
The evolution of mammalian species has resulted in the 
development of large, multicellular organisms that, in 
addition to replicating in their own right, also provide an 
environment for the proliferation of many other species, 
particularly single-celled organisms that inhabit various 
niches within, and on the surface of, mammals. It has 
been estimated that the average human contains tenfold 
more bacterial cells than human cells1. Although the 
relationship between the host organism and its resident 
microorganisms is often commensal or symbiotic, many 
microbial species have evolved to have a detrimental or 
even lethal effect on their mammalian hosts. Mammals 
have responded by developing an extremely complex, 
multifaceted immune system that enables the infected 
individual to recognize, control and, in some cases, erad-
icate detrimental microorganisms. The microorganisms 
have, in turn, evolved correspondingly complex methods 
for avoiding destruction, resulting in an intricate balance 
of host–pathogen interactions that we are only beginning  
to understand.

Infectious microorganisms — viral, bacterial, fungal 
or protozoan — all face similar challenges when infect-
ing a susceptible host. First, they must avoid mechanical 
clearance to successfully colonize their preferred tissue 
or niche, a process that frequently involves the produc-
tion of specific adhesive molecules that use various 
host ligands as anchors. In addition, they must either 

avoid recognition by the immune system through the 
use of hypervariable surface molecules that allow them 
to multiply undetected (at least temporarily) or, once 
recognized, they must be able to avoid destruction  
by various components of the innate and acquired 
immune response. This common need to evade the 
host immune system has resulted in the evolution of 
remarkably similar survival strategies among pathogens, 
even those from distant evolutionary lineages. One such 
strategy is antigenic variation: the capacity of an infecting 
organism to systematically alter the proteins displayed to 
the host immune system, such that the host is confronted 
with a continually changing population that is difficult 
or impossible to eliminate. The term antigenic variation 
is generally used to encompass both phase variation (the 
on–off expression of a particular antigen) and true anti-
genic variation (the expression of alternative forms of a 
particular antigen).

Antigenic variation has been extensively studied in a 
number of microbial systems, leading to the generation 
of several models of the mechanisms underlying this 
phenomenon. In recent years, the availability of exten-
sive genome sequence data and improvements in the 
tools available to study non-model pathogenic organ-
isms have shed new light on old paradigms, providing 
greater insight into how pathogens avoid the immune 
systems of their mammalian hosts. In this Review we 
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Antigenic variation
Changes in the antigenic 
molecules of an invasive 
organism exposed to the 
immune system over the 
course of an infection. This can 
incorporate mechanisms of 
phase variation, DNA 
recombination, epigenetic 
modifications or mutually 
exclusive expression.
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Abstract | The complex relationships between infectious organisms and their hosts often 
reflect the continuing struggle of the pathogen to proliferate and spread to new hosts, 
and the need of the infected individual to control and potentially eradicate the infecting 
population. This has led, in the case of mammals and the pathogens that infect them,  
to an ‘arms race’, in which the highly adapted mammalian immune system has evolved to 
control the proliferation of infectious organisms and the pathogens have developed 
correspondingly complex genetic systems to evade this immune response. We review 
how bacterial, protozoan and fungal pathogens from distant evolutionary lineages have 
evolved surprisingly similar mechanisms of antigenic variation to avoid eradication by the 
host immune system and can therefore maintain persistent infections and ensure their 
transmission to new hosts.
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Phase variation
Regulation of gene expression 
in which an individual gene 
switches between ‘on’ and ‘off’ 
states. This can be regulated at 
the level of either transcription 
initiation or RNA translation.

Epigenetic
Inheritance of particular 
patterns of gene expression 
that is not based on changes in 
DNA sequence. This 
phenomenon is often 
associated with DNA 
modifications (in particular 
DNA methylation) and/or with 
alterations in chromatin 
structure. Post-translational 
modifications to histones are a 
well-studied example of 
chromatin marks associated 
with epigenetic inheritance.

Mutually exclusive 
expression
The expression of a single gene 
from a multicopy gene family. 
Typically, switches in gene 
expression do not require DNA 
recombination and are strictly 
coordinated so that activation 
of one gene involves the 
simultaneous silencing of  
the previously active gene.

Gene conversion
Also called duplicative 
transposition. The copying of 
an entire gene or segment of a 
gene from one position in the 
genome to a different position 
in the genome. The silent copy 
of the gene is often referred to 
as the donor, and gene 
conversion results in its 
duplication within the genome.

highlight several recent examples in bacteria, protozoa 
and fungi which illustrate common themes that are 
repeatedly observed despite significant evolutionary 
distance between the various pathogens.

Gene families and variant phenotypes
Antigenic variation in microorganisms is created by 
two general types of mechanism: genetic mechanisms 
and epigenetic mechanisms. Genetic events (muta-
tion and recombination) change the DnA sequence of 
an antigen-encoding gene or its regulatory elements, 
thereby altering either the level of expression of the gene 
or the amino acid sequence of the gene product. By con-
trast, epigenetic mechanisms affect the expression of a 
gene without altering its primary nucleotide sequence. 
whether genetic or epigenetic, the mechanisms under-
lying antigenic variation described here occur at specific 

loci, occur frequently and are readily reversible; these 
features distinguish these systems from antigenic varia-
tion caused by random spontaneous mutation, as is more 
typical of some viruses, such as HIv-1.

A simple form of antigenic variation is often termed 
phase variation because it was first recognized by 
observing switching between two alternative pheno-
types (phases) among the cells in a clonal population 
of bacteria. In general, one phase variant differs from 
another by virtue of the particular cell surface markers 
expressed (for example, pili), such that a cell surface 
marker is present in one phase and not in the alternative 
phase. In some cases, more than one gene in a family can 
be regulated by phase variation, in which case each gene 
switches on and off independently. The possible number 
of phenotypes that can be created by N phase-variable 
genes is therefore 2N (FIG. 1).

Although as few as 7 phase-variable genes can pro-
duce more than 100 different phenotypes, even more 
phenotypes can be generated by systems that use families 
of related DnA sequences. some of these systems dis-
play a phenomenon called mutually exclusive expression 
in which any family member can be expressed but only 
one member of the family is expressed in a particular 
microbial cell. The number of different phenotypes is 
therefore at least as high as the number of family mem-
bers. However, the number of possible phenotypes can 
be much greater than the number of family members 
if recombination occurs among family members, as 
recombination can produce virtually unlimited diversity 
through the production of chimeric sequences.

Mechanisms of phase variation
Phase variation in bacteria was first identified in the 
expression of flagella in Salmonella, and a DnA inversion 
mechanism was implicated2. Perhaps the most extensively 
studied organisms that undergo phase variation, however, 
are the pathogenic Neisseria spp., including Neisseria men-
ingitidis and Neisseria gonorrhoeae. Both of these species 
produce surface proteins that function in adherence to 
host cells and perhaps also in tissue tropism3–6, in particu-
lar pili and the Opa proteins. Antigenic variation mecha-
nisms that were first defined in these bacteria, including 
phase variation by slipped-strand mispairing during DnA 
replication and gene conversion, have provided a conceptual 
framework for many recent advances in our understanding 
of the mechanisms responsible for antigenic variation in 
other prokaryotes and eukaryotes. several recent examples 
of phase variation mechanisms are described below.

Phase variation through transcriptional regulation. 
Treponema pallidum, the causative agent of syphilis, is a 
difficult organism to study owing to our inability to cul-
ture or genetically manipulate this bacterium. However, 
recent work has shown that there are many parallels 
between T. pallidum phase variation and the phase vari-
ation mechanisms originally described in Neisseria spp. 
The T. pallidum repeat (tpr) gene family encodes 12 
antigens, some of which are predicted to be located in 
the outer membrane and are expressed during syphilis 
infection, as shown by the development of humoral7–9 and 

Figure 1 | relationship between the number of phase 
variant genes and the number of phenotypes. An 
increase in the number of phase variant genes can 
contribute to a large increase in the number of possible 
phenotypes. The total number of phenotypes can be 
calculated as 2N (N represents the number of 
independently regulated genes), so in part a, where 1 gene 
is shown, the total number of phenotypes is 2 (21), in part b, 
where 2 genes are shown, the total number of phenotypes 
is 4 (22) and in part c, where 3 genes are shown, the total 
number of phenotypes is 8 (23).
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cellular10 immune responses. The genes encoding sub-
families I (tprC, tprD, tprF and tprI) and II (tprE, tprG and 
tprJ) of the tpr family have homopolymeric guanosine 
(poly-G) repeats of lengths varying from 7 bp to 12 bp 
immediately upstream of the transcriptional start sites11,12. 
The length of the poly-G tract dramatically affects tran-
scription of the tprE gene, and the tprG/F and tprJ/I 
operons12: loci with poly-G tracts of 8 or fewer Gs are 
transcribed, whereas transcription of genes with longer 
poly-G tracts is reduced by ~95–100% (FIG. 2a). Changes 
in the number of G repeats are thought to occur through 
slipped-strand mispairing during DnA replication, which 
closely parallels the mechanism originally described 
for regulating the transcription of PilC (poly-C)13,14  
and Por (poly-G)15 in Neisseria spp.

Phase variation can also result from epigenetic 
changes, and examples are found in both bacterial and 
eukaryotic pathogens. For example, the expression of 
pili on the surface of pathogenic Escherichia coli allows 
adhesion in the urogenital tract and is dependent on 
the expression of the pap operon. Transcription of this 
operon is regulated by methylation of specific sites in 
the regulatory region of the locus16,17, and the activity  
of the methyltransferase at these specific sites is influ-
enced by the richness of the media in which the bacteria 
are grown18. when the bacteria are grown in an environ-
ment rich in amino acids (such as human urine), meth-
ylation rates are increased and switching to the ‘phase on’ 
phenotype is favoured19, which facilitates attachment of 
the bacteria to the bladder epithelium. The eukaryotic 
pathogen Candida glabrata can similarly respond to its 
environment through expression of the gene epa6, which 
encodes a surface protein that binds to receptors on the 

epithelium of the genital tract20. In this case, however, 
the cells are reacting to the low level of nAD+ found 
in urine, which influences the activity of the nAD+-
dependent histone deacetylase sir2, which in turn results 
in an altered chromatin structure and activation of the 
epa6 gene20. Thus, both E. coli and C. glabrata have inde-
pendently evolved the capacity to sense the environment 
of the genito-urinary tract and respond epigenetically to 
express the appropriate surface antigens that facilitate 
infection.

Phase variation through translational regulation. Phase 
variation can also occur at the translational level in 
pathogens using various mechanisms, including slipped-
strand mispairing, early ribosome dissociation and 
mRnA instability. Phase variation regulated at the level 
of translation was first described as a consequence of 
slipped-strand mispairing of CTCTT repeat units in the 
opa genes of neisseriae21,22 (FIG. 2b). The phase ‘on’ state 
allows these bacteria to specifically adhere to certain tis-
sues through attachment to specific surface receptors on 
host cells. Recently, phase variation mediated by altered 
translational efficiency was similarly shown in several 
eukaryotic pathogens, again demonstrating how fre-
quently similar mechanisms have evolved independently 
in distant evolutionary lineages. For example, a mecha-
nism that is remarkably similar to opa phase variation 
in neisseriae is displayed by the fungus Pneumocystis 
carinii, an organism that lives in the lungs of rats. The 
genome of P. carinii is AT-rich, yet long poly-G tracts 
occur in the middle of some msr genes, which belong 
to a large family of genes that encode variable surface  
glycoproteins23. The number of GC base pairs in these 

Figure 2 | Phase variation through slipped-strand mispairing. During DNA replication, tandem DNA repeats can ‘slip’, 
leading to changes in the number of repeats and consequent changes in the transcription or translation of the gene 
product. a | Some tpr genes of Treponema pallidum are regulated at the level of transcription through changes in the 
number of Gs found upstream of the transcription start site. b | Similar mispairing of CTCTT repeats in the open reading 
frame can regulate Opa expression in Neisseria spp. at the level of translation.

R E V I E W S

nATuRe RevIews | Microbiology  vOluMe 7 | july 2009 | 495

© 2009 Macmillan Publishers Limited. All rights reserved

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6332868&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6333783&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6333481&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6333289&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6333483&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6332981&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6332861&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj&cmd=Retrieve&dopt=Overview&list_uids=12319
http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj&cmd=search&term=txid5478%5borgn%5d
http://www.uniprot.org/uniprot/Q6FWI7
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=genomeprj&cmd=ShowDetailView&TermToSearch=9515
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=genomeprj&cmd=ShowDetailView&TermToSearch=9515


Nature Reviews | Microbiology

a

b

Peptide encoded 
by uORF PfEMP1 encoded

by second ORF

Ribosome

uORF PfEMP1 encoding ORF

Active transcription of 
many or all vsp genes

RNAi-dependent
mRNA degradation

Single expressed mRNA

Children, men and  
non-pregnant women

Pregnant women

tracts seems to vary as a result of spontaneous slipped-
strand mispairing events, which cause frameshift muta-
tions that truncate the MsR protein and thereby contribute 
to antigenic variation in P. carinii populations.

Plasmodium falciparum is a protozoan parasite that 
invades the circulating red blood cells of its human 
host, causing malaria. These parasites express the 
highly variable P. falciparum erythrocyte membrane 
protein 1 (PfeMP1), which is expressed on the surface 
of parasitized red blood cells. PfeMP1 binds tightly 
to host endothelial cell receptors, effectively remov-
ing the infected cells from the circulation and thereby 

avoiding immune clearance by the spleen24. PfeMP1 
is encoded by a large, polymorphic gene family called 
var, with each individual var gene encoding a different 
form of PfeMP1. The var genes are expressed one at a 
time, and therefore transcriptional switching between 
genes leads to antigenic variation. However, one particu-
lar var gene, var2csa, encodes a form of PfeMP1 that 
specifically binds to a receptor found in the placenta25. 
To avoid expressing this protein when no placenta is 
available (that is, when infecting men, children or non-
pregnant women), the transcript derived from this gene 
is also subject to translational regulation, and this results 
in a similar type of phase variation (either ‘on’ or ‘off ’) 
to that observed in bacterial systems. In the case of 
var2csa, phase variation is mediated by a small upstream 
open reading frame (upstream ORF; uORF) that exists 
between the 5′ end of the message and the start methio-
nine of the PfeMP1 coding region26. Translation of the 
uORF causes dissociation of the ribosome from the 
mRnA before the ribosome reaches the PfeMP1 start 
codon, which silences expression of the protein (FIG. 3a). 
It is not yet known how this repression is reversed when 
parasites infect pregnant women, but it might involve 
alternative phosphorylation of a ribosomal initiation  
factor, as has been observed in yeast27.

Giardia lamblia is a protozoan parasite that can 
infect the digestive tracts of most mammals, causing 
severe diarrhoea in susceptible individuals. The pri-
mary antigen exposed on its surface is called variant-
specific surface protein (vsP), and the genome contains 
many genes encoding different forms of vsP. Recent 
work shows that parasites actively transcribe multiple 
members of the vsp gene family; however, most of these 
transcripts are degraded through the RnA interference 
pathway and are therefore maintained in the equiva-
lent of the phase ‘off ’ state28. Only transcripts from a 
single gene are stable and are translated into protein, 
and the stable transcripts change over the course of an 
infection, leading to antigenic variation. The mecha-
nism that maintains the stability of a single transcript is  
unknown (FIG. 3b).

Large, hypervariable gene families
Phase variation is a simple method for avoiding immune 
recognition, yet many microorganisms have evolved 
more sophisticated systems that rely on large, multi-
copy repertoires of sequences in which each individual 
sequence encodes an antigenically distinct surface pro-
tein. These repertoires can consist of either large fami-
lies of similar, complete genes that are expressed singly; 
or, alternatively, they can comprise multiple copies of 
partial gene sequences that can be recombined into a 
single expression site. either way, sequence repertoires 
provide the capacity to express many functionally simi-
lar but antigenically distinct surface proteins that can 
be expressed at different times over the course of an 
infection.

large families of antigen-encoding sequences are 
observed in bacterial, protozoan and fungal patho-
gens (TABLE 1), indicating that expansion of the number 
of antigen-encoding genes is a common evolutionary 

Figure 3 | regulation of phase variation at the level of mrNA translation.  
a | The var2csa gene of Plasmodium falciparum is transcribed into an mRNA with two 
open reading frames (ORFs). The mRNA is bound by the large and small subunits of the 
ribosome, which moves along the transcript (arrows) until it initiates translation at a start 
codon. Only the upstream ORF (uORF) is translated when the parasites infect children, 
men or non-pregnant women; the ribosome is thought to dissociate from the mRNA 
before reaching the second ORF, preventing expression of the encoded form of 
P. falciparum erythrocyte membrane protein 1 (PfEMP1). The second ORF is translated 
only when parasites infect pregnant women, and the encoded form of PfEMP1 functions 
only in the presence of a placenta. b | Mutually exclusive expression of the vsp genes of 
Giardia lamblia is achieved through the RNA interference (RNAi) pathway. Small RNAs 
(red) target the RNAi degradation machinery (scissors) to mRNAs from all but a single vsp 
genes. Only mRNA from this gene escapes degradation and is translated into protein, 
although the mechanism that enables this escape is unknown.
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strategy. Classic examples of such repertoires in bacte-
ria are typified by the subtelomeric vsp and vlp genes of 
Borrelia hermsii and the pil genes of Neisseria species3,4. 
similarly, the family of tpr genes in Treponema spp. has 
expanded to include many similar but distinct copies, 
with individual members of subfamilies I and II contain-
ing substantial sequence variation in the central regions29. 
The prototypical example in protozoan parasites is the vsg 
gene family of Trypanosoma brucei, which has undergone 
a massive expansion to ~1,000 members in each parasite 
genome30. smaller but similar hypervariable gene families 
are observed in the genomes of Plasmodium species31–33, 
Giardia species34 and Babesia species35. In the fungal 
pathogen P. carinii, genes from multicopy families are 
typically found in head-to-tail arrays adjacent to telomeres 
and include members of the msg, msr and prt gene fami-
lies23. The als and epa genes of the distantly related fungi 
Candida albicans and C. glabrata, respectively, are simi-
larly arranged in subtelomeric domains36. several different 
mechanisms have evolved to control expression of these 
large families, some of which remain poorly understood.

Mechanisms involving DNA recombination. DnA recom-
bination that leads to the movement of non-expressed 
coding regions into defined genomic expression sites is 
one of the most common molecular mechanisms used 
by both bacterial and eukaryotic pathogens to produce 

antigenic variation (FIG. 4a). The recombination event can 
involve the movement of entire genes or, alternatively, 
small portions of genes to create chimeric sequences. 
This recombination can be duplicative (gene conver-
sion) or reciprocal. The best-studied bacterial systems 
that use gene conversion to generate antigenic varia-
tion are the Borrelia spp. (B. hermsii, vlp and vsp37,38; 
Borrelia burgdorferi, vlsE39,40) and Neisseria spp. (pil)41–43; 
a similar mechanism is used in the eukaryotic African 
trypanosomes (vsg)44. Gene conversion has more recently 
been recognized to have an important role in generating 
antigenic variation in the bacteria Anaplasma marginale 
(msp)45,46, T. pallidum (tprK)47, the fungal pathogen P. cari-
nii (msg)48,49 and the protozoan parasites Babesia bovis 
(ves)50 and P. falciparum (var)51,52. Recombination through 
gene conversion is therefore one of the most widespread 
mechanisms of antigenic variation.

Mycoplasma spp. serve as excellent examples of organ-
isms that use several alternative recombinatorial mecha-
nisms for antigenic variation. In Mycoplasma genitalium, 
which is associated with urethritis, cervicitis and salpin-
gitis, variation of the adhesion protein MgPa is generated 
by reciprocal recombination with defined donor loci53 
and possibly also through gene conversion54. Another 
recombinatorial type of antigenic variation involves the 
movement of promoter sequences and is best described 
in other species of Mycoplasma. Many phase-variable 
lipoproteins have been identified in Mycoplasma spp., 
including the vmpA and Avg proteins of Mycoplasma 
agalactiae55,56, the vsp proteins of Mycoplasma bovis57,58, 
the lAMP (lipid-associated membrane protein) family 
of Mycoplasma penetrans59 and the vsa (variable surface 
antigen) of Mycoplasma pulmonis60. In all cases, phase 
variation is driven by inversion of a promoter sequence; 
however, numerous types of promoter inversion have 
been described. Two examples will be mentioned here 
(FIG. 4b). In M. pulmonis, the vsa locus contains one vsa 
expression site near several silent vsa genes, each of 
which lacks a functional promoter region and contains 
varying numbers of tandem repeat sequences and vsa 
recombination sites (vrs genes)60. Phase and antigenic 
variation occurs when the single expression unit (con-
taining the promoter region plus the sequence coding for 
the conserved amino-terminal region of the vsa) moves 
by recombination into the locus of a silent vsa gene; this 
occurs at a frequency of about 10–3 per colony-forming 
unit per generation, and the site-specific inversion is 
mediated by the HvsR recombinase61. The new vsa has 
a shorter or longer number of tandem repeats, accord-
ing to the length of the repeat region in the recombined 
silent gene. The number of repeats in these silent genes is 
thought to vary by slipped-strand mispairing. In M. pen-
etrans, the mpl genes each encode different lAMP pro-
teins and undergo phase variation at a rate estimated to 
be 10–2 to 10–4 per cell per generation62. In this organism, 
each mpl gene contains an independent promoter-like 
sequence, and the orientation of this region (promoter 
inversion) determines the on–off character of transcrip-
tion. notably, this contrasts with the vsa genes, in which 
a single promoter is moved from one pseudogene to 
another.

Table 1 | Multicopy sequence repertoires encoding variant surface antigens

Species gene copy 
number

Encoded surface antigen

Bacterial systems

Borrelia hermsii vsp ~30 Variable short protein

vlp ~30 Variable long protein

Neisseria meningitidis pil ~19 Type IV pili

opa 4–5 Opacity proteins

Neisseria 
gonorrhoeae

pil ~19 Type IV pili

opa 11 Opacity proteins

Treponema pallidum tpr 12 T. pallidum repeat proteins A–L; some 
are predicted to be surface exposed

Protozoan systems

Trypanosoma brucei vsg ~1,000 Variant surface glycoprotein

Babesia bovis vesα 
and 
vesβ

~130–160 Variant expressed surface antigen

Giardia lamblia vsp ~150 Variant surface protein

Plasmodium 
falciparum

var ~60 P. falciparum erythrocyte membrane 
protein 1

Fungal systems

Pneumocystis carinii msg ~85 Major surface glycoprotein

msr ~85 Major surface glycoprotein-related 
protein

prt ~85 Protease 1

Candida albicans als 9 Agglutinin-like sequence

Candida glabrata epa 17–23 Epithelial adhesin
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Antigenic variation through epigenetic modifica-
tions. Instead of using DnA sequence alterations, 
many systems instead rely on epigenetic modifica-
tions to control gene activation and silencing. Two 
examples of epigenetic transcriptional control were 
described above for E. coli and C. glabrata. There are 
many other examples, however, and they share com-
mon hallmarks, including histone modifications, the 
use of modified nucleotides, changes in chromatin 
structure and nuclear organization63. In bacterial 
systems DnA modification can contribute to phase 
variation16,64; by contrast, in eukaryotes such modi-
fications often combine to ensure mutually exclusive 

expression. substantial progress has been made in 
defining the epigenetic modifications that mark 
individual genes for either the active or silent states65; 
however, the mechanisms by which expression of an 
entire gene family is co-regulated, and by which a 
switch in the expressed gene is coordinated, largely 
remain a mystery.

Antigenic variation by African trypanosomes has 
long served as a paradigm for understanding this proc-
ess in protozoan parasites. In addition to the recombi-
natorial mechanisms described above, trypanosomes 
can also alter vsg expression by changing which of 
several independent subtelomeric expression sites is 
actively transcribed, a process that is controlled epi-
genetically66,67. Chromatin condensation is observed 
at the silent expression sites, and chromatin remod-
elling enzymes, including a swI2/snF2 ATPase and 
the histone methyltransferase DOT1B, have recently 
been implicated in maintaining expression-site silenc-
ing68,69. In addition, a modified nucleotide referred to 
as DnA-j is preferentially incorporated throughout 
the silent expression sites70,71, a phenomenon that is 
reminiscent of modifications such as DnA methyla-
tion at silent genes in bacteria and higher eukaryotes. 
These modifications might not regulate transcription 
initiation, however, as there is some evidence that 
expression is controlled at the level of transcription 
elongation, which is limited to a single expression 
site72. Interestingly, the active vsg expression site is 
transcribed by RnA polymerase I73 and is localized 
within a specific extra-nucleolar region within the 
nucleus called the expression site body74. It has been 
suggested that this body can accommodate only a sin-
gle vsg gene at a time, which would provide a potential 
mechanism for mutually exclusive expression.

Mutually exclusive expression of the var genes that 
encode PfeMP1 by P. falciparum seems to be regulated at  
the level of transcription initiation75. switching between the 
active and silent states is associated with similar chroma-
tin modifications to those seen in other eukaryotes; for 
example, histone acetylation is associated with active 
genes76, whereas trimethylation of lysine 9 of histone H3 
is found at silent loci77,78. Movement of a var gene to a 
specific subnuclear position has also been observed79,80, 
indicating that nuclear structure might also affect the 
coordination of var gene expression in a similar manner 
to that described for trypanosomes. However, var genes 
are transcribed by RnA polymerase II81, and experi-
ments have shown that the expression site can accom-
modate more than one active var promoter at a time82,83, 
leading to the conclusion that other mechanisms are 
involved in maintaining mutually exclusive expression. 
Other protozoan parasites, for example Babesia and 
Giardia spp., are likely to be similar to Plasmodium 
spp. in relying on RnA polymerase II for variant gene 
expression, and epigenetic modifications have been 
linked to vsp expression changes in G. lamblia84. In 
C. glabrata, the epa genes are silenced through the 
spreading of condensed telomeric chromatin into  
the subtelomeric chromosomal region in which the 
genes reside85.

Figure 4 | Antigenic variation through DNA recombination. a | Gene conversion 
resulting in the duplication of a segment of a silent gene into an active expression site, 
as found in Trypanosoma spp., Babesia spp., Pneumocystis carinii, Treponema pallidum 
and Borrelia spp. The duplicated segment can include an entire open reading frame 
(complete gene conversion) or small regions of an open reading frame, creating a 
chimeric gene (segmental gene conversion). b | Promoter inversion. As shown for 
Mycoplasma pulmonis, inversion of a single promoter leads to expression of one vsa 
gene at a time (top). Inversion occurs by recombination between regions of sequence 
similarity (grey boxes). In the mpl genes of Mycoplasma penetrans (bottom), tandem 
arrays of genes are each regulated by separate promoters. In one orientation, a 
promoter drives the expression of a short transcript that is stopped by a transcriptional 
terminator and does not encode protein. When inverted, the promoter drives 
transcription through the mpl open reading frame, leading to expression of the 
encoded protein.
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Programmed sequence change
Organisms that undergo antigenic variation by 
switching expression between members of large mul-
ticopy gene families raise the question of whether the 
individual genes are activated in a specific order or 

programmed sequence. It has been recognized for 
a number of years that, during a case of relapsing 
fever, there is a rough order of emergence of B. herm-
sii serotypes that arise by gene conversion during the 
subsequent relapses following infection with a given 
serotype86; however, the mechanism of this ‘program-
ming’ has not been understood until recently. Dai 
and colleagues87 identified a ≤62-nucleotide region 
located upstream of the vmp expression site that has 
varying homology with similar regions upstream of 
the silent vlp and vsp genes; these are termed upstream 
homology sequences (uHss). They also identified 
13 repetitive 214-bp sequences downstream of each 
silent gene and another downstream of the expres-
sion locus, termed downstream homology sequences 
(DHss). Through careful analysis of variants obtained 
during mouse infections, Dai et al. identified the 
precise sites of recombination within these regions 
surrounding the new vmp. This and a subsequent 
study from the same group88 demonstrated that the 
likelihood of recombination for a particular silent 
gene increased with higher homology between the 
expression site and donor site uHss. Additionally, 
the shorter the distance from the donor gene 
sequence to the DHs, the more likely the donor gene 
was to be recombined into the expression site. using 
these measures, Barbour et al.88 developed a recombi-
nation likelihood hierarchy for 22 vlp and vsp genes; 
comparison with the actual genes expressed during 
relapses following infection supported their model. 
This switching hierarchy model explains, for the 
first time, the semi-programmed antigenic variation 
that has been observed for decades in the relapsing  
fever caused by Borrelia species (FIG. 5).

In African trypanosomes, which also use gene con-
version events as a primary mechanism for antigenic 
variation, the likelihood of specific genes being involved 
in the conversion event depends, at least in part, on their 
level of sequence identity, resulting in a rough order of 
gene expression over the length of an infection89. In organ-
isms that do not rely on recombinatorial mechanisms for 
antigenic variation, for example, P. falciparum, no such 
specific order is observed90. However, it seems that not 
all genes possess equal inherent on or off rates90,91, and 
certain genes are therefore activated more frequently 
than others. This might explain why different subsets 
of var genes are found to be active in patients who are 
not immune to malaria compared with patients who 
have suffered several previous infections and as a result 
are likely to possess antibodies against more frequently 
activated genes92–94.

Evolutionary advantages for pathogens
For pathogens, reproductive fitness and evolutionary 
success depend on their capacity to infect a host and to 
survive long enough to be transmitted to the next host. 
The most obvious advantage of antigenic variation is 
that it allows pathogens to avoid immune recognition 
and extend the length of an infection (BOX 1). However, 
other less well-recognized benefits are also impor-
tant; for example, conservation of metabolic energy by 

Figure 5 | ‘Programmed’ sequence changes in Borrelia 
hermsii. a | The active vmp gene contains two elements 
that contribute to expression switching: the upstream and 
downstream homology sequences (UHSs and DHSs, 
respectively). These elements are also found in the silent 
vlp and vsp loci, with varying degrees of sequence identity 
(in the case of UHSs, this is represented by different 
colours). In addition, the distance between the DHS and 
the vmp coding region is also variable. b | In a mouse 
infection, waves of bacteria arise as antigenically distinct 
populations cause relapses. c | Examination of the 
expressed vmp gene in each wave shows that the order of 
expression is determined by the level of sequence identity 
within the UHS and the distance between the DHS and the 
coding region.
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regulating expression of gene products that are no longer 
needed (for example, pili), and the generation of diverse 
surface structures. such alterations in surface structures 
can facilitate adaptation to new environments by con-
ferring a fitness advantage in certain environments, as 
with the binding of placental receptors in malaria95 or 
the capacity of E. coli19 or C. glabrata20 to adhere to the 
genito-urinary epithelium.

Immune evasion. Although antigenic variation can help 
pathogens to avoid the innate immune system (for exam-
ple, variant lipopolysaccharide can result in decreased 
sensitivity to cationic peptides), the main benefit of 
phase and antigenic variation is evasion of the develop-
ing acquired immune response of the infected host, spe-
cifically by interfering directly with antibody function. 
For some organisms, such as B. burgdorferi or B. hermsii, 
a specific antibody mediates the clearance of the organ-
isms from the bloodstream96–100. The capacity to turn 
off or to alter the epitopes of surface antigens renders 
these antibodies ineffective, thereby facilitating survival. 
For other pathogens, such as T. pallidum, antibody (or 
antibody plus complement) bound to the pathogen sur-
face can opsonize the organism so that it is more readily 
ingested and killed by macrophages, neutrophils or other 
phagocytic cells101. In the TprK antigen of T. pallidum, 
the variant portions (v regions) of the protein are anti-
body epitopes102, and even minor sequence changes in 
the v regions can abrogate the capacity of antibodies to 
bind to these peptides103. Preventing opsonic antibody 
binding to TprK reduces phagocytosis of the organ-
isms, which again facilitates survival. Malaria para-
sites live inside the red blood cells of their hosts, and 
antibodies to the variant surface antigens (for example, 
PfeMP1) alone do not kill parasites104,105. However, in 
combination with macrophages, antibodies against 
parasite-encoded surface antigens can lead to anti-
body-dependent cellular inhibition (ADCI), which kills 
parasites in vitro106,107. In addition to ADCI, antibodies 
against PfeMP1 can disrupt cytoadhesion105, which 
is required to avoid circulation through the spleen, 
where infected cells are cleared. Antigenic variation 
therefore enables malaria parasites to avoid destruc-
tion by macrophages and splenic clearance, leading to 
longer persistence of the pathogen in the host. similar 
mechanisms are seen in Babesia species108.

Enhanced duration of the infectious stage. Persistence of 
a pathogen in its host is advantageous only if this persist-
ence contributes to transmission. Many elegant antigenic 
variation systems are found in blood-borne pathogens, 
such as Plasmodium spp., Anaplasma spp., Babesia spp., 
Trypanosoma spp. and Borrelia spp., and antigenic varia-
tion in each of these examples contributes to survival in 
the host and more lengthy infections. long-term survival 
in the bloodstream, however, does not directly contrib-
ute to the evolutionary success of the pathogen unless it 
relates to transmission. In the cases listed above, trans-
mission occurs through the taking of a blood meal by an 
arthropod vector. The vector then transmits the infection 
to a new host through a bite. Increasing the persistence 
of the pathogen in the bloodstream through antigenic 
variation increases the likelihood of transmission via the 
vectors and contributes to the success of the pathogen.

Antigenic variation, however, also exists in organ-
isms that are not transmitted by blood-feeding vectors. 
For example, syphilis is a persistent infection that dis-
seminates through the bloodstream to distant tissues. 
As described above, TprK undergoes rapid sequence 
variation in T. pallidum, leading to chronic infection 
with bacteria that can persist in numerous tissues for 
decades. yet syphilis is transmitted only during the 
primary and secondary stages, when skin lesions are 
present. what is the advantage to T. pallidum of TprK 
variation and decades-long infection? Although there 
are no vectors that transmit the infection following 
blood meals, the natural history of syphilis and knowl-
edge of the mechanism of treponemal clearance from 
early lesions provides clues as to the possible advantages 
of antigenic variation in this organism. It is recognized 
that the infectious primary lesion (chancre) persists for 
2–6 weeks. Treponemes are cleared from these lesions 
following opsonization by specific antibodies and phago-
cytosis by interferon-γ-activated macrophages109–113; as a 
result, antigenic variation can result in a lack of effec-
tive opsonization by TprK-specific antibodies, leading 
to increased duration of the infectious primary lesion. 
Furthermore, the rash of secondary syphilis (which is 
also infectious) generally develops weeks after resolu-
tion of the primary chancre and persists for weeks to 
months. It is thought that these lesions appear at skin 
sites that were seeded by haematogenous dissemination 
during the primary stage. Antigenic variation might there-
fore promote survival of treponemes in the bloodstream 
during dissemination, leading to development of the infec-
tious secondary stage, as well as prolonged duration of the 
secondary rash. Although decades-long persistence of 
T. pallidum infection can result from antigenic variation, 
we propose that the real advantage of TprK variation for 
T. pallidum is the prolongation of the infectious pri-
mary and secondary stages. Other organisms, such as 
Mycoplasma spp. and Neisseria spp., which also have 
elegant systems for generating antigenic variation, are 
also not transmitted from the bloodstream. In these 
infections, persistence on mucosal surfaces is required 
for transmission, and antigenic variation can protect the 
organisms from immune clearance by mucosal antibody 
and opsonophagocytosis.

 Box 1 | Evolutionary success of an infectious agent and R0

The evolutionary success of an infectious agent depends on several factors, only some of 
which are determined by the pathogen. This concept has been elegantly expressed by 
Anderson and May118, who quantified the success of an infectious agent according to the 
equation R

0
 = βcD, in which R

0 
is the average number of new infections caused by a single 

infected person. If R
0
 =>1, the infection spreads and increases in incidence, and the 

pathogen is successful. In this equation, β is the inherent transmissibility of the agent,  
c is related to the number of transmission opportunities and D is the duration of 
infectiousness of the disease. Thus, any mechanism by which a pathogen can increase 
one or more of these factors will provide a selective advantage. The most obvious and 
best-recognized benefit of phase and antigenic variation is immune evasion — that is, 
the capacity to disarm the effect of acquired immunity by changing epitopes. Successful 
evasion of host immunity results in an increased value for D.
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Reinfection and superinfection. The capacity of a 
given pathogen to infect a host that has resolved, or 
been cured of, prior infection (reinfection) or is per-
sistently infected with the same organism (superinfec-
tion) provides two advantages to the pathogen. The 
first is that it preserves a large population of suscepti-
ble hosts. If initial infection results in development of  
species-wide protective immunity, the proportion  
of hosts in a population that are susceptible to infection 
by another strain of the same species is diminished. 
By contrast, when initial infection does not provide 
broad protection, the number of susceptible hosts 
remains larger. The second benefit is that it permits 
genetic exchange among strains. This occurs by trans-
formation and conjugation in bacteria and by sexual 
recombination in eukaryotic pathogens. Antigenic 
variation is important for both reinfection and super-
infection: during an initial infection, specific immu-
nity develops against the subset of variants expressed 
by the first population of infecting organisms; how-
ever, if the host is challenged by a variant that it has 
not previously encountered, reinfection or superinfec-
tion can occur. Futse and colleagues114 have examined 
the requirements for superinfection in A. marginale. 
During initial infection, gene conversion of the hyper-
variable region results in expression of a large number  
of Msp2 variants. sequencing the complete repertoire of  
the msp2 donor alleles revealed that the existence  
of as few as one unique donor allele was sufficient to 
permit reinfection or superinfection by that strain. 
similarly, in regions of high malaria transmission, 
the existence of superinfection with P. falciparum 
is extremely high: a recent study showed that single 
individuals were simultaneously infected with up to 
seven genetically distinct parasite populations115. In 
addition, reinfection is virtually always possible, with 
most individuals never developing sterile immunity, 
even after repeated infections116.

These observations led to the hypothesis that the 
duration of infection is likely to be determined by 
the number of donor alleles in the variant repertoire 
and the mechanism of molecular variation. For exam-
ple, segmental gene conversion can theoretically gener-
ate more antigenic variants than promoter inversion as 
a consequence of the vastly larger number of potential 
chimeric sequences that can be expressed. By contrast, 
reinfection or superinfection may be less dependent on 
the number of donor alleles but more dependent on the 
diversity of donor alleles among strains. studies have 
produced results that are consistent with this model. 
A recent attempt to measure the extent of diversity in 
the var gene family in P. falciparum (in which reinfec-
tion and superinfection are extremely common) from 
global parasite isolates was unable to detect significant 
overlap between individual parasite lines, despite having 
sequenced more than 8,000 variant sequences117. This tre-
mendous diversity in the repertoire of surface antigens 
perhaps explains why sterile immunity to P. falciparum 
infection is difficult or impossible to achieve, regardless 
of the number of infections.

Conclusions
The level to which pathogenic organisms of disparate 
evolutionary origins have independently converged on 
similar strategies for avoiding destruction by the immune 
system is remarkable. By studying the mechanisms that 
bacterial, fungal and protozoan parasites have developed 
to maintain persistent infections, researchers have also 
gained a much deeper understanding of the intricacies 
of the mammalian immune system. Immunology, para-
sitology, mycology and bacteriology all converge at the 
focal point of host–pathogen interactions and provide 
fertile ground for breakthroughs in all of these fields of 
study. such breakthroughs will, we hope, result in new 
intervention strategies for alleviating human diseases 
caused by these infectious agents.
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	Abstract | The complex relationships between infectious organisms and their hosts often reflect the continuing struggle of the pathogen to proliferate and spread to new hosts, and the need of the infected individual to control and potentially eradicate the infecting population. This has led, in the case of mammals and the pathogens that infect them, to an ‘arms race’, in which the highly adapted mammalian immune system has evolved to control the proliferation of infectious organisms and the pathogens have developed correspondingly complex genetic systems to evade this immune response. We review how bacterial, protozoan and fungal pathogens from distant evolutionary lineages have evolved surprisingly similar mechanisms of antigenic variation to avoid eradication by the host immune system and can therefore maintain persistent infections and ensure their transmission to new hosts.
	Figure 1 | Relationship between the number of phase variant genes and the number of phenotypes. An increase in the number of phase variant genes can contribute to a large increase in the number of possible phenotypes. The total number of phenotypes can be calculated as 2N (N represents the number of independently regulated genes), so in part a, where 1 gene is shown, the total number of phenotypes is 2 (21), in part b, where 2 genes are shown, the total number of phenotypes is 4 (22) and in part c, where 3 genes are shown, the total number of phenotypes is 8 (23).
	Gene families and variant phenotypes
	Mechanisms of phase variation
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