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SUMMARY

Like all other Salmonella typhimurium strains examined, the smooth
variants SF1397 (LT2) and 1366 and also their semi-rough and rough
derivatives are non-haemolytic. Nevertheless, two haemolysin (Hly) plas-
mids of E. coli belonging to the inc groups incF,, (pSU316) and incl,
(pHly152) were able to be introduced into these strains by conjugation and
stably maintained. A considerable percentage of the Hly+ transconjugants
obtained had lost parts of their O-side chains, a result of selection for the
better recipient capability of « semi-rough » variants rather than the direct
influence of the Hly+ plasmids themselves. In contrast to the incF,, .
plasmid pSU316, which exhibited higher conjugation rates with rough
recipients, the incl, plasmid pHIly152 was accepted best by smooth strains.
Transformation with cloned E. coli haemolysin (hly) determinant was
inefficient ( <10-%) for smooth strains, but 102-10° times higher for rough
recipients, and was increased by the use of Salmonella-modified DNA. The
transformants and transconjugants were relatively stable and showed the
same haemolytic activity as the E. coli donor strains.

The virulence of the Hly+ smooth, semi-rough and rough S. fyphimu-
rium strains was tested in two mouse models, and neither the mortality
rate nor the ability to multiply within the mouse spleen was influenced by
the hly determinants.
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INTRODUCTION

The Escherichia coli haemolysin (Hly) is an extracellular protein toxin
which is produced by about 409, of E. coli strains causing extraintestinal
infections [17], such as those of the urinary tract (UTI). Among such strains,
the haemolysin determinant (hly) is generally found on the chromosome,
in contrast to strains of animal origin which often carry hly genes on trans-
missible plasmids [5, 33]. Plasmid and chromosomal hly determinants,
which share high sequence homology [25], have been cloned and genetically
analysed [1, 8, 27], and all comprise four genes involved in the synthesis
(hlyA and hlyC) and transport (hlyB, and hlyB,) of the active haemoly-
sin [37].

Recent investigations using cloned hly genes provide evidence for a
direct contribution of E. coli haemolysin to the virulence of E. coli strains
in different animal models ([11, 39] reviewed in [10]).

In addition to E. coli, enterobacterial Hly+ strains are found in the
genera Proteus and Serratia, but Salmonellae with haemolytic activity have
never been detected in routine laboratory analyses [21]. While Hly plas-
mids have been transferred from E. coli to strains of Salmonella typhimu-
rium and other species of the Enferobacteriaceae, in the case of Salmonella,
the Hly+ transconjugants were very unstable [21, 33].

S. typhimurium is the cause of systemic and enteric infections in many
hosts [14, 19, 35] and the O antigen is the most important contributory
factor to virulence, acting as an endotoxin and protecting the strains
against the host defence system [14, 22, 29]. The O antigen consists of
lipopolysaccharides (LPS) and can be divided into three main parts. The
outer part, the O-side chain, in an rfb-encoded polysaccharide of repeating
units. The core region consists of a specific polysaccharide which is deter-
mined by the rfa-gene cluster, and the inner part, lipid A, is responsible for
the endotoxin effects of the O antigen. Mutations in various parts of the
rfa cluster give rough mutants, and a defect in the rfc locus, which directs
the polymerization of the O-side chains, gives semi-rough (SR) mutants
(fig. 1 and [34, 40]).

In this study, we examine the inheritance of conjugative Hly plasmids
and cloned hly genes by smooth, SR and rough variants of S. fyphimurium,
and we assess the effect of such inheritance on mouse virulence.

MATERIALS AND METHODS

Media and chemicals. — Cultures were grown in Luria broth (LB; 10 g Difco
Bacto peptone; 5 g Difco yeast extract, 5 g NaCl per litre H,0, pH 7.2) washed

LPS = lipopolysaccharide. SPF = specifically pathogen-free.
PBS = phosphate-buffered saline. SR = semi-rough (strain).
RTD = routine test dilution. UTI = urinary tract infection.
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and resuspended in phosphate-buffered saline (PBS). Agaroseywas obtained from
Seakem (Sweden), antibiotics from Bayer Leverkusen (FRG) and S. fyphimurium-
specific sera from Behring-Werke, Marburg/Lahn (FRG). Human erythrocytes
\\If:e}x%eG (;btained locally and all other chemicals were bought from Merck, Darmstadt
( !

Bacteria, plasmids and phages. — S. typhimurium strains used represent differ-
ent O-antigen phenotypes. As shown in figure 1, smooth strains gF1397 (LT2)
and 1366 exhibit the whole O antigen, repeating units, core and lipid A. Strain
SF1512 is a semi-rough (SR) form, which can attach only one O-specific oligosac-
charide unit to the R core because of a defect in the polymerase [34]; strains SF1592,
SF1196 and SF1572, which exhibit different defects in the core polysaccharide,
represent the Ra, Rc and Rd, chemotypes. All strains were resistant to strepto-
mycin. The smooth wild-type strain 1366 was isolated in the Institut fiir Hygiene
und Mikrobiologie, Wiirzburg, FRG ([14] and fig. 1); the other Salmonella strains
were obtained from the Max-Planck Institut fiir Immunbiologie, Freiburg (FRG).
As a control, E. coli K12 strain 33 (nal*) was used [27]. All four haemolysin plasmids
have been described in detail elsewhere [5] and the R plasmids TP114 and R124
are also listed in table I. The recombinant hly+ plasmid pANN202-312 is a HindIII-
Sall fragment (9Kb) of pHly152, coding for the whole hly determinant, ligated
into pACYC184 [8, 27]. I1)3acteriophages P22, FO, 6SR and C21 are specific for
different O-antigen mutants and phage U3 for E. coli K12 strains.

Isolation of plasmid DNA. — Plasmid DNA from strains carrying recombinant
DNA or conjugative plasmids was screened by the alkaline lysis procedure [2] and
preparative DNA isolation was achieved as described previously [9].

Plasmid transfer. — Conjugations with Hly and R plasmids were performed
on plates [27] and transformation of S. fyphimurium and E. coli strains was achie-
ved by a modified CaCl, cold-shock method [20]. Strains were checked for anti-
biotic resistance, Hly production and O antigen, the last by phage typing and
agglutination with S. typhimurium-specific sera. Plasmid carriage was additionally
controlled by electrophoresis of alkaline lysis extracts.

Phage propagation. — Phage were propagated on suitable hosts in broth and
stored over chloroform at 4° C. The phages were used in routine test dilutions
(RTD).

Assay for haemolysin activity. — Haemolysis was detected on blood agar
plates (10 g Difco extract, 10 g Oxoid bacto peptone, 5 g NaCl, 60 ml washed ery-
throcytes per litre aqua dest.) and confirmed in a liquid assay [37].

Elimination of plasmids. — Hly plasmids were eliminated by treatment of
cells with sodium dodecyl sulphate (0.02%; described in [15]).

Animal tests. — NMRI mice weighing 15-20 g (obtained from the Central
Institute for Laboratory Animals, Hannover, FRG) were used in a specifically
pathogen-free (SPF) state. In a mortality test, 10 mice per strain were injected
intravenously with 2 x 10¢ bacteria and the number of mice dead between days 1
and 21 was recorded. In order to count the bacteria per spleen, mice were infected
intravenously with 1x10% bacteria. At given intervals, animals were killed, the
spleens removed aseptically and samples mixed with liquefied agar. The properties
of bacterial strains reisolated from the spleens of mice were checked for the presence
of covalently closed DNA, for plasmid-encoded markers (haemolysip production
and/or chloramphenicol resistance) and for Salmonella-specific properties (LPS
chemotype and streptomycin resistance).
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RESULTS

1. — Conjugal transfer of E. coli plasmids info S. typhimurium smooth
strains.

To evaluate the ability of Hly plasmids to infect S. fyphimurium smooth
strains, we performed conjugal tests with four plasmids of different size
and inc group. As shown in table I, Hly+ S. typhimurium LT2 transconju-
gants were obtained with 3 of the 4 plasmids. Only the incF,, Hly plasmid
pSU105 was not able to infect the S. {yphimurium strain. The incF,,
plasmid pSU233 segregated: after 20 generations, only 109, of the trans-
conjugants still produced haemolysin and the Hly- phenotype resulted
from a loss of the plasmid, not from deletion. In contrast to pSU105 and
pSU233, the plasmids pSU316 (incF,,,,) and pHly152 (incl,) gave rise to
stable transconjugants following transfer to LT2. The transfer rates of the
Hly plasmids were nearly the same as those obtained with the R-plasmids
TP114 and R124, which belong to the same inc groups as pHly152 and
pSU316. Similar results were obtained following transfer of the different
plasmids into the Salmonella smooth strain 1366 (data not shown).

TaBLE I. — Transfer of plasmids from « E. coli » K12
into « S. typhimurium » smooth strain SF1397 (LT2).

Plasmid

pHIy152 pSU316 pSU105 pSU233 TP114 Ri124

inc-group of plasmid incl, incFp, v incF, incF, incl, incF,
Selective marker Hly+ Hly+ Hly+ Hly+ Kmr Ter
Transfer frequency (*) 40 8 — 12 35 50
Segregation of plasmid (*) <1% <1% — 91% <1% ' 10°%
Smooth recipients (%) (%) 65 85 —_— 100 100 100

1) Transconjugants/donor cell X 1 X 10-5.
%) % segregation following 20 generations without selective presure, 1,000 colonies tested.
3) Indicated by P22 phage lysis, 100 colonies tested; P22-resistant strains have been termed

« SR ».

2. — S. typhimurium O-antigen mutants as recipients for different conju-
gative plasmids.

The Salmonella smooth strains 1397 (LT2) and 1366 and the 4 well-
defined R mutants SF1512 (SR), SF1592 (Ra), SF1196 (Rc) and SF1572
(Rd,; see fig. 1) were crossed with E. coli K12 strains bearing different Hly+
and R+ plasmids. As demonstrated in figure 2, the mutations in LPS have
an influence on the transfer frequency of Hly+ plasmids. Compared with
the smooth strain SF1397, the SR strain SF1512 and the R mutants were
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better recipients of the Hly+ plasmids which belong to the incF family,
the semi-rough strain being the best. In contrast, the transfer frequency of
incl, plasmid pHly152 decreased when SR or rough strains were used as
recipients. The incF and incl, Hly+ plasmids gave the same transfer rates
es the R factors used as controls.
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F1e. 1. — Structure of the O antigen of S. typhimurium and mutant strains.

The smooth strains SF1397 (LT2) and 1366 exhibit all surface sugar components; the semi-
rough strain 1512 has only one repeating unit. The rough mutants SF1592 (Ra), SF1196 (Rc)
and SF1572 (Rd,) have lost these side chains and contain progressive defects in the structure
of the core polysaccharide. .

Abbreviations are as follows: GlcNAc = N-acetylglucosamine; Glc = glucose; Gal = galactose;
Hep = heptose; P = phosphate residue; EtN = ethanolamine; KDO = 2-keto-3-deoxy-
octane.
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F16. 2. — Transfer frequencies of the Hly plasmids pHly152 (incly), pSU316 (incFm,xv
pSU233 (inc?) and the R-plasmids TP114 (incl,) and R124 (inc,y) between E. coli K12
and S. typhimurium strains. A

The S. typhimurium recipients represent different O-antigen phenotypes.
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3. — Transformation of the cloned hly deferminant into smooth and rough
strains of S. typhimurium.

The recombinant hly+ plasmid pANN202-312 was transformed into
S. typhimurium strains SF1397 (smooth), 1366 (smooth) and the Rc
mutant SF1196. As can be seen in detail in table II, the transformation
frequency of the smooth strains was very low (10-3-10-*) compared with
that of the Rc mutant (10-2-10-%). Plasmid DNA isolated from S. typhi-
murium strains gave much higher transformation frequencies than E. coli
K12-modified DNA.

TaBLE II. — Transformation of « S. typhimurium »
and « E. coli » K-12 strains with recombinant « hly+ » DNA.

Recipient strains

Plasmid-
Recombinant borne Source of SF1397 1366 SF1196 E. coli
plasmid genes plasmid DNA (smooth) (smooth) (Re) K12
PANN202-312  hlyC,A,B,,By, E. coli — — X100 () 510~

K12 (5K)

PANN202-312  hlyC,A,B,,B,  S.(yphimurium  8x10-* 3x10-* 6x10-*  3x10-3
(SF1196, Re)

(*) Transformants per ug DNA per recipient cells (108 recipient cells were used).

4. — Properties of Hly* S. typhimurium {transconjugants and transfor-
mants.

All the Salmonella Hly+ transconjugants and transformants were
streptomycin-resistant and did not exhibit the E. coli donor markers
(nalidixic acid resistance and susceptibility to the E. coli-specific phage U3).
The presence of the plasmid was demonstrated by plasmid markers (Hly
and/or antibiotic resistance) and by gel electrophoresis of cleared lysates.
The LPS phenotype of Hly+ strains was identified by phage typing with
Salmonella-specific phage and by agglutination with Salmonella-specific
antisera (phage P22 is specific for smooth strains of S. fyphimurium (04 and
12) and phage FO is a Salmonella-specific phage which requires, as receptor,
the complete Salmonella R core |34, 42]). All transformants and trans-
conjugants of strain LT2 (SF1397) were sensitive to phage FO and agglu-
tinated in O-specific antisera (see table III). However, 159%, of the pSU316
transconjugants and 359, of the pHIly152 transconjugants, respectively,
were resistant to phage P22, but still sensitive to phage FO and reactive
in O-specific antisera (also see table I). The strains were still resistant to
the rough specific phage 6SR, i. ¢., they showed the same phage pattern as
the SR strain SF1512. After curing the Hly plasmids, the « SR » strains
retained resistance to P22 and the phage pattern of the various rough
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TasLe III. — Phage pattern and agglutination of Hly-
and Hly+ « S. typhimurium » strains.

Phage lysis (1) Agglutination
Trypo-
Strain Hly plasmid P22 6SR FO C21 Ogs flavin

SF1397 (smooth) — 100 — 100 — 100 —
SF1397 (smooth) PANN202-312 100 — 100 —- 100 —
SF1397 (smooth) pHly152 65 — 100 — 100 -
SF1397/2 ? SR ») le'y152 ®* — - 100 — 100 -
SF1397/2 (« SR ») —® - — 100 - 100 -
SF1512 (SR) — — — 100 — 100 —
SF1512 (SR) pHIy152 — — 100 — 100 —

(*) From S. typhimurium strains, more than 100 colonies were tested; data in percent.

(?) The strains derived from the 359% of SF-1397 pHIly152 transconjugants which have lost
P22 sensitivity.

(®) Strains were cured from plasmid pHIly152.

strains was indistinguishable for Hly+ and Hly- variants (table III).
Southern hybridization (Hacker and Knapp, unpublished results) revealed
that Salmonella strains used in virulence tests (see below) did not bear
silent haemolysin sequences on their chromosome. The haemolytic activi-
ties observed were thus determined solely by the E. coli hly genes.

5. — Animal tests.

Following infection of NMRI mice with 1.7 x 10¢ cells of S. typhimurium
smooth strains SF1397 (LT2) and 1366, all animals died within 6 days.
A very similar mortality rate was observed with the S. fyphimurium smooth
strains carrying either the cloned hly determinant of E. coli or the Hly
plasmids pHly152 (fig. 3) and pSU316: 1 x10° « SR » Hly* §S. {yphimurium
strains and their cured Hly- derivatives killed no mice or only 109, This
was true for pHly152+ transconjugants as well as for pSU316 bearing « SR »
strains of SF1397 and 1366, respectively, and the LD,,, of the « SR »
variants was five times higher than the LD,,, of the P22-sensitive smooth
strains. From figure 4, it is obvious that both S. fyphimurium smooth
strains, SF1397 (LT2) and 1366, can multiply in the mouse; the number of
bacteria per spleen increased from the first to the third day. Introduction
of the E. coli hly determinants did not change the infective ability of the
bacterial host, irrespective of whether introduced on pANN202-312,pHIly152
or pSU316 (data not shown). Counts of « SR » variants were 100 times
lower than those of the original smooth strains, but Hly+ and Hly~ « SR »
strains were both able to survive in the mouse, and both reached a titre
of 10% bacteria per spleen on the sixth day.

Hly+ and Hly- variants of the SR strain SF1512 and the rough strains
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SF1592 (Ra), SF1196 (Rc) and SF1572 (Rd,) were also indistinguishable
in both assays (data not shown). Thus, the E. coli hly determinant had no
additional effect on the mouse virulence of S. typhimurium strains.

DISCUSSION

In this study, we have introduced the E. coli virulence determinant hly
into S. fyphimurium via conjugation of Hly plasmids and transformations
of recombinant DNA. The efficiency of transformation of the hly determi-
nant depended on the source of DNA and on the outer membrane compo-
sition of the recipient. Transformation of E. coli hly genes was nearly
100 times higher when DNA was isolated from an S. fyphimurium host. In
contrast to Lederberg and Cohen [20], we found rough galE mutant (Rc)
to be a better recipient for transformation than the smooth LT2 strain,
and similar results have been reported for both plasmid [23, 31] and phage
P22 [4] DNA, where rough strains were also better recipients than their
smooth counterparts (with the exception of Re mutants). The composition
of the outer membrane also drastically influences the conjugal transfer of
plasmids between strains of E. coli belonging to different serogroups [16].
In the present study, the transfer frequencies of F plasmids from E. coli
K12 to rough S. fyphimurium during conjugation was increased compared
with smooth recipients. Similar results were obtained by Watanabe ef al.[38]
and Sanderson ef al. [30] in studies of S. fyphimurium, and also from
workers describing S cholerae-suis var. kunzendorf, S. minnesota and E. coli
recipients [6, 18, 41].

In contrast to the incF plasmids, transfer of the incl, Hly plasmid
pHIly152 and the incl, R factor TP114 was reduced when rough strains
were used as recipients. The same observation has been made with the
incl R-plasmid R64drd11 [6] and, whatever the reason, it seems clear that
incl plasmids, unlike those of incF, do not use the ompA protein as receptor
in conjugation events [13]. The presence of the outer part of the LPS on
the recipient cell may promote the transfer of incI plasmids.

In this paper, we have shown that the E. coli haemolysin, stably expres-
sed, has no influence on the virulence of S. {yphimurium strains. Smith and
Halls [33] also found that Hly plasmids from E. coli did not contribute to
Salmonella virulence following subcutaneous application of strains into
mice, but after nine days, more than 959, segregation was observed and
this clearly influenced the outcome of the test. We were able to eliminate
this problem by obtaining stable Hly+ transformants and transconjugants.

We also found « SR » Hly+ variants with a lower virulence than the
original SF1397 and 1366 smooth strains. The fact that the strains do not
regain their virulence following elimination of the Hly plasmids excludes
the possibility that the Hly plasmid itself determines a reduction in viru-
lence, e. g. via a direct influence on the biosynthesis of the LPS as described
for the derepressed Collb plasmid [15]. The phage and agglutination tests
suggest, rather, that there is a selection for such « SR » forms, strains with

Ann. Inst. Pasteur/Microbiol., 136 A, n°® 3, 1985, 20
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reduced O-side-chains [24] which are better recipients in conjugal transfer
noted. Such selection of non-smooth forms has also been observed following
R-plasmid transfer from E. coli into several strains of Salmonella[18, 32, 36].
In all cases, transconjugants had a much lower virulence, and thereason was
not the carriage of the R factor per se, but rather a selection for the better
recipient ability of rough forms. The R factors themselves had a negligible
effect [3, 32, 36] on the virulence of S. fyphimurium. This is also the case
following introduction of E. coli hly genes, regardless of whether carried
on transmissible plasmids or an multicopy cloning vectors.

Introduction of cloned virulence determinants into Salmonella is now
of particular interest in view of possible multivalent protection afforded
by live vaccine strains. Similar experiments have been performed in
transferring the Shigella sonnei virulence plasmid [7] and the cloned E. coli
S-fimbriae determinant [12] into an S. fyphimurium galE mutant and
introducing cloned Klebsiella common type I fimbriae [28] and E. coli LT
enterotoxin plasmids [26] into S. fyphimurium smooth strains. As with the
E. coli hly determinants, all these foreign determinants were readily expres-
sed in the Salmonella hosts.

RESUME

SOUCHES DE « SALMONELLA TYPHIMURIUM »
PORTEUSES DE PLASMIDES D HEMOLYSINE
ET DE GENES D'HEMOLYSINE CLONES PROVENANT DE « ESCHERICHIA COLI »

Comme toutes autres souches de Salmonella typhimurium examinées,
les variantes « smooth » SF1397 (LT2) et 1366 ainsi que leurs dérivés
« rough » se sont avérés non hémolytiques. Toutefois deux plasmides de
Escherichia coli codant pour la production d’une hémolyse (Hly) et appar-
tenant aux groupes d’incompatibilité incF,, . (pSU316) ou incl, (pHly152)
ont pu étre introduits dans ces souches par conjugaison, ou se maintiennent
stablement. La plupart des souches hémolytiques ont perdu une portion
de la chaine latérale de leur antigene O. Cela résulte plus d’une sélection des
souches « semi-rough », qui apparemment acceptent mieux les plasmides, que
d’une influence directe des plasmides Hly sur I’expression de I’antigéne O.
Alors que le plasmide pSU316 manifeste une meilleure affinité pour les
souches « rough » que pour les souches « smooth », le plasmide pHly152 est
accepté plus facilement par des souches « smooth ». La transformation des
souches « smooth » de Salmonella avec les déterminants de I’hémolysine
de E. coli clonés est assez inefficace, 10-% par contre, celles des souches
«rough » est 10? a 102 fois plus efficace. Par ailleurs, ces expériences réalisées
a partir d’ADN modifié, extrait de Salmonella, montrent une augmentation
de la fréquence des souches hémolytiques. Le caractére hémolytique de
E. coli s’exprime avec une activité identique chez les souches de Salmonella
obtenues par transformation ou par conjugaison.
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La virulence de Salmonella hémolytique (smooth, semi-rough et rough)
a été examinée chez la souris. Ni la mortalité, ni la multiplication dans la
rate ne sont influencées par le caractére hémolytique.

Mots-cLEs : Salmonella- typhimurium, Escherichia coli, Plasmide,
Hémolysine, Virulence.
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