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Abstract. Meiotic recombination generates allelic diversity in the Plasmodium falciparum merozoite surface protein
1 (msp1) gene. In this study, we monitored recombination-based diversity of msp1 in Guadalcanal, the Solomon Islands,
where malaria transmission is high. We identified 5� recombinant types, 3� sequence types, and msp1 haplotypes (unique
associations of 5� recombinant types and 3� sequence types), and compared them with those from areas of low trans-
mission in Thailand and Vanuatu. The mean number of 5� recombinant types per person (multiplicity) was lower in
Guadalcanal than in Thailand. Guadalcanal populations had 6–8 msp1 haplotypes; the numbers are comparable to
Vanuatu but much lower than in Thailand. There were marked geographic differences in distribution of msp1 haplo-
types. Linkage disequilibrium in msp1 was stronger in Guadalcanal than in Thailand, suggesting limited recombination
events in the Solomon Islands. We suggest that the frequency of recombination events in msp1 is determined not only
by transmission intensity but by the number of msp1 alleles prevalent and multiplicity of infections.

INTRODUCTION

One of the obstacles to development of effective vaccines
against the human malaria parasite Plasmodium falciparum is
the diversity of vaccine candidate antigens in natural parasite
populations. Evidence indicates that antigen diversity limits
the efficacy of acquired immunity based on strain-specific
anti-parasite immunity.1–3 The diversity of antigen genes dif-
fers greatly among different areas endemic for malaria.4–6

Therefore, it is important to investigate geographic differ-
ences in the genetic diversity of P. falciparum. The merozoite
surface protein 1 (MSP-1) of P. falciparum is a major blood-
stage surface antigen.7 The gene (msp1) consists of 17 blocks
according to the degree of sequence conservation among al-
leles.8,9 Sequence variation in msp1 is mainly dimorphic (two
major allelic forms) in all variable blocks other than block 2,
which is trimorphic (three allelic forms) (Figure 1). The block
is grouped according to the presence or absence of nine-
basepair repeats and the type of repeating sequences. MSP-1
contains at least two regions of protective immune target:
block 2 near the N-terminus and block 17 at the C-terminus.
In an area of Africa highly endemic for malaria, human an-
tibodies against block 2 are associated with clinical immunity
in an allelic-type-specific manner.10 Block 17 encodes a C-
terminal 19-kD polypeptide fragment that is produced by pro-
cessing of MSP-1 at the merozoite surface. Antibodies against
this 19-kD fragment inhibit merozoite invasion into red blood
cells,11,12 and immunization with the 19-kD fragment confers
protection against challenging infections in animals.13 Inva-
sion-inhibiting antibodies against the 19-kD fragment have
been detected in sera from individuals living in areas highly
endemic for malaria.14,15

Meiotic recombination is a major genetic mechanism in the
generation of allelic diversity in msp1.8,16 The frequency of
recombination events in P. falciparum depends primarily on

the frequency of its transmission because P. falciparum un-
dergoes meiotic recombination at the mosquito stage. We
have been using recombination-based haplotypes of msp1 as
a polymorphic genotype marker to study allelic diversity of
msp1 in parasite populations.17–19 The msp1 haplotypes are
defined as unique associations of 5� recombinant types
(blocks 2–6) and 3� sequence types (block 17). In analysis of
linkage disequilibirum, the prevalence of msp1 haplotypes
acts as an indicator of the frequency of recombination events
in parasite populations. In a high-transmission area, there is
little linkage disequilibrium in the msp1 sequence,20 whereas
there are moderate levels of linkage disequilibrium in me-
soendemic areas such as Thailand and Vietnam.21 In contrast,
there are very high levels of linkage disequilibrium in Brazil,
a hypoendemic area.22 However, nearly complete linkage dis-
equilibrium occurs in Vanuatu in the southwestern Pacific,19

where the level of malaria transmission is comparable to that
of Southeast Asia, suggesting that the frequency of transmis-
sion is not the sole factor determining frequency of recombi-
nation events in msp1.

In the present study, we examined P. falciparum popula-
tions from Guadalcanal, the Solomon Islands, which are lo-
cated between Papua New Guinea and Vanuatu. Malaria is
highly endemic in the Solomon Islands, and malaria transmis-
sion is more intense than in Vanuatu. Plasmodium falciparum
populations in the Solomon Islands are the most likely source
of the Vanuatu populations because Vanuatu is located at the
southern margin of the malarious band extending from Papua
New Guinea through the Solomon Islands, and the Solomon
Islands are the only neighboring country where malaria is
prevalent. Therefore, it would be highly instructive to inves-
tigate the diversity of msp1 haplotypes and linkage disequi-
librium in msp1 in populations from the Solomon Islands, and
compare them with those of populations from Vanuatu and
other geographic areas. The present results show that the
diversity of msp1 haplotypes is greater in Guadalcanal than in
Vanuatu, as expected. In contrast, despite high endemicity,
the diversity in the Solomon Islands was relatively limited,
compared with populations from Thailand, and linkage dis-
equilibrium in msp1 was greater in the Solomon Islands than
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in Thailand. Also, all of our Solomon Islands isolates had the
Papua New Guinea-type P. falciparum chloroquine resistance
transporter (pfcrt),23 the locus that determines chloroquine
resistance in P. falciparum.

MATERIALS AND METHODS

Study area and sample collection. Plasmodium falciparum
field isolates were collected from northern Guadalcanal, the
Solomon Islands, in the southwestern Pacific, from July 1995
to March 1996. Guadalcanal is the largest island in the Solo-
mon Islands with a population of 409,000 (1999 census), and
has an area of 5,336 km2, a length of 160 km, and a width of
48 km (Figure 2). Malaria in Guadalcanal is hyperendemic,
with parasite-positive rates of 45% and 39% in 1994 and 1995,
respectively.24 Transmission of malaria is perennial, with a
peak during the rainy season from December to May. Both P.
falciparum and P. vivax are prevalent, and approximately
two-thirds of the parasites are P. falciparum.

Ninety isolates of P. falciparum were collected from three
areas in northern Guadalcanal (Figure 2): 40 clinical isolates
from outpatients of a hospital in Honiara City (area A), the
capital of the Solomon Islands; 26 isolates from 3 villages
(Kaotave, Tadhimboko, and Nugalitav) in area B; and 24
isolates from 1 village (Ruavatu) in area C. Area C is directly
connected to area A by a road, whereas the three villages in
area B are located several kilometers from the road. In rural
areas B and C, samples were collected from participants of
malariometric surveys, and most of the donors were primary
school children 8–15 years of age with a mean age of 13.2
years in area B (range � 6–59) and a mean age of 14.9 years
in area C (range � 11–18). Parasite-positive individuals were
asymptomatic in most cases in areas B and C. Approximately
half of the clinical samples from Honiara were collected from
subjects more than 15 years of age, with a mean age of 18.3

years (range � 4–60). Giemsa-stained thick blood smears
were examined microscopically, and P. falciparum-positive
blood was withdrawn using a syringe containing EDTA and
stored at −60°C. Parasite genomic DNA was extracted from
blood using the QIAamp DNA Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.25 In-
formed consent was obtained from the donors and the school
principals. This study was reviewed and approved by the
Ethical Committee of the Solomon Islands for Medical
Research.

Samples collected in January 1994 (n � 92)26 were also
included in this study. These samples were from area B and
included three villages (Talaura, Tadhimboko, and Kolona).
The mean age of the donors was 21.6 years (range � 5–89). In
addition, we used clinical isolates (n � 111) from patients
who attended a malaria clinic in Mae Sot in northwestern
Thailand in 1995.18 The mean age of the donors in Thailand
was 24.6 years (range � 13–48). Isolates from Vanuatu (n �
164) were collected during malariometric surveys in rural vil-
lages on four islands19: Namasari and Ontar in eastern and
western Gaua island, respectively, in 1997, Big Bay in north-
ern Santo island in 1997, Baie Barier and Pangi in eastern
and western Pentecost island, respectively, in 1998, and Lin-
garak and Brenwe/Leviamp in eastern and northwestern
Malakula island, respectively, in 1996 and 1998. Subjects were
primarily school children in each village with a mean age of
6.9 years (range � 0–25), 12.6 years (range � 2–47), 7.9 years
(range � 2–30), 10.6 years (range � 3–36), and 9.8 years
(range � 1–28) in Gauaisland, Santo island, Pentecost island,
Malakula island in 1996, and Malakula island, respectively, in
1998. The overall parasite-positive rate was 14%. Plasmo-
dium falciparum infections detected during surveys were
asymptomatic in most cases.

Determination of msp1 haplotypes. The msp1 haplotypes
are defined as unique associations of 5� recombinant types

FIGURE 1. Structure of the Plasmodium falciparum merozoite surface protein 1 gene and the strategy for determination of 5� recombinant type
and 3� sequence type. Inter-allele conserved, semi-conserved, and variable blocks are indicated by open, horizontally hatched, and vertically
hatched columns, respectively. For variable blocks, MAD20-type, K1-type, and RO33-type sequences are represented by half-tone, checkerboard,
and cross-striped bars, respectively. The 5� recombinant type was determined by polymerase chain reaction (PCR) amplification of blocks 2–6
using allelic type-specific primers of blocks 2 and 6, followed by a nested PCR for blocks 4a and 4b using allelic specific primers of blocks 4a and
4b. The five amino acid substitutions in block 17, indicated by the one-letter codes, were determined by sequencing. The 3� sequence type is the
combination of those residues.
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and 3� sequence types (Figure 1). The methods used to de-
termine 5� recombinant types and 3� sequence types were as
follows.

The 5� recombinant types (block 2–6) of P. falciparum
msp1 (a 5-kb gene) consist of 17 distinct sequence blocks
(Figure 1). Sequences of all variable blocks other than block
2 are dimorphic, either one or the other of two major allelic
types: K1 and MAD20. Block 2 is represented by one of three
major types: K1, MAD20, and RO33. The 5� recombinant
types comprise unique combinations of allelic types of blocks
2, 4a, 4b, and 6. To date, no recombination has been found in
blocks 6–16.18,27 Determination of 5� recombinant types in-
volves primary amplification of a 1-kb region spanning blocks
2–6, followed by nested PCR amplification of block 4a–4b
(approximately 100 basepairs). Procedures for determination
of 5� recombinant types are described elsewhere.26 For the
PCR, we used 1 �L of template DNA that was adjusted to be
equivalent to 1 �L of the original blood.

We previously reported msp1 5� recombinant types from a
Thai population.18 In that study, 1 �L of 20-fold diluted DNA

was used for the PCR, which is an amount not equivalent to
the original volume of blood. Furthermore, we later found
that the typing method used in that study was neither very
sensitive nor specific, and that it produced artifacts due to the
relatively weak specificity of the PCR primers used. We
therefore improved that method to obtain higher sensitivity
and specificity and to avoid artifacts.26 In the present study,
we used the improved method to re-type 5� recombinant
types of the Thai samples. Although there was no significant
difference in distribution of 5� recombinant types between the
two methods, the improved method substantially increased
the rate of multiple infections of distinct 5� recombinant types
(65% versus 30%) and the mean number of 5� recombinant
types per isolate (3.6 versus 1.8). Determination of 5� recom-
binant types was successful in 82 of 90 isolates from the Sol-
omon Islands samples collected in 1995 and 1996 and in 107 of
111 isolates from the Thai samples. These were compared
with the 5� recombinant types previously determined for Sol-
omon Islands isolates collected in 1994 (n � 84)26 and Van-
uatu isolates in 1996–1998 (n � 141).19

FIGURE 2. Location of study area. a, Solomon Islands and Vanuatu. The box shows Guadalcanal. b, Guadalcanal. The box shows the study area
in northern Guadalcanal. c, The three study areas A, B and C are shown by the circles.

LIMITED DIVERSITY OF THE P. FALCIPARUM MSP1 GENE 33



The 3� sequence type (block 17), nucleotide sequence of the
3� region of P. falciparum msp1, which encodes the C-terminal
19-kD polypeptide, was determined by direct sequencing. To
obtain a clear sequence, we selected only isolates with mono-
infections of a single 5� recombinant type, and excluded isolates
of multiple infections. The number of samples sequenced was 30
for the samples collected in 1994 from Guadalcanal, 47 for the
samples collected in 1995 and 1996 from Guadalcanal, and 48 for
the samples from Thailand. Because the number of mono-
infections was limited in our Thai samples (n � 4), it was in-
creased by diluting genomic DNA templates (20-fold). The pro-
cedures used for direct sequencing of block 17 are described
elsewhere.19 The PCR products coding for amino acid residues
from position 1637 to the C-terminus of MSP-1 (positions are
according to Miller and others9) were sequenced in both di-
rections using the BigDye Terminator Cycle Sequencing Kit
version 3.1 (Applied Biosystems, Foster City, CA) and an
ABI 3100 sequencer (Applied Biosystems, Foster City, CA).
Sequences were verified by re-sequencing PCR products in-
dependently amplified from the same DNA. To date, five
amino acid changes have been identified in block 17 in
samples obtained from various geographic areas (E or Q at
amino acid residue 1644, T or N at 1691, SR or NG at 1700–
1701, and L or F at 1716)21,28 (Figure 1). Hereafter, we refer
to combinations of these residues as the 3� sequence type.

Sequencing of pfcrt. Polymorphism at amino acid residues
72–76 in the second exon of pfcrt29 was determined for the
Solomon Islands isolates with mono-infection of a 5� recom-
binant type from samples collected in 1994 (n � 30) and
samples collected in 1995 and 1996 (n � 47). A DNA frag-
ment (468 basepairs) covering the second exon of pfcrt was
amplified using the method used above for msp1 with primers
CQF4 (5�-CAGATGGCTCACGTTTAGGTGGAGGT-3�)
and CQR4 (5�-TGTGTAATGTTTTATATTGGTAG-
GTGGA-3�), in a 50-�L reaction mixture containing 1 �L of
template genomic DNA. The PCR product was purified and
directly sequenced using CQF4 as a sequencing primer.

Statistical analyses. Frequency distributions of msp1 5� re-
combinant types, 3� sequence types, and msp1 haplotypes in
different parasite populations were compared using the chi-
square test with Yates’ correction for data sets less than 10
and Fisher’s exact test. Differences in the rate of multiple 5�
recombinant type infections were tested for significance using
Student’s t-test, and differences in the number of multiple 5�
recombinant types per person (i.e., multiplicity) were tested
for significance using a two-tailed Mann-Whitney U test. Pairs
of polymorphic blocks 2, 4a, 4b, and 6 and polymorphic sites
in block 17 were subjected to an R2 test to assess linkage
disequilibrium, as described elsewhere.21 Non-informative
pairs (frequency < 10% in a polymorphic block or nucleotide
site) were excluded from the R2 test. Significance of linkage
disequilibrium was assessed using an m × n chi-square test
and two-tailed Fisher’s exact probability test. The haplotype
diversity index (h) of msp1 haplotypes was calculated using
formula (8-5) of Nei30 h � {n/(n - 1)}x{1- �pi2} where p and
i are the frequency and number of msp1 haplotypes, respec-
tively. Variance (V) of h was calculated using the formula V
� {2/n(n - 1)}[2(n - 2){�pi3 - (�pi2)2} + �pi2 - (�pi2)2] that was
modified from formula (8-12) of Nei30 for a haploid genome.
A P value less than 0.05 was considered statistically signifi-
cant.

RESULTS

Diversity and multiplicity of 5� recombinant types (blocks
2–6). Our typing method can potentially differentiate be-
tween 24 distinct 5� recombinant types. Table 1 lists the dis-
tribution of 5� recombinant types of the Solomon Islands
samples collected in 1995 and 1996 and the Thai samples,
together with our previously published data for Solomon Is-
lands samples collected in 199426 and samples from Van-
uatu.19 The number of distinct 5� recombinant types found in
the Solomon Islands samples was 9 (n � 6 in 1994 and n �

TABLE 1
Prevalence of Plasmodium falciparum merozoite surface protein 1 (msp1) 5� recombinant types in the Solomon Islands in comparison with

Thailand and Vanuatu*

5� recombinant
type

Solomon Islands (1994)†
Area B

Solomon Islands (1995–1996)

Thailand Vanuatu‡Area A Area B Area C All

#1 KKKK 36 9 7 5 21 37 0
#2 MKKK 0 1 0 0 1 79 0
#3 RKKK 0 0 0 0 0 1 0

#13 KKKM 0 0 1 0 1 1 0
#14 MKKM 0 0 0 0 0 1 0
#15 RKKM 0 0 0 0 0 4 0
#16 KMKM 2 0 0 0 0 9 13
#17 MMKM 6 5 17 8 30 89 0
#18 RMKM 17 4 4 2 10 34 6
#20 MKMM 0 0 0 0 0 6 0
#21 RKMM 0 1 1 2 4 43 0
#22 KMMM 0 0 0 0 0 57 0
#23 MMMM 38 11 5 6 22 24 20
#24 RMMM 46 13 5 9 27 1 103

Total 145 44 40 32 116 386 142
Number of 5� recombinant types 6 7 7 6 8 14 4
Rate of multiple infection (%) 51/84 (60.7) 8/35 (22.9) 11/15 (44.0) 10/22 (45.5) 29/82 (35.4) 103/107 (96.3) 1/141 (0.7)
Mean number of 5� recombinant types 1.73 1.26 1.60 1.40 1.41 3.6 1.00–1.03§

* 5� recombinant types are defined as associations of allelic types in msp1 blocks 2, 4a, 4b, and 6. K, M, and R denote K1, MAD20, and RO33 allelic types, respectively. Ten 5� recombinant
types were not identified in any of the three geographic areas: #4, KMKK; #5, MMKK; #6, RMKK; #7, KKMK; #8, MKMK; #9, RKMK; #10, KMMK; #11, MMMK; #12, RMMK; #19, KKMM.

† Sakihama and others.26

‡ Sakihama and others.19

§ Range of values separately calculated for the four islands of Vanuatu studied.
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8 in 1995–1996), which is intermediate between the numbers
obtained from Thailand (n � 14) and Vanuatu (n � 4). Dis-
tribution of 5� recombinant types differed greatly among the
three geographic areas (Table 1) (P < 10−10 for all pairs com-
pared). These differences are due mainly to sharp contrasts in
frequencies of some 5� recombinant types; e.g., the frequency
of type 2 was 0.205, 0–0.023 and 0 in Thailand, the Solomon
Islands, and Vanuatu, respectively, and the frequency of type
24 was 0.003, 0.125–0.317, and 0.725 in Thailand, the Solomon
Islands, and Vanuatu, respectively. Five 5� recombinant types
(#3, #14, #15, #20, and #22) were found only in Thailand. The
prevalence of infections with multiple 5� recombinant types
varied considerably among the three geographic areas (Table
1). The rate of multiple 5� recombinant type infections in the
Solomon Islands was 23–61%, which is intermediate between
Thailand (96%) and Vanuatu (1%). All differences between
pairs of geographic areas were significant (P < 0.001). The
mean number of 5� recombinant types per person (i.e., mul-
tiplicity) in the Solomon Islands (1.4–1.7) was also interme-
diate between Thailand (3.6) and Vanuatu (1.0). The differ-
ences in multiplicity were highly significant (P < 10−4 for all
pairs).

In contrast to these results, distribution of 5� recombinant
types did not differ significantly among areas A, B and C in
Guadalcanal (Table 1), but differed significantly between
samples collected in 1994 and samples in 1995 and 1996 in
area B (P < 0.0005). This difference was due mainly to tem-
poral fluctuations of five major 5� recombinant types (#1, #17,
#18, #23, and #24) (Table 1). A slight variation in the preva-
lence of multiple 5� recombinant type infections was ob-
served. In the samples collected in 1995 and 1996, the rate of
multiple infections and multiplicity were higher in rural areas
(areas B and C) than in Honiara City: multiple infection rate
� 44–46% versus 23%, respectively; multiplicity � 1.4–1.6
versus 1.26, respectively. However, these differences were not
significant. In area B, there was temporal variation in multi-
plicity between the samples from 1994 and the samples from
1995 and 1996 (1.7 versus 1.4, respectively), but the difference
was not significant.

We examined effects of transmission season, host age, and
parasite density on msp1 diversity for samples (n � 35) col-
lected in area A (Honiara) in 1995 and 1996. The rate of
multiple infection and multiplicity were slightly higher in the
rainy season (n � 11) than in the dry season (n � 24): mul-
tiple infection rate � 27.3% versus 20.8%, respectively; mul-
tiplicity � 1.36 versus 1.25, respectively. However, these dif-
ferences were not significant. The multiple infection rate and
multiplicity did not differ significantly between subjects less
than 15 years of age and those at least 15 years of age (n � 15
and 20, respectively). There was no difference in multiple
infection rate or multiplicity between a parasite density of at
least 4,000 parasites/�L and a parasite density less than 4,000
parasites/�L (n � 17 and 18, respectively). Similar analysis
was not performed for populations in areas B and C because
of limited or biased distribution of samples among seasons,
ages, and parasite densities. In samples from area B collected
in January 1994 (rainy season), the multiple infection rate and
multiplicity did not differ significantly between subjects less
than 15 years of age and those at least 15 years old (n � 57
and 27, respectively).

3� sequence types (block 17). The Solomon Islands samples
contained all five previously reported nucleotide polymor-

phisms;21,28 and their sequence types were Q-KNG-L, Q-
KNG-F, E-KNG-L, and E-TSR-L (Table 2). All of these se-
quence types were also found in both Thailand and Vanuatu.
Distribution of these 3� sequence types differed greatly be-
tween the Solomon Islands and other areas: P < 10−6 and P <
10−10 for comparison with Thailand and Vanuatu, respec-
tively. In Guadalcanal, there was no significant difference in
distribution of 3� sequence types among areas A, B, and C or
between samples collected in 1994 and samples in 1995 and
1996. However, when samples were pooled to make two ma-
jor groups for the Fisher’s exact test, a significant difference
appeared between 1994 and 1995–1996 (P � 0.01).

Diversity of msp1 haplotypes. Among the Solomon Islands
samples, there were six distinct msp1 haplotypes in the 1994
samples and eight distinct msp1 haplotypes in the 1995–1996
samples (Table 2). These numbers are comparable to those
for Vanuatu (n � 6), but are much lower than those for
Thailand (n � 16). Haplotype diversity (h) of the Solomon
Islands populations (0.78–0.80) was intermediate between
those of Thailand (0.89) and Vanuatu (0.43–0.68). There were
marked differences in distribution of msp1 haplotypes among
the three geographic areas (P < 10−10) (Figure 3). Consis-
tently, of 19 distinct msp1 haplotypes observed in these areas,
only one haplotype (MMMM-ETSRL) was found in all areas.
The Solomon Islands populations shared four haplotypes with
Thailand and three haplotypes with Vanuatu. Only one hap-
lotype was shared by Thailand and Vanuatu. These distribu-
tions suggest that the Solomon Islands populations comprise
a transitional mixture between those of Thailand and Van-
uatu.

In Guadalcanal, distribution of msp1 haplotypes did not
significantly differ among areas A, B, and C, but differed
significantly between the 1994 samples and the 1995–1996
samples. This temporal difference is due largely to fluctua-
tions in frequencies of msp1 haplotypes in the two popula-
tions (Figure 3), similar to temporal fluctuations observed for
frequencies of some 5� recombinant types (Table 1).

Linkage disequilibrium in msp1. We analyzed linkage dis-
equilibrium for the Solomon Islands area A 1995–1996
samples (n � 27) and area B 1994 samples (n � 30). Of the
15 informative pairs within and between polymorphic blocks
2–6 and polymorphic nucleotides in block 17, only one pair
was not significant for both the Solomon Islands 1994 samples
and 1995–1996 samples (Figure 4), which indicated strong
linkage disequilibrium throughout the entire msp1 gene. In
contrast, the Thai population (n � 33) showed limited link-
age disequilibrium: 7 of 15 pairs were not significant.

Polymorphism in pfcrt. All of the Solomon Islands isolates
(n � 77) had an allele coding for SVMNT at residues 72–76
in the second exon of pfcrt; this is a Papua New Guinea-type
chloroquine-resistant allele of pfcrt.23 Recently, we reported
the monomorphic prevalence of this resistant type in all four
islands in Vanuatu,31 suggesting monomorphic prevalence of
the Papua New Guinea-type chloroquine-resistant pfcrt allele
in the southwestern Pacific.

DISCUSSION

Several genetic mechanisms are involved in the generation
of allelic diversity of P. falciparum genes: a point mutation
causing a single nucleotide polymorphism; an insertion/
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deletion of repetitive sequences, resulting in a repeat-length
polymorphism; and meiotic recombination that produces
novel alleles in progeny that differ from the parental alleles.
Repeat length polymorphism is a prominent feature of
P. falciparum antigen genes such as msp1, msp2, and glurp.
Accordingly, repeat sequences in those loci have been widely
used as polymorphic markers for genotyping of P. falci-
parum.32 Repeat length polymorphism is probably generated
by a mitotic replication slippage mechanism (slipped strand
mispairing),33 and is presumed to evolve rapidly.26,31 Unequal
crossing-over or gene conversion at meiosis may also be in-
volved in the generation of repeat length polymorphism. Di-
versity of msp1 haplotypes examined in the present study
is distinct from that of repeat length polymorphisms, and is
presumably generated by meiotic recombination in non-
repetitive sequences. The present method identifies re-
combinant types in the 5� region (block 2–6), sequence
types in the 3� regions (block 17), and msp1 haplotypes
(unique associations of 5� recombinant types and 3� sequence
types). Simultaneously, this method monitors the number
and distribution of 5� recombinant types in a parasite popu-
lation, and multiplicity of infections (the number of 5� recom-
binant types per person). In the present study, we analyzed
recombination-generated diversity of msp1 and multiplicity
of infections in a hyperendemic area in Guadalcanal, the Sol-
omon Islands, and compared them with those of mesoen-
demic areas in Thailand and Vanuatu. We selected these

geographic areas because all analysis of samples from these
areas was performed under the same experimental condi-
tions.

The diversity of 5� recombinant types and multiplicity of
infections in Guadalcanal P. falciparum populations were
lower than those of northwestern Thailand, despite the high
endemicity in Guadalcanal. It is generally believed that di-
versity and multiplicity of infection increase as transmission
frequency increases. Therefore, the present results are not
consistent with this presumed correlation. A similar discrep-
ancy has been reported in Papua New Guinea, where malaria
transmission is more intense than in Thailand but the diver-
sity of msp2 and multiplicity of infections are relatively low.34

The present results also indicate that linkage disequilibrium
within msp1 is greater in Guadalcanal than in Thailand. Link-
age disequilibrium may derive from clustering of particular
alleles. To avoid potential bias due to such clustering, we
selected samples only from a local population (area A 1995–
1996 samples and area B 1994 samples) and did not combine
populations from different areas of Guadalcanal. Neverthe-
less, we detected strong linkage disequilibrium in msp1, indi-
cating that limited recombination events are the most likely
cause of this linkage disequilibrium. Although the annual en-
tomologic inoculation rates (EIRs) of the present study areas
were not available, previous reports indicate that areas close
to area B have a very high EIR: 584–1,022 bites per person
per year,35 a level comparable with those of high-transmission

TABLE 2
Distribution of Plasmodium falciparum merozoite surface protein 1 (msp1) haplotypes in the Solomon Islands in comparison with Thailand

and Vanuatu*

5� recombinant type

3� sequence type
No. of msp1
haplotypes h ± SEQKNGL QKNGF EKNGL ETSRL Total

Solomon Islands (1994)
KKKK 10 0 0 0 10
MMKM 0 0 0 1 1
RMKM 0 0 0 5 5
MMMM 0 0 9 1 10
RMMM 0 0 0 4 4
Total 10 0 9 11 30 6 0.78 ± 0.04

Solomon Islands (1995–1996)
KKKK 9 0 0 0 9
MMKM 1 0 0 13 14
RMKM 0 0 0 1 1
MMMM 0 1 5 3 9
RMMM 0 0 0 14 14
Total 10 1 5 31 47 8 0.80 ± 0.03

Thailand
KKKK 2 0 0 0 2
MKKK 9 0 4 0 13
KMKM 0 0 0 1 1
MMKM 0 2 12 2 16
RMKM 0 0 3 0 3
RKMM 0 0 3 1† 4
KMMM 1 1 2 3 7
MMMM 0 0 1 1 2
Total 12 3 25 8 48 16 0.89 ± 0.03

Vanuatu‡
KMKM 0 0 13 0 13
RMKM 0 0 0 6 6
MMMM 0 0 0 19 19
RMMM 0 69 6 27 102
Total 0 69 19 52 140 6 0.43 ± 0.90–0.68 ± 0.07§

* msp1 haplotype is defined as an association between 5� recombinant type and 3� sequence type. See Materials and methods for details of 5� recombinant types and 3� sequence type.
† One isolate with ETSRL type.
‡ Sakihama and others.19

§ Range of h separately calculated for the four islands of Vanuatu studied.
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areas in Africa such as Tanzania.36 Thus, the question arises
as to why linkage disequilibrium is strong in a high-
transmission area. We have previously proposed that fre-
quency of transmission is not the sole determinant of the
strength of linkage disequilibrium in msp1, and that other
factors are also intimately involved.19 We suggest that at least
three variables are associated with linkage disequilibrium in
msp1: 1) the number of alleles prevalent in a local area, 2)
the rate of multiple allele infections, and 3) the number of
alleles per infection (multiplicity). Effects of those variables
were weak or relatively limited in the present samples from
Guadalcanal, compared with the samples from Thailand. This
suggests a low frequency of out-crossing, resulting in the ob-
served linkage disequilibrium in Guadalcanal. In addition to
the three variables, limited gametocyte production among the
asexual parasite populations may be added: infections in
Guadalcanal are in some way synchronized, so that gameto-
cyte production at any one time may be limited to one of the
asexual clones present, whereas in Thailand this is not the
case.

Since epidemiologic settings vary substantially between and
within geographic areas, a direct comparison of multiplicity of
infection must be cautious. Multiplicity tends to decrease with
age in areas highly endemic for malaria and it is lower in
asymptomatic carriers than in individuals with clinical ma-
laria.5,37 Age-dependent acquisition of strain-specific immu-

nity, which is mounted after repeated infections of different
genotypes, is considered to contribute to the reduction of
multiplicity. In contrast, in low-transmission areas multiplicity
does not always correlate with age or the presence of clinical
malaria. In the present study, isolates were collected from
both symptomatic patients and asymptomatic carriers. We
were unable to find a relative reduction of multiplicity of
msp1 5� recombinant types in asymptomatic partially-
immune adults in rural areas (areas B and C) in Guadalcanal
because our samples from rural villages were limited in num-
ber and had biased distribution among ages (primarily school
children) and parasite density. We therefore do not consider
that our results exclude the presence of age-dependent reduc-
tion of multiplicity in asymptomatic semi-immune carriers in
the Solomon Islands. Nevertheless, multiplicity in area A
(Honiara City) was significantly lower than in areas B and C.
Acquired strain-specific immunity might not be so intense to
significantly reduce multiplicity in areas B and C. Low mul-
tiplicity in area A, compared with areas B and C, may simply
be due to limited mosquito biting or relatively easy accessi-
bility to anti-malarial drugs. Our Thai samples were from
clinical cases, and thus are comparable with hospital samples
(area A) in Guadalcanal. Multiplicity in Thailand was signifi-
cantly higher than in Guadalcanal, despite a lower transmis-
sion level in Thailand. Samples from Vanuatu were from
asymptomatic carriers and thus comparable to those from

FIGURE 3. Frequency distribution of merozoite surface protein 1 (msp1) gene haplotypes in Plasmodium falciparum isolates from the Solomon
Islands, Thailand, and Vanuatu. The msp1 haplotypes, which are unique associations of 5� recombinant types and 3� sequence types, are indicated
along the x-axis.
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rural villages in Guadalcanal (areas B and C). Multiplicity in
Vanuatu was nearly 1.0 and significantly lower than in Guad-
alcanal, where transmission is more stable and higher than in
Vanuatu. These results indicate that the level of multiplicity
in the Solomon Islands was intermediate between Thailand
and Vanuatu, reinforcing the idea that multiplicity is not al-
ways associated with the intensity of malaria transmission.

The present study also showed temporal variation in the
distribution of msp1 haplotypes in area B in Guadalcanal
between the 1994 samples and the 1995–1996 samples. The
present finding that all isolates from the two populations have
the chloroquine-resistant pfcrt alleles indicates that a popu-
lation change due to chloroquine pressure is not responsible
for this temporal fluctuation. A possible explanation for this
fluctuation is that the area B 1994 samples and 1995–1996
samples were from different villages. However, for both the
1994 samples and 1995–1996 samples, we found no difference
in distribution of msp1 haplotypes among villages. Also,
within a single village (Tadhimboko in area B), the distribu-
tion differed significantly between 1994 samples and 1995–
1996 samples. Thus, there was a temporal change in distribu-
tion within area B. A previous study has shown considerable
temporal variation in distribution of msp1 5� recombinant
types in hypoendemic areas in Brazil.38 The temporal varia-
tion in Brazil may be due to migration of laborers. In addition
to such migration, strain-specific immunity to certain msp1
haplotypes may be involved in the temporal variation pres-
ently observed in the distribution in the Solomon Islands.
Studies of P. falciparum populations from Irian Jaya suggest
that strain-specific immunity is a factor in temporal variation
in frequency of msp2 alleles.39

In the present study, Guadalcanal P. falciparum popula-
tions did not exhibit seasonal change in the distribution of
msp1 5� recombinant types, the rate of multiple infections, or
multiplicity of infections. A clear seasonal variation in the
diversity of antigen genes and multiplicity has been observed
in low-transmission areas such as Sudan,40 where transmis-
sion ceases nearly completely during the dry season. In the
Solomon Islands, transmission of malaria is perennial, al-
though it decreases during the dry season. Therefore, a direct
comparison of seasonal changes in transmission cannot be
made between the Solomon Islands and Sudan. In a perennial
transmission area in Benin, reduced transmission had no sub-
stantial influence on the diversity of msp2 alleles or multiplic-
ity of infections.41 Thus, seasonal changes in malaria trans-
mission do not always affect the diversity of msp1 alleles and
multiplicity of infections in area with relatively high transmis-
sion.

The present study is the first to document the prevalence of
particular pfcrt alleles in the Solomon Islands. Plasmodium
falciparum populations in northern Guadalcanal exhibited
monomorphic prevalence of a Papua New Guinea type of
chloroquine-resistant pfcrt in both 1994 samples and 1995–
1996 samples. Chloroquine is the mainstay for treatment of
malaria and is effective against P. vivax malaria in the Solo-
mon Islands24 and Vanuatu.42 Thus, the persistence of chlo-
roquine pressure may be the cause of the monomorphic
prevalence of chloroquine-resistant pfcrt in the southwestern
Pacific.

In conclusion, the present study presents evidence that al-
lelic diversity of P. falciparum msp1 as measured by msp1
haplotypes is not entirely dependent on the intensity of trans-
mission. Populations from the Solomon Islands had signifi-
cantly lower diversity compared with that from Thailand with
a lower level of transmission. Linkage disequilibrium in msp1
was also significantly higher in the Solomon Islands compared
with Thailand. These findings indicate that frequency of re-
combination events in msp1 is determined not only by trans-
mission intensity but also by the number of msp1 alleles
prevalent in an area and multiplicity of infections.
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FIGURE 4. Linkage disequilibrium in the Plasmodium falciparum
merozoite surface protein 1 gene in populations from the Solomon
Islands (area A � 1995–1996; area B � 1994) and Thailand. Pairs of
polymorphic blocks 2, 4a, 4b, and 6, and three polymorphic residue
sites (Q/E, TSR/KNG, and L/F) in block 17 were subjected to the R2

test.
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