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Most pathogens are able to infect multiple hosts but some are highly adapted to a single-host
species. A detailed understanding of the basis of host specificity can provide important
insights into molecular pathogenesis, the evolution of pathogenic microbes, and the poten-
tial for pathogens to cross the species barrier to infect new hosts. Comparative genomics and
the development of humanized mouse models have provided important new tools with
which to explore the basis of generalism and specialism. This review will examine host
specificity of bacterial pathogens with a focus on generalist and specialist serovars of
Salmonella enterica.

AN EVOLUTIONARY PERSPECTIVE
ON HOST SPECIFICITY

Definitions

In host–pathogen interactions, pathogens
called generalists are capable of infecting a

wide range of host species, whereas others re-
ferred to as specialists establish an intimate rela-
tionship with only a single-host species. Most
pathogens are capable of infecting multiple
hosts. Genetic diversity and ecological opportu-
nities for cross-species transmission favor gener-
alism (Woolhouse et al. 2001). The evolutionary
dynamic leading to specialism has been long de-
bated. The potential to expand into new niches
is implicated as an important driving force in
specialism, and some studies suggest that coexis-

tence with other specialists can increase resource
exploitation within an ecosystem. Some genetic
changes that enhance adaptation to a particular
niche may reduce fitness for another niche. This
so-called antagonistic pleiotropy can lead to evo-
lutionary trade-offs, which are not necessarily a
requirement for specialization but may reinforce
tendencies toward specialization. Although of-
ten discussed as a dichotomy, host specializa-
tion is often a continuum, and many pathogens
are able to infect a limited number of hosts
(Kirchner and Roy 2002). For example, humans
and other primates are susceptible to Shigella,
whereas rabbits are resistant but develop inflam-
mation following the injection of Shigella into
ileal loops, and mice are resistant to intestinal
shigellosis (Phalipon and Sansonetti 2007).
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The Host Species Barrier

As pathogens establish defined host ranges, the
barrier that must be overcome to make a tran-
sition to a new host species is an important
determinant of the ecology of infectious diseas-
es. Zoonotic pathogens are able to overcome the
species barrier to be transmitted from other
vertebrate animals to humans. Crossing the spe-
cies barrier has important implications for
pathogenesis, as pathogens may show increased
virulence in hosts to which they are not adapted.

Gene-for-Gene or Multifactorial?

Studies in plants have led to the gene-for-gene
model of host pathogen interactions, in which
plants that possess a specific resistance gene
show resistance to pathogens possessing a cor-
responding avirulence (avr) gene (Flor 1971).
However, the relevance of this model for most
animal host–pathogen interactions is limited.
Attempts to convert host-specific Salmonella
Typhi to a murine pathogen by transduction
of DNA from the generalist serovar S. Typhimu-
rium, for example, have led to the conclusion
that host specificity in Salmonella is multifacto-
rial (Zahrt 1998). This increases the challenge of
understanding the mechanisms underlying host
specialization. This review will examine host
specificity in bacterial pathogens, with a partic-
ular emphasis on the enteric pathogen Salmo-
nella.

EXAMPLES OF SPECIALIST AND GENERALIST
BACTERIAL PATHOGENS

Salmonella enterica Serovars

One approach to exploring the genetic basis of
host specificity is to compare microbes with a
narrow host range (specialists) with close rela-
tives that display broad host specificity (gener-
alists). The genus Salmonella consists of a group
of pathogens that are particularly well suited
for such a comparison. Salmonella serovars
are Gram-negative pathogens belonging to the
family Enterobacteriaceae in the phylum Pro-
teobacteria. Most of the .2000 Salmonella
serovars are associated with gastroenteritis in

humans and have animal reservoirs in a broad
range of reptilian, avian, and/or mammalian
species (Fig. 1) (Kelterborn 1967). Gastroenter-
itis is a diarrheal disease that remains localized
to the intestine and mesenteric lymph nodes in
immunocompetent individuals (Santos et al.
2001). A typical representative generalist serovar
associated with gastroenteritis is Salmonella en-
terica serovar Typhimurium (S. Typhimurium).
However, the genus Salmonella also contains a
small number of specialists with a narrow host
range that are no longer associated with gastro-
enteritis in humans. Instead, these specialists
are associated with disseminated septicemic in-
fections in humans (e.g., typhoid fever) or other
animal species (e.g., fowl typhoid). Humans are
the only known reservoir for typhoidal Salmo-
nella serovars, which developed in four phylo-
genetically unrelated clonal lineages within the
genus Salmonella, presumably from ancestral
organisms that were originally associated with
gastroenteritis (Selander et al. 1990). S. enterica
serovar Typhi (S. Typhi), the causative agent of
typhoid fever, forms one of these clonal lineag-
es, which has been estimated to be between
10,000 and 71,000 years old (Roumagnac et al.
2006). S. enterica serovars Paratyphi C (S. Para-
typhi C) and Paratyphi B (S. Paratyphi B) each
form single lineages, whereas a fourth lineage is
formed by the S. enterica serovars Paratyphi A
(S. Paratyphi A) and Sendai (S. Sendai). S. Para-
typhi A, S. Paratyphi B, S. Paratyphi C, and
S. Sendai cause paratyphoid fever, which is
milder in its course but otherwise clinically in-
distinguishable from typhoid fever.

In addition to typhoidal serovars, the genus
Salmonella contains a few specialists associated
with septicemic illnesses in other animal spe-
cies. For example, S. enterica serovar Gallina-
rum (S. Gallinarum) causes pullorum disease
(biotype Pullorum) and fowl typhoid (biotype
Gallinarum) in poultry, but is avirulent for
other animal species (reviewed in Shivaprasad
2000). S. enterica serovars Dublin (S. Dublin)
and Choleraesuis (S. Choleraesuis) cause bac-
teremia in their bovine and porcine hosts, re-
spectively (Hughes et al. 1971; Sojka et al. 1977).
However, these pathogens are not fully host re-
stricted, because consumption of unpasteurized
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milk, undercooked beef, or undercooked pork
products can result in invasive bloodstream in-
fections in humans (Saphra and Winter 1957;
Fang and Fierer 1991; Threlfall et al. 1992).
Closely related specialist/generalist pairs can
be found even within a particular Salmonella
serovar. For example, whereas the majority of
S. Typhimurium isolates are prototypical gen-
eralists, a clonal group designated S. Typhimu-
rium phage type DT2 represents a specialist as-
sociated with septicemic infections in pigeons
(reviewed in Rabsch et al. 2002).

Yersinia Species

A second interesting group of organisms for
comparative analysis within the family Entero-
bacteriaceae is the genus Yersinia, which con-
tains three species pathogenic for humans: Yer-
sinia enterocolitica, Y. pseudotuberculosis, and
Y. pestis. The enteropathogenic species Y. enter-

ocolitica and Y. pseudotuberculosis are associa-
ted with diarrhea in humans. Both of these
pathogens are generalists associated with reser-
voirs in pigs and wild animals (Kapperud 1991;
Fredriksson-Ahomaa 2009) and can also be
found in the environment. Y. pestis, the causative
agent of plague, branched an estimated 1500
to 20,000 years ago from the closely related
Y. pseudotuberculosis serotype O:1b (Achtman
et al. 1999). All contemporary Y. pestis isolates
arose by clonal diversification from strains asso-
ciated with the European black death of the 14th
century (Bos et al. 2011). Y. pestis circulates in its
rodent reservoir by flea-borne transmission, a
dramatic change from the fecal–oral transmis-
sion of its Y. pseudotuberculosis-like ancestor.
The very recent transition from an enteropatho-
genic lifestyle to that of a vector-borne septice-
mic infection makes the comparison of the
Y. pseudotuberculosis and Y. pestis genomes par-
ticularly interesting. Although Y. enterocolitica,
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Figure 1. Host range of members of the genus Salmonella. The genus Salmonella consists of two species,
S. enterica and S. bongori. S. enterica is further subdivided into seven subspecies, designated I, II, IIIa, IIIb,
IV, VI, and VII. Serovars of S. bongori and S. enterica subspecies II, IIIa, IIIb, IV, VI, and VII are largely reptile
associated and can be occasionally transmitted from this reservoir to humans. The majority of serovars belong-
ing to S. enterica subspecies I are generalists that have reservoirs in mammalian, avian, and reptilian species.
Specialists with a more restricted host range have independently evolved from this group several times.
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Y. pseudotuberculosis, and Y. pestis are able to
infect awide range of mammalian hosts, another
Yersinia species called Y. ruckeri is a specialist
pathogen of salmonid fish (Sulakvelidze 2000).

IMPLICATIONS FOR VIRULENCE

The Host as Driver of Pathogen Variation

As different hosts represent different environ-
mental niches, the fitness of a pathogen may
vary from host to host. Different strains of a
pathogen that are highly adapted to specific
hosts may evolve in what is referred to as poly-
morphism. Alternatively, a single pathogen may
develop into a generalist with the ability to use
different strategies to survive and replicate in
different hosts, referred to as polyphenism. In
this regard, variation in host phenotypes is an
important driver of the evolution of virulence.
It has been proposed that pathogens that evolve
within a host are more likely to be polymorphic,
whereas those evolving outside a host are more
likely to be polyphenic (Pfennig 2001). Another
potential determinant of pathogen specializa-
tion is the strategy used by the host to resist
infection (Milleret al. 2005). Theoretical models
suggest that attempts by a host to control path-
ogen replication are more likely to select for
polymorphic genotypes than strategies aimed
at tolerating pathogen-induced damage.

Effects of Specialization on Virulence

During the coevolution of pathogens and hosts,
adaptation is thought to result in the gradual
attenuation of virulence, as the survival of the
pathogen is dependent on the survival of the
host (Dineen 1963; Mims 1975). However, ex-
ceptions to this tendency are observed for path-
ogens in which debility or death of the host are
required for transmission. Anderson and May
(1982) emphasized that the critical end point of
evolution is not necessarily commensalism, but
rather maximal transmission of a pathogen,
which will tend to be proportional to the path-
ogen’s reproductive rate. Garnick (1992) further
refined this concept by noting that the immune
response of the host to a pathogen can limit

reproduction, such that optimal transmissibili-
ty is dependent on both host and pathogen fac-
tors, and the consequences for the host might
differ considerably depending on whether the
infection is short-lived or chronic. Therefore,
the relationship between host specialization
and virulence is complex. Human-adapted
S. Typhi is generally regarded as more virulent
than the generalist serovars, although both spe-
cialist and generalist Salmonella serovars can
cause a wide range of clinical manifestations
ranging from subclinical infection to life-threat-
ening sepsis.

MOLECULAR MECHANISMS OF HOST
SPECIFICITY

Microbial Adherence

In some instances, the ability of a pathogen to
infect a host has been correlated with its ability
to adhere to cells from that species. For example,
the enteropathogenic RDEC-1 strain of Escher-
ichia coli is able to cause diarrhea in rabbits but
not in rats or guinea pigs and is able to adhere to
intestinal brush borders of rabbits but not of the
other two species (Cheney et al. 1980). The Opa
protein of Neiserria gonorrhoeae is able to bind
to the human CEACAM1 glycoprotein but not
its canine, bovine, or murine orthologs (Voges
et al. 2010), correlating with the specificity of
this pathogen for humans. A type-3 secretory
system-1 (T3SS-1)-associated lipoprotein called
InvH promotes the ability of S. enterica to
adhere to and invade cultured epithelial cells
(Altmeyer et al. 1993). The effects of InvH on
Salmonella interactions with host-intestinal
mucosa appear to be host specific, as an invH
mutation reduces the severity of Salmonella en-
teritis in calves but does not affect intestinal col-
onization or virulence in chicks (Watson et al.
1995, 1998; Porter and Curtiss 1997). The host-
specific pathogen S. Typhi also requires InvH for
efficient interaction with epithelial cells (Alt-
meyer et al. 1993) but enters human cells via
an interaction between its type-IVB pili and
the CFTR (cystic fibrosis transmembrane con-
ductance regulator) protein (Pier et al. 1998;
Tsui et al. 2003). Resistance to typhoid has there-
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fore been proposed as a selection pressure that
may have maintained the cystic fibrosis muta-
tion at high frequencies in the population (van
de Vosse et al. 2005).

Host-specific interactions during entry lim-
it the host range of Listeria monocytogenes (fam-
ily Listeriaceae, class Bacilli, phylum Firmi-
cutes), an opportunistic food-borne pathogen
of humans. The invasion protein internalin
(InlA) enables L. monocytogenes to bind E-cad-
herin on epithelial cells to induce its internali-
zation and crossing of the intestinal barrier. In-
ternalin interacts with E-cadherin from humans
but not E-cadherin from mice, owing to a single
amino acid difference between the human and
murine proteins (Lecuit et al. 1999). Although
mice are naturally resistant to oral challenge
with L. monocytogenes, transgenic mice express-
ing human E-cadherin in the intestine become
susceptible to infection by this route (Lecuit
et al. 2001). The interaction between InlA and
human E-cadherin also plays an important role
in the ability of L. monocytogenes to cross the
placental barrier and cause severe in utero infec-
tions (Lecuit et al. 2004). A second invasion
protein of L. monocytogenes, InlB, mediates
binding to the hepatocyte growth factor recep-
tor (Met) of murine and human cells, but not to
Met from rabbits or guinea pigs (Khelef et al.
2006), which represents another example of
species specificity. Both InlA and InlB have
been implicated in species-specific interactions
involved in crossing the placental barrier in vivo
(Lecuit et al. 2004; Disson et al. 2008).

Replication in Host Cells

Adherence is only one of the possible mecha-
nisms underlying host specificity. Viruses may
show host tropism at the level of adherence and
entry or at the level of downstream intracellular
events (McFadden 2005). For pathogens able to
colonize both cold-blooded and warm-blooded
vertebrates, the complex organization of the
adaptive immune system in birds and mammals
creates unique challenges. In particular, patho-
gens must confront a broad repertoire of im-
munoglobulins and highly ordered lymphoid
tissues containing mixed populations of lym-

phocytes, macrophages, and dendritic cells.
The ability to survive in macrophages from dif-
ferent types of host has been proposed to be an
important factor in Salmonella host specificity
(Bäumler et al. 1998). For instance, human-
adapted S. Typhi has been reported to display
enhanced replication in human macrophages in
comparison to the generalist S. Typhimurium,
whereas the reverse is true in murine macro-
phages (Vladoianu et al. 1990; Pascopella et al.
1995; Ishibashi and Arai 1996; Schwan 2000;
Xu 2009). The absence of the T3SS effector pro-
tein GtgE, a protease that targets the host-cell
protein Rab32, has recently been proposed as an
explanation for the poor growth of S. Typhi in
murine cells (Spanò and Galán 2012).

Toxins

The ability to cause disease in a particular host
species can also be affected by a species-specific
interaction of toxins with their host-cell targets.
Actinobacillus suis and Actinobacillus equuli
(family Pasteurellaceae, phylum Proteobacte-
ria) are host-adapted pathogens affecting suck-
ling pigs and newborn foals (sleepy foal dis-
ease), respectively. The ability to cause disease
in their respective host species is at least, in part,
mediated by the elaboration of host-specific
pore-forming toxins. Apxl/II, a pore-forming
toxin produced by A. suis, shows specific cyto-
toxicity for porcine leukocytes, whereas Aqx, a
pore-forming toxin released by A. equuli, specif-
ically lyses equine leukocytes (reviewed in Frey
2011).

Iron Acquisition and Complement Resistance

Host-specific interactions relating to metal ac-
quisition have been described for the human-
adapted pathogens Neisseria gonorrhoeae and
Neisseria meningitidis (family Neisseriaceae,
phylum Proteobacteria). Like many pathogenic
microbes, N. gonorrhoeae and N. meningitidis
require iron during extracellular growth in the
host. One strategy for iron acquisition is to strip
iron from the human iron-binding protein
transferrin using transferrin-binding protein B
(TbpB) (reviewed in Schryvers and Stojiljkovic
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1999). This process is host-specific, because
TbpB of N. meningitidis binds human transfer-
rin but not murine transferrin (Renauld-Mon-
genie et al. 1997). N. meningitidis can persist at
least 2 d in intraperitoneally challenged trans-
genic mice expressing human transferrin,
whereas bacteria are rapidly cleared from human
transferrin transgenic mice challenged with a
N. meningitidis tbpB mutant or from wild-type
mice challenged with wild-type N. meningitidis
(Zarantonelli et al. 2007). However, mice ex-
pressing human transferrin eventually clear
even wild-type N. meningitidis, suggesting that
additional species-specific interactions may be
required for infection. During extracellular
growth in the human body, N. meningitidis is
exposed to complement. A mechanism that con-
fers complement resistance is the recruitment
of a molecule that down-regulates complement
activation, complement factor H (fH), to the
bacterial surface by factor H-binding protein
(fHbp) (Schneider et al. 2006; Ngampasutadol
et al. 2008). N. meningitidis fHbp binds fH from
humans, but not fH from primates or mice
(Granoff et al. 2009). Interestingly, differences
between human and primate fH sequences clus-
ter to the precise site of interaction with fHbp
(Schneider et al. 2009), which likely represents
another interaction contributing to the host
specificityof N. meningitidis (Everett et al. 2011).

IMPLICATIONS OF HOST SPECIFICITY
FOR TRANSMISSION

Host restriction limits the number of suscepti-
ble hosts available for transmission. Although
this is rarely a limiting factor for transmission
of human-adapted microbes in urban settings,
it must have posed a formidable challenge for
the persistence of pathogens within the small
groups of human hunters and gatherers that
existed before the agricultural revolution of
the Neolithic age. One way for a microbe to
meet this challenge is the development of a
chronic persistent state. The transition from a
broad-host-range pathogen (generalist) that is
cleared from the body within a few weeks to a
host-restricted pathogen (specialist) that chron-
ically persists within a host for decades is illus-

trated by comparison of the lifestyles of broad-
host-range and host-restricted Salmonella sero-
vars.

Generalist Salmonella Serovars

Upon ingestion, the broad-host-range pathogen
S. Typhimurium uses its virulence factors, two
type-III secretion systems (T3SS-1 and T3SS-2),
to invade epithelial cells (Galán and Curtiss III
1989) and survive in macrophages (Ochman
et al. 1996), which elicits acute intestinal inflam-
mation (Tsolis et al. 1999), producing symp-
toms of gastroenteritis within 24 hours of in-
gestion (Glynn and Palmer 1992). During the
ensuing host response, neutrophils migrate into
the intestinal lumen and produce reactive oxy-
gen species in an attempt to kill bacteria. A by-
product of oxyradical production is the genera-
tion of a new respiratory electron acceptor, tet-
rathionate, which enables S. Typhimurium to
out-compete obligate anaerobic microbes in the
gut lumen (Winter et al. 2010a) by utilizing car-
bon sources that cannot be fermented (Thien-
nimitr et al. 2011). The resulting bloom of S.
Typhimurium in the intestinal lumen enhances
its transmission to the next host by the fecal–
oral route (Lawley et al. 2008). With the onset
of adaptive immunity, the pathogen is cleared
from intestinal tissues, and bacterial shedding in
the feces subsides within a few weeks.

Host-Specific Salmonella Serovars

Similar to S. Typhimurium, the host-restricted
S. Typhi uses its two type-III secretion systems
(T3SS-1 and T3SS-2), to invade epithelial cells
(Elsinghorst et al. 1989) and survive in macro-
phages (Forest et al. 2010). However, S. Typhi
does not elicit overt host responses during the
initial invasion of the intestinal mucosa, as in-
dicated by a 2-wk incubation period of typhoid
fever (Olsen et al. 2003). S. Typhi avoids the
generation of responses during the initial phase
of infection because it evades innate immunity
by expressing a capsular polysaccharide (Raffa-
tellu et al. 2005; Wilson et al. 2008; Haneda et
al. 2009) and by rapidly repressing expression
of flagella and T3SS-1 during the transition
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through the epithelial lining (Winter et al.
2010b). These mechanisms enable S. Typhi to
slip past the host’s defenses to cause an invasive
bloodstream infection. Systemic dissemination
results in colonization of internal organs and
enables the pathogen to establish chronic car-
riage in the gall bladder in a fraction of infected
individuals (e.g., Typhoid Mary). Chronic car-
riers are important reservoirs for transmission
within the human population, intermittently
releasing bacteria through the bile duct into
the intestine (Putnam 1927; Leavitt 1992).

Other host-restricted Salmonella serovars
also cause systemic infections that provide ac-
cess to new routes of transmission. For example,
the most important route of transmission for
poultry-adapted S. Gallinarum is infection of
the ovaries, which results in vertical spread via
the egg to the chick or poult (Shivaprasad
2000). In cattle, long-term S. Dublin carrier an-
imals contribute to transmission of the patho-
gen within infected herds by periodically shed-
ding bacteria into milk (Nielsen et al. 2004).
These examples help to illustrate that within
the genus Salmonella, the transition from a
pathogen with a broad host range to a pathogen
with a restricted host range commonly involves
a change in the route of transmission.

Yersinia Species and the Importance
of Vector-Borne Transmission

The transition from free-living Y. pseudotuber-
culosis to host-dependent Y. pestis also involved
a dramatic change in the route of transmission.
Although Y. pseudotuberculosis is an enteric
pathogen that is transmitted via the fecal–oral
route, the vector-borne transmission of Y. pestis
exchanges a transition through the mammalian
intestine for a transition through the flea gut.
However, the selective forces that selected for
this change in the route of transmission during
the emergence of Y. pestis from an ancestral
Y. pseudotuberculosis-like organism remain un-
known.

Dependence on an arthropod vector for
transmission may restrict host availability and
therefore impose constraints on the opportuni-
ty for a pathogen to encounter novel hosts. For

example, Lyme disease is an important zoonotic
infection in the Northeastern United States,
where a tick vector transmits the Borellia burg-
dorferi spirochete to Peromyscus leucopus, a
highly competent and ubiquitous rodent reser-
voir host (LoGiudice et al. 2003). In contrast,
Lyme disease is nonendemic in Northern Col-
orado where the primary rodent reservoir is
Neotoma mexacana, a solitary species with little
human contact (Maupin et al. 1994).

GENOMIC SIGNATURES OF HOST
SPECIFICITY

Genomic Decay

Host specificity is associated with a number of
genomic signatures, including genomic decay,
genomic rearrangements, and gene acquisition
by lateral gene transfer. The genomes of special-
ists commonly show signs of genomic decay, as
indicated by gene deletion or gene inactivation
through point mutation (pseudogene forma-
tion). For example, 80 genes have been deleted
from the genome of Y. pestis since this pathogen
diverged from Y. pseudotuberculosis and became
host dependent (Chain et al. 2004). Further-
more, the genome of Y. pestis contains �208
pseudogenes, compared with only 62 in Y. pseu-
dotuberculosis (Parkhill et al. 2001; Chain et al.
2004). The specialist Y. ruckeri has the smallest
genome of any Yersinia species, although this
does not appear to be a result of reductive evo-
lution, as its genome contains relatively few
pseudogenes. Both Y. pestis and Y. ruckeri lack
genes for urease, vitamin B12 metabolism, and
the methionine salvage pathway, perhaps be-
cause these pathogens do not colonize the mam-
malian intestine (Chen et al. 2010). The genome
of the generalist S. Typhimurium (strain LT2)
contains 25 pseudogenes (McClelland et al.
2001), far fewer than the genomes of host-re-
stricted pathogens such as S. Typhi (204 pseu-
dogenes), S. Paratyphi A (173 pseudogenes), S.
Paratyphi C (152 pseudogenes), S. Gallinarum
(309 pseudogenes), S. Dublin (177 pseudo-
genes), or S. Choleraesuis (151 pseudogenes)
(Parkhill et al. 2001; McClelland et al. 2004;
Chiu et al. 2005; Thomson et al. 2008; Liu
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et al. 2009; Betancor et al. 2012). The pigeon-
associated S. Typhimurium DT2 strain 94-213
has 84 pseudogenes, including 21 loci that are
intact in other closely related S. Typhimurium
strains, and shows distinctive patterns of gene
expression (Kingsley et al. 2013). Similarly, the
presence of 77 pseudogenes in the multidrug-
resistant S. Typhimurium ST313 genotype has
led to the suggestion that this lineage is becom-
ing host-adapted to humans (Kingsley et al.
2009; Feasey et al. 2012).

One reason for genomic decay in specialists
is related to their divergence from a generalist
ancestor along with a change in their route of
transmission. When genes necessary for trans-
mission of the ancestral organism are no longer
under selection, their functions become dispen-
sable. As a result, such genes accumulate muta-
tions or are deleted. For example, the shdA and
misL genes encode nonfimbrial adhesins that
enhance intestinal colonization of S. Typhimu-
rium (Kingsley et al. 2000, 2002; Dorsey et al.
2005). Pseudogene formation in host-restricted
Salmonella serovars has inactivated both shdA
(S. Typhi, S. Paratyphi A, S. Paratyphi C,
S. Dublin, and S. Gallinarum) and misL (S. Ty-
phi) (Parkhill et al. 2001; McClelland et al. 2004;
Thomson et al. 2008; Liu et al. 2009; Betancor
et al. 2012). Another group of intestinal coloni-
zation factors of S. Typhimurium is encoded by
fimbrial operons of the chaperone usher assem-
bly class (Weening et al. 2005). Genomic decay
of genes encoding these intestinal colonization
factors is evident in host-restricted Salmonella
serovars, as pseudogenes are present in 7 of 11
fimbrial operons in S. Typhi strain CT18 (Town-
send et al. 2001), 8 of 12 fimbrial operons in S.
Gallinarium (Thomson et al. 2008), and 3 of 12
fimbrial operons in S. Paratyphi A (McClelland
et al. 2004). It has been postulated that muta-
tions that alter adhesion-binding specificity or
affinity can also contribute to adaptation to dif-
ferent host environments (Kisiela et al. 2012).
The generalist S. Typhimurium uses tetrathio-
nate respiration encoded by the ttrRS/ttrBCA
gene cluster to out-compete microbes in the
gut during its fecal–oral transmission cycle
(Winter et al. 2010a). Pseudogenes in this path-
way are found in S. Typhi strain CT18 (ttrS) and

S. Gallinarum (ttrB, ttrC) (Parkhill et al. 2001;
Thomson et al. 2008). Tetrathionate respiration
supports growth of S. Typhimurium on ethanol-
amine as a carbon source in the gut lumen dur-
ing gastroenteritis (Thiennimitr et al. 2011).
This pathway is degraded in specialists S. Para-
typhi C (eutA, eutC, eutK, and eutN) and S.
Choleraesuis (eutN) (Liu et al. 2009). Growth
on ethanolamine under anaerobic conditions
necessitates biosynthesis of vitamin B12 by the
cob/cbi gene cluster (Roof and Roth 1988),
which contains pseudogenes in S. Typhi (cbiM,
cbiK, cbiJ, and cbiC), S. Paratyphi A (cbiA), and
S. Gallinarum (cobD, cbiD, and cbiC) (Parkhill
et al. 2001; McClelland et al. 2004; Thomson
et al. 2008).

Many of the pseudogenes found in the ge-
nomes of host-restricted Salmonella serovars
encode functions that aid intestinal coloniza-
tion and competition with the intrinsic micro-
biota during gastroenteritis. These genes are in-
tact in broad-host-range Salmonella serovars
because they confer properties that enhance
transmission of these pathogens by the fecal–
oral route during gastroenteritis (Lawley et al.
2008), which imposes selective constraints that
prevent loss of the encoded functions by muta-
tion. However, these genes are no longer under
selection in host-restricted pathogens that cause
septicemic infections and transmit from reser-
voirs in the gall bladder (e.g., S. Typhi), the
udder (e.g., S. Dublin), or the ovaries (e.g.,
S. Gallinarum). Thus, one driving force respon-
sible for pseudogene formation in host-restrict-
ed Salmonella serovars is that functions required
for transmission from an intestinal reservoir
are no longer under selection. The resulting
genomic decay of these pathways in host-re-
stricted Salmonella serovars represent an exper-
iment of nature, giving rise to a nonsaturation
mutagenesis of genes necessary for fecal–
oral transmission of generalists associated with
gastroenteritis.

Genomic Rearrangements

Genomic rearrangements are another genomic
signature associated with specialists but absent
from generalists. The chromosomes of E. coli
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and S. Typhimurium display a high degree of
conservation with regard to their gene order
(Riley and Anilionis 1978), suggesting that
this feature may be under selection. Large rear-
rangements that alter chromosomal gene order
are commonly associated with a lower growth
rate, because inversions may alter gene dosage,
replication-transcription conflicts, or chromo-
some symmetry (Hill and Gray 1988; Rebollo
et al. 1988; Campo et al. 2004). The generalist
S. Typhimurium needs to multiply at a maxi-
mum growth rate in the intestine because suc-
cessful transmission requires bacterial numbers
in the feces to reach a sufficient threshold (Law-
ley et al. 2008). Thus, the maximum growth rate
needed for transmission might place the gene
order on the chromosomes of broad-host-range
Salmonella serovars under selection.

In contrast, host-restricted Salmonella sero-
vars no longer depend on multiplication at
a maximal rate to successfully compete with oth-
er microbes in the intestine because their trans-
mission success is aided by chronic carriage, a
state of relative dormancy that is likely associa-
ted with slow growth. Therefore, selective con-
straints that prevent chromosomal rearrange-
ments may no longer apply to host-restricted
Salmonella serovars. This might explain why
major genomic rearrangements owing to ho-
mologous recombination between the rrn oper-
ons are a characteristic feature of the chromo-
somes of S. Typhi isolates (Liu and Sanderson
1995, 1996; Kothapalli et al. 2005; Matthews
et al. 2010). Similar genome rearrangements
are also found in other host-restricted lineages
within the genus Salmonella, including S. Para-
typhi C, S. Gallinarum, and S. Typhimurium
phage type DT2 (Liu and Sanderson 1998;
Helm et al. 2004; Wu et al. 2005; Liu et al.
2007). Thus, rearrangements are a genomic sig-
nature of host-restricted members of the genus
Salmonella that relyon chronic persistence in the
host for transmission.

Lateral Gene Transfer

A third genomic signature associated with spe-
cialists is the acquisition of genetic material by
lateral gene transfer, but this genomic signature

is also commonly found in genomes of general-
ists. In some cases, laterally acquired genomic
regions help explain how host-restricted patho-
gens adapted to their new lifestyle as they di-
verged from their generalist ancestors. For ex-
ample, the generalist S. Typhimurium triggers
innate inflammatory responses that prevent
bacterial dissemination from the intestine (re-
viewed in Santos et al. 2009). In contrast, the
specialist S. Typhi evades innate immunity
through a rapid change in virulence gene expres-
sion when the pathogen enters the intestinal
mucosa (Winter et al. 2010b). These changes
in virulence gene expression are mediated by
the TviA protein, which activates expression of
a capsular polysaccharide, the Vi antigen, and
represses expression of flagella and T3SS-1
(Winter et al. 2009). The tviA gene and genes
involved in the biosynthesis of the capsular
polysaccharide (tviBCDE vexABCDE) are en-
coded by a horizontally acquired DNA region
designated Salmonella pathogenicity island
(SPI)-7 (Virlogeux et al. 1995; Parkhill et al.
2001). SPI-7 is present in two other host-re-
stricted serovars associated with disseminated
septicemic infections, S. Dublin and S. Paraty-
phi C, suggesting that convergence by horizon-
tal transfer of this DNA region occurred in their
evolutionary history (Hashimoto and Khan
1997; Morris et al. 2003; Pickard et al. 2003).
S. Typhi also produces a cytolethal distending
toxin known as the “typhoid toxin,” which is
encoded by a pathogenicity islet (Spanò et al.
2008; Hodak and Galán 2013), although recent
genomic studies have shown the presence of the
islet in some nontyphoidal serovars as well (den
Bakker et al. 2011).

Similarly, acquisition of the 10-kb pPst plas-
mid and the 100-kb pFra plasmid by lateral gene
transfer enabled Y. pestis to adapt to the vector-
borne route of transmission after its divergence
from a Y. pseudotuberculosis-like ancestor. For
instance, the ymt gene located on the pFra plas-
mid encodes phospholipase D, which enhances
the ability of Y. pestis to colonize the flea midgut
(Hinnebusch et al. 2002). The pFra plasmid also
carries the caf1M1A1 operon, which encodes a
protein capsule that is required for infection of
mice by the flea-borne route (Sebbane et al.
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2009). The pla gene carried on the pPst plasmid
encodes a plasminogen activator that is specif-
ically required for inducing the bubonic form of
plague in the mouse after a flea bite (Sebbane
et al. 2006). Thus, acquisition of two Y. pestis-
specific plasmids by lateral gene transfer facili-
tated the rapid evolutionary transition of
Y. pestis to flea-borne transmission.

MODELS TO STUDY HOST SPECIFICITY

Cell Culture Models

Comparing infectivity in cultured cells from
permissive and nonpermissive hosts has been a
useful approach to understanding the molecular
mechanisms of host specificity shown by viral
pathogens, but has been generally less useful
for bacteria. One exception has been the avian-
specific S. enterica serovar Gallinarum biotypes
Gallinarum and Pullorum, which have lost their
ability to show mannose-sensitive hemaggluti-
nation and also show reduced adherence to and
invasion of human HEp-2 epithelial cells owing
to changes in their type-1 fimbriae. Expression
of type-1 fimbriae from generalist S. Typhimu-
rium restores hemagglutination and dramati-
cally enhances HEp-2 invasion by S. Gallinarum
and S. Pullorum. As mentioned previously,
comparative survival in human and murine
macrophages correlates with host specificity in
S. Typhi and S. Typhimurium (Vladoianu et al.
1990; Pascopella et al. 1995; Ishibashi and Arai
1996; Schwan 2000; Xu 2009). However, com-
parative survival in chicken macrophages does
not correlate with the avian virulence of S. Gal-
linarum (Chadfield et al. 2003). Cell culture has
been useful for understanding the basis of host
specificity in hemotropic Bartonella spp. The
ability to adhere to and invade erythrocytes
from humans, cats, mice, or rats recapitulates
the host specificity of B. quintana, B. henseleae,
B. tribocorum, and B. birtlesii observed in vivo
(Vayssier-Taussat et al. 2010). The ability of Bar-
tonella to infect specific hosts appears to be en-
coded within the Trw type-IV secretory system
of these pathogens. In contrast, the host specif-
icity of rabbit enteropathogenic E. coli strains is
not mirrored by in vitro studies of ileal brush

border adherence or erythrocyte agglutination
(Robins-Browne et al. 1994). In summary, cell
culture can be useful for exploring the mecha-
nistic basis of host specificity but in many cases
fails to recapitulate the complexity of in vivo
host-bacterial interactions.

Comparative Zoology

Where permissive and nonpermissive animal
hosts have been available for study, the compar-
ative zoology of host–pathogen interactions has
been informative. It has been reported, for in-
stance, that type-1 fimbriae are not the sole fac-
tor responsible for the avian host specificity of
S. Gallinarum, because S. Typhimurium is bet-
ter able to proliferate in deep tissues and cause
lethal infection in mice after intravenous inoc-
ulation, which bypasses the mucosal stage of
infection, whereas the opposite is true in chick-
ens (Barrow et al. 1994). The investigators mak-
ing these observations concluded that host spe-
cificity for Salmonella is primarily expressed
at the level of the reticuloendothelial system.
Both bovine-adapted Salmonella serovar Dub-
lin and swine-adapted S. Choleraesuis are viru-
lent when administered orally to cattle, whereas
avian S. Gallinarum and ovine S. Abortusovis
are not. The initial interactions of these serovars
with the intestinal mucosa do not appear to be
appreciably different, but only S. Dublin is able
to persist within the cattle intestine and trans-
locate to mesenteric lymph nodes (Paulin et al.
2002).

Mice fail to develop diarrhea following oral
Salmonella administration, representing an im-
portant difference between murine and human
hosts. However, the administration of strepto-
mycin in drinking water disrupts the endoge-
nous intestinal flora and renders mice suscepti-
ble to Salmonella colitis (Bohnhoff and Miller
1962; Barthel et al. 2003). Specialist and gener-
alist Salmonella strains differ in their ability
to cause enteritis in the streptomycin-treated
mouse model, although substantial strain-to-
strain differences within serovars are observed
(Suar et al. 2006). The human-adapted serovars
S. Typhi and S. Paratyphi do not elicit inflam-
mation in this model (Suar et al. 2006; Raffatellu
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et al. 2007; Haneda et al. 2009), correlating with
their reduced propensity to cause diarrhea in
humans. Introduction of the viaB capsule locus
into S. Typhimurium suppresses the inflamma-
tory pathology elicited by this generalist serovar,
indicating that S. Typhi uses a specific mecha-
nism to reduce intestinal inflammation.

Humanized Mice

Human-adapted pathogens present a special
challenge for experimentalists. Until recently,
researchers have had to extrapolate from obser-
vations in related animal-adapted pathogens, an
approach with obvious limitations. For exam-
ple, S. Typhimurium infection in mice is often
touted as a model to understand S. Typhi in-
fection in humans, but “murine typhoid” and
human typhoid are different in a number of
fundamental respects. As discussed earlier, ty-
phoidal and nontyphoidal Salmonella serovars
differ with regard to virulence factors, pseudo-
gene content, and interactions with the innate
immune system. Studies in mice have shown
that IFN-g/IL-12 signaling and the Nox2
phagocyte oxidase are critically important for
host resistance to Salmonella (Hess et al. 1996;
Mastroeni et al. 1996, 2000). Yet, although hu-
mans deficient in these host defenses show
enhanced susceptibility to nontyphoidal Salmo-
nella infections, they do not appear to be appre-
ciably more susceptible to S. Typhi (de Jong et al.
1998; Winkelstein et al. 2000; Ottenhoff et al.
2002). Similarly, mice lacking CD4þ T cells are
highly susceptible to S. Typhimurium, as are
humans with low CD4þ T-cell counts owing to
HIV infection (Fischl et al. 1986; Hess et al.
1996; Gordon et al. 2002), but HIV infection
does not confer an increased susceptibility to
typhoid fever (Gordon 2008). To render mice
susceptible to an S. Typhi challenge, hog gastric
mucin must be coadministered to incapacitate
host phagocytes, or massive bacterial inocula
must be given (Collins and Carter 1978; Hone
et al. 1991). Such models provide limited insight
into the pathogenesis of actual human typhoid.

It is generally believed that one of the rea-
sons for the host restriction of S. Typhi is that
mice possess some host defenses that are absent

from humans. Consistent with this idea, a recent
study suggests that inactivation of the murine
Toll-like receptor 11 (TLR11), which is absent in
humans, renders mice susceptible to S. Typhi
infection (Mathur et al. 2012). TLR11-deficient
mice thus represent a potential model to study
aspects of typhoid fever pathogenesis (Fang and
Bäumler 2012). Conversely, it is thought that
L. monocytogenes does not infect mice by the
oral route because receptors for epithelial inva-
sion are not expressed in this species. The find-
ing that transgenic expression in mice of the
InlA receptor human E-cadherin renders these
animals susceptible to invasion of enterocytes
and crossing of the intestinal barrier supports
this idea (Lecuit et al. 2001). Similarly, Strep-
tococcus pyogenes secretes an enzyme that
specifically activates human plasminogen and
increases virulence in transgenic mice express-
ing human plasminogen (Sun et al. 2004).
N. meningitidis expresses an iron acquisition
system (TbpA and TbpB) that specifically strips
iron from human transferrin and enhances
growth in transgenic mice expressing human
transferrin (Zarantonelli et al. 2007). Collective-
ly, these studies show that the targeted dele-
tion or addition of genes can increase the sus-
ceptibility of mice to selected human-specific
pathogens.

Recent technological advances have created
“humanized” chimeric mice that reconstitute
specific anatomic and functional elements of
human biology in laboratory mice (Mosier
et al. 1988; Traggiai et al. 2004). Although stud-
ies of infection in humanized mice have only
recently begun, this approach promises to pro-
vide unprecedented insights into mechanisms
of host interaction with human pathogens in-
cluding hepatitis viruses, HIV, CMV, Epstein-
Barr virus, dengue virus, N. meningitidis, and
Plasmodium falciparum (e.g., Bente 2005; Jimé-
nez-Dı́az 2009; Smith et al. 2010; Berges and
Rowan 2011; Sato et al. 2011; Zeisel et al. 2011;
Melican et al. 2013).

The generation of humanized mice requires
genetic modifications that render mice receptive
to the engraftment of human tissues, hemato-
poietic stem cells, or peripheral blood mononu-
clear cells. These may include a scid (severe
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combined immunodeficiency) mutation, which
results in sensitivity to radiation and impaired
B- and T-cell maturation, a NOD (nonobese
diabetic) mutation, which confers reduced nat-
ural killer (NK) cell activity and additional in-
nate immune defects, and targeted mutation of
the Il2rg (interleukin-2 receptor g-chain) locus,
which results in severe impairment of T, B, and
NK cell development (Shultz et al. 2007; Ber-
nard et al. 2008; Brehm et al. 2010). A combi-
nation of mutations is required to support high
levels of foreign cell engraftment, and transgenic
human cytokine expression may enhance the
subsequent survival, development, and differ-
entiation of human cells in the murine host
(Manz 2007). Followingg-irradiation of immu-
nodeficient mice at birth, human cells or tissues
may be introduced at various sites, such as the
blood, liver, heart, peritoneal cavity, bone mar-
row, or kidney.

Despite their severe deficiencies in both in-
nate and adaptive immunity, NOD-scid IL2rgnull

mice are completely resistant to S. Typhi admin-
istered by intraperitoneal inoculation. However,
engraftment with human hematopoietic stem

cells, to create hu-SRC-SCID mice, renders the
animals susceptible to progressive lethal infec-
tion (Fig. 2) (Libby et al. 2010). This suggests
that S. Typhi requires human hematopoietic
cells to proliferate and cause progressive infec-
tion in vivo. The pathology observed in hu-
SRC-SCID mice infected with S. Typhi resem-
bles human typhoid in a number of respects,
including hepatic Kupffer cell swelling and
splenic granulomatous inflammation with epi-
thelioid macrophages and multinucleated giant
cells (Mallory 1898; Ayhan et al. 1973; Bharad-
waj et al. 2009). Elevated serum levels of the
cytokines IL-6, IFN-g, and TNF-a are also ob-
served, as in patients with typhoid fever (Butler
et al. 1993; Keuter et al. 1994). Engraftment of
human hematopoietic stem cells into a different
mouse background, Rag2 IL2rgnull mice, has
also been shown to render mice susceptible to
S. Typhi infection. However, although the hu-
manized Rag2 IL2rgnull mice show high organ-
ism burdens indicative of bacterial replication,
their infections do not appear to be as lethal as
those observed in hu-SRC-SCID mice (Song
et al. 2010; Firoz Mian et al. 2011). It is not clear

Umbilical cord blood

Human stem cells

CD34+ Engrafted hu-SRC-SCID mouse

Salmonella typhi

Fatal typhoid fever

No illness

Irradiated newborn
NOD-scid IL2rynull

mouse pups

Control nonengrafted
NOD-scid IL2rynull

mouse

X

Figure 2. Humanized mouse model of typhoid fever. Newborn immunodeficient NOD-scid IL2rgnull mice are
irradiated before transplantation of human CD34þ hematopoietic stem cells from T-cell-depleted umbilical
cord blood. Engrafted mice that have been repopulated with human SCID repopulating cells (hu-SRC) are now
susceptible to lethal systemic infection with the human-adapted pathogen Salmonella Typhi.
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whether this is owing to different levels or types
of human cell engraftment, or perhaps to con-
tributions of the NOD mutation to typhoid sus-
ceptibility. Preliminary observations indicate
that at least some S. Typhi virulence determi-
nants are required for virulence in humanized
mice (Libby et al. 2010; Song et al. 2010), and
the production of human antibodies to S. Typhi
was observed in some infected Rag2 IL2rgnull

mice, suggesting that humanized mice may be-
come useful for the preclinical evaluation of ty-
phoid vaccine candidates (Song et al. 2010).
Collectively, these initial observations indicate
that humanized mice can recapitulate certain
aspects of human typhoid and will be useful
to obtain new insights into typhoid pathogen-
esis, host specificity, and immunity.

Despite their considerable promise, human-
ized mice at the present time have a number of
significant limitations for the study of infec-
tious diseases, including cost, various defects
in reconstituted immunity (including mucosal
immunity in the intestinal tract), mouse-to-
mouse variability, and graft-versus-host disease.
Further refinements to optimize engraftment
can be anticipated as humanized mouse models
continue to be developed and refined.

CONCLUSIONS

Importance of Understanding Pathogen
Host Specificity

Host specialism represents an avenue of evo-
lutionary development that takes a pathogen
down an irreversible path of adaptation to a spe-
cific host. Specialism may be viewed as a gambit
by the pathogen, in which exploitation of a spe-
cific niche is achieved at the potential expense of
a trade-off in versatility (Bäumler et al. 1998).
The extinction of the host can now result in the
elimination of the pathogen as well. Yet the sub-
stantial number of host-specific pathogens at-
tests to the fact that the benefits of this strategy
can outweigh the risks. For the researcher, host
specificity provides a valuable opportunity to
study the complexities of coevolution between
two organisms whose fates have become inextri-
cably intertwined.

Crossing the Species Barrier

Another important reason to understand the
basis of host specificity is that host barriers
are relative, not absolute. Zoonotic pathogens,
which are able to overcome the species barrier to
infect humans, comprise a majority of the
emerging and reemerging microbial challenges
that afflict mankind (Taylor et al. 2001; Wool-
house et al. 2001). By exploring the mechanistic
basis of specialism, one can gain essential in-
sights into the pathogenesis of human-specific
infections and anticipate future threats from
pathogens waiting to make the species jump.
As the playwright Arthur Miller wrote, “You
specialize in something until one day you find
it is specializing in you” (Miller 1968).

ACKNOWLEDGMENTS

The authors acknowledge research support from
the National Institutes of Health (AI39557,
AI40124, AI44170, AI44486, AI76246, AI77629,
AI88122, AI91966, and AI96528).

REFERENCES

Achtman M, Zurth K, Morelli G, Torrea G, Guiyoule A,
Carniel E. 1999. Yersinia pestis, the cause of plague, is a
recently emerged clone of Yersinia pseudotuberculosis.
Proc Natl Acad Sci 96: 14043–14048.

Altmeyer RM, McNern JK, Bossio JC, Rosenshine I, Finlay
BB, Galan JE. 1993. Cloning and molecular characteriza-
tion of a gene involved in Salmonella adherence and in-
vasion of cultured epithelial cells. Mol Microbiol 7: 89–98.

Anderson RM, May RM. 1982. Coevolution of hosts and
parasites. Parasitology 85: 411–426.

Ayhan A, Gokoz A, Karacadag S, Telatar H. 1973. The liver in
typhoid fever. Am J Gastroenterol 59: 141–146.

Barrow PA, Huggins MB, Lovell MA. 1994. Host specificity
of Salmonella infection in chickens and mice is expressed
in vivo primarily at the level of the reticuloendothelial
system. Infect Immun 62: 4602–4610.

Barthel M, Hapfelmeier S, Quintanilla-Martinez L, Kremer
M, Rohde M, Hogardt M, Pfeffer K, Russmann H, Hardt
WD. 2003. Pretreatment of mice with streptomycin pro-
vides a Salmonella enterica serovar Typhimurium colitis
model that allows analysis of both pathogen and host.
Infect Immun 71: 2839–2858.
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Jiménez-Dı́az MB, Mulet T, Viera S, Gómez V, Garuti H,
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