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Abstract – A new concept of slow “drip feeding” that enables activation of mucosal as well as systemic immunity following parenteral vaccination was demonstrated using Salmonella Dublin in a
mouse model. The live vaccine candidate, N-RM25, generated from a wild S. Dublin strain utilising
metabolic-drift (spontaneous chromosomal) mutations had a unique sensitivity to bile and restricted
growth in the presence of a very low concentration of bile salts No. 3 (0.075% (w/v)) but also had
the ability to survive in a high concentration (19.2%) of the substance. Following intraperitoneal administration with 107 cfu, N-RM25 colonised and survived (101 –103 cfu/g) in the liver and spleen
of mice for over 24 days without causing disease. A small number of the mutant organisms also
penetrated the gall bladder and gut, most likely via the enterohepatic circulation. N-RM25 induced
significant levels of serum IgG, IgA and intestinal secretory IgA. A second metabolic-drift mutant
(R-NM29) that was rapidly eliminated from the liver and spleen and highly unlikely to penetrate
the gall bladder and gut, stimulated some systemic immunity, but induced no mucosal immunity
because it did not reach the immune stimulation sites within the gut. In vaccine trials, N-RM25 was
significantly more eﬀective in eliminating the homologous challenge bacteria (S. Dublin wild strain
FD436) from the internal organs and intestinal lumen when compared to R-NM29 and the negative
control. N-RM25 prevented the development of systemic infection and produced 100% protection.
Salmonella Dublin / bile / live attenuated vaccine / parenteral vaccination / mucosal immunity

1. INTRODUCTION
Salmonella enterica subspecies enterica serovar Dublin (S. Dublin) is a hostadapted bacterium which mainly colonises
cattle and calves. Like Salmonella Typhi
in humans, it is often invasive and causes
enteritis, septicaemia and abortion [1, 14,
27, 31, 40]. Live vaccines confer better
immunity against this organism than cur-

rently available vaccines (mostly killed),
probably because both systemic and mucosal immunity are important in preventing the disease [17, 28–30, 35]. Parenteral
vaccines can produce systemic but only
poor mucosal immunity [20]. It has been
widely held in both medical and veterinary fields that only oral vaccination is
suitable for producing eﬃcient mucosal
immunity in the gut [11]. This is because
it directly stimulates the gut-associated
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lymphoid tissue (GALT) and enhances
production of specific IgA [18, 20]. However, oral vaccination with live organisms
represents a challenge in evading the bactericidal eﬀects in the alimentary tract.
Ruminants are especially diﬃcult because
rumino-reticulum conditions may allow as
few as one in one million administered
organisms to reach immune stimulation
sites in the gut [2, 7]. To stimulate eﬃcient immunity by oral vaccination, a large
vaccine dose and repeated administration
are usually required [32, 39]. This often
results in faecal shedding of vaccine organisms and undesirable clinical signs such as
fever and diarrhoea [29, 32, 39]. Various
antigen delivery and mucosal immunity
stimulation methods, such as particulated
and non-particulated adjuvants, have been
studied [8, 11]. For ruminants, encapsulation of vaccine antigens in microparticles
has been considered an eﬃcient oral delivery method to stimulate intestinal mucosal immunity [3, 11]. However, a study
in cattle showed that from 2.4 to 52.1% of
particles ingested were regurgitated [9] and
potentially shed to the environment.
To overcome these diﬃculties, the slow
“drip feeding” hypothesis, a new immunity
activation concept, was conceived. The key
features are the following: (1) a live vaccine strain administered parenterally will
penetrate and colonise a given anatomical
region; (2) its growth will be restricted but
not prevented by factor(s) normally found
in that region; (3) it will survive in the region for a limited period but long enough to
stimulate systemic immunity without deleterious side eﬀects; (4) it will also reach
anatomical sites where mucosal immunity
is stimulated. Applied to S. Dublin, the
anatomical region for colonisation is the
liver and gall bladder, the factor to restrict
growth is bile and the anatomical site for
mucosal immunity stimulation is the gut.
Based on this concept, the following criteria were developed for selection of a live
attenuated S. Dublin vaccine: (1) restricted

growth in the presence of bile; (2) penetration of the liver and gall bladder following
parenteral inoculation and colonisation of
these organs for a limited period without
causing unacceptable clinical side eﬀects,
and; (3) demonstrated ability to be shed
into the intestine for a limited period in
small numbers. If these conditions are met,
the live vaccine candidates may avoid bactericidal eﬀects by bypassing the foregut
and stimulate both systemic and mucosal
immunity without causing disease. In addition, contamination of the environment by
live Salmonella would be minimised.
In the work reported here, stable
metabolic-drift (spontaneous chromosomal) mutants N-RM25 and R-NM29, isolated from S. Dublin wild strain FD436,
were tested for conformity to the above
criteria. The minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC) of bile salts (BS: the
major constituents of crude bile that affect bacterial growth) and the growth rate
in diﬀerent concentrations of BS were determined. Virulence, chronological studies
of tissue penetration and pathogenic effects, immunogenicity and protective properties following intraperitoneal administration were then investigated in a mouse
model.

2. MATERIALS AND METHODS
2.1. Isolation of candidate strains
Candidate strains, nalidixic acid and
rifampicin resistant mutant (N-RM25)
and rifampicin and nalidixic acid resistant mutant (R-NM29), were previously
generated from S. Dublin wild strain
FD436 (the causative organism of an outbreak of salmonellosis on a dairy farm
in Beaudesert, Queensland, Australia in
1998) utilising metabolic-drift (spontaneous chromosomal) mutations induced by
nalidixic acid and rifampicin according
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to the method described by Linde [19],
with some modifications. Briefly, single
antimicrobial-resistant mutants were spontaneously generated by spatulating approximately 1010 colony forming units (cfu)
of FD436 on a sheep blood agar (SBA)
plate containing 0.04% (w/v) nalidixic acid
(Sigma, St. Louis, USA) (SBAN) and then
incubating at 37 ◦ C for 72 h. Strains
that became resistant to the antimicrobial
were tested for stability by subculturing
10 times on to SBAN plates. Turbidimetry (OD 420–580 nm) was performed in
tryptone soya broth (TSB) (Oxoid, Hampshire, United Kingdom) to determine the
growth rate of strains maintaining resistance. Approximately 1010 cfu of stable, single antimicrobial-resistant mutants
with a reduced growth rate were spatulated on to a SBAN plate also containing
0.02% (w/v) rifampicin (Sigma) (SBANR)
to isolate nalidixic acid-rifampicin double
antimicrobial-resistant mutants (N-RM).
The same procedure was then repeated to
isolate stable N-RM with a reduced growth
rate.
The procedure described above was
repeated, with the antimicrobials applied in the reverse order, to isolate
stable rifampicin-nalidixic acid double
antimicrobial-resistant mutants (R-NM)
with a reduced growth rate.
The stability of mutation and antimicrobial susceptibility of both N-RM25 and
R-NM29 were further evaluated using the
following criteria to assess their suitability
as a vaccine candidate.
1. Stable resistance to nalidixic acid and
rifampicin both following subculturing 50
times on SBA and following passage
through a mouse.
2. At least two independent mutations confirmed on the chromosome.
3. No antimicrobial cross-resistance to βlactams, cephalosporins, aminoglycosides,
tetracycline and fluoroquinolones.
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2.1.1. Stability of resistance to nalidixic
acid and rifampicin
Approximately 300 colonies of each
mutant growing on SBA plates both following subculturing 50 times on SBA and
following passage through a mouse were
transferred onto SBANR plates using the
replica plate method [6].

2.1.2. Genotypic characterisation
A portion of the gyrA gene (expected
approximate size 347 base pairs (bp) [12])
encompassing the quinolone resistancedetermining region (QRDR) [24, 42]
was amplified by PCR for FD436 and
the mutants using primers, SALGYRA-F
(5’-TGTCCGAGATGGCCTGAAGC-3’)
and SALGYRA-R (5’-TACCGTCATAGTTATCCACG-3’) (Genset Pacific
Pty., Ltd., Lismore, Australia). A portion
of the rpoB gene (expected approximate size 708 bp [22]) encompassing
three clusters (I, II and III) which relate to rifampicin resistance [15] was
also amplified using primers, SALRPOF3

(5’-TCGGCAACCGTCGTATCCGT-3’)
and RPOBREV (5’-TCGCACCCATCAACGCACGG-3’) (Genset Pacific Pty.,
Ltd. and Gibco BRL, respectively). The
PCR amplification reactions contained
6.4 picomole of each primer, 200 µM of
each dinucleotide triphosphate, 1× Expand
High Fidelity buﬀer with 2 mM magnesium chloride (Expand High Fidelity PCR
System, Roche) and 1 unit of Expand High
Fidelity PCR enzyme mix (Expand High
Fidelity PCR System). Cycling conditions
of the PCR amplification reaction were
an initial denaturation at 94 ◦ C for 3 min
and then the cycling protocol for 30 cycles
(denaturation at 94 ◦ C for 30 s, annealing
at 55 ◦ C for 30 s and extension at 68 ◦ C for
3 min). A final extension was conducted
at 72 ◦ C for 3 min. The reaction products
were purified with the QIAquick PCR
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Purification Kit (Qiagen, Germany) and
then sequencing reactions were performed
using BigDye Ready Reaction DyeDeoxy
Terminator Cycle Sequencing kit (Applied
Biosystems, USA). The final reaction
products were analysed using a 373A
DNA Sequencing System at the Australian
Genome Research Facility (AGRF),
Brisbane, Qld, Australia.
2.1.3. Antimicrobial disk susceptibility
assays
Antimicrobial sensitivity profiles of
FD436 and the mutants were determined
in accordance with the method proposed
by The National Committee on Clinical
Laboratory Standards (NCCLS) [10, 37].
Antimicrobial agents and disk contents
used in the tests are as follows. Amoxicillin (10 µg), amoxicillin/clavulanic
acid (20/10 µg), ticarcillin/clavulanic
acid (75/10 µg), cephalothin (30 µg),
ceftazidime (30 µg), gentamicin (10 µg),
tetracycline (30 µg), enrofloxacin (5 µg),
ciprofloxacin (5 µg) and sulphamethoxazole/trimethoprim (1.25/23.75 µg).
2.2. Bile sensitivity assays
MIC and MBC of BS No. 3 (70%
sodium cholate and 30% sodium deoxycholate) (Oxoid) for FD436 and the mutants were determined by suspending approximately 105 cfu/mL of each strain in
2 mL aliquots of TSB media containing
graded concentrations of BS No. 3 (0.075,
0.15, 0.3, 0.6, 1.2, 2.4, 4.8, 9.6, 14.4, 19.2
and 24% (w/v)). BS No. 3 has an ability
to inhibit bacterial growth or kill bacteria
that is approximately three times greater
than crude BS [5]. For determining growth
rates and MIC, turbidimetry (OD420−580 )
was performed on each suspension at 37 ◦ C
for 20 h. To determine MBC, each medium
containing greater than 2.4% BS No. 3 was
diluted to a concentration of 2.4% and cultivated on SBA plates at 37 ◦ C for 48 h.

2.3. Preparation of vaccine and
challenge strains
Bacterial strains were suspended in
phosphate-buﬀered saline solution (PBS)
to a concentration of approximately
107 cfu/mL. Each suspension was flooded
onto reduced SBA plates and the plates
were anaerobically incubated at 37 ◦ C for
6 h (for the wild strain) and 10 h (for the
metabolic-drift mutants). Bacteria growing
on each plate were harvested in warm
(37 ◦ C) PBS and washed twice with PBS
before administration.
2.4. Experimental infection
All experiments were performed in accordance with the guidelines of the Animal Ethics Committee of The University of Queensland (Approval numbers
VP/684/00 and SVS/004/04/D).
2.4.1. Determination of 50 percent
infectious dose (ID50 )
For ethical reasons, the ID50 for each
strain was determined instead of the 50%
lethal dose. Three groups (Groups 1, 2
and 3) of forty mice (Salmonella free,
Quackenbush out-bred, 3-week old, female
mice) were each divided into eight subgroups (n = 5/subgroup), including an
uninoculated control group. Bacterial suspensions containing challenge strains were
subjected to six serial ten fold dilutions
and administered to mice via the intraperitoneal route. Actual challenge doses of
each group were Group 1: 1.1 × 108 to
1.1 × 102 cfu/mouse of FD436; Group 2:
5.1 × 108 to 5.1 × 102 cfu/mouse of
N-RM25; and Group 3: 2.7 × 108 to
2.7 × 102 cfu/mouse of R-NM29. Clinical
appearance (activity, appetite, dehydration,
respiration and faecal consistency) of all
mice was observed daily for 5 consecutive days post-inoculation (P.I.). Any mice
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showing clinical signs of infection (three
or more of the above five parameters) were
classed as being infected by S. Dublin
and immediately euthanised. All surviving
mice were euthanised at the end of the
observation period. Bacteriological investigation was performed on the heart blood,
liver and spleen of all euthanised mice. An
ID50 for each strain was calculated as described by Reed and Muench [26].
2.4.2. Chronological investigation
of tissue penetration and pathology
Forty-four mice were divided into 4
groups (n = 10 in Group 4, n = 20
in Group 5, n = 10 in Group 6 and
n = 4 in Group 7). Experimental infection was performed via the intraperitoneal route on Day 0 using the following
doses. Group 4: 4.9 × 101 cfu/mouse of
FD436; Group 5: 3.8 × 107 cfu/mouse of
N-RM25; Group 6: 2.7 × 107 cfu/mouse
of R-NM29, and Group 7: uninoculated
controls. Clinical appearance was observed
for 9–24 consecutive days P.I. Ten faecal pellets were collected daily from each
group for bacteriological investigation. At
set time points during the experiments (every 2–3 days), two mice in each group
were fasted for 4 h and euthanised. Following post-mortem examination, specimens
(heart blood, liver, spleen and gall bladder
bile) were aseptically collected from one of
the euthanised mice in each group for bacteriological investigation. The liver, spleen
and gall bladder of a second mouse in each
group were subjected to histopathological
examination.
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was used. Faecal specimens were added to
a mannitol selenite broth (MSB) (Oxoid)
medium containing 0.0001 g L-cystine
(BDH, Victoria, Australia), and blood and
gall bladder bile were inoculated into a
cooked meat broth medium. These media
were incubated at 37 ◦ C for 24 h and then
conventional DI methods were repeated.
To distinguish the mutants from the wild
strain, all Salmonella isolates were plated
on to SBA containing 0.04% nalidixic acid
and 0.02% rifampicin. To identify each
mutant strain, colony morphology on SBA
after 24 h incubation at 37 ◦ C (N-RM25:
circular, raised, matte, translucent colony;
R-NM29: circular, convex, glossy, grey,
opaque colony), and a carbohydrate fermentation test using glucose and L-(+)arabinose were performed (N-RM25 ferments only glucose without gas; R-NM29
ferments glucose with gas and ferments L(+)-arabinose).
2.4.4. Quantitative isolation of
Salmonella from the liver
plus spleen
Since the challenge bacteria were administered via the intraperitoneal route, the
liver and spleen samples were placed in
boiling water for 3 s to sterilise their surfaces. The samples were then weighed,
homogenised and mixed with PBS to a total volume of 5 mL. Viable bacterial cells
were then determined by serial ten-fold dilution in PBS [23].

2.4.5. Histopathology
2.4.3. Isolation and identification
of Salmonella
Specimens
were
cultured
for
Salmonella using conventional direct
isolation (DI) and identification methods [25]. When Salmonella was not
isolated through the DI method, the following enrichment isolation (EI) method

Tissue samples from the liver, spleen
and gall bladder were collected immediately after euthanasia, fixed in 10% phosphate buﬀered formalin and then processed
by conventional methods for histopathology. The sections were stained with the
haematoxylin and eosin (HE) stain and the
Giemsa stain, and examined to determine
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the presence of histopathological changes
in the liver, spleen and gall bladder and to
evaluate the degree of penetration of the
gall bladder by the inoculated organisms.
Two scoring systems were developed to
compare the degree of changes between inoculated groups.
1. Histopathological (HP) score: Based on
the level of inflammation, the histopathological changes in the liver, spleen and gall
bladder were individually scored on a scale
of 0 to 3.
0 = Normal/no detectable changes.
1 = Mild changes: A few suppurative
foci and/or mild inflammatory infiltrate in
the liver and spleen, and one or more of
the following changes in the gall bladder.
Mild epithelial hyperplasia, mild oedema
of the lamina propria (LP), margination of
inflammatory cells and mild inflammatory
infiltrate.
2 = Moderate changes: Moderate degree
of one or more of the above changes.
3 = Marked changes: Marked degree of
one or more of the above changes and/or
other severe changes such as vasculitis and
coagulative necrosis in the liver and spleen,
and marked degree of one or more of the
above changes and/or other severe changes
such as extension of inflammation to subserosa in the gall bladder.
2. Bacterial penetration (BP) score: The
levels of penetration of the gall bladder by
the organisms were scored on a scale of 0
to 3 (0 = no penetration, 1 = penetration of
the lumen only, 2 = penetration of mucosa,
3 = penetration of submucosa).
2.5. Immunological assays
Sixty mice were divided into 3 groups
(Groups 8, 9 and 10, n = 20/group).
Mice in Groups 8 and 9 were administered with N-RM25 (9.8 × 107 cfu/mouse)
and R-NM29 (1.1 × 108 cfu/mouse), respectively, via the intraperitoneal route on
Day 0. Mice in Group 10 served as uninoculated controls. Five mice in each group

were fasted for 4 h, sacrificed on Day 0 and
then every seven days until Day 21. Upon
post-mortem examination, heart blood and
intestinal flush samples were collected for
serum IgG and IgA determination and
secretory IgA determination, respectively,
using standard enzyme-linked immunosorbent assay (ELISA) techniques [21].
Intestinal flush samples were collected
by washing the lumen of a ligated section containing the ileum and ileocaecum
(approximately 15 cm from immediately
before the caecum), processed using a previously described technique [21] and then
kept at –20 ◦ C until examination.
For the ELISA, whole cells (approximately 109 ) of S. Dublin FD436 inactivated with 1% formalin in PBS were
used as the antigen. Starting dilutions of
samples for IgG and IgA were 1:50 and
1:20, respectively. All samples were twofold diluted down the plate with diluting buﬀer (PBS with 0.05% Tween-20
and 1% casein sodium salt). Anti-mouse
IgG (goat IgG anti-mouse IgG conjugated with horseradish peroxidase (Chemicon)) diluted at 1:5000, or anti-mouse IgA
(goat IgG anti-mouse IgA conjugated with
horseradish peroxidase (Cappel)) diluted
at 1:1500 was added to the corresponding
samples. The plates were read in an automated ELISA reader at a wavelength of
450 nm.
2.6. Vaccine trials with N-RM25 and
R-NM29
Eighteen mice were divided into three
groups. Mice in Group 11 (n = 5)
were vaccinated with N-RM25 on Day
0 (1.7 × 107 cfu/mouse) and received a
booster vaccination on Day 21 (1.9 × 108
cfu/mouse) via the intraperitoneal route.
Mice in Group 12 (n = 8) were administered R-NM 29 in doses of 2.7 ×
107 cfu/mouse and 1.7 × 108 cfu/mouse
for vaccination (Day 0) and booster vaccination (Day 21), respectively. No vac-
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cines were administered to the control
mice (Group 13: n = 5). All mice
were challenge exposed via the same
route on Day 35 using FD436 with a
dose of 4.6 × 104 cfu/mouse (approximately 100 times greater than its ID50 ).
Clinical observation and bacteriological
investigation of the faeces, heart blood,
liver and spleen were performed. Mice
that survived throughout the 65 day monitoring period were euthanised on Day
66 post-vaccination. The distribution of
Salmonella in the internal organs (lung,
duodenum, jejunum, ileum, ileocaecum,
caecum, colon and kidney) was also examined only on mice which did not yield
Salmonella from a heart blood culture,
due to the diﬃculty in distinguishing between actual colonisation of the organs by
Salmonella and its temporary presence in
the sites via blood circulation.
2.7. Statistical methods
The two-tailed Fisher’s exact test was
used in “Experimental infection” and
“Vaccine trials with N-RM25 and RNM29”. In “Immunological assays”, the
two-tailed Mann-Whitney test was utilised.
Data were analysed with GraphPad InStat version 3.05 (GraphPad Software, San
Diego, USA). The results were considered
statistically significant when probability
was less than 5% (p < 0.05).
3. RESULTS
3.1. Isolation of candidate strains
3.1.1. Stability of resistance to nalidixic
acid and rifampicin
All colonies of each mutant transferred
from the original SBA plates grew on
SBANR plates.
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portion of gyrA. A nucleotide substitution
of G to T was identified in gyrA of RNM29. This substitution caused Gly-81 to
cysteine (Cys).
In the amplified portions of rpoB, both
N-RM25 and R-NM29 had a nucleotide
substitution of A to G at the same position
that caused an amino acid substitution of
Asp-516 to Gly.
3.1.3. Antimicrobial disk susceptibility
assays
FD436 and the mutants were susceptible to all antimicrobial agents used in the
experiment.
3.2. Bile sensitivity
The MIC of BS No. 3 for FD436 was
19.2% and for N-RM25 and R-NM29 was
14.4% (estimated corresponding MIC of
crude BS for FD436: 57.6%, and for NRM25 and R-NM29: 43.2%). The MBC
for all strains was 24% (estimated corresponding MBC: 72%). The growth of
FD436 and R-NM29 was not markedly
slowed by BS No. 3 in concentrations of
less than 4.8% (estimated corresponding
crude BS concentration: 14.4%). In contrast, the growth rate of N-RM25 in TSB
media containing 0.075% of BS No. 3 (estimated corresponding crude BS concentration: 0.225%) was markedly reduced.
Additionally, the growth of N-RM25 in the
presence of a range of BS No.3 concentrations (0.075% to 9.6% - estimated range
of corresponding crude BS concentrations:
0.225 to 28.8%) was more uniform and
consistent when compared with FD436 and
R-NM29 (Fig. 1).
3.3. Experimental infection

3.1.2. Genotypic characterisation
N-RM25 had a nucleotide substitution
of A to G, resulting in aspartic acid (Asp)87 to glycine (Gly) within the amplified

3.3.1. ID50
The ID50 of mice for each strain via the
intraperitoneal route was calculated to be
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Figure 1. Growth curves of S. Dublin wild strain FD436 (A), metabolic-drift mutants N-RM25 (B)
and R-NM29 (C) in tryptone soya broth medium containing graded concentrations of bile salts No. 3
determined using turbidimetry (OD420−580 ) every 10 min for 20 h. PC: positive control (the medium
containing no bile salts), NC: negative control (the medium containing no bacteria), OD: optical
density. The following figures indicate the concentration of bile salts No. 3 (figures in parentheses
are estimated corresponding concentrations of crude bile salts). 1: 9.6% (28.8%), 2: 4.8% (14.4%),
3: 2.4% (7.2%), 4: 1.2% (3.6%), 5: 0.6% (1.8%), 6: 0.3% (0.9%), 7: 0.15% (0.45%), 8: 0.075%
(0.225%).
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7.3 ×102 cfu for FD436, > 5.1 ×108 cfu for
N-RM25 and > 2.7 × 108 cfu for R-NM29.
3.3.2. Clinical appearance and shedding
of Salmonella in faeces
All mice inoculated with FD436 showed
severe clinical signs of salmonellosis, and
were euthanised or had died by Day 6.
Mice in the N-RM25 and R-NM29 inoculated groups and the control produced
no clinical signs throughout the observation period, except for two mice in the
R-NM29 group which were ill (they were
less active than the controls) on Day 5 and
then recovered. Mice in the N-RM25, RNM29 and control groups had significantly
fewer clinical signs than mice in the FD436
group (p < 0.0001, p = 0.0006, and
p = 0.0046, respectively) and showed
no significant diﬀerence when compared to
each other (Tab. I).
Salmonella were first isolated from the
faeces of mice in the FD436 group on Day
3 P.I., and then consistently isolated using
the DI method until all mice in this group
were euthanised or had died. Throughout
the 24-day observation period, nalidixic
acid and rifampicin resistant Salmonella
(confirmed to be N-RM25) were isolated
from the faeces of mice in the N-RM25
group intermittently between Day 5 and
Day 12, but only by using the EI method.
Salmonella were not isolated from the
faeces of mice in the R-NM29 and control groups during the observation period
(Tab. I).
3.3.3. Isolation of Salmonella from heart
blood, gall bladder bile and liver
plus spleen samples
The challenge strain was first isolated
from the heart blood of mice in all groups,
except the control, on the first day following inoculation. The organisms were
then continuously re-isolated from that site
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of FD436 inoculated mice using the DI
method until all animals in this group were
euthanised or had died. Nalidixic acid and
rifampicin resistant Salmonella (confirmed
to be N-RM25) were isolated on Day 3 P.I.
from the heart blood of a mouse in the
N-RM25 group using the DI method, and
then isolated from another mouse in this
group using the EI method on Day 7 only.
Salmonella were not isolated from heart
blood samples from mice inoculated with
R-NM29 during the observation period except on Day 1 (Tab. II).
Quantitative culture of Salmonella from
the liver plus spleen samples of the FD436
and N-RM25 treated groups was continuously achieved throughout the observation period. The number of Salmonella
isolated from the organs in the FD436
group increased from approximately 101
to 107 cfu/g within 5 days P.I. In contrast, the numbers of Salmonella isolated
from the organs of mice inoculated with
N-RM25 between Days 1 and 7 were approximately 103 cfu/g. The number of organisms then remained stable between 101
and 102 cfu/g to the end of the observation
period. Salmonella were not isolated from
the organs of R-NM29 inoculated mice nor
from the uninoculated controls (Tab. II and
Fig. 2).
Salmonella were first isolated from gall
bladder bile of mice in the FD436 and NRM25 groups using the DI method on Day
5 P.I. During the 24-day observation period, N-RM25 was re-isolated from mice
in Group 5 by the DI method on Days
12 and 15. The organisms were also isolated on Day 21 but only using the EI
method. Salmonella were not isolated from
bile of mice in the R-NM29 or control
group (Tab. II).

3.3.4. Post-mortem examination
No gross changes were evident in the
organs of the mice euthanised on the

Frequency of clinical signs
Faecal excretiond

Frequency of clinical signs
Faecal excretion

Frequency of clinical signs
Faecal excretion

Frequency of clinical signs
Faecal excretion

4

5

6

7

DI
EI

DI
EI

DI
EI

DI
EI

1–3
2/26
1S/3
1S/3
0/56
0/3
0/3
0/26
0/3
0/3
0/8
0/3
0/3

4–6
10/10 (4)f
2S/2
2S/2
0/46
0/3
2R/3
2/16
0/3
0/3
0/6
0/3
0/3

7–9
NDe
ND
ND
0/38
0/3
2R/3
0/8
0/3
0/3
0/6
0/3
0/3
0/30
0/3
2R/3

10–12

0/24
0/3
0/3

Dayb
13–15

0/18
0/3
0/3

16–18

0/12
0/3
0/3

19–21

0/6
0/3
0/3

22–24

12/36
3S/5
3S/5
0/230*
0/24
6R/24
2/50*
0/9
0/9
0/20*
0/9
0/9

Total

Two mice in each group were euthanised as follows. Groups 4 and 6: every two days from Day 1 to Day 9, Group 5: every two days from Day 1 to Day 9 and
every three days from Day 12 to Day 24, Group 7: Day 1 and Day 9.
a
Salmonella strains inoculated to mice were the following: Group 4 - FD436; Group 5 – N-RM25; Group 6 – R-NM29; Group 7 – control.
b
Day post-inoculation.
c
Total number of times clinical signs observed over total number of observations performed during each specified period.
d
Results represent the number of cultures positive for Salmonella over the total number of samples tested in each group. DI: Salmonella were isolated using
the direct isolation method, EI: Salmonella were isolated using the enrichment isolation method, S: isolated Salmonella were sensitive to nalidixic acid and
rifampicin (FD436), R: isolated Salmonella were resistant to nalidixic acid and rifampicin (N-RM25 in Group 5).
e
No data were available since no mice survived after Day 6.
f
Numbers in parentheses indicate the number of mice which died during the periods in question (two mice died on each of Days 5 and 6 P.I.).
* In comparison with Group 4, Group 5: p < 0.0001, Group 6: p = 0.0006, Group 7: p = 0.0046 (two tailed Fisher’s exact test).

c

Groupa

Table I. Chronological investigation of clinical appearance and Salmonella faecal excretion in mice inoculated with FD436, N-RM25 or R-NM29 via
the intraperitoneal route.
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Table II. Chronological investigation of penetration by Salmonella of heart blood (HB), liver (L),
spleen (S) and gall bladder bile (GBB) of mice administered FD436, N-RM25 or R-NM29 via the
intraperitoneal route.
Groupa Sampleb
4

5
Salmonella
penetrationc

6

7

Day
12

1

3

5

7

9

HB

+

+

+

ND

ND

L&S
GBB
HB
L&S
GBB
HB
L&S
GBB
HB
L&S
GBB

+
–
+
+
–
+
–
–
–
–
–

+
–
+
+
–
–
–
–
N/A
N/A
N/A

+
+
+
+
–
–
–
N/A
N/A
N/A

ND
ND
+E
+
–
–
–
–
N/A
N/A
N/A

ND
ND
–
+
–
–
–
–
–
–
–

–
+
+

15

18

21

24

–
+
+

–
+
–

–
+
+E

–
+
–

a

Salmonella strains inoculated to mice were the following: Group 4 – FD436; Group 5 – N-RM25;
Group 6 – R-NM29; Group 7 – control.
b
Samples were collected from a single animal at each time point.
c
The number of viable Salmonella cells in the liver and spleen is indicated in Figure 2.
Day: day post-inoculation, +: positive for Salmonella isolation by using the direct isolation method,-: negative for Salmonella isolation, E: positive for Salmonella isolation only by using the enrichment isolation
method, ND: no data available since no mice survived.

day following inoculation. In mice given
FD436, scattered petechial haemorrhages
were observed on the serosa of the liver
in mice euthanised on Day 3 P.I. Cloudy,
straw-coloured fibrinous exudate appeared
on the surface of the serosa of the visceral
organs and the peritoneum of mice in this
group euthanised on Day 5. Splenomegaly
and petechial haemorrhages on the serosa
of the visceral organs (especially the liver)
were also prominent in the same mice. In
contrast to these findings, no gross lesions
were observed upon autopsy of the mice in
the N-RM25 group throughout the observation period with the exception of slight
splenomegaly in some mice euthanised on
Days 5, 7, 9 and 12. No gross lesions were
observed in visceral organs of mice in the
R-NM29 and control groups during the observation period.

3.3.5. Histopathology of the liver, spleen
and gall bladder
The HP and BP scores of each group
are shown in Table III. In the FD436
inoculated group, a few randomly scattered inflammatory foci composed of neutrophils and lymphocytes were observed in
the liver on Day 1. By Days 3 to 5, diffuse sinusoidal leucocytosis was evident
as were scattered foci of lytic necrosis. A
variable portal neutrophilic vasculitis often
with thrombosis and associated coagulative necrosis was also evident. Rod-shaped
bacteria (putative Salmonella cells) were
observed predominantly in Kupﬀer cells
(Fig. 3A). By 3 days P.I., there was an increased cellularity of sinusoids within the
spleen and this was marked by Day 5. Neutrophils were the predominate cell type.
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8

10 log number of Salmonella
(cfu/g)

7
6
5
4
3
2
1
0
0

1

3

5

7

9

12

15

18

21

24

Day (post-inoculation)
Figure 2. Enumeration of Salmonella in liver plus spleen of mice P.I. with wild strain FD436
(Group 4: black square), S. Dublin metabolic-drift mutants N-RM25 (Group 5: white square) or
R-NM29 (Group 6: black triangle). Samples were collected from a single animal at each time point.
The numbers of Salmonella on Day 0 indicate the infectious doses of FD436, N-RM25 and R-NM29
inoculated to mice via the intraperitoneal route in each group. Mice in Group 4 were euthanised or
had died by Day 6 P.I. Salmonella were not isolated from the livers and spleens of mice in Group 6
throughout the nine-day observation period.

In the gall bladder, a severe suppurative
cholecystitis was evident on Day 5. This
was characterised by marked epithelial hyperplasia along with a prominent transmural inflammatory infiltrate composed predominantly of neutrophils, lymphocytes
and macrophages. Also apparent was variable oedema and haemorrhage along with
patchy fibroplasia (Fig. 3C). On Day 5
P.I., bacteria could be seen to extend into
the lumen of the gall bladder and were
also apparent within the lamina propria and
submucosa (Fig. 3E).
In the liver of mice inoculated with
N-RM25, a mild periportal inflammatory
infiltrate as well as occasional scattered
foci of suppurative inflammation were evident throughout the observation period.
Prominent hepatocellular regeneration was
evident after Day 7. Until Day 9 P.I.,

the spleen of mice in this group revealed
mild lymphoid hyperplasia, patchy extramedullary haematopoiesis and also contained scattered aggregates of neutrophils.
Inflammation was not evident after Day 12.
Mice in this group showed a reduced rate
of progression of inflammation in the gall
bladder compared to mice in the FD436
group. A mild neutrophilic inflammatory
infiltrate was first observed in the organ on
Day 5 and this soon became moderate in
degree. Also apparent was hypertrophy of
mucosal epithelial cells as well as patchy
oedema. These changes were observed until Day 15. No apparent inflammation was
seen in the gall bladder during the remainder of the observation period (Fig. 3D).
Whilst a small number of rod-shaped bacteria (putative Salmonella cells) were intermittently observed in the lumen during the

Salmonella Dublin vaccine

A

B

C

D

E
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F

Figure 3. Pathological changes in liver (A) and gall bladder (B - F). A: Day 5 P.I. with FD436
(Group 4). Putative Salmonella cells are observed in a Kupﬀer cell (black arrow) and a neutrophil
(red arrow). × 1000, Giemsa stain. B: Gall bladder from control mouse (Group 7). BB: brush border;
EP: epithelium; LP: lamina propria; SM: submucosa; MW: muscular wall; and S: serosa. × 400,
H&E stain. C: Day 5 P.I. with FD436 (Group 4). Severe acute cholecystitis. Epithelial hyperplasia, with oedema, haemorrhage and fibroplasia within the lamina propria to subserosa. Neutrophils
are the predominant infiltrating inflammatory cell. × 400, H&E stain. D: Mouse euthanised on
Day 18 P.I. with N-RM25 (Group 5). Inflammation is not evident except very mild infiltration of
mononuclear cells with oedema of LP and SM. × 400, H&E stain. E: Day 5 P.I. with FD436. A large
number of organisms is present in the lumen and mucosa (arrows). Exfoliation of epithelium and
large numbers of neutrophils are evident. × 1000, Giemsa stain. F: Day 5 P.I. with N-RM25. Organisms are present in the lumen in low numbers (arrow). Epithelium maintains monolayer. × 1000,
Giemsa stain.
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Table III. Chronological investigation of histopathological (HP) and bacterial penetration (BP)
scores from liver (L), spleen (S) and gall bladder (GB) of mice administered FD436, N-RM25 or
R-NM29 via the intraperitoneal route.
Groupa Sample
4

5
HP score
6

7

BP score

Day
1

3

5

7

9

L

1

3

3

ND

ND

12

15

18

21

24

S

0

2

3

ND

ND

GB

0

1

3

ND

ND

L

0

1

2

2

2

S

0

0

2

1

1

1

1

1

1

1

0

0

0

0

0

GB

0

0

L

0

1

1

0

0

2

2

0

1

0

1

1

0

S

0

GB

0

0

1

1

0

0

0

0

0

L
S

0

N/A

N/A

N/A

0

0

N/A

N/A

N/A

GB

0

0

N/A

N/A

N/A

0
1

1

0

1

0

4

GB

0

0

3

ND

ND

5

GB

0

0

1

0

0

6

GB

0

0

0

0

0

7

GB

0

N/A

N/A

N/A

0

a

Salmonella strains inoculated to mice were the following: Group 4 – FD436; Group 5 – N-RM25;
Group 6 – R-NM29; Group 7 – control.
Day: day post-inoculation, ND: no data available since no mice survived.
HP score: 0 = no detectable pathological change, 1 = mild changes, 2 = moderate changes, 3 = marked
changes.
BP score: 0 = no detectable penetration, 1 = penetration of the lumen only, 2 = penetration of the lumen
and mucosa, 3 = penetration of the lumen, mucosa and submucosa.

observation period, penetration to the mucosa or the deeper layers by the organism
was not evident (Fig. 3F).
In the liver of mice in the R-NM29
group, a mild periportal inflammatory infiltrate of neutrophils was seen on Days 3,
5 and 7. Occasional suppurative foci composed of neutrophils and lymphocytes
were also evident on Days 5 and 7. Mild
lymphoid hyperplasia and extramedullary
haematopoiesis were evident in the spleen
of mice in this group on Days 5 and 7.
No apparent inflammation was observed in
these organs on Day 9. No pathological

changes were ever seen in the gall bladder
of mice in this group.
Pathological changes were not evident
in the liver, spleen and gall bladder in the
control group.
3.4. Immunological assays
An increase in the mean titre of serum
IgG in mice vaccinated with N-RM25 was
observed 7 days P.I. The mean titres in this
group on Days 14 and 21 were significantly
higher than in the control group on the
same days (p < 0.01). While the mean titre

Salmonella Dublin vaccine

of IgG in the R-NM29 vaccinated mice increased significantly more than that of the
control mice (p < 0.01) during the same
period, the titres in this group on Days 14
and 21 were significantly lower than in
mice given N-RM25 (Day 14: p < 0.05,
Day 21: p < 0.01) (Fig. 4A).
The mean serum IgA titres of mice in
the vaccinated groups also started to increase 7 days P.I. Mice in the N-RM25 vaccinated group produced significant titres on
Days 14 and 21 when compared with the
control group (Day 14: p < 0.05, Day
21: p < 0.01). Mice vaccinated with RNM29 also produced increased serum IgA
titres on Days 14 and 21. However, the
mean titre of this group on Day 21 was significantly lower than that of the N-RM25
group (p < 0.01) (Fig. 4B).
Mice administered with N-RM25 also
produced significant titres of secretory IgA
on Days 14 and 21 when compared with
mice in both the R-NM29 and control
groups (Day 14: p < 0.01, Day 21:
p < 0.05) (Fig. 4C).
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1.2 10

A
1 104

N-RM25
R-NM29
Control

3
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3

6 10

**
3
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*
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0

7

**

14

**
21

Day (post-inoculation)

1.4 10

3
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3

B
N-RM25
R-NM29
Control

3

1 10

2
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2

6 10

2
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**

2

2 10

**

*

0

0 10

0

7

14

21

Day (post-inoculation)
2

8 10

2

C

7 10

3.5. Vaccine trials with N-RM25 and
R-NM29

N-RM25
R-NM29
Control

6 102
2

5 10

2

4 10

3.5.1. Clinical appearance and
Salmonella shedding in faeces

3 102
2 102

**

1 102

Following challenge infection, there
were significant diﬀerences in the number
of surviving mice between the N-RM25
vaccine and control groups (p = 0.0079).
Mice in the N-RM25 vaccine group remained healthy and survived throughout
the observation period. Four out of eight
mice vaccinated with R-NM29 were euthanised due to severe clinical signs of
salmonellosis between Day 7 and Day 12
post-challenge (P.C.). Whilst some of the
remaining mice in this group were moderately ill between Days 5 and 13 P.C., no
more mice were euthanised. All mice in

**

*

*

0

0 10

0

7

14

21

Day (post-inoculation)

Figure 4. Mean titres of serum IgG (A) and IgA
(B), and intestinal secretory IgA (C) in mice
measured using ELISA following administration with N-RM25 or R-NM29 via the intraperitoneal route. Grey bars – Group 8 (mice administered with N-RM25); cross-hatched bars
– Group 9 (mice administered with R-NM29),
and; hatched bars – Group 10 (control) (n = 5
/group/time). Error bars represent ± of SEM.
* p < 0.05 and ** p < 0.01 (two-tailed MannWhitney test) when compared with Group 8.
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the unvaccinated control group were euthanised due to salmonellosis by 4 days
P.C. (Tab. IV).
The N-RM25 vaccine strain was isolated from the faeces of some mice in
Group 11 during the pre-challenge period.
However, isolation was intermittent and
only for short periods ( 7 days) following each vaccination, and was only possible using the EI method. Mice in the
R-NM29 vaccinated and control groups
did not shed Salmonella in their faeces during the same period. Following challenge
infection, mice vaccinated with N-RM25
excreted Salmonella in their faeces significantly less frequently than mice in the
other groups (p < 0.0001). The challenge
strain (FD436) was occasionally isolated
using the EI method from the faeces of
only two mice receiving the N-RM25 vaccine. The challenge strain was isolated
from all mice in the R-NM29 vaccinated
group using the DI method almost everyday from Day 3 P.C. to the end of the
observation period. In the control group,
the challenge strain was continuously isolated from the day following challenge to
the day by which all mice were euthanised
(Tab. IV).

3.5.2. Post-mortem examination
No gross lesions were observed at postmortem in any of the mice vaccinated with
N-RM25. The surviving mice in the RNM29 vaccine group showed mild to moderate pathological changes, such as mild
splenomegaly and pale foci on the surface of the liver. The four mice in this
group and all mice in the control group
euthanised due to salmonellosis developed
severe splenomegaly and petechial haemorrhages of the serosa of visceral organs.
Two of these euthanised mice had marked
fibrinous exudate in the abdominal cavity
and small grey-white foci scattered across
the entire surface of the liver.
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3.5.3. Isolation of Salmonella from heart
blood, liver plus spleen and other
major organs
No Salmonella were isolated even using the EI method from the heart blood
of any mouse receiving the N-RM25 vaccine or the surviving mice vaccinated with
R-NM29. In contrast, the challenge strain
was isolated from this site in all mice euthanised due to salmonellosis. Frequency
of Salmonella isolation from the heart
blood between mice in the N-RM25 group
and the control was significantly diﬀerent
(p = 0.0079) (Tab. IV).
There were also significant diﬀerences
in the penetration of the liver and spleen
by Salmonella between the N-RM25 group
and the other groups (R-NM29: p =
0.0008, control: p = 0.0079). The organisms were not isolated from the liver
and spleen of any mouse vaccinated with
N-RM25. In contrast, the challenge strain
was isolated in large numbers (1.1 × 109
to 2.4 × 109 cfu/g) from these organs of
four mice in the R-NM29 vaccine group
that were euthanised due to salmonellosis,
and in smaller numbers from those surviving to the end of the experiment. The
challenge strain was present (5.3 × 108 to
3.3 × 109 cfu/g) in the organs of all control
mice (Tab. IV).
The challenge strain was isolated only
from the ileocaecum of one of the five
mice vaccinated with N-RM25 using the EI
method. The N-RM25 vaccine strain was
also isolated following enrichment from
the ileocaecum and colon of one out of
five mice in this group. In addition to the
liver and spleen, the challenge strain was
isolated from a variety of other organ sites
(ileocaecum, caecum, colon and kidney) of
mice in the R-NM29 group (Tab. V).
4. DISCUSSION
Metabolic-drift mutants created by
generation of spontaneous chromosomal
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Table IV. Distribution of Salmonella in intestinal organs of mice that survived throughout vaccine
trials using N-RM25 and R-NM29 followed by challenge infection with wild strain FD436.
Groupa
11 (n = 5)
12 (n = 4)

Lung
0/5
0/4

Liver and
spleen
0/5
4S/4

Duodenum
and jejunum
0/5
0/4

Organ
Ileum Ileocaecum
0/5
0/4

1S, 1R/5 (2)
3S/4

Caecum

Colon

Kidney

0/5
3S/4

1R/5 (1)
2S/4

0/5
1S/4

a

Vaccination: Group 11 - N-RM25, Group 12 - R-NM29.
Results represent the numbers of cultures positive for the corresponding vaccine strains and the challenge
strain over the total number of samples tested in each group. S: nalidixic acid and rifampicin sensitive
(challenge) strain, R: nalidixic acid and rifampicin resistant (vaccine) strains. Numbers in parentheses
indicate the number of isolates obtained using the enrichment isolation method.

mutations in FD436 were selected for
this study because the use of genetically
modified organisms as veterinary live
vaccines is not permitted in Europe and
has become tightly restricted elsewhere
due to public health concerns [38].
The data presented clearly indicate that
the S. Dublin metabolic drift mutant NRM25 is a highly eﬀective live vaccine in
the mouse model. In contrast, the companion mutant, R-NM29, whilst exhibiting some desirable properties, was not
suﬃciently protective. N-RM25 showed
no cross resistance to the antimicrobials
tested, and its very low reversion rate (calculated to be between 2.6 × 10−20 and
1.8 × 10−22 ) satisfied two essential safety
criteria for use as a live attenuated vaccine.
The reversion rate may indeed be lower
because phenotypic diﬀerences from the
parent strain suggest the presence of further chromosomal mutations in N-RM251 .
S. Dublin can resist the bactericidal
action of bile [36]. However, metabolicdrift mutations may aﬀect the genes responsible for mechanisms of Salmonella
bile resistance, such as multi-drug efflux pumps [33] and/or lipopolysaccharide
biosynthesis [41], altering the sensitivity of
the organism to bile and consequently re1

Mizuno T., The development of a live attenuated Salmonella Dublin vaccine, Ph.D. thesis,
St. Lucia, QLD, Australia, 2003.

ducing the growth of the mutants in the
presence of this substance. The MIC and
MBC of bile have confirmed that wild
strain FD436 and vaccine candidates NRM25 and R-NM29 were highly resistant
to bile. This suggests that they can survive in sites such as the gall bladder,
thereby evading host defences because bile
inactivates complement activity and lyses
leukocytes [16]. In addition, because of the
toxicity of bile for most Gram-positive and
non bile-tolerant Gram-negative bacteria,
these strains may avoid competition with
other microorganisms in sites where inhibitory concentrations of bile are present.
The growth of N-RM25, however, was
markedly reduced, even in the presence
of a very low concentration of BS No. 3
when compared with the other strains.
Despite this slow growth rate, there was
very little diﬀerence in the MIC and no
diﬀerence in MBC of BS No. 3 for NRM25 and the wild strain. Furthermore,
N-RM25 produced a much more consistent pattern of growth than did the other
strains in the presence of a broad range of
BS No. 3 concentrations. If N-RM25 maintains this sensitivity to bile in vivo, given
that the concentration of BS in bile in the
human liver2 is approximately 1.1% and
the concentration of BS in bile in the gall
2

Data for mouse organs could not be found.
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bladder is even higher [13], the above results suggest that when N-RM25 reaches
these sites, it could survive and multiply at
rates markedly lower but more stable than
the other strains. In addition, the reduced
growth rate of the strain in the presence of
bile may minimise the risk of it being excreted in the faeces in large numbers3.
The virulence study showed that both
N-RM25 and R-NM29 were highly attenuated compared to FD436. N-RM25, in particular, did not induce any clinical symptoms in the experimental infection study,
even though a greater number of mice in
this group were tested than in the other
groups. Additionally, mice given N-RM25
excreted Salmonella intermittently and for
only a limited period ( 7 days), with the
organism detectable only following the EI
method, in marked contrast to mice given
FD436. This suggests that only a small
number of organisms were present in the
faeces, and/or the organisms in the faeces
were of limited viability. Therefore, NRM25 may have diﬃculty surviving when
shed in the environment, a desirable characteristic for a vaccine strain from a public
health perspective.
Histopathological changes in the liver,
spleen and gall bladder examined chronologically were much milder in the N-RM25
inoculated mice compared with mice given
FD436. These findings were also clearly
reflected in the organ culture results. The
number of Salmonella in the liver plus
spleen specimens from mice given FD436
increased sharply and the mice deteriorated
rapidly. In contrast, although the infectious dose of N-RM25 was approximately
106 times greater than that of FD436, the
3
Linde K., Stable, highly immunogenic mutants of Salmonella with two independent, attenuating markers as potential live vaccine and
their validity for Shigella and other bacteria,
Proc. Int. symposium on enteric infections in
man and animals: standardization of immunological procedures, Dublin, 1982, pp. 15–28.
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number of Salmonella isolated from these
organs in this group decreased to a very
low level. However, N-RM25 temporarily
colonised the organs and survived in small
numbers throughout the twenty-four day
observation period without causing disease. In separate studies, this period of
colonisation was confirmed to be no longer
than 52 days4 . Even though mild pathological changes were observed in the organs of
mice given N-RM25, no mice in this group
showed clinical signs.
Bacteriological and histopathological
investigation confirmed that R-NM29 was
rapidly eliminated from heart blood and
was not isolated from the liver, spleen or
gall bladder. As with the wild strain, NRM25 was isolated from each of these
sites. On histopathology of N-RM25 infected mice, a small number of Salmonella
cells were observed only in the gall bladder lumen. In contrast, FD436 penetrated
the lumen, mucosa and submucosa in large
numbers resulting in marked inflammation.
Whilst S. Dublin is inherently capable of
growth in the biliary system, the growth of
and penetration by N-RM25 was restricted,
and this may contribute in part to its lower
pathogenicity. Furthermore, based on the
histopathological observation of the gall
bladder, a high proportion of bacterial cells
in the lumen were extracellular (Figs. 3E
and 3F). This suggests that, in contrast
to Salmonella in the intracellular phase,
extracellular N-RM25 cells are directly exposed to bile. Although some features of
N-RM25, such as slow in vitro growth rate
in a nutrient medium and reduced motility, may aﬀect its virulence, the unique
sensitivity to bile may be a key characteristic to regulate the growth of N-RM25 at
this site and may be an important factor
contributing to attenuation. If so, the high
level of attenuation of this strain might be
maintained even in immuno-compromised
animals, because bile would restrict the
4

Mizuno T., unpublished data.
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growth of the strain independently of the
immune response. It is also highly likely
that the organism was transported in bile
to the gut via the enterohepatic circulation of bile because N-RM25 was isolated
from the faeces and bile at similar time
points. In the chronological study following experimental infection, organ and tissue specimens were collected at set time
points from diﬀerent animals on each occasion. Although animals in the same genetic
line and of the same age and sex were used,
variations in infectivity and immunity may
have occurred [4]. In spite of this, diﬀerences in the level of tissue penetration and
pathological eﬀects between N-RM25 and
the wild strain were marked and uniform
within all groups. Based on these results,
N-RM25 appears to have many characteristics of the ideal vaccine for enabling the
slow “drip feeding” stimulation principle.
Mice in the N-RM25 group produced
significantly higher levels of systemic immunity (serum IgG and IgA) against the
challenge strain than mice in the R-NM29
and uninoculated control groups. One important contributor to this result is probably
the ability of N-RM25 to survive in the
liver and spleen in low numbers for longer
than 24 days P.I. In mice, more than 99%
of IgA produced in the intestinal mucosa
is secreted into the intestinal lumen directly through epithelial cells [34]. Therefore, the results of secretory IgA titres
closely reflect the actual level of immune
induction at the mucosal site. Even following parenteral administration, N-RM25
also induced a significant level of mucosal
immunity in the intestine. While R-NM29
produced significantly less serum humoral
immunity than did N-RM25, the level was
still significant when compared with the
control, suggesting R-NM29 retains a certain level of immunogenicity. However,
it induced no mucosal immunity. This is
most likely because, unlike N-RM25, RNM29 did not reach the gut to stimulate the
GALT directly. These results strongly sug-

gest that the application of the slow “drip
feeding” principle can enable a parenteral
live vaccine to eﬃciently induce mucosal
immunity as well as systemic immunity. If
so, administration of the N-RM25 vaccine
is no longer restricted to an oral route in order to induce an eﬃcient mucosal immune
response.
The vaccine trials showed that N-RM25
possesses significant protective properties
against homologous challenge infection. In
the trials, since the challenge strain was
given via the intraperitoneal route, it was
diﬃcult to evaluate the importance of mucosal immunity in preventing S. Dublin
infection. However, the results obtained
suggest that the challenge strain was effectively eliminated from the internal organs and intestinal lumen of mice given
N-RM25 vaccine, and that the vaccine prevented the development of systemic infection.
It can be concluded that N-RM25,
which was selected using criteria developed for the slow “drip feeding” concept,
is a promising live attenuated vaccine candidate for S. Dublin infection in cattle
and the results of vaccine trials in mice
must now be confirmed in the natural
host. The slow “drip feeding” concept is
a new approach to developing live attenuated vaccines which may be applicable
to the development of vaccines for other
infectious organisms in both monogastric
animals and ruminants. It may also be applicable for developing other organisms to
be used as vaccines and/or vectors to carry
foreign antigens when oral administration
is problematic but it remains desirable for
the organisms to reach immune stimulation
sites at mucosal surfaces in the gut.
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