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Salmonella typhimurium is the causative agent of bacterial gastroenteritis in
human via livestock products. S. typhimurium mutants (STA4 and STA5) deleted the
hmpA, rpoS, ssrAB, aroA and ppk genes were constructed and, attenuated virulence and
protective efficacy of the multiple mutants were evaluated in mice as a novel vaccine
candidate. In the virulence test, CFUs of STA4 (hmpA, rpoS, ssrAB, and aroA) and STA5
recovered from the liver and spleen of the mice were highly decreased at the range of 2.40
to 5.51 logs for 15 days postinfection. The changes of organ/body weight ratios in mice
were also showed same trends as the changes of CFUs in virulence test. In the protection
test, CFUs of STA4 and STA5 recovered from the organs in mice were highly decreased
compared to non-vaccination group. The Polyphospate kinase (ppk) gene was not
associated with protective efficacy but attenuated virulence in S. typhimurium mutant.
Our results indicated that STA4 and STA5 firstly developed in this study showed highly
attenuated virulence and protective efficacy. This work shows that S. typhimurium mutant
deleted the multiple genes provide a basis for further development of a novel vaccine.
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Even though similar to Escherichia coli
morphologically and physiologicaly, the genus
Salmonella was classified as a separate genus
using bacterial antigen composition dueto clinical
convenience by F. Kauffmannin 1934 1. Salmonella
has been primarily reported more than 2,500
serotypes up to date and falls into two serotypes
of host-specific (S. Typhi, S. Dublin, S.
Choleraesuis, S. Pullorum, and S. Gallinarum) and
non host-specific (S. Typhimurim, S. Enteriditis,
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and S. Newport)? 3. Salmonella strains which can
cause food poisoning in human are belong to the
latter*. Especially Salmonella enteric serovar
Typhimurium (ST) is aleading cause of bacterial
gastroenteritis in human via meat of cattle, pigs
and chickens or their by-products®®. To improve
the safety of livestock products, vaccination can
be better protection than antibiotic treatment.
Inactivated vaccine and live attenuated vaccine
are currently used in the vaccine industry. Live
attenuated vaccine has been mainly researched
for Salmonella vaccination since cell-mediated
immunity induced by live attenuated vaccines is
more efficient in protection of Salmonella species.
However, inactivated vaccine can be used as the
adjuvant after vaccination with live attenuated
vaccine, sinceit can protect the invasion of wild-
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type pathogenic Salmonellainto the organ. WHO
has recommended effective attenuated vaccine
treatment to animal sto prevent thefood poisoning
in humans caused by Salmonella since 1988.

To construct live attenuated vaccine,
various genesfrom different loci have been applied
with single or multiple deletions’™®. The
flavohaemoglobin (hmp) gene is required to
persistent infectivity in host during Salmonella
infections'®. Thisgene detoxifiesnitric oxidewhich
inhibits overall expression of Salmonella
Pathogenicity Island (SPI)-2 effectors of
Salmonellat. The ssrAB gene is the secretion
system regulator and required to persistent
infectivity'2. TherpoSgene encodes an alternative
sigma factor in Salmonella and is important for
persistent virulenceinthe spleen and liver of murine
Peyer’s patches!*, The ppk gene encodes
polyphosphate kinase responsible for the
synthesis of inorganic polyphosphate from ATP,
Polyphosphate regul ates the expression of rpoS'.
The aroA geneisassociated with the biosynthesis
of aromatic amino acid to make auxotroph vaccine.

Although Salmonella mutantswith single
deletions of various geneswerewell characterized
inthe vaccine study, few studies have been carried
out on the behavior of Salmonella mutants with
multiple deletions of the genes in mice model. In
this study, ST mutants were constructed by
quadruple or quintuple mutations and tested for
attenuation of virulence and protection. This study
firstly aimed to investigate the contribution of the
highly attenuated gene variations to the virulence
of ST. Our results showed that intraperitoneal and
ord immunization with ST mutant providesexcellent
protection against virulent ST and against
challenge with the pathogen ST.

MATERIALSANDMETHODS

Bacteriaculturepreparation

Two mutant challenge strains ST and the
parental wild-type challenge strain isolated from
ileocecal lymph nodes of pigsin Koreawere used
in this study (Table 1). Bacteria were growing in
Luria-Bertani (LB) broth at 37°C for 18 h.
Subsequently, they were centrifuged at 13,000 rpm
for 20 min, washed with phosphate buffered saline
(PBS) twice, and the cell density was adjusted to
final concentration, 1 x 10°CFU/100 pl.
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Salmonella live attenuated vaccine

STA4 (ssrAB, rpoS, hmp, and ppk) and
STA5 (ssrAB, rpoS, hmp, ppk, and aroA) mutants
were constructed using the phage A red
recombinase system'’. The method was
homologous method which inserted genes using
transvector such as pkD3 (chloramphenicol
resistance, Cm®) and pkD4 (kanamycin resistance,
KmR). After recombination, inserted gene was
deleted by replacing antibiotic cassette. Finaly,
the cassette was deleted with pcp20 vector. To
confirm production of mutant, bacteriawere grown
in selective medium with appropriate antibiotics.
Subsequently, the colonieswere amplified with PCR
to investigate the size of PCR product?’.
Attenuated virulence of mutantsfrom mice

Femae8-week-old BALB/c micewasused
for virulence study. One group of 5 specific
pathogen-free mice (control group, 3 mice) was
housed in IVC cage and fed sterile food and
provided tap water ad libitum. All miceweregrown
at the condition of 22°C, 40 ~ 70 % air humidity,
and 12 hlight/12 h dark cycle. Animal studieswere
carried out in strict accordance with the
recommendations in the Guide for the Care and
Use of Laboratory Animals and protocols were
approved by the Kangwon University Animal care
and use Committee. At 8 weeks of age, mice were
challenged by the dose of approximately 1 x 10°
CFU/100pl per one mouse through intraperitoneal
injection. After post injection (PI), mice were
euthanized at day 3, 6,9, 12, and 15 daysby cervica
dislocation. At each time point, theliver and spleen
were separated, weighed and homogenized with
peptone buffered saline by tissue lyser (Qiagen,
USA, 30Hz, 3 min., 3 times). Lysed organs were
inoculated on Salmonella Shigella (SS) agar (BD)
and incubated at 37°C for 24 h. Cultured bacteria
were counted, respectively.
Efficacy studies

Female 8-week-old BALB/c mice were
used for protection test and all micewere grown at
the same condition asvirulence test. One group of
7 specific pathogen-free mice was used to evaluate
efficacies of ST4 and ST5 mutants against
subsequent virulent infection. At 8 weeks of age,
groups of vaccinated mice were infected by the
doseof 1 x 10 CFU/100ul per one mouse through
intraperitoneal injection. And, second vaccination
(1 x 10° CFU) was proceed 7 days|ater. One week
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after the second vaccination, 1 x 10* CFU/100pl of
wild type strain was challenged to each group of
mice. Then, mice were euthanized at day 7 day by
cervical dislocation. The liver and spleen were
treated, and the bacteria was counted as same
method as attenuated virulence test.
Statistical analysis

Data were analyzed using the General
Linear Model (GLM) and the least significant
difference (LSD) procedures of the Statistical
Analysis System (SAS). Significant mean
differences among treatments were compared by
Fisher’'sLSD at p<0.05.

RESULTS

Salmonella attenuated live vaccine

Two mutantsof ST were constructed from
the wild type using the phage A red recombinase
system (Table 1). To confirm the mutant
constructed, selective medium with appropriate
antibiotics was used and, the size of PCR product
was assessed. In this study, all the mutants
inserted pK D3 (cmF) and pK D4 (kmR) wereachieved
by the recombination process (data not shown).
Attenuated virulenceof ST mutants

Infection of micewith ST mutants (STA4
and STAS5) deleted multiple genes (rpoS, hmp,
ssrAB, aroA, and ppk) was used to evaluate
attenuated virulence of thevaccine strain (Fig. 1).
Intraperitoneal infection doseswere 6.9 x 103, 4.8 x
103, and 1.5 x 10* CFUsfor wild type, STA4, and
STAD, respectively. Compared to wild type strain,
CFUs of STA4 recovered from the liver were
dramatically dropped by 2.46, 2.94, 2.40, 5.29, and
5.51logsat 3, 6,9, 12, and 15 days postinfection,
respectively (Fig. 1a). CFUs of STA5 recovered
from the liver also showed similar trend as
magnificent decrease at the range of 2.28 to 6.57
log for 15 days postinfection. CFUs of STA5
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slightly increased or decreased compared to those
of STA4withtherangefrom-0.12t01.19. Compared
towild typestrain, CFUs of STA4 recovered from
the spleen were highly decreased by 1.89, 2.74,
1.38,4.6,and 5.01 logs at 3, 6, 9, 12, and 15 days
postinfection, respectively (Fig. 1b). CFUsof STA5
recovered from the spleen a so showed similar trend
as magnificent decrease by 2.53, 3.25, 1.60, 4.80,
and5.49logat 3, 6,9, 12, and 15 days postinfection,
respectively. CFUs of STA5 sdlightly decreased
compared to those of STA4 with the range from
0.15t00.63. However, comparison of CFUsbetween
wild-type and mutant strainsintheliver and spleen
didn’'t show statistical significance. The levels of
STA4 and STA5 in the liver remained unchanged
or slightly reduced for 15 days postinfection.

The average of the organ/body weight
ratio of mice was also estimated in the liver and
spleen to evaluate the attenuated virulence of
STA4 and STA5 (Fig. 2). No trend was shown in
the average of liver/body weight ratio of mice
during day 3to 9 (Fig. 28). However, at day 12 and
15, STA4 and STA5 groups showed slightly lower
liver weights in the mice compared to wild type
group. STA5 group showed dlightly lower liver
weightsinthemicethan STA4 group at day 12 and
15. Statistical significance wasn't shown between
the averages of the organ/body weight ratiosin all
the mice groups for experiment period. Compared
to wild type strain, the averages of the spleen/
body weight ratios in the STA4 group were
significantly decreased by 0.04, 0.18 (P<0.01), 0.20
(P<0.001),0.35(P<0.001),and 0.40g (P<0.001) &t 3,
6, 9, 12, and 15 days postinfection, respectively
(Fig. 2b). The averages of the spleen/body weight
ratiosin the STA5 group also showed similar trend
of decrease compared to wild type strain by 0.06,
0.18(P<0.001), 0.22 (P<0.001), 0.38 (P<0.001), and
0.43 g (P<0.001) at 3, 6, 9, 12, and 15 days
postinfection, respectively.

Table 1. Salmonella Typhimurium wild type and mutant used in this study

S. enteric serovar
Typhimurium or mutant

Relevant characteristicst

IVKB010198
STA4
STA5

Wild type (isolate from pig)
ArpoS:AssrAB::AhmpA::Aar oA Km'
ArpoS:AssrAB::AhmpA::AaroA:: Appk; Km'

Km', kanamycin resistance
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Efficacy of ST mutants against ST wild type
challengeinfection

To evaluate the protection of mice
vaccinated with STA4 and STA5 groups against
intraperitoneal challenge with non-vaccination
group, the systemic infection of challenge strain
of micewereestimated intheliver and spleen (Fig.
3). During the 7 days of observation, no mouse
died in STA4 and STA5 groups. Also, non-
vaccinated mouse group showed any death. Seven
days after challenge, CFUs in theliver of micein
STA4 and STA5 groups were magnificently
decreased by 0.81 and 1.0 log compared to non-
vaccination group, respectively (Fig. 3a). However,
comparison of CFUs in the liver didn’t show
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statistical significancein both groups. Seven days
after challenge, CFUsin the spleen of micein STA4
and STAS5 groups were significantly decreased by
0.80 and 0.65 log compared to non-vaccination
group, respectively. However, comparison of CFUs
between STA4 and STA5 groups didn’'t show
statistical significance.

The average of the organ/body weight
ratio of mice was also estimated in the liver and
spleen to evaluate the protection efficacy of mice
(Fig. 4). Seven daysafter challenge, the average of
the liver/body weight ratio of mice in STA4 and
STA5 groups were, respectively, 0.072 + 0.006 g
and 0.065 £ 0.015 g. Theratio of liver/body weight
in ST4 (P<0.05) and ST5 (P<0.01) groups were
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Fig. 1. Mean colony forming unit of ST recovered from the (@) liver and (b) spleen in miceinfected by STA4 and
STAS. Female 8-week-old BALB/c mice wereintraperitoneally infected with STA4, STA5 and wild-type-infected
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Fig. 2. Mean ratio of the (a) liver/body and (b) spleen/body in mice infected by STA4 and STAS. Asterisks (**,
***) indicate the significant difference between strainsat P < 0.01 and P < 0.001
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statistically significantly lower than that in no
vaccination group (0.088 £ 0.007 g). The average
of the spleen/body weight ratiointhemicein STA4
and STA5 groupswere, respectively, 0.011 + 0.001
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g and 0.011 £ 0.004 g. The ratio of spleen/body
weight ratio of mice in STA4 and STA5 groups
(P<0.01) were statistically significantly lower than
that in no vaccination group (0.017 £+ 0.004 g).
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Fig. 3. Mean colony forming unit of ST recovered from the (a) liver and (b) spleen in mice challenged by
ST wild type. Female 8-week-old BALB/c mice were intraperitoneally immunized with STA4, STA5 and
noninfected negative control. A challenge by intraperitoneal infection with ST wild type was performed 1
week after the second immunization. Asterisk (*) indicates the significant difference between strains at p < 0.05
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Fig. 4 Mean ratio of the (a) liver/body and (b) spleen/body in mouse challenged by ST wild type. Asterisks (**,
**%) indicate the significant difference between strainsat P < 0.01 and p < 0.001

DISCUSSION

The primary objective of this study was
to investigate the attenuated virulence and
protective efficacy of the ST vaccinewith deletions
of the genes (hmp, ssrAB, and rpoS) required to
persistent infectivity, the aro gene associated with
the biosynthesis of aromatic amino acid, and the
ppk gene encoding polyphosphate kinase

responsible for the synthesis of inorganic
polyphosphate from ATP. This study firstly
constructed the ST vaccine with multiple deletions
of aro and ppk genes and assessed the deletion
effect on protective efficacy.

The virulence of ST mutant deleted with
the hmp, ssrAB, and rpoS genes was evaluated in
mouse model. The virulence of this mutant
recovered from the liver of mouse showed
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magnificent attenuation at therange of 3.03t0 3.97
log for 12 days, compared with that of wild type
strain (unpublished results). From the ST mutant
with deletion of three genes, the aro and ppk genes
were del eted consecutively to construct STA4 and
STAS.

In the virulence test, intraperitoneal
infection doses were slightly different for each
group despite advanced adjustment of dose
concentration. It, however, seems that didn’t
significantly affect the trends of virulence of each
group. CFUs of STA4 and STA5 recovered from
the liver and spleen were highly attenuated while
wildtypestrain retained full virulenceand slightly
changed level of attenuation for 15 days (Fig. 1).
The weight ratios of liver/body and spleen/body
in mice infected by ST wild type corresponded
with highly increased CFUs of ST wild type (Fig.
laand 2a). Thisobservationisin good agreement
with previous report that mice were orally
inoculated with hmp mutant Salmonella and wild
type strain, and the hmp mutant showed a 100 fold
decrease of virulence compared to wild typewhile
it didn’t show significantly different virulence at
day 5 ° These results demonstrated that the
flavohemoglobin Hmp promotes Salmonella
virulence during chronic infection. This
observation was also in good agreement with
previous report that ST rpoS single mutant were
highly attenuated in mouse compared to virulent
ST strains, and the mutant retained significant
ability to protect mice against salmonellosis™ 3.
ST mutant with deletion with rpoS and aroA was
also demonstrated to be more attenuated and retain
higher protective efficacy than corresponding
single aroA or rpoS mutants after oral or
intraperitoneal vaccination®!®, CFUs of STA5
showed dlightly lower level than those of STA4 for
15 dayswhich indicates the effect of the ppk gene
encoding polyphosphate kinase responsible for
the synthesis of inorganic polyphosphate from
ATP®S, Previous report also demonstrated that
inactivation of the ppk gene in ST resulted in
important defectsin growth and survival in vitro,
and virulencein vivo®. This reduced virulence of
the ST ppk mutant indicatesthe crucial importance
of maintaining stable intracellular ATP during
infection and nutritional stress'®. The results in
this study assessed how the gene del etion affected
phenotype of bacterial virulence, while previous
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reports focused on single or double deletions.

In the virulence test, it can be concluded
that ST mutants used in this study are safer than
wild typeinfemal e 8-week-old BALB/C mice after
inoculation by intraperitoneal route. And, ST
mutants were able to invade the organs of the host
while mutant strain was attenuated. In the
protection test, CFUsof STA4 and STA5 recovered
from the liver and spleen were highly decreased
whilewild type strain retained full virulencefor 7
days(Fig. 3). Thisexperiment indicated that STA4
and STA5 vaccinated mice shed the ST challenge
strain at lower levelsthan did unvaccinated control
mice. There was evidence that liver and spleen
invasion by the challenge bacteriawas reduced in
vaccinated mice. CFUs of STAS recovered from
theliver or spleen of mice showed slightly lower or
higher level than those of STA4, respectively. This
result impliesthat the ppk gene was not associated
with protective efficacy but attenuated virulence
in S. typhimurium mutant.

CONCLUSON

Our ultimate goal is to develop an
attenuated vaccine candidate with multiple
deletions due to the side effect of whole bacteria
vaccine. The most consistent effect of vaccination
is the significant reduction of shedding by
vaccinates upon challenge. Although the results
obtained in this study are not enough to make a
novel Salmonella vaccine, this study sheds new
light on our understating of important
characteristics of a live attenuated vaccine with
multipledeletions.
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