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Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1)
is expressed on the surface of infected erythrocytes where it plays
a central role in both infected erythrocytes cytoadhesion and
immune evasion. Switches in clonal expression of PfEMP1 result in
antigenic variation that facilitates long-term chronic infection of
the host. The var gene family encodes PfEMP1 variants, with
transcriptional switching between different var variants providing
the molecular basis for antigenic variation. Despite the importance
of var transcriptional switching in the evasion of the immune
response, little is known about the way in which this process is
regulated. Here we report the measurement of transition on and
off rates for a series of var gene variants. We find (/) that on and
off rates for a given variant are dissimilar, (ii) that these rates vary
dramatically among different variants, and (iii) that in isogenic
clones expressing the same var gene, both on and off rates are
constant and appear to be an intrinsic property of that particular
gene. These data would suggest that the information that deter-
mines the probability of the activation or silencing of var genes is
present in their surrounding DNA. Furthermore, some transitions
appear to be disallowed depending on the recent variant antigen
expression history of the parasite clone. These findings have
important implications for both the underlying molecular mecha-
nisms of antigenic variation and the processes that promote
chronicity of infection in vivo.

ntigenic variation has evolved in a number of pathogenic

microorganisms to facilitate evasion of the host immune
response. In Plasmodium falciparum, the parasite responsible for
the most severe form of human malaria, antigenic variation is
manifested by a change of variant antigen expression on the
infected erythrocyte (IE) surface (1, 2). The major IE surface
variant antigen is termed P. falciparum erythrocyte membrane
protein 1 (PfEMP1) and consists of a family of 250- to 350-kDa
proteins that are important targets of the host-protective anti-
body response (3-6). In addition to their role in immune evasion,
members of the PFEMP1 family are important virulence factors
through the ability of individual members to mediate adhesion
of IE to single or multiple host receptors on endothelial cells,
uninfected red cells (leading to the formation of rosettes),
dendritic cells, and the placenta (7-13). This process results in
the accumulation of IE in particular organs, sometimes leading
to organ dysfunction that may be exacerbated by the presence of
rosettes that may further obstruct blood flow. In the case of
dendritic cells, it may interfere with the generation of an
appropriate immune response. The PfEMP1 family is thus
central to both the pathogenesis of disease and the induction of
immunity.

PfEMP1 is encoded by the var multigene family that com-
prises ~60 members per haploid genome (14). The transcrip-
tion of var genes appears to be tightly regulated such that only
a single full-length copy is transcribed in one parasite at any
one time (15, 16). This process results in the mutually exclusive
expression of PFEMP1 variants at the IE surface. Transcrip-
tional switching occurs in situ and, in contrast to similar
processes in other organisms, does not require specific gene
rearrangements or DNA deletion events (16). No changes in
the pattern of DNA methylation or DNase I hypersensitivity
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have been associated with the expressed variant, nor does
expression rely on the presence of variant specific promoter
sequences (1). These observations have led to the suggestion
that the specific transcriptional activation or repression of var
genes is under epigenetic control. The molecular basis for
these processes, however, remains elusive. Recent data have
suggested that the silencing of nontranscribed var genes in-
volves the interaction of promoter and intron sequences;
although the manner in which genes become activated is
entirely unclear (17, 18). To better understand the molecular
basis of var transcriptional switching, we have attempted to
measure the transition rates at which different var gene
variants become transcriptionally activated or repressed.

Experiments designed to study var gene switching in vitro are
complicated by the fact that switching rates away from a defined
variant are as high as 2% per generation (19). Thus, long-term
cultures in the absence of selective pressure rapidly become
extremely heterogeneous with respect to the var genes they
express. In an attempt to overcome this problem, we have carried
out phenotypic selection in vitro followed by immediate cloning
of the cultures. This process results in a high proportion of clones
that express a single var gene variant. In this article, we have
sought to use this panel of isogenic clones to measure both on
and off rates of specific variants. The results show that these rates
are constant for any given var gene. They also suggest that var
genes may exist in three independent states: active, activatable,
and highly silenced. The implications of these results for the in
vivo dynamics of antigenic variation and for mathematical mod-
els that try to mimic this process are discussed.

Materials and Methods

Plasmodium Culture and Cloning. P. falciparum clones and isolates
were cultured in vitro in donated human type O erythrocytes
(20). The clone A4 was derived from the Ituxi (IT) isolate, as
described in ref. 19 and is genetically indistinguishable from
many FCR3 laboratory lines (21). A4 was rosette-selected by
differential sedimentation of trophozoite IE over Plasmagel
(Bellon, France) and cloned by limiting dilution (22), deriving 38
clones from which clones A-F were analyzed further. The A4
culture was also selected for expression of the type 41 var
PfEMP1 molecule by using the specific mouse mAb BC6
(mAbBC6) (19, 22). After selection, >75% of infected eryth-
rocytes bound mAbBC6. Clones G and H were derived from this
culture by limiting dilution. During the subsequent 40 cycles of
in vitro growth, all parasite cultures were treated identically and
maintained at a 2-3% hematocrit and 0.5-4% parasitemia by
dilution with uninfected erythrocytes.

Rosetting Assay. The 0.5 ml of trophozoite-infected erythrocytes
(2-3% parasitemia) at 5% hematocrit containing 10 ug/ml

This paper was submitted directly (Track ) to the PNAS office.

Abbreviations: DBL1«, duffy binding-like 1« domain; IE, infected erythrocyte; IT, Ituxi;
PFfEMP1, Plasmodium falciparum erythrocyte membrane 1; roff, var transcript off rate; ron,
var transcript on rate.

*To whom correspondence should be addressed. E-mail: horrocks@hammer.imm.ox.ac.uk.

© 2004 by The National Academy of Sciences of the USA

PNAS | July 27,2004 | vol. 101 | no.30 | 11129-11134

>
O
(=]
—
=]
@
(<]
13
=
=




ethidium bromide was rotated for 30 min at room temperature.
The proportion of infected erythrocytes bound to two or more
uninfected erythrocytes was determined by microscopy (FITC
filter with Nikon Eclipse E600 fluorescence microscope). Data
presented represent the mean of three independent counts of
200 infected erythrocytes.

DBL1« Expression Sequence Tag Determination. Ring stage RNA (1
ng), treated with RNase-free DNase (Promega), was reverse-
transcribed from random hexamers (Invitrogen). «AF and «BR
are universal primers validated for unbiased amplification of the
duffy binding-like 1o (DBL1la) domain of PfEMP1 from var
genes (23). DBL1a expression sequence tags were amplified
from isolated RNA by using these oligonucleotides. RT-PCR
products were cloned and between 6 and 10 independent clones
were sequenced to confirm the identity of the DBL1« expressed
sequence tag. Furthermore, RT-PCR products were radiola-
beled and hybridized to a nylon filter on which all available A4
genomic DNA DBLla sequence tags (European Molecular
Biology Laboratory Database AJ319680-AJ319712) had been
arrayed. Var variants transcribed in ring stage parasites were
determined from these DBL1« arrays after stringent hybridiza-
tion (65°C) and wash (68°C, 0.1X SSC and 0.1% SDS) condi-
tions. Finally, cloned DBL1a sequence tags were hybridized to
Northern blots (see below) to confirm hybridization back to a
single predominant var transcript identified by using a conserved
VarC probe (21).

Northern Blot Analysis. Total RNA was isolated, size-fractionated,
and blotted by using a standard P. falciparum protocol (24).
DNA probes were sequentially hybridized to the nylon filters and
washed to an appropriate stringency for the probe used (21).
Specific var gene probes were derived by PCR amplification of
cloned DBL1a sequence tags from A4 genomic DNA. Signal
intensities were determined by using a Fuji film FLA-2000
phosphorimager with subsequent image analysis provided by
AIDA (Advanced Image Data Analyzer, version 2) software. Var
transcript signal intensity was normalized for each sample by
using signals obtained from the P. falciparum EF-1a, 3.8 gene,
and proliferating cell nuclear antigen transcripts. The mean of
these normalized values relative to their value at the start of the
experiment (assumed to be 100%) was plotted over time.

mAbs, Human Serum Samples, and Flow Cytometry. Human serum
samples were obtained from anonymous healthy adult donors
from either the United Kingdom National Blood Service or the
Kenya Medical Research Institute/Wellcome Trust Collabora-
tive Research Programme located within a Kenyan coastal town
in a malaria-endemic region. Serum sample kilifi#20 was shown
by flow cytometry analysis to specifically recognize intact eryth-
rocytes infected with parasites transcribing var type 6, but not var
types 14, 19, 32, 41, 43, or R29var, these other variants being
transcribed by rosette or mAbBC6-selected parasite populations
(19, 22, 25).

Human IgG bound to P. falciparum trophozoite-IE was de-
tected by using FITC-conjugated anti-human CH, (DAKO) and
ethidium bromide (1 pg/ml). Mouse Ig bound to IE was detected
first by using rabbit anti-mouse Ig followed by FITC-conjugated
swine anti-rabbit Ig (DAKO). The number of FITC- and
ethidium bromide-stained cells as a proportion of the ethidium
bromide-stained cells (infected erythrocytes) was determined by
flow cytometry (FACSCalibur, Becton Dickinson).

var Transition Rate Determination. The transcript off rate (rof) is
defined as roit = 1 — (p'), where p is the proportion of
population remaining of the original phenotype/transcript after
n cycles of growth. The transcript on rate (ro,) is determined as
follows: after n cycles, the proportion of parasites transcribing a
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given variant (p,) with on rate rn) is given by: p, = rona) +
Ton(1 = Fon)2) + Ton[1 = Fon(1 — Fon)](3). .. (n)- This approximates
to p, = nrop for situations where nr,, < 0.1. Accurate simulations
were carried out on Microsoft EXCEL spreadsheets iteratively
taking into account a range of potential on and off rates. Over
the period of 40 cycles, it was found that including the r,, rate
(where 7o rates were being determined) or rog rates (where 7o,
rates were being determined) did not make a significant differ-
ence to the final estimate in most cases.

Results and Discussion

The repertoire of var genes expressed by an A4 parasite clone
was restricted after in vitro selection for adhesion to uninfected
erythrocytes (rosetting) immediately before cloning. Previous
rosette selection studies using the A4 clone indicate that a
limited subset of PfEMP1 variants are transcribed in these
selected populations (22, 25, 26).

Thirty-eight clones were isolated, and sequencing of RT-PCR
products derived from the DBL1« domain and Northern blots of
extracted RNA were used to identify the var gene(s) transcribed
in each clone (Fig. 1). More than half of the clones transcribed
a single predominant var gene, with var type 6 by far the most
common. Most of the remaining clones transcribe var type 6 in
combination with var types 32 and/or 19. Six clones transcribed
only type 14 var in a manner that appeared to be mutually
exclusive to any other var genes detected. Analysis of rosetting
frequency in these clones indicates that this phenotype is prin-
cipally associated with transcription of var types 14, 19, and 43
(Fig. 1). This finding is consistent with the fact that the DBL1«
domain of var 19 is highly homologous to that of the R2%var
rosetting gene variant, the latter having been shown to mediate
adhesion to erythrocytes via complement receptor 1 (25). The
R29var clone was not transcribed by any of the progeny clones
described because transcription of this variant appears to require
truncation of the telomere immediately adjacent to the gene, an
event not represented in the clones examined here (data not
shown) (26).

We were intrigued by the high frequency of clones transcribing
type 6 var because expression of this gene was not associated with
rosetting in this or a previous study in ref. 22. This observation
might reflect some inherent probability associated with the
transcriptional activation of this particular variant. To test this
hypothesis, we decided to measure var transition rates in clones
expressing single var gene variants (var 6, 14, 32, and 43; see Fig.
1). Two further clones expressing only the var type 41 variant
were also investigated. These were obtained by selection of the
A4 clone for adhesion to a mAbBC6 specific for the PFEMP1
encoded by var type 41 (19) immediately before cloning.

All clones were cultured in vitro for 40 generations over which
period RNA was harvested every 10 generations, size-
fractionated, and blotted. Transcribed var genes were identified
by hybridization with specific probes. We measured the increase
of steady-state levels of var transcripts over this time by using
several housekeeping transcripts as internal loading controls. In
clones that did not already transcribe var type 6 (A and D-H),
a readily quantifiable increase in this transcript level with time
was observed in all except two clones (D and E; Fig. 2.4 and B).
Although each of the clones A and F-H start with a different
level of var 6 transcript, the rate at which this transcript
accumulates in each clone is almost exactly the same (ron =
0.25% per generation, Fig. 2B). Similarly, a small increase in the
accumulation of var type 41 (ron = 0.025% per generation, data
not shown) was noted in each of clones A-F. Increases in the
signal intensity of other var transcripts identified by RT-PCR
analysis of these clones were not detected above background.

To confirm that the increases in the level of the var type 6 and
41 transcripts corresponded to a concomitant increase in the
level of PFTEMP1 at the erythrocyte surface, we carried out flow
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Fig. 1. Vartranscription patterns in a panel of isogenic P. falciparum clones.
The var variant transcribed by each of the 38 clones derived by cloning of
rosette-selected A4 isolate are indicated. Filled black boxes represent a single
major transcript, with gray boxes representing a mix of var transcript signals.
Clones selected for further analysis are indicated in bold. Two further clones
derived from an A4 isolate selected for expression of the type 41 var PfEMP1
product (G and H) are also indicated. Rosetting frequency (R* Freq.) represents
the percentage of infected erythrocytes bound to two or more uninfected
erythrocytes. The mean of three independent experiments is shown.

cytometry analysis on intact infected red cells. We used
mAbBCH to detect var 41 PfEMP1 and a serum identified from
a healthy adult donor (kilifi#20) from a malaria-endemic region
that specifically recognizes the var 6 PPEMP1 product but not any
other PFEMP1 variant expressed by the rosette and mAbBCo-
selected A4 clones (Fig. 2 C and D). Together, these data show
that the var variants 6 and 41 accumulate at fixed rates of ~0.25%
and 0.025% per generation, respectively.

We noted above that accumulation of var type 6 was immea-
surably low in clones D and E (Fig. 2 4 and C), both of which
transcribe var type 14, despite the fact that the var 6 locus
appeared to be intact by detailed restriction enzyme mapping
(datanot shown). Taken together with the exclusive nature of var
type 14 transcription in the 38 clones (Fig. 1), this observation
would suggest that the ability to switch to certain variant types
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Fig.2. Vartranscripton-rates(ron) are fixed in P. falciparum. (A) Steady-state
transcript levels of type 6 var in clones A and D-H over 40 cycles of intraeryth-
rocyticgrowth. The predominant vartype transcribed in each of these parasite
clonesisindicated above their respective panels. Clones B and Care notshown
because var type 6 is the predominant transcript in these clones. The size of
each transcript is described in kb. The hybridization signal from the control
transcript EF-1a is indicated as used for one of several loading and staging
controls. (B) Analysis of the relative increase in type 6 var transcript in clones
A and F-H over 40 cycles of cell growth. Logarithmic regression of the mean
relative signal intensity (+:SEM, n = 3) indicates that type 6 var accumulates at
the same rate (ron = 0.25% per generation) in all of these clones. Data points
for each clone are represented as follows; clone A (A), clone F (m), and clones
G and H (® and <). (C) Flow cytometry analysis of type 6 var-encoded PfEMP1
molecule expression. The proportion of infected erythrocytes (mean + SEM,
n = 3) recognized by var type 6-specific serum (kilifi#20) over 40 cycles of
growthisindicated. Whereas the proportion of infected erythrocytesin clones
A and F-H recognized by kilifi#20 increases at a mean ron of 0.25% per
generation, there is no appreciable increase in kilifi#20 binding to clones D
and E (® and O) over the same period. (D) Flow cytometry analysis of type 41
var-encoded PfEMP1 molecule expression in clones A-F. The proportion of
infected erythrocytes (mean = SEM, n = 3) recognized by mAbBC6 over 40
cycles of growth is indicated. In these six clones, not originally transcribing the
type 41 var gene variant, the proportion of parasites recognized by mAbBC6
increases at a mean ron of 0.025% per generation. Symbols used are the same
as for above.

might depend on the antigenic switching history of the parasite,
e.g., a switch to var 6 would not normally be permitted in a clone
transcribing var type 14.

We used the same eight clones and methodology to measure
the rate at which individual transcripts were silenced over the
40-generation culture period. The data show that individual var
genes exhibit a range of off rates (ro¢), from >1% per generation
to an undetectably low level (Fig. 34 and B). These off rates were
identical within experimental error in different parasite clones
expressing the same variant (Fig. 3B). Again we confirmed that
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Var transcript off-rates (rof) are fixed in P. falciparum. (A) Northern blot analysis of decreasing var transcript steady-state levels during 40 cycles of cell

growth. Variant-specific probes to each of the predominant var transcribed (indicated by var type) in clones A-H hybridized. The hybridization signal from the
control transcript EF-1« is shown as is the ethidium bromide-stained gel to indicate equal loading. The size of each transcript (kb) is indicated. (B) Analysis of the
decrease in relative signal intensity for var in clones A-H. Log-transformed mean signal intensity (=SEM, n = 3) for the predominant transcript present in each
clone at the start of the experiment is plotted over 40 cycles of cell growth. Clone A (var type 32, A, undetectably low r¢), clones B and C (var type 6,¥ and v,
undetectably low roff), clones D and E (var type 14, ® and O, mean ros = 0.47 = 0.04% per generation), clone F (var type 43, m, ro¢r = 0.30% per generation), and
clones G and H (var type 41, ¢ and <, mean ro = 1.35 = 0.12% per generation). (C) Flow cytometry analysis of type 41 var-encoded PfEMP1 molecule expression
in clones G and H. The proportion of infected erythrocytes (mean = SEM, n = 3) in each clone recognized by the var type 41 PfEMP1-specific mAbBC6 was
log-transformed and plotted over 40 cycles of growth (mean type 41 PfEMP1 expression rq¢ in clones G and H is 1.37 = 0.07% per generation).

levels of transcripts correlated with level of cell surface ex-
pressed PfEMP1 for the type 41 var by using fluorescence-
activated cell sorting analysis with mAbBC6 (Fig. 3C). The mean
off rate of 1.37 = 0.07% per generation deduced by flow
cytometry was indistinguishable from the rog of 1.35 * 0.12% per
generation measured by Northern blot.

The range of var transition rates that we observe could be
explained in one of three ways. It could be that all var genes
switch at the same rate but have individual growth rates that are
slightly different from each other. The data could also be
explained entirely by differences in transcriptional switch rates
for each variant. Finally, a combination of these mechanisms may
operate. We favor the second explanation for the following
reasons. First, we have measured the growth rates of two clones
with the most divergent transition rates (expressing var types 6
and 41), comparing these to that of the genotypically distinct 3D7
clone. We find no difference in the multiplication rate over two
cycles of in vitro growth. We similarly show no difference in the
length of the cell cycle for the two A4-derived clones but clearly
demonstrate that 3D7 has a cell cycle that is =2 hr shorter (data
not shown). Unfortunately, although we did detect genotype-
specific differences, the experiments are unable to measure
differences as small as 1% per generation, a rate that may
underlie our observed results. Second, the most direct data
supporting the transcriptional switch rate hypothesis comes from
results with clones B and C that both transcribe type 6 var. One
of these clones has undergone a spontaneous deletion at one end
of chromosome 2 that deletes the gene encoding the knob-
associated histidine-rich protein as well as all genes telomeric to
it. This is a frequent event during in vitro culture and, when it
occurs, the resultant knobless parasites overgrow the culture,
suggesting that they have an observable growth advantage. We,
however, see no difference in the transition rates between these
two clones, implying that the switch rate is larger than the growth
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advantage. Third, PFEMP1 is only present on the cell surface at
~10,000 molecules per cell and is thus, unlike trypanosome
variant surface glycoprotein, a very minor cell protein. Unless
additional transcriptional changes accompany a var switch, it is
unlikely that transcription of different var genes per se would
alter the growth rate. We consider this unlikely because we know
that in the case of at least one var gene (type 41), transcriptional
activation does not spread beyond the gene itself (22, 26).
Finally, given that phenotypic variation results from switches in
var transcription, presumably the simplest means of regulating
the rate of phenotypic variation is through the regulation of the
rate of var transcriptional activation and silencing. In any event,
even if differential growth rates were to be part of the explana-
tion, the observed phenotype is unaltered. Parasites expressing
different var genes still appear and disappear from the popula-
tion at the rates that we have observed. From here on we assume
that it is differences in switch rates that explain our data.

In other protozoan organisms that use antigenic variation, the
variant gene families involved may contain as many as 1,000
variants with transcriptional switches being associated with gene
duplication events and genomic rearrangements (27). P. falci-
parum, however, has only ~60 var genes per haploid genome
(14). It has therefore been difficult to conceive how 60 var
variants are enough to maintain chronic infection in humans,
particularly because acute-phase parasitemias may contain
>10'0 parasites. Under these circumstances, even var gene
variants with extremely low on rates would be expected to be
expressed, thus exhausting the entire variant repertoire early
during the infection.

Our data may shed some light on this problem. We envisage
three possible transcription states for a var gene (Fig. 4): active
(A), inactive but capable of being activated (I), or highly silenced
(S). Our data suggests that transitions between the A and I states
are intrinsic properties of these variants and appear to be
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Fig.4. Three transcriptional states are proposed for var genes. The first two
are transcriptionally active (A) and transcriptionally inactive (1), although the
latter are still capable of being activated. The transition rates between the A
and | states appear to be invariant among clones, suggesting they are intrinsic
properties of each var gene variant. Var genes appear also to exist in a third
highly silenced state (S). Irrespective of the rate of the | to A transition, these
S-state var gene variants remain transcriptionally inactive within the limits of
detection of this experiment. Data presented herein indicates that var tran-
scriptional switching history may determine the Sto I transition. The molecular
mechanisms that mediate this highly silenced state remain unknown.

reproducible in different parasite clones. The events that deter-
mine the highly silenced state (e.g., var 6 in parasites expressing
var 14) are unknown. Although DNA methylation has previously
been shown not to be involved in var transcriptional activation/
inactivation (1), we examined whether it may play some role in
maintenance of a highly silenced state. Restriction analysis with
methylation-sensitive endonucleases of the type 6 var locus in
parasite clones where this variant is actively transcribed (B and
C), inactive but capable of being activated (A and G), or highly
silenced (D and E) confirm that DNA methylation was not
involved in this silencing mechanism (data not shown).

We propose that because A to I transition rates for the same
var gene variant are the same in different clones, irrespective of
the var variant predominantly transcribed, that these are in effect
“hard wired.” This finding presumably reflects some aspect of
local or extended primary DNA sequence that acts to modulate
their local chromatin environment. Var genes are distributed in
three broadly defined locations within the genome: either im-
mediately adjacent to the telomere, close to a telomeric var gene,
or in internal clusters (14). These locations are each associated
with a specific 5" UTR termed UpsA, B, or C (14, 28). We
determined the Ups-promoter sequence immediately adjacent to
each var gene in this study and found no association between var
on or off rates and a particular 5" UTR (data not shown). Thus,
neither genomic position per se nor the 5" UTR sequence
determine switch rates, and the relevant DNA sequence must
therefore lie elsewhere. Other distinct changes in the extended
chromatin environment must presumably exist in genes in the S
state to explain their highly silenced phenotype.

In other systems of antigenic variation, particularly in the
extensively studied African trypanosome, it has been possible to
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measure variant specific on rates both in vitro and in vivo (29-31).
These data remain controversial and vary over some orders of
magnitude, particularly when measured in recently tsetse fly-
transmitted pleiomorphic organisms (31). It has proved impos-
sible, however, to measure off rates in vivo, because these are
confounded by the immune response, and in vitro, because
pleiomorphic trypanosomes cannot be maintained for a suffi-
cient length of time without differentiation. In the case of
malaria, similar considerations apply. On rates have been mea-
sured in vivo in the mouse malaria model P. chabaudi, and we
have previously reported the off rate in vitro for one variant in
P. falciparum (19, 32). However, considerations discussed earlier
have limited the extent of these studies. Attempts to infer variant
transition rates in humans in vivo through mathematical mod-
eling have been made, but these are complicated by the problem
of in vivo host selection for particular cytoadherence and hence
antigenic types (33, 34).

Our data provide a direct measure of on and off rates (I to
A to I) and show that these are highly reproducible for any
given var variant. The variation in the rates that we observe
among different var genes may be crucial in determining the
in vivo dynamics of new variant appearance. Variants with a
very high on rate and immeasurably slow off rate are likely to
dominate the initial stages of infection, preserving the remain-
der of the repertoire for maintaining chronicity. The range of
on rates that we have observed may also serve to structure the
appearance of variants in a statistically preferred order as has
been observed in both malaria and other systems (32, 35, 36).
The order of var transcript appearance in vivo would thus be
determined by a combination of probabilistic events (the
intrinsic on rate) and the proportion of genes that have entered
the highly silenced (S) state, leading to a situation where
subsets of var genes could be turned on in a branched switching
pathway. This process might be a useful evolutionary strategy
to preserve some high-frequency variants for late in infection.
At this stage, parasitemia is extremely low and high on rates
would be necessary to achieve an antigenic switching to
maintain a chronic infection.

Attempts to provide a mathematical framework that is
capable of reproducing the sequential dominance of individual
antigenic types seen in vivo in many systems of antigenic
variation have been problematic and have had to make as-
sumptions that are not necessarily based on biological obser-
vation (37-39). It has recently been shown that the presence of
short-lived immune responses to minor antigenic epitopes
shared between malarial variant surface antigens can readily
achieve sequential dominance (40). We believe that this latter
model, in combination with the observations made in this
article, may provide a robust framework with which to under-
stand the way in which the appearance of antigenic variants is
controlled in vivo.
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