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Abstrakt 

Skupina Polyneoptera zahrnuje deset hmyzích řádů s ohromnou variabilitou v jejich morfologii, 

životních strategiích, karyotypech a organizací genomu. U některých z těchto řádů byly zjištěny 

signifikantní odlišnosti ve struktuře karyotypu a mechanismech karyotypové evoluce. Nicméně, mnoho 

řádů skupiny Polyneoptera je stále cytogeneticky slabě prostudovaných. Disertační práce zahrnuje pět 

manuskriptů rozšiřujících cytogenetické poznání řádů Blattodea a Zoraptera. Řád Blattodea 

představuje jednu z nejvíce karyotypově diverzifikovaných liniích Polyneoptera. Zahrnuté manuskripty 

se soustředí na sumarizaci cytogenetických dat dostupných pro tuto skupinu a analýzu evoluce 

karyotypu u podčeledi Oxyhaloinae (Blaberidae) – jednu z nejvíce karyotypově rozrůzněný linií v rámci 

Blattodea. Řád Zoraptera je příkladem jednoho z cytogeneticky málo prostudovaných hmyzích řádů. 

Nicméně, informace o karyotypech Zoraptera jsou důležité pro pochopení evoluce karyotypu v rámci 

Polyneoptera, jelikož představují jednu z nejdříve se odvětvujících linií v rámci této skupiny. Zahrnuté 

manuskripty obsahují jedny z prvních popisů karyotypů a analýzu karyotypové evoluce v rámci 

Zoraptera.  V disertační práci jsou diskutovány evoluční fenomény (holocentricita, polyploidizace, 

změna velikosti genomu, distribuce repetic a evoluce pohlavních chromozomů) objevující se 

v karyotypové evoluci Polyneoptera v kombinaci s výsledky obsaženými v zahrnutých manuskriptech.  

Klíčová slova: Polyneoptera, Blattodea, Zoraptera, evoluce karyotypu, chromozomové fúze, 

chromozomové rozpady, 18S rDNA, telomery, pohlavní chromozomy, velikost genomu   



Abstract 

The Polyneoptera group comprises ten insect orders exhibiting immense variability in morphology, life-

strategies, karyotypes and genome organization. Some of the orders have been shown to significantly 

differ in karyotype structure and mechanisms of karyotype evolution. However, many of the 

Polyneoptera orders remain cytogenetically understudied. The Ph.D. thesis presents five manuscripts 

that expand our cytogenetic knowledge of the orders Blattodea and Zoraptera. Blattodea represents 

one of the most karyotypically diverse orders within Polyneoptera. The manuscripts focus on 

summarization of the cytogenetic data available for the order and analysis of karyotype evolution in 

Oxyhaloinae (Blaberidae) cockroaches – one of the most karyotypically diverse Blattodean lineages.  

Zoraptera is one of the cytogenetically understudied insect orders. However, knowledge on Zoraptera 

karyotypes is important for understanding karyotype evolution in Polyneoptera, since it is one of its 

earliest branching lineages. The manuscripts introduce pioneering karyotype descriptions for 

Zoraptera species and analyze the group’s karyotype evolution. The evolutionary phenomena 

(holocentricity, polyploidization, genome size change, repeatome distribution and evolution of sex 

chromosome systems) occurring in the karyotype evolution of Polyneoptera are further discussed in 

the thesis while incorporating the results from the implemented manuscripts. 

Key words: Polyneoptera, Blattodea, Zoraptera, karyotype evolution, chromosome fusion, 

chromosome fission, 18S rDNA, telomeres, sex chromosomes, genome size 
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2. Introduction 

2.1 Dawn of the (cyto)genetics 

The advancements in cytological techniques and microscopy in second half of 19th century led to 

significant discoveries in cell nucleus biology. First studies on chromatin (the material chromosomes 

consist of) behavior have been carried out by Flemming (1882), Strasburger (1875) and Bütschli (1876) 

in their descriptions of mitosis in animal and plant cells and ciliate conjugation, respectively. Yet, the 

material they have observed was called chromosomes several years later by Waldeyer (1888). Soon 

after these first observations, Boveri (1887) showed that the amount of chromatin is reduced in 

gametes and restored after their fusion providing the first general description of meiosis which was 

few years later expanded by Sutton (1903). Sutton (1903) also proposed that chromosomes are being 

maintained as discrete stable structures across generations. Based on that, he formed the 

Chromosomal theory of inheritance uncovering the physical basis of Mendelian laws of heredity. The 

theory was later experimentally supported by Morgan and his associates in their famous Drosophila 

Fallén, 1823 experiments (Morgan, 1915). Not only that they have proven the linear localization of 

genes on chromosomes, they also emphasized the importance of relative positions of genes on the 

chromosomes by presenting its effect on a phenotype. 

The recognition of chromosomes as structures harboring genetic information sparkled intense 

development of chromosome research. More and more species were having their karyotype (a set of 

chromosomes in cell nucleus) described since it provides the primary information on genome 

organization and how it changes in evolutionary context. The description of DNA molecule structure 

by Watson and Crick (1953) allowed for ongoing rapid development DNA molecular methods, including 

molecular phylogenetics. These achievements allow us to study evolutionary change in karyotype 

structure, its mechanisms and impacts.  

2.2 Karyotype evolution in insects and Polyneoptera 

It can be said that research on insect karyotypes started with genetics and cytogenetics. Drosophila 

was used in Morgan’s experiments on genetic linkage groups and remained as model organism in 

genetics. The observations by which Sutton (1903) proved discrete character of chromosomes were 

made in grasshopper Brachystola magna (Girard, 1854) (Orthoptera), becoming the first karyotyped 

organism (2n=23). Since then, insects were the most cytogenetically studied invertebrate group, 

revealing tremendous variety of karyotypic features. Some of the most studied orders by traditional 

cytogenetic methods belong to the Polyneoptera, one of the major insect groups comprising: 

Zoraptera, Dermaptera, Plecoptera, Embioptera, Phasmatodea, Grylloblattodea, Mantophasmatodea, 

Orthoptera, Blattodea and Mantodea (Wipfler et al., 2019).  
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The recent development of comparative genomic methods and mathematical models of chromosomal 

evolution allowed to specifically characterize karyotype evolution in individual insect orders. Sylvester 

et al. (2020) sampled four Polyneopteran orders and showed that they substantially differ in rates of 

chromosome fusions, fissions and polyploidization. Also, the diversity of karyotype evolution 

mechanisms in Polyneoptera is associated with various karyotypic features present in the group, like 

holocentricity and various sex chromosome systems (Blackmon et al., 2017; Drinnenberg et al., 2014). 

This variability makes Polyneoptera a suitable group for karyotype evolution studies. 
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3. Thesis aims  

The main aim of the thesis is to broaden the knowledge on karyotype evolution in cytogenetically 

understudied Polyneopteran orders – Blattodea and Zoraptera, discuss the results in the context of 

recent knowledge on karyotype and its evolution in Polyneoptera and present conclusions.  

The particular aims in the studies focused on the two insect orders were:  

1. Construction of a time calibrated phylogenetic hypothesis of Zoraptera and Oxyhaloinae 

cockroaches (Blaberidae), one of the most karyotypically diversified cockroach groups.  

2. Basic karyotype descriptions of Oxyhaloinae cockroaches and Zoraptera. 

3. Reconstruction of the chromosome number evolution modes in Oxyhaloinae and Zoraptera.  

4. Mapping of various repetitive DNA clusters (rDNA, histone genes and telomeric sequences) in 

karyotypes of termites, Oxyhaloinae cockroaches and Zoraptera. 
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4. Results in the context of recent knowledge 

4.1 Holocentricity 

Concerning the kinetochore localization, chromosomes can be divided into monocentric and 

holocentric. The kinetochore further serves as structure for microtubule attachment during mitosis or 

meiosis. In monocentrics, the kinetochore is localized in a single region called centromere, whereas in 

holocentrics, it is distributed across the length of a chromosome. In insects, holocentric chromosomes 

are found in orders Dermaptera, Hemiptera, Lepidoptera, Psocodea, Trichoptera and at least some 

Odonata (reviewed in Drinnenberg et al., 2014). Additionally, Kuznetsova et al. (2002) proposed 

presence of holocentric chromosomes in Zoraptera. Based on phylogenetic position of these insect 

orders, Melters et al. (2012) proposed holocentricity is ancestral in Insecta. However, Drinnenberg et 

al. (2014) showed the holocentric insect orders independently lost CENP-A (CENH3) protein, which is 

essential for kinetochore formation in monocentric chromosomes. Thus, proving the scenario of 

multiple holocentricity origins in Insecta. Although Zoraptera was not included in the study, 

holocentricity in the order was recently refuted in manuscript 2 and 4 by providing sufficiently 

conclusive chromosome pictures. The phylogenetic position of Zoraptera has been a matter of debate 

for long time – labelled the ‘Zoraptera problem’ (Choe, 2018). Recently, the order is being placed as 

an earliest branching Polyneopteran group either together with Dermaptera (Wipfler et al., 2019) or 

alone (Tihelka et al., preprint). Consequently, the results of manuscript 2 and 4 also refute that 

holocentricity could be an apomorphy for Zoraptera + Dermaptera, as suggested by Kuznetsova et al. 

(2002). As a result, Dermaptera is the sole holocentric order in Polyneoptera. 

 

The holocentric karyotypes are considered to be more resilient to chromosome fissions since all of 

their fragments retain the ability to segregate in cell division and do not get lost. This ability has been 

hypothesized to facilitate adaptation and speciation (Lucek et al., 2022). However, this remains 

speculative since no significant difference in rates of speciation and chromosome number evolution 

were found between various holocentric and monocentric eukaryotic linages, including insects 

(Márquez-Corro et al., 2018; Ruckman et al., 2020). In cases when chromosome fusions or fissions 

result in multivalent formation, the holocentricity may cause unbalanced segregation of rearranged 

chromosomes (Lukhtanov et al., 2018). To prevent this deleterious effect, groups with holocentric 

chromosomes have evolved meiotic adaptations like inverted or achiasmatic meiosis (Lukhtanov et al., 

2018; Toscani et al., 2022) or by restricting the kinetic activity only to one end of a bivalent (Papeschi 

et al., 2003; Toscani et al., 2022). Interestingly, the meiosis of Dermaptera and Zoraptera does not 

seem to include any of these adaptations (Hoshiba et al., 1988; White, 1976, manuscript 2). 
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4.2 Whole genome duplication (polyploidization) 

The most obvious changes in karyotype are those resulting in a change of chromosome number. Whole 

genome duplication (WGD; also called polyploidization) event multiplies a number of chromosome 

sets. It results from chromosomal non-disjunction during mitosis or meiosis. The tolerance for such a 

radical change in genome structure varies across eukaryotes, being relatively common in plants but 

quite rare in animals (Otto and Whitton, 2000). 

Even though WGDs might be rare in some lineages, they are considered to stimulate speciation and 

adaptation in stressful conditions (David, 2022; Ohno, 1970; Van de Peer et al., 2021). Although the 

direct evidence is not always available, these evolutionary processes are frequently assigned to ancient 

WGDs in history of some highly specious groups. In plants, 244 putative WGDs have been estimated 

(One Thousand Plant Transcriptomes Initiative, 2019). Among those, some ancient WGDs 

(paleopolyploidizations) corelate with mass extinctions and are suggested to secure survival of some 

lineages (Van De Peer et al., 2017). Despite WGDs being much rarer in animals than in plants (Otto and 

Whitton, 2000), they have significant evolutionary impact in the group. For example, two well-known 

ancient WGDs occurred in the evolution of early vertebrates and one in ancestor of teleost fishes 

(Tasnim et al., 2024). Recently, several ancient WGDs with huge evolutionary impacts have also been 

detected in some invertebrate groups (see Au et al., 2025), for example in Bdelloid rotifers (Mark 

Welch et al., 2009) or land snails (Liu et al., 2021).  

Recently, Li et al. (2018) estimated that 18 ancient WGDs have occurred  during evolution of Hexapoda 

by calculating the synonymous substitution rates between synonymous sites (Ks) in paralogues. Four 

of these ancient WGDs were found in Polyneoptera. However, the Ks method alone is not optimal for 

reconstruction of old WGDs and can lead to false positive results (Roelofs et al., 2020). Consequently, 

the results have been refuted by other studies on ancient WGDs in Hexapods, which implemented 

macrosynteny analyses (Nakatani and McLysaght, 2019; Roelofs et al., 2020). Therefore, there is no 

robust evidence for ancient WGDs to occur in evolution of Hexapods. More probably, the observed 

genetic variation is generated by smaller scale duplications which could be associated with 

proliferation of transposable elements (TEs) (Roelofs et al., 2020).  

The ecological distribution of recent insect polyploids supports that WGDs serve as an adaptive 

mechanism to stressful conditions with most of them originating in relatively extreme environments 

(David, 2022). Apart the metabolic issues a WGD can cause, it is assumed to be difficult for animal 

polyploids to retain ability of sexual reproduction after a WGD (Spoelhof et al., 2020). Accordingly, the 

known recent insect polyploids are found only in asexually reproducing (parthenogenetic) lineages 

(Otto and Whitton, 2000).  
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One of the few known polyploid Polyneoptera representatives is a parthenogenetic cockroach 

Pycnoscelus surinamensis (Linnaeus, 1758) (Blaberidae) with some of its strains being triploid (Gade 

and Parker, 1997; Roth, 1974). Apart from this species, triploidy (supposedly 3n♀ = 66) was also 

suggested in Eublaberus distanti (Kirby, 1903) (Blaberidae) (Cohen and Roth, 1970). However, the 

karyotype of E. distanti largely resembles karyotypes of Malagasy hissing cockroaches 

(Gromphadorhini, Oxyhaloinae, Blaberidae) and their close continental relatives (Griffiniella aff. 

larvalis Princis, 1965, Jagrehnia paolina (Giglio-Tos, 1917) (Nauphoetini, Oxyhaloinae, Blaberidae)) 

investigated in manuscript 3. The common features are relatively high chromosome numbers in the 

context of closely related species (manuscript 1) and presence of very small chromosomes (labelled 

microchromosomes (µ) in manuscript 3). In Oxyhaloinae, the genome size (GS) measurements and 

reconstruction of ancestral chromosomes numbers suggest that the karyotypes with high chromosome 

numbers and microchromosomes originated by chromosome fissions rather than by a WGD event 

(manuscript 3). Supposedly, the karyotype of E. discoidalis could have originated by a similar process 

rather than by a WGD.  

Exceptionally high rate of WGDs has been estimated in chromosome number evolutionary analysis of 

Sylvester et al. (2020) in Orthoptera. This finding does not have support in cytological or genomic 

studies. Albeit genomes of some Orthopterans are large, their sizes are generated by smaller scale 

duplications instead of WGDs. The only so far known Orthopteran polyploid is Saga pedo (Pallas, 1771) 

(Ensifera, Tettigoniidae) (Dutrillaux et al., 2009). However, Sylvester et al. (2020) also estimated 

relatively high WGD rate in Phasmatodea (Sylvester et al., 2020), which is supported by several 

cytological and/or genomic studies (Milani et al., 2009; Scali et al., 2020; White, 1976). Aside 

autopolyploids (polyploids originating within a single species), allopolyploids (polyploids originating by 

interspecific crossing) are frequent in Phasmatodea, due to relatively common hybridizations (Choi et 

al., 2025; Ghiselli et al., 2007; Milani et al., 2010). Even though sexual reproduction in form of 

hybridogenesis is retained in some diploid Phasmatodean hybrids, the polyploids have always been 

found to be parthenogenetic (Buckley et al., 2008; Choi et al., 2025; Milani et al., 2009; White, 1976). 

Fast diploidization by chromosomal rearrangements and fast deletion rate was suggested to follow the 

WGD event in some of the Phasmatodean polyploids (Milani et al., 2009). Some Clonopsis Pantel, 1915 

species with seemingly diploid karyotype have been proposed to be diploidized polyploids based on a 

comparative genomic study (Milani et al., 2010). Interestingly one of the species, Clonopsis gallica 

(Charpentier, 1825), was previously found to produce rare males, which were not capable of successful 

mating (reviewed in White, 1976). Similarly, there are reported cases when other presumably 

polyploid parthenogenetic species have produced rare males or more or less masculinized individuals, 

with some of these individuals showing normal meiosis (reviewed in White, 1976). In putative 
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parthenogenetic polyploid Carausius morosus (Brunner, 1907), the phenotypic males have been found 

to be intersexes produced by higher incubation temperature of the eggs (reviewed in White, 1976). 

The WGD in Phasmatodea and the occurrence of rare intersex males in originally polyploid species 

deserve further and more sophisticated research. If at least a small fraction of these males would be 

able to sexually reproduce, the Phasmatodea would represent an animal group fulfilling the conditions 

established by a reproductive assurance hypothesis. According to the hypothesis, groups which retain 

ability of sexual reproduction over a WGD event and ongoing period of self-fertilization and/or asexual 

reproduction accumulate more WGDs in their evolution (Spoelhof et al., 2020). The hypothesis was 

formed in order to explain the difference in incidence of WGDs between plants and animals. 

4.3 Chromosomal and genomic rearrangements  

Obviously, the rearrangement of chromosomal structure also causes a genomic rearrangement 

(change in genetic distances). This effect has been intriguing for scientists since the Morgan’s 

experiments with Drosophila. Recently, the well-developed genomic techniques uncover a significant 

role of chromosomal/genomic rearrangements in adaptation and speciation (e.g., Lindtke et al., 2017; 

Liu et al., 2022).  

The function of chromosomal rearrangements in adaptability and speciation has been frequently 

debated (e.g., Gorelick and Olson, 2013; Guerrero and Kirkpatrick, 2014; Kirkpatrick, 2017). Their effect 

on speciation may manifest in several ways. According to the structural heterozygote underdominance 

theory, a speciation is facilitated by frequent meiotic errors in hybrids whose karyotypes are inherently 

heterozygous in terms of chromosomal fusions and/or fissions. Thus, the rearrangements form a 

barrier between chromosomal races (or karyomorphs), facilitating speciation (Lande, 1979). While this 

may be true for some combinations of chromosome races (or karyomorphs) (e.g., some combinations 

of chromosomal races of Mus musculus Linné, 1758 or Sorex araneus Linnaeus, 1758 (reviewed in 

Berdan et al., 2024; Garagna et al., 2014) many others are quite resilient to fusion/fission structural 

heterozygosity, forming meiotic multivalents which segregate in a balanced manner (e.g., in Blattodea 

(John and Lewis, 1959; Lewis and John, 1957), or M. musculus (Britton-Davidian et al., 1990)). 

Therefore, according to the recent view, single fission/fusion rearrangement may have only mild 

deleterious effect which grows when differential chromosomal rearrangements accumulate between 

two chromosomal races (or karyomorphs) (reviewed in Berdan et al., 2024). Simultaneously, 

chromosome fusions, as well as inversions, are known to produce recombination suppressed genomic 

regions (Dumas et al., 2015) which may consequently accumulate genetic variation and 

incompatibilities causing a reproduction barrier between chromosome races (reviewed in Berdan et 

al., 2024; Lucek et al., 2023). 



9 
 

Simultaneously, chromosomal rearrangements may facilitate an adaptation. Their role resides in break 

up (fissions) or establishment (fusions) of genetic linkage groups. However, the adaptation process has 

been so far mostly debated only in association with fusions and inversions. The two types of 

chromosome rearrangements have similar effects since they both create recombination suppressed 

regions, which may link and harbor locally adaptive allelic clusters (Guerrero and Kirkpatrick, 2014). 

Although proof case studies are still rare, there is a growing support for the concept. Fused 

chromosomes were found to divergently accumulate adaptive trait loci between freshwater and 

marine populations of Gasterosteus aculeatus Linnaeus, 1758 (Liu et al., 2022). Also, some populations 

of Salmo salar Linné, 1758 were found to carry a chromosome fusion which is adaptive for higher 

summer precipitation in some river tributaries (Wellband et al., 2019).  

Among polyneopteran insects, an adaptive chromosomal inversion has been found to maintain cryptic 

color polymorphism in Phasmatodean Timema cristinae Vickery, 1993 (Lindtke et al., 2017). However, 

there are recently no other case studies detailly describing the mechanisms by which chromosomal 

rearrangements act upon adaptation or speciation in Polyneoptera. Nevertheless, evolutionary rates 

of change and variation of chromosome numbers (Fig. 1) suggest that at least chromosomal fusions 

and fissions have important role in evolution of some of the Polyneopteran lineages (Palacios-Gimenez 

et al., 2025; Sylvester et al., 2020; manuscript 2; manuscript 3, manuscript 4). In Orthoptera, the 

connection between chromosome fusions/fissions and speciation is probably lineage-specific. In an 

analysis of Palacios-Gimenez et al. (2025), six out of fourteen analyzed Orthopteran families showed 

that chromosome fusions/fissions associates with their cladogenesis, whereas the remaining eight 

families showed ambiguous (two) or weak (six) connection between the two processes. This 

independence between chromosome fusions/fissions and speciation in some Orthoptera is manifested 

in highly specious Acrididae which are conservative in karyotype evolution, with most of the species 

having 2n♂ = 23 (Husemann et al., 2022). The highest rate of chromosomal fusion (0.275–0.639/Ma, 

95% confidence interval) has been estimated in Phasmatodea (2n♀ = 22–80), with chromosome fission 

rate not being equivalently high (0.000–0.342/Ma, 95% confidence interval). Possibly, the 

disproportion of the estimated rates could be caused by chromosomal fusions during the diploidization 

process following the WGDs in Phasmatodea. However, Sylvester et al. (2020) also estimated that 

chromosomal fusion rate is not significantly different between sexual and asexual Phasmatodea 

species. 

Also, the authors estimated high rates of both chromosomal fusion (0.040–0.243/Ma, 95% confidence 

interval) and fission (0.063–0.257/Ma, 95% confidence interval) in Blattodea (cockroaches and 

termites). For cockroaches (Blattodea without termites) the estimated rates were even much higher 
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(0.173–0.604 fission/Ma and 0.202–0.619 fusion/Ma, 95% confidence intervals). Accordingly, the 

order manifests wide span of chromosome numbers 2n = 15–102 (manuscript 1; manuscript 3; Fig. 1), 

with the widest chromosome number variety being present in family Blaberidae (2n♀ = 24–102) 

(manuscript 1; manuscript 3). More specifically, most of the span is generated only by subfamilies 

Blaberinae (2n♂ = 31–73), Oxyhaloinae (2n♀ = 24–102) and Zetoborinae (2n♀ = 30–66) (manuscript 1; 

manuscript 3). A karyotype and genome size evolution analysis of Oxyhaloinae suggests that its 

karyotype diversification was generated by relatively fast chromosomal fusions and fissions 

(manuscript 3). The fast karyotype evolution is especially pronounced in its African mainland 

representatives (2.67 chromosomal fusions/Ma and 2.54 chromosomal fissions/Ma). However, the 

subfamily is also distributed in Madagascar and a linage including all of the Malagasy representatives 

acquired specific karyotype with relatively high chromosome numbers and small genome size, 

prevalence of mono-armed chromosomes (telocentric and subtelocentric) and presence of 

microchromosomes. The karyotype evolution in Malagasy representatives is predominantly 

characterized by chromosome fusions with fissions being rare (0.58 chromosomal fusions/Ma and 

1.07x10-11 chromosomal fissions/Ma). This could be associated with the karyotype’s adaptive potential 

to Malagasy environments. Nevertheless, the analysis uncovered that the characteristic Malagasy 

karyotype features originated before the colonization of the island from mainland Africa (manuscript 

3). The analysis suggests that chromosome number change in Oxyhaloinae is rather achieved by 

chromosome fusion/fission than WGDs. However, a further genomic analysis is needed to ultimately 

answer that question and to study whether or how rapid chromosomal rearrangements promote 

adaptation in Oxyhaloinae. The tolerance of cockroaches to chromosome fusions/fissions is supported 

by intraspecific chromosome number polymorphisms observed in Henschoutedenia flexivitta (Walker, 

1868) (2n♂ = 43–45), Elliptorhina laevigata (Saussure & Zehntner, 1895) (2n♂ = 67, 69), and 

Gromphadorhina portentosa (Schaum, 1853) (2n♂ = 61, 63) (manuscript 3). Moreover, a meiotic 

trivalent resulting from chromosome fusion/fission has been observed in the intermediate 2n♂ = 44 

karyotype in H. flexivitta population 006 (manuscript 3). Similarly, some populations of Blaberus 

discoidalis (Audinet-Serville, 1839) and Periplaneta americana (Linnaeus, 1758) have been found to 

contain structural heterozygotes for chromosome rearrangements (John and Lewis, 1958, 1959; John 

and Quraishi, 1964; Lewis and John, 1957). The authors hypothesized that balanced segregation of 

rearranged chromosomes forming a multivalent could be secured by a phenomenon called “pre-

metaphase stretch”, which they also observed in the two species (John and Lewis, 1959). During the 

process, chromosome bivalents (or multivalents) are extensively stretched by their centromeric 

regions towards the meiotic spindle poles while retaining chiasma connections. Afterwards, the 

spiralization of chromatin continues and bivalents (or multivalents) proceed to standard pre-
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metaphase and metaphase I. Apart from one more cockroach species – P. surinamensis – the process 

has been recognized in mollusks, annelids and marsupials (reviewed in Czelski and Pallis, 2025). 

However, the “pre-metaphase stretch” has not been detected in Oxyhaloinae. The exact mechanism 

by which the bivalents are stretched in such an unordinary way is not known. Czelski and Pallis (2025) 

hypothesized the stretch is caused by the force of meiotic spindle and delayed acquisition of condensin 

I, a protein responsible for strong chromosome condensation during metaphase. The process needs 

further molecular investigation since, if it really secures proper segregation of multivalents as 

hypothesized by John and Lewis (1959), it could allow for extensive genomic reshuffling. 

In Blattodea, Isoptera (also called Termitoidae) represent a clade relatively conserved karyotype in 

terms of chromosome numbers with most of the species having 2n = 42 (both males and females). This 

is further illustrated by high chromosome fusion (0.202 – 0.619/Ma, 95% confidence interval) and 

fission (0.173 – 0.604/Ma, 95% confidence interval) rates estimations in Blattodea when Isoptera were 

removed from the analysis of Sylvester et al. (2020). However, there are at least three termite families 

largely deviating from the 2n = 42 karyotype: Mastotermitidae (2n♂ = 96, 98), Kalotermitidae (2n♂ = 

22–67) and Psammotermitidae (2n = 60) (manuscript 1, manuscript 5). The mechanisms causing 

retention of approximately 2n = 42 in some Isoptera lineages while allowing for an extensive deviation 

from this rule in others remain unknown. 

 

Figure 1: Female diploid chromosome numbers (2n♀) in Polyneoptera orders. The chromosome numbers were obtained from 

Sylvester et al. (2020) and manuscript 1, 2, 3, 4 and 5. The phylogenetic scheme follows Wipfler et al. (2019). 
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4.4 Genome size evolution 

Genome size is one of the main characteristics of genome organization. In eukaryotes, there is 

tremendous ∼200,000-fold variation in GS, with animals and insects exhibiting ∼7000-fold and ∼266-

fold variation, respectively (Cong et al., 2022). When compared to crustaceans (1C = 0.1–64.6 pg, 97.8 

Mb–63.18 Gb, 1 pg = 978 Mb (Doležel et al., 2003)), the GS variation in insects is relatively smaller (1C 

= 68.46 Mb–21.48 Gb) (Gregory, 2026; Hawlitschek et al., 2023). 

Generally, mechanisms producing GS variation have been always a matter of debate among 

evolutionary biologists. With development of modern genomic techniques, proliferation of TEs have 

been found to be a major driver of GS expansion. In the opposite, mechanisms of GS contraction 

probably include both, rapid large-scale and long-term small-scale deletions (Kapusta et al., 2017; 

Petrov, 2002; respectively). Despite the progress in understanding the proximate drivers, the ultimate 

causes of GS variation in living organisms are still a matter of debate. In several last decades, two main 

lines of GS evolution hypotheses emerged – the adaptive and non-adaptive. 

The adaptive hypotheses of GS evolution consider the GS alone to be a trait under selection. The 

nucleoskeletal and nucleotypic hypotheses focus on the association between GS and cell volume and 

its consequent effects on life history traits (LHTs) (e.g. organismal growth rate, body size and 

generation time) and cell division length (Bennett, 1971; Cavalier-Smith, 1978; Gregory and Hebert, 

1999). Across broad phylogenetic scale, there is a general correlation between GS and cell volume 

(Cavalier-Smith, 2005). In support of the nucleotypic hypotheses, correlations between GS and LHTs 

have been found in some groups (Cavalier-Smith, 2005). For example, the small GS in parasites could 

be associated with their need for fast metabolism and rapid growth (Cavalier-Smith, 2005), which 

might, among insects, be represented by GS of louse Pediculus humanus (1C♀ = 104.7 Mb). 

On the other hand, the genome stream-lining hypothesis proposes that GS negatively correlates with 

growth rate in resource poor environments. In other words, the large genomes and high growth rate 

are incompatible in resource limited environments since the DNA would fix too much of the resources 

(most importantly phosphorous and nitrogen) required for RNA and protein synthesis to facilitate the 

organism’s growth (Hessen et al., 2010). Although studies testing the hypothesis are scarce, it has been 

supported by studies focusing on fireweed Chamerion angustifolium Linneus, 1753 (Onagraceae) 

(Bales and Hersch‐Green, 2019) and karst species of Primulina (Gesneriaceae) (Kang et al., 2015). 

However, the hypothesis lacks more support studies and describes the GS regulation only in extreme 

conditions (Blommaert, 2020). 
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The nonadaptive hypotheses assume the GS is not directly a trait the selection acts upon and that it is 

mainly regulated by deletion rate (genome contraction) and genetic drift (genome expansion). These 

include the mutational equilibrium and mutational hazard hypotheses (MEH and MHH, respectively) 

(reviewed in Blommaert, 2020). Whereas both hypotheses suggest the DNA accumulation is facilitated 

by genetic drift they differ in DNA loss explanation. The MEH suggests that GS is a state given by 

equilibrium between the rates of DNA microdeletions and large insertions specific for the given 

organism and that changes occur by biasing the ratio between the two processes (Petrov, 2002). The 

MHH is based on an assumption that most of repetitive DNA is slightly deleterious since its 

accumulation increases the mutational hazard, i.e., causes disturbances in genome metabolism (Lynch, 

2007). Therefore, according to MHH, the GS is regulated by long-term effective population size (Ne). 

Specifically, the GS expansion is facilitated by accumulation of repetitive DNA by drift in small long-

term Ne whereas GS contraction is facilitated by selection against slightly deleterious repetitive DNA in 

larger long-term Ne (Lynch and Conery, 2003; Lynch, 2007). The MHH is supported by studies 

comparing GSs across both broad (Bergeron et al., 2023; Kelkar and Ochman, 2012; Sung et al., 2016) 

and narrow (Pisarenco et al., 2025) evolutionary scales. However, other studies showed that when 

phylogeny and covariance of LHTs have been accounted for, there is no significant effect of long-term 

Ne on GS (Lewin and Eyre‐Walker, 2026; Marino et al., 2025). Instead, the GS and mutation rate were 

found to be regulated by lineage specific traits (mainly generation time, body mass and longevity) 

(Lewin and Eyre‐Walker, 2026; Weinstein and Roy, 2026). Accordingly, GS in insects has been found to 

be phylogeny driven in broad evolutionary scale (Alfsnes et al., 2017), suggesting that there are insect-

general mechanisms of GS regulation. In accordance, Ornestein-Uhlenbeck model was detected as the 

best fit for GS evolution over Insecta and Endopterygota, suggesting that the effect of selection is 

strong in holometabolous insects and the deep insect phylogeny (Cong et al., 2022). On the other hand, 

Brownian motion was detected as a better fit for hemimetabolous insects (including Polyneoptera), 

suggesting stronger effect of neutral evolution (drift) in these insect orders (Cong et al., 2022). The 

results could support a suggestion that holometabolous life-strategy generally requires smaller 

genomes (Gregory, 2005). On the other hand, this seems to be contradicted, for example, by 

crustaceans with complex life-cycles and large genomes (Alfsnes et al., 2017).  

Possibly given the relaxed selection for GS (Cong et al., 2022), Polyneoptera comprises vast portion of 

the insect GS variation, exhibiting range from C = 0.53 Gb in Labidura riparia (Pallas, 1773) 

(Dermaptera) to C = ∼73.02 Gb in Dyctiophorus griseus (Fairmaire & L.J. Reiche, 1847) (Orthoptera) 

(Alfsnes et al., 2017; Gregory, 2026; Hawlitschek et al., 2023; Javůrková, 2023). Despite the variation, 

GS evolution was not studied in most of the Polyneopteran orders. Polyneopteran and Orthopteran 

ancestral GSs were estimated to be 1C = 2.7 Gb and 1C = 4.8 Gb, respectively, and represent large 
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expansion from 1C = 853 Mb ancestral Neopteran GS (Cong et al., 2022). In Orthoptera, the order with 

largest genomes among insects, the mode of GS evolution has been estimated in Acrididae (1C =5.73–

18.64 pg, 5.6–18.23 Gb) (Caelifera) and Tettigonioidea (1C = 3.29–18.24 pg, 3.22–17.84 Gb) and 

Grylloidea (1C = 1.00–3.28 pg, 0.978–3.21 Gb) (Ensifera) (Sun et al., 2023). The GS evolution in 

Acrididae was estimated to be described by two Brownian motion models, implying the trait evolves 

by neutral (or nearly neutral evolution). The supposedly rapid shift between the two models resulted 

in faster GS evolution (both expansion and decrease) in subfamily Oedipodinae (Sun et al., 2023). 

Similarly, evolution of GS in both Tettigonioidea and Grylloidea groups evolve under a Brownian 

motion models suggesting neutral (or near neutral) character of the trait (Yuan et al., 2024). 

Interestingly, the GS evolution modes differ between the two groups, with gradual GS decrease in 

Grylloidea and expansion in Tettigonioidea, which might originate from accumulation of different 

repetitive elements in their genomes (Yuan et al., 2024). 

Wide span of GSs have also been measured in Blattodea (1C = 0.58–17.59 pg, 0.57–17.20 Gb) (Kelly, 

2018; Stuchlíková, 2020, manuscript 3), suggesting diversified GS evolutionary modes in the order. So 

far, the Blattodean GS evolution has been only investigated in subfamily Oxyhaloinae (Blaberidae; 1C 

= 3.33 pg–8.16 pg, 3.26–7.98 Gb) (manuscript 3). The results presented in manuscript 3 show GS 

contraction trend in the Malagasy representatives (1C = 3.33–4.01 pg, 3.26–3.92 Gb) and their closely 

related continental representatives J. paolina (1C = 4.88 pg, 4.77 Gb), J. gestroiana (1C = 3.85 pg, 3.77 

Gb) and G. aff. larvalis (1C = 3.36 pg, 3.29 Gb), suggesting the evolutionary trend occurred before the 

Madagascar colonization. However, the exact causes of the GS contraction trend remain unknown. 

Apart from Malagasy Oxyhaloinae cockroaches, two-fold contraction of GS, mainly by long intergenic 

deletions (8.4 kb on average), has been recently observed in Canary Islands’ lineage of Dysdera 

(Dysderidae) spiders when compared to their continental ancestors (Pisarenco et al., 2025). In 

accordance with the MHH hypothesis, the authors conclude the GS contracted in the continental 

ancestors of the insular species due to large long-term Ne. However, the authors based the conclusion 

on estimation of higher portion of genes under selection, higher nucleotide diversity and 

recombination rate in the insular lineage without testing for the influence of LHTs. 

In contrast with the MEH and MHH hypotheses, the studies above suggest that some of the recent 

differences in GSs on the macroevolutionary scale may have originated rapidly (by saltations) through 

TE proliferation and/or long deletions. A possible mechanism of these sudden changes has been 

proposed by Kapusta et al. (2017) in their "accordion" model. The authors discovered that most of the 

GS expansion and contraction in birds and mammals was driven by TEs proliferation and large-scale 

deletions (∼10 kb), respectively. Based on that, they proposed a model, in which GS fluctuates in 

bursts—periods of rapid DNA accumulation (driven by TE proliferation) followed by large-scale DNA 
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deletions. These expansion and contraction phases may largely mitigate each other over evolutionary 

time (Kapusta et al., 2017). Interestingly, the authors hypothesized that as well as GS expansion by 

bursts of TE activity, the GS contraction by long deletions may be fixed by drift in small Ne. The GS 

contraction by large deletions would be induced by proliferation TEs and subsequent non-allelic 

homologous recombination (also called intrastrand unequal recombination) or illegitimate 

recombination (resulting from double strand breaks and non-homologous end joining repair 

mechanism) between abundant sequentially homologous TEs or their repetitive flanking regions. This 

has been observed in cases of: Alu elements in mammals (Han et al., 2007; Van De Lagemaat et al., 

2005), LTR retrotransposons and Ds elements in Arabidopsis (Devos et al., 2002; Page et al., 2004; 

respectively) and LTR retrotransposons in rice (Vitte et al., 2007). In accordance with the "accordion" 

model, the analysis of Vitte et al. (2007) shows rapid deletions of LTR retrotransposon families 

following their proliferation bursts, estimating the LTR retrotransposon half-life to be shorter than 3 

My.  

Ren et al. (2018) presented how chromosomal rearrangements may facilitate GS contraction by 

reshuffling DNA sequences along the chromosomal recombination landscape. The frequency of genetic 

recombination is not equally distributed along the chromosomes. Instead, the frequency is low in 

proximity to centromeres or fusion points and gets higher in more distal regions (often ends of 

chromosome arms) (Guerrero and Kirkpatrick, 2014; Kirkpatrick, 2017; Ren et al., 2018). In 

consequence, the pericentric regions are rich in repetitive DNA (mainly TEs) whereas distal regions 

have higher gene density. Therefore, inversions may facilitate contraction of repetitive DNA rich 

genomic regions by changing their position in recombination landscape and allowing for more 

recombination induced deletions (Ren et al., 2018). On the other hand, in structural heterozygotes, 

the chromosomal fusions and inversions are known to reduce recombination rate in the fusion points 

and inverted regions (Dumas et al., 2015; Kirkpatrick, 2017), potentially contributing to genome 

expansion. Based on these findings, one could suggest that any changes in genome architecture 

altering the recombination landscape (e.g. chromosomal fusions/fissions, inversions or centromere 

repositioning) also contribute to GS regulation. This provides a possible link between the rapid 

chromosomal rearrangements and GS contraction in Oxyhaloinae (manuscript 3). Although inversions 

have not been analyzed in the subfamily, the rapid chromosome fusions and fissions may be illustrative 

for extensive changes in genome architecture influencing the GS evolution.  

Given the information above, the GS evolution seems to be regulated by lineage specific evolutionary 

constrains and LHTs. However, in contrast with the MEH hypothesis, long deletions may have 

significant role in GS regulation. Also, on the macroevolutionary scale, shifts from the GS equilibrium 

state may occur in form of rapid contractions and expansions (Liedtke et al., 2018).  



16 
 

 

Figure 2: Genome sizes (GSs, 1C) in Polyneoptera orders. The blue boxplots represent dataset with multiple GS measurements 

per species. The green boxplots represent only one GS measurement per species with mean GS values in species with multiple 

measurements. The phylogenetic scheme follows Wipfler et al. (2019) and was adapted for Polyneopteran orders with known 

GSs. The data on GSs are compiled from Gregory (2026), Javůrková (2023), Kelly (2018), Stuchlíková (2020) and manuscript 

3.  

4.5 Repeatome chromosome mapping  

Repetitive DNA represents major part of eukaryotic genomes. It is often organized in large clusters 

consisting of individual repeats. This characteristic feature has been used in cytogenetics since the 

onset of in situ hybridization methods to study the repetitive DNA spatial distribution in genomes. 

Phylogenetically conservative sequences like telomeric sequences, rRNA and histone genes have been 

used the most in chromosome mapping. These experiments have helped to uncover physical 

localization of these loci as well as their functions and movement through the genome. The 

evolutionary dynamics of repetitive sequences like number of individual clusters and their positions 

have been shown to vary across studied groups, illustrating their karyotype evolution dynamics. In case 

of rDNA (both 5S and 45S) in animals, pericentric, terminal and proximal-distal (covering whole arm p 

arm) chromosome localizations are the most frequent (Sochorová et al., 2018). Also, two to three 

clusters per 2n represent a median value (Sochorová et al., 2021). However, large differences in rDNA’s 

evolutionary volatility have been found in animals. Whereas some groups are relatively conservative 

in rDNA cluster number and position (e.g., Noctuoidea butterflies: Nguyen et al., 2010; Buthidae 

scorpions: Šťáhlavský et al., 2020), other manifest tremendous variation in these characteristics (e.g., 

Oxyhaloinae cockroaches: manuscript 3, harvestmen: Šťáhlavský et al., 2018). In Polyneoptera, none 
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information on rDNA chromosome mapping is available for Dermaptera and Grylloblattodea. The 45S 

rDNA sites have been mapped in only one species of Mantophasmatodea (Karoophasma biedouwense 

Klass, Picker, Damgaard, van Noort, Tojo, 2003 – at least 8 clusters per 2n, one interstitial on X 

chromosome and 7 clusters of unclear localization) (Lachowska-Cierlik et al., 2015) , Mantodea (Mantis 

religiosa (Linnaeus, 1758) – two terminal clusters per 2n, on X1 and Y chromosomes) (del Cerro et al., 

1998) and Embioptera (Embia cf. savignyi Westwood, 1837 – one pair of clusters per 2n covering whole 

p arms) (Kočárek et al., 2021) and in six Phasmatodea species (Medauroidea extradentata (Brunner 

von Wattenwyl, 1907) – one pair per 2n covering whole p arms, Sungaya inexpectata Zompro, 1996 – 

one pair per 2n covering whole arms of large metacentric chromosome pair, Sipyloidea sipylus 

(Westwood, 1859) – one pair per 2n covering whole arms of large metacentric chromosome pair, 

Phaenopharos khaoyaiensis Zompro, 2000 – one structurally heterozygous pair per 2n on 

heteromorphic chromosome pair, Peruphasma schultei Conle & Hennemann, 2005 – one pair per 2n 

covering whole arms of large submetacentric chromosome pair) (Liehr et al., 2017). Moreover, 

significant inter- and intra-specific variation in 45S rDNA mapping (localized by 28S rDNA probe) was 

detected in five Bacillus species (Scali et al., 1995). In large contrast, in situ hybridization technique has 

been frequently utilized in Orthoptera, providing data on rDNA (both 5S and 45S rDNA) chromosome 

mapping in about 300 species, with 160 of these records belonging only to family Tetigoniidae 

(Ensifera) (reviewed in Gokhman and Kuznetsova, 2024). The most common numbers of 45S rDNA 

clusters per n and 5S rDNA clusters per n in Orthoptera are one or two and one to three, respectively. 

The maximum numbers of 45S rDNA (10 clusters per n) and 5S rDNA (12 clusters per n) clusters were 

both detected in family Acrididae (Caelifera) (reviewed in Gokhman and Kuznetsova, 2024). As 

suggested by Gokhman and Kuznetsova, 2024, the exceptionally high numbers of rDNA clusters in 

some Acrididae may results from pseudogenization and GS expansion in some Acrididae. 

In Blattodea, 45S rDNA mapping has been until recently performed only in Periplaneta americana (one 

pericentric cluster on X chromosome, mapped by 18S rDNA probe) (Cabral-de-Mello and Marec, 2021) 

and Nauphoeta cinerea (two terminal pairs) (Kornienko et al., 2009). Our data from manuscript 3, 

confirm the number and position of 18S rDNA clusters in N. cinerea, while providing description of 18S 

rDNA clusters in 18 additional species of African subfamily Oxyhaloinae (Blaberidae). The overall 

dynamic karyotype (2n = 23–102) and GS (2C = 6.66–16.31 pg, 6.51–15.95 Gb) evolution of the group 

aligns with its variation in 18S rDNA cluster number (1–8 per haploid set) and position (terminal, 

pericentric or covering whole chromosome arms). Moreover, structural heterozygosity in size or 

presence/absence of the clusters was also found to be common in the group. Most of the Oxyhaloinae 

18S rDNA variation is represented by its Malagasy representatives – tribe Gromphadorhini, showing 

1–6 per haploid set on p arms of telocentric/subtelocentric chromosomes. On the other hand, the 
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highest cluster number was found in Oxyhaloa deusta (Thunberg, 1784) (monogeneric tribe 

Oxyhaloini), having up to 8 terminal clusters per haploid set. In manuscript 3, we further hypothesize 

that the variation in 18S rDNA cluster number is driven by high recombination rates. Generally, ectopic 

(non-allelic homologous) recombination between or within chromosomes and consequent gene 

conversion are considered to be the main mechanisms for multiplication of repetitive DNA sites 

(Eickbush and Eickbush, 2007). Congruently, frequent ectopic recombination has been shown to 

facilitate concerted evolution of repetitive DNA in p arms of human acrocentric chromosomes 

(Guarracino et al., 2023). 

Until recently, no results on chromosome repetitive DNA mapping were available for Zoraptera. The 

manuscripts 2 and 4 provide pioneering data in this field. Seven out of eight cytogenetically analyzed 

Zorapteran species have one pair of 18S rDNA clusters per 2n. In Usazoros hubbardi (Caudell, 1918), 

the two clusters were present only in a female and one cluster was present in males since it was 

localized on an X chromosome. Only one 18S rDNA cluster was also found in a male of Zorotypus sp. 1, 

however, female karyotype was not available for comparison. In most of the studied species, the 18S 

rDNA clusters were either (sub)terminal or pericentric. However, one pair of interstitial 18S rDNA 

clusters app. in the middle of q arms were observed in two analyzed species of genus Brazilozoros. This 

localization is relatively less frequent in animals, being represented only by 24 % of mapped rDNA 

clusters in Arthropods (Sochorová et al., 2018). This might be caused by rDNA’s silencing effect on 

adjacent DNA (reviewed in Sochorová et al., 2018) and/or its fragility since intermediate chromosome 

arm regions are relatively richer in gene content and these attributes could have largely deleterious 

impact. Therefore, specific genomic architecture and/or maintenance mechanisms probably need to 

be present to retain such rDNA cluster localization. 

 

Telomeric motifs also represent one of the commonly chromosome mapped markers in insects (e.g., 

Frydrychová et al., 2004). However, the canonical TTAGG telomeric motif sequence is missing in some 

insect orders, being replaced by non-canonical telomeric sequences (Frydrychová et al., 2004; 

Kuznetsova et al., 2020; Lukhtanov, 2025). In Polyneoptera, an alternative TTCGG telomeric motif has 

been detected in Dermaptera (Lukhtanov, 2025). Also, the identity of telomeric sequence is unknown 

in Embioptera, Grylloblattodea, Mantophasmatodea and Zoraptera. The common TTAGG and TTAGGG 

telomeric motifs have been rejected in Zoraptera, although they might be similar in sequence to the 

real one since they signalize telomeric regions after FISH (manuscript 2, provided online in review 

history material). Similarly, in Embioptera and Mantophasmatodea, the telomeric motif has not been 

confirmed by sequence data, but the FISH with (TTAGG)n visualized standard telomeric pattern in the 

group (Kočárek et al., 2021; Lachowska-Cierlik et al., 2015; respectively). 
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Besides standard distribution of telomeric DNA in the chromosome ends, interstitial telomeric 

sequences (ITSs) may also be detected in some genomes. These regions may originate from telomerase 

facilitated repairs of DNA double strand breaks and/or chromosome fusions (reviewed in Vicari et al., 

2022). In Polyneoptera, ITSs have been detected only in some Orthoptera (e.g., Jetybayev et al., 2017; 

López-Fernández et al., 2004; Warchałowska-Śliwa et al., 2020) and Zoraptera (manuscript 2 and 4). 

Interestingly, in the latter group, ITSs have been found only in Spiralizorinae (Spiralizoridae) subfamily 

(manuscript 4). This suggest that presence of ITSs is specific for the subfamily, however, more species 

from other Zorapteran lineages need to be analyzed to proof so. If true, there would have to be specific 

reason for retention of the ITSs after chromosome fusions and/or DNA double strand repair.  

 

Apart standard rDNA or telomere mapping, distributions of other types of tandemly repeated DNA 

(satellitome) are often studied. The onset of next generation sequencing methods allowed for easier 

identification of many individual repeat units, enabling us to study their role in genome. Based on the 

repeat unit length, satellitome is divided into microsatellites (1 – 10 nt), minisatellites (11 – 60 nt) and 

satellite DNA (longer than 60 nt) (Garrido-Ramos et al., 2025). In contrast with the original view on 

repetitive DNA as “junk DNA”, the satellitome has been found to have crucial role in forming 

(peri)centromere, facilitating genomic rearrangements, regulating gene transcription and shaping the 

overall genome structure (Cabral-de-Mello and Palacios-Gimenez, 2025; Garrido-Ramos et al., 2025). 

In insects, satellitome has been found to drive genomic divergence between populations of some 

Hemiptera, Coleoptera, Lepidoptera and Diptera (reviewed in Cabral-de-Mello and Palacios-Gimenez, 

2025). Furthermore, contrary to the original concept of “junk DNA”, it is growing knowledge that that 

large portion of satellitome is transcribed (at least under some circumstances) (Cabral-de-Mello and 

Palacios-Gimenez, 2025). The satellitome transcription products are noncoding RNAs (ncRNAs) and 

possess various genomic functions like gene expression regulation and sex differentiation during 

ontogenesis (reviewed in Cabral-de-Mello and Palacios-Gimenez, 2025). Generally, genomic 

composition of satellite sequences as well as their localization may largely vary even between closely 

related species, highlighting fast evolution modes of these markers (Ross, 2003; Santos et al., 2010; 

manuscript 2). Within Polyneoptera, abundance and/or chromosome distribution of satellitome 

sequences (except for telomeric motifs) has been studied mostly in Orthoptera (e.g., Camacho et al., 

2022; Milani and Cabral-de-Mello, 2014; Palacios-Gimenez et al., 2018; Ruiz-Ruano et al., 2018, 2016, 

2015) but some motifs were also mapped in Zoraptera (manuscript 2).  

 

The (GATA)n microsatellite is one of the most interesting markers which have been studied in both of 

the Polyneoptera groups. The GATA repeat units serve as a binding site for zinc finger proteins called 
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GATA transcription factors (TFs). These TFs have been shown to regulate expression of various genes, 

playing important role in tissue differentiation during ontogenesis (Block and Shapira, 2015), X 

chromosome silencing in mammals (Ravid Lustig et al., 2023) and oogenesis in insects (Liu et al., 2019). 

The FISH experiments using (GATA)n probes in Orthoptera rendered either scattered signals (Gryllidae 

- Palacios-Gimenez et al., 2015) or clusters which occurred from pericentric to distal chromosome 

regions (grasshoppers - Milani and Cabral-de-Mello, 2014). In Zoraptera, pericentric clusters in all 

autosomes and intermediate clusters in only one chromosome pair were detected in Brazilozoros 

huxleyi (Bolivar y Pieltain & Coronado, 1963) and B. kukalovae Kočárek & Horká 2023, respectively 

(manuscript 2). Interestingly, the pericentric positions of (GATA)n clusters in all chromosomes of B. 

huxleyi may suggest that the ability of GATA TFs to regulate chromatin conformation may contribute 

to centromere maintenance in the species (e.g., Jing et al., 2008; Ravid Lustig et al., 2023).   

4.6 Sex Chromosome Systems (SCSs) in Polyneoptera 

The large variety of sex determination systems in insects include XY (or XY derived), XO and Z0 (or X0 

and Z0 derived) SCSs, paternal genome elimination and haplodiploidy (Blackmon et al., 2017; 

manuscript 1). Even though the X chromosome has been subjected to specific genomic 

rearrangements across the insect orders, it contains evolutionarily stable genetic linkage group, which 

probably predates origin of the arthropod class (Toups and Vicoso, 2023). The only exceptions are in 

Diptera, Blattodea and  Amphiesmenoptera, where sex chromosome turnovers rendered alternative 

XY and Z0 SCSs, respectively (Fraser et al., 2024; Hellemans et al., preprint; Toups and Vicoso, 2023). 

The genetic sex determination mechanisms in insects are largely variable, however, the variable 

upstream cascades mostly converge to the transformer-doublesex (tra-dsx) gene axis (Verhulst et al., 

2010; Wexler et al., 2019). The upstream sex determining mechanism regulates expression of tra and 

Tra protein serves as a splicing factor of dsx transcript, securing its sex-specific transcription (Verhulst 

et al., 2010; Wexler et al., 2019). In Polyneoptera, the interplay between tra and dsx was studied only 

in Gryllus bimaculatus De Geer, 1773 (Orthoptera), Blattella germanica (Linnaeus, 1767), Cryptocercus 

punctulatus Scudder, 1862 and several termite species (Blattodea). Unlike in the holometabolous 

insects, where transcription of tra leads only to female-specific transcription of dsx (the male-

transcript is generated when tra is not expressed), the tra expression in Polyneoptera leads to sex-

specific transcripts in both sexes, but it acts as a masculinizer (Fujiwara et al., 2025; Wexler et al., 2019). 

The ancestral SCS in Insecta is male heterogamety, however, it remains unsure if it is XY or X0 SCS 

(Blackmon et al., 2017). In Polyneoptera, X0 SCS has been estimated as ancestral (Sylvester et al., 

2020), with neo-XY SCSs being derived from it (White, 1976). However, last phylogenetic studies 

present Dermaptera and Zoraptera as the earliest branching Polyneoptera lineages (Misof et al., 2014; 

Wipfler et al., 2019). In Dermaptera, the predominant XY SCS is considered ancestral (White, 1976;). 
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Also, first karyotype descriptions of Zoraptera (an insect order not included in the analysis of Sylvester 

et al. (2020)) detected XY SCSs in three species across both of the order’s families (Zorotypidae: U. 

hubbardi; Spiralizoridae: B. huxleyi, Latinozoros cacaoensis Kočárek & Horka, 2023), while X0 SCS was 

found in one species - B. kukalovae (Spiralizoridae) (Kuznetsova et al., 2002; manuscript 2; manuscript 

4). The data suggest the XY SCS is prevalent and probably also ancestral in the order, with putative 

switch from XY to X0 SCS in B. kukalovae. This raises a question if X0 SCS is ancestral in Polyneoptera 

or it is derived from an XY SCS, which might be retained in Zoraptera and Dermaptera, but lost in the 

common ancestor of all the other Polyneopteran orders. Nevertheless, it is also not known whether 

the XY SCSs of Zoraptera and Dermaptera are homologous. 

Overall, evolution of SCSs in Polyneoptera is dynamic with development of complex SCSs by sex 

chromosome fragmentation or acquisition of neo-XY chromosomes (Castillo et al., 2010; White, 1976). 

In comparison, evolutionary transitions from XY (ZW) to X0 (Z0) SCS are rare. In Insecta, evolutionary 

switches from XY (ZW) to X0 (Z0) have been proposed to occur in Lepidoptera (Traut et al., 2007), 

Coleoptera (Blackmon and Demuth, 2014) and in Odonata (Kiauta, 1969). In Polyneoptera, 

combination of phylogenetic knowledge and available karyotype/genome characteristics suggest that, 

aside Zoraptera, these SCS transitions might have occurred in Dermaptera (in species Nesogaster halli 

and Dacnodes shortridgei) and Blattodea (in termite species Stolotermes victoriensis) (Hellemans et al., 

preprint; White, 1976). In Coleoptera, Blackmon and Demuth (2014) proposed that losses of Y 

chromosome and subsequent changes from XY to X0 SCS are caused by aneuploidy originating from 

unbalanced segregation of X and Y. According to the authors, this segregation error may occur when 

decay of Y chromosome starts to hinder formation of chiasmata between the sex chromosomes 

(Blackmon and Demuth, 2014). In Odonata, Kiauta (1969) proposed that change from neo-XY 

(produced by original X and autosome fusion) to X0 SCS may go through an intermediate form of neo-

X neo-neo-Y, which comes from fusion between the neo-Y chromosome and autosome. Consequently, 

translocation of the of the neo-X pseudo-autosomal region (PAR) to autosome homologous to the neo-

neo-Y would render an X0 SCS with the original X chromosome (Kiauta, 1969). Similar but simpler 

scenario may also be applicable in B.kukalovae.  The X0 SCS in B. kukalovae could also originate by a 

similar scenario in which the X of the ancestral XY SCS would undergo fission, dividing a sex-

determining fragment (X chromosome of a new X0 SCS) and pseudo-autosomal region (PAR) 

homologous to the original Y chromosome. The original Y and corresponding PAR would since than 

become autosomes. Conveniently, the X chromosomes in XY SCSs of studied Zoraptera species are 

always (sub)metacentric whereas X chromosome of B. kukalovae is telocentric, supporting the 

fissioning scenario. 
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In the other direction, evolutionary changes from X0 to XY or complex multivalent SCSs are relatively 

common in Polyneoptera. Frequent origins of neo-XY SCSs have been detected in Orthoptera (Castillo 

et al., 2010). In some species (or species complexes), ancestral X0 and derived neo-XY SCSs have been 

observed in a form of intra-specific polymorphism (Castillo et al., 2010; Jayaprasad et al., 2024). This 

makes Orthoptera an ideal group for studying early phases of Y chromosome evolution, including its 

degeneration, acquisition of repetitive DNA and sexually antagonistic alleles (e.g., Jayaprasad et al., 

2024). Concerning the small Polyneopteran orders, transition from X0 to XY SCS has probably appeared 

in an ancestor of Grylloblattodea. The XY SCS has been detected in both so far cytogenetically studied 

species of the order (White, 1976) whereas X0 SCS has been detected in sister Mantophasmatodea 

(Lachowska-Cierlik et al., 2015).  

Other cases of neo-sex chromosome development in Polyneoptera have been detected in Dictyoptera 

(Mantodea + Blattodea). The origin of X1X2Y SCS from X0 SCS has appeared in an ancestor of Mantidae 

(Mantodea) by reciprocal translocation between mantid X chromosome and an autosome, forming a 

trivalent in male meiosis (Liu et al., 2026; White, 1976). Exceptionally, X1X2Y1Y2 SCS has been detected 

in a male of Polyspilota aeruginosa (Goeze, 1778) (Mantidae), however, its origin mechanism remains 

elusive (Liebenberg et al., 1991). In Blattodea (cockroaches and termites), X0 SCS is ancestral and 

widespread across all cockroach lineages, with genus Latindia (Corydiidae) being the only possibly 

known exception (White, 1976; manuscript 1). However, a switch from the Blattodean ancestral X0 to 

XY has occurred in an ancestor of termites after it diverged from Cryptocercidae, a termite sister 

lineage (manuscript 1; Hellemans et al., preprint.). Recent studies have shown that the ancestral 

termite XY SCS is not homologous to the cockroach X0 SCS and arose by sex chromosome turnover 

(Fraser et al., 2024; Hellemans et al., preprint). The ancestral XY SCS is to some extent retained in 

Archotermopsidae, Hodotermopsidae, Mastotermitidae and Rhinotermitidae and bares dsx on the Y 

chromosome, unlike in cockroaches where it is localized on the X chromosome (Hellemans et al., 

preprint). Also, in contrast with other hemimetabolous insects, the dsx is transcribed only in males in 

termites (except for Kalotermitidae) (Fujiwara et al., 2024; Miyazaki et al., 2021). Comparative 

macrosynteny analysis showed additional sex chromosome turnovers are probably common in 

Icoisoptera (Kalotermitidae + Neoisoptera) except for Termitidae where X1X2Y1Y2 SCS is conservative 

(Hellemans et al., preprint). In general, there is low sequence differentiation between termite sex 

chromosomes, suggesting common recombination between Xs and Ys. However, in some Icoisoptera, 

part of this low sex chromosome differentiation might also be explained by the common sex 

chromosome turnovers, preventing the differentiation (Fraser et al., 2024; Hellemans et al., preprint). 

In Kalotermitidae, Heterotermitidae and Termitidae, the XY SCSs evolved into complex male-specific 

multivalents composed of original X and Y with neo-X and neo-Y chromosomes. These sex chromosome 
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chains or circles formed by chromosome fusions or reciprocal translocations between the sex 

chromosomes and autosomes. The largest diversity of these sex chromosome multivalents is in 

families Kalotermitidae and Heterotermitidae (manuscript 1) with SCSs from XY to X1-15Y1-15 in 

Glyptotermes nakajimai Morimoto, 1973 (2n = 34), representing the most extreme case (Yashiro et al., 

2021). Furthermore, common intra-specific variation in the size of sex chromosome multivalents has 

been found in the two termite families (manuscript 1), also suggesting that young neo-sex 

chromosomes frequently emerge in some species and do not manifest strong genetic differentiation. 

Multiple SCSs have also been detected in Dermaptera (SCSs: X0–X1X2X3X4Y) and Plecoptera (X0 – 

X1X2X3), however in these orders the multiple X chromosomes are assumed to be generated by 

fragmentation of the original X.  
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5. Conclusions 

The Polyneopteran insect orders manifest variety of genome structure evolution modes. However, 

several of them remain poorly studied in terms of genome structure and its evolution. The thesis 

discusses contents of implemented manuscripts in the context of available information on karyotype 

and genome size evolution in Polyneoptera. The manuscripts 1, 3 and 5 focused on Blattodea 

karyotypes and underline the remarkable evolutionary plasticity of the order’s genome structure. This 

renders the group as an ideal model to study the association of chromosomal rearrangements with 

adaptation and speciation and mechanisms of GS evolution. The manuscripts 2 and 4 represent one 

of the first karyotype studies in Zoraptera. Given the phylogenetic position of Zoraptera as an early 

diverging Polyneopteran lineage, its karyotype descriptions have significant impact on Polyneoptera 

karyotype evolution interpretation. Importantly, the studies refute holocentricity to be present in the 

order. This finding consequently also refutes holocentricity as a synapomorphy of (Dermaptera + 

Zoraptera) (Kuznetsova et al., 2002) with Dermaptera being the only holocentric Polyneopteran order. 

Also, while both X0 and XY SCSs are present in the group, the XY SCS appears to be prevalent in the 

order, possibly representing an ancestral SCS in Zoraptera. This would have larger impact on 

interpretation SCS evolution in Polyneoptera since XY SCS is also considered ancestral in Dermaptera, 

another early branching Polyneopteran order. This opens a space to hypothesize that and XY SCS 

predated the widely distributed X0 SCS in Polyneoptera. While reviewing the information on genome 

structure in Polyneoptera, interesting aspects of genome structure evolution in Polyneoptera are 

highlighted. Among others, the WGDs and possible emergence of males from parthenogenic 

polyploids, as reviewed by White (1976), deserves a further investigation. In summary, Polyneopteran 

orders are suitable to study unique mechanisms of genome structure evolution. 
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