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Sequestration and antigenic variation are essential for Plasmodium falciparum survival in vivo contributing
to severe pathologic findings and, also, chronic infection. Both are conferred by P. falciparum erythrocyte
membrane proteins encoded by ~60 var genes. To study the dynamics of var gene expression, we conducted
a 4-month longitudinal study of semi-immune children from Papua New Guinea. By use of magnetic bead—
anchored reverse-transcription polymerase chain reaction analysis performed over 5 var regions, as well as
cloning and sequencing, the longitudinal distribution of full-length var transcripts was analyzed. We identified
a dynamic picture of var gene expression with rapid switches but with identical var transcripts recurring for
up to 10 weeks. The number of var transcripts was correlated to the number of infections, with a mean of
1.7 var transcripts identified per sample and infecting strain. Analysis of 158 different Duffy binding-like 1«
sequences confirmed the recombinogenic nature of var genes. This is the first report of the dynamics of var

gene expression in chronically infected children.

Cytoadherence and sequestration of Plasmodium falci-
parum—infected red blood cells (RBCs) are considered
to be among the most important factors associated with
the pathogenicity and virulence of P. falciparum malaria.
Cytoadherence is mediated by the polymorphic P. fal-
ciparum erythrocyte membrane protein 1 (PfEMP1),
which is located on the surface of infected RBCs. PEEMP1
is encoded by 1 of ~60 var genes, each of which is 8—
14 kb in length [1-3]. These large proteins of 200-350
kDa mediate binding to various cell surface receptors
(reviewed in [4]). Cytoadherence is thought to prevent
spleen-dependent killing, but it also has been shown
that binding of PfEMP1 to CD36 presented on den-

dritic cells down-regulates dendritic cell activity, sug-
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gesting an immune modulatory role for PfEMP1 [5].
PfEMP1 has also been implicated in rosetting [6], is a
target of naturally occurring immune responses, and
shows antigenic variation [7, 8]. The expression of dif-
ferent PfEMP1 variants is accompanied by changes in
the adhesive phenotype of infected RBCs [7].

PfEMPI proteins are structured into several semi-
conserved domains—namely, an N-terminal segment
(NTS); various Duffy binding-like (DBL) domains; a
cysteine-rich interdomain region (CIDR); in some in-
stances, a “constant 2” (C2) region; a transmembrane
domain; and the conserved, C-terminal acidic terminal
segment (ATS), which represents the intracellular part
of PEEMPI that anchors the protein to the cytoskeleton
(reviewed in [9]). Different subclasses of DBL domains
(a—¢ and x) and CIDR domains (a—y) have been iden-
tified. The most N-terminal DBL1« and CIDR1« form
the conserved head structure of the protein. This head
structure is found in almost all PFEMP1 molecules.
Binding has been associated with various domains of
PfEMP1 [6, 10-15], such as DBL1« to CR1 (in rosette
formation), CIDRla to CD36, or DBLB-C2 to in-
tracellular adhesion molecule 1 (ICAM1). Binding to
chondroitin sulphate A in samples from placental ma-
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laria has been shown to occur not only with DBL-vy but, also,
with CIDR« [12-14].

Most var genes can be classified into 3 groups, on the ba-
sis of their different but, within each group, highly conserved
5 upstream sequences [16, 17]. The majority of var genes are
located subtelomerically and possess a upsB-type upstream re-
gion. These var genes are located in a region that is highly
recombinogenic with various repetitive elements that support
ectopic recombination by clustering of heterologous subtelo-
meric stretches (including var genes) [18]. Another small set
of var genes is arranged in chromosome internal clusters; these
genes possess upsC-type upstream regions. A third group of
var genes consists of subtelomerically located var genes, which
are transcribed toward the telomeres (upsA-type regions [17]).
That var gene transcription of the upsB- and upsC-type regions
is regulated differently [19] raises questions about the different
functional features of these 2 var gene groups.

The detailed mechanism of var gene regulation is still un-
known, but it has been shown that every var gene represents a
single transcriptional unit that is capable of in situ activation
involving epigenetic mechanisms [20, 21]. The var genes are
transcribed for the first 24 h of the erythrocytic cycle [4]. Whereas
relaxed transcription of multiple truncated var genes was found
at the ring stage, only one full-length var transcript was found
at the early trophozoite stage [22]. A switching rate of 2.4%/
generation was calculated in vitro [23], but little is known about
var gene expression and switching in vivo. In a longitudinal study
involving nonimmune adults who were artificially infected with
the 3D7 laboratory-adapted strain, Peters et al. [24] showed that
the first transcribed var gene in the erythrocytic stage was iden-
tical in different adults. The initial switching rate was estimated
to be 16%, but it decreased thereafter, suggesting different switch-
ing rates for different var genes and host conditions.

In the present study, we describe var gene expression in nat-
urally infected semi-immune children from Papua New Guin-
ea during a 4-month period. The longitudinal distribution and
structure of the expressed var transcripts were analyzed by re-
verse-transcription polymerase chain reaction (RT-PCR), clon-
ing, and sequencing. We also analyzed var transcripts, with re-
spect to the chromosomal location using the conserved 5" up-
stream regions for amplification. Using this approach, we de-
scribe the dynamic nature of var gene expression in several
asymptomatic children. Many var genes were transcribed si-
multaneously with switches at short intervals, but some iden-
tical transcripts recurred in the same child, even after 10 weeks.

MATERIALS AND METHODS

Study area and collection of blood samples.
August 2001, the period of transition from the wet season to the

From April to

dry season, we performed a longitudinal study at the Maiwara

Primary School on the Madang North Coast in Papua New
Guinea. In this region, where malaria with perennial transmission
is endemic, infections with P. falciparum and P. vivax are com-
mon. P. malariae and P. ovale are also present in this area.

Written, informed consent was obtained from the children’s
parents or guardians. The study was approved and ethical clear-
ance was given by the Medical Research Advisory Committee
of Papua New Guinea. According to national treatment guide-
lines, children with parasites but without malaria symptoms
were not treated.

After informed consent was obtained from parents, we ob-
tained blood samples, by fingerprick (0.2-0.5 mL) or venopunc-
ture (2 mL), from 11 children who had asymptomatic P. falci-
parum infections. The children were 8—10 years of age. Samples
were obtained from 8 children every 2 weeks for 4 months and
from 3 children every 5 days for 1 month.

Assessment of P. falciparum infections.  Giemsa-stained
blood slides were analyzed by microscopy. For blood samples
that were found to be positive, by microscopy, for P. falciparum,
the number of P. falciparum infections was determined by msp2
genotyping, as described elsewhere [25]. In brief, 30 L of full
blood was spotted on filter papers (Isocode Stix; Schleicher &
Schuell) and was dried for 20 min at 80°C. After washing, msp2
PCR was performed directly on the filter papers, and restriction
fragment-length polymorphism (RFLP) analysis of nested PCR
products was used to record the number of infecting strains.

Isolation of full-length var transcripts and RT-PCR.  Total
RNA was extracted using TRIzol (Invitrogen), according to the
manufacturer’s instructions. Extraction with TRIzol was per-
formed twice, to decrease DNA contamination. After RNA was
treated with 3 U of RQ1RNase-free DNase (Promega), another
extraction with TRIzol was performed. To obtain only full-length
var transcripts, RNA was dissolved in binding buffer (0.5 mol/
L LiCl, 1 mmol/L EDTA, 10 mmol/L Tris, pH 7.5), and 1 pmol
of biotinylated oligonucleotide complementary to the ATS do-
main (Biotin-5-GGTTC(A/T)A(A/G)TAC(C/T)ACTTC(A/T)
AT(C/T)CCTGGT(A/G)CATATATATCATTAATATCCAATT-
CTTCATA(C/T)TCACTTTC(T/G)GA(A/T/G)GA-3') was added
and was incubated at a temperature gradient from 65°C to 4°C
over 30 min. One hundred fifty micrograms of Dynabeads M-
280 streptavidin, washed according to the manufacturer’s pro-
tocol and dissolved in 5.5 mol/L LiCl, was added to the RNA.
After undergoing rotation for 30 min at 37°C, the beads were
washed 3 times with washing buffer (10 mmol/L Tris, 1 mmol/
L EDTA, 0.15 mol/L NaCl, pH 7.5) and 1 time with 10 mmol/
L Tris. RT was performed on the captured hybrids, primed by
400 ng oligo(dT),, ,s, and was done by use of Sensiscript (Qiagen)
reverse transcriptase, according to the manufacturer’s protocol,
in a final volume of 20 uL. An aliquot without reverse tran-
scriptase was used as a negative control. After RT, cDNA was
treated with RNase A, and 1 uL was used for each of the various
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PCR amplifications (table 1) with Advantage cDNA polymerase
(Clontech), by use of the primers shown in table 1. The PCR
conditions were 35 cycles for 30 s at 95°C, for 1 min at the
annealing temperature (table 1), and for 70 s at 64°C. One mi-
croliter of negative control (without reverse transcriptase) was
amplified in parallel. If this negative control yielded a product,
then the positive sample was discarded and was excluded from
the analysis.

To exclude cross-contamination of RT-PCR products, se-
quence-specific primers were designed for those sequences that
occurred in >1 child. Sequence-specific PCR was performed on
the genomic DNA of the parasites of those children, to confirm
the presence of each particular sequence.

Cloning and sequencing of PCR products. PCR products
were cloned into pGEM-T vector (Promega) or pGEM-3Zf(+)
vector (Promega), according to the manufacturer’sinstructions,
and they were transfected into Escherichia coli SURE cells (Stra-
tagene). An average of 20 positive clones was processed for
sequencing (Montage Plasmid Miniprep,, Kit [Millipore]; 96
capillary ABI Prism automated sequencing system [Applied
Biosystems]). Multiple alignment of identical sequences derived
from the same probe allowed the exclusion of PCR-derived
mutations. Two sequences were considered to be identical when
<3 single-nucleotide polymorphisms (SNPs) were detected.

Sequence analysis. DNA sequence analysis was per-
formed using DNASTAR (version 4; http://www.dnastar.com/),
BLAST (from the National Center for Biotechnology Information
Web page [http://www.ncbi.nlm.nih.gov/BLAST/]), plasmoDB,
CLUSTALW (http://searchlauncher.bcm.tmc.edu/multi-align/ or
http://www.ebi.ac.uk/clustalw/), and BioEdit (version 5; http://
jwbrown.mbio.ncsu.edu/BioEdit/bioedit.html). Phylogenetic anal-
yses were performed using PHYLIP (version 3.6; http://evolution

.genetics.washington.edu/phylip.html) or Molecular Evolutionary
Genetics Analysis (MEGA, version 1.02; The Pennsylvania State
University [http://evolgen.biol.metro-u.ac.jp/MEGA]), with neigh-
bor-joining or maximum parsimony methods and accompanied
by bootstrap analysis with 1000 replicates. Predictions of second-
ary structure were performed using PredictProtein (http://cubic
.bioc.columbia.edu/predictprotein/). Population comparison anal-
ysis was performed using ARLEQUIN (version 2; analysis of mo-
lecular variance; Genetics and Biometry Laboratory, University of
Geneva [http://anthropologie.unige.ch/arlequin/]). Nucleotide se-
quence data are available in GenBank (accession nos. AY462581—
AY462851).

RESULTS

We studied var
gene transcription longitudinally in asymptomatic children in

var Gene transcription in individual children.

Papua New Guinea for 4 months. RT-PCR was performed on
full-length var transcripts over 3 adhesive domains (DBL1e,
CIDR1, and DBL) and 2 upstream regions (subtelomeric upsB-
type 5 untranslated region [UTR] to DBL1e and central upsC-
type 5UTR to DBL1«) (figure 1A). RT-PCR was followed by
cloning and sequencing of the PCR products. The DBL1« do-
main yielded the most-informative PCR product, because it
contains conserved blocks that enable the design of universal
primers and thus ensures the amplification of the majority of
var transcripts with minimal bias [22]. However, we are aware
that, with this approach, potential bias in the identification of
sequences might occur.

We observed a highly dynamic and variable picture of var
transcription, which, in the next section, is described in detail
for 4 representative children (figures 1-4). The longitudinal dis-

Table 1. Oligonucleotide primers used for amplification of var gene regions.
Length of
amplified
var Gene region product Tanneal Name Primer sequence Reference
upsB-type 5UTR-DBL1« 1 kb 53°C  var4A3-5'?  5-CTCAT(A/T)TATAATTTTACAAAATATATAAAAC-3' [16]
var 4A33'°  B-CCIATAT(A/G)GC(A/G/T)GCAAAACT(G/C/T)CGIAT)IGCZ [16]
upsC-type 5UTR-DBL1« 1 kb 54°C  var 5B1-%' 5-CACATATA(A/G) TACGACTAAGAAACA-3 [16]
var 4A3-3' 5-CC(A/TAT(A/G)GC(A/G/T)GCAAAACT(G/C/T)CG(A/T)GC-3 [16]
DBLT« 400 bp 52°C  DBLa-% 5-GCACGAAGTTTTGCAGATAT(A/TIGG-3
DBLa-3 5-AA(A/G)TCTTC(T/G)GCCCATTCCTCGAACCA-3
400 bp 51°C  aAF 5-GCACG(A/C)AGTTTTGC-3 [22]
«BR 5-GCCCATTC(G/C)TCGAACCA-3 [22]
CIDR1« 400 bp 45°C  CIDR1-% 5-GGT(A/T/GIA/C/T/GHA/C)TGATATGTTA(A/C)A(A/C)GATTC-3'
CIDR1-3a 5-T(C/T/G)TAGTAATTTATC(A/T/C)ATTGT-3 [14]
CIDR1-3b 5-T(C/T/G)TAATAAGAATTCGATTGC-3
DBLB 500 bp 50°C  DBLB-% 5-CGACGT(C/G)AACA(C/T)ATGTGTACATC-3
DBLB-3 5-CA(C/T)TC(T/G)GCCCA(C/TTC(A/T)GTCATCC-3
NOTE. CIDR, cysteine-rich interdomain region; DBL, Duffy binding-like sequence; T,,..., annealing temperature; UTR, untranslated region.

@ Forward primer.
Reverse primer.
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Figure 1.

A, Schematic representation of sequenced var domains and upstream regions. B, Longitudinal distribution of Duffy binding—like Te

(DBL1cx) sequences in child L6. The first major column shows the mspZ genotyping data from the polymerase chain reaction—restriction fragment—
length polymorphism analysis. The second major column indicates time points (in weeks) when samples were found to be positive for Plasmodium
falciparum by microscopy. Different strains (A—F) are indicated in the minor columns. The third major column shows the longitudinal distribution of
var gene sequences. Bars, individual sequences of DBL1a. Recurring sequences are indicated as white bars. The size of the bar reflects the relative

frequency of a particular sequence (log,).

tribution of var sequences and msp2 genotypes, for all time points
and among all children, is shown in figure 5, which is available
in the online version of this article, at the Journal's Web site
(http://www.journals.uchicago.edu/JID/journal/home.html).

In most children, a large number of different sequences were
identified from single blood samples, and, at subsequent time
points, mostly new sequences that had not been previously
detected were identified. For example, for child L6, the majority
of DBL1a sequences identified, which were isolated in 2-week
intervals, were different at every time point (figure 1B). During
14 weeks, 48 different DBL1a sequences were identified. Some
sequences were still present after 2 weeks or even recurred at
later time points. It is important to note that child L6 was
constantly infected with a large number of different P. falci-
parum strains, having 2-5 infections.

In contrast, some individuals, such as child L11, showed a less

diverse var gene transcription, with only 1-3 different var tran-
scripts identified per time point (figure 2). In child L11, all 5
domains were amplified from samples that were found to be
positive for P. falciparum, according to microscopy, at weeks 0,
10, and 12, when the child was infected with only 1 or 2 strains.
At week 10, 1 DBL1w, 1 CIDRIe, and 1 DBLS sequence were
found, suggesting that the origin of these sequences was in a
single expressed var gene. The observed DBLB sequence had
already been observed 10 weeks earlier (figure 2). To test whether
this reemerging sequence derived from 1 var gene or whether it
was an identical domain of an otherwise different var gene, we
amplified and sequenced genomic DNA with sequence-specific
primers that targeted the domains 5UTR-DBL1e and DBL1a-
DBL2@. Identical sequences over this stretch were obtained, sug-
gesting the presence of the identical var gene (data not shown).

In child L8, both upstream types (upsB-type and upsC-type

var Gene Transcription in Children ¢ JID 2004:189 (15 May) * 1945



Child L11
Dynamics upsB-type upsC-type
of msp2 fweek| subtelomeric central DBLI1c | CIDR1a | DBL2J

genotypes 5'UTR-DBL1a | 5'UTR-DBLIla
A 0

B|C 10
A D] 12
Genotypes Sequences

Figure 2.

regions) were found at time points when samples were positive
for P. falciparum by microscopy (figure 3). Between 1 and 11
different sequences of the upsB-type 5UTR-DBL1« region were
detected, whereas >1 upsC-type 5UTR-DBL1« sequence was
never found.

In child L12, identical sequences reemerged several times
(figure 4). A upsC-type 5UTR-DBLla sequence recurred 3
times, at weeks 2, 4, and 12, and a CIDR1« sequence was found
at weeks 0 and 4. Amplification of cDNA from week 2, by use
of sequence-specific primers, also revealed the presence of this
CIDR domain, and this indicates continuous transcription of
this var gene for 4 weeks.

To test whether sequences from different domains of 1 sample
were derived from the same var gene and to test the quantitative
distribution of these sequences, the most abundant upsB-type
5UTR and DBLla sequences of child L6 (from the sample
obtained at week 4) and child S12 (from the sample obtained
at day 10) were linked with genomic DNA by PCR. Specific
forward primers were designed in the upsB-type 5UTR domain,
and degenerated reverse primers were used for DBLla. Sub-
sequent sequencing showed that, in both children, the previ-
ously identified most abundant DBL1« sequence was connected
with the most abundant upsB-type 5UTR-DBL1«a sequence,
indicating their origin in the same var gene.

Distribution of var sequences in different children. Be-
tween 1 and 15 different sequences per domain were found in
a single child. The average number of DBL1«a sequences found
per child was 5.2, and between 1.5 and 3.7 sequences were
found for the other amplified domains (table 2).

Thirty-two identical sequences, which differed by no more
than 1-3 SNPs, were found in >1 child (table 2). Twenty-three

Longitudinal distribution of 5 different var gene regions in samples obtained from child L11. For details, see figure 1.

of those sequences were DBL1a domains. An additional 2
DBLla sequences from child L3 and L8 differed by only 10
SNPs. DBLg transcripts could be amplified from only 33% of
samples in which we identified DBL1« transcripts.

Using the upstream sequence of transcribed var genes to de-
termine their chromosomal location, we found that more var
transcripts derived from subtelomerically located genes (upsB-
type var transcript) than from centrally located genes (upsC-type
var transcript). A mean of 1.3 upsB-type var gene transcripts was
detected per infecting strain, compared with a mean of 0.7 upsC-
type var gene transcripts (table 2).

Muiltiple infections and var gene transcription.  Using msp2
genotyping, we found, in 86% of all cases, multiple infections
(2-5 infections), with an average of 2.8 infecting strains. When
the average of 5.2 DBLla sequences per sample was adjusted
to the number of infections present, we found an average of
1.7 DBL1« sequences per infecting strain (table 2). Linear re-
gression analysis revealed a significant correlation between the
number of infecting strains and the number of DBLlx se-
quences identified (P = .0002; r*> = 0.31; confidence limits,
+0.45). In some instances, the number of var gene sequences
observed was less than the number of infecting strains present.
This finding might be ascribed either to technical limits, such
as sensitivity or primer bias, which we cannot exclude while
amplifying such a diverse gene family, or to the lack of the
respective domain in a transcribed var gene (e.g., no DBLS
domain). At all time points when var sequences reemerged,
identical strains were detected, indicating the presence of the
same parasite. These identical strains were also detected in sam-
ples obtained between both time points (figures 1-4).

Analysis of var domain sequences.  All multiple alignments
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child L8. For details, see figure 1.

of the different domains can be found in figure 6, which is
available in the online version of this article, at the Journal’s
Web site (http://www.journals.uchicago.edu/JID/journal/home
.html). Multiple alignment of 150 DBL1« sequences confirmed
the existence of “universally” conserved blocks (reviewed in
[9]). We found clear evidence for recombination—for example,
2 sequences in samples from child S12 and child L3, which
differed in the first 180 bp and which were identical after the
universally well-conserved homology block E Furthermore, for
child L6, over the first 255 bp to homology block F, a DBL1«
sequence from a sample obtained at week 12 was identical to
another DBLla sequence obtained at the same time point,
whereas, after this 255-bp stretch, the sequence was identical
to a DBL1a sequence isolated from a sample obtained from
the same child 2 weeks later.

Sequences similar to the previously described DBL-«, sub-
type [26, 27] were found 40 times (25%). Also, the varcoyvmon
type [28], which has been shown to be constitutively transcribed
in 60% of malaria-infected Gabonese children, was found 3
times (twice in samples from child L6 that were obtained 2
weeks apart and once in a sample obtained from child L8).

Alignment and phylogenetic analysis of the Papua New
Guinea—derived DBLla sequences with 50 previously se-
quenced DBL1a sequences from African P. falciparum strains
did not show any separate clustering of PNG or African sam-
ples (data not shown). In contrast, stretches of 10-20 amino
acids in the polymorphic region of DBL1« occurring in only
1 PNG sample recurred in 1 of the African samples. No geo-
graphic patterns could be detected, which is consistent with
the results of other studies [29, 30].

Multiple alignments with 40 upsB-type 5UTR-ATG sequences

Longitudinal distribution of var gene sequences of both upstream regions and Duffy binding—like 1 (DBL1cx) in samples obtained from

and 9 upsC-type 5UTR-ATG sequences confirmed the conserved
character of upsB- and upsC-type upstream sequences [16].
However, 150 bp upstream of ATG, some sequences showed
deletions of up to 100 bp. One upsB-type 5UTR-DBLl« se-
quence occurred in 1 child and in 3D7 parasites as var group
B/C (PF080103), and it showed small differences from the char-
acteristic upsB-type upstream sequence. It had a different length
of poly(dA-dT) and homopolymeric (dA:dT) tracts and a de-
letion of 117 bp in an otherwise well-conserved stretch, located
250 bp upstream of the ATG.

In multiple alignments and in phylogenetic and protein-
structure analysis of 38 upsB-type and 15 upsC-type var genes
over the NTS region and the first 100 amino acids of DBL1¢,
no difference was observed between subtelomeric and central
var genes. NTS and DBL1« sequences derived from either sub-
telomeric or central locations did not cluster separately in phy-
logenetic analyses or by computing population comparison
tests, and the difference in this stretch of sequence between
subtelomeric and central var genes was not significant (fixation
index, 0.015; P = .088).

Sequences identified in field isolates and from 3D7 in the
We identified 1 upsB-type 5UTR-DBL1a se-
quence and 3 DBL1a sequences that were identical to var gene

genome project.

domains in 3D7 parasites. One particular 3D7 var DBLl« se-
quence was detected 3 times (once in child L13 and twice in
child L6). According to PlasmoDB, this DBL1« sequence rep-
resents a var pseudogene (PFL1970w) with a premature stop
codon 4275 bp downstream of the ATG. However, when we
designed PFL1970w-specific primers to sequence over this stop
codon, PCR on genomic DNA of 3D7, followed by cloning and
sequencing of 10 clones, revealed an insertion relative to the 3D7
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Longitudinal distribution of both upstream regions, Duffy binding—like sequence 1o (DBL1cx), and cysteine-rich interdomain region—o

(CIDRc) in samples obtained from child L12. The hatched and dotted bars in the “CIDR1a” panel denote 1 CIDR1« clone that was detected at weeks
0 and 4 (white bars) and that was also detected by sequence-specific primers on cDNA at week 2 (hatched bar) and on genomic DNA at week 12

(dotted bar). For details, see figure 1.

sequence producing a frameshift mutation (4233 bp downstream
of ATG), resulting in a continuous open-reading frame.

DISCUSSION

During the past years, much information on var gene tran-
scription has been gained; however, most of this informa-
tion has been based on the findings of in vitro studies, and
few studies have looked at var gene transcription in vivo [24,
26, 31]. To our knowledge, this is the first longitudinal study
of var gene transcription in naturally infected children. We
generated ¢cDNA and cloned and sequenced 3 adhesive var
gene domains (DBL1«, CIDRI, and DBLS) and 2 var 5UTR
stretches (upsB-type and upsC-type regions) from blood sam-
ples obtained, over 4 months, from asymptomatic children liv-
ing in an area where malaria is endemic. Using this approach,
we identified a large number of different sequences, and we
observed a dynamic picture of var gene transcription. However,
despite such a dynamic transcription pattern, some sequences
persisted or recurred for up to 10 weeks.

It has often been argued that RT-PCR could identify the
smallest amounts of RNA, and, in the case of var gene tran-
scription, it is indeed unclear whether cDNA represents only
functional full-length mRNAs, because incomplete and 3'-trun-
cated var transcripts have been observed [22]. By selecting var
transcripts that contained the 3'ATS domain before RT-PCR
was performed, we are confident that the number of incomplete
mRNAs was reduced to insignificant levels. This was confirmed
by the use of tags, other than the anti-ATS, that resulted in no

product at all (data not shown). Furthermore, when Peters et
al. [24]
between the ring stage and the trophozoite stage, they observed

compared the number of var transcripts from 3D7

no difference in the number and proportion of transcripts, and
they even questioned the relaxed transcription in vivo. More-
over, by use of single-cell RT-PCR for trophozoite-stage cells,
up to 5 different transcripts were observed in 3D7 [32], which
questions the hypothesis of mutually exclusive var gene tran-
scription that was previously suggested by results of cultures
selected for receptor binding [20, 33].

We observed the largest diversity within the DBLla se-
quences, with an average of 5.2 different sequences per blood
sample. This finding is similar to previous reports of 3-15 dif-
ferent var gene transcripts in natural infections or from laborato-
ry-adapted strains [22, 24, 31, 32, 34]. One explanation for the
large number of observed var transcripts at 1 time point might
be the presence of multiple concurrent P. falciparum infections.
It is noteworthy that the mean number of var gene transcripts
per sample very much resembles the mean number of concur-
rent infecting strains in this age group [35]. It has been speculat-
ed that multiple infections provide protection against hyperin-
fection by stimulating the immune system with a broad range
of diverse antigens, such as PfEMPI1 [35, 36]. Concomitantly
expressed PfEMP1 variants could also explain the findings of
Bull et al. [37], who showed that children with asymptomatic
infections had a greater repertoire of variant-specific antibodies.

Most children had multiple infections, and multiple var tran-
scripts were detected in these children. This clearly added to
the complexity of the observed var gene expression dynamic.
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Table 2.

Overview of analyzed sequences of different transcribed var gene regions.

var Gene regions

Subtelomeric Central
upsB-type upsC-type
General overview of the no. of sequences 5UTR-DBL1a  5'UTR-DBLT« DBL1«x DBLB CIDRT«
No. of sequences (no. of positive blood samples) 417 (20) 133 (17) 789 (39) 97 (13) 118 (8)
No. of different sequences 66 23 158 22 17
Average no. of different sequences per child and time point 3.7 1.5 5.2 2.0 3.0
Average no. of different sequences per infecting strain,
child, and time point 1.3 0.7 1.7 0.8 1.7

No. of transcribed different sequences in 3D7 culture strain 7 1 8 5 ND
No. of recurring sequences in the same child

After 10 days

After 2 weeks 2

After 4 weeks 1

After 5 weeks 1

After 6 weeks 4

After 8 weeks 1

After 10 weeks 1 2 1
No. of identical sequences in different children

In 2 children 3 16 4

In 3 children 1

In 3D7 culture strain 1 3?

NOTE.
@ One of these 3 sequences was detected in 2 children.

However, in samples obtained from children who had single
infections, only 1 DBL1a sequence was found to be abundant
or present. There was a linear correlation between the number
of detected transcripts and the number of infecting strains pres-
ent. The relatively low number of var transcripts in children
who had a single infection suggests a tight regulation that al-
lowed the transcription of only 1 or a few var genes at 1 time
in the clonal parasite population. However, the observation of
rapidly changing var transcripts suggests high switching rates.
Peters et al. [24] reported different switching rates between
initial and subsequent switching events in laboratory-induced
infections. Our data suggest different switching rates for some
var genes that were transcribed for only a short period, whereas
others persist for weeks or recur. In the present study, we cannot
distinguish between different switching rates or selection forces
acting on previously expressed PFEMP1 molecules. We also can-
not completely rule out that recurring var gene sequences are
derived from a closely related parasite strain that expresses a
highly similar var gene. However, the detection of these recurring
var sequences at intermediate time points (figure 4) and the
presence of the same P. falciparum strain suggest that these var
sequences are derived from a constantly expressed var gene.
Although we have no quantitative data for the detected var
transcripts, we were able to semiquantify the presence of var
transcripts, to a certain degree, and to show that the most

CIDR, cysteine-rich interdomain region; DBL, Duffy binding-like sequence; ND, not done; UTR, untranslated region.

abundant sequences of 2 var regions in the same probe orig-
inated in 1 var gene (see the “var Gene Transcription in In-
dividual Children” subsection in Results). We are currently ad-
dressing this question in ongoing case-control studies that use
real-time PCR to quantify var transcripts, with respect to the
various groups of upstream regions.

The previously described conserved character of dimorphic
var gene upstream regions [16] and the different regulation
mechanisms of these var gene groups [19] led us to speculate
that they might be functionally different. Therefore, we am-
plified both 5'UTR stretches and the adjacent NTS-DBL1c se-
quences, and we then compared expression dynamics and cod-
ing sequence. Of all analyzed 5UTR sequences, 26% were of
the upsC type, which reflects the proportion of upsC-type var
genes in the 3D7 genome, which is 22%. We never detected
expression of >3 different centrally located var genes in a sam-
ple. We had speculated that centrally located var genes would
be more conserved because of a location that was less prone
to recombination. This is supported by the findings of Rubio
et al. [38], who showed that centrally located var genes were
more related to each other than to subtelomerically located var
genes. Consequently, we hypothesized that upsC-type var genes
would be recognized faster by the immune system. However,
in the present study, upsC-type sequences were found to persist
for 8-10 weeks, suggesting that these var genes can be also
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expressed over a long time. Furthermore, we were unable to
show any structural or phylogenetic differences within the short
sequence of the NTS-DBL1a domain of both var gene groups.
However, this stretch of sequence is known to be conserved,
represents only a limited stretch of the whole var gene, and
does not allow for further conclusions to be made.

In summary, we have shown that chronically infected chil-
dren express several var genes simultaneously, with a mean of
1.7 different var genes per infecting strain. The repertoire of
var genes circulating in a parasite population seems to be large
and recombinogenic. We have shown a rapid change in var
gene expression, but we also detected, for the first time, re-
curring var genes after 10 weeks.

Expression of many and rapidly changing var genes is ex-
pected in asymptomatic children, in whom parasite survival is
a balance between antigenic escape and binding capacity to
avoid splenic clearance. These children must be considered to
be semi-immune, and the var gene repertoire of the infecting
parasites might already be exhausted. Therefore, the parasite
might be forced to rapidly switch to new var variants. To un-
equivocally understand var gene expression in vivo, studies
involving naive individuals must be conducted. Furthermore,
comparing var gene expression in subjects who have severe
malaria with that in subjects who have mild malaria should
shed more light on the complex cascade of var gene expression
and an immunological escape mechanism.
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