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Abstract 

Background Salmonella is widespread in pig husbandry and pork is an important source for human salmonellosis. 
Surveillance programmes are conducted in many European countries and various management measures are imple‑
mented on farm level to control Salmonella. Piglet or maternal vaccination can reduce Salmonella shedding and lower 
the likelihood of piglet infection. Proper management of risk factors can help to maintain low infection pressure. The 
aim of the study was to evaluate the effect of sow vaccination and piglet vaccination on Salmonella seroprevalence 
at slaughter.

Results Different vaccination strategies were evaluated for their effect on seroprevalences in nursery (serum) 
and slaughter pigs (meat juice) in a farrow‑to‑finish production chain tested positive for Salmonella Typhimurium (ST). 
Antibody levels of four piglet groups from one rearing farm and of pigs from four downstream fattening farms were 
measured by Salmonella LPS‑ELISA in a longitudinal study (UNVAC: no vaccination against Salmonella; PIGVAC: piglets 
vaccinated twice with an attenuated Salmonella Cholerasuis (SC) live vaccine; SOWVAC‑1: piglets born from sows 
vaccinated twice before farrowing with attenuated ST live vaccine; SOWVAC‑2: Piglets from vaccinated sows (ST) 
which had been vaccinated twice already as a piglet (ST). Results revealed significantly lower ELISA optical density 
(OD) values (p < 0.05) and fewer serological positive piglets (OD > 40) from groups PIGVAC, SOWVAC‑1 and SOWVAC‑2 
compared to group UNVAC at the end of rearing period. Summarizing results from pigs of all fattening farms revealed 
that pigs from group PIGVAC had significantly lower ELISA OD values in meat juice samples than all other groups 
(p < 0.05).

Conclusion Piglet (SC) and sow vaccination (ST) led to significant reduction in detectable antibodies in a ST posi‑
tive production chain and thus to reduced likelihood of infection during rearing. The results reflect that vaccination 
with a live attenuated SC vaccine resulted in cross‑protection against ST without producing antibodies detectable 
by standard Salmonella LPS‑ELISA. Summarizing all fattening farms, piglet vaccination reduced seroprevalence 
at the time of slaughter. In conclusion, sow and piglet vaccination with attenuated live vaccines against Salmonella 
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are good instruments to reduce the infection pressure in the rearing period but need additional management meas‑
ures to show effect on seroprevalence at slaughter.

Keywords Salmonella Choleraesuis, Salmonella Typhimurium, Sow vaccination, Piglet vaccination, Sow, Piglet, 
Seroprevalence, Blood samples, Meat juice

Background
Infections with non-typhoidal Salmonella were the sec-
ond most common human gastrointestinal zoonosis in 
the European Union in 2022 [1]. Non-typhoidal salmo-
nellosis in humans usually causes severe, self-limiting 
enterocolitis with fever, nausea, vomiting, abdominal 
cramps, and diarrhea [2, 3]. Severe disease courses occur 
primarily in immunocompromised groups and require 
targeted therapy [2]. Pork and its products play an 
important role in foodborne outbreaks of salmonello-
sis in humans [1]. Salmonella is widely distributed in 
swine. Infection with Salmonella Typhimurium (ST) in 
pigs usually results in only subclinical disease and often 
remains undetected. Pigs shedding Salmonella at the 
time of slaughter can contaminate carcasses during the 
slaughter process and thus Salmonella enters the food 
chain [4–6].

Serovars most often found on pig and its products are 
ST, the monophasic variant of ST and Salmonella Derby. 
These three serotypes are also among the top five sero-
vars responsible for non-typhoidal salmonellosis in 
humans.

ST and its monophasic variant were responsible for 
17.4% of non-typhoidal salmonellosis cases in humans in 
Europe in 2022 [1]. Therefore, many European countries 
have control programmes aimed at either completely 
eradicating salmonellosis in pigs (e.g., Sweden, Norway, 
Finland) or reducing the incidence of infection and thus 
the risk of transmission into the food chain (e.g., Ger-
many) [7]. The "QS Qualität und Sicherheit GmbH” (QS) 
has been carrying out the national Salmonella monitor-
ing in Germany since 2002. For this purpose, 15 samples 
are quarterly (60 samples per year) either taken at the 
slaughterhouse (meat juice samples) or within 14  days 
before slaughter (blood samples). This maximum number 
of random samples in the Salmonella monitoring applies 
to all fattening farms that sell more than 200 pigs for 
slaughter per year. These samples are serologically tested 
for antibodies against Salmonella by a commercial LPS-
ELISA test admitted for this purpose. The defined cut-
off value is set at percentage positivity of 40% based on 
the quotient of optical density (OD) values of the sample 
and the positive control corrected by the OD of the nega-
tive control. All samples with OD ≥ 40% are considered 
positive in the German Salmonella monitoring. Farms 
are categorized according to their Salmonella status by 

the proportion of positive reactors in category I (0–20% 
positive samples), category II (21–40% positive samples), 
and category III (> 40% positive samples). Third category 
farms must implement Salmonella control measures 
and may be subject to financial penalties. Many animal 
and environmental related risk factors influence the Sal-
monella seroprevalence of pigs at the slaughterhouse 
[8–10]. Knowledge of Salmonella serotypes present on 
farm is valuable to select appropriate control measures, 
because different Salmonella serotypes may be associated 
with either more animal-related or more environmental-
related risk factors, and thus different control measures 
may lead to varying results [11]. Successful herd sanita-
tion can only be achieved if all risk factors are identified, 
considered and managed properly. Vaccination against 
Salmonella can be one effective tool to supplement other 
control measures leading to significant reduction of Sal-
monella infection pressure [12–15]. Studies suggest that 
not only vaccination of piglets themselves has a positive 
effect on Salmonella antibody detection rates in down-
stream production stages up to slaughter [16, 17], but 
also vaccination of sows [13]. Sows are known to harbour 
the same Salmonella serotypes to those of their suckling 
piglets [18]. Therefore, a vaccination strategy that sig-
nificantly reduces Salmonella excretion of the sow, could 
lead to fewer infected suckling piglets with a beneficial 
effect on the entire downstream production stages.

The objectives of this study were assessment of effects 
of piglet vaccination against Salmonella Choleraesuis 
(SC) and of two different protocols of sow vaccination 
against ST on the seroprevalence of piglets of a farm pos-
itive to Salmonella Typhimurium (ST) at the end of rear-
ing and of fattening pigs at the time of slaughter.

Material and methods
Animals and vaccination schemes
The longitudinal study was conducted in a farrow-to-
finish production chain consisting of a piglet producer 
with 1000 reproductive sows and breeding its own 
replacement gilts, a piglet rearing farm (4000 piglet rear-
ing places) and four fattening farms (fattener 1: 1650 
fattening places; fattener 2: 1980 fattening places; fat-
tener 3: 1490 fattening places; fattener 4: 360 fattening 
places), in western Germany between April 2019 and 
November 2021. All farms (piglet producing farm, piglet 
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rearing farm, fattening farms) involved belonged to dif-
ferent owners. However, fix cooperative trading relation-
ships existed among the farmers: The piglet rearing farm 
exclusively bought the piglets after weaning from the pig-
let producing farm and the four fattening farms bought 
pigs exclusively from the piglet rearing farm. The piglet 
producing farm used a weekly batch management with 
4 weeks of suckling. Piglets were vaccinated against Por-
cine Circovirus 2, Porcine Reproductive and Respiratory 
Syndrome Virus (PRRSV) and Influenza A Virus. During 
the first period of the study, Salmonella Typhimurium 
and Salmonella Choleraesuis were detected during nec-
ropsy of wasting nursery pigs. Salmonella Typhimurium 
was also detected in environmental samples taken on 
farm. At the start of the study in April 2019 the 4 fatten-
ing farms were categorized in category 2 (three fattening 
farms) and 3 (one fattening farm) by the mandatory sero-
logical monitoring. This longitudinal study involved four 
different experimental groups that consecutively under-
went the experimental design. The four groups were 
composed as follows:

• Group UNVAC contained unvaccinated piglets born 
from six farrowing groups of unvaccinated sows 
included between March and October 2019.

• Group PIGVAC included piglets from seven con-
secutive batches vaccinated twice against SC with 
a conventional attenuated live vaccine (Suisaloral®, 
Ceva Tiergesundheits GmbH, Düsseldorf, Germany). 
This vaccine was used, because SC was cultured from 
wasting nursery pigs during necropsy in a period of 
bad performance in 2019. Piglets were vaccinated 
orally at 14 days of life and subcutaneously at 6 weeks 
of life on the piglet rearing farm. The first group was 
vaccinated in November 2019.

• Group SOWVAC-1 consisted of unvaccinated piglets 
that were born within a three-month period from 
three farrowing groups of sows that were vaccinated 
twice subcutaneously against ST with a conventional 
live attenuated Salmonella Typhimurium (ST) vac-
cine (Salmoporc®, Ceva Tiergesundheits GmbH, 
Düsseldorf, Germany) six and three weeks prior to 
farrowing. First sows were vaccinated in October 
2019.

• Group SOWVAC-2 consisted of unvaccinated pigs 
from five farrowing groups within a six-month-
period, whose mothers had been vaccinated already 
as suckling piglets: 3rd week of life (oral), 6th week of 
life (subcutaneous), 160th day of life (subcutaneous) 
and 3 weeks before farrowing (subcutaneous) against 
ST (Salmoporc®, Ceva Tiergesundheit GmbH, Düs-
seldorf, Germany). First group of animals belonging 
to that group were born in November 2020, as the 

oral vaccination of future gilts already had started 
with the first sampling of the nursery in November 
2018.

Target variables, sampling schemes and ELISA test
The target variables ELISA OD percentage positivity 
(OD%) (quantitative) and proportions of serological posi-
tive animals (defined as ELISA OD ≥ 40%) were examined 
and compared between the four experimental groups at 
two sampling time points.

The first time point for taking blood samples in pigs 
randomly selected out of a group was at the end of rear-
ing at 11  weeks of age immediately before transfer to 
the fattening farm (UNVAC: n = 149; PIGVAC: n = 100; 
SOWVAC-1: n = 61; SOWVAC-2: n = 151). Blood sam-
ples at the end of piglet rearing were taken as part of the 
farm’s Salmonella control plan and Salmonella sanitation 
process. The blood samples were taken by the herd veteri-
narian. Meat juice samples were taken at slaughter as part 
of the Salmonella monitoring of QS. The meat juice sam-
ples were analysed by LPS-ELISA for antibodies against 
Salmonella. As the slaughter pigs could be allocated to 
the four groups, these samples were used for data col-
lection in the present study (UNVAC: n = 644; PIGVAC: 
n = 138; SOWVAC-1: n = 72; SOWVAC-2: n = 269).

Preliminary examinations
To establish the status quo about Salmonella contamina-
tion before beginning of the herd sanitation, preliminary 
investigations were conducted in all three sites of the 
production chain. These investigations included envi-
ronmental samples (sock and/or wipe swabs) and blood 
or meat juice samples for detection of antibodies against 
Salmonella (serogroups B, C1 and D) by ELISA.

Antibodies in serum and meat juice were analysed 
by PrioCHECK® Salmonella Ab porcine 2.0 (Prionics 
Deutschland GmbH, Planegg-Martinsried, Deutschland) 
according to the manufacturer´s instructions.

Statistical analysis
Number of serological positive animals (positive ≥ OD 
40%) and ELISA OD% levels were evaluated as repre-
sentative variables for the amount and affinity of Salmo-
nella antibodies. Statistical evaluations were performed 
with Excel program, version 2010 (Microsoft Corpora-
tion, Albuquerque, USA) and SAS® statistical program, 
version 9.4 (SAS Institute, Cary, NC, USA). ELISA 
OD% values were not normally distributed according 
to the results in the Shapiro–Wilk test and no variance 
homogeneity existed between vaccination groups (Lev-
ene’s test, p < 0.0001). Therefore, the Kruskal–Wallis test 
was used as a parameter-free method for the analysis. 
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Group comparisons were performed with Wilcoxon and 
Kruskal–Wallis test (different vaccination status, differ-
ent fattening farms). Frequencies were compared using 
Fisher`s Exact test. Simple Logistic regression analyses 
(Wald test) were performed to assess the effect of vacci-
nation and fattening farm as well as their interaction on 
positive or negative serological findings according to the 
ELISA OD%-cut off. The logistic regression analyses were 
performed as main effect binary logit models with two 
classification variables (vaccination and fattening farm) 
and their interactions and the Fischer score optimization 
method as an iterative estimation method. The signifi-
cance level was set at p < 0.05.

Results
Preliminary examinations
Piglet producing farm
Preliminary investigations in 2018 at the piglet producer 
revealed a low detection rate of Salmonella Typhimurium 
in the environment by cultural diagnostic of sock swabs 
and surface wipes taken in the environment of pigs of all 
production stages and on the corridors (2% samples posi-
tive (1/48)). The positive swab was detected in a farrow-
ing room with sows and piglets 3.5 weeks after farrowing. 
A critical point in terms of Salmonella transmission risk 
on the farm was insufficient cleaning and disinfection of 
a central corridor that was used for driving piglets to the 
transport vehicle after weaning.

Piglet rearing farm
Preliminary examinations of environmental samples in 
cleaned and disinfected compartments of the rearing 
farm regularly yielded positive Salmonella Typhimurium 
results by bacteriological culture (Table 1). Therefore, an 
improvement of cleaning and disinfection measures was 
necessary and implemented on the farm. Vaccination 

of sows before farrowing at the piglet producing farm 
started in October 2019 after cleaning and disinfectant 
measures were optimised and all environmental samples 
were negative. Cleaning and disinfection measures in the 
rearing farm were controlled and optimized continuously 
during the project.

Fattening farms
Before pigs from groups PIGVAC, SOWVAC-1 and 
SOWVAC-2 were introduced into the fattening farms, 
environmental samples were taken at random in all four 
fattening farms (in total n = 42, sock and wipe swabs) 
also in cleaned and disinfected fattening compartments. 
All samples were negative, i.e., no Salmonella could be 
detected by culture.

Study results
Nursery pigs
During the project, both a reduction in the OD% meas-
ured in the ELISA as an indication of the amount and 
affinity of salmonella-specific antibodies (p < 0.05) and a 
decrease in the proportion of serologically positive ani-
mals (p < 0.05) were achieved in the piglet rearing farm 
(Figs. 1 and 2).

The ELISA OD% values of the piglet group UNVAC 
(mean: 30.8; SD ± 27.7) were significantly higher (p < 0.05) 
than the values of the groups PIGVAC (mean: 8.5; 
SD ± 13.5), SOWVAC-1 (mean: 7.4; SD ± 13.4), as well as 
SOWVAC-2 (mean: 13.7; SD ± 13.2). ELISA OD% values 
of PIGVAC and SOWVAC-1 groups were not signifi-
cantly different from each other (p > 0.05), but both were 
significantly lower compared to those of SOWVAC-2 
group (p < 0.05). The results are also presented in Figs. 1 
and 2.

The distribution of positive and negative samples in the 
experimental groups were as follows and are illustrated in 

Table 1 Salmonella positive environmental samples in the cleaned and disinfected piglet rearing farm in chronological order

Number of samples Positive bacteriological tests Proportion of positive 
bacteriological tests 
(%)

November 2018 22 9 41

December 2018 21 3 14

June 2019 14 7 50

July 2019 11 0 0

July 2019, incl. drinking water pipes 15 0 0

September 2019 22 10 45

October 2019 27 0 0

November 2019 15 0 0

March 2020 11 2 18

May 2021 incl. transportation vehicle 15 1 7
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Fig.  3: UNVAC (positive samples: n = 51; negative sam-
ples: n = 98), PIGVAC (positive samples: n = 4; negative 
samples: n = 96); SOWVAC-1 (positive samples: n = 2; 
negative samples: 59); SOWVAC-2 (positive samples: 
n = 8, negative samples n = 143). A frequency compari-
son of positive animals with different vaccination sta-
tus revealed a significant influence of vaccination after 

evaluation with the Fisher exact test in an eight-field table 
(p < 0.05).

Logistic regression calculations were used to examine 
the influence of vaccination status on the serological sta-
tus of the individual animal (positive/negative). Subse-
quently, a significant influence of the vaccination status 
was found by the overall Wald test (p < 0.0001).

The vaccination status (PIGVAC, SOWVAC-1, SOW-
VAC-2) had a significant influence on the serological 

Fig. 1 Box plot representation of optical densities measured by ELISA in serum samples from piglets at the end of rearing. Upper and lower 
whiskers indicate maximum and minimum. Median is indicated in the interquartile range shown as box. The vaccination status of the rearing 
piglets, which changed during the project, is represented by the different box filling and explained in the legend. On the X‑axis, the data 
of the sample collections are shown, in which at least 15 and a maximum of 48 rearing piglets were sampled

Fig. 2 Distribution of ELISA OD values in pigs with different 
vaccination status at the end of rearing. Upper and lower whiskers 
of the box plot indicate maximum and minimum. Median is indicated 
in the interquartile range shown as box. The vaccination status 
of the rearing piglets is displayed on the X‑axis (UNVAC, PIGVAC, 
SOWVAC‑1, SOWVAC‑2). Different letters mark significant differences 
(p < 0.05)

Fig. 3 Proportion of seroreagents (%) with different vaccination 
status (UNVAC; PIGVAC; SOWVAC‑1; SOWVAC‑2) at the end of rearing. 
The number of samples is indicated in the columns (serological 
positive: upper row; serological negative: bottom row)
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status compared to the UNVAC group. The calculated 
odds ratios can be interpreted as follows: PIGVAC pig-
lets were 12.5-fold more likely, SOWVAC-1 piglets were 
15-fold more likely, and SOWVAC-2 piglets were nine-
fold more likely to be serologically negative at the end of 
rearing compared to UNVAC piglets (Table 2).

Fattening pigs
The results for the four fattening farms are shown in 
Fig.  4a–d. Large differences were detected between the 
different fattening farms. No consistent trend could be 
identified in the course of the study.

Evaluation of total data of slaughter pigs with differ-
ent vaccination status irrespective of farm revealed sig-
nificantly lower (p < 0.05) ELISA-OD% values for pigs in 
the PIGVAC group (n = 138, mean and SD: 20.1 ± 27.4) 

Table 2 Results of the logistic regression model with target 
variable negative serological finding at the end of nursery period

UNVAC—no vaccination against Salmonella, PIGVAC—piglets vaccinated twice 
with an attenuated Salmonella Cholerasuis (SC) live vaccine, SOWVAC-1—
piglets born from sows vaccinated twice before farrowing with attenuated ST 
live vaccine, SOWVAC-2—Piglets from vaccinated sows (ST) which had been 
vaccinated twice already as a piglet (ST)

Predictor OR OR 95% 
confidence 
interval

Wald Chi 
square

p-value

UNVAC (Ref.) 1

PIGVAC 12.5 4.3–35.7 22.0  < 0.0001

SOWVAC‑1 15.4 3.6–66.7 13.6 0.0002

SOWVAC‑2 9.26 4.2–20.4 30.7  < 0.0001

Fig. 4 a–d Distribution of ELISA OD values (meat juice) in slaughter pigs with different vaccination status of the four fattening farms. Upper 
and lower whiskers of the box plots indicate maximum and minimum. Medians are indicated in the interquartile ranges shown as boxes. 
Vaccination status of slaughter pigs is displayed on the X‑axis. Sample size (n) for the different groups (mean and SD in brackets): a Fattener 1: 
UNVAC: n = 155 (26.2 ± 30.2); PIGVAC: n = 11 (8.4 ± 6.7); SOWVAC‑1: n = 26 (45.7 ± 34.5); SOWVAC‑2: n = 62 (40.2 ± 31.0); b Fattener 2: UNVAC: n = 309 
(27.0 ± 25.6); PIGVAC: n = 72 (24.5 ± 33.2); SOWVAC‑1: n = 40 (21.7 ± 25.3); SOWVAC‑2: n = 66 (16.6 ± 22.3); c Fattener 3: UNVAC: n = 96 (28.9 ± 30.0); 
PIGVAC: n = 48 (14.6 ± 12.0); SOWVAC‑1: n = 6 (8.6 ± 4.5); SOWVAC‑2: n = 70 (29.4 ± 31.7) d Fattener 4: UNVAC: n = 84 (33.3 ± 32.2); PIGVAC: n = 7 
(31.0 ± 45.3); SOWVAC‑1: no samples; SOWVAC‑2: n = 56 (17.1 ± 13.7)
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compared to all other groups (UNVAC: n = 644 [mean 
and SD: 27.9 ± 30.2]; SOWVAC-1: n = 72 [mean and 
SD: 29.3 ± 30.6]; SOWVAC-2: n = 269 [mean and SD: 
25.7 ± 27.7). ELISA OD% values for the SOWVAC-1 and 
SOWVAC-2 groups were not significantly different from 
the UNVAC group (p > 0.05).

The proportions of seroreagents in meat juice sam-
ples of slaughter pigs of the different fattening farms are 
shown in Fig.  5a–d. Frequency comparisons of positive 
slaughter pigs with different vaccination status showed 
a significant influence of farm (p < 0.05) but not of vac-
cination status (p > 0.05) for the fattening farms using 
logistic regression by Wald test (Table 3). The interaction 
between fattening farm and vaccination status was sig-
nificant (p < 0.05). Individual evaluations of vaccination 
status and fattening farms showed that animals in the 
UNVAC group and fattening farm 1 are responsible for 
these significant effects (Table 3).

Discussion
This study accompanied the Salmonella sanitation pro-
cess of a farrow-to-finish production chain over a period 
of approximately two years. The longitudinal effect of 
an optimized management and different vaccination 

Fig. 5 a–d Proportions of seroreagents (%) in meat juice with different vaccination status in fattening farms 1–4. Sample numbers are displayed 
in the columns

Table 3 Selected results of the logistic regression model/Wald 
test with target variable negative serological finding in meat juice

UNVAC—no vaccination against Salmonella, SOWVAC-2—Piglets from 
vaccinated sows (ST) which had been vaccinated twice already as a piglet (ST)

Predictor Wald Chi square p-value

Farm 19.9 0.0002

Vaccination group 3.5 0.33

Farm x vaccination group 29.6 0.0003

Farm 1 (Ref. farm 5) 17.4  < 0.0001

Farm 2 (Ref.: farm 5) 5.2 0.03

Farm 1 × UNVAC (Ref.: farm 5 × SOW‑
VAC‑2

18.9  < 0.0001
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schemes on the Salmonella seroprevalence of pigs at 
the end of rearing and at slaughter was investigated. 
Therefore, no parallel groups were possible in this lon-
gitudinal study and comparisons were made between 
samples taken at different time points. It can be assumed 
that many factors on all participating farms and in their 
environment that have an influence on seroprevalence 
could have changed during the study (e.g., differences in 
the thoroughness of cleaning and disinfection between 
the batches). This leads to a possible overlap of various 
unknown effects, which might be partly responsible for 
the significant differences found. However, other longi-
tudinal studies have already shown a positive long-term 
effect of vaccination of sows and piglets with a live-atten-
uated ST vaccine on the Salmonella load in the animal 
environment [19, 20]. Different vaccination strategies 
were implemented next to measures aimed at optimiz-
ing cleaning and disinfection management in the pig 
production chain (sow farm, rearing farm and linked fat-
tening farms) that participated in this study. The clean-
ing and disinfection protocols of the piglet producer 
and the piglet rearing farm were continuously reviewed 
and optimized before our study started. In addition, a 
risk assessment was carried out in the farrowing farm 
and nursery, in which critical points regarding Salmo-
nella control were uncovered and thus possible sources 
of infection of the piglets were eliminated. By improving 
these identified weak points, the environmental pres-
sure in farrowing and thus a reduced risk to wean already 
infected piglets, would allow to move piglets with a lower 
Salmonella load into the rearing farm. This could already 
have had a positive impact on Salmonella prevalence in 
nursery. Additionally, an optimized cleaning and disin-
fection regime in the downstream piglet rearing farm, 
which effectively eliminates residual Salmonella flora as 
a potential source of infection, can enhance this effect. 
It was shown before that the probability of contamina-
tion with Salmonella in previously Salmonella positive 
rooms was significantly reduced after improved clean-
ing and disinfection management compared to rooms 
without improved concepts [21]. Additionally, there is 
evidence that vaccinated piglets excrete lower amounts 
of Salmonella [17, 22] and therefore recontamination of 
these rooms should be lower. If unvaccinated piglets are 
subsequently reintroduced, environmental contamina-
tion by excretion may increase followed by an increase of 
seroreagents over time, if the residual bacteria have not 
been fully eliminated. Depending on the risk of recon-
tamination during the rearing and growing phase, sow 
vaccination alone can help to reduce Salmonella preva-
lence in linked fattening farms. This was demonstrated 
in a study in which lower levels of Salmonella excretion 
in downstream finishing barns were found when sows 

were vaccinated against ST compared to fattening pigs of 
unvaccinated sows [20]. Thus, the results of the different 
experimental groups described in our study cannot be 
considered independent of each other. It can be assumed 
that the different groups influenced each other in this 
longitudinal approach. The divergent results for the 
individual fattening farms in our study reflect the high 
impact of appropriate management measures besides 
vaccination of piglets entering the fattening farms. These 
management factors are diverse and include among oth-
ers one-directional pig flow and avoiding mixing of pigs, 
pest control, cleaning and disinfection, manure manage-
ment, feed storage and feed additives [23].

Piglet rearing
The repeated detection of positive environmental sock 
and swab samples in the cleaned and disinfected rooms 
in the piglet rearing farm during the investigation period 
before the start of the vaccination trial, are a clear indica-
tion for inadequate hygiene management. This harbored 
the risk of an early contact to Salmonella by piglets born 
from vaccinated sows during the immunological gap, 
short after entering the nursery. Due to that it would be 
impossible to serologically see an effect of sow vaccina-
tion, neither end of nursery, nor end of fattening. The 
first weeks after weaning are considered as a high-risk 
period for infection with Salmonella due to piglets` low 
levels of Salmonella-specific antibodies in seroposi-
tive breeding farms [24]. Therefore, vaccination of sows 
before farrowing was not started in our study until the 
environmental samples in the piglet rearing farm were 
all negative after cleaning and disinfection. Despite being 
able to find rooms positive in October 2019 and Novem-
ber 2019, allowing to start the vaccination trial, later dur-
ing the trial Salmonella Typhimurium was repeatedly 
detected from environmental samples in cleaned and dis-
infected rooms again. Based on these findings, it became 
apparent that different levels of contamination occurred 
over time. The loads could have been caused on the one 
hand by entry of carrier animals and increased excretion 
of Salmonella, and on the other hand by inadequate elim-
ination of the pathogens during cleaning and disinfection 
measures. Salmonella sustains for up to 50 months in the 
environment, e.g. in dust, and up to 24 weeks in manure 
[25, 26]. Therefore, reinfection by contact with walkways 
or rooms that were not thoroughly cleaned is a high risk 
within Salmonella control programs.

The serological analysis at the end of rearing showed 
significant lower mean OD-% values and less positive 
animals in all treatment groups compared to the non-
treated groups before the start of vaccination. Antibodies 
detected at this first sampling (end of nursery), are most 
likely linked to direct contact to Salmonella either from 
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the environment or due to early infected piglets carry-
ing Salmonella into the nursey. It has been shown, that 
maternally derived antibodies (MDA) generally decline 
until the end of nursery [27]. These MDA only partially 
protect against infection, leading to seropositive ani-
mals at weaning, already possibly being infected with 
Salmonella [18, 24]. The seroconversion after infection 
in nursery can vary a lot, depending on the timepoint of 
infection and the dynamic of infection within the nursery 
[28]. As only the piglets of the PIGVAC group were vac-
cinated themselves, all antibodies detected at the end of 
nursery in the other groups were linked to natural Sal-
monella infection of the piglets. In the two groups only 
applying sow vaccination, there was no risk of a booster 
of vaccine induced antibodies through subsequent envi-
ronmental pathogen contact, which could have impacted 
the proportion of serological positive animals [29]. Sta-
tistical analysis showed a significant effect of Salmonella 
Choleraesuis (SC) vaccination of group PIGVAC. The 
ELISA OD% and proportion of seroreagents were lower 
compared to piglets of group UNVAC. Thus, it can be 
concluded that vaccination against SC (LPS-rough form) 
also provided protection against ST. This result is in 
accordance with the results of previous studies that also 
hypothesized cross-protectivity of a SC vaccine against 
ST [30–32]. As Salmonella live vaccines are inducing a 
strong cellular immune response [33], cross-immunity is 
very likely independent from vaccine-induced antibodies 
measurable in the used Salmonella LPS-ELISA. Espe-
cially as the used SC live vaccine contains an attenuated 
SC rough form, which is characterized by a change in the 
O-Antigen of the LPS. Thus, in contrast to vaccination 
with a ST live vaccine containing an attenuated ST strain 
without changed LPS, the SC vaccine does not prime on 
LPS and therefore does not have impact on seroreagents 
in vaccinated animals [34]. This vaccine showed to be 
an effective tool for Salmonella control of advantage in 
countries where a serology-based Salmonella monitoring 
is performed.

In our study, ELISA OD% values remained at a compa-
rably low level in the three groups SOWVAC-1, SOW-
VAC-2 and PIGVAC. This means that all vaccination 
groups (either piglet vaccination or vaccination of the 
sows) had significantly lower ELISA OD% values than 
the control group UNVAC at the end of rearing. Hence, 
it can be concluded that a combination of these two vac-
cination strategies can be an effective tool to reduce the 
Salmonella seroprevalence. The reduction of seropreva-
lence in the PIGVAC group could be due to the use of a 
SC attenuated live vaccine leading to low infection rates, 
low Salmonella shedding and a significant reduction in 
environmental infection pressure. The following groups 
SOWVAC-1 and SOWVAC-2 may have benefited from 

this reduced environmental contamination. It is known 
that shedding of ingested Salmonella and the immune 
response against this pathogen depend on the Salmo-
nella type as well as the ingested bacterial dose [35]. 
The varying frequencies of environmental samples posi-
tive for Salmonella after cleaning and disinfection can 
be explained by the fact that different rooms of the farm 
were sampled and different degrees of room contamina-
tion after cleaning and disinfection could be expected. 
However, there is a trend towards a decrease in positive 
environmental samples over time. This could indicate 
a sustained improvement in cleaning and disinfection 
management on the farm. However, it is also conceiv-
able that sow vaccination alone would have resulted in 
a reduction in ELISA OD% values at the end of piglet 
rearing. Two studies resulted in lower shedding of Sal-
monella in fattening pigs whose mothers received ST 
vaccination compared to a control group from unvac-
cinated mothers [20, 36]. Another recent longitudinal 
study found lower serological values in slaughter pigs 
from vaccinated sows compared to pigs from unvac-
cinated sows [13]. If the effect of a sow vaccination is 
detectable at the time of slaughter, it can be assumed that 
it is also detectable at the end of piglet rearing. The Ger-
man Salmonella surveillance program is based on a high 
cut-off value (OD% ≥ 40) to distinguish between negative 
and positive samples. In our study, a significant influence 
of vaccination status of either sows or piglets on the sero-
logical status of the piglets (positive: OD% ≥ 40 vs. nega-
tive: OD% ≤ 40) was found. PIGVAC, SOWVAC-1, and 
SOWVAC-2 had significantly higher odds of being nega-
tive at the end of piglet rearing compared to the UNVAC 
group. The cut-offs provided for LPS-ELISA tests differ 
between the manufacturers. In the Idexx Swine Salmo-
nella antibody test kit (Idexx, Westbrook, Maine, US) a 
sample with an OD% value of more than 10 is considered 
positive for laboratory diagnostical interpretation. Even 
based on this lower cut-off, vaccination was found to 
have an impact on the ELISA OD% values at the end of 
nursery. While UNVAC piglets had a mean OD% value 
of 20 at this time, which is positive based on laboratory 
diagnostical interpretation, the PIGVAC (mean OD% 
value: 4), SOWVAC-1 (mean OD% value: 4) and SOW-
VAC-2 (mean OD% value: 10) groups had significantly 
lower mean OD % values. A significant difference was 
detectable between SOWVAC-1 and SOWVAC-2 when 
comparing the ELISA OD% values. The probability of 
being positive (OD% ≥ 40) at the end of piglet rearing 
was higher for SOWVAC-2 piglets than for SOWVAC-1 
piglets. The longer a vaccination is established in a sow 
herd, the more stable the herd should be and the less Sal-
monella should be introduced from the farrowing farm 
into the piglet rearing farm. Consequently, this should 
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lead to a lower seroprevalence in the piglet rearing farm 
over time. Within the study period this effect could not 
be shown. However, recent studies suggest that it is not 
possible to extrapolate from the Salmonella load of the 
farrowing farm to the Salmonella load of the piglet rear-
ing farm [37]: The study used sock samples to compare 
Salmonella levels in three piggeries with those in down-
stream piglet rearing farms. The piggery sampled with 
the lowest Salmonella load had the highest load in the 
downstream piglet rearing farm and vice versa.

This difference between two groups of piglets, both 
born from vaccinated sows, may have various reasons. 
On the one hand, as unvaccinated piglets were moved 
to the piglet rearing farm (after PIGVAC), these piglets 
were susceptible for Salmonella load in the environ-
ment. As unvaccinated piglets from vaccinated sows can 
get reinfected by these environmental Salmonella, they 
might shed to a higher extend and in consequence lead 
to an increase of environmental pressure and thus to a 
rise in Salmonella antibody levels. It is also known that 
sows are a reservoir for Salmonella and also shed Sal-
monella around farrowing [38]. As in March 2020 still 
Salmonella could be detected in cleaned and disinfected 
compartments in the rearing farm, it is very likely, that 
the environmental contamination lead to infection of the 
non-vaccinated piglets in nursery and consequently to 
seroconversion at the end of rearing.

Fattening pigs
The ELISA-OD% values for the four fattening farms show 
considerable farm-specific differences for the four tested 
groups and, in part, also diverse trends between the dif-
ferent fattening farms during this longitudinal study (see 
Fig. 4a–d). No patterns can be derived from these trends. 
The same applies to the number of serological positive 
animals (see Fig.  5a–d). This highlights the outstand-
ing influence of the farm management on Salmonella 
control. For example, building conditions (e.g., flooring, 
materials used in the barn) can have a major impact on 
the effectiveness of cleaning and disinfection measures 
and thus on the residual bacterial flora [39]. Another 
important factor is protection of the barn from invading 
rodents and birds as potential reservoirs for Salmonella 
[40, 41] which is often difficult to ensure especially in 
old buildings. Consistent implementation of biosecurity 
measures (change of boots) and a pig flow that prevents 
contact between different age groups are further meas-
ures with high impact [42]. The varying proportions of 
seropositive animals in the different fattening farms at 
the end of finishing phase linked to the sample source 
of piglets reflect the risk of bias if a general statement 
is derived from the results of only one farm. For exam-
ple, while the results of fattener 2 suggest a decrease, the 

results of fattener 1 suggest an increase of Salmonella 
seroprevalence over the course of the study. Consider-
ing the ELISA-OD% values of the slaughter pigs sum-
marizing all fattening farms, a significant influence of 
the SC vaccination (group PIGVAC) can be shown. The 
UNVAC, SOWVAC-1, and SOWVAC-2 groups were 
not significantly different from each other, but all groups 
showed significantly higher ELISA OD% values than the 
PIGVAC group. It is likely that piglet vaccination against 
SC protected piglets against ST infection and made them 
less susceptible to risk factors promoting Salmonella 
infections compared to pigs from ST vaccinated mothers. 
Sow vaccination reduces the likelihood of piglet infection 
during lactation by reducing the sow’s shedding of Sal-
monella. Maternal derived antibodies against Salmonella 
are detectable up to eight weeks [43, 44]. A new increase 
in antibodies a few weeks after the decrease in maternal 
antibodies is indicative for field infection with Salmo-
nella [44]. It can be expected that MDA lasting until the 
first weeks of nursery reduce colonization by Salmonella 
(18). After this time piglets are considered fully suscepti-
ble to Salmonella infection, so that the long-lasting effec-
tivity of sow vaccination depends on the elimination of 
Salmonella exposure and further risk factors in the rear-
ing and fattening period.

Conclusions and recommendations
The pig’s environment as a Salmonella reservoir is a 
high risk factor not only for the fattening pigs but for all 
upstream production stages, so that the risk for Salmo-
nella exposure should be minimized before implementa-
tion of a vaccination strategy. While the close cooperative 
relationship between piglet producer and piglet rearing 
farm resulted in optimal conditions for studying the vac-
cination effect until the end of nursery period, the effect 
of vaccination at the end of fattening in the various down-
stream fattening farms cannot be evaluated so clearly, 
because additional factors presumably had an impact on 
the results. In this project, an optimized cleaning and 
disinfection protocol followed by vaccination of piglets 
against SC and gilts/sows against ST resulted in a reduc-
tion of Salmonella-positive serum samples at the end of 
nursery. To reduce the Salmonella burden and other risk 
factors on farms detailed instructions specific for each 
farm should be elaborated taking the individual environ-
mental conditions, feeding strategies and management 
into account. The quality management principle of "plan-
do-check-act" should be continuously applied on farms 
affected by Salmonella. The coordination of all parties 
involved in the production chain requires target-oriented 
communication, compliance with measures and assign-
ment of responsibilities down to the level of all persons 
operating on farm. Finally, consistent implementation 
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and long-term maintenance of the above mentioned 
measures in all production stages, which may include the 
vaccination of piglets, are the first prerequisite for a suc-
cessful Salmonella vaccination strategy in gilts and sows, 
which can only be effective in the medium and long term.
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