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ICH et al. (1998) have recently proposed that the
current world population of the human malaria
parasite Plasmodium falciparum consists of individuals de-
scended from a single haploid genotype or strain (ma-
larial Eve) that occurred between 24,500 and 57,500
years ago. They base this conclusion on an examination
of synonymous and nonsynonymous nucleotide poly-
morphisms at 10 loci. At each of these loci, the authors
examined published allelic sequences, with allele num-
bers ranging from 2 to 25 per locus; they reported some
nonsynonymous polymorphisms but no synonymous
polymorphisms at any locus. This conclusion is surpris-
ing because it ignores previous reports of extensive
synonymous polymorphisms at certain loci of P. falci-
parum encoding surface proteins (Hughes 1991, 1992;
Hughes and Hughes 1995a; Jongwutiwes et al. 1994).
Furthermore, it is inconsistent with estimates that cer-
tain polymorphisms at loci encoding immunogenic pro-
teins of P. falciparum have been maintained for millions
of years (Hughes 1992, 1993; Hughes and Hughes
1995b).

The circumsporozoite protein (CSP) is a surface pro-
tein of the sporozoite, the infective stage of the malaria
parasite. Examination of rates of synonymous and non-
synonymous nucleotide substitution at this locus showed
a significantly enhanced rate of nonsynonymous nucleo-
tide substitution in the region of the gene encoding
peptides bound by host major histocompatibility com-
plex (MHC) molecules and presented to T cells [T cell
epitopes (TCE); Good et al. 1988; Hughes 1991]. This
is evidence that CSP polymorphism is maintained by
balancing selection relating to the evasion of host im-
mune recognition (Hughes 1991). The recent discov-
ery of altered peptide ligand (APL) antagonism between
certain allelic forms of these TCE in P. falciparum (Gil-
bert et al. 1998) suggests a possible mechanism for
such selection. When antagonistic forms of the TCE are
present in the same host, an effective immune response
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is prevented (Gilbertetal. 1998). Therefore APL antag-
onism will give rise to overdominant selection, favoring
CSP heterozygosity at the level of the zygote that occurs
in the mosquito intermediate host and gives rise to the
infective sporozoites.

It is well known that balancing selection can maintain
polymorphisms for much longer than neutral polymor-
phisms are expected to persist (Takahata and Nei
1990). A classic example involves the MHC genes of
vertebrates. The MHC genes are characterized by a
greatly enhanced rate of nonsynonymous nucleotide
substitution in the codons encoding the peptide-bind-
ing region (PBR) of the molecule (Hughes and Nei
1988, 1989; Hughes et al. 1994). This pattern of nucleo-
tide substitution is evidence that some form of balancing
selection (such as overdominant selection) acts to main-
tain diversity at the amino acid level in the PBR. Diversity
in the PBR is apparently selectively favored because
MHC heterozygosity enhances immune surveillance by
enabling the individual to bind and present a wide array
of foreign peptides (Hughes and Nei 1988; Hughes
and Hughes 1995a). MHC loci are also characterized
by long-lasting polymorphisms, which have been main-
tained for millions of years and predate speciation
events (Klein and Takahata 1990). The fact that there
are numerous ancient alleles at human MHC loci is
evidence that the human population could not have
gone through a recent extreme bottleneck; rather the
long-term effective population size of humans has been
on the order of 10*10° for the past 5 million years or
so (Kleinetal. 1990; Ayala1995; Takahataetal. 1995).

Because the CSP locus is subject to a similar sort of
balancing selection to that seen at the MHC, it would
not be surprising to find that polymorphism at this locus
also has been maintained for a long time. The available
data support this hypothesis. For example, we computed
the mean number of synonymous substitutions per site
(ds; Nei and Gojobori 1986) in the 5’ and 3' nonrepeat
regions between 13 distinct CSP alleles of P. falciparum
and one of Plasmodium reichenowi, a parasite of chimpan-
zees. (The central tetrapeptide repeat region of the
gene was excluded because it cannot be reliably aligned
among alleles; see Jongwutiwes et al. 1994.) Mean ds
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between P. falciparum and P. reichenowi was 0.035 + 0.016
SE. On the other hand, ds between the two most distant
P. falciparum alleles was 0.015 + 0.011. Assuming that
P. falciparum and P. reichenowi diverged when human
and chimpanzee diverged and that this occurred about
5 million years ago (mya), we estimate the divergence
time of the most divergent known CSP alleles in P. falci-
parum at 2.1 = 1.5 million years. The standard error of
the estimate is large because the number of sites in-
volved is small; nonetheless the range of two standard
errors around the mean (0.6-3.6 million years) falls well
beyond the very recent date for malarial Eve proposed
by Rich et al. (1998). To accumulate the degree of
synonymous difference observed between the two most
divergent P. falciparum CSP alleles in the roughly 60,000
years proposed by Rich et al. (1998), a rate of synony-
mous substitution of about 1 X 1077 substitutions/site/
year would be required. This is two orders of magnitude
higher than typical rates of synonymous substitution in
eukaryotes (Li 1997).

It might seem surprising that we obtained nonzero
values of ds for the CSP alleles, when Rich et al. (1998)
counted no synonymous differences in the same data
set. The difference is due to their method of counting
and illustrates the pitfalls of merely counting codon
differences rather than estimating the number of differ-
ences by a method like Nei and Gojobori’s (1986). For
example, in the 5’ nonrepeat region of the CSP gene of
P. falciparum, there is a codon position at which certain
alleles have ATC (isoleucine), while the rest have ACT
(threonine). Rich et al. (1998) presumably counted this
as a nonsynonymous difference. However, Nei and
Gojobori’s method considers the pathways of point
mutation by which one can get from ATC to ACT (or
vice versa). The possible intermediates are ATT (isoleu-
cine) and ACC (threonine). Thus, by whichever mu-
tational pathway we proceed from ATC to ACT (or vice
versa), we must accumulate one synonymous mutation
and one nonsynonymous mutation. By ignoring muta-
tional pathways, Rich et al. (1998) came to the mis-
leading conclusion that no synonymous substitutions
have occurred among CSP alleles.

Merozoite surface antigen-1 (MSA-1) is another anti-
genic surface protein of Plasmodium. It is encoded by
asingle polymorphic locus and expressed on the surface
of the merozoite, the stage of the parasite that invades
hostred blood cells (Hall etal. 1984). The evolutionary
history of MSA-1 alleles is complex because of numerous
past events of interallelic recombination; thus differ-
ent gene regions have different evolutionary histories
(Hughes 1992). (Note that interlocus recombination
cannot have been a factor here because there are no
related loci in the P. falciparum genome; Hall et al.
1984.) In one extensive region [called region 6 by
Hughes (1992)], the known MSA-1 alleles of P. falci-
parum form two distinctive families, which are highly
divergent from each other. Hughes (1992, 1993) esti-

mated that these two families diverged from each other
at least 35 mya, making this one of the oldest polymor-
phisms known in any organism. Mean ds in region 6
between the two families of P. falciparum MSA-1 alleles
is 0.681 = 0.122 (Hughes 1992). Thus, alleles from
these two families are nearly as divergent at synonymous
sites as are orthologous genes of human and mouse. To
accumulate this degree of difference in 60,000 years
would require a synonymous substitution rate of 6 X
10~ 8 substitutions/site/year—over three orders of mag-
nitude greater than the typical eukaryotic rate.

The genomes of Plasmodium parasites are extraordi-
narily AT rich. The 334 coding regions of P. falciparum
now in the database are 71.7% AT (Nakamura et al.
1998). This nucleotide content bias affects codon usage,
with codons having A or T in the third position being
preferentially used. Of over 200,000 P. falciparum codons
in the database, 83.6% have A or T in the third position.
It is known from other systems that a strong codon bias
will lower the rate of synonymous substitution (Sharp
and Li 1989; Ticher and Graur 1989; Sharp 1991).
Thus, the rate of synonymous substitution is expected
to be lower in P. falciparum than in organisms such as
humans, whose codon usage is less biased. The fact
that the rate of synonymous substitution is reduced may
explain the observation of nonsynonymous but not syn-
onymous polymorphisms at certain loci in this species
(Hughes 1991; Hughes and Hughes 1995b).

The existence of long-lasting polymorphisms and high
levels of intraspecific synonymous polymorphism in P.
falciparum is strong evidence against the hypothesis of
malarial Eve. Most of the loci examined by Rich et al.
(1998) are housekeeping genes, encoding metabolic
enzymes, chaperone proteins, and so forth. The exis-
tence of balancing selection at such loci is not expected.
Most are probably evolving neutrally. It is not expected
that the pattern of coalescence at a neutral locus will
be the same as that at a locus under balancing selection;
rather, polymorphism at the former will be much less
long-lasting than at the latter (Takahata and Nei
1990). Of course, if recent directional selection has led
to fixation of an allele at any of the loci studied by Rich
et al. (1998), the coalescence time of current alleles
could be even more recent than that at a neutrally
evolving locus. In either case, the coalescence pattern
at one or a few loci cannot be used to estimate the
population history of a species (Takahata et al. 1995).
Alleles at CSP, MSA-1, and other loci that are under
balancing selection clearly have much earlier coales-
cence times than do alleles at neutrally evolving loci,
just as in humans MHC loci have much earlier coales-
cence times than do mitochondrial DNA.

The fact that long-lasting polymorphisms have been
maintained at certain loci of P. falciparum but not at
others s also strong evidence that interlocus recombina-
tion has been an important factor in the evolution of
this species, contrary to the hypothesis of Rich et al.
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(1997) and Ayala (1998). If haploid genomes did not
recombine, polymorphism at all loci would hitchhike
together, causing polymorphism even at selectively neu-
tral loci to be as ancient as that at MSA-1. The evidence
for past interallelic recombination at both CSP and
MSA-1 (Hughes 1992; Jongwutiwes et al. 1994) loci
also shows the importance of recombination in this sexu-
ally reproducing diploid.

In conclusion, there is strong evidence against a recent
extreme population bottleneck in P. falciparum, involv-
ing a single haploid genotype, as proposed by Rich et
al. (1998). At this point we cannot rule out the possibility
of a moderate bottleneck, which would have allowed
continued maintenance of polymorphism at the CSP,
MSA-1, and other loci subject to balancing selection
(Hughes and Hughes 1995b). We probably do not yet
have sufficient data to estimate reliably the long-term
effective population size of P. falciparum, as has been
done for humans on the basis of polymorphism at MHC
loci (Takahata et al. 1995). To address this question,
we need extensive samples of sequence polymorphism
from worldwide populations of P. falciparum. Itis instruc-
tive that the only study that attempts to assay CSP allelic
variation in a local population of this species—in Thai-
land by Jongwutiwes et al. (1994)—revealed several
previously undescribed alleles, in fact nearly doubling
the number of known alleles at this locus. This suggests
that many more alleles at this locus remain to be discov-
ered, which in turn would imply a substantial long-term
effective population size. We predict that similar studies
in other parts of the species’ range will reveal extensive
polymorphism, particularly in Africa, where P. falci-
parum presumably originated.
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