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Abstrakt

Skupina Polyneoptera zahrnuje deset hmyzich fadl s ohromnou variabilitou v jejich morfologii,
Zivotnich strategiich, karyotypech a organizaci genomu. U nékterych z téchto rfadl byly zjistény
signifikantni odliSnosti ve strukture karyotypu a mechanismech karyotypové evoluce. Nicméné, mnoho
rada skupiny Polyneoptera je stale cytogeneticky slabé prostudovanych. Disertaéni prace zahrnuje pét
manuskriptd rozdifujicich cytogenetické poznani Ffad( Blattodea a Zoraptera. Rad Blattodea
predstavuje jednu z nejvice karyotypové diverzifikovanych liniich Polyneoptera. Zahrnuté manuskripty
se soustfedi na sumarizaci cytogenetickych dat dostupnych pro tuto skupinu a analyzu evoluce
karyotypu u podceledi Oxyhaloinae (Blaberidae) — jednu z nejvice karyotypové rozrznény linii v rdmci
Blattodea. Rad Zoraptera je pfikladem jednoho z cytogeneticky malo prostudovanych hmyzich radd.
Nicméné, informace o karyotypech Zoraptera jsou dlleZité pro pochopeni evoluce karyotypu v rdmci
Polyneoptera, jelikoz predstavuji jednu z nejdrive se odvétvujicich linii v ramci této skupiny. Zahrnuté
manuskripty obsahuji jedny z prvnich popist karyotypl a analyzu karyotypové evoluce v ramci
Zoraptera. V disertacni praci jsou diskutovany evoluéni fenomény (holocentricita, polyploidizace,
zména velikosti genomu, distribuce repetic a evoluce pohlavnich chromozomu) objevujici se

v karyotypové evoluci Polyneoptera v kombinaci s vysledky obsazenymi v zahrnutych manuskriptech.

Klicova slova: Polyneoptera, Blattodea, Zoraptera, evoluce karyotypu, chromozomové fuze,
chromozomové rozpady, 18S rDNA, telomery, pohlavni 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 19" 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 Bitschli (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.



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.



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
(Marquez-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).



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).



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 (u) 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



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).



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 2nd = 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



(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 (2ng' = 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!! 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) (2ncd = 43-45), Elliptorhina laevigata (Saussure & Zehntner, 1895) (2nd = 67, 69), and
Gromphadorhina portentosa (Schaum, 1853) (2nd = 61, 63) (manuscript 3). Moreover, a meiotic
trivalent resulting from chromosome fusion/fission has been observed in the intermediate 2nc' = 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 |. 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 (2ndJ = 96, 98), Kalotermitidae (2nd =
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.
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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).

11



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 (Dolezel 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 (N.).
Specifically, the GS expansion is facilitated by accumulation of repetitive DNA by drift in small long-
term N. whereas GS contraction is facilitated by selection against slightly deleterious repetitive DNA in
larger long-term N. (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
N. 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; Javlrkova, 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; Stuchlikova, 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 N.. 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 N.. 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).
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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), Javirkova (2023), Kelly (2018), Stuchlikova (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 (Sochorova et al., 2018). Also, two to three
clusters per 2n represent a median value (Sochorova 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: Stahlavsky et al., 2020), other manifest tremendous variation in these characteristics (e.g.,

Oxyhaloinae cockroaches: manuscript 3, harvestmen: Stahlavsky 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 X; 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) (Kocarek 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 455 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 185
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 185
rDNA clusters were either (sub)terminal or pericentric. However, one pair of interstitial 18S rDNA
clusters app. in the middle of g 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 (Sochorova et al., 2018). This might be caused by rDNA’s silencing effect on
adjacent DNA (reviewed in Sochorova 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.,
Frydrychova et al., 2004). However, the canonical TTAGG telomeric motif sequence is missing in some
insect orders, being replaced by non-canonical telomeric sequences (Frydrychova 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), visualized standard telomeric pattern in the

group (Kocarek 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;
Lépez-Ferndndez et al., 2004; Warchatowska-Sliwa 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), 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), 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 Kocarek & Horka 2023, respectively
(manuscript 2). Interestingly, the pericentric positions of (GATA), 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 Kocarek & 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 X1X,Y 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 X1X;Y1Y, 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 Xi.15Y115 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—X1XX3X,sY) 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.

24



6. References

Alfsnes, K., Leinaas, H.P., Hessen, D.0O., 2017. Genome size in arthropods; different roles of
phylogeny, habitat and life history in insects and crustaceans. Ecol. Evol. 7, 5939-5947.
https://doi.org/10.1002/ece3.3163

Au, H.M., Nong, W., Hui, J.H.L., 2025. Whole Genome Duplication in the Genomics Era: The Hidden

Gems in Invertebrates? Genome Biology and Evolution 17, 1-12.

Bales, A.L., Hersch-Green, E.l., 2019. Effects of soil nitrogen on diploid advantage in fireweed,

Chamerion angustifolium (Onagraceae). Ecol. Evol. 9, 1095-1109. https://doi.org/10.1002/ece3.4797

Bennett, M.D., 1971. The duration of meiosis. Proc. R. Soc. Lond. B Biol. Sci. 178, 277-299.
https://doi.org/10.1098/rspb.1971.0066

Berdan, E.L., Aubier, T.G., Cozzolino, S., Faria, R., Feder, J.L., Giménez, M.D., Joron, M., Searle, J.B.,
Mérot, C., 2024. Structural Variants and Speciation: Multiple Processes at Play. Cold Spring Harb.
Perspect. Biol. 16, a041446. https://doi.org/10.1101/cshperspect.a041446

Bergeron, L.A., Besenbacher, S., Zheng, J., Li, P., Bertelsen, M.F., Quintard, B., Hoffman, J.I., Li, Z., St.
Leger, J., Shao, C,, Stiller, J., Gilbert, M.T.P., Schierup, M.H., Zhang, G., 2023. Evolution of the
germline mutation rate across vertebrates. Nature 615, 285—-291. https://doi.org/10.1038/s41586-
023-05752-y

Blackmon, H., Demuth, J.P., 2014. Estimating Tempo and Mode of Y Chromosome Turnover:
Explaining Y Chromosome Loss with the Fragile Y Hypothesis. Genetics 197, 561-572.
https://doi.org/10.1534/genetics.114.164269

Blackmon, H., Ross, L., Bachtrog, D., 2017. Sex Determination, Sex Chromosomes, and Karyotype

Evolution in Insects. JHERED 108, 78-93. https://doi.org/10.1093/jhered/esw047

Block, D.H., Shapira, M., 2015. GATA transcription factors as tissue-specific master regulators for

induced responses. Worm 4, e1118607. https://doi.org/10.1080/21624054.2015.1118607

Blommaert, J., 2020. Genome size evolution: towards new model systems for old questions. Proc. R.

Soc. B. 287, 20201441. https://doi.org/10.1098/rspb.2020.1441

Boveri, T., 1887. Zellen-Studien. Verlag von Gustav Fischer, Jena.

25



Britton-Davidian, J., Sonjaya, H., Catalan, J., Cattaneo-Berrebi, G., 1990. Robertsonian heterozygosity
in wild mice: fertility and transmission rates in Rb(16.17) translocation heterozygotes. Genetica 80,

171-174. https://doi.org/10.1007/BF00137322

Buckley, T.R., Attanayake, D., Park, D., Ravindran, S., Jewell, T.R., Normark, B.B., 2008. Investigating
hybridization in the parthenogenetic New Zealand stick insect Acanthoxyla (Phasmatodea) using
single-copy nuclear loci. Mol Phylogenet Evol 48, 335—-349.
https://doi.org/10.1016/j.ympev.2008.02.016

Bitschli, O., 1876. Studien Uber die ersten Entwicklungsvorgange der Eizelle die Zelltheilung und die

Conjugation der Infusorien. Christian Winter, Frankfurt.

Cabral-de-Mello, D.C., Marec, F., 2021. Universal fluorescence in situ hybridization (FISH) protocol for
mapping repetitive DNAs in insects and other arthropods. Mol Genet Genomics.

https://doi.org/10.1007/s00438-021-01765-2

Cabral-de-Mello, D.C., Palacios-Gimenez, O.M., 2025. Repetitive DNAs: the ‘invisible’ regulators of
insect adaptation and speciation. Curr. Opin. in Insect Sci. 67, 101295.
https://doi.org/10.1016/j.cois.2024.101295

Camacho, J.P.M., Cabrero, J., Lopez-Ledn, M.D., Martin-Pecifia, M., Perfectti, F., Garrido-Ramos,
M.A., Ruiz-Ruano, F.J., 2022. Satellitome comparison of two Oedipodine grasshoppers highlights the
contingent nature of satellite DNA evolution. BMC Biol 20, 36. https://doi.org/10.1186/s12915-021-
01216-9

Castillo, E.R., Marti, D.A., Bidau, C.J., 2010. Sex and Neo-Sex Chromosomes in Orthoptera: A Review*.

Journal of Orthoptera Research 19, 213—-231. https://doi.org/10.1665/034.019.0207

Cavalier-Smith, T., 2005. Economy, Speed and Size Matter: Evolutionary Forces Driving Nuclear

Genome Miniaturization and Expansion. Ann. Bot. 95, 147-175. https://doi.org/10.1093/aob/mci010

Cavalier-Smith, T., 1978. Nuclear volume control by nucleoskeletal DNA, selection for cell volume and
cell growth rate, and the solution of the DNA C-value paradox. J. Cell Sci. 34, 247-278.
https://doi.org/10.1242/jcs.34.1.247

Choe, J.C., 2018. Biodiversity of Zoraptera and Their Little-Known Biology, in: Insect Biodiversity:
Science and Society. Wiley, pp. 199-217. https://doi.org/10.1002/9781118945582

Choi, S., Mc Cartney, A., Park, D., Roberts, H., Brav-Cubitt, T., Mitchell, C., Buckley, T.R., 2025.

Multiple hybridization events and repeated evolution of homoeologue expression bias in

26



parthenogenetic, polyploid New Zealand stick insects. Mol. Ecol. 34, e17422.
https://doi.org/10.1111/mec.17422

Cohen, S., Roth, L.M., 1970. Chromosome Numbers of the Blattaria. Ann. Entomol. Soc. Am. 63,

1520-1547. https://doi.org/10.1093/aesa/63.6.1520

Cong, Y., Ye, X., Mei, Y., He, K., Li, F., 2022. Transposons and non-coding regions drive the intrafamily
differences of genome size in insects. iScience 25, 104873.

https://doi.org/10.1016/].isci.2022.104873
Czelski, M.A., Pallis, L.V., 2025. Reexamining the Pre-Metaphase Stretch. Open Access 1.

David, K.T., 2022. Global gradients in the distribution of animal polyploids. Proc. Natl. Acad. Sci.
U.S.A. 119, e2214070119. https://doi.org/10.1073/pnas.2214070119

del Cerro, A.L., Cufiado, N., Santos, J.L., 1998. Synaptonemal complex analysis of the X1X2Y trivalent
in Mantis religiosa L. males: inferences on the origin and maintenance of the sex-determining

mechanism. Chromosome Res. 6, 5-11.

Devos, K.M., Brown, J.K.M., Bennetzen, J.L., 2002. Genome Size Reduction through lllegitimate
Recombination Counteracts Genome Expansion in Arabidopsis. Genome Res. 12, 1075-1079.

https://doi.org/10.1101/gr.132102

Dolezel, J., Bartos, J., Voglmayr, H., Greilhuber, J., 2003. Nuclear DNA Content and Genome Size of
Trout and Human. Cytometry 51A, 127-128. https://doi.org/10.1002/cyt0.a.10013

Drinnenberg, I.A., deYoung, D., Henikoff, S., Malik, H.S., 2014. Recurrent loss of CenH3 is associated
with independent transitions to holocentricity in insects. eLife 3, e03676.

https://doi.org/10.7554/elife.03676

Dumas, D., Catalan, J., Britton-davidian, J., 2015. Reduced recombination patterns in Robertsonian
hybrids between chromosomal races of the house mouse: chiasma analyses. Heredity 114, 56—64.

https://doi.org/10.1038/hdy.2014.69

Dutrillaux, A.M., Lemonnier-Darcemont, M., Darcemont, C., Krpac, V., Fouchet, P., Dutrillaux, B.,
2009. Origin of the complex karyotype of the polyploid parthenogenetic grasshopper Saga pedo
(Orthoptera: Tettigoniidae). Eur. J. Entomol. 106, 477—-483. https://doi.org/10.14411/eje.2009.060

Eickbush, T.H., Eickbush, D.G., 2007. Finely Orchestrated Movements: Evolution of the Ribosomal
RNA Genes. Genetics 175, 477-485. https://doi.org/10.1534/genetics.107.071399

27



Flemming, W., 1882. Zellsubstanz, Kern und Zelltheilung. Verlag von F. C. W. Vogel, Leipzig.

Fraser, R., Moraa, R., Djolai, A., Meisenheimer, N., Laube, S., Vicoso, B., Huylmans, A.K., 2024.
Evidence for a Novel X Chromosome in Termites. Genome Biology and Evolution 16, evae265.

https://doi.org/10.1093/gbe/evae265

Frydrychova, R., Grossmann, P., Trubac, P., Vitkova, M., Marec, F., 2004. Phylogenetic distribution of
TTAGG telomeric repeats in insects. Genome 47, 163-178. https://doi.org/10.1139/g03-100

Fujiwara, K., Miyazaki, S., Maekawa, K., 2025. Sex determination gene Doublesex in hemimetabolous

insects. Curr. Opin. Insect Sci. 72, 101412. https://doi.org/10.1016/j.cois.2025.101412

Fujiwara, K., Miyazaki, S., Maekawa, K., 2024. Evolution of the sex-determination gene Doublesex
within the termite lineage. Comparative Biochemistry and Physiology Part D: Genomics and

Proteomics 52, 101297. https://doi.org/10.1016/j.cbd.2024.101297

Gade, B., Parker, E.D., 1997. The effect of life cycle stage and genotype on desiccation tolerance in
the colonizing parthenogenetic cockroach Pycnoscelus surinamensis and its sexual ancestor P.

indicus. ) Evolution Biol 10, 479-493. https://doi.org/10.1046/j.1420-9101.1997.10040479.x

Garagna, S., Page, J., Fernandez-Donoso, R., Zuccotti, M., Searle, J.B., 2014. The Robertsonian
phenomenon in the house mouse: mutation, meiosis and speciation. Chromosoma 123, 529-544.

https://doi.org/10.1007/s00412-014-0477-6

Garrido-Ramos, M.A., Plohl, M., Satovi¢-Vuksi¢, E., 2025. Satellite DNA Genomics: The Ongoing Story.
IJMS 26, 11291. https://doi.org/10.3390/ijms262311291

Ghiselli, F., Milani, L., Scali, V., Passamonti, M., 2007. The Leptynia hispanica species complex (Insecta
Phasmida): polyploidy, parthenogenesis, hybridization and more. Mol. Ecol. 16, 4256-4268.
https://doi.org/10.1111/j.1365-294X.2007.03471.x

Gokhman, V.E., Kuznetsova, V.G., 2024. Structure and Evolution of Ribosomal Genes of Insect

Chromosomes. Insects 15, 593. https://doi.org/10.3390/insects15080593

Gorelick, R., Olson, K., 2013. Polyploidy Is Genetic Hence May Cause Non-Adaptive Radiations,
Whereas Pseudopolyploidy Is Genomic Hence May Cause Adaptive Non-Radiations: Polyploidy vs.
Pseudopolyploidy. J Exp Zool B: Mol Dev Evol 320, 286—294. https://doi.org/10.1002/jez.b.22499

Gregory, T.R., 2005. The evolution of the genome. Elsevier Academic, Burlington, MA.

Gregory, T.R. (2026). Animal Genome Size Database. http://www.genomesize.com.

28



Gregory, T.R., Hebert, P.D.N., 1999. The Modulation of DNA Content: Proximate Causes and Ultimate
Consequences. Genome Res. 9, 317-324. https://doi.org/10.1101/gr.9.4.317

Guarracino, A., Buonaiuto, S., De Lima, L.G., Potapova, T., Rhie, A., Koren, S., Rubinstein, B., Fischer,
C., Human Pangenome Reference Consortium, Abel, H.J., Antonacci-Fulton, L.L., Asri, M., Baid, G.,
Baker, C.A., Belyaeva, A., Billis, K., Bourque, G., Carroll, A., Chaisson, M.J.P., Chang, P.-C., Chang, X.H.,
Cheng, H., Chu, J., Cody, S., Cook, D.E., Cook-Deegan, R.M., Cornejo, O.E., Diekhans, M., Doerr, D.,
Ebert, P., Ebler, J., Eichler, E.E., Eizenga, J.M., Fairley, S., Fedrigo, O., Felsenfeld, A.L., Feng, X., Flicek,
P., Formenti, G., Frankish, A., Fulton, R.S., Gao, Y., Garg, S., Garrison, N.A., Giron, C.G., Green, R.E.,
Groza, C., Haggerty, L., Hall, I., Harvey, W.T., Haukness, M., Haussler, D., Heumos, S., Hickey, G.,
Hoekzema, K., Hourlier, T., Howe, K., Jain, M., Jarvis, E.D., Ji, H.P., Kenny, E.E., Koenig, B.A.,
Kolesnikov, A., Korbel, J.0., Kordosky, J., Lee, H., Lewis, A.P., Li, H., Liao, W.-W.,, Lu, S., Lu, T.-Y., Lucas,
J.K., Magalh3es, H., Marco-Sola, S., Marijon, P., Markello, C., Marschall, T., Martin, F.J., McCartney,
A., McDaniel, J., Miga, K.H., Mitchell, M.W., Monlong, J., Mountcastle, J., Munson, K.M., Mwaniki,
M.N., Nattestad, M., Novak, A.M., Nurk, S., Olsen, H.E., Olson, N.D., Paten, B., Pesout, T., Popejoy,
A.B., Porubsky, D., Prins, P., Puiu, D., Rautiainen, M., Regier, A.A., Sacco, S., Sanders, A.D., Schneider,
V.A., Schultz, B.1., Shafin, K., Sibbesen, J.A,, Sirén, J., Smith, M.W., Sofia, H.J., Tayoun, A.N.A., Thibaud-
Nissen, F., Tomlinson, C., Tricomi, F.F., Villani, F., Vollger, M.R., Wagner, J., Walenz, B., Wang, T.,
Wood, J.M.D., Zimin, A.V., Zook, J.M., Gerton, J.L., Phillippy, A.M., Colonna, V., Garrison, E., 2023.
Recombination between heterologous human acrocentric chromosomes. Nature 617, 335—-343.

https://doi.org/10.1038/s41586-023-05976-y

Guerrero, R.F., Kirkpatrick, M., 2014. Local Adaptation and The Evolution of Chromosome Fusions:
Chromosome Fusions and Local Adaptation. Evolution 68, 2747-2756.
https://doi.org/10.1111/evo0.12481

Han, K., Lee, J., Meyer, T.J., Wang, J., Sen, S.K., Srikanta, D., Liang, P., Batzer, M.A., 2007. Alu
Recombination-mediated Structural Deletions in the Chimpanzee Genome. PLoS Genet., e184.

https://doi.org/10.1371/journal.pgen.0030184

Hawlitschek, O., Sadilek, D., Dey, L.-S., Buchholz, K., Noori, S., Baez, I.L., Wehrt, T., Brozio, J.,
Travnicek, P., Seidel, M., Husemann, M., 2023. New estimates of genome size in Orthoptera and their

evolutionary implications. PLoS ONE 18, e0275551. https://doi.org/10.1371/journal.pone.0275551

Hellemans, S., Weng, Y.-M., Julseth, M.J., Fujiwara, K., Aumont, C., Liu, C., Mikhailova, A.A., Bucek, A.,
Kaymak, E., Sillam-Dusses, D., Sobotnik, J., Maekawa, K., Harrison, M.C., McMahon, D.P.,

29



Bourguignon, T., 2025. Deciphering the evolution of sex determination across the termite tree of life

using high-quality genome assemblies. Preprint

Hessen, D.O., Jeyasingh, P.D., Neiman, M., Weider, L.J., 2010. Genome streamlining and the
elemental costs of growth. Trends Ecol. Evol. 25, 75-80. https://doi.org/10.1016/j.tree.2009.08.004

Hoshiba, H., Sakai, S., Imanishi, M., 1988. Chromosome studies on the two Chelisochid earwigs with
special reference to the 46 Dermapteran species. Proc. Jpn. Acad., Ser. B 64, 303—-306.
https://doi.org/10.2183/pjab.64.303

Husemann, M., Dey, L.-S., Sadilek, D., Ueshima, N., Hawlitschek, O., Song, H., Weissman, D.B., 2022.
Evolution of chromosome number in grasshoppers (Orthoptera: Caelifera: Acrididae). Org Divers Evol

22, 649-657. https://doi.org/10.1007/s13127-022-00543-1

Jankdsek, M., Ko&arek, P., St’ahlavsky, F., 2024. Comparative cytogenetics of three Zoraptera species
as a basis for understanding chromosomal evolution in Polyneoptera insects. Peerl.

https://doi.org/10.7717/peerj.18051

Javlirkova, J., 2023. Flow cytometry in insects biosystematics. Master's thesis. Charles University.

Available at: https://dspace.cuni.cz/handle/20.500.11956/181476

Jayaprasad, S., Peona, V., Ellerstrand, S.J., Rossini, R., Bunikis, I., Pettersson, 0.V., Olsen, R., Rubin, C.,
Einarsdottir, E., Bonath, F., Bradford, T.M., Cooper, S.J.B., Hansson, B., Suh, A., Kawakami, T,
Schielzeth, H., Palacios-Gimenez, 0.M., 2024. Orthopteran Neo-Sex Chromosomes Reveal Dynamics
of Recombination Suppression and Evolution of Supergenes. Molecular Ecology 33, e17567.

https://doi.org/10.1111/mec.17567

Jetybayev, 1.Y., Bugrov, A.G., Unal, M., Buleu, 0.G., Rubtsov, N.B., 2017. Molecular cytogenetic
analysis reveals the existence of two independent neo-XY sex chromosome systems in Anatolian

Pamphagidae grasshoppers. BMC Evol. Biol. 17, 20. https://doi.org/10.1186/s12862-016-0868-9

ling, H., Vakoc, C.R,, Ying, L., Mandat, S., Wang, H., Zheng, X., Blobel, G.A., 2008. Exchange of GATA
Factors Mediates Transitions in Looped Chromatin Organization at a Developmentally Regulated

Gene Locus. Molecular Cell 29, 232-242. https://doi.org/10.1016/j.molcel.2007.11.020

John, B., Lewis, K.R., 1959. Selection for Interchange Heterozygosity in an Inbred Culture of Blaberus

discoidalis (Serville). Genetics 1-11.

John, B., Lewis, K.R., 1958. Studies on Periplaneta americana lll. Selection for Heterozygosity.

Heredity 185-197.

30



John, B., Quraishi, H.B., 1964. Studies on Periplaneta americana IV. Pakistani Populations. Heredity

147-156.

Kang, M., Wang, J., Huang, H., 2015. Nitrogen limitation as a driver of genome size evolution in a

group of karst plants. Sci. Rep. 5, 11636. https://doi.org/10.1038/srep11636

Kapusta, A., Suh, A., Feschotte, C., 2017. Dynamics of genome size evolution in birds and mammals.

Proc. Natl. Acad. Sci. U.S.A. 114. https://doi.org/10.1073/pnas.1616702114

Kelkar, Y.D., Ochman, H., 2012. Causes and Consequences of Genome Expansion in Fungi. Genome

Biology and Evolution 4, 13—23. https://doi.org/10.1093/gbe/evr124

Kelly, D.J., 2018. A Survey of Genome Size Diversity Within Scale Insects (Hemiptera: Coccoidea) and
Cockroaches and Termites (Blattodea). Master's thesis. The University of Guelph. Available at:

https://atrium.lib.uoguelph.ca/items/e04b2a0d-5839-449b-b096-7fa87b1c4da9

Kiauta, B., 1969. Sex chromosomes and sex determining mechanisms in Odonata, with a review of
the cytological conditions in the familyGomphidae, and references to the karyotypic evolution in the

order. Genetica 40, 127-157. https://doi.org/10.1007/BF01787346

Kirkpatrick, M., 2017. The Evolution of Genome Structure by Natural and Sexual Selection. JHERED
108, 3—11. https://doi.org/10.1093/jhered/esw041

Koc&arek, P., Maslo, P., Stahlavsky, F., 2021. First report of the non-native webspinner Embia cf.
savignyi Westwood, 1837 (Embioptera: Embiidae) in the Canary Islands with descriptions of its
cytogenetic and morphological characteristics. BIR 10, 1004—-1014.
https://doi.org/10.3391/bir.2021.10.4.25

Kornienko, O.S., Gusachenko, A.M., Vysotskaya, L.V., 2009. C-heterochromatin during synapsis and
recombination in grey cockroach Nauphoeta cinerea spermatogenesis. Cell Tiss. Biol. 3, 289—296.

https://doi.org/10.1134/51990519X09030110

Kuznetsova, V., Grozeva, S., Gokhman, V., 2020. Telomere structure in insects: A review. J. Zool. Syst.

Evol. Res. 58, 127—-158. https://doi.org/10.1111/jzs.12332

Kuznetsova, V.G., Nokkala, S., Shcherbakov, D.E., 2002. Karyotype, reproductive organs, and pattern
of gametogenesis in Zorotypus hubbardi Caudell (Insecta: Zoraptera, Zorotypidae), with discussion on

relationships of the order. Can. J. Zool. 80, 1047-1054. https://doi.org/10.1139/202-074

31



Lachowska-Cierlik, D., Maryanska-Nadachowska, A., Kuznetsova, V., Picker, M., 2015. First
chromosomal study of Mantophasmatodea: Karyotype of Karoophasma biedouwense

(Austrophasmatidae). Eur. J. Entomol. 4, 599-605.

Lande, R., 1979. Effective Deme Sizes During Long-Term Evolution Estimated from Rates of
Chromosomal Rearrangement. Evolution 33, 234-251. https://doi.org/10.1111/j.1558-
5646.1979.tb04678.x

Lewin, L., Eyre-Walker, A., 2026. A Comparative Analysis of Long-Term Effective Population Sizes
Across Eukaryotes. Mol. Ecol. 35, e70265. https://doi.org/10.1111/mec.70265

Lewis, K.R., John, B., 1957. Studies on Periplaneta americana |l. Interchange Heterozygosity in

Isolated Populations. Heredity 11-22.

Li, Z., Tiley, G.P., Galuska, S.R., Reardon, C.R., Kidder, T.l., Rundell, R.J., Barker, M.S., 2018. Multiple
large-scale gene and genome duplications during the evolution of hexapods. Proc. Natl. Acad. Sci.

U.S.A. 115, 4713-4718. https://doi.org/10.1073/pnas.1710791115

Liebenberg, H., Fossey, A., Jacobs, D.H., 1991. An unexpected sex chromosome mechanism in a South
African mantid Polyspilota aeriginosa Goeza. Caryologia 44, 195-200.
https://doi.org/10.1080/00087114.1991.10797185

Liedtke, H.C., Gower, D.J., Wilkinson, M., Gomez-Mestre, I., 2018. Macroevolutionary shift in the size
of amphibian genomes and the role of life history and climate. Nat Ecol Evol 2, 1792-1799.
https://doi.org/10.1038/s41559-018-0674-4

Liehr, T., Buleu, O., Karamysheva, T., Bugrov, A., Rubtsov, N., 2017. New Insights into Phasmatodea
Chromosomes. Genes 8, 327. https://doi.org/10.3390/genes8110327

Lindtke, D., Lucek, K., Soria-Carrasco, V., Villoutreix, R., Farkas, T.E., Riesch, R., Dennis, S.R., Gompert,
Z., Nosil, P., 2017. Long-term balancing selection on chromosomal variants associated with crypsis in

a stick insect. Mol Ecol 26, 6189-6205. https://doi.org/10.1111/mec.14280

Liu, C., Ren, Y, Li, Z., Hu, Q,, Yin, L., Wang, H., Qiao, X., Zhang, Y., Xing, L., Xi, Y., Jiang, F., Wang, S.,
Huang, C,, Liu, B., Liu, H., Wan, F., Qian, W., Fan, W., 2021. Giant African snail genomes provide
insights into molluscan whole-genome duplication and aquatic—terrestrial transition. Mol. Ecol.

Resour. 21, 478-494.

32



Liu, H., Lei, L., Jiang, F., Zhang, B., Wang, H., Zhang, Y., Zhao, H., Wang, G., Fan, W., 2026. The
genomes of 5 mantises provide insights into sex chromosome evolution and Mantodea phylogeny

clarification. GigaScience 15, giaf158. https://doi.org/10.1093/gigascience/giaf158

Liu, H., Lin, Y., Shen, G., Gu, J.,, Ruan, Y., Wu, J., Zhang, Y., Li, K., Long, W,, Jia, L., Xia, Q., 2019. A novel
GATA transcription factor GATAB4 promotes vitellogenin transcription and egg formation in the
silkworm Bombyx mori. Insect Biochem. Mol. Biol. 107, 10-18.

https://doi.org/10.1016/j.ibmb.2019.01.004

Liu, Z., Roesti, M., Marques, D., Hiltbrunner, M., Saladin, V., Peichel, C.L., 2022. Chromosomal Fusions
Facilitate Adaptation to Divergent Environments in Threespine Stickleback. Mol Biol Evol 39,

msab358. https://doi.org/10.1093/molbev/msab358

Lépez-Fernadndez, C., Pradillo, E., Zabal-Aguirre, M., Fernandez, J.L., Garcia De La Vega, C., Gosalvez,
J., 2004. Telomeric and interstitial telomeric-like DNA sequences in Orthoptera genomes. Genome

47, 757-763. https://doi.org/10.1139/g03-143

Lucek, K., Augustijnen, H., Escudero, M., 2022. A holocentric twist to chromosomal speciation?

Trends Ecol. Evol.. 37, 655—662. https://doi.org/10.1016/j.tree.2022.04.002

Lucek, K., Giménez, M.D., Joron, M., Rafajlovi¢, M., Searle, J.B., Walden, N., Westram, A.M., Faria, R.,
2023. The Impact of Chromosomal Rearrangements in Speciation: From Micro- to Macroevolution.

Cold Spring Harb. Perspect. Biol. 15, a041447. https://doi.org/10.1101/cshperspect.a041447

Lukhtanov, V.A., 2025. Telomere DNA in the insect order Dermaptera and the first evidence for the
non-canonical telomeric motif TTCGG in Arthropoda. CCG 19, 13-18.
https://doi.org/10.3897/compcytogen.19.142613

Lukhtanov, V.A., Dinc3, V., Friberg, M., Sichova, J., Olofsson, M., Vila, R., Marec, F., Wiklund, C., 2018.
Versatility of multivalent orientation, inverted meiosis, and rescued fitness in holocentric

chromosomal hybrids. Proc. Natl. Acad. Sci. U.S.A. 115. https://doi.org/10.1073/pnas.1802610115

Lynch, M., 2007. The frailty of adaptive hypotheses for the origins of organismal complexity. Proc.
Natl. Acad. Sci. U.S.A. 104, 8597-8604. https://doi.org/10.1073/pnas.0702207104

Lynch, M., Conery, J.S., 2003. The Origins of Genome Complexity. Science 302, 1401-1404.
https://doi.org/10.1126/science.1089370

33



Marino, A., Debaecker, G., Fiston-Lavier, A.-S., Haudry, A., Nabholz, B., 2025. Effective population size
does not explain long-term variation in genome size and transposable element content in animals.

elLife 13, RP100574. https://doi.org/10.7554/elife.100574

Mark Welch, D.B.M., Ricci, C., Meselson, M., 2009. Bdelloid Rotifers: Progress in Understanding the
Success of an Evolutionary Scandal, in: Schon, I., Martens, K., Dijk, P. (Eds.), Lost Sex. Springer

Netherlands, Dordrecht, pp. 259-279. https://doi.org/10.1007/978-90-481-2770-2_13

Marquez-Corro, J.1., Escudero, M., Lucefo, M., 2018. Do holocentric chromosomes represent an
evolutionary advantage? A study of paired analyses of diversification rates of lineages with
holocentric chromosomes and their monocentric closest relatives. Chromosome Res 26, 139-152.

https://doi.org/10.1007/s10577-017-9566-8

Melters, D.P., Paliulis, L.V., Korf, I.F., Chan, S.W.L., 2012. Holocentric chromosomes: convergent
evolution, meiotic adaptations, and genomic analysis. Chromosome Res 20, 579-593.

https://doi.org/10.1007/s10577-012-9292-1

Milani, D., Cabral-de-Mello, D.C., 2014. Microsatellite Organization in the Grasshopper Abracris
flavolineata (Orthoptera: Acrididae) Revealed by FISH Mapping: Remarkable Spreading in the A and B
Chromosomes. PLoS ONE 9, €97956. https://doi.org/10.1371/journal.pone.0097956

Milani, L., Ghiselli, F., Pellecchia, M., Scali, V., Passamonti, M., 2010. Reticulate evolution in stick
insects: the case of Clonopsis (Insecta Phasmida). BMC Evol Biol 10, 258.
https://doi.org/10.1186/1471-2148-10-258

Milani, L., Scali, V., Passamonti, M., 2009. The Clonopsis gallica puzzle: Mendelian species, polyploid
parthenogens with karyotype re-diploidization and clonal androgens in Moroccan stick insects

(Phasmida). J Zool Syst Evol Res 47, 132-140. https://doi.org/10.1111/j.1439-0469.2008.00489.x

Misof, B., Liu, S., Meusemann, K., Peters, R.S., Donath, A., Mayer, C., Frandsen, P.B., Ware, J., Flouri,
T., Beutel, R.G., Niehuis, O., Petersen, M., Izquierdo-Carrasco, F., Wappler, T., Rust, J., Aberer, A.l,,
Aspock, U., Aspock, H., Bartel, D., Blanke, A., Berger, S., Bohm, A., Buckley, T.R., Calcott, B., Chen, J.,
Friedrich, F., Fukui, M., Fujita, M., Greve, C., Grobe, P., Gu, S., Huang, Y., Jermiin, L.S., Kawahara, A.Y.,
Krogmann, L., Kubiak, M., Lanfear, R., Letsch, H., Li, Yiyuan, Li, Z., Li, J., Lu, H., Machida, R., Mashimo,
Y., Kapli, P., McKenna, D.D., Meng, G., Nakagaki, Y., Navarrete-Heredia, J.L., Ott, M., Ou, Y., Pass, G.,
Podsiadlowski, L., Pohl, H., Von Reumont, B.M., Schiitte, K., Sekiya, K., Shimizu, S., Slipinski, A.,
Stamatakis, A., Song, W., Su, X., Szucsich, N.U., Tan, M., Tan, X., Tang, M., Tang, J., Timelthaler, G.,
Tomizuka, S., Trautwein, M., Tong, X., Uchifune, T., Walzl, M.G., Wiegmann, B.M., Wilbrandt, J.,

34



Wipfler, B., Wong, T.K.F., Wu, Q., Wu, G., Xie, Y., Yang, S., Yang, Q., Yeates, D.K., Yoshizawa, K.,
Zhang, Q., Zhang, R., Zhang, W., Zhang, Yunhui, Zhao, J., Zhou, C., Zhou, L., Ziesmann, T., Zou, S., Li,
Yingrui, Xu, X., Zhang, Yong, Yang, H., Wang, Jian, Wang, Jun, Kjer, K.M., Zhou, X., 2014.
Phylogenomics resolves the timing and pattern of insect evolution. Science 346, 763-767.

https://doi.org/10.1126/science.1257570

Miyazaki, S., Fujiwara, K., Kai, K., Masuoka, Y., Gotoh, H., Niimi, T., Hayashi, Y., Shigenobu, S.,
Maekawa, K., 2021. Evolutionary transition of doublesex regulation from sex-specific splicing to
male-specific transcription in termites. Sci Rep 11, 15992. https://doi.org/10.1038/s41598-021-
95423-7

Morgan, T.H., 1915. The Constitution of the Hereditary Material. Proc. Am. Phil. Soc 217, 143-153.

Nakatani, Y., McLysaght, A., 2019. Macrosynteny analysis shows the absence of ancient whole-
genome duplication in lepidopteran insects. Proc. Natl. Acad. Sci. U.S.A. 116, 1816-1818.
https://doi.org/10.1073/pnas.1817937116

Nguyen, P., Sahara, K., Yoshido, A., Marec, F., 2010. Evolutionary dynamics of rDNA clusters on
chromosomes of moths and butterflies (Lepidoptera). Genetica 138, 343—-354.
https://doi.org/10.1007/s10709-009-9424-5

Ohno, S., 1970. Evolution by Gene Duplication. Springer Berlin Heidelberg, Berlin, Heidelberg.
https://doi.org/10.1007/978-3-642-86659-3

One Thousand Plant Transcriptomes Initiative, 2019. One thousand plant transcriptomes and the

phylogenomics of green plants. Nature 574, 679-685. https://doi.org/10.1038/s41586-019-1693-2

Otto, S.P., Whitton, J., 2000. Polyploid Incidence and Evolution. Annu. Rev. Genet. 34, 401-437.
https://doi.org/10.1146/annurev.genet.34.1.401

Page, D.R., Kéhler, C., Da Costa-Nunes, J.A., Baroux, C., Moore, J.M., Grossniklaus, U., 2004.
Intrachromosomal excision of a hybrid Ds element induces large genomic deletions in Arabidopsis.

Proc. Natl. Acad. Sci. U.S.A. 101, 2969-2974. https://doi.org/10.1073/pnas.0400089101

Palacios-Gimenez, O.M., Carvalho, C.R., Ferrari Soares, F.A., Cabral-de-Mello, D.C., 2015. Contrasting
the Chromosomal Organization of Repetitive DNAs in Two Gryllidae Crickets with Highly Divergent
Karyotypes. PLoS ONE 10, e0143540. https://doi.org/10.1371/journal.pone.0143540

Palacios-Gimenez, O.M., Castillo, E.R.D., Schielzeth, H., 2025. Karyotype evolution and speciation in
Orthoptera. J Evol Biol voaf018. https://doi.org/10.1093/jeb/voaf018

35



Palacios-Gimenez, O.M., Milani, D., Lemos, B., Castillo, E.R., Marti, D.A., Ramos, E., Martins, C.,
Cabral-de-Mello, D.C., 2018. Uncovering the evolutionary history of neo-XY sex chromosomes in the
grasshopper Ronderosia bergii (Orthoptera, Melanoplinae) through satellite DNA analysis. BMC Evol.
Biol. 18, 2. https://doi.org/10.1186/s12862-017-1113-x

Papeschi, A.G., Mola, L.M., Bressa, M.J., Greizerstein, E.J., Lia, V., Poggio, L., 2003. Behaviour of ring
bivalents in holokinetic systems: Alternative sites of spindle attachment in Pachylis argentinus and
Nezara viridula (Heteroptera). Chromosome Res. 11, 725-733.

https://doi.org/10.1023/B:CHR0.0000005740.56221.03

Petrov, D.A., 2002. Mutational Equilibrium Model of Genome Size Evolution. Theor. Popul. Biol. 61,
531-544. https://doi.org/10.1006/tpbi.2002.1605

Pisarenco, V.A., Boada-Figueras, A., Olivé-Muiiiz, M., Escuer, P., Macias-Hernandez, N., Arnedo, M.A,,
Librado, P., Sdnchez-Gracia, A., Guirao-Rico, S., Rozas, J., 2025. How Did Evolution Halve Genome Size
During an Oceanic Island Colonization? Mol. Biol. Evol. 42, msaf206.

https://doi.org/10.1093/molbev/msaf206

Ravid Lustig, L., Sampath Kumar, A., Schwammle, T., Dunkel, I., Noviello, G., Limberg, E., Weigert, R.,
Pacini, G., Buschow, R., Ghauri, A., Stotzel, M., Wittler, L., Meissner, A., Schulz, E.G., 2023. GATA
transcription factors drive initial Xist upregulation after fertilization through direct activation of long-

range enhancers. Nat. Cell Biol. 25, 1704—1715. https://doi.org/10.1038/s41556-023-01266-x

Ren, L., Huang, W., Cannon, E.K.S., Bertioli, D.J., Cannon, S.B., 2018. A Mechanism for Genome Size
Reduction Following Genomic Rearrangements. Front. Genet. 9, 454.

https://doi.org/10.3389/fgene.2018.00454

Roelofs, D., Zwaenepoel, A., Sistermans, T., Nap, J., Kampfraath, A.A., Van De Peer, Y., Ellers, J.,
Kraaijeveld, K., 2020. Multi-faceted analysis provides little evidence for recurrent whole-genome
duplications during hexapod evolution. BMC Biol. 18, 57. https://doi.org/10.1186/s12915-020-00789-
1

Ross, C.L., 2003. Rapid Divergence of Microsatellite Abundance Among Species of Drosophila. Mol.
Biol. Evol. 20, 1143-1157. https://doi.org/10.1093/molbev/msg137

Roth, L.M., 1974. Reproductive Potential of Bisexual Pycnoscelus indicus and Clones of Its
Parthenogenetic Relative, Pycnoscelus surinamensis1. Ann. Entomol. Soc. Am. 67, 215-223.

https://doi.org/10.1093/aesa/67.2.215

36



Ruckman, S.N., Jonika, M.M., Casola, C., Blackmon, H., 2020. Chromosome number evolves at equal
rates in holocentric and monocentric clades. PLoS Genet. 16, e1009076.

https://doi.org/10.1371/journal.pgen.1009076

Ruiz-Ruano, F.J., Castillo-Martinez, J., Cabrero, J., Gdmez, R., Camacho, J.P.M., Lépez-Leén, M.D.,
2018. High-throughput analysis of satellite DNA in the grasshopper Pyrgomorpha conica reveals
abundance of homologous and heterologous higher-order repeats. Chromosoma 127, 323-340.

https://doi.org/10.1007/s00412-018-0666-9

Ruiz-Ruano, F.J., Cuadrado, A., Montiel, E.E., Camacho, J.P.M., Lépez-Leén, M.D., 2015. Next
generation sequencing and FISH reveal uneven and nonrandom microsatellite distribution in two

grasshopper genomes. Chromosoma 124, 221-234. https://doi.org/10.1007/s00412-014-0492-7

Ruiz-Ruano, F.J., Lépez-Ledn, M.D., Cabrero, J., Camacho, J.P.M., 2016. High-throughput analysis of
the satellitome illuminates satellite DNA evolution. Sci. Rep. 6, 28333.

https://doi.org/10.1038/srep28333

Santos, J., Serra, L., Solé, E., Pascual, M., 2010. FISH mapping of microsatellite loci from Drosophila
subobscura and its comparison to related species. Chromosome Res. 18, 213-226.

https://doi.org/10.1007/s10577-010-9112-4

Scali, V., Deidda, F., Coluccia, E., Cannas, R., Melis, R., Salvadori, S., 2020. Parental species and hybrid
descendants of Bacillus (Insecta Phasmatodea) show different patterns of highly amplified,
colocalized ribosomal and telomeric sequences. Eur. Zool. J. 87, 272-281.

https://doi.org/10.1080/24750263.2020.1764640

Scali, V., Tinti, F., Mantovani, B., Marescalchi, O., 1995. Mate recognition and gamete cytology
features allow hybrid species production and evolution in Bacillus stick insects. Boll. Zool. 62, 59—-70.

https://doi.org/10.1080/11250009509356052

Sochorov3, J., Galvez, F., Matyasek, R., Garcia, S., Kovarik, A., 2021. Analyses of the Updated “Animal
rDNA Loci Database” with an Emphasis on Its New Features. IJMS 22, 11403.
https://doi.org/10.3390/ijms222111403

Sochorov3, J., Garcia, S., Galvez, F., Symonova, R., Kovafik, A., 2018. Evolutionary trends in animal
ribosomal DNA loci: introduction to a new online database. Chromosoma 127, 141-150.

https://doi.org/10.1007/s00412-017-0651-8

37



Spoelhof, J.P., Keeffe, R., McDaniel, S.F., 2020. Does reproductive assurance explain the incidence of

polyploidy in plants and animals? New Phytologist 227, 14-21. https://doi.org/10.1111/nph.16396

Stahlavsky, F., Nguyen, P., Sadilek, D., Stundlova, J., Just, P., Haddad, C.R., Kog, H., Ranawana, K.B.,
Stockmann, M., Yagmur, E.A., Kovafik, F., 2020. Evolutionary dynamics of rDNA clusters on
chromosomes of buthid scorpions (Chelicerata: Arachnida). Biol. J. Linn. Soc. 131, 547-565.

https://doi.org/10.1093/biolinnean/blaal18

Stahlavsky, F., Opatova, V., Just, P., Lotz, L.N., Haddad, C.R., 2018. Molecular technique reveals high
variability of 18S rDNA distribution in harvestmen (Opiliones, Phalangiidae) from South Africa. Comp.
Cytogenet. 12, 41-59. https://doi.org/10.3897/compcytogen.v12i1.21744

Strasburger, E., 1875. Uber Zellbildung und Zelltheilung. Hermann Dabis, Jena.

Stuchlikova, M., 2020. Genome size in the evolution of cockroaches. Master's thesis. Charles

University. Available at: https://dspace.cuni.cz/handle/20.500.11956/121959

Sun, K., Lu, Y., Huang, Y., Huang, H., 2023. Genome size evolution in grasshoppers (Orthoptera:

Caelifera: Acrididae). Syst. Entomol. 48, 434—444. https://doi.org/10.1111/syen.12586

Sung, W., Ackerman, M.S., Dillon, M.M., Platt, T.G., Fuqua, C., Cooper, V.S., Lynch, M., 2016.
Evolution of the Insertion-Deletion Mutation Rate Across the Tree of Life. G3

Genes|Genomes|Genetics 6, 2583—-2591. https://doi.org/10.1534/g3.116.030890

Sutton, W.S., 1903. The Chromosomes in Heredity. The Biological Bulletin 4, 231-250.
https://doi.org/10.2307/1535741

Sylvester, T., Hjelmen, C.E., Hanrahan, S.J., Lenhart, P.A., Johnston, J.S., Blackmon, H., 2020. Lineage-
specific patterns of chromosome evolution are the rule not the exception in Polyneoptera insects.

Proc. R. Soc. B: Biol. Sci. 287, 20201388. https://doi.org/10.1098/rspb.2020.1388

Tasnim, M., Wahlquist, P., Hill, J.T., 2024. Zebrafish: unraveling genetic complexity through
duplicated genes. Dev Genes Evol 234, 99-116. https://doi.org/10.1007/s00427-024-00720-6

Tihelka, E., Engel, M.S., Lozano-Fernandez, J., Giacomelli, M., Yin, Z., Rota-Stabelli, O., Huang, D.,
Pisani, D., Donoghue, P.C.J., Cai, C., 2021. Compositional phylogenomic modelling resolves the
‘Zoraptera problem’: Zoraptera are sister to all other polyneopteran insects (preprint).

https://doi.org/10.1101/2021.09.23.461539

38



Toscani, M.A., Pigozzi, M.I., Papeschi, A.G., Bressa, M.J., 2022. Histone H3 Methylation and
Autosomal vs. Sex Chromosome Segregation During Male Meiosis in Heteroptera. Front. Ecol. Evol.

10, 836786. https://doi.org/10.3389/fevo.2022.836786

Toups, M.A., Vicoso, B., 2023. The X chromosome of insects likely predates the origin of class Insecta.

Evolution 77, 2504-2511. https://doi.org/10.1093/evolut/gpad169

Traut, W., Sahara, K., Marec, F., 2007. Sex Chromosomes and Sex Determination in Lepidoptera. Sex

Dev 1, 332-346. https://doi.org/10.1159/000111765

Van De Lagemaat, L.N., Gagnier, L., Medstrand, P., Mager, D.L., 2005. Genomic deletions and precise
removal of transposable elements mediated by short identical DNA segments in primates. Genome

Res. 15, 1243-1249. https://doi.org/10.1101/gr.3910705

Van de Peer, Y., Ashman, T.-L., Soltis, P.S., Soltis, D.E., 2021. Polyploidy: an evolutionary and
ecological force in stressful times. The Plant Cell 33, 11-26. https://doi.org/10.1093/plcell/koaa015

Van De Peer, Y., Mizrachi, E., Marchal, K., 2017. The evolutionary significance of polyploidy. Nat Rev
Genet 18, 411-424. https://doi.org/10.1038/nrg.2017.26

Verhulst, E.C., Van De Zande, L., Beukeboom, L.W., 2010. Insect sex determination: it all evolves

around transformer. Curr. Opin. Genet. Dev. 20, 376—383. https://doi.org/10.1016/j.gde.2010.05.001

Vicari, M.R., Bruschi, D.P., Cabral-de-Mello, D.C., Nogaroto, V., 2022. Telomere organization and the
interstitial telomeric sites involvement in insects and vertebrates chromosome evolution. Genet.

Mol. Biol. 45, e20220071. https://doi.org/10.1590/1678-4685-gmb-2022-0071

Vitte, C., Panaud, O., Quesneville, H., 2007. LTR retrotransposons in rice (Oryza sativa, L.): recent
burst amplifications followed by rapid DNA loss. BMC Genomics 8, 218.
https://doi.org/10.1186/1471-2164-8-218

Waldeyer, H.W.G., 1888. Ueber Karyokinese und ihre Beziehungen zu den Befruchtungsvorgangen.
Archiv flr mikroskopische Anatomie 32, 1-122.

Warchatowska-Sliwa, E., Grzywacz, B., Maryanska-Nadachowska, A., Heller, K.-G., Hemp, C., 2020.
Rapid chromosomal evolution in the bush-cricket Gonatoxia helleri Hemp, 2016 (Orthoptera,

Phaneropterinae). CCG 14, 417-435. https://doi.org/10.3897/CompCytogen.v14i3.54422

Watson, J.D., Crick, F.H.C., 1953. Molecular Structure of Nucleic Acids: A Structure for Deoxyribose
Nucleic Acid. Nature 171, 737-738.

39



Weinstein, B., Roy, S.W., 2026. Controlling for life-history traits in vertebrates reveals that effective
population size does not affect mutation rate or genome size. Proc. Natl. Acad. Sci. U.S.A. 123,

€2519649123. https://doi.org/10.1073/pnas.2519649123

Wellband, K., Mérot, C., Linnansaari, T., Elliott, J.A.K., Curry, R.A., Bernatchez, L., 2019. Chromosomal
fusion and life history-associated genomic variation contribute to within-river local adaptation of

Atlantic salmon. Mol Ecol 28, 1439-1459. https://doi.org/10.1111/mec.14965

Wexler, J., Delaney, E.K., Belles, X., Schal, C., Wada-Katsumata, A., Amicucci, M.J., Kopp, A., 2019.
Hemimetabolous insects elucidate the origin of sexual development via alternative splicing. eLife 8,

e47490. https://doi.org/10.7554/elLife.47490

White, M.J.D., 1976. Blattodea, Mantodea, Isoptera, Grylloblattodea, Phasmatodea, Dermaptera, and

Embioptera, Animal cytogenetics; Insecta. Gebr. Borntraeger, Berlin.

Wipfler, B., Letsch, H., Frandsen, P.B., Kapli, P., Mayer, C., Bartel, D., Buckley, T.R., Donath, A.,
Edgerly-Rooks, J.S., Fujita, M., Liu, S., Machida, R., Mashimo, Y., Misof, B., Niehuis, O., Peters, R.S.,
Petersen, M., Podsiadlowski, L., Schitte, K., Shimizu, S., Uchifune, T., Wilbrandt, J., Yan, E., Zhou, X.,
Simon, S., 2019. Evolutionary history of Polyneoptera and its implications for our understanding of
early winged insects. Proc. Natl. Acad. Sci. U.S.A. 116, 3024-3029.
https://doi.org/10.1073/pnas.1817794116

Yashiro, T., Tea, Y.-K., Van Der Wal, C., Nozaki, T., Mizumoto, N., Hellemans, S., Matsuura, K., Lo, N.,
2021. Enhanced heterozygosity from male meiotic chromosome chains is superseded by hybrid
female asexuality in termites. Proc. Natl. Acad. Sci. U.S.A. 118, e2009533118.
https://doi.org/10.1073/pnas.2009533118

Yuan, H., Liu, X.-J., Liu, X.-Z., Zhao, L.-N., Mao, S.-L., Huang, Y., 2024. The evolutionary dynamics of
genome sizes and repetitive elements in Ensifera (Insecta: Orthoptera). BMC Genomics 25, 1041.

https://doi.org/10.1186/512864-024-10949-0

40



7. Appendix: publications included in the Ph. d. thesis

41



