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A gene cassette incorporating the crs-rsd site-specific recombination system from the Salmonella enterica
subsp. enterica serovar Dublin virulence plasmid improved the inheritance in S. enferica serotype Typhi strain
CVDY908-htr4A of a multicopy plasmid expression vector. Use of this recombination cassette may improve
expression of heterologous antigens from multicopy plasmid expression vectors in attenuated bacterial vaccine

strains.

A number of attenuated bacterial strains, including Salmo-
nella enterica subsp. enterica serovar Typhi, are being devel-
oped as live oral vaccines (6). Recombinant DNA technology
has enabled the expression of heterologous (or foreign) anti-
gens from unrelated pathogens in Salmonella serovar Typhi,
thus allowing the potential development of oral vaccines
against other pathogens using attenuated Salmonella serovar
Typhi as the carrier. The genes for the foreign antigen may be
part of a multicopy plasmid expression vector. However, while
such plasmid vectors may demonstrate stable inheritance in
laboratory strains of Escherichia coli, they are often lost rapidly
from Salmonella serovar Typhi vaccine strains in the absence
of selection. This may not only adversely affect the outcome of
an immune response to the foreign antigen following vaccina-
tion but also have repercussions during the manufacturing
process when growth of the vaccine strain in fermentors will be
required. In addition, the presence of antibiotic resistance de-
terminants in a live attenuated vaccine may be considered
unacceptable, as this could contribute to the spread of resis-
tance. This has led to efforts to develop means of maintaining
plasmids coding for foreign antigens in attenuated Salmonella
vaccine candidates and to identify alternative selection meth-
ods (3, 4, 7, 11-13). The methods that most successfully main-
tain multicopy plasmids in Salmonella serovar Typhi vaccine
strains depend on selection. However, selection does not sta-
bilize inheritance of the plasmid, it merely kills all the bacteria
from which the plasmid has been lost. With unstable plasmids,
selection, while leading to the persistence of the plasmid in
most cells, can result in the slow growth of the strain under
selection and rapid plasmid loss when selection is removed.
These factors may have contributed to the failure of some
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Salmonella serovar Typhi vaccine strains expressing heterolo-
gous antigens from multicopy plasmid expression vectors to
generate satisfactory immune responses in volunteers (15).
Here we show that the site-specific recombination system crs-
rsd from the Salmonella serovar Dublin virulence plasmid sig-
nificantly improves the inheritance, in the absence of any se-
lection, of a plasmid vector that codes for Helicobacter pylori
urease. In addition, when a transcriptional terminator and a
kanamycin-selectable trait were included, very stable plasmid
inheritance was achieved, despite the fact that no kanamycin
selection was applied.

The plasmid pHURS3 has been described previously (10). It
incorporates the ureAB genes from Helicobacter pylori ex-
pressed from the htrA gene promoter with the replication or-
igin and the B-lactamase gene (bla) from pBR322 (Fig. 1). The
inheritance of this plasmid was assayed in the live attenuated
Salmonella serovar Typhi vaccine candidate CVD908-htrA
(19). LB broth cultures of the strain supplemented with “aro
mix” (40 pg/ml each of L-Phe and L-Trp, 10 pg/ml each of
p-aminobenzoic acid and 2, 3-dihydroxybenzoic acid [final con-
centrations]) (8) and ampicillin at 200 wg/ml were grown over-
night at 37°C with shaking. These cultures were used to inoc-
ulate volumes of fresh LB broth without antibiotic selection,
and following incubation for 6 to 16 h, samples of the cultures
were diluted and then spread on LB agar and on LB agar
supplemented with ampicillin. The cultures were then used to
inoculate additional volumes of fresh LB broth without anti-
biotic selection, and the process was repeated as described
above. This process was continued for up to five additional
passages. The numbers of colonies obtained on the LB agar
and the LB agar supplemented with ampicillin after overnight
incubation at 37°C were used to determine the percentage of
cells that retained the plasmid and to estimate the average
number of generations by using the formula N, = N, X 2",
where N, is the number of CFU/ml after n generations and N,
is the number of CFU/ml at the start of the passage. Figure 2
shows that after 40 generations and in the absence of any
selection, the proportion of bacterial cells that retained the
pHUR3 plasmid was less than 35% in seven separate experi-
ments.
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FIG. 1. Genetic maps of pHUR3, pHUR3rsdA>", and pH3RC3. Plasmid pHUR3rsdA*>*’* was made by inserting the crs-rsd cassette into
pHURS3. Plasmid pH3RC3 was made from pHUR3rsdA>7* by removal of one EcoRI site, insertion of the nB transcriptional terminator into the
remaining EcoRI site, and swapping the ampicillin resistance determinant for the kanamycin resistance determinant.

The crs-rsd site-specific recombination system present on the
virulence plasmid pSDL2 of Salmonella serovar Dublin was
shown to stabilize the inheritance in serovar Dublin of a plas-
mid derived from pACYC184 (9). We therefore constructed a
crs-rsd cassette by amplifying the crs region from serovar Dub-
lin using oligonucleotides 5'-GGCGAATTCCGGATGGCCT
GTTGCAGGC and 5'-GCATCAGTAAAATGCACGAGC
CTTTATACAGGGTTCAGAC and the rsd gene using oli-
gonucleotides 5'-GGCGAATTCCCGGGTAAGTGTGGAT
ATGTG and 5'-CTCGTGCATTTTACTGATGC with Pfu
Turbo DNA polymerase (Invitrogen). The crs-rsd cassette was
then generated in an overlap extension PCR (2) using the crs
and rsd fragments as templates. The crs-rsd cassette fragment is
flanked by EcoRI restriction sites which were used to ligate it into
the EcoRI site of pHUR3 to generate plasmid pHUR3rsd A7
(Fig. 1).

When pHUR3rsdA>7* was tested without selection in six
independent experiments, it showed significantly greater sta-
bility of inheritance than pHUR3; at 40 generations, there was
no significant loss of the plasmid in five of the six experiments
(Fig. 2B). However, plasmid loss was still observed so that at 80
generations, there was no significant loss of the plasmid in only
two of the six experiments. These results show that the crs-rsd
cassette can significantly improve the inheritance of the pHUR3
plasmid when it is propagated in CVD908-htrA.

Plasmid pHUR3 is an expression vector in which the urease

operon from H. pylori, ureAB, is expressed from the Salmonella
htrA promoter. This ensures that expression of ureAB is in-
duced when Salmonella serovar Typhi invades the host tissues,
and this was intended to stabilize the plasmid and enhance
immune responses against urease by ensuring induced expres-
sion only during in vivo growth (13). In addition, inappropriate
expression of heterologous antigens may have a destabilizing
influence on the inheritance of the plasmids by which they are
encoded. It is therefore desirable to repress expression of het-
erologous antigens during in vitro growth to help maintain
their encoding plasmid, while optimizing expression at the
appropriate moment after vaccination. Krause and Guiney (9)
demonstrated promoter activity in both directions from within
the crs locus, and Western blot analysis of serovar Typhi strains
harboring pHUR3rsd A" indicated that expression of UreAB
was significantly higher than that from pHUR3 (not shown).
This was also the case when the orientation of the crs-rsd
cassette was reversed, confirming previous observations (9).
The 3’ region of the rruB 5S gene of E. coli incorporates a
strong transcriptional terminator. In order to counter the ef-
fects of the crs-rsd cassette on urease expression, a derivative of
pHUR3rsdA*7* with this transcriptional terminator immedi-
ately upstream of the h#z4 promoter was constructed. To
achieve this, a partial EcoRI digestion of pHUR37sdA>*7* was
performed, the linearized fragment was isolated, the cohesive
ends were filled using the Klenow fragment of DNA polymer-
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FIG. 2. Inheritance of pHUR3, pHUR3rsdA>*", and pH3RC3 in
Salmonella serovar Typhi strain CVD908-htr4. (A) pHUR3, results
from seven separate experiments; (B) pHUR3rsdA>7, results from six
separate experiments; (C) pH3RC3, results from three separate ex-
periments.

ase, and the treated DNA was ligated and transformed into E.
coli DH5«. Transformants which harbored pHUR3rsdA>7*
derivatives in which the EcoRI site between bla and crs had
been disrupted were identified. One of these derivatives,
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pH3RC1, was chosen and linearized with EcoRI. The rmB 5S
gene transcriptional terminator was amplified using oligonu-
cleotides 5'-GCCGAATTCACCGTATCTGTGGGGG
GATG and 5'-GCGAAATTTCCCCATGCGAGAGTAGGG
and Pfu Turbo DNA polymerase (Invitrogen), the resulting
fragment was digested with restriction enzyme Apol, and the
fragment was then ligated to the linearized pH3RC1 to give
plasmid pH3RC2. In addition, the B-lactamase gene, bla, of
pH3RC2 was swapped with a kanamycin GenBlock (Amersham-
Pharmacia) resistance determinant. To perform this, the kanamy-
cin GenBlock determinant was amplified using oligonucleotides
5'-TCATCATGAACAATAAAACTGTCTGC and 5'-GCCTC
ATGATCTGATCCTTCAACTCAGC, and the resulting frag-
ment was ligated with pH3RC2 using BspHI restriction enzyme
sites to give plasmid pH3RC3 (Fig. 1). This plasmid was intro-
duced into CVD908-htrA and assayed for inheritance by using the
method described above but substituting kanamycin for ampicillin
in the starting culture that was used as a source of inoculum for
the assay. In the absence of any selection, plasmid pH3RC3 was
maintained without loss for 120 generations in three separate
experiments (Fig. 2C).

The inheritance of multicopy plasmids is particularly unsta-
ble in Salmonella serovar Typhi, as illustrated by pHUR3. This
has led to the development of several mechanisms for main-
taining plasmids in serovar Typhi live vaccine candidates for
delivery of heterologous antigens. However, these mechanisms
are based on selection, which does not stabilize plasmid inher-
itance but kills all those bacteria that suffer plasmid loss. Thus
far, clinical trials using Salmonella serovar Typhi as a carrier
have failed to generate immune responses to plasmid-vectored
heterologous antigens (1, 4, 18), and plasmid instability has
been suspected as a cause (1). Galen et al. (7) were able to
improve the inheritance of a multicopy plasmid in Salmonella
serovar Typhi by using several mechanisms combined on one
plasmid. However, even then, a small percentage of the bac-
teria showed plasmid loss after one culture passage, leading
Galen et al. to question the rationale of using multicopy plas-
mids as vectors for heterologous antigens in serovar Typhi live
vaccines. The data presented here demonstrate that the crs-
rsd-rrnB terminator cassette, when combined with an appro-
priate selectable gene, can provide very stable inheritance of
plasmids coding for foreign antigens in candidate vaccine
strains of serovar Typhi, even in the absence of any selection.
Generally, multimerization is a significant cause of multicopy
plasmid loss in bacteria (17), and there are a number of reports
describing the stabilizing influence of site-specific recombina-
tion systems on plasmid inheritance (5, 9, 14, 16, 20). Thus, the
crs-rsd-rrnB terminator cassette described here may provide
stability for a number of different plasmids in Salmonella
serovar Typhi vaccine strains and enable the successful gen-
eration of immune responses in humans to plasmid-vectored
heterologous antigens.

REFERENCES

1. Angelakopoulos, H., and E. L. Hohmann. 2000. Pilot study of phoP/phoQ-
deleted Salmonella enterica serovar Typhimurium expressing Helicobacter
pylori urease in adult volunteers. Infect. Immun. 68:2135-2141.

2. Clackson, T., D. Giissow, and P. Jones. 1991. General applications of PCR
to gene cloning and manipulation, p. 187-214. In M. McPherson, P. Quirke,
and G. Taylor (ed.), PCR: a practical approach, vol. 1. Oxford University
Press, Oxford, England.

3. Curtiss, R., III, J. E. Galan, K. Nakayama, and S. M. Kelly. 2000. Stabili-



4386

NOTES

zation of recombinant avirulent vaccine strains in vivo. Res. Microbiol.
141:797-805.

. DiPetrillo, M. D., T. Tibbetts, H. Kleanthous, K. P. Killeen, and E. L.

Hohmann. 1999. Safety and immunogenicity of phoP/phoQ-deleted Salmo-
nella typhi expressing Helicobacter pylori urease in adult volunteers. Vac-
cine 18:449-459.

. Eberl, L., C. S. Kristensen, M. Givskov, E. Grohmann, M. Gerlitz, and H.

Schwab. 1994. Analysis of the multimer resolution system encoded by the
parCBA operon of broad-host-range plasmid RP4. Mol. Microbiol. 12:131-
141.

. Galen, J. E., and M. M. Levine. 2001. Can a ‘flawless’ live vector vaccine

strain be engineered? Trends Microbiol. 9:372-376.

. Galen, J. E., J. Nair, J. Y. Wang, S. S. Wasserman, M. K. Tanner, M. B.

Sztein, and M. M. Levine. 1999. Optimization of plasmid maintenance in the
attenuated live vector vaccine strain Salmonella typhi CVD 908-htrA. Infect.
Immun. 67:6424-6433.

. Hone, D. M., A. M. Harris, S. Chatfield, G. Dougan, and M. M. Levine. 1991.

Construction of genetically defined double aro mutants of Salmonella typhi.
Vaccine 9:810-816.

. Krause, M., and D. G. Guiney. 1991. Identification of a multimer resolution

system involved in stabilization of the Salmonella dublin virulence plasmid
pSDL2. J. Bacteriol. 173:5754-5762.

. Londono-Arcila, P., D. Freeman, H. Kleanthous, A. M. O’Dowd, S. Lewis,

A. K. Turner, E. L. Rees, T. J. Tibbitts, J. Greenwood, T. P. Monath, and
M. J. Darsley. 2002. Attenuated Salmonella enterica serovar Typhi expressing
urease effectively immunizes mice against Helicobacter pylori challenge as
part of a heterologous mucosal priming-parenteral boosting vaccination reg-
imen. Infect. Immun. 70:5096-5106.

. McNeill, H. V., K. A. Sinha, C. E. Hormaeche, J. J. Lee, and C. M. A. Khan.

2000. Development of a nonantibiotic dominant marker for positively select-
ing expression plasmids in multivalent Salmonella vaccines. Appl. Environ.
Microbiol. 66:1216-1219.

Editor: D. L. Burns

12.

14.

15.

17.

18.

19.

20.

INFECT. IMMUN.

Morona, R., J. K. Morona, A. Considine, J. A. Hackett, L. van den Bosch, L.
Beyer, and S. R. Attridge. 1994. Construction of K88- and K99-expressing
clones of Salmonella typhimurium G30: immunogenicity following oral ad-
ministration to pigs. Vaccine 12:513-517.

. Roberts, M., J. Li, A. Bacon, and S. Chatfield. 1998. Oral vaccination against

tetanus: comparison of the immunogenicities of Salmonella strains express-
ing fragment C from the nirB and htrA promoters. Infect. Immun. 66:3080—
3087.

Sarno, R., G. McGillivary, D. J. Sherratt, L. A. Actis, and M. E. Tolmasky.
2002. Complete nucleotide sequence of Klebsiella pneumoniae multiresis-
tance plasmid pJHCMW1. Antimicrob. Agents Chemother. 46:3422-3427.
Spreng, S., and J. F. Viret. 2005. Plasmid maintenance systems suitable for
GMO-based bacterial vaccines. Vaccine 23:2060-2065.

. Stirling, C. J., G. Szatmari, G. Stewart, M. C. Smith, and D. J. Sherratt.

1988. The arginine repressor is essential for plasmid-stabilizing site-specific
recombination at the ColE1 cer locus. EMBO J. 7:4389-4395.

Summers, D. K., C. W. Beton, and H. L. Withers. 1993. Multicopy plasmid
instability: the dimer catastrophe hypothesis. Mol. Microbiol. 8:1031-1038.
Tacket, C. O., S. M. Kelly, F. Schodel, G. Losonsky, J. P. Nataro, R. Edel-
man, M. M. Levine, and R. Curtiss III. 1997. Safety and immunogenicity in
humans of an attenuated Salmonella typhi vaccine vector strain expressing
plasmid-encoded hepatitis B antigens stabilized by the Asd-balanced lethal
vector system. Infect. Immun. 65:3381-3385.

Tacket, C. O., M. B. Sztein, G. A. Losonsky, S. S. Wasserman, J. P. Nataro,
R. Edelman, D. Pickard, G. Dougan, S. N. Chatfield, and M. M. Levine.
1997. Safety of live oral Salmonella typhi vaccine strains with deletions in /trA
and aroC aroD and immune response in humans. Infect. Immun. 65:452-456.
Tolmasky, M. E., S. Colloms, G. Blakely, and D. J. Sherratt. 2000. Stability
by multimer resolution of pJHCMW1 is due to the Tn1331 resolvase and not
to the Escherichia coli Xer system. Microbiology 146:581-589.



