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Chromosome size matters: genome evolution in the cyperid clade
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• Background and Aims While variation in genome size and chromosome numbers and their consequences 
are often investigated in plants, the biological relevance of variation in chromosome size remains poorly known. 
Here, we examine genome and mean chromosome size in the cyperid clade (families Cyperaceae, Juncaceae and 
Thurniaceae), which is the largest vascular plant lineage with predominantly holocentric chromosomes.
• Methods We measured genome size in 436 species of cyperids using flow cytometry, and augment these data 
with previously published datasets. We then separately compared genome and mean chromosome sizes (2C/2n) 
amongst the major lineages of cyperids and analysed how these two genomic traits are associated with various 
environmental factors using phylogenetically informed methods.
• Key Results We show that cyperids have the smallest mean chromosome sizes recorded in seed plants, with 
a large divergence between the smallest and largest values. We found that cyperid species with smaller chromo-
somes have larger geographical distributions and that there is a strong inverse association between mean chromo-
some size and number across this lineage.
• Conclusions The distinct patterns in genome size and mean chromosome size across the cyperids might be 
explained by holokinetic drive. The numerous small chromosomes might function to increase genetic diversity in 
this lineage where crossovers are limited during meiosis.

Key words: Chromosome number, chromosome size, Cyperaceae, distribution range size, genome size, holocentric 
chromosomes, holokinetic drive, Juncaceae, Thurniaceae.

INTRODUCTION

Genome size, chromosome number and chromosome size are 
among the most useful traits to characterize an organism’s 
genome. Considerable attention has been paid to describing and 
explaining the important variation in genome size and chromo-
some number in plants (Pellicer and Leitch, 2020). Genome 
size across flowering plants exhibits an estimated 2400-fold 
variation (Rice et al., 2015; Hidalgo et al., 2017; Pellicer et 
al., 2018), whereas variation in chromosome numbers across 
flowering plants is also pronounced, spanning two orders 
of magnitude from 2n = 4 to 2n = 640 (Stace, 2000; Carta et 

al., 2020). While variation in genome size and chromosome 
number has been characterized in many lineages of plants (e.g. 
Bennett, 1987; Soltis et al., 2003; Roalson, 2008; Leitch et al., 
2010; Rice et al., 2015; Pellicer et al., 2018), differences in 
chromosome sizes among large groups of species have received 
relatively little attention in recent decades (for earlier works, 
see Avdulov, 1931; Hasegawa, 1932; Kostoff, 1939; Levin and 
Funderburg, 1979).

An important factor in determining the genome and 
chromosome sizes of a plant is whether its chromosomes 
are monocentric (i.e. having a ‘localized’ centromere) or 
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holocentric (i.e. having ‘diffuse’ centromeres). In plants with 
holocentric chromosomes, kinetochores cover a large portion 
of the poleward surface of chromosomes to which microtubules 
can attach along their entire length during mitosis (Bureš 
et al., 2013; Márquez-Corro et al., 2019a). Whereas fission 
events usually end in chromosome loss in monocentric spe-
cies (i.e. the majority of plants where the spindle attachment 
is restricted to a single localized centromere), an advantage 
of holocentric chromosomes is that fragments resulting from 
fission are often retained, because their diffuse centromeric 
activity allows for correct segregation (Melters et al., 2012; 
Bureš et al., 2013; Márquez-Corro et al., 2019a; Mandrioli and 
Manicardi, 2020; Lucek et al., 2022). Similarly, chromosomal 
fusion resulting in dicentric chromosomes can lead to the po-
tentially deleterious consequences of merotelic microtubule at-
tachment in monocentric species, while in holocentric species 
fused chromosomes segregate regularly (Bureš et al., 2013, 
and references within). Thus, the size and number of chromo-
somes can change more readily in holocentric compared with 
monocentric species. However, the unique architecture of 
holocentric chromosomes limits the number of crossovers to 
two per homologous pair, regardless of their size, which is a 
constraint not present in monocentric chromosomes (Escudero 
et al., 2012; Bureš et al., 2013). A process that possibly affects 
plants with holocentric chromosomes is holokinetic drive, 
which involves the preferential size-dependent inheritance of 
smaller homologous chromosomes during asymmetric mei-
osis, facilitating removal of repetitive DNA and/or chromo-
somal fission (Bureš and Zedek, 2014; Márquez-Corro et al., 
2019a). The opposite scenario might also be possible, where 
larger, fused chromosomes with higher amounts of repetitive 
DNA are preferentially inherited (Bureš and Zedek, 2014; 
Veleba et al., 2017).

Variation in both genome size and chromosome number in 
plants has been shown to be associated with certain environ-
mental conditions. Several studies have shown associations be-
tween genome size and soil nutrients (Leitch and Leitch, 2008; 
Šmarda et al., 2013; Kang et al., 2015; Guignard et al., 2016), 
climatic variables (Knight and Ackerly, 2002; Knight et al., 
2005; Greilhuber and Leitch, 2013; Cacho et al., 2021), dis-
tribution range size (e.g. Vinogradov, 2003) and different geo-
graphic variables, such as latitude and altitude (Knight et al., 
2005; LaBar and Adami, 2020). Attention has also been paid to 
the association of chromosome number with different environ-
mental variables, but results have not been as conclusive (e.g. 
Escudero et al., 2012; Carta et al., 2018; Márquez-Corro et al., 
2021). Since only a limited number of studies in the previous 
century focused on the association between chromosome size 
and environmental growing conditions (see Stebbins, 1966; 
Levin and Funderburg, 1979), the adaptive role of chromosome 
size remains largely unknown. Possible explanations for this 
knowledge gap include limited data associated with genomic 
traits for the species of interest (making it impossible to esti-
mate chromosome size), the absence of suitable phylogenetic 
data and large evolutionary distances separating focal species 
which might obscure signals associated with important bio-
logical drivers.

The cyperid clade (families Cyperaceae, Juncaceae and 
Thurniaceae: Linder and Rudall, 2005; Roalson et al., 2007; 
Escudero et al., 2016; Baez et al., 2020; Larridon et al., 2021a) 
is a species-rich lineage sharing a similar grass-like growth 

form, with species occupying a range of habitats across a nearly 
global distribution (Goetghebeur, 1998; Larridon et al., 2021b). 
Variation in chromosome number and genome size, and thus 
chromosome size, has been shown to be high and to vary 
within relatively short phylogenetic time scales in this clade 
(e.g. Roalson, 2008; Márquez-Corro et al., 2019b; Elliott et al., 
2022). This large variation coincides with the frequent occur-
rence of species with holocentric chromosomes.

The few studies focusing on variation in chromosome size 
with different growing conditions have often made compari-
sons between tropical and temperate regions, but the pattern of 
smaller chromosome sizes in plants from tropical regions might 
have been influenced by the species sampled in these studies 
(see Avdulov, 1931; Levin and Funderburg, 1979). Tropical re-
gions with less seasonal climatic fluctuations compared with 
temperate regions might provide more stable growing condi-
tions for plants (Janzen, 1967). Given the direct relationship 
between chromosome number and recombination rates (‘evo-
lutionary potential’) in cyperids, low chromosome numbers 
(and, thus, large chromosome size) will be selected for where 
evolutionary innovations could be maladaptive, such as in the 
tropics. On the other hand, high chromosome numbers (and, 
thus, small chromosome size) might be selected for where evo-
lutionary potential is required (Wang et al., 2019), as in the 
temperate regions.

Here, we capitalize on an international collaborative effort to 
obtain genome size estimates of species across the phylogeny 
of cyperids. Our primary goal is to determine whether chromo-
some size might have an adaptive role in this clade, which we 
achieve by combining genome size and chromosome number 
estimates to calculate mean chromosome sizes, followed by 
comparing these sizes with the different environmental growing 
conditions associated with each species. We also test the pre-
diction that the mean chromosome size of species in tropical 
climates is smaller than that of species in temperate climate 
based on results presented in the small number of previous 
studies on the topic (see Stebbins, 1966; Levin and Funderburg, 
1979). Finally, we hypothesize that plants with small chromo-
somes will be selected for in temperate regions where high evo-
lutionary potential is needed, whereas large chromosomes will 
be selected for in the tropics.

MATERIALS AND METHODS

Taxon sampling, nomenclature and phylogenetic reconstruction

We focused our sampling on the cyperids (families Cyperaceae, 
Juncaceae and Thurniaceae) and referred to the World Checklist 
of Selected Plant Families (WCSP; Govaerts et al., 2021) to 
guide nomenclature for the species included in this study. 
Infraspecific taxa (i.e. subspecies and varieties) were included 
when possible, as genome size and chromosome number in 
the cyperids can vary amongst these ranks (Lee et al., 2019). 
Genome and mean chromosome sizes were compared among 
the Juncaceae, Thurniaceae and 24 tribes of Cyperaceae, as spe-
cies numbers were large enough for meaningful comparisons at 
this phylogenetic scale. Species were not divided into genera for 
the purpose of this study, as several genera are very small (e.g. 
Oreojuncus, Patosia and Thurnia; WCVP, 2022) and taxonomy 
at the generic level is not fully resolved in these three families; 
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for example, Juncus—the largest genus in Juncaceae—is not 
monophyletic, as indicated by a recent proposal to split it into 
six separate genera (Drábková and Vlček, 2009; Brožová et al., 
2022 ; Elliott et al., in press).

Details of the data utilized in this study are noted in 
Supplementary data Appendix S1 and Table S1, while the 
methods used to create the phylogenetic reconstruction are 
outlined in Elliott et al. (2022). We pruned species from the 
phylogeny to match those in the genome size data set using 
R v.4.0.2 (R Core Team, 2020) with the function ‘drop.tip’ in 
package APE v.5.4-1 (Paradis et al., 2004).

Genome size estimations

Flow cytometric samples were prepared from fresh leaves 
and processed according to the two-step protocol of Otto et 
al. (1981) and Galbraith et al. (1983) with concentrations of 
buffers, dyes and other modifications described in detail by 
Šmarda et al. (2008). The samples were measured on a CyFlow 
cytometer (Partec GmbH) using one of the internal standards: 
Carex acutiformis (2C = 799.93 Mbp), Solanum lycopersicum 
‘Stupické polní tyčkové rané’ (2C = 1696.81 Mbp), Pisum 
sativum ‘Ctirad’ (2C = 7841.27 Mbp; Veselý et al., 2012) and 
Bellis perennis (2C = 3089.89 Mbp; Šmarda et al., 2014), whose 
genome sizes were derived from comparisons with the com-
pletely sequenced Oryza sativa subsp. japonica ‘Nipponbare’ 
(International Rice Genome Sequencing Project, 2005); for de-
tails see also Temsch et al. (2022; Table 1). Propidium iodide 
was used as a fluorochrome. Typically, the genome size of each 

species is represented by one sample measured three times on 
consecutive days. Genome size estimates of repeated measure-
ments were averaged per sample, and these values were further 
averaged per each species in cases where two or more individ-
uals were measured for a given species (Supplementary data 
Appendix S1).

We analysed genome sizes from 594 individual plant speci-
mens representing 436 species of cyperids (Supplementary data 
Appendix S1). Genome sizes for a further 526 species of cyperids 
were extracted from published studies (see Supplementary 
data Appendix S1), while ensuring not to include duplicate re-
cords. To allow comparisons with major groupings of plants, 
we extracted genome size data available from the Plant DNA 
C-values database (Pellicer and Leitch, 2020) for all seed plant 
species. Throughout this study, we report holoploid (1C: sensu 
Greilhuber et al., 2005) genome sizes in megabase pairs (Mbp: 
1 pg of 1C-value = 978Mb; Doležel et al., 2003).

Chromosome numbers

The respective chromosome numbers for the species whose 
genome sizes were included in our study (Supplementary data 
Appendix S1) were retrieved from the review of Cyperaceae 
chromosome counts (Roalson, 2008) and from the Chromosome 
Counts Database (CCDB; Rice et al., 2015). Counts were as-
sessed on a per species basis by considering reliability of 
sources, pseudoreplication and variation in the data. In general, 
the median value was selected for each species; however, spe-
cies were omitted from the chromosome number dataset if the 

Table 1. Results from multiple phylogenetic generalized least squares (PGLS) analyses with holoploid genome size (1C: Mbp) as the 
response variable

Predictor variable(s) logLik Estimate s.e. t-value R2
adj AIC delta AIC AICw P P

(corrected) 

Prec_dry_month –224.93 0.03 0.01 2.42 0.01 453.87 0 0.31 0.02 0.17

EOO –225.42 –0.02 0.01 –2.22 0.01 454.83 0.96 0.19 0.03 0.17

Prec_cold_quarter –225.63 0.01 0 2.11 0.01 455.27 1.40 0.15 0.04 0.17

Prec_ann –226.31 0.09 0.05 1.77 0 456.61 2.75 0.08 0.08 0.26

SOC –226.64 0.06 0.04 1.56 0 457.29 3.42 0.06 0.12 0.28

Latitude –226.72 0.03 0.02 1.51 0 457.44 3.57 0.05 0.13 0.28

Intercept –227.87 NA NA NA 0 457.73 3.87 0.04 NA NA

Diurnal_range –227.36 –0.09 0.08 –1.01 0 458.72 4.85 0.03 0.31 0.58

pH –227.62 –0.15 0.22 –0.7 0 459.24 5.37 0.02 0.48 0.69

P –227.85 –0.01 0.06 –0.15 0 459.71 5.84 0.02 0.88 0.98

Temp_
range

–227.85 –0.01 0.07 –0.16 0 459.71 5.84 0.02 0.88 0.98

Niche –227.86 0 0.01 –0.13 0 459.72 5.85 0.02 0.90 0.98

Elevation –227.46 0 0 0.90 0 458.92 5.05 0.02 0.37 0.60

Results are ranked in order of descending AICw values. Analyses were performed using the R package CAPER v.1.0.1 (Orme, 2013) and all variables were 
log transformed, except for Prec_dry_month, Prec_cold_quart, Niche, Latitude and Elevation, which were transformed by the square root. Lambda was fixed at 
0.872. The following abbreviations are used to represent the environmental variables included in these analyses: pH (soil pH); ‘SOC’ (soil organic carbon); ‘P’ 
(available phosphorus); ‘Diurnal_range’ (mean diurnal air temperature range); ‘Temp_range’ (annual range of air temperature); ‘Prec_ann’ (annual precipitation); 
‘Prec_dry_month’ (precipitation of the driest month); ‘Prec_cold_quart’ (precipitation of the coldest quarter); ‘EOO’ (extent of occurrence) and ‘Niche’ (niche 
size). Corrections for multiple comparisons were implemented using the method of Benjamini and Hochberg (1995), and the alpha value was set at 0.05. Only 
species with a minimum number of 25 observations were included in the analyses (494 observations retained).
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variation in counts was too high (i.e. mid-values differing by 
>25%), as it was impossible to attribute a count value to a spe-
cific genome size because of possible differences in ploidy. For 
the purposes of this study, the term ‘mean chromosome size’ 
refers to holoploid genome size multiplied by two (2C) divided 
by diploid chromosome number (2n).

Genome size, mean chromosomes size and chromosome number 
statistics

The phylogenetic signal of both genome and mean chromo-
somes size across the cyperids was calculated with the K stat-
istic (Blomberg et al., 2003). Genome and mean chromosome 
sizes were compared amongst the major lineages of seed plants 
(Poales, non-Poales and Lentibulariaceae) and cyperids using 
the Tukey–Kramer procedure (Tukey, 1949; Dunnett, 1980) 
with the function TukeyHSD in base R. This function was 
also used to compare genome and mean chromosome sizes 
among tribes of Cyperaceae and the families Juncaceae and 
Thurniaceae. Associations between genome size and diploid 
chromosome number, as well as mean chromosome size and 
diploid chromosome number, were evaluated using phylogen-
etic generalized least square (PGLS) regressions (Freckleton et 
al., 2002) with the R package CAPER v.1.0.1 (Orme, 2013). 
Maximum likelihood estimation was used to optimize branch 
lengths based on the data (lambda = ‘ML’).

Distribution data

We downloaded occurrence records for the species with 
genome size estimations from the Global Biodiversity 
Information Facility [(https://www.gbif.org: GBIF Occurrence 
Downloads doi.org/10.15468/dl.w6gqpk and doi.org/10.15468/
dl.yw34a8 (20 October 2020) and doi.org/10.15468/
dl.f9cc43 (26 October 2020)] with package RGBIF v.3.5.0 
(Chamberlain et al., 2020). For each species, we included 
‘PRESERVED_SPECIMEN’, ‘HUMAN_OBSERVATION’ 
and ‘OBSERVATION’ data as categorized by GBIF.

We removed problematic records flagged by R package 
COORDINATECLEANER v.2.0-18 (Zizka et al., 2019). The 
filter we created with this package included records without 
a latitude/longitude reference system, with zeros in the 
co-ordinates and the radius around (0/0), with identical lati-
tude/longitude values, outside a latitude/longitude co-ordinate 
system, with co-ordinates in the oceans and duplicate records. 
We also filtered occurrence records within 10 km of country 
capitals, 1 km of geographic centroids of political units, 100 m 
of biodiversity institutions and 0.5° radius of the GBIF head-
quarters in Copenhagen.

To further remove any problematic records downloaded 
from GBIF, we then passed the occurrence data through an 
additional geographic filter developed by ourselves, which was 
based on global-scale distribution data as specified as Level-3 
Continental and Regional Codes by the International Working 
Group on Taxonomic Databases for Plant Sciences (TDWG; 
Brummitt et al., 2001). Level-3 TDWG regions record plant 
distributions based on geographic units at approximately 
the level of countries (Brummitt et al., 2001). Codes for 
each species were downloaded from the WCSP website on 

21 January 2021 with a Python (v.3.7.6) script using pack-
ages BEAUTIFULSOUP v.4-4.8.2 (Richardson, 2019) and 
MECHANICALSOUP v.0.12.0 (https://mechanicalsoup.
readthedocs.io/en/stable/index.html). For each species, we 
mapped the cleaned species occurrence records on maps 
showing the corresponding TDWG regions for that species. 
We visually inspected the maps and added TDWG regions in 
cases where they were conspicuously missing, as supported 
by floras (e.g. Flora of North America Editorial Committee, 
1993) and our understanding of the distributions of different 
species (Supplementary data Appendix S2). We also removed 
regions that corresponded to naturalized areas or did not seem 
feasible (Supplementary data Appendix S3). Finally, GBIF oc-
currence records that were outside of the TDWG regions for 
each species were removed from the dataset. Computational 
resources for this and further analyses were supplied on the 
Czech National Grid Infrastructure (NGI), and all analyses 
were conducted using R v.4.0.3 with JupyterLab.

Climatic and edaphic data

We extracted 19 bioclimatic variables from the 
‘Climatologies at high resolution for the earth’s land surface 
areas’ database (CHELSA: https://chelsa-climate.org/), which 
is a high-resolution database (30 arc sec, approx. 1 km) that 
uses statistical downscaling in its calculations based on obser-
vations from 1979 to 2013 (Karger et al., 2017). In addition, 
two other extended climatic variables were downloaded from 
CHELSA, the heat sum of growing degree days above 5°C 
(GDD: CHELSA_gdd_5_1979.2013) and potential evapotrans-
piration (PET). A temperature threshold of 5°C was chosen for 
GDD since many cyperid species are capable of growing at 
relatively low temperatures (Flora of North America Editorial 
Committee, 1993; WCVP, 2022). In addition, mean annual PET 
was calculated by applying a mask to the areas corresponding 
to oceans and by then summing the 12 monthly raster layers.

Soil total nitrogen (N), bulk density of fine earth frac-
tion (Bdod), cation exchange capacity (CEC), organic 
carbon (SOC) and pH in water (pH) were extracted from 
the SoilGrids250m v.2.0 database (de Sousa et al., 2020) 
hosted on the WebDAV server (https://www.isric.org/explore/
soilgrids/soilgrids-access). The SoilGrids 2.0 maps have a 
spatial resolution of 250 m cell size and are created using ma-
chine learning methods (de Sousa et al., 2020). For each soil 
variable, three different soil depths (0–5, 5–15 and 15–30 cm) 
were extracted and the weighted mean was calculated based 
on relative soil depths.

Soil phosphorus (P) including labile inorganic P, organic 
P, occluded P, secondary mineral P, apatite P and total P were 
downloaded from EARTHDATA (https://daac.ornl.gov/SOILS/
guides/Global_Phosphorus_Dist_Map.html), with a resolution 
of 0.5° (Yang et al., 2013). We then calculated the sum of the 
labile inorganic P, organic P and secondary mineral P to repre-
sent total available P to plants (Yang et al., 2013).

Geographic and environmental area estimations

Species were first classified as either temperate or tropical 
by overlaying the cleaned co-ordinates downloaded from GBIF 
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for each species on a map showing the TDWG regions where 
the species is reported to occur. The classification between the 
temperate and tropical category incorporated broad climatic as-
sociations, where temperate species were considered to occur 
in higher latitudes and altitudes. Species occurring in both tem-
perate and tropical regions were omitted from subsequent ana-
lyses (98 omitted species).

For the analyses using continuous environmental variables, 
1000 occurrence records were randomly selected with re-
placement for each species in our genome size dataset, and the 
corresponding elevations were extracted from the GeoNames 
geographical database (http://www.geonames.org) with the R 
package RGBIF (Chamberlain et al., 2020). A mean elevation 
value was then calculated for each species.

We then calculated two separate metrics of geographic dis-
tribution for each species: area of occupancy (AOO) and extent 
of occurrence (EOO) using functions ‘aoo’ and ‘eoo’ in the R 
package RED v.1.5.0 (IUCN, 2001; Cardoso, 2017). The AOO 
was calculated as the area of all known cells (resolution 2 × 2 
km) occupied by a species, whereas we calculated EOO as the 
minimum convex polygon covered by the cleaned GBIF oc-
currence records for a species (IUCN, 2001). We chose two 
thresholds of occurrence records (25 and 50) for the calcula-
tion of the geographic metrics included in our study after com-
paring the effects of different minimum threshold values (25, 
50, 75 and 100) on the number of species retained for subse-
quent analyses.

In addition, a niche size metric based on alpha hull volumes 
(Edelsbrunner and Mücke, 1994; Gardiner et al., 2018) was 
calculated for each species. We first reprojected the edaphic 
rasters to match the extent, projection and resolution of the cli-
matic rasters using the ‘projectRaster’ function in R package 
RASTER v.3.4-5 (Hijmans, 2020). Total P available to plants 
was omitted from this analysis because of the relatively low 
resolution of the raster layer compared with the other climatic 
and edaphic variables (Yang et al., 2013; Karger et al., 2017; de 
Sousa et al., 2020). Next, we conducted a principal components 
analysis (PCA) using the ‘rasterPCA’ function in R package 
RSTOOLBOX v.0.2.6 (Leutner et al., 2017) on the 26 vari-
ables. Values corresponding to the cleaned species occurrence 
data were then extracted from the three PC axes explaining 
the greatest variance, while removing duplicate co-ordinates 
from the same grid cell to address spatial clustering (Varela et 
al., 2014). Finally, alpha hull volumes based on the first three 
PC axes were calculated for each species with the ‘ashape3d’ 
(alpha = 1), followed by the ‘volume_ashape3d’ function in the 
R package ALPHASHAPE3D v.1.3.1 (Lafarge and Pateiro-
Lopez, 2020). As with the AOO and EOO metrics, only species 
with a minimum of 25 cleaned occurrence records were used to 
calculate alpha hull volumes.

Association of genome and mean chromosome sizes with different 
predictor variables

Differences were tested between species classified as tropical 
and temperate with one-factor analyses of variance (ANOVAs) 
using the ‘aov’ function in base R. The ‘pgls’ function in R 
package CAPER v.1.0.1 (Orme, 2013) with lambda specified as 
‘ML’ was used to incorporate evolutionary relationships among 

species into the analyses. All genome and mean chromosome 
size values were log-transformed prior to both analyses.

We assessed collinearity between the 31 predictor variables 
included in this study (AOO, EOO, niche size, elevation and 
latitude combined with the 26 climatic and edaphic variables) 
by calculating Pearson’s correlation coefficients in base R. 
Variables were considered collinear if their pairwise correlation 
coefficients were either ≤ –0.70 or ≥0.70, which is a common 
threshold used in ecological studies (Dormann et al., 2013).

To examine the relationship between the different environ-
mental variables and genome/mean chromosome size, we con-
ducted a series of PGLS regressions. We considered genome 
and mean chromosome size as the response variables in these 
analyses based on our reasoning that plants were filtered into 
their niches based on various environmental variables. These 
analyses were individually conducted with the selected sub-
set of variables that were not collinear, as well as a model 
including only the intercept. Only those species with a min-
imum threshold of at least 25 (and 50) cleaned occurrence 
records per species were included in the analyses. Data were 
either log- or square-root transformed to meet the assumptions 
of homoscedasticity and normality of the residuals. To allow for 
comparisons among models with different predictor variables, 
a common lambda value was selected by first running each 
model using the ‘pgls’ function and then calculating the likeli-
hood profiles of branch length transformations using the ‘pgls.
profile’ function in R package CAPER v.1.0.1 (Orme, 2013). 
The mean of the optimal lambdas from each of these prelim-
inary models was then specified as the lambda value for each 
of the final models, which were then compared with weighted 
Akaike information criterion (AICw) values. The Benjamini 
and Hochberg correction (Benjamini and Hochberg, 1995) was 
applied to P-values to correct for multiple tests for both the 
genome and mean chromosome size sets of analyses.

RESULTS

Phylogenetic representation

The phylogenetic reconstruction generated for this study is cur-
rently the most comprehensive for the cyperid clade, including 
approx. 30% of all recognized species, as well as species corres-
ponding to all 24 tribes of Cyperaceae, in addition to all genera 
of Juncaceae and Thurniaceae (Supplementary data Appendix 
S1; Fig. S1; Table S2).

Genome sizes

Our analyses included genome size estimations for 757 
(approx. 13%) recognized cyperid species (Supplementary 
data Table S3). Although we estimated genome sizes for the 
majority of tribes of Cyperaceae (18 of 24), as well as both 
the Juncaceae and Thurniaceae families (Supplementary data 
Table S3), the sampling of genome size was generally limited 
in coverage, with only three tribes having genome size estima-
tions for >50% of their species (Bolboschoeneae, Dulichieae 
and Schoenoplectieae; Supplementary data Table S3).

We examined the variation in 1C genome sizes across the 
cyperid clade and found a 72-fold difference from 161 Mbp in 
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Juncus maritimus Lam. (family Juncaceae) to 11 547 Mbp in 
Schoenus aureus T.L.Elliott & Muasya (tribe Schoeneae, family 
Cyperaceae), with a mean of 1020 Mbp (Supplementary data 
Appendix S1). However, the majority of cyperids have small 
genome sizes (Fig. 1C). Compared with other major group-
ings of plants included in our analyses, genome sizes were 
smaller for the cyperid clade relative to both the non-cyperid 

Poales and non-Poales (Tukey–Kramer: P <0.001, for both 
comparisons; Fig. 1A, B). We also compared genome sizes in 
the cyperids with those of the Lentibulariaceae, which have 
been reported to have miniature genomes (Veleba et al., 2014; 
2020). Our results showed that genome sizes for the cyperid 
clade were larger than those of the Lentibulariaceae (Tukey–
Kramer: P <0.001; Fig. 1A, B).
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Fig. 1. Comparisons between holoploid (1C; A and B) genome sizes, mean chromosome sizes (2C/2n; D and E) and chromosome numbers (2n; G and H) among 
cyperids (grey), Poales (excluding cyperids: yellow), non-Poales seed plants (violet) and Lentibulariaceae (green). The results from raw data are shown in (A), (D) 
and (G), whereas (B), (E) and (H) are based on log10-transformed data. Unique letters above the boxplots indicate significant differences among groups, and num-
bers at the bottom of the boxplots show the sample size (species number) of each group. The distribution of genome sizes, mean chromosome sizes and chromo-
some numbers within cyperids are shown in (C), (F) and (I), respectively. The boxes cover 50% of the data values ranging between the 25th and 75th percentiles, 
whereas the whiskers above and below each box represent the interquartile range multiplied by 1.5. The line within each box represents the median, and outlying 

values are indicated by small circles. The alpha value was set at 0.05.
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Our analyses revealed differences in genome sizes 
across the clades of cyperids included in our study. Mean 
1C genome size was <500 Mbp for the majority of clades 
of cyperids; however, mean values >500 Mbp were re-
corded for tribes Abildgaardieae, Carpheae, Eleocharideae, 
Pseudoschoeneae, Rhynchosporeae and Schoeneae, as well 
as the Juncaceae (Fig. 2; Supplementary data Fig. S2). 
We found that the genome sizes of tribes Eleocharideae 
and Schoeneae were significantly higher than those of 
Juncaceae and ten tribes of Cyperaceae (Abildgaardieae, 
Bolboschoeneae, Chrysitricheae, Cariceae, Cypereae, 
Fuireneae, Rhynchosporeae, Schoenoplectieae, Scirpeae and 
Sclerieae: Tukey–Kramer: P <0.05, Fig. 2; Supplementary 
data Fig. S2). Across the cyperid clade, the phylogen-
etic signal of genome size was significant but not high  
(K = 0.254, P = 0.002: Fig. 2A).

Mean chromosome sizes

Similar to genome size, we examined patterns in mean 
chromosome sizes across seed plants and within the cyperid 
clade. Mean chromosome sizes were smaller for the cyperid 
clade compared with both the non-Poales seed plant and 
non-cyperid Poales groupings (Tukey–Kramer: P <0.001, for 
both comparisons; Fig. 1D, E). Furthermore, chromosomes 
in cyperids were as small as the miniature ones found in 
Lentibulariaceae (Fig. 1D, E).

Within the cyperid clade, we found a 455-fold difference 
in mean chromosome sizes across the clade, with sizes ran-
ging from 2.3 Mbp in Cyperus cyperoides (L.) Kuntze to 
1042 Mbp in Luzula purpureosplendens Seub. In addition, the 
distribution of chromosome sizes was strongly right skewed 
(Fig. 1F). Mean chromosome sizes were higher in Juncaceae 
than in tribe Cariceae, whereas sizes were also higher in tribe 
Eleocharideae compared with tribes Cariceae and Cypereae 
(Fig. 2B; Supplementary data Fig. S3). Moreover, mean 
chromosome sizes were higher in tribe Schoeneae com-
pared with tribes Abildgaardieae, Bolboschoeneae, Cariceae, 
Cypereae, Dulicheae, Rhynchosporeae, Schoenoplectieae, 
Scirpeae and Trichophoreae (Fig. 2B; Supplementary data 
Fig. S3). Phylogenetic signal across the cyperids for mean 
chromosome sizes was relatively low (K = 0.178, P = 0.026: 
Fig. 2B).

We also compared the three genomic traits (genome size, 
chromosome size and chromosome number) with each other. 
Our results indicated that there was not an association between 
1C holoploid genome size and chromosome number in the 
cyperid clade (Fig. 3A; Supplementary data Figs S4, S5 and 
S6). However, we did find a strong negative association between 
chromosome number and mean chromosome size (PGLS: esti-
mate = –1.05, R2

adj = 0.57, P <0.001: Fig. 3B).

Correlations between environmental variables

Our examination of Pearson’s correlation coefficients be-
tween sets of environmental variables revealed collinearity in 
both the genome and mean chromosome size datasets. Amongst 
the environmental variables in the genome size dataset, latitude 
(Lat), soil organic carbon (SOC), annual range of air temperature 

(Temp_range), annual precipitation (Prec_ann) and precipita-
tion of the driest month (Prec_dry_month) were collinear (r < 
–0.70 or r >0.70) with at least one other variable when species 
with a minimum number of 25 observations were included in the 
analysis (Supplementary data Table S4). These results slightly 
changed when the minimum threshold of observations increased 
to 50, as ‘Bdod’ was correlated with more variables compared 
with ‘SOC’ (Supplementary data Table S5). Pearson’s correl-
ation coefficients between sets of variables included in the mean 
chromosome size datasets having both 25 and 50 minimum ob-
servations revealed similar patterns, with ‘Lat’, ‘Bdod’, ‘Temp_
range’, ‘Prec_ann’ and ‘Prec_dry_month’ all being collinear 
with at least one other variable (Supplementary data Tables S6 
and S7). We removed AOO from the genome and mean chromo-
some size analyses because of its high correlation (r = 0.98) with 
the number of GBIF observations for each species. Based on 
these patterns of collinearity, 12 variables were retained for the 
analyses focusing on the environmental correlates of genome 
size (25 minimum observations), whereas 11 variables were re-
tained for those analyses including genome size (50 minimum 
observations), as well as mean chromosome sizes with both 25 
and 50 minimum observations (Tables 1 and 2; Supplementary 
data Tables S8 and S9).

Total N (N) was dropped from both sets of analyses because 
of its correlation with ‘Lat’ and for not being an appropriate 
measure of N available to plants, although it has been linked 
to genome sizes in previous studies (e.g. Kang et al., 2015; 
Guignard et al., 2017).

Environmental associations

Temperate and tropical species did not differ in genome sizes 
(P = 0.41; Supplementary data Fig. S7A), and this association 
did not change when evolutionary relationships were incorp-
orated into the analyses (pgls: P = 0.20). Tropical species had 
larger mean chromosome sizes compared with temperate spe-
cies (P < 0.001; Supplementary data Fig. S7B), but this associ-
ation disappeared after correcting for evolutionary relationships 
among species (pgls: P = 0.32).

Based on the genome size analysis with a minimum of 
25 observations, the environmental variable with the highest 
AICw value was ‘Prec_dry_month’; however, this variable 
explained little variation in genome size and was not sig-
nificant (R2

adj = 0.01, estimate = 0.03, P corrected = 0.17, 
Table 1). The EOO had the highest AICw for the genome 
size analysis with a minimum of 50 observations, as well as 
for both analyses including mean chromosome size (Table 
2; Supplementary data Tables S8 and S9). While EOO ex-
plained little variation in genome size when the minimum 
threshold of observations was 50 (R2

adj = 0.01, estimate = 
–0.03, P corrected = 0.06; Supplementary data Table S8), 
this variable explained more variation in the analyses of 
mean chromosome size for both threshold levels (minimum 
25 observations: R2

adj = 0.07, estimate = –0.11, P corrected 
<0.001, Table 2; minimum 50 observations: R2

adj =0.08, esti-
mate = –0.12, P corrected <0.001, Supplementary data Table 
S9). The majority of variables in all other analyses explained 
little variation in genome or mean chromosome size, with 
the exception of niche size (‘Niche’: R2

adj = 0.02, estimate 
= –0.05, P corrected = 0.06) and ‘Prec_ann’ (R2

adj = 0.02, 
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Fig. 2. Holoploid genome (A) and chromosome (B) sizes mapped onto the phylogeny of cyperids. The length of the bars adjacent to the tips of the phylogeny 
represent the genome (1C: Mbp) and chromosome size (2C/2n: Mbp) of each species, respectively, according to the scale bar on the right side of each phylogeny. 
Species without chromosome number data do not have bars adjacent to them in (B). Family (Juncaceae and Thurniaceae) and tribal associations (Cyperaceae) are 
indicated by the colours given in the key. Genome and chromosome sizes were mapped onto the phylogeny with the R package GGTREEEXTRA v.1.0.4 (Xu et 

al., 2021).
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estimate = 0.24, P corrected = 0.08) in the mean chromo-
some size analysis with 25 minimum observations (Table 2; 
Fig. 4), as well as ‘Prec_ann’ (R2

adj = 0.02, estimate =0.11, 
P corrected = 0.08) and ‘Prec_dry_month’ (R2

adj = 0.02, es-
timate = 0.05, P corrected = 0.08) in the mean chromosome  
size analysis with 50 minimum observations (Supplementary 
data Table S9).

DISCUSSION

Cyperids have chromosomes that are amongst the smallest in seed 
plants

Our results demonstrate that mean chromosome sizes in sev-
eral cyperids are the smallest recorded in seed plants to 
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Fig. 3. The association between diploid chromosome numbers and holoploid genome size (1C; A), as well as mean chromosome size (2C/2n; B) across the 
cyperids. Values corresponding to the Juncaceae and 16 tribes of Cyperaceae are indicated by the colours shown to the right-hand side of (B). All data were log 
transformed. Statistical significance (P <0.05) between variables, as determined by phylogenetic generalized least squares (PGLS) performed using the R package 

CAPER v.1.0.1 (Orme, 2013), is indicated by a solid regression line.

Table 2. Results from multiple phylogenetic generalized least squares (PGLS) analyses with mean chromosome size (2C/2n) as the re-
sponse variable

Predictor variable(s) logLik Estimate s.e. t-value R2
adj AIC delta AIC AICw P P

(corrected) 

EOO –241.55 –0.11 0.02 –4.88 0.07 487.11 0 1 0 0

Niche –249.36 –0.05 0.02 –2.73 0.02 502.73 15.62 0 0.01 0.06

Prec_ann –250.46 0.24 0.10 2.29 0.01 504.92 17.81 0 0.02 0.08

P –251.84 0.03 0.02 1.56 0 507.69 20.58 0 0.12 0.36

Intercept –253.07 NA NA NA 0 508.13 21.02 0 NA NA

Latitude –252.07 –0.18 0.13 –1.41 0 508.13 21.02 0 0.16 0.36

Prec_dry_month –252.29 0.07 0.05 1.24 0 508.58 21.48 0 0.22 0.36

Diurnal_range –252.36 0.20 0.17 1.19 0 508.72 21.61 0 0.24 0.36

Bdod –252.37 0.35 0.30 1.18 0 508.74 21.63 0 0.24 0.36

pH –252.68 0.34 0.39 0.88 0 509.36 22.25 0 0.38 0.51

Elevation –252.86 0.02 0.04 0.64 0 509.72 22.61 0 0.52 0.61

Temp_range –252.89 –0.09 0.15 –0.59 0 509.78 22.68 0 0.56 0.61

Results are ranked in order of ascending AIC values. Analyses were performed using the R package CAPER v.1.0.1 (Orme, 2013) and all variables were log 
transformed, except for P and Niche, which were transformed by the square root. Lambda was fixed at 0.906. The following abbreviations are used to represent 
the environmental variables included in these analyses: pH (soil pH); ‘Bdod’ (bulk density of the fine earth fraction); ‘P’ (available phosphorous); ‘Diurnal_range’ 
(mean diurnal air temperature range); ‘Temp_range’ (annual range of air temperature); ‘Prec_ann’ (annual precipitation); ‘Prec_dry_month’ (precipitation of the 
driest month); ‘EOO’ (extent of occurrence); and ‘Niche’ (niche size). Corrections for multiple comparisons were implemented using the method of Benjamini and 
Hochberg (1995), and the alpha value was set at 0.05. Only species with a minimum number of 25 observations were included in the analyses (300 observations 
retained).
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date. Based on new data generated for this study, the lowest 
mean chromosome size in cyperids [Bolboschoenus robustus 
(Pursh) Soják: 1C = 198.0 Mbp; 2n = 107; mean chromosome 
size (2C/2n) = 3.7 Mbp: Supplementary data Appendix S1, 
population at Průhonice Botanic Garden] is slightly smaller 
than that of Genlisea nigrocaulis Steyerm. [1C = 86.0 Mbp;  
2n = 40; mean chromosome size (2C/2n) = 4.3 Mbp] and 
Genlisea pygmaea A.St.-Hil. [1C = 179.0 Mbp; 2n = 80; mean 
chromosome size (2C/2n) = 4.3 Mbp), which have the smallest 
values in the Lentibulariaceae – a family reported to have 
among the smallest genome sizes across plants (Greilhuber et 
al., 2006; Veleba et al., 2014). Our data show that three species 
of Cyperus could have even smaller mean chromosome sizes [C. 
cyperoides (L.) Kuntze, 2.3 Mbp; C. brevifolius (Rottb.) Hassk., 
3.7 Mbp; C. esculentus L., 3.5 Mbp], but these values are sen-
sitive to intraspecific differences in cytotypes since the genome 
size and chromosome count estimations are based on different 
populations. In addition, a detailed RADseq linkage map and 
chromosome-level whole-genome sequencing suggest the pres-
ence of remarkably small chromosomes in Carex (Escudero et 
al., 2018; Can et al., 2020; Planta et al., 2022). When com-
pared with other holocentric lineages, there are species with 
small mean chromosome sizes in the genus Drosera (Veleba 
et al., 2017), but this pattern in mean chromosome size has yet 
to be documented in other holocentric clades, such as Cuscuta 
subgenus Cuscuta (Neumann et al., 2021). Other clades of seed 
plants could have species with smaller individual chromosomes 
than those in the cyperids, as our measure of mean chromosome 
size overlooks chromosome size variation inside the karyotype 
of a species, with this variation being substantial in bimodal 
karyotypes (Plačková et al., 2022).

The difference in mean chromosome sizes across 
cyperids is large compared with other families of seed plants 
(Supplementary data Figs S8 and S9). This large difference 
results from a combination of species with many small, frag-
mented chromosomes in genera such as Carex and Cyperus 
(e.g. Nishikawa et al., 1984; Roalson et al., 2007; Roalson, 
2008; Chung et al., 2012; Lipnerová et al., 2013; Márquez-
Corro et al., 2021), and those with fewer, larger chromosomes, 
for example in Eleocharis (Roalson, 2008; Zedek et al., 2010) 

and Schoenus (Kaur et al., 2012; Elliott et al., 2022). Within 
other clades of holocentric plants, this divergent pattern in 
chromosome sizes among species has also been documented in 
the Australian Drosera (Veleba et al., 2017).

Relatively small genome sizes in the cyperids

Our comparison with genome sizes available in the Plant 
DNA C-values database showed that minimum genome sizes in 
both Cyperaceae and Juncaceae are amongst the smallest com-
pared with 58 other families of seed plants (Supplementary data 
Figs S10 and S11). These results confirm the relatively small 
genome sizes in these two families documented by Šmarda et 
al. (2014), whose dataset was much more restricted in scope. 
Larger genome sizes in tribes Eleocharideae and Schoeneae of 
the Cyperaceae contribute to a higher overall mean genome size 
in cyperids compared with families such as Dipterocarpaceae 
and Lentibulariaceae (Veleba et al., 2014; Ng et al., 2016), al-
though all major clades in our analyses included species with 
small genomes (Supplementary data Fig. S2). A relatively low 
rate of polyploidy across most clades of cyperids (see discus-
sion below), as well as less accumulation or more effective re-
moval of repetitive DNA sequences might contribute to lower 
genome sizes in this lineage compared with many clades of 
seed plants, but further research is required to confirm this.

An important factor that might contribute to small genome 
and mean chromosome sizes of cyperids, as well as the large 
variation in chromosome sizes is that the genomes of most spe-
cies in this clade are thought to be composed of holocentric 
chromosomes. Although earlier several studies thought that 
the sister families Cyperaceae and Juncaceae (Roalson et al., 
2007; Bureš et al., 2013; Escudero et al., 2016), along with 
Thurniaceae (Zedek et al., 2016), were holocentric, recently 
Baez et al. (2020) showed that there are monocentric chromo-
somes in Prionium serratum of the Thurniaceae (the chromo-
some type of the other three species placed in this family 
remains unstudied). In addition, monocentric chromosomes are 
present in some species of Juncus, in the Juncaceae (Guerra et 
al., 2019; Hofstatter et al., 2022); however, since Juncus is not 
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Fig. 4. The association between mean chromosome size (2C/2n) and extent of occurrence (A), niche size (B) and annual precipitation (C) in cyperids as deter-
mined by phylogenetic generalized least squares (PGLS) performed using the R package CAPER v.1.0.1 (Orme, 2013). These three predictor variables received 
relatively high AICw and log-likelihood scores, and corrections for multiple comparisons were implemented using the method of Benjamini and Hochberg (1995). 
Significant relationships are indicated by solid regression lines, whereas marginally significant relationships between variables are indicated by broken lines. All 

variables were log transformed, except for Niche size, which was square-root transformed.
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monophyletic (Brožová et al., 2022; Elliott et al., 2022), it is 
important to investigate the presence of holocentricity across 
the family in a phylogenetic context to verify whether this 
trait is present in some major clades and not others. It is yet 
to be shown that the entire Cyperaceae family is holocentric, 
even though it is often assumed so (e.g. Roalson et al., 2007; 
Escudero et al., 2016; Márquez-Corro et al., 2019b; Zedek et 
al., 2022) and there is currently no published evidence to the 
contrary (Krátká et al., 2021), despite a claim by Nijalingappa 
(1974) of localized centromeres in several species of what 
is currently circumscribed as Schoenoplectiella (formerly 
Scirpus; WCVP, 2022). Assuming most species of cyperids are 
holocentric, a possible explanation for the small genome sizes 
across this clade is holokinetic drive, which involves the pref-
erential size-dependent inheritance of homologous chromo-
somes during asymmetric meiosis (Bureš and Zedek, 2014; 
Veleba et al., 2017; Márquez-Corro et al., 2019a). Aside from 
holokinetic drive, another possibility is that genome sizes in 
these holocentric species further decrease when fission occurs, 
as there might be a loss in some DNA near breakage points 
before telomeres are formed near the new ends of chromo-
somes (Roalson et al., 2007). The formation of new telomeres 
at breakpoints appears to be very fast in holocentric chromo-
somes (Jankowska et al., 2015).

Strong negative association between chromosome size and 
number suggests the importance of holokinetic drive

Based on our expectations, holokinetic drive should result 
in a dichotomy, with species either having many small, frag-
mented chromosomes or fewer, larger chromosomes with more 
repetitive DNA sequences. Thus, there should theoretically be 
an inverse relationship between mean chromosome number and 
size in holocentric lineages. Our results, showing a pronounced 
inverse association between mean chromosome size and 
chromosome number, provide evidence that holokinetic drive 
is influencing chromosome evolution in cyperids. This associ-
ation could be obscured, however, by the presence of polyploidy 
where chromosome number increases while there is a minimal 
change in chromosome size (Lipnerová et al., 2013). Although 
polyploidy is reported to be relatively rare in cyperids com-
pared with other seed plant groups, it has been documented in, 
for example, Carex (Lipnerová et al., 2013), Cyperus (Roalson, 
2008), Eleocharis (e.g. Harms, 1968; Bureš, 1998; Zedek et al., 
2010; da Silva et al., 2017; Johnen et al., 2020), Rhynchospora 
(Vanzela et al., 1996; Luceño et al., 1998; Burchardt et al., 
2020) and Schoenus (Kaur et al., 2012; Elliott et al., 2022) – of 
which the last three pertain to tribes with points that lie above 
the regression line in Fig. 3B.

Whether there is a positive or negative association between 
genome size and chromosome number in different genera of 
Cyperaceae has been a source of discussion in recent dec-
ades. Nishikawa et al. (1984) first reported a negative asso-
ciation between these two variables in Japanese species of 
Carex. Focusing on the section Cyperoideae (formerly Carex 
section Ovales; Global Carex Group et al., 2021), Chung et 
al. (2012) noted that the association between genome size and 
chromosome number was weakly negative at deeper phylo-
genetic scales (i.e. C. subgenus Vignea, excluding species 

from C. section Cyperoideae) but flat or weakly positive to-
wards the tips of the phylogeny corresponding to C. section 
Cyperoideae, while variation in genome size in all species 
was low. A strong negative relationship between genome size 
and chromosome number in non-polyploid Carex species 
was observed by Lipnerová et al. (2013). We further explored 
the relationship between genome size and chromosome 
number in four cyperid clades that had at least ten observa-
tions in our dataset and had not been the subject of previous 
studies (Juncaceae and tribes Abildgaardieae, Cypereae and 
Rhynchosporeae). Based on these analyses, there is also a 
negative association between these two genomic traits in 
Juncaceae (Supplementary data Table S10). In contrast, the 
relationship between chromosome number and genome size 
has been found to be positive in Eleocharis and Schoenus – 
two genera with higher numbers of polyploid species (Zedek 
et al., 2010; de Souza et al., 2018; Elliott et al., 2022) – and 
in the Carex laevigata group, which suggests that it might 
be due to the proliferation and removal of repetitive DNA 
sequences (Escudero et al., 2015). At a wider phylogenetic 
scale, Global Carex Group et al. (2007) noted a negative re-
lationship between chromosome number and genome size in 
Cyperaceae and Juncaceae combined, albeit with relatively 
limited sampling (approx. <1% of all species). Our results 
(see Fig. 3A), based on more comprehensive sampling across 
the cyperids (approx. 7%: species with both genome size and 
chromosome number estimates), did not reveal an associ-
ation between chromosome number and genome size, as the 
negative and positive relationship characteristic of different 
genera obscured each other.

The adaptiveness of genome and mean chromosome size in 
cyperids

Nearly a century ago, various authors noted differences in 
chromosome sizes between tropical and temperate species. 
Although an adaptive function was suspected, they did not 
give explanations for these differences (e.g. Heitz, 1925–
1926; Avdulov, 1931). The first speculation explaining this 
association that we are aware of was proposed by Stebbins 
(1966); however, he used the term chromosome size inter-
changeably with DNA content (i.e. genome size) in his in-
terpretations, so his explanations are not strictly related to 
chromosome size. Whereas Levin and Funderburg (1979) 
justified that chromosome size is a good estimate of genome 
size by using data presented in previous studies to calculate 
a correlation coefficient of 0.90 between the two variables, in 
our study of cyperids the correlation was only 0.60. Thus, it 
cannot be assumed that temperate and tropical cyperid spe-
cies have similar patterns for both genome and chromosome 
sizes. Once evolutionary relationships were incorporated into 
our analyses, there was no association between either genome 
or mean chromosome size and whether cyperids were classi-
fied as tropical or temperate. Possible reasons explaining this 
lack of association in cyperids include few or no differences 
in selective pressure on recombination rates between tem-
perate and tropical regions, as well as the under-represen-
tation of tropical species in our dataset (Supplementary data 
Figs S7 and S12).
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Our results focusing on different continuous environ-
mental variables suggest that mean chromosome size, but not 
genome size, might have an adaptive function in cyperids. 
The extent of occurrence (i.e. geographical range size) and 
niche size were inversely associated with mean chromosome 
size in our phylogeny-corrected analyses, but these correl-
ations were not recovered for genome size. A negative as-
sociation between geographical range size and genome size 
might be expected based on the hypothesis of efficiency of 
selection, which – although developed for the population 
scale – could be extended to the global scale if geographical 
range size is considered a proxy for population size (Brown, 
1984; Johnson, 1998; Lynch and Conery, 2003; Lynch, 2007). 
Based on this hypothesis, deleterious mutations can build up 
in smaller populations because of genetic drift; however, as 
population size grows, the relative effect of selection pressure 
increases, decreasing genome size via the purging of slightly 
deleterious mutations or unnecessary DNA (Lynch, 2007). 
A similar association might also be expected between niche 
and genome size, as a positive correlation between niche and 
geographical range size has been shown across numerous 
study systems (Gaston and Spicer, 2001; Slatyer et al., 2013; 
Cardillo et al., 2019). We did not find support for the hy-
pothesis of efficiency of selection, but we did observe that 
chromosome size (not genome size) was inversely associated 
with both geographical range and niche size, which might 
similarly be associated with an increased adaptive capacity 
for species with small chromosomes given the unique charac-
teristics of holocentric chromosomes assumed to be present 
in the majority of cyperids. Since crossover events are limited 
to a maximum of two per bivalent in holocentrics (Bureš et 
al., 2013), the breakage of these chromosomes into smaller 
fragments through chromosomal fission might function to 
increase genome-wide recombination rates, which could in 
turn increase the efficacy of selection and facilitate adapta-
tion (Burt, 2000; Stapley et al., 2017). Thus, it is possible that 
small chromosomes are an adaptive feature that facilitates the 
survival of these plants in a wider range of growing condi-
tions, leading to larger geographical range and niche sizes. 
Associations between chromosome size and other environ-
mental variables were not evident in our study, suggesting 
that it is the combination of growing conditions captured in 
our geographical range and niche size metrics that these pre-
dominantly holocentric plants are adapting to, not individual 
edaphic or climatic factors.

Future directions

We think that the potential role of mean chromosome size 
and number in genome-wide recombination rates and how 
this association might function as an adaptive trait merits fur-
ther study. As more genome size, chromosome number and 
phylogenetic sequence data are compiled for the cyperids, 
we are gaining a better understanding of genome size and 
chromosome evolution in this lineage, as well as the possible 
ecological consequences of these traits. More intense sam-
pling in tropical regions and across undersampled lineages of 
cyperids in the future might reveal additional genome expan-
sion and contraction events, which could help develop further 

comparative studies focusing on the possibility of holokinetic 
drive in this lineage.

SUPPLEMENTARY DATA
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Information Standards, which were manually removed from 
the list of countries downloaded from the World Checklist of 
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across Cyperids divided into 17 tribes of Cyperaceae, as well 
as the Juncaceae family. Figure S3: mean chromosome sizes 
across cyperids divided into 16 tribes of Cyperaceae, as well as 
the Juncaceae family. Figure S4: chromosome number across 
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Juncaceae family. Figure S5: fold difference in chromosome 
number across 48 families of seed plants. Figure S6: minimum 
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of seed plants. Figure S9: minimum mean chromosome sizes 
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region. Table S1: changes in species names compared with 
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least squares (PGLS) analyses with holoploid genome size as 
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and holoploid genome size in three tribes of Cyperaceae and 
the family Juncaceae.
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