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The emergence of new pathogens and the exploitation of novel pathogenic niches by bacteria typically require the horizontal
transfer of virulence factors and subsequent adaptation—a “fine-tuning” process—for the successful incorporation of these fac-
tors into the microbe’s genome. The function of newly acquired virulence factors may be hindered by the expression of genes
already present in the bacterium. Occasionally, certain genes must be inactivated or deleted for full expression of the pathogen
phenotype to occur. These genes are known as antivirulence genes (AVGs). Originally identified in Shigella, AVGs have im-
proved our understanding of pathogen evolution and provided a novel approach to drug and vaccine development. In this re-
view, we revisit the AVG definition and update the list of known AVGs, which now includes genes from pathogens such as Sal-
monella, Yersinia pestis, and the virulent Francisella tularensis subspecies. AVGs encompass a wide variety of different roles
within the microbe, including genes involved in metabolism, biofilm synthesis, lipopolysaccharide modification, and host vaso-
constriction. More recently, the use of one of these AVGs (lpxL) as a potential vaccine candidate highlights the practical applica-
tion of studying AVG inactivation in microbial pathogens.

All species evolve over time. The evolution or acquisition of
new genes enhances an organism’s ability to adapt within

novel niches and ultimately augments the organism’s fitness. In
the case of microbial species, exposure to new environments,
competition with other species for limited resources, and the need
to evade predators and/or host immune defenses all contribute to
selective pressures that determine which organism—and, more
importantly, which set of genes—will endure. The rise of antimi-
crobial resistance is a classic example of pathoadaptation. The
horizontal transfer of antibiotic-resistance genes on plasmids or
pathogenicity islands provides many modern-day pathogens an
edge in survival within the clinical setting.

Gene loss can be just as critical to microbial survival as gene
acquisition, although less attention has been given to this facet of
the evolutionary process. Most commonly, loss-of-function gene
mutations result from bacterial adaptation to a more specific
niche. As certain gene products or pathways become superfluous
in this new environment, neutral mutations are allowed to accu-
mulate in unnecessary genes with negligible consequences on
bacterial fitness. In the earliest stage of this reductive evolution,
organisms start to accumulate pseudogenes in unnecessary path-
ways, although they still retain the majority of the genes necessary
for a free-living bacterium. Next, at an intermediate stage in re-
ductive evolution, all or many of the superfluous genes become
inactivated but the nonfunctional remnants of these genes still
persist. At this stage, the expression of such pseudogenes may
already be in a state of erosion. The intermediate stage of reductive
evolution can be observed in specific niche-adapted organisms
known to boast a high frequency of pseudogenes, such as Shigella
flexneri, Salmonella enterica, and Yersinia pestis (11, 39, 54). Over
time, regions no longer encoding functional genes may be gradu-
ally eliminated from a bacterial genome (37). At the final stage of
reductive evolution, bacteria possess considerably smaller ge-
nomes than their predecessors and few pseudogenes, indicating
that they are reaching the end of this evolutionary pathway (29).
Such final stage organisms include endosymbionts and obligate
intracellular pathogens, such as Buchnera, Mycobacterium leprae,

and Chlamydia trachomatis, which have adapted to scavenge key
nutrients from their hosts rather than directly synthesize sub-
strates and have accordingly lost numerous biosynthetic pathways
(8, 30, 47, 48).

A second evolutionary force driving gene loss also occurs in
microbial pathogens. The concept of antagonistic pleiotropy pro-
poses that a gene whose expression was advantageous in one en-
vironment may be detrimental in another environment (10).
Consequently, niche adaptation requires selection for and against
traits to optimize pathogen fitness in the new environment. As
virulence is a critical factor in the continued survival of host-
restricted pathogens, the expression of any gene that interferes
with virulence will be detrimental to the pathogen’s fitness. Adap-
tation to any newly acquired virulence factors may require selec-
tion against these detrimental genes in order to maintain an or-
ganism’s fitness. This concept is known as antivirulence (31). An
antivirulence gene (AVG) is a gene whose expression in a patho-
gen is incompatible with the virulence of that pathogen (see Table
2). Therefore, an AVG must be inactivated, deleted, or differen-
tially regulated to prevent its expression from interfering with the
pathogen’s virulence.

In this review, we highlight the AVGs that have been described
since the last comprehensive review (31) and present a list of
known AVGs (Table 1). These include not only AVGs that were
lost as a result of commensal-to-pathogen evolution, such as in the
case of Escherichia coli to Shigella, but also during pathogen-to-
pathogen evolution, as in the case of Yersinia pseudotuberculosis to
Yersinia pestis. While we limit our discussion to AVG discoveries
in bacterial species, antivirulence has the potential to occur in
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other pathogens, such as parasites, although the genetic complex-
ities of these organisms make AVGs more difficult to identify.

WHAT IS (AND WHAT IS NOT) AN AVG

Before reviewing the most recent additions to the AVG list, we
must first correct some common errors made in the classification
of such genes (Table 2). First, virulence suppressors or regulators
are not AVGs. The term “hypervirulent” is often used to describe
a strain that exhibits a significant increase in virulence compared
to either the parental wild-type strain or related strains within the
same species. Such an increase in virulence may be due to the
functional loss of one or more genes, and this phenomenon has
been documented in wild-type strains or discovered through ge-
netic manipulation of strains within the laboratory (3, 26, 44).
However, such genes are still functional in either the majority of
wild-type strains within the same species or, in the case of lab-
induced hypervirulence, in the parent wild-type strain and there-
fore do not fit our criteria for AVGs. Instead, these genes are best
defined as regulators of virulence or virulence suppressors.

Second, AVGs must have originally been both widely present
and functional in the ancestral species. ompT, previously charac-
terized as an AVG in Shigella, presents an example of the difficul-
ties in applying this criterion (38). OmpT, a surface protease, de-
grades the bacterial protein IcsA, consequently inhibiting Shigella
cell-to-cell spread. ompT is situated within the DLP12 cryptic
lambdoid-like prophage, just downstream of the gene envY. This
prophage is carried by most, but not all, lineages of E. coli (109/144
strains in the EcoCyc database carry ompT; data retrieved on 11
July 2012, EcoCyc version 16.1) (27). None of the sequenced Shi-
gella strains carry the DLP12 cryptic prophage at this position, so

we cannot say with certainty that all or indeed any of the ancestral
Shigella strains ever had, and subsequently lost, ompT. Although
we tentatively label ompT as a Shigella AVG, the inclusion of ompT
in this category remains debatable.

There are other obvious difficulties in applying this second
criterion. In certain cases, we simply will not have an extant spe-
cies available to study. In the case of host-restricted Shigella, which
is postulated to have arisen from multiple lineages within free-
living commensal E. coli, evaluation of nutrient requirements
within the host, conserved metabolic pathways, and readily acces-
sible genome sequences make the identification of putative AVG
targets more straightforward. In the absence of a reference species
to compare to the pathogen of interest, it becomes much more
challenging to differentiate putative AVGs from those that were
lost due to reductive evolution.

Finally, any gene that has undergone genetic decay as a result of
close association with the AVG will not be considered an AVG in
its own right. cadA, for example, is the AVG linked to absence of
the lysine decarboxylase system in Shigella. The closely associated
cadB gene, which encodes a lysine-cadaverine antiporter, is also
inactivated in nearly all species. However, the presence of cadB
does not appear to have any effect on virulence alone. With the
loss of functional cadA, the lysine decarboxylase system in Shigella
was lost, and in the absence of any selective pressure to maintain a
functional cadB, mutations were allowed to accumulate in this
gene. However, note that in certain pathways or systems, more
than one gene may be involved in the antivirulence phenotype.
For example, both nadA and nadB of Shigella encode enzymes that
catalyze the synthesis of quinolinic acid, a small-molecule inhibi-
tor of Shigella virulence (42). If either gene is inactivated, the path-

TABLE 1 Known AVGs

Pathogen(s) Gene(s) Process(es) inhibited by presence of functional gene(s) Reference(s)

Shigella/EIEC nadA/nadB T3SS secretion 41, 42
Shigella/EIEC cadA PMN transepithelial migration, ShET1/ShET2 enterotoxin activity,

phagolysosome escape
9, 18, 32, 33

Shigella speG Oxidative stress survival 4
Shigella ompT Stability of IcsA 3
Salmonella lacI Expression of SPI-2 genes 16
Burkholderia pseudomallei araA-araH Virulence in golden Syrian hamster model 36
Yersinia pestis rcsA, nghA Biofilm formation, biofilm stability 14, 15, 49
Yersinia pestis lpxL Protection from host immune response 35
Francisella tularensis subsp. tularensis and holarctica pepO Systemic spread of pathogen 21

TABLE 2 Definition of an AVG

Question Answer

What is an AVG? An AVG is a gene whose expression in a pathogen is incompatible with the virulence of that pathogen. In the pathogen, an AVG is
inactivated, deleted, or differentially regulated so that it cannot interfere with the virulence of that organism.

What is not an AVG? Suppressors. Certain genes, when inactivated under experimental conditions or determined to be nonfunctional in a limited number
of natural isolates, can lead to an increase in virulence, a phenomenon commonly known as hypervirulence.

Genes not functional in the ancestral species. AVGs must have been present in the ancestral species before being inactivated or lost.
As the ancestral strain or species may not always be available for study, the nearest related extant species may be acceptable for
comparison. For example, Shigella species arose from an ancestral E. coli strain and Y. pestis diverged from Y. pseudotuberculosis.
Pseudogene formation (and, consequently, AVG formation) in Shigella and Y. pestis may be studied by comparing their genomes
or phenotypes to the corresponding extant species (E. coli and Y. pseudotuberculosis, respectively).

Genes that have undergone genetic decay due to close association with the known AVG(s). Only that gene which causes the
antivirulence phenotype will be considered the AVG. Once that gene has been lost, other associated genes may become
superfluous in the absence of a fully functional system and may therefore also decay. This process is part of reductive evolution.
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way to quinolinic acid synthesis is lost, so both nadA and nadB are
considered AVGs for Shigella.

THE REPERTOIRE OF AVGs IN BACTERIAL PATHOGENS
Shigella, enteroinvasive E. coli (EIEC), enterohemorrhagic E.
coli (EHEC), and Shiga toxin-producing E. coli (STEC). Shigella
likely arose 35,000 to 270,000 years ago from multiple ancestral E.
coli lineages (40). Although Shigella retains a separate genus and
species classification because of its medical significance, more re-
cent phylogenetic analyses suggest that this pathogen is actually
part of the E. coli pathovar (40).

During its evolution from an extracellular resident of the
mammalian colon to an intracellular pathogen, Shigella acquired a
large 220-kb virulence plasmid which harbors the genes required
for successful invasion, replication, and dissemination inside host
cells, in addition to the induction of the host inflammatory re-
sponse that is critical to the bacterium’s life cycle (46). As the
majority of Shigella virulence factors are plasmid encoded and the
rest are localized to distinct pathogenicity islands, it has been sug-
gested that Shigella evolved from commensal E. coli strains. In
addition to gene acquisition, Shigella accumulated a plethora of
pseudogenes. On average, each strain appears to have lost the
functionality of approximately 200 genes (55). As E. coli remains
the paradigm species for bacterial research and Shigella has so
recently evolved, there is a unique opportunity to study both re-
ductive evolution and antivirulence in Shigella.

EIEC, one of the five classical pathogenic E. coli subtypes,
shares a particularly close relationship with Shigella. EIEC is a
nonmotile facultative intracellular pathogen, harbors the same

220-kb virulence plasmid as Shigella, and is usually grouped with
Shigella as a single pathovar within E. coli (28). Only a few meta-
bolic differences, including mucate and acetate production, sepa-
rate Shigella and EIEC. Many AVGs of Shigella, such as those re-
sponsible for lysine decarboxylase activity and quinolinic acid
synthesis, have also been mutated in or lost from EIEC (6, 41). A
previous review focused on the loss of two AVG-encoded proteins
by Shigella and EIEC, i.e., the surface protease encoded by ompT
and the lysine decarboxylase enzyme encoded by cadA (31). No
new publications have addressed ompT, so we will not discuss that
particular AVG further. Since the last review, several additional
AVGs have been identified in Shigella, including nadA/nadB and
speG (4, 42) (Fig. 1).

The lysine decarboxylase enzyme converts the amino acid
lysine to the polyamine cadaverine. This exchange functions as
one of several acid resistance systems in E. coli. In contrast, a func-
tional lysine decarboxylase system has been uniformly lost by all
Shigella species (1) (Fig. 2A).This system consists of two operons,
cadBA, encoding a lysine/cadaverine antiporter and a lysine decar-
boxylase enzyme, respectively, and cadC, the transcriptional acti-
vator of cadBA. Absence of lysine decarboxylase activity is one of
the classic hallmarks that distinguish Shigella/EIEC from other E.
coli species in the clinical laboratory. A wide variety of different
mutations or deletions have resulted in the loss of cadA, and often
cadB and cadC, by all known Shigella/EIEC species (9). The obvi-
ous convergence of these different Shigella strains is indicative of
strong selective pressure against the cadA locus.

The expression of functional cadA in wild-type Shigella or ex-

FIG 1 Inhibition of pathogenesis in Shigella. Pathogenesis phenotypes interrupted by Shigella AVGs. The product of the lysine decarboxylase reaction,
cadaverine, inhibits ShET1/ShET2 enterotoxin activity (part 1), phagosome escape (part 4), and PMN transepithelial migration (part 6). Another small molecule,
quinolinic acid, is the product of the nadA/nadB enzymatic reactions and inhibits both Shigella invasion (part 3) and intracellular spread (part 5). Inactivation
of speG, which encodes the spermidine acetyltransferase, allows spermidine to accumulate within the phagosome and ultimately promotes bacterial survival in
the macrophage (part 2). OmpT, an outer membrane protease, cleaves IcsA from the bacterial surface, preventing actin tail polymerization and inhibiting
cell-to-cell spread (part 5).
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posure to physiologically relevant levels of the exogenous end
product, cadaverine, results in the disruption of ShET1/ShET2
enterotoxin activity, inhibition of polymorphonuclear leukocyte
(PMN) transepithelial migration, and blockage of bacterial
phagosome escape, all of which are critical contributors to Shigella
virulence inside the host (18, 32, 33). The mechanism(s) of action
of cadaverine with regard to the inhibition of Shigella virulence,
although under investigation, remains unknown.

Although approximately 90% of E. coli species encode a func-
tional lysine decarboxylase system, the cad operon has also been
inactivated in or lost by certain strains of EHEC and STEC. The
reconstitution of a functional lysine decarboxylase system in these
strains decreases their ability to adhere to host cells (52, 53). In
these studies, the increased adherence seen in cadA-negative
strains appears to be the result of increased expression of the outer
membrane adhesin intimin, although the exact mechanism of ac-
tion is not yet clear. This phenomenon, while not considered an-
tivirulence, suggests that the lysine decarboxylase system plays an
important role not only in acid tolerance in E. coli but also in the
regulation of numerous virulence factors of both Shigella and E.
coli. Although cadA is currently not inactivated across all EHEC
and STEC strains, which precludes the classification of cadA as an
AVG in these organisms, these events may define a case of evolu-
tionary transition. If selective pressure to lose this locus continues,
the cadA gene may eventually be considered an AVG in these
pathogens.

In order for E. coli to synthesize nicotinic acid mononucle-
otide, a precursor of the essential coenzyme NAD, the enzymes
L-aspartate oxidase (encoded by nadB) and quinolinate synthetase
A (encoded by nadA) are required. In contrast, Shigella has a strict
nutritional requirement for nicotinic acid for growth on minimal
media, suggesting that Shigella relies on a salvage pathway for
NAD (20). When the sequences of genes required for de novo NAD

synthesis in E. coli were compared to the Shigella genome, it
quickly became apparent that all Shigella species have inactivated
nadA, nadB, or both genes (41, 42). These inactivations take the
form of multiple amino acid substitutions, complete or partial
deletions of nadA or nadB, or insertion sequence (IS) elements
interrupting either or both genes. The wide variety of different
genetic alterations utilized by Shigella to inactivate these genes
suggests that there was strong selective pressure to lose this part of
the NAD pathway. To compensate, Shigella bypasses this early
block in the pathway by importing exogenous nicotinic acid and
converting it to the NAD precursor nicotinic acid mononucle-
otide through the actions of nicotinate phosphoribosyltransferase
(42) (Fig. 2B).

Prunier et al. showed that one of the intermediates in the de
novo synthesis pathway, quinolinic acid, attenuates both Shigella
invasion and intracellular dissemination, in addition to blocking
PMN transepithelial migration (42). The secretion of Shigella type
III secretion system (T3SS) effectors, such as IpaB and IpaC, is
greatly decreased in the presence of quinolinic acid, suggesting
that inadequate secretion of Shigella effectors most likely contrib-
utes to these phenotypes. Interestingly, this inhibition is limited to
the Shigella T3SS. Other organisms with a T3SS, such as Salmo-
nella enterica, enteropathogenic E. coli, or Y. enterocolitica, do not
exhibit virulence inhibition in the presence of quinolinic acid. The
exact mechanism of quinolinic acid inhibition upon Shigella vir-
ulence is not yet known.

Finally, the ability to acetylate another polyamine, spermi-
dine, has also been lost in the evolution of E. coli to Shigella (4).
Barbagallo and colleagues utilized a particularly novel ap-
proach in an attempt to locate new Shigella AVGs. Working on
the hypothesis that the transcriptional activators of the major
virulence plasmid, such as VirF, might also incidentally acti-
vate other genes on the E. coli chromosome, they conducted a

FIG 2 Metabolic pathways lost in Shigella. Compounds or enzymes still present in Shigella are marked in black; those that have been lost are marked in red. (A)
Lysine decarboxylation. (B) Biosynthetic and salvage NAD pathways. (C) Spermidine metabolism.
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global transcriptional analysis to identify VirF-activated E. coli
genes and then determined whether or not those genes were
correspondingly inactivated in Shigella. Genes that were turned
on in E. coli by VirF but were functionally lost in Shigella were
identified as putative AVGs. One of the genes identified via this
method was speG, which encodes a spermidine acetyltrans-
ferase that transfers an acetyl group onto the polyamine sper-
midine to produce N-acetylspermidine (Fig. 2C).

speG is inactivated in all Shigella lineages through a startling
number of missense mutations, IS insertions, and complete dele-
tions of speG (4). Unlike loss of the lysine decarboxylase system,
loss of speG was not designed to prevent the synthesis of an inhib-
itory end product. Instead, Shigella likely inactivated or lost this
enzyme because the pathogen actually requires increased amounts
of the substrate, spermidine, for intracellular survival. Therefore,
the blockage of any pathway that metabolizes this polyamine
would be favored by the emerging pathogen.

In wild-type strains from each of the four Shigella species (S.
flexneri, S. boydii, S. sonnei, and S. dysenteriae), absence of func-
tional SpeG prevents spermidine metabolism and, correspond-
ingly, spermidine levels are significantly higher in wild-type Shi-
gella than in wild-type E. coli. When the active speG gene in E. coli
is replaced with the inactive speG gene from S. dysenteriae, sper-
midine levels rise to the levels seen in the wild-type Shigella strains
(4). Increased spermidine levels correlate with increased survival
in response to oxidative stress, such as exposure to hydrogen per-
oxide in macrophages, which is particularly critical to this mi-
crobe’s pathogenesis. In the early stages of infection, Shigella is
taken up by macrophages, where it survives and eventually escapes
the unfavorable conditions of the phagosome, which include re-
active oxygen species such as superoxide and hydrogen peroxide.
Ultimately, the pathogen induces pyroptosis of the host macro-
phage to invade neighboring epithelial cells (50).

In a mouse macrophage model, wild-type Shigella is able to
outcompete the same Shigella strain expressing the active speG
gene from E. coli (4). Taken together, these data suggest that the
accumulation of spermidine may be critical for Shigella intracel-
lular survival in vivo, and loss of a functional speG gene was crucial
for Shigella pathoadaptation to its new host niche. Although the
mechanism for this survival is not yet clear, Barbagallo and col-
leagues (4) determined that in the presence of increased spermi-
dine, the expression of katG also rose. The hydroperoxidase en-
coded by katG is critical for antioxidant defense in bacteria. Its
expression is mediated by the OxyR stress response which is in-
duced in the presence of polyamines such as spermidine. Thus,
spermidine-mediated induction of OxyR may account for the in-
creased macrophage survival seen in wild-type Shigella. Taken to-
gether, these data support the identity of speG as an AVG in Shi-
gella.

SALMONELLA

E. coli and Salmonella diverged from a common ancestor approx-
imately 100 million years ago (12). The genus Salmonella com-
prises two main species: Salmonella enterica, which includes the
serovars Typhi, Typhimurium, and Enteritidis; and Salmonella
bongori, a closely related species that infects cold-blooded animals.
It has been postulated that these two species diverged approxi-
mately 25 to 40 million years ago and that subsequent develop-
ment of S. enterica ultimately required the acquisition of new vir-
ulence factors by lateral gene transfer (5). Among these, S. enterica

obtained SPI-2, a chromosomally located pathogenicity island
that contains the genes necessary for intracellular survival and
replication.

One of the characteristics that distinguish E. coli and Salmo-
nella is the ability of E. coli to ferment lactose, while Salmonella is
traditionally thought of as a nonfermenter. Paradoxically, both
organisms thrive in the human gut, where dietary lactose is readily
available as an energy source. It is unknown if the ancestral lineage
that gave rise to both E. coli and Salmonella was a lactose fermenter
or if this ability was obtained only by E. coli after the divergence of
these two organisms.

In E. coli, the lac system contains four genes, three of which are
located in an operon, i.e., lacZ (�-galactosidase), lacY (lactose per-
mease), and lacA (transacetylase). The fourth gene, lacI, encodes
the lac operon repressor and negatively regulates the system under
lactose-depleted conditions.

Although the majority of Salmonella strains are unable to fer-
ment lactose, there have been isolated reports of strains that can
do so (34). Upon closer inspection of the lactose-fermenting Sal-
monella strains, it was determined that the functional lacZYA
genes in these particular strains are likely carried on transmissible
plasmids rather than in the chromosome (16). Furthermore, the
vast majority of these strains lack lacI. The only known S. enterica
strain (ST-2) that synthesizes a functional LacI protein has de-
creased repression efficiency (17). S. bongori also appears to be
undergoing loss of the lac system; of the four genes, only lacI and
lacZ are present, and transcriptional analysis suggests that lacI, at
least, is a pseudogene (16).

Eswarappa and colleagues introduced a fully functional lacI
gene into Salmonella to study its effect on pathogenicity. When
lacI is expressed in S. enterica lacking a functional lac operon,
bacterial virulence is significantly reduced in a murine typhoid
fever model compared to that in the wild-type parent (16). More-
over, although the bacteria expressing lacI are able to invade as
well as their wild-type parent, they lack the ability to proliferate
inside murine macrophages, suggesting that the expression of lacI
interferes with postinvasion events. A microarray analysis re-
vealed that several genes of the SPI-2 pathogenicity island, which
harbors a T3SS thought to be critical in the assembly of the Sal-
monella-containing vacuole, are downregulated in the presence of
functional lacI. These downregulated genes include ssaK, which
encodes a T3SS apparatus protein; sseB, which encodes a T3SS
effector that makes up part of the SPI-2 translocon; and spiC,
which encodes a T3SS effector essential for the SPI-2-mediated
secretion of SseB, SseC, and SseD (24, 56).

Although the exact mechanism of action has yet to be eluci-
dated, the ability of LacI to bind operator sequences is not re-
quired for the AVG phenotype, suggesting that LacI does not
function as a direct repressor to downregulate these genes. In-
stead, it is possible that LacI may inhibit the expression of these
genes via protein-protein interactions with other transcription
factors. The functional consequence of the downregulation of
these T3SS genes for bacteria residing in the macrophage vacuole
is decreased survival, which ultimately marks lacI as an AVG of
Salmonella.

YERSINIA

Yersinia pestis, the agent of bubonic and pneumonic plague, ex-
ploits a flea vector for its mammalian host transmission cycle. In
contrast, the closely related species Y. pseudotuberculosis, which is
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a much milder enteric pathogen in humans, is transmitted
through the fecal-oral route and (like Y. pestis) preferentially in-
fects lymphoid tissue. Despite drastic differences in the mode of
transmission, these species share at least 97% genetic identity, and
an ancestral Y. pseudotuberculosis strain is believed to have given
rise to Y. pestis (1, 7). Intriguingly, the evolution of Y. pseudotu-
berculosis to Y. pestis has affected only a few genes (22). The acqui-
sition of new genes by Y. pestis has been well documented and
includes the horizontal transfer of two plasmids, pPCP1 and
pMT1, which are vital for bacterial dissemination and flea vector
survival, respectively (57).

Loss-of-function mutations have also played a significant role
in the evolution of Y. pestis from Y. pseudotuberculosis. Approxi-
mately 200 genes are inactivated in Y. pestis, according to a ge-
nome comparison with Y. pseudotuberculosis (7). Notably, Y. pestis
lost genes whose products repress biofilm synthesis (rcsA) and
enhance biofilm degradation (nghA), underscoring the impor-
tance of biofilm stability in this pathogen’s lifestyle. Furthermore,
Y. pestis has also lost lpxL, a gene that encodes an acyltransferase
that modifies bacterial lipopolysaccharide (LPS). In the absence of
this protein, the bacteria are unable to stimulate host Toll-like
receptor 4 (TLR4), which plays a critical role in pathogen evasion
of the host immune response (Fig. 3).

Y. pestis must generate a specialized hms-dependent biofilm
over the spines of the proventriculus of the flea in order to opti-

mize the low efficiency of transmission from flea to mammalian
host (22). Even in the preferred vector, Xenopsylla cheopis, the
transmission rate of infected fleas only reaches around 50% and
biofilm formation across the proventriculus is considered a re-
quirement for even this relatively low rate (22). Not only does an
extracellular matrix permit the bacteria to aggregate and adhere to
midgut epithelial cells, the biofilm also blocks ingested food from
entering, ultimately starving the flea. As the flea attempts, unsuc-
cessfully, time and time again to feed and sate its appetite, the
frequency of new host bites rises and, correspondingly, the prob-
ability of bacterial transmission increases. Not surprisingly,
blocked fleas transmit Y. pestis at a much higher rate than their
unblocked counterparts do (23).

Because of the critical role biofilm formation plays in Y. pestis
transmission, genes that function in biofilm breakdown or nega-
tively regulate biofilm synthesis would conflict with the ability of
Y. pestis to pass from vector to host. Two biofilm-associated
genes—rcsA and nghA—are inactivated in all known Y. pestis
strains and fit the criteria for Y. pestis AVGs (14, 49).

rcsA is a negative regulator of biofilm synthesis (49). RcsA, an
accessory protein for the Rcs histidine kinase bacterial phospho-
relay system, increases the repression activity of RcsB, a DNA-
binding protein involved in the negative regulation of biofilm syn-
thesis genes. Loss of functional RcsA decreases the binding
stability and repressor activity of RcsB, which is unable to fully
repress biofilm synthesis independently.

In 2008, Sun and colleagues determined that expressing the
functional Y. pseudotuberculosis rcsA gene in a wild-type Y. pestis
background not only abolished in vitro biofilm formation but also
significantly decreased flea blockage in vivo (49). In contrast, when
the reciprocal experiment was performed and the functional rcsA
gene in Y. pseudotuberculosis was replaced with the Y. pestis pseu-
dogene, the resulting strain was able to form biofilms in a C.
elegans model, unlike its wild-type parent. The presence of a func-
tional RcsA protein inhibits biofilm formation, which would be
incompatible with the Y pestis lifestyle in the flea. rcsA, therefore, is
an AVG for Y. pestis.

The most common inactivating mutation of rcsA is a 30-bp
duplication insertion midway through the reading frame that not
only has been verified in the main subspecies, Y. pestis subsp. pes-
tis, but is also suspected to be prevalent in all other subspecies (Y.
pestis subsp. caucasica, altaica, hissarica, and ulegeica) (15). This
result suggests that inactivation of rcsA likely occurred early in Y.
pestis evolution, possibly as a result of considerable selective pres-
sure upon the bacteria to inactivate rcsA and allow for biofilm
formation in order to enhance transmission from the flea. The
only other known mutation of rcsA in Y. pestis occurs in the strain
Antiqua, which lacks the characteristic 30-bp insertion but instead
carries a 1.2-kb putative transposase gene inserted midway
through the reading frame. Although the functionality of this in-
terrupted Antiqua rcsA has not yet been experimentally deter-
mined, it is probably inactive.

The loss of a biofilm degradation mechanism also appears to
contribute to the ability of Y. pestis to form biofilms in the flea. Y.
pestis extracellular matrix formation in the midgut of the flea is
dependent on the expression of hms genes, which synthesize a
poly-�-1,6-N-acetyl-D-glucosamine biofilm (14). nghA (formerly
chb) encodes an active glycosyl hydrolase in Y. pseudotuberculosis.
In one of the Y. pestis strains tested by Erickson and colleagues, no
�-hexosaminidase activity was detected, suggesting that the Y. pes-

FIG 3 Inhibition of pathogenesis in Yersinia. nghA and rcsA encode proteins
that inhibit biofilm formation in Yersinia: NghA directly degrades formed
biofilm, and RcsA increases the repression ability of RcsB, an inhibitor of
biofilm formation. Inactivation of these genes allows Yersinia to form a biofilm
on the proventriculus of the flea, enabling bacterial transmission. LpxL medi-
ates hexa-acetylation of lipid A on bacterial LPS, thus activating TLR4 and
stimulating the host immune response to this pathogen. Loss of lpxL in all
sequenced Y. pestis isolates leads to increased pathogen evasion of host innate
immune defenses.
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tis nghA protein is nonfunctional. An 11-bp deletion early in the Y.
pestis nghA gene leads to a premature stop codon, likely resulting
in a truncated and nonfunctional protein product. This inactivat-
ing mutation appears to be conserved in all Y. pestis lineages, while
Y. pseudotuberculosis strains retain full-length nghA.

When a functional nghA gene from Y. pseudotuberculosis is
expressed in Y. pestis, the resulting product is able to cleave
�-linked N-acetylglucosamine residues from the HMS-dependent
extracellular matrix, ultimately destabilizing formed biofilms
(14). Correspondingly, although this strain colonizes the midgut,
similar to Y. pseudotuberculosis, biofilm formation on the flea
proventriculus is markedly decreased. These experiments suggest
that Y. pestis has adapted to its flea vector by selecting against the
gene responsible for degradation of the extracellular matrix.

In addition to differences in the ability to form biofilms, Y.
pestis and Y. pseudotuberculosis also exhibit another striking dis-
similarity: Y. pestis lacks the ability to convert its LPS lipid A from
tetra-acylated to hexa-acylated (35). Hexa-acylation, a posttrans-
lational modification of the lipid A subunit of bacterial LPS, is
critical to provoking a potent immune response through interac-
tions with CD14 and TLR4 on the host cell surface. Because of this
deficit in lipid A hexa-acylation, infection with Y. pestis induces
only a weak innate immune response and ultimately gives the
bacteria a direct survival advantage in vivo. In contrast, Y. pseudo-
tuberculosis displays hexa-acylated lipid A at the host temperature
of 37°C and produces an LPS capable of activating TLR4 (45).

Hexa-acylation of lipid A is carried out by two proteins, LpxL
and LpxP. LpxL is a lauroyl acyltransferase that attaches secondary
acyl chains to the tetra-acylated lipid A subunit (43). The lpxL
gene is completely absent from all sequenced strains of Y. pestis
(35). LpxP, an acyltransferase produced by Y. pestis, is active ex-
clusively under cold shock conditions and cannot rescue hexa-
acylation in an lpxL mutant at normal host temperatures (43).

When Montminy and colleagues expressed a functional lpxL
gene from E. coli in a wild-type Y. pestis strain, the bacteria strongly
activated human peripheral blood mononuclear cells compared
to the wild-type strain, as evidenced by an increase in tumor ne-
crosis factor (TNF), interleukin-6 (IL-6), and IL-8 from these host
cells (35). In a mouse model, the wild-type strain predictably re-
sulted in 100% mortality, while the strain expressing lpxL did not
result in any noticeable signs of disease. Mice infected with the
latter strain had significantly lower spleen bacterial titers, in addi-
tion to increases in TNF levels and the appearance of liver micro-
abscesses, indicative of a robust immune response. This host pro-
tection was TLR4 dependent, as TLR4-deficient mice infected
with the strain expressing lpxL succumbed to infection. Conclu-
sively, it was demonstrated that when the lipid A of Y. pestis un-
dergoes hexa-acylation, the immune system is able to effectively
recognize and mount an appropriate immune response against
the infection. To optimize pathogenesis and increase evasion of
host immune responses, Y. pestis deleted lpxL, which joins rcsA
and nghA as a Y. pestis AVG.

Montminy and colleagues proposed that this new AVG might
be a potential vaccine candidate and successfully tested this hy-
pothesis in a mouse model of infection. Mice infected with the Y.
pestis strain expressing lpxL were completely protected against a
challenge with wild-type Y. pestis at least 40 days postinoculation
(35). This utilization of an AVG demonstrates the powerful po-
tential for practical application of such studies and further illus-

trates the significance of continuing to search for other AVGs in
bacterial pathogens.

FRANCISELLA TULARENSIS

The genus Francisella, composed of several facultative, intracellu-
lar zoonotic pathogens, is traditionally divided into two species, F.
philomiragia and F. tularensis (51). F. philomiragia is a pathogen of
muskrats and fish, though it may rarely cause disease in immuno-
compromised humans. Both the virulence and the transmission of
this organism are poorly understood (25). F. tularensis is further
split into four main subspecies, F. tularensis subsp. tularensis,
holarctica, mediasiatica, and novicida.

F. tularensis subsp. tularensis (also known as F. tularensis type
A), the most virulent subspecies of this subset, infects a broad
mammalian host range and is most commonly spread via a wide
variety of arthropod vectors, although less common routes of in-
fection may include aerosolization and direct contact with in-
fected animal meat (13). In humans, infection manifests itself as a
potentially fatal ulceroglandular or pneumonic tularemia. Strains
of F. tularensis subsp. holarctica (also known as F. tularensis type
B) also infect healthy individuals but are only moderately virulent
compared to strains of F. tularensis subsp. tularensis. F. tularensis
subsp. mediasiatica and F. tularensis subsp. novicida, in contrast,
typically occur only as human pathogens in immunocompro-
mised individuals. On the basis of phylogenetic analysis, F. tular-
ensis subsp. novicida likely branched first from an ancestral Fran-
cisella lineage, followed by F. tularensis subsp. tularensis and F.
tularensis subsp. mediasiatica, which likely diverged at around the
same time. F. tularensis subsp. holarctica, which branched last, is
thought to be the most recent subspecies to emerge (51).

F. tularensis subsp. novicida PepO is an M13 zinc metallopro-
tease that cleaves the neuropeptide met-enkephalin in vitro (21).
This secreted metalloprotease is an orthologue of the mammalian
enzyme ECE-1, which cleaves proendothelin into the potent
vasoconstrictor endothelin. PepO proteins from other bacterial
species, including those of the genera Streptococcus and Porphy-
romonas, have been shown to mimic the activity of the host vaso-
constrictor and may, in fact, represent lateral gene transfer be-
tween eukaryotes and prokaryotes (2, 19). Strains of F. tularensis
subsp. tularensis, F. tularensis subsp. holarctica, and F. tularensis
subsp. mediasiatica have all lost the ability to secrete an active
PepO (21).

pepO is secreted from F. tularensis subsp. novicida via a modi-
fied type 4 pilus (T4P), a system that in Francisella is postulated to
act as a means of secreting proteins rather than as an actual pilus
structure (21). When pilC, an inner membrane protein essential
for T4P assembly, is deleted from F. tularensis subsp. novicida, the
resulting mutant has significantly higher lethality in a mouse
model of infection than its wild-type parent does. The bacterial
burden in the spleen of mice infected with the mutant is corre-
spondingly higher, leading to the hypothesis that bacterial spread
from the initial site of infection is hindered. Because of the pre-
dicted function of PepO, a pepO mutant was constructed and
tested in the mouse model to determine if T4P-secreted PepO was
responsible for inhibiting bacterial spread. Strikingly, like the pilC
mutant, the F. tularensis subsp. novicida pepO deletion mutant
displays enhanced lethality in the mouse model, compared to that
of the wild-type parent, in addition to a greater bacterial load in
the spleen (21). In a separate model of disease in which mice are
exposed to aerosolized wild-type or pepO mutant strains, PMN
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influx into the lung is increased in response to mutant but not
wild-type infection. These results suggest that increased vasocon-
striction occurs in the presence of active PepO, as found in wild-
type strains of F. tularensis subsp. novicida, ultimately restricting
both bacterial and PMN spreading. In contrast, loss of functional
PepO in the more virulent Francisella subspecies likely allows bac-
terial dissemination and increased pathogenicity.

Loss or inactivation of pepO in F. tularensis subsp. tularensis
and holarctica stems from multiple mutation events. In F. tularen-
sis subsp. tularensis strains, IS-mediated genomic rearrangements
have replaced the N-terminal secretion signal, likely resulting in
an inability of these strains to secrete PepO (21). In addition, there
are numerous amino acid alterations of F. tularensis subsp. tular-
ensis PepO in comparison with active PepO from F. tularensis
subsp. novicida. The effect these changes have upon protein activ-
ity is unknown. F. tularensis subsp. holarctica strains carry a dif-
ferent IS-mediated genomic rearrangement that also targets the
N-terminal secretion signal. In addition, these strains carry a non-
sense mutation partway through the gene that truncates the pro-
tein and removes the protease domain, likely rendering the pro-
tein inactive (21). F. tularensis subsp. mediasiatica appears to have
undergone the same genetic rearrangement as F. tularensis subsp.
holarctica. The location of the nonsense mutation differs, how-
ever, suggesting that while early rearrangement to hamper the
secretion of this protein was similar in an ancestral strain, actual
inactivation of the gene may have been independent for each spe-
cies. Finally, pepO is absent from the only sequenced F. philo-
miragia genome, suggesting that either this gene has been deleted
from all or certain strains of this species or pepO was never present
in the ancestral progenitor strain.

The inactivation of pepO in the more lethal Francisella subspe-
cies inhibits host vasoconstriction and permits the spread of the
bacteria to systemic sites, allowing pepO to join the list of newly
described AVGs.

IDENTIFICATION OF NOVEL AVGs

The isolation of putative AVGs in a pathogen’s genome is not
necessarily a straightforward process. An increase in the frequency
of pseudogenization within an emerging pathogen could be indic-
ative of both reductive evolution and AVG loss. Genes lost during
adaptation as a consequence of reductive evolution confound the
identification of putative AVGs, and it is likely that the vast ma-
jority of pseudogenes arise from reductive evolution rather than
through AVG loss.

To identify putative AVG candidates, a reference species must
first be defined to allow comparisons with the species of interest. E.
coli, for example, would be classified as an appropriate reference
species for Shigella, as would Y. pseudotuberculosis for Y. pestis. A
thorough genomic analysis of all sequenced strains can be per-
formed to identify pseudogenes that allude to the conserved inac-
tivation of a gene or pathway across the species of interest. Differ-
ent “filters” can be applied following the initial bioinformatics
search, i.e., a phenotypic filter looking for conserved loss of func-
tion across all of the strains of a species, including loss of certain
surface-exposed determinants or altered nutritional needs, a phy-
logenetic filter looking at the function of the gene/pathway in the
reference species, and so on. At this stage, a thorough understand-
ing of the pathogen, the nearest extant species, and any inactivated
gene(s)/pathways is critical to pinpoint any gene(s) that should
have continued to be advantageous to the pathogen following

niche-specific adaptation. This is especially true where no expla-
nation can be given for the loss of a particular gene/pathway. The
lysine decarboxylase system, as an acid resistance system, could be
beneficial to an organism that must survive the acidity of the
stomach and host cell phagosome; why, then, have Shigella strains
universally lost the function of cadA? The detrimental activity of
cadA during Shigella virulence overwhelmed any benefits afforded
by increased acid resistance.

Nevertheless, even this is an imperfect process; the loss of
nadAB in Shigella, for example, could easily have been dismissed
as an example of reductive evolution, as these genes encode en-
zymes in a metabolic pathway that can be bypassed through the
uptake of exogenous nicotinic acid (in contrast, E. coli strains can
encode both biosynthetic and scavenger pathways). Shigella,
therefore, has the ability to steal exogenous nicotinic acid from the
host and might have had no need for a biosynthetic pathway. In
reality, the end product of the nadAB reactions, quinolinic acid,
was inhibitory to Shigella virulence, arguing for positive rather
than neutral selection. Until this phenotype was tested in vitro,
these particular AVGs were not identified.

CONCLUDING REMARKS

Microbial evolution is the result of selection for specific traits that
optimize the organism’s fitness. In the case of pathogens, the ac-
quisition of virulence traits must also correspond to the appropri-
ate integration of those traits into the organism’s current genome.
This may ultimately result in inactivation of AVGs deleterious to
the pathogen’s new virulence factors. Such a fine-tuning process
allows the pathogen to further adapt to its new host niche. It is
likewise important to recognize that inactivation of AVGs can
occur during the evolution of commensals to pathogens, such as
E. coli to Shigella, or even during the evolution of one pathogen
into another, such as Y. pseudotuberculosis to Y. pestis.

In the last few years, several new AVGs have been described in
the literature, increasing not only our repertoire of known AVGs
but also the number of pathogens that harbor these genes (Table
1). An impressively wide variety of different roles are attributed to
AVGs in these organisms, and the current list of AVGs encom-
passes genes involved in metabolism, biofilm synthesis, LPS mod-
ification, lactose regulation, and protease activity, among other
functions.

A more complete understanding of AVGs is vital to compre-
hending the evolution of pathogen virulence. More importantly,
the study of antivirulence may assist in the uncovering of novel
virulence targets and contribute to the development of inhibitors
of those targets. The reintroduction of functional AVGs in their
respective pathogens may prove effective as live-vaccine candi-
dates, as the successful utilization of an lpxL-expressing strain of Y.
pestis has recently demonstrated. Such work supports and high-
lights the importance of continuing the search for new AVGs.
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