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Introduction

The genome is the crucible of life, with the genetic content 
acting as an information source for the generation and func-
tioning of an organism (Hutchison et al. 2016) and nucleic 
acid structure directing genome copying during organism 
reproduction. The DNA genomes of all cellular organ-
isms are subject to a wide range of damage, which results 
in diverse lesions that include modified or lost bases, base 
mismatches, aberrant intra- or inter-strand chemical bonds 
and single- or double-strand breaks (DSBs) in the phospho-
diester backbone. A multitude of damage repair and toler-
ance pathways have evolved to protect genome integrity 
and allow continued replication in the face of this range of 
lesions. Conservation of these genome maintenance path-
ways across the three domains of life is apparent (Aravind 
et al. 1999; Eisen and Hanawalt 1999), though alterations 
and divergence are found, at least in part due to tailoring 
to suit the ecological requirements of specific organisms 
and cells (Omelchenko et al. 2005). Within the eukarya, 
protozoa have provided a wealth of experimental data illus-
trating functional diversification in genome maintenance 
(Genois et al. 2014; Lee et al. 2014; Machado et al. 2014; 
Passos-Silva et al. 2010).

The primary function of genome maintenance is to pro-
tect the fidelity of the genome’s structure and sequence 
content, since defective or altered repair responses can be 
lethal or lead to diseased states in metazoans. However, 
genomes are rarely invariant over multiple generations 
and small or large changes in composition, either gener-
ated by inaccurate replication or repair, or due to the action 
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of genome parasites such as transposable elements, can 
be beneficial and be retained. In fact, genome variation 
in some organisms occurs at elevated levels, even within 
a single generation. Such variation can be genome-wide, 
including developmental chromosome fragmentation in 
ciliates such as Tetrahymena (Yao et al. 2014), and stochas-
tic chromosome ploidy and gene copy number variation 
in Leishmania (Sterkers et al. 2014; Ubeda et al. 2014). 
In other settings, lesions are deliberately generated within 
specific regions of the genome to elicit repair and generate 
targeted change. This more localised change can be highly 
specific, such as alternating between two mating types in 
yeast (Lee and Haber 2015). However, broader variation 
in gene content is also seen, including during maturation 
of the immune system in mammalian development, where 
lesions throughout antigen receptor loci generate rearrange-
ments that lead to the myriad of receptors and antibodies 
expressed by mature T and B cells (Roth 2014). A combi-
nation of these extremes, generating pronounced diversity 
from a localised site, is seen in many organisms that must 
survive hostile environments, with a widespread example 
being changes in surface antigens to thwart host adaptive 
immunity: a process termed antigenic variation (Deitsch 
et al. 2009).

In common with the range of genotoxic lesions organ-
isms encounter and the range of genome maintenance 
pathways available, multiple lesion types initiate targeted 
sequence change and multiple repair pathways elicit the 
change. For instance, Saccharomyces cerevisiae and Schiz-
osaccharomyces pombe both use homologous recombina-
tion (HR) to switch mating type, but repair is initiated by 
locus-specific DSB formation by the HO endonuclease in 
the former (Lee and Haber 2015) and by induced repli-
cation stalling in the latter (Klar et al. 2014). Even more 
remarkably, the two different forms of antigen receptor-
associated rearrangements that occur in mammals, which 
both exploit non-homologous end-joining (NHEJ) repair, 
use different routes for initiation: mature T cell receptor 
and immunoglobulin genes are formed after DSBs are gen-
erated by RAG transposase-related enzymes (Roth 2014), 
whereas immunoglobulin class switching relies on breaks 
that arise from transcription-linked base modification 
(Hwang et al. 2015). Extensive evidence indicates that gene 
conversion-based HR is a widespread route for antigenic 
variation in bacterial and eukaryotic pathogens, and the 
strategies used to initiate such change are now being unrav-
elled (Morrison et al. 2009; Palmer and Brayton 2007; Vink 
et al. 2012). As outlined below, despite remarkable paral-
lels between HR-catalysed antigenic variation in Trypa-
nosoma brucei (a eukaryote) and Neisseria (a bacteria), a 
number of models have been proposed to account for initia-
tion in the former, none of which appear comparable with 
the approach adopted by the latter.

Homologous recombination catalyses antigenic 
variation in T. brucei

The core features of antigenic variation in T. brucei have 
been understood for many years (Matthews et al. 2015; 
McCulloch et al. 2015). Survival of the parasite in the ver-
tebrate host requires a dense, protective coat composed of 
Variant Surface Glycoprotein (VSG)(Manna et al. 2014; 
Schwede et al. 2015), which is expressed by RNA Poly-
merase I from a telomeric expression site (ES) (Glover 
et al. 2013b; Gunzl et al. 2015). Multiple ES are found at 
the ends of the T. brucei chromosomes and, in each, the 
VSG gene is found in close proximity to the telomeric 
repeats (Ginger et al. 2002; Hertz-Fowler et al. 2008). 
Distinct ES are used when T. brucei resides in the salivary 
glands of the tsetse vector and in the mammal, where the 
ES are larger (around 10–60 kbp) due to co-transcription 
of the VSG with multiple expression site associated genes 
(ESAGs) (see Fig. 2). Invariably, the VSG and the ESAGs 
are separated by 70 bp repeats, sequence elements found 
upstream of virtually all of the thousands of VSGs in the 
T. brucei genome (Cross et al. 2014; Hovel-Miner et al. 
2016; Marcello and Barry 2007). VSGs are only known 
to be expressed when present in the ES, and therefore, the 
silent VSG genes provide a huge archive of new VSG coats, 
with the genes located both in arrays in the subtelomeres 
of the 11 diploid chromosomes and in single copy in hun-
dreds of smaller, aneuploid chromosomes. New VSG coats 
are expressed during an infection as host immunity against 
currently expressed VSGs eliminates some of the infecting 
trypanosome population (Hall et al. 2013; McCulloch and 
Field 2015; Mugnier et al. 2015). Individual T. brucei cells 
express only one VSG at a time, due to selective transcrip-
tion of only one of the ~15 ES (Glover et al. 2013b; Gunzl 
et al. 2015). VSG switching is stochastic, pre-emptive of 
host immune VSG recognition and can occur either by 
coordinated silencing of the active ES and activation of a 
silent ES, or by recombination reactions that replace the ES 
VSG with a silent gene from anywhere in the archive. Why 
T. brucei uses, possibly uniquely (Morrison et al. 2009), 
both transcription- and recombination-based strategies for 
antigenic variation is unclear. Indeed, though a wide range 
of factors have been described that influence singular ES 
expression, the processes that trigger and execute a tran-
scriptional switch remain unclear (Batram et al. 2014; Ces-
tari and Stuart 2015; Figueiredo et al. 2008; Glover et al. 
2013b, 2016; Gunzl et al. 2015). In contrast, catalysis of 
VSG switching by recombination is becoming clearer, and 
work is beginning to test how this directed genetic change 
is initiated.

Though a number of reactions have been described for 
activation of silent VSGs by recombination (McCulloch 
et al. 2015), the most common pathway is gene conversion, 
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where a copy is generated of a silent VSG and replaces the 
VSG in the ES (Fig. 1). However, a complication is that 
VSG gene conversion could actually take place via two 
pathways: copying of a complete, functional VSG; and 
assembly of a novel ‘mosaic’ VSG (Barbet and Kamper, 
1993) by segmental gene conversion from multiple silent 
VSGs. Only the latter reaction is able to generate a new 
VSG coat from VSG pseudogenes, which comprise the 
majority of the silent archive (Berriman et al. 2005; Cross 
et al. 2014; Marcello and Barry 2007). Segmental VSG 
conversion predominates during antigenic variation as T. 
brucei infections progress and has the capacity to gener-
ate VSG coat diversity beyond the number of VSG genes 
in the archive (Hall et al. 2013; Marcello and Barry 2007; 
McCulloch and Field 2015; Mugnier et al. 2015; Roth et al. 
1989). Unfortunately, despite the importance of segmen-
tal VSG conversion, the genetic studies conducted to date 
to examine the machinery and sequences that act in VSG 
switching have been limited to intact VSGs, which are more 
readily activated. Thus, we cannot yet say, if segmental 
VSG conversion deviates (in machinery, mechanism and 
location) from the findings discussed below for intact VSG 
recombination.

Genetic analyses conducted independently have revealed 
striking similarities in the use of HR to catalyse antigenic 
variation in T. brucei and in Neisseria gonorrhoeae (where 
immune evasion occurs by gene conversion of silent, non-
functional pilS genes into a pilE expression locus) (Oberg-
fell and Seifert 2015) (Fig. 1). In both pathogens, ablation 
of the central enzyme of HR-Rad51 (McCulloch and Barry 
1999) or RecA (Koomey et al. 1987), respectively—sig-
nificantly impairs antigenic variation. Indeed, mutation 
of genes encoding proteins that aid the HR recombinases 
have a similar outcome. Though not homologues, BRCA2 
and RecX both function during HR by modulating Rad51/
RecA nucleoprotein filament formation; loss of BRCA2 in 
T. brucei (Hartley and McCulloch 2008; Trenaman et al. 
2013) and RecX in N. gonorrhoeae impairs antigen gene 
switching (Stohl and Seifert 2001). Similarly, mutation of 
at least one RAD51 paralogue in T. brucei impedes VSG 
switching (Dobson et al. 2011; Proudfoot and McCulloch 
2005), while loss of RdgC has the same effect on N. gon-
orrhoeae pilin switching (Mehr et al. 2000); again, despite 
bacterial RdgC and eukaryotic Rad51 paralogues not being 
clearly homologous, both act to modulate Rad51- (Gaines 
et al. 2015; Taylor et al. 2015) and RecA-mediated (Briggs 
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Fig. 1  A comparison of the early steps in antigenic variation by gene 
conversion in Trypanosoma brucei and Neisseria gonorrhoeae. The 
involvement of factors that have been tested for a role in catalysis of 
the early steps of antigenic variation by homologous recombination 
(HR) in T. brucei (left) and N. gonorrhoea (right) are shown; fac-
tors shown in colour have been found to act, while those for whom 
no evidence of a role in antigen switching has been found are shown 
in grey. HR repair steps after DNA strand exchange are not shown, 
and the functions of most factors are discussed in the text. Mismatch 
repair (MMR) has been shown to suppress pilin switching in N. gon-
orrhoea, but not to suppress T. brucei VSG switching. For both path-
ogens the actively transcribed surface antigen gene (active VSG and 
pilE) is shown as a black arrow, and a silent copy of the genes that 
provide a substrate for HR repair are shown as grey arrows (silent 

VSG, pilS). Hatched boxes denote upstream regions of sequence 
homology used during HR of the antigen genes. For convenience, the 
action of the HR factors in both pathogens is shown as acting on a 
DNA double-strand break, but the role of such a lesion in initiating 
antigen switching in both cases is open to question. The insert box 
provides details of the current model for pilin switch initiation, which 
involves formation of a G quadruplex (G4) structure after passage of 
RNA polymerase (RNA Pol) transcription from a promoter (dotted 
arrow) that is oriented away from the transcribed pilE locus (dotted 
arrow). VSG transcription (dotted arrow) emanates from a distant 
promoter (not shown) and the initiating events in VSG switching are 
less clear, but may involve DSBs formed upstream of the antigen 
gene
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et al. 2010) strand exchange activity. These data suggest 
both pathogens have co-opted the general repair strategy 
of HR to catalyse locus-specific, frequent gene recombina-
tion. However, though Fig. 1 depicts the HR factors as act-
ing to repair a DSB, whether such a lesion directs antigenic 
variation in the two pathogens remains unclear, in part 
due to what we are learning about how these processes are 
initiated.

How is T. brucei VSG switching initiated?

Understanding the lesion(s) that triggers VSG switching 
in T. brucei is important: catalysis of antigenic variation 

by the well conserved repair pathway of HR makes it an 
unattractive target to block the process for disease ther-
apy, whereas initiation may yet reveal a lineage-specific 
reaction and machinery that could be a drug target. Such 
putative interventions need not necessarily act on the ini-
tiating process, but could target how initiating lesions are 
recognised and signalled to execute repair. In this regard, 
further genetic overlap between T. brucei and N. gonor-
rhoeae antigen gene switching may be revealing. A key 
step in DSB repair by HR is end-processing to yield sin-
gle stranded ends for Rad51 and RecA filament formation. 
Eukaryotes and bacteria possess distinct protein complexes 
that provide the major contribution to DSB resection during 
HR (Symington 2014): Mre11-Rad50-Nbs1/Xrs2 (MRN) 
and RecBCD, respectively. In both T. brucei (Robinson 
et al. 2002; Tan et al. 2002) and N. gonorrhoeae (Helm and 
Seifert 2009) mutation of components of these complexes 
results in HR repair deficiency, but in neither case is anti-
gen gene switching rate affected, arguing that in both sys-
tems of immune evasion the expected primary DSB-pro-
cessing complex is not recruited to the initiating lesion(s) 
(Fig. 1). An explanation for this finding in N. gonorrhoeae 
lies in recent data showing pilin switch initiation is remark-
ably complex and does not involve the direct formation of 
a DSB (Fig. 1). Mutagenesis revealed that a guanine quad-
ruplex (G4) forming sequence (Cahoon and Seifert 2009) 
and a promoter driving expression of a short RNA (tran-
scribed in the opposite direction to the pilE locus) (Cahoon 
and Seifert 2013) are needed for pilin switching. As DNA 
nicks can be detected in the G4 motif, which recruits RecA 
(Kuryavyi et al. 2012) and can be unwound by RecQ heli-
case activity (Cahoon et al. 2013), a model for initiation is 
suggested (Obergfell and Seifert 2015) in which transcrip-
tion across the G4 sequence results in an RNA-DNA hybrid 
on the C-rich strand, which allows the G4 structure to form 
and leads to nicks on the opposite strand (by unknown 
means). Initiation by DNA nicks, which could be pro-
cessed to yield single strand gaps, would explain the lack 
of involvement of RecBCD and the need for the RecF path-
way in pilin switching (Helm and Seifert 2010).

To date, no single model for initiation of T. brucei 
VSG switching has gained prominence. A simple copy of 
the strategy used by N. gonorrhoeae seems very unlikely, 
since multigenic ES transcription to generate VSG mRNA 
appears very different from pilE transcription (Fig. 1). In 
addition, the VSG-associated 70 bp repeats appear to have 
different characteristics to G4-forming pilin sequences, 
with the available data suggesting that a triplet repeat 
component of the 70 bp repeats causes a propensity to 
become non-H bonded (Ohshima et al. 1996). Indeed, as 
attractive as the 70 bp repeats are as an initiation feature 
for VSG switching, the available evidence on their impor-
tance is strikingly contradictory. Two studies have reported 

ESAGs 70 bp VSG telomere

endonuclease

telomere loss

replication

Fig. 2  Three models for initiation of antigenic variation in Trypano-
soma brucei. The upper, boxed diagram is a schematic of a blood-
stream VSG expression site (ES, not to scale), detailing key features 
(left to right): the promoter (flag), a number of expression site asso-
ciated genes (ESAGs; blue boxes), 70 bp repeats (hatched box), the 
VSG gene (red box) and the telomere repeats (white arrows). Tran-
scription (red arrow) is detailed in the three models below, which 
compare proposed strategies for initiation of VSG switching that 
involves recombination-based removal of the VSG from the active 
ES: the targeted action of an endonuclease generates a double-strand 
break (DSB; shown for convenience between the 70 bp repeats and 
VSG); loss of telomere repeats transmits a break (shown as a DSB) 
into the ES; and specific, early replication (black arrow) of the 
actively transcribed ES (it is unknown if replication is co-directional 
with transcription, or in opposition)
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that deletion of the 70 bp repeats from the active ES does 
not to affect VSG switching frequency (Boothroyd et al. 
2009; McCulloch et al. 1997), though does impede elevated 
VSG recombination after deliberately introducing a DSB 
(below). In contrast, a recent study has suggested that loss 
of the 70 bp repeats, with or without the generation of a 
DSB in the active ES, dramatically increases VSG switch-
ing (Hovel-Miner et al. 2016). Moreover, though DNA 
breaks around the 70 bp repeats in the active ES has been 
reported (Boothroyd et al. 2009), further studies have not 
detected such a strict localisation to these sequence ele-
ments or limitation to the active ES (Glover et al. 2013a; 
Jehi et al. 2014).

Currently, three models for VSG switch initiation have 
been proposed (Fig. 2). The direct formation of a DSB 
through the action of an endonuclease in the ES has long 
been discussed (Barry 1997; Borst et al. 1996). Boothroyd 
et al. (2009) demonstrated this is feasible, since targeting 
the yeast I-SceI endonuclease to a recognition sequence in 
the active ES elevates VSG switching through gene conver-
sion. Indeed, and as extended by a further study (Glover 
et al. 2013a), location of the I-SceI-generated DSB in the 
ES is important: only a DSB adjacent to the 70 bp repeats 
in the active ES caused VSG gene conversion; a DSB in 
an inactive ES or adjacent to the active ES promoter did 
not induce VSG switching, and a DSB downstream of the 
VSG and adjacent to the telomere repeats caused a mod-
est increase in VSG switching, but through ES deletion not 
VSG gene conversion. However, whether or not T. brucei 
possesses an endonuclease whose role in VSG switch-
ing is modelled by I-SceI is unknown. One problem with 
this model is that an endonuclease-generated DSB appears 
incompatible with several genetic analyses. As noted 
above, endonuclease-generated DSBs in eukaryotes are 
first recognised and processed by MRN (Symington 2014), 
which appears not to contribute to VSG switching (Robin-
son et al. 2002). More extensive end resection is then cata-
lysed by a complex composed of a RecQ helicase (Sgs1 in 
yeast, BLM in mammals), Top3 (a topoisomerase), Rmi1 
and Dna2 (an endonuclease). Mutation of RECCQ2, the 
likely helicase component of this RTR complex in T. bru-
cei, impairs repair of I-SceI catalysed DSBs and the protein 
localises to induced damage along with RAD51, consistent 
with the same repair activity in the parasite (Devlin et al. 
2016). Despite this function, mutation of RECQ2 causes 
increased, not decreased levels of VSG switching and a pro-
nounced shift in the recombination to reciprocal exchanges 
between telomeres, phenotypes also seen in mutants of two 
other putative RTR complex components (Kim and Cross 
2010, 2011) and consistent with downstream actions in 
controlling HR strand exchange (Haber 2015).

A second, somewhat overlapping model derives from 
the telomere-proximity of VSGs in all ES (Fig. 2). Here, 

telomere length is the key determinant, with VSG switch-
ing proposed to be initiated by ES breaks that derive from 
critically short telomeres (Dreesen et al. 2007; Hovel-
Miner et al. 2012; Li 2015). This suggestion was prompted 
by studies revealing that, while all T. brucei telomeres grow 
with each cell division, growth of the active ES telomere 
is more rapid and fragmentation leads to greater telomere 
length heterogeneity at this site in the population (Pays 
et al. 1983). Support for the model comes from telomerase-
deficient T. brucei mutants, which gradually lose telomere 
repeats and, when very short, VSG switching is increased 
(Hovel-Miner et al. 2012). In addition, loss of TIF2 (one 
component of the shelterin complex that binds chromo-
some ends) results in increased breaks within the ES and 
increased VSG switching (Jehi et al. 2014), an effect also 
seen after loss of a second shelterin component, TRF 
(though without detectably increased ES breaks) (Jehi et al. 
2016). How breaks are transmitted from short or unpro-
tected telomeres, and the form they take is unclear. In addi-
tion, the significance of the above observations in telom-
erase- and shelterin-proficient cells needs to be addressed, 
including potentially how the effects on VSG switching 
might relate to known telomere stabilisation reactions that 
take effect on short telomeres (Dreesen et al. 2005).

A third model proposes a quite distinct strategy for 
VSG switch initiation. Recent work has sought to map the 
dynamics of nuclear DNA replication in T. brucei, reveal-
ing three things (Devlin et al. 2016; Tiengwe et al. 2012). 
First, the location and timing of replication initiation is 
highly invariant in the core T. brucei genome (exclud-
ing the VSG archive). Second, most of the subtelomeres, 
including all the silent ES, are late replicating. Third, the 
active ES, alone among all the ES, replicates early in mam-
mal-infective cells, and this differential timing is dependent 
on transcription status, since the site becomes late-repli-
cating in tsetse-infective cells (when all ES are silent) and 
when silenced by blocking transcription elongation. This 
precise association between replication timing and singular 
ES activity suggests that early replication through the ES 
might be the driver for VSG switching initiation, explain-
ing the likely focus on the active ES (Fig. 2). How, in 
detail, this might occur is unknown, but the increased lev-
els of VSG switching and altered route of recombination in 
RECQ2 (Devlin et al. 2016), TOP3a (Kim and Cross 2010) 
and RMI1 (Kim and Cross 2011) mutants may be consist-
ent with the mode of action of the RTR complex on stalled 
replication forks (Hickson and Mankouri 2011). Indeed, 
clashes between replication and transcription are pro-
nounced sources of instability in all organisms (Bermejo 
et al. 2012). Nonetheless, tests of the proposed association 
between replication timing and VSG switching are needed, 
including mapping replication direction through the ES 
(and the associated subtelomere), and asking if replication 
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stalling occurs in the ES and leads to detectable switch 
intermediates. Determining what machinery recognises and 
signals any putative clashes is also needed, as is unravelling 
the potential significance and specificity of telomere bind-
ing by the replication initiator ORC1/CDC6 (Benmerzouga 
et al. 2013). Intriguingly, a homologue of T. brucei ORC1/
CDC6 has also been shown to localise to subtelomeres in 
Plasmodium falciparum, where antigenic variation is also 
orchestrated (Mancio-Silva et al. 2008).

What does telomeric VSG expression reveal 
about replication timing in eukaryotes?

Replication in all cellular organisms normally initiates 
from genomic sites called origins. In bacteria and some 
archaea, only a single origin is found that is activated 
through binding of replication initiators in every cell divi-
sion. In contrast, the chromosomes of most eukaryotes and 
some archaea possess multiple origins, which show greater 
flexibility in usage. In most characterised eukaryotes and 
some archaea (Yang et al. 2015) larger numbers of genomic 
sites are defined by initiator binding that are activated dur-
ing each cell cycle, and some initiator sites act as dormant 
origins that can be activated during replication stress (Alver 
et al. 2014; Mechali 2010). In addition, the frequency with 
which origins are activated in the population, or the timing 
of origin activation during S phase, is variable (Rhind and 
Gilbert 2013; Rivera-Mulia et al. 2015). Centromeres are 
notably early replicating sites, while telomeres are notably 
late-replicating and, at least in large metazoan genomes, 
clusters of early and late acting origins can define larger 
domains of replication timing. Replication timing has been 
associated with density of replication factor recruitment, 
transcription activity, chromatin status and with organi-
sation of the chromosomes within the nucleus. Given the 
relatively small size of the genomes of T. brucei and the 
related kinetoplastid parasite Leishmania, and the organi-
sation of the core into discrete, well understood multigene 
transcription units, replication profiling in a population 
most likely identifies origins (Marques et al. 2015; Tiengwe 
et al. 2012) and not replication timing domains (Lombrana 
et al. 2016; Rocha-Granados and Klingbeil 2016), mean-
ing such analysis is more comparable with yeast (McGuf-
fee et al. 2013; Muller et al. 2014) than with metazoans 
(Petryk et al. 2016). If so, what features in T. brucei dic-
tate origin ‘strength’ appear unconnected with transcription 
activity, since variable strength origins, as well as origin-
inactive ORC1/CDC6 sites, bind to transcription starts sites 
of the multigene units (Tiengwe et al. 2012), for which 
there is no evidence of differential transcription. Indeed, 
in this context, Leishmania appears strikingly discordant 
from T. brucei, with only a single discrete, highly active 

origin identified per chromosome using the same replica-
tion mapping strategy (Marques et al. 2015). The mecha-
nistic basis of this replication dichotomy in the highly syn-
tenic genomes of two kinetoplastids remains the subject 
of debate (Lombrana et al. 2016; Marques et al. 2015). 
Nonetheless, if transcription level does not dictate repli-
cation timing throughout the T. brucei genome, then the 
precise correlation between VSG ES activity and early or 
late replication means either other genome functions dic-
tate timing (e.g. chromatin or subnuclear location), or this 
single genome loci is an exception to the rules. Irrespective 
of the explanation, the diverged mode of gene expression, 
allied to the precision of replication timing and ES activ-
ity linkage, suggests T. brucei and related kinetoplastids 
can provide insight into how replication dynamics relate to 
genome organisation and expression in all eukaryotes.

Acknowledgements Our recent work that contributed to this article 
was supported by the Wellcome Trust [089172, 093589], the BBSRC 
[BB/K006495/1] and Fundação para a Ciência e Tecnologia (FCT, 
Portugal) [SFRH/BD/68784/2010]. The Wellcome Trust Centre for 
Molecular Parasitology is supported by core funding from the Well-
come Trust [104111]. We thank all friends and colleagues with whom 
we have enjoyed discussing the science explored in this article.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.

References

Alver RC, Chadha GS, Blow JJ (2014) The contribution of dormant 
origins to genome stability: from cell biology to human genetics. 
DNA Repair (Amst) 19:182–189

Aravind L, Walker DR, Koonin EV (1999) Conserved domains in 
DNA repair proteins and evolution of repair systems. Nucleic 
Acids Res 27:1223–1242

Barbet AF, Kamper SM (1993) The importance of mosaic genes to 
trypanosome survival. Parasitol Today 9:63–66

Barry JD (1997) The relative significance of mechanisms of anti-
genic variation in African trypanosomes. Parasitol Today 
13:212–218

Batram C, Jones NG, Janzen CJ, Markert SM, Engstler M (2014) 
Expression site attenuation mechanistically links antigenic vari-
ation and development in Trypanosoma brucei. eLife 3:e02324

Benmerzouga I, Concepcion-Acevedo J, Kim HS, Vandoros AV, Cross 
GA, Klingbeil MM, Li B (2013) Trypanosoma brucei Orc1 is 
essential for nuclear DNA replication and affects both VSG 
silencing and VSG switching. Mol Microbiol 87:196–210

Bermejo R, Lai MS, Foiani M (2012) Preventing replication stress to 
maintain genome stability: resolving conflicts between replica-
tion and transcription. Mol Cell 45:710–718

Berriman M, Ghedin E, Hertz-Fowler C, Blandin G, Renauld H, Bar-
tholomeu DC, Lennard NJ, Caler E, Hamlin NE, Haas B et al 
(2005) The genome of the African trypanosome Trypanosoma 
brucei. Science 309:416–422

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


447Curr Genet (2017) 63:441–449 

1 3

Boothroyd CE, Dreesen O, Leonova T, Ly KI, Figueiredo LM, Cross 
GA, Papavasiliou FN (2009) A yeast-endonuclease-generated 
DNA break induces antigenic switching in Trypanosoma brucei. 
Nature 459:278–281

Borst P, Rudenko G, Taylor MC, Blundell PA, van Leeuwen F, Bitter 
W, Cross M, McCulloch R (1996) Antigenic variation in trypa-
nosomes. Arch Med Res 27:379–388

Briggs GS, Yu J, Mahdi AA, Lloyd RG (2010) The RdgC protein 
employs a novel mechanism involving a finger domain to bind to 
circular DNA. Nucleic Acids Res 38:6433–6446

Cahoon LA, Seifert HS (2009) An alternative DNA structure is neces-
sary for pilin antigenic variation in Neisseria gonorrhoeae. Sci-
ence 325:764–767

Cahoon LA, Seifert HS (2013) Transcription of a cis-acting, noncod-
ing, small RNA is required for pilin antigenic variation in Neis-
seria gonorrhoeae. PLoS Pathog 9:e1003074

Cahoon LA, Manthei KA, Rotman E, Keck JL, Seifert HS (2013) 
Neisseria gonorrhoeae RecQ helicase HRDC domains are essen-
tial for efficient binding and unwinding of the pilE guanine quar-
tet structure required for pilin antigenic variation. J Bacteriol 
195:2255–2261

Cestari I, Stuart K (2015) Inositol phosphate pathway controls tran-
scription of telomeric expression sites in trypanosomes. Proc 
Natl Acad Sci USA 112:E2803–E2812

Cross GA, Kim HS, Wickstead B (2014) Capturing the variant surface 
glycoprotein repertoire (the VSGnome) of Trypanosoma brucei 
Lister 427. Mol Biochem Parasitol 195:59–73

Deitsch KW, Lukehart SA, Stringer JR (2009) Common strategies for 
antigenic variation by bacterial, fungal and protozoan pathogens. 
Nat Rev Microbiol 7:493–503

Devlin R, Marques CA, Paape D, Prorocic M, Zurita-Leal AC, Camp-
bell SJ, Lapsley C, Dickens N, McCulloch R (2016) Mapping 
replication dynamics in Trypanosoma brucei reveals a link with 
telomere transcription and antigenic variation. eLife 5

Dobson R, Stockdale C, Lapsley C, Wilkes J, McCulloch R (2011) 
Interactions among Trypanosoma brucei RAD51 paralogues in 
DNA repair and antigenic variation. Mol Microbiol 81:434–456

Dreesen O, Li B, Cross GA (2005) Telomere structure and shortening 
in telomerase-deficient Trypanosoma brucei. Nucleic Acids Res 
33:4536–4543

Dreesen O, Li B, Cross GA (2007) Telomere structure and function in 
trypanosomes: a proposal. Nat Rev Microbiol 5:70–75

Eisen JA, Hanawalt PC (1999) A phylogenomic study of DNA repair 
genes, proteins, and processes. Mutat Res 435:171–213

Figueiredo LM, Janzen CJ, Cross GA (2008) A histone methyltrans-
ferase modulates antigenic variation in African trypanosomes. 
PLoS Biol 6:e161

Gaines WA, Godin SK, Kabbinavar FF, Rao T, VanDemark AP, Sung 
P, Bernstein KA (2015) Promotion of presynaptic filament 
assembly by the ensemble of S. cerevisiae Rad51 paralogues 
with Rad52. Nature Commun 6:7834

Genois MM, Paquet ER, Laffitte MC, Maity R, Rodrigue A, Ouellette 
M, Masson JY (2014) DNA repair pathways in trypanosomatids: 
from DNA repair to drug resistance. Microbiol Mol Biol Rev: 
MMBR 78:40–73

Ginger ML, Blundell PA, Lewis AM, Browitt A, Gunzl A, Barry JD 
(2002) Ex vivo and in vitro identification of a consensus pro-
moter for VSG genes expressed by metacyclic-stage trypano-
somes in the Tsetse Fly. Eukaryot Cell 1:1000–1009

Glover L, Alsford S, Horn D (2013a) DNA break site at fragile sub-
telomeres determines probability and mechanism of antigenic 
variation in African trypanosomes. PLoS Pathog 9:e1003260

Glover L, Hutchinson S, Alsford S, McCulloch R, Field MC, Horn D 
(2013b) Antigenic variation in African trypanosomes: the impor-
tance of chromosomal and nuclear context in VSG expression 
control. Cell Microbiol 15:1984–1993

Glover L, Hutchinson S, Alsford S, Horn D (2016) VEX1 controls 
the allelic exclusion required for antigenic variation in trypano-
somes. Proc Natl Acad Sci USA 113:7225–7230

Gunzl A, Kirkham JK, Nguyen TN, Badjatia N, Park SH (2015) 
Mono-allelic VSG expression by RNA polymerase I in Trypa-
nosoma brucei: expression site control from both ends? Gene 
556:68–73

Haber JE (2015) TOPping off meiosis. Mol Cell 57:577–581
Hall JP, Wang H, Barry JD (2013) Mosaic VSGs and the scale 

of Trypanosoma brucei antigenic variation. PLoS Pathog 
9:e1003502

Hartley CL, McCulloch R (2008) Trypanosoma brucei BRCA2 acts 
in antigenic variation and has undergone a recent expansion in 
BRC repeat number that is important during homologous recom-
bination. Mol Microbiol 68:1237–1251

Helm RA, Seifert HS (2009) Pilin antigenic variation occurs indepen-
dently of the RecBCD pathway in Neisseria gonorrhoeae. J Bac-
teriol 191:5613–5621

Helm RA, Seifert HS (2010) Frequency and rate of pilin anti-
genic variation of Neisseria meningitidis. J Bacteriol 
192:3822–3823

Hertz-Fowler C, Figueiredo LM, Quail MA, Becker M, Jackson A, 
Bason N, Brooks K, Churcher C, Fahkro S, Goodhead I et al 
(2008) Telomeric expression sites are highly conserved in Trypa-
nosoma brucei. PLoS One 3:e3527

Hickson ID, Mankouri HW (2011) Processing of homologous recom-
bination repair intermediates by the Sgs1-Top3-Rmi1 and 
Mus81-Mms4 complexes. Cell Cycle 10:3078–3085

Hovel-Miner GA, Boothroyd CE, Mugnier M, Dreesen O, Cross GA, 
Papavasiliou FN (2012) Telomere length affects the frequency 
and mechanism of antigenic variation in Trypanosoma brucei. 
PLoS Pathog 8:e1002900

Hovel-Miner G, Mugnier MR, Goldwater B, Cross GA, Papavasil-
iou FN (2016) A conserved DNA repeat promotes selection of a 
diverse repertoire of Trypanosoma brucei surface antigens from 
the genomic archive. PLoS Genet 12:e1005994

Hutchison CA, 3rd, Chuang RY, Noskov VN, Assad-Garcia N, Deer-
inck TJ, Ellisman MH, Gill J, Kannan K, Karas BJ, Ma L et al. 
(2016) Design and synthesis of a minimal bacterial genome. Sci-
ence 351:aad6253

Hwang JK, Alt FW, Yeap LS (2015) Related mechanisms of antibody 
somatic hypermutation and class switch recombination. Micro-
biol Spectr 3:MDNA3-0037-2014

Jehi SE, Wu F, Li B (2014) Trypanosoma brucei TIF2 suppresses 
VSG switching by maintaining subtelomere integrity. Cell Res 
24:870–885

Jehi SE, Nanavaty V, Li B (2016) Trypanosoma brucei TIF2 and TRF 
suppress VSG switching using overlapping and independent 
mechanisms. PLoS One 11:e0156746

Kim HS, Cross GA (2010) TOPO3alpha influences antigenic varia-
tion by monitoring expression-site-associated VSG switching in 
Trypanosoma brucei. PLoS Pathog 6:e1000992

Kim HS, Cross GA (2011) Identification of Trypanosoma brucei 
RMI1/BLAP75 homologue and its roles in antigenic variation. 
PLoS One 6:e25313

Klar AJ, Ishikawa K, Moore S (2014) A unique DNA recombination 
mechanism of the mating/cell-type switching of fission yeasts: a 
review. Microbiol Spectr 2

Koomey M, Gotschlich EC, Robbins K, Bergstrom S, Swanson 
J (1987) Effects of recA mutations on pilus antigenic varia-
tion and phase transitions in Neisseria gonorrhoeae. Genetics 
117:391–398

Kuryavyi V, Cahoon LA, Seifert HS, Patel DJ (2012) RecA-binding 
pilE G4 sequence essential for pilin antigenic variation forms 
monomeric and 5′ end-stacked dimeric parallel G-quadruplexes. 
Structure 20:2090–2102



448 Curr Genet (2017) 63:441–449

1 3

Lee CS, Haber JE (2015) Mating-type gene switching in Saccharomy-
ces cerevisiae. Microbiol Spectr 3:MDNA3-0013-2014

Lee AH, Symington LS, Fidock DA (2014) DNA repair mechanisms 
and their biological roles in the malaria parasite plasmodium fal-
ciparum. Microbiol Mol Biol Rev: MMBR 78:469–486

Li B (2015) DNA double-strand breaks and telomeres play important 
roles in trypanosoma brucei antigenic variation. Eukaryot Cell 
14:196–205

Lombrana R, Alvarez A, Fernandez-Justel JM, Almeida R, Poza-
Carrion C, Gomes F, Calzada A, Requena JM, Gomez M (2016) 
Transcriptionally driven DNA replication program of the human 
Parasite Leishmania major. Cell Reports 16:1774–1786

Machado CR, Vieira-da-Rocha JP, Mendes IC, Rajao MA, Marcello 
L, Bitar M, Drummond MG, Grynberg P, Oliveira DA, Marques 
C et al (2014) Nucleotide excision repair in Trypanosoma brucei: 
specialization of transcription-coupled repair due to multigenic 
transcription. Mol Microbiol 92:756–776

Mancio-Silva L, Rojas-Meza AP, Vargas M, Scherf A, Hernandez-
Rivas R (2008) Differential association of Orc1 and Sir2 pro-
teins to telomeric domains in Plasmodium falciparum. J Cell Sci 
121:2046–2053

Manna PT, Boehm C, Leung KF, Natesan SK, Field MC (2014) Life 
and times: synthesis, trafficking, and evolution of VSG. Trends 
Parasitol 30:251–258

Marcello L, Barry JD (2007) Analysis of the VSG gene silent archive 
in Trypanosoma brucei reveals that mosaic gene expression is 
prominent in antigenic variation and is favored by archive sub-
structure. Genome Res 17:1344–1352

Marques CA, Dickens NJ, Paape D, Campbell SJ, McCulloch R (2015) 
Genome-wide mapping reveals single-origin chromosome replica-
tion in Leishmania, a eukaryotic microbe. Genome Biol 16:230

Matthews KR, McCulloch R, Morrison LJ (2015) The within-host 
dynamics of African trypanosome infections. Philos Trans R Soc 
Lond Ser B, Biol Sci 370

McCulloch R, Barry JD (1999) A role for RAD51 and homologous 
recombination in Trypanosoma brucei antigenic variation. Genes 
Dev 13:2875–2888

McCulloch R, Field MC (2015) Quantitative sequencing confirms 
VSG diversity as central to immune evasion by Trypanosoma 
brucei. Trends Parasitol 31:346–349

McCulloch R, Rudenko G, Borst P (1997) Gene conversions mediat-
ing antigenic variation in Trypanosoma brucei can occur in vari-
ant surface glycoprotein expression sites lacking 70-base-pair 
repeat sequences. MolCell Biol 17:833–843

McCulloch R, Morrison LJ, Hall JP (2015) DNA recombination strat-
egies during antigenic variation in the African Trypanosome. 
Microbiol Spectr 3:MDNA3-0016-2014

McGuffee SR, Smith DJ, Whitehouse I (2013) Quantitative, genome-
wide analysis of eukaryotic replication initiation and termina-
tion. Mol Cell 50:123–135

Mechali M (2010) Eukaryotic DNA replication origins: many choices 
for appropriate answers. Nat Rev Mol Cell Biol 11:728–738

Mehr IJ, Long CD, Serkin CD, Seifert HS (2000) A homologue of 
the recombination-dependent growth gene, rdgC, is involved in 
gonococcal pilin antigenic variation. Genetics 154:523–532

Morrison LJ, Marcello L, McCulloch R (2009) Antigenic variation in 
the African trypanosome: molecular mechanisms and phenotypic 
complexity. Cell Microbiol 11:1724–1734

Mugnier MR, Cross GA, Papavasiliou FN (2015) The in vivo dynam-
ics of antigenic variation in Trypanosoma brucei. Science 
347:1470–1473

Muller CA, Hawkins M, Retkute R, Malla S, Wilson R, Blythe MJ, 
Nakato R, Komata M, Shirahige K, de Moura AP et al (2014) 
The dynamics of genome replication using deep sequencing. 
Nucleic Acids Res 42:e3

Obergfell KP, Seifert HS (2015) Mobile DNA in the pathogenic Neis-
seria. Microbiol Spectr 3:MDNA3-0015-2014

Ohshima K, Kang S, Larson JE, Wells RD (1996) TTA.TAA triplet 
repeats in plasmids form a non-H bonded structure. J Biol Chem 
271:16784–16791

Omelchenko MV, Wolf YI, Gaidamakova EK, Matrosova VY, Vasi-
lenko A, Zhai M, Daly MJ, Koonin EV, Makarova KS (2005) 
Comparative genomics of Thermus thermophilus and Deinococ-
cus radiodurans: divergent routes of adaptation to thermophily 
and radiation resistance. BMC Evol Biol 5:57

Palmer GH, Brayton KA (2007) Gene conversion is a convergent 
strategy for pathogen antigenic variation. Trends Parasitol 
23:408–413

Passos-Silva DG, Rajao MA, Nascimento de Aguiar PH, Vieira-da-
Rocha JP, Machado CR, Furtado C (2010) Overview of DNA 
Repair in Trypanosoma cruzi, Trypanosoma brucei, and Leish-
mania major. J Nucleic Acids 2010:840768

Pays E, Laurent M, Delinte K, Van Meirvenne N, Steinert M (1983) 
Differential size variations between transcriptionally active and 
inactive telomeres of Trypanosoma brucei. Nucleic Acids Res 
11:8137–8147

Petryk N, Kahli M, d’Aubenton-Carafa Y, Jaszczyszyn Y, Shen Y, 
Silvain M, Thermes C, Chen CL, Hyrien O (2016) Replication 
landscape of the human genome. Nature Commun 7:10208

Proudfoot C, McCulloch R (2005) Distinct roles for two RAD51-
related genes in Trypanosoma brucei antigenic variation. Nucleic 
Acids Res 33:6906–6919

Rhind N, Gilbert DM (2013) DNA replication timing. Cold Spring 
Harbor Perspect Med 3:1–26

Rivera-Mulia JC, Buckley Q, Sasaki T, Zimmerman J, Didier RA, 
Nazor K, Loring JF, Lian Z, Weissman S, Robins AJ et al (2015) 
Dynamic changes in replication timing and gene expression 
during lineage specification of human pluripotent stem cells. 
Genome Res 25:1091–1103

Robinson NP, McCulloch R, Conway C, Browitt A, Barry JD (2002) 
Inactivation of Mre11 does not affect VSG gene duplication 
mediated by homologous recombination in Trypanosoma brucei. 
J Biol Chem 277:26185–26193

Rocha-Granados MC, Klingbeil MM (2016) Leishmania DNA repli-
cation timing: a stochastic event? Trends Parasitol 32:755–757

Roth DB (2014) V(D)J Recombination: mechanism, errors, and fidel-
ity. Microbiol Spectr 2

Roth C, Bringaud F, Layden RE, Baltz T, Eisen H (1989) Active late-
appearing variable surface antigen genes in Trypanosoma equi-
perdum are constructed entirely from pseudogenes. Proc Natl 
Acad Sci USA 86:9375–9379

Schwede A, Macleod OJ, MacGregor P, Carrington M (2015) How 
does the VSG coat of bloodstream form African Trypanosomes 
interact with external proteins? PLoS Pathog 11:e1005259

Sterkers Y, Crobu L, Lachaud L, Pages M, Bastien P (2014) Parasexu-
ality and mosaic aneuploidy in Leishmania: alternative genetics. 
Trends Parasitol 30:429–435

Stohl EA, Seifert HS (2001) The recX gene potentiates homolo-
gous recombination in Neisseria gonorrhoeae. Mol Microbiol 
40:1301–1310

Symington LS (2014) End resection at double-strand breaks: mecha-
nism and regulation. Cold Spring Harbor Perspect Biol 6

Tan KS, Leal ST, Cross GA (2002) Trypanosoma brucei MRE11 is 
non-essential but influences growth, homologous recombination 
and DNA double-strand break repair. Mol Biochem Parasitol 
125:11–21

Taylor MR, Spirek M, Chaurasiya KR, Ward JD, Carzaniga R, Yu 
X, Egelman EH, Collinson LM, Rueda D, Krejci L et al (2015) 
Rad51 paralogs remodel pre-synaptic Rad51 filaments to stimu-
late homologous recombination. Cell 162:271–286



449Curr Genet (2017) 63:441–449 

1 3

Tiengwe C, Marcello L, Farr H, Dickens N, Kelly S, Swiderski M, 
Vaughan D, Gull K, Barry JD, Bell SD et al (2012) Genome-
wide analysis reveals extensive functional interaction between 
DNA replication initiation and transcription in the genome of 
Trypanosoma brucei. Cell Reports 2:185–197

Trenaman A, Hartley C, Prorocic M, Passos-Silva DG, van den Hoek 
M, Nechyporuk-Zloy V, Machado CR, McCulloch R (2013) 
Trypanosoma brucei BRCA2 acts in a life cycle-specific genome 
stability process and dictates BRC repeat number-dependent 
RAD51 subnuclear dynamics. Nucleic Acids Res 41:943–960

Ubeda JM, Raymond F, Mukherjee A, Plourde M, Gingras H, Roy G, 
Lapointe A, Leprohon P, Papadopoulou B, Corbeil J et al (2014) 
Genome-wide stochastic adaptive DNA amplification at direct 

and inverted DNA repeats in the parasite Leishmania. PLoS Biol 
12:e1001868

Vink C, Rudenko G, Seifert HS (2012) Microbial antigenic variation 
mediated by homologous DNA recombination. FEMS Microbiol 
Rev 36:917–948

Yang H, Wu Z, Liu J, Liu X, Wang L, Cai S, Xiang H (2015) Acti-
vation of a dormant replication origin is essential for Halofe-
rax mediterranei lacking the primary origins. Nature Commun 
6:8321

Yao MC, Chao JL, Cheng CY (2014) Programmed genome rearrange-
ments in Tetrahymena. Microbiol Spectr 2


	Does DNA replication direct locus-specific recombination during host immune evasion by antigenic variation in the African trypanosome?
	Abstract 
	Introduction
	Homologous recombination catalyses antigenic variation in T. brucei
	How is T. brucei VSG switching initiated?
	What does telomeric VSG expression reveal about replication timing in eukaryotes?
	Acknowledgements 
	References




