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Very large long-term effective population
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It has been proposed that the virulent human malaria parasite Plasmodium falciparum underwent a recent
severe population bottleneck. In order to test this hypothesis, we estimated the effective population size of
this species from the patterns of nucleotide substitution at 23 nuclear protein-coding loci, using a variety
of methods based on coalescent theory. Both simple methods and phylogenetically based maximum-
likelihood methods yielded the conclusion that the effective population size of this species has been of the
order of at least 10° for the past 300 000400 000 years.
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1. INTRODUCTION

The malaria parasite Plasmodium falciparum 1s a major
human disease agent, responsible for approximately two
million deaths annually worldwide (World Health
Organization 1997). Rich et al. (1998) proposed that this
species underwent a recent severe population bottleneck
and that all living members of the species are descended
from a single haploid genotype that lived between 24 500
and 57500 years ago. The hypothesis that P falciparum
underwent a recent severe bottleneck has significant
implications for attempts to control this important human
pathogen. A species descended from a single ancestor in
the past few thousand years is expected to have an extre-
mely low level of genetic polymorphism. If this were true
of P falciparum, it would imply that there is negligibly
small pre-existing genetic variation in the parasite popu-
lation with respect to responses to vaccines and other
therapeutic agents, considerably facilitating the task of
control. On the other hand, strategies for the control of a
genetically highly polymorphic pathogen will necessarily
be more complex.

Coalescent theory provides methods for estimating
effective population size (V,) on the basis of neutral
genetic polymorphism (Watterson 1975; Tajima 1983; Nei
1987, Felsenstein 1992; Kuhner et al. 1995, 1998). We
applied a number of these methods to DNA-sequence
data from alleles at 23 nuclear protein-coding loci of
P, falciparum in order to test the hypothesis of a recent
population bottleneck. We chose only loci for which there
was no evidence of positive Darwinian selection. Positive
Darwinian selection is expected to influence the extent of
nucleotide polymorphism at a locus in two different ways,
depending on the nature of the selection. In the case of
balancing selection (such as overdominant selection)
polymorphism is maintained for much longer than in the
case of selective neutrality (Takahata & Nei 1990). As a
result, alleles will accumulate a large number of
nucleotide differences, as seen in the case of the major-
histocompatibility-complex genes of vertebrates (Hughes
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& Hughes 19954). On the other hand, directional select-
ion, in which a single allele is favoured, will lead to a
reduction in polymorphism in the region of a selectively
favoured mutation because linked sites will ‘hitch-hike’
along with the selected site, a phenomenon referred to as
a ‘selective sweep’ (Charlesworth 1992).

Using only loci at which we found no evidence of either
type of positive selection, we applied methods for esti-
mating N, both to all nucleotide sites and to synonymous
(silent) sites alone. Because synonymous substitutions are
likely to be selectively neutral or nearly so in most organ-
isms (Nei 1987), estimates of N, on the basis of synony-
mous sites would seem to be preferable to those based on
all sites in coding regions. However, in this case, the
results using synonymous sites and those using all nucleo-
tide sites showed only slight differences (see §3); this
suggests that much of the non-synonymous polymorphism
observed at the loci we analysed is selectively neutral or
nearly so.

2. METHODS

(a) Sequences analysed

We analysed published sequence data for partial or complete
coding regions from two or more alleles at 23 loci for which we
could find no evidence of positive Darwinian selection
(Genbank accession numbers in table 1). As a criterion of posi-
tive Darwinian selection at a locus, we compared the number of
synonymous nucleotide substitutions per synonymous site (dg)
with the number of non-synonymous substitutions per non-
synonymous site (@y) (Nei & Gojobori 1986). When dy in the
whole coding region, or in a particular domain of the gene,
significantly exceeded dg, we took this as evidence of positive
selection favouring amino-acid replacements (Hughes & Nei
1988). In this case, since only comparisons within P, falciparum
were involved, positive selection could take one of two forms:
balancing selection favouring polymorphism at the amino-acid
level or recent directional selection favouring an allele that is
not yet fixed. A pattern of dy > dg has previously been reported
for a number of loci encoding surface proteins of P falciparum
that are immunogenic to the host, suggesting that host immune
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Table 1. Summary of nucleotide polymorphisms at Plasmodium falciparum loci.

segregating
number  number of sites 6 (four-fold
of codons  segregating (four-fold degenerate

locus alleles compared sites degenerate) Ty ™ Asmax 0 (all sites) sites)
aldolase 3 326 14 2 0.0106 0.0081 0.0159 0.0086 0.0086
calmodulin 2 146 0 0 0.0000 0.0000 0.0000 0.0000 0.0000
cyclophilin 1 2 210 1 0 0.0000 0.0020 0.0000 0.0016 0.0000
DHFR-TS? 29 220 3 0 0.0000 0.0027 0.0000 0.0012 0.0000
EBA-175 2 1435 18 0 0.0037 0.0043 0.0037 0.0042 0.0000
EBL-1% 2 699 2 0 0.0024 0.0024 0.0024 0.0024 0.0000
enolase 2 446 4 0 0.0068 0.0019 0.0068 0.0030 0.0000
falcipain 2 7 484 8 4 0.0060 0.0014 0.0141 0.0022 0.0013
falcipain 3 2 488 0 0 0.0000 0.0000 0.0000 0.0000 0.0000
GBP? 2 199 4 1 0.0084 0.0000 0.0084 0.0067 0.0189
GLURP? 43 416 24 0 0.0019 0.0045 0.0088 0.0044 0.0000
GRP78 2 652 13 2 0.0095 0.0059 0.0095 0.0066 0.0086
G6PD 2 754 10 0 0.0057 0.0043 0.0057 0.0045 0.0000
HSP60 2 577 0 0 0.0000 0.0000 0.0000 0.0000 0.0000
HSP90 3 745 2 0 0.0000 0.0007 0.0000 0.0006 0.0000
LSA-1 20 280 18 0 0.0047 0.0012 0.0063 0.0060 0.0000
ookinete antigen 2 217 0 0 0.0000 0.0000 0.0000 0.0000 0.0000
P27/25 2 217 0 0 0.0000 0.0000 0.0000 0.0000 0.0000
RAP-1 7 782 7 1 0.0013 0.0027 0.0041 0.0026 0.0017
SOD? 27 198 14 1 0.0025 0.0021 0.0343 0.0061 0.0046
SSA® 6 191 6 0 0.0028 0.0051 0.0085 0.0046 0.0000
STARP 2 559 11 0 0.0029 0.0076 0.0029 0.0066 0.0000
TPI 2 2292 0 0 0.0000 0.0000 0.0000 0.0000 0.0000
mean £s.e.m. 0.0030 0.0026 0.0057 0.0031 0.0019

+0.0007 +£0.0005 +0.0016 +£0.0006 +£0.0009

? Indicates partial coding region.

Genbank accession numbers: aldolase (AF179421, J03084, M28881); calmodulin (M59349, M99442); cyclophilin 1 (AF177281,
U10322); DHFR-TS (AF248503-18, AF248527-29, AF248531-5, AF248537, J03028, J03772, J04043, M22159); EBA-175 (AF25878],
X52524); EBL-1 (AF131999, L.38450); enolase (AB026051, U00152); falcipain 2 (AF239801, AF251193, AF282975-9); falcipain 3
(AF258791, AF282974); GBP (M12897, M27438); GLURP (AF247634, AJ269898-901, AJ269903-9, AJ269911-40, M59706); GRP78
(L02822, X69121); G6PD (M80655, X74988); HSP60 (U38963, U94594); HSPI0 (1.34027-8, Z29667); LSA-1 (1.40834-7, 40884~
93, L40908-10, 140947, X56203, Z30320); ookinete antigen (AF154117, X07802, Plasmodium reichenowi M36915); Pf27/25 (AF179422,
X84904); RAP-1 (AF205282—4, AF206631, M32853, M80807, U20985); SOD (AF113142-67, Z49819); SSA (AF177634—6, AF206630,
X81648, 222145, P. reichenow: 1.33882); STARP (AF209925, Z26314, P. reichenow: 2.30339); TPI (L01654-5).

recognition maintains a balanced polymorphism at these loci
(Hughes 1991, 1992; Hughes & Hughes 1995b; Verra & Hughes
2000). In examining loci for possible inclusion in the present
analyses, we found mean dy to be significantly greater than mean
dg at three additional loci: SPAM (seven alleles; mean % s.e.m.
dg=10.0000=0.0000, dx =0.0059 % 0.0019,
p < 0.01), chloroquine resistance transporter (five alleles; mean
Es.em. dg=0.0000£0.0000, mean=Es.em. dy=0.0056=%
0.0017, p < 0.001) and dihydropteroate synthetase (34 alleles;
mean *s.e.m. dg=0.0000=£0.0000, mean £ s.c.m. dy=0.0028
£0.0013, p < 0.05). At the latter two loci there is presumably
ongoing directional selection of recent origin in response to

mean £ s.e.m.

human chemotherapeutic agents (Basco et al. 2000).

(b) Divergence time and mutation rate

We use the notations mg and 7y to denote, respectively, the
mean pairwise numbers of synonymous and non-synonymous
substitutions per site among alleles at a locus. The mean time to
coalescence (last common ancestor) of pairs of alleles at a locus
can be estimated as mg/2/g, where g is the rate of synonymous
substitution (per site per year). We estimated Ag and p (the

Proc. R. Soc. Lond. B (2001)

neutral-mutation rate per site per generation) by comparison of
synonymous sites between genes in our sample (ookinete
antigen, Pf27/25, RAP-1 and SSA) for which sequences were
available for the chimpanzee malaria parasite Plasmodium
reichenowi (Genbank accession numbers provided in table 1).
Phylogenetic analyses have shown that P._falciparum and P. reiche-
nowt are sister taxa (Escalante & Ayala 1994; Hughes & Hughes
19956; Escalante et al. 1998), and are consistent with the hypoth-
esis that these two species diverged when their host species
diverged (Escalante et al. 1998). Mean=+s.e.m. dg between
P falctparum — and P reichenow: for the four loci was
0.0511 £0.0083. On the basis of life-cycle and epidemiological
information (Molineaux 1988), we used three generations per
year as a conservative estimate of the average generation time in
P, falctparum. Using five million years ago as the divergence of
(and thus of P falciparum and
P, reichenowi), Ag was estimated at 5.1 x10~? substitutions per site

humans and chimpanzees
per year, and p was estimated at 1.7 x 10~ substitutions per site
per generation. If chimpanzees and humans diverged seven
million years ago, then Aq was estimated at 3.9 x 10~ substi-
tutions per site per year, and g was estimated at 1.2 x107°
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Table 2. Estimates of effective population size (N,) in Plasmodium falciparum for constant population-size models.

(Estimates of # and N, are given as mean £s.e.m.)

N,

method 0 uw=12x10"7 pw=17x10""?
equation (2.1) — 8.394+2.04 x10° 5.93+1.44 x 103
equation (2.2), all sites 0.0031 £0.0006 6.46+1.25x 10° 4.56 +0.88 x 10°
equation (2.2), four-fold degenerate sites 0.0019 +0.0009 3.96 £1.88 x 10° 2.79+£1.32 x 105
maximum likelihood, all sites 0.0056 +0.0012 1.17+0.25 % 10° 8.24+1.76 x 10°
maximum likelihood, four-fold degenerate sites 0.0092 4 0.0040 1.91+£0.83 x 10° 1.354+0.59 x 10°
substitutions per site per generation. 1o provide upper and lower from zero (-test, p < 0.001). Meants.em. my

bounds for Ag and p, both values were used in our analyses.

(c) Estimation of N,
The coalescent theory predicts the following relationship:

T=4N.(1—1/n), (2.1)

where 7 is the mean number of generations to the coalescence
time of 7 alleles at a locus sampled at random from the popula-
tion (Tajima 1983; Nei 1987, p. 395). For each locus, we esti-
mated the coalescence time using dg,,,, (the dg value between
the most distant pair of alleles) and g, and then computed N,
from equation (2.1). For an overall estimate of N, the mean of
the 23 individual N, estimates was used. The parameter
0 = 4Nt can be estimated as follows:

6= s (a; — ¢o8%), (2.2)

where 5" is the minimum number of mutations per nucleo-
tide site, n is the number of sequences examined, ¢ :Z;’: (1/2)
and ay=3""") (1/%), az=}(ai—ay) and ¢y = (4ay/3) — (7as/3a)
(Tajima 1996). Tajyima (1996) and Misawa & Tajima (1997) give
modified versions of equation (2.2) taking into account rate
variation between sites, assuming that rates vary according to a
gamma distribution. In preliminary analyses, we applied these
methods after estimating the gamma parameter following
Tamura & Nei (1993); however, the results were virtually iden-
tical to those obtained using equation (2.2). This was expected
since the correction for rate variation between sites has negli-
gible effect if 6 is low (Misawa & Tajima 1997), as was true in
this case. Therefore, we present results using equation (2.2). This
method does not assume the infinite-sites model, which is not
strictly applicable to DNA-sequence data (Tajima 1996).

(2.2), we used the
maximum-likelihood methods incorporated in the Frucruare

In addition to equations (2.1) and

program of Kuhner et al. (1998) to estimate 6. This program
provides both a method assuming constant N, the results of
which are directly comparable to the results of equations (2.1)
and (2.2), and a method in which exponential population
growth or decline is assumed. The latter simultaneously estimates
both 6 and g, where g is the rate of population growth (or decline)
per p per generation. Because these methods are based on a
phylogeny, a minimum of three alleles at a locus is required.

3. RESULTS

At the 23 loci for which the hypothesis of neutral evolu-
tion could not be rejected, 10479 codons were examined
(table 1). Mean=£s.em. wmg for the 23 loci was
0.0030 £0.0007 (table 1), a value significantly different
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(0.0026 £0.0005) was slightly lower than mean s,
although the difference was not statistically significant
(paired-sample ¢-test). Assuming five million years for the
P, falciparum—P. reichenow: divergence, the mean=s.e.m.
pairwise divergence time of alleles at these loci was
estimated at 2.94+0.69x10° years. Assuming seven
million years for the P._falciparum—P. reichenowi divergence,
the mean £s.e.m. pairwise divergence time was estimated
at 3.85£0.90x10° years. These times are an order of
magnitude or more lower than the coalescence times that
have been estimated for loci in P falciparum that are
subject to balancing selection arising from host immune
recognition (Hughes 1992; Hughes & Verra 1998; Verra
& Hughes 2000). Thus, these estimates of mean coales-
cence time are consistent with the hypothesis that poly-
morphisms at the 23 loci analysed are selectively neutral
or nearly so.

Applying equations (2.1) and (2.2) to the 23 loci
produced estimates of N, between about 300000 and
800000 (table 2). Equation (2.1) provided slightly higher
estimates of N, than equation (2.2), while applying equa-
tion (2.2) to four-fold degenerate sites provided slightly
lower estimates than applying equation (2.2) to all sites
(table 2).

Because the maximum-likelihood methods require at
least three polymorphic sequences, they could be applied
only to a smaller set of loci than the other methods.
There were nine loci for which the maximum-likelihood
method could be applied to all sites, and only four loci for
which maximum-likelithood methods could be applied to
four-fold degenerate sites (table 3). Table 2 shows esti-
mates of N, on the basis mean 6 values for the maximum-
likelihood method assuming a constant population size.
Using either all sites or only four-fold degenerate sites,
this method estimated JV, at around one million (table 2).
Thus, these estimates of N, were somewhat higher than
those based on equations (2.1) and (2.2) (table 2). Because
the loci to which maximum-likelihood methods could be
applied were among the most polymorphic loci (tables 1
and 3), this method may have somewhat overestimated V..

For the maximum-likelihood method allowing for
population growth or decline, estimates of ¢ were greater
than zero for all nine loci used in analyses based on all sites
and for three out of four loci used in analyses based on
four-fold degenerate sites (table 3). Using z-tests based on
the approximate estimates of the standard error of g for
each locus, g was significantly different from zero in six out
of nine loci used in analyses based on all nucleotide sites
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Table 3. Estimates of 6 using maximum-likelihood models.

(0: maximume-likelihood estimate of 6 assuming constant population size; #y: maximum-likelihood estimate of € in model

allowing for exponential population growth or decline.)

all sites four-fold degenerate sites
locus Oc Oy g Oc Ov g
aldolase 0.0076 0.0123 151 0.0075 0.0167 197
DHFR-TS 0.0015 0.0021 1365 — — —
falcipain 2 0.0021 0.0024 352 0.0203 0.0118 —1
GLURP 0.0108 0.0248 1031
HSP90 0.0005 0.0013 6089 — — —
LSA-1 0.0101 0.1768 3518™ — — —
RAP-1 0.0055 0.1282 4216™ 0.0014 0.0455 7810
SSA 0.0054 0.0296 1271 — — —
SOD 0.0073 0.0770 1692™ 0.0075 0.0211 669
Mean £s.e.m. 0.0057 £0.0012% 0.0505+0.02127 2187 + 664" 0.0092 £0.0040 0.023840.0075 2169 & 1886

z-tests of the hypothesis that g =0: "p < 0.05, *"p < 0.001; -tests of the hypothesis that mean = 0: Tp < 0.05, 7Tp < 0.005.

and 1n two out of four loci used in analyses based on four-
fold degenerate sites (table 3). In addition, the mean esti-
mate of g for the nine loci for which all sites were used
was significantly different from zero (table 3). Thus,
overall, the results supported the hypothesis that the
population of P, falciparum has been increasing.

The mean estimate of 6 assuming population growth
was slightly higher when all sites were used, but the mean
estimate of g was very similar (table 3). Given our esti-
mates of p, the mean estimates of g were expressed as esti-
mates of the instantaneous growth rate per generation (7)
(table 4). Using these data, the current N, for P, falciparum
was estimated to be of the order of 10°-107. Extrapolating
backwards in time and assuming exponential population
growth, estimates for N, were of the order of 10° 200 000
years ago and of the order of 10° 300 000400 000 years
ago (table 4). As in the case of equation (2.2) (table 2),
slightly lower estimates of NV, were obtained when only
four-fold degenerate sites were used than when all sites
were used (table 4). Note that estimates for 300 000 years
ago showed good agreement with the estimates based on
equation (2.1). Since the mean coalescence time for alleles
at the 23 loci was around 300 000 years ago, this agree-
ment revealed remarkable consistency between these
different methods of estimating V.

4. DISCUSSION

Our results revealed substantial genetic polymorphism
in P, falciparum at both synonymous and non-synonymous
nucleotide sites (table 1). Rich et al. (1998) based their
conclusion of a recent bottleneck in P, falciparum on their
observation of no synonymous differences in a small
sample of loci. By contrast, in our sample, non-zero
values of dg were obtained for 14 out of 23 loci, and some
polymorphism was observed at all but six loci (table 1). A
similar study of human polymorphism reported synony-
mous differences at only eight out of 49 loci examined (Li
& Sadler 1991). Values of nucleotide diversity reported for
humans on the basis of allelic sequence comparisons at
various loci are in the range 0.0005-0.002 (Li & Sadler
1991; Clark et al. 1998; Fullerton et al. 2000; Przeworski
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Table 4. Maximum-likelihood estimates of effective
population size (N,) assuming exponential growth.

(Estimates of r and N, are given in the form estimate %+
standard error.)

p=12x10"* w=17x10"7
all sites
r 2.62+0.80x10763.72+1.13x107°
N, current 1.0540.44x 107 7.464+3.14x 10°

2.18+0.92x 10 2.44+1.03 x 10°
9.93+4.17x10° 8.01+3.37x10°
4.53+£1.90x10° 2.81+1.18x 10*

N, —200000 years
N. —300000 years
N, —400000 years

four-fold degenerate sites
r 2.60+2.26x10763.69+3.21 x 1075
N, current 4.964+1.56 x10° 3.504+1.10 x 10°
N, —200000 years 1.044+0.33 x10° 3.824+1.20x 10°
N, —300000 years 4.78£1.51 x10° 1.26+0.40x 10°
N, —400000 years 2.19+£0.69x10° 4.18+£1.32 x 10*

et al. 2000). A recent estimate based on single nucleotide
polymorphisms across the genome showed a mean of ca.
0.0006 (International SNP Map Working Group 2001).
Thus, our results for synonymous sites show about a five-
fold greater level of nucleotide diversity in P falciparum
than in humans.

All methods used indicated that the effective population
size of P._falciparum is quite high and has been of the order
of 10° for at least the past 300 000 years. Thus, no support
was obtained for the hypothesis of a recent worldwide
severe population bottleneck (Rich et al. 1998). Our esti-
mates of N, depend on our estimates of g and p, which in
turn depend on the assumption that P falciparum and
P reichenow: diverged around the time that humans and
chimpanzees diverged. Escalante ef al’s (1998) analysis of
Plasmodium mitochondrial cytochrome & sequences pro-
vides support for this hypothesis. The extent of nucleotide
divergence between P _falciparum and P reichenowiin the
cytochrome b gene is consistent with the species having
diverged at around the time of the human—chimpanzee
divergence, given a mutation rate similar to that of other
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Plasmodium species parasitic on Asian primates whose dates
of radiation have been estimated from the fossil record
(Escalante et al. 1998). Escalante & Ayala (1994) reached a
similar conclusion based on comparison of rRNA sequences.
Note also that our estimates of Ag are similar to those for
other eukaryotic nuclear genes (Li1997).

The assumption of exponential population growth or
decline made by Kuhner ¢ al’s (1998) method is no
doubt unrealistic in many cases, quite possibly including
P, falctparum. None the less, there was good agreement
between the results produced using this method and
methods assuming a constant population size (tables 2
and 4). If there has been population fluctuation, the latter
methods provide an estimate of the long-term JV,, taking
into account the changes in population size. A long-term
N, of ca. 10° over the past 300000-400 000 vyears
provides a good fit with the results of both methods
(tables 2 and 4). By the maximume-likelihood method
assuming population growth, we estimated that N, has
increased from ca. 10° to ca. 107 over the past 300 000—
400000 years (table 4), but in that case the long-term
effective population size over the whole time interval is
closer to the lower number (Nei 1987, p. 362).

There 1s some evidence that recent population growth
in P, falciparum has been episodic rather than exponential.
It has long been speculated that the population size of
P, falciparum may have increased sharply at the time of the
introduction of agriculture in West Africa, about 6000
years ago (Livingstone 1958). Presumably this expansion
occurred both because of the expansion of the human
population resulting from agriculture and because environ-
mental changes caused by agriculture increased the
habitat for mosquito vectors. Moreover, the development
of agriculture may have been a key event in the emer-
gence of anthropophilic taxa within the vector species
complexes Anopheles funestus and Anopheles gambiae, which
in turn may have led to an increase in the transmission
rate (Coluzzi 1999). More recently, P, falciparum is be-
lieved to have spread from its place of origin to other
parts of the world, a process in which the African slave
trade evidently played a role. Analysis of microsatellite
data from P, falciparum populations in different geographic
regions has provided evidence of this most recent expan-
sion (Anderson et al. 2000). The data presented here are
consistent with a recent sharp population expansion in a
species that had a substantial long-term effective popu-
lation size prior to the expansion.

There is evidence at a number of polymorphic loci
encoding immunogenic surface proteins of P_falciparum
that polymorphisms have been maintained by balancing
selection over millions of years (Hughes & Verra 1998;
Verra & Hughes 2000). Given a sufficiently large N,
long-term maintenance of polymorphism is expected
under balancing selection (Takahata & Nei 1990).
However, the evidence of ancient selectively maintained
polymorphisms in P._falciparum is not consistent with the
hypothesis that worldwide populations of this species
have a recent common ancestor (Hughes & Verra 1998).
The present estimates of N, in P._falciparum, on the other
hand, are casily compatible with long-term maintenance
of balanced polymorphisms.

In summary, we found that a variety of methods for
estimating effective population size from DNA-sequence
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data indicated a substantial long-term effective popula-
tion size in P falciparum. Remarkable agreement between
different methods provided robust support for this conclu-
sion. As a consequence, we predict the overall extent of
genetic polymorphism in this species to be substantial. Of
course, due to genetic drift or a recent selective sweep, a
given genomic region may show little or no poly-
morphism. Likewise, if a recent population bottleneck
occurred during the colonization by P falciparum of a
particular geographic region, then polymorphism within
that region may be low (Maitland e/ al. 2000). Similarly,
spread of a genotype in an isolated outbreak may lead to
a substantial local reduction in genetic diversity (Arez et al.
1999). None the less, our results suggest that, worldwide,
P, falciparum will reveal a high degree of genetic diversity,
particularly in Africa, where the species originated. This
polymorphism is likely to include currently neutral but
potentially selectable polymorphisms conferring an ability
to respond to selection, including selection imposed by
human therapeutic agents.

This research was supported by grant GM34940 from the
National Institutes of Health to A.L.H.
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