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Abstract

Chromosomal rearrangements (CRs) can trigger speciation by acting as barriers to gene flow.
Two main theoretical frameworks were developed on how they contribute to speciation:
causing infertility in heterokaryotypes (hybrid dysfunction) or creating islands of divergence
through recombination suppression. However, these theories were developed with
monocentric chromosomes in mind. Species with holocentric chromosomes, which lack a
localized centromere, account for 15-20 % of the eukaryote biodiversity in terms of species
richness. These organisms have a higher tolerance for large CRs but the number of chiasmata
(recombination) is more restricted, defying assumptions for both types of chromosomal
speciation models. This highlights the need to look at chromosomal speciation through
holocentric lenses.

Here, we synthesize how holocentricity redefines these frameworks across diverse lineages,
shedding light into the diverse patterns in both karyotypic diversity and their impact on
speciation. We further show that the effects of CRs depend on interactions among meiotic
mechanisms, genome organization, reproductive barriers, and demographic history. Rather
than producing a single evolutionary outcome, holocentricity generates a diversity of

pathways through which chromosome evolution can influence speciation.
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Introduction:

Chromosome evolution is one of the major drivers of diversification in eukaryotes, where
chromosome architecture plays a fundamental role in shaping genome stability and
evolutionary trajectories (Coghlan et al., 2005). The structural organization at the chromosomal
level influences how the genetic material is transmitted and recombined, ultimately impacting
macroevolutionary processes such as adaptation and speciation (Huang & Rieseberg, 2020).
Among the various features contributing to chromosomal diversity, variation in centromere
organization represents one of the most intriguing, with important consequences for karyotype
evolution and the establishment of reproductive barriers (Lucek et al., 2022; Steckenborn &
Marques, 2025). Two types of chromosomes can be distinguished depending on centromere
organization: monocentric and holocentric. In monocentric chromosomes, a single region, the
centromere, serves as the organizing centre for Mendelian partitioning of homologues during
cell divisions. While in holocentrics, centromeric functions can be found throughout the
chromosome (Benitez-Benitez et al., 2025; Hipp et al., 2009; Mayrose & Lysak, 2021).
Holocentric chromosomes have evolved multiple times across eukaryotes and species with
holocentric chromosomes account for 15-20% of the species diversity in this domain (Escudero

et al., 2016; Marquez-Corro et al., 2018).

The diffuse centromere organization of holocentric chromosomes represents a fundamental
shift in genomic stability and karyotype evolution. Disperse kinetochoric activity increases the
likelihood of chromosomal fragments and fused chromosomes to be correctly segregated,
facilitating rapid karyotypic shifts through gains (chromosome fission) or losses (chromosome
fussion) of single chromosomes (Escudero et al., 2014; Mayrose et al., 2010). In addition,
inversions could theoretically be larger and occur through a wider set of areas within the
chromosome in holocentric organisms, as they are not limited by a localized centromere. In
monocentric organisms, contrary to holocentrics, inversions where the centromere is involved
(pericentric inversions) can be quite underdominant as they alter symmetry between homologs,

resulting in impaired chromosome pairing (Coyne et al., 1991; Kaiser, 1984).

However, in holocentrics, meiosis remains challenging because of the spatial interference
between recombination and segregation functions, which can lead to negative outcomes such
as chromosome missegregation (Nambiar & Smith, 2016). Monocentric organisms solve this
problem by separating these functions in space: recombination is suppressed in centromeres

and their flanking areas where segregation takes place (Fernandes et al., 2019). In holocentric
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organisms, spatial separation is much more compromised as kinetochore proteins assemble
along the entire chromosome length. These additional constraints are reflected by the number
of crossing-over (CO) events per chromosome, as holocentric organisms seem to not tolerate
more than two COs per chromosome (Castellani et al., 2024; Nokkala et al., 2004; Zedek et al.,
2026) while monocentric chromosomes routinely reach 3 or 4 CO events (Lian et al., 2023;
Zedek et al., 2026). This reduction likely reflects structural constraints during meiosis, as
holocentric bivalents retain a parallel, flat configuration through metaphase I rather than
forming the perpendicular chiasma arrangements typical of monocentric chromosomes (Figure
1). As a result, chiasmata remain effectively interlocked, generating complex three-
dimensional structures that can hinder proper bipolar orientation and increase the risk of
segregation errors (Nokkala et al., 2004). Several holocentric lineages have evolved modified
meiotic processes to overcome these challenges (Figure 2). A remarkable solution is inverted
meiosis (Figure 2), in which sister chromatids segregate during the first meiotic division,
followed by homologous chromosomes undergoing reductional segregation, reducing the
complexity of the process (Mandrioli & Manicardi, 2020). Inverted meiosis has been reported
in insects belonging to Hemiptera and Lepidoptera and some flowering plants such as sedges
and genus Luzula within rushes (Bogdanov, 2016). Other holocentric groups seem to maintain
canonical meiosis restricting the number of crossovers (Marquez-Corro et al., 2018), with some
Lepidoptera avoiding COs altogether in female meiosis (Lukhtanov et al., 2018), while
nematodes limit cross-overs to one, which happens typically in the terminal region, forming a
perpendicular chiasma arrangement in meiosis I similar to the typical segregation of
monocentric organisms (Rockman & Kruglyak, 2009; Carlton et al., 2022). However, the

knowledge on meiosis across holocentric groups remains limited to a few species.
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133 Figure 1: Comparison of chromosome segregation for different types of centromeres and microtubule attachment
134  modes.
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148  Figure 2: Types of meiosis in holocentric organisms throughout different meiosis phases, represented for
149 heterokaryotypes: canonical (left), inverted (center) and achiasmatic (right). Dashed cell boundaries in Telophase

150 1 of the canonical meiosis indicate unbalanced meiotic products.
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The gain or loss of single chromosomes without changing DNA content, also known as
dysploidy, is common across eukaryotic lineages (Benitez-Benitez et al., 2025; Escudero et al.,
2014). However, it is especially frequent among groups with holocentric chromosomes
(Benitez-Benitez et al., 2025; Escudero et al., 2014), including some of the most species-rich
and diverse lineages: nematodes (25,000 sp; Hodda, 2011), true bugs (80,000 sp; Forero, 2008),
sedges (5,500 sp; Martin-Bravo et al., 2019) and butterflies and moths (160,000 sp; Nieukerken
et al., 2011). The role of chromosomal rearrangements (CRs) on speciation has been debated
for decades (Coyne et al., 2004; King, 1993; Rieseberg, 2001; White, 1978). Different theories
have been conceptualized to explain how CRs can create barriers to gene flow (Faria &
Navarro, 2010; Rieseberg, 2001). The literature traditionally distinguishes two main theoretical
frameworks: the Hybrid Dysfunction and the Recombination Suppression models. The former
emphasizes the immediate post-zygotic fitness costs of CRs (White, 1973). Hybrids between
distinct chromosomal cytotypes often carry mismatched chromosomes, which will fail to pair
or segregate correctly during meiosis, leading to the production of aneuploid gametes and
reduced fertility (King, 1993; White, 1978). The latter framework suggests that CRs promote
speciation not by reducing hybrid viability, but by preserving advantageous gene combinations.
Rearrangements such as inversions, fissions/fusions or translocations suppress recombination
in specific genomic regions, allowing sets of co-adapted alleles (“supergenes”) to be inherited
together (Ayala & Coluzzi, 2005). By acting as barrier loci, these CRs can enable populations
to adapt to different environments even in the presence of some gene flow. While hybrid
dysfunction is often linked to cladogenetic events, i.e. rapid branching along a phylogeny,
recombination suppression is more consistent with gradual change along a lineage (anagenesis)
(Lucek et al., 2022). Both theoretical frameworks propose that variation in CRs among
populations can facilitate reproductive isolation, thereby increasing the potential for speciation
(Lucek et al., 2023). However, all these models were developed with monocentric organisms

in mind.

Here, we synthesize the current knowledge on the role of centromeric architecture in
shaping the mechanisms and evolutionary consequences (i.e. speciation) of chromosome
evolution. By integrating insights from hybrid dysfunction and recombination suppression
models, we seek to evaluate how holocentric chromosomes defy these models assumptions

exposing new conditions and outcomes.
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1. Hybrid dysfunction and holocentricity

Hybrid dysfunction models of chromosomal speciation were the first to be conceptualized
(reviewed in King, 1993; White, 1978), based on observations that hybrids between two
chromosomal races (heterokaryotypes) often exhibit abnormal chromosome pairing during
meiosis. The broader hybrid dysfunction concept was already previously applied for individual
genes: Bateson-Dobzhansky-Muller incompatibilities (BDMi) (Bateson, 1909; Dobzhansky,
1936; Muller, 1942), where negative epistasis between genes with different evolutionary

histories act as gene flow barriers between divergent populations.

Both hybrid dysfunction models, chromosomal and genic, present the same well-known
problem: the underdominance paradox. If an allele or CR is highly underdominant, it is unlikely
to become established or fixed within a population, and therefore would not constitute an
effective barrier to gene flow or contribute to speciation (Lande, 1985; Walsh, 1982). Some
models assume high individual rearrangement underdominance (Chromosomal Transilience
Model, Table 1), and present the conditions necessary for the new underdominant karyotype to
become fixed. Almost all of them rely on small and inbred populations (low effective
population size), where drift is stronger than selection, facilitating the establishment of a new
karyotype in spite of its underdominance. Also, the majority of these models assume some kind
of geographic isolation of the new karyotype, facilitating its fixation. For example, the
Quantum speciation model (Grant, 1981; Table 1) assumes that the new karyotype occupies
peripheral areas of the distribution with a different environment. This way, while isolation and
founder effects facilitate the fixation of the new karyotype, genetic incompatibilities and local

adaptation could also be contributing to speciation.

Nonetheless, the most important criticism concerning high underdominance hybrid
dysfunction models was the discovery that highly underdominant rearrangements were rarer
than previously expected, especially those that are not completely deleterious (Coyne et al.,
1993; John, 1981; Lande, 1985; Nachman & Myers, 1989). Strong underdominant
rearrangements are expected to be even rarer in holocentric species even for large scale CRs
such as chromosomal fusions and fissions (Lucek et al., 2022): while in monocentric
organisms, fissions lead to acentric chromosomal segments that are lost during meiosis, in
holocentric organisms these segments retain centromeric activity and can segregate normally

(Melters et al., 2012). In the same way, fusions do not lead to dicentric chromosomes in
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holocentric organisms, which typically lead to unstable meiosis, chromosome rearrangement
and breakage (Hill & Bloom, 1987; McClintock, 1939). Lower underdominance and/or
deleteriousness of large CRs would be reflected in higher establishment rates of new structural
variants and therefore, higher intra- and interspecific karyotypic diversity. Such exceptional
karyotypic diversity has been found in some holocentric clades (Table 2) but a general higher
karyotypic diversity in holocentric clades compared to monocentric ones is contentious (Table
2). CR tolerance seems to vary between holocentric organisms, mainly in the ability of
rearranged fragments to segregate correctly through meiosis with multivalents and other
aberrant formations, which depends on their type of meiosis (Figure 2). Available data suggest
that inverted meiosis is the mechanism that results in proper segregation with higher number
of heterozygous rearrangements (Lukhtanov et al., 2018; Mandrioli & Manicardi, 2020), while
allowing more than one cross-over. In fact, in species capable of both canonical and inverted
meiosis, the latter is preferred in face of heterokaryotypes (Murakami & Imai, 1974; Yoshida,
in press). It is not surprising that in groups with highest karyological diversity, i.e. sedges
(Cabral et al., 2014), aphids (Viera et al., 2008) and butterflies from the family Lycaenidae
(Lukhtanov & Dantchenko, 2017) and Pieridae (Lukhtanov et al., 2018), inverted meiosis has

been reported.

In some karyotypically highly diverse holocentric clades, a significant part of the
variation is intraspecific (Table 2). Such intraspecific variation and the inherent tolerance for
rearrangements in holocentric organisms challenge high-underdominance models; instead,
they support low underdominance hybrid dysfunction models. These frameworks rely on the
gradual accumulation of rearrangements with minimal fitness costs, which establish an
effective gene flow barrier in a step-by-step manner—as described by the Chain Cascade
Model (Table 1)—paralleling the dynamics of Bateson-Dobzhansky-Muller incompatibilities
(BDMIs). For BDMIs, there are expansions of the speciation models where the incompatibility
does not even need to be fixed within its deme in order to contribute to speciation (Cutter, 2012;
Fierst & Hansen, 2010). Therefore, one can conceptualize the same for CRs, further broadening
the applicability of the models to clades with intrapopulation CR diversity. The Chain Cascade
Model has been proposed to contribute to the diversification of sedges (Escudero et al., 2016;
Tribble et al., 2025). Apart from the speed at which new karyotypes are established in Carex
L., there is empirical evidence showing that F1 viability decreases with higher number of

rearrangements in Carex scoparia Schkuhr ex Willd. (Escudero et al., 2016), leading to a
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positive correlation between the number of CRs and genetic distance (Hipp et al., 2010;
Whitkus, 1988). At a higher evolutionary scale, a significant correlation between time of
coalescence of each species and their chromosome variation has been inferred in the Carex
clade Spirostachyae (Escudero, Hipp, et al., 2010). Sedges present reproductive and
demographic characteristics that favor the establishment of new karyotypes: high selfing rates
and inbreeding (Escudero, Valcarcel, et al., 2010; Friedman & Barrett, 2009) together with
high dispersal capability (Escudero et al., 2009; Escudero, Valcarcel, et al., 2010; Jiménez-
Mejias et al., 2011) promoting small and highly homozygotic populations (Escudero et al.,
2016). Chromosomal speciation in Carex has been explored at a higher evolutionary level
through a phylogenetic framework (Tribble et al., 2025). Theoretically it has been suggested
that in holocentrics, cladogenic events with changes in chromosome number are consistent with
classic hybrid dysfunction models (high underdominance), while anagenic ones are more
consistent with chromosome changes that lead to recombination suppression models (Lucek et
al., 2022). The mixture of anagenic and cladogenic events support the Chain Cascade Model,
where CRs accumulate until one leads to a speciation event (“last straw hypothesis”) (Tribble
et al., 2025). Aphids have similar demographic characteristics, as they reproduce mainly
asexually through parthenogenesis and winged individuals have important dispersal capability
being able to create a new population on their own (Lombaert et al., 2006). Similarly, aphids
show high rates of CR across the whole clade, and the most diverse clades are also those with
the highest chromosome rearrangement rates (Huang et al., 2025). However, studies at lower
taxonomic scales, testing key evidence of hybrid dysfunction—such as heterokaryotype
infertility and the association between genetic distance and chromosome number—would be

necessary to determine chromosomal hybrid dysfunction role in their speciation.

Patterns of chromosome evolution across Lepidoptera provide additional context for
these hypotheses. The majority of Lepidoptera species maintain a chromosomal number close
to the ancestral state (n=31), which are known as the Merian elements (Wright et al., 2024).
Chromosome fissions are rarer than fusions and occur mainly in families with high karyological
diversity (Wright et al., 2024), where fissions often coincide with cladogenic events linked to
hybrid dysfunction chromosomal speciation models (Augustijnen et al., 2024; de Vos et al.,
2020). Reproductive isolation in butterflies is often prezygotic through mate choice (Kandul et
al., 2007; Lukhtanov et al., 2005), so CRs may contribute mostly as introgression barriers
between recently isolated species (de Vos et al., 2020). However, alternative mechanisms have

been reported where CRs directly drive speciation. Specifically, a recombinational hybrid
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dysfunction model—also conceptualized as the chromosomal variant of Hybrid Homoploid
Speciation (HHS; Table 2)—has been proposed for certain butterfly groups (Lukhtanov et al.,
2015). In this framework, hybridization between two parental species with different fixed
rearrangements lead to a homozygous recombinant F2 with a new combination of
rearrangements. If the recombinant progeny is isolated through post-zygotic barriers from the
parents, it can be considered as a chromosomal speciation event through hybrid dysfunction
(Lukhtanov et al., 2015). High karyotypic diversity has only led to speciation in one (family
Lycaenidae) of the two clades where inverted meiosis has been reported (families Pieridae and
Lycaenidae; Table 2). Correlation between genetic distance and the number of CRs points
towards chromosomal speciation in genus Polyommatus (family Lycaenidae; Lukhtanov et al.,
2005), but hybrid fertility measures would be necessary to confirm hybrid dysfunction. While
in the family Pieridae, Leptidea sinapis did not show this pattern (Lukhtanov et al., 2011), and
high hybrid fertility was found between parents differing in 24 fusions/fissions (Lukhtanov et
al., 2018). The main differences between these two clades lie in their demographic dynamics:
L. sinapis 1s a generalist with a wide distribution area, leading very low population structure
(Lukhtanov et al., 2011), while Polyommatus populations are smaller and geographically

isolated, allowing allopatric speciation to occur (Lukhtanov et al., 2005).

The Stasipatric Model considers the role of centromere drive in the establishment
and/or fixation of a highly underdominant karyotype within a continuously distributed
population (Table 1). According to this meiotic drive model, centromeres make a selfish effort
to exploit an asymmetric meiosis, where only one of the four meiotic products survives, to
secure their preferential transmission at the expense of their homologous counterparts
(Henikoff et al., 2001; Malik & Henikoff, 2009). Centromere size is typically the determinant
factor by which centromeres will be favoured (Burrack et al., 2011). A similar phenomenon,
the holokinetic drive (Bures & Zedek, 2014a), has been suggested for some holocentric species,
where the preferential transmission of chromosomes depends on chromosome size, as
kinetochore assembly occurs along their entire length. The most compelling evidence for
holokinetic drive comes from sedges, as it would be expected considering that both meiosis in
spermatogenesis and oogenesis are asymmetric (Furness & Rudall, 1999). A negative
correlation between genome size and chromosome number is found across different
evolutionary scales, including in the holocentric Cyperaceae and Juncaceae families (Elliott et
al., 2022; Roalson et al., 2007). However, at lower evolutionary levels, the opposite pattern, a

positive correlation, has been reported (K.-S. Chung et al., 2012), while within individual
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Carex species, no relationship or only a weak positive relationship has been found (Chung et
al., 2011; Escudero et al., 2015). The role of holokinetic drive in karyologically dynamic
holocentric animals seems to be more clade dependent, with only one of the meiosis being
asymmetric in aphids (Yan et al., 2020) and butterflies (Boman et al., 2024). Among aphids,
the pattern previously described is also found (Bure§ & Zedek, 2014a). In Lepidoptera, evidence
of holokinetic drive is so far restricted to karyologically dynamic clades with high chromosome
numbers (Beuret, 1957; Boman et al., 2024; Nagaraju & Jolly, 1986) and its effect is
unidirectional and conservative—contrasting with aphids and sedges—as it opposes the
transmission of derived fused chromosomes (Boman et al., 2024). Nematodes do not show
consistent patterns with holokinetic drive likely due to their segregation pattern in meiosis
which share some similarities with monocentric organisms (Bures & Zedek, 2014a) (Figure 2,

Table 2).

One of the most diverse and well-studied holocentric groups exhibiting surprisingly
low interchromosomal CR rate is nematodes (Carlton et al., 2022). This pattern is reflected in
their unusually stable karyotype (Carlton et al., 2022) and a conserved macrosynteny across
distantly related species (Cotton et al., 2016; Rdodelsperger, 2024). Their unique chromosome
organization is one possible explanation: chromosome centers are enriched in conserved
fundamental genes with strong linkage disequilibrium and their smaller and DNA repetitive
chromosome arms with non essential genes (Carlton et al., 2022; The C. elegans Sequencing
Consortium, 1998). Interchromosomal rearrangements that disturb these centers are strongly
selected against as they contain coadapted genes involved in essential metabolic pathways
(Gonzalez de la Rosa et al., 2021; Rodelsperger, 2024). Also, selection against underdominant
karyotypes is facilitated by large effective population sizes (Carlton et al., 2022; Hillier et al.,
2007). Another possible explanation is that their unique subtelomeric sequence motifs, which
define pairing centers, are important for initiation of synapsis of homologous chromosomes
and may be disrupted by chromosome fusions or fissions (Carlton et al., 2022; Hillier et al.,
2007). The ultimate reasons behind this karyotype stability remain unknown (Carlton et al.,
2022), but are likely nematode specific rather than incorrect chromosome segregation during
meiosis as traditional hybrid dysfunction chromosomal speciation models hypothesize.
Nevertheless, there is one example for the nematode genus Pristionchus, which contains
closely related species that underwent independent chromosome fusions and whose hybrids
suffer from lower fertility due to aneuploidy (Yoshida et al., 2023), fitting a strong

underdominance model. Interestingly, chromosomes involved in fusions are the same across
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different clades (Rodelsperger, 2024), suggesting that they have unique characteristics that

relax the tight regulation of interchromosomal rearrangements in nematodes.

Table 1: Overview of major hybrid dysfunction chromosomal speciation models, summarizing the level

of underdominance, the evolutionary forces involved, the requirement for geographic isolation, and their

likelihood in holocentric organisms.

(White, 1978)

Need fi
Hybrid Dysfunction Underdominance . ¢ or. Likelihood and examples
Evolutionary forces geographic |, . )
Model level i . in holocentric organisms
isolation?
Drift and positi . L
o a.m p.OSI Ve High, reported mainly in
selection (if the new .
. . . sedges (Whitkus, 1988;
Chain Cascade Model karyotype is located in
. Weak/ moderate . Yes Escudero et al., 2016;
(White, 1978) an area with different )
environmental Goémez-Ramos et al.,
\%
. 2026a)
characteristics)
Chromosomal
Transilience Model Strong High drift Yes Low
(Templeton, 1981)
Weak between
ancestral and derived
Monobrachial Fusion |populations. Strong Not applicable, as the
Model (Baker & between two derived |Drift Yes model depends on
Bickham, 1986) populations (simplest centromere position
case of Chain
Cascade Model)
Recombinational
Model (also referred as
Chromosomal e Reported in butterflies
. . St Hybridizat Mayb
Homoploid Hybrid rong ybridization aybe (Lukhtanov et al., 2015).
Speciation model)
(Grant, 1981)
Low if the original model
is considered, high if we
expand it to include low
Quantum speciation Drift and positive Yes (peripheral |{underdominant
Strong . . .
model (Grant, 1981) selection populations) |rearrangements (Whitkus,
1988; Escudero et al.,
2016; Goémez-Ramos et
al., 2026b)
Yes, with the
. . particularities of
St t del . C o
asipatric mode Strong Drift and meiotic drive |No holokinetic drive

(Escudero et al., 2016;
Bures & Zedek, 2014)
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Table 2. Empirical support for key predictions on how holocentricity and other related traits can impact hybrid

dysfunction chromosomal speciation models.

Prediction

Empirical support

(i) Holocentric organisms have higher tolerance
for chromosomal rearrangements leading to high
karyological diversity caused by dysploidy in

holocentric clades

v'Sedges: (E. H. Roalson, 2008)

v Woodrushes (Bozek et al., 2012)

~Butterflies (only two families) (de Vos et al., 2020)

~ Hemiptera (only for scale insects (Cook, 2000) and aphids
(C. Huang et al., 2025)

~Scorpions (one family (Schneider et al., 2009))

~Six eyed spiders (one family Dysderidae )

X Nematodes (Blaxter, 2024)

(i1) The most karyotypically diverse clades in

holocentrics have inverted meiosis

v Inverted meiosis in sedges and woodrushes (Cabral et al.,
2014)

~ Inverted meiosis only in sex chromosomes during
spermatogenesis in Hemiptera (Viera et al., 2008)

v Inverted meiosis in two butterfly families with high
karyotypical diversity (Lukhtanov et al., 2018; Lukhtanov &
Dantchenko, 2017)

(iii) Holocentric clades consistently show higher
chromosomal rearrangement rates than

monocentric ones

X Insects (Ruckman et al., 2020)
~ Plants (Valdés-Florido et al., 2026)

(iv) Part of these karyological diversity remains
intraspecific or even intrapopulational in highly

karyotypically diverse clades

v True sedges (genus Carex ~40% sp with intraspecific
variation) (Escudero et al., 2013, 2024; Lucefio & Castroviejo,
1991)

~ Butterflies (Leptidea sinapis (Lukhtanov et al., 2018)
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(v) The increase of heterozygous rearrangements | v True sedges: Carex scoparia (Escudero et al., 2016)

in a heterokaryotype increases hybrid inviability ~Butterflies: X Leptidea sinapis (Lukhtanov et al., 2018) v/

d/or infertilit
andror infertity Polyommatus (Lukhtanov & Dantchenko, 2017) v
v Nematodes: Pristionchus exspecatus-P.pacificus (Y oshida
et al., 2023)
(vi) Genetic distance/time of coalescence v Carex scoparia (Escudero et al., 2016)

between populations/species is correlated with v Carex clade Spirostachyae (Escudero et al., 2010)

their diff in th ber of t
eit duiterence in the numbet of reatrangements v Butterflies: Polyommatus (Lukhtanov et al., 2005) Leptidea

sinapis (Lukhtanov et al., 2011)

370

371 2. Recombination suppression models and holocentricity

372

373 For hybrid dysfunction models, the main difference between holocentric and

374  monocentric organisms is clear: large CRs exhibit lower underdominance (Lucek et al., 2022).
375  This distinction is less evident in recombination suppression models, as there are no substantial
376  available data to determine whether these models behave differently in holocentric organisms.
377  The increasing availability of recombination data from a wider range of organisms, driven by
378  thereduced costs of sequencing technologies, has revealed certain promising and particularities
379  of recombination patterns in holocentric species.

380

381 The compromised spatial separation between segregation and recombination functions
382  in holocentric chromosomes translates into a lower number of CO events per chromosome:
383  with no more than two CO per chromosome and most chromosomes only having one, while
384  monocentric chromosomes routinely reach three or four CO events (Castellani et al., 2024;
385 Lianetal., 2023; Nokkala et al., 2004; Zedek et al., 2026). In addition to the absence of a single
386  centromere, which constrain patterns of recombination in monocentrics, the limitation to only
387  one CO in the majority of holocentric chromosomes leads to a more constant recombination
388  rate within chromosomes, which is not observed when there is more than one CO as they must
389  maintain a certain distance between each other (Hunter, 2015). In this way, larger holocentric
390 chromosomes that are able to fit two COs during meiosis, do show a bimodal pattern of

391  recombination density as the two COs must maintain a certain distance with each other (Table
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4). The mechanisms underlying segregation differ among holocentric organisms, consequently
influencing recombination. For instance, sedges possess satellite-based holocentromeres where
the kinetochore is recruited similarly to monocentrics (Marques et al., 2015). In contrast,
Lepidoptera assemble kinetochores wherever chromatin is permissive (Senaratne et al., 2021).
Finally, nematodes exhibit a form of meiosis in which a single subtelomeric crossover per
chromosome pair forms cruciform bivalents composed of short and long bivalent arms
(Nabeshima et al., 2004; Rockman & Kruglyak, 2009), where the long bivalent arms are
directed toward the segregation poles, as in canonical meiosis, rather than in inverted meiosis

(Figure 1c).

According to traditional recombination suppression models, the evolutionary potential
of inversions lies in how much they change the recombination landscape and the number of
genes they bring into linkage disequilibrium. One of the main determinants of an inversion’s
evolutionary potential is its size: the larger the more impact it can have. In monocentric
organisms, inversions are typically restricted within the same chromosome arm (Coyne et al.,
1991). Inversions where the centromere is affected (pericentric inversions) impact chromosome
pairing as they alter symmetry between homologs (Coyne et al., 1991; Kaiser, 1984). This
limitation does not exist in holocentric chromosomes, so a wider range of genes can be linked
together through inversions. While inversions typically emerge due to ectopic recombination
between repetitive elements (Gray, 2000; Kent et al., 2017), this seems to be more evolutionary
impactful when inverted genes are located in subtelomeric areas with high recombination rates
(Fernandes et al., 2019; Muller et al., 2019). Similarly to recombination, the lack of a
centralized centromere leads to a more homogenous distribution of genes and repetitive
elements in holocentric organisms, with the exception of nematodes and mites (Table 4).
Overall, we can hypothesize that evolutionary relevant inversions can appear in a wider range
of locations throughout the genome in holocentric organisms, potentially linking together a
more diverse set of gene groups. While there are some examples for the role of inversions in
speciation for holocentric organisms (Gomez-Ramos et al., 2026b; Hillier et al., 2097; Joron
et al., 2011), the lack of in-depth studies on the impact of inversions on genes across a wider
set of holocentric organisms impedes testing this hypothesis. As sequencing technologies
become more accessible, examples of evolutionary relevant inversions will increase and
comparing the size, location and redundancy of these inversions between mono- and

holocentric will become possible, shedding some light into their unique evolutionary patterns.
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Previous authors (Sanchez-Villegas et al., 2026; (Benitez-Benitez et al., 2025; Berdan
et al., 2024; Lucek et al., 2023) have called for increased attention to CRs other than inversions
as recombination-suppressors, as these have received far less attention even with emerging
evidence of their impact on recombination (Guerrero & Kirkpatrick, 2014; Vara et al., 2021).
In addition to local suppression recombination near the breakpoints, translocations and fusions
can create new combinations of genes in linkage disequilibrium. Because reciprocal
translocation, fissions and fusions generally exhibit lower underdominance in holocentric
organisms than in monocentrics, particularly in those with inverted meiosis (Lukhtanov et al.,
2018), their role in speciation may arise primarily through their effects on recombination rather
than through direct reduction in hybrid fitness. Chromosomal fusions are more common and
widespread in Lepidoptera than fissions (Wright et al., 2024) and are mostly associated with
anagenic chromosomal speciation events (Augustijnen et al., 2024; Mackintosh et al., 2024),
supporting the hypothesis that they contribute to chromosomal speciation as recombination
suppressors. This is further supported by empirical evidence of reduced introgression (from
reduced recombination) in fused chromosomes—as a whole and near breakproints—
facilitating the appearance of genic incompatibilities that eventually lead to prezygotic
reproductive barriers (Edelman et al., 2019; Mackintosh et al., 2023). This is also an alternative
hypothesis to explain the correlation between karyological diversity and species richness in
aphids, which could be more likely considering the importance of plant-host relation for their
speciation (Peccoud et al., 2014). An example of the role of chromosome fusions and fissions
as recombination architects is found within the nematode genus Pristionchus, an exception to
the karyological nematode stability, who has undergone frequent chromosome fusions and
fissions along with their diversification (Yoshida et al., 2024). Recombination analyses of
closely related Pristionchus species with independent chromosome fusions indicated that these
CRs extensively reshaped the recombination landscape, restoring a single crossover limited in
new subtelomeric regions (i.e. chromosome arms; Yoshida et al., 2023). Because holocentric
chromosomes have highly restricted crossover formation, genes located on ancestral
chromosome arms, which now lie in chromosome centers, have undergone strong
recombination suppression and have become tightly linked as a consequence of chromosome

fusions.

Many CRs involved in local adaptation can remain polymorphic for a long time before
leading to speciation (Wellenreuther & Bernatchez, 2018). However, if one of the coadapted

genes is involved in mate choice, the CR is more likely to result in speciation (Servedio et al.,
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2011; Trickett & Butlin, 1994). Sex chromosomes are enriched in reproductive functions,
accounting for a disproportionately high fraction of reported BDMi (Coyne, 1992; Haldane,
1922). One particular form of chromosomal speciation through recombination suppression is
sex chromosome-autosome fusions, as they bring reproductive genes in linkage with a new set
of autosomal genes. These fusions can be common across whole clades (Wright et al., 2024)
and they also tend to be the first CRs to appear when species diverge (Carabajal Paladino et al.,
2019; Nguyen et al., 2013; Nilsson et al., 1988). The higher turnover rate of sex chromosomes
over autosomes appears to remain true no matter the CR rate of the clade (Gonzalez de la Rosa
etal., 2021; Yoshida et al., 2024). Aphids offer an exception to this rule, with sex chromosomes
being more conserved than autosomes, but these exceptions are likely associated with their
particular life cycle where multiple asexual generations are followed by a sexual one (C. Huang
et al., 2025). CRs involving sex chromosomes are not limited to holocentric species as sex
chromosome turnover is common in fishes (Kitano et al., 2009; Kitano & Peichel, 2012) and
mammals (Graves, 2016), contributing to their diversification. However, they involve other
mechanisms rather than large interchromosomal rearrangements, such as small translocations
and duplications of key genes involved in gonad-differentiation changing the sex chromosome

identity (Graves, 2016).

While large interchromosomal rearrangements are rare in most nematode clades,
smaller rearrangements within, or even between, subtelomeric regions (i.e. chromosome arms)
are common as they are enriched for repeats (Hillier et al., 2007; Stein et al., 2003). These
chromosome arms have high recombination rates and higher proportion of non-essential genes
such as lineage specific duplicates and taxonomically restricted orphan genes (Prabh &
Rodelsperger, 2022; Thomas, 2006). Small CRs contribute to genic innovation in chromosome
arms in nematodes (Rddelsperger, 2024) either directly by interfering with genes or indirectly
by suppressing recombination. In Caenorhabditis elegans, genes with functions related to
environmental interactions (i.e. chemoreceptors, antimicrobial defenses), which likely promote
local adaptation, are enriched in chromosome arms (Prabh & Rdédelsperger, 2022; Thomas,

2006).

Decreased flexibility in CO events per chromosome affects how CRs impact
recombination rate outside of the local inverted areas and near breakpoints (Senaratne et al.,
2021). While mostly ignored by recombination suppression models (RSM) (Table 3),

compensatory increase of recombination within the rearranged chromosome or even across
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other chromosomes has been known since the first experiments of inversions in Drosophila
(Sturtevant, 1921; Sturtevant & Beadle, 1936). The higher prevalence of fissions and fusions
in certain holocentric groups and the higher recombination rate dependency on the number of
chromosomes in holocentric organisms suggests a role of fusions/fissions as recombination
rate regulators (Box S1), where holokinetic drive selects different chromosome sizes depending
on the level of recombination favourable in different environments (see Box S1). CRs may be
selected not depending on their impact on genes but because of their impact on recombination
rate presenting an alternative scenario for intraspecific chromosome number clines. An
example is Carex laevigata, where in populations in northern and higher areas, fusions may be
selected as they reduce recombination which is advantageous in less favorable environments,

where immediate fitness may be required (see Box S1).

Table 3: Overview of major recombination suppression chromosomal speciation models, summarizing the
evolutionary forces involved, the scope of influence achromosomal rearrangement (CR), their requirement for

geographic isolation, and the way the CR may contribute to speciation.

Need f
. ee . or How does CRs
Recombinant . Scope of (partial) .
. Evolutionary forces . contribute to
suppression model influence of CRs geographic .
N . speciation?
isolation?
Coluzzi' del . . .
( (;)OEIZZZZILS 11191;) 2)e Local adaptation Restricted to CRs  Yes Not specified
Trickett and Butlin's Local adaptation +
model (Trickett & Butlin, Sexual selection and Restricted to CRs Yes Not specified

1994) reinforcement

. CRs + Epistasis
Local
ocal adaptation with BDMi’s in

Rieseberg' del : i
leseberg's mode + Sexual selection Yes Not specified

2001 th i
(2001) and reinforcement OFier genomic
areas
Chromosomal
Homoploid Hybrid Local adaptation
Speciati +S 1 selecti . .
'pec1a 101'1 e . eXl‘la selection Restricted to CRs No Not specified
(incompatibility is genic  and reinforcement
and inside CR) +Hybridization

(Lukhtanov et al., 2015)

Local adaptation
+ Sexual selection Restricted to CRs  Yes
and reinforcement

Kirkpatrick—Barton
model (2006)

CRs protect BDMi’s
from introgression
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Local adaptation
+ Sexual selection
and reinforcement

Navarro-Barton model (
2003)

CRs protect BDMi’s

from introgression
Restricted to CRs  Yes +accelerate the
appearance of new

BDMi’s

Table 4. Empirical support for key predictions on how holocentricity itself and other related traits impact

recombination suppression chromosomal speciation models.

Prediction

Empirical support

(i) Holocentric organisms have a more
homogenous chromatin organization and/or

TE’s throughout the genome

v Sedges: true sedges (Gémez-Ramos et al., 2026a), break-
sedges (Hofstatter et al., 2022)

v Aphids (Grbi¢ et al., 2011)

v Butterflies (Mandrioli & Manicardi, 2012)

X Nematodes: gene-rich center and repeat-rich ends
(Carlton et al., 2022; The C. elegans Sequencing
Consortium, 1998)

X Mites: gene-rich center and repeat-rich ends

(Chmielewski et al., 2025)

(i1) Holocentric chromosomes represent a
constant recombination landscape in small
chromosomes. In larger chromosomes,
recombination is suppressed towards the
center due to the interference between the two

CroSs-overs.

v Butterflies: (Haenel et al., 2018; Palahi i Torres et al.,
2023; Shipilina et al., 2022)

v Sedges: beaksedges (Castellani et al., 2024), true sedges
(Gomez-Ramos et al, in prep; Sanchez-Villegas et al.,
2026)

X Nematodes: always reduced recombination in the

chromosome center with one CO (Rockman & Kruglyak,
2009; Rodelsperger et al., 2017; Yoshida et al., 2023)

X Mites: reduced recombination in chromosome centers

(Chmielewski et al., 2025)

(iii1) Sex chromosomes are more likely to be
involved in inter-chromosomal rearrangements
that lead to chromosomal speciation compared

to autosomes

v Butterflies (Wright et al., 2024)
v Nematodes (Gonzalez de la Rosa et al., 2021)
X Aphids (Huang et al., 2025)

(iv) Holocentric organisms have fewer

v Plants (Cabral et al., 2014; Cuacos et al., 2015;
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crossing-over per chromosome, mostly one, Hofstatter et al., 2021)

sometimes two per chromosome. v Nematodes (Schvarzstein et al., 2010)

v/ Hemiptera (Marques & Pedrosa-Harand, 2016; Melters
et al., 2012; Nokkala et al., 2004)

v Butterflies (Marques & Pedrosa-Harand, 2016; Melters
etal., 2012)

4. Final remarks

The advent of high-throughput sequencing technologies has triggered a conceptual renaissance
for classical chromosomal speciation models (Lucek et al., 2023). As cytological studies and
genome assemblies are available for a wider set of organisms, their role in diversification and
speciation has been explored in a broader context. Holocentric chromosomes have gained
interest over the recent decades as they have been discovered among highly diverse groups
such as sedges, butterflies, true bugs and nematodes (Melters et al., 2012), with some of them
exhibiting a great karyological diversity. However, holocentricity per se does not appear to lead
to greater diversification rate in general (Marquez-Corro et al., 2018). We have reevaluated
classic chromosomal speciation models to see how holocentric groups may defy their

assumptions and the particularities of the main diverse groups.

Holocentric chromosomes offer a unique tolerance towards large CRs such as fissions
and fusions (Lucek et al., 2022), but only in certain groups it has resulted in a higher karyotypic
diversity. Inverted meiosis appears to be a necessary, but not sufficient, condition for increased
CR rates (Lukhtanov et al., 2018; Mandrioli & Manicardi, 2020). Similarly, a heightened CR
rate does not always increase diversification rates, depending on the species demographic and

reproductive characteristics.

In theory, holocentric species would best adhere to the low underdominance hybrid
dysfunction models, such as Chain Cascade Models (White, 1978) where reproductive isolation
builds up step-by-step through the accumulation of different CRs. The efficacy of these models
depend on: (i) population structure being fragmented (small populations with weak gene flow
between them) and (ii) reproductive isolation arises primarily from chromosomal mispairing.
As the genus Carex mostly follows these conditions, pointing to their diversification adhering

to chain cascade models (Escudero et al., 2016; Tribble et al., 2025). These models potentially
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explain diversification in other groups with similar demographic and reproductive

characteristics such as aphids (C. Huang et al., 2025; Lombaert et al., 2006).

While Hybrid dysfunction models have already been regarded through holocentric
lenses (Lucek et al., 2022), how recombination suppression models may work differently in
holocentric organisms has not been previously addressed. Heightened sequencing availability
has allowed the discovery of recombination particularities in holocentric organisms: (i)
inversions are not limited in size and location by centromeres, (i1) recombination rate and gene
distribution is more homogenous among chromosomes, so evolutionarily relevant CR can
occur along wider genome areas and (iii) these organisms display higher tolerance for
interchromosomal rearrangements highlight their role as recombination suppressors.
Differences on how inversions lead to chromosomal speciation in holocentric species are
speculative and yet to be proven. Nevertheless, chromosomal fusions and fissions as
recombination suppressors have played a key role in diversification of Lepidoptera
(Augustijnen et al., 2024; Mackintosh et al., 2024; Wright et al., 2024), especially those
involving sex chromosomes as they tend to contain mate choice functions: a key reproductive
barrier in many Lepidoptera clades (Carabajal Paladino et al., 2019; Nguyen et al., 2013). The
structural constraint in the number of crossovers (Zedek et al., 2026) point to fissions/fusions'
role as recombination rate architects regulating recombination in response to ecological

demands.

Nematodes appear as a stable karyotype likely due to their unique segregation
mechanism and genomic features linked with intra-chromosomal position (Carlton et al., 2022;
Rodelsperger, 2024). Intra-chromosomal CRs play an important role in adaptation and
speciation as they contribute to innovation of gene regulation through recombination around
chromosome arms (Prabh & Rdodelsperger, 2022; Thomas, 2006). However, within nematodes
some groups have undergone frequent inter-chromosomal CR. In the case of Pristionchus, CRs
have promoted hybrid dysfunction and reshaped recombination landscape under their strict
chromosome-wide regulation (Yoshida et al., 2023, 2024). Taken together, nematodes show a

different side of holocentric chromosomal speciation.

Holocentric lenses look more like a prism as holocentricity leads to different speciation
and diversification patterns depending on an array of other factors, including the type of
meiosis, genomic features distribution, main reproductive barriers and demographic patterns,

affecting both the frequency of CR and how they impact differentiation. However, most of the
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knowledge of holocentric organisms is mainly driven from a few clades and more studies are
therefore required to understand the (non)-parallelism of holocentric species across the Tree of

Life.

Acknowledgements:

Acknowledgements:

The authors wish to thank Dr. Alexander Mackintosh for his contribution in the reunion where

the idea for this review was conceived.

Funding:

Project PID2024-157198NB-100 financed by MICIU/AEI /10.13039/501100011033 and by

FEDER, UE. IG-R was supported by the Andalusian Regional Ministry of Economy,
Knowledge, Business, and University (PREDOC 00632). RS-V was supported by the
Andalusian regional government (Spain) through project ProyExcel 00125 and by AEI-
MICIU through project PID2023-147332NB-100. KL was supported by the Swiss National
Science Foundation grants PCEFP3 202869 and 220868 as well as the Fondation Pierre

Mercier pour la Science and the Fondation du Jardin Botanique de Neuchatel.

Al use statement:

The authors used Artificial Intelligence (Al) to assist with language editing and improve the

clarity of the manuscript.

Conflict of interest statement

I/We declare we have no competing interests.

Data Availability Statement

23



598
599

600
601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

Data sharing is not applicable to this article as no new data were created or analysed in this

study.

References

Augustijnen, H., Bétscher, L., Cesanek, M., Chkhartishvili, T., Dinca, V., lankoshvili, G., Ogawa, K.,
Vila, R., Klopfstein, S., de Vos, J. M., & Lucek, K. (2024). A macroevolutionary role for
chromosomal fusion and fission in Erebia butterflies. Science Advances, 10(16), eadl0989.
https://doi.org/10.1126/sciadv.adl0989

Ayala, F. J., & Coluzzi, M. (2005). Chromosome speciation: Humans, Drosophila, and mosquitoes.
Proceedings of the National Academy of Sciences, 102(suppl 1), 6535-6542.
https://doi.org/10.1073/pnas.0501847102

Baker, R. J., & Bickham, J. W. (1986). Speciation by monobrachial centric fusions. Proceedings of
the National Academy of Sciences of the United States of America, 8§3(21), 8245-8248.
https://doi.org/10.1073/pnas.83.21.8245

Bell, G. (with Internet Archive). (1982). The masterpiece of nature: The evolution and genetics of
sexuality. London : Croom Helm. http://archive.org/details/masterpieceofnat0000bell

Benitez-Benitez, C., Mohan, A. V., Sanchez-Villegas, R., Gémez-Ramos, 1., Valdés-Florido, A.,
Lucek, K., Slovak, M., Kolar, F., Leitch, I. J., Lucefo, M., Larridon, 1., Carta, A., Cusco-
Borras, J., Maguilla, E., Montero-Ramirez, A., Meirmans, P. G., Scott, A. D., Martin-Bravo,
S., & Escudero, M. (2025). Bridging micro and macroevolution: Insights from chromosomal
dynamics in plants. Frontiers in Plant Science, 16. https://doi.org/10.3389/fpls.2025.1606450

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 Harbor Perspectives in Biology, 16(3), a041446.
https://doi.org/10.1101/cshperspect.a041446

Beuret, H. (1957). Studien iiber den Formenkreis Lysandra coridon-hispana-albicans. Ein Beitrag zum

Problem der Artbildung. 2. Studie. Mitt. Ent. Ges. Basel, NF, 7, 17-36.

24


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

Bogdanov, Yu. F. (2016). Inverted meiosis and its place in the evolution of sexual reproduction
pathways. Russian Journal of Genetics, 52(5), 473—490.
https://doi.org/10.1134/S1022795416050033

Boman, J., Wiklund, C., Vila, R., & Backstrom, N. (2024). Meiotic drive against chromosome fusions
in butterfly hybrids. Chromosome Research, 32(2), 7. https://doi.org/10.1007/s10577-024-
09752-0

Bozek, M., Leitch, A. R., Leitch, L. J., Zaveska Drabkova, L., & Kuta, E. (2012). Chromosome and
genome size variation in Luzula (Juncaceae), a genus with holocentric chromosomes.
Botanical Journal of the Linnean Society, 170(4), 529-541. https://doi.org/10.1111/j.1095-
8339.2012.01314.x

Bures, P., & Zedek, F. (2014a). HOLOKINETIC DRIVE: CENTROMERE DRIVE IN
CHROMOSOMES WITHOUT CENTROMERES. Evolution, 68(8), 2412-2420.
https://doi.org/10.1111/evo0.12437

Bures, P., & Zedek, F. (2014b). Holokinetic drive: Centromere drive in chromosomes without
centromeres. Evolution; International Journal of Organic Evolution, 68(8), 2412-2420.
https://doi.org/10.1111/evo0.12437

Burrack, L. S., Applen, S. E., & Berman, J. (2011). The Requirement for the Dam1 Complex Is
Dependent upon the Number of Kinetochore Proteins and Microtubules. Current Biology,
21(10), 889-896. https://doi.org/10.1016/j.cub.2011.04.002

Cabral, G., Marques, A., Schubert, V., Pedrosa-Harand, A., & Schldgelhofer, P. (2014). Chiasmatic
and achiasmatic inverted meiosis of plants with holocentric chromosomes. Nature
Communications, 5(1), 5070. https://doi.org/10.1038/ncomms6070

Carabajal Paladino, L. Z., Provaznikova, 1., Berger, M., Bass, C., Aratchige, N. S., Lopez, S. N.,
Marec, F., & Nguyen, P. (2019). Sex Chromosome Turnover in Moths of the Diverse
Superfamily Gelechioidea. Genome Biology and Evolution, 11(4), 1307-1319.
https://doi.org/10.1093/gbe/evz075

Carlton, P. M., Davis, R. E., & Ahmed, S. (2022). Nematode chromosomes. Genetics, 221(1),

iyac014. https://doi.org/10.1093/genetics/iyac014

25


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

Carta, A., Bedini, G., & Peruzzi, L. (2018). Unscrambling phylogenetic effects and ecological
determinants of chromosome number in major angiosperm clades. Scientific Reports, 8(1),
14258. https://doi.org/10.1038/s41598-018-32515-x

Castellani, M., Zhang, M., Thangavel, G., Mata-Sucre, Y., Lux, T., Campoy, J. A., Marek, M.,
Huettel, B., Sun, H., Mayer, K. F. X., Schneeberger, K., & Marques, A. (2024). Meiotic
recombination dynamics in plants with repeat-based holocentromeres shed light on the
primary drivers of crossover patterning. Nature Plants, 10(3), 423—438.
https://doi.org/10.1038/s41477-024-01625-y

Chmielewski, S., Konczal, M., Parrett, J. M., Rombauts, S., Dudek, K., Radwan, J., & Babik, W.
(2025). Sex-specific recombination landscape in a species with holocentric chromosomes.
Genetics, 231(4), iyaf217. https://doi.org/10.1093/genetics/iyaf217

Chung, K., Weber, J. A., & Hipp, A. L. (2011). Dynamics of chromosome number and genome size
variation in a cytogenetically variable sedge ( Carex scoparia var. Scoparia , Cyperaceae).
American Journal of Botany, 98(1), 122—129. https://doi.org/10.3732/ajb.1000046

Chung, K.-S., Hipp, A. L., & Roalson, E. H. (2012). Chromosome Number Evolves Independently of
Genome Size in a Clade with Nonlocalized Centromeres (carex: Cyperaceae). Evolution,
66(9), 2708-2722. https://doi.org/https://doi.org/10.1111/j.1558-5646.2012.01624.x

Coghlan, A., Eichler, E. E., Oliver, S. G., Paterson, A. H., & Stein, L. (2005). Chromosome evolution
in eukaryotes: A multi-kingdom perspective. Trends in Genetics, 21(12), 673—-682.
https://doi.org/10.1016/}.tig.2005.09.009

Coluzzi, M. (1982). Spatial distribution of chromosomal inversions and speciation in Anopheline
mosquitoes. Progress in Clinical and Biological Research, 96, 143—153.

Cook, L. G. (2000). Extraordinary and extensive karyotypic variation: A 48-fold range in
chromosome number in the gall-inducing scale insect Apiomorpha (Hemiptera: Coccoidea:
Eriococcidae). Genome, 43(2), 255-263.

Cotton, J. A., Bennuru, S., Grote, A., Harsha, B., Tracey, A., Beech, R., Doyle, S. R., Dunn, M.,
Hotopp, J. C. D., Holroyd, N., Kikuchi, T., Lambert, O., Mhashilkar, A., Mutowo, P.,

Nursimulu, N., Ribeiro, J. M. C., Rogers, M. B., Stanley, E., Swapna, L. S., ... Lustigman, S.

26


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

(2016). The genome of Onchocerca volvulus, agent of river blindness. Nature Microbiology,
2(2), 16216. https://doi.org/10.1038/nmicrobiol.2016.216

Coyne, J. A. (1992). Genetics and speciation. Nature, 355(6360), 511-515.
https://doi.org/10.1038/355511a0

Coyne, J. A., Aulard, S., & Berry, A. (1991). Lack of Underdominance in a Naturally Occurring
Pericentric Inversion in Drosophila Melanogaster and Its Implications for Chromosome
Evolution. Genetics, 129(3), 791-802. https://doi.org/10.1093/genetics/129.3.791

Coyne, J. A., Meyers, W., Crittenden, A. P., & Sniegowski, P. (1993). The fertility effects of
pericentric inversions in Drosophila melanogaster. Genetics, 134(2), 487-496.
https://doi.org/10.1093/genetics/134.2.487

Coyne, J. A., Orr, H. A., Coyne, J. A., & Orr, H. A. (2004). Speciation. Oxford University Press.

Cuacos, M., H. Franklin, F. C., & Heckmann, S. (2015). Atypical centromeres in plants—What they
can tell us. Frontiers in Plant Science, 6. https://doi.org/10.3389/fpls.2015.00913

Cutter, A. D. (2012). The polymorphic prelude to Bateson—Dobzhansky—Muller incompatibilities.
Trends in Ecology & Evolution, 27(4), 209-218. https://doi.org/10.1016/j.tree.2011.11.004

Dapper, A. L., & Payseur, B. A. (2017). Connecting theory and data to understand recombination rate
evolution. Philosophical Transactions of the Royal Society B: Biological Sciences, 372(1736),
20160469. https://doi.org/10.1098/rstb.2016.0469

de Vos, J. M., Augustijnen, H., Bitscher, L., & Lucek, K. (2020). Speciation through chromosomal
fusion and fission in Lepidoptera. Philosophical Transactions of the Royal Society B:
Biological Sciences, 375(1806), 20190539. https://doi.org/10.1098/rstb.2019.0539

Edelman, N. B., Frandsen, P. B., Miyagi, M., Clavijo, B., Davey, J., Dikow, R. B., Garcia-Accinelli,
G., Van Belleghem, S. M., Patterson, N., Neafsey, D. E., Challis, R., Kumar, S., Moreira, G.
R. P., Salazar, C., Chouteau, M., Counterman, B. A., Papa, R., Blaxter, M., Reed, R. D, ...
Mallet, J. (2019). Genomic architecture and introgression shape a butterfly radiation. Science,
366(6465), 594-599. https://doi.org/10.1126/science.aaw2090

Elliott, T. L., Zedek, F., Barrett, R. L., Bruhl, J. J., Escudero, M., Hroudova, Z., Joly, S., Larridon, 1.,

Lucefio, M., Marquez-Corro, J. 1., Martin-Bravo, S., Muasya, A. M., gmarda, P., Thomas, W.

27


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

W., Wilson, K. L., & Bures, P. (2022). Chromosome size matters: Genome evolution in the
cyperid clade. Annals of Botany, 130(7), 999—-1014. https://doi.org/10.1093/aob/mcac136

Escudero, M., Arroyo, J. M., Sanchez-Ramirez, S., & Jordano, P. (2024). Founder events and
subsequent genetic bottlenecks underlie karyotype evolution in the Ibero-North African
endemic Carex helodes. Annals of Botany, 133(5-6), 871-882.
https://doi.org/10.1093/aob/mcad087

Escudero, M., Hahn, M., Brown, B. H., Lueders, K., & Hipp, A. L. (2016). Chromosomal
rearrangements in holocentric organisms lead to reproductive isolation by hybrid dysfunction:
The correlation between karyotype rearrangements and germination rates in sedges. American
Journal of Botany, 103(8), 1529—1536. https://doi.org/10.3732/ajb.1600051

Escudero, M., Hipp, A. L., Hansen, T. F., Voje, K. L., & Lucefio, M. (2012). Selection and inertia in
the evolution of holocentric chromosomes in sedges (Carex, Cyperaceae). New Phytologist,
195(1), 237-247. https://doi.org/10.1111/j.1469-8137.2012.04137.x

Escudero, M., Hipp, A. L., & Lucefio, M. (2010). Karyotype stability and predictors of chromosome
number variation in sedges: A study in Carex section Spirostachyae (Cyperaceae). Molecular
Phylogenetics and Evolution, 57(1), 353-363. https://doi.org/10.1016/j.ympev.2010.07.009

Escudero, M., Maguilla, E., Loureiro, J., Castro, M., Castro, S., & Lucefio, M. (2015). Genome size
stability despite high chromosome number variation in Carex gr. Laevigata. American
Journal of Botany, 102(2), 233-238. https://doi.org/10.3732/ajb.1400433

Escudero, M., Martin-Bravo, S., Mayrose, ., Fernandez-Mazuecos, M., Fiz-Palacios, O., Hipp, A. L.,
Pimentel, M., Jiménez-Mejias, P., Valcarcel, V., Vargas, P., & Lucefio, M. (2014).
Karyotypic Changes through Dysploidy Persist Longer over Evolutionary Time than
Polyploid Changes. PLOS ONE, 9(1), €85266. https://doi.org/10.1371/journal.pone.0085266

Escudero, M., Valcéarcel, V., Vargas, P., & Lucefio, M. (2009). Significance of Ecological Vicariance
and Long-Distance Dispersal in the Diversification of Carex Sect. Spirostachyae
(Cyperaceae). American Journal of Botany, 96(11), 2100-2114.

https://www.jstor.org/stable/20621988

28


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

Escudero, M., Valcarcel, V., Vargas, P., & Lucefio, M. (2010). Bipolar disjunctions in Carex: Long-
distance dispersal, vicariance, or parallel evolution? Flora - Morphology, Distribution,
Functional Ecology of Plants, 205(2), 118—127. https://doi.org/10.1016/j.flora.2009.01.005

Escudero, M., Weber, J. A., & Hipp, A. L. (2013). Species coherence in the face of karyotype
diversification in holocentric organisms: The case of a cytogenetically variable sedge (Carex
scoparia, Cyperaceae). Annals of Botany, 112(3), 515-526.
https://doi.org/10.1093/aob/mct119

Faria, R., & Navarro, A. (2010). Chromosomal speciation revisited: Rearranging theory with pieces of
evidence. Trends in Ecology & Evolution, 25(11), 660—-669.
https://doi.org/10.1016/j.tree.2010.07.008

Fernandes, J. B., Wlodzimierz, P., & Henderson, 1. R. (2019). Meiotic recombination within plant
centromeres. Current Opinion in Plant Biology, 48, 26-35.
https://doi.org/10.1016/j.pbi.2019.02.008

Fierst, J. L., & Hansen, T. F. (2010). GENETIC ARCHITECTURE AND POSTZYGOTIC
REPRODUCTIVE ISOLATION: EVOLUTION OF BATESON-DOBZHANSKY—
MULLER INCOMPATIBILITIES IN A POLYGENIC MODEL. Evolution, 64(3), 675-693.
https://doi.org/10.1111/j.1558-5646.2009.00861 .x

Forero, D. (2008). The Systematics of the Hemiptera. Revista Colombiana de Entomologia, 34(1), 1—
21. https://doi.org/10.25100/socolen.v34i1.9244

Friedman, J., & Barrett, S. C. H. (2009). The consequences of monoecy and protogyny for mating in
wind-pollinated Carex. New Phytologist, 181(2), 489-497. https://doi.org/10.1111/j.1469-
8137.2008.02664.x

Furness, C. A., & Rudall, P. J. (1999). Microsporogenesis in Monocotyledons. Annals of Botany,
84(4), 475-499. https://doi.org/10.1006/anbo.1999.0942

Gonzalez de la Rosa, P. M., Thomson, M., Trivedi, U., Tracey, A., Tandonnet, S., & Blaxter, M.
(2021). A telomere-to-telomere assembly of Oscheius tipulae and the evolution of rhabditid

nematode chromosomes. G3, 11(1), jkaa020. https://doi.org/10.1093/g3journal/jkaa020

29


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

763  Gomez-Ramos, 1., Sdnchez-Villegas, R., Mohan, A. V., Cornet, C., Marques, A., Maguilla, E.,

764 Martin-Bravo, S., Lucek, K., & Escudero, M. (2026b). Genomic insights into the karyotypic
765 radiation of a narrow endemic holocentric plant Carex helodes. Philosophical Transactions of
766 the Royal Society B: Biological Sciences (in press) https://doi.org/10.1098/rstb.2015.0615

767  Gomez-Ramos, 1.¥, Sanchez-Villegas, R.*, Mohan, A. V., Lavergne, C., Cerca, J., Marquez-Corro, J.

768 1., Marques, A., Martin-Bravo, S., Lucefio, M., Lucek, K., & Escudero, M. (2026b).
769 Chromosomal inversions accelerate genetic evolution and drive ecological speciation across
770 an island gradient. Proceedings of the National Academy of Sciences (in press)

771 Grant, V. (1981). Plant Speciation. Columbia University Press.

772  Graves, J. A. M. (2016). Did sex chromosome turnover promote divergence of the major mammal

773 groups?: De novo sex chromosomes and drastic rearrangements may have posed reproductive
774 barriers between monotremes, marsupials and placental mammals. BioEssays: News and

775 Reviews in Molecular, Cellular and Developmental Biology, 38(8), 734—743.

776 https://doi.org/10.1002/bies.201600019

777  Gray, Y. H. M. (2000). It takes two transposons to tango:transposable-element-mediated
778 chromosomal rearrangements. Trends in Genetics, 16(10), 461-468.
779 https://doi.org/10.1016/S0168-9525(00)02104-1

780  Grbi¢, M., Van Leeuwen, T., Clark, R. M., Rombauts, S., Rouzé, P., Grbi¢, V., Osborne, E. J.,

781 Dermauw, W., Thi Ngoc, P. C., Ortego, F., Hernandez-Crespo, P., Diaz, 1., Martinez, M.,
782 Navajas, M., Sucena, E., Magalhdes, S., Nagy, L., Pace, R. M., Djuranovié, S., ... Van de
783 Peer, Y. (2011). The genome of Tetranychus urticae reveals herbivorous pest adaptations.
784 Nature, 479(7374), 487-492. https://doi.org/10.1038/nature10640

785  Guerrero, R. F., & Kirkpatrick, M. (2014). Local Adaptation and the Evolution of Chromosome
786 Fusions. Evolution, 68(10), 2747-2756. https://doi.org/10.1111/evo.12481

787  Haenel, Q., Laurentino, T. G., Roesti, M., & Berner, D. (2018). Meta-analysis of chromosome-scale
788 crossover rate variation in eukaryotes and its significance to evolutionary genomics.

789 Molecular Ecology, 27(11), 2477-2497. https://doi.org/10.1111/mec.14699

30


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

Haldane, J. B. S. (1922). Sex ratio and unisexual sterility in hybrid animals. Journal of Genetics,
12(2), 101-109. https://doi.org/10.1007/BF02983075

Henikoff, S., Ahmad, K., & Malik, H. S. (2001). The centromere paradox: Stable inheritance with
rapidly evolving DNA. Science, 293(5532), 1098-1102.
https://doi.org/10.1126/science.1062939

Hill, A., & Bloom, K. (1987). Genetic manipulation of centromere function. Molecular and Cellular
Biology, 7(7), 2397-2405. https://doi.org/10.1128/mcb.7.7.2397-2405.1987

Hillier, L. W., Miller, R. D., Baird, S. E., Chinwalla, A., Fulton, L. A., Koboldt, D. C., & Waterston,
R. H. (2007). Comparison of C. elegans and C. briggsae Genome Sequences Reveals
Extensive Conservation of Chromosome Organization and Synteny. PLoS Biology, 5(7),
e167. https://doi.org/10.1371/journal.pbio.0050167

Hipp, A. L., Rothrock, P. E., & Roalson, E. H. (2009). The Evolution of Chromosome Arrangements
in Carex (Cyperaceae). The Botanical Review, 75(1), 96—109. https://doi.org/10.1007/s12229-
008-9022-8

Hipp, A. L., Rothrock, P. E., Whitkus, R., & Weber, J. A. (2010). Chromosomes tell half of the story:
The correlation between karyotype rearrangements and genetic diversity in sedges, a group
with holocentric chromosomes. Molecular Ecology, 19(15), 3124-3138.
https://doi.org/10.1111/j.1365-294X.2010.04741.x

Hodda, M. (2011). “Phylum Nematoda Cobb 1932. In: Zhang, Z.-Q. (Ed.) Animal biodiversity: An
outline of higher-level classification and survey of taxonomic richness. Zootaxa, 3148(1).
https://doi.org/10.11646/zootaxa.3148.1.11

Hofstatter, P. G., Thangavel, G., Castellani, M., & Marques, A. (2021). Meiosis Progression and
Recombination in Holocentric Plants: What Is Known? Frontiers in Plant Science, 12.
https://doi.org/10.3389/fpls.2021.658296

Huang, C., Ji, B., Shi, Z., Wang, J., Yuan, J., Yang, P., Xu, X., Jing, H., Xu, L., Fu, J., Zhao, L., Ren,
Y., Guo, K., & Li, G. (2025). A comparative genomic analysis at the chromosomal-level
reveals evolutionary patterns of aphid chromosomes. Communications Biology, 8(1), 1-16.

https://doi.org/10.1038/s42003-025-07851-0

31


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

818  Huang, K., & Rieseberg, L. H. (2020). Frequency, Origins, and Evolutionary Role of Chromosomal
819 Inversions in Plants. Frontiers in Plant Science, 11. https://doi.org/10.3389/fp1s.2020.00296
820  Hunter, N. (2015). Meiotic Recombination: The Essence of Heredity. Cold Spring Harbor

821 Perspectives in Biology, a016618. https://doi.org/10.1101/cshperspect.a016618

822  Jiménez-Mejias, P., Escudero, M., Guerra-Cardenas, S., Lye, K. A., & Lucefio, M. (2011). Taxonomic

823 delimitation and drivers of speciation in the Ibero-North African Carex sect. Phacocystis
824 river-shore group (Cyperaceae). American Journal of Botany, 98(11), 1855—-1867. Scopus.
825 https://doi.org/10.3732/ajb.1100120

826  John, B. (1981). Chromosome change and evolutionary change: A critique. In Evolution and
827 Speciation (Atchley, W.R. and Woodruff, D.S., pp. 23-51). Cambridge University Press.

828  Joron, M., Frezal, L., Jones, R. T., Chamberlain, N. L., Lee, S. F., Haag, C. R., Whibley, A., Becuwe,

829 M., Baxter, S. W., Ferguson, L., Wilkinson, P. A., Salazar, C., Davidson, C., Clark, R., Quail,
830 M. A., Beasley, H., Glithero, R., Lloyd, C., Sims, S., ... ffrench-Constant, R. H. (2011).

831 Chromosomal rearrangements maintain a polymorphic supergene controlling butterfly

832 mimicry. Nature, 477(7363), 203-206. https://doi.org/10.1038/nature10341

833  Kaiser, P. (1984). Pericentric inversions. Human Genetics, 68(1), 1-47.

834 https://doi.org/10.1007/BF00293869

835  Kandul, N. P., Lukhtanov, V. A., & Pierce, N. E. (2007). Karyotypic diversity and speciation in
836 Agrodiaetus butterflies. Evolution, International Journal of Organic Evolution, 61(3), 546—
837 559. https://doi.org/10.1111/j.1558-5646.2007.00046.x

838 Kent, T. V., Uzunovi¢, J., & Wright, S. I. (2017). Coevolution between transposable elements and
839 recombination. Philosophical Transactions of the Royal Society B: Biological Sciences,
840 372(1736), 20160458. https://doi.org/10.1098/rstb.2016.0458

841  King, M. (1993). Species Evolution. Cambridge University Press.

842 https://www.cambridge.org/universitypress/subjects/life-sciences/evolutionary-

843 biology/species-evolution-role-chromosome-change

844  Kirkpatrick, M., & Barton, N. (2006). Chromosome Inversions, Local Adaptation and Speciation.

845 Genetics, 173(1), 419. https://doi.org/10.1534/genetics.105.047985

32


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

Kitano, J., & Peichel, C. L. (2012). Turnover of sex chromosomes and speciation in fishes.
Environmental Biology of Fishes, 94(3), 549-558. https://doi.org/10.1007/s10641-011-9853-8

Kitano, J., Ross, J. A., Mori, S., Kume, M., Jones, F. C., Chan, Y. F., Absher, D. M., Grimwood, J.,
Schmutz, J., Myers, R. M., Kingsley, D. M., & Peichel, C. L. (2009). A role for a neo-sex
chromosome in stickleback speciation. Nature, 461(7267), 1079—1083.
https://doi.org/10.1038/nature0844 1

Koella, J. C. (1993). Ecological correlates of chiasma frequency and recombination index of plants.
Biological Journal of the Linnean Society, 48(3), 227-238. https://doi.org/10.1111/j.1095-
8312.1993.tb00889.x

Lande, R. (1985). The fixation of chromosomal rearrangements in a subdivided population with local
extinction and colonization. Heredity, 54 ( Pt 3), 323-332.
https://doi.org/10.1038/hdy.1985.43

Lian, Q., Maestroni, L., Gaudin, M., Llorente, B., & Mercier, R. (2023). Meiotic recombination is
confirmed to be unusually high in the fission yeast Schizosaccharomyces pombe. iScience,
26(9), 107614. https://doi.org/10.1016/].is¢i.2023.107614

Lombaert, E., Boll, R., & Lapchin, L. (2006). Dispersal strategies of phytophagous insects at a local
scale: Adaptive potential of aphids in an agricultural environment. BMC Evolutionary
Biology, 6, 75. https://doi.org/10.1186/1471-2148-6-75

Lucek, K., Augustijnen, H., & Escudero, M. (2022). A holocentric twist to chromosomal speciation?
Trends in Ecology & Evolution, 37(8), 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 Harbor Perspectives in Biology, 15(11), a041447.
https://doi.org/10.1101/cshperspect.a041447

Lucefio, M., & Castroviejo, S. (1991). Agmatoploidy inCarex laevigata (Cyperaceae). Fusion and
fission of chromosomes as the mechanism of cytogenetic evolution in Iberian populations.

Plant Systematics and Evolution, 177(3), 149—159. https://doi.org/10.1007/BF00937952

33


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

Lukhtanov, V. A., & Dantchenko, A. V. (2017). A new butterfly species from south Russia revealed
through chromosomal and molecular analysis of the Polyommatus (Agrodiaetus) damonides
complex (Lepidoptera, Lycaenidae). Comparative Cytogenetics, 11(4), 769-795.
https://doi.org/10.3897/CompCytogen.v11i4.20072

Lukhtanov, V. A., Dinca, 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. Proceedings of the National Academy of Sciences, 115(41),
E9610-E9619. https://doi.org/10.1073/pnas.1802610115

Lukhtanov, V. A., Dinc4, V., Talavera, G., & Vila, R. (2011). Unprecedented within-species
chromosome number cline in the Wood White butterfly Leptidea sinapis and its significance
for karyotype evolution and speciation. BMC Evolutionary Biology, 11(1), 109.
https://doi.org/10.1186/1471-2148-11-109

Lukhtanov, V. A., Kandul, N. P., Plotkin, J. B., Dantchenko, A. V., Haig, D., & Pierce, N. E. (2005).
Reinforcement of pre-zygotic isolation and karyotype evolution in Agrodiaetus butterflies.
Nature, 436(7049), 385-389. https://doi.org/10.1038/nature03704

Lukhtanov, V. A., Shapoval, N. A., Anokhin, B. A., Saifitdinova, A. F., & Kuznetsova, V. G. (2015).
Homoploid hybrid speciation and genome evolution via chromosome sorting. Proceedings of
the Royal Society B: Biological Sciences, 282(1807), 20150157.
https://doi.org/10.1098/rspb.2015.0157

Mackintosh, A., Vila, R., Laetsch, D. R., Hayward, A., Martin, S. H., & Lohse, K. (2023).
Chromosome Fissions and Fusions Act as Barriers to Gene Flow between Brenthis Fritillary
Butterflies. Molecular Biology and Evolution, 40(3), msad043.
https://doi.org/10.1093/molbev/msad043

Mackintosh, A., Vila, R., Martin, S. H., Setter, D., & Lohse, K. (2024). Do chromosome
rearrangements fix by genetic drift or natural selection? Insights from Brenthis butterflies.
Molecular Ecology, 33(24), €17146. https://doi.org/10.1111/mec.17146

Malik, H. S., & Henikoff, S. (2009). Major evolutionary transitions in centromere complexity. Cell,

138(6), 1067-1082. https://doi.org/10.1016/.cell.2009.08.036

34


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

Mandrioli, M., & Manicardi, G. C. (2012). Unlocking Holocentric Chromosomes: New Perspectives
from Comparative and Functional Genomics? Current Genomics, 13(5), 343-349.
https://doi.org/10.2174/138920212801619250

Mandrioli, M., & Manicardi, G. C. (2020). Holocentric chromosomes. PLOS Genetics, 16(7),
e1008918. https://doi.org/10.1371/journal.pgen.1008918

Marques, A., & Pedrosa-Harand, A. (2016). Holocentromere identity: From the typical mitotic linear
structure to the great plasticity of meiotic holocentromeres. Chromosoma, 125(4), 669—681.
https://doi.org/10.1007/s00412-016-0612-7

Marques, A., Ribeiro, T., Neumann, P., Macas, J., Novak, P., Schubert, V., Pellino, M., Fuchs, J., Ma,
W., Kuhlmann, M., Brandt, R., Vanzela, A. L. L., Beseda, T., Simkova, H., Pedrosa-Harand,
A., & Houben, A. (2015). Holocentromeres in Rhynchospora are associated with genome-
wide centromere-specific repeat arrays interspersed among euchromatin. Proceedings of the
National Academy of Sciences, 112(44), 13633-13638.
https://doi.org/10.1073/pnas. 1512255112

Marquez-Corro, J. 1., Escudero, M., & Lucefio, 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 Research,
26(3), 139—152. https://doi.org/10.1007/s10577-017-9566-8

Marquez-Corro, J. I., Martin-Bravo, S., Jiménez-Mejias, P., Hipp, A. L., Spalink, D., Naczi, R. F. C.,
Roalson, E. H., Lucefio, M., & Escudero, M. (2021). Macroevolutionary insights into sedges
(Carex: Cyperaceae): The effects of rapid chromosome number evolution on lineage
diversification. Journal of Systematics and Evolution, 59(4), 776—790.
https://doi.org/10.1111/jse.12730

Martin-Bravo, S., Jiménez-Mejias, P., Villaverde, T., Escudero, M., Hahn, M., Spalink, D., Roalson,
E. H., Hipp, A. L., Group, the G. C., Benitez-Benitez, C., P. Bruederle, L., Fitzek, E., A.
Ford, B., A. Ford, K., Garner, M., Gebauer, S., H. Hoffmann, M., Jin, X.-F., Larridon, 1., ...

R. Starr, J. (2019). A tale of worldwide success: Behind the scenes of Carex (Cyperaceae)

35


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

biogeography and diversification. Journal of Systematics and Evolution, 57(6), 695-718.
https://doi.org/10.1111/jse.12549

Mayrose, 1., Barker, M. S., & Otto, S. P. (2010). Probabilistic Models of Chromosome Number
Evolution and the Inference of Polyploidy. Systematic Biology, 59(2), 132—144.
https://doi.org/10.1093/sysbio/syp083

Mayrose, 1., & Lysak, M. A. (2021). The Evolution of Chromosome Numbers: Mechanistic Models
and Experimental Approaches. Genome Biology and Evolution, 13(2), evaa220.
https://doi.org/10.1093/gbe/evaa220

McClintock, B. (1939). The Behavior in Successive Nuclear Divisions of a Chromosome Broken at
Meiosis. Proceedings of the National Academy of Sciences, 25(8), 405-416.
https://doi.org/10.1073/pnas.25.8.405

Melters, D. P., Paliulis, L. V., Korf, I. F., & Chan, S. W. L. (2012). Holocentric chromosomes:
Convergent evolution, meiotic adaptations, and genomic analysis. Chromosome Research,
20(5), 579-593. https://doi.org/10.1007/s10577-012-9292-1

Muller, H., Gil, J., & Drinnenberg, I. A. (2019). The Impact of Centromeres on Spatial Genome
Architecture. Trends in Genetics, 35(8), 565-578. https://doi.org/10.1016/j.tig.2019.05.003

Murakami, A., & Imai, H. T. (1974). Cytological evidence for holocentric chromosomes of the
silkworms, Bombyx mori and B. mandarina, (Bombycidae, Lepidoptera). Chromosoma,
47(2), 167-178. https://doi.org/10.1007/BF00331804

Nabeshima, K., Villeneuve, A. M., & Hillers, K. J. (2004). Chromosome-Wide Regulation of Meiotic
Crossover Formation in Caenorhabditis elegans Requires Properly Assembled Chromosome
Axes. Genetics, 168(3), 1275-1292. https://doi.org/10.1534/genetics.104.030700

Nachman, M. W., & Myers, P. (1989). Exceptional chromosomal mutations in a rodent population are
not strongly underdominant. Proceedings of the National Academy of Sciences of the United
States of America, 86(17), 6666—6670. https://doi.org/10.1073/pnas.86.17.6666

Nagaraju, J., & Jolly, M. S. (1986). Interspecific hybrids of Antheraea roylei and A. pernyi—A
cytogenetic reassessment. Theoretical and Applied Genetics, 72(2), 269-273.

https://doi.org/10.1007/BF00267003

36


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

Nambiar, M., & Smith, G. R. (2016). Repression of harmful meiotic recombination in centromeric
regions. Seminars in Cell & Developmental Biology, 54, 188—197.
https://doi.org/10.1016/j.semcdb.2016.01.042

Navarro, A., & Barton, N. H. (2003). ACCUMULATING POSTZYGOTIC ISOLATION GENES IN
PARAPATRY: A NEW TWIST ON CHROMOSOMAL SPECIATION. Evolution, 57(3),
447-459. https://doi.org/10.1111/j.0014-3820.2003.tb01537.x

Nguyen, P., Sykorova, M., Sichova, J., Kiita, V., Dalikova, M., Capkové Frydrychova, R., Neven, L.
G., Sahara, K., & Marec, F. (2013). Neo-sex chromosomes and adaptive potential in tortricid
pests. Proceedings of the National Academy of Sciences of the United States of America,
110(17), 6931-6936. https://doi.org/10.1073/pnas.1220372110

Nieukerken, E. J., Kaila, L., Kitching, 1., Kristensen, N. P., Lees, D., Minet, J., Mitter, C., Mutanen,
M., Regier, J. C., Simonsen, T., Wahlberg, N., Yen, S.-H., Zahiri, R., Adamski, D., Baixeras,
J., Bartsch, D., Bengtsson, B. A., Brown, J. W., Bucheli, S., & Zwick, A. (2011). Order
Lepidoptera Linnaeus, 1758. In: Zhang Z-Q, editor. 2011. Animal Biodiversity: An outline of
higher classification and survey of taxonomic richness. In Zootaxa (Vol. 3148, pp. 212-221).

Nilsson, N.-O., CHRJSTER ‘LOFSTEDT, & Divring, L. (1988). Unusual sex chromosome
inheritance in six species of small ermine moths (Yponomeuta, Yponomeutidae,
Lepidoptera). Hereditas, 108(2), 259-265. https://doi.org/10.1111/j.1601-
5223.1988.tb00311.x

Nokkala, S., Kuznetsova, V. G., Maryanska-Nadachowska, A., & Nokkala, C. (2004). Holocentric
chromosomes in meiosis. I. Restriction of the number of chiasmata in bivalents. Chromosome
Research: An International Journal on the Molecular, Supramolecular and Evolutionary
Aspects of Chromosome Biology, 12(7), 733-739.
https://doi.org/10.1023/B:CHR0.0000045797.74375.70

Palahi i Torres, A., H60k, L., Nésvall, K., Shipilina, D., Wiklund, C., Vila, R., Pruisscher, P., &
Backstrom, N. (2023). The fine-scale recombination rate variation and associations with
genomic features in a butterfly. Genome Research, 33(5), 810-823.

https://doi.org/10.1101/gr.277414.122

37


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

Peccoud, J., de la Huerta, M., Bonhomme, J., Laurence, C., Outreman, Y., Smadja, C. M., & Simon,
J.-C. (2014). Widespread host-dependent hybrid unfitness in the pea aphid species complex.
Evolution; International Journal of Organic Evolution, 68(10), 2983-2995.
https://doi.org/10.1111/ev0.12478

Prabh, N., & Rodelsperger, C. (2022). Multiple Pristionchus pacificus genomes reveal distinct
evolutionary dynamics between de novo candidates and duplicated genes. Genome Research,
32(7), 1315-1327. https://doi.org/10.1101/gr.276431.121

Rieseberg, L. H. (2001). Chromosomal rearrangements and speciation. Trends in Ecology &
Evolution, 16(7), 351-358. https://doi.org/10.1016/S0169-5347(01)02187-5

Roalson, E. H. (2008). A Synopsis of Chromosome Number Variation in the Cyperaceae. Botanical
Review, 74(2), 209-393.

Roalson, E., McCubbin, A., & Whitkus, R. (2007). Chromosome Evolution in Cyperales. Aliso: A
Journal of Systematic and Floristic Botany, 23(1), 62-71.
https://doi.org/10.5642/alis0.20072301.08

Rockman, M. V., & Kruglyak, L. (2009). Recombinational Landscape and Population Genomics of
Caenorhabditis elegans. PLOS Genetics, 5(3), e1000419.
https://doi.org/10.1371/journal.pgen.1000419

Rodelsperger, C. (2024). Comparative Genomics of Sex, Chromosomes, and Sex Chromosomes in
Caenorhabditis elegans and Other Nematodes. In J. C. Setubal, P. F. Stadler, & J. Stoye
(Eds.), Comparative Genomics: Methods and Protocols (pp. 455-472). Springer US.
https://doi.org/10.1007/978-1-0716-3838-5 15

Rodelsperger, C., Meyer, J. M., Prabh, N., Lanz, C., Bemm, F., & Sommer, R. J. (2017). Single-
Molecule Sequencing Reveals the Chromosome-Scale Genomic Architecture of the
Nematode Model Organism Pristionchus pacificus. Cell Reports, 21(3), 834—844.
https://doi.org/10.1016/j.celrep.2017.09.077

Ruckman, S. N., Jonika, M. M., Casola, C., & Blackmon, H. (2020). Chromosome number evolves at
equal rates in holocentric and monocentric clades. PLoS Genetics, 16(10), e1009076.

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

38


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

Sanchez-Villegas, R.; Mohan, A. V.; Gdmez-Ramos, 1.; Lucefio, M.; Miguez, M.; Maguilla,
E.; Marquez-Corro, J. I.; Herrero-Doblado, D.; Sargheini, N.; Marques, A.; Lucek, K.;
Escudero, M.; Martin-Bravo, S. (2026). Dynamic holocentric genomes facilitate divergent
evolutionary paths through chromosomal rearrangements, hybrid dysfunction, and
recombination suppression. Science Advances. (Submitted). Available on bioRxiv:
https://doi.org/10.64898/2026.07.21.739116

Schneider, M. C., Zacaro, A. A., Pinto-da-Rocha, R., Candido, D. M., & Cella, D. M. (2009).
Complex meiotic configuration of the holocentric chromosomes: The intriguing case of the
scorpion Tityus bahiensis. Chromosome Research, 17(7), 883—898.
https://doi.org/10.1007/s10577-009-9076-4

Schvarzstein, M., Wignall, S. M., & Villeneuve, A. M. (2010). Coordinating cohesion, co-orientation,
and congression during meiosis: Lessons from holocentric chromosomes. Genes &
Development, 24(3), 219-228. https://doi.org/10.1101/gad. 1863610

Senaratne, A. P., Muller, H., Fryer, K. A., Kawamoto, M., Katsuma, S., & Drinnenberg, I. A. (2021).
Formation of the CenH3-Deficient Holocentromere in Lepidoptera Avoids Active Chromatin.
Current Biology: CB, 31(1), 173-181.e7. https://doi.org/10.1016/j.cub.2020.09.078

Servedio, M. R., Doorn, G. S. V., Kopp, M., Frame, A. M., & Nosil, P. (2011). Magic traits in
speciation: ‘Magic’ but not rare? Trends in Ecology & Evolution, 26(8), 389-397.
https://doi.org/10.1016/j.tree.2011.04.005

Shipilina, D., Nasvall, K., H60k, L., Vila, R., Talavera, G., & Backstrom, N. (2022). Linkage
mapping and genome annotation give novel insights into gene family expansions and regional
recombination rate variation in the painted lady (Vanessa cardui) butterfly. Genomics, 114(6),
110481. https://doi.org/10.1016/j.ygeno0.2022.110481

Stapley, J., Feulner, P. G. D., Johnston, S. E., Santure, A. W., & Smadja, C. M. (2017a).
Recombination: The good, the bad and the variable. Philosophical Transactions of the Royal
Society B: Biological Sciences, 372(1736), 20170279. https://doi.org/10.1098/rstb.2017.0279

Stapley, J., Feulner, P. G. D., Johnston, S. E., Santure, A. W., & Smadja, C. M. (2017b). Variation in

recombination frequency and distribution across eukaryotes: Patterns and processes.

39


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

Philosophical Transactions of the Royal Society B: Biological Sciences, 372(1736),
20160455. https://doi.org/10.1098/rstb.2016.0455

Steckenborn, S., & Marques, A. (2025). Centromere diversity and its evolutionary impacts on plant
karyotypes and plant reproduction. The New Phytologist, 245(5), 1879—-1886.
https://doi.org/10.1111/nph.20376

Stein, L. D., Bao, Z., Blasiar, D., Blumenthal, T., Brent, M. R., Chen, N., Chinwalla, A., Clarke, L.,

Clee, C., Coghlan, A., Coulson, A., D’Eustachio, P., Fitch, D. H. A., Fulton, L. A., Fulton, R.

E., Griffiths-Jones, S., Harris, T. W., Hillier, L. W., Kamath, R., ... Waterston, R. H. (2003).

The Genome Sequence of Caenorhabditis briggsae: A Platform for Comparative Genomics.
PLOS Biology, 1(2), e45. https://doi.org/10.1371/journal.pbio.0000045

Sturtevant, A. H. (1921). A Case of Rearrangement of Genes in Drosophila. Proceedings of the
National Academy of Sciences, 7(8), 235-237. https://doi.org/10.1073/pnas.7.8.235

Sturtevant, A. H., & Beadle, G. W. (1936). THE RELATIONS OF INVERSIONS IN THE X
CHROMOSOME OF DROSOPHILA MELANOGASTER TO CROSSING OVER AND
DISJUNCTION. Genetics, 21(5), 554—604. https://doi.org/10.1093/genetics/21.5.554

Templeton, A. R. (1981). Mechanisms of Speciation—A Population Genetic Approach. Annual
Review of Ecology and Systematics, 12, 23—48. https://www jstor.org/stable/2097104

The C. elegans Sequencing Consortium. (1998). Genome Sequence of the Nematode C. elegans: A
Platform for Investigating Biology. Science, 282(5396), 2012-2018.
https://doi.org/10.1126/science.282.5396.2012

Thomas, J. H. (2006). Analysis of Homologous Gene Clusters in Caenorhabditis elegans Reveals
Striking Regional Cluster Domains. Genetics, 172(1), 127-143.
https://doi.org/10.1534/genetics.104.040030

Tribble, C. M., Marquez-Corro, J. 1., May, M. R., Hipp, A. L., Escudero, M., & Zenil-Ferguson, R.
(2025). Macroevolutionary inference of complex modes of chromosomal speciation in a
cosmopolitan plant lineage. New Phytologist, 245(5), 2350-2361.

https://doi.org/10.1111/nph.20353

40


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

Trickett, A. J., & Butlin, R. K. (1994). Recombination suppressors and the evolution of new species.
Heredity, 73 ( Pt 4), 339-345. https://doi.org/10.1038/hdy.1994.180

Vara, C., Paytuvi-Gallart, A., Cuartero, Y., Alvarez-Gonzélez, L., Marin-Gual, L., Garcia, F., Florit-
Sabater, B., Capilla, L., Sanchéz-Guillén, R. A., Sarrate, Z., Aiese Cigliano, R., Sanseverino,
W., Searle, J. B., Ventura, J., Marti-Renom, M. A., Le Dily, F., & Ruiz-Herrera, A. (2021).
The impact of chromosomal fusions on 3D genome folding and recombination in the germ
line. Nature Communications, 12(1), 2981. https://doi.org/10.1038/s41467-021-23270-1

Viera, A., Page, J., & Rufas, J. S. (2008). Inverted Meiosis: The True Bugs as a Model to Study.
https://doi.org/10.1159/000166639

Walsh, J. B. (1982). Rate of Accumulation of Reproductive Isolation by Chromosome
Rearrangements. The American Naturalist, 120(4), 510-532. https://doi.org/10.1086/284008

Wellenreuther, M., & Bernatchez, L. (2018). Eco-Evolutionary Genomics of Chromosomal
Inversions. Trends in Ecology & Evolution, 33(6), 427-440.
https://doi.org/10.1016/j.tree.2018.04.002

White, M. J. D. (Michael J. D. (with Internet Archive). (1973). Animal cytology and evolution.
Cambridge, [Eng.] University Press. http://archive.org/details/animalcytologyev0000whit

White, M. J. D. (Michael J. D. (with Internet Archive). (1978). Modes of speciation. San Francisco :
W. H. Freeman. http://archive.org/details/modesofspeciatio00whit

Whitkus, R. (1988). Experimental Hybridizations Among Chromosome Races of Carex pachystachya
and the Related Species C. macloviana and C. preslii (Cyperaceae). Systematic Botany, 13(1),
146-153. https://doi.org/10.2307/2419251

Wright, C. J., Stevens, L., Mackintosh, A., Lawniczak, M., & Blaxter, M. (2024). Comparative
genomics reveals the dynamics of chromosome evolution in Lepidoptera. Nature Ecology &

Evolution, 8(4), 777-790. https://doi.org/10.1038/s41559-024-02329-4

Yan, S., Wang, W., & Shen, J. (2020). Reproductive polyphenism and its advantages in aphids:
Switching between sexual and asexual reproduction. Journal of Integrative Agriculture,

19(6), 1447-1457. https://doi.org/10.1016/S2095-3119(19)62767-X

41


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

Yoshida, K., Rodelsperger, C., Roseler, W., Riebesell, M., Sun, S., Kikuchi, T., & Sommer, R. J.
(2023). Chromosome fusions repatterned recombination rate and facilitated reproductive
isolation during Pristionchus nematode speciation. Nature Ecology & Evolution, 7(3), 424—
439. https://doi.org/10.1038/s41559-022-01980-z

Yoshida, K., Witte, H., Hatashima, R., Sun, S., Kikuchi, T., Réseler, W., & Sommer, R. J. (2024).
Rapid chromosome evolution and acquisition of thermosensitive stochastic sex determination
in nematode androdioecious hermaphrodites. Nature Communications, 15(1), 9649.
https://doi.org/10.1038/s41467-024-53854-6

Zedek, F., Bures, P., Elliott, T. L., Escudero, M., Lucek, K., & Marques, A. (2026). Chromosome size
as a robust predictor of recombination rate: Insights from holocentric and monocentric

systems. Genetics, 232(1), iyaf247. https://doi.org/10.1093/genetics/iyaf247

42


https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5
https://www.zotero.org/google-docs/?Ctr0G5

1123

1124

1125

1126
1127
1128
1129
1130
1131
1132
1133
1134

1135

1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155

Supplementary materials
Box S1: The proxies and the evolution of recombination rates in holocentrics
The ecological and evolutionary role of recombination

Recombination plays a central, albeit dual, role in the diversification of eukaryotes: it acts as a
powerful force for adaptation, yet risks breaking apart beneficial allele combinations (Stapley et al.,
2017a). Despite its fundamental importance, genome-wide recombination rates are highly flexible,
varying by more than tenfold across taxa due to differences in genome architecture and selective
pressures (Stapley et al., 2017b). Historically, a disconnect has existed between theoretical models
explaining the evolutionary advantages of recombination and empirical data describing its natural
variation (Dapper & Payseur, 2017). From an ecological perspective, theories such as sib-competition
suggest that specific recombination rates are maintained primarily to reduce the intensity of

competition among offspring in varying environments (Koella, 1993).
Chromosome number as a proxy

Chromosome number has served as a proxy for recombination rates, initially finding correlations with
species vegetative and morphological traits in the holocentric genus Carex (Bell, 1982). As outlined,
the additional constraint in cross-over location in holocentric organisms make chromosome number a
better predictor for recombination rate in holocentric organisms compared to monocentric ones
(Zedek et al., 2026), while still being adequate proxies in the latter. Investigating this within a
phylogenetic framework, Escudero et al. (2012) concluded that low recombination rates are optimal
when immediate fitness is required, whereas stable environments favor high recombination rates to
allow for evolutionary innovation. Broadening the scope to the entire clade of angiosperms (Carta et
al., 2018) supported this evolutionary role, concluding that environmental stability favors higher
recombination rates compared to unstable environments. Focusing specifically on holocentric
lineages, subsequent studies in Cyperaceae have also found significant correlations between
chromosome number, bioclimatic variables, and morphology (Marquez-Corro et al., 2021). A recent
study by Zedek et al. (2026) has further clarified these dynamics. First, the authors confirmed the
long-standing hypothesis that monocentric species have significantly more crossovers per
chromosome as holocentric species. Second, they also confirmed recombination rate increase with
chromosome number, and, surprisingly they found that recombination rates decrease with mean
chromosome size. Because of the crossover constraints previously described in holocentrics,
chromosome number serves as a better proxy for recombination rates in holocentric lineages than in
monocentrics. However, overall mean chromosome size emerges as a significantly better predictor for

both groups (and specially good for holocentrics). Interestingly, this aligns with earlier observations in
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the cyperoid clade, where mean chromosome size was already found to be a stronger predictor of
ecological and biogeographical traits—such as distribution range size—than either chromosome

number or overall genome size (Elliott et al., 2022).
The mechanism of genomic shift: holokinetic drive

Given that chromosome size and number so effectively predict recombination rates, understanding the
mechanistic drivers underlying these genomic changes is essential. In holocentric lineages, this rapid
chromosomal evolution can be explained by the model of holokinetic drive (Bures & Zedek, 2014a).
If natural selection favors specific recombination rates based on environmental stability, holokinetic
drive could act as the primary evolutionary engine facilitating these adaptive shifts. By promoting
size-preferential inheritance during meiosis—thereby driving chromosomal fission, fusion, and
overall changes in mean chromosome size—holokinetic drive effectively provides the mechanism
through which holocentric organisms tune their recombination potential to meet ecological demands.
Crucially, as diverging populations independently tune their recombination landscapes via holokinetic
drive to suit local environments, these rapid structural shifts (fissions and fusions) inherently generate
the genomic incompatibilities and recombination-suppressed regions necessary to restrict gene flow.
In this way, the ecological pressure to optimize recombination acts as a direct catalyst for

chromosomal speciation.
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