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Abstract

Background: The evolutionary mechanisms structuring the expression pattern of variant surface antigen (VSA) families that
allow pathogens to evade immune responses and establish chronic and repeated infections pose major challenges to
theoretical research. In Plasmodium falciparum, the best-studied VSA family is erythrocyte membrane protein 1 (PfEMP1).
Each parasite genome encodes about 60 PfEMP1 variants, which are important virulence factors and major targets of host
antibody responses. Transcriptional switching is the basis of clonal PfEMP1 variation and immune evasion. A relatively
conserved subset of PfEMP1 variants tends to dominate in non-immune patients and in patients with severe malaria, while
more diverse subsets relate to uncomplicated infection and higher levels of pre-existing protective immunity.

Methodology/Principal Findings: Here, we use the available molecular and serological evidence regarding VSAs, in
particular PfEMP1, to formulate a mathematical model of the evolutionary mechanisms shaping VSA organization and
expression patterns. The model integrates the transmission dynamics between hosts and the competitive interactions
within hosts, based on the hypothesis that the VSAs can be organized into so-called dominance blocks, which characterize
their competitive potential. The model reproduces immunological trends observed in field data, and predicts an
evolutionary stable balance between inter-clonally conserved dominance blocks that are highly competitive within-host
and diverse blocks that are favoured by immune selection at the population level.

Conclusions/Significance: The application of a monotonic dominance profile to VSAs encoded by a gene family generates
two opposing selective forces and, consequently, two distinct clusters of genes emerge in adaptation to naı̈ve and partially
immune hosts, respectively.
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Introduction

Although people living in malaria endemic regions typically

carry Plasmodium falciparum parasites throughout life, clinical

symptoms decrease markedly with age [1]. Naturally acquired

immunity to the disease involves many components and their

relative importance is only partially understood [2]. However,

antibodies undoubtedly form a critical component of immunity to

the asexual blood stages [3], and the parasite-encoded variant

surface antigens (VSAs) exported to the surface of infected

erythrocytes (IEs) are important targets [4,5]. P. falciparum parasites

possess several VSA families, of which the best characterized is P.

falciparum erythrocyte membrane protein 1 (PfEMP1) encoded by

approximately 60 var genes per genome [6]. The level of diversity

among var genes varies greatly both between and within individual

genomes [7]. PfEMP1 variants mediate adhesion of IEs to

different host endothelial receptors, and different binding

properties have been associated with distinct patterns of

sequestration and pathogenesis [8]. The importance of PfEMP1

in malaria pathogenesis has motivated the development of

theoretical models of diversity and immune selection [9–11].

Individual IEs express only a single PfEMP1 variant at a time

[12]. Early in blood stage infection after liver release, many var

genes are transcribed by the various IEs, but gradually this pattern

changes and particular subsets of var genes are predominantly

expressed [13,14], while others may still be expressed at low

frequency due to transcriptional switching [15,16]. Variants that

predominate in the early phase of infection probably have higher

effective multiplication rates (possibly due to more efficient

endothelial sequestration rates) or higher on-switching rates. In

any case, the history of PfEMP1 expression is recorded in the

antibody repertoires that accumulate in individual hosts, regardless

of the molecular basis of the sequence of expression [4,17–19].

There is evidence that there is a threshold of PfEMP1

expression necessary for induction of an immune response [20].

If so, low-level or heterogeneous expression of PfEMP1 variants,

such as in the early stages of infection, might not be sufficient to

induce immunity. As the immune system disables IEs expressing
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the dominant VSA, the parasite is either cleared from the host or

parasites expressing an antigenically distinct VSA will come to

dominate the infection [21]. When a VSA is no longer expressed,

antibody levels against it decrease, but immunological memory

persists and antibody levels can be rapidly restored upon re-

exposure [22–24].

Here we investigate the role of variation in adhesion properties

and cumulative antibody repertoires in selecting for the observed

patterns in expression [25,26]. Integrating these individual-level

processes into a mathematical model of P. falciparum transmission,

we refine the requirements for the emergence of realistic variation

in VSA expression at the population level. The model allows for

multiple genotype infections, encapsulating a form of within-host

competition that gives selective advantage to parasites expressing

more dominant VSAs [27].

Although global var gene diversity is immense [28], there is

increasing evidence that there exist restricted subgroups of

antigenically similar VSAs that have a selective advantage in

naive hosts and are associated with severe disease (called ‘‘high-

dominance’’ VSAs here), whereas other more diverse PfEMP1

variants (called ‘‘low-dominance’’ VSAs) are more common in the

uncomplicated and sub-clinical infections of more immune hosts

[26,29–35]. Our model suggests that within-host competition

selects for a relatively conserved repertoire of high-dominance

VSAs, while a diverse repertoire of low-dominance forms is

maintained by their ability to remain unrecognised by host

immunity for extended periods allowing chronicity of infections.

We propose this mechanism of two-level selection as an

evolutionary explanation for the subdivision of large VSA families

such as PfEMP1.

Results

Model outline
On the basis of available experimental evidence summarized

above, we hypothesize that the global repertoire pool of variants

within a given VSA family can be ordered into a dominance

hierarchy that determines the order in which they are expressed in

an infection. The dominance hierarchy is considered the

aggregated result of a variety of selective factors, including

adhesion avidity, receptor availability, metabolic cost, gene

switching rates, and immuno-dominance, to name a few. The

parasites in an infection will therefore tend to express the most

dominant variant to which the host does not have pre-existing

immunity. As immunity to the initially dominant variant is

acquired, continued parasite survival depends on the ability to

switch away from this variant, and switching back to the originally

expressed variant will be unsuccessful as long as protective levels of

antibody with specificity for this variant persist.

Before constructing a model we must devise a scheme to

aggregate the immense VSA diversity in a way that is both

biologically meaningful and mathematically tractable. As we are

mainly interested here to explore host population-level processes,

we define ‘‘dominance blocks’’ as groupings of undefined numbers

of consecutive variants. Since dominance reflects preferential

expression, it is assumed here that antigenic switching during a

single infection occurs among consecutive variants within a

dominance block, and is therefore not visible at the scale of

blocks. Dominance blocks are thus a convenient unit for the

construction of transmission models at this level.

Estimates of the duration of a P. falciparum infection are in the

order of 200 to 700 days [36–38], with peaks in parasitaemia every

20–25 days [39]. If peaks in parasitaemia correspond to clonal

replacement of one variant by another, and in the absence of

substantial cross-reactive immunity among intraclonal variants

[40], between eight (an infection that lasts 200 days with peaks

every 25 days) and 35 (peaks every 25 days of a 700 day infection)

different VSAs can be assumed to be expressed in the course of an

untreated monoclonal infection. This collection of VSAs corre-

sponds to a dominance block. The model will be formulated in

terms of blocks of VSAs, indexed such that a lower index

represents a higher dominance (Fig. 1a, top). Each parasite can

thus be assumed to possess between approximately two (at 35

variants per block) and seven (at eight variants per block)

dominance blocks of a given VSA family such as the 60-member

PfEMP1 family, and should therefore be able to re-infect a given

host at least a corresponding number of times (each time

expressing variants from a new block) before all family members

have been expressed (Fig. 1a, middle). In reality, the number may

well be higher, as levels of variant-specific antibodies often decline

fairly rapidly once exposure to the variant ceases [22–24].

Multiple-clone infections are very common in malaria endemic

areas. We hypothesize that VSA dominance not only determines

the order of VSA expression of a single clonal lineage, but also the

dynamics of multiple-clone infections. When an already infected

host is exposed to a new parasite, we assume that the transmission

potential of the invader in relation to the resident increases with

the dominance difference between the respective VSAs. Others

[41] have shown that such weighted processes can be mathemat-

ically simplified while maintaining the essence of the model

dynamics, by assuming the polarized view that the invader

replaces the resident parasite (superinfection) with a probability s
(Fig. 1a) and is cleared otherwise. The probability s is formally

defined as a function of the difference between the dominance

blocks expressed by invader and resident parasites (Fig. 1b).

As hosts in the population gradually acquire immunity to

individual dominance blocks, they remain susceptible only to

parasites which express blocks of lower dominance (Fig. 1c). A

correlation between dominance and disease severity is implicit in

the model, and is used to evaluate its performance. Immunity to

specific VSA blocks wanes over time. The mathematical formalism

of the model is provided in the Methods section.

Model simulations
We will describe equilibrium results from simulations of model

realisations where parasites are described by four dominance

blocks drawn from a pool of seven. This greatly simplifies the

description of the model output but retains the generality of the

model performance.

The vast majority of hosts without any pre-existing VSA-specific

antibodies is predicted by the model to be infected by parasites

expressing VSAs belonging to dominance block 1. As host

repertoires of VSA-specific antibodies broaden, the probability

that their infections will be dominated be parasites expressing

VSAs from dominance blocks lower in the hierarchy increases,

and the ability to predict which block is expressed in a given host

decreases (Fig. 2A). If we associate high-dominance VSAs with

more severe forms of malaria, and note that the antibody

repertoire broadens with age, this output fits the observations

that overall malaria severity decreases with age in endemic areas

[1], and that low immunity and young age are associated with

infections dominated by serologically similar VSAs, whereas VSA

expression in older, more immune individuals with uncomplicated

infections is much more diverse [26,29]. The host’s capacity to

clear an infection before exhausting the VSA repertoire of the

infecting parasite (see Model outline above) and the non-random

sequential expression of variants from high- to low-dominance,

furthermore leads the model to predict a population-level gradient

VSA Selection
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from high prevalence of hosts with antibodies against high-

dominance VSAs to low prevalence of hosts with antibodies

against low-dominance VSAs (Fig. 2B). The model also predicts a

negative correlation between the size of the antibody repertoire

and the seroprevalence against the expressed VSA, meaning that

VSAs expressed in hosts with broad antibody repertoires are less

recognized in the host population than VSAs expressed in hosts

with narrow antibody repertoires (Fig. 2C). The trends in Fig. 2B,C

correspond well with field data [25,26,42].

The model predicts that the high prevalence of antibodies with

specificity for dominant VSAs favours parasites encoding low-

dominance variants while parasites encoding the high-dominance

variants are simultaneously favoured because of their ability to

superinfect and displace resident parasites from infected hosts (Fig. 3,

solid red line). These opposing selective forces shape the parasite

population such that a typical parasite genome will contain VSAs

from both high- and low-dominance VSAs, while variants of

intermediate dominance will be the least frequent in the parasite

population. Indeed, the selection for high-dominance VSAs

becomes weaker when the ability to superinfect is removed from

the model, while assigning only a single VSA block to each parasite

weakens the selection for low-dominance VSAs. Parasite genomes

encoding multiple copies of the same VSAs are outcompeted by

parasite genomes encoding the maximum number of distinct VSAs,

consistent with high inter-locus diversity seen in the genome [6].

Finally, we explore the dependence of VSA distributions on the

size of the available pool of variants. By increasing the size of the

VSA pool from 5 to 8 blocks, the model predicts that the

prevalence of high-dominance VSAs is essentially independent on

the global size of the pool, while low dominance VSAs tend to

become more heterogeneously distributed throughout the parasite

population (Fig. 4). In reality, the number of antigenically distinct

VSAs, and thereby the number of possible dominance blocks, is

likely to be very large, leading to a restricted set of highly

dominant and serologically similar VSAs, and a much larger set of

serologically diverse VSAs each with low prevalence.

Discussion

Immunity to malaria following natural exposure to P. falciparum is

developed over several to many years, and sterile immunity is

probably never achieved. However, immunity to severe disease

develops much faster than protection from uncomplicated disease

and asymptomatic parasitaemia [43]. It has been suggested that this

epidemiological pattern is due to the importance of VSA-specific

immunity for clinical protection, to the non-random order in which

immunity to specific VSAs is acquired, and to the association

between particular VSAs with specific disease syndromes [5,44].

We present a mathematical model which implements the

interplay between two opposing selection pressures; one that favours

virulent (high-dominance) VSAs in non-immune hosts, the other

facilitating non-virulent (low-dominance) VSAs that allow chronic

infections in individuals with substantial VSA-specific immunity.

Our results complement previous models that have addressed

expression patterns [10,45] and acquisition of immunity [46].

We introduce the concept of dominance blocks to describe the

competitive interactions among the different VSAs of a single

parasite (intra-clonal variation) and among the VSAs of different

Figure 1. Schematic representation of infection dynamics. (A) VSA variants are organized into dominance blocks, where dominance ranges from
the highest (VSA block 1) to the lowest (VSA block n) (A, topl). Each parasite genotype contains VSAs from a fixed number of VSA blocks. In a naive host, a
parasite clone (illustrated by a set of 3 VSA blocks) expresses VSAs from the most dominant block. Immunity is illustrated by an antibody and expression
by a star. The host mounts an immune response to the expressed VSAs and eventually the infection is cleared. On a subsequent infection the host is
already immune to VSAs from previously expressed blocks, leading to the expression of VSAs belonging to the next most dominant VSA block (A,
middle). When an infected host is exposed to a new parasite which encodes VSAs from a more dominant block, the resident parasite can be replaced
with a probability s (A, bottom). (B) Implementation of dominance hierarchy of 7 VSA blocks, such that s1,4 is the probability of superinfection when VSA
block 1 invades a host with a resident parasite expressing VSA block 4. (C) Heterogeneous immune repertoires among hosts. Hosts acquire specific
immunity with exposure, represented by colours matching VSA blocks in previous panels. The immune repertoire may contain gaps if a host has not
been exposed to a particular variant block. Fewer hosts are susceptible to VSA 1 (small dashed circle) than to VSA 7 (large dashed circle).
doi:10.1371/journal.pone.0009778.g001

VSA Selection
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parasite clones (inter-clonal diversity). The model dynamics of VSA

expression, within and between hosts, all follow from the dominance

hierarchy. The preferential expression of high-dominance VSAs in

naive hosts leads to host immunity and quickly exhaust the pool of

susceptible hosts available to them. Low-dominance VSAs, on the

other hand, allow persistent infections and thereby ensure efficient

transmission from host to host. The ability of parasites encoding

high-dominance VSAs to superinfect, favours their conservation.

The output of our model is compatible with field observations.

The existence of different levels of immune selection acting on

VSAs has been suggested through the application of network

approaches to serological data [11]. It is reinforced here with a

model that is the first to combine intra-host competition and inter-

host transmission to investigate the combined effects of selection at

multiple levels. The model suggests a mechanism for the observed

structuring of VSA into distinct clusters, reproducing important

features of serological observations from the field. Although the

results are general, it would be interesting to investigate how they

might be modulated by transmission intensity and cross-immunity.

Molecular studies have shown that var genes, previously

classified into five major groups (A–E), could be organized into

two broad clusters [35,47]. A relatively conserved cluster consists

of restricted subsets of structurally related variants transcribed by

parasites obtained from individuals with limited or no immunity

preferentially transcribe [14,48], and parasites selected in vitro for

reactivity of IEs with IgG from children with limited immunity

[49]. Transcription of two of these subsets (Group A and Group

B/A) has repeatedly been associated with severe disease [30–34].

A much more diverse cluster contains Group C which has been

largely associated with asymptomatic infections [31].

Figure 2. Expression and seroprevalence of VSAs at endemic equilibrium. (A) VSA expression within hosts with different levels of past
exposure (measured by host antibody repertoire). (B) Seroprevalence for the different VSA blocks (trend displayed in Fig. 3 of [29]). (C) Seroprevalence
for the expressed VSA as a function of host antibody repertoire (trend displayed in Fig. 2c of [42]).
doi:10.1371/journal.pone.0009778.g002

Figure 3. Frequency distributions of VSAs in the parasite population at endemic equilibrium. Opposing selection pressures favour VSA
blocks at each end of the dominance hierarchy (solid red line), suggesting a mechanism behind the two clusters displayed in Fig. 3 of [35].
Superinfection selects for high-dominance VSAs (compare solid red line and dotted blue line). When parasites contain multiple VSA blocks, acquired
immunity selects for low-dominance variants (compare solid red line and dotted green line). Without superinfection and only a single VSA block per
parasite, there is no frequency difference between the different VSA blocks (dotted yellow line).
doi:10.1371/journal.pone.0009778.g003

VSA Selection

PLoS ONE | www.plosone.org 4 March 2010 | Volume 5 | Issue 3 | e9778



In summary, we present a model that identifies the mechanisms

that might be driving the evolution of separate clusters of VSAs, as

seen for the var gene subfamilies of P. falciparum. The hypothesis

predicts a restricted subset of high-dominance VSAs associated

with severe malaria, and genetically and immunologically diverse

low-dominance VSAs related to uncomplicated and asymptomatic

infection.

Methods

The model, constructed as a system of ordinary differential

equations, integrates dynamics at two levels (pathogen competition

at the individual level as immunological memory accumulates, and

pathogen transmission at the population level) in a form that is

inevitably dense. In the interest of clarity we construct the model

in a stepwise manner.

Parasites with a single dominance block
We write a first version where each parasite in characterised by

only one dominance block, and then generalise for multiple

blocks. Consider a pathogen population comprising a diversity of

VSA blocks, indexed by the set N~ 1,2, . . . ,nf g, ordered by

inverse dominance. Hosts are classified into uninfected (S) or

infected (I) and by the subset of blocks to which they have

immunological memory (h). Infected hosts are further classified

by the blocks that they are currently infected with (p). This system

is written as

dSh

dt
~

X
h~~hhzq

1

cI
~hh
q

1
{
X
q
2
=[h

lq
2

Shzmdh~w

{mShzW Sh
� �

, for all h5N

dIh
p

dt
~lpSh{ czmð ÞIh

p zW Ih
p

� �

zX Ih
p

� �
, for all h5N, p 6[h

ð1Þ

where q1 indicates the VSA block by which the host was

previously infected while having immunological memory ~hh, q2

indicates the VSA block by which the susceptible host will be

infected, c is the rate of recovery from infection, m is the rate of

birth and death, dh~w is a delta function indicating that

individuals have no immunity at birth, lp~
P

p=[h bIh
p is the

force of infection of variant p, and W and X are functions that

determine waning immunity (2) and superinfection (3), respec-

tively. For simplicity of notation, we write hzp, instead of

hz pf g, even though h is a set and p is an element.

Waning immunity is implemented as

W Sh
� �

~
X
q

1
=[h

aShzq
1 {

X
q

2
[h

aSh

W Ih
p

� �
~
X
q

1
=[h

aI
hzq

1
p {

X
q
2
[h

aIh
p :

ð2Þ

where q1 indicates the VSA block for which the host previously

had immunity, and q2 indicates the VSA block for which the host

is losing immunity.

Superinfection is implemented such that hosts currently infected

by a block, p, can be superinfected by a higher dominance block,

q2, with a force of infection sq2plq2
. By superinfection, we mean

that hosts become infectious with the new block while the old

variant is cleared and added to the repertoire of immunological

memory. This is formalised as

X Ih
p

� �
~

X
h~~hhzq

1
p=[~hh

spq
1

lpI
~hh
q
1
{
X
q
2
=[h

sq
2

plq
2

Ih
p , ð3Þ

where q1 indicates the VSA block by which an infected host was

previously infected while having immunological memory ~hh. The

coefficient sq
2

p (and equivalently spq
1

) is defined such that the rate

of superinfection increases with the difference in dominance

Figure 4. Frequency distributions of VSAs at endemic equilibrium for increasing sizes of the global pool. Increasing the size of the
global pool leaves the frequency of high-dominance VSAs unchanged, and diversity accumulates among the low-dominance VSAs. The frequency
distribution for a global pool of 7 blocks is also shown in Fig. 3 (solid red line).
doi:10.1371/journal.pone.0009778.g004
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between blocks (see Figure 1b)

sq
2

p~

1

q
2

{
1

p
, if q

2
vp

0, otherwise:

8<
: ð4Þ

Parasites with multiple dominance blocks
The system is readily generalisable to a scheme where each

parasite is characterised by multiple VSA blocks. Consider a

parasite, p~ v1,v2, . . . ,vmð Þ, characterized by m blocks drawn from

a pool N~ 1,2, . . . ,nf g and ordered by inverse dominance. Upon

infection by a parasite, p, a host with immunological memory, h,

will express the most dominant block for which the host does not

have immunity, n~ min (p\h). The system is written as

dSh

dt
~

X
h~~hhzv

1
v
1
~ min q

1
,~hhð Þ

cI
~hh
q
1
{
X

q
2
65h

lq
2

Shzmdh~w

{mShzW Sh
� �

, for all h5N

dIh
p

dt
~lpSh{ czmð ÞIh

p zW Ih
p

� �

zX Ih
p

� �
, for all h5N, p 65h

ð5Þ

where q1 indicates a parasite expressing VSA block n1 by which the

susceptible host was previously infected while having immunolog-

ical memory ~hh, q2 indicates the parasite by which a susceptible host

will be infected, and lp~
P

p 65h bIh
p is the force of infection of

parasite p. Waning immunity is implemented as

W Sh
� �

~
X
v
1
=[h

aShzv
1 {

X
v
2
[h

aSh

W Ih
p

� �
~

X
v
1
=[h, v

1
=[p

aI
hzv

1
p {

X
v
2
[h, v

2
=[p

aIh
p ,

ð6Þ

where n1 indicates the VSA block for which the host previously

had immunity, and n2 indicates the VSA block for which the host

is losing immunity.

Superinfection is determined by

X Ih
p

� �
~

X
h~~hhzn

1
v~ min p\hð Þ

n
1
~ min q

1
\~hhð Þ

svn
1

lpI
~hh
q

1
{

X
q

2
65h

v~ min p\hð Þ
n
2
~ min q

2
\ hzvð Þð Þ

sn
2

vlq
2

Ih
p , ð7Þ

where q1 indicates the parasite expressing VSA block n1 by which the

host was previously infected while having immunological memory ~hh,

and q2 indicates the parasite expressing VSA block n2 by which the

host will be superinfected, The coefficients s are as in (4).

The principal steps in this process are represented diagram-

matically in the Supporting Information (Figure S1). The

parameters describing the rates of transition between compart-

ments take values in accordance with previous studies (Aguas et al

2008): birth and death (m~1=50); recovery from infection (c~6);

loss of immunity (a~0:8); transmission (b~10). The time unit is

one year.

Supporting Information

Figure S1 Model diagram

Found at: doi:10.1371/journal.pone.0009778.s001 (0.09 MB

PDF)

Acknowledgments

We thank Jorge Carneiro and Isabel Gordo for valuable comments.

Author Contributions

Conceived and designed the experiments: SPvN MGMG. Performed the

experiments: SPvN. Analyzed the data: SPvN. Wrote the paper: SPvN MN

GW LH MGMG.

References

1. Doolan DL, Dobano C, Baird JK (2009) Acquired immunity to malaria. Clin

Microbiol Rev 22: 13–36.

2. Langhorne J, Ndungu FM, Sponaas AM, Marsh K (2008) Immunity to malaria:

more questions than answers. Nat Immunol 9: 725–732.

3. Cohen S, McGregor IA, Carrington S (1961) Gammaglobulin and acquired

immunity to human malaria. Nature 192: 733–737.

4. Marsh K, Howard RJ (1986) Antigens induced on erythrocytes by P. falciparum:

expression of diverse and conserved determinants. Science 231: 150–153.

5. Hviid L (2005) Naturally acquired immunity to Plasmodium falciparum malaria in

Africa. Acta Trop 95: 270–275.

6. Gardner MJ, Hall N, Fung E, White O, Berriman M, et al. (2002) Genome

sequence of the human malaria parasite Plasmodium falciparum. Nature 419:

498–511.

7. Kyes SA, Kraemer SM, Smith JD (2007) Antigenic variation in Plasmodium

falciparum: gene organization and regulation of the var multigene family. Eukaryot

Cell 6: 1511–1520.

8. Miller LH, Baruch DI, Marsh K, Doumbo OK (2002) The pathogenic basis of

malaria. Nature 415: 673–679.

9. Gatton ML, Cheng Q (2004) Modeling the development of acquired clinical

immunity to Plasmodium falciparum malaria. Infect Immun 72: 6538–6545.

10. Recker M, Nee S, Bull PC, Kinyanjui S, Marsh K, et al. (2004) Transient cross-

reactive immune responses can orchestrate antigenic variation in malaria.

Nature 429: 555–558.

11. Buckee CO, Bull PC, Gupta S (2009) Inferring malaria parasite population

structure from serological networks. Proc Biol Sci 276: 477–485.

12. Scherf A, Lopez-Rubio JJ, Riviere L (2008) Antigenic variation in Plasmodium

falciparum. Annu Rev Microbiol 62: 445–470.

13. Peters J, Fowler E, Gatton M, Chen N, Saul A, et al. (2002) High diversity and rapid

changeover of expressed var genes during the acute phase of Plasmodium falciparum

infections in human volunteers. Proc Natl Acad Sci U S A 99: 10689–10694.

14. Lavstsen T, Magistrado P, Hermsen CC, Salanti A, Jensen ATR, et al. (2005)

Expression of Plasmodium falciparum erythrocyte membrane protein 1 in

experimentally infected humans. Malar J 4: 21.

15. Roberts DJ, Craig AG, Berendt AR, Pinches R, Nash G, et al. (1992) Rapid

switching to multiple antigenic and adhesive phenotypes in malaria. Nature 357:

689–692.

16. Horrocks P, Pinches R, Christodoulou Z, Kyes SA, Newbold CI (2004) Variable

var transition rates underlie antigenic variation in malaria. Proc Natl Acad

Sci U S A 101: 11129–11134.

17. Bull PC, Lowe BS, Kortok M, Molyneux CS, Newbold CI, et al. (1998) Parasite

antigens on the infected red cell are targets for naturally acquired immunity to

malaria. Nat Med 4: 358–360.

18. Giha HA, Staalsoe T, Dodoo D, Elhassan IM, Roper C, et al. (1999) Nine-year

longitudinal study of antibodies to variant antigens on the surface of Plasmodium

falciparum-infected erythrocytes. Infect Immun 67: 4092–4098.

19. Ofori MF, Dodoo D, Staalsoe T, Kurtzhals JAL, Koram K, et al. (2002)

Malaria-induced acquisition of antibodies to Plasmodium falciparum variant surface

antigens. Infect Immun 70: 2982–2988.

20. Krause DR, Gatton ML, Frankland S, Eisen DP, Good MF, et al. (2007)

Characterization of the antibody response against Plasmodium falciparum

VSA Selection

PLoS ONE | www.plosone.org 6 March 2010 | Volume 5 | Issue 3 | e9778



erythrocyte membrane protein 1 in human volunteers. Infect Immun 75:

5967–5973.
21. Staalsoe T, Hamad AA, Hviid L, Elhassan IM, Arnot DE, et al. (2002) In vivo

switching between variant surface antigens in human Plasmodium falciparum

infection. J Infect Dis 186: 719–722.
22. O’Neill-Dunne I, Achur RN, Agbor-Enoh ST, Valiyaveettil M, Naik RS, et al.

(2001) Gravidity-dependent production of antibodies that inhibit binding of
Plasmodium falciparum-infected erythrocytes to placental chondroitin sulfate

proteoglycan during pregnancy. Infect Immun 69: 7487–7492.

23. Staalsoe T, Megnekou R, Fievet N, Ricke CH, Zornig HD, et al. (2001)
Acquisition and decay of antibodies to pregnancy-associated variant antigens on

the surface of Plasmodium falciparum infected erythrocytes that are associated with
protection against placental parasitemia. J Infect Dis 184: 618–626.

24. Nielsen MA, Grevstad B, A-Elgadir TME, Kurtzhals JAL, Giha H, et al. (2005)
Differential induction of immunoglobulin G to Plasmodium falciparum variant

surface antigens during the transmission season in Daraweesh, Sudan. J Infect

Dis 192: 520–527.
25. Bull PC, Lowe BS, Kortok M, Marsh K (1999) Antibody recognition of

Plasmodium falciparum erythrocyte surface antigens in Kenya: evidence for rare
and prevalent variants. Infect Immun 67: 733–739.

26. Nielsen MA, Staalsoe T, Kurtzhals JAL, Goka BQ, Dodoo D, et al. (2002)

Plasmodium falciparum variant surface antigen expression varies between isolates
causing severe and non-severe malaria and is modified by acquired immunity.

J Immunol 168: 3444–3450.
27. Phiri H, Montgomery J, Molyneux M, Craig A (2009) Competitive endothelial

adhesion between Plasmodium falciparum isolates under physiological flow
conditions. Malar J 8: 214.

28. Barry AE, Leliwa-Sytek A, Tavul L, Imrie H, Migot-Nabias F, et al. (2007)

Population genomics of the immune evasion (var) genes of Plasmodium falciparum.
PLoS Pathog 3: e34.

29. Bull PC, Kortok M, Kai O, Ndungu F, Ross A, et al. (2000) Plasmodium

falciparum-infected erythrocytes: agglutination by diverse Kenyan plasma is

associated with severe disease and young host age. J Infect Dis 182: 252–259.

30. Kirchgatter K, Del Portillo HA (2002) Association of severe noncerebral
Plasmodium falciparum malaria in Brazil with expressed PfEMP1 DBL1a sequences

lacking cysteine residues. Mol Med 8: 16–23.
31. Kaestli M, Cockburn IA, Cortes A, Baea K, Rowe JA, et al. (2006) Virulence of

malaria is associated with differential expression of Plasmodium falciparum var gene
subgroups in a case-control study. J Infect Dis 193: 1567–1574.

32. Kyriacou HM, Stone GN, Challis RJ, Raza A, Lyke KE, et al. (2006)

Differential var gene transcription in Plasmodium falciparum isolates from patients
with cerebral malaria compared to hyperparasitaemia. Mol Biochem Parasitol

150: 211–218.
33. Rottmann M, Lavstsen T, Mugasa JP, Kaestli M, Jensen ATR, et al. (2006)

Differential expression of var gene groups is associated with morbidity caused by

Plasmodium falciparum infection in Tanzanian children. Infect Immun 74:
3904–3911.

34. Normark J, Nilsson D, Ribacke U, Winter G, Moll K, et al. (2007) PfEMP1-

DBL1a amino acid motifs in severe disease states of Plasmodium falciparum

malaria. Proc Natl Acad Sci U S A 104: 15835–15840.

35. Bull PC, Buckee CO, Kyes S, Kortok MM, Thathy V, et al. (2008) Plasmodium

falciparum antigenic variation. Mapping mosaic var gene sequences onto a

network of shared, highly polymorphic sequence blocks. Mol Microbiol 68:

1519–34.

36. MacDonald G (1950) The analysis of malaria parasite rates in infants. Trop Dis

Bull 47: 915–938.

37. Sama W, Killeen G, Smith T (2004) Estimating the duration of Plasmodium

falciparum infection from trials of indoor residual spraying. Am J Trop Med Hyg

70: 625–634.

38. Aguas R, White LJ, Snow RW, Gomes MG (2008) Prospects for malaria

eradication in sub-Saharan Africa. PLoS ONE 3: e1767.

39. Collins WE, Jeffery GM (1999) A retrospective examination of the patterns of

recrudescence in patients infected with Plasmodium falciparum. Am J Trop Med

Hyg 61: 44–48.

40. Joergensen L, Turner L, Magistrado P, Dahlbäck M, Vestergaard L, et al. (2006)
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