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Preface

It is now more than 40 years since the publica-
tion of ‘Salmonellosis in Animals’ by Professor
Buxton and, although there have been books
regarding diseases in domestic animals which
contain a chapter on salmonellosis, there has
been no English-language book that brings
together all aspects of Salmonella infection in
domestic animals.

Professor Buxton pointed out ‘salmonella
are a large group of bacteria, which does not
recognise international frontiers, shows little
host specificity and from which there seems to be
derived an ever increasing list of antigenic com-
binations by which these organisms are classi-
fied’. Since the publication of this book, the
situation has gradually worsened and the preva-
lence of Salmonella infection has increased
markedly in both humans and domestic animals.
There are many factors for this increase, includ-
ing the rapid changes in animal husbandry and
production that have taken place. In the UK, the
number of farms has decreased, as has the num-
ber of farm-workers; at the same time, the num-
ber of animals on the farm has increased through
the adoption of intensive systems of animal pro-
duction. To feed the increased number of farm
animals, protein and vegetable by-products are
imported on a large scale, which has resulted in
widespread international outbreaks of salmonel-
losis in animals and subsequently humans, e.g.
S. agona. These developments have been accom-
panied by marked changes in food distribution
and the eating habits of the human population;

chicken is now the cheapest source of animal
protein in Western Europe and North America.

Over 2400 different Salmonella serovars
have been described, but only a few predominate
in an animal population or a country at any one
time. There are currently global pandemics of S.
enteritidis and S. typhimurium DT104 and we have
little knowledge as to the factors that have
resulted in these current pandemics and why the
predominant phage types vary in different coun-
tries. A consequence of the S. enteritidis outbreak
was political concern and legislation has been
enacted in many countries to control the preva-
lence of Salmonella infections in farm animals in
order to prevent food-borne infection. Likewise,
the rise of the penta-resistant S. typhimurium
DT104 has reopened the debate on the agricul-
tural use of antibacterial drugs and the use of
alternate methods of control.

Some Salmonella serovars are host-adapted;
thus S. choleraesuis is associated with pigs. The
reasons for the host adaptation are largely
unknown. In contrast, S. typhimurium may infect
most animal species. Infection is primarily by
ingestion of the organism and large doses of
Salmonella are usually required to cause experi-
mental infections; yet epidemiological evidence
suggests that the infective dose must be much
smaller. Although Salmonella may multiply in the
small intestine, disease is not an inevitable con-
sequence, and most infections in pigs and poultry
are asymptomatic.

Fimbriae were first identified in Salmonella
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more than 40 years ago, when it was suggested
that they might assist Salmonella to attach to
epithelial cells. However, although many studies
claim to have demonstrated attachment, other
studies have failed to detect any measurable
effect. In recent years, other distinct fimbriae
have been detected on some Salmonella serovars,
but their role in the pathogenesis of disease
requires clarification.

Although Salmonella may colonize the intes-
tine without causing disease, close association and
penetration of the intestinal mucosa are necessary
for the induction of diarrhoea and systemic
disease. Many possible virulence mechanisms
have been identified in tissue culture systems and
in experimental animals but there is still much to
understand about the in wivo role of various
Salmonella genes that may be involved in mucosal
penetration. Likewise, evidence for the role of
toxins is confusing and often contradictory.

Immunity to Salmonella infection has been
studied predominantly in mice, but to what
extent these studies are applicable to farm ani-
mals is not known and the relative importance of
humoral and cellular immunity in the resistance
of farm animals to Salmonella infections has not
yet been established. Despite our lack of knowl-
edge on immunity and the pathogenesis of infec-
tion, vaccines of varying degrees of efficacy have
been used for many years. More recently, ratio-
nally attenuated vaccines have been developed
and some are undergoing field trials. The feeding
of faeces from adult hens to young chickens has
been shown to prevent Salmonella colonization
and this competitive exclusion is being increas-
ingly used in the poultry industry. However,
despite many years of research, little is known
about the ecology of Salmonella in the intestine
and the bacteria that may prevent colonization.

The wider aspects of the ecology and epi-
demiology of Salmonella are, however, of impor-

tance to all those involved in Salmonella investi-
gations. Salmonella are widespread in the envi-
ronment and in recent years their prolonged
persistence has been demonstrated on many calf
and pig units. Indeed, some consider Salmonella
to be primarily an environmental organism that
is pathogenic for animals. Other survival mecha-
nisms have been demonstrated and further stud-
ies on the epidemiology and persistence of the
organism are desirable, using the molecular tech-
niques that have been used to study the patho-
genesis.

The emphasis of the book is on the role of
Salmonella in animal disease and it is written in
five sections. In the first part, the characteristics
of the microorganism are discussed. The follow-
ing section considers its virulence, effect on the
host and antibacterial resistance. The third part
reviews current knowledge of Salmonella infec-
tion in farm and companion animals. Each of the
chapters in this section is intended to provide a
comprehensive account, although more detailed
information on some of the topics will be found
in other sections of the book. Subsequent sec-
tions discuss the epidemiology and prevention,
and laboratory methods.

One problem that confronts all involved
with Salmonella is the taxonomy and nomencla-
ture of the bacteria. As discussed in Chapter 1
the full nomenclature of each serovar is compli-
cated and, while taxonomically correct, it is
cumbersome. As a consequence, the binomial
nomenclature of the different serovars has been
used.

It is hoped that the book will provide infor-
mation for all those whose work involves
Salmonella and that the book will assist in the
control of Salmonella infections in animals to
facilitate the economic production of food that is
free from infection and safe for human consump-
tion.



Chapter 1
Taxonomy of the Genus Salmonella

Patrick A.D. Grimont,2 Francine Grimont? and Philippe Bouvet'
Centre National de Référence des Salmonella et Shigella; ?> Centre National de Référence
pour le Typage Moléculaire des Entérobactéries, Unité des Entérobactéries,
INSERM Unit 389, Institut Pasteur, 75724 Paris Cedex 15, France

Introduction

The habitat of the genus Salmonella seems to be
limited to the digestive tract of humans and ani-
mals. Thus, the presence of Salmonella in other
habitats (water, food, natural environment) is
explained by faecal Some
serovars (serotypes) have a habitat limited to a
host species, such as humans (serovars Typhi,
Paratyphi A), sheep (serovar Abortusovis) or
fowl (Gallinarum). Different infectious syn-
dromes can be caused by Salmonella serovars, e.g.
serovar Typhi causes typhoid in humans, serovar
Typhimurium causes diarrhoea in humans and
other animal species and a typhoid-like syndrome
in mice, serovar Abortusovis is responsible for
abortion in ewes and serovar Dublin has been
associated with different extra-intestinal infec-
tions in AIDS patients. The genetics of this
pathogenic diversity is only beginning to be
uncovered. Because no tools were available to
identify virulence factors associated with the
diverse syndromes, the genus
Salmonella was subdivided into subspecific taxa
(types), which could more or less be associated
with a host species or syndrome. Furthermore,
prevention of salmonellosis implies local (indus-
try, hospital, district), national (national refer-
ence centre) or international surveillance based
on the systematic typing of strains.

contamination.

salmonellosis

History of Salmonella Taxonomy and
Nomenclature

In 1884, Gaffky cultivated the typhoid bacillus
(Kauffmann, 1978), which Eberth had observed
in 1880 in spleen sections and mesenteric lymph
nodes from a patient who died from typhoid (Le
Minor, 1994). The organism now known as S.
choleraesuis was first isolated from pigs by Salmon
and Smith (1886), when they considered the
organism to be the cause of swine fever (hog
cholera). Later, Pfeiffer and Kolle (1896) and
Gruber and Durham (1896) discovered that the
serum of an animal immunized with the typhoid
bacillus agglutinated the typhoid bacillus. At the
same time, Widal (1896) and Grunbaum (1896)
found that the serum of a typhoid patient aggluti-
nated the typhoid bacillus. This new test was
called ‘serodiagnostic’ by Widal (1896). The
same year, two isolates were recovered from
patients with clinical symptoms of typhoid and
negative Widal serodiagnosis (Achard and
Bensaude, 1896). The organism was -called
‘bacille paratyphique’.

This was only the beginning of an ongoing
story and new serovars of what is now known as
Salmonella are described each year.

In an early stage, Salmonella strains isolated
from different clinical conditions or hosts were
considered to be different species. This gave names
such as ‘Eberthella typhosa’ (S. typhi), S. enteritidis,
‘S. abortusovis’, ‘S. gallimarum’, ‘S. bovismorbi-
ficans’, S. choleraesuis or S. typhimurium. It was

© CAB International 2000. Salmonella in Domestic Animals
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soon realized that a number of these so-called
species were ubiquitous.

Analysis of O and H antigens, initiated by
White (1926) and extended by Kauffmann
(1941), resulted in the description of a great
number of serovars. The species was defined by
Kauffmann (1961) as ‘a group of related sero-fer-
mentative phage types’, with the result that each
serovar was considered as a species. Names were
given to more than 2000 serovars. These names
were generally derived from the geographical
location where the first strain was isolated (e.g.
‘S. london’).

This one serovar-one species concept was
later found to be untenable since most serovars
cannot be separated by biochemical tests.
Proposals were made to reduce the number of
species. Borman et al. (1944) proposed that only
three species (‘S. typhosa’, S. choleraesuis and ‘S.
kauffmannii’) should be recognized. Kauffmann
and Edwards (1952) also proposed three species
(‘S. typhosa’, S. choleraesuis and ‘S. enterica’).
Ewing (1963) proposed S. typhi, S. choleraesuis
and S. entenitidis. All these proposals had in com-
mon that, apart from S. typhi and S. choleraesuis,
all serovars were placed into one species (‘S.
kauffmannii’, ‘S. enterica’ or S. enteritidis). The lat-
ter was confusing as S. enteritidis meant either a
precise serovar or a very large set of serovars.

Strains able to liquefy gelatin slowly and to
ferment lactose were considered to form a sepa-
rate genus, Arizona (Kauffmann and Edwards,
1952). After some nomenclature confusion, the
name was validly published by Ewing with one
species, Arizona hinshawii (Ewing, 1969).

Kauffmann (1966a,b) divided the genus
Salmonella into four subgenera on the basis of
biochemical reactions. These subgenera were
designated by Roman numerals (I-IV) without
formal nomenclature. The genus Arizona consti-
tuted subgenus III. Later, Le Minor et al. (1970)
considered Kauffmann’s subgenera to represent
species named ‘S. kauffmannii’ (subgenus I), ‘S.
salamae’ (subgenus 1I), S. arizonae (subgenus III)
and ‘S. houtenae’ (subgenus IV).

A landmark in bacterial nomenclature was
the publication of the Approved Lists of
Bacterial Names (Skerman et al., 1980). Names
which did not appear in the Approved Lists lost
standing in the nomenclature (when cited, these
names should be printed with quotation marks).
All new names proposed after 1 January 1980 can

only be validated by publication or announce-
ment in the International Jouwrnal of Systematic
Bacteriology. The Approved Lists included five
Salmonella species: S. arizonae, S. choleraesuis, S.
enteritidis, S. typhi and S. typhimurium.

DNA -relatedness studies showed that the
so-called subgenera I-IV constituted a single
DNA hybridization group with five subgroups
delineated by studies of the thermal stability of
hybridized DNA (Crosa et al., 1973; Stoleru et
al., 1976; Le Minor et al., 1982, 1986). The sub-
groups corresponded to the former subgenera
except that subgenus III was split into DNA sub-
groups Illa and IIlb. Later, an additional sub-
group (subgroup VI) was identified and a few rare
serovars (Bongor group) were found to constitute
a second DNA hybridization group (Le Minor et
al., 1982, 1986).

However, in the absence of rules for delineat-
ing bacterial species, Le Minor et al. (1982) con-
sidered all Salmonella serovars to constitute a
single species, which was named S. choleraesuis,
since this is the name of the type species of the
genus Salmonella. The species contained six sub-
species: S. choleraesuis subsp. choleraesuis, S. choler-
aesuis subsp. salamae, S. choleraesuis subsp. arizonae,
S. choleraesuis subsp. diarizonae, S. choleraesuis
subsp. houtenae and S. choleraesuis subsp. bongori.
A new subspecies, S. choleraesuis subsp. indica, was
added subsequently (Le Minor et al., 1986). This
nomenclature, which strictly followed the rules of
the International Code of Nomenclature of
Bacteria (Rules Revision Committee, 1975) had a
serious drawback, since the specific name (S.
choleraesuis) was also the name of a serovar. To
overcome this, Le Minor and Popoff (1987) pro-
posed the name S. enterica for the single Salmonella
species, with the following subspecies, S. enterica
subsp. enterica, S. enterica subsp. salamae, S. enter-
ica subsp. arizonae, S. enterica subsp. diarizonae, S.
enterica subsp. houtenae, S. enterica subsp. bongori
and S. enterica subsp. indica. This proposal
requested an  opinion Judicial
Commission of the International Committee of
Systematic Bacteriology. Unfortunately, the opin-
ion has not yet been awarded, probably because
the request was not limited to nomenclature (the
only scope of the Judicial Commission) and
included the recognition of a single species in the
genus Salmonella (a taxonomic proposal).

From a taxonomic standpoint, a genomic
species is now defined as a set of strains more

from the
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than 70% related by DNA-DNA hybridization
with AT _ values below 5°C (Wayne et al., 1987).
Application of these guidelines allowed the
recognition of species in the genus
Salmonella — S. enterica and S. bongori (Reeves et
al., 1989) — with six subspecies — S. enterica
subsp. enterica, S. enterica subsp. salamae, S. enter-
ica subsp. arizonae, S. enterica subsp. diarizonae, S.
enterica subsp. houtenae and S. enterica subsp.
indica. Although this nomenclature is not yet
validated, it is widely used, since it is scientifi-
cally based and less confusing than the S. choler-
aesuis proposal.

Serovar names are no longer considered as
species names and therefore should not be
printed in italics. S. typhimurium becomes S.
enterica subsp. enterica serovar Typhimurium, or
simply Salmonella serovar Typhimurium. Only
serovars of S. enterica subsp. enterica are given
names (usually geographical names). Serovars of
other subspecies are designated by their O: H
formula.

two

Phylogenetic Position of the Genus
Salmonella

Bacterial classification is now based on phyloge-
netic grounds. A phylogenetic tree can be
derived from the comparison of 16S rRNA or
other gene sequences. The two Salmonella species
(S. enterica and S. bongori) were separated by 16S
rRNA sequence analysis. Within S. enterica, the
diphasic subspecies enterica and indica were sepa-
rated from the monophasic subspecies arizonae
and houtenae by 23S tRNA comparison. The
genus Salmonella was found to be related to the
Escherichia coli/Shigella genomic species and to
Citrobacter freundii by both 16S and 23S tRNA
sequence comparison (Christensen et al., 1998).
Divergence within the genus Salmonella and
proximity with E. coli and C. freundii makes the
choice of a Salmonella-specific oligonucleotide
probe difficult (Lane and Collins, 1991). It was
discovered that 23S rRNA is fragmented in sev-
eral Salmonella serovars (Winkler, 1979). This
fragmentation is due to the presence of non-tran-
scribed intervening sequences inserted in genes
coding for 23S rRNA (Burgin et al., 1990).

More gene sequences are now used for phy-
logenetic studies. A combined comparison of five
gene sequences (proline permease, glyceralde-

hyde-3-phosphate dehydrogenase, malate dehy-
drogenase, 6-phosphogluconate dehydrogenase
and isocitrate dehydrogenase kinase/phos-
phatase) yielded a phylogenetic tree consistent
with DNA hybridization data (Barker et al.,
1988; Beltran et al., 1988, 1991; Selander et al.,
1990a,b). It is interesting that S. enterica sub-
species enterica, salamae, indica and diarizonae,
which are predominantly diphasic in flagellar
expression, cluster apart from monophasic sub-
species arizonae and houtenae, whereas S. bongori
branches apart.

From these sequence data, the following
phylogenetic  hypothesis has been drawn
(Selander et al., 1996). The genera Salmonella
and E. coli might have diverged from a common
ancestor 120-160 million years ago, coincident
with the origin of mammals. E. coli evolved as a
commensal and opportunistic pathogen of mam-
mals and birds. The lineage of the Salmonella
remained associated with reptiles (which are still
the primary hosts of the monophasic subspecies
of S. enterica) and evolved as intracellular
pathogens through acquisition of genes that
mediate invasion of host epithelial cells (inv/spa
genes and others). Building a mechanism of fla-
gellar antigen phase shifting (diphasic serovars)
has permitted an extension of ecological range to
mammals and birds as a pathogen (S. enterica
subsp. enterica, salamae, diarizonae and indica).
S. enterica subsp. enterica became highly special-
ized for mammals and birds with some serovars
adapting to single species.

S. enterica subsp. enterica serovar Typhi
might have appeared when humans were avail-
able as a host (3 million years ago). It has been
hypothesized that serovar Typhi could have
appeared first in Indonesia, where diphasic
strains of this serovar (a supposedly ancestral
form of the serovar) can still be found (Frankel et
al., 1989a,b).

DNA Relatedness within the Genus
Salmonella

A bacterial species can be defined as a DNA
hybridization group. Strains within a species are
generally more than 70% related and the thermal
instability of reassociated DNA (AT _, diver-
gence) does not exceed 5°C (Wayne et dl.,
1987). DNA hybridization studies (Crosa et al.,
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1973; Stoleru et al., 1976; Le Minor et al., 1982,
1986), have shown the genus Salmonella to be
composed of only two genomic species, S. enter-
ica and S. bongori (Le Minor and Popoff, 1987;
Reeves et al., 1989). S. enterica (the most com-
mon Salmonella species) has been subdivided into
six subspecies (Le Minor and Popoff, 1987). The
subspecific epithets are enterica, salamae, arizonae,
diarizonae, houtenae and indica. The habitat of S.
enterica subsp. enterica is the intestinal tract of
humans and warm-blooded animals.

Population Genetics

The multilocus enzyme electrophoresis (MLEE)
method has been used to assess allelic variation in
multiple genes in a collection of isolates.
Electromorphs of an enzyme are equated with alle-
les of the corresponding structural gene.
Distinctive allele profiles are designated as elec-
trophoretic types (ETs). They represent multilocus
enzyme genotypes. MLEE analysis indicates that S.
bongori is the most divergent group of Salmonella.
The other Salmonella show clusters corresponding
to subspecies (Selander et al., 1990a,b).

Within S. enterica subsp. enterica, MLEE
analysis shows serovar Typhi as a single clone,
distinct from all other serovars studied. Serovars
Paratyphi A and Sendai constitute a group,
whereas serovars Typhimurium, Paratyphi B,
Saintpaul, Heidelberg and Muenchen form a
loose cluster.

MLEE analysis has identified serovar
Enteritidis as a close relative of the non-motile
serovar Gallinarum (Selander et al., 1996).

For Salmonella, a basic clonal population
structure is evidenced by the presence of strong
linkage disequilibrium among alleles at enzyme
loci, the association of specific O and H serovars
with only one or a small number of multilocus
enzyme genotypes and the global distribution of
certain genotypes (Selander et al., 1996).

Phenotypic Characteristics

Strains belonging to the genus Salmonella comply
with the definition of the family Entero-
bacteriaceae: straight rods, generally motile with
peritrichous flagella, grow on nutrient agar, aero-
anaerobes, ferment glucose, often with produc-

tion of gas, reduce nitrate into nitrite and the
oxidase test is negative. Some serovars have
peculiarities: the avian serovar Gallinarum is reg-
ularly non-motile and non-motile mutants of
normally motile serovars are occasionally
observed. Most Salmonella strains are pro-
totrophic, i.e. they have no growth-factor
requirement and can grow in a minimal medium
with glucose as sole carbon and energy source
and ammonium ion as nitrogen source. Some
host-adapted serovars (e.g. Typhi, Paratyphi A,
Sendai, Abortusovis, Gallinarum)
trophic and require one or more growth factors.
Some serovars (e.g. Typhi) never produce gas
from glucose.

The following characteristics are used for
Salmonella identification: urea not hydrolysed;
tryptophan and phenylalanine not deaminated;
acetoin not produced; lactose, adonitol, sucrose,
salicin and 2-ketogluconate not fermented;
hydrogen sulphide (H,S) produced from thiosul-
phate; lysine and ornithine decarboxylated;
growth on Simmons citrate agar; 4-methylumbel-
liferyl caprylate (MUCAP) hydrolysed. Some
serovars behave differently. Typhi never decar-
boxylates ornithine and fails to grow on
Simmons citrate agar. Paratyphi A fails to pro-
duce H,S, to decarboxylate lysine and to grow on
Simmons citrate agar. Subspecies other than S.
enterica subsp. enterica may ferment lactose. Tests
allowing identification of these subspecies are
shown in Table 1.1.

Some phenotypic properties of Salmonella
are so specific that they have been used for
enrichment, selective isolation or colony differ-
entiation. Salmonella and other genera of
Enterobacteriaceae are more resistant to novo-

are auxo-

biocin, selenite, tergitol and bile salts, especially
desoxycholate, than other bacteria. Salmonella
are more resistant to brilliant green and mala-
chite green than other genera of Entero-
bacteriaceae. However, these properties are not
sufficient for a true selective isolation and no
medium is at present available with the ability to
isolate only Salmonella and no other bacteria. As
‘selective’ media are insufficiently selective, most
of these media need to be more differential.
Lactose, sucrose, salicin, cellobiose or glycerol is
often included with pH indicators in ‘selective’
media, since most Salmonella fail to produce acid
from these substrates. Alternatively, a chro-
mogenic substrate (e.g. 5-bromo-4-chloro-3-B-D-
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Table 1.1. Phenotypic differentiation of Salmonella species and subspecies.

Salmonella enterica subsp. Salmonella
Trait enterica  salamae arizonae diarizonae  houtenae indica bongori
ONPG test - - + + - d +
B-Glucuronidase d d - + - d —
o-Glutamyl transferase d + - + + + +
Acid from dulcitol + + - - - d +
Acid from sorbitol + + + + + + -
Acid from galacturonate - + - + + + +
Malonate alkalinized - + + + - - -
L(+) Tartrate utilized + - - - - - -
Gelatin hydrolysed - + + + + + _
Growth on KCN - - - - + — +
Phage O1 susceptible + + - + - + +

+, More than 90% strains positive; —, less than 10% strains positive; d, 10-90% strains positive; ONPG,

ortho-nitrophenyl-B-D-galactopyranoside.

galactopyranoside or X-gal) is used to detect -
galactosidase production. Thiosulphate and iron
salts allow the production and detection of H,S
unless the pH is acid. Thus, in Salmonella—Shigella
(SS) agar, selective agents are bile salts and bril-
liant green, substrates of interest are lactose and
sodium thiosulphate and indicators are neutral
red and ferric citrate. Typically, Salmonella strains
give colourless colonies with black centres.
Proteus strains have a lower efficiency of plating
than Salmonella strains but their colonies are very
similar. E. coli strains give red colonies and
Citrobacter strains give red, pink or colourless
colonies with or without black centres. Hektoen
agar contains bile salts (selective agents), lactose,
sucrose, salicin and sodium thiosulphate (sub-
strates) and bromthymol blue, acid fuchsin and
ferric ammonium citrate (indicators). Salmonella
strains give green, black-centred colonies. XL'T4
agar contains tergitol-4 (selective agent), xylose,
lactose, sucrose, lysine and thiosulphate (sub-
strates), a pH indicator and ferric ion. Salmonella
strains produce acid from xylose. The low pH
triggers lysine decarboxylation, which alkalinizes
the medium around Salmonella colonies. Ferric
sulphide accumulates, giving black colonies on
a green background. Occasional sucrose- or
lactose-fermenting Salmonella strains would give
black colonies on a yellow background.
Chromagar (Rambach-agar) contains desoxy-
cholate (selective agent), propylene glycol (sub-
strate) and X-gal (chromogenic substrate). Most
Salmonella colonies are red or fuchsia. However,

serovars Typhi and Paratyphi A give colourless
colonies. (The many different plating media are
considered more fully in Chapter 21.)

Colonies that are suspected to be Salmonella
can be submitted to the MUCAP test. Salmonella
regularly produce caprylate esterase.

Strains of Citrobacter (when H,S-positive
and lactose-negative) or Hafnia (lactose-negative
at 37°C) are often misidentified as Salmonella.
However, Citrobacter strains fail to decarboxylate
lysine and often ornithine and Hafnia strains
develop a characteristic reaction at 20-30°C
[ortho-nitrophenyl-B-D-galactopyranoside
(ONPG) hydrolysed, acetoin produced] and
never produce H,S or grow on Simmons citrate
agar at any temperature. Furthermore, most S.
enterica subsp. enterica strains are susceptible to
phage O1 (Felix and Callow, 1943) and all are
Hafnia phage (Guinée
Valkenburg, 1968), whereas Hafnia strains are
often susceptible to Hafnia phage and all are
resistant to phage O1.

resistant  to and

Antigenic Diversity

Classically, three sorts of antigens are considered:
somatic (O), flagellar (H) and (mostly for serovar
Typhi) surface (Vi) antigens. The antigenic
structure of Salmonella has been revealed mostly
by cross absorption of antisera, which subdivided
antigens into different factors. The typing sys-
tem, which was built up over more than 70 years
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by White, Kauffmann and Le Minor, is a model
of its kind.

O antigens

The chemical structure of diverse O factors (i.e.
the specific part of the bacterial lipopolysaccha-
ride) has been determined and the genes
involved in the production of essential enzymes
for the assembly of some O factors have been
located, cloned or sequenced. A new nomencla-
ture has been proposed for the genes coding for
those enzymes involved in polysaccharide syn-
thesis (Reeves et al., 1996). A bacterial polysac-
charide database is available on the Internet
(http://www.microbio.usyd.edu.au/BPGD/default.
htm).

A core contains, in addition to 3-deoxy-D-
manno-octulosonic and lipid A,
L-glycero-D-manno-heptose, D-glucose, D-galac-
tose, N-acetylglucosamine and ethanolamine
pyrophosphate. From this core, a poly-O side-
chain extends to the bacterial surface. The poly-
O side-chain is made of repeated monomers
containing D-galactose, L-thamnose, D-mannose
and, for some serogroups, abequose (factor O4 in
group B), paratose (group A) or tyvelose (factor
9 in group D) branched in position 1-3 on D-
mannose (Rick, 1987; Jiang et al., 1991; Raetz,
1996; Fig. 1.1).

A genetic locus, rfa, located between genes
cysE and pyrE at 79 minutes on the genetic map
of strain LT2 (serovar Typhimurium), contains
the structural genes coding for the glycosyltrans-
ferases involved in core synthesis. Locus rfb,
located in the vicinity of gene his (at 42 min-
utes), contains the genes necessary for synthesis
of an oligosaccharide monomer. Thus, from glu-
cose-1-phosphate, CDP-4-keto-6-deoxyglucose is
obtained by the action of glucose-1-phosphate
cytidylyltransferase (coded by gene ddhA, for-
merly 1fbF) and CDP-glucose-4,6-dehydratase
(coded by gene ddhB, formerly rfbG). Then, after
action of enzymes coded by genes ddhC (formerly
rfbH) and ddhD (formerly rfbI), CDP-4-keto-3,6-
dideoxyglucose is obtained, and finally abequose
synthase (gene abe, formerly rfbJ) produces CDP-
abequose. In groups A and D, gene prt (formerly
1fbS) codes for the final step yielding CDP-
paratose and, in group D, the product of gene tyv

acid

(formerly rfbE) turns CDP-paratose into CDP-
tyvelose. A close examination (local G+C con-
tent) of sequences in region rfb suggests that
diverse parts could have been inserted or
exchanged in the course of bacterial evolution.
Genes ddhC (rfbH), ddhD (rfbl) and abe (rfb]),
which control the last steps in abequose synthe-
sis, could originate from genetic exchange with
another species (Jiang et al., 1991). In region rfb
are also located manB, formerly rfbK (phospho-
mannomutase), and wbaN, formerly rfbN (rham-
nosyl transferase). However, the genes, which are
also involved in other syntheses (galE for UDP-
galactose-4-epimerase and pmi for phosphoman-
nose isomerase), are located elsewhere on the
chromosomal map (Rick, 1987; Jiang et al.,
1991).

The oligosaccharide monomer is built by
sequential of galactose-1-phosphate,
rhamnose, mannose and abequose moieties from
UDP-galactose, dTDP-L-thamnose, GDP-man-
nose and CDP-abequose, on a lipid carrier, unde-
caprenyl phosphate.

Oligosaccharide monomers are polymerized
(action of gene wzy, formerly rfc, located in the
vicinity of trp at 32 minutes) and then trans-
ferred from undecaprenyl phosphate to the inde-
pendently synthesized The lipopoly-
saccharide is then translocated from the inner
membrane to the surface of the outer membrane
(Rick, 1987).

Mutations in regions rfa and rfb cause rough
phenotypes, whereas a mutation in wzy (rfc) pre-
vents the monomer polymerization (semi-rough
mutants). When abequose is acetylated (effect of
gene oafA located at 46 minutes on the genetic
map), factor O4 becomes O5. Gene oafR causes
the al-4 branching of a glycosyl residue on
galactose, thus yielding factor 12,.

Converting phages can modify O factor
structure. Phage P22 changes the 1-4 link
between glucose and galactose into a 1-6 link,
thus yielding factor O1. Phage ®27 changes the
1-2 link between monomers into a 1-6 link, thus
yielding factor O27. Phages €15 and €34 alter
several O factors in group El (Rick, 1987).
Plasmids can also change O factors.

A 7.5 kb plasmid has been found to deter-
mine factor O54 (Popoff and Le Minor, 1985).
The lipopolyoside also carries receptors for phage
binding (Ackermann and Dubow, 1987).

transfer

core.
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Up to 40 O-antigen subunits
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Fig. 1.1. Chemical structure of Salmonella enterica subsp. enterica serovar Typhimurium lipopolysaccharide
(adapted from Raetz, 1996, and the Bacterial Polysaccharide Gene Database). Gal, galactose; Glc, glucose;
GlcNac, N-acetyl-p-glucosamine; Heptose, L-glycero-D-manno-heptose; KDO, 3-deoxy-D-manno-
octulosonic acid; Man, mannose; P, phosphate; P-P-Ethanolamine, ethanolamine pyrophosphate; Rha,

rhamnose. Genes are indicated in italics following the

H antigens

H antigens are carried by flagella. These are com-
posed of protein subunits called flagellin. H anti-
gens are typically diphasic in Salmonella. The
availability of two genetic systems (genes dis-

new nomenclature (Reeves et al., 1996).

tantly located on the chromosome) expressing
different flagellins could help the organism to
survive the host’s defences (Macnab, 1987). The
genes coding for the two sorts of flagellin are
somewhat similar although not identical, thus
suggesting that they may have resulted from the
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Fig. 1.2. Flagellar phase inversion system in Salmonella. Promoters are indicated with capital P. Hatched
zones indicate inverted repeats. Arrows indicate transcription directions.

duplication of an ancestral gene. In a random
fashion and after 1000-10,000 generations, the
formerly silent gene is expressed and the expres-
sion of the other gene is turned off (Jones and
Aizawa, 1991). Gene fliC (formerly HI) is
repressed by the product of gene fljA (formerly
thl) which is part of operon flj (Fig. 1.2). The
expression of operon flj prevents expression of
gene fliC. The alternating gene expression is due
to the inversion of a 750 nucleotide-pair DNA
fragment located upstream of gene fjB and which
includes the promoter of fljB. In a given orienta-
tion, the promoter can initiate transcription; in
the other orientation, it cannot. The inversion
region is flanked by inverted repeats, enabling
homologous recombination. It also contains the
promoter and the coding sequence of the gene
hin (formerly vh2), whose product is necessary for
the inversion process. It is noteworthy that the
protein Hin (product of the gene hin) resembles
protein TnpR of transposon Tn3. The phase
inversion system could have evolved from a
transposon occurring in Salmonella (Simon et dl.,

1980).

A non-motile Salmonella can have structural
genes fliC and fljB (and possibly have a defect in
flagella assembly) and a monophasic Salmonella
can be defective in phase inversion and still have
the genes corresponding to both phases (Jones
and Aizawa, 1991). This should be considered
when nucleic acid probes are devised for the
identification of major serovars. Confirming the
results of an early transduction experiment
(Lederberg and Edwards, 1953), Kilger and
Grimont (1993) found that a fliC gene is present
in the non-motile serovar Gallinarum.

There are more than 50 different alleles of
gene fliC and more than 30 of gene fjB. To
understand the molecular bases of such a diver-
sity, some of these genes have been sequenced
(Frankel et al., 1989a,b; Smith and Selander,
1990, 1991; Smith et al., 1990). Gene fliC com-
prises three parts: a 5’ part containing 300
nucleotide pairs, a 3’ part of 200 nucleotide
pairs and a middle part of 350 nucleotide pairs.
It is remarkable that 5" and 3’ distal parts have
been largely conserved in their sequences across
the diverse serovars. The sequence of the
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middle part is hypervariable, with less than 32%
homology among serovars. The carboxy and
amino distal parts of flagellin are essential for
flagellin polymerization and secretion (hence
the conserved sequences), whereas the middle
part, which has no functional role, carries the
major epitope of the H antigen. When compar-
ing the global bacterial genotype (studied by
MLEE), it appeared that strains with very simi-
lar global genotypes could have very different
fliC genes. Strains with very different global
genotypes could have identical fliC genes
(Smith and Selander, 1991). This strongly sug-
gests that flagellin gene exchange has occurred
among strains (possibly by transduction).
Interstrain exchange and recombination are
major evolutionary mechanisms, generating
both allelic variation in fliC and serovar diver-
sity in natural populations of the Salmonella
(Selander et al., 1990a,b).

Atypical strains of serovar Typhi have been
isolated from Indonesia (Guinée et al., 1981).
Strains of serovar Typhi are normally monopha-
sic with H:d. Some strains from Indonesia have a
factor H:j in place of H:d and others are diphasic
with H:z66. The following flagellar formulae are
observed, H:d:—, or j:—, or d:z66, or j:z66. In fact,
gene fliC, which codes for factor j, is identical to
that which codes for factor d except for a dele-
tion of 261 nucleotide pairs, which occurs in the
middle part of the gene (Frankel et al., 1989a,b).
Factor z66 is coded by gene fljB. The current
hypothesis is that serovar Typhi, originally dipha-
sic, appeared first in Indonesia (when humans
had appeared as a species), where mutations or
deletions would have occurred, thus yielding
monophasic variants or H:j variants. Serovar
Typhi would have spread throughout the world
from a monophasic H:d clone (Frankel et al.,
1989a,b).

The Salmonella flagella can also carry a
receptor for flagellotropic phage % binding
(Ackermann and Dubow, 1987).

Vi antigen

Vi antigen is a linear homopolymer of 2-
acetamido-2-deoxy-D-galacturonic acid linked by
0(1-4) bonds. This capsular polysaccharide is
found in serovars Typhi, Paratyphi C and Dublin.
Three loci (viaA, viaB and ompB) are involved in

the genetic control of Vi production. Loci viaA
and ompB are not limited to Vi producing species
and genera and are involved in the regulation of
Vi synthesis. Locus viaB is found only in strains
able to produce Vi antigen. It contains genes
coding for proteins involved in polysaccharide
synthesis (wcdABCD), polysaccharide exporta-
tion (wza, wym, wzt, wzf) and anchoring to the
bacterial surface (wcdE). A nucleic acid probe
targeting viaB has been proposed for the detec-
tion of serovar Typhi (Rubin et al., 1985). Such a
probe also reacted with occasional other serovars
which are able to produce Vi antigen. The Vi
antigen is the receptor of phages Vil, Vill and
VilV (Craigie and Yen, 1938a).

Epidemiological Typing
Serotyping

The White-Kauffmann-Le Minor (WKL)
(Popoff et al., 1998) scheme is a practical sum-
mary of the antigenic structure of Salmonella
serovars. O antigenic factors (numerals) which
are easily modified by mutation are indicated in
brackets and those that are determined by bacte-
riophages or plasmids are underlined. In 1998,
2449 serovars were listed in the WKL scheme,
1443 in S. enterica and 20 in S. bongori. Within
S. enterica, 1443 serovars belonged to subspecies
enterica and were given names, 488 corresponded
to subspecies salamae, 94 to subspecies arizonae,
323 to subspecies diarizonae, 70 to subspecies
houtenae and 11 to subspecies indica (Popoff et
al., 1998). However, only a limited number of
serovars are encountered in practice. In the
French National Reference Centre for Salmonella
and Shigella, 19,174 strains isolated from humans
were distributed into 194 Fifteen
serovars represented 91% of the strains and
serovars Typhimurium and Enteritidis repre-
sented 69% of all Salmonella isolates from human
sources (P.A.D. Grimont and P. Bouvet, unpub-
lished data).

Salmonella isolates should be sent to a
national reference centre. In some countries, lab-
oratories are requested to keep a minimum set of
sera (anti-O4, 5 — 06, 7, 8 — O9), enabling the
agglutination of 90% of isolates from human
sources. Anti-Hi—-Hb-Hd-HG (mixture) and Hr
sera are also useful.

serovars.
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Phage typing

Phage typing evaluates the susceptibility (or
resistance) of isolates to a set of selected bacte-
riophages. Most bacteriophages were wild phages,
which were isolated from sewage. Bacteriophage
can also be produced by lysogenic bacteria.

International phage-typing schemes

The most elaborate system had been described
by Craigie and Yen (1938a,b) and Craigie and
Felix (1947) for typing serovar Typhi. This sys-
tem uses 87 variants derived from a single phage
strain (Vill). These variants were ‘adapted’ by
passage on different strains and thus submitted
to different host restriction and modification
systems. This set of phages allowed the subdivi-
sion of serovar Typhi into 110 phage types.
Since the phage receptor is antigen Vi, isolates
must produce Vi to be susceptible to any phage
in the set. The specificity of typing phages is
partly governed by the presence of prophages.
This system has been standardized and, to avoid
host-range drift, laboratories should not multi-
ply these phages for production but rather
request phage suspensions from the Central
Public Health Laboratory, Colindale, UK.
Unfortunately, 70% of isolates are distributed
into only three phage types (A, El and C1). Vi-
negative isolates (2.5%) and ‘degraded Vi
strains’ (DVS) (9%) are untypable. A comple-
mentary set composed of 13 unadapted Vi
phages can subdivide phage type A into ten
phage subtypes (Nicolle et al., 1954, 1958).
Type A subtype Tananarive, which is not lyso-
genic, is considered as the precursor of all other
phage types of Salmonella serovar Typhi.

The
Paratyphi B uses a set of 12 adapted and
unadapted phages and contains 48 phage types
(Felix and Callow, 1943, 1951). Serovar Paratyphi
B is split into biotype Paratyphi B (d-tartrate
negative, associated with paratyphoid) and bio-
type Java (d-tartrate positive, associated with
diarrhoea). Unfortunately, phage typing cannot
differentiate these biotypes (Vieu et al., 1988). In
France, the most frequent phage types are lvar3
(35%) and 1010 (24%) among biotypes Paratyphi
B and Java (E Grimont, unpublished data).

The Paratyphi A scheme uses six phages
and contains six phage types (Banker, 1955;

international scheme for serovar

Anderson, 1964). Isolates encountered in France
(imported cases) often correspond to phage types
1 (56% of isolates) and 2 (18% of isolates).

Other phage-typing systems
The Colindale scheme for serovar Typhimurium
uses 37 phages and contains more than 210 phage
types (Felix and Callow, 1943; Callow, 1959;
Anderson and Wilson, 1961; Anderson, 1964;
Anderson et al., 1977). Phage type DT104 shows
multiple resistance to antibiotics in different
European countries and is considered more fully in
Chapter 6. Two other phage-typing systems have
been published (Guinée and van Leeuwen, 1978).

Several phage-typing schemes have been
published for serovar Enteritidis. The most
widely used is that of Ward et al. (1987), which
now differentiates 65 phage types by use of 16
phages. Phage type (PT) 4 has been associated
with a pandemic in Europe and elsewhere. The
scheme of Vieu et al. (1990) was first designed for
serovar Dublin and 14 phages delineated 101
phage types. When applied to serovar Enteritidis,
85 phage types were differentiated. In this
scheme, phage types correspond to either serovar
Dublin or serovar Enteritidis, never to both.
Enteritidis phage type 33 corresponds to PT4 of
Ward et al. (1987). There might be a relationship
between phage type and insertion position of
transposon 1S200 (Stanley et al., 1991).

Other phage-typing schemes have been
proposed  for Adelaide, Anatum,
Bareilly, Blockley, Braenderup, Bovismorbificans,
Gallinarum, Newport, Panama and Weltevreden.
These have been reviewed (Guinée and van
Leeuwen, 1978). More recently described schemes
were for serovars Bareilly (Jayasheela et al., 1987),
Hadar (De Sa et al., 1980), Infantis (Kasatiya et
al., 1978), Montevideo (Vieu et al., 1981) and
Virchow (Chambers et al., 1987). Although
Salmonella phage-typing is cheap and requires no
expensive equipment, the method should be in the
hands of well-trained personnel. This means that it
is generally limited to reference laboratories.

serovars

Bacteriocin typing

Bacteriocin typing of serovar Typhimurium has
been described (Barker, 1980). However, it is sel-
dom used.
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Biotyping

Biotypes have been described in serovar
Typhimurium (Cordano et al., 1971; Pohl et al.,
1973; Duguid et al., 1975; Descamp et al., 1982).
However, the choice of tests for biotyping has
often been empirical.

Utilization of d-tartrate (= L-tartrate) is
used to separate two biotypes in
Paratyphi B. Biotype Paratyphi B cannot utilize
d-tartrate whereas biotype Java can. Biotype Java
is commonly associated with diarrhoea and iso-
lated from stools, whereas biotype Paratyphi B is
often associated with paratyphoid and isolated
from blood or stools.

serovar

Plasmid profiling and plasmid restriction
profiling

It is now easy to extract plasmid DNA and to
separate plasmids of different sizes by agarose gel
electrophoresis and ethidium bromide staining.
Isolates derived from the same epidemic strain
will have plasmids with identical sizes. However,
this test requires the presence of at least one plas-
mid type. Some phage types in serovars
Enteritidis (Threlfall et al., 1989) and
Typhimurium (Threlfall et al., 1990) were subdi-
vided by plasmid profiling.

More precise results are obtained when plas-
mid DNA is extracted, digested by a restriction
endonuclease and the fragments separated by
agarose gel electrophoresis. Identical plasmids
should have the same restriction pattern (Tacket,
1989).

rRNA gene restriction patterns (ribotyping)

When bacterial DNA is extracted, purified,
digested by a restriction endonuclease and the
fragments separated by agarose gel electrophore-
sis, fragments in restriction patterns are too
numerous for these patterns to be compared.
Instead, the fragments in the gel are transferred
to a nylon membrane, to maintain their relative
positions, and hybridized with a labelled mixture
of 16+23S rRNA. Revealing the label (autoradi-
ography or immunoenzymatic reaction) yields
simpler patterns, often referred to as ribotypes
(Grimont and Grimont, 1986).

Ribotyping has uncovered a wide hetero-
geneity within serovar Typhi (Altweg et al.,
1989). A diversity of ribotypes has been found in
the most frequent phage types, A and El. Such
diversity is in contrast with the homogeneity of
MLEE (Reeves et al., 1989) and could be
explained by the presence of ‘intervening
sequences’ inserted in 23S rRNA genes (Burgin
etal., 1990).

Ribotyping of other serovars gives very dif-
ferent results. Some serovars have almost a
serovar-specific ribotype. However, for serovars of
group B (e.g. Typhimurium, Paratyphi B), there
is no relationship between ribotype and serovar
(E Grimont, unpublished data).

Pulse-field gel electrophoresis (PFGE)

PFGE uses restriction endonucleases, which have
infrequently occurring restriction sites in a given
bacterial DNA. A small number of fragments of a
much larger size are produced. Conventional
agarose gel electrophoresis cannot resolve DNA
molecules larger than ~20 kb pairs. Thus, to sep-
arate large DNA molecules above 50 kbp, PFGE
which allows resolution of DNA molecules mil-
lions of base pairs long is used. The most sophis-
ticated configuration for this technique is called
clamped homogeneous electric field (CHEF)
electrophoresis, which uses an array of hexagon-
ally arranged electrodes to generate uniform elec-
tric fields at an angle of 120°C to each other,
thus ensuring that large DNA fragments migrate
through the gel in a straight line. Although
PFGE is highly discriminative for Salmonella with
the endonucleases Xbal, Blnl or Spel, it is expen-
sive and time-consuming and standardization,
analysis and comparison of restriction profiles
require effort (Murase et al., 1995).

1S200 typing

DNA of most Salmonella serovars contain several
copies of a 708-base-pair insertion sequence,
1S200. Stanley et al. (1991) found that isolates
could be differentiated by comparing the restric-
tion patterns of bacterial DNA after hybridiza-
tion with an 1S200 probe. Strains differed by the
number of visualized fragments (IS200 number of
copies) and the size of fragments.
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Random amplification of polymorphic DNA
(RAPD)

RAPD is a rapid genomic typing method of
broad application. This technique uses the poly-
merase chain reaction (PCR), in which a single
arbitrarily chosen primer (usually 10-mer) can be
annealed at multiple throughout the
genome. The profiles of amplified products are
characteristic of the template DNA. An RAPD
method has been developed to differentiate S.
enteritidis isolates (Lin et al., 1996), providing
more discrimination than any other subtyping
method. This method proved to discriminate
between isolates of different Salmonella serovars
(Hilton et al., 1996). However, between-labora-
tory reproducibility is a problem (Meunier and
Grimont, 1993).

sites

ERIC-PCR

A repetitive element, highly conserved, called
the enterobacterial repetitive intergenic consen-
sus (ERIC) sequence, about 126 bp in length,
was described by Hulton et al. (1991). The chro-
mosome locations of ERIC sequences can differ
in different species and strains. This element has
been identified in Salmonella and can be used for

typing.

Restriction of amplified flagellin genes

In an attempt to substitute molecular methods
for serotyping, flagellin genes from 264 serovars
were amplified by two phase-specific PCR sys-
tems (Dauga et al., 1998). Amplification prod-
ucts were cleaved by endonucleases Hhal or
Hphl. Restriction of 329 (195 phase 1 plus 134
phase 2) flagellin genes coding for 26 antigens
yielded 64 Hhal profiles and 42 Hphl profiles.
The phase 1 gene (fliC) showed 46 patterns with
Hhal and 30 patterns with Hphl. The phase 2
gene (fliB) showed 23 patterns with Hhal and 17
patterns with Hphl. When the data from both
enzymes were combined, 116 patterns were
obtained: 74 for fliC, 47 for fljB and five shared
by both genes. Of these combined patterns, 80%
were specifically associated with one flagellar
antigen and 20% were associated with more than
one antigen. Each flagellar antigen was divided

into two to 18 different combined patterns. The
pattern corresponding to serovar Typhi H:d was
specific and different from other H:d patterns.
The pattern  corresponding  to
Typhimurium H:i was also unique and differed
from other H:i patterns. Overall, the diversity
uncovered by restriction of flagellin genes did not
precisely match that evidenced by flagellar agglu-
tination.

serovar

New Approaches for the Detection of
Salmonella

The procedure of the colorimetric Gene-Trak
Salmonella assay used nucleic acid probes to
detect polynucleotide sequences that are
uniquely conserved among Salmonella bacteria.
This method was considered equivalent to the
conventional Bacteriological Analytical
Manual/AOAC culture method (Foster et al.,
1992).

PCR will amplify DNA molecules 1000-
fold, but the presence of a specifically amplified
product must be identified. Several PCR primers
for specific detection of Salmonella have been
published utilizing specific gene sequences for
targeting. Kwang et al. (1996) described the use-
fulness of a primer set of oligonucleotides from
the ompC gene of Salmonella. This primer set suc-
cessfully amplified 40 Salmonella serovars, but not
24 non-Salmonella bacteria. The sensitivity for
boiled whole bacteria was 400 cells.

The magnetic immuno-PCR assay utilizes
magnetic particles coated with monoclonal anti-
bodies to extract bacteria from a sample. Fluit et
al. (1993) applied this method to Salmonella and
detected the presence of 0.1 colony-forming
units (cfu) of Salmonella g! of chicken meat after
enrichment.

An alternative method for analysing PCR
products utilizes the oligonucleotide ligation
assay (OLA). The OLA procedure used two adja-
cent oligonucleotides. The first one (capture
probe) is 5'-biotinylated with the 3’ end adja-
cent to the second probe. The second (reporter)
probe is 5'-phosphorylated and 3’-end-labelled
with a reporter substance, such as digoxigenin. If
the two oligonucleotides are hybridized to the
target DNA, DNA ligase covalently joins the
two oligonucleotides. The capture of the bio-
tinylated probe is accomplished by binding the
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biotin to immobilized streptavidin in a micro-
titration plate. Stone et al. (1995) described a
combined cultivation and PCR-hybridization
procedure enzyme-linked immunosorbent assay
(ELISA)-based oligonucleotide ligation assay,
adapted to a 96-well microtitration PCR-OLA
format for detection of the product from the invE
and invA genes of Salmonella serovars. Sensitivity,
specificity and predictive value were comparable
to the conventional culture.

A digoxigenin-based ELISA (DIG-ELISA)
following a PCR to detect the amplified
lipopolysaccharide rfbS gene as a means for rapid
screening of serogroup D Salmonella in stool spec-
imens was described by Luk et al. (1997). In the
presence of stool materials, the Salmonella were
isolated by an immunomagnetic separation tech-
nique with an O9-specific monoclonal antibody,
followed by PCR and DIG-ELISA. The sensitiv-
ity was 10—100 bacteria.

A recent technique for the separation/con-
centration of bacteria from background food is
the immunomagnetic separation (IMS) proce-
dure, which uses a novel biosorbent consisting of
a Salmonella-specific bacteriophage immobilized
on to a solid phase (Bennett et al., 1997). This
biosorbent could remove Salmonella from culture
fluid and separate Salmonella from suspensions of
other Enterobacteriaceae. The advantage is the
ease of production of phage, the high affinity of
phage—cell interaction and the ability of phage to
infect host cells.

Chen et al. (1997) have developed a rapid,
sensitive and automated fluorescence PCR
method, the AG-9600 AmpliSensor assay, for
the detection of Salmonella species in food

samples. The AmpliSensor assay comprises two
steps: an initial asymmetric amplification with
normal primers to overproduce one strand of
the target and subsequent semi-nested
amplification and signal detection, in which
one of the outer primers and the AmpliSensor
primer the amplification.  The
AmpliSensor primer is a double-stranded signal
probe; one strand is labelled with fluorescein
isothiocyanate and the other with Texas red.
During semi-nested amplification, one strand of
the AmpliSensor duplex serves as a primer and
the other as an ‘energy sink’. The semi-nested
amplification results in strand dissociation of
the duplex and disruption of the fluorescence
signal. The extent of signal disruption is propot-
tional to the amount of the primer incorpora-
tion into the amplification product and can be
measured cycle by cycle and used for quantifica-
tion of the initial target.

Cocolin et al. (1998) described a primer set
of oligonucleotides from the invA gene of
Salmonella which amplified 33 Salmonella serovars
but did not amplify 16 non-Salmonella bacteria.
Moreover, after PCR amplification, it was possi-
ble to identify serovar Typhimurium by Hinfl
restriction enzyme analysis.

A Salmonella-specific PCR system targeting
a virulence gene with hybridization to a cova-
lently immobilized oligonucleotide probe on a
microplate (Chevrier et al., 1995) is now mar-
keted under the name Probelia.

Another PCR system, involving elec-
trophoresis, has been devised for Salmonella and
is marketed under the name BAX (Bailey, 1998).

direct

References

Achard, C. and Bensaude, R. (1896) Infections paratyphoidiques. Bulletin et Mémoires de la Société de Médecine des
Hopitaux de Paris 13, 820-833.

Ackermann, H.-W. and Dubow, M.S. (1987) Viruses of Prokaryotes, Vol. 1. CRC Press, Boca Raton, Florida, 202 pp.

Altwegg, M., Hickman-Brenner, EW. and Farmer, ].]., [II (1989) Ribosomal RNA gene restriction patterns provide
increased sensitivity for typing Salmonella typhi strains. Journal of Infectious Diseases 160, 145-149.

Anderson, E.S. (1964) Phage typing of Salmonella other than Salmonella typhi. In: van Oye, W. (ed.) The World
Problem of Salmonellosis. Junk Publishers, The Hague, pp. 89-110.

Anderson, E.S. and Wilson, EIM.]. (1961) Die Bedeutung der Salmonella typhimurium-Phagen-typisierung in der
Human- und Veterinarmedizin. Zentralblatt fiir Bakteriologie, Mikrobiologie und Hygiene Series 1. Abteilung Orig.
224, 368-373.

Anderson, E.S., Ward, L.R., De Saxe, M.]. and De Sa, J.D.H. (1977) Bacteriophage-typing designations of
Salmonella typhimurium. Journal of Hygiene, Cambridge 78, 297-300.

Bailey, J.S. (1998) Detection of Salmonella cells within 24 to 26 hours in poultry samples with the polymerase
chain reaction BAX™. Journal of Food Protection 61, 792-795.



14 PA.D. Grimont et al.

Banker, D.D. (1955) Paratyphoid A phage typing. Nature 175, 309-310.

Barker, R.M. (1980) Colicinogeny in Salmonella typhimurium. Journal of General Microbiology 120, 21-26.

Barker, R.M., Kearney, G.M., Nicholson, P, Blair A.L., Porter, R.C. and Crichton, P.B. (1988) Types of Salmonella
paratyphi B and their phylogenetic significance. Journal of Medical Microbiology 26, 285-293.

Beltran, P.,, Musser, ].M, Helmuth, R., Farmer, ].J., III, Frerichs, W.M., Wachsmuth, 1.K., Ferris, K., McWhorter,
A.C., Wells, ].G., Cravioto, A. and Selander, R.K. (1988) Toward a population genetic analysis of Salmonella:
genetic diversity and relationships among strains of serovars S. choleraesuis, S. derby, S. dublin, S. enteritidis, S.
heidelberg, S. infantis, S. newport, and S. typhimurium. Proceedings of the National Academy of Sciences USA 85,
1153-7757.

Beltran, P.,, Plock, S.A., Smith, N.H., Whittam, T.S., Old, D.C. and Selander, R.K. (1991) Reference collection of
strains of the Salmonella typhimurium complex from natural populations. Journal of General Microbiology 137,
601-606.

Bennett, A.R., Davids, EG.C, Vlahodimou, S., Banks, J.G. and Betts, R.P. (1997) The use of bacteriophage-based
systems for the separation and concentration of Salmonella. Journal of Applied Microbiology 83, 259-265.

Borman, E.K., Stuart, C.A. and Wheeler, K. (1944) Taxonomy of the family Enterobacteriaceae. Journal of
Bacteriology 48, 351-367.

Burgin, A.B., Parodos, K., Lane, D.]., Pace, N.R. (1990) The excision of intervening sequences from Salmonella
23S ribosomal RNA. Cell 60, 405-414.

Callow, B.R. (1959) A new phage typing scheme for Salmonella typhimurium. Jowrnal of Hygiene, Cambridge 57,
346-559.

Chambers, R-M., McAdam, P, De Sa, ].D.H., Ward, L.R. and Rowe, B. (1987) A phage typing scheme for
Salmonella virchow. FEMS Microbiology Letters 40, 155-157.

Chen, S., Yee, A., Griffiths, M., Wu, K.Y., Wang, C.-N., Rahn, K. and De Grandis, S.A. (1997) A rapid, sensitive
and automated method for the detection Salmonella species in foods using AG-9600 AmpliSensor Analyser.
Journal of Applied Microbiology 83, 314-321.

Chevrier, D., Popoff, M.Y., Dion, M.Y., Hermant, D. and Guesdon, ]J.L. (1995) Rapid detection of Salmonella sub-
species I by PCR combined with non-radioactive hybridisation using covalently immobilised oligonucleotide
on a microplate. FEMS Microbiology Letters 10, 245-252.

Christensen, H., Nordentoft, S. and Olsen, J.E. (1998) Phylogenetic relationships of Salmonella based on rfRNA
sequences. International Journal of Systematic Bacteriology 48, 605-610.

Cocolin, L., Manzano, M., Canton, C. and Comi, G. (1998) Use of polymerase chain reaction and restriction
enzyme analysis to directly detect and identify Salmonella typhimurium in food. Letters in Applied Microbiology
85, 673-6717.

Cordano, A.M., Richard, C. and Vieu, ].-E (1971) Biotypes de Salmonella typhimurium. Enquéte sur 513 souches
isolées en France en 1969-1970. Annales de I'Institut Pasteur 121, 473—-478.

Craigie, J. and Felix, A. (1947) Typing of typhoid bacilli with Vi bacteriophages. Lancet i, 823-827.

Craigie, ]. and Yen, C.H. (1938a) The demonstration of types of B. typhosus by means of preparations of type Il Vi
phage. . Principles and technique. Canadian Public Health Jowrnal 29, 448-484.

Craigie, ]. and Yen C.H. (1938b) The demonstration of types of B. typhosus by means of preparations of type II Vi
phage. II. The stability and epidemiological significance of V form types of B. typhosus. Canadian Public Health
Journal 29, 484-496.

Crosa, J.H., Brenner, D.]., Ewing, W. H. and Falkow, S. (1973) Molecular relationships among the salmonellae.
Journal of Bacteriology 115, 307-315.

Dauga, C., Zabrovskaia, A. and Grimont, P.A.D. (1998) Restriction fragment length polymorphism analysis of
some flagellin genes of Salmonella enterica. Journal of Clinical Microbiology 36, 2835-2843.

De Sa, J.D.H., Ward, L.R. and Rowe, B. (1980) A scheme for the phage typing of Salmonella hadar. FEMS
Microbiology Letters 9, 175-171.

Descamp, P, Veron, M., Le Minor, S. and Bussiére, J. (1982) Phénotypes et marqueurs épidémiologiques de
Salmonella typhimurium. Revue d’Epidémiologie et de Santé Publique 30, 423-435.

Duguid, J.P.,, Anderson, E.S. and Alfresson, G.A. (1975) A new biotyping scheme for Salmonella typhimurium and
its phylogenetic significance. Journal of Medical Microbiology 8, 149-166.

Ewing, W.H. (1963) An outline of nomenclature for the family Enterobacteriaceae. International Bulletin of
Bacteriological Nomenclature and Taxonomy 13, 95-110.

Ewing, W.H. (1969) Arizona hinshawii com. nov. International Journal of Systematic Bacteriology 19, 1.

Felix, A. and Callow, B.R. (1943) Typing of paratyphoid B bacilli by means of Vi bacteriophage. British Medical
Jowrnal ii, 127-130.

Felix, A. and Callow, B.R. (1951) Paratyphoid B. Vi phage-typing. Lancet ii, 10-14.



Taxonomy of the Genus Salmonella 15

Fluit A.D., Widjojoatmodjo, M.N., Box, A.T.A., Torensma, R. and Verhoef, J. (1993) Rapid detection of salmo-
nellae in poultry with the magnetic immuno-polymerase chain reaction assay. Applied and Environmental
Microbiology 59, 1342-1346.

Foster, K., Garramone, S., Ferraro, K. and Groody, E.P. (1992) Modified colorimetric DNA hybridization method
and conventional culture method for detection of Salmonella in foods: comparison of methods. Journal of
AOAC International 75, 685-692.

Frankel, G., Newton, SM.C., Schoolnik, G.K. and Stocker, B.A.D. (1989a) Intragenic recombination in a fla-
gellin gene: characterization of the H1-j gene of Salmonella typhi. EMBO Jowrnal 8, 3149-3152.

Frankel, G., Newton, S.M.C., Schoolnik G.K. and Stocker, B.A.D. (1989b) Unique sequences in region VI of the
flagellin gene of Salmonella typhi. Molecular Microbiology 3, 1379-1383.

Grimont, E and Grimont, PA.D. (1986) Ribosomal ribonucleic acid gene restriction patterns as potential taxo-
nomic tools. Annales de I'Institut Pasteur/Microbiologie 137B, 165-175.

Gruber, M. and Durham, H.E. (1896) Eine neue Methode zur raschen Erkennung des choleras vibrio und des
Typhusbacillus. Miinschauer Medizinische Wochenschrift 43, 285-286.

Grunbaum, A.S. (1896) Preliminary note on the use of the agglutinative action of human action for the diagnostic
of enteric fever. Lancet 16, 806-807.

Guinée, PAM. and Valkenburg, J. (1968) Diagnostic value of a Hafnia specific bacteriophage. Journal of
Bacteriology 96, 564.

Guinée, PAM. and van Leeuwen, W.J. (1978) Phage typing of Salmonella. In: Bergan, T. and Norris, J.R. (eds)
Methods in Microbiology, Vol. 2. Academic Press, New York, pp. 157-196.

Guinée, PA.M., Jansen, W.H., Maas, H.M.E., Le Minor, L. and Beaud, R. (1981) An unusual H antigen (z66) in
strains of Salmonella typhi. Annales de Microbiologie 132, 331-334.

Hilton, A.C., Banks, ].G. and Penn, C.W. (1996) Random amplification of polymorphic DNA (RAPD) of
Salmonella: strain differentiation and characterization of amplified sequences. Journal of Applied Bacteriology
81, 575-584.

Hulton, C.S., Higgins, C.E and Sharp, PM. (1991) ERIC sequences: a novel family of repetitive elements in the
genomes of Escherichia coli, Salmonella typhimurium and other enterobacteria. Molecular Microbiology 5, 825-834.

Jayasheela, M., Singh, G,. Sharma, N.C. and Saxena, S.N. (1987) A new scheme for phage typing Salmonella
bareilly and characterization of typing phages. Journal of Applied Bacteriology 62, 429—-432.

Jiang, X.-M., Neal, B., Santiago, E, Lee, S.J., Romana, L.K. and Reeves, PR. (1991) Structure and sequence of the
rfb (O antigen) gene cluster of Salmonella serovar typhimurium (strain LT2). Molecular Microbiology 5,
695-713.

Jones, C. and Aizawa, S.-I. (1991) The bacterial flagellum and flagellar motor: structure, assembly and function.
Advances in Microbiology Physiology 32, 110-172.

Kasatiya, S., Caprioli, T. and Champoux, S. (1978) Bacteriophage typing scheme for Salmonella infantis. Journal of
Clinical Microbiology 10, 637-640.

Kauffmann, E (1941) Uber mehrere neue Salmonella Typen. Acta Pathologica Microbiologica Scandinavica 18,
351-366.

Kauffmann, E (1961) The species definition in the Enterobacteriaceae. International Bulletin of Bacteriological
Nomenclature and Taxonomy 11, 5-6.

Kauffmann, E (1966a) The Bacteriology of Enterobacteriaceae. Munksgaard, Copenhagen.

Kauffmann, E (1966b) Das Salmonella sub-genus IV. Annales Immunologiae Hungaricae 9, 77-80.

Kauffmann, E (1978) Das Fundament. Munksgaard, Copenhagen.

Kauffmann, E and Edwards, P.R. (1952) Classification and nomenclature of Enterobacteriaceae. International Bulletin
of Bacteriological Nomenclature and Taxonomy 2, 2-8.

Kilger, G. and Grimont, P.A.D. (1993) Differentiation of Salmonella phase 1 flagellar antigen types by restriction of
the amplified fliC gene. Journal of Clinical Microbiology 31, 1108-1110.

Kwang, ]., Littledike, E.T. and Keen, ].E. (1996) Use of the polymerase chain reaction for Salmonella detection.
Letters in Applied Microbiology 22, 46-51.

Lane, D.J. and Collins, M.L. (1991) Current methods for detection of DNA/ribosomal RNA hybrids. In: Vaheri,
A., Tilton, R.C. and Balows, A. (eds.) Rapid Methods and Automation in Microbiology and Immunology.
Springer-Verlag, Bertlin, pp. 55-75.

Lederberg, J. and Edwards, P.R. (1953) Serotypic recombination in Salmonella. Journal of Immunology 71, 232-240.

Le Minor, L. (1994) The genus Salmonella In: Ballows, A., Triiper, H.G., Dworkin, M., Harber, W. and Scheiffer,
K.-H. (eds) The Prokaryotes. Springer, New York, pp. 2760-2774.

Le Minor, L. and Popoff, M.Y. (1987) Request for an opinion. Designation of Salmonella enterica sp. nov., nom. rev.,
as the type and only species of the genus Salmonella. International Journal of Systematic Bacteriology 37, 465-468.



16 PA.D. Grimont et al.

Le Minor, L., Rohde, R. and Taylor, J. (1970) Nomenclature des Salmonella. Annales de I'Institut Pasteur 119,
206-210.

Le Minor, L., Veron, M. and Popoff, M.Y. (1982) Taxonomie des Salmonella. Annales de Microbiologie 133B,
223-243.

Le Minor, L., Popoff, M.Y., Laurent, B. and Hermant, D. (1986) Individualisation d’une septi¢me sous-espece de
Salmonella: S. choleraesuis subsp. indica subsp. nov. Annales de I'Institut Pasteur/Microbiologie 137B, 211-217.

Lin, A.W., Usera, M.A., Barrett, T.]. and Goldsby, R.A. (1996) Application of random amplified polymorphic
DNA analysis to differentiate strains of Salmonella enteritidis. Journal of Clinical Microbiology 34, 870-876.

Luk, ].M., Kongmuang, U., Tsang, R.S.W. and Lindberg, A.A. (1997) An enzyme-linked immunosorbent assay to
detect PCR products of the tfbS gene from serogroup D salmonellae: a rapid screening prototype. Journal of
Clinical Microbiology 35, 714-718.

Macnab, R.M. (1987) Flagella. In: Neidhardt, EC., Ingraham, ]J.L., Low, K.B., Magasanik, B., Schaechter, M. and
Umberger, H.E. (eds.) Escherichia coli and Salmonella typhimurium: Cellular and Molecular Biology, Vol. 1.
American Society for Microbiology, Washington, DC, pp. 70-83.

Meunier, J-R. and Grimont, PA.D. (1993) Factors affecting reproducibility of random amplified polymorphic
DNA fingerprinting. Research in Microbiology 144, 373-3179.

Murase, T., Okitsu, T., Suzuki, R., Morozumi, H., Matsushima, A., Nakamura, A. and Yamai, S. (1995) Evaluation
of DNA fingerprinting by PFGE as an epidemiological tool for Salmonella infections. Microbiology and
Immunology 39, 673-676.

Nicolle, P, Pavlatou M. and Diverneau, G. (1954) Les lysotypies auxiliaires de Salmonella typhi. I. Subdivision du
type A et du groupe I + IV par une nouvelle série de phages. Annales de I'Institut Pasteur 87, 493-509.

Nicolle, P., Diverneau, G. and Brault, J. (1958) Relation entre les divers états lysogénes du type A de Salmonella
typhi et ses sous-types tels qu’ils sont mis en évidence par une lysotypie complémentaire. Bulletin of the
Research Council of Israel TE, 89—100.

Pfeiffer, R. and Kolle, W. (1896) Zur Differentialdiagnose des Typhus-bacillus vermittels Serum der gegen Typhus
immunisierten Thiere. Deutsche Medizinische Wochenschrift 22, 185-186.

Pohl, P, Thomas, J. and Laub, R. (1973) Classification biochimique des Salmonella typhimurium. Revue de
Fermentation Industrielle et Alimentaire 27, 239-242.

Popoff, M.Y. and Le Minor, L. (1985) Expression of antigenic factor O:54 is associated with the presence of a plas-
mid in Salmonella. Annales de I'Institut Pasteur/Microbiologie 136B, 169-179.

Popoff, M.Y., Bockemiihl, ]J. and Brenner, EW. (1998) Supplement 1997 (no. 41) to the Kauffmann—White
scheme. Research in Microbiology 149, 601-604.

Raetz, C.R.H. (1996) Bacterial lipopolysaccharides: a remarkable family of bioactive macroamphiphiles. In:
Neidhardt, EC., Curtiss, R., III, Ingraham, J.L., Lin, E.C.C., Low, K.B., Magasanik, B., Reznikoff, W.S., Riley,
M., Schaechter, M. and Umbarger, H.E. (eds) Escherichia coli and Salmonella, Vol. I, 2nd edn. American
Society for Microbiology Press, Washington, DC, pp. 1035-1063.

Reeves, M.W., Evins, G.M., Heiba, A.A., Plikaytis, B.D. and Farmer, ].J., III (1989) Clonal nature of Salmonella
typhi and its genetic relatedness to other salmonellae as shown by multilocus enzyme electrophoresis, and pro-
posal of Salmonella bongori comb. nov. Journal of Clinical Microbiology 27, 313-320.

Reeves, PR., Hobbs, M., Valvano, M.A., Skurnik, M., Whitfield, C., Coplin, D., Kido, N., Klena, J., Maskell, D.,
Raetz, CR.H. and Rick, PD. (1996) Bacterial polysaccharide synthesis and gene nomenclature. Trends in
Microbiology 4, 495-503.

Rick, P.D. (1987) Lipopolysaccharide biosynthesis. In: Neidhardt, EC., Ingraham, J.L., Low, K.B., Magasanik B.,
Schaechter, M. and Umbarger, H.E. (eds) Escherichia coli and Salmonella typhimurium: Cellular and
Molecular Biology, Vol. I. American Society for Microbiology Press, Washington, DC, pp. 648-662.

Rubin, EA., Kopecko, D.J., Noon, K.E and Baron, L.S. (1985) Development of a DNA probe to detect Salmonella
typhi. Jowrnal of Clinical Microbiology 22, 600-605.

Rules Revision Committee, Judicial Commission (1975) Proposal to amend the International Code of
Nomenclature of Bacteria. International Jowrnal of Systematic Bacteriology 35, 123.

Salmon, D.E. and Smith, T. (1886) The bacterium of swine plague. American Monthly Microbiology Journal 7, 204.

Selander, R.K., Beltran, P., Smith, N.H., Barker, R.M., Crichton, PB., Old, D., Musser, ].M. and Whittam, T.S.
(1990a) Genetic population structure, clonal phylogeny, and pathogenicity of Salmonella paratyphi B. Infection
and Immunity 58, 1891-1901.

Selander, R.K., Beltran, P., Smith, N.H., Helmuth, R., Rubin, EA., Kopecko, D.]., Ferris, K., Tall, B.D., Cravioto,
A. and Musser, J. M. (1990b) Evolutionary genetic relationships of clones of Salmonella serovars that cause
human typhoid and other enteric fevers. Infection and Immunity 58, 2262-2275.

Selander, R.K., Li, J. and Nelson, K. (1996) Evolutionary genetics of Salmonella enterica. In: Neidhardt, EC.,



Taxonomy of the Genus Salmonella 17

Curtiss, R., III, Ingraham, J.L., Lin, E.C.C., Low, K.B., Magasanik, B., Reznikoff, W.S., Riley, M., Schaechter,
M. and Umbarger, H.E. (eds) Escherichia coli and Salmonella, Vol. II, 2nd edn. American Society for
Microbiology Press, Washington, DC, pp. 2691-2707.

Simon, M., Zieg, ]., Silverman, M., Mandel, G., and Doolittle, R. (1980) Phase variation: evolution of a control-
ling element. Science 209, 1370-1374.

Skerman, V.B.D., McGowan, V. and Sneath, PH.A. (1980) Approved list of bacterial names. International Journal
of Systematic Bacteriology 30, 225-420.

Smith, N.H. and Selander, R.K. (1990) Sequence invariance of the antigen-coding central region of the phase 1
flagellar filament gene (fliC) among strains of Salmonella typhimurium. Journal of Bacteriology 172, 603—609.

Smith, N.H. and Selander, R.K. (1991) Molecular genetic basis for complex flagellar antigen expression in a
triphasic serovar of Salmonella. Proceedings of the National Academy of Sciences USA 88, 956-960.

Smith, N.H., Beltran, P. and Selander, R.K. (1990) Recombination of Salmonella phase 1 flagellin genes generates
new serovars. Journal of Bacteriology 172, 2209-2216.

Stanley, J., Jones, C.S., Threlfall, E.J. (1991) Evolutionary lines among Salmonella enteritidis phage types are identi-
fied by insertion sequence IS 200 distribution. FEMS Microbiology Letters 82, 83-90.

Stoleru, G.H., Le Minor, L. and U'Heritier, A.M. (1976) Polynucleotide sequence divergence among strains of
Salmonella sub-genus IV and closely related organisms. Annales de Microbiologie 127A, 477-486.

Stone, G.G., Oberst, R.D., Hays, M.P., McVey, S. and Chengappa, M.-M. (1995) Combined PCR-oligonucleotide
ligation assay for rapid detection of Salmonella serovars. Journal of Clinical Microbiology 33, 2888-2893.

Tacket, C.O. (1989) Molecular epidemiology of Salmonella. Epidemiologic Reviews 11, 99-108.

Threlfall, E.J., Rowe, B. and Ward, L.R. (1989) Subdivision of Salmonella enteritidis phage types by plasmid profile
typing. Epidemiology and Infection 102, 459-465.

Threlfall, E.J., Frost, J.A., Ward, L.R. and Rowe, B. (1990) Plasmid profile typing can be used to subdivide phage-
type 49 of Salmonella typhimurium in outbreak investigations. Epidemiology and Infection 104, 243-251.

Vieu, ].E, Hassan-Massoud, B., Klein, B. and Leherissey, M. (1981) Bacteriophage-typing and biotyping of
Salmonella montevideo. In: FEMS Symposium on Salmonellae and Salmonellosis. Istanbul, 15-17 September
1981.

Vieu, J.E, Binette, H. and Leherissey, M. (1988) Salmonella paratyphi B d-tartrate positif (var. java): lysotypie de
1200 souches isolées en France (1975-1985). Zentralblatt fur Bakteriologie, Mikrobiologie und Hygiene Series A
268, 424-432.

Vieu, J.E, Jeanjean, S., Tournier, B. and Klein, B. (1990) Application d’'une série unique de bacteriophages a la
lysotypie de Salmonella sérovar Dublin et de Salmonella sérovar Enteritidis. Médecine et Maladies Infectieuses 20,
229-233.

Ward, L.R., De Sa, ].D.H. and Rowe, B. (1987) A phage-typing scheme for Salmonella enteritidis. Epidemiology and
Infection 99, 291-294.

Wayne, L.G., Brenner, D.J., Colwell, R.R., Grimont, P.A.D., Kandler, O., Krichevsky, M.1., Moore, H., Moore,
W.E.C., Murray, R.G.E., Stackebrandt, E., Starr, M.P. and Triiper H.G. (1987) Report of the ad hoc
committee on reconciliation of approaches to bacterial systematics. International Jowrnal of Systematic
Bacteriology 37, 463—464.

White, B. (1926) Further studies on the Salmonella group. Medical Research Council Special Report 103, 3—160.

Widal, E (1896) Sérodiagnostic de la fievre typhoide. Bulletin et Mémoires de la Société de Médecine des Hopitaux de
Paris 13, 561-566.

Winkler, M.E. (1979) Ribosomal ribonucleic acid isolated from Salmonella typhimurium: absence of the intact 23S
species. Jowrnal of Bacteriology 139, 842-849.






Chapter 2

Structure, Function and Synthesis of Surface
Polysaccharides in Salmonella

Andrew N. Rycroft
Royal Veterinary College, Hawkshead Lane, North Mymms, Hatfield,
Hertfordshire AL9 7TA, UK

Introduction

The surface polysaccharides of Salmonella spp.
form the outermost components of the bacterial
cell. They are in direct contact with the immedi-
ate environment of the organism and are there-
fore of great significance in the interaction of the
organism with its habitat. For a bacterial
pathogen such as Salmonella, which is able to
exist in different habitats as it passes from the
dry, external environment, through the acidity of
the stomach, the lumen of the gut, the extracel-
lular space of host tissues and the inside of the
macrophage, the surface components provide a
protective and yet porous shield against the out-
side world. This chapter aims to review the
chemical biological function and
biosynthesis of the surface polysaccharides found
on the surface of Salmonella.

structure,

The Architecture of the Surface
Structures of Salmonella

Much of what we understand about the nature of
the outer envelope of Gram-negative bacteria
has been derived from studies with Escherichia coli
K-12 and S. typhimurium LT2. Essentially, there
are three layers: the cytoplasmic membrane
(inner membrane), the peptidoglycan (murein)
and the outer membrane (Fig. 2.1). The com-
partment between the two membranes is referred
to as the periplasmic space.

The cytoplasmic membrane in Salmonella is
composed of phospholipids and proteins. As in
other Gram-negative bacteria, it transports nutri-
ents and it is the site of oxidative phosphoryla-
and the synthesis of phospholipid,
peptidoglycan and lipopolysaccharide
(LPS). The cytoplasmic membrane is also the
site of anchorage of the DNA during replication
and has a role in the partitioning of daughter
cells at cell division.

tion
units

The peptidoglycan is a relatively thin layer
in Gram-negative bacteria. It is composed of
alternating residues of N-acetyl muramic acid
and N-acetyl glucosamine, forming long glycan
chains, which are covalently cross-linked by
peptide bridges. This forms a single bag-like
molecule surrounding the cell protoplast, which
serves to stabilize it against osmotic lysis.
Approximately 3.5 atmospheres pressure is
thought to be exerted by the cytoplasm (Stock et
al., 1977).

The peptidoglycan confers rigidity and
shape to the bacterial cell. Degrading the pepti-
doglycan, by first disrupting the outer membrane
and then allowing lysozyme to penetrate and
hydrolyse it, causes the cell to swell and lyse by
the uptake of water through the cytoplasmic
membrane into the cytosol. If this is prevented
by immersion of the bacteria in a hypertonic
medium, such as 8% sucrose, the rod-shaped cells
will round up to form osmotically fragile sphero-
plasts.

The periplasm contains the peptidoglycan
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Fig. 2.1. Simplified representation of the envelope of SaImonella. Two lipid bilayers: the cytoplasmic
membrane (CM) and the outer membrane (OM) are separated by the periplasmic space (P), in which the
peptidoglycan provides tensile strength to support the cell against osmotic pressure.

and also numerous soluble proteins, which usu-
ally have one of three functions. These are: (i)
catabolic functions, such as alkaline phosphatase,
where solutes for which no transport system
exists are converted to a form that can be trans-
ported though the cytoplasmic membrane; (ii)
binding proteins, which fasten on to nutrients,
such as amino acids, ions and sugars, and assist
their transport; and (iii) proteins which degrade
or modify harmful substances, such as antibiotics,
e.g. B-lactamase.

The two membranes are connected at vari-
ous points, known as zones of adhesion or Bayer
bridges, first described by Bayer (1968). These
sites of contact become visible by electron
microscopy only when the inner membrane is
plasmolysed or ‘shrunk’ away from the outer
membrane by holding the organisms in hyper-
tonic medium. These quasi-stable zones of adhe-
sion are thought to facilitate the transport of
hydrophobic materials, such as LPS, from the
inner surface of the cytoplasmic membrane to
the outer membrane and may be the site of syn-
thesis of some outer-membrane proteins.

The outer membrane is a highly complex
lipid-bilayer membrane structure, which sur-
rounds the peptidoglycan layer and shields the
periplasm from the external environment. It also
prevents leakage of the periplasmic proteins away

from the immediate environment of the cytoplas-
mic membrane. Electron microscopy has deter-
mined the thickness of the outer membrane to be
like that of the cytoplasmic membrane, 7.5 nm.
However, in composition and function it is quite
different from the cytoplasmic membrane. It is
composed primarily of phospholipid and protein
but also LPS and lipoprotein. LPS is found exclu-
sively in the outer leaflet of the outer membrane
and the lipoprotein is present in the inner leaflet,
where it functions to anchor the outer membrane
to the cell peptidoglycan. Enterobacterial com-
mon antigen is a minor component, contributing
only 0.2% of the cell’s dry weight.

Since the natural habitat of Salmonella is the
lower intestinal tract of animals of all kinds, it is
logical to assume that the outer membrane func-
tions to protect or assist the cell in this environ-
ment. In order to compete effectively with other
microorganisms in the anaerobic, nutritionally
sparse conditions of the gut, Salmonella need to
be able to take up limited nutrients effectively
and to adapt to rapidly changing conditions. The
outer membrane serves to allow the passive
transport  of into the
periplasm, where they can be held and trans-
ported across the cytoplasmic membrane. At the
same time, the outer membrane must serve to
protect the delicate components of the cytoplas-

selected molecules
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mic membrane from the detergent-like action of
bile salts, fatty acids and glycerides. The intesti-
nal lumen is replete with proteases and lipases,
and these must be prevented from gaining access
to the vicinity of the cytoplasmic membrane,
where they will cause damage to the membrane
structures. Therefore, the outer membrane of
Salmonella may be considered as a molecular
sieve, whose purpose is to allow required nutri-
ents to access the periplasm while resisting the
penetration of dangerous substances from the
external environment.

Many Gram-negative bacteria, such as
Escherichia coli, Klebsiella or Pasteurella spp., pos-
sess a polysaccharide layer external to the outer
membrane. S. enterica is unusual among the
enteric Gram-negative bacteria of mammals in
that it usually possesses no capsular polysaccha-
ride. The polysaccharide exposed at the surface is
primarily the O side-chain of the LPS. The one
exception to this is the Vi polysaccharide carried
on the external surface of a very few strains of
Salmonella such as some strains of S. typhi and S.

dublin.

Lipopolysaccharide

LPS is the molecule that is most closely associ-
ated with the surface of Gram-negative bacteria.
It is also the immunodominant antigen of the
majority of Gram-negative bacteria. During the
1950s and 1960s, a considerable research effort,
due to the interest in LPS as mediators of biolog-
ical activity known as endotoxin activity, led to a
wealth of information on their structure and
biosynthesis.

The structure of LPS has been elucidated

O side-chain

over a number of years, investigations largely
being conducted with S. typhimurium T2 and E.
coli K-12 using a variety of techniques, including
biochemical analysis and examination of mutants
deficient in LPS production. Salmonella has
therefore come to be perceived as ‘the norm’
among Gram-negative bacteria, although there is
considerable variety of structure even within the
genus.

LPS is amphipathic, having both hydrophilic
and hydrophobic components on the same mole-
cule. Three regions of the molecule are recognized:
the lipid A, the core oligosaccharide and the O
side-chain repeating oligosaccharide. The core
oligosaccharide is further subdivided into the inner
and outer core regions (Fig. 2.2). The hydrophobic
lipid A portion of the molecule resides within the
outer leaflet of the outer membrane. The polysac-
charide portion, which is hydrophilic, projects into
the external environment.

Colonies of wild strains of Salmonella bacte-
ria usually have a smooth appearance. This is
associated with the presence of a full O side-
chain, which is therefore termed the S form.
Mutants that have lost, through natural occur-
rence or deliberate mutagenesis in the laboratory,
their O side-chain often produce irregular-edged
colonies with a dull surface. These are referred to
as rough mutants and the LPS present in these
bacteria as the R form.

Preparation and purification of Salmonella
lipopolysaccharide

There are approximately 10° molecules of lipid A
and 107 molecules of glycerophospholipid per
bacterial cell (Goldman et al., 1988).

Quter c:oreI Inner core

Lipid A

-|;:;25:;]-:‘?‘:-|:;:_5;:H;:;4_:;H:;:3:;:H;:;2:;:|-|:;:_1;:

Fig. 2.2. Schematic representation of the structure of S-form lipopolysaccharide. Lipid A is joined, via the
inner- and outer-core oligosaccharide, to the repeating oligosaccharide that forms the O side-chain. The
length of the O side-chain is variable, but between 25 and 40 units is common in Salmonella.
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LPSs from Salmonella are often purified from
the bacterial cells by one of two methods. S-form
LPS is prepared by the phenol-water extraction
method of Westphal and Jann (1965). In this
procedure, the bacteria are held at 65°C in 45%
aqueous phenol. The S-form LPS, together with
a proportion of the R-form LPS with a complete
or nearly complete core oligosaccharide, is parti-
tioned into the aqueous phase. For R-form LPS,
the PCP method, devised by Galanos et al.
(1969), is preferable. This uses a mixture of 90%
phenol, chloroform and petroleum ether to
extract the bacteria at room temperature. LPS
from deep rough mutants is only extracted using
this method, since it largely partitions into the
hydrophobic phase. Other methods intended to
prepare purified LPS in both forms have also
been devised (Darveau and Hancock, 1983).
Early studies with purified Salmonella LPS showed
it to be highly variable in the O side-chain but
conserved in structure in the core oligosaccha-
ride and the lipid A.

Lipid A
Chemistry of lipid A

The structure of lipid A from S. enterica serovars
is thought to be conserved. The lipid A compo-
nent is embedded in the outer leaflet of the outer
membrane of the organism, forming part of the
lipid bilayer. It is responsible for the endotoxic
properties of the LPS molecule (Raetz, 1993).
While the general or approximate structure of
lipid A was known for many years, the exact
structure of lipid A was not finally established
until 1983, in the laboratory of Ernst Rietschel,
Otto Liideritz and co-workers (Rietschel et al.,
1983). The delay in defining the structure was
due to the complex structure of the molecule.
This discovery opened the way to a fuller appre-
ciation of the biosynthesis and pharmacology of
lipid A endotoxin.

Enterobacteria such as Salmonella which are
unable to synthesize lipid A are non-viable. The
minimum requirement of the LPS molecule is
that found in Re mutants. In these mutants, the
LPS comprises lipid A and two 3-deoxy-D-manno-
octulosonic acid (KDO) residues (Fig. 2.3). The
reasons why these components are essential for
the bacteria to be viable are not understood.

Lipid A can be prepared from LPS by mild
acid hydrolysis. Diphosphoryl lipid A (DPL) is
obtained by treatment with 0.02M sodium
acetate, pH 4.5 at 100°C for 30 min. If harsher
conditions are used (0.1 M HCI at 100°C for 30
min) monophosphoryl lipid A (MPL), lacking
the phosphate group at the 1 position, is released.

Lipid A from S. typhimurium, other
Salmonella and E. coli consists of two glucosamine
residues joined by a B(1-6) linkage, to which are
substituted four fatty acid residues at positions 2
and 3 and 2’ and 3’. Those attached to positions
2 and 2’ are joined via amide links. The acyl
moieties of lipid A are unusual because they are
hydroxylated at carbon 3. They are also two to
six carbons shorter than glycerophospholipids.
Those hydroxylated fatty acids attached to posi-
tions 2’ and 3’ are further esterified, through the
hydroxyls at C3, to additional fatty acyl residues,
giving six fatty acid chains in all.

Biological activities of lipid A

Lipid A has potent biological activity. Since lipid
A has been a component of the Gram-negative
cell envelope probably throughout the evolution
of eukaryotes, the immune system of animals is
exceedingly sensitive to it as a marker of infec-
tion. Lipid A has been known to induce patho-
physiological effects, such as endotoxic shock,
pyrogenicity, activation of complement, coagula-
tion and haemodynamic changes, for many years.
The dose of Re LPS from S. typhimurium produc-
ing a febrile response in 50% of rabbits is
between 0.1 and 0.3 ug kg™! body weight. Long-
recognized immunological effects include mito-
genicity for B lymphocytes and activation of
macrophages, but it is only during the last decade
that it has been known that these effects
are mediated through the induction and release
of numerous cytokines of monocyte and
macrophage origin: interferon, tumour necrosis
factor, colony-stimulating factor and interleukin
1(IL-1) (Qureshi and Takayama, 1990). It is
through these activities that lipid A (endotoxin)
contributes to the pathogenic or toxic activity of
Gram-negative bacteria, including Salmonella. As
an example of a substance that can modify or
modulate an immune response, LPS is now con-
sidered to be a potent modulin (Henderson et al.,

1996).
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HO OH
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Fig. 2.3. The minimal Re chemotype lipopolysaccharide of Salmonella, sometimes known as KDO,-lipid A.
Two KDO residues are linked to the acetylated glucosamine disaccharide (lipid A). Linkage of the KDO to
the glucosamine disaccharide involves the product of the kdtA gene.

Until the middle of the 1980s, endotoxin
was thought, in simple terms, to act by somehow
disrupting the cytoplasmic membrane of cells
such as macrophages and neutrophils and releas-
ing cell contents, including IL-1 (previously
known as endogenous pyrogen), which led to
fever. The mechanism by which lipid A interacts
with host cells is now much clearer. Membrane
blebs or LPS released from bacteria is bound by
LPS-binding protein (LBP). This is an interme-
diate in the transfer of LPS to the CD14 protein
on the surface of macrophages and certain other
cell types. Cell types lacking CD14 are rendered
more responsive to LPS when transfected with
the gene for CD14 (Lee et al., 1992). A second,
transmembrane, lipid A receptor protein is
thought to be involved in the generation of
intracellular signals. This stimulates transcrip-

tional activity of cytokines, including IL-1 and
tumour necrosis factor. Enhanced production of
these cytokines is responsible for the symptoms
of endotoxic shock.

Genetics of lipid A synthesis

The biosynthetic pathway of lipid A has been
elucidated primarily in E. coli K-12. However,
the genes and gene products required for this
process seem to be identical for lipid A in
Salmonella. Uridine diphosphate-N-acetyl glu-
cosamine (UDP-GIcNAC) is a central precursor
for the synthesis of both peptidoglycan and LPS.
This leads to a group of phospholipids based not
on glycerol, but on glucosamine. The only
known function of these is as precursors of lipid
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A. Only four genes are known to be involved in
lipid A synthesis and all of these are derived from
studies with E. coli. These are IpxA, IpxB, IpxC
and IpxD. These genes encode the enzymes
which: (i) transfer B-hydroxymyristic acid from
acyl carrier protein (ACP) to the 3-hydroxy
group of UDP-GIcNAc (lpxA); (ii) remove the
N-acetyl group from UDP-3-hydroxymyristoyl-
GleNAc (IpxC); (iii) transfer the B-hydroxy-
myristic acid from ACP to the 2-amino group of
deacylated GlcNAc to form UDP-2,3-dihydroxy-
myristoyl-glucosamine (IpxD); and (iv) form the
B(1-6) bond between the glucosamines of
one molecule of UDP-2,3-dihydroxymyristoyl-
glucosamine and one of 2,3-dihydroxymyristoyl-
glucosamine (lipid X) to form the lipid A disac-
charide with four fatty acid residues and one
phosphate group (IpxB) (Crowell et al., 1987).

Core Oligosaccharide

The lipid A is linked through carbon 6’ of the
glucosamine disaccharide to the core oligosac-
charide. This link (02-6) is made through a
unique eight-carbon sugar called KDO. A sec-
ond, branch KDO (known as KDO 1I) is also
added through an a(2-4) linkage. This structure
is known as KDO,-lipid A or Re endotoxin,
because it is the form of LPS seen in mutants
with the Re chemotype — the minimal LPS sub-
structure for growth of the bacteria (Rick and
Young, 1982). It is generally believed that a third
KDO residue is added to KDO II at a late stage of
core completion through a further a(2—4) link-
age, although this is not essential for viability in
Salmonella (Lehmann et al., 1971).

The core oligosaccharide consists of a con-

served, non-repeating group of six to eight sugars.
In Salmonella, a single core oligosaccharide type
(termed the Ra core) is conserved throughout
the genus (Holst and Brade, 1992). It consists of
eight sugar residues, in addition to the KDO
residues, which link it to the lipid A. Two L-gly-
cero-D-manno-heptose residues are attached to
the KDO, forming the so-called inner core. A
third L-glycero-D-manno-heptose branches from
the outermost heptose. This in turn is linked to
two D-glucose, two D-galactose residues and
N-acetyl forming  the
core (Fig. 2.4). In addition, O-pyrophospho-
rylethanolamine and O-phosphorylethanolamine
are frequently substituted on to the L-glycero-D-
manno-heptose and KDO residues, respectively.

glucosamine outer

Genetics of the LPS core biosynthesis

The genetics of core biosynthesis have been
extensively reviewed by Schnaitman and Klena
(1993). The genes required for the production of
core LPS belong primarily to the rfa gene cluster.
This name has recently been revised by Reeves et
al. (1996), who have proposed a new system for
the nomenclature of genes for polysaccharide
biosynthesis. The rfa gene cluster has largely
been renamed the waa cluster (Table 2.1). The
two systems are currently coexisting, but in this
chapter the new system will take priority. While
many of the genes are known from work with
S. typhimurium, others have only been identified
in E. coli and their equivalent function in
Salmonella is not known.

Two kds genes (kdsA and kdsB) are required
for synthesis of KDO. The KDO is then added to
the glucosamine of lipid A disaccharide by the

KDO
|kth?
Hep IlI KDO
rfaQ? | kdtA
rfad rfal rfa |
O side-chain rtak Gle a Gal a Glc Hep Il Hep | KDO GlcN
| rfaF rfaC kdtA
rfc rfak rfaB
GlcNAc Gal GlcN

Fig. 2.4. The structure of the lipopolysaccharide core oligosaccharide of Salmonella. Genes known to be
required for the synthesis of the core at various points are shown.
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Table 2.1. Genes required for the synthesis of the lipopolysaccharide core in Salmonella typhimurium.

Gene New designation  Function

kdsA KDO-8-phosphate synthesis

kdsB CMP-KDO synthesis

kdtA (waaA) KDO transferase (transfer to glucosamine)

rfak (waak) ADP-heptose synthesis

rfaD (gmhD) Epimerization of ADP heptose to L-glycero-D-manno-heptose
rfaC (waa() Heptosyltransferase: addition of heptose

rfaF (waah Addition of heptose Il to complete the inner core

rfaG (waaQ) Glucosyltransferase: addition of glucose to Hep I

rfaB (waaB) Addition of branch p-galactose to glucose

rfal (waal) Galactosyltransferase: addition of b-galactose

rfal (waal) Addition of second p-glucose

rfak (waak) Transfer of branch N-acetyl glucosamine to some terminal glucose
rfaH Positive regulation of waa (rfa)

rfaQ (waaQ) Addition of Hep Il to core?

rfal (waal) Addition of O-antigen to core

rfaP (waaP) Phosphorylation of Hep |

rfaS (waa¥) Synthesis of lipooligosaccharide; not in S. typhimurium

rfaZ (waa2) Function unknown

product of the waaA gene (kdtA), KDO trans-
ferase. KDO II is also added by this enzyme, and
indirect evidence suggests that KDO III is further
added by this enzyme at a late stage in synthesis
of the core. The final steps in the acylation of
lipid A are thought to be coupled to the attach-
ment of KDO (Brozek and Raetz, 1990); how-
ever, the genes required for terminal acylation of
lipid A are not yet known.

The synthesis of heptose and its conversion
to L-glycero-D-manno-heptose involve the waaD
(rfaD) and waaE (rfaE) genes. Addition of the
first heptose to KDO I requires a heptosyltrans-
ferase encoded by the waaC (rfaC) gene, and
completion of the inner core, by addition of the
second heptose, requires waaF (rfaF). Mutants
lacking these genes are said to exhibit a deep-
rough phenotype.

The first D-glucose of the outer core is
attached by a glucosyl transferase, which is the
product of the waaG (rfaG) gene. The substrate,
UDP-glucose, is cleaved to add the glucose
the second heptose (Hep II).
Interestingly, mutants with a defective waaG
gene produce neither flagella nor type 1 fimbriae.
This suggests either a regulatory role for the
WaaG protein or that the synthesis of these sur-
face appendages is dependent upon a certain
degree of completion of the LPS core.

residue to

A D-galactose residue is then attached by an
a(1-3) link to the D-glucose by a galactosyl
transferase. This is the product of the waal (rfal)
gene. A branch D-galactose residue is also
attached to the glucose in an a(1-6) link by the
product of the waaB (rfaB) gene. The second ter-
minal a(1-2)-linked D-glucose is then attached
by the waaJ (rfaJ) product and finally, completing
the Salmonella core oligosaccharide, the waaK
(rfaK) gene product transfers a branch N-acetyl
glucosamine in a(1-2) linkage to a proportion of
the terminal glucose residues.

The O-antigen

The serologically dominant and highly variable
region of the LPS is the O side-chain. This is
hydrophilic in nature and reaches out to the
microenvironment of the bacterial cell (see Fig.
2.2). It is a repeated tetra- or pentasaccharide,
characterized by the inclusion of deoxy- and
dideoxyhexoses. The number of repeats in the O
side-chain varies from strain to strain and is
dependent upon the prevailing growth condi-
tions. The repeating nature and quantum varia-
tion of the O side-chain size can be visualized by
separation of S-form LPS on a polyacrylamide gel
and silver staining (Hitchcock and Brown,
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Fig. 2.5. Silver stained polyacrylamide gel of Salmonella lipopolysaccharide showing ladder banding from
the presence of different lengths of O side-chain (from Peterson and McGroarty, 1985, with permission from

the Journal of Bacteriology).

1983). Each band in the ‘ladder’ represents an
LPS molecule with one single oligosaccharide
unit more or less than the one next to it.
Between 25 and 40 units of the oligosaccharide
are a common finding (Fig. 2.5).

The O side-chain in serological classification

The system that is used to differentiate the
Salmonella  serovars (previously referred to as
species) is based on the grouping of strains accord-
ing to the structure of their O antigenic side-chain
polysaccharide, coupled with determination of the
serological specificity of the H (flagellar) antigen,
which may be expressed in one of two phases. This
is the White-Kauffmann-Le Minor scheme.
Serological distinction of the O antigens of
Salmonella is made on the detection of particular
antigens, which are designated by a number. These
factors are determined by the component sugars of

the O side-chain. S. typhimurium has the antigenic
formula 1, 4, 5, 12. Antigens 4 and 12 are found in
all group B serovars, although factor 12 is also
found elsewhere. Factors 1 and 5 are additional
factors that assist in the definition of serological
specificity of S. typhimurium.

Synthesis and genetics of the O side-chain

The genes required for the biosynthesis of the O
side-chain obviously vary from serovar to serovar,
since these contain different sugars in the repeat-
ing oligosaccharide. Nevertheless, there are basic
similarities in these genes from those serovars
that have been examined. The group of genes
involved in O side-chain synthesis is the 19 or so
genes of the O-antigen gene cluster (previously
known as the 1fb locus (Fig. 2.6)), which maps
near his at approximately 45 minutes on the
Salmonella chromosome (Jiang et al., 1991).
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Among the enterobacteria, there are two
systems of O-antigen synthesis based on the gene
involved in attachment of the first sugar of the O
side-chain to the undecaprenol phosphate anti-
gen carrier lipid (ACL). Most Salmonella serovars
use the product of the wbaP (rfbP) gene rather
than that of the alternative, wecA (rfe) gene.
These include O groups A, B, C2, D and EI.
However, some serogroups — Cl1 and L — are
wecA-dependent.

The O side-chain repeat unit of group B
strains, such as S. typhimurium, has four or five
sugars. The backbone sugars are the same in
serogroups A, D and El, comprising mannose,
rhamnose and galactose, whereas in group C2
this is Rha-Man-Man-Gal. In group B, the
mannose is substituted with abequose, a 3,6-
dideoxygalactose (which confers the O4 antigen
factor) and the galactose is partially substituted
with glucose. The abequose is further O-acety-
lated, which confers the O5 antigen. In other
groups, the dideoxyhexose component is differ-
ent: paratose in group A, abequose in groups B
and C2, tyvelose in group D and none in E1.

Synthesis of group B O antigen begins with
the transfer of galactose phosphate to ACL by
the product of the wbaP (rfbP) gene. The gene
wbaN (rfbN) encodes the sugar transferase for
addition of the rhamnose, while wbaU (rfbU)
and wbaV (rfbV) encode the enzymes that attach
rhamnose and abequose, respectively, using the
sugar nucleotides as substrates. The glycosylation
of galactose requires the oafA gene, which lies
just outside the rfb cluster, and the O-acetylation
of abequose involves the 0afC and oafR genes, far
away from 7fb.

Mutants are known which produce the so-
called semi-rough (SR) phenotype. The LPS pro-
duced by this class of mutant has a high
proportion of core oligosaccharides, substituted
with a single O side-chain unit, and the remain-
der have complete cores that carry no antigen.
The proportion of LPS molecules with core only
is approximately the same as that seen in strains
with S-form LPS. Therefore it was recognized
that these mutants can attach the first O-antigen
unit but are defective in the polymerization step
required to generate the repeating O side-chain.
They are nevertheless able to ligate the first O
unit to the core and efficiently transfer the result-
ing LPS to the surface of the outer membrane.
The gene encoding this function is termed wzy

(rfc) and it is located in the O-antigen gene clus-
ter in Salmonella strains of serogroups C1, C2 and
El. However, it is at a separate site in other
serogroups, such as B. The Wzy protein is very
hydrophobic, suggesting that it is a membrane
protein (Table 2.2).

The mechanism by which O-antigen units
are added to the growing O side-chain is still not
entirely clear. The sugars of the oligosaccharide
are transferred from sugar nucleotide phosphates
to the carrier lipid molecule, the undecaprenol
phosphate ACL. Galactose, rhamnose and man-
nose are sequentially transferred to the ACL
while it is in the inner face of the cytoplasmic
membrane. Branch sugars, such as abequose of S.
typhimurium, are transferred to the mannose and
galactose. This must then be transferred to the
site of the lipid A core. As the ACL—trisaccha-
ride reaches the outer leaflet of the cytoplasmic
membrane, the galactosyl-phosphate bond of the
ACL-trisaccharide is broken and the galactosyl
bond is transferred to the terminal mannosyl
residue of a second or acceptor lipid, forming an
oligosaccharide lipid carrier. This is repeated sev-
eral times, chain growth taking place by addition
of oligosaccharide units to the reducing end of
the polysaccharide chain. Therefore, the devel-
oping polysaccharide is always transferred to an
ACL carrying an O-antigen unit. To recycle the
ACL, a specific phosphorylase dephosphorylates
the free ACL to the monophosphate derivative,
which then returns to the inner cytoplasmic face
to begin the addition of sugars to form an
oligosaccharide unit (Fig. 2.7). In a few cases, e.g.
S. minneapolis and S. typhimurium, certain branch
sugars (glucose) are added not in the cytoplasm
but after polymerization. Frequently when this is
the case, substitution is incomplete. Similarly, O
acetylation is carried out once polymerization has
taken place.

The completed polysaccharide O side-
chain—ACL then interacts with the lipid A core.
The transfer of the O side-chain polysaccharide
from the ACL to the glucose of the Salmonella
core is carried out by O-antigen LPS ligase. Once
transferred, the LPS molecule must be relocated
to the outer membrane. The flip-flop transfer of
the LPS to the outer membrane is still not fully
understood, but seems to involve outer-mem-
brane proteins for which LPS has a strong affin-
ity, as well as the Bayer-bridge adhesion points
linking the inner and outer membranes.
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Table 2.2. Genes involved in the synthesis of the O side-chain.

Gene New designation  Function

rfbBDAC (wbaBDAQO) Synthesis of TDP-rhamnose

rfbKM (manB) Synthesis of GDP-mannose

rfbFG (ddhAB) Synthesis of CDP-4-keto-3,6-dideoxyglucose precursor
rfb) (abe) Synthesis of CDP-abequose (group B)

rfbS (prd Synthesis of CDP-paratose (group A)

rfbE (tyv) Synthesis of CDP-tyvelose (group D)

rfbP (wbaP) Initial step of attachment of Gal-P to ACL

rfe (wecA) Initial step of attachment of GIcNAc-P to ACL

rfbN (wbaN) Rhamnose transfer to galactose (groups A, B, D and ET)
rfbU (wbal) Mannose transfer to rhamnose (groups A, B, and D)
bV (wbaV) Abequose transfer to mannose (groups B and D)

rfc (wzy) Polymerization of O side-chain units

rfal (waal) Attaches O side-chain to core oligosaccharide

rol (wz2) Regulates length of O side-chain

Periplasmic space

Man
Rha Man
Gal Rha

n Gal
Man Man Man
Rha Rha Rha
Gal Gal Gal

V

PP

S i

A A
O

Cytoplasm

Fig. 2.7. Biosynthesis of O side-chain in Salmonella. At the inner face of the cytoplasmic membrane, the
nucleotide sugars are transferred in sequence to the C, polysioprenoid phosphate carrier lipid. Following

PP PP

q Gal Gal Gal

Rha Rha

UDP Gal /) /) Man
TDPRha  GDP

GDP Man

the transfer of the mannosylrhamnosylgalactose trisaccharide-carrier lipid to the outer face of the

membrane, the trisaccharides polymerize, forming the lipid-linked O-antigen polymer, the polysaccharide

portion of which is then passed to the lipid A core (AC). The liberated carrier lipid is then dephosphorylated

and returned to the cytoplasmic face of the membrane.
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The distribution of size of molecules of LPS
can be seen on the characteristic ladder pattern
in silver-stained polyacrylamide gels (see Fig.
2.5). It is clear that, while there are a large num-
ber of molecules substituted with one, two or
three O repeat units, this quickly decreases until
there seem to be very few of intermediate size. As
the size increases, the abundance once again
increases to a maximum that is dependent upon
the strain and its environmental conditions.
Goldman and Hunt (1990) suggested that this
distribution indicates a mechanism by which
larger molecules are preferentially selected for
ligation on to the LPS core. Mutation of the
gene termed wzz (rol) caused an even distribu-
tion of chain lengths characteristic of random
ligation and polymerization (Batchelor et al.,
1992).

The O side-chain in pathogenicity

The O-antigen component is also of importance
in the interaction with the host in disease, par-
ticularly in evading the innate host defences.
The structure and immunogenicity of the O side-
chain may have profound effects on the ability of
the humoral immune system to mount a response
to infection and on the initial interaction with
professional phagocytic cells.

OAc
|
Abe Glc
(@ |
Man —Rha —Gal CORE
Glc
Tyv Glc
(C) | l

Man —— Rha— Gal — CORE

Influence of chemical structure of LPS on the
pathogenicity of Salmonella

Differences in the virulence of serovars and
strains of Salmonella for animals are well known.
In order to examine the importance and function
of the O side-chain composition in an isogenic
background, Valtonen and co-workers carried out
genetic exchange experiments, using transduc-
tion to alter a strain of S. typhimurium (somatic
antigens O4, 12) to carry the O antigen of S.
enteritidis (09, 12) or S. montevideo (06, 7) (Fig.
2.8). They clearly showed that the strain possess-
ing the O6, 7 antigen was least virulent, while
the parent (O4, 12) showed the greatest viru-
lence. The strain carrying the O9, 12 antigen was
of intermediate virulence (Valtonen, 1970).
These differences were shown to be manifest in
immunosuppressed mice also, suggesting that the
innate immunity of the animal was responsible
for the differential response (Valtonen et dal.,
1971). Subsequent experiments showed that,
when the 09, 12 somatic antigen of a natural S.
enteritidis strain was replaced with the O4, 12
somatic antigen of S. typhimurium by transduc-
tion, a statistically significant increase in viru-
lence was observed (Valtonen et al., 1975). Since
these strains were shown to differ little in their
uptake by phagocytes both in witro and in vivo,
an O6, 7 strain was constructed to be isogenic
with the O4, 12 strain and this correlated well

B, e.g. S. typhimurium O 1, 4, 5,12

Man —— Man — Man — Man—Man — GlcNAc—— CORE C, e.g. S. montevideo O 6, 7

D, e.g. S. enteritidis O 9, 12

Fig. 2.8. Representative O side-chain repeat units from Salmonella typhimurium (group B), S. montevideo

(group C1) and S. enteritidis (group D).
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with the clearance rates in vivo. However, neither
strain was killed in an in vitro phagocytosis assay
(Valtonen, 1977).

This work was continued by Liang-Takasaki
et al. (1982). They found that the rate of uptake
of the isogenic strains by a macrophage-like cell
line was inversely proportional to their mouse
virulence. The differences in uptake were attrib-
uted to the differential affinity of the bacteria for
the macrophages, rather than the rate of uptake
following the interaction. This was proposed as
evidence for a receptor-mediated process. In
addition, the uptake was shown to be comple-
ment-dependent and direct activation of comple-
ment by LPS was postulated as one important
factor determining virulence. It was concluded
that virulent bacteria may evade both comple-
ment killing and opsonophagocytosis by evolving
LPS modified so as to reduce activation of com-
plement. Later studies confirmed the differential
activation of C3 by these strains and showed it to
proceed primarily via the alternative pathway
(Liang-Takasaki et al., 1983a). Finally, these stud-
ies reverted to examining the strains in the
whole animal and concluded that the difference
in complement-dependent phagocytosis noted in
vitro was the primary factor responsible for the
observed virulence differences in wvivo (Liang-
Takasaki et al., 1983b).

Enterobacterial Common Antigen

The enterobacterial common antigen (ECA) is
an acidic cell surface glycolipid shared by essen-
tially all members of the Enterobacteriaceae,
including Salmonella. It is of relatively little
importance in the life of Salmonella and, as such,
is frequently ignored. ECA is found in two forms:
the haptenic form and the immunogenic form
(Mayer and Schmidt, 1979). The immunogenic
form is covalently linked to the LPS core region
of rough mutants. The haptenic form is not cova-
lently linked to the LPS and it is found in both
smooth and rough strains, including those that
produce the immunogenic form.

The serological specificity of ECA is gov-
erned by an amino sugar-containing hetero-
polysaccharide. This is primarily a trisaccharide
repeating unit linear chain of 1-4 linked N-
acetyl-D-glucosamine,  N-acetyl-D-mannosamin-
uronic acid and N-acetylfucosamine residues.

The wecA-E (rfe and ff) gene cluster is
involved in the biosynthesis of ECA. The rml
gene products are known to be required for pro-
duction of ECA, as well as O side-chains. The
products of the mnaAB and fcnAB genes are
also required for ECA synthesis (such as synthe-
sis of UDP-N-acetyl-D-mannosaminuronic acid).
Strains of some Salmonella harbouring wecA
mutations (e.g. S. montevideo and S. minnesota)
cannot synthesize the O side-chain
group antigen or ECA, while others (e.g. S.
typhimurium) with similar mutations fail to pro-
duce ECA. Biosynthesis is thought to involve a
lipid intermediate (undecaprenylphosphate) in a
manner similar to that for O-antigen side-chain
and peptidoglycan components (Rick et al.,
1985).

The function of ECA in the natural history
of Salmonella is not known, although they may
represent a primitive, redundant antigenic com-
ponent on the cell surface, which predates the O
side-chain.

S€ro-

The Vi Antigen

The Vi antigen is the only true capsular polysac-
charide produced by Salmonella spp. It was dis-
covered in 1934 and was termed the Vi antigen
because of its association with virulence. It is
only produced by strains of S. typhi and S. paraty-
phi C, together with a few strains of S. dublin and
Citrobacter freundii. As recognized with other
enterobacteria bearing capsular polysaccharide,
Salmonella carrying the Vi antigen are not agglu-
tinable with anti-O antiserum. They therefore
appear inagglutinable in slide agglutination tests
until the bacteria have been heated (100°C, 60
min) to remove the masking effect of the cap-
sule, revealing the O-specific antigen beneath.
Since few strains infecting animals carry the Vi
antigen, inagglutinability due to Vi is encoun-
tered very infrequently in clinical veterinary
microbiology.

The Vi antigen is an unbranched homopoly-
mer of a-1,4-2-deoxy-2-N-acetylgalactosamine
uronic acid. It is O-acetylated in approximately
60% of the residues at the C3 position (Heynes
and Kiessling, 1967). The Vi antigen is recog-
nized as a group [ polysaccharide in the scheme
of Jann and Jann (1990). This scheme is based
on chemical, physical and genetic criteria, in
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which group I polysaccharides have high molecu-
lar mass and are thicker than type II polysaccha-
rides, include hexuronic acid as the acidic
component and are expressed along with LPS
O antigens.

Two independent loci of genes are required
for biosynthesis of Vi: viaA and viaB. The viaB
locus, comprising 11 genes, is only found in those
strains showing a Vi-positive phenotype.
Investigation of the function of the viaB locus
has identified genes responsible for Vi polymer

synthesis and others required for translocation of
the polysaccharide to the bacterial cell surface
(Virlogeux et al., 1995). The wviaA region is also
present in certain Vi-negative bacteria, such as
E. coli. In this organism, a locus that is allelic to
viaA is known by the designation rcsB. This is
known to be a positive regulator of capsule
biosynthesis, which is functional in E. coli.
Therefore, transfer of the viaB locus to E. coli was
shown to cause expression of Vi in E. coli
(Johnson and Baron, 1969).
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Chapter 3
Fimbriae of Salmonella
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Introduction

Fimbriae are a family of polymeric proteinaceous
surface organelles expressed by many bacteria, of
which those of Escherichia coli have been most
extensively studied (Smyth et al., 1994). In par-
ticular, the fimbriae of enterotoxigenic E. coli,
such as F4 and F5 (K88 and K99), which are
responsible for the attachment of the bacterium
to the villous epithelium of the small intestine of
domestic animals, are now widely used in diag-
nostic tests and as active components in bac-
terins and subunit vaccines (Walker and Foster,
1983; Thorns et al., 1989a,b).

Although the expression of fimbriae by cer-
tain strains of Salmonella was first described
nearly 40 years ago (Duguid and Gillies, 1958),
until recently there was little understanding of
the variety of Salmonella fimbriae and their func-
tions. However, in the last 10 years, there has
been a renewed interest in the molecular and
antigenic characterization and functions of
Salmonella fimbriae, which has identified their
potential as diagnostic and protective antigens
(Thorns, 1995). Most of this work has focused on
fimbriae expressed by S. typhimurium and, more
recently, on S. enteritidis. In this review, we
describe the different types of fimbriae expressed
by Salmonella and methods of isolation and
detection, molecular organization and regulation
and current perspectives in the functions of these
surface structures.

Classification of Salmonella Fimbriae

The association between Salmonella fimbriae and
the ability of the bacteria to agglutinate certain
species of erythrocytes was first noticed by
Duguid and Gillies (1958). At this time, it was
also discovered that this association between
fimbriae and erythrocytes included mannose-
containing carbohydrates in lectin-based inter-
actions (Collier et al., 1955). In a large study
with over 1400 Salmonella strains, fimbriae were
classified on the basis of their morphology and
ability to mediate erythrocyte agglutination in
the presence or absence of D-mannose (Duguid
et al., 1966). This classification has been used
successfully for many years. However, it is now
less appropriate, since a number of novel
fimbriae are morphologically similar and do not
appear to mediate haemagglutination reactions
of any type. A great variety of Salmonella
fimbriae have now been described (Table 3.1)
and the important features of each are detailed
below.

Type 1 fimbriae

Type 1 fimbriae comprise a family of rod-shaped
organelles, 7-8 nm in diameter and up to 100 nm
long (Fig. 3.1a). They have a peritrichous distrib-
ution, although only about 10% of cultured bac-
teria appear to express them at any one time (M.
Sojka, unpublished observations).

© CAB International 2000. Salmonella in Domestic Animals
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SEF21 fimbriae are members of the type 1
class of fimbriae and were first described on
strains of S. enteritidis by Miiller et al. (1991).
Cultured S. enteritidis express SEF21 at 18°C and
37°C optimally in the late logarithmic to station-
ary growth phase. Like other type 1 fimbriae,
they are composed of repeating major protein
subunits, with a smaller number of minor pro-
teins non-covalently linked around a hollow
core, which gives a channelled appearance when
viewed by electron microscopy. Major subunits of
molecular mass between 20 and 22 kDa have
been described for SEF21 and other type 1 fim-
briae of Salmonella (Korhonen et al., 1980;
Kukkonnen et al., 1993; Sojka et al., 1996).
There is considerable genetic and antigenic
cross-reactivity between SEF21 and other type 1
fimbriae of Enterobacteriaceae, although SEF21-
specific epitopes have also been described
(Purcell et al., 1987; Sojka et al., 1996, 1998).
Like other type 1 fimbriae of Salmonella, SEF21
mediate mannose-sensitive haemagglutination
and lectin-based binding to mannoside glycopro-
tein receptors situated on a variety of epithelial
cells.

Type 2 fimbriae

Type 2 fimbriae are morphologically indistin-
guishable from type 1 but are unable to aggluti-
nate erythrocytes of any species. They were
originally — observed on  strains of S.
gallinarum/pullorum (Duguid and Gillies, 1958)
and have subsequently been described on S.
paratyphi B and S. dublin strains (Duguid et al.,
1966). There is a very close molecular and anti-
genic relationship between type 1 and 2 fimbriae
(Swenson et al., 1991; Sojka et al., 1998), which
indicates that the type 2 fimbriae may be non-
haemagglutinating type 1 variants.

Type 3 fimbriae

Type 3 fimbriae are thin, flexible structures with
diameters between 3 and 5 nm, arranged peritric-
hously around the bacterial cell when viewed by
electron microscopy. They are able to mediate
the agglutination of tannic-acid-treated erythro-
cytes in the presence of o-D-mannose (Duguid et
al., 1966). Like type 1 fimbriae, there is consider-

able antigenic conservation between type 3 fim-
briae expressed by Salmonella, Klebsiella and
Yersinia spp. (Adegbola et al., 1983; Old and
Adegbola, 1985).

Type 4 fimbriae

Type 4 fimbriae were originally described by
Duguid et al. (1966) as thin, flexible fimbriae
4 nm in diameter, with the ability to mediate
agglutination of fresh erythrocytes in the pres-
ence of mannose (mannose-resistant (MR)), and
until recently they had not been described on
Salmonella. However, thin, flexible fimbriae 3 nm
in diameter that mediate MR haemagglutina-
tion of pigeon erythrocytes have been described
on a strain of S. typhimurium isolated from
pigeons (Grund and Weber, 1988; Grund and
Seiler, 1993). Unfortunately, ‘type 4 fimbriae of
enterobacteria’ has also been used to refer to a
recently described class of fimbriae with an
unusual export system for the translocation of
the fimbrin subunits across the cytoplasmic mem-
brane (Strom and Lory, 1993). Morphologically,
these are quite different from the type 4 fimbriae
originally described by Duguid et al. (1966),
being 7 nm in diameter and 10-20 nm long and
having a polar arrangement around the cell
(Girén et al., 1994). Type 4-like fimbriae, termed
bundle-forming pili (bfp), normally associated
with enteropathogenic E. coli, have also been
described as being expressed by strains of S.
dublin, although the evidence is based only on
indirect observation of S. dublin bacteria by elec-
tron microscopy (Sohel et al., 1993).

GVVPQ fimbriae

This designation refers to the short amino acid
sequence conserved at the N terminus of the
major fimbrial subunit of certain fimbrial types.
This conserved sequence occurs between the
Salmonella fimbrial antigen SEF17 and the thin,
coiled, fibrillar structures, called curli, that are
expressed by the entero-aggregative E. coli associ-
ated with infantile diarrhoea in humans
(Collinson et al., 1992). SEF17 fimbriae were first
described on a strain of S. enteritidis by Collinson
et al. (1991). They have a similar morphology to
curli fimbriae, appear tightly coiled in a peritric-
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hous arrangement around the cell (Fig. 3.1b) and
comprise protein subunits of molecular mass 17
kDa, which contain a receptor for the tissue-
matrix protein fibronectin (Collinson et al., 1993).
Typically, SEF17 fimbriae are expressed by organ-
isms cultured on solid medium such as colony fac-
tor antigen (CFA) agar, at temperatures up to
30°C, although a few strains of S. enteritidis express
SEF17 constitutively to 42°C (Dibb-Fuller et dal.,
1997).

SEF14 fimbriae

SEF14 fimbriae comprise a unique class of
Salmonella fimbriae and were first described on
strains of S. enteritidis (Thorns et al., 1990;
Miiller et al., 1991). Their structure comprises
thin, filamentous organelles, < 3 nm in diameter,
peritrichously arranged (Fig. 3.1c) and composed
of repeating protein subunits of molecular mass
14.3 kDa. Under certain cultural conditions, S.
enteritidis can co-express SEF14 and SEF21 fim-
briae. SEF14 is unique to certain serovars in
serogroup D, including all strains of S. enteritidis
so far examined and a proportion of S. dublin
strains (Thorns et al., 1992). Cultured organisms
express SEF14 at temperatures above 30°C and
their expression is subject to catabolite repres-
sion.

The structural gene encoding SEF14 has
been cloned and sequenced (sefA) and shown to
be limited in distribution to serovars belonging
to serogroup D. Interestingly, S. gallinarum/pullo-
rum and S. typhi all possess the entire sefA gene
but do not express SEF14 fimbriae (Turcotte and
Woodward, 1993). The unique specificity of
SEF14 to S. enteritidis has been successfully
applied to the development of rapid antigen and
serological tests for the specific detection of S.
enteritidis in poultry (McLaren et al, 1992;
Hoorfar and Thorns, 1996; Thorns et al., 1996a).

SEF18 fimbriae

The SEF14 fimbrial operon (see below) appears
to possess two structural genes; sefA encodes the
SEF14 fimbriae, whereas sefD encodes for the
antigenically distinct SEF18 fimbriae, whose
expression is also independent of growth temper-
ature (Clouthier et al., 1994). The same workers

report that SEF18 fimbriae are highly conserved
structures, ubiquitous among the Entero-
bacteriaceae, and speculate that they may con-
tribute to cell-to-cell adherence. However, con-
clusive identification of SEF18 as fimbriae has
not yet been made, since isolation, detection and
purification of the assembled structure has not
been reported.

Long polar fimbriae (LPF), plasmid-encoded
fimbriae (PEF) and bovine colonization factor

(BCF)

Long (10-20 pum) fimbriae, with a diameter of c.
7 nm and morphologically similar to enterobac-
terial type 4 fimbriae, have been observed on a
non-fimbriated E. coli strain into which an S.
typhimurium fimbrial operon had been introduced
(Baumler and Heffron, 1995). The fimbriae were
expressed at the pole of the bacterium only and
have been termed long polar fimbriae (LPF).
Similarly, profuse peritrichous fimbriae were
observed on E. coli harbouring the PEF operons
from S. typhimurium and S. enteritidis (Friedrich et
al., 1993; Woodward et al., 1996). However,
neither native LPF nor PEF fimbriae have yet
been detected on wild-type Salmonella, although
PEF seroconversion has been reported in
chickens infected with S. enteritidis (Woodward
et al., 1996). A newly identified fimbrial operon
of S. typhimurium (BCF) is associated with
specific adherence to bovine but not murine
Peyer’s patches (see Chapter 4).

Detection of Fimbriae and their
Application as Diagnostic Reagents

Rapid immunoassays using specific monoclonal
antibodies (Mabs) have now replaced the tradi-
tional methods of haemagglutination and elec-
tron microscopy for the detection of many types
of fimbriae, such as type 1, GVVPQ and SEF14
fimbrial classes (Fig. 3.2). However, sugar-sensi-
tive and sugar-resistant haemagglutination reac-
tions will continue to aid the detection of novel
fimbriae that mediate lectin-specific binding to
cell receptors (Fig. 3.3).

The first diagnostic tests based on the detec-
tion of fimbrial antigens were developed for the
detection of enterotoxigenic E. coli (ETEC)
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Fig. 3.2. Agglutination of coloured latex particles coated with an SEF14 monoclonal antibody in the
presence of S. enteritidis expressing SEF14 fimbriae. For comparison, two non-producing SEF14 strains (T1

and T3) are also shown.

(Sojka, 1971). The stimulus for their develop-
ment and use was the discovery that fimbriae
such as F4 and F5 are essential for the E. coli to
cause disease, and their detection on E. coli iso-
lates from cases of diarrhoea is of diagnostic sig-
nificance. A variety of tests that incorporate
Mabs are now commonly used for the rapid
detection of fimbriae expressed by ETECs
(Thorns et al., 1989a,b).

Although much recent effort has gone into
the characterization of fimbriae expressed by
Salmonella, their application for the detection of
Salmonella infections has not been fully exploited
to date. Two main reasons for this have been the
concentration of research towards characteriza-
tion of type 1 fimbriae and a lack of understand-
ing of the role of these antigens in the life cycle
of the bacterium, such that their detection is of
uncertain clinical significance.

Detection of Salmonella Genus

Genus-specific tests, based mainly on the detec-
tion of surface antigens, such as lipopolysaccha-
ride (LPS), flagellin

proteins, have been used with some success in

and outer-membrane

enzyme-linked immunosorbent assays (ELISAs)
and agglutination tests (Clark et al., 1989;
Feldsine et al., 1992; Kerr et al., 1992; Manafi
and Sommer, 1992; Wyatt et al, 1993).
Recently, a DNA-based test that targets the agfA
structural gene of SEF17 fimbriae (GVVPQ
class) has been developed and shown to react
strongly with 603 of 604 Salmonella isolates and
only very weakly with 31 of 266 other members
of the family Enterobacteriaceae (Doran et al.,
1993). Similar strategies have been developed by
Cohen et al. (1996), who used Salmonella-
specific polymerase chain reaction (PCR) probes
to the type 1 fimA gene of S. typhimurium, and
by Woodward and Kirwan (1996), who used a
PCR assay based on the sefA gene to detect S.
enteritidis in eggs. These are the first instances in
which fimbrial gene probes have been used suc-
cessfully as a genus-specific diagnostic tool and
may, in the future, offer quicker and more sensi-
tive approaches than existing culture methods.

Specific detection of Salmonella enteritidis

The rapid spread of S. enteritidis through the
poultry population and the subsequent increase
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Fig. 3.3. Traditional techniques for the detection of type 1 fimbriae. (a) Agglutination of horse erythrocytes
with SEF21 fimbriae in the rock-tile test. For comparison, absence of agglutination is shown in the second
row. (b) Similar test carried out in microtitre plates with fimbriae diluted from left to right and incubated
overnight. The lower row contains mannose, which inhibits the agglutination.

in human food poisoning cases caused by this
serovar highlight the need for more rapid, spe-
cific tests to identify S. enteritidis infections in
animal and human populations in order to apply
appropriate control strategies. Recently, a simple
latex-agglutination test has been developed for
the specific identification of S. enteritidis, based
on the detection of SEF14 (McLaren et al., 1992;
Thorns et al., 1992, 1994). Extensive evaluation

by laboratories worldwide has demonstrated that
this is an accurate, presumptive test for S. enteri-
tidis and can be carried out in routine laboratories
that would normally have to send all their
Salmonella isolates to specialized laboratories for
serotyping.

The increase in bacteriological monitoring
of poultry flocks for Salmonella has required an
evaluation of alternative screening procedures in



42 C.J. Thorns and M.J. Woodward

order to reduce the time and costs involved. The
most likely alternative is serological monitor-
ing, especially as more specific ELISA-based
assays become available (Barrow, 1994; see also
Chapter 24). A recent development is the appli-
cation of SEF14 fimbriae to the specific sero-
diagnosis of chicken flocks infected with S.
enteritidis. Results indicate that birds infected
with S. enteritidis readily seroconvert within 10
days of infection and the immunoglobulin G
(IgG) response persists for at least 4 weeks there-
after (Thorns et al., 1996a). The production of
SEF14 antibodies following infection was the
first demonstration of a specific anti-fimbrial
response to Salmonella infection. Preliminary data
indicated that the potential advantages of the
detection of SEF14 antibodies are high specificity
and sensitivity.

The Genetics of Fimbrial Biosynthesis
and Regulation

Type 1 fimbriae

Clegg and colleagues (Clegg et al., 1987;
Swenson and Clegg, 1992) defined a 13.7 kb
Sphl chromosomal region of S. typhimurium
that encoded the entire type 1 gene cluster (Fig.
3.4). Nucleotide sequence analysis identified
nine open reading frames within a contiguous
9500 base pair region, flanked by genes that
encoded tetrahydrofolate dehydrogenase and an
arginine tRNA. This latter gene has been rede-
fined as fimU and it is speculated that the tRNA
function may be required for translation of some
other fim genes (Swenson et al., 1994). Indeed,
Clouthier et al. (1998) suggested that fimU was
involved in the co-regulation of both type 1 and
SEF14 fimbriae of S. enteritidis. The structure of
the operon is similar to that encoding the type 1
fimbriae of E. coli, but with notable exceptions
with regard to the haemagglutinin and regulatory
genes. The fimA gene encodes a 21 kDa protein,
which is the major structural monomer of the
fimbriae. The fimA gene of the genus
Salmonella is highly conserved (Warner and M.].
Woodward, unpublished data) and the pub-
lished S. typhimurium sequence has considerable
similarity to that of E. coli. The fimA gene is
transcribed monocistronically from its own pro-
moter under complex phase-variation regulation,

involving three other gene products of this gene
cluster. The adjacent fiml gene encodes a 16 kDa
protein, which shares 65% identity with FimA,
but the role of this protein is unclear and it may
be a minor component of the mature fimbrial
structure (Rossilini et al., 1993). Genes fimC and
fimD encode proteins of 25 and 82 kDa, respec-
tively, which, due to their similarity to other
defined fimbrial genes (Hultgren et al., 1991),
perform chaperone and usher functions for
fimbrial synthesis, while fimF encodes a minor
protein that may play a role in initiation of
fimbrial synthesis (Russell and Orndorff, 1992).
The fimH gene encodes a 34 kDa protein that is
related to the SfaS protein of the E. coli S-
fimbrial adhesin, but not the E. coli FimH
haemagglutinin, and it is probable that this
protein confers the mannose-sensitive adhesive
properties of Salmonella (Krogfelt et al., 1990).
The fmICDHF genes are transcribed poly-
cistronically from a single promoter (Swenson
and Clegg, 1992), whereas three genes encoding
regulatory functions, fimZYW, are transcribed
polycistronically but in the opposite orientation
(Yeh et al., 1995).

Regulation of the type 1 fimbrial operon in
S. typhimurium seems to have evolved differently
from that of E. coli, in which an invertible
genetic element encoding a promoter sequence
is located immediately downstream of the fimA
gene. Phase-on or phase-off orientation is regu-
lated by the gene products of fimB and fimE
genes, both located further downstream of the
fim operon (for review, see Dorman et al., 1997).
No similar genes are found in S. typhimurium
and, although the fimA gene is flanked by a 10
bp repeat sequence, Southern hybridization
analysis of phase-on and phase-off bacteria indi-
cates that no genetic rearrangement of the
repeat sequences or the fimA region occurs
(Clegg et al., 1996). Unlike the regulation of the
type 1 fimbriae of E. coli, relatively little is
known about regulation in Salmonella, other
than media and temperature effects (Sojka et al.,
1996). The roles of global regulators have yet to
be established.

SEF14 and SEF18 fimbriae

The sefABCD gene cluster (Fig. 3.4) encodes
SEF14 fimbriae (Clouthier et al., 1993; Turcotte
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and Woodward, 1993). The major fimbrial sub-
unit antigen is encoded by sefA, whilst putative
usher and chaperone functions are encoded by
sefB and sefC. These genes share identity with
those encoding the P and CS31 fimbriae of E.
coli and the MRK type 3 fimbriae of Klebsiella
pneumoniae. Upstream, Clouthier et al. (1994)
identified a further open reading frame, desig-
nated sefD, which overlapped sefC and shared
identity with other major fimbrial subunit anti-
gen genes, including sefA itself. Unlike the
sefABC gene cluster, whose distribution is
limited to group D Salmonella (Turcotte and
Woodward, 1993), sefD, as determined by colony
dot-blot hybridization, is ubiquitous amongst the
Enterobacteriaceae (Clouthier et al., 1994).

The expression of sefD occurs under a wide
variety of environmental conditions, as demon-
strated by Western blot of whole-cell extracts
(Clouthier et al., 1998). SEF14 fimbriae of S.
enteritidis and S. dublin are expressed under

specific environmental conditions in witro,
whereas elaboration by S. typhi or S.
gallinarum/pullorum  was  not  detected,

although these Salmonella are genetically com-
petent (Turcotte and Woodward, 1993).
Intriguingly, Rodriguez-Pena et al. (1997)
demonstrated co-location of sef and pef genes on
the chromosome of S. typhi, a finding we have
confirmed also for S. enteritidis (R.J. Collighan
and M.J. Woodward, unpublished observations).
Sequence analysis downstream of the cluster
revealed potential promoter recognition sites,
complex hairpin-loop structures (Turcotte and
Woodward, 1993) and an IS3-like element
(Collighan and Woodward, 1997), although no
evidence was gained for regulation of expression
by inversion of the element. Indeed, the element
seemed to be inactive, with the putative trans-
posase reading frame interrupted by three point
mutations. Interestingly, the GC ratio of the IS3-
like element and the SEF14 gene cluster, but
with the notable exception of the sefA gene, is
considerably than that of adjacent
sequences. Thus, the limited distribution within
group D Salmonella and the co-location of an IS
element may indicate the origin of the gene clus-
ter as recent and possibly associated with a path-
ogenicity island (for reviews, see Finlay and
Falkow, 1997; Hacker et al., 1997).

Perhaps the most intriguing observation is
the role of imU, which encodes a tRNA mole-

lower

cule encoding the rare arginine anticodon UCU,
in co-regulation of both SEF21 (type 1) and
SEF14 expression (Clouthier et al., 1998). These
authors examined a Tnl0 insertion mutant of
fimU, which abolished SEF14 expression under
all conditions and severely modulated SEF21
expression. Interestingly, the rare arginine codon
is not found in sefA but is found in sefBCD and
sefE, the latter gene is reported by Clouthier et
al. (1998) to be an AraC-like transcriptional
activator. We have confirmed this finding by
insertional inactivation studies and shown that
PEF sequences are also co-located upstream of
the sef gene cluster and bound by a further IS
element and adjacent to leuX, a leucine-specific
tRNA gene (R.J. Collighan and M.]. Woodward,
unpublished observations). The question arises as
to whether this constitutes a pathogenicity islet.

SEF17 fimbriae

The agfBAC gene cluster (Fig. 3.4) encodes
SEF17 fimbriae of S. enteritidis (Collinson et al.,
1991, 1992, 1993, 1996a); it shares significant
sequence identity with the csgBAC operon
encoding the ‘curli’ fibronectin-binding fimbriae
of E. coli (Arnquist et al., 1992). The agfA gene
encoding major fimbrial subunit antigen, and
presumably the entire operon, is ubiquitous
amongst Salmonella and has been developed as a
probe for the specific detection of the microor-
ganism (Doran et al., 1993). Northern blot
analysis confirmed transcription of polycistronic
agfBA mRNA from a region immediately down-
stream of agfB, but transcription of agfC was not
detected in these experiments (Collinson et al.,
1996a). The role of an intercistronic stem-loop
structure between agfA and agfC is unclear.
Hammar et al. (1995) demonstrated the role of
two co-located but distinct gene clusters, agflBAC
and agfDEFG, which were transcribed in oppo-
site orientations for the regulation and elabora-
tion of the ‘curli’ fimbriae of E. coli. A similar
gene arrangement exists in S. typhimurium
(Romling et al., 1998). Significantly, ‘curli’ elab-
oration was shown to be influenced by environ-
mental factors with a direct involvement of
RpoS and HN-S factors for expression (Olsen et
al., 1993, 1994) and possibly OmpR (Romling et
al., 1998) in S. typhimurium. Humphrey et al.
(1996) has described a naturally occurring aviru-
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lent S. enteritidis isolate, designated strain I,
which is unable to elaborate SEF17 fimbriae due
to a genetic lesion within the rpoS allele (Allen-
Vercoe et al., 1997).

Long polar fimbriae

Baumler and Heffron (1995), using a novel
approach to negative screening, identified a
chromosomal region in S. typhimurium and
related serovars, and some serovars of group D,
which included S. enteritidis and S. dublin, that
was absent from S. typhi, S. arizonae, E. coli,
Shigella spp. and other Enterobacteriaceae. The
nucleotide sequence of the region identified a
putative fimbrial operon comprising five con-
tiguous open reading frames (Fig. 3.4), located at
78 minutes on the genetic map of S. typhimurium,;
the operon had both sequence identity and gene
organization similarity to the S. typhimurium fim
cluster and, less so, to the MR/P fimbrial operon
of P. mirabilis and the P fimbrial operon of E. coli.
The IpfA gene, encoding the putative major
fimbrial subunit antigen, is flanked by 14 bp
repeat sequences and the promoter region con-
tains four 9 bp direct repeat sequences. As yet,
nothing is understood of the mode of regulation
of this operon. However, the afimbriate E. coli
K12 strain ORN172 harbouring a cosmid encod-
ing the entire Ipf region derived from S.
typhimurium elaborated very thick, rod-like, polar
fimbriae 2-10 um long. In this laboratory, similar
experiments with S. enteritidis have confirmed
the presence of the Ipf operon but have been
unable to demonstrate expression of polar fim-
briae under any of the conditions tested thus far
(Allen-Vercoe and Woodward, 1999; Allen-
Vercoe et al., 1999).

Plasmid-encoded fimbriae

The serovar associated plasmid (SAP, virulence
plasmid) has been shown to contribute to the
systemic phase of S. typhimurium infection of
mice (Pardon et al., 1986) and of S. dublin
infection of cattle (Wallis et al., 1995). The spv
region of the SAP has been well studied (for
review, see Gulig et al., 1993) but a Tn5 inser-
tional mutation in the S. typhimurium SAP dis-
tant from the spv region resulted in attenuation

(Sizemore et al., 1991). The nucleotide sequence
of this region, a 13.9 kb contiguous segment of
the SAP between the repB and repC genes, was
determined by Friedrich et al. (1993). A putative
fimbrial operon containing seven open reading
frames (Fig. 3.4), which were, in terms of gene
organization and deduced amino acid sequence,
similar to the P and F4 (K88) adherence fimbriae
of ETEC. Woodward et al. (1996) demonstrated
the presence of pef sequences encoded by the
SAPs of S. enteritidis, S. choleraesuis and S.
bovismobificans.  Interestingly, the deduced
amino acid sequence of the S. enteritidis PefA,
the presumed major fimbrial subunit antigen,
shared only 76% identity with the S.
typhimurium analogue, indicating discrete evo-
lutionary pathways for the acquisition of these
genes in Salmonella (A. Baumler, Texas, and D.
Platt, Glasgow, 1999, personal communications).
Nothing is known of the regulation of expression
of PEF and elaboration of these fimbriae has yet
to be observed on wild-type S. typhimurium and
S. enteritidis grown under any of the in witro
conditions tested so far (unpublished observa-
tions). Interestingly, regions of the probable regu-
latory region of the pef operon are co-located
with the sef operon on S. enteritidis (R.].
Collighan and M.J. Woodward, unpublished
observations). E. coli K12 recombinants that
harboured the entire S. typhimurium or S.
enteritidis pef region elaborated profuse fimbriae
(Fig. 3.5; Friedrich et al., 1993; Woodward et al.,
1996), which indicated zygotic induction. It is
possible that chromosomal genes are involved in
their regulation and that specific in vivo condi-
tions are required for induction, as for the spv

genes (Rhen et al., 1993).

Bundle-forming pili (BFP) and other newly
described fimbriae

Enteropathogenic E. coli (EPEC) adhere to
epithelial cells in microcolonies, to form the so-
called localized adherence (LA) pattern, for
which the EAF plasmid is essential (Baldini et
al., 1983). This plasmid also encodes the region
where BFP were first identified (Sohel et al.,
1993). The nucleotide sequence of some 14
genes encoding the elaboration of the fimbriae

was determined simultaneously by Stone et al.
(1996) and Sohel et al. (1996) and a further
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three regulatory genes were identified by Tobe et
al. (1996). Optimal expression of BFP was
obtained during exponential growth at 37°C in
the presence of calcium (Puente et al., 1996).
Sohel et al. (1993) used the bfp region to probe
other enteropathogens and demonstrated
hybridization with many Salmonella at low strin-
gency, indicating the presence of analogous genes
in some Salmonella, although this finding has yet
to be confirmed by other laboratories.

Brocchi et al. (1999) studied a preferred site
for mini-Tn5 integration in S. typhimurium. One
such site mapped to a hitherto uncharacterized
site on the SAP, and sequence analysis identified
four genes in this region that shared sequence
identities in the region of 40-46% homology
with the type 1 fimbriae described previously by
Purcell et al. (1987). The relationship between
this and the BCF described by Biaumler et al.
(Chapter 4) and Tsolis et al. (unpublished observa-
tions) remains to be determined. Recently,
Folkesson et al. (1999) described a large region of
DNA unique to Salmonella spp., a putative patho-
genicity island, located at centisome 7 of the
genome. This region encoded a deduced operon
encoding four genes which shared a high degree

of identity with a number of other fimbrial oper-
ons and was designated the Salmonella atypical
fimbria (SAF). Whilst knock-out mutants of this
operon did not attenuate S. typhimurium in the
mouse model, the question arises as to its signifi-
cance in human and animal disease.

The Role of Fimbriae

Contemporary molecular approaches to the study
of Salmonella pathogenesis have identified at least
five pathogenicity islands (PIs) and, although
these studies point to a significant role of secretory
functions and secreted antigens in pathogenesis,
genetic loci encoding fimbriae have not been
identified within the PIs by these approaches.
However, Takeuchi (1967) described fimbria-like
structures involved in the interaction between S.
typhimurium and murine gut epithelium in vivo.
Type 1 fimbriae have been considered to play a
role in early events of gut colonization, due to
their ability to cause haemagglutination and
the fact that they are ubiquitous amongst
Salmonella (Duguid et al., 1966, 1976; Darekar
and Eyer, 1973). Many studies support this view

Fig. 3.5. An electron micrograph of an afimbriate E. coli K12 derivative harbouring a cosmid with genomic
DNA that encoded the entire pef operon derived from S. enteritidis. Copious fine flexible fimbriae forming

rope-like clusters were observed.
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(Tanaka and Katsube, 1978; Korhonen et al.,
1981; Tanaka et al., 1981) and other studies
have indicated an additional adhesive role for
type 3 fimbriae (Jones and Richardson, 1981;
Jones et al., 1982; Tavendale et al., 1983) and
also the SAP (Jones et al., 1982). Campbell et al.
(1987) noted reversible adherence to chicken
connective muscle of all Salmonella tested while
Stenstrom and Kjelleberg (1985) reported
enhanced non-specific binding of fimbriate S.
typhimurium to minerals. Adherence to tissue
culture has also been used to assess the role of
fimbriae, although the results have been conflict-
ing (Mintz et al., 1983; Old et al., 1986) — prob-
ably because the key factors that influence
adherence are the bacterial cultural conditions
and the tissue types, which determine fimbrial
elaboration and expression of different targets,
respectively. Kukkonen et al. (1993, 1998)
reported binding of type 1 fimbriae to laminin
and plasminogen and Ghosh et al. (1996)
described a 60 kDa glycoprotein receptor of the
S. typhimurium type 1 fimbriae in rat intestinal
brush-border membranes. Interestingly, Lockman
(1992a,b) described an S.
typhimurium mutant defective for the elabora-
tion of type 1 fimbriae that was not attenuated in
the murine typhoid model and a mutant defec-
tive for the elaboration of both type 1 fimbriae
and flagella that was tenfold less virulent, as
assessed by median lethal dose (LDs,), which
supported the observation by Jones et al. (1981)
that flagella play a role in attachment.

SEF17 production is required for the elabo-
ration of the Congo-red-binding and autoag-
gregative phenotypic traits of S. enteritidis
(Collinson et al., 1991; Dibb-Fuller et al., 1997)
and S. typhimurium (Romling et al., 1998).
Recently, a particular ‘lacy’ colonial morphology
has been observed with strains of S. enteritidis,
which may be associated with increased viru-
lence of the organism (Guard-Petter, 1993;
Guard-Petter et al., 1996; Humphrey et dl.,
1996). Guard-Petter (1993) demonstrated that
S. enteritidis isolated directly from infected hen’s
eggs generate a ‘lacy’ colony morphology, origi-
nally described as ‘convoluted’ by Jameson
(1966), which was considered more virulent in
the chick model (Guard-Petter et al., 1995). The
‘lacy’ phenotype was dependent upon expression
of SEF17 by the organism (Allen-Vercoe et al.,
1997; Romling et al., 1998). The thin aggregative
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fimbrial analogues, ‘curli’ of E. coli and SEF17 of
Salmonella, both bind fibronectin, plasminogen
and Congo red (Baloda, 1988; Collinson et al.,
1993; Sjobring et al., 1994; Hammar et al.,
1995).

Significantly, Ben Nasr et al. (1996)
reported the role of ‘curli’ in the assembly of con-
tact-phase factors, notably H-kininogen (HK), at
the bacterial surface and the release of the proin-
flammatory and vasoactive peptide bradykinin.
These authors discuss the likely impact that this
facet of the biology of the microorganism has on
the disease process. Both E. coli and S. enteri-
tidis bound HK at 26°C, the optimal temperature
for in witro elaboration of both ‘curli’ and SEF17.
Another facet of ‘curli’, and presumably SEF17,
was the ability for fimbrial assembly to occur
extracellularly through a self-assembly process
dependent upon a nucleator protein, although
the signific