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ABSTRACT Survival of the African trypanosome in its
mammalian hosts has led to the evolution of antigenic
variation, a process for evasion of adaptive immunity that
has independently evolved in many other viral, bacterial and
eukaryotic pathogens. The essential features of trypanosome
antigenic variation have been understood for many years and
comprise a dense, protective Variant Surface Glycoprotein (VSG)
coat, which can be changed by recombination-based and
transcription-based processes that focus on telomeric VSG gene
transcription sites. However, it is only recently that the scale
of this process has been truly appreciated. Genome sequencing
of Trypanosoma brucei has revealed a massive archive of
>1000 VSG genes, the huge majority of which are functionally
impaired but are used to generate far greater numbers of VSG
coats through segmental gene conversion. This chapter will
discuss the implications of such VSG diversity for immune
evasion by antigenic variation, and will consider how this
expressed diversity can arise, drawing on a growing body of work
that has begun to examine the proteins and sequences through
which VSG switching is catalyzed. Most studies of trypanosome
antigenic variation have focused on T. brucei, the causative
agent of human sleeping sickness. Other work has begun to
look at antigenic variation in animal-infective trypanosomes,
and we will compare the findings that are emerging, as well as
consider how antigenic variation relates to the dynamics of
host–trypanosome interaction.

WHAT IS ANTIGENIC VARIATION?
One of the most powerful drivers of evolutionary change
is the process of adaptation and counter-adaptation
by interacting species (1). The so-called “arms race”
between parasites and their hosts is a prime example

of such reciprocal coevolution: host adaptations that
reduce or attempt to remove parasites select for parasite
adaptations that enable evasion of host defences. Elab-
orate, powerful and sometimes elegant mechanisms of
host immunity and parasite infectivity are thought to
have arisen from many iterations of this process. A case
in point is the mammalian adaptive immune system, per-
haps one of the more complex host defence mechanisms
detailed to date, which uses directed DNA rearrange-
ments, mutagenesis and selection during the develop-
ment of T and B immune cells to generate vast numbers
of genes encoding immunoglobulin receptors capable
of recognizing the huge range of antigens in infecting
pathogens (2). Parasites, on the other hand, have evolved
various means of evading adaptive immunity. One such
mechanism of immune evasion that is widely recorded
among viruses and bacterial and eukaryotic pathogens
is antigenic variation. Because parasite killing often de-
pends on a match between circulating host immunity
and parasite antigen, individual parasites that no longer
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express that antigen variant, but instead express an an-
tigenically different variant in its place, survive and can
proliferate. However, this advantage tends to be short-
lived because immune responses will develop against
the different antigen in turn. Hence, members of parasite
lineages inhabiting an immunocompetent host are re-
peatedly being selected for antigenic novelty over the
course of infection.

In contrast to depending on general processes of mu-
tation to generate this novelty, antigenic variation sensu
stricto is applied to cases where it is believed that path-
ogens have developed mechanisms to facilitate evolva-
bility; that is, selection has acted on a “higher order”
phenotype, and features and mechanisms have evolved
to more effectively generate and express adaptive vari-
ation to evade adaptive immunity. Evolvability is likely
to be an adaptation in only a quite restricted set of cir-
cumstances (3), but it is increasingly clear that the gen-
erally high degree of relatedness between co-infecting
pathogens and the intense selective pressures imposed by
host immunity can favour evolvability in antigenically
variant pathogens (4). In shaping an antigenic variation
phenotype, selection is likely to act on individual path-
ogens by favouring individuals that restrict the number
of different variants they express (5), and on a lineage of
clonally related pathogens by favouring those lineages
that express a range of antigenically distinct variants
(6). Because adaptive immunity is a selective force in-
teracting with a range of organisms, common features of
antigenic variation have convergently evolved in many
phylogenetically disparate pathogens. These include (7,
8): the possession of a “family” of silent antigen genes,
either explicitly encoded as variant genes or implicitly
encoded by pseudogenes or gene fragments; monoallelic
expression, which is that a single antigen gene is ex-
pressed by an individual at a time; and genetic or epi-
genetic strategies to “switch” exclusive antigen gene
expression to another, previously silent member of the
antigen gene family. Beyond these features, we can add
that antigenic variation typically occurs at high rates,
above background mutation, and that the process is sto-
chastic and preemptive of immune recognition of the
expressed antigen. These latter features are shared with
other processes of phenotypic change (8–10), such as
phase variation, but may not be inviolate in antigenic
variation. For instance, though antigenic variation in
African trypanosomes occurs at rates up to 10–2 events/
division it can be reversibly reduced 1,000-fold by pro-
longed growth (11); in bacterial spirochetes of the genus
Borrelia antigenic variation occurs when the patho-
gens infect mammals, but is not observed when grown

in vitro (12). Irrespective of these variations, when in-
teracting with the selective forces of the immune system,
antigenic variation manifests as a pathogen population
continually switching “forwards” through different an-
tigen variants, as individuals expressing “old” variants
(either by not switching, or by “switching back”) are
neutralized by immunity.

ANTIGENIC VARIATION IN TRYPANOSOMES
‘African’ Salivarian trypanosomes of the Trypanosoma
brucei clade represent one of the best-studied systems
of antigenic variation. Trypanosoma brucei are kineto-
plastid (protozoan flagellate) parasites that are usually
transmitted between mammal hosts by insect vectors
(tsetse flies, genusGlossina) and cause disease in humans
(human African trypanosomiasis, or sleeping sickness;
caused by T. b. gambiense and T. b. rhodesiense) and
animals (animal African trypanosomiasis, or Nagana;
caused by all T. brucei trypanosomes as well as by
Trypanosoma congolense and Trypanosoma vivax) in
numerous foci across sub-Saharan Africa (13). Besides
T. brucei, several other “species” of Salivarian trypano-
somes have been studied in the context of antigenic
variation. T. b. evansi and T. b. equiperdum, both non-
human infective derivatives of T. brucei adapted to
mechanical and sexual transmission (14), respectively,
possess many if not all of the features of T. brucei an-
tigenic variation. Trypanosoma congolense and T. vivax
are more distantly related to T. brucei and are known to
undergo antigenic variation but the details, particularly
at the molecular and mechanistic levels, are less well
understood in these species (15, 16).

The key biochemical and genetic features of trypano-
some antigenic variation have been known for around
40 years. Pioneering studies by K. Vickerman demon-
strated that trypanosomes survive in mammals through
changes in a dense surface “coat” (17, 18), which was
revealed in the mid-1970s to be composed of variant
surface glycoprotein (VSG) (19). Rapidly thereafter,
the genes encoding the VSG were identified and the
molecular basis of VSG gene switching was established
(20). Antigenic variation in T. brucei was discussed by
P. Borst in the previous version of this book, Mobile
DNA II (7), and therefore we will attempt in this chapter
to update that report by reviewing the findings that have
been published since then. For more detailed discussion
of specific aspects of T. brucei antigenic variation, the
reader is referred to several recent reviews (21–27).

Transmission by hematophagous biting insects tends
to select for parasite mechanisms that prolong presence
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in the blood, because it is those parasites that are most
likely to be transmitted (28). Salivarian trypanosomes,
unlike other chronic pathogens such as Plasmodium
or the American trypanosome T. cruzi, do not invade
host cells, so their residence in the blood leaves them
exposed for the entirety of their existence in the mam-
malian host, were it not for ∼5 × 106 VSG dimers cov-
ering their entire surface. The VSG coat acts as a physical
barrier, blocking immune effectors from other elements
of the parasite surface (29). Individual VSG dimers can
move across the parasite surface, and the coat is con-
stantly turning over through endocytosis and exocytosis
occurring in the flagellar pocket at the posterior of
the parasite (30) and a limited degree of shedding (31).
For a long time it was believed that the thickness and
depth of the VSG coat was key to physically shielding all
other surface molecules, as well as the parasite surface
itself, from immune effectors. It now appears that this
is not the whole story because some invariant surface
molecules are predicted to protrude from the VSG layer
(32), and the coat of T. vivax, which appears consider-
ably less dense than that of T. brucei (33), is able to resist
innate immune effectors. It is currently unclear whether
these findings will change the paradigm of VSG’s puta-
tive sole function as a physical barrier—at any rate,
all attempts to use vaccines to direct immune responses
against alternative and perhaps more productive targets
have so far not been promising (34).

Each trypanosome cell expresses a single VSG, and it
is against the encoded VSG that host immunity mounts a
most vigorous attack, primarily an antibody response
capable of destroying parasites by activating comple-
ment and by recruiting phagocytes (35). In fact, VSG ap-
pears to function solely as an antigen and does not
perform any important biochemical activity, meaning
that it is remarkably free to vary in sequence, with dif-
ferent functional VSGs sharing as little as 20% primary
sequence identity (36). Still, there are clearly some limi-
tations to VSG structure because all VSGs identified to
date share strong features of secondary structure (37), in
particular long α helices, which presumably stand per-
pendicular to the plasma membrane and contribute to
the intact coat’s depth and density (26, 38).

African trypanosome antigenic variation comes about
when individual trypanosomes “switch” VSG, resulting
in diversity emerging in the expanding lineage; a con-
tingency that preempts the immune responses being
mounted by the host. Below, we will discuss the mo-
lecular events that underpin switching, and how these
contribute to antigenic variation and the survival strat-
egies of African trypanosomes.

THE GENOMIC COMPONENTS OF
ANTIGENIC VARIATION IN
TRYPANOSOMA BRUCEI
Antigenic variation in T. brucei is remarkable for the
huge levels of elaboration in the genome resources
devoted to the process, and potentially therefore in the
machinery that acts upon these resources to execute the
reactions involved. In contrast with other organisms,
where antigenic variation among surface antigen genes
appears normally to be executed either by transcrip-
tional or recombination mechanisms, T. brucei employs
both strategies. Moreover, the sites of VSG transcription
have evolved to drive the expression of not merely the
VSG antigen but also to co-express many other proteins,
and the number of silentVSG genes that act as “donors”
for generating and expressing new VSG variants by re-
combination is of an unparalleled size. As the available
evidence suggests that transcription-based and recom-
bination-based VSG switching reactions are mechanis-
tically distinct, these are considered in turn below.

VSG genes are expressed in the mammal from mul-
tigenic, telomeric transcription sites termed bloodstream
expression sites (BES), as shown in Fig. 1. Multigenic
transcription is not unusual in T. brucei or in related
kinetoplastids, as virtually all RNA polymerase (Pol) II
transcribed protein-coding genes are expressed in this
way, with extensive trans-splicing and coupled poly-
adenylation acting to generate mature mRNAs from
precursor RNAs (39, 40). However, the promoter that
drives VSG transcription is unusual in that it is recog-
nized by RNA Pol I (41), which also conventionally
transcribes rRNA genes in the genome. Despite this, the
BES promoter displays limited sequence homology with
the rRNA promoter (42) or, indeed, with the promoter
of procyclin genes, which are also RNA Pol I transcribed
(41) and encode surface coat proteins found in the tsetse
fly. In fact, though each promoter appears to bind sim-
ilar, somewhat diverged, RNA Pol I transcription factors
(43), the subnuclear sites of rRNA and BES transcription
are distinct: T. brucei possess a conventional nucleolus
for rRNA transcription, but some RNA Pol I is recruited
to the active BES in a separate, discrete nuclear loca-
tion termed the expression site body (44, 45). Whether
or not BES promoter sequence specificity contributes
to expression site body recruitment, or whether it re-
flects further adaptations for antigenic variation remains
unknown.

Changes in the identity of the single transcribed
BES provides one route for antigenic variation because
T. brucei possesses not one BES, but many, with differ-
ent VSGs occupying each BES. Whether the number
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of BES in the genome is fixed remains somewhat un-
certain, as does the extent to which they vary in sequence
composition during evolution. This is because the BES
are telomeric and frequently large (many 10s of kbp),
meaning that they are underrepresented in the bacterial
clones used in published whole-genome T. brucei se-
quencing strategies (46, 47) and are frequently not found
as assembled entities. For this reason, Hertz-Fowler et al.
(48) specifically targeted the BES for cloning and se-
quencing by a transformation-associated recombination

approach, and this remains the most complete survey
of BES number and content to date. Fourteen distinct
BES were found by this approach in T. b. brucei strain
Lister 427, slightly less than estimatesmade by a different
approach in the same strain (49) and by the samemethod
in a different T. b. brucei strain (50). The BES are un-
doubtedly a focus for recombination (see below) and re-
arrangements occurring between them, which could lead
to changes in number, would be consistent with sub-
telomeres being a rich source of gene diversification in

FIGURE 1 Architecture and singular transcription of variant surface glycoprotein (VSG)
gene expression sites in Trypanosoma brucei. The four line diagrams show cartoon rep-
resentations of telomeric VSG expression sites. The top diagram shows a generic blood-
stream expression site (BES), while the two diagrams below display examples of variant
BES (48) in which VSG pseudogenes (ψ, peach box) are found (BES 14) or where there has
been loss of several expression site associated genes (ESAGs; dark blue box) or pseudo-
genes (light blue box) (BES 10). The final line diagram shows a VSG expression site (MES)
used inmetacyclic form T. brucei, which are found in the tsetse; here, the RNA polymerase
I (Pol I) promoter (flag) does not drive expression of ESAGs, as it does in the BES, but
only the VSG (red box), which in all cases is found adjacent to the telomere (telo; vertical
line). Upstream of the MES promoter, several ESAG pseudogenes have been described,
suggesting that these sites were derived from the BES. Arrays of 70-bp DNA repeats in
the BES and MES are shown (hatched box), which always appear to be upstream of VSG
genes or pseudogenes. Only one BES or MES is actively transcribed at a time in a single
cell. A bloodstream form T. brucei cell is shown, in which the nucleus is diagrammed.
The single active BES (red, extended arrow denotes transcription) is shown associated
with the expression site body (ESB, small green circle), which is spatially distinct from
the nucleolus (large green circle), though both subnuclear structures are sites of RNA
Pol I transcription. Silent BES (three are shown in black; truncated arrow denotes limited
transcription) do not associate with the ESB or nucleolus. doi:10.1128/microbiolspec
.MDNA3-0016-2014.f1
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many organisms (51–55). Nonetheless, gene and se-
quence feature order within the BES appears to be rather
conserved and to follow the general model of BES
structure shown in Fig. 1 (48). In all cases, the VSG is
found most proximal to the telomere repeats. More-
over, despite the wealth of VSG pseudogenes in the
T. brucei genome (see below), the telomere-proximal
VSGs described were all functional, with any VSG pseu-
dogenes more distal to the telomere. Upstream of the
VSG there is invariably a stretch of 70 bp repeats, which
appear to be uniquely associated with the huge majority
(∼90%) of VSGs throughout the genome (37). Individ-
ual 70-bp repeats within arrays show considerable size
variation and sequence complexity, including (TRR)
repeats and GT- and AT-rich elements (56). The triplet
repeat component has been shown to have a propensity
to become non-H bonded (57) and may promote recom-
bination, at least in bacterial plasmids and when tran-
scribed (58); features that may tally with these elements
being able to provide upstream homology during VSG
recombination (see below).

BES are not just sites of VSG transcription, as
each also contains a variable suite of Expression Site-
Associated Genes (ESAGs). ESAGs are invariably found
upstream of the 70-bp repeats, meaning that the size
of the BES (from telomere to promoter) can be up to
∼60 kbp and can include up to 13 genes (48). The
order of ESAGs is broadly conserved between BES, but
this is complicated by ESAG duplications, the presence
of some ESAGs in only a minority of BES, ESAG pseu-
dogenes, and the fact that some BES have suffered
truncations in which ESAGs (but not VSGs) are lost.
These variations suggest that recombination processes
in the BES may not be limited to the VSG. An alternative
suggestion is that variations in ESAG composition be-
tween BES may be an adaptation to different T. brucei–
host species interactions, given the promiscuity of T.
brucei in terms of infecting different mammalian species
(59, 60). Testing this hypothesis is complicated by our
limited understanding of ESAG function, though many
ESAGs encode confirmed or predicted cell surface re-
ceptors (61). It seems plausible that RNA Pol I has been
co-opted for BES transcription to allow for high level
expression (43), so contributing to the generation of the
107 VSG proteins needed for the bloodstream form coat;
indeed, the VSG accounts for a very large proportion of
the bloodstream form mRNA population (62). None-
theless, a need for high level expression does not readily
explain the co-expression of the ESAGs with the VSG,
as ESAG mRNAs appear not to be notably abundant
(62). Bitter et al. (63) showed that when T. brucei is

grown in culture media containing serum from differ-
ent mammalian hosts, parasites are selected that have
switched to transcribe a different BES. Switching cor-
relates with expression of a different heterodimeric trans-
ferrin receptor (TfR) encoded by ESAG6 and ESAG7,
the genes that are most proximal to the BES promoter
and in which sequence variation has been detected (64).
Hence, it is proposed that multiple BES provide a range
of TfRs that enable T. brucei to bind the variant trans-
ferrin molecules found in different host mammals that
the parasite infects, thereby maximizing iron uptake
in the face of anti-TfR antibodies (65). This hypothesis
has been questioned (66, 67), and attempts to evaluate
whether levels of ESAG sequence variation correlate
with Trypanosoma species’ host range have been some-
what unclear (50). Nonetheless, in vitro selection for
BES switches is also been seen when T. b. gambiense is
grown in differing host serum (68). Moreover, ESAG4
genes, which encode novel, variable receptor-like ade-
nylate cyclases, have been correlated with controlling the
early immune response of the host (69), and BES-specific
expression of a VSG-related serum resistance-associated
factor allows T. b. rhodesiense to survive lysis by human
serum components (70), suggesting that ESAGs may
provide a variety of host-specific adaptations.

We clearly have much to learn about ESAG function,
but this is central to any discussion of the role of multiple
BES in antigenic variation. It is clear that T. brucei has
evolved strategies to ensure expression of only one BES
at a time and can execute a switch in transcription status
from one BES to another, thereby changing the VSG
coat (discussed below). Have these mechanisms evolved
to serve immune evasion or do they underlie host ad-
aptation, or both? Evolutionary pressures appear to
have selected for drastic measures to secure increased
numbers of BES in the T. brucei genome, since some are
found in aneuploid “intermediate” chromosomes that
are structurally distinct from the core genome, which
is composed of 11 predominantly diploid “megabase”
chromosomes (71) (Fig. 2). Moreover, T. brucei has
adapted the BES to generate distinct VSG expression
sites (metacyclic ES; MES) (Fig. 1) that are used to ex-
press a VSG coat in metacyclic stage parasites in the
tsetse fly; a preadaptation for survival in the mammal
for these infective stages (8, 72–74). However, recent
trypanosome genome sequencing studies suggest that
ESAG-rich BES may be a T. brucei-specific feature. In
T. vivax and T. congolense, which also use antigenic
variation for survival, homologues of most T. brucei
ESAGs can be found, but they are not detectably linked
to VSG in BES and may even provide distinct functions
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(75). Examining how T. vivax and T. congolense pros-
per in their mammal hosts will reveal much about
the relationship between VSG and ESAG co-expression
and the role of transcriptional switching in antigenic
variation.

Despite their complexity in structure, and their po-
tential occupation of all telomeres in the megabase
chromosomes, the VSG expression sites (both BES and
MES) provide only a minor component of the T. brucei
armoury of genes for antigenic variation. The total num-
ber of VSGs in the T. brucei genome is enormous: the
sequence of T. b. brucei strain TREU927 suggests 1,000
to 2,000 VSGs (37, 46), of which around half have been
annotated (76). Remarkably, this “archive” represents
around 20% of the coding capacity of the genome,
an investment in variable antigens dwarfing that of other
pathogens that employ antigenic variation. The VSGs

outside the BES and MES—that is, the huge majority—
are silent, as they are found in two locus types in which
transcription has rarely been detected (Fig. 2). The first
of these locus types encompasses VSGs found adja-
cent to the telomeres in ∼200 minichromosomes: linear
molecules ∼30 to 150 kbp in size that are related to in-
termediate chromosomes in possessing central 177-bp
repeats that may provide stability during cell division
(71, 77, 78). Though it has been reported that a mini-
chromosomal VSG can be expressed in situ (79), the
lack of BES-related features other than 70-bp repeats
in the minichromosomes that have been examined to
date suggests that they evolved to provide a repertoire
of silent, telomeric VSGs that are easily activated; in-
deed, in all cases examined to date the minichromo-
somes contain intact, functional VSGs. The sequence of
the whole repertoire of minichromosomes has not yet

FIGURE 2 The variant surface glycoprotein (VSG) gene archive in Trypanosoma brucei.
Whole T. brucei chromosomes are shown separated by pulsed field gel electrophoresis
and stained with ethidium bromide. To the left of the gel, the positions of the megabase
chromosomes, intermediate chromosomes and minichromosomes that comprise the
nuclear genome are indicated, including the size and number of the different chromo-
some classes. To the right of the gel, the different loci in which VSGs are found are in-
dicated (bloodstream expression site (BES), mini, array), including the number of VSGs
in each locus type and whether they are functional (intact, red box) or are pseudogenic
(ψ, peach box). BES denotes VSGs in expression sites that are used in the mammalian
bloodstream and are found in the megabase and intermediate chromosomes. Mini de-
notes VSGs found in the minichromosomes, and array denotes VSGs found in the sub-
telomeres of the megabase chromosomes. In each case the presence or absence of a
number of sequence features in addition to the VSG is shown: the telomere (vertical
line), 70-bp repeats (widely hatched box), expression site-associated genes (black box),
the RNA Pol I promoter (arrow) and 177-bp repeats (narrow hatched box). doi:10.1128
/microbiolspec.MDNA3-0016-2014.f2
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been reported for any trypanosome strain, and this ap-
proach is needed to evaluate whether the above gener-
alizations about these molecules are widely held. It is
also possible that such sequencing will determine how
these minichromosomes evolved: for instance, did this
part of the VSG archive arise from the BES or MES?

The other locus type comprises huge arrays of VSGs
found in the subtelomeres of the megabase chromo-
somes (46) (Fig. 2). These VSGs have been referred
to as “basic copy”, “chromosomal-internal” or “array”
VSGs, reflecting the fact that they are substrates for
switching by recombination and differ from BES VSGs
in their genomic context. Like the minichromosome
VSGs, virtually all array VSGs are flanked by 70-bp
repeats (37), though typically the number of repeats
is lower than is found in the BES. However, genome
sequencing has revealed that most array VSGs appear
distinct from telomere-adjacent VSGs, because only a
very small fraction (∼5%) of this part of the archive
encodes intact, functional VSGs (37, 46). Most of the
array VSGs (and therefore most of the archive) are pseu-
dogenes in which the open reading frame is interrupted
by stop codons or frameshifts (∼65%), or where the
gene is truncated (∼20%) and lacks one of the two
VSG protein domains. The remainder of the array VSGs
(∼10%) appear atypical, encoding products with pre-
dicted folding or posttranslational modifications that
differ from known VSGs. Another, distinct, set of ∼30
VSG-related genes appear not to contribute to antigenic
variation, because they are transcribed in both blood-
stream and procyclic form T. brucei cells, all of them
lack associated 70-bp repeats and they localize where
the chromosome cores and VSG array-containing sub-
telomeres abut (37). Nonetheless, the demonstration
that most of the VSG archive is composed of pseudo-
genes has huge implications for how we consider the
mechanisms, dynamics and functions of VSG antigenic
variation (see below).

Sequence features of the VSGs and their subtelomeric
location appear to promote diversification of the ar-
chive. The sizes of individual megabase chromosomes
vary considerably between T. brucei isolates, a variation
that extends to considerable size differences between
chromosome homologues within a cell (80). Though
some of this variation can be attributed to changes in
gene and sequence copy number throughout the ge-
nome, most is accounted for by expansions and con-
tractions in the VSG arrays (81). In part, this variation
is due to partitioning the core and the subtelomere,
allowing ectopic recombination in the latter and limit-
ing this in the former, where it could have deleterious

effects (27, 51). Beyond subtelomeric recombination,
it is possible that specific mechanisms are in place to
further promote diversification: mutagenic processes fa-
voured by higher-order selection (82). Though VSGs
share very limited sequence homology, and the most
related genes are dispersed in the subtelomeres rather
than being adjacent to each other (46), around a third of
VSGs are in families of at least two genes that share
around ∼75% nucleotide identity (37). Hence, dupli-
cation of VSGs may be a prevalent process, and ap-
pears to be associated with gene conversions extending
from the 70-bp repeats to regions of C-terminal ho-
mology. Whether other dispersed sequences, such as
ingi transposable elements, are also involved is less
clear. Smaller-scale mutations have also been inferred
from VSG sequence comparisons within a single archive
(83), though whether these are related to VSG gene con-
version or have a different source is unknown. It is clear
that we have only just begun to examine the processes
that shape and diversify the VSG archive, and do not
fully understand the events that operate during repli-
cation, over the course of an infection and through the
life cycle. Understanding this will determine the extent
to which archives compare or diverge in extant trypano-
some isolates (47, 84). Just as importantly, we do not
yet understand if and how these largely silent processes
within the archive intersect with our growing under-
standing of how VSGs are recombined into the BES.

A BRIEF DISCUSSION OF
TRANSCRIPTIONAL VSG SWITCHING
As discussed above, while the evolutionary selection for
multiple VSG BES is still being debated, the multiplicity
of these sites provides a route for T. brucei antigenic
variation. Since this book is primarily devoted to DNA
rearrangement processes, we will provide only a brief
overview of transcriptional VSG switching; more de-
tailed discussion can be found in the previous version
of this book (Mobile DNA II; chapter authored by Piet
Borst: Chapter 40) (7) and in several excellent reviews
(23, 25, 85–89). It is clear that T. brucei possesses an
active mechanism for ensuring that only a single VSG is
expressed: attempts to select for T. brucei cells in which
two or more BES are actively transcribed have failed (90,
91), but this is not because a mixed VSG coat is toxic
(92, 93). The nature of this counting mechanism remains
uncertain, however. A range of factors have been detailed
whose loss through mutation or RNAi elevates tran-
scription from the silent BES. These factors act in diverse
functions, including telomere (94), chromatin (95–98)
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or nuclear envelope (99) activities. Despite this, pertur-
bation of these activities shares a common outcome:
though the silent BES become transcribed, the levels of
this upregulation never reach transcription rates seen
in the active BES. It is possible, then, that these factors
influence processes that follow from, rather than dictate,
singular BES expression. To date, the expression site
body (Fig. 1) remains the best candidate for establishing
monoallelic control (45), but its composition and asso-
ciation with the BES remains elusive. Indeed, the mech-
anistic focus of transcriptional control is still to be
clarified. The observation that some transcripts can in
fact be detected from silent BES, even in the absence of the
above perturbations, suggests that selective RNA Pol I
elongation may be the key (100). However, other studies
have shown that RNA Pol I occupation levels are higher
at the promoter of the active BES, suggesting that selec-
tive transcription initiation may also contribute (101).

Beyond the mechanism(s) for BES counting, the pro-
cess of transcriptional switching between BES is argu-
ably even more poorly understood. Only one factor has
so far been described that influences the transfer of ac-
tive transcription from one BES to another. Mutation of
one of two related histone methyltransferases, DOT1B,
causes ∼10-fold elevated levels of transcription from
silent BES, similar to the effects seen for the factors
above. However, in DOT1B mutants transcription de-
repression is found throughout the transcription unit
and, strikingly, loss of DOT1B appears to delay the time
T. brucei takes to switch its VSG coat (102), potentially
because normally unstable switch intermediates (90) are
stabilized. How stabilization might occur remains un-
certain (103), in part because the trigger and timing
of transcriptional VSG switching is unknown. DNA
replication and segregation may provide a window for
transcriptional change, which would be consistent with
observations that RNAi targeting of factors involved in
nuclear replication and chromatid cohesion functions
can elevate levels of silent VSG expression and switch-
ing (104–107). However, whether directed or random
events can precipitate a transcriptional switch remains
unknown. Indeed, though this switch reaction does not
involve DNA rearrangements, it remains possible that
it shares repair-related or replication-related functions
that act in recombination-based switching (see below).
Such a link would explain why mutation of core homol-
ogous recombination (HR) factors not only impairs VSG
switching by recombination (see below), but also VSG
switching by transcription (108–110), and why multiple
treatments that cause DNA damage or replication arrest
in T. brucei can elevate silent BES expression (111).

ACTIVATION OF INTACT VSGS INVOLVES
HOMOLOGOUS RECOMBINATION
Activation of silent VSGs by their recombination into
the BES is the primary route by which antigenic varia-
tion occurs, and recombination is the only route that
can access all the VSGs in the archive for the formation
of new VSG coats. Three recombination reactions have
been described (Figs. 3, 4 and 5), which to some extent
reflect different features of VSGs localized at telomeres
and in subtelomeric arrays, but our understanding of
how interrelated these reactions are is incomplete. What
seems increasingly clear, however, is that VSG location
and whether or not the gene is intact or pseudogenic
strongly influences the timing of its activation (see below).

One recombination pathway is VSG gene conversion,
where a copy is generated of a silent, functional VSG
and replaces the BES-residentVSG (Fig. 3). This reaction
is capable of activating functional VSGs throughout
the archive. To generate a wholly new VSG, the extent
of sequence copied must extend beyond the VSG open
reading frame. Upstream, the 70-bp repeats can provide
homology for both telomeric (BES, MES or or mini-
chromosomal) and array VSGs (112), though gene con-
versions from a silent BES are frequently seen where
homology is further upstream within the ESAGs (113,
114), even encompassing theVSG promoter (48). Down-
stream, gene conversion of array genes can end in 3′
coding or noncoding parts of the VSG (115), while
conversion of telomeric VSGs can extend to the chro-
mosome end (116, 117). A second pathway is reciprocal
VSG recombination (118), where chromosome ends are
exchanged by crossover without sequence loss (Fig. 5):
a silent VSG moves into the BES and is activated, while
the previously active VSG moves to the other chromo-
some end. This reaction, though readily detected (119),
can only occur between telomere-adjacent VSGs, and
so seems a minor pathway of VSG switching. The third
recombination pathway, segmental gene conversion
(SGC), is distinct from the two above in that it does not
activate intact VSGs, but instead pieces together seg-
ments of multiple pseudogenes to generate novel, func-
tional VSG “mosaics” (120–122) (Figs 3 and 4). This
has substantial implications. First, the substrates used
in SGC are different from activation of intact VSGs, in
that at least one “end” of the reaction must be engaged
through sequence homology between recombining VSG
open reading frames, rather than through flanking ho-
mology. Since sequence homology between any two
VSGs is normally very limited (26, 38), this raises ques-
tions about the nature, efficiency and substrate pref-
erences of the recombination reaction; for instance, can
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FIGURE 3 Hierarchy of variant surface glycoprotein (VSG) gene switching by recombi-
nation during infections by Trypanosoma brucei. The graph depicts the log of the number
of T. brucei cells in a cow up to 70 days after infection (day 0). The schematic below details
the timing of activation, by switching, of the different VSGs found in the genome (VSG
type): silent telomeric VSGs (telomere) are activated more frequently than intact, sub-
telomeric array VSGs (array), which in turn are activated more frequently than VSG pseu-
dogenes (pseudo). Gene conversion is the most frequent route for the above activation
events, and the features associated with gene conversion of each VSG type are dia-
grammed. The VSG expressed before a switch (blue box) is transcribed (dotted arrow)
from a bloodstream expression site (BES), in which the VSG is adjacent to the telomere
(vertical line) and flanked upstream by 70-bp repeats (hatched box) and expression
site associated genes (ESAGs; black boxes). The amount of sequence copied during VSG
gene conversion is shown. For telomeric VSGs the sequence copied normally encom-
passes the VSG open reading frame (red box) and extends upstream to the 70-bp repeats,
but also can extend further upstream into the ESAGs if the silent VSG is in an inactive
BES; the downstream conversion limit may be the end of the VSG, but can also extend
to the telomere from either a minichromosome VSG or inactive BES. Gene conversion
of an intact subtelomeric array VSG is more limited in the range of sequence copied.
In segmental VSG gene conversion parts of multiple, normally nonfunctional VSG pseu-
dogenes (orange, red or brown boxes) are combined to generate a novel mosaic VSG;
though this is shown to occur in the BES, it is not known if this is the location of gene
assembly. Note also, the VSG pseudogene donors are shown for convenience as a con-
tiguous array; in fact, segmental gene conversions using adjacent genes have never been
observed. doi:10.1128/microbiolspec.MDNA3-0016-2014.f3

ASMscience.org/MicrobiolSpectrum 9

Trypanosome antigenic variation by recombination

http://dx.doi.org/10.1128/microbiolspec.MDNA3-0016-2014.f3
http://www.ASMscience.org/MicrobiolSpectrum


Downloaded from www.asmscience.org by
IP:  144.32.240.1

On: Tue, 30 Aug 2016 15:16:01

RAD51-directed HR act in this process (see below)?
Second, segmental VSG conversion has the capacity to
generate many-fold larger numbers of VSG coats than
merely the number of VSG genes in the archive (123)
and, in this sense, has a comparable purpose and am-
plification of scale to the rearrangements used to gener-
ate mature immunoglobulin genes (120). Recent studies
have built upon the genome sequence of T. brucei to
show that segmental VSG conversion comes to predo-
minate as T. brucei infections progress and that VSG
diversity appears enormous (37, 124). These studies have
confirmed far-sighted predictions byKamper and Barbet,
which predated whole genome sequencing and suggested
that mosaic VSG formation is the key to infection chro-
nicity and, most likely, even longer-term parasite–host
interaction (125, 126).

To date, genetic studies to dissect the recombination
machinery and sequences that act in VSG switching
(Fig. 5) have been limited to understanding the activa-
tion of intact VSGs (106, 108, 110, 114, 117, 127–129).
This stems from the fact that these studies have used
in vivo or in vitro selection strategies that detect the most
frequently activated VSGs; the lack of detectable mosaic
VSG formation in these studies may suggest that SGC

is less efficient than intact VSG conversion, though a
mechanistic switch during an infection cannot be cur-
rently ruled out. A number of these studies make it clear
that switching of intactVSGs is largely catalyzed by HR.
In other words, though antigenic variation is a special-
ized recombination reaction targeting VSGs, it is exe-
cuted by a nonspecific, general repair pathway rather
than a specifically evolved VSG recombination reaction.
The same conclusion has been reached regarding pilin
antigenic variation in Neisseria gonorrhoeae, which oc-
curs by gene conversion of silent, nonfunctional pilS
genes to a pilE expression locus and where similar gene
knockout approaches have been adopted (130, 131).
A role for HR in VSG switching was first demonstrated
by generating T. brucei mutants of RAD51; loss of this
central enzyme of HR (132) significantly impairs VSG
switching (110). This phenotype is similar, but not iden-
tical, to the effect that loss of RecA (the bacterial ho-
mologue of Rad51) has on N. gonorrhoeae antigenic
variation. In N. gonorrhoeae, RecA mutants are ef-
fectively unable to switch their pili by recombination
(133), whereas T. brucei VSG switching, though re-
duced approximately 10-fold, can still be detected in
RAD51 mutants, including by gene conversion (110).

FIGURE 4 Complexity of variant surface glycoprotein (VSG) mosaics formed by seg-
mental gene conversion in Trypanosoma brucei. (A) Where the 3′ boundary of segmental
gene conversion occurs within the coding sequence of the VSG (3′ donation), part or all of
the previously expressed C-terminal-domain-(CTD) -encoding region of VSG is retained,
allowing the expression of a large contingent of silent VSGs (red box) that contain frame-
shifts or stop codons towards their 3′ ends (frameshift or premature stop codon indicated
by an asterisk); as in Fig. 3, the recipient VSG (blue) is shown in the bloodstream expression
site (BES) and the extent of conversion is indicated (NTD denotes N-terminal domain).
Donors of VSGs formed in this way were found to share little sequence similarity over
their whole sequence. (B) Mosaic VSGs can allow (partial) expression of pseudogene
VSGs. Donors of VSGs (pink box) formed in this way share relatively high levels of sequence
similarity (73% identity at the nucleotide level). (C) Segmental gene conversion yields
diverse products: the diagram shows nine different VSGs detected during chronic in-
fections (124); different donors are indicated in different colours, with 3′ donors indicated
by hatching. doi:10.1128/microbiolspec.MDNA3-0016-2014.f4
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FIGURE 5 Models for variant surface glycoprotein (VSG) recombination during anti-
genic variation in Trypanosoma brucei. (A) Recombination is shown initiated by a DNA
double-strand break (DSB) in the 70 bp repeats (hatched box) upstream of the VSG
(black arrow) in the bloodstream expression site (BES) (ESAGs and promoter are not
shown). Only factors that have been examined for a role in VSG switching are indicated;
those shown in color have been found to act, while those for whom no evidence of a role
in VSG switching has been found are shown in gray. DSB processing to reveal 3′ single-
stranded ends is, in part, catalyzed by MRE11-RAD50-XRS2/NBS1 (MRX), generating a
substrate on which RAD51 forms a nucleoprotein filament; note, however, that a further
exonuclease (not shown) normally acts with MRX of both ends of the DSB are processed.
RAD51 function is mediated by a number of factors: BRCA2 influences RAD51 filament
dynamics, while the detailed roles of RAD51 paralogs (RAD51-3, RAD51-4, RAD51-5 and
RAD51-6 in T. brucei) are unclear. RAD51 catalyzes repair by homology-dependent in-
vasion of the single-stranded end into intact DNA (gray lines), containing a silent VSG (gray
arrow). Mismatch repair constrains homologous recombination to act only on sufficiently
homologous sequences. Three pathways for DSB repair have been described and may
contribute to VSG switching. (B) DSB repair; here, newly synthesized DNA is copied from
the intact DNA duplex and remains base-paired, generating Holliday junction structures
whose enzymatic resolution can lead to gene conversion with (not shown) or without
(shown) crossover of flanking sequence. In T. brucei, RMI1-TOP3 has been shown to
suppress crossover, by perhaps acting on the Holliday junctions. (C) Synthesis-dependent
strand annealing; here, newly synthesized DNA is displaced from the intact duplex and
reanneals with homologous sequence at the DSB, allowing synthesis of the other strand.
Break-induced replication is shown in (D); in this mechanism, an origin-independent
replication fork forms on the strand invasion intermediate allowing replication to the
chromosome end. doi:10.1128/microbiolspec.MDNA3-0016-2014.f5
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This appears to suggest greater flexibility in the recom-
bination pathways that can lead to antigenic variation
in T. brucei. Indeed, N. gonorrhoeae antigenic variation
appears to be a rather defined form of HR, because it
only uses a sub-pathway of RecA-dependent HR initi-
ated by a RecF-like machinery (134), and not RecBCD
(135).

Further HR-related factors have been tested for their
contribution to T. brucei antigenic variation, confirming
the role ofHRbut suggesting some specialization.RAD51
activity in vivo is mediated by a number of factors (132),
including BRCA2 and a collection of Rad51-related pro-
teins termed Rad51 paralogs. BRCA2 interacts with
Rad51 via conserved BRC repeats and a distinct, less-
conserved motif that is found towards the C-terminus of
the mammalian protein, and these interactions appear to
guide the formation and disassembly of Rad51 nucleo-
protein filaments on broken DNA (136) (Fig. 5). Muta-
tion of BRCA2 in T. brucei impairs VSG switching to a
very similar extent to RAD51mutants (109). InT. brucei,
but not in related African trypanosomes or more distantly
related trypanosomatids, BRCA2 possesses a remarkable
expansion in the number of BRC repeats relative to most
eukaryotes, suggesting a need for pronounced interaction
with RAD51. However, this expansion appears not to
be an adaptation for gene conversion of intact VSGs,
because cells expressing BRCA2 engineered to have only
one BRC repeat still support wild-type levels of such
switching (109). To date, BRC repeat number has only
been demonstrated to be important in the efficiency of
RAD51 relocalization after induced DNA damage (137),
but in what way this might relate to antigenic variation
remains elusive. Nonetheless, there are intriguing paral-
lels between BRCA2 function in T. brucei and RecX in
N. gonorrhoeae. Loss of RecX in N. gonorrhoeae im-
pairs pilin switching (138) and, though RecX is unrelated
in sequence to BRCA2, it acts in a related way, modu-
lating RecA nucleoprotein filament formation (139, 140).
Hence, it seems likely that in both pathogens antigen
gene recombination is controlled in ways not yet under-
stood through the size or stability of the filaments formed
by the related recombinases. The functions of Rad51
paralogs remain somewhat mysterious. These factors are
related to Rad51 but, unlike a meiosis-specific cousin of
the HR recombinase termed Dmc1, there is no evidence
that they catalyze recombination. Instead, they appear to
aid Rad51-dependent HR (141) and show some overlap
with BRCA2 function (142, 143), though potentially also
broader functions in genome maintenance. The numbers
of Rad51 paralogs vary widely in eukaryotes, with five in
mammals but only one inCaenorhabditis elegans. Among

single-celled eukaryotes, trypanosomes appear to possess
a relatively large repertoire of four proteins (108, 144). In
T. brucei each RAD51 paralog acts in DNA recombina-
tion and repair. However, mutants of only one RAD51
paralog, RAD51–3, show a pronounced impairment in
intact VSG switching, suggesting some specificity in the
HR reaction(s) used. In contrast with the above factors
that promote VSG switching, one HR enzyme complex
has been shown to suppress the reaction. Mutation of
TOP3a or RMI1, which interact and are probably two
components of the T. brucei RTR (RecQ/Sgs1-Top3/
TOPO3a- Rmi1/BLAP75/18) complex described in yeast
and mammals, results in increased levels of VSG switch-
ing, as well as recombination elsewhere in the genome
(117, 145). Though the extent of elevated VSG switch-
ing is surprisingly different in the two mutants, each
shares common mechanisms that are, in part, RAD51-
dependent: increased levels of crossovers within the
ESAGs and increased VSG gene conversion delimited by
the 70-bp repeats (Fig. 5). Again, comparison of these
findings withN. gonorrhoeae is revealing, since RecQ has
been implicated in pilin antigenic variation (146, 147).
However, loss of N. gonorrhoeae RecQ or mutation of
the expanded number of helicase domains in the bacterial
protein do not result in an elevation of antigenic variation
rates, as in T. brucei, but in a reduction.Neisseria gonor-
rhoeae RecQ acts to unwind guanine quartet (or G4)
structures that initiate pilin gene switching (148–150),
meaning that the different phenotypes in T. brucei might
indicate a distinct strategy for antigenic variation initia-
tion. However, eukaryotes typically possess more than
one RecQ-like factor, and indeed no T. brucei RECQ
factors have so far been examined, so there is the poten-
tial for redundancy in this aspect of HR-directed VSG
switching.

Despite the above broad association of HR with
switching of intact VSGs, not all factors that might have
been predicted to act behave in the expected ways. A
key factor in the early steps of eukaryotic DNA double-
strand break (DSB) repair is theMRE11 complex (Fig. 5),
composedofMRE11,RAD50andXrs2/NBS1 in eukary-
otes, with roles in processing DSBs, activating the DNA
damage response through the kinase ATM, bridging
DNA molecules and suppressing non-HR repair (151).
MRE11 mutants in T. brucei display DNA damage re-
pair and genome instability phenotypes (152, 153), in-
cluding gross chromosomal rearrangements due to loss
of subtelomeric VSGs, an instability also seen in blood-
stream form T. brucei BRCA2 mutants (109, 137). De-
spite this, loss of MRE11 has no detectable effect on
VSG switching, questioning whether DSBs can initiate
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the reaction (see below) or whether loss of MRE11 alle-
viates suppression of alternative DSB repair reactions
that can be upregulated and affect switching. Mismatch
repair (MMR) recognizes and repairs base mismatches,
which can occur during replication and during HR be-
tween DNA molecules that are diverged in sequence
(Fig. 5). In this latter context, MMR suppresses HR
(154), including in T. brucei (155, 156). Again, however,
T. brucei mutations of MSH2 or MLH1 (central factors
in MMR) do not detectably alter the frequency of VSG
switching. Given thatVSG recombination appears to fre-
quently use highly variable flanking sequences for ho-
mology, such as the 70-bp repeats, this observation is
perhaps surprising, and remains unexplained. For in-
stance, these data might implicate an MMR-independent
HR reaction (157) inVSG switching.Alternatively,MMR
mutation might be neutral if the repair machinery func-
tions not merely to survey for poorly matched VSGs
during the downstream strand exchange steps of HR, but
also acts in the initiation of the process, perhaps akin to
the contribution of MMR to immunoglobulin rearrange-
ments and transcription-associated triplet repeat expan-
sions (158). Whatever the explanation, the lack of a
detectable effect of MMR mutation may warrant further
investigation, as these findings mirrored initial observa-
tions in N. gonorrhoeae antigenic variation, where mu-
tants of MutS, the bacterial ortholog of MSH2, also
appeared to show unaltered pilin switching (159). How-
ever, later analysis showed that MutS mutants do result
in increased pilin switching, explained by altered recom-
bination tract lengths (160). Trypanosoma brucei MMR
may yet be revealed to contribute toVSG donor selection,
but the far greater numbers of available silentVSGs mean
that any effects of MMR mutation may not be seen by
simply measuring switch efficiency.

A further complexity inVSG switching is the relatively
modest effect of any single HR-associated gene mutation
detailed to date. A consistent finding from many studies
is that in the absence of RAD51-dependent HR, VSG
switching by recombination continues to operate, albeit
at reduced levels (110, 145). To date, the nature of this
RAD51-independent HR is unknown. DSBs in eukary-
otes can be repaired by at least three routes: HR, non-
homologous end-joining (NHEJ), and a still poorly
understood pathway (or pathways) termed alternative
end-joining or microhomology-mediated end-joining
(MMEJ) (161). It seems likely that NHEJ can be dis-
counted as a route for VSG gene conversion; not only
does this appear mechanistically incompatible, but mu-
tants of the Ku heterodimer that recognize DSBs in this
reaction have no effect on VSG switching (162, 163).

In fact, no study to date has successfully detected NHEJ
in T. brucei, and it may well be absent, like in some other
eukaryotes (164), due to the absence of key factors (165).
In contrast, MMEJ is readily detected in T. brucei, and
may have assumed the role of NHEJ in DSB repair (165–
168). Testing whether MMEJ provides a route for VSG
gene conversion in the absence of RAD51-dependent
HR is hampered by the lack of clarity in the machinery
involved, but it is increasingly clear that this reaction
is highly flexible, for instance contributing to many
forms of structural genome variation and acting in im-
munoglobulin rearrangements (161). Beyond MMEJ,
some evidence suggests that bonafide HR occurs in
T. brucei in the absence of RAD51, since homologous
integration following transformation is readily detected
in RAD51 mutants (166). Moreover, transformation as-
says have suggested that twoHR reactionsmight operate
in T. brucei, one that has a minimal homology length
requirement of ∼100 bp and another, less efficient re-
action that needs around ∼30 bp of homology (157).
To date, however, the machinery needed for an HR re-
action of such a short length is unknown. Gene conver-
sion during antigenic variation that is independent of
the HR recombinase is not unique to T. brucei: Borrelia
burgdorferi is a tick-borne spirochete where recombi-
nation of silent vls gene segments into the single vlsE
expression site is unaffected by mutation of RecA (169),
though it does require RuvAB, a helicase that processes
Holliday junction HR intermediates (170, 171). Like
T. brucei, how homology-directed strand transfer ini-
tiates in B. burgdorferi without RecA/RAD51 is un-
known, though the potential involvement of a novel,
telomere-directed resolvase would be very interesting
(172).

HOW IS T. BRUCEI VSG SWITCHING
BY RECOMBINATION INITIATED?
The high rate of VSG switching suggests that antige-
nic variation must be promoted by some process(es) to
elevate the frequency of coat changes above general
mutation levels. In commonwithprogrammedrearrange-
ments such a mating type switching in yeast and immu-
noglobulin gene maturation, DSBs in the BES have long
been suspected as likely initiating lesions in T. brucei,
promoting VSG recombination through HR (59, 173)
(Fig. 5). Boothroyd et al. provided the first evidence
that DSBs might indeed act in this way: by controllably
expressing an endonuclease, ISceI, and localizing its
recognition sequence within the BES, it was possible
to show that an experimentally-induced DSB elevates
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VSG switching through gene conversion (127). More-
over, elevation of switching was dependent on local-
izing the ISceI target sequence adjacent to the 70-bp
repeats and upstream of the VSG, and was abolished
if the 70-bp repeats were removed from the BES. Fur-
ther evidence for the role of DNA breaks was found
using ligation-mediated PCR, which suggested that such
lesions were readily detectable in the 70-bp repeats
within the actively transcribed BES, but were less de-
tectable in a silent BES or, indeed, within the ESAGs
of the active BES (127). These data appear to implicate
the 70-bp repeats as the culprit for promoting the for-
mation of DNA breaks, perhaps even DSBs, and that
this role is associated with, or seen more readily, when
the BES is traversed by RNA Pol I. This is an attractive
model, but several questions and areas of uncertainty
remain (174).

The foremost question promoted by the above model,
is how might the 70-bp repeats promote the formation
of DSBs? One possibility is that they are the target of an
endonuclease (173). To date, such an enzyme has escaped
detection, perhaps because it is novel or its activity or ex-
pression is tightly regulated. Endonuclease-independent
break formation might also be considered, such as seen
by Activation-Induced (Cytidine) Deaminase (AID) tar-
geting of the repair machinery during immunoglobulin
class switching (175). Indeed, given the association be-
tween the breaks and BES expression, transcription-
associated breakage, also mediated by repair such as has
been proposed for triplet repeat expansion, is possible
(158). Alternatively, the 70-bp repeats, perhaps due to
the structurally unstable (TRR) motif, could stall DNA
replication and promote HR. Certain DNA sequences,
termed fragile sites, are regions of elevated genomic in-
stability, and at least some these are associated with
stalling of replication (176, 177). Indeed, the capacity of
replication stalling to induce rearrangements has been
harnessed in other organisms to promote locus-specific
genetic changes: in Schizosaccharomyces pombe a spe-
cific replication-blocking lesion promotes mat switching
byHR (178), and replication barriers are needed for gene
amplification in Tetrahymena macronuclear develop-
ment (179). As tractable as such mechanisms are to
experimental investigation, the centrality of the 70-bp
repeats for switching and the suggestion that it is DSBs
that form on these sequences, is not supported by all
data. Though deletion of the 70-bp repeats impedes the
elevation ofVSG switching after ISceI targeting, removal
of the repeats from the active BES in the absence of
ISceI appears not to affect VSG switching rate (114,
127). Moreover, though a later study confirmed that

ISceI-mediated DSB formation can activate switching in
a BES location-dependent fashion, strict localization of
breaks within the active BES and around the 70-bp re-
peats was not confirmed, and instead ligation-mediated
PCR suggested that all BES are fragile adjacent to the
telomere (128). Finally, as noted above, the lack of a
role for MRE11 in VSG switching is perplexing, given
its central function in DSB detection and repair (152).
One explanation for these inconsistencies, as we have
argued throughout, is that VSG recombination cannot
be explained by a single mechanism, or by a sequence
to direct that mechanism, and the system acts flexibly
through several routes. Such flexibility may be compati-
ble with the suggestion that telomere length, and not
the 70-bp repeats, is the determinant of VSG switching
(180, 181). This suggestion was promoted by studies
in telomerase-deficient T. brucei, which gradually lose
telomere repeats over time (182). In cells with critically
short telomeres, VSG switching rate is higher than in the
same cells with longer telomeres (181). How gene con-
version is promoted in these cells is unclear, given that
ISceI-mediated removal of the telomere tract does not
elicit this response (128), though short telomeres might
precipitate subtelomeric breaks or switching might relate
to a process of telomere stabilization (183). How signif-
icant such telomere processes are in telomerase-proficient
cells is unclear, but it may be one route among many for
VSG switching.

A larger area of uncertainty regarding the model of
DSB induction of VSG switching lies in selection of the
VSG donors that provide the substrates for recombina-
tion. As we have discussed, T. brucei has a large, diverse
archive of VSGs found in BES, minichromosomes and
in subtelomeric arrays (Fig. 2). Despite this, the over-
whelming majority of VSG switching events that were
characterized following ISceI DSB induction used BES
VSGs as donors (∼85%); minichromosomal VSGs, de-
spite their ∼10-fold numerical superiority, were used
infrequently (∼15%) and array VSGs, whether intact or
pseudogene, were not detected (127). This may reflect
the hierarchy of switching events that are seen during
long-term infections (see below), suggesting that there
is a probability spectrum of donor preference and it is
immune selection that allows the emergence of less fre-
quently accessed genes in the archive. Alternatively, it is
possible that activation of some VSGs may be initiated
by a distinct route. Answers to such questions will be
informed by in-depth profiling of VSGs expressed dur-
ing infections, but require detailed assays of switch rates
and mechanisms of distinct VSG types for a definitive
answer.
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SEGMENTAL GENE CONVERSION
PRODUCES FUNCTIONAL
VSG SURFACE COATS
The SGC in VSG switching appears to be a remarkably
flexible reaction, judging by its products (Fig. 4). In
some instances SGC can be simple: in cases where the
3′ boundary of gene conversion occurs within the coding
sequence, SGC causes only the part of the gene encoding
the exposed N-terminal domain of the antigen to be ex-
changed (“3′ donation”) (124), a process similar to the
exchange of antigen variable region“cassettes”bypatho-
gens such as Anaplasma marginale (184), Treponema
pallidum (185), and Mycoplasma genitalum (186–188).
In addition, SGC can form a “mosaic”VSG, exchanging
segments across the gene and introducing variation
into the antigenically-important N-terminal domain.
Mosaic VSGs identified from chronic infections can in-
volve some quite complex rearrangements, involving
up to four donors and more than ten segments (124).
Both patterns of SGC—mosaicism and 3′ donation—
appear to have been facilitated by homology: donors
in both cases shared at least 85% nucleotide identity
at the boundary of conversion, and the donors for mo-
saic VSGs were at least 73% identical across their
N-terminal domain-encoding regions (124).

Segmentally converted VSGs identified from infec-
tions share the structural features of other expressed
VSGs: they are not markedly different in length to intact
VSGs, they possess a similar domain structure, and ap-
pear to form functional surface coats (124, 189). This
is significant, because unlike gene conversion of intact,
full-length VSGs, both 3′ donation and mosaicism read-
ily use segments of pseudogene VSGs. Most likely, the
lack of incorporation of the mutations that would im-
pair the VSG coat or its expression reflects selection:
those cells that generate VSG mosaics in which mu-
tations are present are rapidly killed. Death may be
immune-mediated, or may result from a cessation of
protein synthesis following detection of nonfunctional
VSG expression (190191). Mosaic VSGs tend to appear
only relatively later in infection (after 3 weeks in mice,
although the kinetics of antigenic variation are likely
to vary significantly between hosts) (37, 124). The “late”
appearance of mosaic VSGs suggests either that they
have a lower probability of becoming expressed than
intact VSGs, perhaps because the SGC events are less
efficient and tend not to occur earlier in infection,
and/or that trypanosomes expressing mosaic VSGs
growmore slowly. The former is more likely, as previous
experimental studies found poor correlation between
trypanosome growth rate and expressed VSGs (192).

However, these studies did not examine mosaic VSGs
constructed during an infection, which may be subopti-
mally expressed compared with intact VSGs. This latter
point may also explain why the products of SGC iden-
tified to date have been fairly conservative, with the re-
placement of part of one gene with the homologous
region from another and with no dramatic changes to
the features or structure of VSG: more radical variants
may occur, but impose such a growth defect on their
expressers that they are outcompeted.

The molecular mechanisms underlying T. brucei SGC
remain mysterious. It is unknown whether VSG SGC
products are rare consequences of “normal” recom-
bination processes that act during intact VSG gene
conversion, or whether the reaction involves a distinct,
dedicated machinery. Some clues can be gleaned from
the homology between mosaics and their donors: simi-
larity is required, but perfect identity is not. Classical
HR in T. brucei seems too demanding to explain this
process, being relatively intolerant of base mismatches
and requiring extensive regions of homology (157). The
RAD51-independent MMEJ pathway, requiring only
∼5 to 15 bp of homology and tolerant of mismatches
(166–168), appears a more promising candidate, but the
machinery involved in this process is unknown. Just as
importantly, it is unclear if the form of strand transfer
and break repair in MMEJ is capable of catalyzing VSG
SGC; for instance, are mosaic VSGs generated in a
stepwise fashion (perhaps over a number of cell cycles)
involving successive gene conversions (37), or can they
result from a single construction event? Understanding
where this process occurs would be very revealing: are
the array VSG pseudogenes “assembly intermediates”
that arise from ongoing subtelomeric recombination, or
might the reaction be rapid enough to allow assembly
within the active BES without leading to protracted
expression of nonfunctional VSG protein (87)? Loss of
array VSGs during growth of T. brucei BRCA2 and
MRE11 mutants hints at recombination within the sub-
telomeres, but the nature and scale of such events is
unclear (109, 137, 152).

WHAT IS THE FUNCTION OF VSG
SEGMENTAL GENE CONVERSION?
The finding that VSG SGC predominates in chronic in-
fections raises many questions. Most important is: what
is the function of this reaction in general—and mosaic
VSGs in particular—in trypanosome antigenic varia-
tion? There are several different ways to answer this
question (193). Clearly SGC contributes to antigenic
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variation by allowing the expression of a different VSG,
but as discussed above, T. brucei has several other mech-
anisms for switching between intact VSGs, and SGC
poses the potentially lethal risk of causing expression of
a dysfunctional VSG (191). Therefore, we want to ask:
what are the advantages of expressing VSGs by SGC,
rather than as full-length genes? What aspect(s) of SGC
(if any) have made it a selected trait, causing trypa-
nosomes with this phenotype to have an edge over their
competitors, and what aspects are simply consequences
of SGC?

Three theories have been advanced for the function of
SGC and of mosaic VSGs, none of which are mutually
exclusive. Each theory appeals to the ability of SGC to
increase the diversity phenotype, either by increasing the
number of variants possible (combinatorial variation,
expression of pseudogenes) or by increasing the evenness
of diversity over time (hierarchy).

Combinatorial variation
The first explanation for SGC in antigenic variation is that
it increases the effective VSG repertoire by introducing
combinatorial variation, allowing either prolonged in-
fection within a host, reinfection or superinfection of a
previously-infected host, or both (194); the sheer size of
the VSG, and particularly the pseudogene VSG, reper-
toire suggests that this aspect has been a strong selective
force. Specifically, combinatorial variation proposes that
x donors can interact by segmental gene conversion to
produce y antigenically distinct variants, where x < y.
Many different patterns of VSG SGC between the same
donors have been identified in individual infections, dem-
onstrating the ability of SGC to introduce combinatorial
genetic variation. Combinatorial variation as an expla-
nation for SGC has gained substantial support in other
antigenically variant pathogens, in particular A. margin-
ale and B. burgdorferi (195), and it is well known that
the mammalian immune system harnesses combinato-
rial variation during B-cell maturation, generating per-
haps 1010 different antibody idiotypeswithin a single host
(196, 197). As an explanation for trypanosome SGC,
combinatorial variation has considerable appeal. How-
ever, the data are somewhat more ambiguous. Mosaic
VSGs identified to date use donors with relatively high
levels of identity, and as a consequencemosaicVSGs tend
to be antigenically similar: four mosaicVSGs constructed
from four different donors isolated by Barbet et al. (189)
were found to be cross-reactive using polyclonal rabbit
antisera (x = 4, y = 1; x≮ y), and of the five mosaic VSGs
constructed from four different donors isolated by Hall
et al. (124), only one was antigenically distinct from the

others when tested with polyclonal mouse antiplasma
(x = 4, y = 2; x≮ y). In the latter case, relatedmosaics were
antigenically distinct, but not as a consequence of com-
binatorial variation per se, as antigenic variation could
be explained by differences between the donors. It is pos-
sible that the acute immune responses used in these tests
are not representative of those mounted during a com-
plex natural infection—indeed, examination of chronic
infection showed that antibody responses against the
segmentally generated Anaplasma surface antigen MSP2
were highly variable, with poor maintenance of antibody
against individual gene segments (198).Neithermay these
responses be representative of the immunological mem-
ory of previously infected host; indeed, there is evidence
of trypanosomiasis causing substantial immune dysfunc-
tion in laboratory models of infection, though the effects
in natural hosts are less well understood (34). Either
way, the data collected to date do not show SGC during
VSG expression to be a particularly efficacious means
of generating antigenic novelty. Furthermore, the most
frequently identified SGC event in chronic infections
was 3′ donation (124), which introduced combinatorial
genetic variation into an antigenically unimportant re-
gion of VSG (although it is possible that mosaicism and
3′ donation are acted on by different selective pressures).
Whether combinatorial variability is the specific property
of SGC that caused it to be selected is therefore unclear.

Hierarchy
For many years it has been recognized that there is a
semi-predictable order to the different VSGs that pre-
dominate as an infection progresses, referred to as the
“expression hierarchy” (8, 199–202). An advantage of
this phenotype, as opposed to one in which each VSG
has an equal probability of being activated, is that in-
fection is prolonged because the host cannot mount res-
ponses against all the antigen variants at once. SGC has
been proposed to contribute to hierarchy in two ways:
(i) by generating “strings” of mosaics (that is, the pro-
gressive accumulation of segments in the expressed VSG
over time has an implicit order to it) (203); and (ii) by
causing pseudogenes to be activated at low probability,
and therefore causing them to be expressed “late” in the
hierarchy (204). With regards the first mechanism, there
is good theoretical support (6) and some experimental
evidence for a progressive increase in mosaic VSG com-
plexity over time (124, 189), consistent with SGC in
other pathogens (205, 206). With regards the second
mechanism, there is an obvious benefit to the expres-
sion of pseudogenes (see below) and a consequence of
SGC is that pseudogenes are less likely to be activated
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and therefore tend not to appear until later in infection.
However, the resulting hierarchy being the selected fea-
ture of SGC implies that trypanosome clones with de-
layed expression of particular genes (call them Tdelayed)
had an advantage over their peers (Tnot delayed), which
could not be the case if the competition were occurring
within an infection. For Tnot delayed, on expressing the
antigen variant relatively earlier, would induce immu-
nity that would also neutralize Tdelayed on expressing
the antigen variant relatively later. The benefit of the
Tdelayed phenotype would be seen only if selection were
occurring at a between-infection level, which is not im-
possible, but less likely to occur than selection at the
between-individual level (194, 207).

Expression of pseudogenes
An obvious beneficial effect of SGC is that it allows the
expression of pseudogene VSGs, which would otherwise
be junk, greatly increasing the potential for antigenic
variation. Yet, one might suppose that if trypanosomes
were being selected for increased archive size, the most
straightforward adaptation would have been an in-
creased number of intact archive VSGs, rather than the
evolution of an archive of pseudogenes activated by
risky SGC. This supposition does not take account of
how selection is likely to act on the VSG archive, how-
ever. The strength of selection for function on an indi-
vidual VSG gene in the archive is likely to be weak:
an individual VSG is seldom expressed, and it usually
requires to be copied for expression (208). On the other
hand, genetic drift is likely to be strong: the VSG archive
is subtelomeric, a genomic region subject to high muta-
tion rates (that probably cause a beneficial increase in
archive diversity) (51–55); and over the course of its
lifecycle T. brucei goes through dramatic population
bottlenecks (209). A consequence is that intact archive
VSGs are likely to be under constant risk of becoming
pseudogenes. In fact, like other multigene families, the
VSG archive is probably subject to a process of birth-
and-death evolution, where VSGs are “born” by gene
duplication, and eventually “die” by the acquisition of
mutations (210). Under these dynamics, the ability to
use a “dead” VSG—which has acquired pseudogenizing
mutations during the process of evolution—represents
an obvious benefit of SGC that would give an individual
trypanosome clone an advantage over its competitors
within an individual infection. Consequently, expressing
the archive in segments would further relax the strength
of selection for intact genes, possibly explaining the high
proportion of pseudogenes among VSGs when com-
pared with other multigene families. The most severe

selective bottleneck in the lifecycle of T. brucei is mi-
gration to the tsetse salivary glands, with perhaps only a
handful of individuals surviving the journey (209)—a
journey that seems to be absent from the lifecycles of
T. congolense and T. vivax (which colonize the mouth-
parts) (211). Intriguingly, the proportion of pseudogenes
in the VSG archives of T. congolense and T. vivax is
much lower than inT. brucei (84), consistentwith genetic
drift driving pseudogenization of the T. brucei archive.

Comparative analyses may help to resolve these ques-
tions. It remains to be seen, for example, whether T. con-
golense and T. vivax use SGC to express VSG to the
extent that T. brucei does. Finding that they do, in spite
of their lower pseudogene content, would suggest that
the primary function of SGC is in generating combina-
torial variation and in the production of strings of mo-
saics, whereas finding that they do not would be more
consistent with SGC performing a role primarily associ-
ated with pseudogene expression and archive evolution.

CAN VSG SWITCHING BE EXPLAINED BY
A SINGLE RECOMBINATION MODEL?
Description of the locations of VSGs in the T. brucei
genome, as well as the demonstration that the genes
are flanked by blocks of homology (notably, the 70-bp
repeats) and can be telomeric, prompted the proposal
of HR mechanism models to encapsulate the process of
VSG switching. Synthesis-dependent strand-annealing
(SDSA) was initially favoured, as this process does not
generate crossovers and would therefore avoid poten-
tially lethal translocations of subtelomeric array VSGs
into the BES (173, 212). More recently, it has been sug-
gested that break-induced replication might be a better
model for the activation of telomeric VSGs, where gene
conversions can extend to include the telomeric repeats
(8, 180). These suggestions are, at least in part, sup-
ported by the finding that loss of HR factors impairs
switching. However, as we have increasing knowledge
about the factors involved in VSG switching, it appears
increasingly likely that no single mechanism is used,
and instead T. brucei antigenic variation can exploit a
number of recombination pathways (Fig. 5). Multiple
lines of evidence support such reaction flexibility. First,
mutation of RAD51-dependent HR impairs, but does
not abolish, VSG recombination (108–110, 157). Sec-
ond, though the 70-bp repeats make an important
contribution to VSG switching, their removal is not an
impediment (114, 127). Third, though induction of a
DSB promotes VSG switching, the reaction(s) induced
may not use all available VSG donors (127). Finally,
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no experiments to date have examined the machinery
involved in VSG mosaic formation, and it is unclear if
this can be accounted for by BES-focused recombination
models.

Given the above, it seems plausible that all the mech-
anisms shown in Fig. 5 can be used in VSG switching.
SDSA remains the most robustly supported: it is cata-
lyzed by RAD51 and associated factors, is able to ac-
count for recombination of any intactVSG in the archive,
and can lead to crossover events. Break-induced rep-
lication is kinetically distinct from SDSA (213) and
differs mechanistically in that it uses a processive DNA
replication fork established from one end of a DSB
(214). Such a reaction could only account for switching
of telomeric VSGs, but appears highly plausible, since it
could more readily explain long-range gene conversions
that span much of the BES (48, 215), can be catalyzed
without Rad51 (216–218) and, in yeast, has been shown
to provide a route for telomere stabilization (213, 215).
Nonetheless, an experiment that shows by genetic or
mechanistic dissection that break-induced replication is
distinct from SDSA inVSG switching is lacking. Elevated
switching by crossover in T. brucei RTR mutants (117,
145) provides evidence not only that reciprocal recom-
bination can occur but also that it is normally suppressed
between BES. However, the formation and resolution of
Holliday junction intermediates has not been demon-
strated, such as by testing for a role of Holliday junction
resolvases (219), which have been shown to act in both
N. gonorrhoeae and B. burgdorferi antigenic variation
(131, 170, 171). It should be noted that it remains un-
clear whether any of the above reactions can account for
VSG SGC, and this will be an important next phase of
investigation, given the importance of this reaction to the
parasite.

THE INTERPLAY BETWEEN
DIFFERENTIATION AND VSG SWITCHING
A classical characteristic of trypanosome infections,
shared with many other pathogens that undergo anti-
genic variation, is the establishment of very chronic
infections; for example, cattle experimental infections
with trypanosomes can last hundreds of days to years.
Bearing in mind that these organisms are permanently
extracellular in the mammalian host, and therefore con-
stantly exposed to the multi-faceted assault of the host’s
immune system (in particular, with respect to VSGs,
the adaptive immune response) the ability to employ
the armoury of the VSG expression system is clearly
an essential part of establishing chronicity. However,

a critical component that must be considered when an-
alyzing howVSG archive use and switching mechanisms
influence in vivo dynamics, is the ability of the trypano-
some to self-regulate its growth by terminally differen-
tiating from the long slender multiplicative life cycle
stage to the short stumpy stage, which is preadapted
for transmission to the tsetse fly. While the exact identity
of the cAMP-sensitive molecular trigger that mediates
this differentiation, termed the “stumpy identification
factor” (220, 221), remains elusive, there have been sig-
nificant recent advances in identifying the mechanisms
underlying the process (222–224). It is becoming clear
that the interplay between the differentiation and anti-
genic variation is even more critical than previously
considered in shaping the infection dynamics of try-
panosome infections (225, 226); one cannot consider
the influence of VSG archive utilization on chronicity
without taking into account the population effects of
differentiation, particularly as recent data suggest that
differentiation has a profound impact upon the propor-
tion of the population in which switching is occurring.

Estimates of the contribution of differentiation have
been explicitly incorporated into previous modelling
analyses of in vivo infection dynamics (6, 227, 228),
but these have been limited by relatively low-resolution
measurements (e.g. microscopy-based morphological
analysis) and parameter estimations based upon a linear
density-dependent effect. The recent identification of
stumpy-specific expression markers, in particular the
surface-expressed carboxylate transporter Protein Asso-
ciated with Differentiation 1 (PAD1) (222), has allowed
much finer resolution analysis of the role that differen-
tiation plays in determining the infection kinetics (229).
This work quantified relative PAD1 expression during
chronic (30-day) infections in mice, and generated a
mathematical model to analyze the role of differentiation
within infection using this much more refined input.
These data revealed that stumpy forms predominate to
a much greater degree than previously thought, and this
is particularly marked in the chronic stages of infection;
modeling predictions were validated by morphological
analysis with only approximately 15% of trypanosomes
being long and slender by day 15 of infection. This has a
significant impact upon our understanding of the utili-
zation of the VSG archive, as only long slender trypano-
somes switch VSGs. The work further suggested that the
early period of infection, when long slender forms pre-
dominate, is where most of the population will be able to
switch VSGs, and the authors suggest that this is a period
of initial adaptation to the new environment enabling
the trypanosome to overcome, for example, antibodies
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present due to previous infections or coinfections. After
this period of putative rapid switching and adaptation,
short stumpy forms predominate and only a minority
of the population are able to switch to a new variant
for the remainder of the infection timescale (230). These
observations emphasize the requirement for further anal-
ysis of the chronic stages of infection, and in particular
how the observation that only a small proportion of
trypanosomes are switching VSGs may potentially in-
fluence the mechanistic processes during infection. Ana-
lyzing this interrelationship between VSG switching and
differentiation may provide clues to any mechanistic
switch between the utilization of intact VSGs early in
infection and the predominance of SGC and mosaic
VSG formation later in infection. However, it also raises
the question of why the repertoire of VSGs in T. brucei
is relatively so enormous: if only a fraction of cells are
undergoing switching during themajority of the infection
lifetime, what selective pressures have resulted in for-
mation and retention of ∼2000 VSG genes?

WHAT DO WE KNOW ABOUT ANTIGENIC
VARIATION IN OTHER SPECIES
OF TRYPANOSOME?
Antigenic variation as a phenotype is expressed and has
been studied in all three species of African trypanosome
(T. brucei, T. congolense, and T. vivax), and findings
from the more laboratory-tractable and therefore in-
tensively studied T. brucei have been largely assumed
to translate to the other two species. Genomic analyses
have challenged this assumption, revealing significant
differences between theVSG archives in the three species
(75, 84). Whole genome comparisons revealed that in
T. congolense there is no equivalent of the T. brucei
a-VSG subfamily; in contrast, there are two b-VSG sub-
families and a much greater range of distinct C-terminal
domains (15–20 CTD types, each of which are found to
be associated with particular VSG subtypes, in contrast
to the single CTD found in T. brucei). This finding
suggests that there is much greater structural heteroge-
neity in T. congolense VSGs, and that the T. brucei
common CTD has evolved through transfer from one
subfamily to the other, perhaps due to VSG switching.
Trypanosoma vivax appears to possess the most struc-
turally diverseVSG repertoire, with a-VSGs and b-VSGs,
as well as two further types. Jackson and colleagues
also compared the phylogenies of VSG families, which
suggests differences in the role that recombination has
played in shaping the archives in the three species. The
data suggest that in T. brucei recombination occurs

across the whole repertoire of VSGs, whereas in T. con-
golense recombination is focused within VSG clades,
and in T. vivax there is relatively little evidence of VSG
recombination. Finally, given our previous discussion
of the increasing weight given to SGC, mosaic gene for-
mation and use of the pseudogene repertoire in the
chronic (or post-acute) stages of T. brucei infections, it
is notable that the proportion of VSGs that are pseudo-
genes is markedly lower in either Trypanosoma con-
golense (21% and 29% of the two VSG subfamilies)
or T. vivax (15% and 27%of two of the four VSG
subfamilies) compared with T. brucei (69% and 72% of
a- and b-VSGs, respectively). These findings raise in-
triguing questions about the different selective pressures
that have shaped the size and organization of the differ-
ent VSG archives, whether these relate to any mecha-
nistic differences in VSG usage, and how these divergent
systems express a similarly efficient antigenic variation
phenotype that results in establishment of chronic in-
fections and onwards transmission. It is clear that much
insight will be gained from examining VSG expression
diversity and the prevalent switchmechanisms in all three
trypanosome species.

CONCLUSIONS
The 10 years that have passed since the publication of
Mobile DNA II have seen substantial progress in our
understanding of antigenic variation in African trypano-
somes. In part these advances have stemmed from in-
creasingly sophisticated tools for manipulation of, in
particular, T. brucei, but they have also been accelerated
by sequencing the genomes of the African trypanosomes
and related kinetoplastid parasites. This has firmly con-
nected VSG switching by recombination with general
repair of genome damage through HR, aligning this
strategy with antigenic variation as it operates in bacte-
rial pathogens. A major shift in our understanding of the
strategy of VSG switching is the realization that seg-
mental gene conversion, frequently piecing together gene
segments from multiple pseudogenes, allows for enor-
mous coat diversity and is a major element of how anti-
genic variation promotes trypanosome survival; again,
this aligns antigen switching in the African trypanosome
with many other pathogens. The full extent of VSG di-
versity in trypanosomes, and how it is generated, remains
unclear, but ever-improving next-generation strategies
for analysis of DNA, RNA and protein content in all cells
will provide routes to answer these questions. The same
approaches are likely to allow us to identify putative
trypanosome-specific features of antigenic variation.
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