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Abstract — The aim of this study was to evaluate the impact of the pre-slaughter process on
Salmonella caecal contamination of pigs at slaughter. An observational study was carried out in
2001 on 101 conventional farrow-to-finish pig farms. On each farm, one batch of contemporary pigs
was followed from the end of the fattening period until slaughter. The Salmonella bacteriological
status of the batches was assessed by environmental samples of faecal material. The serological
Salmonella status was obtained on 30 individually identified market-age pigs using an indirect
ELISA test. At the slaughterhouse, 25 g of caecal contents were taken from 10 of the identified pigs.
Faecal and caecal material were analysed according to a classical bacteriological method. A
questionnaire was designed to obtain information about the type of feeding during the fattening
period (dry versus wet), the duration of fasting on the farm before leaving for the slaughterhouse,
the duration of transport between the farm and the slaughterhouse, the holding time in lairage at the
slaughterhouse and loading and unloading conditions on the farm and at the slaughterhouse. To
assess the relationships between these factors and the Salmonella caecal status of the pigs and the
batches, two logistic models were fitted at the individual and at the batch level, respectively. The
first analysis was performed using a random effects logistic regression model. The second analysis
was based on a cumulative logit model with a positive caecal rate classified into three classes as the
outcome variable. The results showed that the Salmonella status of market-age pigs assessed on the
farm either by serological or bacteriological examinations and the time spent in lairage before
slaughtering played a crucial role on caecal contamination. In the light of these results, actions
should be considered both on the farm and at the slaughterhouse to decrease the risk of Salmonella
contamination of the caecal contents.
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1. INTRODUCTION

Foodborne salmonellosis has been rec-
ognized as a major threat to public health.
Salmonellosis outbreaks have been associ-
ated with the consumption of pork and pork
products. Concerns about pork safety have
stimulated research along the food chain in
an attempt to determine the effects of vari-
ous pre- and post-harvest processes on the
prevalence of Salmonella contamination.
Laceration of contaminated digestive tracts
at the slaughterhouse is bound to expose the
whole carcass and neighbouring carcasses
to Salmonella contamination [4]. A reduc-
tion of Salmonella intestinal carriage at the
pre-harvest level should therefore reduce
the risk of contamination at subsequent
stages, especially at slaughter.

The pre-harvest process includes on-
farm production, fasting and holding before
shipment, loading, transportation, unloading
and lairage at the slaughterhouse. Pigs may
become infected during the rearing period
on the farm. Asymptomatic intestinal car-
riage and intermittent shedding of small num-
bers of Salmonella characterise subclinically
Salmonella-infected pigs [39, 42]. How-
ever, from the moment they leave the farm,
pigs are exposed on several occasions to a
risk of Salmonella contamination. It has
been shown that the proportion of pigs con-
taminated increases between the farm and
the slaughterhouse, when the same sampling
method is used on the farm and at the slaugh-
terhouse [15]. These observations therefore
suggest an impact of the pre-slaughter proc-
ess. The effect of feed withdrawal on the farm
(fasting) before loading is not clear. Some
studies have not reported any effect of fast-
ing [23], whereas others have suggested a
protective effect of fasting [17] on the Sal-
monella isolation rate in caecal contents at
the slaughterhouse. A transport effect was
pointed out more than thirty years ago by
Williams and Newell [43] despite the small
number of pigs considered (n = 20). Subse-
quent studies have shown that trucks trans-
porting pigs are frequently contaminated by

Salmonella upon arrival at the slaughter-
house [28, 31, 37]. However, the direct role
of transport on Salmonella contamination
was not clearly demonstrated. Lairage time
has also been shown to increase Salmonella
shedding before slaughter [15, 16].

Many of the studies indicated above were
experimental studies. The effects of diverse
factors, such as duration of fasting on the
farm before loading [17, 23], presence and
duration of transport [16, 17] and the con-
ditions and duration of holding in lairage
[14, 31] were measured. To the best of our
knowledge, no study has tried to observe
the events occurring between the farm and
the slaughterhouse in order to assess, without
any intervention, the associations between
suspected risk factors related to the pre-
slaughter process and Salmonella contami-
nation of caecal contents. Assessment of the
impact of pre-slaughter events on Salmonella
prevalence is a critical step to develop path-
ogen reduction strategies.

The objective of this observational study
was to evaluate the relative effect on Sal-
monella caecal carriage of various events
occurring between the fattening pens on the
farm until the slaughter line. In order to
investigate the risk factors for caecal con-
tamination at the slaughterhouse, the results
were first analysed individually. A second
model was fitted at the batch level in order
to identify control points of special interest
in terms of Salmonella risk management
that must be devised and applied at the
batch or farm level.

2. MATERIALS AND METHODS

2.1. Study sample

The study was carried out in 2001 and
involved 101 French farrow-to-finish fam-
ily pig farms selected among those affili-
ated to 14 farmer organisations and 8 feed
companies. The farms involved in the study
had to be confined farrow-to-finish opera-
tions of the intensive type and managed
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using the batch procedure (weaning of a
group of sows on the same day and age-seg-
regated rearing) and an all-in/all-out hygiene
policy for farrowing, post-weaning and fat-
tening sections. The farms were located all
over France, but most of them were located
in Brittany (80.2%), where more than 54%
of the national pig herd is located [18].
Since recruitment was not based on random
sampling, the general characteristics (herd
size, reproductive and growing perform-
ances, mortality rate in the different sectors)
of the final sample of farms were compared
retrospectively with the average values avail-
able in broad national and regional (Brit-
tany) databases [18]. Eighteen slaughter-
houses, all specialised in pigs, were involved
in the study.

2.2. Study design

A batch of contemporary finishing pigs
housed in the same room was studied on
each farm. This will be referred to with the
term “batch” in the text. A room was part
of a fattening building separated from the
rest of the unit by walls and a door and usu-
ally containing 80 to 150 finishing pigs
housed in 8 to 12 pens. In the selected room,
30 pigs were randomly selected (simple
random sampling i.e. with no stratification
by pen) and submitted to the survey. The
farms were visited by investigators several
days before slaughtering in order to assess
the bacteriological and serological Salmo-
nella status of the finishing batches studied
(cf. Sect. 2.4.1) and to collect data concern-
ing the general characteristics of the rooms
studied, such as the dimensions of each pen
in the rooms. The batches were then observed
at the slaughterhouse, where they were trans-
ported and slaughtered according to the
plant’s routine practices. The loading and
slaughtering time schedules for the pigs
studied were established by the slaughter-
house department routinely responsible for
that task. The investigators were informed
of these schedules by the farmers and the
investigators were asked to comply with
these schedules. At the slaughterhouse, the

pigs studied were held in a standard pen,
stunned, exsanguinated and processed accord-
ing to the usual procedures. Caecal contents
from a sample of 10 finishing pigs out of the
30 pigs studied were taken by the investi-
gators on the slaughter line. The investiga-
tors were veterinarians and technicians from
the companies involved or staff from our
laboratory. Prior to the survey, a meeting
was held with external investigators, who
were trained in sampling techniques on the
farm and at the slaughterhouse. A handbook
detailing data collection procedures was
prepared prior to the study and distributed
to the investigators.

2.3. Data collection

A specific data collection form (availa-
ble upon request from the corresponding
author) related to each step of the pre-har-
vest process was completed on the day of
slaughtering or on the following day by a
personal interview with the farmer, the lorry
driver and the slaughterhouse employee
supervising unloading and lairage. The fol-
lowing data were recorded: time (date and
time) of feed withdrawal, characteristics of
the specific premises in which slaughter
pigs were housed before loading (division
in pens, sprinkling pigs with water, clean-
ing and disinfection before housing pigs),
use of a loading platform, time and duration
of loading, time and duration of unloading
and time of slaughtering.

2.4. Sample collection
2.4.1. On the farm

The bacteriological Salmonella status of
the pens of the finishing room in which the
studied pigs were housed was assessed by
performing faecal sampling using sterile
pairs of gauze socks (Sodibox, La Forét-Fou-
esnant, France). The pair of socks consisted
of an elastic cotton tube pulled over the
investigator’s over-boots. While walking all
over the surface of the pen, the cotton tubes
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absorbed faecal material. One pair of socks
was used per pen except for rooms with
only 2 or 3 large pens, in which case 2 or
3 pairs of socks were used in the same wide
pen in order to cover approximately the
same floor surface with one pair of socks.
The distribution of the surfaces sampled per
room was described retrospectively. After
use, the soiled pair of socks was placed in
a sterile plastic bag using a sterile glove. As
a precaution against introduction of infected
faeces from an adjacent pen, plastic over-
boots, gloves and other materials were
changed between each pen.

In each compartment included in the
study, the 30 pigs randomly selected were
individually identified with a code written
on an ear tag and tattooed on the shoulders.
The pen locations were recorded. The selected
pigs were bled a few days before slaughter
to assess their serological Salmonella sta-
tus.

2.4.2. At the slaughterhouse

At the slaughterhouse, 25 g of caecal
contents were collected from ten pigs iden-
tified on the farm. The ten pigs belonged to
the first slaughter group from the room fol-
lowed, containing at least 10 pigs from the
30 identified. On the slaughter line, car-
casses were identified by reading the shoul-
der tattoo and/or the ear tag number. Just
after evisceration, the digestive tract was
collected and numbered to match the car-
cass number (tattoo or ear tag). The caecal
samples were taken in a specific area within
the plant, several minutes after eviscera-
tion. A small surface of the distal part of the
caecum (approximately 5 cm?) was flame
sterilised. About 25 g of caecal contents
were collected via a puncture performed in
the middle of the sterilised area and were
placed in a sterile plastic bag identified with
the carcass number. Caecal samples were
transported to the laboratory in an icebox on
the same day (or by cooled express mail)
and processed on the same day or stored
cold (4 °C = 1 °C) overnight before bacte-
riological examination.

2.5. Serological examination

The serological Salmonella status of the
pigs was assessed using an indirect ELISA
[26]. SalmonellalgG antibodies were detected
in serum using a complete ELISA based on
LPS from S. Typhimurium, Enteritidis, Ana-
tum, Hadar and Infantis [26]. Optical den-
sities were determined by a Dynatech
MR5000 plate reader spectrophotometer
using 490 and 630 nm filters as the test and
reference filters, respectively. The Cali-
brated Optical Densities (COD) were cal-
culated as follows:

COD = (ODsample - ODnegmvecontrol)/

positive control negdtlve control

Samples with COD = 0.4 were considered
to be positive according to the previously
defined cut-off value [26]. ELISA sensitiv-
ity and specificity were estimated at 97%
and 94%, respectively by Proux et al. [26].

2.6. Salmonella isolation
and identification

Environmental pairs of gauze socks and
caecal contents were analysed for the pres-
ence of Salmonella enterica. Three hundred
millilitres of buffered peptoned water (BPW)
(AES Laboratoires, Combourg, France) were
poured into each plastic bag containing the
socks. Twenty five grammes of caecal mate-
rial were immersed in 225 mL of BPW. They
were incubated for 16 to 20 h at 37 °C. Fol-
lowing pre-enrichment, selective enrichments
were performed on both Modified Semisolid
Rappaport Vassiliadis agar (MSRV) (Merck,
Nogent-sur-Marne, France) and Miiller-
Kauffmann Tetrathionate Broth (MKTB).
These selective media were incubated at
41.5 °C and 42 °C for 18 to 20 h, respec-
tively. A delayed 3-day secondary enrichment
for MSRYV plates was performed in order to
increase sensitivity. Plating included streak
inoculations from the migrated colonies of
MSRV plates onto Rambach agar plates
(Humeau, La Chapelle-sur-Erdre, France)
and from MKTB onto Xylose-Lysine-Tergi-
tol-4 (XLT4) agar plates. Rambach and
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XLT4 media were both incubated at 37 °C
for 24 h. Two presumptive positive colo-
nies on XL'T4 or/and Rambach plates were
confirmed by biochemical assays on inoc-
ulated Kligler-Hajna medium (AES Labo-
ratoires, Combourg, France) incubated at
37 °C for 24 h. All isolates were serotyped
by agglutination according to the Kauff-
man-White scheme using Salmonella poly-
valent O and H antisera (Diagnostics Pas-
teur, Paris, France).

2.7. Statistical procedures

The distribution of variables was described.
To exclude a hypothetical measurement bias,
the average surfaces sampled by pairs of
socks in rooms tested positive and negative
were compared by the Student ¢ test and the
influence of the number of pairs of socks
used on the final status of the room was
tested by the Fisher exact test. Outcome and
explanatory variables were categorised. The
number of categories per variable was lim-
ited, so that frequencies of categories were
> 10%.

2.7.1. Definition of variables

A pig was declared to have the caecal
contents contaminated by Salmonella enter-
ica subsp. enterica when the 25 g sample of
caecal contents tested positive. The within-
batch positive caecal rate was established
and categorised into three classes of Salmo-
nella contamination: non-contaminated, mod-
erately contaminated (J0%, 20%]) and highly
contaminated (> 20%).

A finishing batch was considered to be
bacteriologically contaminated, i.e. shedding
Salmonella, when only one environmental
sample (pair of socks) tested positive for
Salmonella. Similarly, finishing pigs from
the same pen were considered to be housed
in a Salmonella contaminated environment
before leaving for the slaughterhouse when
an environmental sample taken in the pen
tested positive for Salmonella. Two dichot-
omous variables (contaminated versus non-

contaminated) were therefore established:
“bacteriological Salmonella status of the
batch” and “bacteriological Salmonella sta-
tus of the pen”.

The individual serological status of the
randomised pigs was established according
to the cut-off of the indirect complete
ELISA (cf. Sect. 2.5). The within-batch
Salmonella seroprevalence was assessed by
the proportion of seropositive pigs among
the 30 pigs randomised in each room adjusted
according to the sensitivity and specificity
of the ELISA [26] with the Rogan-Gladen
formula [29]. A three-level ordinal variable
was defined from the tertiles of the adjusted
prevalence distribution. The three classes
included batches with less than 5%, more
than 5% but less than 25% and more than
25% of positive pigs, respectively.

The times recorded were used to calcu-
late the holding time on the farm before
loading, loading duration, duration of trans-
port between the farm and the slaughter-
house, time in lairage at the slaughterhouse
and fasting duration between feed with-
drawal and slaughtering. These durations
were coded categorically, according to the
shape of the distributions or biological or
regular cut-points. For the “fasting duration
on the farm”, a variable cut-off value was
set at 16 h. Total fasting duration should be
at least 22 h from the farm to the stick
according to good manufacturing practices
recommended in France [19]. Taking into
account the average transport time between
farms and slaughterhouses, the mean load-
ing and unloading time and the mean time
in lairage at the slaughterhouse in France,
a fasting time from 12 to 18 h should be
observed on the farm [6]. The “time in
lairage at the slaughterhouse” variable was
categorised into three levels using two cut-
off values: 3 and 6 h. The first cut-off value
defined a period of complete rest consid-
ered to be necessary for the pigs to recover
from transport and associated handling [25,
40]. The second cut-off value corresponded
to the average time in lairage observed in
France [30].
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2.7.2. Statistical analysis

Two analyses were carried out to assess
the relationships between explanatory var-
iables and Salmonella caecal status of the
pigs at the individual and batch level.

In order to identify the risk factors for
caecal contamination, the caecal results were
first considered individually. The caecal
results were related to individual serologi-
cal results, bacteriological status of the pen
and batch, and variables relative to the pre-
harvest process in a random effects model,
taking into account pen and batch clusters
to match with the study design. In a first
step, a bivariate analysis was carried out to
check for the relationship between each
explanatory variable and the individual cae-
cal status by random effects logistic regres-
sion models with pen and batch random
effects. Variables associated (P <0.25) with
the individual caecal status were selected. A
multivariate random effects logistic regres-
sion model was then fitted with the explan-
atory variables selected. All random effects
logistic models were performed using the
GLIMMIX macro of SAS software [32].

In order to identify caecal contamination
control points, caecal results were also ana-
lysed at the batch level. They were classi-
fied into three classes and considered in a
cumulative logit model in order to deter-
mine key factors to switch from a higher to
a lower contamination rate class. A two-
stage approach was performed. First, 2 tests
were performed to identify explanatory var-
iables associated (P < 0.25) with the out-
come variable. The variables retained were
introduced into a cumulative logit model
[20] to assess the relationships between
explanatory variables and the caecal Salmo-
nella status of the batch: (1) contaminated
vs. non-contaminated; (2) highly contami-
nated vs. moderately or non-contaminated.
The validity of the proportional odds assump-
tion was checked by a 2-Score test [2].
Bacteriological Salmonella status of the
batch and the seropositive pig rate in the
categories were highly correlated. In order

to prevent final cumulative logit model
from severe collinearity, these two explan-
atory variables were successively consid-
ered in two cumulative logit models. The
cumulative logit models were performed
using the LOGISTIC procedure of SAS
software [32].

All logistic regressions were performed
according to the method described by Hos-
mer and Lemeshow [13]. Backward step-
wise logistic regression analyses were car-
ried out to select explanatory variables and
their first order interaction simultaneously
and to adjust for confounding factors. All
logistic regression models were obtained
with all factors significant at P < 0.05. Col-
linearity between the explanatory variables
was assessed by bivariate analysis and
model multicollinearity diagnostic analysis
using the REG procedure of SAS software
[32] according to the method recommended
by Allison [1].

3. RESULTS

3.1. Study sample and application
of the protocol

The general characteristics of the 101 farms
involved in this study were similar to those
of the groups taken as reference except for
the average herd size, which was signifi-
cantly higher than that of the national ref-
erence group. The mean age for slaughter-
ing was 176.7 days (SD=10.9). Assessment
of the bacteriological and serological Sal-
monella status was performed an average of
3.4 days (SD = 2.3) before slaughtering.
The fattening rooms studied were divided
into 8.2 pens (SD =3.3) and housed an aver-
age of 129.5 (SD = 57.3) finishing pigs. A
total of 894 pairs of socks collected from the
832 pens were analysed. The mean surface
of the fattening pen examined by one pair
of socks was 11.88 m2 (SD = 8.06). The sur-
face area sampled was not significantly dif-
ferent between positive and negative pens
(P > 0.05). The number of pairs of socks
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used per room did not significantly influ-
ence the final status of the batch (P > 0.05).

A total of 1030 caecal content samples
were taken on the slaughter line and were
analysed for Salmonella with a mean number
of 10.2 samples per batch (SD = 0.8). The
pigs sampled at the slaughterhouse were
raised in 501 pens with one to ten pens rep-
resented per batch (average number of pens
per batch = 5.2, SD = 1.6) and with one to
seven pigs raised in the same pen (median
= 2, interquartile interval = 1).

3.2. Salmonella contamination
and characteristics
of the pre-slaughter processes
studied

Among the 101 batches studied, 37.6%
(38/101) shed Salmonella enterica at the
end of the finishing period. 14.5% (121/
832) of the pens studied for Salmonella con-
tamination tested positive. Eleven different
Salmonella serovars were isolated from the
pairs of socks analysed. The most prevalent
serovars recovered in the finishing rooms
were Derby and Typhimurium (Tab. I). One
serovar was isolated in 33 of the 38 batches
which tested positive (86.8%) and two dif-
ferent serovars were simultaneously identi-
fied in the remaining five positive batches.
The proportion of the pigs serologically exam-
ined, which presented COD values higher
than the cut-off value of the indirect ELISA,
was 24.3% (250/1030). The distribution of
the within-batch Salmonella adjusted sero-
prevalence is shown in Figure 2. The distri-
butions of fasting duration, transportation
between farm and slaughterhouse and time
in lairage at the slaughterhouse are shown
in Figure 2.

Among the 1030 caecal samples analysed,
24.8% (256/1030) tested positive for Sal-
monella. At least one pig with positive cae-
cal contents was encountered in 70.3% of
the batches (71/101). The distribution of the
within-batch positive caecal contents rate is
shown in Figure 1. The three categories
(defined according to the tertiles of the dis-

Table I. Isolation rates of Salmonella enterica
subsp. enterica serovars identified on environ-
mental samples performed by pairs of socks used
in the pens of finishing pigs several days before
leaving for the slaughterhouse and on contami-
nated caecal contents of these slaughtered pigs
(101 farrow-to-finish pig farms, France, 2001).

Isolation rate on

Caecal contents Pair of socks

(n=1030)2 (n = 894)b
S. Derby 47.7 51.9
S. Typhimurium 23.7 23.7
S. Infantis 8.2 5.3
S. Brandenburg 7.9 6.9
S. Panama 32 -
S. Bredeney 2.2 6.9
S. Anatum 1.4 0.8
S. Kedougou 0.7 1.5
S. Agona 0.7 0.8
S. Mbandaka 0.7 0.8
S. Livingstone 0.7 -
S. London 0.7 -
S. Enteritidis 0.4 -
S. Montevideo 0.4 -
S. Goldcoast 0.4 -
S. Ohio 0.4 -
S. Duisburg 0.4 -
S. Napoli 0.4 -
S.0:13,22,23 Hi - 0.8
S. Wien - 0.8

a Caecal contents taken at slaughter.
b Faecal materials taken on the floor of pens on the
farm.

tribution) included: all negative batches,
batches with less than 20% of positive cae-
cal samples and batches with more than
20% of positive caecal samples. Eighteen
different Salmonella serovars were isolated
from the caecal contents analysed. Derby
and Typhimurium serovars were highly
predominant (Tab. I). From one to six dif-
ferent serovars were identified per positive
batch with amedian of 1 (interquartile inter-
val = 1). More than one serovar was iden-
tified in the caecal contents for 38.0% of the
positive batches (27/71).
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Figure 1. Salmonella positive caecal contamination rate at the batch level. 25 g of caecal contents
taken on the slaughter line from 10 randomised slaughtered pigs (101 batches, France, 2001).

Among the 154 caecal contents sampled
from pigs belonging to the Salmonella
shedding batches, 115 (74.7%) were con-
taminated with a serotype previously iso-
lated on the farm. At the batch level, 31 batches
presented both positive environmental and
caecal samples. In four of them (12.9%), the
serotype(s) isolated on the farm and at the
slaughterhouse were completely different.

3.3. Logistic model performed
on individual results

Due to missing data, 940 pigs were
included in this model. The putative factors
related to the pre-harvest process and pos-
sibly linked to Salmonella contamination of
the caecal contents of the pigs slaughtered
are listed in Table II. The bacteriological
Salmonella status of the pen was not signif-
icantly (P > 0.25) related to individual pig
caecal contamination. However, the bacte-
riological Salmonella status of the batch

was statistically associated to individual
caecal contamination.

The significant (P < 0.05) batch and pen
random effects were considered in the
model. The factors associated with Salmo-
nella caecal contamination in the final mul-
tivariate random effects logistic regression
model are presented in Table III. A positive
serological status of the pig and a positive
bacteriological status of the batch both
increased the risk of contamination of the
caecal contents. Furthermore, time spent in
lairage before slaughtering played a crucial
role in caecal contamination.

3.4. Logit cumulative models
performed on batch results

The two logit cumulative models were
constructed with the Salmonella status of
the batch at the end of the finishing period
introduced either as the “seropositive rate”
or as the assessment of “Salmonella shed-
ding”, respectively, which both remained in
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Table II. Definition and distribution of collected explanatory variables of Salmonella caecal
contamination rate (101 farrow-to-finish pig herds, France, 2001).

At the batch level (n = 101) At the pig level (n = 940)
. ) % of % of positive Pf % of % of posi- P8
Definition of the variables batches?® batc};es‘lC pigs® tive pll?gsb
Moderatelyd  Highlye
Salmonella shedding in the batch at the end 0.03 0.0002
of the finishing period 37.6 29.0 52.6 39.3 38.8
Yes 62.4 36.5 27.0 60.74 15.8
No
Salmonella shedding in the pen at the end - - - - 0.29
of the finishing period 14.9 50.0
Yes 85.1 20.4
No
Seropositivity rate against Salmonella 0.03 - - -
at the end of the finishing period 32.7 24.24 27.27
<5% 33.7 41.18 32.35
5-25% 33.6 35.29 50.00
>25%
Seropositivity against Salmonella at the end - - - - 0.01
of the finishing period 24.5 36.1
Yes 75.5 21.1
No
Type of feeding during the fattening phase 0.55 0.55
Wet 60.4 29.5 393 58.8 232
Dry 39.6 40.0 325 41.2 27.1
Fasting duration on the farm 0.05 0.005
>16h 47.6 30.6 28.6 479 20.0
<16h 52.4 389 42.6 52.1 29.2
Loading platform on the farm 0.79 0.19
Yes 61.4 33.9 38.7 59.7 25.1
No 38.6 333 333 40.3 24.6
Duration for loading the studied batch into 0.68 0.18
the truck 33.0 38.2 29.4 30.3 24.2
<20 min 34.0 40.0 37.1 349 22.0
[20—40] min 33.0 26.5 41.2 34.8 28.1
> 40 min
Duration of transport between the farm and 0.04 0.14
the slaughterhouse 544 37.5 28.6 553 20.0
<15h 32.0 36.4 36.4 31.7 26.9
11.5-31h 13.6 214 64.3 13.0 40.2
>3h
Holding pen in lairage washed with water 0.0005 <0.0001
before loading 46.5 34.0 532 45.0 34.6
Yes 53.5 333 222 55.0 15.8
No
Time in lairage at the slaughterhouse 0.0003 <0.0001
<3h 359 37.8 135 37.7 10.7
3-6h 28.2 37.9 345 28.3 27.1
>6h 35.9 29.7 59.5 34.0 384
Season 0.11 0.82
Summer 41.6 25.4 40.7 58.9 26.4
Other seasons (spring and autumn) 58.4 45.2 30.9 42.1 22.5
Age at slaughtering 0.21 0.19
< 170 days 32.0 455 30.3 36.7 235
170-180 days 30.1 323 25.8 31.2 18.8
> 180 days 37.9 28.2 48.7 32.1 32.1

aColumn percentages. ® Row percentages. ¢ 10 caecal contents per batch were examined bacteriologically.
d Batches with less than 20% of caecal contents examined tested positive. ¢ Batches with more than 20%
of caecal contents examined tested positive. f P-value of the y2-test performed with caecal contents con-
tamination rate in three categories (0%; ]0% — 20%]; > 20%). & P-value from a univariate logistic model
with t batch and pen random effects, performed with GLIMMIX procedure.
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Table I1I. The final random effects logistic regression model for risk factors for individual Salmonella
caecal contamination at slaughter (940 slaughter pigs, France, 2001).

Variables

Random effects logistic model

OR 95% CI

Salmonella seroconversion at the end of the finishing period

No
Yes

1.5 1.0-2.3

Salmonella shedding in the batch at the end of the finishing

period
No
Yes
Time in lairage at the slaughterhouse
<3h
3-6h
>6h

1 _
4.9 2.0-11.8

1 _
33 1.1-99
13.1 4.7-36.1

2 Estimates and standard errors were assessed using a mixed model with pen and farm random effects.
Intercept = —2.3; deviance = 394.7, residual variance = 0.4, batch variance = 3.1, pen variance = 2.4.

the two final models (P < 0.05). The other
explanatory variable retained (P < 0.05) in
the two models was “time spent in lairage
at the slaughterhouse”. The y2-Score test
did notreject the proportional odds assump-
tion for the two models (Tab.IV).Itis there-
fore assumed that the relationship between
the explanatory variables and caecal con-
tamination rate is independent of the cut-off
value considered to dichotomise the out-
come. Log odds-ratio across the two cut-off
points defined (0%; 20%) can therefore be
considered to be identical. The odds ratio
given in Table IV can be interpreted as the
effect of the explanatory variables on the
odds of being in a higher rather than a lower
category.

Considering model 1, the odds of being
in a higher category (i.e. in a higher caecal
contamination rate category) for a Salmo-
nella shedding batch is 2.6-fold higher than
the odds for a non-shedding batch. Consid-
ering model 2, a batch characterised by
more than 25% of seropositive slaughter
pigs has a more than fourfold higher odds
of being in a higher category than in a lower
category compared to a batch with a sero-
positive rate lower than 5%. In the two mod-

els, time spent in lairage greatly increased the
odds of having a higher caecal contamina-
tion rate. The second intercept of model 1
(-2.09) is the predicted log-odds of being in
a highly contaminated category rather than
in the moderately or non-contaminated cat-
egories, for a batch which did not shed Sal-
monella and which waited for less than
three hours before slaughtering. Batches were
more than eight times as likely to be in the
moderately or non-contaminated categories
than in the highly contaminated category
when they did not shed on the farm and
when they waited for less than three hours
before slaughtering. Similarly, batches were
more than 13 times as likely to be in the
moderately or non-contaminated categories
than in the highly contaminated category
when the seropositive rate was less than 5%
and time spent in lairage was less than
three hours.

4. DISCUSSION

The previous studies investigating the
relationships between the pre-slaughter proc-
ess and Salmonella digestive tract contam-
ination on the slaughter line have mainly
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Table IV. Logit cumulative models performed on batch results for risk factors for Salmonella caecal

contamination (101 batches, France, 2001).

Intercept / Variables

Cumulative logit model

OR 95% CI

Model 1 2b: Salmonella status of the finishing batch assessed by environ-

mental bacteriology

Intercept “contaminated vs. non-contaminated” = —0.32 (se = 0.36);

P=0.36

Intercept “highly contaminated vs. moderately or non-contaminated” =

—2.09 (se = 0.42); P <0.0001

Salmonella shedding at the end of the finishing period

No
Yes

Time in lairage at the slaughterhouse
<3h
3-6h
>6h

2.6 1.2-5.7

2.8 1.1-7.3
8.1 3.1-21.2

Model 2 ©4: Salmonella status of the finishing batch assessed by serology

(indirect ELISA)

Intercept “contaminated vs. non-contaminated” = —0.78 (se = 0.44);

P=0.08

Intercept “highly contaminated vs. moderately or non-contaminated” =

—2.59 (se = 0.52); P < 0.0001

Seropositivity rate against Salmonella at the end of the finishing period

<5%
5-25%
>25%

Time in lairage at the slaughterhouse
<3h
3-6h
>6h

1.9 0.8-4.9
4.4 1.7-11.7

32 1.2-8.3
9.4 3.5-25.0

a Score test of the proportional odds assumption: x2 = 0.49 (d.f. = 3, P = 0.92).
b Likelihood ratio test: 2 = 26.8 (d.f. = 3, P < 0.0001).

¢ Score test of the proportional odds assumption: 2 = 2.2 (d.f. = 4, P = 0.70).
d Likelihood ratio test: %2 = 30.7 (d.f. = 4, P < 0.0001).

been experimental or molecular epidemio-
logical studies. Field observational studies
are needed in order to confirm the role of the
factors suspected to be involved throughout
the pre-slaughter process. The current sur-
vey was designed for this purpose. Due to
the practical constraints of the protocol, the

farm sample studied could not be a random
sample. However, it was found retrospec-
tively that the technical profile of this sam-
ple was similar to that of the regional and
national reference groups of pig farms
except for the average herd size, which was
significantly higher than that of the national
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reference group. The farm and slaughter-
house routines were strictly respected in
order to limit the intervention bias. Epide-
miological data were recorded directly from
the persons concerned with a limited delay.
The double identification by ear tag and
shoulder tattoo of the pigs and subsequent
carcasses should have limited the errors of
identification of the viscera.

In this study, Salmonella shedding by
market-age pig batches was assessed by
environmental examination. In subclinically
infected herds, slaughter pigs have a chronic
and silent infection with only intermittent
and low levels of Salmonella excretion [24,
42]. Examination of individual faecal sam-
ples on a sample of pigs therefore consti-
tutes a poorly sensitive method [12]. Simi-
larly, environmental swabbing in broiler
flocks was found to be more sensitive than
individual coprology performed on a sam-
ple of animals [34]. Since ubiquitous Sal-
monella are resistant in the environment of
the pigs, pen samples representing several
individuals (between 12 to 20) appeared to
be an appropriate way to assess the micro-
biological status of finishing pig pens or
batches.

The pig herd Salmonella contamination
rate assessed in this study was 37.6%. This
result should be interpreted cautiously, since
the studied sample was not randomised from
the French farrow-to-finish pig herd popu-
lation. Previously published studies con-
cerning Salmonella enterica contamination
of pig herds assessed by environmental
samples are relatively rare. The pig herd
Salmonella contamination rates reported in
three different studies were 23.7% [39],
21% [35], 10.1% [36]. Since the type of
sample used in these studies was pooled
faecal samples, it is therefore difficult to
compare these data with the results of our
study, obtained using a specific device.
According to Van der Wolf et al. [39], the
prevalence observed in their study underes-
timated the “true” prevalence of Salmonella
in pigs in The Netherlands. The differences
in herd sampling and in the sensitivity of the

environmental sampling methods used could
explain the different rates observed in the
present study and reported in the literature.

In this study, the Salmonella status of the
pigs at the slaughterhouse was assessed
using caecal contents rather than gut-asso-
ciated lymph nodes or carcass surface con-
tamination. Swanenburg et al. [37] reported
that the slaughter line was the most impor-
tant source of Salmonella contamination of
carcasses. Therefore, carcass surface con-
tamination is likely to reflect the hygienic
quality of in-plant practices and may not be
a useful measure of pre-slaughter preva-
lence [38]. Gut-associated lymph nodes have
been shown to be less sensitive samples
than caecal contents in several studies [21,
24]. In a previous study performed on
160 pigs at the slaughterhouse, 25% of the
pigs carried Salmonella (40/160) in the ile-
ocaecal lymph nodes, whereas 40% (63/
160) of the same pigs harboured the bacteria
in the caecal contents [3].

The proportion of caecal contents, which
tested positive for Salmonella, was 24.8%
(256/1030). Similar contamination rates have
been reported in the United States with
21.2% (58/273) of caecal contents contam-
inated [15]. However, these authors ana-
lysed 10 g of caecal contents, whereas 25 g
were collected and tested in the present study.

The variability of the Salmonella serov-
ars isolated in the study increased between
the farms and the slaughterhouses. Nine
serovars not found in faecal material col-
lected on the farm were identified in the
caecal contents at the slaughterhouse. The
mean number of serovars isolated per batch
also increased between the farm and the
slaughterhouse. These phenomena have been
previously reported by Hurd et al. [15, 16]
and McKean et al. [21], who hypothesised
cross-contamination in lairage.

The type of feeding and the presence of
a loading platform were the only two vari-
ables related to the farm equipment or man-
agement system which were analysed and
taken into account. Differences in the diges-
tion process between wet and dry feeds
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have been previously observed [19]. Stress
induced at loading (which is related to the
use of a loading platform or not) might
increase Salmonella endogenous dissemi-
nation [33]. Other variables related to the
on-farm management characteristics, such
as the type of rearing facilities, hygiene rou-
tines, etc. were not taken into account in this
study. These variables are more closely
related to the Salmonella status at market-
age than to the outcome variable “caecal
contents contamination at the slaughter-
house”. Introducing distant or indirect eti-
ological factors and treating them as equal
in proximity to the outcome is known to allow
inadequate stepwise multiple regression
modelling [41].

The densities of the pigs in the lorries and
in the holding pens in lairage have been
reported in the literature to be a potential
risk factor for increasing Salmonella prev-
alence between the farm and the slaughter-
house [40]. However, lorry drivers were not
questioned about pig density in the lorries
and these data were not recorded in this
study due to a lack of expected variability.
Several studies carried out in France during
recent years have reported an average den-
sity in lorries of 2.5 pigs (average live
weight: 107 kg)/m? with a coefficient of
variation of 5.4% [5, 7, 8]. Densities in the
holding pens in lairage could not be
recorded due to technical and logistical dif-
ficulties at the slaughterhouses. For similar
reasons, Salmonella contamination of the
holding pens in lairage was not assessed.
However, Salmonella contamination in
lairage is considered to be widespread. Ros-
tagno et al. [31] in the USA found 24 out of
24 samples contaminated in lairage pens
during a working day. In The Netherlands,
Swanenburg et al. [38] isolated Salmonella
in 70% to 90% of the environmental swab
samples taken in lairage when pigs were
present. In the slaughterhouses studied by
Swanenburg et al. [38] and in those involved
in the present study, the lairage was washed
at the end of the working day without clean-
ing and disinfection. In the present study, on
the contrary to all expectations, the analysis

of the batches of pigs loaded in lairage after
washing revealed a higher contamination
rate of caecal contents than in the other
batches. The batches loaded in a washed
lairage were more likely to have waited
longer in lairage (“time spent in lairage” X
“loading in a washed lairage”: y2=58.5, P <
0.0001 — data not shown). They were com-
monly unloaded in the evening and slaugh-
tered the next morning. The “time spent in
lairage” variable, which was most strongly
related to the outcome variable, was retained
in the model.

At the individual level, a random effects
logistic regression model was fitted to explain
the contamination of the caecal contents by
Salmonella status at the end of the finishing
period and the pre-slaughter process. Since
all pigs sampled could not be assumed to be
independent, a mixed logistic model was
fitted taking into account the pens and
batches clusters. Pigs fattened in the same
batch were submitted to similar rearing
(feeding, hygiene, climate, etc.) and pre-
harvest conditions (time in lairage on the
farm and at the slaughterhouse, duration of
transport, etc.). Moreover, pigs reared in the
same batches were mixed during lairage on
the farm and at the slaughterhouse before
slaughtering. A pen random effect was also
introduced in the model because pigs fat-
tened in the same pen were submitted to the
same residual environmental Salmonella
contamination and oro-faecal contamina-
tion was obviously possible between pen
mates. It has been previously described that
pig Salmonella status can differ considera-
bly between two pens in the same fattening
room [3, 9, 12]. A pen cluster level was also
identified when studying serological responses
to Salmonella in a previous study [3].

Modelling at the individual level assessed
the effect of Salmonella status of the pigs
and the batches at the end of the finishing
period on caecal contamination. Belonging
to a Salmonella shedding batch or presenting
seroconversion for Salmonellaboth increased
the risk of contaminated caecal contents. This
result is consistent with the high isolation
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rate of the same serovar between the farm
and the slaughterhouse observed in the present
study. Moreover, a link between Salmo-
nella shedding on the farm and caecal con-
tamination has already been identified. A
relationship between Salmonella isolates
on the farm and the isolates found on the
carcasses was reported in a molecular epi-
demiological study [37]. Nevertheless, other
authors did not report any individual corre-
lation between serology or faecal examina-
tions on the farm and contamination of the
caecal contents at the slaughterhouse [10].
However, being reared in a fattening pen
with a positive bacteriological Salmonella
status was not associated with the caecal
contamination. The different effect of the
bacteriological Salmonella status of the pen
and of the batch might be related to the
effect of the mixing of pigs during lairage,
first on the farm and then at the slaughter-
house. Pigs reared in a negative pen may be
contaminated by contact with Salmonella
shedders of the same batch.

The effect of the time spent in lairage on
Salmonella caecal contamination was iden-
tified as a crucial risk factor by the model-
ling at the individual level. The longer the
time spent by the pigs in lairage, the higher
was the risk for caecal contamination. The
effect of the time spent in lairage can be
interpreted as a cross-contamination stage
in holding pens with contaminated faecal
materials shed by previous batches or pen
mates of the same batch. Bacteriological
studies, based on serotyping or molecular
identification, have established a relation
between Salmonella strains found in caecal
contents and those isolated in lairage [31,
37]. These observations are in accordance
with experiments which demonstrated the
feasibility of rapid contamination of pigs
by the environment [11, 14]. Moreover, the
lairage environment has been frequently
found to be positive during the working day
[31,38]. Whenever pigs waited in lairage at
the slaughterhouse, an increase in the con-
tamination rate was shown by studies which
compared slaughtering on the farm and at
the slaughterhouse [15, 16]. A study carried

outin 1987 also showed that contamination
increased with the time spent in lairage, but
the times compared (18 h, 42 h and 66 h) are
very different from current reality [22].
Three hours in lairage was the reference
level considered in the present study. It is
considered to be the time required before
slaughtering in terms of animal welfare and
meat quality [25, 40]. Nevertheless, cross-
contamination has been shown to occur
within two hours [14].

Other factors related to the pre-harvest
process have been reported in the literature
to be associated with caecal contamination.
The protective effect of a fasting time on the
farm longer than 16 h was observed by
Isaacson et al. [17]. A fasting time greater
than 16 h did not remain in the final mixed
logistic model, although it was found to be
protective on univariate analysis. The trans-
port effect was previously thought to be
moderate. It was found to increase Salmo-
nella caecal contamination only when the
transported pigs remained on feed [17].
When tracing Salmonella serotypes iso-
lated from farms, trucks, holding pens and
caecal contents, Swanenburg et al. [37] con-
sidered that transport was a minor source of
Salmonella contamination. The duration of
transport did not remain in the final mixed
logistic model. The effect of factors, such
as transport or duration of fasting on the
farm, cannot be excluded. In this study, they
did not appear to be significant with respect
to the time spent in lairage and Salmonella
status on the farm.

The model fitted at the individual level
was performed for analytical purposes.
However, the determination of key points
of a Salmonellarisk management programme
(that must be devised and applied at the
batch or farm level) and quantification of
their relative weights would require classi-
fication of the batches according to their
Salmonella caecal contamination rate. A
cumulative logit model was therefore fitted
to take into account the ordering of the three
classes of batches performed. Moreover,
the cumulative model focuses on extreme
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categories (“absence of caecal contamina-
tion” and “high caecal contamination”),
which are of special interest from the risk
management viewpoint to propose factors/
points on which a control programme
should focus in order to preserve a non-con-
taminated status or to move from a highly
contaminated status to a less contaminated
status. However, since the proportional odds
assumption was not rejected, the logit
cumulative models suggested that the risk
factors identified had the same impact on
batches regardless of the caecal contamina-
tionrate considered. Therefore, recommended
control measures should be considered more
as guidelines for good manufacturing hygiene
practices to be applied as standard practice,
rather than control measures specifically
concerning one class of batch.

Like the model fitted at the individual
level, modelling at the batch level identified
the time spent in lairage at the slaughter-
house and the Salmonella status of the batch
as risk factors for caecal contamination.
The influence of the serological batch status
has already been reported in the literature.
A significant correlation between herd sero-
prevalence and bacteriological findings in
the caecal contents was described in United
Kingdom [10]. Quirke et al. [27] also showed
that, for a pig, belonging to a herd with more
than 32% of seropositive animals was a sig-
nificant risk factor for Salmonella caecal
contamination at the slaughterhouse.

The results of this study emphasise the
need for control measures at both the farm
and the slaughterhouse. On the farm, infec-
tion and shedding should be reduced by
means of identification and control of risk
factors for Salmonella shedding and/or Sal-
monella seroconversion. At the slaughter-
house, control measures should be imple-
mented to reduce the time spent in lairage
before slaughtering or to limit cross-con-
tamination in lairage. Frequent and effec-
tive cleaning and disinfection of holding pens,
more suitable floors in lairage (slats) reduc-
ing faecal contacts and, when possible, seg-

regated slaughtering should be implemented
in the near future.
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