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DNA sequences of alleles at the merozoite surface antigen- 1 (MSA- 1) gene locus 

of the malaria parasite zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPlasmodium falciparum show evidence of repeated past 

recombination events between alleles. These include both ( 1) nonreciprocal re- 

combination events that have homogenized certain gene regions among alleles and 

(2) reciprocal recombination events that have combined allelic segments with di- 

vergent evolutionary histories, thereby enhancing allelic diversity. In three different 

gene regions, the rate of nonsynonymous nucleotide substitution significantly ex- 

ceeds that of synonymous nucleotide substitution, implying that positive Darwinian 

selection has acted to diversify alleles at the amino acid level. The MSA-1 poly- 

morphism seems to be quite ancient; the two major allelic types have been main- 

tained for -35 Myr. 

Introduction 

The immune system of vertebrates, which is adapted to recognize foreign proteins, 

is expected to exert natural selection on parasitic organisms favoring avoidance of 

immune recognition (Sher 1988; Capron and Dessaint 1989). In the case of the human 

malaria parasite Plasmodium fulciparum, there is evidence of such selection at the 

molecular level. Epitopes of the circumsporozoite (CS) protein which are known to 

be bound by host major-histocompatibility-complex (MHC) molecules and recognized 

by T-cell receptors (TCR) show an accelerated rate of nonsynonymous nucleotide 

substitution (Hughes 199 la). The CS protein is a major surface protein of the spo- 

rozoite, the stage of the malaria parasite that infects the vertebrate host. After infection, 

the sporozoites migrate to liver cells, where they mature and divide mitotically, even- 

tually releasing merozoites into the bloodstream. The merozoites in turn invade eryth- 

rocytes, and, after several cell divisions, release further merozoites (Mahmoud 1989 ). 

Reasoning that merozoite surface proteins may be subject to selective pressures similar 

to those affecting the CS protein, I here analyze published DNA sequences of alleles 

at the merozoite surface antigen- 1 (MSA- 1) locus in P. fulcipurum. 

I test for evidence of positive selection by comparing rates of synonymous and 

nonsynonymous nucleotide substitution (Hughes and Nei 1988). Since Tanabe et al. 

( 1987) proposed that recombination has occurred among alleles at this locus, I also 

test for evidence of interallelic recombination and examine the interaction between 
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382 Hughes 

recombination and selection in generating and maintaining allelic polymorphism at 

this locus. 

DNA Sequences Analyzed 

MSA- 1 (also known as major merozoite protein, p 190, and p 195 ) of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPlusmodium 

fulciparum is encoded by a single polymorphic locus (Tanabe et al. 1987). The gene 

consists of a single open reading frame, the length of which can vary considerably 

among alleles. Four complete and two partial DNA sequences of MSA-1 genes were 

obtained from the GenBank DNA sequence data base. The following allelic desig- 

nations were used (GenBank accession number and reference are in parentheses): 

(l)M(complete)(X02919;Holderetal. 1985),(2)PA(complete)(X15063;Myler 

1989), (3) Kl (complete) (X03371; Stunnenbergand Bujard 1985), (4) MAD(com- 

plete) (X05624; Tanabe et al. 1987), (5) CAM (partial) (X0383 1; Weber et al. 1986), 

and (6) RO (partial) (YOO087; Certa et al. 1987). 

Tanabe et al. ( 1987 ) divided P. falciparum MSA- 1 alleles into two groups on the 

basis of sequence similarity. (The division between these groups is most pronounced 

in an extensive region of the gene designated “region 6” below.) On the basis of their 

classification, M, PA, and Kl belong to group I; and MAD, CAM, and RO belong to 

group II. In the most polymorphic region of MSA- 1 alleles, which includes a repeated 

tripeptide motif, RO along with certain other alleles partially amplified by the poly- 

merase chain reaction (Kimura et al. 1990) differs markedly from both group I and 

group II. However, outside this region, RO tends to resemble group II alleles and is 

here classified with them to simplify presentation of data. 

The deduced amino acid sequences of these alleles were aligned by Gotoh’s ( 1987 ) 

method. When the alignment postulated a gap, the corresponding codon was excluded 

from all DNA sequence comparisons so that a comparable data set was used in all 

pairwise comparisons. On the basis of preliminary examination of the DNA sequences, 

each sequence was divided into 11 regions (fig. 1). These regions were identified by 

the following methods: ( 1) The signal peptide and the region of tripeptide repeats 

were identified on the basis of previous literature (Tanabe et al. 1987; Kimura et al. 

1990). ( 2) Stephens’s ( 1985 ) method for identifying clustered partitions of polymorphic 

sites was used to locate potential regions of interallelic recombination. (3) Preliminary 

comparisons of rates of nucleotide substitution in different regions were used to identify 

regions with unique characteristics at the level of DNA sequence. The regions were 

classified as 5’ regions (regions l-7 ), for which sequence was available for all six 

alleles, and 3’ regions (regions 8- 11)) for which sequence was available for all group 

I alleles but only for MAD among group II alleles (fig. 1). 

Results 

Recombination in 5’ Regions 

To understand the evolutionary relationships among MSA- 1 alleles, I computed 

the number of synonymous ( ds) and nonsynonymous ( dN) nucleotide substitutions 

per site in each 5’ region for all pairwise comparisons among alleles, by using Nei and 

Gojobori’s ( 1986) method. Mean ds and mean dN were computed for comparisons 

within and between the two allelic groups, and their standard errors ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASEs) were esti- 

mated by Nei and Jin’s ( 1989 ) method (table 1) . Differences in the pattern of ds and 

dN between regions provide evidence of recombination. Because purifying selection 

can cause similarity at nonsynonymous sites, and because shared G+C content bias 

can cause similarity at synonymous sites (Wolfe et al. 1989)) it is important to examine 
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Table 1 

Mean ds + SE and Mean dN + SE, in Comparisons of 5’ Regions of MSA-1 Gene Alleles 

REGION 4 

GROUP I (3) 

ds 

GROUP 11 (3) GROUP 1 VS. GROUP 11 (9) 

& 4 & 

1 0.0 f 0.0 0.0 f 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + o.ottt 0.0 + o.ottt 
2 1.5 f 1.9 0.8 * 0.4 6.1 + 2.lt.f 3.7 + o.stT$.j 7.5 f Z.lyyf 2.8 + 0.6*st-ft 

3 12.8 f 5.1ttt 50.9 f s.9***qtt 30.4 f 8.6ttt 83.5 f 10.7***sttT# 10.8 f 3.9ttt 56.5 + 7.2*+* 

4 ,.... 0.0 + 0.0 0.0 * 0.0 0.0 + 0.0 0.5 f 0.5 0.0 f o.ottt 6.5 f 2. I**-ttt 

5 0.0 f 0.0 0.8 zk 0.6 12.8 f 5.lt 2 1.6 + 3.3ttT$$$ 8.5 f 3.0ttt 16.5 f 2.7*-ttt 

6 .._._ 0.0 f 0.0 0.1 * 0.1 0.3 f 0.2 0.8 f 0.2$$ 63.6 f 6.0 46.0 f 2.2** 

7 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 f 0.0 14.2 + 7.3ttt 10.5 f 2.9ttt 

NOTE.-Numbers in parentheses are number of comparisons. Tests of significance of difference between ds and d,: * = P i 0.05; l * = P < 0.0 I ; and *** = P -C 0.001. Tests of significance of 

difference between value of either ds or dN and corresponding value for region 6: t = P < 0.05; tt = P < 0.01: and ttt = P < 0.001. Tests of significance of difference between value of either ds or 

dN in comparisons among group II alleles and corresponding value among group I alleles: $ = P < 0.05; $$ = P-c 0.01; and $$$ = P < 0.001. 
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12 23 

MKIIFFLCSFLFFIINTQCIVTHESYQELVKKLEALEDAVLTCYSLFPiCEKMnINEGTSGTAVTTSTPGSSGSVT 

32 

SGGSVASVASVASGGSGGSVASGGSGNSRRTNPSDNSISDSNTKTYADLKHRVQNYLFTIKELKYPELFDLTNHNL 

TLSKNVDGFKYLIDGYEEINELLYKLNFYYDLLR ACANSYCQIPFNLKIRANRLDVLKKIVFGYRKPLD~, 

4 

IKDNVGICHEDYIKKNKTTIANINELIEGSKKTIDQNKNAI 

45 56 

DTLKKNENIIKKLLEDIDKIKTDAENPTTGSKPNPLPENKKKEVEGHEIEKIKEIAKTIKFNIDSLFTDPLELEYY 

LREKNKKVDVTPKSQDPTKSVQIPKVPYPNCIWPLPLTDI 

THSANASLEVSDIVKLQVQKVLLIKKIEDLRKIELPLICNAQLKDSIHVPNIYKPQNKPEPYYLIVLKKEMKIJCEF 

IPKVKDMCKKEQAVLSSITQPLVAASETTEDCCHSTHTLSQSGETEVTEETEVTEETVITLPPKEESAP 

SATHSNSQNQQSNASSTNTQNGVAVSSGPA~ES~PL~SISNDLKGIVSLLNLGNKTKVPNPLTISTTEMEK 

67 

FYENILKNNDTYFNDDIKQFSNSKVITGLTETQKNAILNDEIKKLKDTLQLSFDLYNKYKCKLDRLFNKKKELG 

70 

QDKMQIKKLTLLKEQLESK~SLNNPHNVLQNFSVFFNKKKEAEIAETENTLENTKILLKHYKGLVKYYNGESSP 

a9 

LKTLSEVSIQTEDNYANLEKPRALSKIDGKLNDNLHLGKKKLSnSSGLHHLITELXEVIKNKNYTGNSPSIENNK 

KVNEALKSYENFFPEAKVTTPPQPDVTPSPLSVRVSGSLQNYDEEDDS 

LVVLPIFGESEDNDEYLDQWTGEAISVTMDNILSGFENEYDVIYLKPLAGWRSLKKQIEKNIITFNLNLNDILN 

SRLKKRKYFLDVLESDLMQFKHISSNEYIIEDSFKLLNSEQKNILLKSYKYIKESVENDIKFAQEGISYYEKVLAK 

YKDDLESIKKVIKEEKEKFPSSPPTTPPSPAKTDEQKKESKFLPFLTNIETLYNNLVNKIDDYLINLKAKINDCNV 

9 10 

EKDEAHVKITKLSDLKAIDDKIDLFKNTNDFEAIKKCINDDT~~G~LSTGLVQ/IFPNTIISKLIEGKFQDH 

10 11 

LNISQHQCVKKQCPENSGCFRHLDEREECKCLLNYKQEGDKCEENPNPITCNENNGGCDADATCTEEDSGSSRKKI 

TCECTKPDSYPLFDGIFCSSSNFLGISFLLILMLILYSFI 

FIG. 1 .-Amino acid sequence of MESA-1 allele MAD, indicating regions analyzed separately. The 5’ 

regions are as follows (numbers of aligned codons are given in parentheses): 1 = the portion of the gene 

encoding the signal peptide ( 18 codons); 2 = the 5’ region of the gene surrounding the region of tripeptide 

repeats ( 147 codons); 3 = the tripeptide repeat region (49 codons); 4 = a short region in which group I 

alleles are identical to group II alleles at synonymous nucleotide sites but not at nonsynonymous nucleotide 

sites (see below) (54 codons); 5 = a region in which the group II allele CAM is identical to certain group I 

alleles (64 codons); 6 = an extensive region in which group I and group II alleles are highly divergent from 

each other and in which there is no evidence of recombination between the two groups of alleles (628 

codons); and 7 = a region in which group I alleles are rather similar to group II alleles (58 codons). The 3’ 

regions (in which MAD is the only group II allele for which data are available) are as follows: 8 = a region 

in which, as in region 7, MAD is very similar to group I alleles ( 125 codons); 9 = a region in which MAD 

is very divergent from group I alleles (332 codons); 10 = a short region in which the group I allele PA is 

divergent from other group 1 alleles and resembles MAD (59 codons); and 11 = a region in which MAD 

is highly similar to group I alleles (74 codons). 
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Plasmodium MSA-1 385 

both synonymous and nonsynonymous sites when testing for recombination 

(Hughes 1991b). 

The results (table 1) reveal striking differences among the 5’ regions. For example, 

group I alleles are far more divergent from group II alleles at both synonymous and 

nonsynonymous sites in certain regions (especially region 6) than they are in others. 

Thus, relatively recent events of nonreciprocal recombination have apparently ho- 

mogenized the two groups in certain regions. Regions 1 and 4 seem to have been 

homogenized by quite recent events, since the two groups are very similar in these 

regions. Regions 2, 5, and 7 seem to have been homogenized by somewhat more 

distant events. Still, groups I and II are significantly closer at both synonymous and 

nonsynonymous sites in these latter three regions than they are in region 6 (table 1). 

In region 3, which contains the tripeptide repeats, the aligned codons are highly 

divergent both within and between the two groups of alleles (table 1). The explanation 

for this pattern appears to be a reciprocal recombination between groups I and II in 

this region. In a phylogenetic tree of region 3 sequences, the group II allele MAD 

clustered with the group I alleles M and PA, whereas the group I allele Kl clustered 

with the group II allele CAM (fig. 2A). At synonymous sites in aligned codons in this 

region, Kl is identical to CAM, and at nonsynonymous sites these two genes are only 

about as divergent from each other as are MAD and PA (table 2). On the other hand, 

in a phylogenetic tree based on region 6 (fig. 2B), group I alleles and group II alleles 

form sharply separated clusters. 

In the phylogenetic tree based on d in region 3, RO does not cluster with either 

group I or group II alleles (fig. 2A). At nonsynonymous sites in particular, region 3 

2 M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIPAI 

rMAD 

3 Kl 

c CAM 

B M 

1 PA 

1 Kl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

C NF54 

768 

4, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 T4 F 

WEL 

LE5 

,y c 

F- 1 
L 

B 

0 0.1 0.2 0.3 

d 

FIG. 2.-Phylogenetic trees constructed by neighbor-joining method (Saitou and Nei 1987), based on 

d(d) (Jukes and Cantor 1969). A, Tree for region 3 of MSA-1 alleles. The lengths of branches l-2 (0.252 

+ 0.063) and l-3 (0.266 + 0.065) are significantly different from zero, at the 0.1% level [method of Li 

( 1989)]. B, Tree for region 6 of MSA-1 alleles. The length of branch 1-2 (0.522 f 0.023) is significantly 

different from zero, at the 1% level. C, Tree for nonrepeat region ( 143 aligned codons) of CS protein gene 

alleles for two zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPlasmodium species: P. falciparum (F) and P. cynomolgi (C). 
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386 Hughes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Table 2 

Mean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAds 5 SE (below Diagonal) and Mean dN + SE (above Diagonal), 

in Pairwise Comparisons of Region 3 of MSA-1 Gene Alleles zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

M PA KI MAD CAM RO 

M 

PA 

KI 

MAD 

CAM 

RO 

0.0 k 0.0 76.4 * 13.4*** 3.9 + 2.0t 76.4 + 13.4***-t 89.3 + 15.9*** 

0.0 + 0.0 76.4 f 13.4*** 3.9 f 2.07 76.4 f 13.4***y 89.3 i 15.9*** 

19.2 f 7.6 19.2 k 7.6 76.4 + 13.4*** 1.9? 1.3 90.7 + lb.0 

4.8 + 3.4 4.8 + 3.4 13.0 + 6.1 76.4 + 13.4***.? 83.3 k 14.7*** 

19.2 + 7.6 19.2 k 7.6 0.0 k 0.0 13.1 k 6.1 90.7 + 16.0 

14.5 + 6.5 14.5 k 6.5 6.9 k 4.4 8.8 f 4.9 6.9 zi 4.4 

NOTE.-Tests of significance of difference between ds and dN: * = P < 0.05; ** = P < 0.01; and *** = P < 0.001. 

Tests of significance of difference between value of dN and value of dN, for comparison with Kl in same column: t = P 

< 0.001. 

of RO is divergent from that of other alleles (table 2). On the other hand, at synonymous 

sites in the same region, RO resembles group I alleles more closely than it does group 

II alleles. In region 6, RO is clearly a member of group II (fig. 2B). Thus, region 3 of 

RO may have been donated by a group I allele and then may have diverged from 

other group I alleles at nonsynonymous sites, as a result of positive selection. Alter- 

natively, region 3 of RO may have been donated by a member of yet another allelic 

lineage, a complete member of which has so far not been identified (for discussion of 

the possibility that such a lineage exists, see Kimura et al. 1990). 

In region 5, the group II allele CAM is identical to the group I alleles M and PA 

but quite different from the other group II alleles (mean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAds 5 SE = 12.8 + 4.4 sub- 

stitutions/ 100 sites; mean dN = 24.6 + 4.0 substitutions/ 100 sites). Thus, this region 

of CAM seems to have recently been donated by either M or PA or an allele closely 

related to them. 

In addition to recombination events which have homogenized certain regions 

between two groups of alleles, there is evidence that in some regions additional events 

have homogenized the group II alleles with one another. In regions 2 and 5, group II 

alleles are more divergent from each other at both synonymous and nonsynonymous 

sites than are group I alleles from each other (table 1) . In regions 1, 4, and 7, on the 

other hand, group II alleles are just as similar to each other as group I alleles are to 

each other (table 1). This suggests that events of nonreciprocal recombination have 

homogenized group II alleles in the latter three regions. 

Recombination in 3’ Regions 

Table 3 shows ds and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdN among group I alleles and between group I alleles and 

MAD in the 3’ regions. In regions 8 and 11, group I alleles and MAD seem to have 

been homogenized recently. In region 10, PA and MAD are comparatively similar 

(mean ds + SE = 9.7 f 5.7 substitutions/ 100 sites; mean dN + SE = 9.6 + 2.7 

substitutions/ 100 sites), as are M and Kl (mean ds + SE = 2.9 & 2.9 substitutions/ 

100 sites; mean dN f SE = 1.4 t- 1 .O substitutions / 100 sites). However, in this same 

region, PA and MAD are very different from M and Kl (mean ds + SE = 55.1 + 16.6 

substitutions/ 100 sites; mean dN f SE = 39.3 + 5.6 substitutions/ 100 sites). This 

region of PA then appears to have been donated by a sequence similar to MAD, 

perhaps by another group II allele. 
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Plasmodium MSA-1 387 

Table 3 

Mean ds + SE and Mean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdN & SE, in Comparisons among 3’ Regions of MSA-1 Gene Group 
I Alleles and MAD (Group II) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

REGION 

GROUP I (3) GROUP I vs. MAD (3) 

4 & 4 dN 

8 . . . . 2.7 -c 1.6 0.2 + 0.2 5.0 + 2.0ttt 5.8 f 1.4ttt 

9 0.6 + 0.5 0.3 * 0.2 53.2 f 6.8 37.9 + 2.7* 

10 33.5 f 10.5 21.1 + 3.7tj.t 44.2 + 11.9 28.3 f 4.2 

11 2.5 k 1.9 2.9 + 1.0t 2.3 f 1.6ttt 4.1 * 1.2ttt 

NOTE.-Numbers in parentheses are number of comparisons. Tests of significance of difference between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAds and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdN: 

* = P < 0.05. Tests of significance of difference between value of either ds or dN and corresponding value for region 9: 

~=P<0.05:and~~t=P~O.OOl. 

Natural Selection on 5 ’ Regions 

Under purifying selection, which operates on most protein-coding genes, ds is 

expected to exceed dN, whereas, under complete neutrality, as seen in pseudogenes, 

ds and dN should be approximately equal (Nei 1987, pp. 79-86). On the other hand, 

positive selection favoring diversity at the amino acid level will cause dN to exceed ds 

(Hughes and Nei 1988). Two regions of MSA-1 genes show evidence of positive 

selection. In region 3, dN is significantly higher than ds, both in comparisons between 

M and PA, on the other hand, and in comparisons between Kl, CAM, and RO, on 

the other (table 2). In region 3, alleles may also differ in the number of repeat segments; 

CAM has a much greater number of repeats than do other alleles (fig. 3A). 

In region 4, dN is significantly higher than ds in the comparison between group 

I and group II alleles (table 1) . A similar trend is seen in region 5. In the latter region, 

it is of interest that, when CAM (which apparently has recently received region 5 from 

either M or PA) is compared with other group II alleles, dN significantly exceeds ds 

(P < 0.05; values of ds and dN are given above). 

Since a G+C-content bias at third-codon positions can lower ds (Wolfe et al. 

1989), I examined third-position G+C content in the different regions of MSA-1 

genes (table 4). As is typical with genes of Plasmodium ( Weber 1988 ), MSA- 1 genes 

are AT rich in all regions. This AT richness is particularly remarkable in region 3 of 

Kl and in the group II alleles (table 4). In M and PA, on the other hand, third- 

position G+C content is not significantly lower in region 3 than in other 5’ regions 

(table 5 ) . The AT richness in region 3 has probably lowered ds in certain comparisons 

in this region. Given that dN between groups I and II is approximately the same in 

region 3 as in region 6 (table 1)) it might be proposed that regions 3 and 6 of the two 

groups of alleles diverged at about the same time. On this hypothesis, the explanation 

for the much lower ds between groups I and II in region 3, in comparison with that 

in region 6 (table 1)) would be that the AT richness of region 3 has lowered ds there. 

However, it seems unlikely that a G+C-content difference of 6%-10% can account 

for a sixfold difference in ds. Thus, the hypothesis that dN has been increased in region 

3 as a result of positive selection seems more plausible. In the case of regions 4 and 

5, there is no unusual G+C content bias (table 4); thus, the difference between dN 

and ds in this region is most easily explained as a result of positive selection favoring 

diversification between the two allelic groups. 

In contrast to regions 3-5, regions 2 and 6 show some evidence of purifying 
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388 Hughes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A 

M 
PA 

Kl 

MAD 

CAM 

RO 

H 

PA 

Kl 

MAD 

CAM 

RO 

B 

I4 

MAD 

VASGGSVASGGSGNSRRTNPSDNS 

VASGGSVASGGSGNSRRTNPSDNS 

SPSSRSNTLPRSNTSSGASPPADA 

--SGGSVASGGSGNSRRTNPSDNS 

SPSSRSNTLPRSNTSSGASPPADA 

VPSGTASTKGAIRSPGAANPSDDS 

KTIENINRLIEESKKTIDKNKNATKEEEKKKLYQAQYDLSIYNKQLE 

* l * l l * l *: * 

TTIANINELIEGSKKTIDQNKNADNEEGKKKLYQAQYNLFIYNKQLQ 

FIG. 3.-MSA-1 regions showing evidence of positive selection. A, Region 3 (tripeptide repeat region). 

B, Comparison of most variable portion of region 4 from group I allele (M) and group II allele (MAD): an 

asterisk (a) denotes amino acid replacement involving residue charge change, and a colon (:) denotes amino 

acid replacement not involving charge change. 

selection in the comparison between the two allelic groups (table 1). Thus, in these 

regions there appears to be some constraint on the amino acid sequence of the MSA- 

1 protein. Region 7, on the other hand, appears to be evolving with little or no con- 

straint, while in region 1 the two allelic groups have been homogenized too recently 

for any nucleotide differences to have occurred. 

I applied the method of Hughes et al. ( 1990) to test whether particular kinds of 

amino acid replacements are favored in regions 3-5. In brief, this method divides 

nonsynonymous nucleotide sites into conservative and radical sites (or fractions of 

sites) on the basis of whether a nucleotide substitution at the site is conservative or 

radical (nonconservative) with respect to an amino acid property of interest; and the 

proportion of conservative nonsynonymous differences per site (p~c) and the pro- 

portion radical nonsynonymous substitutions per site (hR) are estimated. By this 

method, it has been found that there is a statistically significant bias toward charge 

change both in binding regions of class I MHC molecules and in epitopes of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP. fui- 

ciparum CS protein that are bound by MHC molecules; in other words m\rR > fit in 

these regions. In the case of MSA-1, a similar bias toward charge change was found 

in region 4 but not in regions 3 or 5 (table 5 and fig. 3B). When other amino acid 

properties (polarity, hydrophobicity, and volume) were tested, no significant bias was 

seen in any region. 

Age of MSA-1 Polymorphism 

The absence of a fossil record makes it difficult to estimate the age of P. fulciparum 

MSA- 1 alleles. MSA- 1 sequences are available for two species of Plusmodium parasitic 

on rodents, P. yoelii (Lewis 1989) and P. chubuudi (Deleersnijder et al. 1990). Sim- 

ilarity between these genes and those of P. fulcipurum is low, but Lewis ( 1989) has 

identified two conserved portions of region 6. Table 6 shows ds and dN in this region, 

both between the P. yoelii and P. chubuudi sequences and between each of them and 
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Table 4 

Percent G+C at Third Codon Position in MSA-1 Gene Regions 

G+C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAT THIRD COIXBN OF ALLELE 

@) 

REGION M PA Kl MAD CAM RO 

1 22.2 22.2 22.2 22.2 

2 13.6 13.6 15.0 15.6 

3 8.2 8.2 4.1** 2.0*** 

4 12.8 12.8 12.8 12.8 

5 22.7 22.7 22.1 21.2 

6 13.1 13.7 13.7 12.4 

7 6.9 6.9 6.9 10.3 

8 ._._ 11.2 10.4 11.2 8.8 

9 14.8 14.5 14.8 17.5 

10 20.3 15.3 18.6 11.9 

11 25.6* 24.3* 24.3* 24.3* 

22.2 22.2 

16.3 14.3 

4.1** 4.1** 

12.8 12.8 

22.7 24.2 

12.3 12.6 

10.3 10.3 

. . 

. . 

. . . 
. . . 

. . . 

NOTE.-Test of significance of difference between percent G+C and that in region 6 (binomial test): * = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP < 0.05; 

** =p<o.o1;*** =P<.OOl. 

the two groups of P. falciparum alleles. On the assumption that P. falciparum diverged 

from the two rodent malarias when rodents and primates diverged -80 Mya, com- 

parison of dN VaheS provides an estimate of -35 Mya for the divergence, in region 

6, between the two groups of P. falciparum MSA-1 alleles. This would correspond to 

a rate of 2.6 X 10m9 nonsynonymous substitutions per site per year. In this case, ds 

probably cannot provide an accurate estimate of divergence time, since ds values are 

quite high; indeed, ds between the two groups of P. falciparum alleles is nearly as high 

as that between P. falciparum and the two rodent malarias (table 6). In region 6, the 

two allelic groups are about as divergent at both synonymous and nonsynonymous 

sites as are nonrepeat regions of CS protein genes from P. falciparum and P. cynomolgi 

(fig. 2). An estimate of 35 Mya for the divergence time of the two groups would be 

consistent with this result if P. falciparum and P. cynomolgi can be assumed to have 

diverged when hominids diverged from Old-World monkeys. 

In region 3, MSA- 1 alleles are about as divergent at nonsynonymous sites as they 

are in region 6; however, since selection has apparently favored diversification, non- 

synonymous sites have presumably evolved much more rapidly than in region 6. If 

in region 6 the two groups of alleles diverged 35 Mya, then the ratio of ds values 

between regions 3 and 6 suggests that in region 3 the most divergent pairs of alleles 

may have diverged only - 10 Mya. By similar reasoning, the two groups of alleles 

may have diverged 5-10 Mya. in regions 2, 5, and 7. In region 4, on the other hand, 

the groups of alleles have diverged only very recently. 

Discussion 

Known Plasmodium falciparum MSA-1 alleles show the effects of repeated re- 

combination events of two kinds: ( 1) nonreciprocal recombination events that have 

homogenized alleles in the regions involved and (2) reciprocal recombinations that 

have recombined highly divergent domains, thereby enhancing allelic diversity. It is 

possible that similarity among alleles is favored in certain regions, as a result of func- 

tional constraints. Other regions may be relatively free to vary, and in some cases 
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Table 5 

Mean fit + SE and Mean pNR + SE, with Respect to Amino Acid Residue Charge 

in 5’ Regions of MSA-1 Gene Alleles 

GROUP I (3) GROUP II (3) GROUP I vs. GROUP II (9) 

REGION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPNC PNR PNC Pm PNC Pm 

3 32.2 f 4.0 31.5 f 5.6 54.9 f 5.5 41.8 f 7.3 37.2 f 3.8 29.5 + 5.0 

4 0.0 + 0.0 0.0 f 0.0 0.0 f 0.0 0.0 f 0.0 1.7 f 1.7 9.8 + 3.4: 

5 0.8 + 0.8 0.9 + 0.9 18.7 f 3.6 18.4 + 3.7 14.3 f 2.9 13.7 f 2.8 

NOTE.-Numbers in parentheses are number of comparisons. Test of significance of difference between tic and hR: 

* = p < 0.05. 

divergence between alleles may actually be selectively favored as a means of evading 

the host immune system. 

Although it is generally accepted that P. falciparum undergoes an obligate sexual 

stage in the mosquito host, Tibayrenc et al. ( 199 1) argue that some population genetic 

evidence supports the hypothesis of a clonal population structure in this species. This 

would require a yet undiscovered asexual mode of reproduction. The evidence of 

repeated recombination at the MSA-1 locus certainly implies sexual reproduction. 

However, the data are not incompatible with the hypothesis that sexual reproduction 

occurs relatively infrequently. If recombinant MSA-1 alleles have been selectively 

favored, then they would increase in frequency even if rare. An analogous process 

may occur in bacteria. In bacteria, loci involved in interaction with the host immune 

system show much greater evidence of recombination (Kroll and Moxon 1990; Smith 

et al. 1990) than do housekeeping enzyme loci (Nelson et al. 199 1); the discrepancy 

can be explained by selection favoring recombinant types at the former loci. 

The three regions of MSA- 1 genes showing evidence of positive selection (regions 

3-5 ) may be subject to balancing selection arising from contrasting aspects of the host 

immune system. Region 3 has a repeat structure, as do many immunogenic regions 

of Plasmodium proteins (Kemp et al. 1987). Experimentally a simple amino acid 

polymer elicits a T cell-independent antibody response. Enea and Amot ( 1988 ) argue 

that the role of repeat regions in parasite antigens is to elicit just such a response, 

which is relatively inefficient in eliminating the infection and does not confer lasting 

immunity. The repeat region of the CS protein gene of P. cynomolgi also shows some 

evidence of positive selection favoring diversification among alleles (Hughes 199 la). 

In the case of MSA-1 the evidence for positive selection is even stronger, suggesting 

that some form of balancing selection favors allelic diversity in this repeat region. 

Region 4, in contrast to region 3, has apparently been recently homogenized 

between the two allelic groups. Nonetheless, positive selection is acting in this region 

to promote diversity between the two groups. Region 4 has characteristics suggesting 

that it may contain peptides bound by MHC molecules and presented to T cells. The 

fact that selection on this region is acting to diversity charge profile (pattern of residue 

charges) is reminiscent of the pattern seen in T cell epitopes of CS proteins (Hughes 

199 1 a) and presumably represents an adaptation to evade recognition by MHC mol- 

ecules, which themselves are characterized by different patterns of residue charge in 

the antigen-binding region (Hughes et al. 1990). In the case of region 5, on the other 

hand, since obvious distinguishing marks of an epitope for either antibody or T cells 
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Table 6 

Mean ds + SE (Above Diagonal) and Mean dN f SE (below Diagonal) in Conserved Portion 

of MSA-1 Gene, in Comparisons Among Genes from Two Rodent Malarias 
and Two Major Groups of Plasmodium fhlciparum Alleles zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P. falciparum 

P. voelii P. chabaudi Group I Group II 

P. yoelii 20.2 f 4.6 76.7 + 13.6 63.7 f 11.2 

P. chabaudi 5.3 f 1.2 85.8 f 15.4 75.1 f 13.1 

P. falciparum: 

Group I f 12.2 44.1 + 4.1 45.7 f 4.2 68.1 

Group II 36.8 + 3.6 39.2 f 3.7 18.1 + 2.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

NOTE.-NUITI~CX of codons cornDared is 179. 

are not apparent, it is so far not possible to speculate regarding the source of the 

apparent positive selection. 

An allelic polymorphism under balancing selection can be maintained for much 

longer than can a neutral polymorphism (Takahata and Nei 1990). In the case of the 

mammalian MHC, certain polymorphisms seem to have been maintained for >5 Myr 

and possibly for as long as 20-40 Myr (Mayer et al. 1988; Gyllensten and Ehrlich 

1989; Gyllensten et al. 1990). If the MSA- 1 allelic polymorphism has been maintained 

35 Myr, then it is one of the oldest polymorphisms so far known in any eukaryote. 

Because balancing selection is required to maintain a polymorphism for such a long 

time, positive selection on MSA-1 must considerably predate its encounter with the 

human immune system as it currently exists. Thus, this selection must have arisen as 

a result of features general to the vertebrate (or at least the mammalian) immune 

system and not specific to humans. 
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