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Abstract

Meiosis |, meiosis Il, and mitosis use overlapping sets of structural and regulatory molecular components to
align and partition chromosomes, yet they serve different biological functions and must orchestrate
chromosome segregation accordingly. Direct comparisons between division types are complicated when
mitosis and meiosis are examined in different species or genetic backgrounds. Here, we used quantitative live-
cell imaging to compare the dynamics of chromosome segregation and spindle elongation across all three
division types within a single organism, the male germ line of the firebug Pyrrhocoris apterus. Tracking pole-to-
pole, chromosome-to-chromosome, and pole-to-chromosome distances from metaphase through anaphase, we
found that meiosis | and meiosis Il are remarkably similar: the initial and final chromosome segregation
distances, segregation speeds (= 1.6 pm/min), and the proportions of poleward chromosome movement
(anaphase A) and spindle elongation (anaphase B) were nearly identical between the two meiotic divisions.
Mitotic spermatogonia differed on all of these measures, segregating chromosomes over a shorter distance and
at a slower speed (= 1.1 pm/min). Strikingly, the proportions of poleward chromosome movement and spindle
elongation were inverted between division types: spindle elongation accounted for the majority of chromosome
segregation in mitosis (= 61%) but only a minority in meiosis (= 26—32%). Furthermore, final spindle length and
chromosome segregation distance correlated with cell size across the three division types but not within any
single type, indicating that these dimensions are set by division identity rather than by continuous scaling with
cell size. Together, our results show that the two meiotic divisions of P. apterus are highly similar to one another
yet distinct from germ-line mitosis.

Introduction

Meiosis |, meiosis Il, and mitosis all use similar sets of structural and regulatory molecular components to align
and segregate chromosomes. However, each division serves a different biological function. The aim of mitosis
is to distribute sister chromatids such that daughter cells are formed with sets of chromosomes that are
genetically identical to one another and also to the parental cell. In contrast, meiosis aims to generate germ cells
with a haploid genetic content. This is achieved by two consecutive divisions without intervening DNA
replication: meiosis | separates homologous chromosomes, while meiosis |l separates sister chromatids.
Although the three divisions have different aims, all use bipolar spindles to segregate chromosomes. Variations
in microtubule architecture and kinetochore structure and behavior allow customization of chromosome
segregation by division type. What variations specifically distinguish the three division types?

Previous studies in animal systems noted that mitosis and spermatocyte meiosis are typically centrosomal
(Schatten 2022), while oocyte meiosis is typically acentrosomal (Gruss 2018). Comparisons between mitosis
and meiosis, however, often rely on comparisons of cells in mitosis of one species or genetic background with
cells in meiosis from a different species or genetic background—or are done more general across many taxa
(Fabig et al. 2020; Sato et al. 2021; Okafornta et al. 2026). A solid understanding of differences between the
division types requires observations of mitosis, meiosis |, and meiosis Il within the same species using identical
quantitative analysis tools.

Both the kinetochore arrangement and the distribution of chromosome cohesion are built into the chromosome
prior to each division, and are different in all three divisions in grasshoppers (Paliulis and Nicklas 2000, 2004,
2005). These differences are critical to achieving the aims of each division, but there remains a need for a
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thorough comparison of physical characteristics (e.g., kinetochore position, chromosome behavior, cell shape,
spindle size and shape, rates of chromosome movement, etc.) of cells in mitosis, meiosis I, and meiosis Il. In
grasshoppers, the size of cells in mitosis, meiosis |, and meiosis |l appears to differ, with meiosis | cells
appearing larger than meiosis Il and mitotic cells (Paliulis and Nicklas 2004, 2005).

Are cell-size differences reflected in possible spindle size or chromosome segregation rate differences? Spindle
scaling might explain some differences between division types. In the Drosophila blastoderm, for instance, the
rate of anaphase chromosome movement scales directly with spindle size, with smaller spindles carrying slower
anaphase chromosomes (Xu et al. 2025). In contrast, the dynamics of chromosome segregation (i.e., the speed
of segregation) in Caenorhabditis elegans embryos remain mostly unchanged with cell size reduction during
development, while spindle length elongation in this nematode system is dependent on cell size, whereas
chromosome segregation is not (Okafornta et al. 2026). Whether spindle elongation (anaphase B) and
segregation speed are similarly decoupled in an insect with three comparable division types was unknown.

Are differences in cell area, spindle size, and chromosome distances at the end of anaphase consistent with
some form of spindle scaling? Alternatively, are differences in mitotic versus meiotic chromosome behavior and
spindle characteristics simply division-type specific? In the nematode system, for instance, there are striking
differences between the first mitotic division and the male meiotic divisions. The male meiotic divisions show a
prominent shortening of the pole-to-chromosome distance (anaphase A), whereas in embryos, this is obvious in
later divisions (Fabig et al. 2020; Okafornta et al. 2026).

To address these questions, we used the firebug, Pyrrhocoris apterus (Linnaeus, 1758) as our model system. P
apterus is abundant in wild populations across Europe, easily collected, and amenable to culture in the
laboratory. In testes of juvenile males, cells in mitosis (spermatogonia), meiosis I, and meiosis Il can be found
with reasonable ease, allowing a comparison of meiotic versus mitotic cell division, and thus a systematic study
within a single system. The organism has a long history of being studied, and observations of its chromosomes
were first published in 1891 by the German zoologist Hermann Henking. In cell spreads obtained from firebug
testes, Henking observed a single chromosome that behaved differently from the others. Henking labeled this
abnormally behaving chromosome as ‘element x’, which later was determined to be the largest chromosome in
the firebug (Henking 1891; Wilson 1909; Paliulis et al. 2023). In 1909, E.B. Wilson confirmed Henking’s
observation of the accessory chromosome, which is nowadays known as the sex chromosome, namely the X
chromosome, in addition to noting that the species has holocentric chromosomes in mitosis (Wilson 1909).

Here, we report on chromosome segregation and spindle characteristics in meiosis I, meiosis I, and mitosis,
showing division of living cells within the same species. We note differences in spindle size and rates of
anaphase movement in these different cell types. We also test hypotheses about the impact of cell size on
spindle size and chromosome distances. We determined that spindle and chromosome dynamics were very
similar in meiosis | and Il but different from cell division in germ-cell mitosis. Spindle elongation contributed the
major part of chromosome segregation in mitosis, but only a minor part in meiosis. Across the three division
types, final spindle length and inter-chromosome distance correlated with cell size, but this reflected differences
between division programs rather than continuous scaling within a division.

Material & Methods

Collection and maintenance of P. apterus
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Male firebugs were either collected from natural populations in Dresden (51.0870° N, 13.6746° E; Germany)
while the photoperiod (daily duration of light) exceeded 12 hours per day, or acquired as a laboratory strain
(Dolezel laboratory; (Pivarciova et al. 2016)) during photoperiods of less than 12 hours per day. The laboratory-
acquired firebugs were kept at room temperature in glass containers lidded with a fine mesh. Linden seeds (Tilia
platyphyllos) were added at the bottom and water was provided in glass tubes capped with pieces of gauze. A
lamp positioned near the glass containers provided light for 12 hours per day.

Live-cell imaging and analysis

Sample preparation

Male firebugs were cut in half using fine scissors at a position close to the hind pair of legs. The abdomen of the
animals was transferred to wells on a double-depression glass slide filled with approximately 1 mL of Clarke’s
Ringer (CR) solution (111 mM NaCl, 19 mM CaCl,, T mM NaHCOg, 0.1 mM Na,HPO,) and opened dorsally with
fine tweezers. The testes and vas deferens were removed and transferred into the second well of the double-
depression slide filled with CR solution. The vas deferens was discarded and residual fat tissue of the testes
was removed. Testes were submerged in a culture chamber containing a thin layer of Voltalef Qil 10 S (Cat.
#24627.188, VWR chemicals, USA). Testes contents were spread thinly on a coverslip under the layer of oil
(Nicklas and Staehly 1967).

Imaging procedure

Utilizing a widefield microscope (Observer Z.1/7 with ApoTome, Zeiss, Germany), samples were initially imaged
at low magnification using a 20x/0.45 Ph2 N-Achroplan objective (Zeiss, Germany) to check for homogeneous
cell confluency and identify regions with higher density of dividing cells. In such preparations, spermatozoa were
usually located around the cells of interest. Preparations were discarded when a high number of sperm
surrounded the spermatocytes. After identifying regions with cells in metaphase, either meiotic (both divisions)
or mitotic, a 100x/1.25 Oil Ph3 N-Achroplan objective (Zeiss, Germany) with immersion oil (Immersol 518F,
Zeiss, Germany) was used. For dividing cells, a Z-stack (11 Z-planes) was recorded every 30 s. The time between
Z-stack acquisitions automatically increased when imaging multiple positions sequentially. For each Z-stack,
chromosomes were brought into focus, and five optical sections were acquired above and below the focal plan
with a Z-spacing of 1 pm. Acquisition times ranged from 10—90 min. In total, 20 datasets were recorded for
meiosis | and Il and 7 for mitosis (Table 1, Table ST, Fig. S1).
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Table 1

Spindle and chromosome dynamics in meiosis |, meiosis Il, and mitosis of P. apterus. For each division type,
the pole-to-pole (P-P, spindle length), chromosome-to-chromosome (C-C, inter-chromosomal distance) and
derived pole-to-chromosome (P-C) distances are given as the initial (metaphase) distance, the final (anaphase)
distance, and the segregation speed. Initial and final distances are the fitted logistic evaluated at anaphase
onset, d(0), and at the last imaged frame, d(t_max), respectively; speed is the slope of a linear regression over
the movement window (from anaphase onset to the point at which the logistic reaches 95% of its total change,
or the last frame; see Methods). Distances are in um and speeds in pm/min; negative P-C speeds denote the
decreasing P-C distance as chromosomes approach the poles. For each measure and division, n = number of
imaged cells, Average = mean, and SD = standard deviation. P-C distances were derived per cell as (P-P - C-C)/2
and are therefore available only for cells with both a pole and a chromosome track (n = 19 per meiotic division),
whereas C-C was measured in all cells (n = 20 per meiotic division; n = 7 for mitosis in all measures).

Division P-P P-P P-P Cc-C C-C Cc-C P-C P-C P-C
initial ~ final  speed initial ~ final  speed initial  final  speed
[um]  [pm]  [pm/min] [pm]  [pm] [pm/min] [um]  [um]  [um/min]
Meiosis n 19 19 19 20 20 20 19 19 19
|
Average 154 19.6 0.5 1.8 146 1.6 6.8 2.3 -0.5
SD +20 ¢ +0.2 +05 + +0.3 +1.0 ¢ +0.1
2.0 1.5 1.0
Meiosis n 19 19 19 20 20 20 19 19 19
[!
Average 134 16.3 0.5 1.4 127 1.6 6.0 1.7 -0.6
SD +1.4 % +0.3 +0.3 % +0.3 +0.7 % +0.1
1.3 0.9 0.3
Mitosis n 7 7 7 7 7 7 7 7 7
Average 7.2 109 0.6 1.2 7.2 1.1 3.2 1.8 -0.4
SD +1.2 % +0.5 +04 % +0.4 +04 % +0.2
0.9 1.4 0.3

Data pre-processing

Anaphase onset (AO) was defined by the frame prior to the first frame when chromosome segregation was
visible. Then, the Z-stacks across the time-series were cropped to the Z-planes in which the chromosomes were
clearly visible. The feature ‘Extended Depth of Focus (EDF)’ in the application ZEN blue edition (version
3.3.89.0008, Zeiss, Germany) was then used to merge the Z-stack time-series to a single Z-plane time-series for
subsequent analysis (Method Parameters: Variance; Z-Stack Alignment: No alignment). The EDF always
selected the sharpest edges of an object across all Z-planes of the Z-stack. This resulted in a composite image
where all objects appear in the best focus, even if they span multiple focal planes. The time-series were then
contrast inverted.

Cell size determination

Using FIJI (version v1.54p; (Schindelin et al. 2012)), the cross-sectional area A of each cell was measured at AO.
Assuming a circular cross-section, the cell diameter d was calculated as
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Distance tracking

Spindle poles were manually tracked in each frame using the 'Manual Tracking' plugin in FIJI. Spindle poles were
identified as the center of a brighter, phase-clear region delimited by aligned mitochondria. The Python script
'Kymograph generation for 3D image' (Okafornta 2025), was used to generate a kymograph from each Z-stack
time-series by computing the mean intensity of a 10-pixel-wide line between the two tracked poles in every
frame; the profile was exported as a color-coded intensity image and a spreadsheet. In the contrast-inverted
phase-contrast images, chromosomes appeared as the brightest objects, i.e. the highest pixel-intensity values.
For each frame (row), the positions of the intensity maxima in the left and right halves were taken as the two
chromosome masses; their separation provides the chromosome-to-chromosome (C-C) distance, and the
separation of the left and right profile boundaries denotes the pole-to-pole (P-P) distance, both in pixels.
Tracking errors producing spurious jumps in C-C distance were corrected manually. Distances were converted to

micrometers using the pixel size, 0.0454 pm/pixel. The pole-to-chromosome (P-C) distance was computed at

PP-CC
2

the poles. In total, 20 cells were recorded in meiosis |, 20 in meiosis I, and 7 in mitosis (Table 1, Table S1, Fig.

s1).

each matched time pointas P-C = , since the two chromosome masses lie symmetrically between

Quantification of spindle and chromosome dynamics

All subsequent analyses were performed in Python (version 3.12; Python Software Foundation, USA) using
NumPy, pandas, and SciPy libraries, and is provided as a single reproducible script (https://github.com/gunar-

f/firebug_spindle_analysis). For every track (C-C, P-P, and the derived P-C), the same procedure was applied so
b

t—tg

14+e &
fitted to the distance over time data (a, lower plateau; a + b, upper plateau; t,, inflection time; k, steepness). The

fit was bounded to biologically meaningful values: t, was constrained to the observation window, and for C-C
tracks the lower plateau a was restricted to the measured congressed range (0—1.5 pm), preventing degenerate
fits to shallow, non-saturating traces. The logistic was used only to define the movement window; it does not
itself provide the reported speed. The movement window was defined as the interval from AO (t =0 s, or the first
imaged frame if imaging began after AO) to the earlier of (i) the time at which the fit reached 95% of its total
change or (ii) the last imaged frame, the latter accommodating P-P traces that had not plateaued by the end of
imaging. The initial (metaphase) and final (anaphase) pole and chromosome distances were read from the fitted
curve at the window endpoints, d(0) and d(t_max), respectively (Suppl. Fig. S2). The segregation speed was
defined as the slope of an ordinary linear regression fitted to the measured points within the movement window
(Suppl. Fig. S3). Group values (Table 1) are mean * SD of these per-cell quantities.

that all measures are directly comparable. First, a four-parameter logistic function d (t) = a +

was

Anaphase A and B components of chromosome segregation
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For each cell with both a P-P and a C-C fit, the fractional component of spindle elongation (anaphase B) to total
chromosome segregation was calculated from the paired changes in distance as anaphase B = 100 x A(P-P)/
A(C-C), where A denotes the difference between final and initial values; the anaphase A component (poleward
chromosome movement) was defined as 100 - anaphase B percentage points (Table 2).

Table 2

Anaphase A and B components and cell size in meiosis |, meiosis Il, and mitosis of P. apterus. For each division
type, the proportion of poleward chromosome movement (anaphase A, from the decrease in pole-to-
chromosome distance) and of spindle elongation (anaphase B, from the increase in pole-to-pole distance)
driving total chromosome separation are provided as percentages, together with the cell area at anaphase onset
and the corresponding cell diameter. Anaphase A and B were computed per cell from paired changes in distance
(anaphase B =100 x AP-P / AC-C; anaphase A =100 - anaphase B) and therefore sum to 100%; because B = 100
- A, the two contributions share the same SD. Cell diameter was derived from the measured cell area assuming
a circular cross-section, d = 2v(A/m). For each division, n = number of cells, Average = mean, and SD = standard
deviation. Anaphase components require both a pole and a chromosome track and are thus available for the
paired cells only (n = 19 per meiotic division), whereas cell area and diameter were measured in all cells (n = 20
per meiotic division; n = 7 for mitosis).

Division Anaphase A component  Anaphase B component Cell area Cell diameter
(P-C) [%] (P-P) [%] [pm?] [um]

Meiosis n 19 19 20 20

I
Average 68.1% 31.9% 585.4 27.2
SD +10.2% +10.2% +104.8 +2.4

:\Illeiosis n 19 19 20 20
Average 74.4% 25.6% 353.3 21.2
sD +10.1% +10.1% +46.0 +1.4

Mitosis n 7 7 7 7
Average 39.1% 60.9% 84.4 10.3
sD +14.4% +14.4% +10.5 +0.6

Scaling analysis

To test whether final spindle length (P-P) and final chromosome separation (C-C) scale with cell size, linear
regressions of the final distance against cell area were computed both pooled across all three division types and
separately within each division (Table S2). Cell-area records were paired to tracked cells by division and AL
number; where one AL number contained several sub-cells within the same division, area records sorted by
descending cell area were assigned to the remaining unmatched candidate track with the largest fitted final
chromosome-to-chromosome distance, and no track was assigned twice. All 47 pairings are listed in Table S2.

Statistics

Group differences in C-C segregation speed and in cell area were assessed with Welch's unequal-variance t-test
and confirmed with the non-parametric Mann—Whitney U test, given the small mitotic sample (n = 7). Three pre-
planned pairwise contrasts (meiosis | vs meiosis Il, meiosis | vs mitosis, meiosis Il vs mitosis) were tested

without correction for multiple comparisons. Statistical significance is indicated as: * p < 0.05, ** p < 0.01, *** p <
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0.001, **** p < 104 ns, not significant. To test whether the cell-area dependence of final spindle length differed
between division types, an ordinary least-squares model including an area x division interaction was fitted
(statsmodels 0.14; Python 3.12).

Immunofluorescence

Immunostaining

The testes of P apterus were removed from the abdomen and its contents were spread under a thin layer of
Voltalef Qil 10 S to produce a single-cell layer of living spermatocytes. Fixation was performed as described
(Nicklas et al. 1979). Immunostaining was carried out using the primary antibodies, anti-B-tubulin (Clone
Tu27/Tubulin; 903401; 1:25; BioLegend, USA) and anti-mitotic proteins (Clone MPM2; ab14581; 1:25; Abcam,
UK) followed by the secondary antibody anti-mouse conjugated to Cy3 (M30010; 1:25; Thermo Fisher Scientific,
USA) as previously described (King and Nicklas 2000). The cells were then mounted on glass slides using
Vectashield Antifade Mounting Medium containing DAPI (Vector Laboratories, USA) (Felt et al. 2017).

Imaging and data processing

Immuno-labeled samples were imaged using a confocal laser scanning microscope (Stellaris 8, Leica
Microsystems, Germany) controlled by the LAS X software (version 4.8, Leica Microsystems), equipped with an
HC PL APO 63x/1.40 oil immersion objective (Leica Microsystems, Germany), a diode laser (405 nm for DAPI)
and a pulsed white light laser (tuned to 552 nm for Cy3). For signal detection, the following detectors were used:
for DAPI a hybrid detector (HyD) X (range 430—-543 nm), and for Cy3 a HyD S detector (range 557-818 nm).
Image stacks with a z-spacing of 0.3 pm were acquired at 400 Hz. Maximum intensity projections (MIPs) from
the Z-planes displaying the clearest tubulin, kinetochore, and chromosome signals were generated in FIJI
(Schindelin et al. 2012).

Results

Spindle elongation in meiosis

To characterize meiosis | in P apterus, we imaged spermatocytes from metaphase through late anaphase

(Fig. 1A; Suppl. Movies S1-S3). Cell shape in meiosis | was elliptical, and the region containing chromosomes
between the spindle poles appeared free of any phase-dense particles. Using the vertices of the cleared area
containing the spindle as the spindle pole positions and by detecting the positions of the chromosomes, we
created kymographs from our time-lapse images (Fig. 1B). We then plotted the pole-to-pole (P-P, the spindle
length), the chromosome-to-chromosome (C-C, the inter-chromosomal distance), and the pole-to-chromosome
distances (P-C) over time (Fig. 1C, Table 1). Our analysis revealed that the average pole-to-pole distance
increased during meiosis |, starting from 15.4 + 2.0 pm (mean % SD, n = 19) in metaphase to a final spindle length
of 19.6 + 2.0 um (mean + SD) in late anaphase, with a net increase of about 4.2 ym. From the data we also
calculated the speed of spindle elongation which was 0.5+ 0.2 pm/min.

In the second meiotic division, cells appeared less elongated and more circular in shape (Fig. 1D, Suppl. Movies
S4-S6). As with meiosis | spermatocytes, we created kymographs to analyze spindle elongation (Fig. 1E) and
determined the same properties for meiosis Il over time (Fig. 1F). The average spindle length in our sample set
increased from 13.4 + 1.4 ym (mean = SD, n = 19) in metaphase Il to a final average length of 16.3 + 1.3 pm
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(mean £ SD) in late anaphase II. Thus, spindle length in meiosis Il increased by about 2.9 um. We also calculated
the speed of spindle elongation which was also 0.5 + 0.3 ym/min. From these measurements we concluded that
spindle elongation proceeded at approximately the same speed in anaphase | and anaphase Il. In addition, our
observations confirmed the presence of a lagging chromosome in anaphase Il (the X chromosome), thus
verifying the initial observations of Henking from 1891 (Fig. 1D, yellow arrowhead).

Immunofluorescence images of meiosis | (Fig. 2A) and meiosis Il (Fig. 2B) spermatocytes with stained
microtubules confirmed our phase-contrast observations that each spindle has well-defined spindle poles. We
observed a prominent array of mid-spindle microtubules in anaphase | and in anaphase Il. Staining of tubulin
and chromosomes confirmed lagging of the X chromosome in anaphase Il. (Fig. 2B, yellow arrowhead). In
addition, MPM2 antibody staining, if specific to kinetochores in this species as seen in other insect species
(Logarinho and Sunkel 1998; Nicklas et al. 1998; Warren et al. 2000), supports the holocentric nature of the
chromosomes from metaphase to late anaphase in meiosis | (Fig. 2C-D) and in meiosis Il (Fig. 2E-F). Further we
observed a bipolar attachment of the X chromatid through microtubules (yellow arrowhead in Fig. 2B) and also a
holocentric kinetochore around this lagging chromosome (Fig. 2F) in P. apterus.

Chromosome dynamics in meiosis

We also analyzed the C-C distances over time. At metaphase I, homologous chromosomes were tethered
together, but both homologs could be clearly distinguished from one another, resulting in a distance of 1.8 + 0.5
pum (mean + SD; n = 20; Fig. 1B). This distance then increased to a final length of 14.6 + 1.5 pm (mean % SD,
Table 1) in late anaphase | within about 9.7 min (Suppl. Fig. S4, Table 1). The speed of segregation was 1.6 + 0.3
pum/min. In meiosis I, the C-C distance increased from 1.4+ 0.3 pm to 12.7 + 0.9 ym (mean + SD) in late
anaphase ll, and autosomes were segregated at a speed of 1.6 + 0.3 pm/min. Chromosomes in meiosis Il
stopped separating after approximately 7.8 min (Suppl. Fig. S4, Table 1).

Using our measurements of spindle length and inter-chromosomal distance, we calculated the decrease in pole-
to-chromosome (P-C) distance over time. Our analysis revealed that the P-C distance decreased from 6.8 + 1.0
pmto 2.3+ 1.0 pm in meiosis | (n=19), and from 6.0+ 0.7 pm to 1.7 £ 0.3 ym in meiosis Il (n = 19). From these
measurements of chromosome-to-chromosome distance, pole-to-chromosome distance, and rates of
chromosome movement in anaphase, we conclude that both meiotic cell divisions are very similar in P apterus.
Interestingly, the presence of the lagging X did not appear to have an effect on autosomal chromosome
dynamics in meiosis Il, as rates of chromosome separation and spindle pole separation were nearly identical in
both division types.

Comparison of spindle and chromosome dynamics in mitosis
versus meiosis

We then compared the dynamics of the meiotic divisions to those observed during mitosis. Using our live-cell
approach, we analyzed chromosome dynamics and spindle elongation in the round and relatively small
spermatogonia (Fig. 3A; Suppl. Movies S7-S9). Analysis of the kymograph (Fig. 3B) revealed a pole-to-pole
distance of 7.2 £ 1.2 ym in metaphase and 10.9 £ 0.9 um in late anaphase (Fig. 3C). The spindle elongation rate
was 0.6 + 0.5 ym/min. As a result, spindle elongation rates were almost identical in meiotic and mitotic divisions
in P apterus.
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We also analyzed chromosome dynamics. In mitosis, chromosomes showed an initial separation distance of
1.2+ 0.4 pm and a final distance of 7.2 + 1.4 ym, approximately half the distance observed in cells during
meiosis | and meiosis Il. Pole-to-chromosome distance decreased from 3.2 + 0.4 ym at metaphase to 1.8+ 0.3
pgm in late anaphase. Immunofluorescence images revealed that mitotic cells in metaphase appear to have
bundled microtubules, similar to k-fibers in mammalian metaphase spindles (Kiewisz et al. 2022). Anaphase
cells showed a prominent array of mid-spindle microtubules with relatively few astral microtubules visible

(Fig. 3D). Although chromosome segregation speed was significantly slower in mitosis compared to both
meiotic divisions (Fig. 4A; 1.1 £ 0.4 pm/min; Welch's t-test, p < 0.05), spindle elongation speed was comparable
across all three divisions (Fig. 4A; 0.5-0.6 pm/min; Table 1), and the directed-movement window was shorter in
mitosis than in meiosis (Fig. S4).

We then determined the proportion of spindle elongation (anaphase B) to total chromosome segregation for
both types of division. Our analysis revealed that the increase in the P-P distance accounted for about 61% of
chromosome segregation in mitosis but only 32% in meiosis | and 26% in meiosis Il (Table 2, Fig. 4B).
Conversely, poleward chromosome movement (anaphase A) accounted for 39% in mitosis versus 68% in
meiosis | and 74% in meiosis Il. For each cell, the anaphase A component was significantly higher in both
meiotic divisions than in mitosis but did not differ between meiosis | and Il (Fig. 4C; Welch's t-test, ** p < 0.01, ***
p <0.001, ns). Thus, the proportional involvement of poleward movement and spindle elongation in total
chromosome segregation are inverted between mitosis and meiosis in P. apterus.

Comparative analysis of spindle scaling

To analyze the impact of cell size on spindle size and chromosome separation, we measured and correlated the
area of the cells with our dynamic measurements. Cells in anaphase | averaged 585.4 + 104.8 pm? (n = 20);
anaphase Il cells were significantly smaller at 353.3 + 46.0 pm? (n = 20, ~60% of meiosis I); mitotic cells were
smallest at 84.4+10.5 ym? (n = 7). Cell size thus decreased significantly from meiosis | to meiosis Il to mitosis
(Fig. 4D; Welch's t-test, **** p < 10-4).

Plotting final pole-to-pole distance against cell area (Fig. 4E), spindle length correlated strongly with cell size
across all three divisions (pooled y = 0.016x + 10.43, R2 = 0.80, n = 45). Within individual divisions, cell area varied
over a much narrower range (SD =105, 46 and 11 pm? for meiosis |, meiosis Il and mitosis) and explained little
of the residual variation in spindle length (R? < 0.27), although the within-division slopes (0.008—-0.033 pm pym-2)
were of the same order as the pooled slope and did not differ significantly between divisions (area x division
interaction, p = 0.48 and p = 0.67 for meiosis Il and mitosis relative to meiosis I). Final chromosome-to-
chromosome distance behaved similarly (Fig. 4F; pooled y =0.011x + 8.03, R2 = 0.62, n = 47; within-division R? <
0.22). The large between-division differences therefore dominate the apparent scaling relationship, which is set
primarily by division identity rather than resolvable as a continuous dependence on cell size within a division.

Discussion

We applied quantitative live-cell imaging to systematically compare spindle and chromosome dynamics in
meiosis |, meiosis Il, and mitosis in P. apterus. We found that meiosis | and meiosis Il were quantitatively nearly
identical to each other yet differed consistently from germ-line mitosis in chromosome segregation distance,
speed, and anaphase A and B components.
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Spindle elongation

We observed that final spindle length scales with cell size across cell types in P. apterus, being longer in the large
meiosis | cells and shorter in the small mitotic cells. Within each division type, the sampled cells spanned only a
narrow range of cell sizes, so a continuous dependence of final spindle length on cell size could not be resolved,
although the within-division slopes were of the same order as the pooled slope. However, scaling across division
types largely depends on the vast differences in cell sizes. This might indicate that final pole-to-pole and
chromosome-to-chromosome distances depend more on division programs rather than a continuously-tuned
response to cytoplasmic volume. Notably, this differs from the continuous within-system scaling reported in
many embryonic and cellular systems, where spindle length tracks cell size across a developmental size range,
e.g. in C. elegans, Paracentrotus lividus, Danio rerio and Xenopus laevis (Brown et al. 2007; Greenan et al. 2010;
Good et al. 2013; Farhadifar et al. 2015; Lacroix et al. 2018; Rieckhoff et al. 2020) and mammalian cells (Kletter
et al. 2022). In contrast to fission yeast, where elongation velocity scales with cell size (Kriiger et al. 2019), we
found comparable elongation rates across our three divisions despite their large size range (see below).

Mechanistically, spindle scaling has been attributed to the cytoplasmic volume available for spindle assembly
(Good et al. 2013; Hazel et al. 2013), with a limiting pool of spindle components setting the achievable spindle
length (Greenan et al. 2010; Nannas et al. 2014); consistent with this, microtubule dynamics themselves scale
with cell size to set spindle length (Lacroix et al. 2018). Importantly, the relationship is often biphasic rather than
strictly linear: in very large cells, spindle length reaches an upper limit that is uncoupled from cell size, and a
strong correlation emerges only below a threshold cell size (Good et al. 2013; Novakova et al. 2016; Rieckhoff et
al. 2020). In the literature, several models have been proposed for mitotic spindle elongation, e.g., through motor
proteins at the spindle midzone creating outward sliding forces that push the poles apart (McIntosh and Landis
1971; McDonald et al. 1977; Winey et al. 1995; Kriiger et al. 2019) or through microtubule polymerization that
sets the final spindle length (Masuda and Cande 1987; Lera-Ramirez et al. 2022). The mechanism for this aspect
of spindle scaling in P apterus, however, remains to be determined. Recently, we have proposed a biophysical
model for spindle length scaling in the early embryo in C. elegans. In this model, mitotic spindle elongation is
driven by cortically anchored motor proteins and astral microtubules, rendering it sensitive to cell size
(Okafornta et al. 2026). Incorporating experimental results into an established stoichiometric model (Farhadifar
et al. 2020), we observed that allowing only cell size and microtubule catastrophe rates to vary, reproduces
elongation dynamics across development (Okafornta et al. 2026). It is an interesting question whether similar
rules might apply in an insect system.

Force generation in spindles

A striking difference between the division types was the proportions of spindle elongation (anaphase B) and
poleward chromosome movement (anaphase A) driving chromosome segregation. In germ-line mitosis, spindle
elongation accounted for the majority of chromosome separation (= 61%), whereas in both meiotic divisions it
constituted only a minority (= 26—-32%), with poleward movement dominating instead. This inversion is
particularly notable because it occurred despite comparable spindle-elongation rates across all three divisions
(0.5-0.6 um/min; Table 1): the divisions differ not in the rate of spindle elongation, but in the extent to which
elongation drives total chromosome segregation. Given that meiotic chromosomes segregate across roughly
twice the distance than mitotic chromosomes (C-C = 12.7-14.6 pm versus = 7.2 pm), a similar amount of
spindle elongation represents a much smaller fraction of the meiotic total. This division-specific balance is
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reminiscent of the situation in the nematode C. elegans, where the male meiotic divisions show a prominent
anaphase A that is largely absent in early embryonic mitoses (Fabig et al. 2020; Okafornta et al. 2026), and it
contrasts with the Drosophila blastoderm, in which anaphase chromosome speed scales directly with spindle
length (Xu et al. 2025). We did not observe such a coupling here, as the short mitotic spindles segregated
chromosomes at a P-P elongation rate comparable to the much longer meiotic spindles. Importantly, because
we measured distances (i.e., P-P and C-C, and calculated P-C) in the P, apterus spindles (Table 1) but did not
perturb chromosome movements, the mechanistic basis of chromosome segregation remains to be examined
in this insect system. Whether the measured distances reflect division-specific force generation by cortical
pulling forces or midzone-microtubule pushing will require further work, including micromanipulation and/or
laser-ablation. Such additional experiments, however, have to be subject to a follow-up publication. Notably, an
inverted balance of anaphase A and B does not necessarily imply distinct force-generating machineries; the
same molecular components may simply be deployed to different extents in each division type.

Along this line, we observed a prominent array of mid-spindle microtubules in P apterus mitosis (Fig. 3D),
reminiscent of the inter-chromosomal microtubules that mediate chromosome segregation in mitosis in the
model system C. elegans. Using laser ablation and serial-section electron tomography in combination with
manipulation of cortical pulling forces, we reported that inter-chromosomal microtubules mediate chromosome
segregation in C. elegans. This is achieved by plus-end directed motors exerting pushing forces on antiparallel
microtubules (Yu et al. 2019). As mentioned, this subpopulation of microtubules remains uncoupled from cell
size up to the 64-cell stage of embryonic development in C. elegans (Okafornta et al. 2026). Whether such a size
invariance of the final C-C distance can be observed for early mitotic divisions in P apterus remains a fascinating
question.

Using the X chromosome as a model for single-chromatid
segregation

Lagging X chromosomes are observed in a number of animal systems including nematodes, insects, and
spiders (reviewed in (Fabig et al. 2015)). Such systems differ in the number of single sex chromosomes that
have to be segregated and in the occurrence of univalent X chromosomes in either meiosis | or Il. In some XX|X0
sex-determination systems, single X chromosomes are visible in meiosis |, when the X is segregated to one of
the spindle poles after the homologous autosomes have been partitioned. This scenario has been studied in
depth in the nematode, C. elegans, and in multiple Hemipteran insects (Felt et al. 2017; Fabig et al. 2020; Felt et
al. 2022; Borseth et al. 2023). In an alternate scenario, a univalent X chromosome is visible in meiosis Il. In this
'inverted meiosis', the X chromatids are segregated in meiosis | without any lagging, while appearing in meiosis
Il as a lagging chromosome (Melters et al. 2012; Fabig et al. 2015). This behavior has rather recently been
observed in the nematode, Auanema rhodense (Shakes et al. 2011; Winter et al. 2017); it was observed, however,
also in hemipteran insects (Schrader 1935; John and Claridge 1974) and plant species (Nokkala et al. 2004; Li et
al. 2021; Liu et al. 2022). The presence or absence of a lagging X chromosome does not discernibly affect either
spindle or chromosome dynamics in P apterus meiosis, as both meiotic divisions show very similar dynamic
patterns. The mechanism of X chromosome segregation in general is poorly understood. It is not fully clear what
triggers the initiation and direction of the X segregation. In C. elegans, also a species with a holocentric
kinetochore, it was proposed that an imbalance of microtubules attached to the holocentric kinetochore causes
the X to segregate to the pole with more attached kinetochore microtubules (Fabig et al. 2020). Whether such a
'tug-of-war' mechanism operates in P apterus remains to be determined. P. apterus, however, would be an
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excellent system to study single chromosome missegregation by using microneedle manipulations (Nicklas
1967; Nicklas and Koch 1969; Suresh et al. 2022; Rux et al. 2026).

Conclusions

By comparing all three division types within a single organism and with identical analysis, we found that the two
meiotic divisions of P. apterus are quantitatively almost indistinguishable from each other yet consistently
distinct from germ-line mitosis, most strikingly in the inverted proportions of poleward movement and spindle
elongation driving chromosome segregation. Spindle length and chromosome-segregation distances were set
by division identity rather than by continuous scaling with cell size. Together with its holocentric chromosomes,
lagging X, and amenability to micromanipulation, P apterus emerges as a tractable system for dissecting how a
shared molecular toolkit is tuned to the distinct demands of mitosis and meiosis.
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Figure 1

Comparative analysis of spindle and chromosome dynamics in meiosis | and meiosis Il. (A) Phase-contrast
extended-depth-of-focus (EDF) projections from live-cell imaging of a representative spermatocyte during
meiosis |, from anaphase onset (AO, t = 0 min) to t = 10 min. Spindle poles (white arrows) and chromosomes
(white arrowheads) are indicated. Scale bar, 2.5 pm. (B) Kymograph of the cell in (A), showing the positions of
the spindle poles and the chromosomes over time; AO is marked by a dashed line. The color bar indicates pixel
intensity (a.u.). Scale bar, 2.5 pm (horizontal); time axis as indicated. (C) Pole-to-pole (P-P, blue), pole-to-
chromosome (P-C, yellow) and chromosome-to-chromosome (C-C, red) distances in meiosis | as a function of
time (min). Points show onset-centered binned means of all cells (n = 19 for P-P and P-C; n = 20 for C-C); shaded
bands, + SEM,; the dotted vertical line marks AO. (D) EDF projection of a representative meiosis Il spermatocyte,
from anaphase onset (AO, t = 0 min) to t = 6 min. The lagging univalent X chromosome is marked (yellow
arrowhead). Scale bar, 2.5 um. (E) Kymograph of spindle and chromosome dynamics in meiosis Il, displayed as
in (B). Scale bar, 2.5 pm. (F) P-R, P-C and C-C distances in meiosis Il over time, displayed as in (C) (n = 19 for P-P
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and P-C; n = 20 for C-C). Distances were obtained by tracking as described in Methods; for each measure, the
plotted curve summarizes all cells. See Table 1 for numerical values.

Meiosis

——

Meiosis Il

Meiosis |

Figure 2

Immunofluorescence imaging of spermatocytes during meiosis | and Il in P. apterus.(A) Spindle architecture
during meiosis | from metaphase (left panel) to mid- (middle panels) and late anaphase (right panel). Spindle
microtubules are stained with anti-B-tubulin (clone Tu27, green) and chromosomes with DAPI (magenta). (B)
Spindle and chromosome organization in meiosis Il; the lagging univalent X chromatid is visible during anaphase
Il (yellow arrowhead) and remains off-centered in late anaphase Il. (C, D) Cells in meiosis | stained for mitotic
phosphoproteins (MPM2, green), a marker of kinetochores in other insects, and for chromosomes (DAPI,
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magenta), in (C) metaphase | and (D) anaphase I. (E, F) Cells in meiosis Il stained as in (C, D), in (E) metaphase
and (F) anaphase Il. Dashed boxes indicate the higher-magnification views (lower rows) that highlight the
holocentric kinetochores throughout meiosis | and Il; the lagging X chromatid is indicated by a yellow
arrowhead. All images are maximume-intensity projections. Scale bars, 2.5 pm.
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Figure 3

Analysis of mitotic spindle and chromosome dynamics. (A) Phase-contrast extended-depth-of-focus (EDF)
projections from live-cell imaging of a representative mitotic spermatogonium, shown from anaphase onset (AOQ,
t =0 min) to t = 5.03 min. Spindle poles (white arrows) and chromosomes (white arrowheads) are indicated.
Scale bar, 2.5 pm. (B) Kymograph of the cell in (A), showing the positions of the spindle poles and the
chromosomes over time (min); AO is marked by a dashed line. The color bar indicates pixel intensity (a.u.).
Horizontal scale bar, 2.5 pm. (C) Pole-to-pole (P-P, blue), pole-to-chromosome (P-C, yellow) and chromosome-to-
chromosome (C-C, red) distances in mitosis as a function of time (min). Points and lines show onset-centered
binned means across all cells (n = 7); shaded bands, + SEM; the dotted vertical line marks AO. (D)
Immunofluorescence of representative mitotic spindles in metaphase (left panel), early anaphase (middle panel)
and late anaphase (right panel). Spindle microtubules are stained with anti-B-tubulin (clone Tu27, green) and
chromosomes with DAPI (magenta). All images are maximum-intensity projections. Scale bars, 2.5 ym.
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Figure 4

Comparative quantitative analysis of cell size, anaphase mechanism, and segregation speed across division
types in P. apterus. (A) Chromosome (C-C, red) and spindle (P-P, blue) segregation speeds per division. Box plots
show the median and interquartile range; group means are indicated (white diamonds). C-C speed was
significantly slower in mitosis than in either meiotic division (Welch's t-test; * p < 0.05); C-C (n = 20, 20, 7) and P-
P (n=19,19, 7). (B) Mean proportions of poleward chromosome movement (anaphase A, derived from the
decrease in pole-to-chromosome distance; yellow) and spindle elongation (anaphase B, derived from the
increase in pole-to-pole distance; blue) in driving total chromosome segregation, per division. Values represent
percentages of total chromosome segregation; error bars denote standard deviation (SD) for the anaphase A
component (n =19, 19, 7). (C) For each cell, anaphase A component per division. Box plots show the median
and interquartile range; individual cells are overlaid (grey dots) and group means are indicated (white diamonds).
The anaphase A component was significantly higher in both meiotic divisions than in mitosis but did not differ
between meiosis | and Il (Welch's t-test; ** p < 0.01, *** p < 0.001, ns, not significant). Dotted horizontal lines in
(B, C) mark 50%. (D) Cell area at anaphase onset for meiosis | (purple), meiosis Il (green) and mitosis (grey; box,
individual cells, and means as in C). Cell area decreased significantly from meiosis | to meiosis Il to mitosis (n =
20, 20, 7; Welch's t-test, **** p < 10-4). (E) Final pole-to-pole (P-P) distance versus cell area. Points are individual
cells colored by division; colored lines are within-division linear fits, and the black dashed line is the pooled fit
(pooled slope, 0.016 um per pm?). (F) Final chromosome-to-chromosome (C-C) distance versus cell area,
displayed as in (E) (pooled slope, 0.011 pm per um?). In both (E) and (F), the dimensions correlate with cell area
across the three division types but not within any single division.

Page 21/22



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e Table2contributionssize.xIsx
e TableTldynamics.xlsx

e FigS4Movementtime.pdf

e TableS2scalingmatch.xIsx
e TableS1percell.xlIsx

e FigS2Logisticfits.pdf

e FigS3Linearfits.pdf

e FigS1Traces.pdf

e TableS3datasetproperties.xlsx
* MovieS1MeiosislALO1.avi

* MovieS2MeiosislAL42.avi

* MovieS5MeiosisllAL27.avi
* MovieS3MeiosislAL47.avi

* MovieS6MeiosisllAL35a.avi
* MovieS4MeiosisllAL17.avi
* MovieS9MitosisAL126.avi
* MovieS8MitosisAL64b.avi
* MovieS7MitosisAL23.avi

Page 22/22


https://assets-eu.researchsquare.com/files/rs-11267621/v1/913a578329df6337ff710950.xlsx
https://assets-eu.researchsquare.com/files/rs-11267621/v1/6f875c95e2bcc1f066ab1afa.xlsx
https://assets-eu.researchsquare.com/files/rs-11267621/v1/811c21f1a0cb5cb237695ffb.pdf
https://assets-eu.researchsquare.com/files/rs-11267621/v1/0c6c60cb001e91f9c777c329.xlsx
https://assets-eu.researchsquare.com/files/rs-11267621/v1/0d1207226be783208c3c6c7f.xlsx
https://assets-eu.researchsquare.com/files/rs-11267621/v1/b1e0cae0a6e3e19ff87a48d5.pdf
https://assets-eu.researchsquare.com/files/rs-11267621/v1/76a762eef7557c87f65b0a95.pdf
https://assets-eu.researchsquare.com/files/rs-11267621/v1/71d5b6c3c909347d8dcd0829.pdf
https://assets-eu.researchsquare.com/files/rs-11267621/v1/0f52825576fe93e485091816.xlsx
https://assets-eu.researchsquare.com/files/rs-11267621/v1/566b15be2528b0f6be2233da.avi
https://assets-eu.researchsquare.com/files/rs-11267621/v1/de8bf67b571818332bd37f16.avi
https://assets-eu.researchsquare.com/files/rs-11267621/v1/36a7726f0b042109ba3c8de8.avi
https://assets-eu.researchsquare.com/files/rs-11267621/v1/70545f58a0578ffb58bfbcb8.avi
https://assets-eu.researchsquare.com/files/rs-11267621/v1/32affe8d1d9ba46a1514d92d.avi
https://assets-eu.researchsquare.com/files/rs-11267621/v1/b8b73e93d7aa9893666c0ae5.avi
https://assets-eu.researchsquare.com/files/rs-11267621/v1/f3257d9175a9328fd1035edd.avi
https://assets-eu.researchsquare.com/files/rs-11267621/v1/9f47641ce2533ad34646505d.avi
https://assets-eu.researchsquare.com/files/rs-11267621/v1/2805eb313d463ee61dd2c356.avi

