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* Background and Aims In eukaryotes, the total kinetochore size (defined as a chromosomal region containing
CENH3-positive nucleosomes) per nucleus strongly correlates with genome size, a relationship that has been hy-
pothesized to stem from general intracellular scaling principles. However, if larger chromosomes within a karyo-
type required larger kinetochores to move properly, it could also be derived from the mechanics of cell division.

* Methods We selected seven species of the plant subfamily Agavoideae whose karyotypes are characterized
by the presence of small and very large chromosomes. We visualized the kinetochore regions and chromosomes
by immunolabelling with an anti-CENH3 antibody and DAPI (6’-diamidino-2-phenylindole) staining. We then
employed 2D widefield and 3D super-resolution microscopy to measure chromosome and kinetochore areas and
volumes, respectively. To assess the scaling relationship of kinetochore size to chromosome size inside a karyo-
type, we log-transformed the data and analysed them with linear mixed models which allowed us to control for the
inherent hierarchical structure of the dataset (metaphases within slides and species).

* Key Results We found a positive intra-karyotype relationship between kinetochore and chromosome size. The
slope of the regression line of the observed relationship (0.277 for areas, 0.247 for volumes) was very close to the
theoretical slope of 0.25 for chromosome width based on the expected physics of chromosome passage through the
cytoplasm during cell division. We obtained similar results by reanalysing available data from human and maize.
* Conclusions Our findings suggest that the total kinetochore size to genome size scaling observed across eukary-
otes may also originate from the mechanics of cell division. Moreover, the potential causal link between kinetochore
and chromosome size indicates that evolutionary mechanisms capable of leading kinetochore size changes to fix-
ation, such as centromere drive, could promote the size evolution of entire chromosomes and genomes.

Key words: Asparagaceae, cell division, centromere, chromosome size evolution, genome size evolution, intracel-
lular scaling, linear mixed models, structured illumination microscopy.

INTRODUCTION

The centromere is a critical chromosomal region for eukary-
otic cell divisions because it is the assembly site of the kineto-
chore, a protein complex mediating chromosome attachment to
spindle microtubules (Talbert and Henikoff, 2020). The corner-
stone of the kinetochore in most eukaryotes is centromeric
histone H3 (CENH3 or CENP-A), which recruits other kineto-
chore proteins (Murillo-Pineda and Jansen, 2020).

It has been shown in grasses (Poaceae) that the total kineto-
chore size, defined as the sum of the CENH3-binding domain
sizes within a genome, is strongly correlated with genome
size (Zhang and Dawe, 2012). Recently, we have shown
that this strong relationship is universal across eukaryotes
(Plackova et al., 2021). It has been suggested that a mechanism
maintaining the stable proportion of total centromere size to the
genome size stems from general intracellular scaling principles
(Wang et al., 2021) that maintain the size ratio of intracellular
components to ensure their proper function (Levy and Heald,
2012). However, it could also come from the mechanics of cell
division, if larger chromosomes inside a karyotype possessed

larger kinetochores. In such a case, a positive intra-karyotype
scaling relationship between the kinetochore and chromosome
sizes would be expected.

One can imagine that a larger chromosome as a larger cargo
simply needs to be pulled by more microtubules, which requires
a larger kinetochore. The original calculations of the cytoplasm
viscosity based on Brownian motion suggested that the force
needed to move a chromosome was approx. 0.1 picoNewton
(pN; Nicklas, 1965; Taylor, 1965). This was puzzling as the
pulling power that the anaphase spindle could exert was approx.
700 pN (Nicklas, 1983; Anjur-Dietrich et al., 2021). However,
it appears that the microtubule network of the spindle itself
exerts a force on the chromosomes that is orders of magnitude
higher than previously thought (Houchmandzadeh et al., 1997,
Shimamoto et al., 2011; Kramer et al., 2021). As the number of
attached microtubules depends on kinetochore size (McEwen
et al., 1998; Zhang and Dawe, 2012; Drpic et al., 2018), some
authors speculated that a minimal number of microtubules re-
flecting chromosome size is required for proper chromosomal
segregation (Moens, 1979; Cherry et al., 1989; McEwen et al.,
1998). Some evidence supporting this notion was found in
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unstable barley hybrids (Hordeum vulgare x H. bulbosum)
(Schwarzacher et al., 1992; Heslop-Harrison and Schwarzacher,
1993). In these unstable hybrids, chromosomes with smaller
centromeres were lagging during embryogenesis and under-
went elimination (Schwarzacher et al., 1992). Furthermore,
microtubule staining revealed that the centromeres of lagging
chromosomes interacted with fewer microtubules (Heslop-
Harrison and Schwarzacher, 1993). Subsequent studies on
haploid plant formation showed that the failure to load enough
centromeric CENH3 leads to the formation of no or small kin-
etochores, and such chromosomes are lost (reviewed in Wang
and Dawe, 2018). Also, monocentric chromosomes with Kin-
etochores which are too large are susceptible to missegregation
(Drpic et al., 2018). Reports of moderate correlations between
kinetochore size and chromosome size in humans (Irvine et al.,
2004) and maize (Wang er al., 2021) indeed suggest pos-
sible restrictions on the range of kinetochore size concerning
chromosome size. However, the intra-karyotype relationships
between kinetochore and chromosome size and their scaling
laws remain poorly understood.

A model system suitable for exploring the within-karyotype
correlation between kinetochore and chromosome size should
exhibit large differences in chromosome size. Therefore, in the
present study, we focused on species from the plant subfamily
Agavoideae (Asparagales) containing so-called bimodal karyo-
types characterized by small as well as very large chromosomes
displaying 5- to 8-fold (e.g. Agave), and even up to 10-fold (e.g.
Hosta and Yucca) size differences (Watkins, 1936; Kaneko,
1966; Guadalupe et al., 2008). We exploited the large intra-
karyotype differences in chromosome size in Agavoideae and
analysed the kinetochores of seven species from this subfamily
to explore the intra-karyotype relationship between kinetochore
and chromosome size.

MATERIALS AND METHODS

Plant materials

Seeds of agavoid species used in this study — Hesperaloe funifera
(K.Koch) Trel., H. parviflora (Torr.) J.M.Coult., Hesperoyucca
whipplei (Torr.) Trel., Yucca carnerosana (Trel.) McKelvey, Y.
constricta Buckley and Y. elata (Engelm.) Engelm. — were ger-
minated on Petri dishes with water and gibberellic acid (1 g
L. Some seedlings were transplanted into pots. These plants
and adult plants of Agave tequilana F. A. C. Weber were grown
under greenhouse conditions in the Department of Botany and
Zoology, Masaryk University, Czech Republic.

Generation of agavoid CENH3-specific antibodies

To identify putative CENH3 sequences of Agavoideae, we
performed BLAST searches in the GenBank (NCBI Resource
Coordinators, 2018) and 1000 plant (1KP) transcriptomes
(Carpenter et al., 2019; One Thousand Plant Transcriptomes
Initiative, 2019) databases. Purified polyclonal rabbit IgG anti-
bodies recognizing a peptide corresponding to the N-terminus
of agavoid CENH3 (MARVKHKPQPQPRRRLVLNEA; amino
acids 1-21) were generated by LifeTein (USA).

Chromosome preparation and immunostaining

For chromosome preparation and immunostaining, we fol-
lowed a previously published protocol (Houben et al., 2007).
Root tips from germinated seeds or plants were either un-
treated or were pre-treated for up to 26 h in ice-cold distilled
water and fixed in an ice-cold 4% paraformaldehyde solution
(PFA) dissolved in 1x phosphate-buffered saline (1xPBS;
pH 7.4) for 25 min. After washing in 1xPBS, root tips were
digested in 0.7% (w/v) cellulase R-10 (Duchefa Biochemie),
cellulysin cellulase (Merck Millipore), 1% (w/v) pectolyase
Y23 (Duchefa Biochemie) and cytohelicase (Sigma-Aldrich) in
1x PBS at 37°C for 1 h. Chromosome spreads were prepared
by squashing and freezing in liquid nitrogen. Slides were in-
cubated with blocking solution [4% (w/v) bovine serum al-
bumin (BSA) and 0.01% (v/v) Tween-20 in 1xPBS] at room
temperature for 1 h and then incubated with primary CENH3
antibodies used at a dilution of 1:200 to 1:500 at 4°C over-
night. After washing in 1xPBS, samples were incubated with
Alexa Fluor 488-conjugated secondary anti-rabbit antibodies
(Jackson Immuno; diluted 1:500) at 37°C for 1 h. Finally, slides
were washed in IxPBS, dehydrated using a graded ethanol
series (70, 85 and 100%), and chromosomes were counter-
stained with 6’-diamidino-2-phenylindole (DAPI; 1.5 pg mL™")
in Vectashield (Vector Laboratories).

Microscopy and measurement

Chromosomes prepared by the above-described protocol
were used for both 2D and 3D measurements (see below). First,
we obtained 2D images and then 3D-SIM image stacks from
the same slides.

Images were captured using Olympus BX51 and BX61
microscopes equipped with a CCD camera (ORCA-ER,
Hamamatsu) and a ColorView II camera (Olympus), respect-
ively, and the Cell"F software. Areas of chromosomes and their
CENH3-labelled kinetochores were measured in wide-field
photographs using the Imagel software (Supplementary data
Fig. S1). To identify the boundaries of CENH3 labelling, we
enlarged the CENH3-labelled photographs to 400% and ap-
plied the ‘Elliptical selections’ function. To identify boundaries
of DAPI-stained chromosomes, the photographs were enlarged
to 300% and the boundaries were set using the ‘Freehand se-
lections’ option (Supplementary data Fig. S1). To measure the
volumes of metaphase cells at the super-resolution level, spatial
structured illumination microscopy (3D-SIM) using an Elyra
PS.1 microscope system equipped with a 63x/1.40 objective
and the software ZENBlack (Carl Zeiss GmbH) was applied
(Weisshart et al., 2016; Kubalova et al., 2021a). The Imaris
9.7 (Bitplane) software was used to measure chromosome and
CENH3 signal volumes after surface rendering of 3D-SIM
image stacks (Fig. 1; Supplementary data Movie S1).

Altogether, we performed 1447 chromosome and kinetochore
size measurements in seven Agavoideae species. Of these, 1229
were area measurements based on 2D fluorescence microscopy and
218 were volume quantifications based on 3D-SIM (Supplementary
data Tables S1 and S2). For five species, we had both volumes and
area measurements. For Yicca elata, we had only area measure-
ments. For Y. constricta, we had only volume measurements.
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H. parviflora

CENH3 - surface

FiG. 1. One large (arrow) and four small chromosomes selected from the

bimodal Hesperaloe parviflora karyotype. Slices of 3D-SIM image stacks

(top) were used for surface rendering to measure the volumes of the chromo-

somes (bottom) and CENH3-labelled centromere signals (middle). See also
Supplementary data Movie S1.

In each metaphase, we measured only those chromosomes
and their kinetochores that were clearly separated from other
chromosomes, which allowed a reliable measurement (see
Supplementary data Fig. S1). Because each metaphase chromo-
some had two kinetochores (one for each chromatid), we meas-
ured both and used their mean size in all the analyses. To avoid
bias in the data caused, for instance, by the chromatin conden-
sation differences between metaphases, we applied a hierarch-
ical statistical approach that allows controlling for such noise in
the data (see below).

Statistical analyses

To test the relationship between kinetochore and genome
size, we applied a linear mixed model using the ‘Ime’ func-
tion implemented in the package nlme (Pinheiro et al., 2021)
in R v4.0.2 (R Core Team, 2020). We set the kinetochore size

as the response variable and chromosome size as the explana-
tory variable. To account for random variation caused by dif-
ferences between different metaphases, slides, plants and
species, we used these variables as nested random effects as
follows: metaphases nested within slides nested within plants
nested within species. Because we are interested in the propor-
tional scaling relationship between kinetochore and chromo-
some size, we log-transformed (base 10) both the kinetochore
size and chromosome size before the regression analyses
(Glazier, 2013). Log transformation (base 10) also increases the
homoscedasticity and normality of the residuals, which are the
assumptions of linear regression models used for the analyses.

RESULTS

We measured chromosome size (from DAPI-stained areas
and volumes) and kinetochore size using the immunolabelled
CENH3 region as a proxy (see the Materials and Methods). We
choose CENH3 because this histone variant is the essential kin-
etochore protein upon which the kinetochore structure is built
in most eukaryotes (Wang and Dawe, 2018; Murillo-Pineda
and Jansen, 2020), and thus the amount of CENH3 reflects the
kinetochore size.

Using BLAST searches, we identified two isoforms
of CENH3 in Agavoideae (Supplementary data Fig. S2).
Corresponding CENH3 antibodies were raised against the
N-terminal region (see the Materials and Methods), which is
conserved across both isoforms (Supplementary data Fig. S2).
After indirect immunostaining, these antibodies labelled the
centromeric regions of all analysed Agavoideae species (Figs.
1 and 2).

Although the visual inspection of the immunostained
chromosomes, as shown in Figs. 1 and 2, does not reveal ob-
vious kinetochore size differences between small and large
chromosomes, we found after the analysis of 1447 chromo-
somes that, on average, the kinetochore size is positively re-
lated to the chromosome size in Agavoideae (Fig. 3), regardless
of whether we analysed kinetochore/chromosome areas (Fig.
3A) or volumes (Fig. 3B). The slope of the regression line fit
for log-transformed data is mathematically equivalent to the
scaling exponent of non-transformed data (Glazier, 2013).
Thus, if the slope is 1, kinetochore size would be in direct
proportion to chromosome size. If the slope is higher than 1,
kinetochore size increases faster with chromosome size. If the
slope is lower than 1, kinetochore size increases more slowly
than chromosome size. In our case, the observed slope of the re-
gression line of the kinetochore and chromosome size relation-
ship was 0.277 (P = 0) for areas and 0.247 (P = 0) for volumes
(Fig. 3A-D; Table 1). The relationships between chromosome
and kinetochore size for each analysed species based on 2D
and 3D measurements are shown in Supplementary data Figs.
S3 and S4, respectively. When the differences between the ana-
lysed metaphases, slides and individual plants were accounted
for (see the Materials and Methods) (Figs. 3C, D), the chromo-
some size explained 83 and 51% of the variance in kinetochore
size for areas and volumes, respectively (Table 1).

We further tested the correlation between the 2D and 3D quan-
tifications by comparing the measurements of the same kineto-
chores and chromosomes. We found a very strong correlation
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Hesperaloe funifera

Agave tequilana

Hesperoyucca whipplei Yucca carnerosana

Hesperaloe parviflora

Yucca elata

Yucca constricta

F1G. 2. CENH3 antibodies label (in green) the centromeres of seven Agavoideae species.

(Fig. 4; Spearman’s tho = 0.925, P < 0.0001), indicating the re-
liability of both approaches.

DISCUSSION

We showed that chromosome size is a strong predictor of
kinetochore size in the karyotypes of Agavoideae species,
suggesting that a larger chromosome needs a larger kineto-
chore. This is in accordance with the notion that for chromo-
somes of a specific size, a limited range of kinetochore size
exists, ensuring the attachment of an adequate number of
spindle fibres for proper chromosome movement and, conse-
quently, separation of the sister chromatid during cell division
(Plackova et al., 2021). Because both 2D and 3D approaches
delivered similar results (Figs. 3A, B), the simpler and less
time-consuming 2D approach may be used effectively in fu-
ture studies.

Our data are in agreement with the idea that larger chromo-
somes need more sites for microtubule attachment, and thus a
larger kinetochore. However, it is not yet clear what the phys-
ical mechanisms of the cell division might predict for the slope
of the observed relationship. On average, the slopes of kineto-
chore and chromosome size relationships (from both 2D and
3D analyses) are very close to 0.25 (Fig. 3), which is a theor-
etical value proposed by Kramer et al. (2021) based on their
across-species analysis of chromosome’s DNA content rela-
tive to its width (see below). The only available data on intra-
karyotype relationships between kinetochore and chromosome
size except those for this study were published for human

(Irvine et al., 2004) and maize (Wang et al., 2021). When re-
analysing the human data, we obtained a slope of 0.24 [95%
confidence interval (CI) 0.11-0.38] (Supplementary data Fig.
S5). Reanalysis of the data from maize (Wang et al., 2021)
revealed a slope of 0.33 (95% CI 0.20-0.46) (Supplementary
data Fig. S6). Again, these values are close to the theoretical
slope of 0.25 (Kramer et al., 2021). The same value charac-
terizes the relationship of a chromosome’s DNA content to its
width, which probably stems from the physics of the elastic
response of a chromatid to the forces that act on it during cell
division (Kramer et al., 2021). The longer the chromosome, the
more difficulties it can encounter during cell division because,
in a high-viscosity environment, the drag force on elongated
bodies is approximately proportional to their length (Nicklas,
1965; Ui et al., 1984). To prevent the formation of chromo-
somes which are too long and which are not stable during cell
division if the size of the cell is limited (Schubert and Oud,
1997), they should have a proportionally larger cross-section
area, i.e. they need to be wider (Kramer et al., 2021). This
seems to be realized via increasing the helical turn size of the
chromonemata forming the chromatids of large chromosomes
(Kubalova et al., 2021b). The DNA content of a chromosome
corresponds to the degree of chromatin compaction and is
the product of its length and the square of its width (Kramer
et al., 2021). Thus, if the kinetochore size is indeed related to
chromosome width, perhaps because the kinetochore needs to
cover the width of the chromosome to serve as an effective sur-
face for microtubule capture, then its relatively small change
may be related to a relatively large change in the DNA content
of the chromosome. A factor that could also contribute to such
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Fi1G. 3. Scaling relationship of kinetochore and chromosome size in Agavoideae based on microscopic area (A, C) and volume (B, D) measurements. The equation
of the regression line is y = 0.277x — 1.062 for areas (A, C) and y = 0.247x — 0.903 for volumes. (A and B) The original data including noise introduced by the hier-
archical structure of the data (metaphases within slides and species). (C and D) Partial residual plots of the relationship between chromosome and kinetochore size
after accounting for the noise introduced by differences between metaphases, slides, and species. Note that the regression lines (their slope and intercept) are iden-
tical in both plots with original data and partial residual plots. The partial residual plots were constructed in the R package ‘visreg’ (Breheny and Burchett, 2017).

a proportional relationship between kinetochore and chromo-
some size may be the size-dependent position of chromosomes
in the metaphase plate. Even though we did not observe any
such patterns, pioneering studies in Agavoideae reported that
the large chromosomes tend to be placed at the edges of meta-
phase plates and small chromosomes in the middle (McKelvey
and Sax, 1933; Watkins, 1936; Granick, 1944). If the density
of the microtubule network decreased towards the edge of the
metaphase plate (which is currently unknown), large chromo-
somes would face lower resistance and friction than in the
centre and their kinetochores could thus be smaller than would
normally be appropriate for their size.

If there is a causal link between kinetochore and chromo-
some size, what is the direction? Is it the chromosome size
change that requires a change in kinetochore size? This possi-
bility would mean that chromosome size changes would exert
pressure on the kinetochore size to increase with chromosome
size. This could happen relatively easily in small populations
where genetic drift rather than selection affects the fate of new
variants. In larger populations, such a chromosome would be
selected against, unless its change in size would not be linked to
some advantage. If the causal direction was from kinetochores
to chromosomes, then any evolutionary mechanism capable of
leading kinetochore size changes to fixation could thus promote
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TABLE 1. Outcome of the regression model showing the effect of chromosome size on kinetochore size

Analysis based on Model term b, 95% CI t P R?

2D microscopy Intercept -1.062 —-1.133,-0.994 -32.034 0 83.04
Chromosome size 0.277 0.263, 0.291 39.593 0

3D-SIM Intercept -0.903 —0.983, -0.820 -22.272 0 51.47
Chromosome size 0.247 0.186, 0.309 7.880 0

To test the relationship between kinetochore and genome size, we applied a linear mixed model. We set the kinetochore size as the response variable and chromo-
some size as the explanatory variable. To account for random variation caused by differences between different metaphases, slides, plants and species, we used

these variables as nested random effects as follows: metaphases nested within slides nested within plants nested within species.

b,, parameters estimates; 95% CI, lower and upper bounds of the 95% confidence interval of the parameter estimate; ¢, # statistics; P, significance of the estimate

difference from zero; R? conditional R-squared that indicates the percentage of explained variance in kinetochore size by the chromosome size after accounting
for random effects (i.e. the differences between metaphases, slides and species) used in the linear mixed model.
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10 100
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F1G. 4. Comparison of 2-D wide-field microscopy and 3-D-SIM measurements on a logarithmic scale. Spearman’s rho correlation was used.

the size evolution of entire chromosomes and genomes. Such
chromosomes could then grow within the size limits permitted
by their kinetochores. Kinetochore size change could become
fixed either by chance via genetic drift or by deterministic pro-
cesses such as centromere drive. Centromere drive would be
expected to increase the rate of chromosome size evolution
in lineages with asymmetric meiosis (usually female meiosis,
where only one of the meiotic products — the egg or megaspore
— survives) (Henikoff er al., 2001; Malik, 2009; Kursel and
Malik, 2018; Chang and Malik, 2021), but not in lineages with
symmetric meiosis (in both male and female meioses, all four
products survive) (Zedek and Bures, 2016). Confirming this ex-
pectation, chromosome size in ferns and lycophytes showing
exclusively symmetric meiosis remains remarkably conserved
compared with the high variability present in ‘asymmetric’
angiosperms and gymnosperms (Nakazato et al., 2008; Clark
et al., 2016; Fujiwara et al., 2021).

We found that kinetochore size scales with chromosome size
within metaphase cells of bimodal Agavoideae species. This
finding suggests that the total centromere size to genome size
scaling observed across eukaryotes (Zhang and Dawe, 2012;
Plackova et al., 2021) may also originate from the mechanics
of cell division. This conclusion is further supported by the
conformity of our results with the theoretical predictions for
chromosome width based on the physics of chromosome pas-
sage through the cytoplasm.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.oup.
com/aob and consist of the following. Figure S1: Example of
area measurements in Hesperaloe parviflora (metaphase code
Hepa30s1). Figure S2: Protein alignment of Agavoideac CENH3
sequences showing the two isoforms and the region used for
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antibody production. Figure S3: Partial residual plots show the rela-
tionship between chromosome and kinetochore size in Agavoideae
species after accounting for differences between metaphases and
slides. Figure S4: Partial residual plots show the relationship be-
tween chromosome and kinetochore size in Agavoideae species
after accounting for differences between metaphases and slides.
Figure S5: Regression model applied on the data on chromosome
and kinetochore size from human. Figure S6: Linear mixed regres-
sion model applied on the data on chromosome and kinetochore
size from maize. Table S1: Measurements of chromosome and
kinetochore areas in Agavoideae species using 2D fluorescence
wide-field microscopy. Table S2: Measurements of chromosome
and kinetochore volumes in Agavoideae species using 3D-SIM.
Movie S1: Centromeres of Hesperaloe parviflora chromosomes
labelled by CENH3.
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