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Chromosome evolution is one of the main drivers of lineage differentiation and, eventually, 

speciation among eukaryotic organisms. This diversification could be triggered either by 

mutations involving chromosome number change (whole genome duplication –polyploidy– 

and dysploidy events –fusion or fission–) or by translocations in certain chromosomes. The 

centromere plays a fundamental role in the cell division process with respect to genetic 

inheritance. Chromosomes with a single centromere are named monocentric, whilst the so-

called holocentric chromosomes present a large number of centromeres throughout the 

chromosomes. If a holocentric chromosome was to break, remaining fragments would be viable 

in the subsequent cell division events, due to the fact that each fragment would be carrying at 

least one functional centromere. In this Ph.D dissertation, we have analysed the relation between 

holocentric chromosomes and lineage diversification at different evolutionary scales, from 

domain to genus. In the first place, we have studied the origin of  monocentric and holocentric 

chromosomes in the eukaryotic tree of life , and the transitions between both types, with reversals 

from holocentry to monocentry retrieved as a more frequent transition than the opposite. In the 

second place, we have comparatively studied the diversification of holocentric lineages with 

respect to their monocentric sister lineages, observing that there are no significant differences in 

the net diversification rates between both types. Next, we descended in the evolutionary scale, 

to study whether different modes of chromosome number evolution exist in the most species-

rich holocentric plant lineage (family Cyperaceae, order Poales). We found significant support 

for a complex scenario involving different modes of chromosome evolution in different clades, 

related with previously reported diversification rate shifts in the family. Finally, we focused on 

the relationship between chromosome number and several climatic factors and morphological 

traits in the megadiverse genus Carex (Cyperaceae). This is not only the most diverse among 

the sedges genera, with ca. 2000 species, but also one of the three most species-rich angiosperm 

genera. Carex displays an outstanding chromosome number variation (2n = 10–132), and its 

karyotype evolves mainly by means of dysploidy. We found significantly higher diversification 

rates around intermedial chromosome numbers within the genus (2n = ca. 58–60). We infer that, 

despite showing a multitude of distinct evolutionary histories, chromosome number seems to 

have had an impact on the genus evolution, in part related to morphological and niche climatic 

characteristics. 
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La evolución cromosómica es uno de los motores principales en la diversificación de 

linajes y, eventualmente, de especiación en los organismos eucariotas. Esta diversificación 

puede estar provocada por mutaciones relacionadas con un cambio en el número de cromosomas 

(duplicación del genoma entero –poliploidía– y eventos de disploidía –fusiones o fisiones–) o 

por translocaciones de determinados cromosomas. El centrómero juega un papel fundamental 

en el proceso de división celular en lo referente al reparto del material genético. Los 

cromosomas con un solo centrómero se denominan monocéntricos, mientras que los llamados 

cromosomas holocéntricos, presentan numerosos centrómeros distribuidos a lo largo de casi 

toda la longitud del cromosoma. Cuando un cromosoma holocéntrico se rompe, los fragmentos 

resultantes serían viables en los sucesivos eventos de división celular puesto que cada uno de 

esos fragmentos contiene uno o varios centrómeros funcionales. En esta tesis doctoral, hemos 

analizado la relación entre cromosomas holocéntricos y la diversificación a diferentes escalas 

evolutivas, desde dominio hasta género. En primer lugar, hemos estudiado el origen de los 

cromosomas monocéntricos y holocéntricos en el árbol de la vida de las eucariotas, así como 

las transiciones entre ambos tipos, siendo más frecuentes las reversiones de holocentría a la 

monocentría. En segundo lugar, hemos comparado la diversidad de organismos holocéntricos 

con la de sus respectivos grupos monocéntricos hermanos, y observado que no hay diferencias 

significativas en la tasa de diversificación neta. Posteriormente, descendemos en la escala 

evolutiva para estudiar si existen diferentes modos de evolución del número de cromosomas en 

el linaje holocéntrico más diverso de plantas (familia Cyperaceae, orden Poales). Encontramos 

un apoyo significativo en un modelo complejo con diferentes escenarios, con base en su relación 

con incrementos en la diversificación de la familia. Finalmente, estudiamos la relación entre el 

número de cromosomas y diversos factores climáticos y morfológicos en el género Carex. Este 

no es solo el género más diverso de las ciperáceas, con ca. 2000 especies, sino también el tercero 

de angiospermas. Carex tiene una extraordinaria variabilidad en el número de cromosomas (2n 

= 10–132), y su cariotipo evoluciona principalmente por medio de la disploidía. Los valores 

más altos de diversificación se encuentran en torno a números cromosómicos intermedios 

en el género (2n = ca. 58–60). Inferimos que, pese a tener multitud de diferentes historias 

evolutivas, el número de cromosomas parece tener un impacto en la evolución del género, en 

parte relacionado con caracteres morfológicos y de nicho climático. 
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Holocentric chromosomes are characterised by
the presence of kinetochoric activity along the
chromosome length. This atypical chromoso-
mal architecture has evolved independently in
a wide array of lineages across the tree of life.
Different mechanisms have been developed to
overcome meiotic problems posed by holocentry,
such as inverted meiosis and restricted kineto-
chore activity. Although holocentric karyotypes
present potential advantages through the fission
and fusion events that characterise chromosome
evolution in several holocentric lineages, there
is no consistent evidence of increased diversifi-
cation rates in holocentric lineages relative to
monocentric lineages. The extended kinetochore
in holocentric chromosomes has been hypothe-
sised to enable a unique type of meiotic drive,
‘holocentric drive’, analogous to the meiotic drive
of monocentric chromosomes. However, much
research remains to understand holocentrism,
especially elucidating the mechanism and evo-
lutionary implications of meiosis in unrelated
holocentric lineages.
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Introduction

Chromosomes in ca. 80% of eukaryote species present a primary
constriction during metaphase at cell division, usually constituted
by a heterochromatic region composed of specific, highly repeti-
tive deoxyribonucleic acid (DNA) sequences. These regions, the
centromeres, are the locus of kinetochores assembly (Cheeram-
bathur and Desai, 2014; Neumann et al., 2012). Microtubule
spindle fibres attach to the outer plate poleward surface of the
kinetochore and separate homologous chromosomes at anaphase
(reductional division).
By contrast, up to 20% of eukaryote species present chromo-

somes without this clear primary constriction (Márquez-Corro
et al., 2018). In these organisms, centromeres are not localised,
but rather occur continuously or repeatedly along chromo-
somes, and the kinetochoric activity is extended almost up to
the telomeric regions. These are termed holocentric, holokinetic
or polycentric chromosomes, as opposed to the monocentric
chromosomes that dominate the tree of life. The more general
‘polycentric’ may be used to describe any chromosome with
more than one centromere (Bureš et al., 2013; Melters et al.,
2012; Mola and Papeschi, 2006).
Holocentric behaviour was first reported by Heilborn (1924) in

Carex, and holocentric chromosomes were clearly described by
Schrader (1935) in the spermatocyte division of the hemipteran
(true bug) Protenor belfragei. Since then, holocentric chro-
mosomes have been described in several lineages. Escudero
et al. (2016) presented a phylogenetic comparative analysis,
suggesting that (1) monocentry is ancestral in eukaryotes and
(2) reversions to monocentric chromosomes have been inferred
as more frequent than transitions to holocentry from mono-
centric ancestors. Various mechanisms of chromosome segre-
gation have evolved in different holocentric lineages, suggest-
ing multiple independent origins of holocentry from a mono-
centric ancestor rather than repeated losses from a holocentric
ancestor (see section titled ‘Mitosis and meiosis on holocentric

eLS © 2019, John Wiley & Sons, Ltd. www.els.net 1

Chapter 1



Introduction

25

�

� �

�

Karyotype Evolution in Holocentric Organisms

chromosomes’). An additional, rarer type of chromosome has
recently been reported, the so-called meta-polycentric chromo-
somes, in which centromeres cluster together to form a length-
ened primary constriction (Pisum and Lathyrus plant genera;
Neumann et al., 2012, 2015).

Holocentry across the Eukaryotic
Tree of Life

Whether chromosomes are holocentric or not has been largely
overlooked in most karyotype studies, which have focused pri-
marily on chromosome number and/or ploidy level. Monocentry
has been assumed almost universally in the absence of clear evi-
dence for holocentry, despite the fact that the restriction of kineto-
choric activity to a localised area during meiosis is not diagnostic
of monocentry (Melters et al., 2012). In some cases precisely
the opposite assumption has been made, and it can take several
studies to correct a false attribution of holocentry to a monocen-
tric organism, as in the cases of the moss Pleurozium schreberi,
the angiosperm order Zingiberales and the arachnid order Palpi-
gradi (Dawe and Hiatt, 2004; Král et al., 2008; Mahanty, 1970).
Our knowledge of the extent of holocentry and frequency of
evolutionary transitions between monocentry and holocentry is
therefore limited.
Our current understanding is that holocentry has arisen inde-

pendently at least in three of the six eukaryotic superclades
(Bureš et al., 2013; Escudero et al., 2016; Hipp et al., 2013;
Márquez-Corro et al., 2018; Melters et al., 2012; Mola and
Papeschi, 2006). Rhizaria is the least studied eukaryotic super-
clade that presents holocentric lineages. Little research on cen-
tromere disposition or kinetochore activity has been conducted
in the clade since holocentry was reported for Aulacantha scoly-
mantha (Grell and Ruthmann, 1964; Lécher, 1973) and suggested
by Hughes-Schrader and Ris (1941) for the plasmodiophorid
genus Spongospora (based on Horne’s (1930) description of
chromosome segregation during mitosis). Archaeoplastida and
Opisthokonta are the most widely studied taxa in terms of kary-
otype structure that present holocentric chromosomes, since these
lineages include plants and animals, respectively.
The Archaeoplastida superclade includes holocentric lineages

in both eudicots and monocots:Myristica (Magnoliales), Droser-
aceae (Caryophyllales),Cuscuta (Solanales),Melanthiaceae (Lil-
iales) and Cyperaceae and Juncaceae (Poales). Recently, holo-
centry has been proposed for two additional lineages: the early
divergent Trithuria submersa (Nymphaeales, Kynast et al., 2014)
and a species from the sister family of the Cyperaceae plus
Juncaceae clade, Prionium serratum (Thurniaceae, Zedek et al.,
2016). However, there are uncertainties about the distribution
of holocentry in Cuscuta, Drosera, Melanthiaceae and Myris-
ticaceae (Kolodin et al., 2018; Márquez-Corro et al., 2018).
Besides angiosperms, holocentric chromosomes have not been
detected in any other Archaeoplastida lineage, with the excep-
tion of the green algae family Zygnematophyceae (Brook, 1981;
King, 1960).
In the Opisthokonta clade, holocentric chromosomes have

never been reported from the early-diverging lineages, such as

Fungi, through to the late-diverging groups that are related to the
nephrozoans (i.e. xenacoelomorphs). Holocentry is, however,
reported for several orders of Nematoda (Ascaridida, Rhabditida
and Tylenchida), Arthropoda and velvet worms Euperipatus
(Euonychophora). The arthropods are extremely diverse and
particularly well studied, and holocentric chromosomes are
known from a number of lineages: Chelicerata families Dys-
deridae and Segestriidae (Araneae), superfamily Buthoidea
(Scorpiones), some species of Acariformes and Rhipicephalus
(Ixodidae, Parasitiformes); Myriapoda orders Lithobiomor-
pha and Scutigeromorpha and Hexapoda orders Dermaptera,
Hemiptera, Lepidoptera, Odonata, Phthiraptera, Psocoptera,
Thysanoptera, Trichoptera and Zoraptera (see revision in
Márquez-Corro et al., 2018).
The distribution of holocentry across the eukaryote phylogeny

has recently been proposed to be an adaptation to terrestriality
(Zedek and Bureš, 2018). Holocentric chromosomes are partic-
ularly tolerant of fragmentation, because fragments formed in
fission events can be inherited in holocentric organisms, whereas
they will usually be lost in monocentric organisms due to the
lack of centromere (Bureš et al., 2013; Melters et al., 2012; Mola
and Papeschi, 2006). This could have yielded an advantage in the
early conquest of terrestrial environments, where higher UV radi-
ation posed highermutation risks, especially for the early lineages
of arthropods and nematodes (Zedek and Bureš, 2018).

Mitosis and Meiosis in Holocentric
Chromosomes

Chromosome formation is mediated by conserved protein com-
plexes (condensin I and condensin II) that are responsible for
the general condensation of the chromatin and the strengthening
of the whole chromosome structure (Hirano, 2016). Studies to
date suggest that most eukaryotic centromeres are condensin II
enriched, thus highly compacted. Although condensin I typically
affects more of the chromosome than the centromere-restricted
activity of condensin II, the holocentric Caenorhabditis elegans
shows condensin II activity along the length of the chromosome
(Hirano, 2016). The higher condensation of holocentric chro-
mosomes has been proposed to solve merotelic attachments of
kinetochores to microtubules – attachment of a kinetochore to
both spindle poles – and thus contributes to chromosome seg-
regation (Stear and Roth, 2002). Interestingly, some organisms
such as Fungi (e.g. Saccharomyces cerevisiae and Schizosaccha-
romyces pombe) and Ciliophora (ciliates, i.e. Tetrahymena ther-
mophila) have lost at least some of the genes coding for condensin
II proteins (Hirano, 2016). This may explain why holocentry is
unknown in those lineages, as less-condensed chromosomes may
lead to merotelic attachments and, thus, failed segregation. No
study we are aware of has investigated this question.
The kinetochore plate is attached to the centromeric chromatin

following chromosome condensation and before the nuclear
envelope disappears (Maiato et al., 2004). Kinetochoric inner and
outer plates are electron dense, whereas the middle layer presents
low electron density and forms a trilaminar structure (McEwen
and Dong, 2010). This structure is formed of the centromeric
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Figure 1 Mitosis (a) and meiosis (b) in monocentric and holocentric organisms. (a) During segregation, holocentric chromosomes migrate parallel to
one another; monocentric chromosomes adopt a V shape as they migrate to the poles, dragged along by their centromeres. (b) In monocentric and
holocentric chromosomes that present restricted kinetochoric activity (i.e. telokinetic and C. elegans chromosomes), chromosomes segregate during meiosis
I and chromatids in meiosis II. By contrast, in holocentric organisms with inverted meiosis (i.e. truly holokinetic chromosomes), the order is reversed, the
chromatids segregate in meiosis I and chromosomes in meiosis II. Note how C. elegans kinetochore (red line) adopts a characteristic cup shape along
the active centromeres. Also, in early anaphase, a ring of chromokinesin (yellow line) is formed in the equatorial plate of C. elegans oocytes, from which
noncentromeric microtubules push the chromosomes to each pole.

protein CENH3 (also called CENP-A), a specialised H3 his-
tone. CENH3 appears bounded to the centromeric nucleosomal
DNA, interspersed with typical H3 histone (Maddox et al., 2004).
CENH3 allows further assembly of proteins such as CENP-C
(Maiato et al., 2004), which is responsible for setting up the
outer plate (Earnshaw, 2015). The outer kinetochore is mostly
composed of proteins that are involved in connecting with micro-
tubules (e.g. CENP-E, Maiato et al., 2004).

Every eukaryotic organism presents at least one specialised
conserved protein in the inner kinetochore – the abovementioned
CENH3 – but some CENH3 isoforms have been reported in sev-
eral species (e.g. Luzula nivea and C. elegans, Monen et al.,
2005; Moraes et al., 2011; Nagaki et al., 2005). The conservatism
of CENH3 and the trilaminar kinetochoric structure are shared
between monocentric and holocentric organisms (Maddox et al.,
2004). Exceptionally, loss of CENH3 and CENP-C genes has
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been associated with several transitions frommonocentry to holo-
centry in insects (Drinnenberg et al., 2014), although kinetochore
structure has been largely unchanged.
During mitotic anaphase, holocentric chromosomes differ

from monocentric chromosomes in appearance (Figure 1a).
The extended kinetochoric activity in the former allows multiple
microtubule attachments and parallel movement of the chro-
mosomes towards the poles, in contrast to the typical V-shaped
monocentric chromosomes (Bureš et al., 2013; Melters et al.,
2012; Mola and Papeschi, 2006). At the same time, meiosis is
often not as straightforward in holocentric organisms. Meiotic
pairing in holocentric chromosomes has been shown to generate
morphologically distinctive associations. For example, holocen-
tric trivalent chains whose central chromosome is bigger than
the lateral chromosomes (heteromorphic chainlike trivalent) may
result from fusion or fission events, analogous to Robertsonian
fusions and centric fission in monocentric chromosomes. ‘Frying
pan trivalents’ at meiotic metaphase (Faulkner, 1972) may arise
from chromosome duplications (Faulkner, 1972). However, the
mechanism by which these frying pan trivalents form has been
questioned, at least when the trivalent is heteromorphic (Cayou-
ette and Morisset, 1986). By contrast with trivalents, tetravalents
in holocentric and monocentric organisms form by similar
processes, generally heterozygosis for reciprocal translocation
or tetrasomy (Faulkner, 1972), by relict homologies in ancient
polyploids (Cayouette and Morisset, 1986) and the existence of
‘fragile points’ in the chromosomes (Luceño, 1994).
Without particular meiotic adaptations, chiasmata would pro-

duce cruciform chromosome pairings with kinetochoric activ-
ity in every arm, which could produce random segregation of
broken chromosomes or prevent segregation altogether (Melters
et al., 2012). Holocentric chromosomes have evolved various
mechanisms to overcome this problem (reviewed in Marques and
Pedrosa-Harand, 2016).
Among holocentric organisms, C. elegans has been perhaps

most carefully studied (Maddox et al., 2004). To avoid random
segregation during meiosis I, homologous chromosomes are sep-
arated either by microtubules pulling from a restricted kineto-
chore located at the chromosomes ends, in spermatocytes, or by
microtubules growing between the homologous chromosomes in
oocytes. The same occurs in meiosis II, when chromatids segre-
gate to opposite poles (Figure 1b; Dumont et al., 2010; Shakes
et al., 2009). Similarly, localised kinetochoric activity has been
reported in true bug (Heteroptera) spermatocytes, in which the
active centromere end can switch to the opposite end of the chro-
mosome at meiosis II (Pérez et al., 1997). In such cases, chromo-
somes function as monocentric chromosomes during meiosis and
are also referred as telokinetic, due to the terminal kinetochoric
activity.
Many holocentric lineages present a secondmeiotic innovation,

inverted meiosis (Wahl, 1940), in which the typical prereduc-
tional meiosis is replaced by postreductional meiosis (Figure 1b).
In inverted meiosis, the kinetochore is active along the entire
length of the chromosome, rendering the chromosome holoki-
netic. During meiotic metaphase I, chromosomes rotate 90∘ as
sister chromatids segregate to opposite poles, reducing the risk
of breakage. Thus, chromatids are separated in anaphase I and
chromosomes in anaphase II, in contrast to the prereductional

meiosis, with chromosomes and chromatids splitting during
anaphase I and II, respectively (Wahl, 1940; Viera et al., 2009).
After anaphase I, homologous chromatids pair again either at the
ends or along the entire length (Nordenskiöld, 1962; Strandhede,
1965). Lineages with inverted meiosis include some mite species
(i.e. Tetranychus) and angiosperm generaCuscuta, Luzula,Carex
and Rhynchospora (Davies, 1956; Marques and Pedrosa-Harand,
2016). The mechanisms involved in this remarkable evolutionary
innovation are unknown.
Finally, achiasmatic meiosis has been reported from some

organisms. In most holocentric meiosis, there are a maxi-
mum of two chiasmata per chromosome (Nordenskiöld, 1962;
Monen et al., 2005). In a few lineages, including some species
of scorpions, Lepidoptera and Trichoptera (see Marques and
Pedrosa-Harand, 2016), no crossing-over is produced in order to
ensure the proper division of reductional meiosis. Interestingly,
inverted, achiasmatic meiosis has been found in Rhynchospora
tenuis (Cyperaceae, Cabral et al., 2014).

Chromosome Number Evolution

Chromosome numbers have been widely used as a proxy to kary-
otype evolution. The study by Escudero et al. (2014), includ-
ing monocentric and holocentric lineages, sheds light into the
poor contribution of dysploidy to diversification. Although this
could lead to questioning whether the holocentric adaptability
to fission and fusion cannot be further exploited by evolution,
diversification of holocentric lineages seems to be context depen-
dent and requires further study (Márquez-Corro et al., 2018).
For instance, Cyperaceae shows different patterns of chromo-
some number evolution (Márquez-Corro et al., 2019), which
could correlate with diversification, dysploidy being the main
evolutionary mechanism within Carex, the largest sedges genus.
Accordingly, chromosome number has been inferred to present
a strong phylogenetic signal, evolving towards an optimum and
partially explained by morphological and bioclimatic variables
(Ornstein–Uhlenbeck process; Escudero et al., 2012). On the
other hand, studies showed that chromosome number evolution
on Agrodiaetus butterfly genus could be explained by Brownian
motion walk (Vershinina and Lukhtanov, 2017).

Holokinetic Drive

The hypothesis of holokinetic drive has recently been advanced
to help explain how karyotypes diversify in number and size in
holocentric lineages (Bureš and Zedek, 2014). The hypothesised
mechanism is analogous to centromeric drive in monocentric
organisms (Henikoff et al., 2001; Malik and Henikoff, 2009),
which is an outcome of selection for kinetochoric plate length
favouring preferential migration of chromosomes affected by
Robertsonian fusion or centromeres enlarged by DNA dupli-
cation (Burrack et al., 2011). In holokinetic chromosomes,
such selection would affect the entire chromosome body, as
kinetochoric activity is widely distributed. Thus, meiosis could
drive diversification of karyotypes by preferentially selecting for
high or low chromosomes number (i.e. via fissions and fusions,
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Bureš and Zedek, 2014). Holokinetic drive produces negative
2C/2n correlation, either by selecting for karyotypes with a
small number of big chromosomes (fused chromosomes with
more duplicated DNA material) or with a high number of small
chromosomes (fissioned, or polyploid karyotypes with DNA
removal).
Holokinetic drive could consequently explain several patterns

common in holokinetic lineages: (1) wide variation in chro-
mosome number within and among closely related species, (2)
divergent chromosome sizes within genera and (3) a negative
relationship between DNA content and diploid chromosome
number. While neutral processes could explain some of these pat-
terns, holokinetic drive is the only obvious explanation for the
negative correlation between chromosome number and genome
size in holokinetic lineages (Bureš and Zedek, 2014).

General Evolutionary Patterns
in Organisms with Holocentric
Chromosomes

Holocentry is likely to be a derived trait in several eukaryote
lineages (Escudero et al., 2016). Although holocentry might be
adaptive and thus under convergent selection, the evidence for
convergent selection is equivocal (Márquez-Corro et al., 2018).
Nevertheless, as argued above, holocentry may have played an
important role in early colonisation of terrestrial ecosystems or
habitats prone to high UV radiation, such as mountain summits
(Zedek and Bureš, 2018). A few experiments have demonstrated
the role of holocentry in the preserving of chromosome fragments
through meiosis and potentially increasing the fitness of holocen-
tric organisms (Zedek et al., 2016; Zedek and Bureš, 2019). This
role in buffering against the fitness costs of chromosome fusion
and fission has apparently allowed holocentric karyotypes to dif-
ferentiate particularly rapidly (reviewed in Bureš et al., 2013;
Melters et al., 2012; Mola and Papeschi, 2006).
There is still much unknown regarding holocentric chromo-

somes and their origin over the course of eukaryote phylogeny.
Meiosis has been well studied in some species, especially the
roundworm C. elegans and a few species of sedges and bugs
(reviewed in Bureš et al., 2013; Marques and Pedrosa-Harand,
2016; Melters et al., 2012). However, we know little about the
formation of the kinetochores. Why, for example do insect lin-
eages that have lost CENH3 and CENP-C genes, responsible for
kinetochore assembly, still present kinetochoric activity? Under-
standing holocentry will require more detailed organismal and
comparative study across the tree of life, more experimental
study of adaptation to different environments and a genome-level
understanding of the effects of holocentric rearrangements on
gene expression and linkage.

Glossary

CENP-A/CENH3 Centromere-specific histone H3 variant,
necessary for the recruitment of proteins that constitute the
inner kinetochore.

CENP-C Centromere protein of the inner kinetochore plate.
One of its function is maintaining a proper kinetochore size.

CENP-E Centromere protein of the outer kinetochore plate. It
intervenes in kinetochore-microtubule attachment.

Merotelic attachment Attachment of microtubules from both
spindles poles led by deformation of centromere structure
during its formation.

Telokinetic behaviour During meiosis, microtubules are
attached to the kinetochores in the telomere region of the
chromosomes.
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Structure and objectives by chapters

Based on the abovementioned centromere and kinetochore diversity found in the 

eukaryotic tree of life, we focused on different aspects of the character evolution through 

macro- to microevolutionary perspectives. Thus, the present PhD thesis is intended to improve 

the current knowledge about holocentric chromosomes through the following objectives:

1. The objective in chapter 2 is to elucidate whether holocentry is a derived state in the 

eukaryotic tree of life, thus being monocentry the ancestral state at the root of eukaryotes. 

In such a case, we investigate the number of occasions in which holocentry has arised, 

and the transition between holocentry and monocentry. We based this study in the study of 

different models that consider two states of the character (i.e. monocentric vs. holocentric 

chromosomes) using the most comprehensive eukaryote tree of life.

2. Since holocenty appears recurrently in unrelated lineages, we study in chapter 3 whether 

it represents an evolutionary advantage in comparison to monocentry. We reviewed the 

holocentric lineages, and calculated the net diversification rates based on the clade age to 

test for significant differences of the mean in those lineages with holocentric or monocentric 

chromosomes.

3. In chapter 4 we decided to focus on a large holocentric plant lineage, the family Cyperaceae, 

to study evolutionary patterns of karyotype evolution. We test a set of models regarding the 

mode of chromosome number evolution in a number of different subtrees of the family 

according to previously reported diversification rates shifts. 

4. The next step, carried out in chapter 5, is the study of the implications of holocentric 

chromosomes, as a proxy to recombination rates, in the evolution of the genus Carex 

(Cyperaceae). We investigated the evolution of the karyotype, its relationship with 

diversification, and used morphological and bioclimatic variables as predictors.

5. Finally, chapter 6 includes a general discussion and conclusions of the different findings 

exposed in the previous chapters. Moreover, we included a section dedicated to current 

projects and future studies required for further investigation of the holocentric chromosomes 

at different scales.
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Abstract—In eukaryotes, we can recognize two kinds of chromosomes, based on the location of the kinetochores. The majority of eukary-
otes have monocentric chromosomes, in which kinetochoric activity is concentrated in a single locus. In several unrelated eukaryotic line-
ages, chromosomes are holocentric, having diffuse centromeric / kinetochoric activity along the length of the chromosome. Whether
holocentric chromosomes are derived or ancestral is still under debate. This study uses the phylogenetic tree from Time Tree of Life project,
comprising more than 50,000 sampled species, to reconstruct the evolution of holocentry. Asymmetrical two-state Markov (Mk2) models
were compared with BiSSE models to assess sensitivity of our conclusions to possible effects of holocentry on lineage diversification rates.
Our analyses based on Mk2 and BiSSE models inferred that the rate of transition from holocentric to monocentric chromosomes is two
orders of magnitude higher than the reverse direction. The ancestral state of all eukaryotes is ambiguous depending on the model, inferred
to be either monocentric (Mk2) or holocentric (BiSSE). Whatever the direction, the multiple transitions and high diversity of centromere orga-
nization across the tree of life are what we would expect if there are selective advantages to both chromosome types. Understanding those
selective advantages is key to understanding how genetic information is organized and transmitted from one generation to the next, and
why these major evolutionary transitions in centromere organization have occurred in the first place.

Keywords—BiSSE, centromere, holokinetic, kinetochore, Markov, monocentric chromosomes

The centromere or kinetochore is the point of attachment of
kinetochore proteins to the chromosomes. During cell division,
spindle fibers attach to the kinetochores to pull the chromo-
some to one pole or the other. In eukaryotes, we recognize two
kinds of chromosomes, based on the location of the kineto-
chores. The majority of the eukaryotes have monocentric or
monokinetic chromosomes, in which the kinetochoric activity
is concentrated in a single locus, the centromere. In a minority
of eukaryotes from several lineages, chromosomes are holo-
centric or holokinetic, with centromeric activity distributed
along the length of the chromosome (Mola and Papeschi 2006;
Melters et al. 2012; Hipp et al. 2013).
In organisms with monocentric chromosomes, chromosome

fragments without centromeres are not able to segregate to
their corresponding pole during meiosis. Thus chromosome
fission will usually result in a loss of genetic material, which
we often expect to produce unviable or low-fitness gametes.
However, in organisms with holocentric chromosomes, diffuse
kinetochoric activity ensures that even chromosome fragments
segregate during meiosis. Holocentry thus has the potential to
render chromosome fissions essentially neutral, and to increase
the rate of evolution of fusions and translocation (Mola and
Papeschi 2006; Hipp et al. 2009; Hipp et al. 2013).
The most studied organism with holocentric chromosomes

is the nematode and model organism Caenorhabditis elegans.
However, chromosomes in C. elegans and many hemipterans
behave functionally as monocentric organisms during mei-
otic divisions (Dernburg 2001) so that their rate of fixation of
chromosome rearrangements may be reduced relative to
holocentric organisms that do not behave like monocentrics.
In fact, in a genome mapping study (d’Alençon et al. 2010),
the rate of chromosome rearrangements in the holocentric
clade Lepidoptera (butterflies and moths) was higher than that
in nematodes, and nematode chromosome rearrangements
were approximately four times as rapid as in the monocentric
Drosophila (fruit flies). There are really only two holocentric
groups that show extraordinary chromosome number vari-

ation: the insect order Lepidoptera, in which the families
Lycaenidae (Agrodiaetus butterflies, 2n = 20–268; Lukhtanov
et al. 2005; Kandul et al. 2007) and Nymphalidae (tribe
Ithomiini, 2n = 10–240; Dinca et al. 2011) show extensive
chromosome differentiation; and sedges, the angiosperm fam-
ily Cyperaceae (2n = 4–226) and especially the genus Carex
(2n = 12–124; Roalson 2008).
Holocentry has several implications for chromosome evo-

lution, and potential implications for lineage diversification
and speciation. In Lepidoptera, chromosome evolution is
believed to play a role in reinforcing speciation (Lukhtanov
et al. 2005, 2011; Dinca et al. 2011; Kandul et al. 2007). In
Carex, chromosome differentiation has been demonstrated to
correlate with genetic divergence within species (Escudero
et al. 2010), among populations within species (Hipp et al.
2010), and within populations (Escudero et al. 2013a). These
studies suggest that chromosome rearrangements contribute to
genetic differentiation at different evolutionary scales in at least
Carex and Lepidoptera. Beyond lineage diversification and
speciation, chromosome number may be an important deter-
minant of recombination rates in organisms with holocentric
chromosomes, as has been demonstrated in achiasmatic
male meiosis in bed bug (Hemiptera; Bigliardo et al. 2011;
Nokkala et al. 2004) and suggested in Carex (Escudero et al.
2012; Escudero et al. 2013b). Holocentry appears to have
also contributedto the evolution of the sex-determining sys-
tem in the true bugs. Alternative sex chromosome mecha-
nisms have evolved by fission and fusion. (Hemiptera; Viera
et al. 2009).
Holocentric chromosomes are found in several other unre-

lated lineages in eukaryotes. One of the most recent reviews of
holocentry (Melters et al. 2012) reports 768 holocentric eukary-
otic species, including 472 insects, 228 plants, 50 arachnids,
and 18 nematodes. Lineages in eukaryotes with holo-
centric chromosomes are: (1) the angiosperm clades Drosera
(Droseraceae), Cuscuta (Convolvulaceae), Melanthiaceae, and
the clade formed by families Cyperaceae and Juncaceae;
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(2) nematode orders Rhaditida and Tylenchida and the fam-
ily Ascarididae; (3) insect orders Ephemeroptera, Odonata,
Zoraptera, Dermaptera, Psocoptera, Phthiraptera, Thysanoptera,
Hemiptera, Trichoptera and Lepidoptera; (4) centipede orders
Lithobiomorpha and Scutigeromorpha; (5) scorpions of the
superfamily Buthoidea; (6) mites and ticks of the superorder
Acariformes and genus Rhipicephalus (Ixodidae); (7) micro-
whip scorpions of order Palpigradi; and (8) six-eyed spiders
of families Dysderidae and Segestridae. This review also high-
lights several cases in which reports of holocentric chromo-
somes have been later corrected by other studies: the moss
Pleurozium schreberiand themarine algaSpirogyra (Zygnemataceae),
and perhaps Zygnema from the same family and Cosmarium
and Pleurotaenium (Desmidiaceae) (Godward 1954; Vaarama
1954; Mughal and Godward 1973; Kuta et al. 1998, 2000). Sev-
eral additional clades have been reported as having holo-
centric chromosomes but were not included in Melters et al.’s
(2012) review: (9) the flowering plant groups Myristica fragans
(Myristicaceae) and families Cannaceae, Musaceae, Heliconiaceae,
Zingiberaceae and Strelitziaceae in the order Zingiberales; (10)
the velvet worm Peripatus (Peripatidae); and (11) several spe-
cies from superclade or kingdom Rhizaria such as Aulacantha
scolymantha from family Aulacanthidae (order Phaeocystina)
and Spongospora, Sorosphaera and Plasmidiophora from family
Plasmidiophoraceae (order Plasmidiophorales) (Mola and
Papeschi 2006; Hipp et al. 2013). Nevertheless, in the case of
Myristica fragrans, the lack of detailed cytological analysis sug-
gests that the presence of holocentric chromosomes is still
uncertain (Bureš et al. 2013). Whether holocentric chromosomes
are derived or ancestral in eukaryotes is still under debate
(reviewed in Mola and Papeschi 2006). Melters et al.’s (2012)
study based on a phylogenetic reconstruction reported that
holocentric chromosomes are derived and originated 13 times
independently (four in plants and nine in animals).
The aim of this study is to disentangle the mode and

tempo of evolution of holocentric chromosomes. Specific
questions are (i) Are holocentric chromosomes ancestral or
derived within eukaryotes? (ii) When and in what lineages
did holocentry and monocentry arise in the evolution of
eukaryotes? and (iii) How often and in what lineages have
there been reversals in chromosome structure?

Materials and Methods

The Phylogenetic Tree and the Trait—The recently published phylo-
genetic tree by the Time Tree of Life project (http://www.timetree.org/;
Hedges et al. 2015) was used for the reconstruction analyses. This phy-
logeny contains more than 50,000 species (most of them eukaryotes) and
information of absolute times of diversification. Prokaryote species were
pruned from the tree using the function drop.tip as implemented in the
R package ape (Paradis et al. 2004; R Core Team 2015).

Only a small minority of eukaryotic species have actually been stud-
ied cytogenetically, with an eye to distinguishing between holocentry
and monocentry. There is a large quantity of information about chro-
mosome evolution in several clades, for example the family Cyperaceae
(Roalson 2008), but little information in other clades of the tree of life
(e.g. the super clade Rhizaria). We therefore had to make several assump-
tions in coding chromosome character states on the phylogeny. All eukary-
ote species were assumed to have monocentric chromosomes unless a
scientific publication could be found demonstrating or persuasively argu-
ing for holocentry. With the objective of avoiding false positives, we only
coded as having holocentric chromosomes the clades without doubts
(although we do not rule out having false positives in our data set). This
introduces a potential bias: our character state coding presumably under-
estimates the frequency of holocentry. Thus conclusions drawn in this
study will need to be evaluated in light of any future findings of new
holocentric lineages.

On the other hand, even when a clade (i.e. family) has been reported
as having holocentric chromosomes, sampling is typically too sparse to
allow us to detect reversions to monocentry. For example, although there
is vast information about holocentric chromosomes in some plant fami-
lies like Cyperaceae (ca. 5,500 species; Roalson 2008) and no species in
this family have ever been reported as not having holocentric chromo-
somes, we could not reject the possibility that some of the over
5,500 species in this family could have monocentric chromosomes, as only
approximately 10% of species in the family have been investigated. The
same is true of the sister family Juncaceae (the rushes), in which every
species investigated to date has been shown to be holocentric. In fact,
holocentry has been described as the “one obvious and convincing chro-
mosomal higher-level synapomorphy in monocotyledons,” referring to
the Cyperaceae + Juncaceae clade (Greilhuber 1995: 380). It appears that
there is only one plant family with both kinds of chromosomes: the fam-
ily Convolvulaceae exhibits holocentry in only some clades of genus
Cuscuta. The same is true in butterflies and moths, in which the entire
order (Lepidoptera) is widely assumed to be holocentric based on the
broad comparative cytogenetic work that has been done to date (see
Melters et al. 2012). Based on this pattern of large-scale holocentry, we
treat higher-level clades primarily in this study, except where evidence
allows us to more finely divide lineages. As a consequence, our infer-
ences in this study will largely ignore dynamics within larger clades,
as the weight of evidence suggests that transitions within families are
rare indeed.

All higher holocentric clades were present in the Time Tree of Life
phylogeny except the insect order Zoraptera, the lineages of algae, and
moss (but there are doubts about these two; see above), and the lineages
in the superclade Rhizaria. Those lineages are excluded from analyses
presented here. All data (trees, data sets and codes) are available from
the Dryad Digital Repository at http://dx.doi.org/10.5061/dryad.405g1.

Models of Evolution—We reconstructed the evolution of holocentric
(h) vs. monocentric (m) chromosomes as a binary character using the
two-state asymmetrical Markov model (Mk2) as implemented in the R
package diversitree (FitzJohn 2012). The Mk2 model has one parameter
for the rate of transition from monocentric to holocentric chromosomes
(qmh) and another (qhm) for rate of transition from holocentry to mono-
centry. Reconstruction of binary characters using the Mk2 model is
known to be biased when the effect of the character state on rates of spe-
ciation and extinction is neglected (Goldberg and Igic 2008); in such
cases, the Mk2 model may fail to detect genuinely irreversible evolution,
and effects of a trait on diversification may be mistakenly interpreted as
a rate of trait transition (Maddison 2006). We repeated the reconstruction
using the BiSSE model, which jointly models rates of trait evolution and
the effects of trait states on lineage diversification (Maddison et al. 2007).
The BiSSE model incorporates four additional parameters beyond the
rates of character state transitions: the rate of speciation for each charac-
ter state (λm and λh) and the rate of extinction for each character state
(μm and μh). We accounted for incomplete taxon sampling in BiSSE infer-
ences by assuming random sampling from the tree of life, using several
estimates of extant eukaryote species diversity (2E06, 5E06 and 8E06
extant species; Costello et al. 2013). The results from analyses using
BiSSE on a subset of taxa must be interpreted with caution, as parameter
estimates under the BiSSE method for incompletely sampled phylogenies
may not be accurate or precise below ca. 50% sampling (FitzJohn et al.
2009; FitzJohn 2012). Under our lowest estimate of species diversity
(2E06 spp.), our sample is approximately 2.5% of the total eukaryotic
diversity. In addition, we model missing species as though they were a
random sample of eukaryote species, drawn equally from all lineages of
the tree and in both character states, which is probably not the case.

For computational reasons (our phylogeny had over 50,000 tips) all
analyses were performed using maximum likelihood.

Although we have used a binary character in our analyses (mono-
cetric vs. holocentric), we are aware that there are more atypical centro-
meres which could constitute intermediate states between holocentric
and monocentric (such as de novo formed centromeres and terminal
neocentromeres as well as di-, tri- and metapolycentromeres; Cuacos
et al. 2015). These kind of atypical centromeres are more unstable, rarer
and little-known. Including such rarities in our analyses would likely do
little to clarify the evolutionary history of holocentry.

Results

Our phylogenetic tree, after pruning the prokaryote spe-
cies, had 50,455 eukaryote tips. The inferred parameters of
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the Mk2 model were qmh = 9.155 × 10−6 and qhm = 1.068 ×
10−4 which suggest that the rate of transition from holo-
centry to monocentry is two orders of magnitude higher than
the reverse rate. The constrained single-rate models (number
of parameters = k = 1, qmh = qhm, AIC = 508.13; k = 1, qmh = 0,
AIC = 951.35) had much less support than the unconstrained
2-rate model (k = 2, AIC = 456.70). The constrained model
with the root fixed as holocentric (k = 2, AIC = 470) had little
support in comparison with the unconstrained model (k = 2,
AIC = 456.70). The unconstrained Mk2 reconstruction
implies that holocentry derived from monocentry in 19 inde-
pendent origins (Fig. 1). Holocentry under this model arises
in six plant lineages (Droseraceae, Cuscuta, Myristicaceae,
Melanthiaceae, Zingiberales, and Juncaceae + Cyperaceae),
one lineage in nematodes, one lineage in velvet worms,
five insect lineages independently (Odonata, Dermaptera,
Psocoptera + Phthiraptera + Thysanoptera + Hemiptera
-PPTH-, Lepidoptera + Trichoptera and Ephemeroptera),
two centipede lineages independently (Scutigeromorpha
and Lithobiomorpha) and four independent lineages in
arachnids (the lineage including all arachnids and three
nested lineages: then one lineage of mites and ticks, one line-
age superfamily Buthoidea and one lineage of six-eyed spi-
ders). We have also inferred ten reversions from holocentry
to monocentry (Fig. 1): three in Zingiberales (families
Lowiaceae, Marantaceae and Costaceae), one in nematodes
(family Anisakidae), and six in arachnids (1. Opiliones, 2.
Mesostigmata + Ixodida + Opilioacarida, 3. Solifugae +
Ricinulei, 4. Uropygi + Scorpiones + Amblypygi + Araneae,
5. Xiphosura and 6. Pseudoscorpiones).
The inferred parameters of the BiSSE model assuming a

total of 5E06 extant species were qmh = 8 × 10−6 and qhm =

7.54 × 10−4, again suggesting that the rate of transition from
holocentry to monocentry is two orders of magnitude higher
than from monocentry to holocentry. The rate of speciation
associated with the monocentric state (λm = 7.768 lineages
per My (lin. My-1)) was higher than for the holocentric state
(λh = 5.703 lin. My-1). The rate of extinction associated with
the monocentric state (λm = 7.759 lin. My-1) was also higher
than for the holocentric state (λh = 5.701 lin. My-1). Neverthe-
less, the net diversification rates were hardly different (rm =
0.0090 lin. My-1, rh = 0.0019 lin. My-1). This is expected given
that the rates of trait evolution are the same in the BiSSE and
Mk2 models; only when trait state has an effect on diversifica-
tion rate would we expect BiSSE and Mk2 models to imply
different rates of trait evolution. Constrained models (k = 5,
λmh = λ hm, AIC = 428200; k = 5, μmh = μhm, AIC = 428204)
had little support in comparison with the full model (k = 6,
AIC = 428146). When assuming that the species richness in
eukaryotes are 2E06 or 8E06, we obtained very similar param-
eter estimates, with minor differences in the speciation and
extinction rates (λmh, λhm, μmh and μhm) depending on how
many extant species we considered in the eukaryotes.
Character state reconstruction using BiSSE (species rich-

ness 5E06) suggests that monocentry is derived from
holocentry. The constrained model with the root fixed as
monocentric (k = 6, AIC = 428172) had little support in
comparison with the unconstrained model (k = 6, AIC =
428146). The unconstrained BISSE reconstruction implies
that monocentry derived from holocentry in 171 indepen-
dent origins, specifically in 62 nodes and 109 terminals (Sup-
plementary Fig. 1, available from the Dryad Digital Repository
at http://dx.doi.org/10.5061/dryad.405g1). We also inferred
eight independent reversions from monocentry to holocentry

Fig. 1. Phylogenetic tree of eukaryotes with 50,455 species derived from the Time Tree of Life project. The ancestral state reconstruction of mono-
centric vs. holocentric chromosomes based on the Mk2 model is mapped on the branches using colors (blue for monocentric and red for holocentric).
All groups with holocentric chromosomes are labeled in the phylogeny in red. Some representative groups of organisms with monocentric chromo-
somes are also indicated in blue. The scale axis is in millions of years.
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in six plant lineages (Droseraceae, Cuscuta, Myristicaceae,
Melanthiaceae, Zingiberales and Juncaceae + Cyperaceae),
one lineage of insects (Trichoptera + Lepidoptera), and a line-
age including arachnids (6-eyed spiders).

Discussion

The Dominant Hypothesis: Holocentric Chromosomes Are
Derived from a Monocentric Ancestor—The majority of
authors on the subject (e.g. Swanson 1957; Greilhuber 1993;
Dernburg 2001) have hypothesized that holocentry is the
derived chromosomal structure based on the evidence that
holocentric chromosomes characterize a relatively small num-
ber of eukaryotic lineages. Greilhuber (1993) proposed that
holocentry may have arisen as result of the expansion of
kinetic activity from a single original location by means of
transposons. Nagaki et al. (2005) proposed that holocentry
could have been acquired independently during plant and
animal evolution by a different mechanism: they hypothe-
sized that if the direction of formation of kinetochores turns
by 90° and occurs along the chromosome axes up to the
telomeric regions, it could generate holocentric chromo-
somes. A third possible mechanism was proposed by
Villasante et al. (2007a, b), who suggested that centromeres
were derived from telomeres during the evolution of the
eukaryotic chromosome. The breakage of the ancestral circu-
lar genome, in their scenario, prompted the transposition of
retroelements and the formation of telomeres, and sub-
telomeric repeats were the origin of the first centromere. Dur-
ing the transition from actin-based genophore partition to a
tubulin-based mechanism of chromosome segregation, pseu-
dodicentric chromosomes increased the tendency toward chro-
mosomal breakage and instability. A continuous spreading
of end sequences throughout the chromosome could explain a
monocentric to holocentric transition (Villasante et al. 2007a, b).
Malik and Henikoff (2009) suggested that holocentric chromo-
somes evolved as an adaptation to suppress centromere drive
by preventing the accumulation of a contiguous block of centro-
meric satellites. Interestingly, a new model of centromere
drive for holocentric organisms, the holokinetic drive, has
been proposed to explain the size and complexity of holo-
centric choromosome evolution based on preferential segrega-
tion dependent on chromosome size (Bureš and Zedek 2014).
Our results based on the Mk2 model, which inferred a rate

of transition two orders of magnitude higher from holocentric
to monocentric than the opposite, support this widely
accepted hypothesis. In our Mk2 reconstruction, holocentry
arose 19 times in the eukaryotic tree of life, six times in plants
and 13 times in animals (once each in nematodes and velvet
worms, five times in insects, twice in centipedes, and four
times in arachnids). Interestingly, these results suggest that
the evolution from monocentric to holocentric chromosome
occurred much deeper in animals than in plants (Fig. 1). Our
results are congruent with a parsimony-based phylogenetic
comparative analysis (Melters et al. 2012) that inferred 13
independent origins (nine in animals and four in plants).
While the most parsimonious reconstruction (Melters et al.
2012) recovered a holocentric ancestor of all insects and sev-
eral reversions to monocentry, our Mk2 results suggest five
independent origins of holocentry in insects and no rever-
sions. Nevertheless, Drinnenberg et al. (2014) looked at the
presence of CENP-A/cenH3 which is the centromeric specific
histone H3 variant in insects and they found that holocentric

insects lack CENP-A. Drinnenberg et al. (2014) also recon-
structed the phylogeny of CENP-A and inferred that CENP-A
was lost independently four times. That study argues against
a single transition from monocentry to holocentry followed
by several reversals to monocentry, which supports our find-
ings. Finally, Melters et al. (2012) also has more limited tip
sampling and did not consider velvet worms and several
families in the order Zingiberales and family Myristicaceae as
having holocentric chromosomes (Mola and Papeschi 2006;
but see previous concerns about Myristica fragans having holo-
centric chromosomes, Bureš et al. 2013).

Our analysis also detected ten reversions to monocentry:
three in Zingiberales, one in nematodes and six in arachnids.
Further observational studies, however, may demonstrate
that some of those reversions are just an incorrect coding of
holocentric condition. For example, additional lineages within
the angiosperm order Zingiberales or the nematode family
Anisakae may have holocentric chromosomes. Melters et al.
(2012) did not infer any of these inferred reversions to mono-
centry, which may be explained by the limited sampling of
lineages in their phylogeny.

It is worth noting that our inference of reversions (from an
unorganized diffuse kinetochore to an organized centromere)
in what might be thought an irreversible loss of complexity
(from an organized centromere to a diffuse kinetochore) may
be artefacts of using the Mk2 model to reconstruct ancestral
states (Goldberg and Igić 2008). However, the facts that our
ancestral state in this reconstruction is monocentric and that
the BiSSE analysis also shows reversions both support this
not being merely artefactual. It appears from this analysis that
the loss of monocentry is not irreversible.

The Jury Is Still Out: Might Holocentric Chromosomes
Still Be Ancestral?—Holocentric chromosomes have been
proposed by a smaller number of researchers to be ancestral
to monocentric chromosomes. Localized centromeres have
generally been considered to be a more specialized structure
than diffuse kinetochores (Schrader 1947; Sybenga 1981), which
argues for evolution from holocentry to monocentry. More-
over, in the plant families Amaryllidaceae and Poaceae, holo-
kinetic behavior has been sometimes found in species that
generally behave as monokinetic (Bajer 1968; Rhoades 1952),
which has been interpreted as evidence that the structure
of the ancestral genome resembles a holocentric chromosome
(Moore and Aragón-Alcaide 1997). Third, holocentric struc-
tures from different unrelated lineages display a very similar
structure: a long kinetochore plate at the external side of each
sister chromatid (Moore et al. 1999; Nagaki et al. 2005; Guerra
et al. 2010). Sybenga (1981) proposed a gradual transition
from fully holokinetic to monokinetic chromosomes. The main
advantage of localized centromeres is that the concentration
of kinetic activity in a single location in each chromosome,
separate from chiasmata (cross-over events), facilitates segre-
gation of all chromosomes (Egel and Penny 2008). Holocentric
chromosomes typically have only one or two chiasmata dur-
ing meiosis (Bigliardo et al. 2011; Escudero et al. 2012) and
they fail to segregate correctly when there are three or more
chiasmata (Nokkala et al. 2004). Monocentry may thus allow a
higher rate of recombination within chromosomes; this is com-
pensated for in part by higher chromosome number variability
in many holocentric organisms (e.g. Escudero et al. 2012).

Our results based on the BiSSE model imply a holocentric
ancestor to all eukaryotes. We view this result with skepti-
cism based on our very low sampling (< 3% of species).
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Even with correction for missing taxa, BiSSE parameter esti-
mates have been shown to be fairly robust only to 50% missing
taxa. The BiSSE transition rate parameter estimates are similar
to those of the Mk2 model, and net diversification rate for
holocentric lineages differs little if at all from net diversification
rates for monocentric lineages. However, the BiSSE model sug-
gests 171 independent origins of monocentry followed by eight
reversions to holocentry. Given the limitations of our dataset in
terms of sampling, but also the potential biases in the Mk2
model (Goldberg and Igić 2008), we view our phylogenetic
analyses presented here as preliminary, a first step toward
addressing the evolutionary history of holocentry.
All analyses presented here, however, support the inference

that there have been fundamental transitions or major evolu-
tionary transitions (sensu Maynard Smith and Szathmary
1995) in the way that genetic information is organized and
transmitted from one generation to the next. A direction of
chromosome evolution from holocentry to monocentry still
strikes us as unlikely given the relative minority of eukaryotic
lineages that are holocentric. However, whatever the direc-
tion, the multiple transitions and high diversity of centromere
organization across the tree of life are what we would expect
if there are selective advantages to both chromosome types.
Understanding the selective advantages and the evolutionary
history of holocentry is, in our view, one of the keys to under-
standing how genetic information is organized and transmit-
ted from one generation to the next, and why these major
evolutionary transitions in centromere organization have
occurred in the first place.

Acknowledgments. We would like to thank James Smith for his
help in organizing this proceedings, and American Society of Plant
Taxonomists and the Botany 2015 organizing committee for supporting
the symposium in which this paper was presented: “Ecological
diversification and niche evolution in the temperate zone’s largest genus:
Carex.” We are also grateful to two anonymous reviewers for their
comments that greatly contributed to the quality of this manuscript.
Funding for this work was provided by the National Science Foundation
(Award #1255901 to ALH).

Literature Cited

Bajer, A. 1968. Behavior and fine structure of spindle fibers during mito-
sis in endosperm. Chromosoma 25: 249–281.

Bigliardo, G. R. de, E. G. Virla, S. Caro, and S. M. Dasso. 2011. Karyotype
and male pre-reductional meiosis of the sharpshooter Tapajosa
rubromarginata (Hemiptera: Cicadellidae). Revista de Biología Tropi-
cal 59: 309–314.

Bureš, P. and F. Zedek. 2014. Holokinetic drive: Centromere drive in
chromosomes without centromeres. Evolution 68: 2412–2420.

Bureš, P., F. Zedek, and M. Marková. 2013. Holocentric chromosomes.
Pp. 187–208 in Plant genome diversity vol. 2, eds. I. J. Leitch, J.
Greilhuber, J. Dolezel, and J. F. Wendel. Vienna: Springer.

Costello, M. J., R. M. May, and N. E. Stork. 2013. Can we name Earth’s
species before they go extinct? Science 339: 413–416.

Cuacos, M., F. C. Franklin, and S. Heckmann. 2015. Atypical centromeres
in plants—what they can tell us. Frontiers in Plant Science 6: 913.

d’Alençon, E., H. Sezutsu, F. Legeai, E. Permal, S. Bernard-Samain, S.
Gimenez, C. Gagneur, F. Cousserans, M. Shimomura, A. Brun-
Barale, T. Flutre, A. Couloux, P. East, K. Gordon, K. Mita, H.
Quesneville, P. Fournier, and R. Feyereisen. 2010. Extensive synteny
conservation of holocentric chromosomes in Lepidoptera despite
high rates of local genome rearrangements. Proceedings of the National
Academy of Sciences USA 107: 7680–7685.

Dernburg, A. F. 2001. Here, there, and everywhere: Kinetochore function
on holocentric chromosomes. The Journal of Cell Biology 153: F33–F38.

Dinca, V., V. A. Lukhtanov, G. Talavera, and R. Vila. 2011. Unexpected
layers of cryptic diversity in wood white Leptidea butterflies. Nature
Communications 2: 324.

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

Egel, R. and D. Penny. 2007. On the origin of meiosis in eukaryotic evo-
lution: coevolution of meiosis and mitosis from feeble beginnings.
Pp. 249-288 in Recombination and meiosis, eds. R. Egel and D.-H.
Lankenau. Berlin: Springer.

Escudero, M., A. L. Hipp, T. F. Hansen, K. L. Voje, and M. Luceño. 2012.
Selection and inertia in the evolution of holocentric chromosomes in
sedges (Carex, Cyperaceae). The New Phytologist 195: 237–247.

Escudero, M., A. L. Hipp, and M. Luceño. 2010. Karyotype stability and
predictors of chromosome number variation in sedges: A study in
Carex section Spirostachyae (Cyperaceae). Molecular Phylogenetics and
Evolution 57: 353–363.

Escudero, M., E. Maguilla, and M. Luceño. 2013a. Selection by cli-
matic regime and neutral evolutionary processes in holocentric
chromosomes (Carex gr. laevigata: Cyperaceae): A microevolutionary
approach. Perspectives in Plant Ecology, Evolution and Systematics 15:
118–129.

Escudero, M., J. A. Weber, and A. L. Hipp. 2013b. 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: 515–526.

FitzJohn, R. G. 2012. Diversitree: Comparative phylogenetic analyses of
diversification in R. Methods in Ecology and Evolution 3: 1084–1092.

FitzJohn, R. G., W. P. Maddison, and S. P. Otto. 2009. Estimating trait-
dependent speciation and extinction rates from incompletely resolved
phylogenies. Systematic Biology 58: 595–611.

Godward, M. B. E. 1954. The ‘diffuse’ centromere or polycentric chromo-
somes in Spirogyra. Annals of Botany 18: 143–144.

Goldberg, E. E. and B. Igić. 2008. On phylogenetic tests of irreversible
evolution. Evolution 62: 2727–2741.

Greilhuber, J. 1993. Chromosomes of the monocotyledons. Kew Monocotyle-
don Symposium, 12. Richmond, U. K.: Kew Botanic Garden.

Greilhuber, J. 1995. Chromosomes of the monocotyledons (general
aspects). Pp. 379–414 in Monocotyledons: Systematics and evolution,
eds. P. J. Rudall, P. J. Cribb, D. F. Culer, and C. J. Humphries. Kew:
Royal Botanic Gardens.

Guerra, M., G. Cabral, M. Cuacos, M. González-García, M. González-
Sánchez, J. Vega, and M. J. Puertas. 2010. Neocentrics and
holokinetics (holocentrics): chromosomes out of the centromeric
rules. Cytogenetic and Genome Research 129: 82–96.

Hedges, S. B., J. Marin, M. Suleski, M. Paymer, and S. Kumar. 2015. Tree
of life reveals clock-like speciation and diversification. Molecular
Biology and Evolution 32: 835–845.

Hipp, A. L., P. E. Rothrock, and E. H. Roalson. 2009. The evolution of
chromosome arrangements in carex (Cyperaceae). Botanical Review
75: 96–109.

Hipp, A. L., P. E. Rothrock, R. Whitkus, and J. A. Weber. 2010. Chromo-
somes tell half of the story: The correlation between karyotype
rearrangements and genetic diversity in sedges, a group with
holocentric chromosomes. Molecular Ecology 19: 3124–3138.

Hipp, A. L., K. S. Chung, and A. M. Escudero. 2013. Holocentric chromo-
somes. Pp. 499–501 in Encyclopedia of genetics, 2nd ed. vol. 3, eds. S.
Maloy and K. Hughes. New York: Elsevier.

Kandul, N. P., V. A. Lukhtanov, and N. E. Pierce. 2007. Karyotypic
diversity and speciation in Agrodiaetus butterflies. Evolution 61:
546–559.

Kuta, E., L. Przywara, and T. Ilnicki. 2000. Heterochromatin in
Pleurozium schreberi (Brid.) Mitt. Acta Biologica Cracoviensia. Series;
Botanica 42: 55–59.

Kuta, E., L. Przywara, and J. Hejmej. 1998. Karyotype variability in
Pleurozium schreberi (Brid.) mitt. Acta Biologica Cracoviensia. Series;
Botanica 40: 75–84.

Lukhtanov, V. A., V. Dinca, G. Talavera, and R. Vila. 2011. Unprece-
dented within-species chromosome number cline in the Wood White
butterfly Leptidea sinapis and its significance for karyotype evolution
and speciation. BMC Evolutionary Biology 11: 109.

Lukhtanov, V. A., N. P. Kandul, J. B. Plotkin, A. V. Dantchenko, D.
Haig, and N. E. Pierce. 2005. Reinforcement of pre-zygotic isola-
tion and karyotype evolution in Agrodiaetus butterflies. Nature 436:
385–389.

Maddison, W. P. 2006. Confounding asymmetries in evolutionary diver-
sification and character change. Evolution 60: 1743–1746.

Maddison, W. P., P. E. Midford, and S. P. Otto. 2007. Estimating a binary
character’s effect on speciation and extinction. Systematic Biology 56:
701–710.

584 SYSTEMATIC BOTANY [Volume 41

Chapter 2



Holocentric chromosome evolution

39

Malik, H. S. and S. Henikoff. 2009. Major evolutionary transitions in cen-
tromere complexity. Cell 138: 1067–1082.

Maynard Smith, J. and E. Szathmary. 1995. The major transitions in evolu-
tion. Oxford, U. K.: Oxford University Press.

Melters, D. P., L. V. Paliulis, I. F. Korf, and S. W. L. Chan. 2012.
Holocentric chromosomes: Convergent evolution, meiotic adapta-
tions, and genomic analysis. Chromosome Research: An International
Journal on the Molecular. Supramolecular and Evolutionary Aspects of
Chromosome Biology 20: 579–593.

Mola, L. M. and A. G. Papeschi. 2006. Holokinetic chromosomes at a
glance. Journal of Basic and Applied Genetics 17: 17–33.

Moore, G. and L. Aragón-Alcaide. 1997. Are rice chromosomes compo-
nents of a holocentric chromosome ancestor? Plant Molecular Biology
35: 17–23.

Moore, J., L. McDermott, N. C. Price, S. M. Kelly, A. Cooper, and M. W.
Kennedy. 1999. Sequence-divergent units of the ABA-1 polyprotein
array of the nematode Ascaris suum have similar fatty-acid- and
retinol-binding properties but different binding-site environments.
The Biochemical Journal 340: 337–343.

Mughal, S. and M. B. E. Godward. 1973. Kinetochore and microtubules
in two members of Chlorophyceae, Cladophora fracta and Spirogyra
majuscula. Chromosoma 44: 213–229.

Nagaki, K., K. Kashihara, and M. Murata. 2005. Visualization of diffuse
centromeres with centromere-specific histone H3 in the holocentric
plant Luzula nivea. The Plant Cell 17: 1886–1893.

Nokkala, S., V. G. Kuznetsova, A. Maryanska-Nadachowska, and C.
Nokkala. 2004. Holocentric chromosomes in meiosis. I. Restriction of
the number of chiasmata in bivalents. Chromosome Research 12: 733–739.

Paradis, E., J. Claude, and K. Strimmer. 2004. APE: Analyses of
phylogenetics and evolution in R language. Bioinformatics 20:
289–290.

R Core Team. 2015. R: A language and environment for statistical com-
puting. Vienna: R Foundation for Statistical Computing. http://
www.R-project.org/.

Rhoades, M. M. 1952. Preferential segregation in maize. Pp. 66–80 in
Heterosis, ed. J. W. Gowen. Ames: Iowa State College Press.

Roalson, E. H. 2008. A synopsis of chromosome number variation in the
Cyperaceae. Botanical Review 74: 209–393.

Schrader, F. 1947. The role of the kinetochore in the chromosomal evolu-
tion of the Heteroptera and Homoptera. Evolution 1: 134–142.

Swanson, C. P. 1957. Cytology and cytogenetics. Englewood Cliffs: Prentice-
Hall, Inc.

Sybenga, J. 1981. Specialization in the behaviour of chromosomes on the
meiotic spindle. Genetica 57: 143–151.

Vaarama, A. 1954. Cytological observations of Pleurozium schreberi, with
special reference to centromere evolution. Annales Botanici Societatis
Zoologicae-Botanicae Fennicae. Vanamo 28: 1–59.

Viera, A., J. Page, and J. S. Rufas. 2009. Inverted meiosis: The true bugs
as a model to study. Genome Dynamics 5: 137–156.

Villasante, A., J. P. Abad, and M. Méndez-Lago. 2007a. Centromeres
were derived from telomeres during the evolution of the eukaryotic
chromosome. Proceedings of the National Academy of Sciences USA
104: 10542–10547.

Villasante, A., M. Méndez-Lago, J. P. Abad, and E. Montejo de Garcini.
2007b. The birth of the centromere. Cell Cycle (Georgetown, Tex.) 6:
2872–2876.

2016] ESCUDERO ET AL.: HOLOCENTRIC CHROMOSOME EVOLUTION 585

Chapter 2





Chapter 3  
Holocentric vs. monocentric 

diversification rates

Publication: Márquez-Corro JI, Escudero M, Luceño 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: 139–152. doi: 10.1007/s10577-017-9566-8

3

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


Holocentric vs. monocentric diversification rates

42

ORIGINAL ARTICLE

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

José Ignacio Márquez-Corro & Marcial Escudero &

Modesto Luceño

Received: 14 July 2017 /Revised: 5 October 2017 /Accepted: 6 October 2017 /Published online: 17 October 2017
# Springer Science+Business Media B.V. 2017

Abstract Despite most of the cytogenetic research is
focused on monocentric chromosomes, chromosomes
with kinetochoric activity localized in a single centro-
mere, several studies have been centered on holocentric
chromosomes which have diffuse kinetochoric activity
along the chromosomes. The eukaryotic organisms that
present this type of chromosomes have been relatively
understudied despite they constitute rather diversified
species lineages. On the one hand, holocentric chromo-
somes may present intrinsic benefits (chromosome mu-
tations such as fissions and fusions are potentially neu-
tral in holocentrics). On the other hand, they present
restrictions to the spatial separation of the functions of
recombination and segregation during meiotic divisions
(functions that may interfere), separation that is found in
monocentric chromosomes. In this study, we compare
the diversification rates of all known holocentric line-
ages in animals and plants with their most related
monocentric lineages in order to elucidate whether

holocentric chromosomes constitute an evolutionary ad-
vantage in terms of diversification and species richness.
The results showed that null hypothesis of equal mean
diversification rates cannot be rejected, leading us to
surmise that shifts in diversification rates between
holocentric and monocentric lineages might be due to
other factors, such as the idiosyncrasy of each lineage or
the interplay of evolutionary selections with the benefits
of having either monocentric or holocentric
chromosomes.

Keywords Centromere . chromosome . diversification
rates . holocentric . phylogeny

Abbreviations
CenH3 Centromere-specific histone H3 variant
%GC Percentage of guanine-cytosine content in the

DNA

Introduction

Chromosomal evolution constitutes one of the main
drivers of speciation, affecting diversification rates in
eukaryotic organisms (Coghlan et al. 2005). Chromo-
somal evolution could be caused by several phenomena:
whole genome duplication (polyploidy), partial genome
duplications, or deletions, fusions, fissions, and translo-
cations (Faulkner 1972; Luceño 1993; Luceño and
Guerra 1996; Mola and Papeschi 2006; Hipp et al.
2013). The consequences of some of these events are
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dissimilar depending on the location of the kinetochores
in the chromosomes. In monocentric chromosomes,
kinetochores are concentrated in a single locus, the
centromere. In holocentric chromosomes, the kineto-
chore activity is widely distributed along the chromo-
somes, the diffuse centromere (Mola and Papeschi
2006; Melters et al. 2012; Hipp et al. 2013).

In holocentric chromosomes, chromosome fragments
(due to fissions) and fused or translocated chromosomes
are correctly segregated during the anaphase. In
monocentric chromosomes, chromosome fragments that
lack kinetochore activity are lost during cell divisions,
and fused chromosomes form dicentric chromosomes
that also fail in correct segregation during cell divisions
(Mola and Papeschi 2006; Melters et al. 2012; Hipp
et al. 2013). Nonetheless, holocentric chromosomes
could present structural restrictions during the meiosis.
The functions of segregation (kinetochore function) and
recombination are not spatially separated. This is prob-
ably the reason that explains that holocentric chromo-
somes usually have one or two chiasmata duringmeiotic
divisions (Nijalingappa 1975; Nokkala et al. 2004;
Bigliardo et al. 2011; Luceño, pers. obs.; for
Rhynchospora species in Cyperaceae) (Nijalingappa
1975; Nokkala et al. 2004) and it has been reported that
the presence of only three chiasmata already hindered
the process of segregation during meiotic divisions
(Nokkala et al. 2004). As a result, organisms with this
type of chromosomes have developed different mecha-
nisms to correctly segregate during metaphase I (Mola
and Papeschi 2006; Melters et al. 2012): (i) limiting the
loci that present kinetochore activity to the ends of the
chromosomes (restriction of kinetochore activity); (ii)
splitting sister chromatids during meiosis I and homol-
ogous chromosomes during meiosis II, known as
inverted meiosis; and (iii) reducing considerably the
number of cross-over events or do not develop chias-
mata (achiasmate meiosis). It is worth mentioning that
some authors have questioned the presence of inverted
meiosis in some groups (see Nokkala et al. 2006).

Holocentric chromosomes are shared by a reduced
number of unrelated eukaryotic lineages comprised in
Rhizaria, Archaeplastida, and Opisthokonta superclades
[reviewed by Mola and Papeschi (2006), Melters et al.
(2012), and Escudero et al. (2016)]. Reviews about the
presence of these peculiar chromosomes in the Tree of Life
showed that within the Rhizaria superclade, these are
exhibited by the genera Aulacantha (i.e., A. scolymantha,
Aulacanthidae, order Phaeocystida), Spongospora,

Sorosphaera, and Plasmodiophora (Plasmodiophoraceae,
order Plasmodiophorales). In the Opisthokonta superclade,
there are 12 holocentric lineages: in Nematoda orders
Ascaridida, Rhabditida, and Tylenchida and in the genus
Epiperipatus (Peripatidae, order Euonychophora) and sev-
eral Arthropoda lineages such as families Dysderidae and
Segestriidae (order Araneae), superorder Acariformes and
genusRhipicephalus (Ixodidae, Parasitiformes), superfam-
ily Buthoidea (order Scorpiones), class Chilopoda (orders
Lithobiomorpha and Scutigeromorpha), and Hexapoda
orders Odonata, Zoraptera, Dermaptera, Psocoptera,
Phthiraptera, Thysanoptera, Hemiptera, Trichoptera, and
Lepidoptera. Finally, in the Archaeplastida superclade,
ho locen t r i c ch romosomes appea r in th ree
eudicotyledonous angiosperms Myristica (i.e.,
M. fragrans, Myristicaceae, order Magnoliales), Drosera
(Droseraceae, order Caryophyllales), and Cuscuta
(Convolvulaceae, order Solanales) genera and in two
monocotyledonous lineagesMelanthiaceae (order Liliales)
and Cyperaceae + Juncaceae clade (order Poales).
Although holocentric chromosomes had been reported in
some families of the order Zingiberales (Chakravorti
1948a, b), these results were rejected by later studies (see
revision of Mahanty 1970). Holocentricity has been also
rejected in the order Palpigradi (Král et al. 2008).

Melters et al. (2012) also stated that holocentricity
has undergone four revers ion processes to
monocentricity in insects, but Escudero et al.’s (2016)
results pointed out five separate origins of
holocentricity, which is supported by the four indepen-
dent losses of CenH3 (centromere-specific histone H3
variant) (Drinnenberg et al. 2014). One fascinating lin-
eage of insects with holocentric chromosomes is the
order Lepidoptera that constitutes a remarkable case of
the variability that this trait confers on the chromosome
number [families Lycaenidae, 2n = 20–268 (Lukhtanov
et al. 2005; Kandul et al. 2007), and Nymphalidae,
2n = 10–240 (Dincă et al. 2011)]. Two other lineages
with remarkable chromosome variability are the genera
Cyperus and Carex from the plant family Cyperaceae
(2n = 10–224 and 12–124; Roalson 2008).

The commonly accepted hypothesis of holocentricity
as independently arisen from monocentricity, although
probable, remains currently unclear (Escudero et al.
2016). Despite the theoretical advantages presented by
holocentric chromosomes, monocentric chromosomes
could be also advantageous because of some evolution-
ary benefits. For example, the spatial separation
between the functions of segregation and recombination
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may ease the correct segregation of chromosomes
during meiosis. At present, there are no studies that
disentangle whether or not there are differences in
diversification rates between these lineages (Escudero
et al.’s (2016) results were not satisfactory on this issue
because of the low percentage of sampling in the current
phylogeny of eukaryotes). Thus, the aim of this study is
to elucidate whether or not there are significant differ-
ences in diversification rates between lineages with
holocentric chromosomes and their monocentric coun-
terpart sister clades. Due to the better knowledge and the
availability of literature about species number and age
estimations, here, we focus our study on Archaeplastida
and Opisthokonta superclades.

Materials and methods

Evolutionary relationships and chromosomal study
revision

Although scarce, cytological studies of holocentricity
have promoted the search of these peculiar chromo-
somes to confirm their occurrence or to reject it in
doubtful lineages (e.g., monocentricity in Zingiberales
and Palpigradi; Mahanty 1970; Král et al. 2008). Studies
on systematics of most holocentric lineages have been
carried out throughout the years since Melters et al.
(2012) published the first representation of how
holocentric chromosomes are phylogenetically distrib-
uted along eukaryotic organisms. However, these
advances do not affect Melters et al.’s main conclusions
(see also Escudero et al. 2016). Here, we display main
changes and gaps in the current information available
about organisms with holocentric chromosomes and
how we treated them in this study.

Droseraceae (order Caryophyllales)

The holokinetic sundew genus Drosera represents an
unusual case because of the presence of monocentric
chromosomes in some of its species, concretely Drosera
regia (Shirakawa et al. 2011) and maybe Drosera aliciae
and Drosera binate [stated by Demidov et al. (2014) and
questioned by Veleba et al. (2017)]. Other separate
Drosera species and genus Aldrovanda are holocentric
(Sheikh et al. 1995; Sheikh and Kondo 1995; Shirakawa
et al. 2011). However, the monotypic genus Dionaea
(Droseraceae) seems to presentmonocentric chromosomes

(see Shirakawa et al. 2011). In this study, we compared all
Droseraceae species (which include some monocentric
species) with its sister monocentric clade which is com-
posed of the families Nepenthaceae, Drosophyllaceae,
Dioncophyllaceae, and Ancistrocladaceae (Veleba et al.
2017).

Myristicaceae (order Magnoliales)

The main problem in this family is that holocentricity
has only been inferred in Myristica fragrans (Flach
1966), and it has not been studied in other Myristicaceae
species. The presence of holocentric chromosomes is
unclear in this lineage. Waiting for further detailed
information about the phylogeny and cytological data,
here, we compared the entire family Myristicaceae with
its sister clade which is constituted by the families
Magnoliaceae, Degeneriaceae, Himantandraceae,
Eupomatiaceae, and Annonaceae in the order
Magnoliales (Sauquet et al. 2003).

Melanthiaceae (order Liliales)

Holokinetic activity is only known in the genus
Chionographis (eight spp., Wu et al. 2016) and its
related monotypic genus Chamaelirium (Kim et al.
2016), although some studies pointed them as
monocentr ic (Tamura 1998; Tanaka 2003) .
Kinetochoric activity has not been confirmed yet and
remains to be thought as holocentric (see Bureš et al.
2013). Nevertheless, monocentric chromosomes have
been reported in the tribe Heloniadeae, sister to
Chionographis and Chamaelirium (e.g., genus
Ypsilandra, Hsu et al. 2011). We have compared
Chionographis and Chamaelirium against genera
Helonias, Ypsilandra, and Heloniopsis.

Cuscuta (Convolvulaceae, order Solanales)

It is worth mentioning that, in this genus, holocentrism
has been reported mostly in the subgenus Cuscuta, as
well as in one species (C. parodiana) of the monocentric
subgenus Grammica, whereas monocentric chromo-
somes have been confirmed in the species of the subge-
nus Monogynella (Pazy and Plitmann 1995; Guerra
et al. 2010; Bureš et al. 2013). Meanwhile, the kineto-
chore distribution of the endemic South African subge-
nus Pachystigma (Costea et al. 2015), with just five
species and evolutionary placed between subgenera
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Cuscuta andGrammica (Garcia et al. 2014; Costea et al.
2015), has not been yet studied. Nevertheless, due to the
large amount of monocentric chromosome records in
Grammica, this type of chromosomes might be expect-
ed in this subgenus. Nonetheless, whether or not
monocentrism could occur within Pachystigma and
Grammica must be confirmed by thorough cytological
studies. In any case, holocentricity would constitute a
paraphyletic character presented in subgenera Cuscuta
andGrammica but not in the subgenus Pachystigma nor
the rest of Grammica (Guerra et al. 2010; Bureš et al.
2013). Most of the species of the subgenus Grammica
could be monocentric based on indirect data (different
genome sizes, see Bureš et al. 2013). Thus, we com-
pared the subgenus Cuscuta with the presumably
monocentric subgenera Grammica and Pachystigma.

Cyperaceae and Juncaceae (order Poales)

Cyperaceae and Juncaceae constitute two sister families
which kinetochore activity has been well studied, leaving
no doubt regarding the presence of holocentric chromo-
somes in these species lineages (e.g., Malheiros and De
Castro 1947; Greilhuber 1995; Håkansson 2010). Unlike
these taxa, the clade sister family Thurniaceae has not
been sowell studied.Whether monocentric or holocentric
chromosomes are presented in this lineage is yet unclear.
Nonetheless, we treat this family as holocentric because
other studies infer so (see Kubitzki 1998) and have been
supported due to its low percentage of guanine-cytosine
content in the DNA (%GC) and genome size, similar to
Cyperaceae and Juncaceae (Šmarda et al. 2014). Also,
further cytological studies of the related taxa to these
families are yet to be done, although we can assume the
families of its sister clade could be monocentric (e.g.,
Poaceae, see Electronic Supplementary Material S1). We
compared Cyperaceae, Juncaceae, and Thurniaceae
against Poaceae, Ecdeiocoleaceae, Joinvilleaceae,
Flage l lar iaceae , Rest ionaceae , Xyr idaceae ,
Eriocaulaceae, and Mayacaceae families.

Insecta (Arthropoda)

In Opisthokonta, most of systematic changes occurred in
arthropods, in which phylogenomic studies have re-
solved the backbone of subphylum Hexapoda (Misof
et al. 2014), showing orders Zoraptera and Dermaptera
as the most ancient monophyletic lineage in the superor-
der Polyneoptera. Moreover, Thysanoptera and

Hemiptera orders (superorder Condylognatha) constitute
a sister clade to several monocentric (belonging to
Holometabola superorder) and holocentric (i.e., Psocodea
superorder and clade Trichoptera + Lepidoptera in
Holometabola) orders. On the other hand, the superorder
Palaeoptera, which diverged early in time and includes
every holocentric lineage of Hexapoda and most of
monocentric lineages, comprises both holocentric and
monocentric taxa (Odonata and Ephemeroptera,
respectively; Kiauta and Mol 1977; Soldán and Putz
2000). Holocentric and monocentric chromosomes have
been only reported in just a few species of these lineages
(see Drinnenberg et al.’s (2014) revision of holocentric
insects) if the high species richness of insects is taken into
account. However, kinetochore structure is accepted to
remain stable along the lineages (although there exist
some exceptions: i.e., hemipteran genus Ranatra; Desai
and Deshpande 1969), showing well-documented cases
of the holocentric chromosome appearance (Drinnenberg
et al. 2014). This well-documented stability of
holocentric chromosomes allowed us to consider it as
apomorphic in the different lineages.

Thus, we compared five insect lineages: (i) Odonata
against Ephemeroptera, (ii) Zoraptera and Dermaptera
(Polyneoptera) against remaining monocentric
P o l y n e o p t e r a ( P l e c o p t e r a , O r t h o p t e r a ,
Mantophasmatodea, Grylloblattidea, Embioptera,
Phasmatodea, Mantodea, and Blattodea), (iii)
Condylognatha against Psocodea and Holometabola,
(iv) Psocodea against Holometabola, and (v) holocentric
Holometabola (Trichoptera and Lepidoptera) against
remaining Holometabola (Siphonaptera, Mecoptera,
and Diptera).

Centipedes (class Chilopoda, Arthropoda)

Holocentrism has been reported in the centipede orders
Lithobiomorpha and Scutigeromorpha. In the first case,
holocentric chromosomes were proposed and confirmed
for some species of the family Henicopidae but not for
its sister families Lithobiidae and Ethopolyidae, which
were inferred as monocentric (Ogawa 1953, 1955;
Battaglia and Boyes 1955; Colmagro et al. 1986). In
the second order, kinetochore nature has been scarcely
studied. Most of the studies are in Scutigeridae family
which has been stated to present holocentric chromo-
somes (Ogawa 1953; Colmagro et al. 1986). However,
its sister family Scutigerinidae and the family
Pselliodidae (sister to Scutigeridae and Scutigerinidae)
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have not been karyologically studied. Due to the prob-
able independent nature of holocentricity in Chilopoda
and in the light of the studies in Lithobiomorpha, we
assume holocentric chromosomes occur within family
level until more cytological studies are made. Other
closely related families as Geophilomorpha and
Scolopendromorpha have been reported as monocentric
whereas Craterostigmomorpha has not been yet studied
(Ogawa 1953; Colmagro et al. 1986).

Scutigeromorpha family Scutigeridae and family
Scutigerinidae were analyzed as holocentric and
monocentric paired lineages, respectively. Lithobiomorpha
families Henicopidae and Lithobiidae were analyzed as
holocentric and monocentric lineages, respectively.

Acariformes and Parasitiformes superorders
(Arthropoda)

There are few studies regarding the mite superorder
Acariformes, but here, we assumed it is entirely
holocentric. Holocentricity has been proved for most
of the studied species, especially for many species from
Prostigmata and Oribatida suborders (e.g., Oliver 1972;
Oliver et al. 1974; Oliver 1977; Eroğlu and Per 2016).
Nonetheless, Oribatida also includes species with a lo-
calized centromere (Heethoff et al. 2007) which could
be pointing to a separate origin of holocentricity in
Acariformes. Further studies in order to clarify these
origins would be required. On the other hand, thick
superorder Parasitiformes presents holocentric chromo-
somes in the family Ixodidae. In this family, they only
appear to be present in some species of the genus
Rhipicephalus (Oliver 1977; Hill et al. 2009) but it has
not been reported in other lineages of this superorder.
We treated the holocentric Rhipicephalus as a sister
group of Amblyomma (Jeyaprakash and Hoy 2009).

Superorder Acariformes (Sarcoptiformes and
Trombidiformes) were analyzed against Parasitiformes
(Holothyrida, Ixodida, and Mesostigmata). On the other
hand, the Ixodidae holocentric genus Rhipicephaluswas
compared to the sister genus Amblyomma.

Dysderoidea (order Araneae, Arthropoda)

Six-eyed spider lineages in which holocentrismwas first
documented (Dysderidae and Segestriidae, see Král
et al. 2006) appear now included in a clade with
Orsolobidae and Oonopidae families (Garrison et al.
2016; Wheeler et al. 2016). In this clade, the presence

of a diffuse kinetochore has been recently reported (Král
et al. 2006). This suggests holocentricity as an ancestral
character in the superfamily Dysderoidea. However,
cytological reports informing whether the sister clade
conformed by Caponiidae and Trogloraptoridae pre-
sents monocentric chromosomes were not found and
we decided to treat them as the closest monocentric
related lineage. Thus, we treated Dysderoidea as a sister
to families Caponiidae and Trogloraptoridae.

Buthoidea (order Scorpiones, Arthropoda)

Recent studies have shed light into the phylogenetic
relationships of the order Scorpiones, classifying it into
two parvorders (Buthida and Iurida; Sharma et al. 2015).
Holocentricity has been confirmed in Buthida
(Shanahan 1989a; Schneider et al. 2009; Mattos et al.
2013; Adilardi et al. 2016), specifically in the Buthidae
family. However, there are no cytological studies for the
sister families Chaerilidae and Pseudochactidae. Never-
theless , s tudies of Iur ida famil ies conf i rm
monocentricity in some members of that parvorder
(Shanahan 1989b; Schneider et al. 2009; Kovařík et al.
2017). Thus, we decided to compare both parvorders
that are mostly monocentric and holocentric (Iurida
against Buthida), respectively.

Peripatidae family (Onychophora)

A single species of the genus Epiperipatus (family
Peripatidae) has been reported as holocentric (i.e.,
E. biolleyi; Mora et al. 1996) while other species of
Peripatidae and its sister family Peripatopsidae have
been documented of presenting localized centromeres
(see Rowell et al. 1995; Jeffery et al. 2012; Oliveira et al.
2012a, b). The analysis of genus Epiperipatus is prob-
lematic due to the unresolved evolutionary history of the
velvet worms, especially in this genus whose species
appear separate in the latest phylogenies (Oliveira et al.
2012a; Murienne et al. 2013), some of which are
monocentric (see Jeffery et al. 2012). Further studies
on cytogenetic and systematics of the onychophorans
are required. Taking into account the uncertainty
concerning this lineage (see Oliveira et al.’s (2012b)
revision) and with awareness of the problematic that
represents a lineage with both monocentric and
holocentric species, we compared the family Peripatidae
(holocentric and, probably, also monocentric) with the
family Peripatopsidae (only monocentric).
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Phylum Nematoda

Phylogenetic relationships among the lineages of this
phylum have been recently well established (Blaxter
2011; Rota-Stabelli et al. 2013), although cytogenetic
studies have not been widely performed. Chromosomes
with holocentromeres have been reported in several
species of classes Secernentea and Chromadorea (see
revision of Melters et al. 2012 and literature therein),
whereas in the sister lineage constituted by the remain-
ing Nematoda class Enoplea (Rota-Stabelli et al. 2013),
monocentric chromosomes have been reported
(Mutafova et al. 1982; Špakulová et al. 1994). Thus,
we compared the first two classes with the third one.

Studied lineages

Literature of the lineages (a total of 18 holocentric
lineages) was checked in Archaeplastida and
Opisthokonta (Table S1). Phylogenetic relationship be-
tween holocentric lineages and their monocentric sister
lineages, species richness, and stem node ages (when
divergence between both lineages occurred) were col-
lected. For Cuscuta, stem node was obtained from a
secondary calibration of previous studies (unpublished
data). Diversification rates for holocentric lineages and
their sister monocentric lineages were estimated with the
R package geiger (Harmon et al. 2008), under two
scenarios: with no extinction presented (μ / λ = 0) and
with a higher rate of extinction (μ / λ = 0.9). μ depicts
the extinction rate and λ represents the speciation rate.

Because some of monocentric sister groups include
holocentric taxa (i.e., sister clades of Thysanoptera +
Hemiptera, Psocoptera + Phthiraptera, and Trichoptera +
Lepidoptera) and because some of the holocentric clades
include some monocentric species (i.e., Acariformes
superorder, Hemiptera order, and families Droseraceae
and Peripatidae), we created two datasets. The first one
including all lineages (18 pair of lineages) whereas the
second was only constituted for those holocentric and
monocentric lineages that did not contain any
monocentric or holocentric species, respectively (12
pure pair of lineages). We conducted the same analyses
in both datasets.

Comparison tests

The Shapiro-Wilk tests were carried out in the R package
stats (R Development Core Team 2016) in order to detect

the normality of the data. Because normality was not
inferred in some occasions, we realized both parametric
and non-parametric tests. In non-parametric analyses,
comparison of means was assisted with the Wilcoxon
signed-rank test (package stats, R Development Core
Team 2016). For parametric analyses, data was normal-
ized using the square root of the values according to the
transformation suggested by the R package cars (function
powerTransform, Fox andWeisberg 2011), for an ulterior
Bayesian paired test implemented in the R package BEST
(Kruschke 2013).

Results

Our results showed different species richness according
to the divergence ages of the related holocentric-
monocentric lineages (Table S1), resulting in datasets
for which diversification rates followed a logarithmic
distribution for both pairs of lineages and both high and
none extinction rate scenarios (Table S2, Fig. 1). Mean
values of the complete dataset are 0.04121267 and
0.04581069 net speciation events per million years, for
holocentric and monocentric lineages under no extinc-
tion scenario, and 0.02444473 and 0.02880966 net spe-
ciation events per million years in high extinction sce-
nario, for holocentric and monocentric lineages, respec-
tively (Fig. 1). Moreover, diversification rates of
monocentric lineages were subtracted from the
holocentric ones, depicting a roughly gradual continu-
um among lineages, except for Cuscuta lineage, which
difference in diversification rates is the highest (Fig. 2).

The Shapiro-Wilk tests for detect normalization of
the data revealed that diversification rates with high
extinction rate were normally distributed. However, di-
versification rates for holocentric chromosomes with no
extinction were not normally distributed (diversification
rates of monocentric lineages were normal). In case of
the subset of pure pair of lineages, all the data followed a
normal distribution (Table S3).

On the first analyses, all data were treated as non-
normal and the Wilcoxon signed-rank test for paired
groups showed that equal means could not be rejected
for both high and none extinction scenarios (p val-
ue = 0.154 and 0.1815, respectively; Table S3). This
analysis was not performed in the pure dataset because it
was normally distributed. Finally, after square root
transformation (Fox and Weisberg 2011) of the values
of the complete dataset, implementation of the BEST
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package (Kruschke 2013) also revealed that differences
between means could not be rejected with a 95% of the
highest density interval (Fig. 3, Table S3–S4). Further-
more, identical result was also obtained from the BEST
package (Kruschke 2013) analysis of the pure lineages
(Table S3, Table S5, Figure S1).

Discussion

No holocentric vs. monocentric shifts in diversification
rates and methodological caveats

Diversification rates could represent a quantifiable esti-
mation of the evolutionary success of a lineage in com-
parison with its most closely related lineage. Despite for

some groups (butterflies and sedges) holocentric chromo-
somes may present intrinsic benefits by providing karyo-
logical variability and, thus, increasing speciation
(Lukhtanov et al. 2005; Kandul et al. 2007; Hipp 2007;
Roalson 2008; Dincă et al. 2011), our results did not
support that statement when comparing monocentric line-
ages with related holocentric ones (Fig. 1, Table S2–S3). In
fact, our analyses proved how diversification rates are
relatively balanced among these sister lineages (Fig. 1a,
b), with most of values below a rate of ca. 0.04 net
speciation event per million years in scenarios of absent
or high extinction levels, overlapping in their distributions
(Fig. 1c, d, Table S2). Moreover, the differences of means
are quite gradual among the lineages, fromCuscuta genus,
with the higher score in monocentric, to Scutigeromorpha,
with higher value in the holocentric lineages (Fig. 2).
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Fig. 1 Diversification rates of related holocentric and
monocentric lineages for absent (a) and high (b) extinction rate
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of confidence (dashed lines) for absent (c) and high (d) extinction
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These results did not depict an abrupt offset in favor of the
eukaryotic organism that present holocentric
chromosomes.

Nonetheless, as stated above (see “Materials and
methods”), due to the lack of studies regarding cytological
information about the presence of primary constrictions of
some of the lineages and the different knowledge of spe-
cies richness for each one, we made assumptions that
might though be somewhat biasing the results. However,
we consider that our findings are not compromised by
cytogenetic uncertainty. First, holocentric vs. monocentric
chromosomes are usually conservative trait states in the
lineages with rare cases of fine-scale reversions. Second,
statistical results of the differences between holocentric
and monocentric means in diversification rates support the

actual results even when we exclude the lineages with the
high uncertainty as a result mix pattern of monocentricity
and holocentricity. (This is supported by our congruent
results based on all data and only pure lineages; Figure S1).
Third, this pattern of no difference in diversification rates
holds even if we would vary extremely patterns of species
richness in the lineages with the highest uncertainty. In this
way, one of the most remarkable cases is the genus
Cuscuta, in which we assumed monocentricity in the
subgenus Pachystigma and that presents the highest
monocentric diversification rate under both scenarios
(Fig. 1a, b). However, in these scenarios (the subgenus
Pachystigma either having localized centromeres or not),
monocentricity would present a higher diversification rate
due to the small number of species appearing in the mostly
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Fig. 2 Subtraction of holocentric diversification rates minus their monocentric sister lineages for absent (a) and high (b) extinction rate
scenarios. Stars represent those holocentric lineages that contain monocentric species (blue) and vice versa (red)
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monocentric subgenus Grammica (153 spp., although
some clade might be holocentric; Guerra et al. 2010; Bureš
et al. 2013) as well as the low species number of the
subgenus Pachystigma itself (five spp.; see Table S1).
Other problematic lineage would be Myristicaceae, for
which further cytological studies are required at family
level. Nonetheless, whether Myristicaceae was removed
from the analyses (see Electronic Supplementary

Material S1) or the genus Myristica was the only
holocentric genus in Myristiceae, there would certainly
not be any meaningful modification in our study results.
In the latter case,Myristicawould be compared to its sister
genus Knema (Sauquet et al. 2003). Other instances in
which kinetochoric activity must be examined are
Buthidae—that would predominate as holocentric when
facing its two poorly diversified sister families Chaerilidae
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Fig. 3 Bayesian estimate for the
difference of diversification rate
means of the complete dataset and
its 95% high density intervals
(HDI) for absent (a) and high (b)
extinction rate scenarios
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and Pseudochactidae—likewise Dysderoidea and its sister
cytologically understudied families Caponiidae and
Trogloraptoridae, genusDrosera, family Peripatidae, order
Hemiptera, and superorder Acariformes; these four latter
lineages were presenting confirmed monocentric chromo-
somes (Desai and Deshpande 1969; Heethoff et al. 2007;
Shirakawa et al. 2011; Jeffery et al. 2012). As remarked
before, despite this cytogenetic uncertainty, both datasets
(full dataset and pure dataset, which excludes doubtful
lineages) leave no doubt in this regard: holocentric and
monocentric lineages do not have significant differences in
mean diversification rates (Figs. 2 and 3, Electronic
Supplementary Material S1).

Karyotypic diversity within holocentric lineages does
not drive higher diversification rates

As stated before, holocentric and monocentric line-
ages do not have significant differences in mean
diversification rates (Table S3–S5). The question
here is whether monocentric vs. holocentric chromo-
somes are neutral in terms of evolutionary success or
both have an evolutionary meaning being more evo-
lutionarily successful depending on the specific situ-
ation. The restriction of having holocentric chromo-
somes in comparison of having monocentric chromo-
somes is the non-spatial separation of the functions of
recombination and segregation which may result in a
problematic segregation of the chromosomes during
meiosis I, when chiasmata are formed (Mola and
Papeschi 2006; Melters et al. 2012; Hipp et al.
2013). Holocentric organisms have developed sever-
al mechanisms to elude it. The best documented case
is the restriction of kinetochore activity to a small
region of the chromosome, presented in the model
species Caenorhabditis elegans (Albertson and
Thomson 1993; Monen et al. 2005) or some hemip-
terans (e.g., Oncopeltus fasciatus; Comings and
Okada 1972). In these cases, chromosomes act as
monocentric in meiosis with the kinetochoric plate
located in the chromosomes termini, which leads to a
monocentric-like meiosis (further information in
Melters et al. 2012). In the so-called “inverted meio-
sis,” a frequent mechanism in organisms having
holocentric chromosomes, homologous chromatids
are auto-oriented in meiosis I, whereas they are
cooriented in monocentric organisms (Faulkner
1972; Mola and Papeschi 2006; Melters et al. 2012;
Hipp et al. 2013). Inverted meiosis has been observed

in several organisms such as sedges, rushes, arach-
nids, hemipterans, dragonflies, and damselflies
(Bongiorni et al. 2004; Mola 2004; Viera et al.
2009; Davies 2010; Östergren 2010; Mola et al.
2011). However, inverted meiosis has been recently
questioned in several lineages such as Juncaceae and
Homoptera, specifically in Luzula purpurea and
Cacopsylla mali (Nokkala et al. 2006). Other strategy
is the reduction the number of chiasmata or avoid-
ance of the chiasmata. Achiasmatic meiosis has been
observed in both sexes of buthids (scorpions and bed
bugs) (Shanahan and Hayman 1990; Nokkala et al.
2004; Schneider et al. 2009; Bigliardo et al. 2011)
and suggested in monovalents in Carex meiosis
(Faulkner 1972; Escudero et al. 2012, 2013). The
reduced number of chiasmata has been observed in
Homoptera and Cyperaceae (Nijalingappa 1975;
Nokkala et al. 2004; Luceño, pers. obs.; for
Rhynchospora species in Cyperaceae). In some in-
stances, such as Rhynchospora tenuis, achiasmatic
and inverted meiosis have been reported (Cabral
et al. 2014). Also, it is worth mentioning that in the
hemipteran suborder Heteroptera, inverted meiosis
(Viera et al. 2009), restricted kinetochoric activity
(Comings and Okada 1972), and monocentric chro-
mosomes have been reported (i.e., Ranatra; Desai
and Deshpande 1969), the first two mechanisms even
coexisting in the same cell (Melters et al. 2012).

The diffuse kinetochoric plate seems to lead into a
karyotypic diversity (Cook 2000; Lukhtanov et al. 2005;
Kandul et al. 2007; Hipp 2007; Roalson 2008;
Schneider et al. 2009; Dincă et al. 2011; de Almeida
et al. 2017), but our results suggest that there is no
correlation between diffuse centromere and diversifica-
tion rates or species richness, at least at high evolution-
ary scales. Thus, holocentricity per se will not always
constitute an evolutionary advantage in comparison to
monocentricity.

A possible scenario in which localized centromeres
could be clearly a benefit would be one in which evo-
lutionary innovation (high recombination rates as result
of a high number of chiasmata) constitutes an advan-
tage. The higher chiasmata number (higher recombina-
tion rate) in monocentric organisms increases the diver-
sity and facilitates adaptation processes and, eventually,
speciation. Contrarily, absent or low recombination rates
would imply limited adaptation abilities and, thus,
higher extinction when evolutionary innovation is
required. That is to say, whereas in monocentric
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chromosomes extra cross-over events are allowed, in-
creasing more exchanges of pairs of loci (Butlin 2005),
holocentric chromosomes only permit a restricted num-
ber of cross-over events in each chromosome—by a
reduced set of mechanisms—(Bigliardo et al. 2011;
Escudero et al. 2012), promoting linkage disequilibrium
of genes. Nevertheless, despite this limited number of
cross-over events per chromosome, higher recombina-
tion rates could be viable in these latter taxa if they
present a higher number of chromosomes (e.g.,
Escudero et al. 2012) that could potentially result in a
similar rate of recombination per meiotic cell. Moreover,
fission and fusion in holocentrics could modify the
linkage groups and, thus, the allele frequencies, making
possible further diversification based on the evolution-
ary suitability of the changes in the allele frequency in
the different populations of the species. Thus,
holocentric organisms with higher chromosome num-
bers would present higher recombination rates, com-
pared to other holocentric taxa with fewer chromosomes
which could ameliorate their potential limitation in com-
parison with monocentric organisms. However, at least
at higher evolutionary scales, holocentric lineages that
present such features that increase recombination rates
(e.g., inverted meiosis in Cyperaceae Bureš et al. 2013)
do not result in a significant increase in diversification
rates (see Figs. 1 and 2).

Thus, evolutionary repercussion at higher scales of
this particular meiotic feature, holocentricity and its real
effects on diversification, will require further studies due
to the uncertainty in some aspects of the meiosis process
(Lenormand et al. 2016). In any case, both monocentric
and holocentric chromosomes seem to present their own
evolutionary benefits, which explains the several rever-
sions from one state to the other along the tree of life.

Conclusions

Despite the assumptions and inferences made in some
lineages, the analyses carried out in this study exposed
clearly that there is no significant difference in mean
diversification rates between holocentric lineages com-
pared with their most closely related monocentric line-
ages. We have inferred a gradient of rates of diversifi-
cation that is only disrupted in some exceptional in-
stances (e.g., genus Cuscuta). This lead us to think of
how higher or lower diversification rates in
Opisthokonta and Archaeplastida might be related with

either monocentric vs. holocentric benefits or adapta-
tions of the organisms unrelated with their chromosome
behavior. Both types of chromosomes present different
evolutionary advantages that result in shifts from one to
another state in the tree of life, even within recent
lineages.
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A B S T R A C T

Large-scale changes in chromosome number have been associated with diversification rate shifts in many
lineages of plants. For instance, several ancient rounds of polyploidization events have been inferred to promote
genomic differentiation and/or isolation and, consequently, angiosperm diversification. Dysploidy, although less
studied, has been suggested to also play an important role in angiosperm diversification. In this article, we aim to
elucidate the role of chromosomal rearrangements on lineage diversification by analyzing a new comprehensive
sedge (Cyperaceae) phylogenetic tree. Our null hypothesis is that the mode and tempo of chromosome evolution
are to be homogeneous across the complete phylogeny. In order to discern patterns of diversification shifts and
chromosome number changes within the family tree, we tested clade-specific chromosome evolution models for
several subtrees according to previously reported increments of diversification rates. Results show that a com-
plex, heterogeneous model composed of different clade-specific chromosome evolution transitions are sig-
nificantly supported against the null hypothesis of a model with no chromosome number model transition events
along the phylogeny. This could suggest a link between diversification and changes in chromosome number
evolution although other possibilities are not discarded. Our methodological approach may allow identifying
different patterns of chromosome evolution, as found for Cyperaceae, for other lineages at different evolutionary
levels.

1. Introduction

Chromosomal rearrangements are frequent in eukaryotes and are in
many cases correlated with differentiation and speciation (Coghlan
et al., 2005). These rearrangements can be produced by a sole me-
chanism or a combination of translocations, aneuploidy, dysploidy and
polyploidy (whole genome duplication; WGD) (Coghlan et al., 2005).
Whereas some of these events could produce changes in the genome
structure and linkage of genes (Butlin, 2005), others could affect di-
rectly the gene content through either deletions or duplications of DNA
(Coghlan et al., 2005). These events may promote speciation by pro-
voking changes in species fitness, adaptability to new habitats, re-
productive isolation and/or shifts in recombination rates (Butlin, 2005;
Coghlan et al., 2005; Coyne and Orr, 2004; Navarro and Barton, 2003a,
2003b; Otto and Whitton, 2000; Rieseberg, 2001; Soltis et al., 2009).

In angiosperms, the role of polyploidy and its consequences on
speciation have been intensely studied, with a particular interest in

ancient polyploid events in some of the most species-rich lineages
(Debodt et al., 2005; Smith et al., 2018; Soltis et al., 2009; Soltis and
Soltis, 2016). This has led to an understanding of polyploidization as a
possible driver for lineage radiation, despite a lack of direct evidence
for a causal relationship (Comai, 2005; Hegarty and Hiscock, 2007,
2008; Levin, 1983; Otto, 2007; Otto and Whitton, 2000; Soltis and
Soltis, 2016, 2000; Van de Peer, 2011). On the other hand, although
dysploidy (translocations, fusions and fissions that lead to changes in
chromosome number) is more frequent than polyploidy and especially
aneuploidy (duplication or deletion of an entire chromosome) in an-
giosperms (Grant, 1981), its consequences in diversification have been
largely unexamined (though, see Gitaí et al., 2014; Lee and Namai,
1993, 1992; Orellana et al., 2007; Vallès et al., 2012; Vickery, 1995;
Weiss-Schneeweiss et al., 2009). Dysploidy has recently been suggested
to not represent an evolutionary dead end (Escudero et al., 2014).

Probabilistic models have been recently formulated for chromosome
evolution (ChromEvol 2.0 software, Glick and Mayrose, 2014; Mayrose
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et al., 2010). These models vary in their complexity, with the simplest
ones calculating the rate of gains and losses of chromosomes and
changes in ploidy level along a phylogeny. More complex models can
identify a linear dependency between the current number of chromo-
somes and the rate of increasing and decreasing chromosome numbers.
More recently, Freyman and Höhna (2018) expanded ChromEvol
functions (Glick and Mayrose, 2014; Mayrose et al., 2010) with the
ChromoSSE package in revBayes (Höhna et al., 2014). This software
allows not only detecting shifts in the mode of chromosome evolution
during anagenetic processes but also during cladogenesis, which can be
associated with diversification rate shifts. Moreover, BiChroM type
models (correlated rates of phenotype and chromosome evolution;
Zenil-Ferguson et al., 2017, 2018) can be integrated with the classic
ChromEvol models. Here, we expand these studies by applying different
models of karyotypic evolution to different clades. Although it is pos-
sible to run this kind of analysis in revBayes with BiChrom functions, it
has not been yet empirically tested. This approach is crucial to identify
changes in the mode of chromosomal evolution as innovations that may
be related to shifts in diversification rates.

The cosmopolitan family of sedges (Cyperaceae, ca. 5500 species;
Govaerts et al., 2017) is the tenth most species-rich angiosperm family.
It has mainly diversified in the tropics, although genus Carex L., the
most diversified genus of the family (ca. 2200 spp., 40% of species
richness; Govaerts et al., 2017), and several other lineages are dis-
tributed mostly in temperate regions (Reznicek, 1990). Cyperaceae has
the highest known chromosome number variation among all angios-
perm families (2n= 4–224; Roalson, 2008). Because of its high species
richness and wide range of chromosome numbers, Cyperaceae con-
stitutes a model taxon for incorporating studies of biodiversity with
evolution and systematics (e.g. Hipp, 2007; Spalink et al., 2018). This is
especially true of the genus Carex, which alone displays a wide varia-
tion of chromosome number (2n=12–124; Hipp et al, 2009; Roalson,
2008). Variation in the number of chromosomes and changes in the
mode of evolution have been suggested as possible drivers of diversi-
fication in Carex (Escudero et al., 2012b, 2014). The huge continuous
variation in chromosome number of this family is explained by the
presence of holocentric chromosomes, which means that the kine-
tochoric activity is present along the chromosomes. By contrast,
monocentric chromosomes have a clear primary constriction in which
kinetochoric activity is concentrated (Hipp et al., 2013; Melters et al.,
2012; Mola and Papeschi, 2006). In lineages with holocentric chro-
mosomes (see review in Márquez-Corro et al., 2018), fusions and fis-
sions (termed symploidy and agmatoploidy, respectively; Escudero
et al., 2014) are more common (Grant, 1981). This occurs even within
species level, due to the characteristics of the kinetochoric plate (Hipp
et al., 2013; Melters et al., 2012; Mola and Papeschi, 2006) that allows
more or less constant genomic content (C-values) despite chromosome
number variation (Escudero et al., 2014).

Four main shifts in diversification rate have been detected in
Cyperaceae. Escudero et al. (2012b) found an increase in diversification
rates in the non-Siderostictae clade (that comprises Core Carex, Caricoid
Carex and Carex subgenus Vignea), which has been confirmed in a re-
cent study by Spalink et al. (2016b). Escudero and Hipp (2013) used
Hinchliff and Roalson's (2013) phylogeny to infer an additional shift in
diversification rates in the clade including the tribes Scirpeae, Du-
lichieae, and Cariceae plus Khaosokia caricoides (SDC clade) and the
tribes Fuireneae, Abildgaardieae, Eleocharideae, and Cypereae (FAEC
clade). Spalink et al. (2016b) showed instead shifts in three different
lineages inside the SDC+FAEC clade reported by Escudero and Hipp
(2013). Thus, in addition to the shift in the non-Siderostictae clade (as in
Escudero et al., 2012b), Spalink et al. (2016b) also found a shift in the
FAEC clade and in the represented taxa of the C4 photosynthetic
pathway Cyperus within Cypereae 2 clade (within FAEC).

Different modes of chromosomal evolution are present in
Cyperaceae. For example, Carex karyotype evolves mainly via agma-
toploidy and symploidy (Heilborn, 1924; Davies, 1956), whereas

polyploidy is more common in the rest of sedges (Escudero et al.,
2012b). Thus, this hyperdiverse family and its wide range of karyotypic
variation constitute an ideal lineage to study shifts in chromosome
evolution and how they could be related to changes in diversification
rates. We hypothesize that some shifts in lineage diversification could
be related, at least in part, with changes in the mode of chromosome
evolution. This could be explained by the fact that chromosome evo-
lution may lead to different mechanisms of adaptation (e.g. adaptive
mutation perpetuated by fusion events) and/or reproductive isolation
that could drive differentiation and speciation (Butlin, 2005; Coghlan
et al., 2005; Coyne and Orr, 2004; Navarro and Barton, 2003a, 2003b;
Otto and Whitton, 2000; Rieseberg, 2001; Soltis et al., 2009). However,
diversification rates shifts within the family may be linked to pheno-
typic changes, changes in habitat, etc., rather than to the mode of
chromosome number evolution.

The aims of this study are (i) to elucidate the role of chromosome
evolution in the diversification of the sedge family using probabilistic
models, and (ii) to evaluate the utility of nested models for studying
chromosome evolution in diverse lineages. We hypothesize that tran-
sitions in the mode of chromosome evolution are closely preceded or
followed by a shift in diversification rates in Cyperaceae. Our null hy-
pothesis, by contrast, is that chromosome number changes in the family
at a constant rate, regardless of the diversification rate of independent
clades.

2. Materials and methods

2.1. Family tree and chromosome counts

A new comprehensive phylogeny of Cyperaceae was created from
NCBI GenBank database sequences of previous studies (e.g. Hinchliff and
Roalson, 2013; Spalink et al., 2016b; Jiménez-Mejías et al., 2016a,
Appendix A). This analysis included 1057 species out of the ca. 5500
circumscribed to Cyperaceae (Govaerts et al., 2017), and was based on a
supermatrix alignment of the nuclear ribosomal genes ETS and ITS, the
plastid genes matK, ndhF, rbcL, ycf6, and the chloroplast spacer region
trnC-ycf6. Though we used the GTRCAT model in RAxML (Stamatakis,
2006) for computational purposes, the model parameters were in-
dividually calculated for five different partitions identified using Parti-
tionFinder v.2 (Lanfear et al., 2016). We converted the resulting max-
imum likelihood phylogeny to ultrametric using treePL (Smith and
O’Meara, 2012; see Fig. 1, Appendix B). A total of eleven calibrations were
placed on key nodes throughout the phylogeny based on fossil evidence
(Jiménez-Mejías et al., 2016b; Spalink et al., 2016a, 2016b; Appendix C).

Species haploid numbers were collected from online databases IPCN
(Index to Plant Chromosome Numbers, Goldblatt and Johnson, 2017),
CCDB (Chromosome Counts Database, Rice et al. 2015), and some
chromosome number reports (see Appendix C). Chromosomes counts
were downloaded for a total of 825 taxa that were included in the
phylogeny (Appendix C).

Due to the holocentric characteristic of sedge chromosomes, counts
can vary within single species (Roalson, 2008). Because we aimed to
detect shifts in chromosome number evolution along the family tree, we
assigned to the tips the most frequent number in the species dominated
by symploidy/agmatoploidy series, and the record with the lowest
chromosome number for species presenting polyploidy (see Appendix
C).

2.2. Selecting the best scenario of chromosome evolution

We used ChromEvol v.2.0 (Glick and Mayrose, 2014; Mayrose et al.,
2010) to model the mode of chromosome evolution. This software de-
termines the likelihood of a model to explain the given data along the
phylogeny, based on the combination of two or more of the following
parameters: (i) gain or (ii) loss of a single chromosome, (iii) poly-
ploidization, (iv) demi-polyploidization (half increment of the
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chromosome number) and (v) incremental changes to the base number
with regard to a rate of multiplication that is different from a regular
duplication. Two additional parameters detect linear dependency be-
tween the current haploid number and the rate of (vi) gain and (vii) loss
of chromosomes.

Shifts in diversification have been previously detected in four main
nodes (1–4; Fig. 2) of Cyperaceae (SDC+FAEC, FAEC, non-Side-
rostictae Carex and C4 Cyperus; Escudero et al., 2012b; Escudero and
Hipp, 2013; Spalink et al., 2016b), so analyses were conducted in-
dependently not only for the complete phylogeny but also for the same

1. PHYLOGENY CONSTRUCTION

11calibrations

1058 taxa
of sedges

Pruned down to 825 taxa
with chromosome data

Compare the null
hypothesis against
complex scenarios

of two to five
transition events

3. SCENARIO COMPARISON

2. MODELS OF EVOLUTION

4. BEST TRANSITION SCENARIO

AIC = 5501.84*

AIC = 3550.03 + 343.06 
          + 1417.97* =
          5311.06

AIC = 3550.03 + 343.06 
          + 277.70 + 908.68
          + 217.16 =
          5296.63

* When the same model was applied to two or more subtrees,
loglikelihoods and AIC values were calculated excluding
branches that connected the subtrees.

Choose the best scenario (see Fig. 2)

Fig. 1. Summarized infographic of the methodology followed in the study.
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phylogeny split in several combinations of subtrees (see below). These
included clades that exhibit diversification rates shifts, the background
phylogeny of these clades (i.e. pruned tree without the corresponding
clade), and further combinations of clades and backgrounds. A similar
methodology, but not with models of chromosome number evolution,
has been previously used to infer transitions in continuous character
evolution using Brownian and Ornstein-Uhlenbeck models (see
Escudero et al., 2012a, 2010; Hipp, 2007; O’Meara et al., 2006). Spe-
cifically, we used the censored approach described by O’Meara et al.
(2006). This approach breaks up the original tree in several subtrees
and the branches that connect the subtrees are excluded from the
analyses. The main advantage of this approach is that assumptions are
not made about when and how the trait shift occurs in the missing
branch. We developed models ranging from the simplest (one model) to
the most complex (five models) scenario, identifying the models that
best fit the data by calculating the Akaike information criterion score
with ChromEvol (AIC, Mayrose et al. 2010). In order to compare the
simplest (one model) with the more complex scenarios (two to five
models), the branches connecting the subtrees were removed in both
the single model and the two to five model cases. AIC weights
(Wagenmakers and Farrell, 2004) were calculated and summed to infer
the importance weights of a transition occurring on each specific clade.

In our specific study case, we defined four main clades (where shift
in diversification rates were previously detected): (i) clade 1 is FAEC
clade; (ii) clade 2 corresponds to non-Siderostictae Carex clade; (iii)
clade 3 is C4 Cyperus; and (iv) clade 4 conforms SDC+FAEC clade. Our
chromosome modeling analyses were performed in up to five different
subtrees: (i) subtree 1 is clade 1 after excluding clade 3; (ii) subtree 2
corresponds to clade 2; (iii) subtree 3 conforms clade 3; (iv) subtree 4

corresponds to clade 4 after excluding subtrees 1, 2, and 3; and (v)
subtree 5 corresponds to the remaining phylogeny after excluding clade
4 (see Fig. 2).

3. Results

Phylogenetic relationships among species are consistent with pre-
vious phylogenetic studies. This suggests that missing data does not
interfere with the macroevolutionary relationships which are useful for
this study.

The best-fitting null model for the complete tree was
Linear_Rate_Demi_Est, with an AIC score of 5501.84 (see Table 1). The
Linear_Rate_Demi_Est model implies a constant rate of incremental/
decremental change in chromosome number, polyploidy, and demi-
polyploidy, and a linear relationship between the rate of incremental/
decremental change and chromosome number (Mayrose et al., 2010).

The analysis of separate subtrees showed a significant decrease in
AIC scores (see Table 1). In the best-fitting model (ΔAIC= −207.56),
a transition in the model of karyotype evolution was observed in each
of the analyzed subtrees except for the subtree 4 (clade 4, SDC+FAEC;
Fig. 2, Appendices D-E). In this case, subtree 4 and 5 displayed the same
model, a Base_Num model, with 0.07 fission events/Myr, 0.70 fusion
events/Myr and a rate of base-number multiplication of 0.2e−3 events/
Myr with a base haploid number x = 13. Further transitions are in-
ferred for subtrees 1 (FAEC clade excluding subtree 3), 2 (non-Side-
rostictae Carex) and 3 (C4 Cyperus lineage). Because these transitions
include linear rates parameters, we specify the events per chromosome
number and million years (hereafter iMyr) and the range of fission and
fusion rates using the minimum and maximum chromosome number in

Fig. 2. Best-fitting scenario of chromosome evolution for the Cyperaceae phylogeny. Numbered clades correspond to those in which a shift in diversification rate
have been detected (1, FAEC clade; 2, Carex lineage; 3, C4 Cyperus lineage; 4, SDC+ FAEC clade). Akaike information criterion (AIC) value of the best-fitting scenario
(AIC123) appears next to the phylogeny, compared (ΔAIC) to the null hypothesis AIC score (AIC0).
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each subtree (see Appendix F).
On the subtree 1 (FAEC clade excluding subtree 3), the mode of

evolution changed to the Linear_Rate_Demi model, with negligible
constant rates of fusion or fission (0 events/Myr), 0.03 duplication
events/Myr (either demi-polyploidization or WGD), and a linear rate of
8.2e−3 fission events/iMyr and 5.2e−3 losses events/iMyr (linear and
net rates of 0.02–0.45 fission events/Myr and 0.02–0.29 fusion events/
Myr). The C4 Cyperus lineage retained the Linear_Rate_Demi_Est model,
with 13.68 fission events/Myr, 9.98 fusion events/Myr, 0.22 duplica-
tion events/Myr, 1.59 demi-polyploid events/Myr, and a rate of −0.15
fission events/iMyr and 0.75 fusion events/iMyr (linear rate of −0.90
to −12.30 fission events/Myr and 4.50–61.50 fusion events/Myr, and
net rate of 12.78–1.38 fission events/Myr and 14.48–71.48 fusion
events/Myr). Finally, the non-Siderostictae Carex best model was
Linear_Rate_Demi_Est, with a constant rate of 2.50 fission events/Myr,
2.13 fusion events/Myr, 2.7e−3 duplications events/Myr, 0.01 demi-
polyploidy events/Myr, and a linear rate of 0.02 fission events/iMyr
and 0.07 fusion events/iMyr (linear rate of 0.14–1.30 fission events/
iMyr and 0.49–4.55 fusion events/iMyr, and net rate of 2.64–3.80 fis-
sion events/Myr and 2.62–6.68 fusion events/Myr).

The results of the remaining AIC scores of model selection and
combination are included in Appendix E, with the best-fitting scenario
depicted in Fig. 2. Analysis output files with all the inferred chromo-
some rate transitions of every model studied are available online at
zenodo.org/record/2553838.

4. Discussion

4.1. Chromosome evolution modes on Cyperaceae

The sedge phylogeny presented here is the most comprehensive
family tree published to date, with more than twice as many taxa as
previous analyses (Hinchliff and Roalson, 2013; Spalink et al., 2016b).
This phylogeny allows studying evolutionary processes more thor-
oughly in Cyperaceae. We also use a new approach for inferring modes
of chromosomal evolution across this phylogeny. By separately ana-
lyzing the full tree and subtrees, we have clarified our understanding of
chromosome evolution along the Cyperaceae phylogeny.

The null hypothesis of a single mode of chromosome evolution on
the sedge phylogeny is consistently rejected by the analyses (Table 1).
This approach appears to be useful for studying transitions in chro-
mosome evolution at higher taxonomic levels and could be used at finer

evolutionary levels as well (e.g., analyzing groups of close species). Our
results are particularly relevant in the study of clades containing species
with holocentric chromosomes, whose labile karyotypes could exhibit
heterogeneous modes of evolution.

The best-fitting scenario of karyological evolution in Cyperaceae
suggests multiple model transitions throughout the family phylogeny.
These include distinct modes of evolution in the C4 Cyperus clade, in
non-Siderostictae Carex clade, and the FAEC clade excluding C4
Cyperus). We found no support for a distinct mode of chromosome
evolution at the origin of the SDC+FAEC clade.

Chromosome numbers seem to have evolved primarily by fusion
(Fig. 2, Appendices E-G) until diversification of the non-Siderostictae
Carex and FAEC clades. The shift at the non-Siderostictae Carex (Table 1-
2) is mainly related to a massive increase in the rate of chromosome
fissions and fusions. This clade also includes the former genera Kobresia,
Schoenoxiphium, Uncinia and Cymophyllus (Global Carex Group, 2015),
in which no or few genome duplications have been inferred (Davies,
1956; Hipp et al., 2009; Hoshino, 1981; Wahl, 1940). Accordingly, non-
Siderostictae Carex shows here the lowest polyploidy rates of all subtrees
with the exception of the remaining SDC clade and early divergent
lineages (from Rhynchosporeae to Mapania clades, see Fig. 2) that show
the lowest (in the transition to non-Siderostictae Carex a soft increase of
polyploidy rates was detected). Models regarding this clade imply the
evolution of chromosomes by events of agmatoploidy (fission) and
symploidy (fusion). This phenomenon has been suggested to occur in
Carex (Davies, 1956; Hipp et al., 2009; Hoshino, 1981; Wahl, 1940),
but it has never been statistically tested at the genus level. Carex along
constitutes ca. 40% of the species in the sedge family (Govaerts et al.,
2017). Therefore, understanding whether diversification rate shifts are
related to karyotypic change is key to comprehending chromosome

Table 1
Akaike information criterion (AIC) values, difference (ΔAIC) from the null scenario (no transitions) and AIC weights for each scenario. Importance weights for no
transition scenario and for each clade appear together with brief comments on the right side of the table.

Transition scenarios† AIC ΔAIC AIC weight Conclusions

Null 5501.84 0.00 6.41e−46 No transition events
1 5382.08 −119.76 6.51e−20 A single transition event, either in FAEC clade (1), non-Siderostictae Carex (2), C4 Cyperus (3) or SDC+FAEC clade (4)
2 5369.57 −132.27 3.38e−17

3 5420.74 −81.11 2.62e−28

4 5467.23 −34.61 2.10e−38

1,2 5330.73 −171.11 9.20e−09 Scenarios of two transition events
1,3 5345.63 −156.21 5.34e−12

1,4 5369.09 −132.75 4.31e−17

2,3 5311.06 −190.78 1.72e−04

2,4 5377.40 −124.44 6.75e−19

3,4 5387.07 −114.77 5.36e−21

1,2,3 5294.28 −207.56 7.55e−01 Scenarios of three transition events. The best scenario (1,2,3) suggests a sole mode of chromosome number evolution
through sedges, with exception of clades 1, 2 and 31,2,4 5333.07 −168.77 2.84e−09

1,3,4 5332.64 −169.20 3.53e−09

2,3,4 5302.58 −199.26 1.19e−02

1,2,3,4 5296.63 −205.21 2.33e−01 Most complex scenario, with four transition events. This case is not much worse than the scenario 1,2,3
(ΔAIC=2.35), and would support transition events in lineages 1, 2, 3 and 4

The best scoring scenario is indicated with bold italics.
† Each number corresponds to a transition in the mode of chromosome evolution for the respective clade.

Table 2
Importance AIC weights for each clade and for the null scenario with no
transitions. Sums with the highest probability of a chromosome number
transition to occur are marked in bold.

Transition scenarios by clades AIC weight sum

Null 6.41e−46

1 0.988
2 1.000
3 1.000
4 0.245
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evolution as the result, trigger, or part of the speciation process and
whether this change is mediated by intrinsic factors (e.g. linkage dis-
equilibrium), extrinsic factors (e.g. reinforcing ecological speciation),
or both.

A second transition in the mode of karyological evolution corre-
sponds to the FAEC clade excluding C4 Cyperus (Table 1-2). This shift in
the mode of chromosome evolution is dominated by a decrease of the
rate of fusion events, and a slight increase of fission events as chro-
mosome number grows (Fig. 2, Appendices E-G). Chromosome dupli-
cation seems to have no large effect, and thus, karyotypes are likely to
remain largely stable within this clade, particularly in lineages such as
Fimbristylis and Eleocharis (though, some instances of duplication may
be evident in Schoenoplectus and Schoenoplectiella, see Appendix G). This
pattern could suggest the possibility of constraints against chromosome
number evolution in this clade, although the selection process that
would cause such results remains obscure.

The high rates of fusions, fissions, demi-polyploidization and du-
plications in the C4 Cyperus clade contrast remarkably with the kar-
yotype stability of the FAEC clade (Fig. 2, Appendices E-G). Lowest
haploid numbers in this clade correspond to a polyploid series; Cyperus
brevifolius (=Kyllinga brevifolia), for instance, also presents high chro-
mosome number ranges due to duplication (n=9–86; Roalson, 2008).
Polyploidy has also been suggested previously for Cyperus esculentus
(Arias et al., 2011; De Castro et al., 2015), and has been reported as
frequent throughout the clade (see Roalson, 2008). Though neo-poly-
ploids generally do not feature higher diversification rates (Mayrose
et al., 2011), this Cyperus lineage (ca. 760 species; Larridon et al., 2013)
would constitute a counterexample of that trend. Nevertheless, al-
though high rates of fission and fusion have been detected, these
parameters could be the byproduct of a biased chromosome dataset.
Since there are few species represented in this clade and chromosome
data depends on the current published reports, high fusion and fission
rates can be due to the inability to detect further duplications and demi-
polyploidization. In this case, lineage diversification could suggest a
link with the mode of chromosome evolution towards an evolutionary
scenario dominated by incremental changes to ploidy. Alternatively,
this increase in the diversification rate could be related to other in-
novative mechanisms of the lineage, such as the evolution of the C4
photosynthetic pathway (Larridon et al., 2013). Therefore, genome
duplications and shifts in the photosynthetic pathway could have acted
in concert.

Although a causal relationship between chromosome number model
transitions and diversification rates shifts cannot be assured in this
study, strong evidence is found in shifts in chromosome evolution
modes through the family tree that might suggest a link. Nevertheless,
as exemplified by the Cyperus lineage, this relationship could also be
related to another evolutionary process such as the development of C4
photosynthetic pathway. Further research is required to accurately test
the relationship between chromosome model evolution transitions and
shifts in diversification rates. The results of these studies could provide
new insight into the macroevolutionary processes that explain these
patterns.

4.2. Final remarks

Summing up, this study proposes (i) the use of simple model vs.
complex scenarios (i.e. including two to five different models) of
chromosome evolution as a feasible approach to the study of chromo-
some evolution; (ii) that, for Cyperaceae, the statistical support for a
complex transition scenario was much higher than a simple model of
chromosome number evolution; (iii) a clear pattern of high rate of
duplications, and possibly fusions and fissions, as the main mean of
chromosome evolution for, at least, part of the lineage of C4 Cyperus
species, (iv) very high rate of agmatoploidy and symploidy in genus
Carex (except Siderostictae clade), (v) karyotype stability (low rates of
chromosome evolution) through most FAEC clade lineages.
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Abstract Changes in holocentric chromosome number due to fission and fusion have direct and immediate
effects on genome structure and recombination rates. These, in turn, may influence ecology and evolutionary
trajectories profoundly. Sedges of the genus Carex (Cyperaceae) comprise ca. 2000 species with holocentric
chromosomes. The genus exhibits a phenomenal range in the chromosome number (2n= 10− 132) with almost
not polyploidy. In this study, we integrated the most comprehensive cytogenetic and phylogenetic data for
sedges with associated climatic and morphological data to investigate the hypothesis that high recombination
rates are selected when evolutionary innovation is required, using chromosome number evolution as a proxy for
recombination rate. We evaluated Ornstein–Uhlenbeck models to infer shifts in chromosome number equilibrium
and selective regime. We also tested the relationship between chromosome number and diversification rates. Our
analyses demonstrate significant correlations between morphology and climatic niche and chromosome number
in Carex. Nevertheless, the amount of chromosomal variation that we are able to explain is very small. We
recognized a large number of shifts in mean chromosome number, but a significantly lower number in climatic
niche and morphology. We also detected a peak in diversification rates near intermediate recombination rates. In
combination, these analyses point toward the importance of chromosome evolution to the evolutionary history of
Carex. Our work suggests that the effect of chromosome evolution on recombination rates, not just on
reproductive isolation, may be central to the evolutionary history of sedges.

Key words: BAYOU, bioclimatic variables, Brownian motion, diversification, morphological characters, Ornstein–Uhlenbeck model,
Phylogenetic Comparative Methods, QuaSSE, SLOUCH.

1 Introduction
The genus Carex L. (Cyperaceae), with ca. 2000 accepted
species, includes nearly 40% of total sedge diversity and is one
of the three most diverse angiosperm genera (Roalson et al.,
2021; WCSP, 2020). It is distributed worldwide, but especially
rich in the temperate and cold regions of both hemispheres.
This global distribution results from a series of dispersals and
expansions from its cradle in southeastern Asia, where the
genus originated about 37 Mya (Martín‐Bravo et al., 2019), and a
complex balance between in‐situ diversification and migrations
among regions (e.g., Hipp et al., 2006; Uzma et al., 2019). The
last two decades have seen a flowering of Carex phylogenetic

studies (Roalson et al., 2001; Waterway & Starr, 2007; Waterway
et al., 2009; Escudero et al., 2012a; among other studies). As a
result of a recent sampling push coordinated by the Global
Carex Group (Jiménez‐Mejías et al., 2016; Martín‐Bravo
et al., 2019), over 60% of the species of this megadiverse genus
have DNA sequences and a solid genomic backbone tree has
solidified the broad‐scale phylogeny of the genus (Villaverde
et al., 2020). This has allowed for a more complete picture of
evolutionary relationships at the species level and a robust
framework for investigating the processes that shape the
evolution of the genus.

The diversification bursts observed in Carex have been
explained variously, with no clear unifying principle: some
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appear to be associated with morphological key innovations,
others with ecological opportunity after establishment in
new regions, and still others with shifting dynamics in the
chromosome number evolution (Martín‐Bravo et al., 2019
and references therein). The prospects for elucidating the
partial effects of the various factors shaping diversification in
a species‐rich genus with such a patchwork of histories are
daunting. For instance, self‐compatibility in most Carex
species facilitates population establishment and expansion
after dispersal events (interplaying with epizoochoric
syndromes in some species; Villaverde et al., 2017a) and the
onset of reproductive isolation (Whitkus, 1988; Escudero
et al., 2016a). This aspect of its life history alone may shape
speciation in some clades, especially in association with
long‐distance dispersal (Villaverde et al., 2015a, 2015b,
2017a, 2017b; Márquez‐Corro et al., 2017). In others,
colonization and adaptation to newly opened niches during
the geographic expansion of the genus may have played
important roles (Villaverde et al., 2017b; Benítez‐Benítez
et al., 2018, 2021). There are likely a multitude of explanations
for global sedge diversity.
One of the most remarkable characteristics of the genus,

shared by all its species and long suggested to be a
diversification driver, is its peculiar chromosome architecture
(Heilborn, 1932; Hipp, 2007; Hipp et al., 2010; Chung
et al., 2012; Escudero et al., 2012b, 2014; Spalink et al., 2019;
Márquez‐Corro et al., 2019b). Sedges present a characteristic
type of centromere, distributed along the chromosome
(holocentric chromosomes) and fully functional during
meiosis (holokinetic meiosis; see reviews in Hipp et al., 2013;
Marques & Pedrosa‐Harand, 2016). This characteristic is
present in several lineages of plants and animals (Escudero
et al., 2016b; Márquez‐Corro et al., 2018, 2019a). Due to the
nonspatial separation of recombination and segregation
function during meiosis, holocentric chromosomes are
generally limited to one or two chiasmata during meiosis
(Nokkala et al., 2004). Nevertheless, holocentricity allows
fission and fusion to dominate karyotype evolution
(Guerra, 2016); in monocentric groups, by contrast,
chromosome evolution tends to be associated with genome
duplication events. Carex has long been studied in terms of
the chromosome number, with reports ranging from 2n= 10
to 2n= 132 (C. donnell‐smithii and C. perplexa, respectively;
Heilborn, 1932; Tanaka, 1949; Davies, 1956; Naczi, 1999;
Roalson, 2008; Hipp et al., 2009). Chromosomal variation in
Carex is second in angiosperm genera only to Cyperus
(2n= 10 to 2n= 224; Roalson, 2008), the second largest
genus of Cyperaceae (ca. 950 spp; Larridon et al., 2013).
Fusion and fission of chromosomes during meiosis have

led to a high karyotype variation among species and among
populations within species in Carex (e.g., Wahl, 1940;
Tanaka, 1949; Naczi, 1999; Roalson, 2008). As holokinetic
chromosomes present kinetochore activity along the whole
chromosome, chromosome fragments arising from fission
and fusion events have the potential to segregate in a
Mendelian fashion (Escudero et al., 2014). Chromosome
fission and fusion dominate the exclusion of ploidy changes
throughout Carex (Márquez‐Corro et al., 2019b), with few but
very notable exceptions. The most striking of these counter-
examples is the subgenus Siderosticta, the sister lineage to
the remainder of Carex, which has exceptionally low

chromosome numbers and evolves by means of polyploidy
(Tang & Xiang, 1989). The position of this subgenus as sister
to the remainder of Carex suggests that the fusion/fission
mode of chromosome evolution did not evolve with the
other synapomorphies that define the genus, making the
origin of Carex a stepwise process. Additionally, a small
number of species groups (section Racemosae and the
Humilis Clade; Lipnerová et al., 2013; species group names
throughout follow Roalson et al., 2021) and species (Carex
dolichostachya, C. jackiana, C. roraimensis; Hipp
et al., 2006, 2009) within other Carex subgenera also have
been reported as polyploids. The transition to fusion and
fission in Carex, associated with its high species diversity,
suggests a possible role in the high diversification rate of the
genus (Hipp, 2007; Hipp et al., 2010; Chung et al., 2012;
Escudero et al., 2012b, 2014; Márquez‐Corro et al., 2019b).
The reduced number of chiasmata per chromosome

(typically one or two per chromosome) and the apparently
negligible fitness costs of chromosome fusion and fission
make chromosome number a plausible proxy for recombi-
nation rates in the genus (Bell, 1982; Escudero
et al., 2012a, 2018). Low within‐chromosome recombination
rates were demonstrated for Carex in the first published
genetic linkage map for the genus (Escudero et al., 2018), in
which recombination frequency was shown to be congruent
with a single crossover per homologous chromosome on
average. Consequently, the chromosome number is probably
a reasonable proxy for the recombination rate (Bell, 1982),
and Carex may thus be an ideal study system for evaluating
hypotheses regarding the effects of natural selection on
recombination rates (Bell, 1982; Burt, 2000).
Bell (1982) hypothesized that in areas of densely packed

niche space, already‐established populations have little risk
with increased recombination rates. Plants can gamble on
rare allelic combinations that may have extreme fitness,
because high mean fitness in communities with high
interspecific competition ameliorates reproductive risk. By
contrast, low recombination rates should be favored when a
high reproductive potential is needed, and the risks of
disadvantageous allelic combinations outweigh the potential
advantages of recombination. Moreover, it also has been
hypothesized that high recombination rates also would be
adaptive in a scenario of quickly changing environments,
because the evolutionary potential of high recombination
rates would allow evolutionary innovation to adapt to the
new conditions, whereas low recombination rates may be
selected when environmental conditions remain stable over
time and evolutionary innovation would not be adaptive
(e.g., Wang et al., 2019).
In this study, we test the hypothesis that high recombi-

nation rates are selected for in environments where
evolutionary innovation is favored. We do so by fitting
models that test a relationship between proxies of
competitiveness and environmental stability on the one
hand and chromosome number as a proxy for recombination
rate on the other hand. Although chromosome number
change may favor speciation by means of reproductive
isolation (e.g., individuals with large numbers of rearrange-
ments may not be interfertile; Chung et al., 2012), here we
limit our questions to recombination rates rather than
chromosome number per se. We gathered all available
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chromosome numbers for the genus Carex, covering around
one‐third of the species in the genus and a broad range of its
geographic and ecological diversity. Previous studies have
sampled species more sparsely (5% species sampled in
Escudero et al., 2012a; or floristic regional level in Spalink
et al., 2019) or at a limited phylogenetic scale (e.g., within
sects. Cyperoideae and Spirostachyae; Hipp, 2007; Escudero
et al., 2010, respectively). We utilize chromosome counts
from all the species that have been included in the most
comprehensive phylogeny of the genus to date (Martín‐
Bravo et al., 2019) to investigate a number of questions
about its evolutionary history. We investigate changes in
chromosome number and selective environment using multi‐
optimum Ornstein–Uhlenbeck models to evaluate whether
significant transitions among biomes entail replicable shifts in
the chromosome number. We then test whether recombi-
nation rate as estimated by chromosome number has an
effect on diversification. Moreover, we evaluate whether
different levels of environmental stability are correlated with
variance in recombination rates or other ecologically
significant life history traits.
In combination, these analyses comprise the most

comprehensive investigation to date of the effects of
chromosome evolution on the macroevolutionary success
of sedges.

2 Material and methods
2.1 Phylogeny and chromosome number data
The most comprehensive dated phylogeny of Carex was
obtained from a previous study (Martín‐Bravo et al., 2019),
which includes 66% of the extant species. Diploid chromo-
some numbers were obtained from databases and recent
cytogenetic studies (e.g., compilations by Roalson (2008)
and Rice et al. (2015), the IAPT/IOPB periodical numbers and
regional floras) for the species represented in the phylogeny
of the genus (Fig. 1; data S1 in Márquez‐Corro, 2020),
excluding before analysis chromosome counts that we
considered unreliable (i.e., Löve & Löve's counts;
Elven, 2020). Taxa for which there is no chromosome data
were pruned from the tree. The resulting phylogeny was
resolved with the function “multi2di” of the R package APE

v5.4‐1 (Paradis & Schliep, 2018) and rendered ultrametric with
the function “nnls.tree” from the package PHANGORN v2.5.5
(Schliep, 2011). All analyses were conducted in R v3.6.3
(R Core Team, 2020).

Chromosome number means and squared standard errors
were calculated for each species. However, due to the high
among‐species variability in the number of counts that were
published, and as only 3% (22 tips) had 20 or more
chromosome number reports, we use the average variance

A

F

E

B
C
D

Fig. 1. The phylogenetic tree of the Carex taxa used in the analysis. The right side of the figure shows the diploid chromosome
number for each taxon. Density distribution plots are shown above and along the right side of the plot, depicting the
distribution of chromosome number in the genus and the sample size (number of chromosome number counts) per taxon,
respectively. The gray band shows the range between 58 and 60 chromosomes.
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of all the species variance divided by the sample size
(weighted standard error of the mean, SEM2

w). This
procedure is recommended in Labra et al. (2009) and Hansen
& Bartoszek (2012) for data sets with small sample sizes.
Chromosome data were not transformed, as the residuals
were normally distributed as tested using the “powerTrans-
form” function of the CAR package v3.0–10; Fox &
Weisberg, 2019).

2.2 Tempo and mode of chromosome number evolution
In the current study, we follow previous research that treats
Carex chromosome number as a continuous variable
measured on an integer scale (e.g., Hipp, 2007; Escudero
et al., 2010, 2012a; Chung et al., 2012; Carta et al., 2018).
Although this is an approximation (cf. Mayrose et al., 2010), it
provides a gateway into a wide range of phylogenetic
comparative models useful to the questions we are
addressing.
To test the phylogenetic heritability/signal, we compared

two models of continuous trait evolution using the Akaike
information criterion (AIC) with the function “transformPhy-
lo.ML” in the R package MOTMOT v2.1.3 (Harmon &
Freckleton, 2008; data S2 in Márquez‐Corro, 2020): (i) the
Brownian motion (BM) model, in which chromosome
evolution is modeled approximately as a random walk; and
(ii) BM with an additional parameter, Pagel's lambda
(BM+ λ; Pagel, 1999), which multiplies all off‐diagonal
elements of the phylogenetic variance–covariance matrix
by a scalar. The latter has an effect on internal branch
lengths, relative to tips, and estimates whether a character is
more or less similar among species than expected from their
phylogenetic relationships.
To test clade‐level shifts in chromosome number means,

we fit alternative Ornstein–Uhlenbeck (OU) models (cf.
Hansen, 1997) in the R package BAYOU v2.2.0 (Uyeda &
Harmon, 2014). These models detect multi‐optimum sce-
narios in trait evolution along the phylogeny using Bayesian
reversible jump Markov chain Monte Carlo (rjMCMC). Ten
chains of 2.5 million iterations (burn‐in= 0.3) were run. Prior
values and parameters distributions were set on the basis of
previous knowledge of the genus (Data S3 in Márquez‐
Corro, 2020). For instance, the number of equilibria was set
to follow a normal distribution with a mean near the number
of sections retrieved in the tree (ca. 107 sections), as many
large‐scale taxonomic groups in Carex appear to be
associated with shifts in the chromosome number

(Wahl, 1940; Hipp, 2007; Escudero et al., 2010). The number
of detected optima appears in Table 1.

2.3 Morphological and ecological predictors of chromosome
number
To test effects of selection on the chromosome number, we
used the “slouch.fit” function in the SLOUCH package v2.1.4
(Kopperud et al., 2019) to fit a stochastic linear OU model for
chromosome number evolution with morphological and
climatic predictors. Under this model, the chromosome
number is treated as evolving according to an OU model
toward an optimum that is a linear function of the predictors.
The predictors—morphological or climatic traits in our
study—are modeled as evolving on the tree according to a
BM process (Hansen et al., 2008). Under an OU model, the
stationary variance (vy) estimates the trait variance when the
OU process has reached equilibrium, and the phylogenetic
half‐life (t1/2) estimates the amount of time (in branch length
units) for a lineage to move halfway from its ancestral value
to the OU equilibrium.
In Carex, the chromosome number is highly labile and has

been shown in at least some clades to evolve toward clade‐
specific optima (Hipp, 2007). To test the relationship of
chromosome number with morphological traits, we included
a number of covariates that could explain the observed
chromosome number variation. Variables that may shape
aboveground competitive interactions (culm length and leaf
width) and reproductive strategies (utricle length and length
of lateral and terminal spikes) were selected from floras,
taxonomic revisions, and other published studies (Data S1 in
Márquez‐Corro, 2020). The midpoint of the ranges excluding
outliers was used for analysis as a proxy for the character
state mean and 25% of that value as standard error (Escudero
et al., 2012a). To model the evolution of environmental
conditions that may be selected for different chromosome
numbers (recombination rates), we used bioclimatic varia-
bles from the WorldClim database (https://www.worldclim.
org/). Occurrences of all the species were searched in the
GBIF database (https://www.gbif.org/). Imprecise or dupli-
cated coordinates (within the same 2.5 arcmin grid) were
discarded. The data retained from the cleaning process were
used to download the 19 bioclimatic variables of the
WorldClim database. Mean and variance were calculated
for each variable and taxon independently, and variance was
used to estimate SEM2. To reduce error in SEM2 estimation
for phylogenetic regression analyses, SEM2 for species with

Table 1 The number of optima (θ) detected in bayou by ranges of posterior probability.

Mean HPD95% [0.10–0.30) [0.30–0.50) [0.50–0.70) [0.70–1.00]
Chromosome number 101 85–116 83 30 15 21
Culm length 48 37–58 49 6 4 8
Lateral inflorescence length 98 84–114 124 32 17 32
Annual mean temperature (BIO1) 36 24–47 – – – –
Temperature seasonality (BIO4) 37 25–48 – – – –
Temperature annual range (BIO7) 37 26–48 1 1 – –
Annual precipitation (BIO12) 37 24–47 – – – –
It should be noted that taxa and error estimation used in the analysis differ among some of the variables (see Section 2).
Therefore, no comparison a priori can be made between chromosomal, morphological, and bioclimatic variables.
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<20 samples was estimated as SEM2w, dividing the variance
averaged across species by the sample size for each species.
Multiple regressions were fitted using combinations of

morphological and bioclimatic variables that reflect plausible

explanations for chromosome evolution in the genus
(Table 2). We expected higher recombination rates in highly
stochastic environments or environments that promote high
competitiveness among individuals (Bell, 1982; Burt, 2000;

Table 2 Results for the linear modeling of continuous predictors. Models with AIC scores within two units of difference appear
in bold, ordered by values with exception of BM and single‐equilibrium OU models, in the two firsts rows. Phylogenetic half‐life
(t1/2, millions of years), stationary variance (vy, squared chromosome number), intercept and standard error (diploid
chromosome number value), slope and standard error (units specified below the table), and R2 value (R2 in %) of the
phylogenetic regression.

Model AIC t1/2 vy Intercept (±SE) Slope (±SE) R2 (%)

2n ~ 1 (BM) 4203.458 – – 43.292± 14.961 – 0.000
2n ~ 1 (OU) 4190.336 13.51

(9.05–23.92)
362.54 50.903± 5.265 – 0.000

2n ~ culm length+mean temperature
of driest quarter (BIO9)

4189.569 13.93
(9.05–25.27)

358.57 51.121± 5.530 Culm: −0.061± 0.039‡ 0.791
BIO9: 0.148± 0.090§

2n ~ terminal inflorescence length (TI
length)+ BIO9

4189.970 14.07
(9.05–26.08)

353.41 50.532± 5.628 TI: −0.081± 0.057† 0.709
BIO9: 0.144± 0.090§

2n ~ BIO9 4190.182 13.64
(9.05–24.26)

362.51 50.554± 5.301 0.124± 0.088§ 0.353

2n ~ culm length 4190.530 13.61
(9.05–24.05)

363.34 51.667± 5.352 −0.051± 0.038‡ 0.316

2n ~ culm length+mean
temperature of coldest quarter
(BIO11)

4190.644 13.86
(9.05–24.86)

359.20 51.487± 5.506 Culm: −0.062± 0.039‡ 0.612
BIO11: 0.141± 0.108§

2n ~ BIO9+ precipitation of the
warmest quarter (BIO18)

4190.706 13.65
(9.05–24.46)

359.57 51.945± 5.457 BIO9: 0.128± 0.0988§ 0.584
BIO18: −0.006± 0.005

2n ~ TI length 4190.867 13.61
(9.05–24.05)

362.89 51.402± 5.324 −0.068± 0.056† 0.260

2n ~ lateral inflorescence length 4190.910 13.41
(9.05–24.05)

359.04 51.311± 5.246 −0.061± 0.051† 0.252

2n ~ culm length+ BIO18 4191.010 14.11
(9.05–26.49)

347.10 52.042± 5.903 Culm: −0.050± 0.039‡ 0.498
BIO18: −0.006± 0.005†

2n ~mean temperature of wettest
quarter (BIO8)

4191.017 13.42
(8.72–24.26)

358.68 52.270± 5.360 −0.167± 0.150§ 0.221

2n ~ TI length+ BIO18 4191.047 14.59
(9.05–28.92)

335.65 51.031± 6.196 TI: −0.067± 0.058† 0.431
BIO18: −0.006± 0.006†

2n ~ TI length+ BIO11 4191.081 13.98
(9.05–25.68)

354.64 50.910± 5.586 TI: −0.081± 0.057† 0.523
BIO11: 0.132± 0.108§

2n ~ BIO18 4191.086 13.47
(9.05–24.26)

360.18 52.289± 5.399 −0.006± 0.005† 0.211

2n ~ BIO8+ BIO11 4191.095 13.51
(9.05–24.46)

356.73 52.581± 5.390 BIO8: −0.219± 0.155§ 0.521
BIO11: 0.141± 0.108§

2n ~ BIO8+ BIO9 4191.145 13.54
(9.05–24.46)

358.81 51.818± 5.397 BIO8: −0.152± 0.151§ 0.532
BIO9: 0.117± 0.088§

2n ~ BIO11+ BIO18 4191.155 13.56
(9.05–24.46)

358.84 52.663± 5.429 BIO11: 0.143± 0.108§ 0.517
BIO18: −0.008± 0.006†

2n ~ BIO11 4191.334 13.57
(9.05–24.26)

362.53 50.843± 5.282 0.102± 0.105§ 0.168

2n ~maximum temperature of
warmest month (BIO5)

4191.487 13.73
(9.05–24.26)

366.97 48.513± 5.915 0.177± 0.196§ 0.144

2n ~minimum temperature of
coldest month (BIO6)

4191.497 13.56
(9.05–24.26)

362.32 51.104± 5.283 0.089± 0.100§ 0.141

2n ~ mean diurnal range (BIO2) 4191.531 13.51
(9.05–23.92)

362.51 49.025± 5.684 0.383± 0.437§ 0.136

2n ~ annual mean
temperature (BIO1)

4191.562 13.63
(9.05–24.26)

364.38 50.169± 5.363 0.132± 0.153§ 0.131

Slope in units of chromosome number per: †millimeter, ‡centimeter, and §degree celsius.
AIC, Akaike information criterion; BM, Brownian motion; OU, Ornstein–Uhlenbeck.
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Escudero et al., 2012a; Wang et al., 2019). We modeled
environmental stability for bioclimatic variables as less
temperature variation across the year (lower BIO4 and
BIO7). We modeled competitive conditions using morpho-
logical variables, where low competitiveness is associated
with longer inflorescences units or smaller utricles, both
associated with higher reproductive allocation, and larger
leaves and height associated with higher allocation to
competition for space. As sample size varied widely, we
reduced the data set to the 564 taxa that had chromosome,
morphological, and climatic data (table 2, data S4 in
Márquez‐Corro, 2020). AIC weights were calculated for all
the models (function “akaike.weights” from R package
QPCR V1.4‐1; Ritz & Spiess, 2008; table 2, data S4 in Márquez‐
Corro, 2020).
Phylogenetic transitions in morphological and bioclimatic

niche as well as chromosome number were reconstructed
using reversible jump Markov chain Monte Carlo (rjMCMC) in
the R package BAYOU V2.2.0 (Uyeda & Harmon, 2014). Ten
chains of one million iterations (burn‐in= 0.3) were run for
the selected variables: culm length as vegetative character;
lateral inflorescence length as reproductive character; and
BIO1, BIO4, BIO7, and BIO12 as proxies for climatic niche.
Morphological traits were selected due to the wider range of
variation among the studied variables. Bioclimatic variables
were selected from those that most clearly distinguish
species clustered in climatic space using the complete linkage
method, which defines the distance between two clusters to
be the highest distance between their individual components
(Fig. S1 in Márquez‐Corro, 2020; R Core Team, 2020).

2.4 Relationship between chromosome number and lineage
diversification rates
The quantitative trait speciation–extinction model (QuaSSE)
as implemented in the R package DIVERSITREE v0.9–14
(FitzJohn, 2012) was used to test the effect of chromosome
number on speciation and extinction rates. We evaluated all
the possible model combinations of either constant, linear,
sigmoid, or unimodal relationship between recombination
rates (chromosome number evolution) and speciation or
extinction events. Global sampling fraction and standard
error were set to 36% and SEM2

w of each taxon, respectively
(Data S5 in Márquez‐Corro, 2020). We carried out an analysis
with and without the subgenus Siderosticta, as it is a well‐
known early‐diverging polyploid lineage, to check for any
possible discrepancy caused by analyzing a predominantly
dysploid clade (one dominated by fusion and fission) with its
predominantly polyploid sister group included in the analysis.

3 Results
3.1 Chromosome number and morphological and
bioclimatic data
Chromosome number counts were found for 755 taxa (721
species) of the total of 1386 taxa (1312 species) included in
the tree (Martín‐Bravo et al., 2019). This represents 36% of
Carex species (Fig. 1, data S1 in Márquez‐Corro, 2020). Data S1
(Márquez‐Corro, 2020) contain the source information for
the 3212 chromosome number reports used. Reports per
taxon ranged from one to 131 counts (1st quartile= 1,

median= 2, 3rd quartile= 5). Chromosome numbers were
obtained for the six Carex subgenera (Villaverde et al., 2020)
and most of the sections represented in the phylogeny (ca.
107 out of ca. 126; Figs. 1, 2).
Carex exhibits broad, clade‐level differences in chromo-

some numbers among subgenera that may have phyloge-
netic or ecological significance (Fig. 2). Subgenera Carex and
Vignea present relatively broad chromosome number
distributions, with a peak at 2n= 50–75. Subgenus Euthyceras
has a similar but somewhat flatter distribution. Psyllophorae
presents three clusters of numbers that appear to have no
particular relation to clade; section Schoenoxiphium, for
example, includes species in each of the three chromosome
number clusters. Finally, Uncinia presents a mode of 2n= 88.
The exceptions are a few New Zealand species and the South
American taxa, which have higher chromosome numbers,
and the remaining species of the subgenus that exhibit
mostly lower numbers.
Morphological data were available for more than 700 taxa

for culm length (715 taxa), leaf width (722 taxa), and utricle
length (734 taxa), with lateral and terminal inflorescence
length available for 662 and 602 taxa, respectively.
Bioclimatic data were obtained for 731 taxa, with occurrences
ranging from one to 2328 data points (1st quartile = 28.5,
median= 113, 3rd quartile= 330.5). We discarded any
morphological or bioclimatic variable that was strongly
correlated (|r|< 0.70) for the multi‐predictor models.

3.2 Phylogenetic signal and clade‐specific shifts
The BM+ λ model (σ2= 5.23, λ= 0.75 [95% confidence
interval [CI]: 0.67–0.81]) was significantly better supported
than the BM model (ΔAIC= 168.09, data S2 in Márquez‐
Corro, 2020). The 95% CI for λ excludes 0.0 and 1.0,
demonstrating that the chromosome number has a
significant phylogenetic component (data S2 in Márquez‐
Corro, 2020), but that the phylogeny alone is insufficient to
explain the patterns of chromosome evolution.
The reversible jump MCMC analysis of OU models in BAYOU

recovered a post‐burn‐in mean of 100 [HPD95%: 84–115] shifts
in the chromosome number, of which 21 were highly
supported (pp> 0.7; table 1, data S3 in Márquez‐
Corro, 2020). The posterior rate of adaptation (α) was
estimated at 3.4 [HPD95%: 0.7–8.1], which translates to a
phylogenetic half‐life of 0.2 Myr [HPD95%: 0.1–1.0]. The root
mean was inferred as 2n= 38 [HPD95%: 13–57]. However, the
posterior distribution showed three peaks, with ca.
42 chromosomes as the most likely diploid number for the
genus at the root and the second and third with similar
posterior probabilities between them, situated at approx-
imately 16 and 56 chromosomes, respectively (Data S3 in
Márquez‐Corro, 2020).

3.3 Diversification‐related pattern
QuaSSE analyses strongly support models in which diversi-
fication rates are related to chromosome number by a
positive sigmoidal speciation relationship, either under the
OU process (AICw= 0.53) or the BM process (AICw= 0.46).
The remaining (state‐independent) diversification models
collectively share an AICw of 0.01 (data S5 in Márquez‐
Corro, 2020). Although these results might be subject to
hidden states within chromosome number strata (Beaulieu &
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O′Meara, 2016; O′Meara & Beaulieu, 2016), the exceptionally
high heterogeneity of chromosome numbers in our study
makes it unlikely that additional unmeasured states within
high‐chromosome groups might explain this result. The
relationship between chromosome number and speciation
follows a positive sigmoidal distribution (Fig. 3), with 0.51
speciation events per million years (events/Myr) and an
inflection at 2n= 58, where speciation increases to 2.07
events/Myr. However, extinction was modeled similarly, with
a rate of 0.31 extinction events/Myr below 2n= 60 and an
abrupt rate rise up to 1.83 events/Myr. This means that net
diversification is low (0.20 species/Myr) for 2n< 58, there is a
burst in diversification of up to 1.76 species/Myr for
2n= 58–60, and again low net diversification rates (0.24
species/Myr; Fig. 3) for 2n> 60. This was also the best‐
supported model in the analysis excluding the subgenus
Siderosticta (data S5 in Márquez‐Corro, 2020).

3.4 Evaluation of the predictor variables
The sample size for the models used in SLOUCH varied between
predictors, so a tree with all the variables was obtained (564
taxa). All of the tested models performed better than BM,
whereas only three of them performed slightly better than the
single‐equilibrium OU null model in explaining chromosome
number evolution (table 2, data S4 in Márquez‐Corro, 2020).

The single‐equilibrium (no‐predictor) OU model indicated a
very low deterministic effect on chromosome number
evolution (t1/2= 13.50 [9.05–23.92] Myr; table 2, data S4 in
Márquez‐Corro, 2020). This suggests a low rate of evolution
(α) to the equilibrium (θ), if it is the correct model. For
single‐predictor and multiple‐predictor models, the
half‐life estimate varied similarly from 13.40 to 14.59
Myr. The range of the half‐life values—within two units of
log‐likelihood—also varied similarly between 8.72 to
28.92 Myr (table 2, data S4 in Márquez‐Corro, 2020). Thus,
although instantaneous adaptation/no phylogenetic inertia
(t1/2 = 0, α→∞) and pure BM (t1/2=∞, α= 0) are excluded
from the confidence interval, our results are close to a BM
model (e.g., single‐equilibrium OU model: t1/2 = 13.5 Myr,
α= 0.05Myr−1). Overall, there is a little effect of predictors
in all models. Moreover, little lag is shown between the
evolutionary and optimal regressions using predictors for
chromosome number because, despite the strong inertia of
the variables, the root is old enough to allow the traits to
evolve toward their optima (Table 2, Fig. 4). The three
slightly supported models include the mean temperature of
driest quarter (BIO9) plus culm or terminal inflorescence
length, and the BIO9 alone as predictors of the chromosome
number (Fig. 4, Table 2). The model with BIO9 alone does
not present a much higher AIC weight value vs. the OU

Fig. 2. Chromosome number variation among Carex subgenera for the taxa studied in this work. Each count is included
once per taxon. Minimum and maximum diploid values are displayed for the subgenera. Gray bars represent the
cumulative chromosome number reports for the genus and colored bars correspond to the observed numbers in each
subgenus.
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no‐predictor model (AICw= 0.44 vs. 0.40, respectively).
Moreover, the two first models included the BIO9 variable
and did not exceed the AIC of the BIO9 model alone
(AICw= 0.059 and 0.048 vs. 0.044 in BIO9). Thus, overall
weak explanatory power was found (R2 below 1%),
considering either single‐predictor or multi‐predictor models
(table 2, data S4 in Márquez‐Corro, 2020). The multi‐optima
analyses showed high rates of evolution toward the
equilibrium in the chromosome number and low stochastic
evolution (α= 3.41, σ2= 79.07; Data S3 in Márquez‐
Corro, 2020). Morphological variables studied were esti-
mated with the highest rates toward the optimum (α= 9.84
and 41.91 for culm and lateral inflorescence length,
respectively) and highest stochastic evolution as well
(σ2= 2693.43 and 676.38, respectively). In comparison with
the chromosome number, bioclimatic variables displayed
mostly opposite patterns, with most of them showing lower
rates toward the optimum (α= 0.16, 0.63, and 1.42 for BIO1,
BIO4, and BIO12, respectively), with exception of BIO7
(α= 5.04), and all displaying lower stochastic evolution
(σ2= 0.35, 64.39, 0.27, and 1.44, respectively; data S3 in
Márquez‐Corro, 2020). Overall, despite the low explanatory
ability detected for the predictors, their relationship with
chromosome number is very similar to that obtained by
Escudero et al. (2012a). This result is compelling, as we
sampled about six times more taxa than that study.

3.5 Clade‐level transitions among variables
Multi‐optimum models (BAYOU) results showed more optima
for morphological vs. bioclimatic variables (Table 1). On the
one hand, mean optima numbers of 48 [HPD95%: 37–58] and
98 [HPD95%: 84–114] were inferred for culm length and
lateral inflorescence lengths, respectively. On the other
hand, number of optima were modeled as 36 [HPD95%:
24–47], 37 [HPD95%: 25–48], 37 [HPD95%: 26–48], and

37 [HPD95%: 24–47] for BIO1, BIO4, BIO7, and BIO12,
respectively.
At deep phylogenetic levels, clades corresponding to

subgenera Siderosticta and Uncinia and the Psyllophorae+
Euthyceras clade are reconstructed as having a single
chromosome number equilibrium each (pp= 0.80, θ= 17
chromosomes; pp= 0.75, θ= 82 chromosomes; pp= 0.62,
θ= 68 chromosomes, respectively; Data S3 in Márquez‐
Corro, 2020), whereas subgenera Vignea and Carex, which are
the two most diverse groups of the genus, have multiple
chromosome number equilibria. However, Vignea seems to
present a shift close to its crown node (pp= 0.75, θ= 59
chromosomes), with few supported shifts further within the
subgenus. The main ones include sections Phleoideae,
Physoglochin, and Cyperoideae. On the other side, subgenus
Carex is more variable, with multiple shifts occurring in
different sections or lineages; for instance,
Acrocystis–Liparocarpos–Humilis Clade and the highly sup-
ported shift (pp= 0.98, θ= 58 chromosomes) in a clade
containing approximately half of the sampling of the
subgenus and the vast majority of helophytic taxa (Mollicula,
Gracillima, Stylosa, Scita, Squarrosa, and Limosa Clades,
sections Scirpinae, Fecundae, and Phacocystis, among others).
Moreover, further low‐to‐moderate supported shifts have
been detected in the Hirta Clade (pp= 0.54, θ= 72
chromosomes), sect. Phacocystis (pp= 0.68, θ= 76 chromo-
somes), or Spirostachyae subsect. Elatae (pp= 0.69, θ= 72
chromosomes). These are some examples that reveal the
intricate scenario of chromosome number evolution, in
conjunction with ecological conditions.

4 Discussion
Our work provides important new insights into the evolu-
tionary history of chromosome diversity in Carex. First,

Fig. 3. Best‐supported models of the relationship between chromosome number and speciation (blue), extinction (orange)
and diversification (dashed line) rates in Carex, as inferred from the QuaSSE analysis. Ornstein–Uhlenbeck (OU) and Brownian
motion (BM) models are represented with dark and faint color lines, respectively. Diversification for the best‐supported OU
model is depicted by a dashed line.
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chromosomes have evolved a much higher number of optima
than morphological and bioclimatic variables (Table 1),
suggesting a rapid rate of chromosome evolution in the
clade, relative to the evolution of climatic and functional
niche, and possibly to other stochastic factors. In association
with this, morphological diversity and climatic niche appear
to have shaped chromosome number evolution, but they
explain only a small proportion of the total variance in the
chromosome number. The low predictive power of func-
tional variation, perhaps a consequence of high diversity of
lineage‐specific life histories in our study organism, contrasts
with high predictive power at lower evolutionary scales (e.g.,
Escudero et al., 2013). The effects of chromosome evolution
on ecological diversification may thus be more apparent

within clades and regions than at broad phylogenetic scales.
Finally, our work suggests that the highest rates of lineage
diversification in Carex are found at moderate chromosome
numbers, with an eight‐fold higher net diversification
rate around 58–60 chromosomes than at the ends of the
chromosome distribution (Fig. 3). Whether this might be an
artifact of unmodeled heterogeneity in net diversification
rates (cf. Beaulieu & O′Meara, 2016) or entanglement of
chromosome number with the rate of chromosome
evolution itself remains to be seen. In any case, our analyses
demonstrate that chromosome variation in sedges is not a
mere novelty and does more than just shape reproductive
isolation through reduced crossability. Chromosome evolu-
tion is an important macroevolutionary force in sedges,

A

B

C

Fig. 4. The left side depicts the log‐likelihood space in function of phylogenetic signals (t1/2) and stationary variances (vy) in
different models, whereas the right side shows the different optimal (orange line) and phylogenetic (black line) regressions of
the chromosome number on each model with the reduced data set with 564 taxa in black dots. Gray dots represent taxa that
were not used for the SLOUCH analysis. A, Phylogenetic effects on the chromosome number based on a model with mean
temperature of driest quarter (BIO9, °C). B, Phylogenetic effects on the chromosome number based on a model including culm
length (cm). C, Phylogenetic effects on the chromosome number based on a model with terminal inflorescence length (mm).
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shaping the evolution of ecological and lineage diversity in its
largest genus.

4.1 Chromosome number evolution in Carex
Karyotype in Carex has been shown to evolve through a
continuous range, mainly by fusions and fissions (Márquez‐
Corro et al., 2019a) rather than through whole‐genome
duplication. There are few exceptions to this rule in Carex,
which is particularly striking, given the high lineage diversity
of the genus and the fact that the remainder of the family
Cyperaceae is dominated by polyploid chromosome number
evolution (Hipp et al., 2009). The most obvious exception in
Carex is the polyploid subgenus Siderosticta (Figs. 1, 2; Tang &
Xiang, 1989), which is sister to the remaining subgenera
(GCG, 2015; Jiménez‐Mejías et al., 2016; Martín‐Bravo
et al., 2019). The shift in the mean chromosome number
detected in Siderosticta vs. the remaining subgenera
supports previous arguments that the evolution of the non‐
Siderosticta clade of Carex entailed a shift in the mode of
chromosome evolution (Escudero et al., 2012b; Márquez‐
Corro et al., 2019b). Thus, although subgenus Siderosticta is
clearly within Carex morphologically, from the standpoint of
cytogenetic behavior, one could just as easily recognize it as
a distinct genus. It is a stepping‐off point on the road into
Carex, a transition from the more or less stable karyotypes
and polyploidy that dominate in the remainder of Cyper-
aceae, reminding us of how important the mode of
chromosome evolution has been in making this enormous
genus what it is.
We detected a strong phylogenetic signal in the

chromosome number (Fig. 1, data S2 in Márquez‐
Corro, 2020). We estimated ca. 42 chromosomes as the
most likely ancestral diploid number (pp= 0.20), but
chromosome numbers in Carex have varied so rapidly that
this estimate should be considered a point estimate within a
very broad confidence interval (less supported peaks around
2n= 16 and 2n= 57; data S3 in Márquez‐Corro, 2020). This
result supports previous analysis using the ChromEvol model
(Glick & Mayrose, 2014), in which a range including these
numbers was obtained (Márquez‐Corro et al., 2019b; ances-
tral 2n= 28 with pp= 0.07 and pp values above 0.02 in a
range that included 2n= 12 – 50). Moreover, given the
discussion above regarding the abrupt change in chromo-
some dynamics on the branch leading into Carex, excluding
subgenus Siderosticta, reconstructing the ancestral diploid
number for the genus may not be practical. Our best
estimate for the count at the oldest end of the stem leading
into the genus might, in fact, be better arrived using
information from the taxa outside of Carex, whereas the
estimate for the crown count of the genus might better be
based on the ingroup taxa (as we have done). In any case, as
many extant species present large variation in chromosome
numbers (e.g., C. laevigata 2n= 69–84, C. scoparia
2n= 56 – 70), the ancestors of the main lineages of Carex
might also show a wide range of chromosomes rather than
just a single chromosome number or a narrow range.
Nonetheless, as the dysploid (fusion/fission) variation in
chromosome number is common within Carex species but
not observed in subgenus Siderosticta, it would be
conceivable to expect a less variable number for Carex
ancestor.

When we considered OU models with multiple equilibria,
we observed a more complex scenario, with a minimum of
84 equilibria shifts (Fig. 5, table 3, data S3 in Márquez‐
Corro, 2020). This complex evolutionary history of
chromosome number evolution is supported by numerous
previous studies. Hipp (2007), for instance, found a shift in
mean chromosome numbers within sect. Cyperoideae
between the western and eastern North American clades
that is also detected in this study. Moreover, our analysis
also inferred an additional shift for sect. Cyperoideae itself
(Fig. 5, Data S3 in Márquez‐Corro, 2020). This fact, in
combination with previous demonstrations of an increase in
the rate of chromosome evolution (Chung et al., 2012)
associated with an increase in diversification rate at the
base of the clade (Martín‐Bravo et al., 2019), echoes the
transition in chromosome dynamics and diversification
rates at the base of Carex itself (Escudero et al., 2012b).
Together, these provide evidence supporting the role of
chromosome evolution in lineage diversification in the
genus. Escudero et al. (2010) similarly studied chromosome
number evolution of sect. Spirostachyae and found no shifts
in equilibrium, whereas here we have been able to detect a
shift within the section, corresponding to the subsect.
Elatae. The history of sedge diversification appears to entail
numerous shifts in the chromosome number across a range
of phylogenetic depths. Each of these shifts is a natural
experiment in the evolution of recombination rates, each
with the potential to yield insight into the ecological
dynamics of Carex diversification.

4.2 Recombination rate optima for ecological strategies:
Competitiveness and environmental stability ecological
scenarios
The lack of supported shifts inferred for bioclimatic variables
suggests that climatic transitions in the genus may proceed
gradually or be limited by niche conservatism at broad scales,
in keeping with the observation that its species mostly
inhabit cold or temperate areas (Reznicek, 1990). Never-
theless, previous studies have demonstrated niche shifts at
shallow evolutionary scales (Benítez‐Benítez et al., 2018, 2021;
Villaverde et al., 2017b). In addition, niche shifts in two Carex
sister species have been suggested to be related to changes
in non‐bioclimatic preferences (soil pH, Benítez‐Benítez
et al., 2018). In combination with these inferred niche
transitions at fine phylogenetic scales, our results suggest
that the major lineages of Carex may not be characterized by
dramatic and rapid climatic range expansions, but by
radiations within and among relatively similar climatic
conditions. These radiations may entail rapid shifts among
different soil types or communities that differ in competitive
interactions (Villaverde et al., 2017b; Martín‐Bravo et al., 2019;
Benítez‐Benítez et al., 2021). But the fact that many clades are
geographically widespread (Martín‐Bravo et al., 2019) may
point toward a stronger importance of ecological diversifi-
cation within major clades. Our work demonstrating the
correlation of chromosome number with climatic regime and
functional traits suggests that the chromosome number and
ecological diversification shape diversification at shallower
evolutionary scales (e.g., Hipp, 2007; Escudero et al., 2010,
2013), explaining the high regional and broad continental
diversity of individual sedge clades. Morphological traits such
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as culm and lateral inflorescence lengths present a
significantly greater number of shifts than bioclimatic
variables (Table 1, Fig. 5). This fact and the geographic
conservatism of many Carex clades (Roalson and Friar, 2004;
Hipp et al., 2006; Dragon & Barrington, 2009) together
suggest that morphological variation may facilitate habitat

and life history transitions within geographic and climatic
regions, shaping speciation.

The relationships among climate, morphology, and
chromosome variation are not straightforward. Bioclimatic
and morphological trait evolution show a low correlation,
and both are poorly correlated with chromosome number

A B

C D

Fig. 5. Mean value and detected shifts for the different variables as inferred throughout the phylogeny: A, 2n chromosome
number; B, culm length; C, lateral inflorescence length; D, temperature annual range (BIO7). Subgenera appear in capital
letters in their corresponding ancestral branch (Psy: Psyllophorae; Eut: Euthyceras). Inferred values for each variable are
represented with colored branches according to the color legend. Circles indicate shifts in the equilibrium of the corresponding
variable, with circle size being proportional to the posterior probability inferred for that shift. Some clades for which
moderately to highly supported shifts in the trait value equilibrium were detected are indicated with gray arches at the tips.

11Chromosome number evolution in Carex (Cyperaceae)

J. Syst. Evol 00 (0): 1–15, 2021www.jse.ac.cn

Chapter 5



Chromosome number evolution in Carex (Cyperaceae)

79

evolution at deep evolutionary scales (Fig. 4, table 2, data S4
in Márquez‐Corro, 2020). Nevertheless, climatic and morpho-
logical variation predict relatively small portions of the
variability in the chromosome number (less than 1%), as the
best‐supported models include several of the tested
predictors. By contrast, a study of Cyperaceae assemblages
of North America by Spalink et al. (2018) demonstrated that
chromosome numbers in Carex species assemblages exhibit
variation according to climate, with lower chromosome
numbers in warmer, wetter, and less seasonal assemblages.
However, this correlation between chromosome number and
climatic niche became nonsignificant when tested at the
species level (using PGLS) instead at the level of species
assemblages. It may be that community biogeographic
patterns allow us to detect more nuanced effects of
selection than species centroids, which wash over much of
the variation across species ranges. Nevertheless, phyloge-
netic ANOVA indicated that species with lower chromosome
numbers grow in significantly drier and more shaded habitats
(Spalink et al., 2018). These findings are congruent with the
significant relationship also found by Bell (1982) between the
similar habitat categories and chromosome number in North
American and Britain Carex species. Escudero et al. (2012b)
found that species with lower chromosome numbers tend to
grow in areas with higher temperature seasonality and/or in
dry habitats and tend to have smaller lateral inflorescences.
These previous studies show mixed results in relation to the
best ecological scenarios in which selection of potential for
evolutionary innovation (high recombination rates) could be
acting. By comparison, the only study at a shallow evolu-
tionary scale (Escudero et al., 2013) infers that high
recombination rates are selected for communities with a
high interspecific competition. In the current study, the best
models have as predictors the mean temperature of the
driest month, culm length, and terminal inflorescence length
(Fig. 4, Table 2). Higher chromosome numbers tend to be
related with shorter culms and terminal inflorescence units
and tend to grow in areas with higher temperature during
the driest months. However, these best models are only
marginally better than the single‐optimum OU model and
have a low model fit (as estimated using R2), making it
difficult to conclusively favor any of the ecological scenarios
that relate recombination rates with potential for evolu-
tionary innovation.
The history of chromosome evolution in sedges is likely as

complex as the history of lineage diversification (Martín‐
Bravo et al., 2019). In different clades, recombination rates
may be under divergent selection, or neutral, making it
difficult or meaningless to infer a global relationship between
chromosome number evolution and morphological traits or
climate. Each of the clades in Carex tracks an individualistic
history (cf. Roalson & Roberts, 2016), which complicates the
finding of common overlying features for the genus as a
whole. The two main ecological scenarios regarding our
hypothesis of the evolution of recombination rate may be
alternatively more or less important in different lineages and
contexts and require further work.
Besides the detected effect of chromosome number in

diversification, we have been able to compare whether shifts
of the studied variables do occur in concert with previous
reported diversification rate shifts (Martín‐Bravo et al., 2019;

Larridon et al., 2020). Considering the sampling differences
among studies, we detected only a single lineage in which
shifts in chromosome number equilibrium and diversification
rate coincide, and also a shift in a morphological variable.
This occurs in section Cyperoideae, for which we have
retrieved strong and moderately supported shifts for
chromosome number and lateral inflorescence, respectively.
In addition, an inferred reduction in the diversification rate
for the clade comprising subgenera Psyllophorae and
Euthyceras (Larridon et al., 2020) matched a moderately
supported chromosome number equilibrium shift. For the
remaining clades with inferred diversification rate shifts
(Martín‐Bravo et al., 2019), we were not able to find any
supported shift in equilibria for the chromosome number.
However, some shifts were detected to have occurred
shortly after or before the diversification shift. Such is the
case of subgenus Uncinia, the sections Clandestinae and
Acrocystis, or the Hirta Clade. Thus, we found a diversification
rate increase in numbers near 58–60 chromosomes, a range
of chromosomes that are common in many different clades
(Fig. 1), including the lineages in which diversification rate
bursts were detected. The high diversification rates near the
overall chromosome number range midpoint, in addition to
the different morphological shifts and adaptations to
possible different nonclimatic niches points out the
assumption that recombination rates, probably followed by
adaptive innovation, indeed constitute a force in this genus
diversification. However, to what extent this occurs, as well
as the effect of the chromosomes and genome regions
involved in the fusion or fission events, is yet to be clarified.

4.3 Final remarks and future works
Carex is remarkable both for its high diversification rates
(Escudero et al., 2012b; Martín‐Bravo et al., 2019) and its
departure from the typical latitudinal species richness
gradient, with a peak of diversity closer to the poles
(Escudero et al., 2012b). The genus also exhibits high
morphological variability (Kükenthal, 1909; Egorova, 1999;
Jiménez‐Mejías et al., 2016). In addition, an uncommon type
of centromere and meiotic division is widespread if not
ubiquitous in the genus (holocentric chromosomes, inverted
meiosis, and pseudomonads instead of pollen tetrads; see
Wahl, 1940; Brown & Lemmon, 2000; Halbritter et al., 2010
and references therein). Our work demonstrates that these
attributes—lineage diversity patterns on the one hand and
chromosomal variation on the other hand—jointly shape the
ecological and morphological variety that characterizes this
enormous genus. In this study, we investigate the evolution
of recombination rates at a macroevolutionary scale, using
chromosome number as proxy. Although our work is based
on a sampling of only one‐third of Carex species, our results
are based on ca. 560–750 taxa, depending on the analysis.
This is due to the high species richness that characterizes
Carex, not only being among the top angiosperm genera, but
also being the most species‐rich of all holocentric plant
lineages (Márquez‐Corro et al., 2018). Overall, this mostly
temperate genus has been studied broadly, whereas other
plant and animal holocentric groups have been poorly
studied at a macroevolutionary scale under this scope (e.g.,
Vershinina & Lukhtanov, 2017).
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Here, we highlight the need for further work on
chromosome number evolution in holocentric organisms.
We already know that rapid evolution of the chromosome
number is not a common feature of holocentric lineages; so
why do some holocentric lineages exhibit such rapid
increases in chromosome evolution? Does chromosome
variation shape diversification rates, either through the rate
of chromosome evolution (shaping reproductive isolation) or
through its effects on recombination rates? The discovery of
common phylogenetic and selective patterns in holocentric
chromosome evolution would greatly increase our under-
standing of the factors shaping biodiversity.
There is much work to do at a shallow scale. This applies to

Carex as well, for which only few sectional studies have been
carried out to date (Hipp, 2007; Escudero et al., 2010).
Further progress will require new data, from more taxonomi-
cally curated geographic occurrences to new ecological data,
which will enable deeper investigations of how chromosome
number evolves at a shallow scale and its relationship with
morphological and ecological history. This is especially
complicated and important due to the varying relationships
between chromosome number and predictors across the
Carex phylogeny. Refining our understanding of macroevolu-
tionary relationships between chromosomes and the
evolution of the genus would vastly improve our under-
standing of the factors underlying the evolutionary success
of this important temperate genus.

Acknowledgements
This work was carried out with financial support from the
Spanish Ministry of Economy and Competitiveness through a
research project to ML and SM‐B (CGL2016‐77401‐P), to ME
(PGC2018‐099608‐B‐I00), and a Ph.D. scholarship to JIM‐C
(BES‐2017–079621). The authors thank the Andalusian
Scientific Information Technology Center (CICA, Seville,
Spain) for providing computational resources and two
anonymous reviewers for their helpful comments on the
manuscript. The authors declare that there is no conflict of
interest.

Conflict of Interest
The authors declare that there is no conflict of interest.

References
Beaulieu JM, O′Meara BC. 2016. Detecting hidden diversification

shifts in models of trait‐dependent speciation and extinction.
Systematic Biology 65: 583–601.

Bell G. 1982. The masterpiece of nature: The evolution and genetics of
sexuality. Berkeley, CA: University of California Press.

Benítez‐Benítez C, Escudero M, Rodríguez‐Sánchez F, Martín‐Bravo
M, Jiménez‐Mejías P. 2018. Pliocene–Pleistocene ecological niche
evolution shapes the phylogeography of a Mediterranean plant
group. Molecular Ecology 27: 1696–1713.

Benítez‐Benítez C, Martín‐Bravo S, Bjorå CS, Gebauer S, Hipp AL,
Hoffmann MH, Luceño M, Pedersen TM, Reznicek A, Roalson E,
Volkova P, Yano O, Spalink D, Jiménez‐Mejías P. 2021. Geo-
graphical vs. ecological diversification patterns in Carex sect.

Phacocystis (Cyperaceae): Patterns hidden behind a twisted
taxonomy. Journal of Systematics and Evolution. https://doi.org/
10.1111/jse.12731

Brown RC, Lemmon BE. 2000. The cytoskeleton and polarization
during pollen development in Carex blanda (Cyperaceae).
American Journal of Botany 87: 1–11.

Burt A. 2000. Perspective: Sex, recombination, and the efficacy of
selection – was Weismann right? Evolution 54: 337–351.

Carta A, Bedini G, Peruzzi L. 2018. Unscrambling phylogenetic effects
and ecological determinants of chromosome number in major
angiosperm clades. Scientific Reports 8: 1–14.

Chung K‐S, Hipp AL, Roalson EH. 2012. Chromosome number evolves
independently of genome size in a clade with nonlocalized
centromeres (Carex: Cyperaceae). Evolution 66: 2708–2722.

Davies EW. 1956. Cytology, evolution and origin of the aneuploid
series in the genus Carex. Hereditas 42: 349–365.

Dragon JA, Barrington DS. 2009. Systematics of the Carex aquatilis
and C. lenticularis lineages: Geographically and ecologically
divergent sister clades of Carex section Phacocystis (Cyperaceae).
American Journal of Botany 96: 1896–1906.

Egorova TV. 1999. The sedges (Carex L.) of Russia and adjacent states.
St Louis: Missouri Botanical Garden Press.

Elven R. 2020. Annotated Checklist of the Panarctic Flora (PAF)
Vascular plants. Available from http://panarcticflora.org/ [ac-
cessed 15 October 2020].

Escudero M, Hahn M, Brown BH, Lueders K, Hipp AL. 2016a.
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: 1529–1536.

Escudero M, Hahn M, Hipp AL. 2018. RAD‐seq linkage mapping and
patterns of segregation distortion in sedges: meiosis as a driver
of karyotypic evolution in organisms with holocentric chromo-
somes. Journal of Evolutionary Biology 31: 833–843.

Escudero M, Hipp AL, Hansen TF, Voje KL, Luceño M. 2012a. Selection
and inertia in the evolution of holocentric chromosomes in
sedges (Carex, Cyperaceae). New Phytologist 195: 237–247.

Escudero M, Hipp AL, Luceño M. 2010. Karyotype stability and
predictors of chromosome number variation in sedges: A study
in Carex section Spirostachyae (Cyperaceae). Molecular Phyloge-
netics and Evolution 57: 353–363.

Escudero M, Hipp AL, Waterway MJ, Valente LM. 2012b.
Diversification rates and chromosome evolution in the most
diverse angiosperm genus of the temperate zone (Carex,
Cyperaceae). Molecular Phylogenetics and Evolution 63: 650–655.

Escudero M, Maguilla E, Luceño M. 2013. Selection by climatic regime
and neutral evolutionary processes in holocentric chromosomes
(Carex gr. laevigata: Cyperaceae): A microevolutionary approach.
Perspectives in Plant Ecology, Evolution and Systematics 15:
118–129.

Escudero M, Martín‐Bravo S, Mayrose I, Fernández‐Mazuecos M, Fiz‐
Palacios O, Hipp AL, Pimentel M, Jiménez‐Mejías P, Valcárcel V,
Vargas P, Luceño M. 2014. Karyotypic changes through dysploidy
persist longer over evolutionary time than polyploid changes.
PLOS One 9: e85266.

Escudero M, Márquez‐Corro JI, Hipp AL. 2016b. The phylogenetic
origins and evolutionary history of holocentric chromosomes.
Systematic Botany 41: 580–585.

FitzJohn RG. 2012. Diversitree: Comparative phylogenetic analyses of
diversification in R. Methods in Ecology and Evolution 3:
1084–1092.

13Chromosome number evolution in Carex (Cyperaceae)

J. Syst. Evol 00 (0): 1–15, 2021www.jse.ac.cn

Chapter 5



Chromosome number evolution in Carex (Cyperaceae)

81

Fox J, Weisberg S. 2019. An R companion to applied regression.
Thousand Oaks CA: Sage. Third edition.

Glick L, Mayrose I. 2014. ChromEvol: Assessing the pattern of
chromosome number evolution and the inference of polyploidy
along a phylogeny. Molecular Biology and Evolution 31: 1914–1922.

Global Carex Group. 2015. Making Carex monophyletic (Cyperaceae,
tribe Cariceae): A new broader circumscription. Botanical Journal
of the Linnean Society 179: 1–42.

Guerra M. 2016. Agmatoploidy and symploidy: A critical review.
Genetics and Molecular Biology 39: 492–496.

Halbritter H, Weber M, Hesse M. 2010. Unique aperture stratification
in Carex (Cyperaceae) pollen. Grana 49: 1–11.

Hansen TF. 1997. Stabilizing selection and the comparative analysis
of adaptation. Evolution 51: 1341–1351.

Hansen TF, Bartoszek K. 2012. Interpreting the evolutionary
regression: the interplay between observational and biological
errors in phylogenetic comparative studies. Systematic Biology
61: 413–425.

Hansen TF, Pienaar J, Orzack SH. 2008. A comparative method for
studying adaptation to a randomly evolving environment.
Evolution 62: 1965–1977.

Harmon GH, Freckleton RP. 2008. motmot: models of trait
macroevolution on trees. Methods in Ecology and Evolution 3:
145–151.

Heilborn O. 1932. Aneuploidy and polyploidy in Carex. Svensk Botanisk
Tidskrift Bd 26: 137–145.

Hipp AL. 2007. Nonuniform processes of chromosome evolution in
sedges (Carex: Cyperaceae). Evolution 61: 2175–2194.

Hipp AL, Escudero M, Chung K‐S. 2013. Holocentric chromosomes. In:
Maloy S, Hughes K eds. Brenner's Encyclopedia of Genetics.
Amsterdam: Elsevier. 499–501.

Hipp AL, Reznicek AA, Rothrock PE, Weber JA. 2006. Phylogeny and
classification of Carex section Ovales (Cyperaceae). International
Journal of Plant Sciences 167: 1029–1048.

Hipp AL, Rothrock PE, Roalson EH. 2009. The evolution of
chromosome arrangements in Carex (Cyperaceae). Botanical
Review 75: 96–109.

Hipp AL, Rothrock PE, Whitkus R, Weber JA. 2010. Chromosomes tell
half of the story: the correlation between karyotype rearrange-
ments and genetic diversity in sedges, a group with holocentric
chromosomes. Molecular Ecology 19: 3124–3138.

Jiménez‐Mejías P, Hahn M, Lueders K, Starr JR, Brown BH, Chouinard
BN, Chung K‐S, Escudero M, Ford BA, Ford KA, Gebauer S,
Gehrke B, Hoffmann MH, Jin X‐F, Jung J, Kim S, Luceño M,
Maguilla E, Martín‐Bravo S, Míguez M, Molina A, Naczi RFC,
Pender JE, Reznicek AA, Villaverde T, Waterway MJ, Wilson KL,
Yang J‐C, Zhang S, Hipp AL, Roalson EH. 2016. Megaphylogenetic
specimen‐level approaches to the Carex (Cyperaceae) phylogeny
using regions ITS, ETS, and matK: Implications for classification.
Systematic Botany 41: 500–518.

Kopperud BT, Pienaar J, Voje KL, Orzack SH, Hansen TF 2019. slouch:
Stochastic Linear Ornstein‐Uhlenbeck Comparative Hypotheses.
R package version 2.1.2. https://CRAN.R-project.org/package=
slouch

Kükenthal G. 1909. Cyperaceae‐Caricoideae. In: Engler HGA ed. Das
Pflanzenreich. Leipzig: W. Engelmann. 4: 1–247.

Labra A, Pienaar J, Hansen TF. 2009. Evolution of thermal physiology
in Liolaemus lizards: Adaptation, phylogenetic inertia, and niche
tracking. The American Naturalist 174: 204–220.

Larridon I, Bauters K, Reynders M, Huygh W, Muasya AM, Simpson
DA, Goetghebeur P. 2013. Towards a new classification of the

giant paraphyletic genus Cyperus (Cyperaceae): Phylogenetic
relationships and generic delimitation in C4 Cyperus. Botanical
Journal of the Linnean Society 172: 106–126.

Larridon I, Spalink D, Jiménez‐Mejías P, Márquez‐Corro JI, Martín‐
Bravo S, Muasya AM, Escudero M. 2020. The evolutionary history
of sedges (Cyperaceae) in Madagascar. Journal of Biogeography.

Lipnerová I, Bureš P, Horová L, Šmarda P. 2013. Evolution of genome
size in Carex (Cyperaceae) in relation to chromosome number
and genomic base composition. Annals of Botany 111: 79–94.

Marques A, Pedrosa‐Harand A. 2016. Holocentromere identity: From
the typical mitotic linear structure to the great plasticity of
meiotic holocentromeres. Chromosoma 125: 669–681.

Martín‐Bravo S, Jiménez‐Mejías P, Villaverde T, Escudero M, Hahn M,
Spalink D, Roalson EH, Hipp AL, the Global Carex Group. 2019. A
tale of worldwide success: behind the scenes of Carex
(Cyperaceae) biogeography and diversification. Journal of
Systematics and Evolution 57: 695–718.

Mayrose I, Barker MS, Otto SP. 2010. Probabilistic models of
chromosome number evolution and the inference of polyploidy.
Systematic Biology 59: 132–144.

Márquez‐Corro JI. 2020. Research compendium for “Macroevolu-
tionary insights in sedges (Carex: Cyperaceae): The effects of
rapid chromosome number evolution on lineage diversification”.
Zenodo. http://doi.org/10.5281/zenodo.4450475

Márquez‐Corro JI, Escudero M, Luceño 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: 139–152.

Márquez‐Corro JI, Escudero M, Martín‐Bravo S, Villaverde T, Luceño
M. 2017. Long‐distance dispersal explains the bipolar disjunction
in Carex macloviana. American Journal of Botany 104: 663–673.

Márquez‐Corro JI, Martín‐Bravo S, Pedrosa‐Harand A, Hipp AL,
Luceño M, Escudero M. 2019a. Karyotype evolution in
holocentric organisms. In: eLS. Chichester: John Wiley & Sons,
Ltd. 1–7.

Márquez‐Corro JI, Martín‐Bravo S, Spalink D, Luceño M, Escudero M.
2019b. Inferring hypothesis‐based transitions in clade‐specific
models of chromosome number evolution in sedges (Cyper-
aceae). Molecular Phylogenetics and Evolution 135: 203–209.

Naczi RFC. 1999. Chromosome numbers of some eastern North
American species of Carex and Eleocharis. Contributions from the
University of Michigan Herbarium 22: 105–119.

Nokkala S, Kuznetsova VG, Maryanska‐Nadachowska A, Nokkala C.
2004. Holocentric chromosomes in meiosis. I. Restriction of the
number of chiasmata in bivalents. Chromosome Research 12:
733–739.

O′Meara BC, Beaulieu JM. 2016. Past, future, and present of state‐
dependent models of diversification. American Journal of Botany
103: 792–795.

Pagel M. 1999. Inferring the historical patterns of biological
evolution. Nature 401: 877–884.

Paradis E, Schliep K. 2018. ape 5.0: An environment for modern
phylogenetics and evolutionary analyses in R. Bioinformatics 35:
526–528.

R Core Team. 2020. R: A language and environment for statistical
computing. Vienna: R Foundation for Statistical Computing.
https://www.R-project.org/

Reznicek AA. 1990. Evolution in sedges (Carex, Cyperaceae).
Canadian Journal of Botany 68: 1409–1432.

14 Márquez‐Corro et al.

J. Syst. Evol 00 (0): 1–15, 2021 www.jse.ac.cn

Chapter 5



Chromosome number evolution in Carex (Cyperaceae)

82

Rice A, Glick L, Abadi S, Einhorn M, Kopelman NM, Salman‐Minkov A,
Mayzel J, Chay O, Mayrose I. 2015. The Chromosome Counts
Database (CCDB)—A community resource of plant chromosome
numbers. New Phytologist 206: 19–26.

Ritz C, Spiess AN. 2008. qpcR: An R package for sigmoidal model
selection in quantitative real‐time polymerase chain reaction
analysis. Bioinformatics 24: 1549–1551.

Roalson EH. 2008. A synopsis of chromosome number variation in
the Cyperaceae. Botanical Review 74: 209–393.

Roalson EH, Columbus JT, Friar EA. 2001. Phylogenetic relationships
in Cariceae (Cyperaceae) based on ITS (nrDNA) and trnT‐L‐F
(cpDNA) region sequences: assessment of subgeneric and
sectional relationships in Carex with emphasis on section
Acrocystis. Systematic Botany 26: 318–341.

Roalson EH, Friar EA. 2004. Phylogenetic relationships and biogeo-
graphic patterns in North American members of Carex section
Acrocystis (Cyperaceae) using nrDNA ITS and ETS sequence data.
Plant Systematics and Evolution 243: 175–187.

Roalson EH, Jiménez‐Mejías P, Hipp AL, Benítez‐Benítez C, Bruederle
LP, Chung K‐S, Escudero M, Ford BA, Ford K, Gebauer S, Gehrke
B, Hahn M, Hayat MQ, Hoffmann MH, Jin X‐F, Kim S, Larridon I,
Léveillé‐Bourret É, Lu Y‐FLuceño M, Maguilla E, Márquez‐Corro
JI, Martín‐Bravo S, Masaki T, Míguez M, Naczi RFC, Reznicek AA,
Spalink D, Starr JR, Uzma, Villaverde T, Waterway, MJ, Wilson, KL
& Zhang, S‐R 2021. A framework infrageneric classification of
Carex (Cyperaceae) and its organizing principles. Journal of
Systematics and Evolution. https://doi.org/10.1111/jse.12722

Roalson EH, Roberts WR. 2016. Distinct processes drive diversifica-
tion in different clades of Gesneriaceae. Systematic Biology 65:
662–684.

Schliep KP. 2011. phangorn: Phylogenetic analysis in R. Bioinformatics
27: 592–593.

Spalink D, Pender J, Escudero M, Hipp AL, Roalson EH, Starr JR,
Waterway MJ, Bohs L, Sytsma KJ. 2018. The spatial structure of
phylogenetic and functional diversity in the United States and
Canada: An example using the sedge family (Cyperaceae).
Journal of Systematics and Evolution 56: 449–465.

Spalink D, Pender J, Escudero M, Hipp AL, Roalson EH, Starr JR,
Waterway MJ, Bohs L, Sytsma KJ. 2019. The spatial structure of
phylogenetic and functional diversity in the United States and
Canada: An example using the sedge family (Cyperaceae).
Journal of Systematics and Evolution 56: 449–465.

Tanaka N. 1949. Chromosome studies in the genus Carex with special
reference to aneuploidy and polyploidy. Cytologia 15: 15–29.

Tang Y‐C, Xiang Q‐Y. 1989. Cytological studies of Carex siderosticta
Hance (Cyperaceae) and its importance in phytogeography.
Cathaya 1: 49–60.

Uyeda JC, Harmon LK. 2014. A novel Bayesian method for inferring
and interpreting the dynamics of adaptive landscapes from
phylogenetic comparative data. Systematic Biology 63: 902–918.

Uzma, Jiménez‐Mejías P, Amir R, Hayat MQ, Hipp AL. 2019. Timing
and ecological priority shaped the diversification of sedges in the
Himalayas. PeerJ 7: e6792.

Vershinina AO, Lukhtanov VA. 2017. Evolutionary mechanisms of
runaway chromosome number change in Agrodiaetus butterflies.
Scientific Reports 7: 8199.

Villaverde T, Escudero M, Luceño M, Martín‐Bravo S. 2015a. Long‐
distance dispersal during the middle‐late Pleistocene explains
the bipolar disjunction of Carex maritima (Cyperaceae). Journal
of Biogeography 42: 1820–1831.

Villaverde T, Escudero M, Martín‐Bravo S, Bruederle LP, Luceño M,
Starr JR. 2015b. Direct long‐distance dispersal best explains the
bipolar distribution of Carex arctogena (Carex sect. Capituligerae,
Cyperaceae). Journal of Biogeography 42: 1514–1525.

Villaverde T, Escudero M, Martín‐Bravo S, Jiménez‐Mejías P,
Sanmartín I, Vargas P, Luceño M. 2017a. Bipolar distributions in
vascular plants: a review. American Journal of Botany 104:
1680–1694.

Villaverde T, González‐Moreno P, Rodríguez‐Sánchez F, Escudero M.
2017b. Niche shifts after long‐distance dispersal events in bipolar
sedges (Carex, Cyperaceae). American Journal of Botany 104:
1765–1774.

Villaverde T, Jiménez‐Mejías P, Luceño M, Waterway MJ, Kim S, Lee
B, Rincón‐Barrado M, Hahn M, Maguilla E, Roalson EH, Hipp AL,
the Global Carex Group. 2020. A new classification of Carex
subgenera supported by a HybSeq backbone phylogeny.
Botanical Journal of the Linnean Society 194: 141–163.

Wahl HA. 1940. Chromosome numbers and meiosis in the genus
Carex. American Journal of Botany 27: 458–470.

Wang S, Veller C, Sun F, Ruiz‐Herrera A, Shang Y, Liu H, Zickler D,
Chen Z, Kleckner N, Zhang L. 2019. Per‐nucleus crossover
covariation and implications for evolution. Cell 177: 326–338.

Waterway MJ, Hoshino T, Masaki T. 2009. Phylogeny, species
richness, and ecological specialization in Cyperaceae tribe
Cariceae. Botanical Review 75: 138–159.

Waterway MJ, Starr JR. 2007. Phylogenetics relationships in tribe
Cariceae (Cyperaceae) based on nested analyses of four
molecular data sets. Aliso 23: 165–192.

WCSP. 2020. World Checklist of Selected Plant Families. Facilitated by
the Royal Botanic Gardens, Kew. Available from http://wcsp.
science.kew.org/ [accessed 14 December 2019].

Whitkus R. 1988. Experimental hybridization among chromosome
races of Carex pachystachya and the related species Carex
macloviana and Carex preslii (Cyperaceae). Systematic Botany 13:
146–153.

15Chromosome number evolution in Carex (Cyperaceae)

J. Syst. Evol 00 (0): 1–15, 2021www.jse.ac.cn

Chapter 5







Chapter 6
General discussion and 

conclusions

© Costularia cadetii. Species photo by J.I. Márquez Corro.

6



General discussion and conclusions

86

Chapter 6

Chromosome mutations are considered a main driver of diversification (Coghlan et al. 

2005). However, up to date, chromosome number mutations and possible rearrangements are 

still poorly known for most species. In fact, it was not until recently that a number of chromosome 

number databases have appeared for different lineages of animals, fungi and plants for diverse 

geographical regions (eg. Graphodatsky et al. 2000, Rice et al. 2015, Font et al. 2021). Among 

them, and especially relevant to this thesis, Rice et al.’s (2015) Chromosome Count Database 

(CCDB) is a comprehensive database which compiles a large number of Archaeplastida species 

counts. However,  taxon sampling comprises only ca. 20% of the plant diversity, and it is 

strongly biased depending on the lineage (e.g. 4% of bryophytes vs. 32% of eudicot Asteraceae 

family, both taxa with similar species richness; 34556 spp. of bryophytes vs. 36700 spp. of 

Asteraceae; Rice et al. 2015). The absence of chromosome number data for such a proportion 

of the tree of life, and specifically of plants, is an important setback to elucidate the role of 

chromosome mutations in their diversification. The lack of knowledge is especially concerning 

if centromere or kinetochore-related characteristics are to be considered.

This thesis has been focused on holocentric chromosomes, which have a relatively 

low frequency in comparison with monocentric ones (ca. 20% of organisms with holocentric 

chromosomes; Márquez-Corro et al. 2018). However, another rare type of chromosome in terms 

of centromere number has been recently found in the Fabaceae genera Pisum and Lathyrus 

(i.e. polycentric chromosomes; Neumann et al. 2012, 2015). Whilst the latter, polycentric 

chromosomes, function as monocentric chromosomes due to a single active region (Neumann 

et al. 2012), holocentric lineages have developed different mechanisms. Some holocentric 

organisms present a way to similarly surpass the division problems in meiosis, by only 

allowing a single region to activate during cell division (all the mechanisms explained in more 

detail in Chapters 1–3), thus behaving very like monocentric chromosomes. The complexity 

of chromosome architecture and its evolution has been studied and discussed widely through 

history, as it is directly related to how genetic material is inherited and, thus, could point to 

where selection is acting. During this thesis, a number of hypotheses concerning holocentric 

chromosomes have been tested at different evolutionary levels, so the discussion is divided 

in two main sections: macroevolutionary patterns of chromosome evolution, and ongoing 
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microevolutionary studies and further works. The first section deals with the main results found 

during the thesis at that scale. In the second section, ongoing studies on a microevolutionary 

perspective, which are preliminary and not included as chapters (e.g. results from research 

stays), are discussed. Moreover, future directions of those projects and planned works are 

proposed in order to further investigate the role of chromosome number in the evolution of 

sedges.

1. Chromosome evolution: macroevolutionary patterns

1.1. Evolution of holocentric chromosomes 

In the firsts chapters we studied the macroevolutionary patterns of holocentric 

chromosomes (chapters 2–3; Escudero et al. 2016, Márquez-Corro et al. 2018), tackling two 

important aspects of its evolution: whether it is an ancestral character in eukaryotes and its role 

in lineage diversification. Our results remain ambiguous about the ancestral state regarding 

chromosome structure in the eukaryotic tree of life (Escudero et al. 2016). In addition, we were 

not able to find significant differences among holocentric and sister monocentric lineages in 

terms of diversification rates (Márquez-Corro et al. 2018). These conclusions could be related 

to the uncertainty around biological events that occurred far in the past, in the case of ancestral 

state, which in turn is related to the lack of species number and chromosome architecture 

information available for most eukaryotes, that also affects the diversification rate analysis. In 

addition to these data availability issues, there are also another setback: hypothesis inference by 

means of modelization is a field in current development, but significant improvements are being 

made every few years (e.g. Beaulieu & O’Meara 2016, Boyko & Beaulieu 2021). 

Our results highlight the difficulties of analysing large datasets with such intricate 

characteristics of the karyotype, i.e. centromere related. One of the models used for ancestral 

state estimation is very sensitive to the phylogeny tip sampling (i.e. BiSSE; Maddison 

et al. 2007). This issue hinders an appropriate inference of the ancestral state, and shows a 

contradictory output when comparing with the results using a different model (Mk2; FitzJohn 

2012). Moreover, working with huge datasets including all the eukaryotes necessarily lack 



General discussion and conclusions

88

comprehensive information about the chromosome architecture of all of the included organisms. 

As a result, the majority of the lineages within holocentric clades lack proper evidence of 

holocentry. This is a common issue in large-scope studies, and may have an impact on the 

ancestral state estimation and diversification analysis results as new research is carried out. For 

instance, modeling of the ancestral flower traits has been discussed since Sauquet et al. (2017), 

and additional tip sampling and optimization of the models has shown an opposite output just 

a few years later (Boyko & Beaulieu 2021). We are tackling character states that date even 

further back in time by using a phylogeny of nearly ten thousand species –out of a total number 

of eukaryotes species ranging from 2 to 8 million species; Costello et al. 2013– of which most 

data is assumed. Thus, our study of the ancestral number of centromeres is just a first glance to 

such an unknown subject. 

Nevertheless, our study focused on holocentric vs. monocentric sisters’ lineage 

diversification rates points to holocentry as not being as evolutionary advantageous as previously 

thought (Márquez-Corro et al. 2018; chapter 3). This could be inferred as well from the previous 

chapter, in which transitions to monocentry were more frequent than the opposite (Escudero 

et al. 2016; chapter 2). Moreover, it is possible that there is no active role of kinetochore in 

sedges centromere drive (Krátká et al. 2021). This would imply that holocentry, at least in 

Cyperaceae, allows for asymmetric meiosis in which the chromosomes with more centromeric 

satellite repeats are positively selected for inheritance, similarly to monocentric centromeric 

drive. However, this was just one of the different hypotheses proposed by Krátká et al. (2021), 

as holocentric Juncaceae genus Luzula does not present this kind of selection (Zedek & Bureš 

2016). Alternatively, another hypothesis exposed the possibility of different chromosome types 

within Cyperaceae as well, i.e. lineages with monocentric chromosomes within sedges (Krátká 

et al. 2021).

1.2. Chromosome architecture and evolution in Cyperaceae

Holocentry is widely assumed to be strongly inherited once it appears in the tree of life 

(see chapters 1 to 3; Melters et al. 2012, Escudero et al. 2016, Márquez-Corro et al. 2018, 

2019 and references therein), despite the fact that reversions of the character state (holocentry 
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/ monocentry) have been reported to happen recurrently at least in insects (Drinnenberg et al. 

2014). Regarding the Poales plant order, of special interest for the present thesis focused on the 

sedges family (Cyperaceae), there are some recent articles that have shed light in holocentry 

evolution in the Cyperoid clade (Thurniaceae, Juncaceae and Cyperaceae families). On the one 

hand, it has been proved that at least the genus Juncus (Juncaceae) is monocentric (Guerra et al. 

2019), contrasting with the previous thought that posed the whole family as holocentric based 

on the holocentric genus Luzula (Drábková, 2013). On the other hand, Thurniaceae have been 

long inferred to be holocentric, mainly based on the proportion of guanine and cytosine bases 

(GC content; Šmarda et al. 2014). It was not until recently that a member of the family was 

studied in depth to test whether holocentry occurred in the lineage. Baez et al.’s (2020) striking 

results proved Prionium serratum to be monocentric. Thus, at least two transitions between 

monocentry/holocentry would have occurred independently in the Cyperoid clade (Baet et al. 

2020; Guerra et al. 2019). These remarkable recent results suppose a game changer in the known 

evolutionary patterns of holocentric chromosomes in Poales, put forth the need for further 

studies focused on data collection, both chromosome number and centromere architecture. 

Some straightforward tests of holocentry would include the study of karyotype chromosome 

fragmentation by means of X-rays or centromere location by fluorescence in situ hybridisation 

combined with kinetochore proteins immunodetection (see review in Baez et al. 2020). Finally, 

the recent hypothesis considering the possibility of monocentric lineages within Cyperaceae 

(Krátká et al. 2021) should stimulate new studies in this regard, as holocentry has only been 

explicitly documented for genera Eleocharis, Cyperus and Rhynchospora (Hakansson 1954, 

Braselton 1971, Marques et al. 2015).

There are differences among holocentric organisms despite presenting multiple 

centromere regions. For instance, convergence in the inverted meiosis mechanism has occurred 

in independent holocentric events, but distinct kinetochore organization types are present 

(Marques & Pedrosa-Harand 2016). Moreover, this diversity of structures could occur within 

a holocentric lineage, although it has not been reported up to date, but also regarding the mode 

of karyotype evolution. In the chapter 4 (Márquez-Corro et al. 2019) of the present thesis 

we investigated whether chromosome number of Cyperaceae evolves in a similar manner 
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throughout the family. Our results showed the mode of chromosome number evolution differs 

depending on the lineages, from clades evolving rapidly by dysploid events to others with very 

stable karyotypes. Despite our results were based on a partial sampling,  because only 20% of 

the ca. 5500 species in the family had chromosome number reports available and were included 

in molecular phylogenies and just four scission points were considered, they shed some light 

on the variability of karyotype evolution modes in holocentric lineages. This contrasts with 

previous conceptions of holocentry as always resulting in very labile karyotypes (e.g. Chung 

et al. 2011, Escudero et al. 2014). Nevertheless, the causes underlying that finding or the 

relationship between mode of evolution and diversification remain elusive and require further 

studies. 

1.3. Chromosome number evolution in Carex

During the study of the sedge family in chapter 4 we found that Carex is the only genus 

evolving meanly by means of dysploidy in Cyperaceae (Márquez-Corro et al. 2019). This 

result has been related to Carex profusely in light of the evident dysploid series found within 

species, and has been associated with the species richness of the genus (ca. 40% of the family; 

Govaerts et al. 2017). That statement has been partially supported by diversification results that 

showed an increase in diversification rates of the dysploid Carex lineage (Escudero et al. 2012, 

Spalink et al. 2016), that is non-Siderostictae Carex. In contrast, Siderostictae clade karyotype 

evolves exclusively by polyploid events (Tang & Xiang 1989). In chapter 5 (Márquez-Corro et 

al. 2021), we investigate chromosome number evolution as a proxy for recombination rate in 

order to find possible patterns of chromosome number selection. This would be possible due to 

the limited number of crossover per chromosome in holokinetic organisms such as Carex: only 

a recombination event per chromosome so far (Escudero et al. 2018). Our results showed that 

Carex is composed of a myriad of diverse evolutionary stories, so there is no common pattern 

at such scale. Moreover, climatic niche and morphological diversity explained a small part of 

the chromosome number variety. Overall, the karyotype signal is blurred but the different shifts 

in the characters studied point to a lineage-specific evolution, and set up the future lines of 

research. 

Chapter 6



General discussion and conclusions

91

It is worth mentioning that chromosome number was inferred to display a modal 

relationship with diversification rates in the genus. Although, this result might be an artifact of 

unmodeled heterogeneity in net diversification rates, that could be addressed by optimisation 

of the models (i.e. hidden state models; Beaulieu & O’Meara 2016, O’Meara & Beaulieu 

2016), or a conjoined effect with the rate of chromosome evolution itself is yet to be studied. 

In any case, our analyses demonstrate that chromosome number variation in Carex presents a 

strong phylogenetic inheritance that is unable to fully explain the karyotype diversity observed. 

Elucidating the role of chromosome number per se or the effect of the number evolutionary rate 

in Carex diversification implies advanced programming skills and high-performance equipment, 

so there is still plenty of work to carry out (see more in the next section Further studies). 

2. Further studies

2.1. A dive into the holocentric chromosome architecture

One of the main concerns that arise during this doctoral thesis is the lack of continuity in 

the studies regarding verification and further investigation of the chromosome centromeres and 

kinetochoric plates. The large gaps in karyological knowledge are daunting, and must serve as 

an impulse to explore deeply the fascinating diversity of structures present in chromosomes. 

On that note, the first stay realized at the beginning of the thesis was planned to study the 

centromere-specific DNA repeats and kinetochore distribution along the karyotype of Carex 

helodes and C. scoparia. Based on a previous study in Rhynchospora (Marques et al. 2015), 

the aim was to test the distribution and abundance of the DNA satellite (satDNA) families 

present in the genus, the location of the centromeric histone H3 variant (CenH3) by means of 

antibodies against CenH3, and whether it colocalizes with the satDNA. This research would 

not only prove unequivocally Carex as having holokinetic behaviour, but also whether this is or 

not a synapomorphy for the ancestor taxon of Carex and Rhynchospora –although likely for the 

whole family. So far, Marques et al. (2015) is the only work showing colocalization of specific 

centromere satDNA and CenH3 in the family Cyperaceae. 
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Unfortunately, the limited plant material carried for the stay did not allow for a complete 

study of the specimens. Nevertheless, we were able to find likely centromere related satDNA 

using RepeatExplorer (repeatexplorer-elixir.cerit-sc.cz) on previously published C. scoparia 

genome information (a linkage map using RAD-seq markers in a F2 type cross was inferred in 

Escudero et al. 2018), which were in part similar to the one used in the Rhynchospora study 

(Marques et al. 2015). Moreover, we located the GC-rich DNA regions corresponding to 5S and 

35S ribosomal DNA (rDNA) and CMA+ using fluorescence in situ hybridisation (FISH): in C. 

helodes we found one pair of 5S and two pairs of 35S (Figure 1A), whereas we located two 

pairs of 5S rDNA for C. scoparia (Figure 1B). Our inability of obtaining 35S rDNA for C. 

scoparia was due to the lack of root material. Moreover, these preliminary results with the 

centromere satDNA showed numerous centromere regions in C. scoparia using the designed 

primers at an early stage of the prometaphase (Figure 1B), but were unable to find any match 

with C. helodes. Finally, we were not able to find any structure via immunostaining.

2.2. Chromosome number and its role in diversification

 It is worth mentioning a different type of problem encountered during the thesis, 

which involved software availability. Whilst we were able to gather enough phylogenetic 

and cytological information, we could not fully address questions concerning diversification 

A B

5μm 5μm

Figure 1. Fluorescence in situ hybridisation (FISH) of Carex helodes and C. scoparia. A) one pair of 5S 

rDNA in red, two pairs of 35S rDNA in green that collocate to two pairs of CMA+ bands (in yellow). B) 

two pairs of 5S rDNA in red and satDNA scattered through the karyotype.
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implications of chromosome number due to computational restrictions. In our case, this was due 

to the unimplemented methodology to study the behaviour of the models including hidden state-

dependent rates of diversification for continuous traits (Beaulieu & O’Meara 2016, O’Meara & 

Beaulieu 2016). In addition, we worked with a large continuous dataset of chromosome reports 

ranging from n = 5 to n = 66 in Carex alone, for a total of 755 phylogenetically sampled taxa 

(Márquez-Corro et al. 2021). Overall, we required nonexistent scripts and high-performance 

equipment in order to run a model known as ChromoSSE (chromosome state-dependent 

speciation and extinction model, Höhna et al. 2014), in which the diversification rates are 

dependent to chromosome number where karyotype evolves following an explicit model 

for chromosome evolution. Currently the implementation of ChromoSSE models is being 

improved in revBayes (Höhna et al. 2016) allowing for hidden state-dependent speciation and 

extinction rate to make it more friendly to general users and revBayes itself is being improved 

computationally to be able to run around 100 times faster.

Fortunately, an ongoing collaboration with Asst. Prof. Rosana Zenil-Ferguson and Ph.D. 

Carrie M. Tribble have allowed us to gain some insights on the evolution of chromosome 

numbers in Carex. We have now access to the last version of revBayes and experienced support 

to run sophisticated versions of ChromoSEE model that allows for hidden state-dependent 

speciation and extinction rates (ChromoHiSSE). The results are preliminary but show somewhat 

similarities to the obtained in chapter 4 (Márquez-Corro et al. 2021). First, Carex evolves mainly 

by dysploidy, with rates of 3–5 events per million years, whereas the effect of polyploidy in the 

parameter computation is insignificant, displaying a rate of 1 event per 100 million years. These 

rates are higher and lower in terms of gain/loss and duplication, respectively, in comparison 

to other herbaceous plants (Zenil-Ferguson et al. 2017). In addition, we found that dysploidy 

events are more likely to have occurred in cladogenetic events than in anagenetic events, which 

would prove its role in diversification rate shifts. This would have further implications in the 

diversification of genus Carex, and point to future study lines into different lineages at shallower 

scale. Overall, these conclusions complement the main findings of chapter 4 (Márquez-Corro et 

al. 2021). In the near future we will have results with the ChromoHiSSE model.
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2.3. Chromosome number evolution: microevolutionary patterns

A remarkable chromosome number pattern at microevolutionary scale has been reported 

for a reduced group of Carex (i.e. Carex gr. laevigata; Escudero et al. 2010, 2013). This lineage 

is composed of four species with a mostly Western Mediterranean distribution (C. binervis, C. 

camposii, C. laevigata and C. paulo-vargasii), of which C. laevigata is more widely distributed 

across Europe. Moreover, this species has a large variation in chromosome number, ranging 

from 2n = 70 to 2n = 84 (Escudero et al. 2010, 2013). Interestingly, Escudero et al. (2013) 

showed that there is a relationship between chromosome number and latitude, with chromosome 

number decreasing towards the pole. Although significant, this result has not been further 

tested or studied due to the limited options in genome sampling and software optimization. For 

instance, the DNA data only partially solve the topology of the phylogenetic tree, displaying 

samples of C. laevigata and C. binervis intermingled. 

The associated project of this thesis focused on genome studies in Carex, which has 

allowed a RAD-seq processing of two plates of Carex gr. laevigata samples. The use of the ipyrad 

(Eaton & Overcast 2020) pipeline served to fully resolve the topology of the tree, showing very 

remarkable patterns. First, two different lineages of C. binervis were found: one endemic to the 

iberian peninsula, and another distributed through the eurosiberian region of the peninsula and 

the remaining Europe (which belong to the type species). In addition, strikingly strong genetic 

structure among southern populations of C. laevigata was found (Fig. 2). Northern populations 

displayed weak genetic differentiation, suggesting a recent, northwards postglacial dispersal. 

The recent colonization of colder by individuals with low chromosome numbers suggest 

that chromosome-related adaptation allowed only those lineages within the species to spread 

into a new climatic niche in northern Europe. Nevertheless, this hypothesis must be further 

tested with a different array of analysis. In such a scenario, it would constitute a model case of 

chromosome-drive adaptation in Carex, proving the important role of chromosome number in 

the evolution of the genus at a shallower perspective. 

Chapter 6



General discussion and conclusions

95

Chapter 6

100/100

97.1/93
99.8/100

100/100

100/100

100/100

100/100

100/100

100/100

100/100

100/100

100/100

Carex mairei
Carex binervis (type material)
     [Northwestern Europe]

Carex paulo-vargasii
         [Morocco]

    Carex camposii
[Sierra Nevada -Spain-]

    Carex binervis
 [Southern half of the
   Iberian Peninsula]
    

  Carex laevigata
[Southern Portugal]
         2n = 74
              +
  Carex laevigata
   [Sothern Spain]
      2n = 72-76

  Carex laevigata
[Northern Portugal]
      2n = 72-74

        Carex laevigata
[Central-Southern Portugal
and Southern Spain]
           2n = 74-77

     Carex laevigata
[Morocco and Southern
            Spain]
        2n = 73-80

Carex gr.
laevigata

 Carex laevigata
[Central Portugal]
        2n = 74
             +
 Carex laevigata
     [EUROPE]
     2n = 70-73

Figure 2. Preliminar Carex gr. laevigata phylogeny inferred from a supermatrix with 32587

RAD-seq loci. Note that only the supports (SH-aLRT / UFboot) for the internal branches

are shown for clarity. 
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Conclusions

1. Holocentric chromosomes are unlikely to constitute the ancestral state in the eukaryotic tree 

of life.

2. Holocentric chromosomes are a derived character that has evolved in, at least, thirteen 

lineages in animals and plants. 

3. Transitions between monocentric and holocentric chromosomes are frequent. Nevertheless, 

the transition from holocentry to monocentry is two orders of magnitude as likely.

4. Mean diversification rates of monocentric and holocentric lineages are not significantly 

different. Thus, holocentricity is not necessarily an advantageous characteristic per se.

5. The mode of chromosome number evolution is rather complex, and the Cyperaceae family 

holds different evolutionary stories.

6. Within the sedges family, chromosome number evolves according to a low fusion rate and 

is followed by shifts in more recent lineages.

7. The mode of chromosome number evolution of the most species-rich genus Carex (40% 

of Cyperaceae) is dominated by fusion and fissions events, except for the early diverging 

Siderostictae clade, which is a well-known polyploid lineage. 

8. The FAEC clade (tribes Fuireneae, Abildgaardieae, Eleocharideae, and Cypereae) presents 

a stable karyotype with low rates of chromosome evolution. The exception is the C4 

photosynthetic pathway Cyperus, dominated by polyploidy and dysploidy.

9. The genus Carex displays a correlation between chromosome number and morphological 

and bioclimatic variables, although the proportion of the variance explained by these models 

is very small.

10. The genus Carex presents significantly more shifts in chromosome number evolution than 

in morphological or bioclimatic variables.

11. Finally, a diversification rate peak in Carex seems to be related to intermediate chromosome 

numbers.
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 Carex rainbowii Cyperus fuscus Trianoptiles 
capensis Carex aethiopica n = 76 (38  C. borbonica n = 68 (34  C. borbonica × boryana n = 68 
(34  C. boryana n = 68 (34  C. ecklonii n = 64 (32  C. distans n  C. oedipostyla n = 68 (34  C. rainbowii
n  C. reuteriana mauritanica n = 74 (37  C. reuteriana mauritanica n = 74 (37  C. trinervis n = 82 (41

 C. vixdentata n = 62 (31  Lagenocarpus guianensis n = 34 (17  Eleocharis confervoides ( n = 40 (2
 Cyperus fuscus n  C. salzmannianus (= Lipocarpha salzmanniana n  C. subsquarrosus (= Hemicarpha micrantha

2n  Isolepis marginata n = 8 (4  Dracoscirpoides ficinioides n  Afroscirpoides dioeca (= Scirpoides dioeca
2n  Rhynchospora brownii n = 36 (18 R. modesti-lucennoi n = 84 (42 Trianoptiles capensis n

 Calyptrocarya glomerulata n = 20 (10 Chrysitrix capensis n = 46 (1
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** Carex glomerabilis
n

** Carex godfreyi
n .

n

C. grisea

C. amphibola

Carex hitchcockiana
n

n

** Carex impressinervia
n

** Carex leporinella
n

** Carex mariposana
n

n
Reznicek s.n.

n

** Carex nervina 
n

Carex nigra
n

Martín-

Jiménez-Mejías 

Martín-Bravo & al. 
n

 

n

n

n
Jiménez-Mejías 

Jiménez-Mejías 

n

n
 

Jiménez-

Jiménez-Mejías 

n
Jiménez-Mejías 

n

ML

n

Carex oligocarpa
n

 

n

n V

** Carex ouachitana
n

n
. 
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E31
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n

n

** Carex paeninsulae
n

** Carex petasata
n

** Carex pigra
n

** Carex planispicata
n

Carex projecta
n

n Rothrock 

n Rothrock 
Rothrock 

n n n

Carex radiata
n

n

* Carex retroflexa
n

 

Carex reuteriana mauritanica 

n

n

 

** Carex simulata
n

Chung & Lederer 

n

n

n

** Carex thornei
n

n

Carex tribuloides
n Rothrock 

n Rothrock 

ML

n
 

 

 vernacula
n

, 

Carex viridula ML

n

ML

n

ML

n
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 guianensis ML

n
Luceño & al. s.n.

Scirpoides dioeca ML

n

Cyperus fuscus ML

n
M. Luceño s.n. 

Lipocarpha 
salzmanniana ML

n
M. Luceño & al. s.n.

n
Luceño & Guerra s.n. 

 
(= Kyllinga odorata Vahl) ML

n

Luceño & al. s.n. 

Hemicarpha 
micrantha ML

n
Luceño 

& al. s.n.
n

Luceño 
& al. s.n. 

ML

n
Maguilla 

MM

n

submersa ML

n
n

Luceño & al. s.n. 

Rhynchospora brownii ML

n

ML

n
Jiménez-Mejías & 

ML

n

Chrysitrix capensis ML

n

Escudero, M. & Luceño, M. 
Carex Spirostachyae Elatae Pl. Syst. 
Evol.

Escudero, M. & Luceño, M. 
Carex Elatae Spirostachyae

Anales Jard. Bot. Madrid

Hipp, A.L. 
Carex Evolution (Lancaster)

Wahl, H.A. 
Carex Amer. J. Bot.
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We have analysed the relation between holocentric chromosomes 
and lineage diversification at different evolutionary scales. In 
the first place, we have studied the origin of  monocentric and 
holocentric chromosomes in the eukaryotic tree of life, and the 
transitions between both types, with reversals from holocentry 
to monocentry retrieved as a more frequent transition than the 
opposite. In the second place, we have comparatively studied 
the diversification of holocentric lineages with respect to 
their monocentric sister lineages, observing that there are no 
significant differences in the net diversification rates between 
both types. Next, we have investigated whether different modes 
of chromosome number evolution exist in the most species-rich 

holocentric plant lineage (family Cyperaceae, order Poales). We found significant support 
for a complex scenario involving different modes of chromosome evolution in different 
clades, related with previously reported diversification rate shifts. Finally, we focused on the 
relationship between chromosome number and several climatic factors and morphological 
traits in the sedge genus Carex. It displays an outstanding chromosome number variation due 
to frequent dysploid events. We infer that chromosome number seems to have had an impact 
on the genus evolution, in part related to morphological and niche climatic characteristics.


