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Summary
Pathogens persist in immunocompetent mammalian hosts using various strategies, including
evasion of immune effectors by antigenic variation. Among highly antigenically variant bacteria,
gene conversion is used to generate novel expressed variants from otherwise silent donor
sequences. Recombination using oligonucleotide segments from multiple donors is a
combinatorial mechanism that tremendously expands the variant repertoire, allowing thousands of
variants to be generated from a relatively small donor pool. Three bacterial pathogens, each
encoded by a small genome (<1.2Mb), illustrate this variant generating capacity and its role in
persistent infection. Borrelia burgdorferi VlsE diversity is encoded and expressed on a linear
plasmid required for persistence and recent experiments have demonstrated that VlsE
recombination is necessary for persistence in the immunocompetent host. In contrast, both
Treponema pallidum TprK and Anaplasma marginale Msp2 expression sites and donors are
chromosomally encoded. Both T. pallidum and A. marginale generate antigenic variants in vivo in
individual hosts and studies at the population level reveal marked strain diversity in the variant
repertoire that may underlie pathogen strain structure and the capacity for re-infection and
heterologous strain superinfection. Here, we review gene conversion in bacterial antigenic
variation and discuss the short- and long-term selective pressures that shape the variant repertoire.

Introduction
Propagation of self is the driving force underlying evolution. For obligate parasites, an
infectious agent must be transmitted to new susceptible hosts. The mode and efficiency of
transmission are dictated by multiple factors, including the specific niche within the host, the
growth rate relative to the infectious dose, maintenance of infectivity outside the host, and
availability of new susceptible hosts. At one end of the spectrum, pathogens must rapidly
replicate to an infectious threshold and be transmitted within a narrow window of time prior
to the onset of the adaptive immune response or the pathogen is cleared. Gastrointestinal and
respiratory pathogens are highly represented within this transmission phenotype—rapid
replication linked to induced host responses, e.g. coughing, sneezing, diarrhea, that provide
essentially continuous opportunities for transmission within a brief time span. Among
bacterial pathogens, Vibrio cholera is illustrative: the pathogen replicates rapidly within the
host and the induction of watery diarrhea facilitates contamination of water sources with
spread to new, susceptible hosts prior to immune clearance from the index host. At the
opposite end of the spectrum, persistent pathogens have evolved to replicate to and maintain
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infectiousness in face of an adaptive immune response. Vector-borne and sexually
transmitted pathogens disproportionately represent this phenotype, attributable to the need to
maintain an infectious dose over a long period of time (defined as beyond development of
specific adaptive immunity) as transmission opportunities are episodic rather than
continuous. While the seasonality of arthropod presence and abundance obviously underlies
vector-borne pathogen persistence, the same principles apply to sexually transmitted
pathogens as mating in all mammalian species is periodic and, in many cases (including
primates), can be seasonally restricted. Consequently, these pathogens have evolved
sophisticated mechanisms to subvert or evade the host’s continually adaptive immune
response.

Persistent pathogens use an amazing diversity of immune evasion mechanisms. This micro-
review is centered upon antigenic variation in bacterial pathogens and more specifically on
variants generated by gene conversion (non-reciprocal homologous recombination). In
contrast to RNA viruses in which continual antigenic variation within an individual infected
host occurs primarily through mutation, bacteria most commonly use an existing repertoire
of donor alleles or cassettes for recombination into an active expression site (Fig. 1). The
variant-generating capacity of a specific bacterial pathogen is defined both by the size of the
allelic repertoire and the permissiveness for recombination of segments versus complete
allelic donors. While a large number of bacterial pathogens utilize gene conversion to
continuously generate antigenic variants within an individual infected host, we will focus on
three pathogens, two vector-borne and one sexually transmitted, in order to highlight
specific recent advances and challenges in understanding both mechanism and biological
significance of antigenic variation. The first of these is Borrelia burgdorferi, for which the
vls locus has been definitively shown to be a requirement for antigenic variation and
persistence in the mammalian host—a rigorous criterion that has been met for very few
pathogens. The second is Treponema pallidum for which recent studies have linked specific
segmental tprK gene conversion events with antibody binding and pathogen clearance, and
which emphasize strain differences in variant generation. The third pathogen is Anaplasma
marginale, which illustrates the balance between structural variation in Msp2 that allows
antigenic variation but conserves growth fitness and the consequences at the level of both
the individual host and the host population.

Borrelia burgdorferi VlsE
The multisystemic disorder Lyme disease is the most prevalent vector-borne infection
affecting humans in North America and Europe (Barbour, 2001; Steere et al., 2004).
Causative agents of the disease, the spirochetes Borrelia burgdorferi, B. garinii and B.
afzelii, are transmitted by hard-bodied ticks of the genus Ixodes. Infected ticks transmit
Borrelia to humans during feeding, which can result in a localized infection (erythema
migrans) at the site of the tick bite. Disseminated stages of infection follow that are
characterized by neurological, cardiac, and arthritic manifestations. Infection can last from
months to years due to avoidance of the host immune response, and key to its successful
evasion tactics is recombination at the vls locus located at the telomeric end of a 28-kilobase
linear plasmid, lp28-1 (Norris, 2006; Zhang et al., 1997).

The vls locus is comprised of an expression site (vlsE) encoding the 35 kDa lipoprotein
VlsE, and a contiguous array of 15 silent (unexpressed) cassettes. These cassettes show
strong homology to the central region of VlsE, and contain six variable regions flanked by
highly conserved sequences (Zhang et al., 1997). The vlsE locus and the silent cassettes are
separated by a short intergenic region that contains an inverted repeat sequence capable of
forming a highly stable DNA stem loop (Hudson et al., 2001). The vlsE expression region is
comprised of a central variable cassette that is flanked by constant, or invariable, regions.
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Recombination has been detected as early as four days after infection of mice, and continues
throughout infection (Zhang et al., 1998). The sequence changes primarily occur within the
six variable regions, and VlsE variation occurs to such a degree that each clone examined
from a single mouse skin biopsy can have a different vlsE sequence after only 28 days of
infection (Zhang et al., 1998). A recent elaborate study by Norris and colleagues found that
the vlsE antigenic variation system promotes both short and long recombination events
within each cassette region (Coutte et al., 2009). In addition to gene conversion events,
template-independent changes lead to important sequence variation of vlsE. The end result
of these accumulated changes is a new vlsE sequence with a mosaic structure, and the total
combined potential for sequence variation makes the vlsE switching process one of the most
dynamic antigenic variation systems known. A number of studies have provided strong
evidence implicating the importance of VlsE antigenic variation for B. burgdorferi
persistence. Early work demonstrated that antibodies specific for the variable regions of
VlsE were produced during experimental infection of mice (McDowell et al., 2002), and the
solved three-dimensional structure of VlsE showed that these variable regions are easily
accessible to antibodies, while invariable regions are obscured (Eicken et al., 2002). Despite
the apparent inaccessibility to antibodies, a strong humoral response is mounted against the
conserved regions of VlsE (most notably invariant region 6). In fact, VlsE-based
recombinant proteins or synthetic peptides are used for the immunodiagnosis of Lyme
disease (Bacon et al., 2003; Schulte-Spechtel et al., 2003). The function of VlsE independent
of its antigenic variation properties is not currently known. There have been indications that
VlsE may be involved in tissue tropism, including reports that VlsE production is elevated
during mammalian infection (Liang et al., 2004) with higher levels observed in spirochetes
recovered from joint and skin tissues than from heart tissue (Crother et al., 2003). However,
a recent study has cast doubt on such a role by demonstrating that identical variants can be
located throughout these different tissue sites (Coutte et al., 2009). Interestingly, vlsE
antigenic switching in B. burgdorferi occurs only during mammalian infections, suggesting
that host factor(s) are required to activate the antigenic variation process. More evidence for
the role of the vls system in immune evasion came from studies involving the vls-resident
plasmid, lp28-1 (Labandeira-Rey et al., 2001; Purser et al., 2000). Clones lacking lp28-1
were shown to exhibit an infectivity phenotype whereby spirochetes are able to disseminate
to tissue sites but are unable to persist in the murine host. Notably, these same clones are
capable of long-term survival in severe combined immunodeficient (SCID) mice which lack
an effective antibody response. Lp28-1 minus clones also grow normally in a dialysis
membrane chamber implanted in the peritoneal cavity of rats, where exposure to antibodies
and immune cells is restricted (Purser et al., 2003). Together, these studies provided a strong
indication that lp28-1, and presumably the vls locus, are required for persistence only in the
presence of an effective humoral immune response. Nevertheless, definitive evidence for the
role of VlsE antigenic variation in persistence remained elusive, prior to the recent
generation of a genetic knockout of the vls locus.

The construction of a vls knockout mutant in B. burgdorferi was made possible by a newly
developed technology involving targeted deletion. This method involves integration of a
replicated telomere within a linear plasmid (Bankhead et al., 2007; Beaurepaire et al., 2005;
Chaconas, 2005), and the end result of the internal placement of this DNA site is deletion of
DNA through the action of the Borrelia telomere resolvase, ResT (Chaconas, 2005; Kobryn
et al., 2002). The loss of the vls locus due to telomere-mediated removal resulted in
complete clearance of spirochetes in immunocompetent C3H mice by 21 days post infection
(Bankhead et al., 2007), matching the phenotype observed with the complete loss of lp28-1.
Targeted deletion was also carried out to obtain lp28-1 mutants which would contain mainly
the vls locus and the necessary genes for autonomous replication of the plasmid. Infectivity
experiments showed that these B. burgdorferi clones are fully infectious and persistent in
immunocompetent mice, strongly suggesting that the silent vls cassettes and vlsE are the
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sole lp28-1 components required for spirochete persistence (Bankhead et al., 2007).
Moreover, these mutant clones carried out vlsE recombination in immunocompetent C3H
mice, indicating that factors required for antigenic switching are not carried on lp28-1, but
must be encoded elsewhere. Finally, the vls knockout clones exhibited long-term survival in
SCID mice, consistent with the findings that the lp28-1 plasmid is not required for persistent
infection in the absence of an adaptive immune response (Labandeira-Rey et al., 2003;
Lawrenz et al., 2004; Purser et al., 2003), and confirmed the hypothesis that vls
recombination functions to evade the humoral immune response in the mouse host (Norris,
2006; Zhang et al., 1997). Thus, the generation of the vls deletion mutant offered the first
definitive evidence that VlsE antigenic variation is absolutely crucial for persistent infection
by B. burgdorferi.

Treponema pallidum TprK
Syphilis is a sexually transmitted infection that persists for decades if not treated with
antibiotics. During the early infectious stages of disease, very large numbers of T. pallidum
are found in the ulcerative chancre (primary stage) and in the disseminated rash (secondary
stage). An effective Th1 immune response clears the vast majority of bacteria from skin
lesions through macrophage-mediated phagocytosis and killing of opsonized treponemes,
resulting in resolution of infectious lesions. However, a few organisms escape clearance
(Lukehart et al., 1992) and inapparent infection (“latent” stage) persists for decades. Patients
who have been treated with antibiotics for syphilis can be re-infected multiple times, and the
contribution of the early acquired immune response to protection from re-infection has not
been well-studied. Experimental studies in rabbits have demonstrated that re-infection or
symptomatic superinfection (with heterologous strains) can occur, but varies according to
the strains of T. pallidum (Turner and Hollander, 1957). These results are compatible with
slow development of protective immunity but also with a vigorous mechanism of antigenic
variation.

Clearance of T. pallidum from early lesions is mediated by opsonic antibody, making the
identity of surface-exposed opsonic targets critical to understanding the host-parasite
relationship. TprK (encoded by TP0897) is a member of the T. pallidum repeat (tpr) gene
family, comprised of 12 paralogous members (Fraser et al., 1998; Centurion-Lara et al.,
1999). TprK is the most highly expressed member of the family, induces early humoral and
cellular immune responses, is predicted to be located in the bacterial outer membrane, and is
a target of opsonic antibody (Centurion-Lara et al., 1999). Although there is not uniform
agreement about the outer membrane location of TprK (Hazlett et al., 2001), one of the most
compelling arguments is the impressive variation in the TprK amino acid sequences,
differing not only between strains but also within a strain (Centurion-Lara et al., 2000;
LaFond et al., 2003). Sequence heterogeneity in the single tprK expression site is restricted
to seven discrete variable regions (V1–V7), flanked by highly conserved regions. Each V
region is flanked by terminal four-base pair (bp) repeat sequences, each unique to a given V
region; additional internal four-bp repeat sequences may be shared among more than one V
region (Centurion-Lara et al., 2004). A large collection (>50) of “donor sites”, located in the
flanking regions of tprD, also contain four-bp repeats corresponding to those seen in the
tprK V regions. In a clonal isolate of T. pallidum Chicago strain (Chicago C), tprK
undergoes significant sequence change in the V regions (particularly V6) during infection,
and the proportion of variant treponemes increases as the adaptive immune response
develops. Sequences found in the new variant V regions can be traced to the “donor sites,”
confirming their role as the source. This repertoire can account for ≥105 variant TprK
sequences if full donor alleles replace V regions; however, small segments of the V regions,
rather than full V regions, are recombined resulting in an exponentially higher number of
possible TprK variants containing chimeric or mosaic V region sequences. Similar to B.
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burgdorferi vlsE and A. marginale msp2, tprK V region heterogeneity occurs by segmental
gene conversion (Centurion-Lara et al., 2004).

Variation of TprK strongly suggests a role in immune evasion, supported by the
demonstration that the B cell and T cell epitopes of TprK are segregated, with V regions
containing antibody targets, while the conserved regions contain T cell epitopes (Morgan et
al., 2002). Even a minor change in the amino acid sequence of a V region prevents antibody
binding (LaFond et al., 2006a), thus potentially interfering with opsonization. The real test
of antigenic variation lies in demonstrating that variants have an advantage in the face of
active immunity in vivo. Two recent studies provide direct evidence that TprK variants are
selected by acquired immunity (L. Giacani et al, unpublished). In the first study, prior
immunization of rabbits with a V6 peptide resulted in more rapid accumulation of TprK V6
variants following infection with the parent strain, compared to unimmunized controls or
rabbits immunized with an unrelated V region. In the second study, development of acquired
immunity during early infection was inhibited by pharmacological immunosuppression
(methylprednisolone), as confirmed by absent or lower titers of antibodies and by vastly
diminished interferon-γ expression in the lesions. In immunosuppressed animals, a
significantly lower proportion of V6 sequence variants were seen during the 5 weeks of
immunosuppression, compared to immunocompetent controls in which variants quickly
predominated. These studies clearly demonstrate selection of TprK variants by adaptive
immunity in vivo, paving the way for persistent infection.

Interestingly, the published T. pallidum Nichols strain genome, which is virtually the only T.
pallidum strain studied for the past 30–40 years, contains only a single tprK sequence
(Fraser et al., 1998). The variant nature of tprK was recognized only when its sequence was
determined in additional strains of T. pallidum (Centurion-Lara et al., 2000), emphasizing
the need to examine multiple strains of any pathogen to gain a full understanding of the
host-parasite interaction. Subsequent study of T. pallidum strains has demonstrated that the
rate of sequence variation differs significantly among strains. For example, after 22
sequential passes in rabbits over approximately seven months, the Nichols tprK sequence
remained unchanged (LaFond et al., 2006b). In fact, the tprK sequence has changed very
little among Nichols isolates, all originally obtained from UCLA, that have been passed
independently for at least 20 years in different laboratories. However, when the Nichols
strain is placed under immune pressure in vivo by passage after ~30–35 days of infection
and after induction of acquired immunity, Nichols TprK variants appear and are selected in
vivo. Interestingly, these variant Nichols TprK sequences readily revert to the original
sequence upon passage in naïve rabbits, suggesting a fitness advantage for the original TprK
sequence. In sharp contrast, the Chicago strain contains multiple variant sequences and,
when a “clonal” isolate expressing a single TprK allele (e.g. Chicago C) is derived from the
parent, new variants appear spontaneously after a single passage, even in the absence of
measurable anti-TprK antibody. However, the subsequent development of anti-V region
antibodies results in more rapid selection for variants. All non-Nichols strains examined to
date have high sequence variability in the tprK expression site, consistent with the finding
that samples obtained directly from lesions, cerebrospinal fluid, or blood of syphilis patients
also contain heterogeneous tprK sequences (LaFond et al., 2003). Aside from the artificial
situation of frequent passage in immunologically naïve rabbits, there appears to be a
significant advantage to the maintenance of multiple TprK variants within a population.
Whether this advantage is solely attributable to immune evasion or reflects a separate
functional role for TprK variants is unknown.

The key to evolutionary success of a pathogen is transmission to a susceptible host.
Antigenic variation of TprK permits the persistence of T. pallidum in primary lesions as
acquired immunity develops, likely increasing the duration of the highly infectious primary
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stage. Further, the selection and dissemination of TprK variants allows the development of
the secondary rash, prolonging the duration of the infectious period of syphilis to 6 months
or more. At the population level, the existence of numerous TprK variants within strains
circulating in nature increases the likelihood that a host, even one that has already had
syphilis, will lack specific antibodies to TprK variants expressed in the new strain, thus
permitting re-infection. The outcome of this strategy is the maintenance of a larger
susceptible host population, and maximization of the likelihood that a given strain will be
transmitted during episodic sexual activity, contributing to the evolutionary success of T.
pallidum.

Anaplasma marginale Msp2
Anaplasma marginale infection persists in its natural hosts, wild and domestic ruminants, to
provide a reservoir for transmission to new hosts when competent tick vectors are seasonally
abundant. Cyclic waves of bacteremia throughout persistence reflect the sequential
emergence and control of Major Surface Protein 2 (Msp2) variants (Palmer et al., 2000).
Variant-specific IgG antibodies presumably clear A. marginale bacteria expressing the
specific Msp2 variant by opsonization and macrophage phagocytosis during the brief period
when the bacteria are extracellular following release from one infected cell and prior to
entry into a new target cell (French et al., 1999). Msp2 variants are generated from a small
number of donor alleles (<10, the number varies among strains) with recombination into a
single expression site (Brayton et al., 2001, 2005). Importantly, the number of distinct
variants is exponentially increased by the process of segmental gene conversion in which
expression site mosaics are generated by recombination of oligonucleotide segments from
multiple donor alleles (Barbet et al., 2000; Brayton et al., 2002). This combinatorial process,
similar to that described above for B. burgdorferi and T. pallidum (Fig. 1) has the capacity to
generate thousands of distinct Msp2 variants, in agreement with the number of variants
required for life-long persistence and observed in vivo within the natural reservoir host.

Although the generation of mosaics greatly expands the number of Msp2 antigenic variants,
it does so at a significant fitness cost. Unlike the donor alleles, which are maintained in the
genome due to the gene conversion mechanism, the expression site copy is transient.
Consequently, only the donor alleles are under long-term evolutionary selection pressure for
growth fitness; the expression site copy is under short-term competing pressures to evade
existing antibody while maintaining at least minimal growth fitness. The in vivo evidence
for this fitness cost includes: (i) high level bacteremia is composed predominately of simple
Msp2 variants, derived from recombination of a complete donor allele (Futse et al., 2005);
(ii) bacteremia levels decrease by greater than two logs concomitant with the appearance of
Msp2 mosaics (Futse et al., 2005; Palmer et al., 2007); and iii) mosaics are maintained only
under immune pressure as direct inoculation of bacteria expressing Msp2 mosaics into naive
animals or acquisition by a feeding tick rapidly results in predominance by bacteria
expressing simple Msp2 variants (Rurangirwa et al., 1999; Palmer et al., 2007).

What are the consequences of this fitness cost? Within an individual infected animal, the
consequences in terms of transmission fitness are minimal: ticks efficiently acquire A.
marginale even at the lowest bacteremia levels during persistence, and replication within the
tick, associated with rapid selection for highly fit simple variants, overcomes the initial low
number of bacteria acquired and allows transmission (Rurangirwa et al., 1999; Scoles et al.,
2005). In contrast, fitness differences in the Msp2 allelic repertoire among strains appear to
drive the dynamic A. marginale strain structure at the population level in natural reservoir
hosts. While sequencing of multiple A. marginale strains has revealed an overall closed core
genome (Dark et al., 2009), msp2 alleles differ among strains and thus encode strain-specific
repertoires of variants (Rodriguez et al., 2005; Futse et al., 2008). That variants encoded by
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individual alleles differ markedly in fitness in vivo is shown by recent studies showing a
non-random, highly biased representation of Msp2 variants derived from specific alleles
(Futse et al., 2009). The effect was attributable to the specific alleles rather than the position
or structure of the donor locus within the genome, a key difference as compared to other
pathogens for which locus structure effects may drive allelic usage. This fitness of specific
Msp2 alleles is manifested both in infection of the mammalian host and, as will be discussed
below, in the tick vector. The mechanism underlying the growth fitness advantage
assignable to specific alleles remains unknown. However studies with the closely related A.
phagocytophilum identify Msp2 as a porin (Huang et al., 2007), thus raising the possibility
that difference in porin function may confer differential growth. For a given strain, the
allelic repertoire would be driven to be sufficiently diverse to encode structurally and
antigenically unique variants but balanced by the need to confer at least minimal porin
function.

As noted above, there is tremendous strain diversity in A. marginale within the host
reservoir population. This diversity appears to be driven by population immunity in the
reservoir hosts and results in specific diversification in Msp2 alleles among strains (Futse et
al., 2008). The high prevalence of A. marginale in tropical and sub-tropical regions confers a
high level of immunity against re-infection with the same (or similar) strain. This paradox,
whereby persistently infected animals cannot clear their own infection yet are resistant to re-
infection, was resolved by the discovery that ticks transmitted simple variants (Rurangirwa
et al., 1999; Palmer et al., 2007). Persistently infected animals develop immunity against
simple variants (those generated by recombination from a single donor allele) and, over
time, against a diverse array of complex mosaic variants but fail to clear the pathogen due to
sequential segmental gene conversion upon the expression site mosaic. In contrast, the A.
marginale transmitted by ticks express simple Msp2 variants (due to their fitness advantage
in the absence of adaptive immunity) and thus cannot establish infection within a reservoir
host population with a high level of immunity to the repertoire of simple variants—unless
the strain has diversified to encode a novel set of variants. As a consequence, there is strong
selective pressure for Msp2 allelic diversification among strains. This selective pressure for
allelic diversification is supported by studies under conditions of natural transmission in
which superinfection with strains encoding non-overlapping allelic repertoires is detected
and by experimental transmission in which successful strain superinfection was directly
linked to expression of Msp2 variants unique to the superinfecting strain (Rodriguez et al.,
2005; Futse et al., 2008). Mechanistically, allelic diversification is allowed as the anchoring
mechanism of gene conversion in A. marginale limits the requirement for conservation to
the 5’ and 3’ regions flanking the hypervariable domains in all alleles and the processes of
interallelic gene conversion and mutation are proposed to generate this diversity (Futse et
al., 2005; Palmer and Brayton, 2007).

The tremendous advantage of a unique strain, as defined by its Msp2 allelic repertoire and
associated capacity to superinfect, in a highly endemic region mimics the advantage of a
bacterium expressing a unique variant within the individual. Correspondingly, the same
balance between encoding variants that are sufficiently different to evade immune clearance
and those that retain growth fitness shapes the strain-specific allelic repertoire. There is no
single “optimal” Msp2 allelic repertoire but rather a continual shifting landscape of
balancing selection. In infection of the mammalian host, specific alleles and the encoded
simple variants have a fitness advantage early in infection, nonetheless there is no
compelling evidence that this results in a marked transmission advantage or predominance
of the parent strain in the population. Current data do suggest a pronounced effect within the
tick vector. As in the mammalian host, there is non-random usage of specific alleles in
generating simple variants during rapid replication within the tick, however, there is also
evidence that specific strains differ markedly in growth fitness within the tick and that the
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most highly fit strains outcompete less fit strains and are preferentially transmitted (Ueti et
al., 2009; Galletti et al., 2009). In a population of only immunologically naïve hosts, this
would be expected to quickly bottleneck to a single optimal strain and the less fit strains
would be lost from the population—similar to what has occurred with the rapid passage of
the T. pallidum Nichols strain in rabbits. However, the reality of broad population immunity
in endemic regions provides the balancing diversification pressure and thus the predicted
less fit strains are retained and contribute to the dynamic A. marginale strain structure
observed in the mammalian host reservoir population.

Concluding Remarks: Paradoxes and Opportunities
Of the paradoxes common to multiple highly antigenically variant bacterial pathogens is
why variation in a single surface protein is sufficient to evade clearance. Notably for both A.
marginale and B. burgdorferi, there are multiple well-documented surface proteins that are
invariant and immunogenic during infection yet clearance is not effected. Possible
explanations are both structural, such as masking of antibody binding in vivo, as well as
immunological. Consistent with the latter is the immunodominance of both VlsE and Msp2
in B. burgdorferi and A. marginale infections, respectively. The availability of the vls
knockout provides a powerful tool to address this broadly applicable question. Interestingly,
B. burgdorferi clones complemented with a non-switching copy of vlsE are cleared faster in
immunocompetent mice relative to non-VlsE-complemented clones (Bankhead and
Chaconas, 2007), compelling evidence of direct structural and or immunological regulatory
effects.

Understanding the pressures at the population level as well as within the individual host
represents a second major knowledge gap. While influenza continues to represent a classic
example of population level selective pressure for pathogen genetic change, it is also
apparent that these pressures apply equally to bacterial pathogen epidemiology. Strain shifts
that result in penetration into new host or vector populations underlie emerging diseases and
increased knowledge of the drivers of these shifts is essential for improved disease control.

A final note may be the opportunities in vaccine development by understanding the balance
between fitness and immune evasion. Highly antigenically variant pathogens cause diseases
with high global impact and have proved to be exceedingly difficult to control by vaccines
— not surprising given the strong evolutionary adaptation to persistence through immune
evasion. However by understanding the fitness cost associated with expression of specific
variants, it may be feasible to develop new vaccines that prevent the period of high
infectiousness and disease by targeting highly fit variants.
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Figure 1. Overview of gene conversion as the convergent strategy for antigenic variation in B.
burgdorferi, T. pallidum, and A. marginale
The respective loci of donor and expression regions for each bacterial pathogen are shown.
Variant segments act as the donor DNA for nonreciprocal recombination events with the
expression locus (vlsE, tprK or msp2). Through this process, segments of the variable
regions (blue) are replaced by sections of varied length and location from the donor
sequences. In the example shown, three sequential gene conversion events (represented by
dashed lines) occur within the expression site through recombination with the colored donor
sections (yellow, green or red) to generate a new expression site sequence with a mosaic
structure.
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