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Abstract – In homologous and heterologous challenge trials using calves ≤ 6 weeks old, this comparative
study investigated safety, in vivo behaviour and protective properties of oral and intramuscular vaccination
with recently developed live attenuated Salmonella Dublin mutant N-RM25. Neither oral nor intramuscular
vaccination produced unacceptable side effects. However, the vaccine strain was isolated for up to eight
days from the faeces of orally vaccinated calves, but not intramuscularly vaccinated calves. Irrespective of
the vaccination route, N-RM25 was isolated in low numbers (≤ 1 × 102 cfu/g) from the liver and spleen
of calves euthanized at different time points post-vaccination. Vaccination by either route significantly
reduced clinical signs and faecal shedding, prevented the development of systemic infection and protected
calves from homologous lethal challenge conducted within 14 days post-immunisation. No challenge strain
was isolated from major organs and the gut at 18 days post-challenge (except for a single mesenteric
lymph node (MLN) specimen from the intramuscular group, but only following enrichment). Following
heterologous challenge with a virulent Salmonella Typhimurium strain at 14 and 20 days post-immunisation,
all vaccinated animals exhibited significantly fewer clinical signs and colonisation of the intestinal tract
than non-vaccinated controls. When compared to oral vaccination, intramuscular vaccination significantly
reduced the frequency of faecal shedding of S. Typhimurium (p = 0.0023) and markedly reduced
colonisation of MLN. The findings indicate that intramuscular administration of N-RM25 was safer in terms
of environmental contamination by the vaccine and provided better early onset protection in young calves
following both homologous and heterologous challenge.
Salmonella Dublin / metabolic-drift mutant / live attenuated vaccine / early onset protection / calf
1. INTRODUCTION

Salmonella is an important zoonotic pathogen and causes significant morbidity and mortality in food-producing animals [3,23,42,46].
In cattle industries, introduction of modern
intensive production and large-scale trading
systems have resulted in an increased risk
of animals being exposed to a wide range
of Salmonella serovars [2, 43, 52], some of
which have developed resistance to multiple
antimicrobial agents [31, 33]. To address this,
a prophylactic approach to controlling a broad
* Corresponding author: t.mizuno@uq.edu.au

spectrum of different Salmonella serovars
is desirable. The most common Salmonella
serovars isolated from cattle are Salmonella
enterica subspecies enterica serovars Dublin
(S. Dublin) and Typhimurium (S. Typhimurium) [3, 8, 15, 47]. S. Dublin is a hostadapted bacterium which mainly colonises
cattle and often causes systemic infection in
calves [34, 49, 52, 54]. Compared with this,
S. Typhimurium is one of the most common
Salmonella serovars isolated from both animals and humans, and often produces enteric
salmonellosis [39, 52, 54]. Calves younger
than six weeks old are most susceptible to
Salmonella infection, peaking at 2–3 weeks for
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S. Typhimurium and 4–5 weeks for S. Dublin
[52, 54].
Commercially available vaccines (killed
vaccines) produce only modest protection
against Salmonella in calves in the most susceptible age group (≤ 7 weeks of age)1 . Some
live vaccine candidates, such as aromaticdependent (aro− ) mutants [29, 40] and DNA
adenine methylase (Dam) deficient mutants
[12, 28] of Salmonella, have shown promise
in preventing both homologous and heterologous Salmonella infection when orally administered to calves. However, while advanced
oral delivery methods, such as encapsulation in microparticles have been developed
[7, 14], most live attenuated Salmonella vaccines administered to ruminants by this route
can still potentially contaminate the environment due to regurgitation [10] and/or faecal
shedding [29, 40]. Furthermore, because these
vaccine strains are genetically modified organisms (GMO), their use in animal production is
not permitted in certain countries due to public
health concerns [51].
A new, live attenuated vaccine, N-RM25,
was previously created from a virulent wild
strain of S. Dublin utilising metabolicdrift (spontaneous chromosomal) mutations
induced by nalidixic acid and rifampicin followed by selection using new criteria developed based on a new immunity stimulation
concept of slow “drip feeding” [27]. N-RM25
was confirmed to be highly stable with no
cross-resistance to ten different antimicrobials.
Following parenteral vaccination of mice, NRM25 was also confirmed to be safe and
efficacious, inducing both significant serum
and mucosal immune responses and protecting against homologous lethal challenge infection [27].
In the present study, calves were vaccinated
by oral or intramuscular (IM) route and challenged at less than six weeks of age to confirm
the safety of this strain, assess its behaviour
in this host and determine its ability to initiate
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protection against virulent homologous S.
Dublin and heterologous S. Typhimurium
challenge strains.
2. MATERIALS AND METHODS
2.1. Bacterial preparation
The vaccine strain used in this study, N-RM25,
was created from S. Dublin wild strain FD436
utilising metabolic-drift mutations [27]. FD436 was
also used as the challenge strain in the homologous
vaccine trial. S. Typhimurium wild strain DH436
(the causative organism of a Salmonella outbreak on
a dairy farm in Millmerran, Queensland, Australia,
in 2003) was used as the challenge strain in the
heterologous vaccine trial. In preparing vaccine and
challenge strains, each strain was suspended in
phosphate-buffered saline solution (PBS) to give
approximate concentrations of 107 colony forming
units (cfu)/mL. The suspensions were flooded onto
reduced sheep blood agar (SBA) plates and the
plates anaerobically incubated at 37 ◦ C for 6 h
(for the wild strains) and 10 h (for the metabolicdrift mutant). Bacteria growing on each plate were
harvested and washed in warm (37 ◦ C) PBS once
for the homologous trial and three times for the
heterologous trial. When vaccinating or challenging
via the oral route, the bacteria were administered
with a buffer solution (1 g MgCO3 , 1 g 2MgO ·
3SiO2 , and 1 g NaHCO3 in 20 mL distilled water).
2.2. Experimental animals
Two-week old Salmonella-negative, male, Friesian calves were obtained after they were prescreened three times on the basis of faecal culture
and confirmed to be free of Salmonella infection.
The calves were fed two litres of colostrum
immediately after birth and at 12 h and 24 h of age.
Calves which had serum protein concentrations of
greater than 50 g/L at the first week of age were
selected for the trials, as these calves were thought
to have received sufficient maternal antibodies via
colostrum [45]. Milk replacement formula was
then given twice a day (7:00 am and 4:00 pm) and
feeding of commercial calf pellets was started once
the calves were three weeks old.
2.3. Study design
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House J.K., Smith B.P., Evaluation of bovine
Salmonella vaccines, in: USAHA (Ed.), Proc.
Annual meeting of the United States Animal Health
Association, Louisville, KY, USA, 1997.
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2.3.1. Homologous vaccine trial
In the oral vaccine trial, 12 calves were
divided into three groups (n = 2 in the vaccine
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control group, n = 6 in the vaccine-and-challenge
group, n = 4 in the challenge control group).
To minimise the risk of potential contamination
of the environment by vaccine organisms, single
vaccination was used in this trial. Calves in
the vaccine control and the vaccine-and-challenge
groups were vaccinated once with a dose of 3.5 ×
1010 cfu/animal on day 0. Calves in the vaccineand-challenge and the challenge control groups
were then challenged orally on day 14 (14 days
post-vaccination (PV)) using FD436 with a dose
of 2.7 × 109 cfu/animal (approximately 100 times
greater than its 50% infectious dose (ID50 )). Two
calves in the vaccine-and-challenge group were
scheduled for euthanasia on day 18 to examine
the distribution and persistence of the vaccine
and challenge strains in the host. All surviving
calves, except the calves in the vaccine control
group, were euthanized on day 32 or upon showing
severe clinical signs of salmonellosis. Calves in the
vaccine control group were euthanized on day 40.
In the intramuscular (IM) vaccine trial, ten
calves were divided into two groups (n = 6 in
the vaccine-and-challenge group, n = 4 in the
challenge control group). Calves in the vaccineand-challenge group were vaccinated in the biceps
femoris muscle using N-RM25 with a dose of 4.1 ×
108 cfu/animal on day 0 and booster vaccinated
(7.2 × 109 cfu/animal of N-RM25) 13 days PV.
One calf from this group was sacrificed on each
of days 6 and 18 to investigate the distribution
and persistence of the vaccine strain in the host.
All calves were challenged orally on day 20 using
FD436 with a dose of 1.8 × 109 cfu/animal. Calves
were euthanized on day 38 or upon showing
severe clinical signs of salmonellosis. Calves were
weighed on day −1 (pre-vaccination) and day 16
to investigate the influence of vaccination on their
weight.
2.3.2. Heterologous vaccine trial
Twenty-one calves were divided into three
groups (n = 7 in the oral vaccine-and-challenge
group, n = 7 in the IM vaccine-and-challenge
group, n = 7 in the challenge control group).
Calves in the vaccine-and-challenge groups were
vaccinated using N-RM25 with a dose of 1 ×
109 cfu/animal via the respective routes on day 0.
Booster vaccination was carried out on day 14 with
doses of 1 × 1010 cfu/animal for the oral group and
1 × 109 cfu/animal for the IM group. All calves
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were then challenged using DH436 twice (at a dose
of 1 × 108 cfu/animal (approximately the same as
its ID50 ) on day 28, and 1 × 109 cfu/animal on
day 36). Euthanasia was conducted for postmortem
examination on day 43.
2.4. Observation of clinical appearance
Clinical appearance was monitored daily
throughout (but twice daily during the ten-day
post-challenge (PC) period in the homologous
trial). Because S. Dublin often produces systemic infection, six parameters – appetite, body
temperature, heart rate, respiration, hydration,
and general appearance – were examined in the
homologous vaccine trial to monitor the occurrence
of septicaemic salmonellosis. In the heterologous
vaccine trial, the parameters were the same, except
that faecal consistency instead of respiration was
monitored because S. Typhimurium often produces
localised infection in the gut. The following clinical
signs were classed as abnormal: (1) a drop in
appetite to 50% or less of normal appetite; (2) a
rise in rectal temperature to over 40 ◦ C or a drop
of more than one degree centigrade below the
average rectal temperature of each calf between
day 6 and day 12; (3) an increase in heart rate
of more than 30% of the average heart rate of
each calf between day 6 and day 12; (4) an
increase in respiration rate of more than 30% of
the average respiration rate of each calf between
day 6 and day 12; (5) dehydration of 7% or more
as determined by skinfold test and the presence of
enophthalmos [13]; (6) depressed demeanour (as
evidenced by a lack of response to external stimuli
and unwillingness to move [4]) and/or recumbency
and; (7) watery consistency of faeces. In addition
to testing positive for Salmonella following blood
culture, calves showing clinical signs in four or
more of the above six respective parameters for
each trial were classed as having septicaemic
salmonellosis and immediately euthanized. The
study protocol was approved by the Animal Ethics
Committees of the University of Queensland and
of the Commonwealth Scientific and Industrial
Research Organisation, Australia.
2.5. Sampling of faeces, blood, tissues and
intestinal contents
In both homologous and heterologous trials,
faecal specimens from each calf were collected
(page number not for citation purpose) Page 3 of 16
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directly from the rectum every 1–3 days to monitor Salmonella shedding. Blood was aseptically collected from a jugular vein for bacteriology from
the day of vaccination for three consecutive days,
then every three days thereafter. The same sampling schedule was applied following booster vaccination and challenge infection. Tissues from lung,
liver, spleen, kidney, ileocaecal MLN, and gall bladder bile were aseptically collected upon postmortem
examinations for bacteriology. Intestinal contents
from ileum, caecum, colon, and rectum (rectal contents were collected only in the heterologous trial),
were also collected at the same time.

2.6. Isolation and identification of Salmonella
Faecal, tissue and intestinal content specimens
were cultured for Salmonella using a conventional direct isolation (DI) and identification
method [32] with some modifications. Briefly,
these specimens were directly inoculated onto
xylose lysine deoxycholate (XLD, Oxoid Ltd.,
Hampshire, England) plates and incubated at 37 ◦ C
for 24 to 48 h. Three colonies suspected of being
Salmonella from each XLD plate were transferred
to cystine-lactose-electrolyte deficient (CLED,
Oxoid) medium. After incubation for 24 to 48 h,
colonies suspected of being Salmonella were then
tested using Salmonella polyvalent agglutinating
serum (Murex Biotech Ltd., Dartford, England).
Colonies which produced a positive result were
further tested by culturing in lysine decarboxylase
(LD, Oxoid) and ONPG broths. Colonies that
showed lysine decarboxylation and an absence of
-D-galactosidase were identified as Salmonella.
When Salmonella were not isolated through the
DI method, the following enrichment isolation (EI)
method was used. One gram of each specimen was
added to 10 mL of mannitol selenite broth (MSB,
Oxoid) medium containing 0.0001 g L-cystine
(BDH, Victoria, Australia), incubated at 37 ◦ C for
24 h, after which the DI method was repeated.
One millilitre of each blood and bile specimen
was directly inoculated into 10 mL of cooked
meat broth medium, incubated at 37 ◦ C for 48 h
and tested using the DI method. A Muller-Hinton
medium (Oxoid) containing 0.04% nalidixic acid
and 0.02% rifampicin (MHNR) was used to
distinguish the vaccine strain (nalidixic acid and
rifampicin resistant) from the wild strain (nalidixic
acid and rifampicin sensitive). Strains identified as
Page 4 of 16 (page number not for citation purpose)
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Salmonella were sent to the Salmonella Reference
Laboratory in Queensland Health for serotyping.
For quantitative investigation, one gram of each
faecal, tissue and intestinal content specimen was
homogenized and mixed with sterile PBS to a
total volume of 10 mL. The number of viable
Salmonella cells was then determined [25] using
XLD plates and MHNR plates. Quantitative culture
results of faecal and intestinal content specimens
were expressed as cfu/g on a dry matter basis.
2.7. Statistical methods
The two-tailed Fisher’s exact test was used
to analyse data in all experiments. Analyses
were performed using GraphPad InStat version
3.05 (GraphPad Software, San Diego, USA).
Results were considered statistically significant
when probability was less than 5% (p < 0.05).

3. RESULTS
3.1. Homologous vaccine trial
3.1.1. Clinical appearance

In both the oral and IM vaccine trials,
none of the calves developed clinical signs
following vaccination, except soft stools in
a few orally vaccinated calves. In the oral
trial, one calf in the vaccine-and-challenge
group was euthanized on day 8 due to severe
signs of pneumonia confirmed to be caused by
Pasteurella multocida. In the IM trial, calves
in the vaccine-and-challenge group showed
transient fever and local inflammatory reactions around the injection site for up to four
days following booster vaccination. However,
all calves in this group were active with good
appetite during this period. There was no
significant difference in body weight between
the vaccinated and control calves between day
−1 and day 16 in the IM vaccine trial.
Following challenge infection, calves in the
challenge control group died or were euthanized due to severe clinical signs of salmonellosis by four days PC. By comparison, all
vaccinated calves in both the oral and IM
vaccine trials developed clinical signs at a
significantly lower frequency (total clinical
signs during the ten-day observation period
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PC: p < 0.0001) and were protected from
lethal challenge infection (oral trial: p =
0.0079, IM trial: p = 0.0286) (Tabs. I and II).
The vaccinated calves in both the oral and
IM trials developed similar clinical signs, such
as high temperature (> 40 ◦ C) and profuse
watery diarrhoea, sometimes with mucus and
blood, for up to nine days following challenge.
Some of the calves also appeared depressed
for 1–3 days PC and showed increased heart
and respiration rates during this period. However, no vaccinated calves lost appetite. In contrast, the challenge control calves in both the
oral and IM trials produced more critical signs,
such as anorexia, very high fever (> 40.5 ◦ C),
tachypnea, severe depression and recumbency,
but only developed a small amount of diarrhoea sometimes with mucus and blood.
Calves in the vaccine control group in the oral

trial were healthy throughout the 40-day observation period.
3.1.2. Isolation of Salmonella from faeces

In the oral vaccine trial, the vaccine strain
N-RM25 was isolated from the vaccinated
calves using the DI method for up to two
days PV and using the EI method for up to
eight days PV. The vaccine strain was never
isolated from the calves vaccinated via the IM
route throughout the observation period. The
difference in the frequency of faecal isolation
of the vaccine strain between the oral and IM
groups during the pre-challenge period was
significant (p < 0.0001) (Tab. I).
On the day following challenge infection,
approximately 106 –107 cfu/g of the challenge
strain FD436 was isolated from the faeces of

Table I. Oral and intramuscular vaccine trials in calves using N-RM25 followed by homologous challenge
infection with a wild strain of Salmonella Dublin, FD436.
Trial Groupa

No. of No. of calves Mean Protection
PrePrePostPostcalves
surviving time until
(%)
challenge challenge challenge challenge
faecal
blood
faecal
blood
challenged
postdeathb (h)
challenge
culturingc culturingd culturingc culturingd
Oral
V
N/A
N/A
N/A
N/A
8 (6)/14
1/10
N/A
N/A
5
5
N/A
100
20(14)/35f 2/25
20 (10)/33
0/33
trial V and Ce
C
4
0*
72
0
0/28**
0/20 10 (0)/10*** 8/10**
IM V and C
trial
C

4
4

4
0*

N/A
84

100
0

0/48f
0/48

1/40
0/40

23 (9)/40
0/40
12 (0)/12** 9/12***

a

V: vaccine control group; V and C: vaccine-and-challenge group; C: challenge control group.
For ethical reasons, the time period from challenge infection to euthanasia due to critical illness was used in the
calculation of the mean time until death.
c
Number of cultures positive for Salmonella (the vaccine strain (pre-challenge) and the challenge strain (postchallenge)) over the total number of samples tested in each group. Isolation was performed using both the direct
and enrichment isolation methods. Numbers in parentheses indicate the number of positive results detectable only
by using the enrichment isolation method.
d
Number of cultures positive for Salmonella (the vaccine strain (pre-challenge) and the challenge strain (postchallenge)) over the total number of samples tested in each group.
e
One calf that was euthanized before challenge due to pneumonia caused by Pasteurella multocida infection is not
reported in this table. Two of the five calves were scheduled for euthanasia four days PC to compare the distribution
and persistence of the vaccine and challenge strains in the body with calves in the challenge control group.
f
Frequency of isolation of the vaccine strain between the two groups was significantly different (p < 0.0001 by
two-sided Fisher’s exact test).
In the oral trial, *p = 0.0079; **p < 0.0001 and ***p = 0.0196 (two-tailed Fisher’s exact test) when compared
with the vaccine-and-challenge group. In the IM trial, *p = 0.0286; **p = 0.0049 and ***p < 0.0001 (two-sided
Fisher’s exact test) when compared with the vaccine-and-challenge group.
b
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Table II. Frequency of clinical signs in calves monitored over a ten-day observation period posthomologous challenge infection.
Trial

Groupa
Decrease
in appetite

Oral trial

IM trial

V and C
(n = 5)g
C
(n = 4)h
p valuej
V and C
(n = 4)
C
(n = 4)h
p valuej

1/73i

Clinical signs
Temperature Increase Increase Dehydration Depressionf
in
(> 7%)e
and/or
riseb or drop in heart
respiration
recumbency
to lower than
rated
usual after
rated
c
peak
26/73
5/73
0/73
3/73
24/73

Total

59/438

11/27

19/27

3/27

15/27

2/27

19/27

69/162

< 0.0001

= 0.0029

NS

< 0.0001

NS

= 0.0012

< 0.0001

0/80

27/80

11/80

2/80

0/80

8/80

48/480

7/32

20/32

10/32

11/32

0/32

15/32

63/192

< 0.0001

= 0.0064

NS

< 0.0001

NS

< 0.0001

< 0.0001

Clinical signs were monitored twice a day (7:00 am and 4:00 pm).
a
V and C: vaccine-and-challenge group; C: challenge control group.
b
Equal to or higher than 40 ◦ C.
c
More than 1 ◦ C lower than the average pre-challenge (between day 6 and day 12) body temperature of each calf.
d
Increase of more than 30% of the average pre-challenge (between day 6 and day 12) rate of each calf.
e
The skin over the scapula persists for > 2 seconds in the skinfold test, and clear signs of enophthalmos.
f
Responsive to environmental stimuli but unwilling to perform normally.
g
One calf that was euthanized before challenge due to pneumonia caused by Pasteurella multocida infection is not
reported in this table. Two of the five calves were scheduled for euthanasia four days PC to compare the distribution
and persistence of the vaccine and challenge strains in the body with calves in the challenge control group.
h
Calves in the challenge control groups were euthanized within four days PC due to severe septicaemic
salmonellosis.
i
The number of observations at which calves showed clinical signs over the total number of observations.
j
Statistical analyses were carried out using two-sided Fisher’s exact test to compare the results of two groups in
each trial.
NS: not significant.

all challenged calves in both the oral and IM
vaccine trials. The challenge strain was then
isolated from the vaccinated calves in the oral
and IM trials only following enrichment for
up to eight days and up to 11 days PC, respectively. The number of Salmonella in the faeces
of the challenge controls remained at a high
level, approximately 105 –108 cfu/g in both the
oral and IM trials, or gradually increased until
the calves died or were euthanized. In the oral
vaccine trial, all ten faecal specimens collected
from the challenge control group during the
PC period were positive for the challenge
strain, as compared to 20 out of 33 for the
vaccine-and-challenge group (p = 0.0196).
Page 6 of 16 (page number not for citation purpose)

Similarly, all 12 faecal specimens collected
from the challenge control group in the IM
vaccine trial during the same period were
positive for the challenge strain, as compared
to 23 out of 40 for the vaccine-and-challenge
group (p = 0.0049) (Tab. I).
3.1.3. Isolation of Salmonella from blood

During the post-vaccination and prechallenge period, the vaccine strain was
isolated on one occasion only from three of
the seven orally vaccinated calves (the calf
euthanized on day 8 due to pasteurellosis was
not included). In the IM vaccine trial, the
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vaccine strain was not isolated throughout
the observation period, except on a single
occasion post-booster vaccination (PBV) in
the vaccine-and-challenge group. In both oral
and IM vaccine trials Salmonella were never
isolated from the blood of vaccinated calves
following challenge infection. In contrast, the
challenge strain was repeatedly isolated from
non-vaccinated animals throughout the observation period until death or euthanasia (Tab. I).
3.1.4. Isolation of Salmonella from tissues and
intestinal contents

In the oral trial, low numbers of the vaccine
strain (approximately 102 cfu/g) were isolated
from the liver, spleen, MLN and ileocaecal
and colonic contents of the calf euthanized
due to pasteurellosis eight days PV (Tab. III).
In the IM trial, small numbers (approximately
101 cfu/g or less) of the vaccine strain were
isolated only from the liver and spleen of two
calves which were euthanized six days PV and
five days PBV, respectively (Tab. IV).
Following challenge infection in both oral
and IM trials, the challenge strain was isolated
from most tested sites of the challenge control
calves that had died or were euthanized due
to severe salmonellosis (Tabs. III and IV). In
the oral trial, the challenge strain was isolated
only from the intestinal contents and MLN of
two calves in the vaccine-and-challenge group
that were experimentally sacrificed four days
PC. Salmonella were not isolated from any
tissue or intestinal content specimens of the
remaining calves that survived the trial and
were euthanized 18 days PC. Salmonella were
not isolated from any tissue or intestinal content specimens of the two calves in the vaccine
control group which were euthanized 40 days
PV (Tab. III). In the IM trial, the challenge
bacteria were not isolated from any specimens
collected from vaccinated calves 18 days PC
with the exception of a single MLN sample
and only following enrichment (Tab. IV).
3.2. Heterologous vaccine trial
3.2.1. Clinical appearance

Following vaccination, no calves in the oral
and IM vaccine groups showed clinical signs.
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No clinical signs appeared following booster
vaccination either, except soft stools in four
out of seven orally vaccinated calves, and mild
swelling of the injection site in a few calves
vaccinated via the IM route.
Following challenge infection, none of the
calves showed severe clinical signs requiring
euthanasia and survived throughout the 15day PC observation period. However, the
frequency of total clinical signs of calves in
the challenge control group during this period
was significantly higher than calves in the oral
(p = 0.0412) and the IM (p = 0.004) vaccine
groups (Tab. V). The only clinical signs in both
the oral and IM vaccine groups were transient
fever and diarrhoea. In the challenge control
group, one calf showed clinical signs of loss
of appetite, depression, diarrhoea (often with
mucus and blood) and fever for several days
PC, and some other calves had a fever and
diarrhoea.
3.2.2. Isolation of Salmonella from faeces

In the oral vaccine group, N-RM25 was
isolated from five specimens (three by the
DI method and two by the EI method only)
over the two days immediately following
vaccination, and from one specimen using
enrichment on the day following booster. The
strain was not isolated from the IM vaccine
group or the challenge control group during the pre-challenge period. The frequency
of faecal shedding of the vaccine strain in
the oral vaccine group during this period
was significantly higher than the IM vaccine
and the challenge control groups (p = 0.028)
(Tab. V).
Following challenge infection, the challenge strain was isolated from faecal samples
in all groups. By using the DI method, only
two of the total number of 98 specimens collected from each vaccine group during this
period were positive for the challenge strain,
as compared to 13 for the challenge control
group (p = 0.0054). However, when using the
EI method, 55 of the collected specimens from
the IM vaccine group were positive for the
strain, as compared to 76 for the oral vaccine
group (p = 0.0023), and 80 for the challenge
(page number not for citation purpose) Page 7 of 16

Group

Day postvaccination
8b
18c
18c
32
32
32

IC (cfu/g)
3 × 102 R
8 × 106 S
3 × 106 S
−
−
−

CAC (cfu/g)
N/A
N/A
N/A
N/A
N/A
N/A

CC (cfu/g)
1 × 102 R
2 × 106 S
2 × 105 S
−
−
−

Challenge
control

16
17d
18
18

3 × 107 S
+S
5 × 104 S
2 × 107 S

N/A
N/A
N/A
N/A

1 × 107 S
+S
2 × 105 S
4 × 106 S

1 × 104 S
+S
2 × 103 S
9 × 104 S

2 × 105 S
+S
2 × 103 S
1 × 104 S

Vaccine
control

40
40

−
−

N/A
N/A

−
−

−
−

−
−

Vaccine
and
challenge

Organs, tissues, and contents
Liver (cfu/g) Spleen (cfu/g) Bile (cfu/g)
6 × 102 R
2 × 102 R
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−

Lunga
Pasteurella
−
−
−
−
−

Kidneya
−
−
−
−
−
−

MLNa
+R
+S
+S
−
−
−

−
+S
−
5 × 107 S

+S
+S
−
+S

+S
+S
+S
+S

+S
+S
+S
+S

−
−

−
−

−
−

−
−
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Table III. Distribution of Salmonella upon postmortem examination of calves in the oral vaccine trial followed by homologous challenge infection.

Day 0: vaccination with S. Dublin N-RM25; day 14: challenge infection with S. Dublin wild strain FD436. IC: ileal contents; CAC: caecal contents; CC: colonic
contents; MLN: mesenteric lymph node; +: positive for Salmonella isolation; −: negative for Salmonella isolation; R: nalidixic acid and rifampicin resistant strain
(N-RM25); S: nalidixic acid and rifampicin sensitive strain (FD436).
a
Quantitative investigation was not performed.
b
Euthanized due to severe signs of pneumonia caused by Pasteurella multocida.
c
Experimentally euthanized to compare the distribution of Salmonella in the body with calves in the challenge control group.
d
Quantitative investigation was not performed as the calf was found dead before performing euthanasia.

T. Mizuno et al.

Group
Vaccine and
challenge

IC (cfu/g)
−
−
−
−
−
−

CAC (cfu/g)
−
−
−
−
−
−

CC (cfu/g)
−
−
−
−
−
−

22
23
23
24

1 × 106 S
2 × 109 S
2 × 106 S
4 × 108 S

5 × 106 S
4 × 107 S
3 × 104 S
2 × 108 S

4 × 106 S
4 × 108 S
4 × 104 S
3 × 108 S

Organs, tissues, and contents
Liver (cfu/g) Spleen (cfu/g)
1 × 10 R
3 × 10 R
−
+ER
−
−
−
−
−
−
−
−
2 × 105 S
2 × 103 S
2 × 103 S
7 × 105 S

4 × 105 S
1 × 103 S
1 × 103 S
1 × 106 S

Bile (cfu/g)
−
−
−
−
−
−

Lunga
−
−
−
−
−
−

Kidneya
−
−
−
−
−
−

MLNa
−
−
+ES
−
−
−

−
−
−
−

+S
+S
+S
+S

+ES
+ES
+ES
+S

+S
+S
+S
+S

Day 0: vaccination with S. Dublin N-RM25; day 13: booster vaccination with N-RM25; day 20: challenge infection with S. Dublin wild strain FD436. IC: ileal
contents; CAC: caecal contents; CC: colonic contents; MLN: mesenteric lymph node; +: positive for Salmonella isolation; −: negative for Salmonella isolation; R:
nalidixic acid and rifampicin resistant strain (N-RM25); S: nalidixic acid and rifampicin sensitive strain (FD436); E: Salmonella were isolated only following the
enrichment method.
a
Quantitative investigation was not performed.
b
Experimentally euthanized to determine the distribution of Salmonella in the body.
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Challenge control

Day postvaccination
6b
18b
38
38
38
38

Salmonella Dublin vaccine for cattle

Table IV. Distribution of Salmonella upon postmortem examination of calves in the intramuscular vaccine trial followed by homologous challenge infection.
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Table V. Oral and intramuscular vaccine trials in calves using N-RM25 followed by heterologous challenge
infection with a wild strain ofS. Typhimurium DH436.
Group

Oral vaccine
and challenge

No. of calves
Frequency of Pre-challenge Pre-challenge Post-challenge Post-challenge
surviving post- clinical signs
faecal
blood
faecal
blood
post-challengeb
culturingc
culturingc
culturingd
culturingd
challengea
7/7
7/630*
6 (3)/70
0/35
76 (74)/98*
0/70

IM vaccine
and challenge

7/7

4/630**

0/70*

0/35

55 (53)/98**

0/70

Challenge
control

7/7

18/630

0/70*

0/35

80 (67)/98

0/70

a

Number of surviving calves over the total number of calves in each group.
Six parameters of clinical signs (appetite, body temperature, heart rate, faecal consistency, hydration and general
appearance) were monitored for 15 days PC *p = 0.0412; **p = 0.004 (two-tailed Fisher’s exact test) when
compared with the control group.
c
Number of cultures positive for Salmonella (the vaccine strain) over the total number of samples tested in
each group during the post-vaccination and pre-challenge period. Numbers in parentheses indicate the number of
positive results detectable only by using the enrichment isolation method. *p = 0.028 (two-tailed Fisher’s exact
test) when compared with the oral vaccine group.
d
Number of cultures positive for Salmonella (the challenge strain) over the total number of samples tested in each
group during the post-challenge period. Numbers in parentheses indicate the number of positive results detectable
only by using the enrichment isolation method. *p = 0.0054 when compared with the number of positive isolations
from the challenge control group using the direct isolation method; **p = 0.0054 when compared with the number
of positive isolations from the challenge control group using the direct isolation method, and p = 0.0023 and
p = 0.0002 when compared with the number of positive isolations using the enrichment isolation method from
the oral vaccine and the challenge control groups, respectively (two-tailed Fisher’s exact test).
b

control group (p = 0.0002) (Tab. V). Because
the challenge strain was only isolated following enrichment in most cases, a comparison
of the number of viable bacteria in the faecal
samples was not made.

the oral vaccine group (p < 0.0001) and 12 for
the IM vaccine group (p = 0.0288) but there
was no significant difference between these
two vaccine groups (Tab. VI).
4. DISCUSSION

3.2.3. Isolation of Salmonella from blood,
tissues, and intestinal contents

Salmonella were not isolated from the
blood, internal organs, and bile of calves in
any group. The challenge strain was isolated
from MLN of six out of the seven calves in the
oral vaccine group and all seven calves in the
challenge control group. In contrast, the MLN
of only three calves in the IM vaccine group
were positive for the strain (Tabs. V and VI).
Twenty-one of the total number of 28 intestinal content specimens collected from the
challenge control group were positive for the
challenge strain, as compared to five for
Page 10 of 16 (page number not for citation purpose)

The study described in this paper is one of a
series planned to assess N-RM25 as a potential
live attenuated vaccine for use in cattle. It
was designed to investigate safety and efficacy
of N-RM25 in animals in a particular age
group (≤ 6 weeks old) because these animals
are the most susceptible to both S. Dublin
and S. Typhimurium infection [52, 54]. In
addition, salmonellosis in adult cattle caused
by S. Dublin often results from the reactivation
of infection in prolonged latent carriers due
to various types of stress rather than being a
direct result of recently acquired infection [35,
54]. Therefore, the protection of young calves
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Table VI. Number of mesenteric lymph node and intestinal content specimens that were positive for the
challenge strain S. Typhimurium DH436 upon postmortem examination of calves in the heterologous
vaccine trial.
Group

Oral vaccine and challenge
(n = 7)
IM vaccine and challenge
(n = 7)
Challenge control
(n = 7)

MLN

IC

CAC

CC

RC

6

1 (1)

1 (1)

1 (1)

2 (2)

Total number of
Salmonella positive
intestinal contents
5 (5)/28*

3

1 (1)

4 (4)

4 (4)

3 (3)

12 (12)/28**

7

4 (4)

5 (4)

5 (3)

7 (7)

21 (18)/28

Day 0: vaccination with S. Dublin N-RM25; day 14: booster vaccination with N-RM25; days 28 and 36: challenge
infection with S. Typhimurium wild strain DH436; day 43: postmortem examinations. MLN: mesenteric lymph
node; IC: ileal contents; CAC: caecal contents; CC: colonic contents; RC: rectal contents. Numbers in parentheses
indicate the number of positive results detectable only by using the enrichment isolation method. *p < 0.0001;
**p = 0.0288 (two-tailed Fisher’s exact test) when compared with the challenge control group.

from infection is an important prophylactic
measure, not only for maintaining the health
of calves but also for reducing the number
of carrier animals in the herd. The World
Organization for Animal Health also states
that evaluation of efficacy of a veterinary
vaccine should be carried out using the
youngest, most susceptible animals for which
the vaccine is to be recommended [51].
Single or double vaccination of calves at
two weeks of age via the oral route with doses
of approximately 109 to 1010 cfu/animal, and
double vaccination via the IM route using a
dose of 108 to 109 cfu/animal were safe with
few associated side effects. Some vaccinated
calves produced transient fever and some mild
local reactions only following booster vaccination in the homologous IM vaccine trial. Endotoxins of gram-negative bacteria are believed
to induce local and systemic inflammatory
reactions [20, 53]. In the homologous trial, the
vaccine strain was washed in PBS once following harvest from SBA medium plates. However, in the heterologous IM vaccine trial, the
vaccine strain was washed three times in PBS
and this greatly reduced inflammatory reactions following booster vaccination.
The oral vaccination route is considered
to be the most promising antigen delivery
method in terms of directly stimulating mucosal immunity in the gut [14, 24]. Potential

contamination of the environment through faecal shedding of vaccine organisms following
oral vaccination, however, is a common problem, particularly when GMO are used as vaccine strains [28, 29, 40]. In this study, administration with N-RM25 via the IM route was
more advantageous than via the oral route
because of reduced shedding of the vaccine
strain in faeces. Although the period of shedding was short (≤ 8 days) when N-RM25 was
administered by the oral route in both homologous and heterologous trials, it was still significant when compared with calves vaccinated
via the IM route.
In the homologous trials, a scheduled
euthanasia was performed for some of
the vaccinated calves to investigate the
distribution of the vaccine strain in the host.
Following oral and IM vaccination, N-RM25
was isolated in low numbers from the liver and
spleen of calves euthanized during the postvaccination pre-challenge period. The strain
was also isolated from the MLN following
oral vaccination. These results suggest that, in
vivo, N-RM25 may survive in macrophages,
which would most likely carry the organism
from the inoculation site to these remote
sites [6]. However, the vaccine strain was not
isolated from any specimens collected at 18
days following oral vaccination and 25 days
following IM booster vaccination, confirming
(page number not for citation purpose) Page 11 of 16
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that colonisation by the vaccine strain was
transitory, a desirable property for a live
attenuated vaccine.
N-RM25 administered by either the oral or
IM route significantly reduced the number of
clinical signs and sufficiently protected calves
against lethal homologous challenge infection.
The results of bacterial culture from blood and
tissue specimens collected from vaccinated
calves strongly suggest that, irrespective of
the administration route, the vaccine strain NRM25 prevents the development of systemic
salmonellosis caused by S. Dublin. In heterologous trials, the vaccine also produced some
protection against challenge with wild virulent
S. Typhimurium DH436, significantly reducing the frequency of clinical signs and faecal
shedding of the challenge strain. It has been
suggested that early onset immunity which
includes protective factors, such as competitive exclusion [11, 12], enhanced non-specific
phagocytosis mediated mainly by activated
macrophages and subsequent secretion of
particular cytokines, such as interleukin 12
and interferon- [21, 26, 30, 48], is the major
defence mechanism in the most susceptible
age group of calves against Salmonella
until acquired immunity is established [26].
Although competitive exclusion is effective
in protecting animals in the very early stages
of life [11, 12, 55], oral administration, not
parenteral administration, of a live vaccine is
usually required as the vaccine strains compete with the challenge strains for ecological
niches within the gut. Interestingly however, in
the heterologous vaccine trial in this study, IM
vaccination significantly reduced faecal shedding of the challenge strain, and prevented
colonisation of MLN more effectively than
vaccination via the oral route. In the homologous vaccine trial, there were no significant
differences in the reduction and elimination
of the challenge strain from the host between
oral and IM vaccination. Although N-RM25
administered orally probably stimulated some
level of immunity, as penetration of the MLN
by the organism following oral vaccination
was confirmed, the above results suggest that
N-RM25 vaccine administered by the IM
route induces better early onset protection
Page 12 of 16 (page number not for citation purpose)
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in the host than the oral route. One possible
reason for this is the difference between oral
and IM vaccination in the type of antigen
presenting cells at the vaccine inoculation
sites. When vaccine antigens are administered
intramuscularly, some slight tissue damage
occurs at the site, followed by inflammatory
infiltration by phagocytic cells, such as neutrophils and macrophages. Thus, it is mainly
macrophages that take up, process, and eventually present the antigens to initiate immune
responses [41]. In contrast, following vaccination using the oral route, vaccine antigens
are likely to be taken up by dendritic cells,
rather than macrophages, at antigen sampling
sites such as follicle-associated epithelium
(FAE) and M cells, because the tissue region
facing these sites is densely packed with
dendritic cells and B lymphocytes, but few
macrophages [19, 36, 38]. Because the mechanism by which macrophages process and
present antigens is quite different from that
of dendritic cells [9, 18, 37], they may initiate
different types and levels of immune response,
an important issue for vaccine delivery.
In addition, calves vaccinated orally and
those vaccinated intramuscularly produced
intestinal signs which were markedly different
from those produced by non-vaccinated
calves following homologous lethal challenge
infection. All vaccinated calves, irrespective
of the vaccination route, developed profuse
watery diarrhoea, whereas non-vaccinated
controls produced only a small amount of
diarrhoea often containing mucus and blood.
These results suggest that some factors,
possibly mucosal immunity, contribute to the
development of inflammatory reactions at
the site. It was previously shown in a trial
using mice that N-RM25 administered via the
parenteral route induced significant mucosal
immune responses in the gut 14 days post
vaccination [27].
Some virulence factors of Salmonella,
such as the invasion-associated type III secretion system and effector proteins, including
Salmonella outer proteins (Sops), appear to
play an important role in invasion, induction of
inflammation, and fluid production at the site
of infection [17,44,50,56]. However, although

Salmonella Dublin vaccine for cattle

some mechanisms of the host, such as the
gastrointestinal mucosal barrier, are suggested
to play an important role in host-pathogen
interaction [1], it is still unclear how interaction between immunity and Salmonella at the
site affect the induction of these inflammatory
reactions. Furthermore, as the structure and
components of the mucosal immune system
in the gut of young animals differ from those
of adult animals [5, 22], host-pathogen interaction and subsequent clinical signs may vary
greatly depending on the level of maturity
of this immune system. The mechanisms
involved in immunity in the most susceptible
age group of calves may be very complex.
Therefore, it remains to be determined whether
N-RM25 also induces mucosal immunity in
calves following IM administration as well
as following oral inoculation, as previously
shown in mice, and whether additional defence
mechanisms induced by N-RM25 contribute
to reduced faecal shedding of the Salmonella
challenge strain. In addition, challenge infection was carried out within two weeks postimmunisation in this study to investigate the
early onset protective properties of N-RM25.
This type of protection is often attributed to Tcell independent immunity. Because immunologic memory is not involved in this type of
immunity, it usually confers only short-term
protection [16, 26]. However, in a previous
homologous vaccine trial in mice, N-RM25
administered once by the intraperitoneal route
produced a high level of protection against
lethal challenge infection conducted five
weeks post vaccination2 . This may be evidence that N-RM25 also stimulates late onset
protective immunity to S. Dublin, but this
needs to be investigated in the natural host.
It is difficult to compare the early onset
protective properties of N-RM25 with other
Salmonella live attenuated vaccine candidates
in other trials because different methods, particularly different challenge strains and doses,
were used in each trial. In one homologous
vaccine trial, calves were orally vaccinated
2

Mizuno T., The development of a live attenuated
Salmonella Dublin vaccine, Doctor of Philosophy
thesis, St. Lucia, QLD, Australia, 2003.
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twice using an aro− mutant of S. Dublin
and challenged via the oral route two weeks
following immunisation [40]. The challenge
strain was isolated from the faeces of some
control (non-vaccinated) animals only using
an enrichment cultivation method following
challenge infection, suggesting that only a
small number of viable challenge strain organisms actually reached the intestine. Despite
this, the vaccine failed to prevent penetration of major internal organs by the challenge
strain and at least three vaccinations at very
high doses (5 × 1011 cfu/calf) were required
to obtain significant protection. Because one of
the goals of vaccination against Salmonella is
to prevent the establishment of a carrier state,
the ability of a vaccine to prevent penetration of deeper tissue sites, such as the liver,
spleen, and gall bladder by the organisms, is an
important consideration. In the present homologous trial, probably due to the effect of the
buffer administered with the challenge strain,
approximately 106 –107 cfu/g of viable challenge bacteria were isolated from the faeces
of all challenged calves in both vaccinated
and non-vaccinated groups on the day following challenge infection, strongly suggesting
that high numbers of viable challenge bacteria
reached sites where infection occurs. Although
all non-vaccinated controls had died or were
euthanized within four days PC due to severe
systemic salmonellosis, the N-RM25 vaccine,
irrespective of administration route, prevented
the development of systemic infection, effectively eliminated the challenge strain organisms and protected calves from lethal challenge infection.
In conclusion, N-RM25, which is a nonGMO spontaneous mutant, was safe to use
as a vaccine strain in calves up to six weeks
of age. Both oral and IM vaccination with
this strain produced protection against homologous and heterologous challenge infection.
The IM vaccination route was safer than the
oral route in terms of contamination of the environment by the vaccine strain. Most interestingly, administration of N-RM25 via the IM
route was equally, or more efficient in controlling faecal shedding of S. Dublin and S. Typhimurium in young calves when compared to
(page number not for citation purpose) Page 13 of 16
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administration via the oral route. If N-RM25
administered by the IM route is shown to
produce late onset protection in older animals
via T-cell dependent immunity, and is safe and
efficacious during pregnancy, it may become
a very useful live attenuated vaccine for the
control and prevention of salmonellosis in
dairy cattle.
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