was determined according to the
asymptotic proportion of S-infectious animals showed
in Gast et al. (1997), Protais et al. (1996), and values
given by an expert (G. Salvat, personal communication).
n: The n parameter is a characteristic of the immune
protection. Indeed, the efﬁciency of vaccines (especially
with live vaccine) show that immunization reduces the
risk of infection but does not preclude it. This underlines
the interest in testing the effect of this parameter on
disease evolution. Value of this rate was selected
according to the asymptotic values of S-infectious
animals in Protais et al. (1996).
l:l is the growth rate of bacteria in the environment.
Hollinger (2000) observed a diminution of the bacterial
load so that we employed a negative value for l to
simulate this observation. S. enteritidis are often
transmitted by a wild animal or by transient contamination of feed or water. So we assume that the bacterial
load decreases with time.
bE: bI Values of excretion rate of D-infectious (bE) and
S-infectious (bI) hens are very difﬁcult to estimate.
Literature gives no explicit data but many hypotheses.
Since experiments have shown that excretion remains at
low levels (see for example Tilquin et al., 2005), we
assume that the number of excreted bacteria remains
very low in comparison to the bacterial load. The
hypothesis was made that D-infectious animals excrete
less than S-infectious animals.

To validate the model, we distinguish two types of initial
(i.e. at time t ¼ 0) inoculation. We ﬁrst consider the case
where all the animals are D-infectious at time t ¼ 0. In this
case, the exposition rate has no inﬂuence on the behaviour
of the model. We use the data of Gast et al. (1997) to ﬁt
parameters and to compare the coherence of the result of
the model to those of experimental infection.

We also consider the case where only a portion of hens
are inoculated at time t ¼ 0, and we use the data of
Nakamura et al. (1993). The values of all parameters and
the initial conditions for both cases are summarized in
Table 1.
Since Gast et al. (1997) inoculated 36 hens through oral
administration of S. enteritidis the initial conditions were
ﬁtted at (0,36,0,0,0) to simulate this process. In their
experiment, the frequency of isolation of S. enteritidis from
fecal samples declined steadily from a peak value of 87.7%
of inoculated hens 6 days post-inoculation (p.i.) to 31.9%
24 days p.i.. In our simulated data, a similar dynamic for
infection was obtained with a peak of 75% at 6 days and a
frequency of 36.6% 24 days p.i. (Fig. 2 and Table 2). The
result of the simulation can also be compared to other
articles. For example, the model is coherent with observations of Bichler et al. (1996). They inoculated hens with
1010 bacteria and observed a peak of swab contamination 3
days after inoculation. The model also ﬁts with Shivaprasad et al. (1990) who detected S. enteritidis 4 and 7 days
100
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Fig. 2. S-Infectious computed percentage (red curve) and data of Gast
et al. (1997) (+ symbol).

Table 1
Description and values of model’s parameters
Parameters

Description of the parameters

Total infection

Partial infection

S0
ID0
IS0
R0
C0
k
n
g
Z
bE
bI
l

Number of susceptible hens at time 0
Number of D-infectious hens at time 0
Number of S-infectious at time 0
Number of recovered hens at time 0
Bacterial load at time 0
Exposition rate
Recontamination rate
Rate at which digestive contaminated becomes systemically contaminated
Recovery rate
Excretion rate of D-infectious hens
Excretion rate of S-infectious hens
Growth rate of bacteria in the environment

0
36
0
0
0
0.01
0.002
0.5
0.0048
0.03
0.1
0.1

8
8
0
0
105
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post-inoculation in systemic (liver, spleen), reproductive
(ovule and oviduct), or digestive (caecum, jejunum and
colon) organs and observed contamination in all but one
(in ovule). Thus showing that, after 4 days p.i., most Sinfectious infected animals have already undergone systemic infection. Within partial initial inoculation, the
exposition rate plays an important role. In Nakamura
et al. (1993), 16 laying hens were assigned to cages that
shared a water supply. Of those, 8 hens were inoculated at
7 months of age with 105 CFU of S. enteritidis and served
as the source of infection for the uninoculated hens that
shared the drinking water. To simulate this process, initial
conditions were equal to (8,8,0,0,105). Fig. 3 and Table 3
compares the data of Nakamura et al. (1993) and our
simulated data.
Table 2
Table of values for Gast et al. (1997) and model’s results
Days

Observations made by Gast et al. (1997)

Simulated data

6
12
18
24

87.7%
63.9%
36.1%
31.9%

75%
63%
48%
36%

2.3. Model for egg contamination
For the model describing the contamination of eggs with
egg production, we assume that the number of contaminated eggs produced by D-infectious hens is negligible,
since the Salmonella level of contamination of D-infectious
hens is very small. Therefore, in the sequel we only focus on
the output of contaminated eggs by S-infectious hens
which take into consideration the individual development
of the disease for each hen. In fact, as we need to follow the
history of S-infectious hen, we introduce the age of
S-infection. The age of S-infection is deﬁned as the time
since when the hens have become S-infectious. Let iS ðt; aÞ
be the density of S-infectious hens with respect to the age
of S-infection a, at time t. Assuming that there is no
S-infectious hens at time t ¼ 0, we rewrite the third
equation of the ﬁrst model as follows:
qiS ðt; aÞ qiS ðt; aÞ
þ
¼ ZiS ðt; aÞ;
qt
qa
iS ðt; 0Þ ¼ gI D ðtÞ,

for a 2 ð0; þ1Þ,

iS ð0; :Þ ¼ 0.

Table 3
Table of values for Nakamura et al. (1993) and model’s results
Days

Observations made by Nakamura et al. (1993)

Simulated data

3
6
10
13

75%
87.5%
68.75%
68%

71%
77.5%
68%
62%

Let I Sec ðtÞ be the number of S-infectious hens, which lay
contaminated eggs at time t. We assume that the
probability to produce contaminated eggs (either by direct
yolk contamination because of ovarian infection or by
contamination of shell at oviposition through faeces) only
depends on the age of S-infection. Let pec ðaÞ be the
probability, for an S-infectious hen with age of S-infection
a, to produce contaminated eggs. With the above assumption, we obtain the following formula:
Z þ1
I Sec ðtÞ ¼
pec ðaÞiS ðt; aÞ da.
0

At the individual level, the probability pec ðaÞ describes
the ability to produce contaminated eggs. Here, we assume
that this probability pec ðaÞ has the following form
100

pec ðaÞ ¼ expðyaÞð1  expðgaÞÞ,

90

40

where the parameter g is the slope of pec(a) at 0, and the
parameter y is an exponential growth rate of pec(a) when a
tends to inﬁnity. Fig. 4 depicts the graph of pec(a) with the
ﬁtted values of g and yU
The density iSec ðt; aÞ of S-infectious hens laying contaminated eggs at time t and age of S-infection a is thus
given by

30

iSec ðt; aÞ ¼ pec ðaÞiS ðt; aÞ,

20

and satisﬁes the following age-structured model

10

qiSec ðt; aÞ qiSec ðt; aÞ
þ
¼  ðZ þ yÞiSec ðt; aÞ
qt
qa
þ g expððg þ yÞaÞiS ðt; aÞ,

Percentage of hens (%)
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Fig. 3. S-Infectious computed percentage (red curve) and data of
Nakamura et al. (1993) (+ symbol).

iSec ðt; 0Þ ¼ 0,
iSec ð0; :Þ ¼ 0.
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Fig. 4. Evolution of the probability for an S-infectious hen to lay
contaminated eggs with respect to the age of S-infection (g ¼ 3, y ¼ 0:2).

Fig. 5. Production of contaminated eggs: model (red curve), data
(+ symbol).

Using this model, and the above deﬁnition of pec(a), we
obtain

hens were orally inoculated with 1010 CFU of S. enteritidis.
In 41% of eggs, yolk was culture positive during the ﬁrst
week p.i.; this percentage signiﬁcantly decreased during the
second week p.i to 2.3%, and remained between 1.2% and
3.8% until week 7. Our model simulations lead to similar
results (Fig. 5 and Table 4).
In Fig. 5, after 55 days p.i., it remains a very low but
not null percentage of contaminated eggs. This is also
coherent with Protais et al. (1996), in which a low percentage of contaminated ovaries and oviducts was observed 6 weeks p.i..

dI Sec ðtÞ
¼  ðZ þ yÞI Sec ðtÞ
dt
Z t
þ
expððg þ y þ ZÞaÞgI D ðt  aÞ da.
0

and, in turn, the following system to describe the number
of S-infectious hens producing contaminated eggs:
dI Sec ðtÞ
¼ ðZ þ yÞI Sec ðtÞ þ Y ðtÞ,
dt
dY ðtÞ
¼ ðg þ Z þ yÞY ðtÞ þ ggI D ðtÞ.
dt
where
Z t
expððg þ y þ ZÞaÞgI D ðt  aÞ da
yðtÞ ¼
0

is an auxiliary variable.
Let b be the rate of eggs laid per hen. Since the total
number of hens is assumed to be constant (equal to N), the
total number of eggs produced (whether contaminated or
not) during a time step Dt, is given by
N egg ¼ bDtN.
We suppose that each hen produces one egg per day, and
Dt ¼ 1 day. Thus b is ﬁxed to 1. During a time interval
going from t to t+Dt, the number of contaminated eggs is
now given by
Z tþDt
N contam;egg ¼
bI Sec ðsÞ ds.
t

The above formula is then used to compute the number
of contaminated eggs laid per day (i.e. with Dt ¼ 1 day).
To validate the model the data of Bichler et al. (1996)
were used. In Bichler et al. (1996), 30 White Leghorn laying

3. Effect of various parameters on the asymptotic behaviour
of salmonella infection
As further detailed in Prévost et al. (2006), when n ¼ 0
the disease and the contaminant always go to extinction.
Thus, when t goes to inﬁnity, the population of hens
converges to E ¼ ðS 1 ; 0; 0; N  S 1 Þ, where S 1 40 is
uniquely and explicitly determined by the initial conditions.
When n40 the extinction and endemicity depend on the
reproductive number R0 (which is computed for the
original ordinary differential equation system presented
in Section 2.1) given by


k bE bI
þ
R0 ¼ N
.
l g
Z
R0 measures the number of secondary S. enteritidis
infections generated by a (D- or S-) infectious hen. So when
R0 41, epizooty will persist, and when R041, there will be
extinction of the disease. In the formula for R0, the
quantity ðN ðk=lÞÞ corresponds to the contribution of
the bacteria to the disease in the poultry population
and ððbE =gÞ þ ðbI =ZÞÞ corresponds to the contribution of
D-infectious and S-infectious hens to the bacterial contamination in the environment. More precisely, we have the
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Observations made by Bichler et al. (1996)

Simulated data

7
14
21
28
35
41
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55

41%
2%
1%
2%
0%
2%
3%
2%

45%
7%
1.4%
0.5%
0.4%
0.4%
0.4%
0.4%

following interpretation:
Z þ1
k
N ¼ Nk
elt dt
l
0

Nk
I ¼
C;
gR0
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(a)

Nk
I ¼
C;
ZR0
S

Nk
R¼
C,
nR0

and, for the bacterial load,
ðR0  1Þ
.
C¼ 
k ð1=gÞ þ ð1=ZÞ þ ð1=nÞ
In that case, the epizooty is endemic. An illustration of
this case is given in Fig. 6(B).

Percentage of among healthy hens (%)

100

is the average number of bacteria produced by one
D-infectious (respectively S-infectious) hen.
When R0 p1, the only non-trivial steady state E1 is given
by S ¼ N, I D ¼ 0, I S ¼ 0, R ¼ 0, and C ¼ 0. In this case,
D-infectious, S-infectious, recovered as well as the bacterial
load go extinct. An illustration of this case is given in
Fig. 6(A)). When R041, we have in addition an endemic
equilibrium given by
D

90

0

is the average number of S-infectious produced by one
bacterium and,


Z þ1
Z þ1
bE
b
¼ bE
egt dt respectively : I ¼ bI
eZt dt
g
Z
0
0

N
S¼
;
R0

Percentage of among healthy hens (%)

Table 4
Table of values for Bichler et al. (1996) and model’s results

90
80
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10
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(b)

Fig. 6. (a) Evolution of epizooty when R0 p1 (k ¼ 106 and n ¼ 0:02),
(b) evolution of epizooty when R0 41 (k ¼ 104 ), with N ¼ 20 000 and
C 0 ¼ 105 , for susceptible (blue curve), D-infectious (green curve),
S-infectious (red curve), and recovered hens (cyan curve).

4. Impact of parameters on endemicity of S. enteritidis
carrier-state

infection, almost no more contaminated eggs can be laid at
an interval p.i. longer than 30 days. This observation is
coherent with the very low percentage of contaminated
eggs observed by Humphrey (1994).

4.1. Effect of the recovery rate

4.2. Effect of the recontamination rate

When Z increases the maximal contamination level
decreases. From Fig. 7, we can see that when R0 o1 the
maximal infection rate decreases from 83.59% when
Z ¼ 3  102 to 7.8% when Z ¼ 3. When R0 41, we observe
a similar behaviour. Moreover, when R0 o1, the recovery
rate is also linked to the duration of epizooty. Higher
values of the recovery rate will provide shorter periods of
epizooty. With the aforementioned values of the parameters, the percentage of contaminated eggs decreased very
quickly. Even when there is endemicity of the S .enteritidis

In the endemic case, the recontamination rate n does not
modify the initial dynamic of the infection but has a strong
impact on the later level of epizooty. When the recontamination rate decreases, the ﬁnal level of infection
decreases. For example in Fig. 8, the level decreases from
39% when n ¼ 2  102 to 0.7% when n ¼ 2  104. This
recontamination rate is dependent on the immune defense.
A null value of n corresponds to a perfect immunization,
while positive value means that the hens may get ill again
after bacterial clearance. When comparing the evolution of
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Fig. 7. Evolution over time of the percentage of S-infectious hens and of the production of contaminated eggs when (a) (respect. (c)) R0 o1 with k ¼ 106
and when (b) (respect. (d)) R0 41 with k ¼ 103 .

four poultry lines after inoculation, Protais et al. (1996)
observed large differences in both infection peaks and in
the clearance rate. The most resistant meat-type line was
much less contaminated four weeks after inoculation (with
only 12.5% and 25% of contaminated spleens and ceaca)
than the L2 egg-type line where more than half the liver
and more than three quarters of liver and spleen were still
contaminated.
Since the peaks of infection were similar, the differences
could originate variations in clearance ability but also in
immune defense.
This hypothesis is reinforced by observations of lower
immune responses in the L2 egg-type line (Proux et al.,
2002). Reducing recontamination rate by vaccines or
genetic selection seems to be a good approach for limiting
the persistence of Salmonella. When the recontamination
rate is large (Fig. 8), about 5% of eggs are contaminated in
later steps of infection, in relation with the high ﬁnal level
of S-infectious hens (39%).

5. General discussion
In this article, we have presented a model describing the
dynamics of both Salmonella transmission within the
laying ﬂock of hens, and Salmonella in the environment.
This model is derived from a previous model which
incorporated spatial structure, this being a necessary
condition to understand the contamination process (see
Prévost et al., 2006). At the level of hens, there are four
possible steps of contamination: (1) susceptible, (2)
D-infectious (suffering from digestive contamination), (3)
S-infectious (suffering from systemic contamination), and
(4) recovered. At the bacterial level, we take into account
the bacterial contamination of the environment, assuming
that transmission is due to the contact between susceptible
hens and bacteria. S. enteritidis excretion by D-infectious
and S-infectious hens contribute to the environmental load
of bacteria and thus to the risk of transmission. Production
of contaminated eggs was also modelized starting from the

ARTICLE IN PRESS
K. Prévost et al. / Journal of Theoretical Biology 242 (2006) 755–763

762
100

nu=0.02
nu=0.002
nu=0.0002

90

Infection rate (%)

80
70
60
50
40
30
20
10
0

0

20

40

60

80

(a)

100 120
Days

140

160

Production of contaminated eggs (%)

100

180

200

nu=0.0002
nu=0.002
nu=0.02

90
80
70
60
50
40
30
20
10
0
0

(b)

10

20

30

40

50
Days

60

70

80

90

100

Fig. 8. Evolution over time post-inoculation of S-infectious hens and
evolution of production of contaminated eggs with (R0 41, k ¼ 103 and
N ¼ 20 000).

individual level development of the disease for S-infectious
hens. Results obtained with the model were validated to
experimentally observed data. In particular the results from
Gast et al. (1997) were used to ﬁt the rate of translocation
of digestive barrier g, the recovery rate Z,and the
recontamination rate n. We also used the data of
Nakamura et al. (1993) to derive the exposition rate k.
The probability of laying contaminated eggs pec(a) was
ﬁtted with data from Bichler et al. (1996). All these ﬁtted
values allowed to obtain a reasonably good approximation
of the data.
In addition, the results on the asymptotic behaviour of
Salmonella infection were provided. Endemicity or extinction of the disease depends ﬁrst on the parameters whether
the recontamination rate n is equal to 0 or strictly positive.
When n ¼ 0, immunization after recovery is perfect and
leads to the extinction of the disease and of the
contaminant. Asymptotically the population of hens is

only composed of susceptible and recovered animals. When
n40, the extinction or the persistence of the disease
depends on the reproductive number


k bE bI
þ
.
R0 ¼ N
l g
Z
The prevention of endemicity requires R0 p1, and in this
case the disease and the contaminant always go to
extinction and the population of hens is asymptotically
composed with susceptible ones (Fig. 6(A)). Conversely,
when R0 41, there is endemicity of disease and persistence
of the contaminant in the environment (Fig. 6(B)). This key
parameter R0 is dependent on the size of the ﬂock since the
more animals there are in a given ﬂock the higher is the
probability for an infected animal to transmit the infection,
as long as the bacteria are able to reach any animal within
the ﬂock. Since R0 depends on all parameters controlling
the contamination except the initial number of bacteria C0,
it may be reduced by an action on some or all of them. The
k parameter should largely inﬂuence R0; its value is
dependant on the ability of the intestinal ﬂora to resist to
the introduction of a new bacteria. The main effects of a
competitive exclusion are observed in young chicks, before
they acquired an intestinal ﬂora (Schneitz and Mead, 2000)
but the incorporation in food of organic acid (Humphrey
and Lanning, 1988) or other supplements as yolk powder
(Kassaify and Mine, 2004) may also be efﬁcient in the
adults. The l parameter is mainly dependant on classical
rules of hygiene and disinfection that should not vary much
in well-managed farms. Since the value of bE is smaller
than that of bI and according to R0 deﬁnition, it should be
more efﬁcient to increase the Z rather than the g parameter.
This result enhances the interest of increasing resistance to
the Salmonella carrier-state (Beaumont et al., 1999), i.e. the
Z parameter rather than to Salmonella systemic contamination (as in Mariani et al., 2001), that is the g parameter.
To further investigate the impact of the different
parameters on the evolution of infection, numerical
simulations were used. The amplitude of epizooty mainly
depends on Z (the recovery rate). Increasing Z (i.e.
increasing the ability to clear bacteria) has a favourable
effect on both the maximal prevalence and the duration of
epizooty (Fig. 7(A)). Moreover, in case of endemicity,
increasing the recovery rate also reduces the ﬁnal
percentage of S-infectious hens (Fig. 7(B)) and the
proportion of contaminated eggs (Fig. 7(C)). The same
holds when epizooty persists (Fig. 7(D)). Indeed, it should
be feasible to increase Z by genetic selection since the
percentage of hens having cleared S. eneritidis 4 weeks after
an experimental contamination by the oral route is
heritable (Beaumont et al., 1999). The genes controlling it
are currently investigated (Tilquin et al., 2005).
Numerical simulations also highlighted the inﬂuence
of the recontamination rate on the persistence of the
epizooty. Decreasing this parameter (i.e. decreasing the
risk for a recovered animal to become susceptible again)
results in a reduced ﬁnal percentage of S-infectious hens
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(Fig. 8(A)) and to very low percentage of contaminated
eggs (Fig. 8(B)). Indeed, immune responses varied for a
given model of experimentation with a particular fowl line
(Proux et al., 2002). Selection should be feasible, since it
has been proved to be efﬁcient on antibody production
with a large variety of antigens (Pinard-Van der Laan et al.,
1998). Thus our study already shows the basic importance
for prevalence and egg contamination levels, of clearance
ability and immune response. Both should be considered to
improve animal health and food safety.
Our model allows the understanding of the relationship
between genetic or vaccine strategies and the production of
eggs contaminated by S. enteritidis. It also permits to
quantify the number of contaminated eggs produced in one
industrial hen house. In the risk assessment of S. enteritidis
in eggs, reducing the prevalence of S. enteritidis in poultry
ﬂocks was directly proportional to the reduction in risk to
human health (FAO, 2002). Nevertheless, as described by
those authors, many other aspects need to be considered in
order to understand the incidence of Salmonella in Human.
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