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(NVNC) was nonvaccinated and nonchal-
lenged. Individual body weights, clinical 
scores, rectal temperatures, and necropsy 
observations were recorded. Salmonella 
serum antibodies were measured using an 
indirect ELISA (Idexx Laboratories, West-
brook, Maine).

Results: After vaccination, the Argus group 
showed more severe and frequent pyrexia 
and lower average daily gain (ADG) and 
Day 43 body weights than the SC-54 
and NVC groups (P < .05). Vaccinates 
demonstrated cross-protection against 
Salmonella Typhimurium, with less severe 
and frequent pyrexia and lower individual 
clinical scores (P < .05). Prevalence of 
enteric lesions and total clinical scores were 
lower with SC-54 (P < .05). Vaccinal sero-
conversion was not detected pre-challenge, 

despite demonstrated cross-protection. By 
Day 52, 95% to 100% of all challenged 
pigs seroconverted.

Implications: Enterisol SC-54 causes 
no adverse effects. Argus SC/ST induces 
significant deleterious responses. Both 
vaccines confer Salmonella Typhimurium 
cross-protection, with greater cross-protec-
tion by SC-54. As vaccinal seroconversion 
is not detected, monitoring programs using 
this ELISA are unlikely to be confounded 
by vaccination.
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Summary
Objectives: To compare safety, cross-pro-
tection, and serologic response associated 
with two Salmonella serovar Choleraesuis 
vaccines.

Materials and methods: Eighty 4-week-old 
pigs, seronegative and culture-negative for 
Salmonella, were assigned to four groups of 
20. The nonvaccinated challenged control 
group (NVC) was inoculated with virulent 
Salmonella serovar Typhimurium. Two 
groups received either Enterisol SC-54 
(SC-54; Boehringer Ingelheim Vetmedica 
Inc, St Joseph, Missouri) or Argus SC/ST 
(Argus; Intervet Inc, Millsboro, Delaware) 
avirulent live Salmonella serovar Chol-
eraesuis vaccines (Day 0) and were chal-
lenged (Day 43) with Salmonella serovar 
Typhimurium. The strict control group 

 

Resumen - Comparación de la segu-
ridad, protección cruzada, y respuesta 
serológica asociada a dos vacunas comer-
ciales orales de Salmonella en cerdos

Objetivos: Comparar la seguridad, protec-
ción cruzada, y repuesta serológica asociada 
con dos vacunas de Salmonella serovar 
Choleraesuis.

Materiales y métodos: Ochenta cerdos de 
4 semanas de edad, seronegativos y nega-
tivos al cultivo de Salmonella, se asignaron 
a cuatro grupos de 20. El grupo control 
retado, no vacunado (NVC por sus siglas 

en inglés) fue inoculado con Salmonella 
serovar Typhimurium virulenta. Dos gru-
pos recibieron vacunas contra Salmonella 
Choleraesuis viva,  no virulenta ya fuera 
Enterisol SC-54 (SC-54; Boehringer 
Ingelheim Vetmedica Inc, St Joseph, Mis-
souri) ó Argus SC/ST (Argus; Intervet Inc, 
Millsboro, Delaware) (Día 0) y se retaron 
con Salmonella Typhimurium (Día 43). El 
grupo control negativo (NVNC por sus 
siglas en inglés) no fue vacunado ni retado. 
Se registraron los pesos individuales, 
evaluación clínica, temperatura rectal, y 
observaciones a la necropsia. Se midieron 

los anticuerpos en suero contra Salmonella 
utilizando una ELISA indirecta (Idexx 
Laboratories, Westbrook, Maine).

Resultados: Después de la vacunación, el 
grupo Argus presentó una pirexia más severa 
y frecuente y menor ganancia diaria (ADG 
pos sus siglas en inglés) y peso corporal en el 
Día 43 que los grupos vacunados con la SC-
54 y NVC (P < .05). Los cerdos vacunados 
demostraron una protección cruzada contra 
Salmonella Typhimurium, con una pirexia 
menos severa y frecuente y una mejor 
evaluación clínica individual (P < .05). La 
prevalencia de  lesiones entéricas fue menor 
y la evaluación clínica fue mejor con la 
vacuna SC-54 (P < .05). No se detectó ser-
conversión contra la vacuna antes del reto, 
a pesar de que se demostró la protección 
cruzada. Para el Día 52, 95% a 100% de 
los cerdos retados seroconvirtieron.

Implicaciones: La vacuna Enterisol SC-54 
no causa efectos adversos. Argus SC/ST 
induce reacciones deletéreas significativas. 
Ambas vacunas confieren protección cru-
zada contra Salmonella Typhimurium, con 
una mayor protección cruzada de la SC-54. 
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Salmonella enterica has been recog-
nized as a disease threat to animals 
since the late 1800s, when Dr D. E. 

Salmon and others initially investigated 
this bacterium as the suspected cause of 
hog cholera.1-7 Salmonellosis significantly 
reduces swine performance due to clinical 
and subclinical disease, and farms with 15% 
seroprevalence or higher have been shown 
to produce 7.3 kg less pork per square meter 
of building floor space per year.5,7-10 Studies 
cite prevalence as high as 62.6% on an indi-
vidual pig basis, with up to 94% of herds 
found positive.11-15 Veterinary diagnostic 
laboratories continue to report Salmonella as 
a primary cause of enteritis and septicemia, 
and recently as a cofactor in porcine circovi-
rus associated disease.6,16-18

Salmonellae can also infect humans, and 
may be passed between animals and man 
as a zoonosis.19-26 Numerous human cases 
are reported globally, of which 95% are 
estimated to be food-borne.27 In 2005, the 
US Centers for Disease Control reported 
36,184 Salmonella isolates from human 

sources.28 Annual socio-economic costs 
attributed to food-borne salmonellosis are 
estimated at $2.3 billion to $12.8 billion 
in the United States, and more specifically, 
at $81.53 million for cases associated with 
pork.27,29 The threat of food-borne illness 
has prompted the adoption of national 
Salmonella reduction programs in countries 
such as Denmark, Great Britain, and the 
United States. These programs rely on 
effective control measures and reliable 
monitoring methods from pre-harvest 
through post-harvest.30-35

Pre-harvest control of Salmonella enterica 
serovars can be achieved through vaccination, 
sanitation, medication, and management of 
known risk factors.4,5,7,9,10,36-75 Several vac-
cines are licensed for control of Salmonella in 
swine. Before these licenses were granted, the 
manufacturers were required to prove accept-
able safety in pigs.7,40,59,71 The United States 
Department of Agriculture (USDA) Animal 
and Plant Health Inspection Service defines 
“safe” as “freedom from properties causing 
undue local or systemic reactions when 

used as recommended or suggested by the 
manufacturer.”76 These pre-licensure evalu-
ations are commonly based upon clinical 
appearance and growth performance. 
Vaccines may employ a wide variety of 
immunity-stimulating mechanisms with 
varying safety attributes and risks. Inacti-
vated (killed) vaccines commonly include 
adjuvants to augment an immune response. 
Avirulent live culture vaccines consist of 
altered bacteria or virus populations that 
interact with the pig’s immune system. The 
variety of materials or methods used in 
manufacturing vaccines may result in dif-
ferent levels of safety or side-effects. Highly 
reactive vaccines may reduce animal perfor-
mance as a result of stress, hypersensitivity, 
and other reactions.74 If, for instance, 
vaccines are administered to unhealthy pigs 
or are administered incorrectly, they may 
induce undesirable side-effects. In some 
studies, reactive Salmonella vaccines have 
even caused pig death.77

Few swine vaccines have documented 
effectiveness against multiple Salmonella 
serovars.7,39-41,58,59,71,78 Of the more than 
2500 serovars recognized, Salmonella Chol-
eraesuis and Salmonella Typhimurium are 
the ones most commonly associated with 
disease in swine.5,6,11,17,36,47,73,79

Various diagnostic tools are available to 
evaluate Salmonella control measures and 
to monitor food safety assurance programs. 
Ante-mortem serum antibody tests are 
available which provide insights into Sal-
monella exposure, prevalence, and onset of 
infection.8,9,80-85 To allow control-program 
monitoring while utilizing vaccine, these 
tests are most useful when they differenti-
ate vaccine-induced antibody from that 
generated by natural infection.

For maximum benefit, Salmonella control 
measures, including vaccines, should cause 
minimal negative effects and should be 
effective against multiple serovars and 
compatible with monitoring and reduction 
initiatives. To assess the compatibility of two 
commercial swine Salmonella vaccines using 
these criteria, this study was conducted to 
compare the safety, cross-protection, and 
serologic response associated with Enterisol 
SC-54 (Boehringer Ingelheim Vetmedica, 
Inc, St Joseph, Missouri) and Argus SC/ST 
(Intervet Inc, Millsboro, Delaware).

Materials and methods
Animals
Eighty pigs were randomly assigned to four 
treatment groups at 28 ± 3 days of age 

 

Al no detectarse la seroconversión contra la 
vacuna, es poco probable que la vacunación 
confunda los programas de monitoreo uti-
lizando la prueba de ELISA.

 

Résumé - Comparaison de l’innocuité, 
de la protection croisée, et de la réponse 
sérologique associées à deux vaccins 
commerciaux oraux contre Salmonella 
chez le porc

Objectifs: Comparer l’innocuité, la pro-
tection croisée, et la réponse sérologique 
associées avec deux vaccins contenant Sal-
monella serovar Cholerasuis.

Matériels et méthodes: Quatre-vingts porcs 
âgés de 4 semaines, négatifs pour Salmonella 
par culture et par sérologie, ont été assignés 
à quatre groupes de 20 porcs. Le groupe 
témoin non-vacciné infecté (NVC) a été 
inoculé avec une souche virulente de Salmo-
nella serovar Typhimurium. Deux groupes 
ont été vaccinés (Jour 0) soit avec Enterisol 
SC-54 (SC-54; Boehringer Ingelheim Vet-
medica Inc, St-Joseph, Missouri) ou Argus 
SC/ST (Argus; Intervet Inc, Millsboro, 
Delaware), des vaccins constitués d’une 
souche vivante avirulente de Salmonella Chol-
erasuis, et inoculés (Jour 43) avec Salmonella 
Typhimurium. Le groupe témoin négatif 
(NVNC) était non-vacciné et non-inoculé. 
Des données individuelles sur le poids cor-
porel, les pointages cliniques, la température 
rectale, et les observations à la nécropsie ont 

été notées. Les anticorps anti-Salmonella ont 
été mesurés à l’aide d’une épreuve ELISA 
indirecte (Idexx Laboratories, Westbrook, 
Maine).

Résultats: Après la vaccination, les animaux 
du groupe Argus ont montré une pyrexie plus 
sévère et plus fréquente ainsi qu’un plus faible 
gain journalier moyen (ADG) et poids corpo-
rel au Jour 43 que ceux des groupes SC-54 et 
NVC (P < .05). Une protection croisée envers 
Salmonella Typhimurium, manifestée par une 
pyrexie moins sévère et fréquente ainsi que 
par des pointages cliniques individuels plus 
bas, a été observée chez les animaux vaccinés 
(P < .05). La prévalence des lésions entériques 
et les pointages cliniques totaux étaient plus 
faibles avec SC-54 (P < .05). Une sérocon-
version vaccinale n’a pas été détectée avant 
l’inoculation défi, malgré l’évidence d’une 
protection croisée. Au Jour 52, 95% à 100% 
de tous les animaux soumis à une infection 
défi ont présenté une séroconversion.

Implications: Le vaccin Enterisol-54 
n’a pas causé d’effets adverses. Le vaccin 
Argus SC/ST a induit de sérieuses réac-
tions adverses. Les deux vaccins confèrent 
une protection croisée contre Salmonella 
Typhimurium, avec une meilleure protec-
tion croisée associée à SC-54. Étant donné 
qu’une séroconversion vaccinale n’est pas 
détectée, les programmes de surveillance 
utilisant cet ELISA ne sont pas sujets à être 
confondus par la vaccination.
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(n = 20 per group; Table 1). All pigs were 
both negative for Salmonella by fecal culture 
(Iowa State University Veterinary Diagnostic 
Laboratory, Ames, Iowa)86 and seronega-
tive by the HerdChek Swine Salmonella 
Antibody Test Kit (Idexx Laboratories, Inc, 
Westbrook, Maine), an indirect ELISA test 
which detects a broad range of Salmonella 
serogroups, with a negative test defined as 
a sample:positive ratio < 0.25. The size of 
each treatment group was based upon the 
maximum number of pigs that Veterinary 
Resources, Inc (VRI; Ames, Iowa) could 
house in accordance with their Institutional 
Animal Care and Use Committee (IACUC) 
and biosecurity standard operating proce-
dures. As this was the first published study 
to compare swine Salmonella vaccines in a 
controlled challenge, reference data was not 
available and no pre-study power calculation 

could be performed. Commercial, crossbred, 
mixed-sex pigs weighing 9.13 ± 0.28 kg 
(95% CI; Table 2) were used in this study.

Housing, biosecurity, feeding
Pigs were housed and managed by an inde-
pendent research firm (VRI). Internal and 
external site biosecurity was maintained 
according to VRI standard operating pro-
cedures, with an emphasis on Salmonella 
transmission control. All pigs were housed 
by treatment group in solid-walled plastic 
tubs designed to minimize the risk of lat-
eral transmission of Salmonella vaccine or 
challenge organisms via fecal-oral or nose-
to-nose transfer (Figure 1). Each tub held 
five pigs, with a raised, fenestrated plastic 
floor (1.2 m by 1.5 m) above a self-con-
tained waste pit. Water and feed containers 

were dedicated to each tub for the duration 
of the study. Tub walls were 1.07 m in 
height above the raised deck. Additional 
measures against cross-contamination 
between treatments included housing the 
nonvaccinated nonchallenged controls 
(NVNC) in a separate building; separation 
of the nonvaccinated controls (NVC) by 
a solid wall and door from the SC-54 and 
Argus groups; separation of the SC-54 
and Argus groups within the same room 
by a distance of more than 5.7 m; waste 
handling equipment, rectal thermometer, 
snare, and other tools required daily 
dedicated by treatment group; and require-
ments for all personnel to wash hands and 
change boots, coveralls, and gloves prior to 
any movement between treatment groups. 
Figure 2 shows the site diagram.

Table 1: Treatment groups and event timeline for groups of pigs vaccinated or not vaccinated with live avirulent Salmonella serovar 
Choleraesuis vaccines on Day 0 and challenged or not challenged with virulent Salmonella serovar Typhimurium on Day 43

Group Treatment* n

Vaccination safety phase† Cross-protection phase‡

Day 0 Day 43 Day 57 Day 71

1 NVC 20 NT C N1 N2

2 SC-54 20 V C N1 N2

3 Argus 20 V C N1 N2

4 NVNC 20 NT NT N1 N2

*    NVC = Nonvaccinated controls, not vaccinated on Day 0 (33 ± 3 days of age), challenged Day 43; SC-54 = Vaccinated with Enterisol  
SC-54 (Boehringer Ingelheim Vetmedica Inc, St Joseph, Missouri) on Day 0, challenged Day 43; Argus = Vaccinated with Argus SC/ST 
(Intervet Inc, Millsboro, Delaware) on Day 0, challenged Day 43; NVNC = Nonvaccinated nonchallenged controls (biosecurity sentinels).

†    NT = no treatment; V = vaccinated; C = challenged with virulent Salmonella Typhimurium.

‡    N1 = one-half of pigs in each treatment group necropsied; N2 = remaining pigs in each treatment group necropsied.

Table 2: Mean body weight and ADG (± SE) and CVs of body weight and ADG during the vaccination safety phase (Days 0 
through 43)* of a study in which nursery pigs were either vaccinated or not vaccinated Day 0 with live avirulent Salmonella 
serovar Choleraesuis vaccine and challenged or not challenged Day 43 with virulent Salmonella serovar Typhimurium

Parameter NVC SC-54 Argus

Day 0

Body weight (kg) 9.16 ± 0.29 9.08 ± 0.29 9.10 ± 0.29

CV (%) 13.8 14.3 14.3

Day 43

Body weight (kg) 34.58 ± 0.75a 33.00 ± 0.73a 29.72 ± 0.73b

CV (%) 9.4 9.9 11.0

Days 1 through 43

ADG ± SE (kg) 0.59 ± 0.02a 0.56 ± 0.02a 0.48 ± 0.02b

CV (%) 14.8 13.5 18.6

*    Treatment groups and timeline described in Table 1. Least squares means reported.
SE = standard error; CV = coefficient of variation; ADG = average daily gain.
ab  Values within a row with different superscripts differ significantly (Tukey honestly significant difference test; P < .05)
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Feed and water rations provided through-
out this trial were suitable for the size, age, 
and condition of the test animals according 
to acceptable industry standards. As an 
additional safeguard against inadvertent 
Salmonella exposure, all groups of pigs were 
fed a ration including 55 g per tonne of 
carbadox (Mecadox; Phibro Animal Health 

Corporation, Ridgefield Park, New Jersey) 
from Day -10 through Day -4. All feed and 
water available from Day -3 through study 
termination were free of antimicrobials. 
Animal care and euthanasia during this 
study were conducted in accordance with 
VRI’s IACUC guidelines. This IACUC 
maintains compliance with all standards set 

forth in the USDA Code of Federal Regu-
lations (9 CFR 2 Subpart C)76 and the 
2000 Report of the American Veterinary 
Medical Association Panel on Euthanasia.87

Study design
On Day -5, pigs were assigned a uniquely 
numbered identification tag (ID) and then 
individually weighed. The resulting list of 
pigs was next sorted by sex and by weight, 
and a random number was generated and 
assigned to each animal (Microsoft Excel; 
Microsoft Corporation, Redmond, Wash-
ington). The list of pigs was then blocked 
by sex and weight, and treatment group 
(1 through 4) was assigned from lowest 
to highest random number within block. 
Pigs were allocated to pen location by sort-
ing the list by ascending treatment, and 
assigning pen such that pens 1 through 4 
contained pigs in Treatment Group 1, pens 
5 through 8 contained pigs in Treatment 
Group 2, pens 9 through 12 contained 
pigs in Treatment Group 3, and pens 13 
through 16 contained pigs in Treatment 
Group 4. This method succeeded in 
achieving uniform starting weights among 
groups (Table 2) and ensured unbiased pen 
allocation. Treatments were assigned to 
groups as described in Table 1. By conven-
tion, where there are two sets of controls, 

Figure 1: Cohort housing for nursery-age pigs (five pigs per unit), designed to 
minimize risk of lateral Salmonella transmission between treatment groups.

Figure 2: Site diagram of a facility used to house nursery-age pigs in a Salmonella vaccine study. Distances and barriers 
were designed to minimize risk of lateral Salmonella transmission among treatments. Pigs were either vaccinated or not 
on Day 0 (approximately 33 days of age) and either challenged or not on Day 43. Vaccines were oral avirulent live culture 
Salmonella serovar Choleraesuis: Enterisol SC-54 (Boehringer Ingelheim Vetmedica Inc, St Joseph, Missouri) and Argus 
SC/ST (Intervet Inc, Millsboro, Delaware). The challenge organism was virulent Salmonella serovar Typhimurium. NVC = 
Nonvaccinated challenged controls; SC-54 = Vaccinated with Enterisol SC-54, challenged; Argus = Vaccinated with Argus 
SC/ST, challenged; NVNC = Nonvaccinated nonchallenged controls (biosecurity sentinels).

NVC

SC-54

Argus

Office/
shower

NVNC
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our protocols utilize the nonvaccinated 
challenged controls for data comparisons, 
and the nonvaccinated nonchallenged con-
trols to verify a lack of uncontrolled field 
infection. In this study, the NVNC group 
acted as sentinels to validate the controlled 
challenge model, and their data is not 
included in comparative analyses.

This trial was divided into two consecutive 
phases: a vaccination safety phase followed 
by a heterologous cross-protection phase 
(Table 1). On Day 0, the SC-54 and Argus 
groups were vaccinated by oral drench 
(study initiation). Administration of virulent 
Salmonella Typhimurium (heterologous 
challenge) on Day 43 marked the delinea-
tion between the vaccination safety phase 
and the cross-protection phase (Table 1).

To eliminate bias, the investigator mak-
ing clinical and necropsy observations was 
blinded to treatment by his absence during 
pen allocation and treatment administration. 
Rectal temperatures were measured on Days 
-2, -1, 0, 1 through 21, 28, and 43 through 
58. Additionally, rectal temperatures were 
measured on Day 0 at 0, 4, 8, and 12 hours 
after vaccination. Pigs in all groups were 
individually weighed on Days -5, 0, 2, 7, 
14, 21, 28, 35, 43, 50, 57, 64, and 71. 
Serum samples were collected from all pigs 
on Days 0, 7, 14, 21, 28, 35, 43, 52, 57, 64, 
and 70. All sera were tested for Salmonella 

antibodies using the Idexx HerdChek Swine 
Salmonella Antibody Test Kit.82

On Day 57, one-half of the pigs in each 
treatment group were randomly selected 
for euthanasia. To make these selections, 
a random number was assigned to each 
pig using Microsoft Excel. Pigs were then 
sorted by this number within pen, and pigs 
with the lower one-half of these numbers 
were euthanized. On Day 71, all remaining 
animals were euthanized.

Clinical observation scoring
Observations were made on Days -2 
through 7, 14, 21, 28, 35, 43 through 
58, 61, 63, 65, 68, and 70, as well as at 
0, 4, 8, and 12 hours post vaccination. 
Clinical observations were recorded using 
qualitative scoring with a numeric grad-
ing scale (Figure 3). A daily summation of 
individual parameter scores was calculated 
for each pig, with normal being a score of 9 
and a maximum total score possible of 29.

Challenge
On Day 43, 2 mL of virulent Salmonella 
Typhimurium (strain BIVI 02-04) was 
administered intranasally to the SC-54, 
Argus, and NVC groups. Each challenge 
dose contained 1.22 × 1010 colony forming 
units. This high-dose inoculum was chosen 
for its documented ability to cause clinical 
signs and lesions.78

Off-test procedures
At necropsy, the investigator blindly 
assessed all pigs for gross enteric lesions 
consistent with Salmonella Typhimurium 
infection. Post-mortem samples of tonsil, 
lung, liver, spleen, ileum, cecum, mesen-
teric lymph node, and ileocecal lymph 
node were collected from each animal and 
submitted to the Iowa State University 
Veterinary Diagnostic Laboratory for quali-
tative Salmonella culture.

Calculations and statistical analysis
The experimental unit in this study was 
the individual pig. All statistical analyses 
were performed using JMP 6.0 (SAS, Cary, 
North Carolina). Rectal temperatures of 
the SC-54, Argus, and NVC treatment 
groups for the time periods from 4 hours 
post vaccination through Day 43 (vaccina-
tion safety phase) and Days 44 through 58 
(cross-protection phase) were analyzed using 
parametric and nonparametric methods. 
Parametric analyses included multivariate 
analysis of variance (ANOVA), with time 
as the repeated measure. One-way ANOVA 
was used as a second parametric analysis to 
compare differences among the three treat-
ment groups. Tukey honestly significant 
difference (HSD) test was used to determine 
the response by treatment differences for 
mean rectal temperature. Nonparametric 
analysis was also performed using Fisher’s 
exact test to compare the number of nor-

Pig 
ID

Rectal 
temp

Stools Behavior Appetite Body  
condition

Hydration Ambulation Hair 
coat

Skin Respiration Additional 
notes

1234 1234 123 123 123 123 123 123 123

1234 1234 123 123 123 123 123 123 123

1234 1234 123 123 123 123 123 123 123

1234 1234 123 123 123 123 123 123 123

Figure 3: Clinical observations record sheet for the study described in Table 1. A separate record sheet was completed 
each observation day. Each pig’s score for each parameter was circled according to the scale shown at the bottom of the 
form: normal individual parameter score 1, normal total daily score, 9.

Stool consistency 
1. normal 
2. semi-formed 
3. diarrhea 
4. diarrhea with  
blood or tissue

Behavior 
1. normal 
2. lethargic 
3. huddled 
4. moribund

Appetite 
1. normal 
2. diminished 
3. anorexic

Body condition 
1. normal 
2. gaunt 
3. thin

Hydration 
1. normal 
2. slight  
dehydration 
3. severe  
dehydration

Ambulation 
1. normal 
2. lame 
3. down

Hair coat 
1. normal 
2. rough 
3. bristled

Skin 
1. normal 
2. urticaria/ 
hyperemia 
3. cyanosis

Pulmonary 
1. normal 
2. rapid 
3. labored
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mal versus abnormal rectal temperatures 
by treatment group. The minimum value 
for fever (abnormal temperature) for each 
study phase was determined using methods 
described by Vincent et al.88 Abnormal 
temperature for the vaccination safety 
phase was calculated to be ≥ 40.77˚C, 
based upon two standard deviations above 
the mean rectal temperature for all pigs 
in the three challenged groups on Day -2, 
Day -1, and Day 0 prior to vaccination. 
For the cross-protection phase, these calcu-
lations determined an abnormal tempera-
ture to be ≥ 40.37˚C, based upon mean 
rectal temperature for all challenged pigs 
on Days 21, 28, and 43. For the vaccina-
tion safety phase, average daily gain (ADG) 
comparisons among the SC-54, Argus, and 
NVC groups during the period from Day 0 
through 43, and the Day 43 body weights, 
were analyzed using one-way analysis of 
covariance (ANCOVA), with Day 0 body 
weight as a covariate. Day 0 body weight 
comparisons used one-way ANOVA. For 
the cross-protection phase, Day 57 and 71 
body weights, Days 44 through 57 ADG, 
and Days 58 through 71 ADG, ANCOVA 
calculations used Day 43 body weight as 
a covariate to account for weight-gain dif-
ferences arising after vaccination and prior 
to challenge. Multiple comparisons among 
means were tested using Tukey HSD. 
Clinical observation scores, segregated by 
vaccination safety phase or cross-protec-
tion phase, were analyzed using Kruskal-
Wallis rank sums test. Rank sums were 
compared among treatment groups using 
Tukey HSD. Nonparametric analysis was 
also performed using Fisher’s exact test 
to compare the number of normal versus 
abnormal clinical observations by treat-
ment group. An abnormal binomial was 
assigned for any score above baseline (ie, 
above individual parameter score 1 or total 
score 9). The proportion of pigs exhibiting 
gross enteric lesions consistent with Salmo-

nella Typhimurium infection at necropsy 
was compared among groups using Fisher’s 
exact test.

Results
Prior to challenge administration, one pig 
from the NVC group and one from the 
NVNC group died due to causes unrelated 
to treatments.

Vaccination safety phase
During Days 1 to 43, both frequency of 
abnormally elevated rectal temperatures and 
mean rectal temperature were significantly 
higher in pigs vaccinated with Argus than in 
the SC-54 and NVC pigs (P < .05; Table 3). 
No significant differences in rectal tempera-
ture measurements were observed between 
the SC-54 vaccinates and the nonvaccinated 
controls.

No significant difference in ADG was 
detected between the SC-54 and NVC 
groups, but ADG was significantly lower 
in the Argus group than in the SC-54 and 
NVC groups (P < .05, Table 2). Mean 
body weights were not significantly differ-
ent for the SC-54 group than for the NVC 
group (Figure 4). However, at some data 
points, mean body weights were signifi-
cantly lower in the Argus group than the 
SC-54 and NVC groups (Figure 4). On 
Day 43, Argus pigs were 3.28 kg lighter 
than SC-54 vaccinates and 4.86 kg lighter 
than NVC pigs (Figure 4).

The influence of vaccination on group 
pig weights and ADG variability was also 
assessed by calculation of the coefficient of 
variation (CV) for these parameters within 
each group. Less individual ADG variation 
was exhibited in the SC-54 group than in 
the NVC or Argus groups (Table 2). Day 
43 body-weight variation was also less for 
the SC-54 group than for the Argus group 
(Table 2).

Differences in clinical observation scores 
included significantly lower total rank sums 
and frequency of abnormal total scores in 
the SC-54 group than in the NVC and 
Argus groups (P < .05; Table 4). Lower 
hair-coat rank sums and frequency of 
abnormal hair-coat scores were observed in 
SC-54 pigs than in NVC pigs. Lower appe-
tite, hair-coat rank sums, and frequency 
of abnormal total scores were observed in 
SC-54 and Argus groups than in the NVC 
group (P < .05; Table 4). No statistical dif-
ferences among groups were found in other 
clinical parameters. Throughout the study, 
no abnormal scores or differences among 
groups were found for hydration, ambula-
tion, or skin condition (data not shown).

Cross-protection phase
Both Salmonella Choleraesuis vaccines 
conferred varying degrees of protection 
against Salmonella Typhimurium challenge 
during the post-challenge period (Days 
44 through 71). Both frequency of abnor-
mally elevated rectal temperatures and 
mean rectal temperature were significantly 
lower after inoculation with Salmonella 
Typhimurium in the SC-54 and Argus 
groups than in the NVC group (P < .05; 
Table 5).

No significant ADG or body-weight differ-
ences were detected among groups during 
the post-challenge period (Table 6). The 
ANCOVA for ADG from Day 44 to 57, 
and mean body weight on Day 57, suggest 
a difference between means (probability 
of obtaining greater F statistic, P = .04) for 
vaccinates versus the NVC group. However, 
when the data was assessed using Tukey 
HSD at α = .05, no pair-wise differences 
between groups were detected (Table 6).

Clinical observation scores also showed 
evidence of challenge effectiveness and 
vaccine-induced heterologous protection. 
Total rank sums and frequency of abnormal 

Table 3: Rectal temperature results for vaccination safety phase (Days 0 through 43)* in a study in which nursery pigs were 
either vaccinated or not vaccinated Day 0 with live avirulent Salmonella serovar Choleraesuis vaccine and challenged or not 
challenged Day 43 with virulent Salmonella serovar Typhimurium

Parameter NVC SC-54 Argus

Frequency of abnormal rectal temperature 14/503a 7/520a 32/520b

Mean rectal temperature (range 95% CI) (˚C) 39.89c (39.86-39.92) 39.93c (39.91-39.96) 39.99d (39.96-40.03)

*  Treatment groups and timeline described in Table 1. Abnormal rectal temperature defined as ≥ 40.77˚C.
ab Values within a row with different superscripts differ significantly (Fisher’s exact test; P < .05).
cd Values within a row with different superscripts differ significantly (Tukey honestly significant difference test; P < .05).
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Figure 4: Mean group body weights during the vaccination safety phase of the study described in Table 1. The symbol 
* indicates time point when mean body weights for SC-54 and NVC groups differed from those for the Argus group 
(ANCOVA; P < .05); † indicates time point when mean body weight for the Argus group differed from that of the NVC group 
(ANCOVA; P < .05).
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total scores were significantly lower in the 
SC-54 group than in the NVC and Argus 
groups (P < .05; Table 7). Rank sums and 
frequency of abnormal stool and respira-
tion scores were significantly lower in the 
SC-54 and Argus groups than in the NVC 
group (P < .05; Table 7). Behavior rank 
sums, frequency of abnormal behavior, 
and frequency of abnormal body condition 
scores were significantly lower in the SC-54 
and NVC groups than in the Argus groups 
(P < .05; Table 7).

A significantly lower proportion of pigs with 
enteric lesions consistent with Salmonella 
Typhimurium infection was found in the 
SC-54 group than in the NVC group  
(P < .05), but this proportion did not differ 
between the Argus and NVC groups (Table 
7). Gross lesions noted included micro-
abscesses at the ileocecal junction, inflam-
mation of ileum, cecum, and large intestine, 
adhesions, and thickening of intestinal 
tissues. Qualitative Salmonella Typhimurium 
isolation rate did not differ among the three 
challenged groups, as expected due to the 
high challenge dose. Salmonella isolates 
recovered after challenge inoculation were 

confirmed to be serogroup B by the Iowa 
State University Veterinary Diagnostic 
Laboratory.

No abnormal clinical signs or positive 
Salmonella cultures were observed in the 
NVNC group.

Serologic response
One animal from each vaccinated group 
(5% per group) seroconverted immediately 
prior to challenge. Following challenge 
with virulent Salmonella Typhimurium, 
high rates of seroconversion were observed 
in all challenged groups by 9 days post 
challenge (Day 52: seroconversion in 100% 
of NVC and SC-54 groups and 90% of 
the Argus group). By Day 70, 100% of the 
pigs in the three challenged groups were 
seropositive. Salmonella seroconversion was 
never observed in the NVNC group.

Discussion
During the vaccination safety phase of 
this study, differences in post-vaccination 
pyrexia, growth rates, and clinical scores 
significantly favored the safety of Enterisol 
SC-54 over that of Argus SC/ST. Both 

vaccines contain attenuated live culture 
Salmonella Choleraesuis isolates, but the 
methods of attenuation used to create them 
were distinctly different. Repeated passage 
in neutrophils caused natural deletion of the 
50-kb plasmid from the Enterisol SC-54 
isolate. This Salmonella Choleraesuis plas-
mid is important for virulence and intestinal 
invasiveness.89 Argus SC/ST is an isogenic 
∆cya ∆crp derivative from Salmonella 
Choleraesuis, using transposon-mediated 
deletion mutagenesis.57,77 These differences 
in attenuation methods may account for the 
significant differences in safety of the two 
vaccines observed in this study.

As demonstrated in previous clinical and 
field studies, Enterisol SC-54 39,58,61,62,78 
and Argus SC/ST 41 confer heterologous 
protection against Salmonella Typhimurium. 
In the cross-protection phase of this study, 
both frequency of abnormally elevated rectal 
temperature and mean rectal temperature 
after challenge were lower in vaccinated pigs 
than in nonvaccinated controls. Clinically, 
stool and respiratory scores of both vacci-
nated groups were significantly lower than 
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Table 4: Clinical observation results for vaccination safety phase (Days 0-43)* of a study in which nursery pigs were either 
vaccinated or not vaccinated Day 0 with live avirulent Salmonella serovar Choleraesuis vaccine and challenged or not chal-
lenged Day 43 with virulent Salmonella serovar Typhimurium

Parameter NVC SC-54 Argus

Total score (rank sums) 457.76a 431.38b 453.57a

Frequency of abnormal total scores (> 9.00) 21/275c 4/280d 19/280c

Mean total score (range 95% CI) 9.18 (9.09-9.27) 9.02 (9.00-9.03) 9.09 (9.05-9.14)

Stool score (rank sums) 453.68 442.99 445.95

Frequency of abnormal stool scores (> 1.00) 9/294 2/300 4/300

Mean stool score (range 95% CI) 1.04 (1.01-1.07) 1.01 (1.00-1.02) 1.02 (1.00-1.03)

Behavior score (rank sums) 453.18 442.48 446.95

Frequency of abnormal behavior scores (> 1.00) 9/294 2/300 5/300

Mean behaviour score (range 95% Cl) 1.03 (1.01-1.05) 1.01 (1.00-1.02) 1.02 (1.00-1.03)

Body condition score (rank sums) 453.18 442.48 446.95

Frequency of abnormal body condition scores (> 1.00) 9/294 2/300 5/300

Mean body condition score (range 95% CI) 1.03 (1.02-1.05) 1.01 (0.99-1.02) 1.02 (1.00-1.03)

Hair-coat score (rank sums) 456.72a 440.00b 445.96ab

Frequency of abnormal hair-coat scores (> 1.00) 11/294c 0/300d 4/300cd

Mean hair-coat score (range 95% CI) 1.04 (1.02-1.05) 1.00 (0.99-1.01) 1.01 (1.00-1.03)

Respiration score (rank sums) 447.52 446.00 448.98

Frequency of abnormal respiration scores (> 1.00) 1/294 3/300 2/300

Mean respiration score (range 95% CI) 1.00 (1.00-1.01) 1.00 (1.00-1.00) 1.01 (1.00-1.02)

Appetite score (rank sums) 452.60a 445.00b 445.00b

Frequency of abnormal appetite scores (> 1.00) 5/294c 0/300d 0/300d

Mean appetite score (range 95% CI) 1.02 (1.00-1.04) 1.00 (1.00-1.00) 1.00 (1.00-1.00)

*   Treatment groups and timeline described in Table 1. Clinical observation scoring described in Figure 3: normal individual parameter 
score = 1.00, normal total daily score = 9.00.

ab Values within a row with no common superscript differ significantly (Tukey honestly significant difference test; P < .05).
cd Values within a row with no common superscript differ significantly (Fisher’s exact test; P < .05).

Table 5: Rectal temperature for cross-protection phase (Days 44-71)* of a study in which nursery pigs were either vaccinated 
or not vaccinated Day 0 with live avirulent Salmonella serovar Choleraesuis vaccine and challenged or not challenged Day 43 
with virulent Salmonella serovar Typhimurium

Parameter NVC SC-54 Argus

Frequency of abnormal rectal temperature 29/275a 16/290b 16/290b

Mean rectal temperature, (range 95% CI) (˚C) 39.84c (39.79-39.88) 39.74d (39.69-39.78) 39.72d (39.68-39.76)

*     Treatment groups described in Table 1. Rectal temperatures measured through Trial Day 58, with abnormal temperature defined as  
≥ 40.37˚C.

ab   Values within a row with no common superscript differ significantly (Fisher’s exact test; P < .05).
cd   Values within a row with no common superscript differ significantly (Tukey honestly significant difference test; P < .05)

those of the NVC group, while total obser-
vation scores and enteric-lesion prevalence 
were significantly lower only in the SC-54 
group. In the ANOVA model, ADG Days 
44 to 57 and mean body weight on Day 57 

were significantly greater in the vaccinated 
groups than in the NVC group. However, 
assessment of the data using Tukey HSD 
at α = .05 detected no pairwise differences 
between groups. A retrospective power 
calculation suggests that at least 30 pigs 

were needed in each of the challenged groups 
(NVC, SC-54, and Argus) in order to achieve 
P < .05 at 80% power, and to clarify the 
potential significance of these post-challenge 
differences in ADG. A larger field or clinical 
study is needed to investigate this trend.  
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Table 6: Body weight and ADG results for cross-protection phase (Days 44-71)* of a study in which nursery pigs were 
either vaccinated or not vaccinated Day 0 with live avirulent Salmonella serovar Choleraesuis vaccine and challenged or 
not challenged Day 43 with virulent Salmonella serovar Typhimurium

Parameter NVC SC-54 Argus

Days 44-57 ADG ± SE (kg)† 0.47 ± 0.05 0.61 ± 0.04 0.61 ± 0.05

CV (%) 42.5 31.3 33.3

Day 57 body weight ± SE (kg)† 38.91 ± 0.64 40.92 ± 0.60 41.00 ± 0.64

CV (%) 7.2 6.6 7.0

Days 58-71 ADG ± SE (kg)† 0.90 ± 0.05 0.91 ± 0.04 0.83 ± 0.04

CV (%) 15.8 13.8 16.3

Day 71 body weight ± SE (kg)† 51.99 ± 1.10 53.68 ± 0.92 53.47 ± 0.99

CV (%) 6.3 5.4 5.9

* Treatment groups and timeline described in Table 1.
† Least squares means reported.

Table 7: Clinical observation and enteric lesion results for cross-protection phase (Days 44-71)* of a study in which nursery 
pigs were either vaccinated or not vaccinated Day 0 with live avirulent Salmonella serovar Choleraesuis vaccine and chal-
lenged or not challenged Day 43 with virulent Salmonella serovar Typhimurium

Parameter NVC SC-54 Argus

Total score (rank sums) 563.03a 496.44b 542.18a

Frequency of abnormal total scores (> 9.00) 60/346c 17/360d 48/360c

Mean total score (range 95% CI) 9.28 (9.21-9.36) 9.08 (9.04-9.12) 9.21 (9.15-9.27)

Stool score (rank sums) 538.00a 479.47b 495.84b

Frequency of abnormal stool scores (> 1.00) 51/327c 13/340d 24/340d

Mean stool score (range 95% CI) 1.22 (1.16-1.28) 1.06 (1.03-1.10) 1.11 (1.07-1.16)

Behavior score (rank sums) 491.58a 497.39a 522.56b

Frequency of abnormal behavior scores (> 1.00) 2/327c 6/340c 23/340d

Mean behavior score (range 95% CI) 1.01 (1.00-1.01) 1.02 (1.00-1.03) 1.07 (1.04-1.09)

Body condition score (rank sums) 491.58a 497.39a 522.56b

Frequency of abnormal body condition scores (> 1.00) 2/327c 6/340c 23/340d

Mean body condition score (range 95% CI) 1.01 (0.99-1.02) 1.02 (1.00-1.04) 1.07 (1.05-1.09)

Hair-coat score (rank sums) 503.50 503.50 504.98

Frequency of abnormal hair-coat scores (> 1.00) 0/327 0/340 1/340

Mean hair-coat score (range 95% CI) 1.01 (1.00-1.02) 1.00 (1.00-1.00) 1.00 (1.00-1.01)

Respiration score (rank sums) 508.16a 502.00b 502.00b

Frequency of abnormal respiration scores (> 1.00) 4/327c 0/340d 0/340d

Mean respiration score (range 95% CI) 1.02 (1.00-1.04) 1.00 (1.00-1.00) 1.00 (1.00-1.00)

Appetite score (rank sums) 505.04 503.50 503.50

Frequency of abnormal appetite scores (> 1.00) 1/327 0/340 0/340

Mean appetite score (range 95% CI) 1.00 (1.00-1.00) 1.00 (1.00-1.00) 1.00 (1.00-1.00)

Pigs with enteric lesions at necropsy 9/19c 3/20d 6/20cd

*   Treatment groups described in Table 1. Clinical observation scoring described in Figure 3: normal individual parameter score = 1.00; 
normal total daily score = 9.00.

ab Values within a row with no common superscript differ significantly (Tukey honestly significant difference test; P < .05).
cd Values within a row with no common superscript differ significantly (Fisher’s exact test; P < .05).
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Bacterial culture for this study was limited 
to qualitative methods (positive-negative) 
and was not designed to evaluate a dif-
ference in tissue colonization as reported 
in earlier studies.9,39,41,58,59,61,71,78 In 
all parameters measured in this study, 
protection induced against Salmonella 
Typhimurium challenge by the SC-54 
vaccine was equal to or greater than that 
induced by the Argus vaccine.

The Idexx HerdChek Swine Salmonella 
Antibody Test Kit clearly differentiated 
Salmonella Typhimurium-exposed pigs 
from non-exposed pigs regardless of vac-
cination status with either SC-54 or Argus. 
Only one animal in each of the vaccinated 
groups seroconverted after vaccination and 
prior to challenge. These singleton results 
fall within reported false-positive (specific-
ity) test-performance characteristics.82 At 9 
days after challenge, all groups inoculated 
with virulent Salmonella Typhimurium 
(NVC, SC-54, and Argus groups) demon-
strated 95% to 100% group seroconversion. 
The differential capability of this assay 
could allow pre-harvest Salmonella control 
programs to utilize these Salmonella vaccines 
without confounding the interpretation of 
serologic monitoring. When applied as part 
of a regularly scheduled audit, this assay 
could be used to monitor the effect of Sal-
monella reduction programs in clinically and 
subclinically affected herds.

It is notable that vaccinates demonstrated 
significant protective immunity without 
producing detectable levels of ELISA anti-
bodies. This implies that ELISA antibodies 
are not indicative of protection, and that 
this test is not suitable as a vaccination 
compliance-monitoring tool.

An additional application for this Salmonella 
serum ELISA can be inferred from these 
results. The seroconversion of > 95% of pigs 
within 9 days after Salmonella Typhimurium 
challenge indicates rapid antibody detection 
after the onset of infection. This enables 
practitioners to serologically profile herds 
and then schedule preventive vaccination at 
an appropriate interval before wild-type Sal-
monella exposure. Thus, adequate time may 
be provided for onset of vaccinal immunity 
prior to exposure. The onset of immunity 
from SC-54 vaccination has been demon-
strated within 14 days, and this vaccine has 
a proven duration of immunity of at least 20 
weeks.39,59,71 Accounting for farm-to-farm 
variation in transmission factors, the authors 

recommend administration of this vaccine 
at least 4 weeks prior to the onset of group 
seroconversion (2 weeks prior to the onset 
of exposure).

Implications
•	 Under the conditions of this study, 

vaccination with Enterisol SC-54 does 
not adversely affect pig growth and 
clinical appearance, but vaccination 
with Argus SC/ST does induce signifi-
cant deleterious biologic responses.

•	 In pigs infected with virulent Salmo-
nella Typhimurium, pyrexia is less 
frequent and less severe, and stool 
and respiration scores are lower, in 
pigs previously vaccinated with either 
Enterisol SC-54 or Argus SC/ST.

•	 In pigs infected with virulent Salmo-
nella Typhimurium, the prevalence of 
enteric lesions is lower in pigs previ-
ously vaccinated with Enterisol SC-54 
than in non-vaccinated controls, and 
the magnitude of total observation 
scores is lower in pigs previously vac-
cinated with Enterisol SC-54 than in 
Argus SC/ST vaccinates and nonvac-
cinated controls.

•	 As the indirect Salmonella ELISA assay 
used in this study (Idexx HerdChek) 
differentiates pigs exposed to wild-type 
Salmonella Typhimurium from non-
exposed pigs regardless of vaccination 
status, this test can be used together 
with vaccination in Salmonella control 
and monitoring programs.

•	 Seroconversion as measured using the 
Idexx HerdChek Swine Salmonella 
ELISA is not a suitable indicator of 
vaccination compliance or protection.
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