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Abstract 

A striking aspect of the biology of stick insects is the widespread occurrence of parthenogenesis, 

including rare, spontaneous events in sexual species, facultative parthenogenesis as well as 

obligately parthenogenetic species. This review synthesizes current knowledge on the origins, 

mechanisms, and evolutionary consequences of parthenogenesis in stick insects, with a particular 

focus on its hybrid and intra-specific origins. Hybrid-derived parthenogens are relatively rare but 

invariably obligate. They are often polyploid and produce eggs via endoduplication, a 

parthenogenesis mechanism maintaining genome-wide heterozygosity. Intra-specific cases of 

parthenogenesis (facultative and obligate) are much more frequent, are associated with diploidy, 

and frequently involve genome-wide homozygosity as a consequence of gamete duplication. 

Facultative parthenogenesis allows females to reproduce both sexually and parthenogenetically, 

yet natural populations tend to either comprise equal numbers of males and females or consist 

entirely of females, with intermediate sex ratios being rare. In multiple species, mixed-sex and 

female-only populations are distributed in a mosaic pattern without clear ecological differences, 

suggesting that factors beyond environment shape their maintenance. Sexual conflict, including 

male harassment and female resistance, has been proposed as a potential driver of these 

patterns, but empirical evidence does not point to male-inflicted harm on females and instead 

indicates fitness benefits associated with mating and sexual reproduction. 

Several negative evolutionary consequences of parthenogenesis, including reduced selection 

efficiency and slower adaptation, have been identified in the Timema genus. Multiple, mostly 

obligately parthenogenetic Timema species have independently evolved from different sexual 

ancestors, with a shared mechanism of gamete duplication. Because rare, spontaneous 

parthenogenesis in sexual species involves the same mechanism, the repeated evolution of 

parthenogenetic species likely occurred via recurrent selection for increased frequencies of 

parthenogenesis in different genomic backgrounds. 

Overall, this review highlights the diversity and distribution of parthenogenesis in stick insects and 

their broader implications for understanding the evolution of asexual reproduction.  
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Introduction 

Phasmids, commonly known as stick and leaf insects, are renowned for their exceptional 

camouflage, serving as an effective defense against visually hunting predators. This order of 

polyneopteran insects comprises over 3,500 described species distributed worldwide [1,2]. Due 

to their extraordinary morphological and behavioral crypsis, phasmids attract considerable 

interest from both researchers and insect breeders globally [2]. 

In addition to their cryptic adaptations, phasmids are also remarkable for their ability to reproduce 

via parthenogenesis (Figure 1). Many breeders have observed the spontaneous re-establishment 

of female-only cultures from a single nymph after the loss of a population. Thus, parthenogenesis 

in phasmids is almost always thelytokous, meaning it exclusively produces female progeny [3]. 

The presence of parthenogenesis is not merely anecdotal as extensive documentation exists for 

over 80 different species spanning the stick insect phylogeny, encompassing both facultative and 

obligate parthenogenetic lineages. This widespread occurrence of parthenogenesis makes 

phasmids a useful empirical model for investigating the factors that favor sexual versus asexual 

reproduction in natural populations [4–9] as well as identifying morphological, behavioral and life-

history differences associated with different reproductive modes [6,10–13]. 

 

 

https://paperpile.com/c/dzNbKV/oTBU+ytYv
https://paperpile.com/c/dzNbKV/ytYv
https://paperpile.com/c/dzNbKV/Lgl0
https://paperpile.com/c/dzNbKV/ygxO+RIxO+ylwl+NyY3+N3NQ+X7Xd
https://paperpile.com/c/dzNbKV/Z4nv+ylwl+7PeQ+mYqQ+ZpAs
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Figure 1: Repeated evolution of parthenogenesis across the stick and leaf insect phylogeny. 

From left to right: Tree topology and taxon names from [14]. Spontaneous parthenogenesis refers 

to rare hatching of unfertilized eggs in sexual species. Intra-specific origin refers to cases in which 

female-only populations can be maintained, either in natural populations or in culture, and mostly 

represent facultative parthenogens. Hybrid origin refers to cases in which hybridization led to 

obligate parthenogenetic species. The age of the group and clades within remain controversial, 

with a much more recent origin of Phasmatodea, dated to the Jurassic ~180 million years ago, in 

previous studies [15,16]. Right: Genome-wide heterozygosity for different parthenogenetic stick 

insect species, with related sexual species indicated for comparison. The ploidy for each species 

is indicated by the number of chromosomes (bars) in circles, chromosomes with different shading 

originate from different species. The indicated heterozygosity is estimated from sequencing reads 

using k-mer spectra analysis [17,18] and corresponds to the proportion of homologous 21-mers 

with more than one variant. Data combined from [9,19,20]. Stick insect silhouettes from 

https://www.phylopic.org/. 

Hybrid vs. Intra-specific Origins of Parthenogenesis 

The evolution of parthenogenesis in phasmids is particularly intriguing because it arises through 

multiple, mechanistically distinct pathways involving both hybrid and intra-specific origins. All 

parthenogenetic phasmids of hybrid origin studied thus far are obligately parthenogenetic. 

Furthermore, most if not all of them reproduce via premeiotic endoduplication as documented in 

the two triploid hybrids Carausius morosus [21] and Bacillus lynceorum [22,23], and the tetraploid 

hybrid Sipyloidea sipylus [24]. The same mechanism likely occurs in presumed triploid hybrids 

between the sexual species S. nelida and S. similis [25,26]. Under premeiotic endoduplication, 

chromosomes duplicate during meiosis, and recombination occurs between duplicates rather 

than homologs [27]. This process maintains high heterozygosity over evolutionary time and is 

widespread among hybrid parthenogens beyond stick insects [28,29] (Figure 1). However 

alternative mechanisms underlying parthenogenesis cannot be excluded in some species such 

as the diploid hybrid B. whitei [22,30] (see also Figure 1) and exist in phasmid species with 

suggested but unconfirmed hybrid origins such as B. atticus. Parthenogenesis in the latter species 

involves an abortive meiosis I, but there is currently no data available to test for a hybrid or intra-

specific origin of this species [31–33]. B. atticus is further interesting because it comprises diploid 

and triploid parthenogenetic lineages [31–34]. Females from a subset of the diploid lineages retain 

the ability to produce offspring from rare, fertilized eggs in experimental crosses with males from 

sexual relatives [32]. Surprisingly, some of these sexually produced offspring are diploid (and not 

always triploid as would be expected under fertilization of parthenogenetic eggs). This implies 

that fertilization occasionally triggers the production of a haploid maternal nucleus which then 

fuses with a sperm nucleus [31–33].  

Although hybrid-origin parthenogenesis is relatively rare among phasmids —and in animals more 

broadly [35,36] —it has traditionally been studied in greater detail, particularly due to its frequent 

association with polyploidy and distinctive chromosome morphologies observed in karyotypes 

[27,37]. Curiously, in groups where it occurs, multiple parthenogenetic hybrid species deriving 

from the same sexual ancestors are known. This is notably the case for the genera Bacillus (hybrid 

https://paperpile.com/c/dzNbKV/xuDU
https://paperpile.com/c/dzNbKV/TYdG+NteW
https://paperpile.com/c/dzNbKV/bimf+64ut
https://paperpile.com/c/dzNbKV/X7Xd+mnh1+SJBh
https://paperpile.com/c/dzNbKV/sdH8
https://paperpile.com/c/dzNbKV/wGdY+8fIY
https://paperpile.com/c/dzNbKV/Bwgp
https://paperpile.com/c/dzNbKV/NKaS+p2lu
https://paperpile.com/c/dzNbKV/VDrx
https://paperpile.com/c/dzNbKV/OXax+JaEP
https://paperpile.com/c/dzNbKV/wGdY+DCka
https://paperpile.com/c/dzNbKV/vNGk+MJi2+C5q7
https://paperpile.com/c/dzNbKV/vNGk+MJi2+C5q7+ZBB2
https://paperpile.com/c/dzNbKV/MJi2
https://paperpile.com/c/dzNbKV/vNGk+MJi2+C5q7
https://paperpile.com/c/dzNbKV/hMel+Ai7P
https://paperpile.com/c/dzNbKV/9Vyc+VDrx
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parthenogens B. whitei and B. lynceorum [4]), Acanthoxyla (at least three parthenogenetic hybrid 

lineages comprised in the species A. inermis and A. prasina [19]) and likely in the genera Leptynia 

and Pijnackeria [38–40]. However, attempts to re-create parthenogenetic lineages de novo via 

crosses between sexual species in these groups have thus far been unsuccessful [41]. This 

contrasts with findings in vertebrates, where most parthenogenetic species arose through 

hybridization and new parthenogenetic hybrid lines can be generated through experimental 

crosses in different taxa  [42,43].  

In phasmids, parthenogenetic populations and species are mostly of intra-specific origins, and 

emerge either from facultatively parthenogenetic or predominantly sexual populations. In the 

former case, it happens simply through local extinction of males. Such transitions likely started in 

specific populations, a pattern still observable today in facultatively parthenogenetic species like 

Megacrania batesii, Clitarchus hookeri, and B. rossius (described in the next section). 

Alternatively, parthenogenesis can emerge through the co-option of rare spontaneous 

parthenogenesis in predominantly sexual species, as demonstrated in Timema stick insects (see 

below). In both intra-specific origins, a frequently observed mechanism underlying 

parthenogenesis is referred to as “gamete duplication” [27]. This process begins with a typical 

meiosis, producing an egg that contains a haploid maternal nucleus. During early embryogenesis, 

this haploid nucleus undergoes division, generating a population of haploid nuclei within a 

syncytium, a shared cytoplasmic environment characteristic of early development. While normal 

diploid embryos inherit two parental chromosome sets, parthenogenetic embryos restore diploidy 

through an unknown mechanism—potentially involving endoreplication or nuclear fusion within 

the syncytium. As a result, the developing stick insect is diploid but fully homozygous. This 

distinctive developmental pathway has been directly documented or strongly suggested in 

species from at least six genera (Figure 1; B. rossius [44], Medauroidea extradentata, formerly 

known as Clitumnus extradentatus [37,45], Menexenus [46], Phraortes elongatus [47], M. batesii 

[48], and Timema (see Figure 2)). Nevertheless, alternative mechanisms of parthenogenesis, 

associated heterozygosity maintenance, also exist, and are documented in the species B. atticus 

[31,32], Ramulus mikado [49], as well as in M. batesii, where they co-occur with gamete 

duplication [48]. 

In combination, these different studies show that in phasmids, intraspecific origins of 

parthenogenesis, both facultative and obligate, occur only in diploid species, and often rely on 

gamete duplication, which generates complete homozygosity. By contrast, hybrid 

parthenogenesis is obligate, typically involves endoduplication, is associated with high 

heterozygosity that can be maintained genome-wide and is mostly documented in polyploid 

species. 

A mosaic of female-only and sexual populations in facultative parthenogens 

Facultative parthenogenesis corresponds to cases in which a single female is able to reproduce 

both sexually and asexually [50]. It is extremely widespread among phasmids, as for example 

revealed by many female-only stock cultures of otherwise sexually reproducing species [2]. It has 

further been characterized via experimental approaches in at least ten different genera across 

the phylogeny (Argosarchus, Bacillus, Clitarchus, Extatosoma, Medauroidea, Megacrania, 

https://paperpile.com/c/dzNbKV/ygxO
https://paperpile.com/c/dzNbKV/mnh1
https://paperpile.com/c/dzNbKV/j6qq+dMQ6+cLDT
https://paperpile.com/c/dzNbKV/BSle
https://paperpile.com/c/dzNbKV/5HCx+IW2C
https://paperpile.com/c/dzNbKV/VDrx
https://paperpile.com/c/dzNbKV/KqFc
https://paperpile.com/c/dzNbKV/Xecb+9Vyc
https://paperpile.com/c/dzNbKV/Y9ZI
https://paperpile.com/c/dzNbKV/eTrS
https://paperpile.com/c/dzNbKV/QcMX
https://paperpile.com/c/dzNbKV/vNGk+MJi2
https://paperpile.com/c/dzNbKV/guzN
https://paperpile.com/c/dzNbKV/QcMX
https://paperpile.com/c/dzNbKV/pfCv
https://paperpile.com/c/dzNbKV/ytYv
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Megaphasma, Phraortes, Sipyloidea, Timema; Figure 1). Because parthenogenesis produces 

females, populations of facultatively parthenogenetic species may exhibit a female-biased sex 

ratio, ranging from a slight bias to entirely female populations. However, natural populations 

typically do not show this full range; they either have equal numbers of males and females 

(hereafter “sexual populations”) or consist exclusively of females (“parthenogenetic populations”). 

In some instances, the distribution of sexual and parthenogenetic populations follows a latitudinal 

or altitudinal gradient. Such distributions can reflect the broader benefits of parthenogenesis and 

other forms of unisexual reproduction for the colonization of new habitats [51]. In these 

environments, the growth of sexual populations is typically limited by low densities as a 

consequence because of mate limitation (“inverse Allee effects” [52]). Examples in stick insects 

include post-glaciation recolonization led by parthenogens in Argosarchus [53] and Clitarchus 

hookeri [54,55], or the observation that island and introduced populations are typically 

parthenogenetic, but often derive from native sexual populations [2,55,56]. In other instances, 

latitudinal or altitudinal variations point to potential ecological gradients shifting the relative 

benefits of sexual vs parthenogenetic reproduction (e.g., in P. elongatus [47]). However, in several 

species, parthenogenetic populations are distributed in a mosaic-fashion among sexual 

populations, without any evident variation in ecology, and reflect multiple independent local losses 

of males (e.g., M. batesii [57], B. rossius [58,59], C. hookeri [55]). The factors underlying these 

repeated losses as well as those maintaining a mosaic distribution of sexual and parthenogenetic 

populations are currently unclear. 

It has been suggested that sexual conflict over the number of matings may promote either sexual 

or parthenogenetic reproduction depending on how fitness returns per mating differ between 

males and females [60–64]. Male-imposed costs on females indeed increase with sexual conflict 

levels [65,66]: for example, male coercion makes it more costly for females to avoid mating. 

However, it is only under extreme costs of mating for females that sexual conflict can sustain the 

co-existence of sexual and parthenogenetic populations [62,67]. Experiments aiming at 

identifying costs of mating in stick insects have thus far only revealed small, if any, costs of mating 

for females. Specifically, in an obligately sexual Timema species, singly and multiply mated 

females have similar fecundity and lifespan [68]. In facultative parthenogens, virgin and mated 

females also have similar fecundity (in C. hookeri [5] and M. batesii [57]) or even lifetime 

reproductive success (in Extatosoma tiaratum [69,70] and S. larryi [71]). Furthermore, mating in 

facultative parthenogens (or multiple mating in sexual species) increases the reproductive output 

of females (more eggs, higher egg hatching success and/or survival in Megaphasma dentricus 

[72], E. tiaratum [69] but see [70], M. batesii [7], Timema cristinae [68], and S. larryi [71]). Finally, 

additional increases of reproductive outputs under sex relative to parthenogenesis are likely 

caused by inbreeding depression, given the large-scale or complete homozygosity of 

parthenogenetic offspring. Thus, while sexual conflict provides an interesting idea for explaining 

recurrent transitions to all-female populations in facultative parthenogens [60–64], there is little 

empirical support for such mechanisms in stick insects, where the lifetime reproductive output of 

females is generally improved by (multiple) mating. Consequently, the factors driving the mosaic-

like distribution of parthenogenetic and sexual populations remain elusive. 

https://paperpile.com/c/dzNbKV/v6Y2
https://paperpile.com/c/dzNbKV/KagJ
https://paperpile.com/c/dzNbKV/aWT0
https://paperpile.com/c/dzNbKV/TcxF+YDFC
https://paperpile.com/c/dzNbKV/YDFC+FaVR+ytYv
https://paperpile.com/c/dzNbKV/eTrS
https://paperpile.com/c/dzNbKV/aOHC
https://paperpile.com/c/dzNbKV/D9MA+T1fa
https://paperpile.com/c/dzNbKV/YDFC
https://paperpile.com/c/dzNbKV/EynSe+PRblH+1CQRz+hHGBC+IagTK
https://paperpile.com/c/dzNbKV/abwV+f4G5
https://paperpile.com/c/dzNbKV/JLAM+1CQRz
https://paperpile.com/c/dzNbKV/rYKO
https://paperpile.com/c/dzNbKV/RIxO
https://paperpile.com/c/dzNbKV/aOHC
https://paperpile.com/c/dzNbKV/Sumk+J1roD
https://paperpile.com/c/dzNbKV/rq9c
https://paperpile.com/c/dzNbKV/560a
https://paperpile.com/c/dzNbKV/Sumk
https://paperpile.com/c/dzNbKV/J1roD
https://paperpile.com/c/dzNbKV/NyY3
https://paperpile.com/c/dzNbKV/rYKO
https://paperpile.com/c/dzNbKV/rq9c
https://paperpile.com/c/dzNbKV/EynSe+PRblH+1CQRz+hHGBC+IagTK
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A possible mechanism driving the described patterns is a trade-off between sexual vs 

parthenogenetic reproduction. Such a trade-off was previously suggested as an explanation for 

why mostly obligate parthenogenesis and sex prevail over facultative parthenogenesis in animals 

[36,73]. Females from parthenogenetic populations in at least three facultatively parthenogenetic 

stick insect species only produce few if any fertilized eggs after mating (B. rossius [74,75], C. 

hookeri [5,55], and M. batesii [7]). This suggests that they lost the ability to fertilize eggs. Such 

losses (or partial losses) could help explain why reversals from parthenogenesis to sex in all-

female populations are not more frequent, even though they could easily be mediated by 

immigrant males from neighbouring sexual populations. Indeed, only two such cases have been 

documented (in M. batesii, [57] and C. hookeri [55]) with two additional ones likely stemming from 

males produced locally via parthenogenesis (C. hookeri [55] and B. rossius, see below). Given 

that these parthenogenetic populations only recently derived from sexual ones [55], losses of egg 

fertilization capacity (and other sexual traits) are unlikely to result from relaxed selection alone 

[11]. Instead, they could be linked to the evolution of efficient parthenogenesis, where 

parthenogenetic egg development proceeds in a way that directly prevents fertilization or reduces 

egg viability if fertilization occurs [11,76]. Such a trade-off could explain why intermediate sex 

ratios are rare and why facultatively parthenogenetic stick insects tend to have predominantly 

obligate parthenogenetic populations. The widespread persistence of facultative parthenogenesis 

in sexual stick insect populations, despite such putative trade-offs (Figure 1), then implies that 

conditions favoring parthenogenesis occur frequently enough to outweigh fertility costs under 

sexual reproduction. Metapopulation dynamics with frequent local extinctions or sudden extreme 

reductions of local population densities could provide such conditions. Finally, it is interesting to 

note that maternal effects could mediate trade-offs between sexual reproduction and 

parthenogenesis. In fact, females produced via parthenogenesis in M. batesii [7] and E. tiaratum 

[6] tend to fertilize fewer eggs than those produced sexually. Assessing whether the efficiency of 

parthenogenesis is indeed traded off against successful sexual reproduction would be an 

interesting focus for future research. 

Recurrent Evolution of Parthenogenesis from sexual ancestors in Timema 

Stick Insects 

Timema stick insects are a model system for studying the predicted consequences of 

parthenogenesis in natural populations. These consequences include reduced efficacy of 

selection, leading to an increased accumulation of deleterious mutations [77,78] and a slower rate 

of adaptive evolution [9]. Timema is one of the few taxa where multiple parthenogenetic species 

are described, providing key replication opportunities to distinguish the effects of reproductive 

mode from species-specific idiosyncrasies. 

Specifically, five morphologically and ecologically distinct, female-only parthenogenetic species 

are taxonomically described, each with sexually reproducing relatives of similar morphology and 

ecology [79–81]. Phylogenetic analyses based on mitochondrial sequences indicate that these 

parthenogenetic species originate from different sexual ancestors [82–84], a finding corroborated 

by different whole-genome studies [9,78]. Parthenogenesis in these species was initially thought 

to be obligate, as mating with males from sexual species did not result in fertilized eggs [11]. 

https://paperpile.com/c/dzNbKV/Ai7P+4oaX
https://paperpile.com/c/dzNbKV/4CSh+r3wV
https://paperpile.com/c/dzNbKV/RIxO+YDFC
https://paperpile.com/c/dzNbKV/NyY3
https://paperpile.com/c/dzNbKV/aOHC
https://paperpile.com/c/dzNbKV/YDFC
https://paperpile.com/c/dzNbKV/YDFC
https://paperpile.com/c/dzNbKV/YDFC
https://paperpile.com/c/dzNbKV/7PeQ
https://paperpile.com/c/dzNbKV/7PeQ+XZSm
https://paperpile.com/c/dzNbKV/NyY3
https://paperpile.com/c/dzNbKV/ylwl
https://paperpile.com/c/dzNbKV/HO1X+mF8O
https://paperpile.com/c/dzNbKV/X7Xd
https://paperpile.com/c/dzNbKV/chad+h9f1+KLrB
https://paperpile.com/c/dzNbKV/aYGy+WhdQ+hMqU
https://paperpile.com/c/dzNbKV/X7Xd+mF8O
https://paperpile.com/c/dzNbKV/7PeQ
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However, signatures of occasional recombination later revealed rare instances of sexual 

reproduction in some populations of two species [85]. Additionally, one parthenogenetic species 

was found to comprise multiple lineages that had independently evolved from the same sexual 

ancestor [84]. The frequent evolution of parthenogenesis in a single taxon such as Timema, which 

is only ~30 million years old [86], raises fundamental questions about how and why (mostly) 

obligate parthenogenesis evolves recurrently in this group. 

Unlike many stick insects, which often exhibit facultative parthenogenesis, sexual Timema 

species are largely incapable of reproducing asexually. Experiments testing many virgin females 

from different sexual species show that they either fail to produce parthenogenetic offspring or do 

so at very low frequencies [87,88] —comparable to the spontaneous parthenogenesis 

occasionally observed in sexual species from other invertebrate taxa [89]. Facultative 

parthenogenesis is only known in localized populations of the otherwise obligate parthenogenetic 

species T. douglasi [73]. Some females in these populations are sexually produced (reflected by 

elevated heterozygosity), others parthenogenetically (homozygosity) (Figure 2D). This differs 

from the patterns discussed for the facultative species above where individuals from mixed sex 

populations are almost exclusively produced sexually. This notably led to the suggestion that 

these populations may derive from ancestrally parthenogenetic populations [73], with reversals to 

sex mediated by rare or immigrant males as described for C. hookeri [55]. However, they may 

also represent vestiges of formerly sexual reproduction in T. douglasi. Both scenarios point to 

facultative parthenogenesis being a transient state towards obligate strategies in Timema [73]. 

Independently of the status of these exceptional populations, even a low baseline frequency of 

spontaneous parthenogenesis in sexual species could, in theory, be co-opted into facultative or 

obligate parthenogenesis under favorable ecological conditions [90]. 

One such condition is mate limitation, particularly at range margins or in low-density populations, 

where even inefficient parthenogenesis can be favored by selection. Consistent with this 

hypothesis, the ability of sexual Timema females to produce parthenogenetic offspring is higher 

in low-density populations, where many adult females collected in the field are unmated [87]. This 

finding suggests that the recurrent evolution of obligate parthenogenesis in Timema may have 

been driven by selection for increased parthenogenetic capacity in different sexual populations. 

Initially, this scenario was dismissed based on the presumed mechanisms underlying 

parthenogenesis in obligate parthenogens, which appeared to differ fundamentally from those 

associated with spontaneous parthenogenesis in sexual species [88]. Microsatellite-genotype 

data suggested that parthenogenetic species maintained conserved heterozygosity and 

reproduced clonally via apomixis, whereas spontaneous parthenogenesis in sexual species was 

linked to large-scale heterozygosity loss [88]. However, whole-genome analyses later revealed 

that the apparent heterozygosity in parthenogenetic species was an artifact caused by paralogous 

loci [9]. In reality, all parthenogenetic Timema species exhibit genome-wide homozygosity. 

Moreover, genome-wide analyses of heterozygosity loss in parthenogenetic offspring produced 

by heterozygous females of facultatively parthenogenetic T. douglasi [73] point to gamete 

duplication as the underlying mechanism—identical to the mechanism driving parthenogenesis in 

obligate Timema parthenogens (Figure 2) and documented in other phasmids (see main text). 

https://paperpile.com/c/dzNbKV/zSNW
https://paperpile.com/c/dzNbKV/hMqU
https://paperpile.com/c/dzNbKV/wlvb
https://paperpile.com/c/dzNbKV/Z3Ik+BLQP
https://paperpile.com/c/dzNbKV/SnSb
https://paperpile.com/c/dzNbKV/4oaX
https://paperpile.com/c/dzNbKV/4oaX
https://paperpile.com/c/dzNbKV/YDFC
https://paperpile.com/c/dzNbKV/4oaX
https://paperpile.com/c/dzNbKV/acKd
https://paperpile.com/c/dzNbKV/Z3Ik
https://paperpile.com/c/dzNbKV/BLQP
https://paperpile.com/c/dzNbKV/BLQP
https://paperpile.com/c/dzNbKV/X7Xd
https://paperpile.com/c/dzNbKV/4oaX
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In summary, obligate parthenogenesis in Timema evolved repeatedly from different sexual 

ancestors, with a conserved proximate mechanism (gamete duplication). However, an open 

question remains: which genetic loci increase the capacity for parthenogenesis in different 

Timema lineages? One possibility is the recurrent selection of ancestral polymorphisms in 

different genomic backgrounds. Such polymorphisms could involve loci such as those enhancing 

the likelihood of the spontaneous development of unfertilized eggs in Drosophila fruit flies as 

revealed in recent experimental work [91]. Whether similar loci contribute to gamete-duplication 

parthenogenesis in Timema and other phasmids can now be investigated, thanks to the recent 

development of CRISPR technology for this insect order [92]. Another possibility is the 

introgression of "parthenogenesis alleles" from facultatively parthenogenetic strains into largely 

sexual populations via crosses with males produced by parthenogenetic females—a 

phenomenon known as "contagious parthenogenesis” [93]. Notably, both introgression and 

recurrent selection of ancestral polymorphisms have been implicated in classic cases of 

convergent evolution, such as freshwater adaptations in threespine sticklebacks [94] and mimicry 

in Heliconius butterflies [95]. 

 

https://paperpile.com/c/dzNbKV/Kawz
https://paperpile.com/c/dzNbKV/22aK
https://paperpile.com/c/dzNbKV/U96D
https://paperpile.com/c/dzNbKV/i15r
https://paperpile.com/c/dzNbKV/xTWS
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Figure 2: Recurrent evolution of parthenogenesis in Timema. A Phylogeny of parthenogenetic 

Timema species (in blue) and their sister sexual species (red). Other sexual species are omitted 

for display. B Diploidization in action: stacked images of an unfertilised egg of T. douglasi (8 to 

12 days post laying). DNA is stained with DAPI (white), telomeres with a specific FISH probe (red; 

against the AACCT motif as described in [96]). Some nuclei are still haploid (n = 12; 24 telomeres) 

while others have undergone diploidization (2n = 24; 48 telomeres). C Heterozygosity variation 

among sexual Timema species and genome-wide homozygosity in obligate parthenogens. 

Barplots are k-mer based estimations of heterozygosity, black circles and lines represent SNP-

based estimations of heterozygosity and range in five individuals (redrawn from [9]). D 

Heterozygosity reduction within a single generation in facultatively parthenogenetic populations 

of T. douglasi. Relative heterozygosity refers to the proportion of heterozygous SNPs among 

polymorphic RAD-seq loci, which includes false-positive heterozygosity (e.g. as a consequence 

https://paperpile.com/c/dzNbKV/s5XF
https://paperpile.com/c/dzNbKV/X7Xd
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of mis-mapping and structural variation [73]). Colored dots represent values for a female, black 

crosses on the same column are values for her parthenogenetically-produced daughters. 

Heterozygosity falls to a baseline (i.e. false-positive) value in one generation, regardless of 

maternal heterozygosity. The two squares on the left are heterozygosity values obtained with the 

same data and method for two obligately parthenogenetic females also included in C (data from 

[73]). E Mate limitation under low population density can select for increased parthenogenesis 

capacity in sexual populations. Each point is a different sampled population of sexual Timema 

species (data from  [87]). 

Spontaneous production of rare males by parthenogenesis 

Another shared feature across stick insects is that parthenogenetic reproduction can generate 

males. This has been reported for cases of spontaneous, facultative, and obligate 

parthenogenesis, whereby the frequency of males is typically in the order of 1 every 1000 or rarely 

up to every 100 females [11,21,57,97–103]. All stick insects investigated thus far have XX/XO or, 

more rarely, XX/XY sex chromosome systems [104]. The karyotypes of parthenogenetically 

produced males, where studied, are always XO as under sexual reproduction, implying rare 

losses of one of the X chromosomes during meiosis or early mitotic divisions. In the species 

Anchiale austrotessulata, such losses are much more frequent and result in approximately 16% 

males among the parthenogenetically produced progeny [105]. Whether these frequent losses of 

the X involve a targeted elimination would be an interesting avenue for future research. It could 

perhaps reveal convergent mechanisms with the targeted X chromosome elimination in aphids. 

In the latter species, the production of males always involves a targeted elimination of the X 

chromosome [106,107], which marks the transition to the sexual generation.  

The rare spontaneous loss of the X in some parthenogenetic individuals typically results in fertile 

males. This is the case in Bacillus [108], Clitarchus [55] and Timema [11], though not in Ramulus 

mikado [101] or Clonopsis gallica [97]. When spontaneously produced males are fertile, they 

could potentially drive reversals from parthenogenesis to sexuality in female-only populations of 

facultative parthenogens [55]. This has notably been suggested for a population of C. hookeri. A 

recently arisen sexual population has been identified within the natural range of the lineage 

otherwise associated with parthenogenesis in this species and microsatellite genotypes could not 

identify traces of admixture mediated by immigrant males from sexual populations. Males 

therefore most likely resulted from the spontaneous loss of an X chromosome, producing a male 

phenotype in situ [55]. A similar reversal to sex mediated by a parthenogenetically produced male 

is also the most likely explanation for the presence of an isolated (though not genetically 

characterized) sexual population of B. rossius in Southern France [109], where otherwise only 

parthenogenetic populations are known. 

  

https://paperpile.com/c/dzNbKV/4oaX
https://paperpile.com/c/dzNbKV/4oaX
https://paperpile.com/c/dzNbKV/Z3Ik
https://paperpile.com/c/dzNbKV/skuW+tpt7+sdH8+c8Jf+SCkf+7PeQ+DUZI+XSgM+aOHC+aAdF
https://paperpile.com/c/dzNbKV/caMs
https://paperpile.com/c/dzNbKV/sp6a
https://paperpile.com/c/dzNbKV/2Yjo+V15N
https://paperpile.com/c/dzNbKV/YNmh
https://paperpile.com/c/dzNbKV/YDFC
https://paperpile.com/c/dzNbKV/7PeQ
https://paperpile.com/c/dzNbKV/DUZI
https://paperpile.com/c/dzNbKV/skuW
https://paperpile.com/c/dzNbKV/YDFC
https://paperpile.com/c/dzNbKV/YDFC
https://paperpile.com/c/dzNbKV/YOxe
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Box1: Open questions. 

● Which cell-biological or developmental traits enable parthenogenesis to evolve so 
frequently among phasmids? 

● Are there any life-history traits in phasmids, specific or not to this group, that make 
parthenogenesis particularly beneficial? 

● What factors drive the mosaic-like distribution of parthenogenetic and sexual 
populations in facultative parthenogens? 

● Why do some facultative parthenogens rapidly lose the ability to fertilize eggs in all-
female populations, and is this linked to maternal effects? 

● What role do ecological gradients (e.g., altitude, latitude) play in shaping the 
distribution of sexual and parthenogenetic populations? 

● To what extent does inbreeding depression influence the relative fitness of 
parthenogenetic vs. sexual reproduction? 

● What are the precise cellular and molecular mechanisms underlying different forms of 
parthenogenesis in phasmids? Are there additional, yet undiscovered, mechanisms 
contributing to parthenogenesis in phasmids? 

● What are the genetic bases of parthenogenesis, and to what degree (if any) are they 
shared across phasmids and beyond?  

● Why do hybrid-origin parthenogenetic phasmids tend to be obligate, whereas intra-
specific parthenogens often retain some sexual reproduction? 

● What factors determine whether hybridization leads to parthenogenesis or sterility? 
 

 

Conclusion 

In combination, studies in phasmids suggest that sexual species possess an ancestral ability to 

produce parthenogenetic eggs spontaneously via gamete duplication and perhaps other 

mechanisms, and that the spontaneous production of males via X-chromosome losses could 

potentially mediate reversals from parthenogenesis to sex. Furthermore, a spontaneous capacity 

for rare gamete duplication in sexual species can be co-opted into obligate parthenogenesis. Such 

co-option is particularly likely under specific ecological conditions. For example, mate limitation 

can generate selection for reproductive assurance via parthenogenesis [110]. This phenomenon 

is particularly relevant in wingless species, where mate limitation is more likely to occur [87,111]. 

With stick insects being renowned for their repeated losses of wings and many wingless species 

[15], the repeated emergence of parthenogenetic lineages could involve shared ancestral 

polymorphisms for parthenogenetic egg development which may have been selected recurrently 

in different sexual lineages when exposed to similar selection pressures.  
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