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Abstract. Allelic variation in the Plasmodium falciparum circumsporozoite (CS) pro-
tein gene has been examined by sequencing the entire gene in 15 isolates from an endemic
area of Thailand. The isolates contain a total of six new allelic forms of the tetrapeptide
repeats and eight variants of the T cell epitope (TCE) region of the CS gene. All nucleotide
substitutions in the TCE are nonsynonymous. There is no apparent association between
the sequence patterns in the repeats and in the TCE. Comparison of the TCE with published
sequences has shown that most variants of our isolates are not identical to those found in
different geographic areas, suggesting geographic variation in genetic diversity of the CS
protein. In a phylogenetic tree, the new Thai alleles did not cluster together, suggesting a
considerable heterogeneity within some geographic areas. Furthermore, analyses of tetra-
peptide repeats from a number of isolates and strains showed evidence of three genetic
mechanisms for the generation of variation in the repeats of the CS gene: point mutation,

duplication of one or more repeat units, and intragenic recombination.

The circumsporozoite (CS) protein of Plas-
modium falciparum has been considered to be a
target of host immune responses and contains
immunodominant B cell epitopes in a tetrapep-
tide repeat region and a limited number of T cell
epitopes in the C-terminal region. Antibodies
against the tetrapeptide repeats inhibit hepato-
cyte invasion by sporozoites in vitro. The rec-
ognition of the CS T cell epitope is also impor-
tant for mounting immunity against sporozoites
and infected hepatocytes.! Analyses of the CS
sequences from culture-adapted parasite strains
have revealed substantial variations in these
regions? and the CS gene of each parasite isolate
so far characterized has a different sequence.?®

Since the C-terminus of the CS protein con-
tains several helper (CD4+) T cell epitopes and
at least one cytotoxic (CD8+) T cell epitope,'®
'4 sequence variation in this portion of the gene
has been studied in a number of field isolates
obtained from different geographic areas.'s-'®
However, the extent of variation in the whole CS
gene, including the tetrapeptide repeat region, is
poorly known. We have sequenced the complete
CS gene of 15 Thai isolates. Among these iso-
lates, there are seven different CS sequences
with extensive polymorphism in the number and
pattern of the tetrapeptide repeats and in T cell

epitopes of the 3’ portion of the gene. Analysis
of the repetitive sequences of variants has pro-
vided evidence of possible mechanisms for the
generation of different repetitive sequences.

MATERIALS AND METHODS

Source of parasite DNA. We isolated DNA
from 19 isolates of Plasmodium falciparum from
patients in the Mae Sod district in Thailand as
described previously.'” Three culture-adapted
strains, K1 (Kanchanaburi, Thailand),” T9/94
(Tak, Thailand),’ and MAD20 (Papua New
Guinea),”? were also included in this study.

Polymerase chain reaction. Amplifications
of DNA encompassing the whole CS gene were
performed by polymerase chain reaction (PCR)
with two primers (Figure 1): Pl, 5'-ATTA-
GAATTCATGATGAGAAAATTAGC-3' (nu-
cleotides 68-94, positions after the 7G8 se-
quence?); and P2, 5'-ACTCAAGCTTAGA-
TGTGTTCT-3' (nucleotides 1321-1341). Addi-
tional PCR amplifications for the 3’ portion en-
compassing the 352 basepairs of the gene (nu-
cleotides 948-1341) were also conducted with
two primers: P2 and P3, 5'-AATCAAGCTTA-
TGGACAAGGT-3' (nucleotides 948-968). Mis-
matches that are artificially introduced to create

659



660

JONGWUTIWES AND OTHERS

> 3'NR 3

UTR 5" NR l Tetrapeptide Repeats l | UTR
S1-S3 D D .
P1-P3 o> o> &o

0 100 200

I W—

bp
FIGURE 1. Map of the circumsporozoite gene of Plasmodium falciparum. Primers for the polymerase chain

reaction (P1-P3) and sequencing (S1-S3) are indicated beneath the map. The regions used in analyses are as
follows (nucleotides numbered after 7G8 sequence?): 5'NR = 5’ nonrepeat region, nucleotides 78-443; tetra-
peptide repeat region, nucleotides 444-938; 3'NR = 3’ nonrepeat region, nucleotides 1019-1313; shaded boxes
= Th2R (nucleotides 1055-1106) and Th3R (nucleotides 1157-1217). UTR = untranslated region; bp = base-

pairs.

either Eco RI or Hind 1II sites are indicated in
bold. The PCR conditions were described pre-
viously.?

Subcloning and sequencing. The amplified
DNA of the entire CS gene from each isolate
was digested with Eco RI and Hind III and the
3’ portion fragment was digested with Hind III.
The fragments were subcloned into phagemid
pUCI118 and transformed into Escherichia coli
strain JM109. The sequence was determined by
the dideoxy chain termination technique using
denatured template and the Sequenase version
2.0 kit (United States Biochemicals, Cleveland,
OH). Three synthetic sequencing primers were
used to obtain overlapping sequences of the
whole gene (Figure 1): S1, S'-AATAGTAGAT-
CACTTGGAG-3' (nucleotides 279-297); S2, 5'-
CAACCAGGGGATGGTAATCC-3' (nucleo-
tides 420-439); and S3, 5'-GTCATTTGG-
CATATTGTGAC-3'(nucleotides 957-976). Se-
quences of the entire CS gene were analyzed for
15 field isolates and three culture-adapted para-
sites, K1, T9/94, and MAD?20. These isolates
and four other field isolates were sequenced for
the 3’ portion using different PCR-amplified
subclones. Nucleotide sequence data reported in
this paper have been submitted to the Gen-
Bank® database with the accession numbers
M83149-M83174.

Statistical analysis of DNA sequences. A
reliable alignment of the repeat region cannot be
obtained because of the variation among alleles
in numbers of repeat units (40-51 in the com-

plete sequences analyzed here). However, it is
possible to align both the 5' nonrepeat region
(5'NR) and the 3’ nonrepeat region (3'NR).%
Preliminary analysis of complete alleles in these
regions identified two groups of alleles that were
identical in both the 5'NR and the 3'NR: clones
806, 814, and 838; and clones 827, 842, and
strain K1. Clones 814, 838, 842, and strain K1
were eliminated from subsequent analyses that
involved both nonrepeat regions. In addition, six
published sequences of nonrepeat CS protein
regions were available for this analysis: 7G8,?
Wellcome,* T4, T9/98, T9/101,* and NF54-
CVD.® Preliminary analysis of the 3'NR only,
which included the partial sequences from this
study, showed that in this region, there were two
groups of identical sequences: clones 808, 815,
947, 806, T9/101, and strain T4; and clones 822
and T9/94 and strains Wellcome and MAD?20.
Clones 815, 947, 806, T9/101, and T9/94 and
strains T4, Wellcome, and MAD20 were elimi-
nated from subsequent analysis of the 3'NR.
To obtain evidence of positive diversifying se-
lection outside the tetrapeptide repeat region, we
computed numbers of synonymous substitutions
per synonymous site (ds) and nonsynonymous
substitutions per nonsynonymous site (dy) by the
method of Nei and Gojobori.>® The S'NR, the T
cell epitope (TCE) consisting of Th2R and
Th3R,'"'? and the 3'NR excluding the TCE were
analyzed separately as was done by Hughes?*
(Figure 1). In most genes, the rate of synony-
mous (silent) nucleotide substitution exceeds
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FIGURE 2. Variation in Th2R and Th3R in field isolates and laboratory strains of Plasmodium falciparum.
Positions for nucleotides and amino acids are according to the 7G8 sequence® as shown at the top. Subclones

from one isolate are designated alphabetically after the
a dash and amino acid substitutions are listed above the

isolate number. An identical nucleotide is indicated by
codon. Sequences shown are regions where substitutions

occur. Roman numbers are combination groups for Th2R and Th3R in gene clones obtained from isolates that
are listed at the bottom. One nucleotide substitution that has not been previously reported is indicated by an

asterisk underneath the alignments.

that of nonsynonymous (amino acid-altering)
substitution because amino acid substitutions are
likely to be deleterious and thus eliminated by
negative (purifying) selection. A region having
dy > dg is therefore evidence of positive selec-
tion.? McCutchan and others?’ have argued that
in P. falciparum CS protein sequences, the ex-
tensive homoplasy (similarity due to parallel
evolution rather than to common ancestry) is ev-
idence of positive selection favoring certain ami-
no acid replacements. However, other factors,
including shared functional constraint, can result
in extensive homoplasy. Thus, a comparison of
synonymous and nonsynonymous rates of nucle-
otide substitution provides stronger evidence of
positive selection.

Phylogenetic tree construction was done by
the neighbor-joining method,?® estimating the
number of amino acid replacements per site (d,,)
by the Poisson-correction formula.?®

RESULTS

Sequence variation in nonrepeat regions. In
the 5'NR, all alleles sequenced in this study are

identical to previously published CS protein al-
leles. Fifteen field isolates and two strains, Kl
and MAD?20, have sequences identical to 7G8,?
while T9/94 is the same as B11.2 In the 3'NR,
considerably more variation was found. Figure
2 shows changes in nucleotide and amino acid
sequences of PCR-derived subclones from 19
wild isolates and three culture-adapted strains.
Our field isolates have sequence variations in
Th2R (amino acid residues 326-343 according
to the 7G8 sequence)'® and Th3R (residues 361-
380),"" but not in CS.T3 (residues 378-398).%
Variations in the cytotoxic T cell epitope (resi-
dues 351-395)'%'* occur in the region overlap-
ping Th3R. There are seven substitutions in
Th2R, of which one, T at position 1,018, is new-
ly identified in this study. There are also seven
substitutions in Th3R; all substitutions in both
of these regions create nonsynonymous codon
changes.

Figure 2 also shows the eight observed com-
binations of substitutions in Th2R and Th3R that
accounted for all alleles in this study. Group I,
with 12 subclones, is identical to the previously
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FIGURE 3. Neighbor-joining tree based on 3'NR of
11 Plasmodium falciparum alleles. The origins of the
isolates are in parentheses: T = Thailand; B = Brazil;
WA = West Africa; PNG = Papua New Guinea; d,,
= number of amino acids replacements per site.

published T4 isolate;> while Group III sequences
are identical to those of Wellcome, B11, Palo
Alto, FCR3, and 22 isolates from Papua New
Guinea.'s-'” Isolates 822, 834, and 835 yielded
gene clones with different combinations of sub-
stitutions, indicating mixed infections of variants
in patients. Outside Th2R and Th3R, all se-
quences were identical with two exceptions: one
group III allele, T9/94, differs from the sequence
reported by Doolan and others'” in having T at
position 907; and group 1V alleles shared a sub-
stitution at residue 317 (Ala:GCT instead of
Asp:GAT).

Figure 3 shows a phylogenetic tree based on
3'NR of all sequences, including partial se-
quences. Plasmodium reichenowi® CS protein
was used as an outgroup. The new Thai alleles
are dispersed throughout the tree, suggesting
that heterogeneity among these alleles is at least
as extensive as is heterogeneity among alleles
isolated in other parts of the world.

The tetrapeptide repeat region. Our analysis
of the repeat region revealed nine new sequenc-
es in addition to nine already known. The range
of lengths of the repeat sequences of 18 alleles
was 40-51 units. Figure 4 shows the 14 different
combinations of codons that were found in all
repeat units of all alleles (N = 799). The most
frequently used, designated 1 in Figure 4 (AAT
GCA AAC CCA), occurred in almost half of all
repeat units; and the five most common combi-
nations accounted for 78.5% of repeat units. Ten
combinations of codons coding for NANP made
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up 92.1% of repeat units; four combinations
coding for NVDP made up the remaining 7.9%.
There are 64 possible combinations of codons
that could produce each of the two observed te-
trapeptide repeats; thus, only a small proportion
of possible codons actually occurs in P. falcip-
arum repeat regions.

Examination of the repeat region showed that
patterns of repeat units appeared, in various
combinations, in all 18 alleles (Figure 5). In all
alleles, the 5’ end of the repeat region consisted
of 4-8 units of types 1, 7, and 8 appearing in
varying order; in all alleles except NF54, Well-
come, B11, and T9/94, type 9 also occurred.
These were followed by an uninterrupted series
of 8-24 type 1 units. There was a significant
positive correlation between the number of un-
interrupted type 1 repeats and the overall length
of the repeat region (R = 0.870, P < 0.001),
suggesting that the number of type 1 repeats has
a strong influence on the length of the repeat
region. Following the uninterrupted type 1 re-
peats were 4—11 units that tended to be of types
2, 3, 6, 10, and 11 but showed no consistent
pattern in comparisons among sequences. Final-
ly, in the 3’ end of the repeat region, blocks of
units appeared in the same order in a number of
sequences. Figure 5 shows six different types of
blocks of 46 units each that occurred in the 3’
portion of the repeat region; 13 of 18 alleles
could be placed in one of two groups with re-
spect to the arrangement of blocks in the 3’ end.
The remaining five alleles all had at least two of
these common blocks; however, the order in
which the blocks appeared (5’ to 3') varied
among alleles.

We have found evidence of three possible
mechanisms for generating new allelic forms of
the repeat region: point mutation, duplication
(presumably by unequal crossing-over?) involv-
ing one or more repeat units, and recombination.
The repeat regions of Wellcome and B11, for
example, differ by a single point mutation in the
fourth codon of unit 24; similarly, the repeat
regions of B11 and T9/94 differ by a single
point mutation in the first codon of unit 20. The
duplication of a single type | repeat in units 7-
14 of 7G8 results in the MAD20 type, and K1
repeats are identical to those of MAD?20 in units
1-15, while units 16-43 are the same as units 20-
46 of T9/94. Thus, intragenic recombination be-
tween MAD20 and T9/94 could create K1 re-
peats. Interestingly, outside the tetrapeptide
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FIGURE 4. Frequency of occurrence of nucleotide sequences coding for 14 types of tetrapeptide repeat units
observed in 18 allelic forms of Plasmodium falciparum repeat regions. An identical nucleotide is indicated by
a dash. Nonsynonymous substitutions (relative to type 1) are indicated by capital letters; synonymous substitu-

tions are indicated by lower case letters.

repeats, the 5’ portion of K1 is identical to
MAD20 while the 3’ sequence of K1 is different
from that of T9/94 in only two nucleotides.

We found no evidence of an association be-
tween the sequence patterns in the repeat region
and that in the TCE in those alleles for which
both these regions have been sequenced. The
group I alleles of Figure 2, for example, are
identical in their TCE but represent three differ-
ent repeat region alleles. Groups III and IV are
also represented by two and three types of repeat
regions, respectively; on the other hand, groups
IT and VII contain alleles that are identical in
both regions.

Diversifying selection on the T cell epitope.
Table 1 shows values of dg and dy for the 5'NR,
the TCE, and the remainder of the 3’'NR (ex-
cluding the TCE) in pairwise comparisons
among sequences. In the complete sequences,
the numbers of synonymous substitutions in the
5'NR are small but not zero, indicating that con-
trary to the suggestion of Arnot,*? nothing pre-

vents synonymous substitution in the CS pro-
tein. In both the S'NR and the 3’NR excluding
the TCE, the numbers of nonsynonymous sub-
stitutions are also very small. In the TCE, on the
other hand, dy is significantly higher than dg.
This contrast is most marked in the sequences
of Thai origin, which have the highest value of
dy of any of the comparisons. Among the partial
sequences, the same pattern of dy > ds in the
TCE is apparent.

DISCUSSION

Our study is the first to examine sequence
variation in the entire CS gene from field iso-
lates and has revealed seven CS alleles in an
endemic area of Thailand. We have also ob-
served a nonsynonymous substitution in Th2R
that has not been reported in any previous study
of this region. Although they did not obtain
complete sequences, Lockyer and others'® ob-
served 12 variants with different amino acid se-
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FIGURE 5. Schematic representation of Plasmodium falciparum tetrapeptide repeat regions. Numbers beside
shaded squares at bottom identify repeat units in blocks of units occurring in more than one allele (see Figure
4). Numbers in parentheses indicate occasional variation in composition of blocks. Shaded areas (not drawn to
scale) show the order of occurrence of blocks. Unshaded areas indicate portions of repeat region where no
consistent pattern in repeat units could be found. Names of alleles having the patterns shown by the shaded
areas are written under the bars.
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TABLE 1

Numbers of synonymous (ds) and nonsynonymous (dy) nucleotide substitutions per 100 sites between alleles of
the polvmorphic Plasmodium falciparum circumsporozoite gene*

“wn

' nonrepeat region (65)%

T cell epitope (36)F Remainder of the 3’ region (42)t

C s q ¢
() dy dy d, dy dy dy
All Thai origin
sequences (8) 1.3£10 05 +03 00 £ 00 54 * 1.5% 00 00 02+02
Thai origin (8)
versus non-Thai (4) 1.5+ 11 05 %03 0.1 02 46 + 1.3% 00 *+00 03=02
Overall (12) 14 1.1 05 +03 00 02 50+ 1.3% 00 00 0202
5’ nonrepeat region T cell epitope Remainder of the 3’ region
Partial
) dy dy d, du dy d
All Thai origin
sequences (9) - - 00 00 58 + 1.5% 0000 0.1 %02
Thai origin (9)
versus non-Thai (2) - - 0.1 + 03 58 + 1.6% 0000 04 %03
Overall (11) - - 00 =03 58 + 1.4% 00 00 02 0.2

* Values are the mean = SEM. - = no data available for analysis.
t Values in parentheses are the no. of codons compared.
$ Tests of the hypothesis that d, = dy: P < 0.001, by Student’s r-test.

quences in Th2R and Th3R in five wild isolates
from The Gambia. No variants in our isolates
exhibit identical sequences to those found in
Gambian isolates or Amazon isolates.'>-'® Thus,
it seems likely that distribution of the CS alleles
varies among different geographic areas, i.e.,
that certain CS alleles may be characteristic of
particular geographic areas.'®'?” Similar geo-
graphically different allelic polymorphism has
recently been reported in the CS gene of P. vi-
vax.** However, the high rate of nonsynonymous
nucleotide substitution among sequences of Thai
origin (Table 1), and the uniform dispersal of our
new Thai alleles throughout the phylogenetic
tree of 3'NR (Figure 3) suggests that consider-
able heterogeneity exists within some geograph-
ic areas.

Much remains to be learned about the extent
of variability in the CS gene. Sequence charac-
terization of DNA of field isolates has so far
concentrated on the C-terminal region of the
gene, particularly the T cell epitopes. In this re-
gion, clinical isolates from the Amazon exhib-
ited limited variation,'* whereas extensive vari-
ability was found in wild isolates from an
endemic area of the Gambia.'* In Papua New
Guinea, different studies have produced conflict-
ing results regarding levels of diversity.'”-'* Shi
and others' hypothesized an association be-
tween high levels of P. falciparum polymor-
phism and high malaria endemicity. Our results
are consistent with this hypothesis; however, to
understand levels of gene diversity in any pop-

ulation, it is necessary to gather much larger
samples than have so far been available for the
CS gene.

It has been argued that the preponderance of
nonsynonymous substitution in P. falciparum
CS alleles is not due to positive selection favor-
ing amino acid replacements but merely indi-
cates that some factor is preventing synonymous
substitution in this gene.’? This argument is
based on the observation that there is a relatively
low frequency of third-position differences in
codons of P. falciparum surface proteins.*> Our
data show nonzero values for dg in both the
5'NR and TCE, indicating that at least low lev-
els of synonymous substitution are possible in
these regions. One explanation for low rates of
synonymous substitution observed in CS alleles
is that the A + T richness of the P. falciparum
genome, particularly in third codon positions, re-
duces the observed rate of synonymous substi-
tution at this position.?* In the case of CS alleles,
however, in addition to a relatively low rate of
synonymous substitution, there is an elevated
rate of nonsynonymous substitution in specific
regions. In all CS alleles for which the entire
3’NR sequence is available, dy in the TCE is
significantly higher than is dy in either the S’'NR
or the remainder of the 3'NR (Table 1). Our data
thus support the argument? that positive selec-
tion for avoidance of MHC recognition has
caused the observed variation in 3'NR.

The increased number of allelic forms of the
repeat region from our sequences together with
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published sequences has provided evidence of
three possible mechanisms involved in the origin
of variation in the tetrapeptide repeat region:
point mutation, duplication of one or more re-
peat units, and intragenic recombination. The
significant correlation between the number of
uninterrupted type 1 repeat units and the length
of the repeat region (Figure 5) suggests that re-
peated events of duplication of type 1 units have
been a major factor responsible for the variation
in length seen in this region.? The pattern of five
repeat units occurring twice in six of the alleles
(Figure 5) suggests that this entire block of re-
peats has been duplicated. With regard to intra-
genic recombination, this mechanism has been
reported to generate a variant of merozoite sur-
face antigen-2 repeats in P. falciparum.* Such
mechanisms are formally very similar to those
postulated in the minisatellite DNA of mam-
malian genomes.* However, variation in the CS
repeat sequence is different in that it occurs in
coding sequences and is therefore rather more
constrained than the variation found in minisat-
ellite DNA. The repeat region may be strongly
constrained at the amino acid level because of
its role in eliciting an ineffective immune re-
sponse by the host.’ There is also apparently
some degree of constraint at the DNA level that
causes only a small fraction of theoretically pos-
sible codons to be observed in this region. How-
ever, allelic forms generated by duplication of
one or more repeat units or interallelic recom-
bination are apparently not eliminated by selec-
tion as long as the tetrapeptide repeat structure
remains intact after such events.

In the present study, we used the same Thai
isolate as previously characterized for the mero-
zoite surface protein-1 (MSP-1) alleles.'*? In-
vestigation into possible association between the
CS alleles (chromosome 3) and MSP-1 alleles
(chromosome 9) among 10 isolates that con-
tained a single gene clone revealed no associa-
tion of the two genes although the number of
isolates compared was limited. It follows that
parasites with identical sequences of the entire
CS gene in this study are not the same parasites
since they are different at the MSP-1 locus.
Thus, our sequence analysis of the two loci does
not reveal any evidence of clonality in these nat-
ural populations of P. falciparum,’ but seem to
support the notion that malaria genes located on
different chromosomes segregate independently
during meiosis in the mosquito vector.*®
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