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INTRODUCTION 

The precursor to the major merozoite 
surface antigens of Plasmodium falciparum 
(MSPl, PMMSA, or ~190) is polymorphic 
in natural populations of the parasite (How- 
ard et al. 1986; Conway and McBride, 
1991), a fact which may compromise its po- 
tential as a vaccine against malaria (Holder, 
1988). Allelic polymorphism of the MSPI 
gene has been analysed by comparisons of 
DNA sequences from different parasite iso- 
lates and clones (Weber et al. 1986; Tanabe 
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et al. 1987; Peterson et al. 1988). Although 
certain domains of the’gene are highly con- 
served, other domains exist as one or the 
other of two essentially dimorphic se- 
quences, and most of the additional allelic 
polymorphism is a result of intragenic re- 
combination events at sites near the 5’ end 
of the sequence (Tanabe et al. 1987). Many 
different sequences could theoretically 
have been produced by recombination 
events between two parental alleles. Addi- 
tional allelic sequences presented in this pa- 
per support this conclusion. 

At the protein level, antigenic polymor- 
phism of MSPl has been demonstrated us- 
ing a panel of variant-specific MAbs (Mc- 
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Bride et al. 1985; Conway and McBride, 
1991). Approximate locations of certain 
polymorphic epitopes have been deter- 
mined, as some of the MAbs recognise fu- 
sion proteins encoded by fragments of the 
MSPI gene (Gentz et al. 1988; Frtih et al. 
1991), or naturally occurring processing 
fragments of the native protein (Howard et 
al. 1985; Lyon et al. 1987; Holder et al. 
1987; McBride and Heidrich, 1987; Holder, 
1988). An alternative approach is to identify 
sequence polymorphisms which correlate 
with serological differences among allelic 
types of the protein. In the present study, 
putative locations of different polymorphic 
epitopes are proposed on the basis of cor- 
relation with sequence polymorphisms. 

Finally, to determine the extent of re- 
combinational polymorphism in natural 
populations of P. falciparum, MSPl vari- 
ants from a large number of clinical isolates 
from The Gambia, Nigeria, and Brazil were 
serotyped for various polymorphic 
epitopes. A total of 39 different MSPl se- 
rotypes were identified among the wild par- 
asites. Nonrandom associations between 
epitopes on different domains of MSPI 
were revealed by statistical analyses. The 
associations suggest that, though intragenic 
recombinations do occur, strong intragenic 
disequilibria exist within MSPl in natural 
populations of P. falciparum. 

MATERIALSAND METHODS 

P. falciparum Genomic DNA Preparations 
P. fulciparum clones T9/96 and T9/101, expressing 

different MSPl serotypes (Thaithong et al. 1984; Mc- 
Bride et al. 1985) were obtained from the WHO Reg- 
istry of Standard Malaria Strains at Edinburgh Univer- 
sity. Frozen stabilates were thawed and cultured in 
vitro (Trager and Jensen, 1976) until schizonts were 
obtained at approximately 5% parasitaemia (in 5 ml of 
culture at 3% haematocrit). Erythrocytes were lysed in 
a 0.15% saponin solution in phosphate-buffered saline 
(PBS), and parasites pelleted and washed twice in PBS 
before being frozen at -70°C. A wild P. falciparum 
isolate GF88-160 was obtained from 10 ml of venous 
blood from a Gambian patient with 5% parasitaemia 
and cultured in vitro for 48 hr until mature schizonts 
developed. Schizont-infected erythrocytes were con- 

centrated by Plasmagel (Pasvol et al. 1978), washed 
twice in PBS, and frozen at - 70°C. 

Each parasite pellet was thawed and suspended in 
400 ~1 of 150 mM NaCl, 25 mM EDTA (pH 8.0) solu- 
tion; 10 p,l of 10% SDS solution and 10 p,l of 10 mg/ml 
Proteinase K (Sigma) solution were added before in- 
cubation at 37°C overnight. Proteins were removed us- 
ing phenol-chloroform (l:l), and DNA was ethanol 
precipitated before being redissolved in 10 mM Tris, I 
mM EDTA (pH 8.0) solution (Fenton et al. 1991). 

DNA Ampli’cation, Cloning, 
and Sequencing 
The polymerase chain reaction (PCR: Saiki et al. 

1985) was used to amplify a polymorphic region of the 
MSPl gene corresponding to base pairs 774-1087 of 
the coding sequence of the MAD20 allele (Tanabe et 
al. 1987). Synthetic 24-mer (5’-TGAAGGAAGTAA- 
GAAAACAATTGA-3’) and 28-mer (5’- 
TCTAATTCAAGTGGATCAGTAAATAAAC-3’) 
amplification primers corresponded to conserved 
flanking sequences. The amplification mixture con- 
tained 2 units of Taq DNA polymerase (Perkin Elmer 
Cetus), 100 ng of parasite genomic DNA, IO ul of a 1 
FM solution of each amplification primer, 2 pl of a 10 
mM solution of each dNTP, in a total volume of 100 ~1 
of 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM 
MgCl,, 0.01% gelatin (w/v). After initial DNA dena- 
turation at 95°C for 5 min the first 3 cycles of DNA 
amplification were performed using an annealing tem- 
perature of 45°C polymerisation at 70°C and denatur- 
ation at 92°C. The annealing temperature was set at 
40°C for the remaining 27 cycles in order to maximise 
the yield of product. 

The PCR product was fractionated in 1% agarose gel 
(in 40 mM Tris base, 19.7 mM acetic acid, 1 mM 
EDTA pH 8.0), and purified using the Geneclean kit 
(Bio 101 Inc.). The purified product was kinased and 
cloned into the SmaI site of phage Ml3 (mp18 or 
mp19). Recombinant phages were grown to produce 
single-stranded DNA template for sequencing by the 
dideoxy chain termination method (Sanger et al. 1977), 
using the Sequenase II kit (United States Biochemi- 
cals) with the universal primer. 

P. falciparum Schizont Antigen Slides for 
Immunofluorescence Typing 

P. falciparum isolates were obtained from 445 ma- 
laria patients in the Gambia in 1988 and 1989; 60 pa- 
tients in Ibadan, Nigeria in 1989; and 62 patients in the 
Amazon basin, Brazil, during 1983-1989. Blood, 0.3 
ml, was obtained from each patient by tingerprick or 
as part of a venous sample obtained for other studies, 
after consent, under approval from the appropriate 
government, scientific, and ethical committees. The 
heparinised blood was washed 3 times in sterile PBS, 
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and parasites were cultured (Trager and Jensen, 1976) 
for 24-48 hr until schizonts had matured. After wash- 
ing the cultured cells three times and resuspending at 
3% haematocrit in PBS, multispot slides were pre- 
pared with 20-~1 cell suspension per spot, were air 
dried (using a desiccator or a well air-conditioned 
room), and stored under desiccation at -20°C (Mc- 
Bride et al. 1984). Slides were also prepared from cul- 
ture-adapted clones and isolates (T9/96, T91101, 
MAD20, FC27, RO-33, Camp, Palo Alto, Kl and Well- 
come), obtained from the WHO Registry of Standard 
Malaria Strains, University of Edinburgh. 

Indirect Zmmunojlluorescence Typing with 
Monoclonal Antibodies 
Table 1 describes 19 MSPl specific murine mono- 

clonal antibodies (MAbs). Three MAbs recognised 
conserved epitopes and 16 recognised epitopes on 
polymorphic domains. Acetone-fixed schizonts of 
each isolate were first tested with the individual 
MAbs, using a FITC-conjugated rabbit anti-mouse IgG 
(ICN Immunobiologicals) to allow visualisation of pos- 
itively reacting parasites microscopically (McBride et 
al. 1985). Two-colour fluorescence analyses, using 
pairs of MAbs of different isotypes, and isotype- 
specific FITC- and RITC-conjugated second antibod- 
ies (Southern Biotechnology Associates Inc.) were 
performed to resolve the MSPl profile of the majority 
parasite clones within certain mixed isolated (Conway 
and McBride, 1991; Conway et al. 1991). 

Statistical Tests 
Associations between polymorphic epitopes on dif- 

ferent domains of MSPl were determined by x2 tests 
on 2 x 2 contingency tables, which contained the num- 
bers of parasite clones with both, neither, or either one 
of a given pair of epitopes. The analyses were per- 
formed separately for collections of parasites obtained 
from populations in The Gambia, Nigeria, and Brazil. 

RESULTS 

Nucleotide Sequences and Putative 
Intragenic Recombination Sites within a 
Region of the MSPl Gene 

Figure 1 compares nucleotide sequences 
of a PCR-amplified region of the MSPI 
gene from Thai parasite clones T9/96 and 
T9/101, and an uncloned Gambian isolate 
GF88-160 (containing only one MSPI sero- 
type), with the previously published 
MAD20 and Camp sequences (Weber et al. 
1986; Tanabe et al. 1987). 

Each of the three newly presented se- 

quences differs from those previously pub- 
lished, but each can be explained as a result 
of intragenic recombination events between 
parental sequences identical to the Camp 
and MAD20 sequences, except for two 
base pair differences. One of these differ- 
ences, thymidine at position 977 in the T9/ 
96 sequence, is previously undescribed in 
other MSPl alleles, and might conceivably 
represent a PCR misincorporation (four in- 
dependant clones, two forward strand and 
two reverse strand, were obtained and se- 
quenced from one PCR amplification mix). 
The T9/96 sequence is identical to Camp 
upstream of bp 860 and to MAD20 down- 
stream of bp 926 (bp 8-926 marked as 
recombination site 2 in Fig. 1). The T9/101 
sequence is identical to MAD20 upstream 
of bp 993 and to Camp downstream of bp 
999 (bp 993-999 marked as site 3). The 
GF88- 160 sequence is identical to Camp up- 
stream of bp 832 and to T9/101 downstream 
of bp 838 (bp 832-838 marked as site 1). 
Sites 1, 2, and 3 therefore mark putative 
sites of intragenic recombination. Site 3 is 
located in the variable domain 4 (Tanabe et 
al. 1987) which is of particular interest be- 
cause it shows for the first time that recom- 
binations can occur within variable do- 
mains rather than only between them 
(Peterson et al. 1988; Jongwutiwes et al. 
1991). 

Epitope Locations Deduced from 
Correlations between Amino Acid 
Sequences and Reactivities with MAbs 

Figure 2 compares deduced amino acid 
sequences of the T9/96, T9/101, and GF88- 
160 alleles to other published sequences of 
MSPl (covering a region corresponding to 
residues 113-362 of the MAD20 sequence, 
Tanabe et al. 1987). The sequences are cor- 
related to serological reactions of the allelic 
products with MAbs 9.5 or 13.2, and 12.1 or 
lO-2B. 

MSPl variants positive for epitope 12.1 
all share a 12 amino acid sequence (PL- 
PENKKKEVEG), while those positive for 
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FIG. 1. Nucleotide sequences of MSPl from clones T9/96 and T9/101 and an uncloned isolate 
GF88-160 show previously undescribed intragenic recombination within a region corresponding to 
base pairs 7741087 of the MAD20 coding sequence (Tanabe et al. 1987). Nucleotide differences in the 
CAMP (Weber et al. 1986) and MAD20 sequences are shown for comparison. The T9/96 sequence is 
shown in full together with differences in the other sequences; identities are shown as (.) and deletions 
as (-). Horizontal bars 1 to 3 indicate regions containing putative recombination sites. An asterisk 

marks the position at which the T9/96 sequence contains a previously undescribed nucleotide substi- 
tution. 

the alternative epitope lo-2B share an alter- Parasites negative for both epitopes are 
native 11 amino acid sequence (TLLD- rare, and the single example which has 
KNKKIEE). The putative linear epitopes been sequenced, RO-33, has a third alter- 
12.1 and lo-2B are shown boxed in Fig. 2. native sequence in the corresponding re- 
Of more than 550 P. fulciparum isolates gion. 
tested, no parasites have been seen to be Epitopes 13.2 and 9.5 are also mutually 
positive for both these alternative epitopes. exclusive. Parasites positive for epitope 
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FIG. 2. Correlations between amino acid sequences and monoclonal antibody serology for a poly- 
morphic region of MSPI in 10 P. fulciparum clones and isolates. Putative epitope determinants are 
shown boxed. References to published sequences: MAD20, Tanabe et al. 1987; FC27, Peterson et al. 
1988; RO-33, Certa et al. 1987; Camp, Weber et al. 1986; Palo Alto, Chang et al. 1988; Kl, Mackay 
et al.. 1985;Wellcome, Holder et al. 1985. 
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13.2 have glutamate at residue 287 (num- 
bered according to the MAD20 sequence), 
while those positive for the alternative 
epitope 9.5 have glutamine at residue 287. 
However, the sequence from isolate GF88- 
160, which is negative for both 13.2 and 9.5, 
also has glutamine at this residue. There- 
fore, the 9.5 epitope cannot be explained by 
this residue alone. The 9.5 epitope may be 
conformational, requiring glutamine in this 
position as a part of the epitope. Residue 
127, upstream of the region cloned and se- 
quenced here, could also be important for 
the epitope, since parasites positive for 9.5 
have glutamine and those positive for 13.2 
have arginine (Fig. 2). 

Figure 2 also summarises antigenic con- 
sequences of the recombination events 
within the region (Fig. 1). For example, the 
different epitope combinations of the T9/96 

and T9/101 proteins (13.2+ 12.1+, and 
9.5 + lo-2B + , respectively) can be seen as 
the results of recombination events be- 
tween the MAD20 (9.5 + 12.1-t) and Camp 
(13.2+ lo-2B+) sequences. 

Figure 3 schematically illustrates the ap- 
proximate locations of the above epitopes, 
as well as other epitopes which are used 
below to characterise allelic serotypes of 
MSPI on parasites from clinical isolates. 

Allelic Serotypes of MSPl in Endemic 
Populations of P. falciparum 

MSPl serotypes of parasites in clinical 
isolates of P. falciparum were defined as 
different combinations of polymorphic 
epitopes described in Table 1 and Fig. 3. 
Many isolates contained more than one P. 
falciparum clone and in such isolates the 
MSPl serotype of the majority clone was 

TABLE I 
Summary of Specificities of Monoclonal Antibodies against MSPl 

Antibody 

9.8-4-4-l 
12.4-3-4 
12.8-2 
12.2-1-1 
3D3.10 
9.5-1-5-l 
13.2-3 
12.1-5-4 
lo-2B 
9.2-6-2 
9.7-1 
10.3-2 
1-1c 
7.3-7 
34-5 
6.1-l-3 
13.1-2 
17.1-3 
111.4 

Reciprocal 
dilution 
for IFA 

1000 
500 

1000 
2000 
1000 
500 

2000 
2000 
2000 
2000 
500 
500 
500 

1000 
undiluted 

500 
2000 
2000 
1000 

Isotype 

IgGl 
IgGl 
IgG2b 
IgGl 
IgG2b 
IgG2b 
IgGl 
IgGl 
IgG2a 
IgGl 
IgGl 
IgGl 
IgGl 
IgG2a 
IgGl 
IgGl 
IgGl 
IgGl 
IgGl 

Epitope and location Reference 

*conserved conformational 2,3 
*conserved conformational 2,3 
*conserved block 16-17, 16 K fragment 3 
polymorphic block 2 repeats l-3 
polymorphic block 2 repeats 6 
polymorphic 80 K fragment l-3 
polymorphic 80 K fragment 3 
polymorphic block 4, 80 K fragment l-3,8, Fig. 2 
polymorphic block 4, 80 K fragment 4, Fig. 2 
tdimorphic block 12-14 l-3,8 
tdimorphic conformational 1-3 
tdimorphic conformational 1-3 
Sdimorphic 80 K fragment 4 
Sdimorphic conformational 1-3 
Sdimorphic 36 K fragment 5 
Sdimorphic block 16, 40 K fragment l-3,8 
Sdimorphic block 16, 40 K fragment l-3,8 
Sdimorphic block 16, 40 K fragment l-3,8 
polymorphic block 16-17, 16 K fragment 7 

Note. In this study, serological epitopes of MSPl are referred to by the same code numbers as the mAbs which 
identify them. Epitopes marked * are conserved among all isolates. Polymorphic epitopes marked by identical 
symbols (t or $) exhibit identical allelic distributions. Sequence block numbers are as proposed by Tanabe et al. 
(1987). Locations of MSPl epitopes are shown schematically in Fig. 1. References: 1. McBride et al. 1984. 2. 
McBride et al. 1985.3. McBride and Heidrich 1987, and unpublished. 4. Howard et al. 1985.5. Gentz et al. 1988. 
6. Lyon et al. 1987. 7. Holder et al. 1985. 8. Friih et al. 1991. 
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12 3 45 6 78 9 10 1112 13 14 15 16 17 

Domain 

FIG. 3. Alternative epitope specificities at different domains of MSPl are shown boxed. MSPl 
sequence polymorphism is shown schematically divided into 17 domains or “blocks,” according to 
Tanabe et al. (1987). Unshaded blocks are the least polymorphic, hatched blocks are more so, and 
solid blocks are most polymorphic. The locations of epitopes 12.1, 10-2B, 13.2, and 9.5 are discussed 
in the text. The approximate locations of the other epitopes are listed in Table 1. 

accurately resolved by two-colour immuno- 
fluorescence (the minority clones were not 
included in the present analysis). 

Figure 4 shows the frequencies of 39 dif- 
ferent MSPl serotypes identified in The 
Gambia, Nigeria, and Brazil. It is assumed 
that each different serotype represents a 
different allelic form of MSPl , since the an- 
tigen is encoded by a single locus in the 
haploid genome of the blood stages (Tanabe 
ef al. 1987) and parasite clones retain their 
serotype identity during long-term in vitro 
culture (McBride et al. 1985) and on trans- 
mission through the mosquito vector (Wal- 
liker et al. 1987). 

Nonrandom Associations between 
Polymorphic Epitopes of MSPl 

Certain pairs of epitopes are mutually ex- 
clusive, never occurring together on the 
same parasite. This is expected for epitopes 
determined by alternative variant se- 
quences, e.g., 12.1 and IO-2B (domain 4). 
Different combinations among epitopes on 
domain3(13.2or9.5)anddomain4(12.1 or 
lo-2B) have been shown to be due to intra- 
genie recombination between these do- 
mains (as detailed above). Similarly, 
epitopes 12.2 and 3D3 (both on domain 2) 
are not mutually exclusive, being detected 

either singly or together on the same para- 
site (Fig. 4). The different combinations of 
epitopes within domain 2 suggest that intra- 
genie recombination events within domain 
2 gave rise to recombinant proteins. In con- 
trast, all epitopes on domains 616 (Figure 
3) grouped into only two distinct alternative 
specificities, suggesting that there has been 
no intragenic recombination in the corre- 
sponding portion.of the sequence (epitopes 
6.1, 13.1, 17.1, 7.3, 1-IC, and 34-5 ex- 
pressed by the Kl/Wellcome type, and 
epitopes 9.2,9.7, and 10.3 expressed by the 
MAD20 type). 

x2 tests revealed nonrandom associations 
between epitopes on different domains sep- 
arated by known sites of intragenic recom- 
bination. Figure 5 summarises the signifi- 
cant positive and negative associations be- 
tween epitopes on different domains of 
MSPl in The Gambia, Nigeria, and Brazil. 
For example, epitope 13.2 occurred more 
frequently together with epitope lo-2B, 
while epitope 9.5 occurred more frequently 
with epitope 12.1. The absence of a signif- 
icant association between epitopes 13.2 and 
lo-2B in Brazil (in contrast with The Gam- 
bia and Nigeria) may be due to the fact that 
only 28 of the Brazilian isolates were tested 
for lo-2B, so the statistical power of the x2 
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FIG. 5. Summary of statistical associations between 
epitopes at different domains of MSPl, among para- 
sites sampled from The Gambia, Nigeria, and Brazil. 
Epitopes depicted as boxes are joined by lines indicat- 
ing a statistically significant nonrandom association. A 
solid line indicates a positive association, and a broken 
line a negative association. x2 p values were all 
<0.005, except for 12.2 vs 12.1 and lo-2B vs 9.5 in 
Nigeria (P < 0.01); lO-2B vs 111.4 and 9.5 vs 12.1 in 
Nigeria; and 9.5 vs 12.1 in Brazil (P C 0.05). Epitope 
12.2 was rare in Brazil and therefore not included in 
statistical analyses for that country. 

test was lower. Most of the statistical asso- 
ciations were similar in the three countries, 
with no association being reversed (from 
positive to negative, or vice versa) in one 

country compared to another. Interest- 
ingly, a positive association between 
epitopes 12.1 (domain 4) and 111.4 (domain 
16/17) was observed only in Brazil. 

The large number of significant associa- 
tions between epitopes on different do- 
mains indicates that, despite the occur- 
rence of intragenic recombination between 
these domains, recombinant alleles do not 
exist at equilibrium frequencies in natural 
populations. Mechanisms to explain this 
are considered under Discussion. 

Epitopes on domains 6-16 were excluded 
from the x2 analyses, since one of the two 
alternative variants (Kl/Wellcome recog- 
nised by MAbs 6.1, 13.1, 17.1, 7.3, 1-lC, 
and 34-5) was present at such a low fre- 
quency in each of the countries that the 
analysis would be invalid. However, the 21 
isolates containing such parasites all had an 
identical profile of epitopes at the other do- 
mains (serotype 52 in Fig. 4). This was in 
marked contrast with parasites with the 
other form of domains 6-16 (MAD20 recog- 
nised by MAbs 9.2, 9.7, and 10.3), which 
exhibited a very high diversity of epitope 
combinations at other domains (the remain- 
ing 38 different serotypes, Fig. 4). 

DISCUSSION 

Three sites of intragenic recombination 
toward the 5’ end of the MSPl gene are 
proposed here to explain the newly de- 
scribed allelic sequences, in addition to 
sites proposed by Tanabe et al. (1987). This 
confirms and extends the evidence for a 

FIG. 4. MSPl allelic serotype frequencies in The Gambia, Nigeria, and Brazil. Each serotype is 
defined by a unique combination of polymorphic epitopes shown at the bottom of the figure. Certain 
epitope combinations have never been observed (e.g., types 17, 18, 19, and 21, etc.). Combinations of 
known epitopes on domain 2 are summarized as follows: a = 3D3+, 12.2+; B = 3D3+, 12.2-; y = 
3D33, 12.2+; 6 = 3D33, 12.22. Epitopes I-lC, 7.3, 13.1, and 17.1, which were tested for on all 
Nigerian and Gambian isolates, and epitope 34-5 tested for on only Gambian isolates, showed identical 
serotype specificity to epitope 6.1 and are omitted from the figure for the sake of clarity. The Brazilian 
isolates were not tested with MAbs 9.7 or 10.3, and only 28 of the 62 Brazilian isolates were tested with 
MAb lo-2B, although ah those negative for MAb 12.1 are shown here as “10-2B + .” Two isolates in 
Nigeria contained a rare phenotype 12.1-, lo-2B-, otherwise similar to serotype 20 or 28, and one 
Gambian isolate contained the phenotype 12.1-, lO-2B-, otherwise similar to serotype 5 or 13 (not 
included in the figure). 
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clustering of recombination sites within a 
relatively short 5’ region of the gene (cov- 
ering less than 20% of the total sequence), 
discussed by Peterson et al. (1988). 

Location of epitope determinants by se- 
quence-serology correlations has been pre- 
viously undertaken for chicken lysozyme c 
(Smith-Gill et al. 1982), murine MHC anti- 
gens (Landais et al. 1985), and the HLA- 
DR, -DQ, and -DP loci (Bugawan et al. 
1988; Horn et al. 1988; Marsh and Bodmer, 
1989). The approach has proved useful for 
linear epitopes, although there is a potential 
complication if a critical conformational 
change in an epitope is determined by an 
amino acid substitution remote from the 
epitope site (White et al. 1978). 

Here, comparisons of allelic sequences 
within a polymorphic region of MSPl ex- 
plain the observed alternate reactivities of 
MAbs 12.1 and 10.2B, and the likely posi- 
tion of the epitopes has been deduced 
(amino acids 334-345 in domain 4, accord- 
ing to the scheme of Tanabe et al. 1987). 
Similarly, amino acids 127 and/or 287 in do- 
main 3 may determine another pair of alter- 
nate epitopes, 13.2 and 9.5. The present 
analysis has also shown clearly that intra- 
genie recombinations can be identified se- 
rologically as combinations of the respec- 
tive epitopes. 

If recombination events occur frequently 
within the MSPl gene, and the recombinant 
proteins are not under differential selec- 
tion, then polymorphic epitopes at different 
domains of the gene would be expected to 
assort randomly and the combinations exist 
at equilibrium frequencies in natural popu- 
lations. However, the existence of strong 
nonrandom associations between epitopes 
on different domains shows that intragenic 
recombinants are not at equilibrium fre- 
quencies. Most notably, parasites with one 
of the two types of domains 6-16 (KU 
Wellcome) all had an identical combination 
of epitopes at the other domains. Such non- 
random associations could arise by either 
of the following mechanisms. 

First, if intragenic recombination is a rare 

event, random allelic frequency changes in 
natural populations could explain the ob- 
served disequilibria between polymorphic 
domains of MSPl. Although there are sev- 
eral recombination sites within the MSPl 
gene, it does not follow that recombination 
at these sites has occurred frequently. It is 
known that in P. falciparum populations, 
intergenic recombinations between un- 
linked loci occur frequently at meiosis 
(Walliker et al. 1987; Conway and McBride 
1991), but intragenic recombination events 
are likely to be much less frequent. To ob- 
tain an estimate of the frequency of such 
events would require extensive analyses of 
the MSPl gene from progeny of a number 
of experimental crosses of the parasite. 

Second, it is conceivable that recombi- 
nant alleles differ in “fitness,” and thus 
may differ in frequency, generating intra- 
genie disequilibria even if intragenic recom- 
bination is a frequent event. The observed 
similarities between the epitope associa- 
tions in three geographically separate para- 
site populations suggest that unknown se- 
lective factors might consistently operate in 
favour of particular recombinant alleles. 
Since the function of MSPl is unknown, 
mechanisms whereby particular alleles 
might have a selective advantage must re- 
main conjectural at this time. 

Tanabe et al. (1987) speculated that poly- 
morphism of MSPl may be related to rec- 
ognition of different erythrocyte surface re- 
ceptors. P. falciparum isolates differ in 
their ability to invade glycophorin-deficient 
or sialic acid-deficient red blood cells in 
vitro (Mitchell et al. 1986; Hadley et al. 
1987; Perkins and Holt 1988), but whether 
this ability is linked to MSPl polymorphism 
has not been investigated (Perkins 1989). 
Alternatively, since MSPl can induce a 
protective antiparasite immunity (Pert-in et 
al. 1984; Hall et al. 1984; Siddiqui et al. 
1987), it is possible that some of the allelic 
polymorphism is selectively maintained by 
acquired variant-specific immunity. 

Future studies are required to indicate 
whether the clustering of intragenic recom- 
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bination sites, and the observed disequilib- 
ria between polymorphic domains of 
MSPl, are a result of selective constraints 
on the protein. 
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