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An infection with Plasmodium falciparum may lead to severe
malaria as a result of excessive binding of infected erythrocytes in
the microvasculature. Vascular adhesion is mediated by P. falcipa-
rum erythrocyte membrane protein-1 (PfEMP1), which is encoded
for by highly polymorphic members of the var-gene family. Here,
we profile var gene transcription in fresh P. falciparum trophozo-
ites from Ugandan children with malaria through var-specific
DBL1�-PCR amplification and sequencing. A method for subsec-
tioning region alignments into homology areas (MOTIFF) was
developed to examine collected sequences. Specific PfEMP1-DBL1�
amino acid motifs correlated with rosetting and severe malaria,
with motif location corresponding to distinct regions of receptor
interaction. The method is potentially applicable to other families
of variant proteins and may be useful in identifying sequence-
phenotype relationships. The results suggest that certain PfEMP1
sequences are predisposed to inducing severe malaria.

homology areas � antigenic variation � rosetting

P lasmodium falciparum malaria infection is one of the primary
contributors to childhood mortality in many developing

countries. Despite exhaustive research efforts, no vaccine capa-
ble of conferring an adequate level of immunity has been
developed to date. Vaccine development is encouraged by the
fact that children attain conditional immunity to severe malaria
after relatively few infections. However, a lack of insight into the
molecular interplay between the parasite and the host continues
to thwart efforts at vaccine development. One of the key factors
in this process is the ability of the parasite to continually express
a plethora of antigenic variants of gene families, whose selection
appears to correspond with interactions with the host immune
system.

Severe malaria, a highly lethal form of the disease, is, in part,
attributable to the sequestration of P. falciparum-infected eryth-
rocytes (IE) and uninfected erythrocytes in postcapillary venules
of the brain, the lungs, or other organs (1). P. falciparum
expresses a number of proteins at the erythrocyte surface that
are closely involved in the excessive sequestration characteristic
of severe malaria. The polypeptide most closely scrutinized to
date, PfEMP1, is a large 200- to 400-kDa clonally variant antigen
encoded by a repertoire of �60 var genes (2). The var genes
present a two-exon structure encoding a conserved C terminus
that contains a predicted transmembrane region and a polymor-
phic submodular N terminus. This N terminus region possesses
a number of cysteine-rich domains that are intimately involved
in the sequestration of the parasite in the microvasculature (3–5).
The Duffy binding-like domain-� (DBL1�) located in the N-
terminal head structure of PfEMP1 mediates rosetting and
endothelial binding of IE. These binding processes occur by
means of a range of different receptors, including heparan
sulfate, complement receptor 1, and/or the blood group A
antigen (6–9). Rosetting and endothelial binding are intimately
associated with severe falciparum malaria (10–14). Subse-

quently, the mechanisms of antigenic variation and the potential
to cause severe disease reside in the same molecule. This phenom-
enon illustrates why much of the malaria research to date has
focused on this protein family to explain parasite pathogenicity.

The var genes can be subdivided into five distinct classes (A,
B, C, D, and E) depending on the 5� upstream sequences (15, 16)
and groups A–C may be further subclassified depending on
domain structure (16). Group A var gene transcription is more
frequent in rosetting parasites, whereas both groups A and B are
commonly transcribed in parasites obtained from children with
severe malaria (17–19). Recent evidence indicates that transcrip-
tion patterns vary with the severe malaria patient disease state
(20). The determination of the tertiary structure of two DBL
domains orthologous to PfEMP1-DBL1� has revealed similar-
ities in protein folding and binding mechanisms (21, 22). To
explore the relationships between sequence and disease states or
parasite phenotype, we acquired a set of DBL1� sequences from
children with severe and mild malaria and developed specific
algorithms to identify sequence-motifs (MOTIFF) and examined
them for correlations with observed phenotypes. The range of
motifs identified in this study were placed into a structural
context and found to correlate with specific parasite and/or
disease phenotypes, suggesting that disease state and progres-
sion may correlate with the expression of certain PfEMP1
species and motifs.

Results
Rosetting and Severe Malaria. The rosetting rates (RR) of the IE
of 93 fresh clinical isolates of Ugandan children with severe or
mild malaria were determined [supporting information (SI)
Table 1]. The mean RR of the IE from the severe patients was
higher than that of the IE of the 42 patients with mild malaria
(x � 14% vs. 4.4%, respectively; Mann–Whitney rank sum test
P � 0.001; SI Fig. 4A). Also giant rosettes were observed in a
significantly higher frequency in the severe isolates (Fisher exact
test P � 0.001). These data suggested that the factors responsible
for rosetting were also correlated with disease severity in Ugan-
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dan P. falciparum infections, prompting focused studies on the
composition of rosetting parasites.

var Gene Transcription. To further our understanding of the
adhesive events responsible for malaria severity, we investi-
gated the var gene transcription of the collected IE. Because
trophozoite-IE primarily express only one dominant transcript
that translates into the relevant PfEMP1 species (23, 24) and
because frozen and thawed parasites may switch the var gene
expressed (25), we chose to examine var gene expression in
purified fresh trophozoites. The primers �-AF and �-BR were
used to amplify var transcripts as described (26). To ensure
coverage of the majority of var genes, we developed a second set
of primers, nDBLf and nDBLr, which targeted conserved areas
in the DBL1� domain. In addition, we used a combination of the
nDBLf and �-BR primers (see Materials and Methods). The
primers provide high var gene coverage (86%; SI Fig. 5).

var Transcription in Wild Isolates. A total of 26,784 sequencing
reactions were performed from the amplified trophozoite
cDNA, and assembled into 1,435 contigs (SI Fig. 6 and SI Table
2). Every isolate demonstrated a range of transcribed var genes,
from a minimum of 9 (UAM5) to a maximum of 72 (UAS06).
The three most dominant sequences from each isolate were then
used for further analysis as described in Materials and Methods.

The assembled contigs showed an extreme diversity in se-
quence reflecting the high recombination and mutation rates
occurring in the DBL1� domain. After assembly and translation,
the amino acid sequences were assessed for distinguishing fea-
tures according to their general amino acid composition. The
PCR-primer sequences were used as dividing borders generating
three subregions of DBL1� (areas 1–3; Fig. 1A), which are
comparable to blocks C to H of Smith et al. (27) (Fig. 1B). A
number of distinct patterns between sequence composition and
phenotype were observed. Most importantly, low cysteine con-
tent of area 3 correlated with high RR (rs � �0.216, P �0.001;
SI Table 3).

Motifs in DBL1�. Because the low-homology areas of the DBL1�
sequence exhibited a number of distinguishing features, our

Fig. 1. Schematic of PfEMP1-DBL1� and the degenerate amino acid motifs
identified in P. falciparum-infected erythrocytes of Ugandan children associ-
ated with different disease states. (A) An example alignment is displayed with

the PCR primer-defined area subdividers (areas 1–3) in red. According to
earlier classification, area 1 represents the end of homology block C, hyper-
variable block 4; area 2 represents homology blocks D and E, hypervariable
blocks 5 and 6; and area 3 represents homology blocks F and H as well as
hypervariable blocks 7 and 8 (27). (B) The part of the FCR3S1.2DBL1� model
represented in the analysis has been linearized. The �-helices are shown in
blue, and the loop regions are shown in black. The regions are annotated
according to earlier classification. (C) Distributions of degenerate motifs
statistically overrepresented in the high- and low-rosetting isolates. (D) Dis-
tributions of degenerate motifs statistically overrepresented in severe and
mild cases. (E) Distributions of degenerate motifs statistically overrepresented
in cerebral malaria. (F) Distributions of degenerate motifs statistically over-
and underrepresented in severe malaria NUD patients. (G) Distributions of
degenerate motifs statistically over- and underrepresented in patients with
respiratory distress. (H) Schematic of the DBL1� regions found in var genes
from in vitro-cultivated parasites, with putative GAG-binding domains
marked with red boxes. (I) Schematic linear alignment of orthologous DBL
domains for which the tertiary structures have been solved. Amino acids
involved in receptor binding are indicated by blue dots, and amino acids
essential for binding are represented by circled blue dots. (C–G) The divider
between the high- and low-rosetting groups shows the high- and low-
homology areas in the DBL1� fragment. Kullback–Liebler distances are stated
for all positions in each alignment, statistically significant (P � 0.05) distance
bars are shown in red; nonsignificant distance bars are shown in black. H refers
to motifs found overrepresented in highly rosetting parasites (RR �5%); L,
motifs in the low-rosetting category (RR �5%); S, severe motifs; M, mild
motifs; C, cerebral malaria motifs; N, severe malaria NUD motifs; NS, nonse-
vere malaria NUD motifs; R, respiratory distress motifs; NR, nonrespiratory
distress motifs.
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strategy was to extract biochemically similar sequence motifs
from these regions. Existing software for motif determination
(e.g., MEME, MAST) had insufficient resolution for our pur-
poses. It was therefore necessary to create a custom motif finder
that was able to identify smaller motifs in very degenerate amino
acid sequence sets. This algorithm was named ‘‘MOTIFF,’’
because it is designed as a motif finder. Degenerate PfEMP1
motifs were classified by using disease severity and RR, with
differential motif representations observed on a phenotype-
dependent basis (hypergeometric P � 0.05; Fig. 1; SI Tables 4
and 5).

Motifs overrepresented in the var genes of low-rosetting
isolates (�5%) were distributed over the entire length of the
amplified DBL1� fragments (Fig. 1C). The sequences were often
present in DBL1� domains containing four cysteine residues
(cys4). In contrast, the motifs found significantly overrepre-
sented and skewed for rosetting parasites (H1–H3; Fig. 1C)
grouped into two distinct sections of DBL1�, with one cluster in
area 2 and the other in area 3 (Fig. 1C). Area 2 is particularly rich
in basic amino acids, with a 23% median molar percentage
compared with 15% in area 3 (Mann–Whitney rank sum P �
0.001). The individual sequences constituting the motifs origi-
nate mainly from genes containing two cysteine residues (cys2),
which are most likely group A var genes.

Motifs associated with the severity of the infection were
similarly identified (S1–S3; Fig. 1D). The motifs were found to
be clustered in areas 2 and 3 of DBL1� as with the high-rosetting
motifs, albeit in different homology blocks. Only two motifs
overlapped, mild M4 and low-rosetting L4 (Fig. 1 B–D).

The motif-finder software MOTIFF was additionally used to

investigate motif overrepresentation in parasites of patients with
different disease states. The severe patients were separated into
three major groups: cerebral malaria, respiratory distress, and
severe malaria non ultra descriptus (NUD) (SI Tables 6–8). It
should be emphasized that separating the severe patients into
subsets resulted in small sample sizes, which affected the con-
fidence of the identified motifs. The cerebral malaria group,
which was the smallest, generated two motifs (C1 and C2; Fig.
1E). Six motifs were identified in the DBL1� of the respiratory
distress group (Fig. 1G), two of which (R3 and R5; Fig. 1G) were
also present in the DBL1� general severe group (S1 and S3; Fig.
1D). Four motifs were found in the DBL1� of the NUD group,
one of which (N4) was also present in sequences from the
nonrespiratory distress group (NR2; Fig. 1F), and NS1 was also
found as R6 (Fig. 1 F and G). The number of severe anemia cases
as well as the circulatory collapse and multiphenotype groups
was too small to generate statistically significant results.

3D Model Construction. Recent studies have shown that the
receptor-binding residues of DBL1� lie in the central parts of the
domain (9). Parallel experiments with other DBL orthologs have
also identified receptor affinity in this region (28, 29), indicating
the importance of this domain in binding to host receptors. The
recently elucidated structure of DBL of erythrocyte-binding
antigen 175 (EBA-175) (21) was here used to place the current
study into a structural context by using characterized DBL1�
sequences of FCR3S1.2, R29, and varO (6, 7, 30). The ultra-
conserved ARSFA sequence (homology block D) was, as ex-
pected, found to be in the center of the DBL1� (Fig. 2A; green
arrow). ARSFA is predicted to be surrounded by semiconserved

Fig. 2. Models of PfEMP1-DBL1� and the mapping of degenerate DBL1� amino acid motifs identified in P. falciparum-infected erythrocytes of Ugandan
children. (A) The DBL1� region of FCR3S1.2, where �-helices are shown in blue and loop regions in black. The homology and hypervariable block regions are
indicated by black arrows, except for the highly conserved ARSFA sequence region (homology block D), which is shown in green. (B) The FRC3S1.2DBL1� model
is shown in yellow overlaid with the EBA-175 structure in gray. The positions of vital amino acids involved in binding to �Sialyl-lactose are displayed in red. (C)
FCR3S1.2DBL1� model. (D) R29DBL1� model. (E) VarODBL1� model. In C–E, putative GAG-binding motifs are indicated in red, and MOTIFF motifs identified in
each model are indicated by arrows. H, high RR motif; S, severe malaria; R, respiratory distress; C, cerebral malaria; N, malaria NUD motifs.
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�-helices (homology blocks C, and E–G, Fig. 2 A) that are in turn
connected to flexible loops (hypervariable blocks IV, V, VI, VII,
VIII; Fig. 2 A), the latter being composed of highly variable
amino acid sequences of DBL1�. The FCR3S1.2DBL1� model
lacks the disulfide bond located in the predicted �-pleated sheet
region. In R29 and varO, 8 of the 10 cysteine residues involved
in disulfide bonding in the EBA-175 could be aligned and
modeled. Two cysteines were lost because of truncation. A
number of putative glucosamino-glycan (GAG) binding motifs
(31) were identified in the models (Fig. 2 C–E).

The 3D models generated proved to be of high quality in the
regions, matching well to the EBA-175F1 template, and evalu-
ation with VERIFY3D evidenced high model quality in the
areas with high template homology (score �0.1). In contrast, all
of the loop regions of DBL1� scored poorly. Optimal models
could only be created if the last 70 aa of the DBL1� were
truncated from the molecules. The sequence identities of the
models and the EBA-175 molecule were between 25% and 27%
after truncation.

DBL1� Motifs Placed in the 3D Models. Motifs from the different
MOTIFF analysis as well as potential GAG-binding motifs were
identified in DBL1� FCR3S1.2, R29, and varO and placed in the
models (SI Tables 9–13). As can be seen in Fig. 2, DBL1� of
FCR3S1.2 was found to possess three MOTIFF motifs (S2, C1,
and R6) that were localized to the same predicted �-helical
structure (domain 2/homology region E). The 3D location of the
H3 motif present in varODBL1� was also in the same predicted
�-helical structure (Fig. 2E). On the opposite face of the
molecule in the DBL1� of R29 and varO a motif (S3 and R5; Fig.
2D) was found in a predicted �-helix (homology block F) as well
as a second motif (S1 and R3; Fig. 2D), located in an adjacent
loop (hypervariable block VI) in R29DBL1�. One MOTIFF
motif was found in the long-predicted flexible loop structure in
area 3 (blocks VII, G, VIII) of FCR3S1.2DBL1� (C2, Fig. 2C).

Kullback–Liebler Distances. Kullback–Liebler distances (DKL) were
calculated for each amino acid position to complement the
analysis (32). Regions with significant DKL could in this way be
colocalized with identified motifs. The Kullback–Liebler plots
made for each disease state dichotomy pair evidenced significant
alignment positions overlapping a majority of the areas where
the motifs appear (Fig. 1). The blocks VII, G, and VIII showed
the highest overall frequency of significantly distant alignment
positions (Fig. 1 A–G).

Immunofluorescence. The key DBL1� motifs identified in this
study were also observed in the DBL1� sequences of the in vitro
strains (SI Tables 9–13). This finding prompted us to study the
immune recognition of the Ugandan isolates by using two
different sera raised to DBL1� of FCRS1.2 that contained the
severe malaria motif S2, several other disease state-specific
motifs (C1, C2, R6; SI Tables 9–13), and low-rosetting motifs.
The mean serum reactivity to the IE surface (AntiR1, AntiR2,
Fig. 3) was higher with the isolates in the severe relative to mild
category. Averaging the two biological replicates for each isolate
demonstrated significantly higher recognition [t test, t � 2.195;
degrees of freedom (df) � 13; Pt � 0.047]. For the separate tests,
AntiR2 demonstrated statistical significance (AntiR2: t test, t �
2.413; df � 13; Pt � 0.031; power � 0.524; Kolmogorov–Smirnov
(K–S) test shows normal distribution of data: K–S distance �
0.232 and 0.292 in the two groups; AntiR1 not significant; SI Fig.
7). However, no significant correlation between RRs and anti-
body reactivity was observed in the material.

Discussion
The ability of the parasite P. falciparum to undergo antigenic
variation as a way to evade immune recognition by the host is

well documented. However, an important remaining challenge in
the study of antigenic variation is the ability to extract and
analyze information from vast bulk sequence data sets. We here
demonstrate a scheme to identify DBL1� sequence motifs
pertinent to disease states and parasite phenotypes based on an
algorithm named MOTIFF. By applying this method to var gene
sequence data from 93 patients with well characterized disease
states, we have identified motifs and differential amino acid
contents in distinct areas of DBL1� that correlate to the
observed RR and disease characteristics. These findings will be
of relevance for vaccine development and understanding disease
pathogenesis.

Amplifying the var transcripts encoding the relevant DBL1�
domains responsible for the observed disease states relies heavily
on the PCR primers demonstrating as unbiased of a selection of
var species as possible. Three complimentary primer sets were
therefore used to try to maximize selection and minimize primer
bias. Still, even with a large number of reads sequenced from
3D7 genomic DNA, full coverage could not be attained (86%; SI
Fig. 4). Accordingly, further work remains to be done to hone the
methodology of assessing var gene transcript-dominance in an
isolate.

Fig. 3. Indirect immunofluorescence. The surface fluorescence rate in per-
centage of fluorescing pRBCs of the IE of severe (S) and mild (M) isolates.
AntiR1 and AntiR2 denote the two antisera to DBL1� of PfEMP1var1 of
FCR3S1.2DBL1. AntiGST1 and AntiGST2 denote the two control sera. AntiR1 is
shown in black, AntiR2 is shown in gray, AntiGST1 is indicated in white, and
AntiGST2 is indicated in hatched black and white. Isolates not tested with
AntiR2 are marked with an X. The RR is stated in percent. The disease states of
the patients are shown, with P signifying prostration, RD for respiratory
distress, and CC for circulatory collapse.
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Previous studies have demonstrated a relationship between
the expression of var genes/ DBL1� domains with a lesser
number of cysteines (Cys-2), an amino acid tag (REY*), and a
high RR (17, 33). The correlation between the RR and the
presence of cys2 transcripts was also found in our analysis,
whereas we did not observe a correlation between the presence
of the Cys-2/Rey* tag and a high RR (RR �5%, �2 test � 0.251,
df � 1, P � 0.616). On the other hand, we identified a total of
15 degenerate motifs using MOTIFF that were associated with
severe malaria and three motifs that were associated with high
rosetting. Motif distribution along DBL1� was not random and
found mainly in areas 2 and 3 (blocks D–H). There was still little
sequence overlap between rosetting motifs and the severe motifs,
even though they were frequently part of the same DBL1�
subdomain. These data merely suggest the presence of a corre-
lation between rosetting and severe disease, which is by no means
certain. In addition, the parameter for high rosetting was arbi-
trarily set at �5%, which may also have influenced the distri-
bution of the isolates in the analysis. Finally, the observation may
also be a reflection of diversity within the severe phenotype.

To strengthen the data generated with the MOTIFF algo-
rithm, patient isolates were analyzed for immune recognition by
using sera raised to a DBL1� possessing motifs S2, C1, C2, and
R6 (FCR3S1.2DBL1�). Sera raised according to the same
methodology as herein have previously been shown to signifi-
cantly reduce rosetting in FCR3S1.2 parasites (34). The subset
of isolates studied originated in Apac and consisted of mainly
respiratory distress patients, because this was the major patient
category at the site. The use of an in vitro assay with live IE
provided an authentic setting for assessing recognition of
PfEMP1 epitopes on the IE. The results suggest that there is
significant serological cross-reactivity in-between the isolates.
Taken together, these data advocate that (i) similar epitopes in
DBL1� domains expressed on the IE surface are recognized by
the sera, (ii) cross-reactive immune responses in between distinct
IE can be raised, and (iii) IE of children with severe malaria are,
in part, antigenically distinct from those with mild disease.

From this work, it can be surmised that a well conserved
DBL1� scaffold can be modeled, giving regions and constraints
to the spatial location of motifs. The loop-region structures
cannot be correctly predicted apart from their obvious location
in the scaffold. In our detailed analysis of the four-cysteine
FCR3S1.2DBL1�, a domain very well characterized for heparin
binding, the location of putative GAG-binding motifs in region
2 (homology domain D) mimic the carbohydrate-binding pocket
in EBA175F2. It also retains a GAG-binding loop aligning with
the carbohydrate-binding motif in F1 of EBA175F2 (high-
variable region V of DBL1�). When the severe S2 motif that is
present in FCR3S1.2DBL1� is plotted onto the model, it is
located in the semivariable helix adjacent to the GAG-binding
motifs. Additional MOTIFF motifs (C1, R6) of
FCR3S1.2DBL1�, were also identified in the same �-helical
structure. However, the situation is slightly different in
R29DBL1�, a two-cysteine domain, because the putative GAG-
binding motifs are fewer and more dispersed, and the severe S1
and S3 motifs are located on the opposite side of the molecule
F (Fig. 2 D and E). Interestingly, the amino acid positions in a
related DBL domain (DBL3X) found to be skewed in the primi-
and multigravidae groups by Dahlbäck et al. (32) overlap spa-
tially with the S1/R3 and S3/R5 motif locations in the R29DBL1�
model. This fold region in Pk�-DBL is also involved in DARC
recognition (22).

As expected, the motifs extracted by MOTIFF from the
sequence analyses generally appear in the predicted semicon-
served �-helices exposed in the exterior of the molecule. These
�-helical regions probably have morphological constraints but
are likely to be exposed to the immune system and possibly
available to function as adhesins. Furthermore, the location of

the degenerate motifs in DBL1� correspond to the regions of
fold-conservation and receptor-interaction in the DBL domains
of EBA-175 and Pk�-DBL, suggesting that PfEMP1-DBL1� has
retained a similar conserved structure and area for receptor
binding (9). However, it has to be stressed that, although DBL1�
is a hypervariable protein domain, it contains regions with high
conservation. Because DBL1� binds to multiple receptors, it is
possible that binding sites exist on either one or both faces of the
molecule. The three domains (PfEMP1-DBL1�, DBL-EBA-175,
and Pk�-DBL) are related, albeit the true structural relation-
ships remain to be elucidated. These data therefore corroborate
purported ligand–receptor interactions in reported crystal struc-
tures and offer a method to identify regions in the DBL1�
molecule that are especially important in disease and parasite
phenotypes. Our method of relating phenotype information to
sequence may also be useful for identifying other specific motifs
involved in biological interactions. Candidates for investigation
may include the envelope proteins in HIV and variable protein
families, such as vmp genes in Borrelia spp., vsg genes in
Trypanosoma spp., and als genes in Candida spp.

The data presented here support the current hypothesis that
interactions between residues on the DBL1� domain and ligands
in the host contribute to disease manifestation. In addition, this
mechanism is consistent with the currently available structural
evidence.

Materials and Methods
For further details on P. falciparum culture, RNA extraction,
cloning and sequencing, primer validation, sequence annotation,
transcript dominance, tertiary structure modeling of DBL1�,
Kullback–Liebler distances, animal immunizations, and indirect
surface fluorescence assay see SI Methods.

Ugandan Study Population. A total of 93 children under the age of
five, with active P. falciparum infection, were included in this
study. Patients were recruited in two locations in Uganda: at the
district hospital in Apac, which is situated in a malaria holoen-
demic area (35) 250 km north of Kampala, and at the Mulago
hospital, located in the capital. The patients were grouped
according to WHO guidelines (36) and the modified Blantyre
score (37) by the medical officer in charge. Fifty-one patients
were included in the severe malaria group (38 from Apac, 13
from Kampala) and 42 patients were included in the mild malaria
group. The severe cases were further sub grouped in disease
states: respiratory distress (n � 28), cerebral malaria (n � 7),
malaria NUD (n � 10), (which included patients with convul-
sions, prostration, hyperparasitemia, and hyperpyrexia), circu-
latory collapse (n � 3), sole severe anemia (n � 2), and one
patient with a multiphenotype including cerebral malaria, severe
anemia, and respiratory distress (n � 1). Informed consent was
obtained from the parents of the patients. The study was
approved by Karolinska Institutet’s Regional Ethical Review
Board (permission 03/095) and the Uganda National Council for
Science and Technology (permission MV 717).

RT-PCR and PCR of var Sequences. The GeneAMP RNA PCR kit
(Applied Biosystems, Foster City, CA) was used to reverse
transcribe total RNA. The DBL1� domain of var-genes/PfEMP1
was amplified from the cDNA template by PCR by using three
primer sets. The �-AF and �-BR primers (26) (SI Fig. 5). The
nDBLf (5�-TKGCAG CMAAWTA YGARGS-3�) and nDBLr
(5�-KTCCAC CAATCT TCYCT-3�) generated 250–350 bp
products, using the same PCR conditions as the �-AF/�-BR
primers. Cycling conditions were a 3-min denaturation step,
followed by 35 cycles of 30 sec at 45°C, 45 sec at 60°C, and 15 sec
at 94°C and terminated with an elongation step of 7 min at 72°C.
The nDBLf as the forward primer and the �-BR as the reverse
primer were used in the last PCR. The conditions were exactly
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the same as with the nDBLf/nDBLr primer set and generated
products of 450–550 bp. Data processing pipeline perl and shell
scripts are available upon request; see also www.varDB.org.

Bioinformatic Tools. Sequence reads were base-called by using
phred (version 020425.c). The reads were clustered by using
phrap (version 0.990319), with retain�duplicates, minmatch 20
and repeat�stringency 0.9, and, otherwise, default settings. The
translations of cluster consensus sequences were scanned for the
presence of the well conserved RSFADIGDI motif by using
fuzzpro, EMBOSS 3.0.0 (38). Nucleotide and peptide alignments
of the retained clusters were made by using CLUSTALW,
(version 1.83). The fraction fij � rij/ni, where rij denotes the
number of sequences for patient i in cluster j and ni the total
number of reads from each patient i, was used to score var gene
dominance. The fij were ranked to establish a transcriptional var
gene dominance order in each patient.

Motif Finding (MOTIFF). The data consist of a protein alignment
and dominance count data. The alignment was regionalized
stepwise. A representative seed sequence was chosen for each

region. PSIBLAST [National Center for Biotechnology Infor-
mation (NCBI) blastpgp v2.2.10] with the BLOSUM62 substi-
tution matrix, multipass inclusion threshold 10, expectation
value 100, and hit-extension threshold 4 was used to iteratively
identify other PfEMP1 members containing that motif. The
motifs can either be constructed from any previously unhit part
of the aligned sequences (nonstrict), or only against the columns
being investigated and a small window surrounding them (strict).
A position-specific score matrix motif database was established.
The dominance labeled motif member clusters were counted.
The hypergeometrical probability Pk of finding that level of
overrepresentation or more by chance in a motif k was used to
rank the motifs. Motifs were located in new sequences by means
of position-specific scoring matrices (PSSMs) by using the
prophecy and prophet programs of the EMBOSS package.
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