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RECENT AND ANCIENT ASEXUALITY IN TIMEMA WALKINGSTICKS
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Abstract. Determining the evolutionary age of asexual lineages should help in inferring the temporal scale under
which asexuality and sex evolve and assessing selective factors involved in the evolution of asexuality. We used 416
bp of the mitochondrial COI gene to infer phylogenetic relationships of virtually all known Timema walkingstick
species, including extensive intraspecific sampling for all five of the asexuals and their close sexual relatives. The
asexuals T. douglasi and T. shepardii were very closely related to each other and evolutionarily young (less than 0.5
million years old). For the asexuals T. monikensis and T. tahoe, evidence for antiquity was weak since only one
population of each was sampled, intraspecific divergences were low, and genetic distances to related sexuals were
high: maximum-likelihood molecular-clock age estimates ranged from 0.26 to 2.39 million years in T. monikensis and
from 0.29–1.06 million years in T. tahoe. By contrast, T. genevieve was inferred to be an ancient asexual, with an age
of 0.81 to 1.42 million years. The main correlate of the age of asexual lineages was their geographic position, with
younger asexuals being found further north.
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Given the two-fold demographic advantage that asexuality
confers, sexual reproduction presumably provides some short
term advantages, although the nature of these benefits is as
yet unclear (Maynard Smith 1978; Bell 1982; Stearns 1987;
Maynard Smith 1992; Hurst and Peck 1996; Butlin et al.
1998a; West et al. 1999). Conversely, the long-term advan-
tages of the genetic variability generated by sexual repro-
duction are generally accepted (Bell 1982; Hurst and Peck
1996). The twiggy phylogenetic distribution of asexuals (Bell
1982), and their apparent slow evolutionary rates for nuclear
genes (Tomiuk and Loeschcke 1992; Mantovani et al. 1997;
Schön et al. 1998; see also Arkhipova and Meselson 2000;
Normark and Moran 2000; Welch and Meselson 2001), can
be considered as evidence that most of them represent evo-
lutionary dead ends (Maynard Smith 1978; Lynch and Gabriel
1983; Lynch et al. 1993; Rispe and Moran 2000). Ancient
asexuals are a direct affront to these patterns and to most
current theories of sex. Thus, understanding why ancient lin-
eages persist will potentially help to explain why most or-
ganisms are sexual (Judson and Normark 1996; Little and
Hebert 1996; Johnson and Bragg 1999; Normark 1999).

There are few undisputed examples of ancient obligate
asexuals (Judson and Normark 1996; Butlin et al. 1999). The
best evidence for long-lived asexuality comes from the bdel-
loid rotifers, organisms in which no males have been sam-
pled, there is no evidence of sex, alternative alleles at several
loci are highly divergent, and there is high morphological
and genetic diversity between sublineages (Judson and Nor-
mark 1996; Welch and Meselson 2000). Darwinulid ostracods
also apparently comprise asexual lineages on the order of
millions of years old (Chaplin et al. 1994; Griffiths and Butlin
1995; Chaplin and Hebert 1997; Butlin et al. 1998b; Schön
et al. 1998), although multiple transitions to asexuality by
related sexuals (Chaplin and Hebert 1997) make robust in-
terpretation of the ages of some lineages problematic. Phy-

logenetic or taxonomic evidence consistent with ancient asex-
uality can also be found among beetles (Lanteri and Normark
1995; Normark 1996), aphids (Simon et al. 1996; Normark
1999; Blackman et al. 2000), mites (Perrot-Minnot and Nor-
ton 1997), walkingsticks (Mantovani et al. 2001), clams (Ó
Foighil and Smith 1995), and brine shrimp (Perez et al. 1994).
However, in these cases various limitations, including in-
complete sampling of extant asexuals and related sexuals
(Little and Hebert 1996; Dufresne and Hebert 1997), rare sex
(Hurst et al. 1992; Turgeon and Hebert 1995; Belshaw et al.
1999; Simon et al. 1999), underestimation of the number of
transitions to asexuality (Harshman and Futuyma 1985; Hu-
gall et al. 1994; Pongratz et al. 1998; Johnson and Bragg
1999; Normark 1999; Delmotte et al. 2001), and possible
recent extinction of sexuals (Normark 1999), reduce the con-
fidence with which truly ancient lack of sexuality can as yet
be inferred.

Timema walkingsticks (Insecta: Phasmatoptera) are useful
for studying the antiquity of asexuals since there are five
described asexual species, each one with a morphologically
close sexual relative (Sandoval et al. 1998). Previous phy-
logenetic work suggested that some Timema asexuals were
evolutionarily long lived, dating to around the start of the
latest round of glaciations approximately two million years
ago (Sandoval et al. 1998). However, this phylogeny con-
tained limited intraspecific and interspecific sampling, and
two asexuals, T. shepardii and T. monikensis, as well as four
recently discovered sexuals, T. poppensis, T. knulli, T. petita,
and T. landelsensis, were absent from this dataset (Vickery
1993; Vickery and Sandoval 2001). Asexuality could have a
more recent origin if the asexual species drove its sexual
progenitors to extinction, or if a closer sexual relative has
not been sampled (Sandoval et al. 1998; Normark 1999).
Moreover, determining the age of parthenogens should rely
on more than just genetic divergence from the closest sexual
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relative (Judson and Normark 1996; Little and Herbert 1996).
To make a stronger case for ancient asexuality, all extant
taxa should be analyzed, with minimum dates based on di-
vergence within a putative asexual clade (Judson and Nor-
mark 1996; Little and Herbert 1996).

MATERIALS AND METHODS

Timema Taxonomy

Timema are herbivorous stick insects that live in moun-
tainous regions of southwestern North America (Vickery
1993; Sandoval 1994; Sandoval et al. 1998). Most species
feed on chaparral vegetation. Timema taxonomy has relied
heavily on interspecific variation in male genitalia (Vickery
1993; Vickery and Sandoval 2001), and consequently the
recognition of asexual species has been based on a combi-
nation of host plant use, color, female body morphology,
laboratory rearing, and a lack of males (Vickery 1993; San-
doval and Vickery 1996; Vickery and Sandoval 2001).

Each of the five asexual Timema species has a close mor-
phological sexual counterpart and each is found on the same
or similar host plant species as its sexual relative. Timema
douglasi (Sandoval and Vickery 1996) had previously been
paired with T. californicum (Sandoval et al. 1998), but a
closer morphological sexual, T. poppensis, has since been
sampled (Vickery and Sandoval 1999). Timema shepardii, a
recently described asexual, has been paired with T. califor-
nicum based on similarities in body morphology, predomi-
nant coloration, and host plant use (Vickery and Sandoval
1999). Timema genevieve and T. tahoe are the asexual rela-
tives of T. podura and T. bartmani respectively (Vickery and
Sandoval 1997; Sandoval et al. 1998), and T. monikensis is
the asexual relative of T. cristinae (Vickery and Sandoval
1998). The fully asexual status of T. monikensis is question-
able because males have been sampled in T. monikensis pop-
ulations (four males and 16 females in 1999, and males at
similar frequencies in other collections). These males are
capable of mating but their reproductive viability is unknown;
it is not uncommon for parthenogens to occasionally produce
sterile males (e. g., Soumalainen et al. 1987). All known
species of Timema have one generation per year.

Collection and Sequencing

Timema walkingsticks were collected throughout Califor-
nia from their host plants using sweep nets, with the goal to
accurately represent intra- and interspecific genetic variation
for each sexual:asexual pair. For each collected insect, 1–3
legs were removed and dried in silica gel for DNA extraction,
and bodies were kept in 75% ethanol for species identification
and vouchers.

DNA was extracted using phenol-chloroform and ethanol
precipitation, and polymerase chain reaction (PCR) was per-
formed using combinations of the mitochondrial COI primers
S2183 or S2195 with A2566 or A3014 (Simon et al. 1994;
Law 2001). PCR product was processed using exonuclease
I and shrimp alkaline phosphatase, and Big Dye Cycle Se-
quencing (Applied Biosystems, Foster City, CA) was used
to sequence a fragment about 450 bp long. Full collection
and sampling information can be found in Law (2001) and

Law and Crespi (2002), and sequences are in Genbank under
AF409998–AF410151.

Phylogenetic Inference

Sequences from 168 sampled Timema individuals repre-
senting 19 named species were aligned by eye using the pro-
gram Se-Al version 1.0 alpha 1 (Rambaut 1996), and there
were no insertions or deletions in the sequenced fragment.
Three outgroups were used as in Sandoval et al. (1998): the
phasmids Baculum extradentatum and Anisomorpha bupres-
toidea, and the cockroach Blatella germanica.

The full dataset was analyzed with neighbor joining (NJ;
under the Kimura 2-parameter model) and maximum parsi-
mony (MP; heuristic searches) in PAUP 4.0b8 (Swofford
2000). To estimate ages of asexuals, the validity of a mo-
lecular clock was tested. Because an analysis of the whole
dataset was too computationally extensive under maximum
likelihood (ML), the dataset was pruned to contain only sex-
ual:asexual pairs, and ML analysis was performed separately
on each pair. This pruning was consistent with the phylo-
genetic relationships of sexuals and asexuals as determined
by NJ and MP. Each pair was appropriately rooted using a
closely related sexual species. ML was performed using quar-
tet puzzling (QP) with the program Tree-Puzzle 5.0 under an
HKY model of evolution and internal nodes were assessed
with QP reliability (Strimmer and von Haeseler 1996). For
each sexual:asexual pair, a ML phylogenetic tree was con-
structed and the likelihood ratio test was used to test the
assumption of a local molecular clock (Strimmer and von
Haeseler 1996).

The number of independent origins of asexuality in Timema
was determined by assessing the monophyly of each asexual
taxon (T. douglasi, T. shepardii, T. monikensis, T. genevieve,
and T. tahoe). Asexuality was assumed to be irreversible. To
estimate the age of parthenogenesis in Timema, two measures
were used. A minimum age was determined using ML branch
lengths for within each asexual (i.e., to intraspecific coales-
cence), and a maximum age was estimated from ML distance
to the node corresponding to the most recent common an-
cestor of the asexual and its closest sexual relative (i.e., to
coalescence of the asexual with the nearest sexual). Distances
were converted to ages based on an arthropod molecular clock
for the mitochondrial DNA (mtDNA) COI gene of approx-
imately 2% per million years for recently diverged lineages
(Brower 1994; Juan et al. 1995, 1996; Sandoval et al. 1998).

RESULTS

Phylogenetic Inference

The maximum-parsimony tree and neighbor-joining tree
were very similar in topology (Fig. 1). The main clades (re-
ferred to here as the Northern, Santa Barbara, and Southern
clades) corresponded well to the geography of California
(Law 2001; Law and Crespi 2002). The Northern clade con-
tained the sexual:asexual species pairs T. poppensis:T. doug-
lasi, and T. californicum:T. shepardii, as well as the sexual
species T. knulli, T. landelsensis, and T. petita. The Santa
Barbara clade contained the T. cristinae:T. monikensis pair,
and the Southern clade contained the sexual:asexual pairs T.
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FIG. 1. Phylogenetic relationships within Timema inferred from neighbor-joining (NJ) and maximum-parsimony (MP) analyses of 416
bp of mitochondrial DNA (COI). All Timema individuals that were sequenced are not shown in this tree; rather, species positions are
given within triangle tips. Asexual lineages are designated by female symbols. Numbers above branches are NJ bootstrap values (1000
replications) and numbers below show MP bootstrap values (200 replications).

podura:T. genevieve and T. bartmani:T. tahoe, as well as the
sexual T. boharti.

Molecular Clock Evaluation

Within the Northern clade, T. douglasi and T. shepardii
had the same or very similar haplotypes, and these haplotypes
were both closely related to those of T. poppensis. These
asexuals did not meet the criteria of monophyly. A molecular
clock was rejected (P , 0.05) for this grouping, regardless
of whether T. shepardii was paired with T. californicum (its
close morphological sexual relative) or with T. poppensis (its
closest mtDNA relative). In the Santa Barbara clade, T. mon-
ikensis was monophyletic and nested within its close sexual
relative T. cristinae. A molecular clock was not rejected for
the T. cristinae:T. monikensis pair (2log likelihood without
clock: 21345.85; with clock: 21357.63; x2 5 23.56; df 5
23; P . 0.05), the T. podura:T. genevieve pair (2log like-
lihood without clock: 21220.25; with clock: 21239.28; x2

5 38.08; df 5 27; P . 0.05), or the T. bartmani:T. tahoe
pair (2log likelihood without clock: 2749.10; with clock:
2756.12; x2 5 14.03; df 5 7; P . 0.05). Timema genevieve
and T. tahoe were each inferred to be monophyletic.

Age and Diversity of Asexuals

Under the assumption that asexuality cannot revert back
to sex, there were four or five independent origins of asex-
uality in Timema. Timema douglasi and T. shepardii, the two
parthenogens in the Northern clade, were very closely related
(0.31 6 0.35% divergence). In fact, there was less divergence
between T. douglasi and T. shepardii than within T. douglasi
(0.77 6 0.58%). Consequently, it is difficult to determine,
using this dataset, whether these species represent indepen-
dent origins. If we assume that transitions to asexuality are
rare, then T. shepardii does not represent an independent
origin of asexuality. Timema monikensis, T. genevieve, and
T. tahoe were each monophyletic and closely related to their
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respective sexual counterparts (T. cristinae, T. podura, and
T. bartmani). Each of these lineages was inferred to contain
a single, independent origin of asexuality.

In the Northern clade, both asexuals T. douglasi and T.
shepardii were closely related to T. poppensis (1.03 6 0.63%
divergence, and 0.98 6 0.64% divergence, respectively). Al-
though a molecular clock was rejected for this clade, if there
is rate heterogeneity clonal ages can be roughly estimated
using sequence divergence. There was so little divergence
within this group that it is reasonable to infer that these
asexuals are relatively young (less than 0.5 million years).
If, however, T. californicum turns out to be the true sexual
relative of T. shepardii (2.57 6 0.78% divergence), then an
older age could be applied to this asexual.

The asexual T. monikensis exhibited a low level of intra-
specific divergence (0.63 6 0.41%) but high divergence from
T. cristinae (3.99 6 0.59%). Maximum-likelihood molecular
clock age estimates for this clade ranged from 0.26 million
years (based on intraspecific coalescence) to 2.39 million
years (based on age of the most recent common ancestor of
T. monikensis and T. cristinae; Fig. 2A).

The asexual T. tahoe also showed low intraspecific diver-
gence (0.51 6 0.25%). This species was 2.93 6 0.36% di-
verged from its closest sexual relative, T. bartmani. From the
maximum-likelihood molecular clock analysis, an age range
of 0.29 to 1.06 million years was inferred for this asexual
(Fig. 2B).

The best evidence for antiquity in Timema comes from the
sexual:asexual pair T. podura:T. genevieve. There were two
geographically and genetically distinct T. genevieve popu-
lations that differed from one another by an average of 2.11%,
and maximum-likelihood molecular clock based age esti-
mates for this clade ranged from 0.81 to 1.42 million years
(Fig. 2C).

DISCUSSION

One of the problems with assessing antiquity of asexuals
is that the term is difficult to define—it is debatable what
ancient actually means in an evolutionary sense (Griffiths
and Butlin 1995). Referring to Poeciliopsis fish, Maynard
Smith (1992) stated that 100,000 years is not very long in
evolutionary terms. However, Vrijenhoek (1993) pointed out
that this time range means 200,000 generations in Poeci-
liopsis, and that 200,000 generations is sufficiently long for
asexuals to accumulate deleterious mutations. More recently,
age estimates have focused on millions of years, even though
it is biologically more relevant to discuss age in terms of
number of generations. For the purpose of this paper, as a
conservative estimate, 500,000 generations will be consid-
ered long enough to warrant a claim of antiquity. It seems
reasonable to assume that this timescale is long enough, rel-
ative to the usual lifespan of many sexual species (e.g., Han-
sen 1980; Kammer et al. 1998), for extinction of asexual
lineages if they were evolutionary dead ends. At one gen-
eration per year, if Timema asexuals are ancient, then asexual
lineages should form monophyletic groups that diverged from
their closest sexual relatives at least 0.5 million years ago.

Timema asexuals show notable differences in inferred ages.
The asexuals T. douglasi and T. shepardii appear to be quite

young (less than 0.5 million years), T. genevieve appears to
be ancient (at least 0.81 million years) and T. monikensis and
T. tahoe exhibit intermediate (though quite uncertain) ages.
The evidence for antiquity, or a lack thereof, in T. monikensis
and T. tahoe is weak because for each of these asexuals only
one population has been found, the divergence within that
population was relatively low, and both of these asexuals
were substantially diverged from their sexual counterparts.
Two possible explanations could account for this limited in-
traspecific divergence. First, the high divergence from sex-
uals may be due to extinction of sexual progenitors, inade-
quate sampling of sexuals, or a recent high extinction rate
of asexual populations. Second, inadequate sampling of as-
exuals could lead to underestimates of their ages. Generally,
specimens were collected from easily accessible locations,
and several individuals were often sampled from a single
plant. Spatial variation and nonrandom distribution of clone
frequencies have been shown in other asexual taxa (Chris-
tensen and Noer 1986; Schenck and Vrijenhoek 1986; Hugall
et al. 1994) and asexual populations may be geographically
structured in such a way that limited sampling would greatly
reduce the amount of detected genetic variability. Many au-
thors agree that sampling effort can influence age estimates
if the closest sexual relative is not found (Sandoval et al.
1998; Johnson and Bragg 1999; Normark 1999) but the pos-
sibility that inadequate sampling substantially reduces the
amount of observed divergence within an asexual clade has
largely been neglected (but see Little and Hebert 1996).

The phylogenetic distribution of asexuality versus sex has
often been considered in terms of processes acting in the
short term versus the long term (Moritz 1991; Griffiths and
Butlin 1995; Normark 1999). Several studies have demon-
strated considerable diversity in the ages of the different asex-
ual lineages within a focal clade (Chaplin et al. 1994; Ó
Foighil and Smith 1995; Normark 1996; Dufresne and Hebert
1997; Butlin et al. 1998b), but in none of these cases has the
among-lineage age variation of asexuals been attributable to
its putative causes. In Timema walkingsticks, the age of the
asexual lineages appears to be associated with geography:
the youngest asexuals T. douglasi and T. shepardii are found
at the northern end of the range for this genus, whereas the
oldest asexual, T. genevieve, is also the most southerly one,
aside from the atypical, male-containing species T. moniken-
sis (Fig. 1). This phylogeographic pattern, coupled with the
evidence for geographic parthenogenesis in Timema and other
taxa (Glesener and Tilman 1978; Bell 1982; Peck et al. 1998;
Sandoval et al. 1998, Law and Crespi 2002), suggests that
the recent derivation of most asexuals is due in part to their
enhanced ability to colonize habitats that are recently avail-
able (e.g., more northerly, or disturbed by factors other than
glaciation; Bell 1982; Bullini 1994), but also highly prone
to disturbance over short evolutionary time spans (e.g, Grif-
fiths and Butlin 1995; Dufresne and Hebert 1997).

The young age of more northerly Timema asexuals can
largely be ascribed to glaciation-induced changes in host-
plant distributions and recent colonization (Law and Crespi
2002), but in more southerly regions, ecological interactions
or differences between asexual and sexual relatives may also
influence lineage durations (e.g., Chaplin 1993; Moritz 1993).
The two northern Timema parthenogens T. douglasi and T.
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FIG. 2. Quartet puzzling (QP) maximum-likelihood trees for sexual:asexual pairs for which a molecular clock was not rejected. QP
reliability indices are shown above branches. Scale bars with percent divergence and approximate ages in millions of years are given
for each phylogeny. Parthenogenetic species are designated by female symbols, and numbers following species codes represent different
populations (Law 2001). (A) The Timema cristinae:T. monikensis pair from the Santa Barbara clade. cris, T. cristinae; and mon, T.
monikensis; cris5, AF005340 (from Sandoval et al. 1998). (B) The T. bartmani:T. tahoe sexual:asexual pair. bart, T. bartmani; tahoe, T.
tahoe. The uppermost tahoe1 is AF005339 and one sample of bart1 is AF005331, both from Sandoval et al. (1998). (C) ML tree for the
T. podura:T. genevieve sexual:asexual pair from the Southern clade. pod, T. podura; gen, T. genevieve. The uppermost gen3 is AF005333,
and the uppermost pod5 is AF005341, both from Sandoval et al. (1998).
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shepardii are geographically close to their sexual relative T.
poppensis over a broad area in the southern part of their range,
and the close proximity of these taxa suggests that compe-
tition between asexuals and sexuals may be important. By
contrast, T. genevieve, the inferred ancient asexual, is sepa-
rated from its closest sexual relative T. podura by more than
250 km, which suggests that T. genevieve has dispersed far
enough to limit competition with its sexual counterpart. Thus,
T. genevieve may also be old in part because it is geograph-
ically separated and not in direct competition with its sexual
progenitor.

Our phylogenetic analysis of asexuality in Timema is un-
usually complete in that it comprises all known asexuals and
almost all sexual species in the genus. Such virtually com-
plete datasets are especially useful for testing correlates of
asexuality, and for verifying the twiggy distribution of asex-
ual lineages, which in this group is clear given the approx-
imately 20 million year age of the genus as a whole (Sandoval
et al. 1998) and the inferred presence of sexuality in all basal
lineages. Moreover, the marked differences in ages among
Timema asexuals should allow assessment of how the genetic
and phenotypic evolution of asexuals differ in the short versus
the long term. Further analysis of asexuality in Timema re-
quires inferences from nuclear genes (Welch and Meselson
2000), elucidation of the hybrid versus tychoparthenogenetic
origins of asexuality (Bullini and Nascetti 1990; Bullini
1994), and ecological/demographic studies designed to un-
cover the costs and benefits of abandoning sexual reproduc-
tion (Bell 1982; Maynard Smith 1992).
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