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Salmonella: Clinical Importance and Evolution of

Nomenclature

Lin-Hui Su, MS; Cheng-Hsun Chiu*, MD, PhD

Salmonella is an important pathogen for both humans and
animals. Although the organism has been intensively studied
during the last century, much remains to be learned about this
pathogen. The complicated nomenclature system of Salmonella
has long been a subject of discussion. In 2005, “ Salmonella
enterica” finally gained official approval as the type species of
the genus Salmonella. The genus Salmonella also contains the
species “Salmonella bongori” in addition to a new species,
“Salmonella subterranean”, which was recognized in 2005.
Unlike other bacterial genera, Salmonella organisms are differ-
entiated by serotyping analysis. Presently, new serotypes
(serovars) are still being discovered each year, adding to the
complexity of this large bacterial population. Despite the con-
served genetic background, molecular analysis has indicated
successful evolution of the Salmonella genome in response to
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the environment, particularly to the selective pressure from antimicrobial agents.
Mechanisms of fluorogquinolone resistance in Salmonella are similar to the complex system
reported for other members of the family Enterobacteriaceae. On the other hand, resistance
to extended-spectrum cephalosporins is more likely to be mediated by blac. or ampC
genes that are carried on plasmids. Plasmid-borne genes have increased efficacy in the dis-
semination of resistance determinants, resulting in increased antimicrobial resistance. To
provide clinicians with up-to-date information on this important pathogen, the evolving
nomenclature and clinical importance of Salmonella are reviewed. (Chang Gung Med J

2007;30:210-9)
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aneurysm

monella is a genus of the family Enterobacteri-
ceae and comprises a large and closely related
population of medically important pathogens. It has
long been associated with a wide spectrum of infec-
tious diseases, including typhoid fever and non-
typhoid salmonellosis, which cause public health

problems worldwide. Despite recognition of
Salmonella as an important pathogen, the sophisti-
cated nomenclature system of Salmonella remains
unfamiliar to clinicians. The present report aims to
provide an overview of the evolving nomenclature of
this organism as well as a brief introduction to the
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importance of Salmonella in medicine.
Ever-changing nomenclature system

Origin as multiple species

Salmonella is named after an American bacteri-
ologist, D. E. Salmon, who first isolated Salmonella
choleraesuis from porcine intestine in 1884.% The
organism was originaly called “Bacillus choleraesu-
is,” which was subsequently changed to “Salmonella
choleraesuis” by Lignieres in 1900. Based on the
serologic classification determined using an array of
specific antisera, many salmonellae were differenti-
ated by their serotyping results. Although “ serotype’
and “serovar” were both frequently used, according
to the Rules of the Bacteriological Code (1990
Revision) established by the Judicial Commission of
the International Committee on the Systematics of
Prokaryotes, the term “serovar” is preferred to the
term “serotype”. Kauffmann proposed that each
serovar be considered a separate species.? Thus,
Salmonella serovars identified after 1966 were desig-
nated mainly by their antigenic formula and multiple
species within the genus Salmonella were generally
accepted. However, some clinically important salmo-
nellae identified before 1966 had been given specific
names either according to the disease and/or the ani-
mal from which the organism wasisolated, such as S.
typhi and S. typhimurium, or by the geographical
area where the strain was first isolated, e.g., S lon-
don and S panama. These names had been used for a
number of years and therefore were adopted without
being amended into the new antigenic formula sys-
tem.

Sub-classification into subspecies

Because of the complexity of multiple
Salmonella species, it was proposed that the genus
Salmonella be subdivided into three species, S.
choleraesuis (the type species), “S. thphosa” (S.
typhi), and “S. kauffmannii,” with the last containing
all the other serovars.® Later, “Salmonella enterica”
was proposed by Kauffman and Edwards to encom-
pass al salmonellae.® In 1966 a similar three-species
model was proposed, with “Salmonella enteritidis’
representing all serovars other than S typhi and S.
choleraesuis.® Another proposal in 1970 recom-
mended that Kauffmann’s “subgenera’ be considered
a species, i.e., “S. kauffmannii” for “subgenus’ I, S.
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salamae for “subgenus” Il, S. arizonae for
“subgenus’ 111, and S. houtenae for “subgenus’ IV.©
Serovars of “S. kauffmannii” would be designated by
their species names followed by that of their serovar
(e.g., “S kauffmannii” serovar typhi), and serovars of
the other three species would be designated by their
species names followed by their antigenic formulae.

Emer gence of one-species concept

In 1973, on the basis of DNA-DNA hybridiza-
tion experiments, Crosa et al. demonstrated that all
Salmonella strains should belong to a single
species.” In 1982, on the basis of numerical taxono-
my and DNA relatedness studies Le Minor et a. pro-
posed the name “Salmonella choleraesuis’ for the
single Salmonella species and six subspecies were
defined.® These authors also proposed that the name
of serovars should be used without italicization or
underlining (e.g., Salmonella choleraeusis subsp.
choleraesuis ser. typhimurium). In 1989, a single
exception was described: one of the subspecies,
Salmonella choleraesuis subsp. bongori, was sepa-
rated from the other subspecies as a unique
Salmonella species due to differences demonstrated
by DNA relatedness studies.©

Proposal of “Salmonella enterica” to replace
“ Salmonella choleraesuis’ asthetype species
Because of confusion caused by using “choler-
aesuis’ as aname for both a species and a serovar, in
1986 “Salmonella enterica” was proposed again as
the type species of Salmonella by the Subcommittee
of Enterobacteriaceae of the International
Committee on Systematic Bacteriology at the X1V
International Congress of Microbiology.“® The pro-
posal was formally made to the Judicial Commission
of the International Committee of Systematic
Bacteriology in 1987 by Le Minor and Popoff of the
World Health Organization (WHO) Collaborating
Centre.™ The epithet “enterica’ was recommended
because it has not been used previously for a serovar.
They also proposed that the seven subgenera of
Salmonella be referred to as subspecies (subspecies
I, 11, llla, 1b, 1V, V, and VI). Subgenus |11 was
divided into Illa and Il11b by DNA similarity and
phenotypic characteristics. The suggestion was
accepted by the Centers for Diseases Control and
Prevention (CDC) and other experts and laborato-
ries2® but denied by the Judicial Commission due



to concerns that the status of Salmonella serovar
Typhi might be overlooked. S. choleraesuis was thus
retained as the legitimate type species pending an
amended request for an opinion.® To comply with
this ruling and also to support the proposal by Le
Minor and Popoff, in 1999 Euzéby made an amended
request to use “Salmonella enterica” as the type
species of Salmonella and reserve the name “ Salmo-
nella typhi” to reflect its clinical importance.®

Approval of “Salmonella enterica” as the type
species

In 2002, the Judicial Commission carefully dis-
cussed the request by Euzéby® and the others and
issued an opinion (the Judicial Opinion 80) which
finally approved that from January 2005, “ Salmonel-
la enterica” would replace *“Salmonella
choleraesuis’ to become the type species of the
genus Salmonella.®® Furthermore, an accompanying
commentary was written by Tindall et al. to help the
bacteriologists better interpret both the nomenclatur-
al and taxonomic consequences of Opinion 80.4?
According to the ruling of the Judicial Commission,
the genus Salmonella consists of two species,
“Salmonella bongori” and “Salmonella enterica”.
The latter includes six subspecies, “arizonae”,
“diarizonae”, “enterica’, “houtenae”, “indica’, and
“salamae’. In 2005, a new species, “Salmonella sub-
terranea” was approved by the Judicial Commis-
sion.®®

Names of some medically important Salmonella
serovars such as “ Salmonella typhi” @9 *“ Salmonella
typhimurium”,@® and “ Salmonella enteritidis”,**

3

Table 1. Current Salmonella Nomenclature
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have been used frequently and in 2000, Euzéby et al.
proposed that these names be conserved. However,
this proposal was not granted by the Judicial
Commission. Furthermore, the proposal of Ezaki et
a. to raise “Salmonella choleraesuis subsp. choler-
aesuis serovar Paratyphi A” to as a new species,
“Salmonella paratyphi”, was also not granted by the
Judicial Commission.®

Current nomenclature system used by the
World Health Organization (WHO), Centers
for Disease Control and Prevention (CDC) and
the American Society for Microbiology (ASM)
The antigenic classification system of various
Salmonella serovars used today has accumulated
from many years of studies on antibody interactions
with surface antigens of Salmonella organisms estab-
lished by Kauffman and White almost a century ago.
All antigenic formulae of recognized Salmonella
serotypes are listed in a document called the
Kauffmann-White scheme.® The WHO Collaborat-
ing Centre for Reference and Research on
Salmonella at the Pasteur Institute, Paris, France is
responsible for updating the scheme. Every year
newly recognized serovars are reported in the journal
Research in Microbiology by Popoff et al. In the lat-
est report published in 2004, there were a total of
2,541 serovars in the genus Salmonella (Table 1).@?
Currently, the nomenclature system used at the
CDC for the genus Salmonella is based on recom-
mendations from the WHO Collaborating Centre.
According to the CDC system, the genus Salmonella
contains two species, S. enterica, the type species,

Taxonomic position (writing format) and nomenclature

No. of serotypesin

Genus Species Subpecies Serotypes (or serovars) each species or
(capitalized, italic) (italic) (italic) (capitalized, not italic)* subspecies®
Salmonella enterica enterica (or subspecies|) Choleraesuis, Enteritidis, Paratyphi, 1504
Typhi, Typhimurium

salamae (or subspecies|I) 9,46:2:239 502

arizonae (or subspecies |11a) 43:229:- 95

diarizonae (or subspecies I11b) 6,7:1,v:1,5,7 333

houtenae (or subspecies V) 21:m,t:- 72

indica (or subspecies V1) 59:236:- 13

bongori subspecies V 13,22:239:- 22

subterranea

*: Some selected serotypes (serovars) are listed as examples.
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and S. bongori. A third species “ Salmonella subter-
ranea” was recognized in 2005, and the CDC may
incorporate it in their system in the near future. S.
enterica consists of six subspecies.®® |, S. enterica
subsp. enterica; |1, S enterica subsp. salamae; 1113,
S enterica subsp. arizonae; Il1b, S. enterica subsp.
diarizonae; 1V, S enterica subsp. houtenae; and VI,
S enterica subsp. indica.

In subspecies |, serovars are designated by a
name usually indicative of associated diseases, geo-
graphic origins, or usual habitats. In the remaining
subspecies, as well as those of S. bongori, antigenic
formulae determined according to the Kauffmann-
White scheme® are used for unnamed serovars.
Some members of these subspecies may have been
named before 1966 and thus their names are retained
and cited as those in subspecies |.

To avoid confusion between serovars and
species, the serovar name is not italicized and starts
with a capital letter. When cited the first time in a
report, the genus name is given followed by the word
“serotype” (or the abbreviation “ser.”) and then the
serotype name, e.g., Salmonella serotype or ser.
Choleraesuis. Afterward the name may be shortened
with the genus name followed directly by the
serotype name, e.g., Salmonella Choleraesuis or S.
Choleraesuis.?® Because the type species name,
enterica, was not approved before 2005, serotype
names are used directly after the genus name without
mention of the species. Following official approval
of “enterica” as the type species name, further
amendment to include the species name in the
Salmonella nomenclature of the CDC may be
expected.

For those designated by their antigenic formu-
lae, the subspecies name is written in Roman letters
(not italicized) followed by their antigenic formulae,
including O (somatic) antigens, H (flagellar) anti-
gens (phase 1), and H antigens (phase 2, if present).
A colon is used between each antigen, e.g.,
Salmonella serotype |l 39:z,,:7;. For serotypesin S
bongori (which previously belonged to subgenus V),
V is still used for consistency, e.g., S. V
13,22:7,5:—®

In publications of the ASM, the Salmonella
nomenclature used at the CDC was approved as the
standard form by the publications board in 1999, and
the “Instructions to Authors” of the journal was
updated to include this information in 2000.%Y The
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2006 ASM *“Instructions to Authors’ indicated that,
for the species, “ Salmonella enterica” is used at first
mention, and “S. enterica” thereafter; for the sub-
species, “Salmonella enterica subsp. arizonae” is
used first, and “S. enterica subsp. arizonae” there-
after. Serovar names should be in Roman type with
the first letter capitalized, e.g., Salmonella enterica
serovar Typhimurium. After the first use, the serovar
may be used without a species name, e.g.,
Salmonella Typhimurium.

Salmonella as an important human
pathogen

Clinical features - from diarrhea to fatal dis-
eases

Salmonella causes approximately 1.4 million
human infections each year in the United States,
resulting in 116,000 hospitalizations and 600
deaths.® Most Salmonella infection is limited to
uncomplicated gastroenteritis that seldom requires
antimicrobial treatment.® |n fact, antimicrobial
treatment does not reduce the duration or severity of
gastroenteritis and instead may result in prolonged
fecal excretion and emergence of resistant strains.®”
However, severe sequelae, such as bacteremia or
meningitis, may develop in an approximately 5-10%
of individuals infected with non-typhoid
Salmonella.® Invasive Salmonella infections can be
fatal®* and antimicrobial treatment is essential in
these circumstances.®”

Those at risk of development of complications
of extra-intestinal salmonellosis include patients at
the two age extremes and those with immune sup-
pression, or accompanying severe infections, such as
meningitis, septic arthritis and osteomyelitis.®3%
All Salmonella can cause extra-intestina infections,
but S. Typhi, S. Paratyphi, S. Choleraesuis and S.
Dublin are the major serotypes which cause invasive
salmonellosis in humans.®3%3¥ The other serotypes,
such as S. Typhimurium, S. Enteritidis and S.
Heidelberg, are associated with a relatively low pro-
portion of invasive infections. However, the total
number of invasive cases caused by these serotypes
appears to be high, because they are relatively preva-
lent among the whole Salmonella population.©?
Among the invasive non-typhoid Salmonella
serotypes, S. Choleraesuis is particularly rampant in
Asian countries, including Taiwan, while S. Dublin is



much more prevalent in western countries.®%3
Analysis of data from the Foodborne Diseases
Active Surveillance Network (FoodNet) indicates
that discrepancies remain between different races,
even when all patients studied are from the same
geographic area, such as the United States.®®

The development of infectious endarteritis (also
known as infectious aortitis or mycotic aneurysm) is
a serious complication of Salmonella bacteremia in
adults. The prevalence of endothelial infections in
the presence of atherosclerosis was 25% among
patients > 50 years old with Salmonella bac-
teremia.®® Present data on the study of associated
risk factors are usually from anecdotal reports or ret-
rospective reviews. To obtain accurate risk factors, a
prospective case-controlled study is required.
Mycotic aneurysm caused by Salmonella was associ-
ated with a high mortality rate in the past, but early
surgical intervention has been shown to effectively
increase the survival of infected patients.“** In addi-
tion, an extended course of antimicrobial therapy for
6 weeks or longer is recommended. 44

The serotypes most commonly associated with
Salmonella aortitis are S Typhimurium, S Enteritidis
and S. Choleraesuis.“-* Interestingly, reports of
infectious aortitis caused by S. Choleraesuis are
mostly from Taiwan.“* This corresponds with the
high prevalence of S. Choleraesuis in Asian coun-
tries, including Taiwan. The high virulence of S.
Choleraesuis in humans as well as its high preva-
lence may contribute to the high incidence of
endovascular infection caused by this organism in
Taiwan.

Increasing antimicrobial resistance - a global
problem

Parenteral antimicrobial therapy is required for
invasive salmonellosis.“*" Previously, appropriate
drugs included ampicillin, chloramphenicol and
trimethoprim-sulfamethoxazole; unfortunately, resis-
tance to these agents has increased to as high as 70%
in many areas of the world, including Taiwan.“"
However, the resistance rate differs among serotypes.
S Enteritidis is generally more susceptible to antimi-
crobial agents, while S. Typhimurium exhibits a
much higher resistance.“’#® One of the major reasons
for the higher antimicrobial resistance observed in S
Typhimurium may be the emergence of a distinct
multidrug-resistant strain of definitive phage type
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104 (DT104) S. Typhimurium in the United States
and Europe in the early 1990s.“9 This unique strain
is characterized by concomitant resistance to 5
antimicrobia agents, ampicillin (A), chlorampheni-
col (C), streptomycin (S), sulfonamide (Su), and
tetracycline (T) (= R-type ACSSUT).“» As of the
mid-1990s, S. Typhimurium DT104 had become one
of the most prevalent strains among human isolates
of Salmonella, second only to S. Enteritidis strain
PT4 in the United Kingdom.® In the United States,
the prevalence of S Typhimurium isolates of R-type
ACSSUT had increased to 34% in 1996.» Another
study by the National Antimicrobial Resistance
Monitoring System (NARMS) conducted in 1997-
1998 indicated that 65% of S. Typhimurium isolates
of R-type ACSSuUT were phage type DT104.¢?
Molecular typing analysis revealed that most isolates
of S Typhimurium DT104 had very similar genetic
fingerprints, suggesting that clonal spread may be
responsible for the increasing prevalence of this
unique resistant strain of S, Typhimurium.®?
Problems aroused by the increasing antimicro-
bial resistance of Salmonella include not only diffi-
culties in antimicrobial therapy but also the apparent
predilection of the organism to cause serious dis-
eases. In the United States, a recent report from the
NARMS indicates that the risk of bloodstream infec-
tions in patients infected with antimicrobial resistant
nontyphoid Salmonella, particularly S. Typhimurium,
is 2-fold greater than in those infected with pan-sus-
ceptible strains.®® Information from FoodNet also
indicates a more than 4-fold risk of hospitalization in
patients with resistant Salmonella infections.®
Similarly, a Danish study reported that infection with
quinolone-resistant S. Typhimurium was associated
with a 3-fold higher risk of invasive illness or death
within 90 days of infection, compared with that
observed for infection with pan-susceptible strains.®?

Fluoroquinoloneresistance - a complex system
Fluoroquinolones are one of the aternatives in
the treatment of invasive infections caused by
Salmonella multiply resistant to traditional antibi-
otics.“>*® However, resistance to fluoroquinolones
has been frequently reported in many countries.“? A
particularly worrisome situation in Taiwan is that flu-
oroquinolone resistance was found in clinical isolates
of S. Choleraesuis in 2000 and this resistance has
increased rapidly, to approximately 70% in 2003
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and 96% in 2006 (Su LH, unpublished data).

As found in other bacterial species, acquired
quinolone resistance in Salmonella is usualy due to
point mutations in the genes encoding DNA gyrase
(GyrA, GyrB), or DNA topoisomerase |V (ParC,
ParE),“ which are essential enzymes for the main-
tenance of topology within the bacterial cell.® They
also are the primary and secondary targets of
quinolones. Modifications in the target genes protect
the bacteria from being attacked by quinolones. A
region called the quinolone resistance-determining
region (QRDR) is found in both DNA gyrase and
topoisomerase |V and is also the region where muta-
tions usually occur. Some “hot-spots’ are particular-
ly prone to mutate. The most commonly described
mutation sites are codon 83 (serine to phenylalanine,
tyrosine, or alanine) and codon 87 (aspartic acid to
glycine, asparagine, or tyrosine) in GyrA.“s Other
frequently reported mutation sites include: codon
464 (serine to phenylalanine) in GyrB;®® and codon
57 (threonine to serine),®** codon 80 (serine to
isoleucine or arginine),“*%% and codon 84 (glutam-
ic acid to lysine) in ParC.®#% Recently, mutations
in ParE have aso been reported at various codons.®
65)

Fluoroquinolone resistance is characterized by a
step-wise process. A single mutation in any of the
mutation sites described above may result in resis-
tance to nalidixic acid but only a slightly reduced
susceptibility to fluoroquinolones (MIC, < 4
ug/mL).® Full resistance to fluoroquinolones is
achieved when double or more mutations are present
concurrently.® However, together with the target
gene mutations, concomitant over-expression of
AcrAB-TolC efflux systems is also required to
achieve high-level fluoroguinolone resistance (MIC,
= 32 ug/mL).®” Furthermore, two global regulatory
systems, marRAB and soxRS, have been associated
with multiple antimicrobial resistance among mem-
bers of Enterobacteriaceae, including Salmonella.®
The marA and soxS genes code for homol ogous pro-
teins that up-regulate the AcrAB-TolC efflux system,
whereas the marR and soxR genes code for repressor
proteins that down-regulate the expression of marA
and soxS genes, respectively.® MarA and SoxS aso
up-regulate the production of an antisense RNA,
micF, which is responsible for the reduced synthesis
of amgjor porin, OmpF, resulting in decreased outer
membrane permeability and thus increased resistance
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to multiple antibiotics, including fluoroguinol ones.®

Resistance to extended-spectrum
cephalosporins - bad news again

Extended-spectrum cephalosporins are also used
for treatment of invasive infections caused by mul-
tidrug-resistant Salmonella.“* Resistance to these
antimicrobial agents, however, has also been on the
rise among several Salmonella serotypes.“® The
major mechanism for this resistance is through the
production of specific enzymes to hydrolyze the
associated extended-spectrum cephal osporins.
Molecular analysis indicates that the resistance
genes, mostly blagyy.. and blacy.y.s, are plasmid-
borne and can be transmitted among bacterial organ-
isms of the same or different species, resulting in
wide-spread resistance.“’*®

A longitudinal investigation of the molecular
evolution of multiresistance in nontyphoid
Salmonella demonstrated that progressive acquisition
and accumulation of plasmid-mediated resistance
determinants through the exchange of plasmids or
other mobile elements between Salmonella and/or
other members of the family Enterobacteriaceae
may have led to multiresistance.®” In addition to the
generally recognized selective pressure from antimi-
crobial use in food animals, Salmonella could
acquire drug resistance plasmids from other enteric
pathogens in the intestinal tract of individual
patients.®® Evidence of this from our own experi-
ence, was seen in a case in which an originaly sus-
ceptible Salmonella isolate acquired a resistance
plasmid in vivo and became resistant to ceftriaxone
during treatment, resulting in the death of a patient.®

The most feared situation was the finding in
2002 that a bacteremic strain of S. Choleraesuis was
simultaneously resistant to ceftriaxone and
ciprofloxacin.“® The ceftriaxone resistance was
attributed to the presence of a plasmid-mediated
blacyy.. gene,“™ which was located on a transposon-
like DNA element consisting of a specific tnpA-
blacyv.-blc-sugE structure.“® Further investigation
identified the same blag.,-carrying, transposon-like
element among several bacterial species of the fami-
ly Enterobacteriaceae.™

Conclusions

Throughout the years, the nomenclature of the



genus Salmonella has gone through many changes
and is still evolving. Molecular analysis indicates
successful genetic evolution of Salmonella in
response to the environment. Advances in knowl-
edge of this organism will improve the control of
Salmonella infections. Research work is underway to
further elucidate the mechanisms of the pathogenesis
and antimicrobial resistance of Salmonella. Stringent
antimicrobial prescription policies in both human
and veterinary medicine, as well as improvements in
public heath and infection control policies, are
required to reduce the biological and economic bur-
den of Salmonella infections.
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