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Summary

Several forces may affect the distribution of genetic diversity in natural populations when compared
to what is expected in a random-mating, constant size population of neutral genes. One solution for
unravelling their respective influence is to study several genes at once in order to better reflect the
true genealogy. Here we reconstruct the evolutionary history of the freshwater snail Biomphalaria
pfeifferi over its entire distribution, using eight African populations, and three congeneric species as
outgroups. A phylogenetic analysis was conducted using amplified fragment length polymorphism
markers, and sequences at eight nuclear non-coding loci and one mitochondrial gene were used to
analyse population structure. The geographic distribution of variation suggests greater affinities
within than among regions. The pattern of variability at both the nuclear and mitochondrial DNA
(mtDNA) loci is consistent with a bottleneck, although population structure may also partly explain
our results. Our results are also indicative of the role of selection, whether positive or purifying, in
the mtDNA. This highlights the fact that the interfering influences of population structure,
demography and selection on molecular variation are not easily distinguished.

1. Introduction

Inferring the evolutionary history of populations is
one main goal of modern population genetics (see e.g.
Hartl & Clark, 1997; Singh & Krimbas, 2000). From
an empirical point of view, analyses are based on
genetic markers such as microsatellite loci or gene se-
quences from both nuclear and extra-nuclear genomes
(see review in Goldstein & Schlötterer, 1999; Avise,
2000). Data are then analysed using population gen-
etic models, based for example on coalescent theory.
The simplest situation modelled is a random-mating
population with stable demography at genetic equi-
librium between mutation and genetic drift. However
mating is not always random, populations may ex-
pand or crash and/or be connected by gene flow, while
genes may experience the influence of selection. These
processes strongly affect the distributionof coalescence

times, and thus of variability within and among in-
dividuals and populations. They must therefore be
taken into account when interpreting population his-
tory (see e.g. Begun & Aquadro, 1991; Charlesworth
et al., 1993; Takahata et al., 2001; Wilkins &
Wakeley, 2002 and references therein).

Our study is concerned with the influence of these
processes, namely demographic variation, population
structure and selection, on genetic variability. (i)
Demographic variation may be considered on various
geographic and temporal scales (e.g. local variation
within populations versus species expansion), and our
concern is with large-scale variation. A species may
expand its range and number of individuals (expan-
sion), or be restricted to a smaller area and number
of individuals (bottlenecks). Such long-term demo-
graphic effects have been extensively explored in gen-
etic analyses of human populations (e.g. Harpending
et al., 1998; Hey & Harris, 1999; Takahata et al.,
2001), and are attracting increasing interest in phylo-
geographic studies (review in Hare, 2001). Strong
bottlenecks cause phylogenies to have shorter external
and longer internal branches. (ii) Population structure
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strongly affects genetic variability, as the balance be-
tween genetic drift, gene flow and rates of extinction/
recolonization defines the effective size of populations
at local and global scales (review in Pannell &
Charlesworth, 2000). Numerous models of population
structure can be thought of, and it is therefore hard to
predict its influence on the distribution of variability,
especially in terms of coalescent topology (e.g. Nord-
borg, 2001; Wilkins & Wakeley, 2002). (iii) Genetic
variability is also strongly affected by selection, es-
pecially when recombination is limited (Begun &
Aquadro, 1991; Charlesworth et al., 1993), and
numerous studies show that genes are under the
influence of selection. For example, the review of
Weinreich & Rand (2000) strongly suggests that mito-
chondrial genes experience purifying selection and
occasionally selective sweeps (but see Gerber et al.,
2001). Selection may take several forms, and we are
here concerned with purifying and positive selection.

The question is how to disentangle the influence of
these three processes on genetic variation, since they
might have similar consequences on the distribution
of variability. For example, bottlenecks and selective
sweeps similarly affect phylogenetic reconstruction if
only a single linkage group is considered (see e.g.
Galtier et al., 2000). Purifying and positive selection
both tend to push mutations towards external bran-
ches of coalescent trees (Williamson & Orive, 2002).
Non-genetic data are certainly useful, such as results
from studies of population dynamics, or historical
records of expansion/contraction. Much can also be
learned from the analysis of sequences, using for ex-
ample tests of neutrality or demographic variation
(review in Nielsen, 2001). A phylogenetic analysis
within and among species is also extremely useful,
since it allows one to evaluate the number of mu-
tations along branches and infer common ancestors
(Slatkin &Maddison, 1989). Probably the most useful
approach is to analyse several genes from the same
individuals and populations in a single analysis. This
has been performed in humans (references in Cann,
2001; Takahata et al., 2001) and model organisms
such as Drosophila (e.g. Schlötterer et al., 1997;
Nurminsky et al., 2001) or the house mouse (Boissinot
& Boursot, 1997). For example, selective sweeps are
unlikely to affect more than one locus, while all loci
should be affected by demographic processes or
population structure.

The study presented here aims at reconstructing the
evolutionary history of the freshwater snail Bio-
mphalariapfeifferi, themainintermediatehostofSchist-
osoma mansoni, the agent of intestinal bilharziasis,
in Africa. The analysis is based on nine loci – seven
nuclear microsatellites, the first internal transcribed
spacer (ITS) of ribosomal DNA and one mitochon-
drial DNA (mtDNA) gene – sequenced in popu-
lations from eight countries sampled over the species’

current distribution. The study also includes sequence
analysis of several populations from closely related
species. We used amplified fragment length poly-
morphism (AFLP; Vos et al., 1995) markers to build
a phylogeny that is independent of the loci sequenced.
The questions addressed are : (i) Is there any evidence
for large temporal scale demographic variation
(bottleneck or expansion)? (ii) Are all loci studied
equivalent with regard to selection? The null hypoth-
esis was that they are, and the competing hypothesis
was that the mtDNA locus has been under selection
(other loci are either non-coding DNA, or not trans-
lated). The influence of population structure on the
interpretation of data is also considered.

2. Materials and methods

(i) Species studied and sampled sites

B. pfeifferi is a simultaneous hermaphroditic fresh-
water snail, whose distribution covers most of Africa
south of the Sahara, Madagascar, and part of the
Middle East (Brown, 1994). It occupies both transient
and patchily distributed habitats (see e.g. Brown,
1994), which imposes strong demographic variation
on populations (Woolhouse, 1992). The mean selfing
rate in natural populations of B. pfeifferi is of the or-
der of 90% (Charbonnel et al., 2002a, b and refer-
ences therein), which should strongly influence the
distribution of genetic variability within and among
populations (Charlesworth et al., 1993; Jarne, 1995).
However, no differential effect of selfing on variability
is expected here since there is limited variation in
selfing rate among B. pfeifferi populations. Limited
migration has been detected among populations at
large geographic distances (Bandoni et al., 1990;
Mimpfoundi & Greer, 1990; Charbonnel et al.,
2002a).

Individuals from three geographic regions were
analysed (Table 1; Fig. 1). The western group in-
cluded one site from Senegal, Ivory Coast, Niger and
Cameroon, while the northeastern group included sites
from Ethiopia and Oman and the southeastern group
included one site from Zimbabwe and Madagascar
(two sites fromMadagascar for the AFLP analysis). A
previous analysis at 10 microsatellite loci (Charbonnel
et al., 2002a ; B. Angers, unpublished data) indicated
either no, or little, variation in the populations stud-
ied. Based on this information, a single individual was
sequenced in monomorphic populations (two for the
AFLP analysis), while several individuals display-
ing different microsatellite alleles were sequenced in
polymorphic populations (see below for more details
on sequencing). No sequence variation, except for the
number of repeats, was detected within populations.
Individuals from three additional species of Bio-
mphalaria were included to serve as outgroups in the
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phylogenetic analysis : B. alexandrina (one site from
Egypt), B. sudanica (one site from Burundi) and B.
glabrata (three sites from Brazil, the Guadeloupe
Island and Venezuela). A single individual was con-
sidered per site. Total DNA was extracted from
frozen or ethanol-preserved individuals using the
QIAmp tissues kit (Qiagen) according to the manu-
facturer’s protocols or using a rapid extraction pro-
tocol (Valsecchi, 1998).

(ii) AFLP screening

The AFLP technique (Vos et al., 1995) was used to
screen a large number of (potentially polymorphic)
fragments throughout the genome of B. pfeifferi, in
order to build a phylogeny of populations and species
independently of the other DNA fragments studied.
The largely dominant nature of AFLP markers is
generally considered undesirable in population gen-
etics analyses (see e.g. Lynch & Milligan, 1994).
However, a large fraction of loci in highly selfing
species such as B. pfeifferi are homozygous, and in-
dividuals exhibiting a given band can safely be con-
sidered homozygous for this band. AFLP patterns
were generated following Vos et al. (1995). Briefly,
DNA was double-digested with MseI and EcoRI.
Digestion was stopped by heating at 70 xC for 15 min,
and restriction fragments were ligated to the appro-
priate adaptors (Vos et al., 1995). Selective amplifi-
cations were performed using the polymerase chain
reaction (PCR) with eight pairs of primer com-
binations: EcoRI–AGG or EcoRI–ACC was used
in combination with either MseI–CAC, MseI–CAG,
MseI–CTCorMseI–CTG. Primerswere labelled using
c33P-ATP. The PCR mix was first heated at 92 xC for
30 s, prior to 13 touch-down cycles of 15 s at 92 xC,
30 s at an initial temperature of 65 xC decreased by
0.7 xC per cycle and 90 s at 70 xC. This was followed
by 24 additional cycles of 15 s at 92 xC, 30 s at 56 xC

and 90 s at 70 xC. Only those bands that showed both
consistent amplification, and occurred in at least two
populations, were retained for the analysis.B. sudanica
was used as an outgroup in this analysis.

(iii) DNA sequences

Nine DNA regions were sequenced in all individuals.
This includes 386 base pairs (bp) of the 16S rDNA
region of the mitochondrial genome, the first ITS of
the nuclear rDNA (ITS1 located between the 18S and
the 5.6S regions ; 640 bp), and the flanking regions
(ranging from 137 to 338 bp) of seven microsatellite
loci (Table 2). For the microsatellite loci, primers were
redesigned based on the sequences of Charbonnel
et al. (2000) in order to amplify sufficiently large re-
gions (Table 1). However, amplification failed in B.
glabrata for loci Bpf4, Bpf5 and Bpf8. The repeated
regions of the microsatellite loci are not considered
here. DNA fragments were amplified using PCR. The
100 ml reaction mix contained 100 pmol of target
DNA, 50 pmol of primers, 5 ml of 10r reaction
buffer, 15 mMMgCl2 ; 200 mMof each dNTP and 1 U
of Taq polymerase. Primer sequences are given in
Table 2. The PCR products were purified using the
Wizard PCR DNA Purification System (Promega).
Sequencing was done on both DNA strands with
the fmol DNA sequencing system (Promega) using
c33P-ATP. Sequences can be found in GenBank under
references AY126519–AY126598.

(iv) Data analysis

AFLP data were analysed considering each band as a
presence/absence character. The evolutionary re-
lationships among populations were inferred by
phylogenetic tree construction using both Wagner
(Kluge & Farris, 1969) and Dollo (Farris, 1977) par-
simony methods. The Wagner method assumes that

Table 1. Origin of the populations studied

Species Group Country Site Sender/sampler

B. pfeifferi Northwestern Cameroon Lake Ngoa F. Njiokou
Ivory Coast Akakronzipris B. Delay
Niger Niamey B. Delay
Senegal BM 1971a D. Rollinson

Northeastern Ethiopia BM 1488a D. Rollinson
Oman Wadi J.-P. Pointier

Southern Madagascar Irondro Present authors
Zimbabwe Harare S. Chandiwana

B. alexandrina – Egypt Gizea J.-P. Pointier
B. sudanica – Burundi BM 1091a D. Rollinson
B. glabrata – Venezuela Lake Valencia J.-P. Pointier

The species, group (for B. pfeifferi), country and site of sampling are indicated for each population, as well as the name of the
person who sampled or sent snails. See also Fig. 1.
a Refers to laboratory strains.
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changes between two possible states have equal
probabilities, while trait loss is more likely than trait
gain in Dollo parsimony, which is more compatible
with mutation at AFLP markers. The robustness of
nodes was estimated by bootstrapping (1000 rep-
licates). All phylogenetic analyses were performed
using PHYLIP version 3.5c (Felsenstein, 1994). Trees
were visualized using TREEVIEW version 1.6.1
(Page, 1996).

Sequences were aligned using CLUSTALW version
1.8 (Thompson et al., 1994) and optimized by visual
inspection. Given the close relatedness among in-
dividuals, alignments were unambiguous, except for
ITS1. Insertions and deletions of any length were
treated as single characters. Several classical indices of
diversity (Li, 1997, pp. 237–239) were estimated: the
observed (na) and expected (ne) number of haplotypes
or alleles, the average number of nucleotide differ-
ences between pairs of sequences (P), the nucleotide
diversity (p) and the number of segregating sites (K ).
We also estimated Dp/as and Da/s as the number of
fixed sites between the ancestors of B. pfeifferi and
B. alexandrina–B. sudanica sequences and in the B.
alexandrina–B. sudanica group respectively. For the
five loci for which it was possible to root the tree using
B. glabrata as an outgroup (see the paragraph below
on inference of networks), the numbers of sites sep-
arating the root from the ancestor of B. pfeifferi and
from the ancestor of B. alexandrina–B. sudanica re-
spectively was estimated. We also estimated the
numbers of sites on the branches going to either B.
alexandrina or B. sudanica. Estimating these para-
meters allowed us to produce various estimates of h
(the product of the effective population Ne and the
mutation rate u), which were used in neutrality tests
(see below).

The analysis of the distribution of sequence diver-
sity among populations and groups of populations
(see above) was conducted using an analysis of mol-
ecular variance (AMOVA), with and without taking
into account the number of nucleotide differ-
ences between haplotypes (Excoffier et al., 1992). The
differentiation among groups of populations was
quantified using both Wst and Fst, and their signifi-
cance was assessed using a bootstrap method. This

Senegal Niger
Ethiopia

Cameroon

Ivory Coast

Zimbabwe

Madagascar

rDNA ITS 1

Bpf 2

Bpf 5

Bpf 8

mt DNA

Bpf 1

Bpf 4

Bpf 6

Bpf 10

Oman

Fig. 1. Locations of the populations (large circles) studied
across Africa, Madagascar and the Middle East (upper left
map). See Table 1 for more details. Minimum-spanning

networks among the haplotypes sequenced in B. pfeifferi
are given on the following maps (one per locus). The small
circles correspond to the number of substitutions (or
indels) separating haplotypes (when the same haplotype
occurs in more than one population, there are no ‘small
circles ’ on the lines connecting these populations). Filled
large circles indicate the location of the MRCA which was
always observed in the populations analysed, except for
Bpf8 where MRCA is indicated by a square and ITS1
where MRCA was not inferred (see Materials and
methods).
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analysis was conducted using Arlequin 2.0 (Schneider
et al., 1999). The sequence diversity within any region
was described using hK=K/an where an=1+1/2+…

+1/(nx1), n being the sample size for that region.
A minimum-spanning haplotype network was in-

ferred using Arlequin 2.0 for each locus. B. alexan-
drina and B. sudanica are closely related to B. pfeifferi
(Campbell et al., 2000; DeJong et al., 2001), and were
used as outgroups to infer the sequence of the most
recent common ancestor (MRCA) at the origin of the
sequences sampled from populations of B. pfeifferi.
This was not possible for ITS1 because several muta-
tions were indels in an AT-rich region which was dif-
ficult to align across species. Similarly sequences from
B. glabrata were used to orient mutations along
branches either to B. pfeifferi or to the B. alexandrina–
B. sudanica group. This was possible for the mtDNA,
Bpf1, Bpf2, Bpf6 and Bpf10. Neutrality was tested
using the methods of Hudson et al. (1987; referred to
below as the HKA test), Tajima (1989) and Fu (1997).
For the latter two, the coalescent simulations were
conditioned on p, and the associated statistics were
calculated (D and Fs respectively). DnaSp 3.51 (Rozas
& Rozas, 1999) and Arlequin 2.0 (Schneider et al.,
1999) were used to conduct these tests. Neutrality
and demographic processes were further tested using
the method of Galtier et al. (2000) based on the

coalescence theory and maximum likelihood (ML)
estimation. This approach is more powerful than the
statistics-based analyses mentioned above, especially
with multilocus data. A series of hierarchical models
of population history were fitted to the data. The
simplest one (model 1) assumes a neutral, constant
population size coalescent. h was estimated for each
locus (p parameters for p loci). Model 2 assumes a
single bottleneck occurring at time T (in 2Ne gener-
ations) in the past during a short period and of
strength S (technically S, measured in units 2Ne gen-
erations, is the time that would be required for an
equal expected amount of coalescence if the popu-
lation size had not changed). The population then
recovers its initial size. This model has p+2 par-
ameters since h is estimated for each locus in addition
to S and T. Model 3 is similar to model 2 but it as-
sumes that the mtDNA and the nuclear sequences
underwent different bottlenecks. This model therefore
has p+4 parameters, since S and T are independently
estimated for the mtDNA and nuclear sequences. In
model 4, h, S and T were estimated for each locus
(3p parameters) allowing for distinct selective sweeps.
Likelihood-ratio tests were performed to compare
these models. Twice the logarithm of the likelihood
ratio of two competing models asymptotically follows
a chi-square distribution with j degrees of freedom
where j is the difference between the number of par-
ameters of the two models. The models were adjusted
to consider the mtDNA data only (models 3 and 4 are
identical to model 2), nuclear DNA only (model 3 is
equivalent to model 2), and both datasets. In the latter
situation, the mating system was taken into account.
As B. pfeifferi is a highly selfing, simultaneous her-
maphroditic species, the effective sizes of nuclear and
mitochondrial genes are expected to be identical.
However, the sister species of B. pfeifferi are out-
crossing hermaphrodites, meaning that B. pfeifferi
switched towards self-fertilization at some point in
its history. For model 2, we therefore conducted cal-
culations in which the ratio of effective sizes of
mitochondrial to nuclear genes varied between 1 and
0.5. This difference in effective size is not taken into
account in the other models, since the effective size is
directly adjusted to h values.

3. Results

(i) AFLP data

Amplifications produced 50 phylogenetically in-
formative bands in B. pfeifferi populations, 29 fixed
bands in B. pfeifferi populations that did not occur in
B. sudanica, and 19 bands fixed in both species. Each
population exhibited a specific multilocus profile
(fingerprint). Six to nine bands were specific to each
geographic region. The two phylogenetic methods

Table 2. Loci studied, primer sequences and PCR
conditions

Locus Primer sequences

16S rDNA
(mtDNA)

CGACTGTTTATCAAAAACAT
CCGGTCTGAACTCAGATCACGT

Bpf1 TCCTATCCTTGTAACTTCTCCAC*
CGAAACCATGCAAATCAG*

Bpf2 GCAGCTTCATTCAACATTCC*
CATGATGGCTGAACAAG

Bpf4 CCTCCGCCTCTATGAAG
AAGCTGCGCTATCTGTGGAC

Bpf5 TGTATGCTGACACTTAAAGAAACC*
GGCTCCCAAATGAGGGTC

Bpf6 CAAAAGTCACCGGCATAACC
CTAGTTTTTGAGATGTAAACGG

Bpf8 GGTTCCCATAGCATACAGTGC*
CTCACTCTTTCACCAACG

Bpf10 TGTCCAGCATGTCCAGTTC*
CAGAGATGATATTGCAGTCAGG*

ITS1 GTTTCCGTAGTGAACCTGCGG
GTGCGTTCGAAGTGTCGATGATCAA

The primer sequences are given from 5k to 3k. The forward
and reverse primers are on the first and second lines re-
spectively. Primers for microsatellite loci (Bpfi) were either
drawn from Charbonnel et al. (2000) (denoted by *) or re-
designed from sequences (GenBank references in Charbon-
nel et al., 2000) for loci Bpf1, Bpf2, Bpf5, Bpf8 and Bpf10,
and references AF189701 and AF189703 for loci Bpf4 and
Bpf6). For the 16S rDNA, see Palumbi (1996).
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produced identical genealogies, with slight differences
in bootstrap values. Each geographic region formed
a strongly supported clade (bootstrap values >0.9),
suggesting isolation by distance (see Fig. 2). An
interesting result is that the population from eastern
Madagascar clustered with a population from
Zimbabwe, rather than with that from western
Madagascar. Further AFLP analyses including a
larger number of eastern and western Malagasy
populations confirmed this, and little variation was
found within populations (data not shown). This is
consistent with microsatellite data, and strongly sup-
ports the hypothesis of two independent introduc-
tions of B. pfeifferi in Madagascar (Charbonnel et al.,
2002a).

(ii) Variability of DNA sequences

All sequences except Bpf4, Bpf10 and ITS1 showed a
significant excess of AT nucleotides (Fisher exact test ;
P<3r10x4). Searches for similarity performed in the
GenBank database using BLAST tools (Altschul
et al., 1997) did not find similarities with the micro-
satellite flanking regions. Patterns of variability are
reported in Table 3 and Fig. 1. Five haplotypes were
detected at the mtDNA locus in the eight B. pfeifferi
populations. Additional screening showed the same
haplotypes in other populations from Cameroon,
Ivory Coast, Zimbabwe (one population per country)
and Madagascar (four populations). The haplotypes
were separated by no more than four mutations, and
the nucleotide diversity per site was quite low (p=
0.0045). The sequence of microsatellite flanking re-
gions showed two to six alleles per locus over all
populations. Values of molecular diversity are given in
Table 3. The number of segregating sites ranged from
one (Bpf4) to nine (Bpf10) and up to eight mutationsT
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B. sudanica

Northeastern

Northwestern

Ethiopia

Oman

Niger
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Senegal

Zimbabwe
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95
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Fig. 2. Phylogenetic relationships among populations of
B. pfeifferi reconstructed using AFLP data with the Dollo
parsimony method. B. sudanica was used as an outgroup.
The East and West populations of Madagascar are
Irondro (see Table 1) and Andilamana respectively.
Northeastern, Northwestern and Southern refer to the
three groups of populations. Bootstrap values (in percent)
supporting nodes higher than 90% are also indicated.
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distinguished two sequences at a given locus (Bpf8).
The nucleotide diversity was lower at three loci (Bpf2,
Bpf4 and Bpf6) than that for mtDNA, but for Bpf1
was as high as 0.0202. The average nucleotide diver-
sity over loci was 0.0062. The ITS1 sequence was the
most polymorphic locus, with seven alleles, ten poly-
morphic sites and up to seven mutations separating
haplotypes. However, its nucleotide diversity per site
is moderate (0.0057).

(iii) Phylogenetic reconstructions

All minimum-spanning haplotype networks were well
resolved (see Fig. 1), with the exception of the gen-
ealogy of Bpf8, which implied a mutation occurring
twice. The MRCA sequence occurred in the popu-
lations analysed at all loci except Bpf8, and had the
most widespread geographic distribution at all loci
except Bpf1 and Bpf6. An interesting result is that the
number of mutations separating haplotypes from the
MCRA (at all loci) was very low for the southern and
northeastern populations, varying between five for a
Madagascar population and seven for both Oman
and Ethiopia (Fig. 1). In the western zone, the Niger
population was separated from the MRCA by six
mutational events, while there were nine, 15 and 17
mutations for the Senegal, Ivory Coast and Camer-
oon populations respectively.

Seventy fixed sites were found from B. pfeifferi
MRCA to B. alexandrina and B. sudanica (summing
over values of Dp/as and Da/s in Table 3), 10 of which
are fixed in either B. alexandrina or B. sudanica.
Twenty-one and 49 of these sites were detected at the
mtDNA (over 393 bp) and nuclear (over 2346 bp) loci
respectively. Comparing segregating sites within B.
pfeifferi and fixed sites between B. pfeifferi MRCA
and B. alexandrina/B. sudanica ancestor (K and Dp/as

in Table 3 respectively) at the mtDNA and nuclear
loci produced a non-significant difference (G-test :
G=2.26, P=0.13; HKA test : x2=0.21, P=0.65).
Rooting the tree with B. glabrata as outgroup was
possible for five loci (mtDNA, Bpf1, Bpf2, Bpf6 and
Bpf10), and allowed us to position mutations along
branches going from B. pfeifferi MRCA to the ances-
tor of B. pfeifferi and the B. alexandrina–B. sudanica
group. Eleven and eight mutations were fixed in these
branches for the mtDNA and nuclear loci respectively,
while seven and 21 mutations were segregating in
B. pfeifferi respectively. The statistical results were
contrasted (G-test : G=8.53, P=0.004; HKA test :
x2=0.45, P=0.50). There is therefore mixed evidence
that the MRCA sequence for the mtDNA is recent
compared with those at the nuclear loci.

(iv) Population structure

The distribution of haplotypes among B. pfeifferi
populations is given in Fig. 1. The most frequent

mtDNA haplotype was found in Niger, Ethiopia,
Oman and Zimbabwe, and the four variants were
each found in a single population. The genealogy of
alleles at microsatellite loci was generally more con-
sistent with the geographical location of populations,
i.e. that geographically close populations were also
phylogenetically so. The most striking example is the
Bpf1 locus, for which each of the three geographic
regions could be distinguished on the basis of two to
four mutations. In addition, apomorphic mutations
discriminated populations from the western group
(Bpf8) from those in the northeastern (Bpf5) and
the southern (Bpf6) groups. A more ambiguous situ-
ation was found at ITS1: the Cameroon and Niger
populations were most closely related to the north-
eastern populations, while the IvoryCoast andSenegal
populations were most closely related to the southern
populations.

The molecular diversity among populations within
regions was very low for both the southern and north-
eastern groups, with only three variable loci (hK=5;
Fig. 1). This contrasts with the pattern observed in the
western region where all loci, except Bpf1, were vari-
able (hK=9.27). A large fraction of this diversity
could be attributed to Bpf10, which had nine out of
the total of 16 polymorphic sites, and was variable in
the western region only. A similar pattern was ob-
served at ITS1 (hK=4.36, 0.00 and 2.00 in the west-
ern, southern and northern populations respectively).
The AMOVAs indicated significantWst and Fst values
at four and two nuclear loci only (Table 3), and no
structure was detected at the mtDNA locus. There is
therefore partial indication only of geographic struc-
ture, although the tests might be weak given the
sample size.

(v) Neutrality and demographic equilibrium

The results of the neutrality tests are reported in Table
3. Tajima’s (1989) test rejects the neutral hypothesis
for the mtDNA locus only, due to an excess of recent
mutations. Other tests of neutrality (Fu & Li, 1993)
and the associated statistics (D and Fs) gave essen-
tially identical results (not shown). Fu’s (1997) test
was significant for the ITS1 locus only, indicating an
excess of haplotypes. Negative values of D and Fs
were also observed at the mtDNA and Bpf8 loci, with
P values close to 0.05. Note that conditioning co-
alescent simulations on S in these tests (see Rozas &
Rozas, 1999) returned slightly higher P values, push-
ing to a cautious interpretation of results (see Dis-
cussion).

The results of the Galtier et al.’s (2000) method are
reported in Table 4. Model 2 (bottleneck) was signi-
ficantly better than model 1 (mutation–drift equilib-
rium) when only the mtDNA sequence was considered
(P=7r10x3), suggesting a marked reduction in
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diversity. A similar result was found when only the
nuclear loci only were analysed (P=0.02). Moreover,
model 3 (distinct sweep for each locus) was not sig-
nificantly better than model 2 for nuclear loci (P=1),
suggesting that the marked reduction in diversity at
these loci was due to a demographic event. When loci
from both genomes were considered in the same
analysis, the best model was model 3 (P<0.01 for
models 2 versus 1; P<0.03 for models 3 versus 2;
P=1 for models 4 versus 3). This indicates that dis-
tinct events of diversity reduction have affected the
nuclear and the mitochondrial genomes. This does
not reflect the smaller effective size of the mtDNA, as
the result is the same whatever the ratio of effective
population sizes assumed in model 2. This means that
even if B. pfeifferi switched from outcrossing to selfing
quite recently, this has limited influence on our re-
sults. The estimate of T for the mtDNA sequence was
much lower than for the nuclear loci, in agreement
with this result, suggesting a more recent event af-
fecting mtDNA than nuclear gene diversity. Note that
as the Galtier et al. (2000) method was applied to three
datasets (mtDNA only, nuclear DNA only, combined
data), the significance value should not be compared
directly across columns of Table 4. For example, the
significant fit of model 3 to the combined data antici-
pates that of model 2 to genome-specific data.

4. Discussion

(i) Limited variability within populations

Data obtained at 10 microsatellite loci showed
limited variation within the populations studied here

(B. Angers, unpublished data), and this was the very
reason for sequencing one to four haplotypes (that is
individuals, because of high homozygosity) per popu-
lation. No variation was indeed found when several
haplotypes were sequenced per population. This is
consistent with results obtained in more than 50 popu-
lations sampled all over Madagascar (Charbonnel
et al., 2002a, b). Similar results have also been ob-
tained in Bulinus truncatus, another African fresh-
water snail with a natural history very similar to that
of B. pfeifferi (Viard et al., 1997a, b). There are two
likely explanations for the low genetic variation:
(i) Self-fertilization reduces the effective size of popu-
lations (Ne) by up to a factor 2, and enhances the influ-
ence of indirect selection through either hitchhiking,
or background selection (see Charlesworth et al.,
1993; Jarne, 1995). (ii) These populations probably
have a limited effective size as a consequence of reg-
ular or stochastic fluctuations in individual density in
response to environmental processes (climatic or eco-
logical ; Charbonnel et al., 2002a, b ; review in Städler
& Jarne, 1997). The main genetic consequence is the
reduction in the effective size to about its harmonic
mean over generations (Hartl & Clark, 1997).

(ii) Genetic diversity and population history

Collectively our results suggest that the geographical
distribution of genetic diversity in B. pfeifferi in Africa
results from dispersion fromWestern Africa, where di-
versity is highest, involving a single (or a few) founding
event. This conclusion is drawn from (i) the geographic
distribution of diversity among groups of populations
and (ii) its deviation from the neutral expectation

Table 4. Results of the test (Galtier et al., 2000) on bottlenecks and selective sweeps

Model Parameters mtDNA only nDNA only All loci

1 L x7.72 x73.34 x81.06
H 4.8 0.3 to 5.4 0.3 to 5.4

2 L x2.70* x69.33* x75.08 to x76.54
H 90.1 0.4 to 5.6 0.5 to 7.6
T 0.018 0.80 0.55 to 0.66
S 4.71 4.36 2.90 to 4.00

3 L As model 2 As model 2 x72.03*
H 0.4 to 90.1
Tmt; Tn 0.018; 0.8
Smt; Sn 4.71; 4.36

4 L x2.70 x68.36 x71.06
H 90.1 0.30 to 9.5 0.30 to 90.1
T 0.018 0.38 to 1.80 0.018 to1.80
S 4.71 1.37 to 8.0 1.37 to 8.10

The table gives the likelihood (L) of tests, as well as the estimates of H, T and S. The tests were performed either for the
mtDNA sequence, for nuclear loci, or for all loci. The models are described in the Materials and methods section. Tests were
based on log-likelihood ratios, and * denotes the (significantly) best model. The associated P values are reported in the text.
The ‘mt’ and ‘n’ subscripts refer to estimates for mitochondrial and nuclear data. Note that, in order to keep this table at a
reasonable size, a range of values is given when multiple estimates of some parameters were produced, either across loci (third
and fourth columns) or across values of the ratio of effective size of mtDNA and nDNA (fourth column, model 2).
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at mutation–drift equilibrium. This interpretation
might be affected by current population structure,
as discussed below. (i) The AFLP data indicate that
populations group according to geographic proximity
(regions), suggesting that populations within regions
have a common evolutionary history. Sequence data
at four nuclear loci support the geographic pattern
revealed through AFLP, since it shows high molecu-
lar variance among regions, and suggests some form
of isolation by distance. However, some loci did not
support this pattern (Bpf10 and ITS1) or reveal no
structure (Bpf2 and Bpf4). This is not surprising as
population structure is expected to generate substan-
tial variance among loci (Vitalis et al., 2001 and re-
ferences therein). A similar geographic pattern for the
ITS locus can be inferred from the studies of Camp-
bell et al. (2000) and DeJong et al. (2001). Further-
more, these authors detected only one extra-sequence
(from Sudan) by comparison with the sequences re-
ported here. This incongruence is not incompatible
with a dispersion scenario from a genetically variable
source. Large variance in allelic frequencies is expected
to result fromgenetic drift after founder events. (ii) The
tests of neutrality (Tajima, 1989; Fu & Li, 1993; Fu,
1997) did not indicate significant departures from
mutation–drift equilibrium at any nuclear loci when
they were analysed separately. An exception was the
ITS1 locus when using Fu’s (1997) test. However, the
multilocus, coalescence-based maximum likelihood
method of Galtier et al. (2000) detects a reduction in
variability that is consistent with a single bottleneck
event. Modelling independent selection events separ-
ately for the nuclear loci did not significantly improve
the likelihood of the model. It remains possible that
population structure, although not detected at all loci,
affects the results of this test : the procedure was de-
signed for a single population, and the influence of
population structure has not been evaluated. Intuit-
ively, population structure is expected to produce co-
alescent trees with long terminal branches, especially
when migration is limited (large number of muta-
tions; Nordborg, 2001) – the opposite of the expec-
tations for a bottlenecked population (short terminal
branches). However, specific models of population
structure may presumably create coalescent top-
ologies similar to the ones observed here (see e.g.
Wilkins & Wakeley, 2002). More theoretical work
needs to be done in this area. Note also that popu-
lation structure was not detected by neutrality tests,
but they are notoriously conservative. A further com-
plication is the mating system: if B. pfeifferi switched
recently from outcrossing to selfing, the ratio of ef-
fective size of mtDNA and nuclear DNA is no longer
1. However, we showed that this does not affect the
results of the method of Galtier et al. (2000).

Where does B. pfeifferi come from? The amount of
diversity among groups of populations suggests that

B. pfeifferi extended its distribution from western
Africa, and colonized the southern and northeastern
regions. When considering all populations at once,
substantial variation was detected across loci in the
amount of variability (a factor of 20 in nucleotide di-
versity between the least and the most polymorphic
loci). However, far more variation was detected in
the western group than in the two other groups,
pleading for a West African origin of B. pfeifferi. An
interesting element is the wide distribution of the
MRCA, assuming that it has been properly inferred.
This is not surprising since older alleles are expected
to have a more widespread distribution than younger
ones. MRCAs are also expected to occur more fre-
quently than other alleles among individuals found-
ing new populations, which may explain their high
frequency in the southern and northeastern regions
compared with the western ‘source ’ (but see Cann
et al., 1987).

(iii) Selection on the mitochondrial molecule?

Two surprising results regarding the mitochondrial
gene studied are the rather low variability (e.g. p=
0.0045 versus an average of 0.0062 for the other loci)
and the near absence of population structure, with the
MRCA found throughout Africa. These results were
unexpected given the large geographical area surveyed
and results reported from other species of pulmonate
snails (Ross, 1999; Shimizu & Ueshima, 2000; but see
Pfenninger & Magnin, 2001). They also contrast with
those obtained at the nuclear sequences analysed here
(see discussion above). De Jong et al. (2001) inde-
pendently analysed the same mtDNA locus in popu-
lations from Madagascar, Senegal, Cameroon and
Sudan (GenBank Accession No. AY030193-96). No
additional variation was revealed, confirming that the
pattern here is not simply due to small sample size.
It would certainly be worthwhile sequencing extra
mtDNA genes to check whether the current pattern
extends beyond the 16S rDNA region.

A first obvious explanation might be that the
mtDNA gene has a low mutation rate. However, this
runs counter to what is generally found (e.g. Graustein
et al., 2002 in Caenorhabditis species), and is ruled
out by the higher divergence between B. pfeifferi and
the B. alexandrina–B. sudanica group for the mtDNA
gene than for most of the nuclear loci (except for
Bpf1). Similarly, the mtDNA divergence between
B. alexandrina and B. sudanica is higher than that at
any nuclear locus. A second explanation is genetic
homogenization resulting from high migration rates
among populations. This is not impossible in a species
in which long-distance dispersal may be mediated by
birds or human activities (Brown, 1994; Viard et al.,
1997a). However, the regional structure observed at
both the AFLP and nuclear sequence data strongly
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argues against this interpretation. Taking into account
both the rather high mtDNA mutation rate and the
marked population structure at nuclear loci, the third,
most likely, explanation is that the mtDNA molecule
experienced a marked reduction in ancestral poly-
morphism. This is supported by all neutrality tests,
with the exception of the HKA test.

The analysis based on the framework developed by
Galtier et al. (2000) reveals that a single bottleneck
event alone cannot explain the reduction in variability
at both the mtDNA gene and nuclear loci. A striking
result is the almost 50-fold difference between nuclear
and mitochondrial genes in the estimate of the time
since the bottleneck (parameter T). Certainly, time es-
timates with maximum-likelihood methods may have
large variances, and deriving standard errors from the
Griffiths-Tavaré algorithmisuneasy, because the shape
of the distribution of the likelihood across genealogies
is unknown. However, the simulations conducted by
Galtier et al. (2000; their table 2) suggest that the size
of our dataset allows discrimination between old and
recent (selective sweep) bottlenecks. Importantly, the
variance is taken into account in the likelihood ratio
test. If the mitochondrial data were compatible with a
bottleneck as long ago as the bottleneck detected from
the nuclear data, then model 2 should be favoured
(i.e. the difference in log-likelihood of the mitochon-
drial data for ‘recent T ’ versus ‘old T ’ should be low).
There are three possible explanations for this result :
population structure, purifying selection and selective
sweep.

Wementioned above that population structure may
interfere in the neutrality tests when looking for bottle-
necks, since it tends to increase the variance among
loci in diversity (Vitalis et al., 2001) andmight produce
coalescent trees mimicking those trees obtained under
selection (Wilkins & Wakeley, 2002). It is therefore
likely that population structure affects neutrality tests,
in an unknown fashion though, as has been suggested
for the HKA test (Nielsen, 2001). Population structure
might therefore account for the difference observed
at the mtDNA locus. However, it would be surprising
if the only locus which is a potential target of selection
in this study were the one which is thrown out of the
distribution in neutrality tests because of population
structure.

Williamson & Orive (2002) pointed out that purify-
ing selection modifies coalescent trees in a way similar
to what can be expected under demographic bottle-
necks or selective sweeps. Using simulations, these
authors showed that it might have a strong enough
effect to affect the outcome of classical neutrality tests
(presumably also that of the Galtier et al. (2000)
method), mimicking the effect of positive selection.
This is true when the selective coefficients and mu-
tation rates are large enough, and when mutation ef-
fects are uniformly distributed across mutation events

(Williamson & Orive, 2002). The question, of course,
is whether these conditions hold in the actual world.
Evaluating the two first conditions is uneasy, but there
is evidence from studies on mutation effects that the
last one is unlikely to be met (see e.g. Shaw et al.,
2002). Clearly purifying selection cannot be rejected,
but this calls for more work evaluating its actual
consequences under the conditions studied here.

The last explanation is a selective sweep on
the mtDNA. Several empirical results have indeed
suggested that positive selection markedly influences
molecular diversity (e.g. Begun & Aquadro, 1991;
Schlötterer et al., 1997; Nurminsky et al., 2001).
However, it has turned out to be difficult to disen-
tangle the consequences of the different mechanisms
involved in diversity reduction, including selective
sweeps, background selectionanddemographic events.
A solution that has been adopted in a few studies,
including the current one, is to compare patterns of
diversity across several genes from the same genome.
Nurminsky et al. (2001) provided a good example,
comparing the patterns of variation at a series of
about 15 genes between Drosophila melanogaster and
Drosophila simulans. A newly evolved gene in D.
melanogaster, which does not exist in D. simulans,
has apparently been associated with a local loss of
variation through positive selection. However, very
few studies, if any, indicate that the mtDNA mol-
ecule experienced positive selection (but see Ballard,
2000), previous studies reporting either purifying
selection or no selection at all (reviewed in Weinreich
& Rand, 2000; Gerber et al., 2001). These conclu-
sions are largely based on McDonald–Kreitman tests
(McDonald & Kreitman, 1991), which may be con-
servative with regard to selective sweeps (Gerber et al.,
2001), and might therefore have to be reconsidered.

Whether the pattern is observed at the mtDNA due
to population structure or selection, an important
conclusion of our study is that evolutionary studies
should not be based on the single mtDNA molecule,
as already highlighted by several authors.
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