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Abstract
The Leptynia hispanica stick insect species complex includes bisexuals, triploid and tetraploid parthenogenetic populations, suggesting that polyploidy has played a central role in
the evolution of this complex. An analysis of karyotype, mitochondrial DNA (cox2) and
nuclear DNA (ef1-α) markers was carried out to clarify phylogenetic relationships and
microevolutionary/phylogeographical patterns of the L. hispanica complex. Our analyses
suggested a subdivision of bisexual populations into four groups, tentatively proposed as
incipient species. Moreover, triploids and tetraploids showed two independent origins, the
latter being more ancient than the former. From ef1-α analysis, triploids showed hybrid
constitution, while the hybrid constitution of tetraploids is likely, but more data are
needed. We suggest that L. hispanica is a case of ‘geographical parthenogenesis’ with
parthenogenetic strains colonizing large peripheral ranges, and bisexuals confined to
glacial refuge areas. Moreover, the age, wide distribution and competitive advantage of
polyploids over diploids, demonstrate their significance in the evolution of the L. hispanica
species complex.
Keywords: cytochrome oxidase 2, elongation factor 1-α, hybridization, Leptynia, parthenogenesis,
polyploidy
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Introduction
The relative paucity of parthenogenetic animal species is
a contentious topic in evolutionary biology, since it interfaces with the adaptive meaning of sexual reproduction
and the genetic damage that its disruption might cause
(Maynard Smith 1978; Bell 1982; Stearns 1987). However,
recent studies showed that unisexuals may perform well,
at least over a short-term evolutionary time, but sometimes
even over long periods (e.g. bdelloid rotifers). They are
nowadays believed far from the genetically uniform,
inflexible caricatures often considered in theoretical
treatments (Moritz 1993). Moreover, in some well-known
cases, parthenogenetic organisms show a higher fitness
than their diploid ancestors and have much higher dispersal
capability (Hughes 1989). Vandel (1928) proposed the term
‘geographical parthenogenesis’ since parthenogens are
more widespread than their bisexual relatives and manage
to live in rough marginal territories such as higher altitudes
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and latitudes (Peck et al. 1998). A strong link exists between
geographical parthenogenesis and glaciations: during cold
periods, most species suffer a contraction, moving to lower
latitudes and altitudes, while during postglacial expansions
parthenogens have an advantage over bisexuals in colonizing
new habitats.
Parthenogenesis in animals is commonly coupled with
polyploidy, although they may occur independently. Polyploidy has been considered pivotal to gene and genome
duplication events, which proved to have a central role in
evolution (Van de Peer & Meyer 2005). Gene duplication
may generate biodiversity by promoting postmating
reproductive barriers (Lynch & Conery 2000). Polyploidization is a powerful and rapid speciation mechanism
and had a central role in evolutionary processes in some
insect taxa (Suomalainen et al. 1976). Depending on their
origin, polyploids are subdivided into autopolyploids and
allopolyploids. The former are the result of several processes
within a species during germline maturation, meiosis or
fecundation, while allopolyploids usually arise through
hybridization between different species, but possibly
also between partially cross-fertile progenitors (Gregory
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& Mable 2005). Polyploids may have many advantages:
the duplication of every gene shelters null alleles from
selection by continued functioning of duplicate genes.
Also, polyploid genomes can buffer deleterious effects
caused by negative dominance (Veitia 2005). Moreover,
in allopolyploids, the heterozygosity level at each locus
increases dramatically (Bullini & Nascetti 1990). There are
also known disadvantages of polyploidy, such as disrupting effects of nuclear and cell enlargement, propensity to
produce aneuploid cells and epigenetic instability in gene
regulation (Comai 2005). Although polyploidy is common
in plants, it is rather exceptional in animals, maybe because
hybrids are less common in animals than in plants (Mayr
1963). Muller (1932) first tried to explain the low frequency
of polyploids in animals by proposing the disruption of
sex determination/differentiation as the main cause. He
noticed that dioecious individuals are rare in plants while
they are common in animals in which sex is frequently
determined by sex chromosomes (see Gregory & Mable
2005 for a wider discussion). In several animals, the heterogametic sex has one degenerate sex chromosome and genetic
balance between sexes is ensured by dosage compensation
(see Straub & Becker 2007 for a review). Polyploidy does
not interfere with chromosomal sex determination per se,
but it affects the balance normally preserved by dosage
compensation. Because animals commonly possess degenerated sex chromosomes while plants do not, polyploidy
is rarer among animals than in plants. Accordingly, in
animals, polyploidy has fewer disadvantages when
associated to parthenogenesis.
Stick insects (Phasmida) are known for their repeated
interspecific hybridizations and uncommon reproductive
modes; several phasmids are parthenogenetic, either they
are hybrids or not. In the Mediterranean area, four stick
insect genera are present: Bacillus and Clonopsis (Bacillidae)
and Leptynia and Ramulus (Heteronemiidae). While the
former two genera are distributed in Mediterranean region,
Leptynia is distributed only in the Iberian Peninsula and
Southern France, while Ramulus is widespread in Africa
and Asia. Bacillus hybrids, in addition to parthenogenesis,
reproduce through hybridogenesis and androgenesis
(Scali et al. 1995; Mantovani et al. 1997). The genus Leptynia
was formerly known to comprise two well-differentiated
species: Leptynia hispanica Bolivar, 1878, and Leptynia
attenuata Pantel, 1890. Both taxa have now to be considered
as species complexes (Bianchi 1992; Scali 1996; Bianchi
& Meliado 1998; Passamonti et al. 1999). However, within
each complex, morphology does not allow clean discrimination, since no morphological character shows a neat
divergence (Scali 1996). Within the L. hispanica complex,
bisexuals, triploid and tetraploid parthenogenetic populations have been found (Nascetti et al. 1983; Bianchi 1992),
suggesting that polyploidy played a central role in the
evolution of the species complex. This complex is therefore
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a good experimental system for studying these evolutionary
and reproductive mechanisms.
This study deals with karyological analysis, cytochrome
oxidase subunit 2 (cox2) and elongation factor1-α(ef1-α)
sequencing of L. hispanica. The cox2 mitochondrial gene has
been sequenced over a wide variety of taxa and has proved
useful for phylogenetic research, especially in Phasmida
(Mantovani et al. 2001). The ef1-α gene is the most popular
nuclear protein-coding gene used in phylogenetics. It is a
low-copy gene with a relatively low substitution rate, so that
its third codon position provides most of the phylogenetic
information (Caterino et al. 2000). Single-/low-copy genes
are becoming increasingly used in phylogenetic studies for
several reasons: they are biparentally inherited and, with
rare exceptions, they are not subject to concerted evolution
(Senchina et al. 2003). In addition, these genes have lower
homoplasy and provide a large supply of characters
(Alvarez & Wendel 2003). The combination of both
mitochondrial and nuclear markers is needed to define
polyploid taxa ancestors and to clarify the phylogenetic
relationships among diploids.

Materials and methods
Leptynia hispanica specimens from 18 populations, collected
over a wide area of the Iberian Peninsula and Southern
France, were utilized for this study. All samples were
characterized for karyotype and the mitochondrial gene
cytochrome oxidase subunit 2 (cox2, partial sequence);
some populations, collected in a following year, were also
characterized for the nuclear gene elongation factor 1-α
(ef1-α, partial sequence). Detailed data are reported in
Table 1 and Fig. 1.
A basic karyotype analysis (Giemsa-stained chromosomes)
was performed on gonad tissues, according to Marescalchi
& Scali (1990). Mitoses and meioses were analysed in order
to define karyotype, male meiotic features, sex formula
and ploidy.
Total genomic DNA was obtained according to the
method described in Preiss et al. (1988). Partial sequence of
the mitochondrial cox2 gene was amplified and directly
sequenced according to Mantovani et al. (2001). The primers were TL2-J-3034 and TK-N-3785 (Simon et al. 1994).
Sequencing covered 639-bp coding for 213 amino acids of
the cox2 and corresponds to the gene region sequenced in
several insect orders (Liu & Beckenbach 1992). Sequences
of Clonopsis gallica, Bacillus rossius, Bacillus atticus, Bacillus
grandii, Medaura scabriusculus, Leptynia attenuata, Leptynia
montana, Leptynia caprai and Leptynia sp., were utilized as
outgroups.
Total RNA was obtained using the RNeasy Plus kit (Qiagen),
then cDNA was amplified by reverse transcription–
polymerase chain reaction (RT–PCR) performed with an
oligo(dT) primer using the SuperScript First-Strand

4258 F. G H I S E L L I E T A L .
Fig. 1 Geographical distribution of the
analysed populations of the Leptynia hispanica
species complex: BEN, Benissa; ALJ, Alcoy;
ESP, Sierra de Espuña; ALC, Alcoceber;
TVI, Torre Vinagre, Cazorla; TIS, Puerto
del Tiscar; AVA, Abbaje de Valmagne;
TRI, Trillo; PER, Peralbeche; VIL, Villalba
de Cuenca; VDI, Ventana Diablo; VEN,
Ventorillo; ESC, El Escorial; CVE, Puerto
Cruz Verde; LNA, Las Nava del Marqués;
ZAR, Zarzalejo; UCL, Uclés; PRA, Puerto
de La Ragua.

Synthesis System for RT–PCR (Invitrogen). The partial
sequence of the elongation factor1-α gene (ef1-α) was
amplified using a touchdown PCR approach, as follows:
25 cycles with annealing temperature declining from 55
to 45 °C (0.4 °C/cycle), followed by 14 cycles at 45 °C. The
primers were M44-1 and rcM52.6 (Cho et al. 1995). The
amplified products were then cloned using the pGEM-T
Easy Vector System Kit (Promega). Recombinant clones
were sequenced using the M13 primers. From all the
samples, we obtained a library of 81 clones. Sequencing
analysis covered 629 bp, coding for 209 amino acids
(haplotype GenBank Accession nos in Table 1).
All sequences were aligned with the clustal algorithm
of mega 3.1 (Kumar et al. 2004). Phylogenetic analyses on the
cox2 gene were performed using neighbour-joining (NJ),
minimum-evolution (ME), maximum-parsimony (MP) and
maximum-likelihood (ML) approaches, using paup (version
4.0, Swofford 2003). Likelihood scores for each DNA substitution model were calculated using modeltest (Posada
& Crandall 1998) and the best-scored model (GTR + I + Γ)
(Rodriguez et al. 1990) was used for ML tree reconstructions.
Support for each node was obtained using bootstrap (500
replicates) (Felsenstein 1985). Moreover, the method described
in Takezaki et al. (1995) was applied both to assess constancy of mutation ratio amongst European stick insects and
to obtain an NJ linearized tree, using the lintree program
(Dos executable, available at http://www.bio.psu.edu/
people/faculty/nei/lab/software.htm). Time calibration
obtained for Bacillus species (Mantovani et al. 2001) was
utilized to estimate divergence time among Leptynia clades.
Phylogenetic analyses on ef1-α were performed as for the
cox2 gene except for ML, which demanded unavailable
computational power. Instead, a Bayesian Analysis was

performed using mrbayes 3.1 (10 000 000 generations;
Huelsenbeck & Ronquist 2003). The Tamura–Nei equal
frequencies nucleotide distance was utilized for the NJ tree.
Templeton’s networks (Templeton 1992) were obtained with
tcs 1.21 (Clement et al. 2000). A gene conversion test was
also performed with dnasp (Rozas & Rozas 1999).

Results
Karyotypes
Insects from the bisexual populations of Benissa and Alcoy,
Sierra de Espuña, Alcoceber, Tiscar and Torre Vinagre are
all 2n = 37/38, X0/XX. Acrocentric and subacrocentric
chromosomes mainly form their karyotype and the largest
metacentric chromosomes are the sexual ones (Fig. 2a, b).
Parthenogenetic populations are either triploid (3n = 57,
XXX: Abbaye de Valmagne (Fig. 2c), Sête, Trillo, Peralbeche,
Villalba de Cuenca and Ventana Diablo), or tetraploid
(4n = 76, XXXX: El Escorial (Fig. 2d), Ventorillo, Puerto
Cruz Verde, Las Navas del Marquéz, Zarzalejo, Uclés and
Puerto de la Ragua).

Cox2 gene
Cox2 alignment showed 60 variable sites out of a total of
639 bp sequenced. Mean p-distance values (p) among
bisexuals range from 0.013 to 0.055, showing a good
genetic divergence on a geographical basis: we therefore
named them Leptynia hispanica A (Benissa and Alcoy),
L. hispanica B (Sierra de Espuña), L. hispanica C (Alcoceber)
and L. hispanica D (Puerto del Tiscar and Torre Vinagre)
(not sensu Nascetti et al. 1983). Triploids show little variation
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Table 1 Sampled taxa, localities, acronyms and GenBank Accession nos of the Leptynia hispanica species complex. For cox2 gene, we
obtained sequences from 27 L. hispanica specimens. For ef1-α gene, we obtained 51 haplotypes, derived from the sequencing of 81 clones of
the following specimens: 1 haplotype from 1 sample of Benissa (BEN), 5 haplotypes from 2 samples of Serra de Espuña (ESP), 1 haplotype
from 1 sample of Alcoceber (ALC), 3 haplotypes from 1 sample of Torre Vinagre (TVI), 18 haplotypes from 2 samples of Ventana Diablo
(VDI), 11 haplotypes from 2 samples of Zarzalejo (ZAR), 11 haplotypes from 1 sample of Uclés (UCL) and 1 Bacillus rossius haplotype from
1 sample (outgroup)
GenBank accession
Taxon

Karyotype

Locality

Acronym

cox2

ef1-α

L. hispanica A

(2n = 37/38, X0/XX)

Benissa (Spain)
Alcoy (Spain)

BEN
ALJ

EF450635

L. hispanica B

(2n = 37/38, X0/XX)

Sierra de Espuña (Spain)

ESP

AF241444
AF241445
AF241446
AF241458
AF241447
AF241448

L. hispanica C
L. hispanica D

(2n = 37/38, X0/XX)
(2n = 37/38, X0/XX)

Alcoceber (Spain)
Torre Vinagre (Spain)

ALC
TVI

AF241449
EF507842

Puerto del Tiscar (Spain)

TIS

Abbaje de Valmagne (France)

AVA

Trillo (Spain)
Peralbeche (Spain)
Villalba de Cuenca (Spain)
Ventana Diablo (Spain)

TRI
PER
VIL
VDI

EF507838
EF507839
EF507840
EF507841
AF241450
AF241451
AF241453
AF241452
AF241455
AF241454

Ventorillo (Spain)

VEN

El Escorial (Spain)
Puerto Cruz Verde (Spain)

ESC
CVE

Las Navas del Marqués (Spain)
Las Navas del Marqués (Spain)
Zarzalejo (Spain)

LNA
LNA
ZAR

L. hispanica 3n

L. hispanica 4n

L. hispanica 4n

(3n = 57, XXX)

(4n = 76, XXXX)

(4n = 76, XXXX)

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

AF241463
AF241464
AF241458
AF241456
AF241457
AF241459
AF241460
AF241465

EF450636
EF450637
EF450638
EF450639
EF450640
EF450641
EF450642
EF450643
EF450644

EF450645
EF450646
EF450647
EF450648
EF450649
EF450650
EF450651
EF450652
EF450653
EF450654
EF450655
EF450656
EF450657
EF450658
EF450659
EF450660
EF450661
EF450662

EF450674
EF450675
EF450676
EF450677
EF450678
EF450679
EF450680
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Table 1 Continued
GenBank accession
Taxon

Karyotype

Locality

Acronym

cox2

ZAR

Outgroups
Clonopsis gallica
Bacillus rossius
Bacillus rossius
Bacillus atticus
Bacillus grandii
Medaura scabriusculus
Leptynia attenuata
Leptynia montana
Leptynia caprai
Leptynia species

Uclés (Spain)

UCL

Puerto de la Ragua (Spain)

PRA

Laujaon (Spain)
Capalbio (Italy)
Lussino (Italy)
Cugni (Italy)
Ponte Manghisi (Italy)
Bangladesh
São Fiel (Portugal)
El Escorial (Spain)
Urda (Spain)
Sierra de Grazalema (Spain)

(p = 0.002) and are similar to L. hispanica C (p = 0.001).
Moreover, tetraploids show a higher variability than
triploids (p = 0.006) and they are more similar to L.
hispanica D (p = 0.007). ME, ML and MP trees (not shown)
have overlapping topologies and confirm the abovementioned grouping. Triploids and tetraploids are always
split into two genetically well-differentiated groups: all
triploids cluster with L. hispanica C, while all tetraploids
cluster with L. hispanica D. This immediately supports the
thesis that parthenogenetic taxa are not directly related to
each other, and the transition to unisexuality occurred in
two distinct times. Two-cluster test analysis carried out on
all samples showed an overall substitution rate constancy
(95% criterion of significance, data not shown) with the
single exception of the two outgroups Leptynia caprai and
Leptynia species which were then removed from the
analysis to apply the method proposed by Takezaki et al.
(1995) and construct a linearized NJ tree (not shown) to
which the time calibration utilized for Bacillus species
was applied (Mantovani et al. 2001). Because of lintree
software limitations, it was not possible to apply the
general time reversible (GTR) distance (not implemented
in the program), so the most similar distance was chosen,
that is TrN distance (Tamura & Nei 1993). The separation of

ef1-α
EF450681
EF450682
EF450683
EF450684
EF450663
EF450664
EF450665
EF450666
EF450667
EF450668
EF450669
EF450670
EF450671
EF450672
EF450673

AF241461
AF241462
AF096287
AF038206
EF450634
AF038226
AF148301
AF508243
AF508232
AF241416
AF241431
AF241412

L. hispanica A from the ancestral Leptynia lineage dated
16.57 million years ago (±2.65), while the splitting of other
bisexual taxa (B, C and D) is more recent, about 5 million
years (5.00 ± 1.32 million years) ago. Leptynia hispanica 4n is
the older of the two parthenogenetic taxa and its origin has
been dated at 2.86 ± 1.01 million years, in the Pliocene. In
contrast, because of the extremely low variability (only one
mutation found), it was not possible to obtain a time
calibration for L. hispanica 3n, even though it is evident
that its origin is much more recent, in spite of a wide
geographical range, comparable to that of tetraploids.
Templeton’s analysis (Fig. 3) confirmed that the karyotype
and geographical grouping we applied is supported.
Moreover, a close relationship between triploids and
L. hispanica C is evident: most of the triploid sequences
are identical to the Alcoceber ones. The same applies to the
relationship between tetraploids and L. hispanica D, even
though both of them are more variable. From Templeton’s
analysis it is also clear that polyploid taxa are not related.

Ef1-α gene
To simplify analysis, the 81 nucleotide sequences obtained,
when identical, were pooled into haplotypes, which were
© 2007 The Authors
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Fig. 2 Karyotypes of Leptynia hispanica species complex. (a) Benissa, male (2n = 37). (b) Sierra de Espuña, female (2n = 38). (c) L. hispanica
3n from Abbaje de Valmagne (3n = 56; note the autosomal translocation from triplet 13 to 2). (d) L. hispanica 4n from El Escorial (4n = 76).

used in all phylogenetic studies; 51 haplotypes were
therefore analysed. Ef1-α alignment showed 194
variable sites out of a total of 629 bp sequenced. Excluding
L. hispanica A, this value drops to 67. Mean p-distance
values (p) among bisexuals range from 0.019 to 0.265,
with L. hispanica A being the most differentiated form
(0.259–0.265). On the whole, ef1-α analysis confirms the
subdivision of diploids into four groups, as obtained from
cox2. Mean p-distance among triploids is 0.009 and it is
0.013 within tetraploids. The maximum number of
© 2007 The Authors
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haplotypes (= different alleles) in each individual was 3
in diploids, 8 in triploids and 11 in tetraploids. This
means that the minimum copy number for the haploid
genome is 2 for bisexuals, and 3 for polyploids. Analysis
using dnasp software (Rozas & Rozas 1999) showed no
gene conversion traits in the obtained haplotypes (data
not shown). ME, MP and Bayesian trees have comparable clustering patterns. The same applies to Templeton’s
network, which is shown in more detail (Fig. 4). Leptynia
hispanica A is the most differentiated form and all
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Fig. 3 Templeton network for Leptynia
hispanica cox2 sampled sequences. Sampling
locality acronyms as in Table 1. Each dash
indicates a single mutation and empty circles
indicate intermediate unsampled haplotypes.
Diploid haplotypes are in bold. Note the
clustering of ALC1 (L. hispanca C) in L.
hispanica 3n clade.

diploid populations are distinct; triploids are subdivided into two different clusters, one strictly related
to L. hispanica C (3nm), the other not showing any
relationship with known diploid taxa (3np). It is noticeable
that this second group of haplotypes seems to be better
represented in the triploids genome (see Templeton’s
network), since after cloning and random sequencing,
we found more than twice the number of these clones.
Tetraploids’ relationships are even more complicated:
the most noticeable finding is that all sequences are
different from the L. hispanica D ones, which, according
to cox2, is the maternal taxon. Although sequences from
4n specimens do not form a clear cluster, nevertheless
sequences of L. hispanica D form a different one supported
by high bootstrap values, thus confirming no direct
relationship between the two. Moreover, haplotypes from
L. hispanica D are so differentiated that no significant
parsimonious connection was possible using Templeton’s
network (Fig. 4).

Discussion
Karyotype characterization
In Leptynia hispanica, chromosomal differences among
diploid karyotypes are low and it is not easy to distinguish
the four diploid groups using this analysis (Fig. 2a, b). This
situation is in sharp contrast to what was observed in the
Leptynia attenuata complex, where karyotype rearrangements
have been the main force in the speciation process
(Passamonti et al. 2004). Polyploid parthenogenetic
populations can be easily subdivided into two groups:

one triploid (3n = 57) and the other tetraploid (4n = 76).
The triploid karyotype suggests a likely hybrid origin,
since some triplets are formed by a couple of similar
chromosomes and a single slightly different chromosome
(see triplets 1, 3, 6, 14, 19; Fig. 2c); also chromosome
satellites (triplets 7 and 17) may support this interpretation.
The translocation of an autosome from triplet number 13
to triplet number 2 in the triploid population of Abbaye
de Valmagne could be consistent with the suppression of
meiosis, which allows lighter constraints on chromosome
organization. However, at present, we are not able to
determine if the parthenogenesis is apomictic or automictic.
In contrast to the triploids, the tetraploid quartets are
formed by undistinguishable chromosomes (Fig. 2d),
so a hybrid structure of tetraploids is not obvious from
the karyotype. The finding of an X0 sex determination
mechanism in bisexuals is consistent with most stick
insects, while only a few showed an XY mechanism
(Passamonti et al. 2004). Accordingly, we can assume that
sex determination in L. hispanica is obtained by the X/
autosomes ratio. Consequently, in polyploid strains, the
male offspring would have had problems in sexual
development and therefore risk sterility, so polyploid
L. hispanica strains entrained parthenogenesis. Although
we did not detect any aneuploid karyotype in L. hispanica
parthenogens, Brock (1991) reported putative gynandromorphs among L. hispanica populations in southern
France, which are nowadays known to be triploids.
Moreover, in several other polyploid stick insects, the
lack of one X chromosome determines the production
of intersexual individuals, showing a variable degree of
sterility (Tinti & Scali 1996).
© 2007 The Authors
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Fig. 4 Templeton network for Leptynia hispanica ef1-α. Each dash indicates a single mutation and empty circles indicate intermediate
unsampled haplotypes. A schematic tree obtained with Bayesian Likelihood approach (10 000 000 generations) is reported (lower right) for
better comparison. Posterior probabilities and bootstrap values obtained from MP and ME (respectively) are shown on clades. Asterisks
indicate nonsignificant supporting values. Rlu — Bacillus rossius from Mali Losinje (Croatia); A–L. hispanica A; B–L. hispanica B; C–L. hispanica
C; D–L. hispanica D; 3np — L. hispanica 3n, paternal; 3nm — L. hispanica 3n, maternal; 4n–L. hispanica 4n. Sample acronyms as in Table 1.
© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

4264 F. G H I S E L L I E T A L .

Cytochrome oxidase 2 analysis: tracing the maternal
ancestors of L. hispanica polyploids
Mitochondrial cox2 gene sequencing and phylogenetic
analysis highlighted several aspects of the microevolution
in this complex. The occurrence of four diploid bisexuals
and two polyploid parthenogenetic groups is strongly
supported. In particular, among diploids, L. hispanica A is
the most differentiated form. The rarity of this form and its
narrow range (in two sampling seasons we collected only
10 individuals in Benissa and Alcoy) suggest that we
are dealing with a relic taxon. Leptynia hispanica B, C, D
show a neat but lower differentiation level, and their
sharply disjunctive ranges lead us to hypothesize that
they are incipient species. Leptynia hispanica C results
the population that originated the triploids, since their
sequences are almost all identical (Fig. 3). Moreover, the
strict relationship between L. hispanica D and tetraploids
points to an unequivocal kinship. Triploid and tetraploid
populations appeared to have distinct temporal and spatial
origins. Our time calibration suggests that tetraploids
are more ancient than triploids and that L. hispanica 4n is
quite an old taxon (approximately 2–3 million years). The
observed cox2 variability is greater in tetraploids than
in triploids and this might be linked to their different
ages. Moreover, multiple hybridization events might have
occurred in tetraploids, while the high homogeneity in
triploids might be indicative of a single event. However,
only further analyses on more variable zones of genome
might help.

(Bailey et al. 2003), so efforts should be made to exclude the
possibility of paralogous copies. In this attempt, Danforth
& Ji (1998) found that the minimum divergence observed
between paralogues in their studies on Apis mellifera is
>18% (overall sequence divergence). In L. hispanica, the
overall sequence divergence is 2.3%, a value that appears
to us a significant clue in excluding the presence of
paralogous copies in our analysis. Also, we have to
consider the possibility that we are dealing with
pseudogene copies. Pseudogenes have been defined as
nonfunctional copies of genomic DNA derived from
functional genes (Balakirev & Ayala 2003). Since duplicated
genes are redundant at origin, their usual fate is the
nonfunctioning of one copy (Lynch & Conery 2000). In
addition, the duplicates usually lack promoter and
regulatory sequences, so they can no longer produce a
functional mRNA (Vanin 1985; Zhang 2003). In this study,
we obtained ef1-α sequences from mRNA copies, thus
excluding nonfunctional pseudogenes from our analysis.
In addition, we did not find incomplete mRNAs, frameshift
mutations or any other evidence of malfunctioning
sequences. There are also a few known cases in which
some retroposition-mediated duplicated genes are
actually expressed (‘processed pseudogenes’: Vanin 1985),
probably because of their insertion downstream of a
promoter sequence. Nevertheless, this is an unlikely event
(Vanin 1985); therefore, we can reasonably exclude that this
happened in L. hispanica. For all the above-mentioned
reasons, we feel we are not dealing with wrong phylogenetic
signals because of paralogous and/or pseudogene copies
in our data set.

Elongation factor 1-α : nuclear markers and hybridization
While mtDNA traces the maternal ancestry, the only way
to determine whether polyploids are hybrid or not and to
find the paternal contribution is to analyse nuclear DNA
markers. The ef1-α gene is considered one of the best
available markers (Cho et al. 1995; Jordal 2002; and
references therein). Although largely accepted, this needs
some further discussion, since our data suggest that ef1-α
gene in Leptynia has multiple copies, as it is also found in
Artemia salina (Lenstra et al. 1986), and in holometabolous
insects such as Apis mellifera (Danforth & Ji 1998), Drosophila
melanogaster (Hovemann et al. 1988) and Curculionidae
(Normark et al. 1999; Jordal 2002). The one we report here
seems to be the first case in hemimetabolous insects, since
analyses on orthopteroid insects did not find more than a
single copy (Zhou et al. 2002; Broughton & Harrison 2003).
Since we found multiple gene copies in L. hispanica, a clear
understanding of sequence relationships is necessary
when sequences from multicopy genes are used for phylogenesis (Sanderson & Doyle 1992; references therein).
If sequences are taken as orthologous, when they are
paralogous, the relationships can be incorrectly inferred

Tracing hybrid constitution of L. hispanica polyploids
Phylogenetic analysis on ef1-α agrees with mtDNA data:
the four L. hispanica diploid groups are clearly distinct from
each other, and the basal position of L. hispanica A is
confirmed (Fig. 4). For the unisexuals, two different
haplotype clusters found within triploids suggest that
L. hispanica 3n is a hybrid taxon, as found in other
parthenogenetic stick insects (Mantovani et al. 1999;
Morgan-Richards & Trewick 2005). One sequence cluster
is, as expected, similar to L. hispanica C, confirming mtDNA
data and reinforcing the conclusion that it is the maternal
taxon of the 3n hybrid. The other cluster probably
represents the paternal contribution to the hybrid, but
unfortunately it could not be associated with any known
bisexual. The numeric proportion of clones might also
suggest that L. hispanica C contributed to the triploid
hybrid genome with only one haploset, while the other two
sets derived from an unknown taxon. This observation is
congruent with karyotype morphology (Fig. 2c). We can
trace two different scenarios in the origin of the 3n hybrid
L. hispanica: a single hybridization event in which a haploid
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egg of L. hispanica C fused with two sperms of the parental
taxon (physiological polyspermy), or a two-step origin,
through an intermediate diploid parthenogenetic hybrid
which subsequently incorporated a further paternal
genome. From our data, we cannot prefer one scenario to
the other: probably only further studies on hyper-variable
regions of the genome could solve the issue. The origin of
tetraploids is more complex because of a higher genetic
variability within the group. However, it seems to us that
the most interesting result is that no ef1-α haplotypes
of L. hispanica D (which indeed contributed with mitochondria to tetraploids, as demonstrated by mtDNA) have
been found. Consequently, tetraploids would still have to
be considered hybrids, although the nuclear maternal
contribution is nowadays missing. We can hypothesize
three different scenarios to explain this unexpected finding.
Actually, we could assume that L. hispanica D contributed
to a hybrid 4n genome but its alleles were lost because of
gene conversion. In this case, tetraploids would have to
have an automictic meiotic mechanism, otherwise meiosis
suppression would not allow any recombination event.
However, using dnasp (Rozas & Rozas 1999), we did not
find gene conversion tracts between tetraploids and their
putative maternal ancestor (L. hispanica D). The second
hypothesis is that tetraploids could originate through
androgenesis, so they do not keep trace of the maternal
nuclear genome, while maintaining maternal mtDNA.
Androgenesis is a reproduction in which diploid offspring
inherit chromosomes only from the male (Mantovani &
Scali 1992). Androgenesis, first demonstrated in Bacillus
stick insects (Mantovani & Scali 1992; Tinti & Scali 1996;
Mantovani et al. 2001), has been proved to occur in several
species of freshwater Corbicula clams (Komaru et al. 1998;
Byrne et al. 2000; Qiu et al. 2001), and in the cypress tree
Cupressus dupreziana (Pichot et al. 2001). To explain L.
hispanica data with androgenesis, we have to assume that
only paternal genomes are present in the nucleus. However,
even though androgenesis has already been found in
Phasmida, direct evidence is needed to ascertain whether it
really occurred in 4n L. hispanica. Finally, we would like to
mention that recent studies highlighted some cases of
nonequivalent contributions from the two parents to gene
expression in allopolyploids and hybrids (Pikaard 2000;
Adams et al. 2003; Veitia 2005). It was suggested that
these changes in transcription could be attributable to a
regulatory mismatch between effectors and target genes.
During hybridization, there is a merger of two different
genomes and the new cellular and nuclear volumes could
be suboptimal for the expression of the parental genes.
The transcriptional mechanism of the parents could be
otherwise similar, while the promoter-activator system
could be different. Additionally, a hybrid or allopolyploid
could carry a pool of molecules which have different
affinities for DNA in a volume that is different from that
© 2007 The Authors
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of the parents (Veitia 2005). Dufresne & Hebert (1994)
analysed Artemia salina and suggested that hybridization
between genetically divergent species leads to maternal
genome expulsion or silencing. In fact, the situation appears
similar to L. hispanica: divergence between L. hispanica
4n and L. hispanica D might support this hypothesis.

Phylogeography of the L. hispanica species complex
Based on gathered data, it is possible to outline a consistent
phylogeographical scenario for the L. hispanica complex.
Most likely, the original range of the complex could have
been the territory North of Alicante, where at present it
is possible to find L. hispanica A, the most relic and
differentiated taxon. Nowadays, detectable diploid groups
are probably the result of a genetic differentiation due to
low dispersal and fragmentation of suitable habitats
into isolated multiple glacial refugia, because of the harsh
climate of the high central Iberian plateau during
glaciations (Gómez & Lunt 2007). Since they seem to be
quite old, bisexuals of L. hispanica probably went through
cyclical climate changes that strongly influenced their
phylogeography, as also observed for example in Deinacrida
(Trewick et al. 2000) and Heteronotia (Strasburg & Kearney
2005). Parthenogenetic groups show distinct geographical
distributions, with ranges of tetraploids and triploids
being contiguous to those of their diploid ancestors
(L. hispanica D and L. hispanica C, respectively; Fig. 1).
Moreover, L. hispanica 3n, whose range extends far to the
North, is less variable than the southern 4n, and this is
quite a typical pattern as observed by Hewitt (2001, 2004).
In addition, Law & Crespi (2002b) noted that younger
asexuals tend to be found further North than older ones,
and this fully agrees with what we observed in L. hispanica.
L. hispanica distribution fits the ‘geographical parthenogenesis’ model with a broad distribution of polyploid
populations together with a confined distribution of
diploids in small and fragmented areas. As noticed in
many other cases (Suomalainen 1978; Mantovani 1998;
Sandoval et al. 1998; Schön et al. 2000; Law & Crespi 2002a;
Baxevanis et al. 2006), the original range of each diploid
group was probably wider. After the rising of polyploid
populations, diploids were displaced, perhaps due to
the parthenogens’ greater fitness. In L. hispanica, triploids
show a large range, despite their recent origin; their fast
expansion, also at the expense of the contiguous tetraploid
populations, could well be in progress. In fact, 4n L.
hispanica is a more ancient taxon, so we can hypothesize
that it might suffer from some degree of genetic decay.
Most likely, triploids were formed after the last ice age and
quickly colonized territories previously covered by ice
(Pyrenees) or too cold for their ancestors (high central
Iberian plateau) which remained in the refuge areas, as
happened for several known parthenogenetic insects (Law
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& Crespi 2002a; Kearney 2003; Stenberg et al. 2003;
Strasburg & Kearney 2005; Kearney et al. 2006). Post-glacial
territories represent a big challenge for colonizing
organisms because of the likely occurrence of unknown
physical and biotic conditions (Hewitt 1996; Kearney
2005). Hybridization quickly creates new and much higher
range of genetic combinations with different fitness (Barton
2001) easily allowing the transition to new adaptive peaks
and therefore the colonization of new territories (Lewontin
& Birch 1966). Niches and spatial separation reduce
competition and the possibility of backcrossing between
polyploids and diploid parents, which often produces
low-fitness offspring; consequently, separation could be
favoured by selection (Martins et al. 1998).

Evolutionary perspectives of L. hispanica hybrids
In L. hispanica, geographical parthenogenesis appears to be
strictly related to polyploidy and hybridization. The main
genetic effect of hybridization is to enhance heterozygosis.
Moreover, the formation of a hybrid lineage from multiple
individuals (polyphyly) also has important consequences:
polymorphism can be drastically lowered in hybrids
descended from a single ancestor, while it can be increased
in hybrids descended from multiple events. According to
Fisher (1930), polymorphism represents the ‘evolutionary
hope’ of a population, which has lost bisexual reproduction
and therefore the possibility of genetic assortment. Furthermore, the polyploid condition enhances genetic versatility
by gene duplication. According to the above-mentioned
rationale, the high variability within the L. hispanica 4n
taxon could be the main reason for its evolutionary success
and long-lasting existence. For the same reason, the low
level of triploids’ variability might still not be significantly
affecting them, simply because of their relatively recent
existence and consequent slight genetic decay. However,
the hybrid condition entails some problems: the fixation of
a new hybrid strain needs reproductive isolation, otherwise
gene flow would stop the cladogenetic process. Moreover,
hybrids must overcome the constraints of meiotic pairing
of heterospecific chromosomes. Parthenogenesis can overcome both problems. Also polyploidy can lead to reproductive isolation and contribute to egg maturation:
therefore both parthenogenesis and polyploidy can be
considered as major pathways leading to hybrid balancing
and persistence (Kearney 2005). This seems to be what has
happened twice in the L. hispanica species complex, leading
to tetraploid (earlier) and triploid (later) strains. Why this
happened so frequently in L. hispanica, as well as in other
circum-mediterranean stick insects, is a matter of conjecture,
but there is some evidence that phasmids have a preadaptation to develop parthenogenesis (Marescalchi et al.
2002) and usually lack premating isolation mechanisms
(Scali et al. 2003).
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