INFECTION AND IMMUNTITY, Nov. 1992, p. 48814890
0019-9567/92/114881-10$02.00/0
Copyright © 1992, American Society for Microbiology

Vol. 60, No. 11

Characterization and Protective Properties of Attenuated
Mutants of Salmonella choleraesuis

SANDRA M. KELLY, BETH A. BOSECKER, anp ROY CURTISS III*
Department of Biology, Washington University, St. Louis, Missouri 63130

Received 27 May 1992/Accepted 18 August 1992

We have constructed crp::Tnl0 and cya::Tnl0 Salmonella choleraesuis mutants and their fusaric acid-
resistant derivatives with deletions (A) of the Tn10 and adjacent DNA sequences and found them to be avirulent
and able to induce protection against a wild-type challenge in 8-week-old BALB/c mice. Mice survived infection
with the crp and cye mutants at doses of more than 7 X 10° times the oral (p.o.) 50% lethal dose (LDs,) and
more than 8 x 107 times the intraperitoneal LD, of the wild-type S. choleraesuis parent. Mice vaccinated with
attenuated strains were protected against challenge with more than 1.6 X 10* times the p.o. LD, and more
than 80 times the intraperitoneal LD, of the wild-type virulent S. choleraesuis parent. One deletion mutation
isolated in the crp region extends to an adjacent gene(s) that was shown to be associated with avirulence. This
gene or operon has been designated cdf (colonization of deep tissues). A A(crp-cdt)19 strain, when comple-
mented with the wild-type crp gene and promoter on a pBR-derived plasmid, had p.o. LDy, values 10° times
higher than those for the wild type. A Acya A(crp-cdt)19 double mutant was less virulent than and afforded
more complete protection against a challenge with the wild-type strain than a Acrp-11 Acya double mutant or
the individual cya, crp, or crp*/cdt mutants. The deletion derivatives exhibited reduced invasion of CHO cells
in vitro, and the numbers of the mutants recovered from mouse tissues were less than that of the parent strain.
These studies suggest that one or more of the genes involved in cell attachment to and/or invasion of S.
choleraesuis may be under catabolite repression. In addition, we describe a new deletion of a gene(s) located

in the crp region between cysG and argD that is associated with virulence in S. choleraesuis.

Salmonella choleraesuis is host adapted to swine and is
often the etiologic agent of a fatal septicemic disease with
little involvement of the intestinal tract (33, 57). The result-
ing S. choleraesuis reservoir in swine is a concern, not only
because of its disease-causing potential in young pigs but
also because of its public health implications for humans (4).
Although swine are the natural hosts, mice are frequently
used as experimental animal models to study the pathogen-
esis of the disease (18, 37, 38, 51).

Currently, there is little information on vaccine use for the
control of S. choleraesuis infections. A rough variant of S.
choleraesuis used by Smith (51) in an attempt to demonstrate
protection of pigs against a challenge with the virulent S.
choleraesuis parent resulted in the development of fevers
and sublethal diseases following an oral (p.o.) challenge.

Several approaches have been utilized in the construction
of attenuated and immunogenic Salmonella vaccine strains.
Germanier and Fiirer found that a galE mutant of Salmonella
typhimurium lacking UDP-galactose epimerase activity was
avirulent and immunogenic in mice (17). Hohmann et al.
found significant quantities of intestinal and serum immuno-
globulin A antibody in mice immunized p.o. with the galE S.
typhimurium mutant G30 (22). Hone also found that a
genetically engineered AgalE derivative of S. typhimurium
was avirulent and immunogenic in mice (24). Hoiseth and
Stocker initially isolated AaroA mutants of S. typhimurium
which were avirulent and immunogenic in mice (23), cattle
(44, 50), and sheep (35). Aasd, Athy (9), and pur (32, 39)
mutants of S. typhimurium were avirulent in mice but were
not immunogenic when mice were challenged with the
virulent parent strain. S. typhimurium strains with Acya and
Acrp mutations, which eliminate the ability to synthesize
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adenylate cyclase (ATP pyrophosphate lyase [cyclizing] [EC
4.6.1.1]) and the ability to synthesize the cyclic AMP
(cAMP) receptor protein (CRP), respectively, are avirulent
and immunogenic in BALB/c mice (10). Preliminary studies
have shown the Acya Acrp Salmonella strains to be avirulent
by the p.o. route in chickens (11) and pigs (52, 53). In
addition, Salmonella typhi Acya Acrp mutants cause an
occasional febrile response (54).

Attempts to attenuate S. choleraesuis by the methods
discussed above for S. typhimurium have demonstrated the
differences in virulence and immunogenicity in these two
species. Nnalue and Stocker (37, 38) reported that galactose-
sensitive, galE S. choleraesuis strains had reduced viru-
lence, whereas galactose-resistant, galE derivatives re-
mained as virulent as the wild-type Gal* parent in mice.
When AaroA, Athy, and pur S. choleraesuis derivatives were
tested for avirulence with mice, all of the mutants were
reduced in virulence by the intraperitoneal (i.p.) route.
However, only the aroA4 derivatives were sufficiently aviru-
lent, and they were not effective as live vaccines (38).

Since attenuation strategies successfully demonstrated for
S. typhimurium have had limited success for S. choleraesuis,
we have studied S. choleraesuis mutants defective in the
cAMP-CRP global regulatory system. We have constructed
Acya, Acrp, and Acya Acrp derivatives of an S. choleraesuis
bv. kunzendorf strain and determined their (i) virulence
properties after p.o. and i.p. inoculation of BALB/c mice, (ii)
colonization of and persistence in various mouse tissues, (iii)
adherence to and invasive properties in mammalian cells,
(iv) resistance to serum, and (v) efficacy in inducing protec-
tive immunity against p.o. and i.p. challenges with the
virulent wild-type parent strain. In addition, we describe a
mutation located between argD and cysG that encompasses
not only crp but another gene(s) nearby that significantly
attenuates S. choleraesuis.
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MATERIALS AND METHODS

Bacterial strains. The S. choleraesuis strains are listed in
Table 1. The highly virulent strain x3246, a swine-derived
field isolate kindly provided by W. Fales (Veterinary Medi-
cal Diagnostic Laboratory, School of Veterinary Medicine,
University of Missouri, Columbia), was chosen as the parent
for all subsequent genetically modified strains. All strains
were characterized for (i) type 1 pili in static broth cultures
(27, 40) and motility in medium composed of 1.0% casein
enzyme hydrolysate (Sigma, St. Louis, Mo.), 0.5% NaCl,
0.5% agar (Difco Laboratories, Detroit, Mich.), and 50 pg of
triphenyltetrazolium chloride per ml, (ii) the appearance of
lipopolysaccharide in sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis when visualized by the silver-
staining procedure as described previously (21, 56), (iii)
fermentation patterns on various carbohydrates and produc-
tion of H,S by using the API 20E system, (iv) growth rates
both in minimal liquid medium (7) supplemented with DL-
methionine (20 pg/ml) when required and 0.5% (wt/vol) of
the desired carbohydrate and in Luria broth (30) by methods
described previously (10), and (v) group C, O antigen and H
antigen (poly a-z) as confirmed by slide agglutination with
antisera (Difco Laboratories).

Genetic manipulations. Transductions were performed
with the bacteriophage P14 (8) or P22 HTint (2, 45)
according to standard methods. Fusaric acid selection for
deletion derivatives of strains harboring Tn10 insertions was
done as described by Maloy and Nunn (31). The plasmid
pSD110 contains a 1.3-kb BamHI-EcoRI fragment of S.
typhimurium LT2 cloned into pBR322 (48) and was gener-
ously provided by C. Schroeder. This 1.3-kb fragment con-
tains the crp promoter region and structural gene with
approximately 300 bp of flanking DNA at the 5’ and 3’ ends.

Animal infections and protective immunity. Eight-week-old
female BALB/c mice (Sasco, Omaha, Nebr.) were used for
all infectivity and protection experiments. Methods for
growth and preparation of mice and inoculation with S.
choleraesuis were as described by Curtiss and Kelly (10).

Mice were inoculated p.o. or i.p. with various doses of the
avirulent mutants. Thirty days later, mice that survived were
challenged by the same route with 10> to 10* times the p.o.
and 80 times the i.p. 50% lethal doses (LDs,) of the wild-
type, virulent parent strain, x3246. Morbidity and mortality
were observed for an additional 45 days after the challenge
with the wild-type strain. Deaths were recorded over the
course of the experiment, and the LDy, were calculated by
the method of Reed and Muench (43).

Enumeration of viable S. choleraesuis in mice. Necropsy
procedures were as described by Curtiss and Kelly (10).
Heart blood samples were collected with heparinized micro-
hematocrit capillary tubes. The Peyer’s patches and spleens
were homogenized with a tissue homogenizer (Brinkmann
Instruments, Inc., Westbury, N.Y.) in buffered saline with
1.0% gelatin added as a wetting agent (6). S. choleraesuis
was recovered from these homogenates by plating on Mac-
Conkey agar (Difco Laboratories) supplemented with 1.0%
(wt/vol) maltose. CFU are presented as geometric means
with standard errors (n = four mice per time point). Antisera
to Salmonella group C, O antigen (Difco Laboratories) were
used to confirm that Mal~ colonies isolated from blood
samples and tissues were serotype S. choleraesuis.

CHO cell adherence and invasion. Methods for the growth
of bacteria and assays for the infection of CHO cells have
been described previously (15, 19).

Bacterial transcytosis assay. Assays for bacterial transcy-
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tosis of polarized Madin-Darby canine kidney (MDCK) cell
monolayers were performed by using the methods of Finlay
et al. (14), with some modifications. Briefly, MDCK cells
were grown on Costar Transwell filter units in Eagle’s
minimal essential medium (Sigma) containing 30 mM
NaHCO;-10 mM HEPES (N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid)-10% fetal calf serum (GIBCO Labo-
ratories, Grand Island, N.Y.) until they had reached conflu-
ent growth of approximately 3.5 x 10° cells per filter. A
mixed inoculum of strains x3246 (wild type) and x3781
[Acya-12 A(crp-cdt)19] was added to the apical surface-
polarized monolayers (in triplicate) at a ratio of 0.78 (wild
type to mutant). Each hour, the basolateral medium was
removed from each well, and x3246 and x3781 (which had
transcytosed) were enumerated. The wild-type x3246 and
the Acya-12 A(crp-cdr)19 mutant x3781 were distinguished
on MacConkey agar supplemented with 1% maltose.
Serum resistance. Bacteria were grown at 37°C to log
phase in L broth and then diluted in buffered saline with
1.0% gelatin to approximately 10° CFU/ml. A 10-pl sample
containing approximately 10° CFU was added to 90 ul of
normal rabbit serum (final serum concentration, 90%; unab-
sorbed and buffered with 20 mM HEPES, pH 7.2) which had
been preequilibrated in a 2.5% CO, atmosphere to control
the pH. The mixture was incubated at 37°C in a 2.5% CO,
atmosphere. After 1 h, samples were diluted and plated on
MacConkey agar containing 1% maltose for enumeration of
CFU. S. typhimurium A(galE-chl-uvrB)1005 x3477 was used
as a positive control for complement-mediated bacteriolysis.

RESULTS

Characterization of mutant strains of S. choleraesuis. The
phenotypic characteristics of the wild-type S. choleraesuis
strain, x3246, and those of its deletion mutants are listed in
Table 2. Type 1 pili could not be detected on the wild-type
strain, x3246, or its derivatives; S. typhimurium SL1344
x3339 served as a positive control. The Acya, Acrp, Acya
Acrp, and/or A(crp-cdt)19 derivatives were nonmotile, unlike
the wild-type parent. The phenotypes of the strains with
crp::Tnl0, Acrp-11, and cya::Tnl0 mutations were the same
as those of the mutants listed in Table 2. It has been
suggested previously that phs (hydrogen sulfide production)
is under control of the cAMP-CRP system when severe
repression of H,S is exerted by glucose in wild-type S.
typhimurium strains (5). Crp~ Cya™ mutants of S. cholerae-
suis are unable to produce H,S, unlike the wild-type parent.
The mean generation times of Acya-12 A(crp-cdt)19 x3781
and the wild-type strain, x3246, in Luria broth were 33.4 and
24.3 min, respectively. Strain x3781 [Acya-12 A(crp-cdt)19]
failed to grow or give rise to mutant derivatives capable of
growth when up to 10° CFU were plated on minimal agar
medium supplemented with DL-methionine and various car-
bon sources that should not support its growth.

Virulence of mutant strains in mice. The p.o. and i.p. LDy,
values of x3246 (wild type) were determined to be approxi-
mately 8 x 10* and 36 CFU, respectively, as determined by
the method of Reed and Muench (43). Although 1 to 5 mice
died in the groups of 15 mice inoculated p.o. with the crp
mutants, no mice died when given p.o. doses of approxi-
mately 5 X 108 CFU of the cya mutants (Table 3). The
inclusion of pSD110 with the wild-type crp gene fully com-
plemented the crp-773::Tnl0 mutation in x4418 and the
Acrp-11 mutation in x4484 to wild-type virulence; however,
the inclusion of the crp™ clone in strain x3755 containing the
A(crp-cdt)19 mutation did not restore full virulence by the
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TABLE 1. Bacterial strains
Strain Genotype or phenotype Derivation, source, and/or reference
E. coli CA8445 thi rpsL Acrp-45 Acya-06 (pSD110) 47
S. typhimurium
LT2
PP1002 trpB223 cya::Tnl0 41
PP1037 trpB223 crp-773::Tnl0 41
TT218 metE862::Tn10 46
TT2104 argl539 proAB47 amtAl trp-130 cya-961 zid-62::Tnl0 46
x3000 Prototroph 19
x3376 fli-8007::Tnl0 28
x3385 hsdL6 galE496 trpB2 flaA66 his-6165 rpsL120 xyl-404 metE551 55
metA22 lamB™ (E. coli) A(zja::Tnl10) hsdSA29 val
x3477 pStST100~ hsdL6 A(galE-chl-uvrB)1005 flaA66 rpsL120 xyl-404 55
lamB* (E. coli) A(zja::Tn10) hsdSA29
x3485 hsdL6 galE496 flaA66 trpB2 his-6165 rpsL120 xyl-404 cya::Tnl0 P22 HTint(PP1002)—x3385 with selection for Tc*
metES551 metA22 lamB* (E. coli) A(zja::Tnl0) hsdSA29 val (Mal™)
x3486 hsdL6 galE496 flaA66 trpB2 his-6165 rpsL120 xyl-404 cya::Tnl0  P1 clr cIm lysogen of x3485 with selection for
metE551 metA22 lamB* (E. coli) A(zja::Tnl10) hsdSA29 val Cm" at 30°C
x3524 pStLT100~ hsdL6 A(galE-chl-uvrB)1005 flaA66 rpsL120 P22 HTint(PP1037)—x3477 with selection for Tc*
crp-773::Tnl0 xyl-404 lamB* (E. coli) A(zja::Tnl0) hsdSA29 (Mal™)
x3670 hsdL6 galE496 trpB2 flaA66 his-6165 rpsL120 xyl-404 metE551 P22 HTint(CA8445)—>x3385 with selection for Ap*
metA22 lamB* (E. coli) A(zja::Tnl0) hsdSA29 val (pSD110)
x3711 hisG rpsL Acya-12 zid-62::Tnl0 P22 HTint(x3738)—>x3615 with selection for Tc"
(Mal")
x3738 2id-62::Tnl10 P22 HTint(TT2104)—x3000 with selection for Tc*
(Mal*)
x3757 hsdL6 galE496 trpB2 flaA66 his-6165 rpsL120 xyl-404 Acya-12 P22 HTint(x3711)—>x3385 with selection for Tc*
2id-62::Tnl0 metE551 metA22 lamB* (E. coli) A(zja::Tnl0) (Mal")
hsdSA29 val
x3856 hsdL6 A(galE-chl-uvrB)1005 flaA66 rpsL120 metE862::Tnl0 P22 HTint(TT218)—>x3477 with selection for Tc"
xyl-404 lamB* (E. coli) A(zja::Tnl10) hsdSA29 (Met™)
x4157 hsdL6 galE496 trpB2 fli-8007::Tnl10 fla466 his-6165 rpsL120 P22 HTint(x3376)—x3385 with selection for Tc*
xyl-404 metE551 metA22 lamB* (E. coli) A(zja::Tnl0) (Fla™)
hsdSA29 val
SL1344
x3339 rpsL hisG Mouse-passaged SL1344; 48
x3604 hisG46 rpsL cya::Tnl0 P22 HTint(PP1002)—x3339 with selection for Tc"
(Mal™)
x3615 hisG46 rpsL Acya-12 Fusaric acid-resistant, tetracycline-sensitive,

S. choleraesuis
x3246

X3492

X3751
X3752

x3755
x3759

X3781
Xx3820
x3858
X3860

Xx4184
x4185

x4186

x4222
x4390

Wild type, prototroph

cya::Tnl0

crp-773::Tnl0
A(crp-cdr)19

(pPSD110) A(crp-cdt)19
(PSD110) A(crp-cdt)19 Acya-12 zid-62::Tnl0 metESS1

A(crpcdt)19 Acya-12 metESS1 A(zid-62::Tnl0)

Acrp-11 zhc-1431::Tnl0
Acya-12 metES51 zid-62::Tnl0
Acrp-11 A(zhc-1431::Tnl0)

(pSD110) Acrp-11 A(zhc-1431::Tnl0)
(pSD110) Acrp-11 A(zhc-1431::Tnl0) Acya-12

Acrp-11 A(zhc-1431::Tnl10) Acya-12 A(zid-62::Tnl0)
2id-62::Tnl0

metE862::Tnl0

fli-8007::Tn10

Mal~ derivative of x3604

Swine isolate 5451-84 from William Fales,
Veterinary Medical Diagnostic Laboratory,
School of Veterinary Medicine, University of
Missouri

P1 clr clm(x3486)—>x3246 with selection for Tc*
(Mal™)

P1L4(x3524)—x3246 with selection for Tc" (Mal™)

Fusaric acid-resistant, tetracycline-sensitive,
Mal~ derivative of x3751

P1LA(x3670)—x3752 with selection for Ap* (Mal*)

P1LA(x3757)—>x3755 with selection for Ap" Tc"
(Mal™)

Fusaric acid-resistant, tetracycline-sensitive,
ampicillin-sensitive, Mal™ derivative of x3759
P114(x3819)—x3246 with selection for Tc' (Mal™)
P1LA(x3757)—>x3246 with selection for Tc™ (Mal™)

Fusaric acid-resistant, tetracycline-sensitive,
Mal~ derivative of x3820

P1LA(x3670)—x3860 with selection for Ap* (Mal™)

P1LA(x3757)—>x4184 with selection for Tc" Ap”
(Mal")

Fusaric acid-resistant, tetracycline-sensitive,
ampicillin-sensitive, Mal~ derivative of x4185
P1LA(x3856)—x3246 with selection for Tc" (Met™)
P1LA(x4157)—>x3246 with selection for Tc" (Fla™)
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TABLE 2. Phenotypic characterization of S. choleraesuis strains
Result for the following characteristic®:
. - ) MGT
Strain (genotype) PILA® 'I‘ype 1 Mot Carbohydrate fermentation and use of*: Auxotrophy Hs (miny
pili® Mal Ml Ino St Rha Mel Gal Glc  for Met

x3246 (wild type) I - + + 0+ -+ o+ o+ o+ + + + 243
x3752 [A(crp~cdr)19] I - - - - - = = = -+ + - ND
x3858 (Acya-12) I - - - = = = = = 4=+ - - ND
x3781 [A(crp-~cdt)19 Acya-12] I - - - - - - - - +/- + - - 33.4

¢ —, negative; +, positive; +/—, incomplete.

® I, immune (bacteriophage P1L4 adsorbs and injects DNA into S. choleraesuis but cannot replicate).
¢ S. typhimurium x3339 was used as a positive control for the presence of type 1 pili.

4 Mot, motility.

© Fermentation on MacConkey base agar medium and API 20E and growth on minimal agar medium plus 0.5% of the carbon sources indicated.
/ MGT, mean generation time; assay was conducted at 37°C with L broth. ND, not determined.

p.o. route of inoculation. Mice survived p.o. doses of more
than 10® times the wild-type LDs, of the A(crp-cdt)l9 mu-
tant x3755 (Table 3).

Data on survival following i.p. infections with wild-type
and mutant S. choleraesuis strains are included in Table 4.
As with the results of the p.o. challenge, strains with crp
mutations were somewhat more virulent than strains with
cya mutations. Again, the inclusion of pSD110 with the
wild-type crp gene fully complemented the crp-773::Tnl0
mutation in x4418 and the Acrp-11 mutation in x4484 (Table
4). Surprisingly, i.p. infections with strain x3755 carrying the
pSD110 plasmid resulted in LD, levels comparable to those
of the wild-type parent, x3246, which implies that the cdt
mutation, although attenuating S. choleraesuis when deliv-
ered by the p.o. route of inoculation, did not attenuate when
delivered by the i.p. route. The mean number of days before
death for mice inoculated i.p. with the wild-type parent,
x3246, was 5. Of the mice that died following i.p. challenges
with the S. choleraesuis mutant strain x3751, x3752, or
x3860, most of these did so 15 days after being inoculated.

All 15 mice survived infections with p.o. doses of 10°
CFU, and 14 of 15 mice survived infections with i.p. doses of
10* CFU of the Acya-12 A(crp-cdt)]19 mutant x3781. Strain
x4186 (Acya-12 Acrp-11) was not as attenuated as x3781.
Mice that received doses greater than 6 x 10° CFU became
ill, and some died (Table 5).

x3781 [Acya-12 A(crp-cdt)19)], x3858 (Acya-12), and x4186
(Acya-12 Acrp-11) require methionine for growth (Table 2),
which provides an additional identification marker for recov-
ery from tissues. Bacon et al. (3) tested several S. typhi

TABLE 3. Mortality of BALB/c mice 30 days after p.o.
inoculation with wild-type and mutant S. choleraesuis strains

Inoculating -

Strain Genotype (g(l)‘_ss) Nol.n(i);;tl:)r:'all\;mg
x3246 Wild type 8.0 x 10* 3/6
x3751 crp-773::Tnl0 6.4 x 10° 14/15
x4418 pSD110* ¢rp-773::Tnl10 4.8 x 10* 3/6
x3860 Acrp-11 2.6 x 108 10/15
x4184 pSD110* Acrp-11 5.1 x 10° 3/6
x3752 A(crp-cdt)19 7.6 x 108 14/15
x3755 pSD110* A(crp-cdr)19 9.4 x 107 15/30
x3492  cya::Tnl0 4.0 x 108 15/15
x3858 Acya-12 6.2 x 10° 15/15

strains containing independent met mutations and found all
to be virulent by the i.p. route. We have tested Tnl0
insertion mutations in met by the p.o. and i.p. routes and
observed similar results. A p.o. dose of 10° CFU and an i.p.
dose of 85 CFU of x4222 (S. choleraesuis metE) resulted in
the deaths of all infected mice. These results suggest that a
metE mutation does not attenuate Salmonella species.
Flagellar synthesis has been reported to be under the
control of CAMP in Escherichia coli and S. typhimurium
(58). Flagellation and motility are not required for virulence
in S. typhimurium (20, 28); however, a Fim~ (fimbriae) Fla~
(flagella) derivative of S. typhimurium was shown to have
increased LDs, values in BALB/c mice (29). The wild-type
parent, x3246, is type 1 fimbriae negative. To determine
whether type 1 fimbriae and flagella are necessary virulence

TABLE 4. Mortality of BALB/c mice 30 days after i.p.
inoculation with wild-type and mutant S. choleraesuis strains

Inoculating No. of survivin,
. . g
Strain Genotype ( g%ub) mice/total®
x3246 Wild type 36 3/6
x3751 crp-773::Tn10 2.4 x 10? 5/5
2.4 x 10° 4/5
2.4 x 10* 4/5
x4418 pSD110* crp-773::Tnl0 18 3/6
x3860 Acrp-11 6.5 x 10? 4/5
6.5 x 10° 3/5
6.5 x 10* 1/5
x4184 pSD110* Acrp-11 <19 3/6
x3752 A(crp-cdt)19 3.0 x 10? 4/5
3.0 x 103 5/5
3.0 x 10* 5/5
x3755 pSD110* A(crp-cdt)19 <37 15/30
x3492  cya::Tnl0 2.1 x 10? 5/5
2.1 x 10° 5/5
2.1 x 10* 5/5
x3858 Acya-12 2.5 x 10? 4/5
2.5 x 10% 5/5
2.5 x 10* 5/5

¢ Defined by the number of mice that survived the designated inoculating
dose of the total number of mice inoculated with that dose range.

¢ Defined by the number of mice that survived the designated inoculating
dose of the total number of mice inoculated with that dose range.
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FIG. 1. Recovery of S. choleraesuis Acya-12 A(crp-cdr)19 x3781,
Acya-12 Acrp-11 x4186, and wild-type x3246 from Peyer’s patches
(A), spleens (B), and blood samples from mice hearts (C) at specified
times after p.o. inoculations with 7.8 x 10® CFU of x3781, 1.5 x 10°
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TABLE 5. Effectiveness of p.o. and i.p. immunizations with S.
choleraesuis Acya-12 A(crp-cdt)19 x3781 and Acya-12 Acrp-11
x4186 in protecting against p.o. or i.p. challenge with wild-
type x3246°

Strain and rout Inoculating dose Challenge dose
rfa.m anl :9“ € (no. of surviving (no. of surviving
of inoculation mice/total) mice/total)
x3246
p-o. 8.0 x 10* (3/5)
i.p. 36 (2/5)
x3781
p-o. 3.6 x 10° (15/15) 1.3 x 10° (15/15)
i.p. 8.0 x 10* (14/15) 3.0 x 10° (14/14)
x4186
p-o. 6.8 x 10® (4/5) 6.0 x 10° (4/4)
i.p. 3.3 x 10° (3/5) 3.0 x 10° (3/3)

¢ Thirty days after 8-week-old BALB/c mice were immunized p.o. with the
indicated attenuated strains, they were challenged with wild-type virulent
x3246. Morbidity and mortality observations were recorded daily for an
additional 45 days postchallenge. Both inoculating and challenge doses were
measured in CFU.

attributes of S. choleraesuis, a Fla~ derivative of the wild-
type Fim™ S. choleraesuis parent strain was constructed.
The p.o. LD, values of the wild-type (Fim™) x3246 and the
Fla~ (Fim™) derivative x4390 for BALB/c mice were iden-
tical.

Tissue tropism and persistence of avirulent mutants in mice.
The Acya-12 A(crp-cdt)]9 mutations in x3781 and the
Acya-12 Acrp-11 mutations in x4186 do not prevent S.
choleraesuis cells from attaching to, invading, and/or per-
sisting in Peyer’s patches or the spleen (Fig. 1A and B) and
reaching significant titers in the blood (Fig. 1C), but these
abilities are significantly impaired compared with those of
the wild-type strain, x3246. All mice infected with 10° CFU
of the wild-type strain, x3246, died by day 5. x3781 [Acya-12
A(crp-cdt)19] was detected up to 28 days postinoculation,
with peak titers appearing 7 days after oral inoculation. The
data recorded for x4186 (Acya-12 Acrp-11) paralleled those
for Peyer’s patch and spleen colonization for x3781. How-
ever, some differences (95% confidence level) in levels of
bacteremia were observed (Fig. 1C). From days 7 to 28
postinoculation, spleens were enlarged approximately 10
times their normal size and weight in all mice inoculated with
x3781 and x4186; however, mice inoculated with x4186
(Acya-12 Acrp-11) had spleens and livers that appeared
significantly more diseased than those of mice inoculated
with x3781 [A(crp-cdt)19 Acya-12].

To further investigate differences in in vivo invasiveness,
a mixed p.o. infection experiment with x3246 (wild type) and
x3781 [Acya-12 A(crp-cdt)19] was done. Titers of CFU
recovered from Peyer’s patches, intestinal walls, and
spleens revealed that x3246 (wild type) initially colonized
these tissues 4 to 20 times more efficiently than x3781
[Acya-12 A(crp-cdt)19] (Table 6). By 4 days postinoculation,
the x3246/x3781 ratios in the intestinal tract were 8.6. The
greatest differences in CFU were observed in spleens, in

CFU of x4186, and 1.3 x 10° CFU of x3246. Four mice were
sacrificed at each time point. The results are given as geometric
means * standard deviations. PP, Peyer’s patches; SP, spleens;
BLD, blood samples.
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TABLE 6. Mixed p.o. infections of mice with wild-type S.
choleraesuis x3246 and A(crp-cdt)19 Acya-12 x3781 and ratios of
CFU in various organs®

Ratio of x3246 to x3781 in®:

Time a_fter -

infection ::zgfe: Tlea® Spleens
24 h 8.0 + 3.6 4.7 +19 ND

48 h 8.6 £ 6.9 43 +49 4.6 +34
3 days 25 +0.5 2104 6.1 5.1
4 days 95+17.6 78 £ 5.1 2290
5 days 8.2 +5.1 89 +42 226 +1.3

¢ Eight-week-old BALB/c female mice received a p.o. mixture of 5.0 x 10°
CFU of x3246 and 9.6 x 10® CFU of x3781 for an initial ratio of 0.52.

® Results are given as geometric means + standard deviations of ratios of
wild-type x3246 CFU to A(crp-cdt)l9 Acya-12 x3781 CFU recovered from
Peyer’s patches, ilea, and spleens of four mice at each time of assay. Data are
corrected for input ratio. ND, not done.

© Ten-centimeter sections of the ilea were extensively washed to remove
the contents, and the Peyer’s patches were removed before homogenization.

which ratios were greater than those observed in either
Peyer’s patches or intestinal walls (Table 6).

Invasion of CHO cells. Comparative studies of the wild-
type and Crp~ mutant strains showed differences in their
adherences to CHO cells; however, the Cdt~ mutant main-
tained a wild-type ability to adhere to mammalian cells in
culture. All of the mutants’ invasive properties were signif-
icantly reduced by as much as 100-fold (Table 7).

After 24 h of growth following infection, noticeable differ-
ences in the appearances of the CHO cells which had been
infected with the wild-type strain, x3246, and those which
had been infected with Acya-12 A(crp-cdt)19 x3781 were
seen (Fig. 2B and C). The CHO cells infected with the x3781
mutant (Fig. 2C) appeared less rounded, and fewer cells had
detached than seen with the monolayer infected with wild-
type x3246 (Fig. 2B). The nonconfluent growth of the wild-
type x3246-infected monolayer was most likely due to bac-
terial cytotoxicity.

Bacterial transcytosis. Bacterial transcytosis of polarized
MDCK monolayers was investigated to determine the rate at
which x3781 could penetrate such a monolayer compared
with the rate for the wild-type strain (Fig. 3). At 2to 3 h
postinfection, neither the wild-type strain, x3246, nor the
mutant strain, x3781, passed through the monolayer, thus
verifying that the monolayers were intact. After 3 to 4 h, low

[N N oW
FIG. 2. CHO cell monolayers, incubated for 24 h, which were
uninfected (A), infected with wild-type S. choleraesuis x3246 (B),

and infected with Acya-12 A(crp-cdt)19 S. choleraesuis x3781 (C), as
seen with a Zeiss Axiomat microscope. Magnification, %<270.

numbers of x3246 (wild type) could be detected in the
basolateral medium, while strain x3781 [Acya-12 A(crp-
cdt)19] began to penetrate the monolayer after 5 h. At 8 h
postinfection, 8.5 x 10° CFU of x3246 (wild type) per ml had
transcytosed compared with 8.0 X 10* CFU of x3781 [Acya-
12 A(crp-cdt)19] per ml. This revealed a nearly 10-fold-
decreased penetration efficiency by the mutant strain. It
should be noted that the mean generation time for both the
wild-type strain and the Acya Acrp mutant was 1.3 h in the
basolateral medium. Therefore, the actual number of bacte-
ria passing through the monolayer would be slightly less than
the number titered in the basolateral medium.
Immunogenicity of mutant strains in mice. The S. choler-
aesuis mutants protect vaccinated BALB/c mice against a
subsequent p.o. (Table 8) or i.p. (Table 9) challenge with the
wild-type, virulent parent, x3246. Differences in degrees of

TABLE 7. Infection of CHO cells with wild-type and mutant S. choleraesuis

Expt no. and Relevant o :
strain Genotype phenotype Adherence® % Invasion
Expt 1
x3246 Wild type Wild type 9.2 + 1.6 8.8 = 0.9
x3751 crp-773::Tnl0 Crp~ 2.7 £ 0.2* 0.05 = 0.01*
x3752 A(crp-cdt)19 Crp~ Cdt™ 1.5 +0.1* 0.2 = 0.004*
x3755 pSD110* A(crp-cdt)19 Cdt™ 7.6 = 1.0 3.1 +0.3*
x4418 pSD110™" crp-773::Tnl10 Wild type 10.9 = 0.5 5.8 +0.2
Expt 2
x3246 Wild type Wild type 6.6 = 0.6 11.7 = 3.1
x3781 A(crp-cdt)19 Acya-12 Crp~ Cdt™ Cya™ 5.1 +0.6 1.1 £ 0.4*
2 Values are mean percentages + standard errors of the mean (n = 3) of CFU recovered after 2 h of adherence or 2 h of incubation in 100 pg of gentamicin

per ml.

& All values marked with an asterisk are significantly different by Student’s ¢ test (P < 0.005) when compared with x3246 (wild type) or x4418
(crp-773::Tn10/pSD110"). Similar results were observed when experiments were repeated several times.
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FIG. 3. Bacterial transcytosis of polarized MDCK monolayers
as determined by recovery of S. choleraesuis wild-type x3246 and
Acya-12 A(crp-cdt)]19 x3781 from basolateral medium below the
MDCK monolayers at specified times after infection of the apical
surface with a mixed inoculum of the strains described above at a
ratio of 0.78 (wild type to mutant).

protection were apparent, as mice vaccinated either i.p. or
p-o. with the slightly more virulent crp::Tn10, Acrp-11, and
A(crp-cdt)19 strains displayed better health and higher fre-
quencies of survival after a challenge with virulent x3246
than mice vaccinated i.p. or p.o. with the less virulent
cya::Tnl0 and Acya constructs. All of the animals vacci-
nated p.o. with 108 CFU of x3751 (crp-773::Tnl0), x3860
(Acrp-11), or x3752 [A(crp-cdt)19] were protected against a
p-o. challenge with 5 x 108 to 7 x 108 CFU of virulent x3246
(~8 x 10° times the wild-type LDs,), whereas those vacci-
nated p.o. with 108 CFU of x3492 (cya::Tnl0) or x3858
(Acya-12) did not survive a challenge with 7 x 108 CFU of
the wild-type strain and yielded survivors only when chal-
lenged with lower doses of x3246 (Table 8). Interestingly,
mice immunized p.o. with x3755, which contains the pSD110
crp* plasmid to complement the Acrp mutation, were fully
protected (15 of 15 mice) against a p.o. challenge with 6.0 x
10® CFU of the wild-type x3246 parent (Table 8). Thus,
strains with Acdt are both avirulent and immunogenic. Mice
vaccinated i.p. with 1 x 10° to 6 x 10* CFU of x3751
(crp::Tnl0), x3860 (Acrp-11), x3752 [A(crp-cdt)19], or x3858
(Acya-12) were completely protected against a wild-type
challenge with 80 times the LDs,, while those vaccinated i.p.
with 10%, 10%, or 10* CFU of x3492 (cya::Tnl0) developed
significant illnesses, with some deaths, after ani.p. challenge
(Table 9).

All 15 mice vaccinated p.o. with 3.6 x 10° CFU of the
double mutant x3781 [Acya-12 A(crp-cdt)19] were protected
against a p.o. challenge with 1 x 10° CFU of virulent x3246
(more than 1.6 x 10 times the wild-type LD,) (Table 5).
Mice surviving i.p. doses of x3781 (2 x 10° times the
wild-type LDs,) were fully protected against 3 x 10°> CFU of
the wild-type strain, x3246 (80 times the wild-type i.p. LDs).
No ill effects were noted during the 45 days postchallenge
with the wild-type x3246. Although the Acya-12 Acrp-11
double mutant x4186 was not as attenuated in virulence as
x3781, all of the surviving mice were protected against a
challenge with the wild-type strain, x3246.
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TABLE 8. Effectiveness of p.o. immunization with attenuated
S. choleraesuis mutant strains in protecting against
p-o. challenge with wild-type x3246°

Strain (genotype) Immunizing dose Challenge dose s}:‘ot (.’fg
(CFU) (CFU) mice/total
x3492 (cya::Tnl0) 4.0 x 10° 7.2 x 10° 3/5
7.2 x 107 1/5
7.2 x 10° 0/5
x3858 (Acya-12) 6.2 x 10® 7.2 x 108 2/5
7.2 x 107 2/5
7.2 x 108 0/5
x3751 (crp-773::Tn10) 6.4 x 10° 7.2 x 10° 5/5
7.2 x 107 5/5
7.2 x 10° 4/4
x3860 (Acrp-11) 2.6 x 108 5.0 x 108 10/10
x3752 [A(crp-cdt)19] 2.4 x 10® 7.2 x 10° 4/4
7.2 x 107 5/5
7.2 x 10° 5/5
x3755 [pSD110* 9.4 x 107 6.0 x 10° 15/15

A(crp-cdt)19]

@ Thirty days after 8-week-old BALB/c mice were immunized p.o. with the
indicated attenuated strains, they were challenged with wild-type virulent
Xx3246. Morbidity and mortality observations were recorded daily for an
additional 45 days postchallenge.

DISCUSSION

We have constructed mutants of mouse- and pig-virulent
S. choleraesuis bv. kunzendorf x3246 that lack the ability to
synthesize adenylate cyclase and/or CRP. We have also
discovered a gene(s) adjacent to crp that is also associated

TABLE 9. Effectiveness of i.p. immunization with attenuated
S. choleraesuis mutant strains in protecting against
i.p. challenge with wild-type x3246°

No. of surviving

Strain (genotype) Immunizing dose (CFU)

mice/total
x3492 (cya::Tnl0) 2.1 x 10? 2/5
2.1 x 10° 1/5
2.1 x 10* 3/5
x3858 (Acya-12) 2.5 x 10? 4/4
2.5 x 10° 5/5
2.5 x 10* 5/5
x3751 (crp-773::Tnl0) 2.4 x 10? 3/5
2.4 x 10° 4/4
2.4 x 10* 4/4
x3860 (Acrp-11) 6.5 x 10? 4/4
6.5 x 10° 3/3
6.5 x 10* 11
x3752 [A(crp-cdt)19)] 3.0 x 10? 4/4
3.0 x 10° 5/5
3.0 x 10* 5/5

¢ Thirty days after 8-week-old BALB/c mice were immunized i.p. with the
indicated attenuated strains, they were challenged with 3.0 x 10° CFU of
wild-type virulent x3246. Morbidity and mortality observations were recorded
daily for an additional 45 days postchallenge.
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with S. choleraesuis virulence. The mutants were avirulent
and immunogenic and easy to grow and store. The mutant
phenotype is not subject to alteration either by diet or by the
animal host. Since many genes and operons are under the
control of cCAMP and CRP, cya and crp mutants are impaired
in their abilities to transport and break down carbohydrate
and amino acid catabolites (1). The cAMP concentration
within the cell in conjunction with CRP also regulates the
synthesis of pili (fimbriae), OmpA, glycogen (12, 34, 45), and
hydrogen sulfide (5) and influences phage lysogeny (25, 42).
cAMP is required for flagella formation in E. coli and S.
typhimurium (58). However, cfs (constitutive flagellar syn-
thesis) mutants have been isolated in Cya™ and Crp~ strains
that obviate the need for cAMP (49). Since the H antigen is
potentially an important immunogen, motile variants of cya
or crp mutants can be selected to elicit the antiflagellar
immune response. Although both x3781 [A(crp-cdt)19 Acya-
12] and x4186 (Acrp-11 Acya-12) agglutinated antisera to H
antigen (poly a-z), motility agar assays were negative. cfs
mutants arose more frequently in S. typhimurium cya crp
strains than in S. choleraesuis cya crp strains (data not
shown). These results imply that the cya crp strains may still
synthesize flagella or flagellar hook protein but that they may
be paralyzed and therefore nonmotile. Electron microscopy
studies are under way to determine whether flagella are
located on the bacterial cell surfaces of cya crp and/or cdt
mutants.

The cdt locus was originally discovered in S. typhimurium
after several independent deletion mutants derived after
fusaric acid resistance selection of a strain carrying
crp-773::Tnl0 were screened. One strain containing the
Acrp-10 deletion could not be complemented with pSD110
and remained 10,000 times less virulent than the wild-type
parent or the other Acrp deletion mutants constructed. This
Acrp-10 mutation was subsequently crossed into several
different S. typhimurium serotypes as well as other Salmo-
nella species, and the avirulence phenotype in mice was
repeatedly demonstrated by complementation with pSD110.
In vivo experiments with S. typhimurium Acrp-10 with or
without pSD110 revealed that colonization of the gut-asso-
ciated lymphoid tissue and deep organs was consistent with
that by other previously described Salmonella mutants that
were categorically defective in deep organ colonization, i.e.,
strains cured of the virulence plasmid and strains with
AphoP, ompR, AaroA, Acya, and galE, etc. Thus, we
generically named the allele cdt, as Salmonella strains
mutated in this locus significantly reduced the abilities of the
mutants to reach and colonize deep tissues compared with
those of their wild-type parents.

To demonstrate that the imprecise excision of crp-773::
Tnl0 deleted a neighboring gene(s) that is associated with
virulence, the pSD110 plasmid was used to evaluate the
complementation of each crp deletion mutation. pSD110
restored wild-type virulence to strains with the crp-773::
Tnl0 and Acrp-11 mutations but not to strains carrying the
A(crp-cdt)19 mutation, which thus revealed the presence of
an additional attenuating mutation. x3781 appears to display
an additive effect of both attenuation strategies, namely, the
debilitated cAMP-CRP system and the cdt locus. The exact
role of the cdt locus has not been conclusively determined. It
is clear that the gene product(s) is involved in invasion past
the gut after p.o. inoculation of mice; however, Crp* Cdt~
strains retain wild-type virulence when administered i.p. At
this time, no other phenotype besides reduced p.o. viru-
lence, deep tissue colonization after p.o. inoculation, and
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invasion of mammalian cells in culture has been identified for
this deletion mutant.

Although all strains with cya::Tn10, crp::Tnl0, or single-
deletion mutations were attenuated, the double-deletion
mutant x3781 [Acya-12 A(crp-cdt)19] was less virulent, since
mice survived infection with doses exceeding 4.5 x 10* and
2 x 10 times the p.o. and i.p. wild-type LDs, levels,
respectively. The strain x4186 (Acya-12 Acrp-11) was not as
attenuated as x3781, since mice that received doses higher
than 6 x 10® CFU became ill, and some died.

S. choleraesuis Acya A(crp-cdt)]9 x3781 retained the
abilities to attach to, invade, and/or persist in Peyer’s
patches and to reach deep tissues, but its capacities for these
were significantly reduced compared with those of the
wild-type parent strain. This mutant persisted at levels in the
spleen, Peyer’s patches, and blood lower than those for
Acya-12 Acrp-11 x4186 or the virulent parent strain. Al-
though signs of disease on the spleens and livers of mice
infected with x3781 [Acya-12 A(crp-cdt)19] were noted, the
strain x4186 (Acya-12 Acrp-11) induced more symptoms and
greater virulence and persisted in blood at higher levels. An
additional attenuating mutation or curing of the virulence
plasmid may reduce the invasiveness of x3781 and its
persistence in blood without significantly impairing its im-
munogenicity.

The animal infection studies discussed above demonstrate
the reduced invasiveness of the mutant strains to deep
tissues of mice infected p.o., suggesting that crp and/or cdt
might be involved in the ability of S. choleraesuis to resist
phagocytosis or killing by murine macrophages or the ability
to multiply within macrophages. Experiments to evaluate
these hypotheses are in progress.

Mammalian cell lines have been useful in evaluating the
virulence properties of attenuated bacterial strains (13-15,
26). The Crp~ strains adhered to CHO cells at levels slightly
lower than but at a significant level compared with those for
the wild-type parent, x3246. The Cdt™ strain maintained a
wild-type ability to adhere to mammalian cells in culture.
However, distinct differences were seen in the abilities of all
of the mutants to invade CHO cells. Similar results were
obtained by using the bacterial transcytosis assay in which
Acya-12 A(crp-cdt)19 x3781 transcytosed the MDCK mono-
layer more slowly and at a lower level than the wild type.
Therefore, it appeared that the Acya-12 A(crp-cdt)19 muta-
tions in S. choleraesuis x3781 slightly impaired the ability to
adhere to CHO cells and significantly decreased the ability to
invade CHO and MDCK cells compared with those of the
wild-type parent.

Data from mixed infections of the wild-type strain, x3246,
and the Acya-12 A(crp-cdt)]9 mutant x3781 in BALB/c mice
indicate that the Acya-12 A(crp-cdt)19 mutations moderately
impair the abilities of S. choleraesuis to attach to, invade,
and/or persist in Peyer’s patches and the intestinal wall but
impair more its ability to reach or to survive in deep tissues.
These results are therefore very much in accord with the
results from the cell attachment and invasion assays and
transcytosis measurements discussed above. It therefore
follows that attachment to and, to a greater extent, invasion
of S. choleraesuis to mammalian cells may be partially
dependent on cAMP and CRP. This might imply that the
synthesis of S. choleraesuis invasins is subject to catabolite
repression. These questions are currently being investigated.

Resistance to complement-mediated bacteriolysis by rab-
bit serum was not affected by introducing the Acya-12
A(crp-cdt)19 mutations into wild-type S. choleraesuis. The
reduced ability of x3781 to appear in blood (Fig. 1C) was
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probably not due to increased sensitivity to serum bacterio-
cidal killing.

Although the single crp mutants appeared more protective
than the cya mutants, the double Acya-12 A(crp-cdt)19
mutant x3781 induced a higher level of protection, as was
demonstrated when mice survived inoculation with the wild-
type strain, x3246, at more than 1.6 X 10* times and 80 times
the p.o. and i.p. LDy, levels, respectively. Although x4186
(Acya-12 Acrp-11) was more virulent than x3781, it also
induced a high level of protection against the wild-type
challenge.

We have shown that S. choleraesuis can be attenuated by
deletion of the cya and crp genes, which synthesize cAMP
and CRP, respectively. We have also discovered a locus
linked to crp that is associated with virulence in S. choler-
aesuis. Significant differences between the mutant and par-
ent strains were seen in both invasion assays with mamma-
lian cells and in vivo tissue tropism and persistence studies.
Definitive molecular genetic studies are under way, and the
region encompassing the A(crp-cdt)l9 deletion has been
cloned.

Collaborative studies to investigate the potential use of
Acya-12 A(crp-cdt)19 S. choleraesuis as an immunizing agent
for swine against colonization and persistence of naturally
occurring S. choleraesuis and fatal swine salmonellosis are
in progress. Attenuated Salmonella strains can be used as
carriers to deliver cloned foreign colonization or virulence
antigens from other pathogens (52). A vector-host system
that constitutes a ‘‘balanced-lethal’” system was developed
to eliminate the need for antibiotic-resistant plasmid selec-
tive maintenance. A mutant with a deletion in the chromo-
some-blocking synthesis of an essential metabolite that is not
readily available in nature or in the animal host was con-
structed for use with a plasmid vector containing a nonho-
mologous gene sequence complementing the chromosomal
gene defect (36). We have made use of E. coli and Salmo-
nella strains with deletions for the gene for aspartate B-semi-
aldehyde dehydrogenase (asd) and plasmid vectors that
contain the asd* gene cloned from S. typhimurium and
genes for colonization or viriulence antigens from a number
of pathogens (16, 36). An Asd™ derivative of x3781 has been
constructed for use with the asd* balanced-lethal system for
the expression and delivery of foreign gene products (16, 36).
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