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VARIATION IN ASEXUAL LINEAGE AGE IN POTAMOPYRGUS ANTIPODARUM, A NEW
ZEALAND SNAIL
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Abstract. Asexual lineages are thought to be subject to rapid extinction because they cannot generate recombinant
offspring. Accordingly, extant asexual lineages are expected to be of recent derivation from sexual individuals. We
examined this prediction by using mitochondrial DNA sequence data to estimate asexual lineage age in populations
of a freshwater snail (Potamopyrgus antipodarum) native to New Zealand and characterized by varying frequency of
sexual and asexual individuals. We found considerable variation in the amount of genetic divergence of asexual
lineages from sexual relatives, pointing to a wide range of asexual lineage ages. Most asexual lineages had close
genetic ties (;0.1% sequence divergence) to haplotypes found in sexual representatives, indicating a recent origin
from sexual progenitors. There were, however, two asexual clades that were quite genetically distinct (.1.2% sequence
divergence) from sexual lineages and may have diverged from sexual progenitors more than 500,000 years ago. These
two clades were found in lakes that had a significantly lower frequency of sexual individuals than lakes without the
old clades, suggesting that the conditions that favor sex might select against ancient asexuality. Our results also
emphasize the need for large sample sizes and spatially representative sampling when hypotheses for the age of asexual
lineages are tested to adequately deal with potential biases in age estimates.
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Despite the demographic and transmission advantages of
asexual reproduction, the vast majority of multicellular eu-
karyotes use some form of sexual reproduction (Williams
1975; Maynard Smith 1978; Burt 2000). The evolutionary
predominance of sexual over asexual reproduction is gen-
erally attributed to the greater efficacy of sex at clearing
deleterious mutations and/or generating genetically diverse
offspring. In theory, the accumulation of deleterious muta-
tions will decrease mean asexual lineage fitness to the point
where extinction becomes inevitable (Muller 1964; Lynch
and Gabriel 1990; Lynch et al. 1993), while the lack of ge-
netic diversity is thought to hinder evolutionary response of
asexual lineages to biotic and abiotic selective pressures, re-
sulting in an increased probability of extinction (Maynard
Smith 1978; Rice 1983; Hamilton et al. 1990; Barton and
Charlesworth 1998; Burt 2000). Accordingly, asexual eu-
karyotes are considered by many to be evolutionary dead-
ends (e.g., Maynard Smith 1978, 1992; Lynch et al. 1993;
Schultz and Lynch 1997), and long-lived asexual lineages
have been branded ‘‘evolutionary scandals’’ (Maynard Smith
1986; Judson and Normark 1996; but see Birky 2004).

Recent sequence-based estimates of asexual lineage age
have upheld the expectation that asexual lineages generally
do not endure, demonstrating that most asexual lineages are
limited to a life span of several thousand years (e.g., Crease
1989; Goddard et al. 1989; Moritz 1993; Avise 1994; Grif-
fiths and Butlin 1995; Fu et al. 1998; Burt 2000). Despite
the extensive debate surrounding the selective value of sex,
the exact nature of the mechanism(s) responsible for limiting
asexual lineage duration remains unclear (West et al. 1999;
Burt 2000). Here, our purpose was to collect a large ecolog-
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ically representative sample from one well-studied natural
system where asexual lineages are common and use this sam-
ple to determine whether asexual lineages generally are
young. We were also interested in determining the type of
age distribution revealed with extensive sampling over many
populations and habitats, and we used this information both
to provide insight into the maintenance of sex in this system
and to deal with potential biases in age estimation.

Potamopyrgus antipodarum has been the focus of empirical
research into the maintenance of sex in natural populations.
This freshwater prosobranch snail is native to New Zealand
and is one of the few mollusks capable of asexual reproduc-
tion (Runham 1993). Genetic (Dybdahl and Lively 1995) and
karyotypic (Wallace 1992) data suggest that the apparently
irreversible transition (Hauser et al. 1992; Hughes 1996) to
triploidy and parthenogenesis in this ancestrally sexual dip-
loid species occurs spontaneously via aberrant meiosis in
sexual females. Lake populations of P. antipodarum vary in
the frequency of obligately sexual and obligately asexual
individuals (Lively 1987; Dybdahl and Lively 1995; Lively
and Jokela 2002). Sexual and asexual females from the same
habitat do not differ in ecology or main life-history traits,
indicating that sexuals pay the full two-fold cost of sex (Jo-
kela et al. 1997).

Previous studies demonstrated that P. antipodarum popu-
lations are highly variable with respect to the frequency of
infection by virulent trematode parasites and that the fre-
quency of infection is positively correlated with the propor-
tion of sexual individuals among lakes (Lively 1987, 1992;
Lively and Jokela 2002). Moreover, the asexual populations
consist of a diverse assemblage of asexual lineages, which
are often habitat specific (Fox et al. 1996; Jokela et al. 1999)
and lake specific (Dybdahl and Lively 1995). An earlier al-
lozyme-based study pointed to a local and recent origin for
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FIG. 1. Locations of the 20 lakes from which Potamopyrgus an-
tipodarum were sampled. Lakes containing the putatively old asex-
ual lineages are marked with an asterisk.

asexual P. antipodarum lineages sampled from four highly
sexual South Island lakes (Dybdahl and Lively 1995). How-
ever, estimates of the age and the dynamics of origin and
extinction of clonal lineages across the native range of the
species and in a range of ecological conditions have yet to
be determined.

Here we used mitochondrial sequence data to estimate
asexual lineage age in 20 natural lake populations of P. an-
tipodarum that vary in the relative frequency of sexual in-
dividuals. These 20 lake populations are distributed across
much of the native geographic and ecological distribution of
the species. Although we determined that asexual P. anti-
podarum lineages are usually short-lived, especially in lakes
with high frequencies of sexual conspecifics, we also found
that a few asexual lineages seem to have endured for at least
500,000 years. These old lineages are presently confined to
lakes with low frequencies of sexual conspecifics.

MATERIALS AND METHODS

Collection

Snails were collected from 20 lakes across the North and
South Islands of New Zealand (Fig. 1). All South Island
snails, as well as snails from Lake Taupo on the North Island,
were collected in January or February of 2000–2003 from
shallow habitats (, 0.5 m) by washing snails from small
rocks into kick nets or by pushing the nets through aquatic
vegetation. Following collection, the snails were snap-frozen
with liquid nitrogen, transported by air to Indiana University,
and stored in a 2808C freezer until DNA extraction. All snails
from the lakes Tarawera and Waikaremoana were collected
in a similar manner in early 1998, but were maintained in
freshwater aquaria at Indiana University. We used the de-

scendents of these snails as representatives of their respective
lakes.

Molecular Methods

DNA extraction and mitochondrial sequencing

We extracted genomic DNA with the Puregene Cell and
Tissue DNA extraction kit (Gentra Co., Minneapolis, MN)
following the protocol given by the manufacturer. For initial
amplification, we used primers developed for a segment of
the mitochondrial cytochrome b gene in the gastropod genus
Nucella (Collins et al. 1996). We then designed internal prim-
ers from conserved areas within the 718-bp region amplified
by the first set of primers. From 59 to 39, the forward internal
primer was TTCTTTATTAGGACTTTGTTTAGG, and the
reverse internal primer was TTTCACCGTCTCTGTTTAGC
C. The internal primers amplified a 497-bp region within P.
antipodarum cytochrome b. Polymerase chain reaction (PCR)
amplification was performed in 25-ml volumes consisting of
about 50 ng DNA, 1.5 mM MgCl2, 0.7 pmol each primer,
100 mM each dNTP, 2.5 ml Promega Taq Buffer B, and 1
unit Promega Buffer B Taq polymerase (Promega Corp.,
Madison, WI). Amplification began with an initial denatur-
ation of 2 min at 948C, followed by 40 cycles of 948C for
30 sec, 558C for 1 min, and 728C for 2 min, and ended with
a final extension period of 728C for 8 min. We used the
Qiagen (Valencia, CA) Qiaquick PCR purification kit and the
accompanying protocol to purify the PCR products. Next,
about 30 ng purified DNA was cycle-sequenced in both di-
rections in 10-ml reactions with 0.3 pmol of either the forward
or reverse primer solution, 1 ml v. 3.1 BigDye terminator
ready reaction mix (Applied Biosystems, Inc., Foster City,
CA), and 1.5 mM MgCl2. The samples were sequenced with
either an ABI 3700 or 3730 automated sequencer. Sequences
were aligned with Sequencher v. 4.1 (Gene Codes Corpo-
ration, Inc., Ann Arbor, MI). Ambiguous base calls were
corrected manually.

At least 23 individuals (mean 5 31.8) from each lake were
sequenced, several times the sample size typically used by re-
cent mitochondrial sequence–based studies of intraspecific phy-
logeography and population structure in snails (e.g., Holland
and Hadfield 2002; Haase et al. 2003). We attempted to sample
extensively to minimize the risk of overestimating asexual di-
vergence time by leaving the true progenitor haplotypes un-
sampled (Avise et al. 1991; Little and Hebert 1996; Sandoval
et al. 1998; Kirizian and Cole 1999; Law and Crespi 2002b).

Microsatellite genotyping

Unlike the diploid sexuals, asexual P. antipodarum are
triploid, almost exclusively female (no asexual female has
been reported to produce .6% male offspring, all of which
are likely nonfunctional; J. Jokela, unpubl. data), and produce
offspring via parthenogenesis (Wallace 1985, 1992; Phillips
and Lambert 1989). We used microsatellite markers (Weet-
man et al. 2001) to determine the ploidy, and thus the sex-
uality, of each sequenced snail.

We used three loci (PA112, PA143, and PA254) that am-
plified reliably and had relatively high allelic diversity (at
least seven alleles/locus) to maximize the chances of de-
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tecting triploid individuals. The sequence characteristics and
primers for these microsatellites are specified in Weetman et
al. (2001). The forward primer from each primer pair was 59
labeled with one of two fluorophores (HEX or 6FAM). PCR
amplification was performed in 10-ml volumes with 1 ng of
template DNA, 1.5 mM MgCl2, 1 ml Promega Buffer B Taq,
0.5 unit Promega Buffer B Taq polymerase, 100 mM each
dNTP, 0.15 pmol reverse primer, and 0.3 pmol forward prim-
er. We used the thermocycler profiles for each locus as spec-
ified in Weetman et al. (2001). PCR products were genotyped
on an ABI 3700 using Genescan version 3.5 and Genotyper
version 3.6 software (Applied Biosystems, Inc.). Snails with
three microsatellite alleles at at least one locus, as indicated
by three peaks or by two peaks with unequal peak intensity
biased toward the longer fragment (short-allele dominance;
Armour et al. 1996; Wattier et al. 1998) were identified as
triploid. In addition, common multilocus genotypes (4.1–
36.8% of their respective samples) expressing two peaks in
each locus were scored as triploid (27 genotypes).

Phylogenetic Analysis

Phylogenetic analyses were conducted and trees were gen-
erated with the maximum parsimony (MP), maximum like-
lihood (ML), and neighbor joining (NJ) functions of PAUP*
4.04b (Swofford 1998). For the ML tree, we used likelihood-
ratio tests (within PAUP) to determine the model of nucle-
otide evolution that best fit the data. First, we used the most
complex model (general-time-reversible with gamma-distrib-
uted rate variation and estimating the proportion of variable
sites) and then compared the likelihood of the data from this
test to likelihood ratios from increasingly simple models. For
our purposes, the best model of evolution was the general-
time-reversible plus invariable sites (GTR 1 I, 0.78). ML
analyses were performed with a heuristic search with 10 ran-
dom addition sequences and tree-bisection-reconnection al-
gorithms (TBR). Bootstrap resampling with 1000 replicates
was used to determine the degree of support for each node
in MP and NJ trees, and 100 replicates were used for the ML
tree. Bootstrap support values were calculated from a 50%
majority-rule consensus tree. Potamopyrgus estuarinus, a
close sexual relative of P. antipodarum, was used as the out-
group.

Estimating asexual lineage age

We calculated the percent sequence divergence separating
each asexual haplotype lineage (hereafter referred to as
‘‘asexual lineage’’) from the haplotype separated from it by
the fewest nucleotide substitutions (‘‘closest relative’’). We
also determined the percent sequence divergence separating
each asexual lineage from the most closely related haplotype
with putatively diploid individuals (‘‘closest diploid rela-
tive’’). For calculation of the closest diploid relative measure,
haplotypes represented by both triploid and putatively diploid
individuals were given a sequence divergence value of zero
because these haplotypes included individuals likely to be
sexual. Studies of the rate of mitochondrial sequence diver-
gence in snails (Murray et al. 1991; Collins et al. 1996) and
in other invertebrates (Brown et al. 1979; Brower 1994;
Trewick and Wallis 2001) suggest that pairwise divergence

occurs at a rate of about 1.5–2.5% per million years. We used
this range of rates of mitochondrial divergence to provide
lineage age estimates.

We also estimated asexual lineage age using the software
Genetree by R. C. Griffiths (http://www.maths.monash.edu.
au/;mbahlo/mpg/gtree.html) to estimate the time to the most
recent common ancestor (TMRCA) for asexual lineages with
coalescent theory (Griffiths and Tavaré 1994). First we
pruned the dataset to achieve the required conformation to
the infinite alleles model. Then we estimated TMRCA for the
pruned P. antipodarum tree using the distribution of muta-
tions on the genealogy to determine the most likely value of
u, which equals 2Nfm for mitochondrial loci where Nf rep-
resents the effective population size of females, and m rep-
resents the mutation rate per gene per generation. We based
our estimates of m on the low (1.5%) and high (2.5%) end
of the current range of estimates of the rate of pairwise se-
quence divergence per million years in snail and invertebrate
mitochondrial DNA. Once we had estimated u (3.37), we ran
one million simulations of the coalescent process. These sim-
ulations provided us with an estimate of TMRCA and 95%
confidence intervals around TMRCA in coalescent units. We
then calculated the coalescence time in years for each asexual
lineage using the TMRCA for the oldest mutation defining each
lineage to calculate t 5 TMRCANfmg, where g equals the gen-
eration time in years. Generation time estimates in P. anti-
podarum vary among populations, and range between about
four and nine months (e.g., Winterbourn 1970; Dybdahl and
Kane 2005). Accordingly, we calculated TMRCA where g 5
4 months (;0.33 years) and where g 5 9 months (0.75 years).
We calculated 95% confidence intervals from the distribution
of TMRCA for each mutation following 1000 simulations of
the coalescent process.

Inferring time to lineage divergence from gene coalescence
estimates is likely to overestimate by up to two-fold the true
divergence time of lineages, especially when the TMRCA es-
timates are relatively close to the present day (Edwards and
Beerli 2000). Therefore, and aside from the potential under-
estimation of generation time, we consider the presented
TMRCA estimates to represent upper limits for lineage diver-
gence time. In any event, we believe that the TMRCA estimates
are appropriate for our analyses and conclusions because we
focus more on the relative differences in age between lineages
and on the shape of the haplotype age distribution than on
absolute lineage age. Biases in TMRCA will not affect these
analyses or the inferences drawn from them.

Following generation of the ML tree, we used a nonpara-
metric exact test to determine whether there was a significant
difference in the frequency of triploid asexual individuals
between lakes with and without individuals belonging to two
genetically distinct, entirely asexual clades (Grasmere, Ka-
trine, Taylor, Tarawera, Taupo, and Waikeremoana). SPSS
v. 11.5.2.1 (SPSS, Inc., Chicago, IL) was used for all statis-
tical analyses.

RESULTS

We sequenced 497 bp of the cytochrome b gene from 636
P. antipodarum individuals from 20 different lakes across
New Zealand. Of the 497 bp amplified by the primer set, 430
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TABLE 1. Number of haplotypes, frequency of triploids, frequency
of individuals with old haplotypes, and the number of individuals
sequenced in each lake.

Lake
No.

haplotypes
Triploid

frequency

Old
haplotype
frequency

No.
sequenced

Alexandrina 10 0.77 0 35
Clearwater 5 0.72 0 43
Ellery 6 0.32 0 38
Grasmere 5 0.83 0.03 35
Gunn 5 0.94 0 32
Ianthe 4 0.45 0 44
Katrine 8 0.85 0.15 27
Marymere 2 0.79 0 26
Mapourika 6 0.67 0 23
South Mavora 5 0.98 0 24
Moeraki 3 0.85 0 25
Poerua 3 0.84 0 39
Sarah 1 0.94 0 35
Selfe 3 0.71 0 24
Sumner 3 0.80 0 28
Tarawera 1 1.00 1.00 27
Taupo 8 0.94 0.88 24
Taylor 5 0.88 0.10 30
Te Anau 3 0.81 0 32
Waikaremoana 4 1.00 1.00 45

were unambiguously readable. We found 44 variable sites.
As expected for protein-coding mitochondrial genes (Brown
1985), variable nucleotides were not distributed randomly:
there were 32 synonymous and 12 nonsynonymous substi-
tutions. We detected 45 different haplotypes (GenBank ac-
cession numbers AY570182–AY570226). MP, ML, and NJ
trees were similar topologically, especially in clades that re-
ceived greater than 50% bootstrap support. ML analysis re-
sulted in a tree with 2ln L 5 1072.8. We summarize lake-
by-lake results in Table 1.

Sexuality

We genotyped a total of 944 snails, of which 636 were
sequenced at cytochrome b. Of the 944 snails genotyped,
79.6% were identified as triploid. Similarly, 77.8% of the
636 sequenced snails were identified as triploid. The ability
of microsatellite markers to identify ploidy in this system
was corroborated by the significant and positive correlation
between the average of 1987 and 2003 estimates of the fre-
quency of males from all 17 South Island lakes and our mi-
crosatellite-based estimates of diploidy (Pearson’s correla-
tion, r 5 0.893, P , 0.001).

Asexual Lineage Age Estimates

On average, asexual lineages were separated from their
closest relative by 1.04 6 0.03 SE nucleotides (;0.2% se-
quence divergence) and from their closest diploid relative by
1.98 6 0.48 nucleotides (;0.5% sequence divergence). In
contrast, the members of two wholly asexual and genetically
distinct clades were separated from their closest diploid rel-
ative by an average of 8.71 6 0.4 nucleotides (;2% sequence
divergence) and 5.5 6 0.5 nucleotides (;1.2% sequence di-
vergence), respectively (Fig. 2). If the haplotypes represented
in these two distinctive clades are excluded from calculations

of mean sequence divergence from closest diploid relative
across all haplotypes, this value drops to 0.47 6 0.12 nu-
cleotides (;0.1% sequence divergence). Many asexual snails
(;72%) not represented in one of the two distinctive clades
shared a haplotype with putatively diploid snails. The only
haplotypes separated by more than two nucleotides (;0.5%
sequence divergence) from their closest diploid relative were
in one of the two genetically distinct asexual clades.

Thus, assuming a rate of 1.5–2.5% sequence divergence
per million years (Brown et al. 1979; Murray et al. 1991;
Brower 1994; Collins et al. 1996; Trewick and Wallis 2001),
we estimate that for most asexual P. antipodarum lineages
the conservative upper limit of divergence from progenitor
sexual lineages is 70,000–150,000 years. The informative-
ness of this estimate is limited by the resolution offered by
the rate of nucleotide substitution in cytochrome b.

This estimate excludes the two distinctive all-asexual clades.
These clades never shared a haplotype with diploid individuals
and likely diverged from their progenitor sexual lineage at
least 500,000 years ago. Another line of support for the rel-
atively ancient divergence of these clades was provided by the
Genetree coalescent analysis. Genetree estimated the TMRCA
of the oldest mutation defining the larger clade as 1.38 (60.2)
and the TMRCA of the oldest mutation defining the smaller clade
as 0.4 (60.15). Again assuming 1.5–2.5% sequence diver-
gence per million years and a generation time of 4–9 months,
this suggests that the larger of the two asexual clades originated
about 266,000–1,739,000 years ago, while the smaller asexual
clade likely originated 57,000–600,000 years ago. This is in
contrast to other asexual lineages, which never had coalescent
times exceeding approximately 44,000 years (TMRCA # 0.04).
The somewhat lower values of age estimates derived from the
coalescent analysis are likely to be partially due to the pruning
of the dataset required for conformation to the infinite alleles
model, which decreased the number of mutations defining
some asexual lineages.

Furthermore, because the Genetree estimates are based on
gene coalescence, the true lineage divergence times of asex-
ual lineages are likely to be as much as 50% less than the
stated estimates, especially for more recently derived lineages
(Edwards and Beerli 2000). Younger actual ages for the more
recently derived clones are especially likely, given that many
of the lakes included in this study are glacial lakes originating
at the end of the Otiran glacial period (;13,000 years ago;
Gage 1975) and are known to hold lake-specific assemblages
of clones (Dybdahl and Lively 1995; Neiman and Lively
2004). Therefore, many clones are suspected to be of recent
and local origin. This estimation bias does not affect our
interpretation that two clades appear to contain asexual lin-
eages that are much older than the rest of the asexual lineages.

Members of the two genetically distinct asexual clades were
confined to three South Island lakes, (Grasmere, Katrine, Tay-
lor) and the three North Island lakes. Microsatellite genotyping
indicated that there were significantly more triploid snails in
these six lakes (mean triploid frequency 5 91.57 6 2%) than
in the remaining 14 lakes (mean triploid frequency 5 75.64
6 4.8%; nonparametric exact test, two-tailed P 5 0.019).

DISCUSSION

We found that most asexual P. antipodarum lineages are
likely to have been derived within the last 20,000–70,000
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FIG. 2. Neighbor-joining tree representing the 45 Potamopyrgus antipodarum cytochrome b haplotypes. This tree was topologically very
similar to the maximum parsimony and maximum likelihood trees. Maximum likelihood bootstrap values greater than 50% are given;
values greater than 70% are presented in bold. The color of the square at the end of each branch indicates the percentage of individuals
with each haplotype identified as triploid. Of particular interest are the two asexual clades at the base of the tree; these clades appear
to have been diverging from sexual lineages for at least 500,000 years.

years, two genetically distant asexual clades may be at least
500,000 years old, and the nine asexual lineages within these
old clades are confined to lakes with relatively low frequency
of sexual conspecifics.

The young age of most asexual P. antipodarum lineages
is consistent with the findings of a smaller, allozyme-based

study indicating that most asexual P. antipodarum genotypes
from mixed sexual/asexual populations inhabiting four South
Island lakes of late Pleistocene origin were derived from
sexual genotypes in their source lake (Dybdahl and Lively
1995). Thus, it is likely that many of the young asexual
lineages sampled in our study were also derived within the
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last several thousand years, below the resolution provided by
the rate of nucleotide substitution of cytochrome b. Over-
estimation of asexual lineage age due to the analysis of mi-
tochondrial sequence data with a lower boundary of reso-
lution on the order of tens of thousands of years is likely to
afflict many studies attempting to estimate asexual lineage
age. Unlike many other systems, however, we can use in-
dependent lines of evidence to argue that our age estimates
for young clones are almost certainly biased downward, be-
cause we know that many of the South Island lakes used in
our study were likely created within the last 13,000–20,000
years by glaciation (Gage 1975), and asexual P. antipodarum
lineages in mixed sexual/asexual lakes of glacial origin are
often locally derived (Dybdahl and Lively 1995). Therefore,
our results provide a cautionary note for studies in which age
estimates of young lineages are computed, indicating that
supplementary ecological, geological, or genetic data are of-
ten needed to back up age estimates based on molecular data
(Edwards and Beerli 2000). A thorough phylogeographic
analysis of these cytochrome b haplotypes can be found in
Neiman and Lively (2004).

As for virtually all studies that attempt to age asexual
lineages, identification of old asexual P. antipodarum line-
ages relies on negative evidence (Judson and Normark 1996;
Normark et al. 2003): here, the failure to detect a haplotype
that unites each asexual lineage to a recent sexual ancestor
(Chaplin and Hebert 1997; Sandoval et al. 1998; Normark
1999; Law and Crespi 2002b). In our case, we found two
clades wholly comprised of asexual individuals that were
confined to lakes with very low relative frequencies of sexual
conspecifics. Although these clades were quite distinct from
any haplotype with putative sexual representatives, they
would be misidentified as anciently asexual if, by chance, we
had missed sampling a close sexual relative or if the hap-
lotype(s) representing a close sexual relative had gone ex-
tinct. The latter phenomenon would also result in a situation
where apparently old asexual lineages tend to be found in
lakes with relatively few sexuals. However, this scenario
seems likely to result in narrowly distributed but apparently
old asexual lineages, rather than a broad distribution of truly
ancient asexual haplotypes. In fact, several of the old hap-
lotypes were found in more than one lake on both the North
and South Islands. Their broad distribution suggests that it
is unlikely that recent extinction of sexual progenitor lineages
can serve as a general explanation for the existence of ap-
parently ancient haplotypes.

Although it is impossible to entirely eliminate the possi-
bility that these putatively ancient asexual clades are more
closely related to sexual lineages than they appear without
comparing the phylogenies of nuclear genes in sexual and
asexual lineages (Birky 1996; Mark Welch and Meselson
2001), we tried to minimize these concerns by sampling at
least 23 individuals in each lake. Moreover, we did not detect
any new haplotypes after 408 of the 636 individuals were
sampled, nor did we find any correlation between the number
of individuals sampled per lake and the number of haplotypes
per lake or haplotype diversity. This suggests that we had
sampled enough populations and individuals to achieve a
good estimate of the range of haplotypic variation in P. an-
tipodarum cytochrome b. It thus appears that some asexual

P. antipodarum lineages can endure for hundreds of thou-
sands of years.

The extensive age variation found in asexual lineages of
P. antipodarum is similar to several studies that found wide
variation in estimates of asexual age in mixed sexual/asexual
species and species assemblages (Ó Foighil and Smith 1995;
Normark 1996; Sandoval et al. 1998; Mark Welch and Me-
selson 2000; Law and Crespi 2002b). Therefore, this finding
is not novel per se. Our results emphasize that spatially ex-
tensive and representative sampling is needed to ensure that
old asexual lineages are detected. We would have easily
missed the old asexual clades had we used a smaller sample
size, investigated fewer populations, or covered less of the
species range in our survey.

The old asexual lineages revealed in this study appear to
be confined to lakes where the frequency of sexual conspe-
cifics is low. One potential explanation for this pattern is that
the ancient asexuals have lost some or all of the two-fold
advantage in daughter production that characterizes the more
recently derived asexual lineages (Jokela et al. 1997). Such
a fitness loss may be linked to the mutation accumulation
that is predicted to plague old asexual lineages (Muller 1964;
Lynch and Gabriel 1990; Lynch et al. 1993). As such, the
ancient asexuals may be competitively inferior to sexuals and
have been unable to persist in lakes containing a high fre-
quency of sexual individuals. In addition, the lakes that are
characterized by high frequencies of sexual snails also have
a higher prevalence of infection by castrating digenetic trem-
atodes (Lively 1987, 1992; Lively and Jokela 2002). Thus,
an additional factor could be that coevolutionary interactions
with parasites have contributed to the demise of the ancient
asexuals in locations where the risk of parasitic castration is
high. In other words, parasites may have contributed to re-
ducing the competitive ability of the ancient asexuals. More
data on infection frequency in lakes with the old clades are
needed to further evaluate this possibility. In the absence of
such data, other selection-based explanations for this pattern
(such as persistent competitive superiority of particular asex-
ual lineages in particular lakes) cannot yet be ruled out.

As an alternative, it is also possible that old asexual P.
antipodarum lineages are simply restricted to lakes with rel-
atively stable climactic and geological history. This was put
forth as a potential explanation by Law and Crespi (2002b)
for their finding that an ancient asexual walkingstick species
(Timema spp.) was found in a region of North America less
likely to have been severely affected by Pleistocene glacia-
tion than regions inhabited by more recently derived asexual
species (Law and Crespi 2002a,b). Some support for this
alternative explanation comes from our observation that the
oldest P. antipodarum asexual lineages are primarily found
in lakes in the northern third of New Zealand (see Fig. 1).
This part of the country was left relatively unscathed by
Pleistocene glaciation (Burrows 1965; McGlone 1985) and
likely harbored P. antipodarum during this time (Neiman and
Lively 2004). Pleistocene events may be linked to our finding
that most asexual lineages have originated within the last
20,000–70,000 years if asexual P. antipodarum were not able
to keep pace with the climatic and geological upheaval that
accompanied the glaciation (McGlone 1985; Pillans et al.
1992). However, this phenomenon would not explain why
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there are no long-lived asexual lineages in the southern part
of the South Island, which also harbored glacial refugia, or
why the putatively ancient asexual lineages seem to be pres-
ently confined to lakes with low frequency of sex.

In summary, our survey of natural populations of P. an-
tipodarum revealed that asexual lineage age is highly vari-
able. The fact that we found some older lineages in this
system indicates that the extinction rates of these asexual
lineages cannot be considered constant and may be related
to the presence and frequency of sexual conspecifics. Our
study emphasizes that large, spatially representative samples
are needed to capture old lineages that may be local or rare.
Moreover, our results suggest that additional knowledge of
species ecology, genetics, and geological history of the spe-
cies’ range may enable the known bias in coalescence-based
age estimates of recently derived lineages to be adequately
addressed.
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