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Abstract

Chromosome segregation during male meiosis is tailored to rapidly generate multitudes of
sperm. Little, however, is known about the mechanisms that efficiently segregate chromosomes
to produce sperm. Using live imaging in Caenorhabditis elegans, we find that spermatocytes
exhibit simultaneous pole-to-chromosome shortening (anaphase A) and pole-to-pole elongation
(anaphase B). Electron tomography unexpectedly revealed that spermatocyte anaphase A does
not stem from kinetochore microtubule shortening. Instead, movement is driven by changes in
distance between chromosomes, microtubules, and centrosomes upon tension release at
anaphase onset. We also find that the lagging X chromosome, a distinctive feature of
anaphase |l in C. elegans males, is due to lack of chromosome pairing. The unpaired
chromosome remains tethered to centrosomes by continuously lengthening kinetochore
microtubules which are under tension, suggesting a ‘tug of war’ that can reliably resolve
chromosome lagging. Overall, we define features that partition both paired and lagging

chromosomes for optimal sperm production.
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Introduction

Chromosome segregation during meiosis is regulated in each sex to produce different numbers
of cells of distinct size, shape, and function. In humans, for example, up to 1500 sperm are
continually generated per second via two rapid rounds of symmetric meiotic divisions. In
contrast, only oocytes that are fertilized will complete asymmetric meiotic divisions to produce
one large cell and two to three small polar bodies (El Yakoubi and Wassmann, 2017; L'Hernault,
2006; O'Donnell and O'Bryan, 2014; Severson et al., 2016; Shakes et al., 2009). While oocyte
meiosis and also mitosis have been studied in detail in many organisms (Bennabi et al., 2016;
Muller-Reichert et al., 2010; Pintard and Bowerman, 2019), our current knowledge of sperm
meiotic chromosome segregation is limited to studies using chromosome manipulation and laser
microsurgery in grasshoppers and crane flies (LaFountain et al., 2011; LaFountain et al., 2012;
Nicklas and Kubai, 1985; Nicklas et al., 2001; Zhang and Nicklas, 1995). Thus, despite recent
evidence of steep global declines in human sperm counts (Levine et al., 2017; Levine et al.,
2018; Sengupta et al., 2018), little is known about the fundamental molecular mechanisms of

male meiotic chromosome segregation that are required for efficiently forming healthy sperm.

Spermatocytes exhibit vastly distinct spindle structures and dynamics with respect to spindle
poles, chromosomes, and kinetochores compared to oocytes or cells in mitosis (Crowder et al.,
2015; Hauf and Watanabe, 2004). In many species, centrosomes are present in spermatocyte
meiosis and mitosis but not in oocyte meiosis, which highly influences microtubule organization
that specifies differences in spindle structure, size, and shape. Chromosomes also adopt
different shapes, potentially altering the types and degree of interactions with microtubules. In
the model organism Caenorhabditis elegans, for example, chromosomes resemble compact
oblong spheres in spermatocyte and oocyte meiosis (Albertson and Thomson, 1993; Redemann
et al., 2018; Shakes et al., 2009) but are long rods in mitosis (Oegema et al., 2001; Redemann

et al., 2017). Kinetochore structure and dynamics during meiosis also vary from mitosis, where
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kinetochores attach each sister chromatid to microtubules that distribute sisters to opposite
poles during the single division. During meiosis | when homologs separate, kinetochores on
sister chromatids attach to microtubules from the same pole. Kinetochores must then somehow
detach and re-attach to microtubules to allow sisters to then segregate to opposite poles for
meiosis Il (Petronczki et al., 2003). In acentrosomal oocyte meiosis, this is accomplished
because outer kinetochore levels dramatically decrease during anaphase | and then increase in
preparation for meiosis Il (Dumont and Desai, 2012; Dumont et al., 2010). The structure and
dynamics of centrosomal spermatocyte meiotic spindles that achieve efficient meiotic

chromosome segregation, however, are largely unknown.

Distinct spindle structures can also drive chromosome movement by different means (Mclntosh,
2017; Mcintosh et al., 2012). During anaphase A, chromosome-to-pole distance decreases,
while pole-to-pole distance is constant (Asbury, 2017). Typically, a shortening of kinetochore
microtubules drives this anaphase A movement (Asbury, 2017). During anaphase B, the poles
move closer to the cortex, causing the pole-to-pole distance to increase while chromosome-to-
pole distance is constant (Scholey et al., 2016). Forces that separate poles are the pulling force
acting on astral microtubules and the pushing force from microtubules forming in the spindle
midzone as chromosomes separate. Systems differ in use of these means. C. elegans uses
solely anaphase B during the first mitotic division (Nahaboo et al., 2015; Oegema et al., 2001).
In C. elegans oocyte spindles, a shortening of the distance between chromosomes and the
acentrosomal poles was observed before microtubules disassemble at the poles (McNally et al.,
2016). Pushing forces generated by microtubules that assemble in the spindle midzone are
suggested to drive the majority of segregation in the oocyte (Laband et al., 2017; Yu et al.,
2019). Thus depending upon cellular context, different spindle structures will balance
mechanisms and forces to drive chromosome movement. As yet, the mechanisms that drive

segregation in sperm centrosomal meiotic spindles are unknown.
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87 C. elegans is ideal to study chromosome segregation in spermatocytes. Sperm can be
88 visualized by both light and electron microscopy in both sexes. C. elegans, which lacks a Y
89 chromosome, determines sex by X chromosome number: hermaphrodites have two X
90 chromosomes (XX), while males have one X (XO). Light microscopy has shown that during
91 meiosis |, the unpaired (univalent) X chromosome in XO males lags during anaphase |
92 (Albertson and Thomson, 1993; Fabig et al., 2016; Madl and Herman, 1979). Electron
93  microscopy has defined the ultrastructural organization of C. elegans spindles in meiotic oocytes
94 (Laband et al., 2017; Redemann et al., 2018; Srayko et al., 2006; Yu et al., 2019) and mitotic
95  embryos (Albertson, 1984; O'Toole et al., 2003; Redemann et al., 2017; Yu et al., 2019) and
96 unrevealed the holocentric nature of the C. elegans kinetochore (Albertson and Thomson, 1993;
97 Howe et al., 2001; O'Toole et al., 2003). However, ultrastructural studies on chromosome and
98 spindle organization during meiotic segregation have not been performed for spermatocytes,

99  hindering our understanding of sex-specific regulation of meiotic chromosome segregation.

100 Given that sperm meiosis has both similarities and differences to oocyte meiosis and mitosis, a
101  key question applicable to a broad range of organisms is how spindle structure and dynamics
102  are regulated in sperm to navigate two rounds of centrosomal meiotic divisions, including the
103  efficient resolution of lagging chromosomes. To answer this, we applied a combination of light
104  microscopy with a newly developed approach for imaging meiosis in whole living males, high-
105 resolution immunostaining, and electron tomography, which produces a large-scale 3D
106  reconstruction of spermatocyte meiotic spindle structure. The combination of these results
107 defines molecular mechanisms of sperm-specific movements that are driven by interactions of
108  microtubules with chromosomes and spindle poles as they navigate two rounds of centrosomal

109 meiotic divisions.

110
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111 Results

112  Spermatocyte meiotic spindles are distinguished by delayed segregation of the
113 unpaired X chromosome

114  To visualize chromosome dynamics in spermatocyte meiosis, we developed in situ imaging of
115  spermatocytes within C. elegans males to visualize microtubules and chromosomes labeled with
116  B-tubulin::GFP and histone::mCherry, respectively (Fig. 1). The chromosomes arrange in a
117  rosette pattern, with paired autosomes surrounding the unpaired X chromosome at metaphase |
118  (Albertson and Thomson, 1993). At anaphase I, homologs segregate towards opposite poles;
119 the unpaired X chromosome, however, is left behind, attached to microtubules that connect to
120  separating poles (Fig. 1A, arrowheads) (Albertson and Thomson, 1993). Later in anaphase I,
121  the X moves towards one of the spindle poles (Suppl. Movie S1). Thus, it appears that sister
122  chromatids of the unpaired X attach to opposite poles in meiosis | in contrast to the autosomes,
123 in which sister chromatids attach to the same pole to enable segregation of homologs to
124  opposite poles. Meiosis |, therefore, shows differences in the segregation of paired
125 chromosomes compared to the unpaired X, in contrast to the second division, where sister

126  chromatids of all chromosomes segregate to opposite poles (Fig. 1B, Suppl. Movie S1).

127 Lagging of chromosomes is a consequence of a lack of pairing

128  We probed if the lagging of the X may be due to a lack of having a pairing partner. Because both
129 males and hermaphrodites undergo spermatogenesis in C. elegans, we compared the behavior
130 of chromosomes in spermatocytes of wild-type males (XO) to those in animals with different
131  numbers of chromosomes. First, though the unpaired X chromosome lags in wild-type male (XO)
132 spermatocytes (Fig. 2A), paired X chromosomes in wild-type hermaphrodite (XX) spermatocytes
133 did not (Fig. 2B). Further, we determine whether paired X chromosomes lag in males by
134  analyzing mutant males that have two sex chromosomes (XX). For this, we imaged animals with
135 the tra-2(e1094) mutation, which causes somatic transformation of XX animals to males

136  (Hodgkin and Brenner, 1977). In over 80% (n = 43/53) of tra-2(e1094) spindles we did not detect
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137 lagging chromosomes during meiosis | (Fig. 2C). Therefore, paired X chromosomes in male

138  spermatocyte meiosis do not lag, similar to paired sex chromosomes in hermaphrodites.

139  We next examined X chromosome lagging in him-8(e1489) hermaphrodites. Observing lagging
140 in hermaphrodites would eliminate the possible effect of the male soma causing chromosomes
141  to lag in meiosis I. Further, mutation of him-8 results in lack of recognition of the pairing center
142  on the X chromosome; thus, pairing, synapsis, and recombination of the X chromosomes do not
143 occur (Phillips et al., 2005). In 70% (n = 14/20) of the analyzed him-8(e1489) spindles in
144  hermaphrodites, we observed lagging of both X chromosomes during anaphase | (Fig. 2D).
145  These results reveal that anaphase | chromosome lagging during spermatocyte meiosis is likely

146  caused by an inability to undergo synapsis rather than by a somatic effect of the male sex.

147  To further exclude that lagging is exclusive to the X chromosome, we analyzed hermaphrodites
148  and males with the zim-2(tm574) mutation, which prevents the pairing of autosome IV (Phillips
149  and Dernburg, 2006). We observed lagging chromosomes in all spindles in hermaphrodites (n =
150 10) and males (n = 5; Fig. 2E and F). Moreover, we created triploid males with spermatocytes
151  containing five unpaired autosomes (Madl and Herman, 1979). In all meiosis | spindles of triploid
152  worms (n = 32) we detected a massive fluorescent signal between segregating autosomes that
153  correspond to the five unpaired autosomes (Fig. 2G). Collectively, these results show that
154  lagging chromosomes during spermatocyte anaphase | are indeed a consequence of the lack of
155  pairing and synapsis of any chromosome during prophase | and are not specific to sex

156 chromosomes.

157  Spermatocyte meiotic spindles display both anaphase A and B movement

158  We next investigated how spermatocyte meiotic spindles drive chromosome movement over
159 time. We measured changes in the pole-to-pole (P-P), autosome-to-autosome (A-A) and pole-to-
160 autosome (P-A) distances during both meiotic divisions using a strain with centrosomes labeled

161  with y-tubulin::GFP and chromosomes labeled with H2B::mCherry (Fig. 3A-B). In meiosis I, the
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162  pole-to-pole distance increased, which was evident in a sigmoidal curve where the initial and
163  final spindle length are given by the two plateaus, and the segregation velocity was determined
164 by the slope (Fig. 3E). The spindle length progressed from 4.1 £ 0.3 um to 8.0 + 0.6 um (mean %
165 SD; n = 31) with an elongation speed of 1.29 + 0.36 um/min. Further, we found a simultaneous
166  anaphase A-type movement in that the pole-to-autosome distance decreased by half, from 1.6 +
167 0.3 umto 0.8 + 0.3 um with a speed of -0.39 £ 0.27 um/min (Movie S2; Table 1). Chromosome
168 dynamics in meiosis Il also exhibited anaphase A and B-type movements (Fig. 3C-D and F,

169 Movie S3; Table 1).

170  Taken together, spermatocyte meiotic spindles in C. elegans exhibit both anaphase A and B-
171  type movements. This is distinct from mitosis in the early C. elegans embryo, which utilizes only
172  anaphase B mechanisms (Oegema et al.,, 2001), or the oocyte, which uses acentrosomal
173 mechanisms during meiosis (Dumont et al., 2010; McNally et al., 2016; Muscat et al., 2015;
174 Redemann et al., 2018). Similar to grasshopper spermatocytes (Ris, 1949), anaphase A and B
175 movement occurs simultaneously, with anaphase A contributing approximately one fifth to the
176  overall chromosome displacement in C. elegans spermatocyte meiosis.

177

178  Spermatocyte meiotic centrosome and spindle dynamics are distinct from that in mitosis
179  To identify cell-type specific features of centrosomal segregation, we compared spindle pole
180 dynamics in the two meiotic divisions in spermatocytes to those of the first mitotic division in
181  one-cell embryos. During mitosis, centrosomes partially or completely disassemble after the
182  single chromosome segregation event completes (Enos et al., 2018; Magescas et al., 2019).
183  However, during the two rounds of spermatocyte meiosis, centrosomes must duplicate and
184  migrate after sisters go to the same pole during meiosis I, then make new connections that allow
185  sisters to segregate to opposite poles during meiosis Il (Albertson and Thomson, 1993; Peters et
186  al., 2010). Centrosome dynamics that accomplish this are not well understood. We tracked

187  centrosome dynamics using y-tubulin::GFP (Hannak et al., 2001; Strome et al., 2001) and found
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188  that centrosome size peaks at a volume of 3 um® at metaphase | (Fig. S1A) (Peters et al.,
189  2010). After anaphase onset, the centrosome volume decreases rapidly to 1 um?. At this point,
190 the centrosomes flattened out before splitting into two distinct centrosomes (Schvarzstein et al.,
191  2013), each at a volume of ~1 um?3. These centrosomes then each migrate 90 degrees around
192 the segregating autosomes to opposite poles, despite the absence of a nuclear envelope.
193  Interestingly, the centrosomes remain connected to X chromosome-connected microtubules.
194  After the X resolves and chromosomes align at metaphase I, the centrosome volume peaks at
195 1.3 um® then slowly decreases during anaphase Il (Fig. S1B). Thus, the separation and
196  migration of centrosomes during anaphase | appears to be coordinated with microtubules that
197 must maintain connections not only to segregating autosomes, but also the lagging X

198 chromosome.

199 We next compared chromosome and spindle dynamics of C. elegans spermatocytes to the one-
200 cell embryo (Fig. S2A, Table 1 and 2) (Farhadifar et al., 2015). Despite the difference in cell and
201  spindle size and structure, the final chromosome-to-chromosome distance of the spermatocyte
202  meiotic spindle was 6.5 pum in meiosis | and 8.0 um in meiosis || compared to the mitotic spindle,
203  which is 8.5 um (Nahaboo et al., 2015; Oegema et al., 2001). Spermatocyte meiosis | is slower,
204  completing in 4-5 minutes compared to mitotic division, which is accomplished over 1.5 min
205 (Table 2). Thus, chromosomes during the first mitotic division in C. elegans segregate three
206  times faster (6.5-7.5 um/min) than in spermatocyte meiosis | (2.07 um/min, n = 31) (Nahaboo et
207  al., 2015; Oegema et al., 2001). During mitotic anaphase, a mid-spindle structure, the central
208 spindle, forms between the segregating chromosomes (Yu et al., 2019). In contrast, during
209  spermatocyte meiosis, the lagging X chromosome precludes detection of a similar inter-
210 chromosomal array of microtubules (Fig. S3A). To visualize non-X-connected mid-spindle
211  microtubule structures, we examined spermatocytes in tra-2(e1094) (XX) animals, where paired
212 X chromosomes do not lag. We detected only a weak fluorescence signal in between the

213  segregating chromosomes (Fig. S3B), not indicative of the prominent central spindle structures
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214  observed in mitosis (Fig. S2A). Overall, we find that the spermatocyte meiotic spindle, though
215  smaller and slower than mitotic spindles, can move chromosomes a similar distance.
216

217  Meiotic spindle dynamics are faster in spermatocytes than oocytes

218 We found spindle dynamics differ dramatically between spermatocytes and oocytes. Meiotic
219 spindles in C. elegans are similarly sized in spermatocytes and oocytes, even though oocyte
220 meiotic spindles are acentrosomal (Albertson and Thomson, 1993; Dumont et al., 2010; McNally
221  etal., 2016; Muscat et al., 2015; Redemann et al., 2018). At metaphase the female spindles are
222 positioned near the embryonic cortex (Fabritius et al., 2011) and are 6-7 um in length (Fig. S2B,
223 Table 2). At anaphase onset, a shortening of pole-to-chromosome distance is observed before a
224  central array of microtubules forms in between segregating chromosomes to push them apart to
225  a final distance of 4.5-6 um (Dumont et al., 2010; Laband et al., 2017; McNally et al., 2016;
226 Muscat et al.,, 2015; Redemann et al., 2018; Yu et al., 2019). Both female meiotic divisions
227  segregated at comparable rates of 0.6-0.8 um/min (McNally et al., 2016), which is significantly
228 slower than spermatocyte meiotic chromosome movement (1.29 um/min). Thus, though
229  spermatocyte and oocyte spindles are comparably sized, centrosomal spermatocyte spindles
230  segregate chromosomes twice as fast over a longer distance.

231

232 Kinetochores are not disassembled between spermatocyte meiotic divisions

233 Kinetochores establish critical connections between chromosomes and microtubules that are
234 required for chromosome movement. Previous studies in mitosis and oocyte meiosis found the
235 inner kinetochore proteins CENP-AHCP3 (Maddox et al., 2012) and CENP-C"“P* (Moore and
236  Roth, 2001) form a platform on chromosomes that connects to the outer kinetochore, composed
237  of the MIS-12 complex (Kline et al., 2006; Petrovic et al., 2016; Petrovic et al., 2010), KNL-1

238 (Desai et al., 2003; Ghongane et al., 2014), and the NDC-80 complex (Cheerambathur et al.,

10
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239  2017; Kudalkar et al., 2015; Wilson-Kubalek et al., 2016), which interacts with microtubules
240 (Cheeseman et al.,, 2006; Ciferri et al., 2008; Wei et al.,, 2007) (Fig. 4A). Kinetochore
241  components can localize on, surround, or cup the ends of rounded oocyte meiotic chromosomes
242 (Fig. 4B) (Dumont et al., 2010; McNally et al., 2016; Muscat et al., 2015; Shakes et al., 2009).
243  To identify sperm-specific kinetochore dynamics, we analyzed kinetochore protein localization in

244 fixed spermatocytes compared to oocytes (Fig. 4C).

245  During sperm metaphase | and anaphase |, the inner kinetochore protein CENP-CHP4is more
246  concentrated surrounding chromosomes (Fig. 4B-C), and CENP-AMCP2 is largely absent
247  (Shakes et al., 2009). In contrast, on oocyte chromosomes CENP-AMP-3 and CENP-CHCP are
248  both present and uniformly spread on chromosomes (Monen et al., 2005; Shakes et al., 2009).
249  The outer kinetochore proteins, KNL-1 and KNL-3, localize around sperm chromosomes in
250 metaphase | (Fig. 4B-C), but cup the poleward ends of chromosomes during oocyte meiosis
251 (Dumont et al.,, 2010). Further, HIM-10, a member of the NDC-80 complex, surrounds
252 chromosomes at metaphase | and anaphase |, unlike in oocyte meiosis, where it cups
253  chromosome ends. Strikingly, during oocyte anaphase | and I, when outer kinetochore protein
254  levels are greatly reduced, they are retained throughout spermatocyte divisions (Fig. 4B-C).
255  Thus, both inner and outer kinetochore proteins show sperm-specific localization and dynamics,

256  particularly the retention of outer kinetochore components between meiotic divisions.

257

258  Microtubules attached to the X chromosome exert a pulling force

259  The retention of kinetochore components on poleward sides of chromosomes during anaphase
260  suggests that kinetochore-attached microtubules could contribute to pulling chromosomes. To
261  investigate this, we hypothesized that we could detect tension that would alter the shape of the
262  lagging X as evidence for pulling forces acting on chromosomes during anaphase separation

263 (Fig. 5A). Using a strain expressing histone H2B::mCherry, we observed the X chromosome

11
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264  was stretched along the spindle axis in early anaphase. As X resolves to one side at late
265 anaphase, it rounds up (Fig. 5A, upper panel). To quantify changes in chromosome geometry,
266  we calculated a shape coefficient (the ratio of length over diameter) of the X chromosome over
267 time (Fig. 5A, lower panel). With this measure, stretched chromosomes have a shape coefficient
268  greater than 1. Indeed, the X chromosome is significantly stretched early in anaphase | with a
269  shape coefficient of 1.4 that decreases to 1.0 as it rounds up in late anaphase | (Fig. 5B). This
270  suggests that the X chromosome is under tension during anaphase I, which is released as the

271  lagging chromosome resolves to one side.

272  To further assess pulling forces during anaphase, we used laser microsurgery on X
273  chromosome-attached microtubules. We reasoned a cut on one side of the lagging X would
274  release tension and induce segregation to the opposite side. Using a p-tubulin::GFP and histone
275  H2B::mCherry expressing strain, we applied laser point-ablations to the microtubule bundle on
276  one side of the lagging X. We observed an immediate and continuous movement of the X
277  chromosome towards the unablated side (Fig. 5C, Movie S4). The velocity of X chromosome
278  movement after the cut was variable, similar to unperturbed spindles (Fig. 5C, see also cut no.
279 3). We also tested cutting the microtubule bundles sequentially on each side of the X
280 chromosome. After initiation of movement by the first cut, the second cut on the opposite side
281 led to a rapid change in the direction of segregation (Fig. 5D, Movie S5), indicating that the
282  direction of X movement can be reversed and that microtubule connections are highly dynamic

283  during anaphase |I.

284  Taken together, we conclude that kinetochore microtubules exert a pulling force on
285 chromosomes during anaphase. This tension is most obvious on the microtubules connected to
286 X chromosome, which eventually causes attachments to stochastically break as poles separate,

287  allowing the X to resolve to the side with more attached microtubules.

12
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288 Spermatocyte meiotic spindle structure at metaphase is distinct from that in

289 oocyte meiosis

290 To investigate how microtubules connect to chromosomes during spermatocyte meiosis, we
291 used large-scale electron tomography (Redemann et al.,, 2017; Redemann et al., 2018) to
292  visualize the ultrastructure of whole meiotic spindles with single-microtubule resolution. We
293  generated 3D models of one spindle at metaphase (Fig. 6A), one spindle at anaphase onset
294  (Fig. 6B) and four spindles with increasing pole-to-pole length at anaphase (Fig. 6C-F, referred
295 to as anaphase no. 1-4). For each reconstruction we segmented the autosomes (a), the X
296 chromosome (x), and the centrioles (Fig. 6, left panels). Using criteria applied to previously
297  described mitotic holocentric kinetochores, microtubules within a ribosome-free zone of 150 nm
298 around chromosomes were considered kinetochore microtubules (O'Toole et al.,, 2003;
299 Redemann et al., 2017). All other microtubules were annotated as spindle microtubules (Fig. 6,
300 mid left panels; mid right panels showing kinetochore microtubules only; Table 3). This distance
301 is in accord with the interaction distance measured by super-resolution light microscopy (Fig.

302 S4).

303 Though similarly-sized, round sperm and oocyte chromosomes both adopt a rosette
304 arrangement surrounding the X chromosome, the meiotic spindle in spermatocytes is distinct
305 from that of oocytes. During spermatocyte meiotic metaphase |, of the 2406 total number of
306  microtubules that compose the spindle, 912 (38%) were kinetochore microtubules and 393
307 (16%) made end-on attachments to chromosomes. This is in contrast to oocyte metaphase
308 meiotic spindles, which are composed of ~1/3 more microtubules (3662-3812 microtubules)
309 (Redemann et al., 2018). Of these, 1038-1402 (~32.5%) were kinetochore microtubules and only
310  131-165 (~4%) of which made end-on attachments. This indicates that round chromosomes can
311  both be aligned at metaphase in sperm centrosomal and oocyte acentrosomal spindles but using

312  significantly different ratios of lateral and end-on attachments.
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313 Continuous and lengthening microtubules connect the X chromosome to

314 centrosomes during anaphase |

315 One phenomenon of spermatocyte meiosis is that microtubules, which connect the chromatids
316  of the lagging X to opposite spindle poles, lengthen during anaphase I. This is unusual because
317 in most centrosomal cell-types, microtubules either shorten (anaphase A) or stay the same
318 length as poles are pulled apart (anaphase B). Further, in C. elegans mitosis, continuous
319 microtubules do not directly connect between centrosomes and chromosomes, but instead
320 anchor into the spindle network (Redemann et al., 2017). We thus used electron tomography to
321  determine the continuity of individual X-connected kinetochore microtubules during anaphase I.
322  We found that microtubules directly connect the X chromosome to each centrosome throughout
323  anaphase | (see also Fig. 6A-F, mid left panels; Fig. S5). Further, microtubules with both end-on
324  and lateral interactions to X remained continuous even as they increased in length until the X
325 chromosome resolved to one side (Fig. 6A-F, right panels; Fig. S5A-C, right panels; Fig. 7A-B;
326  Fig. S6). Thus continuous microtubules connect the X chromosome to poles even as poles

327 elongate during anaphase I.

328 We also observed that X-connected microtubules were curved during late anaphase I. To
329 investigate this, we determined the curvature of X-connected end-on and laterally attached
330 kinetochore microtubules by measuring the tortuosity of individual microtubules. For this, we
331 calculated the ratio of the spline length over the end-to-end length (Fig. 7C). At metaphase and
332 anaphase onset, kinetochore microtubules had a tortuosity ratio of one, indicating that the
333  microtubules were straight. In contrast, X-connected microtubules exhibited higher tortuosity at
334  anaphase, indicating a higher curvature (Fig. 7D). This suggests that other cellular forces,
335  besides those generated by pulling forces, may also be acting on microtubules connected to the

336 lagging X during anaphase |I.
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337 Segregation of the X chromosome correlates with an asymmetry in the number of

338 attached microtubules

339  To further characterize the nature of X chromosome lagging and resolution, we examined
340 tomographic data to determine the total microtubule length in confined volumes on each side of
341 the X (Fig. 8A-B). We determined the ratio of the total microtubule length for each tomographic
342 data set, which were then plotted according to autosome-to-autosome distance (Fig. S7A-B).
343  We further determined the number of kinetochore microtubules associated with the opposite
344  hemispheres of the X chromosome and calculated the ratio of these two values (Fig. 8C-D). The
345 ratio of total microtubule length and the ratio of microtubule number is about one in metaphase
346  and early anaphase, suggesting microtubules are present equally on both sides. As anaphase
347  progresses, this ratio deviates from one, indicating less microtubules on one of the two sides,

348  presumably enabling the X chromosome to resolve to the opposing side.

349 To confirm that differences in microtubule content we observed by EM correlate with X
350 resolution, we tracked microtubules (B-tubulin::GFP) relative to chromosomes (histone
351  H2B::mCherry) by live-cell imaging (Fig. 8E, upper panel). The sum of GFP fluorescence was
352 measured in a similar volume on each side of the X chromosome over time (Fig. 8E, lower
353 panel). The ratio of the two volumes enabled us to indirectly quantify microtubule content
354  differences on each side of X. During early anaphase I, the ratio of the volumes was almost one,
355 indicating a similar amount of microtubules connected to each side. As the X chromosome
356  segregated to one side over the other, we detected increased intensity on the side the X moved
357 closer toward (Fig. 8F). This indicates an asymmetry in attached microtubules correlates with X

358 chromosome resolution.

359

360

361

15


https://doi.org/10.1101/737494
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/737494; this version posted August 19, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

362 Autosomal attached kinetochore microtubules do not shorten during anaphase A

363  Our live imaging and EM data both show an anaphase A autosome-to-centrosome distance
364  decrease during anaphase | (Table 3). Because a well-described mechanism for anaphase A
365 (chromosome-to-pole shortening) is microtubule shortening (Asbury, 2017), we analyzed
366 individual kinetochore microtubule lengths in our 3D EM reconstructions during anaphase. At
367 metaphase, end-on kinetochore microtubules attached to autosomes were 0.62 + 0.33 um in
368 length (n = 360) (Fig. 9A), while laterally attached microtubules were much longer, at 1.15 +
369  0.59 um (n = 480) (Fig. 9B). Unexpectedly, we observed that end-on kinetochore microtubules
370 did not shorten as anaphase | progressed, remaining at 0.63 + 0.42 um (n = 687). Thus, unlike
371  in other systems, the anaphase A we observe in spermatocyte meiosis is not due to shortening
372 of end-on attached kinetochore microtubules (Asbury, 2017).

373

374 Tension release across the spindle may contribute to autosomal anaphase A

375 To account for anaphase A in spermatocyte meiosis, we hypothesized that features of spindle
376  geometry and shape could contribute to the decrease in chromosome-to-centrosome distance.
377 We thus analyzed changes in the shape of chromosomes, centrosomes, and the interaction
378  angles of kinetochore microtubules with the autosomes over the course of anaphase that could

379 contribute to this decrease.

380  First, to examine the contribution of chromosome stretch, we measured individual autosome
381 expansion along the spindle axis by plotting the cross-sectional areas over the chromosome
382  distance. This generates a stretch value we call the Full Width at Half-Maximal or FWHM (Fig.
383  10A; see experimental procedures). Autosomes are stretched most at metaphase (FWHM: 0.73
384 £ 0.13 um; n = 10) (Fig. 10B). As chromosomes separate farther apart, autosomes round up to
385 a FWHM of 0.56 + 0.06 um, about 23% less compared to metaphase, thereby moving the

386 chromosome centers closer to the poles. Thus, the stretching of chromosomes induced by
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387 metaphase alignment that is released during anaphase progression accounts for a portion of

388 anaphase A pole-chromosome shortening.

389  Second, we considered the distance between chromosomes and the centriole as centrosomes
390 change shape as it splits (Fig. S2). The shift from a spherical to a stretched organelle could
391  account for spindle poles moving closer to chromosomes. We measured the distance of the plus
392  end of the kinetochore microtubules to the closest centriole and found it significantly shortened
393 from metaphase (0.99 = 0.27 ym) to anaphase (0.79 + 0.21 pum) (Fig. 10C), resulting in

394  autosomes being 20% closer to centrioles (Fig. 10D).

395 Third, we hypothesized tension release would also alter the angle of attachment of end-on
396  kinetochore microtubules with autosomes, bringing chromosomes closer to spindle poles. We
397 thus determined the attachment angle between each kinetochore microtubule plus-end at the
398 chromosome surface and each centrosome-chromosome axis (Fig. 10E). The angle at
399 metaphase was 36.8° + 31.0°. Concomitant with a rounding up of the autosomes, the
400 attachment angle increased to 58.8° + 33.8°, bringing chromosomes closer to poles during
401 anaphase (Fig. 10F). Simple trigonometric calculations with a constant microtubule length of

402  0.63 um found this increase contributes to 0.17 um shortening in chromosome to pole distance.

403 In sum, we developed analyses to identify three different factors that can contribute to pole-
404 chromosomes shortening during anaphase: 1) the loss of tension at the chromosomes after
405 anaphase onset, which shortens the chromosome by about 0.34 um; 2) changes in centrosome
406  size and shape that contributes about 0.2 um; and 3) the opening of the attachment angle that is
407  about 0.17 um. All these factors comprise about ~70% of the total ~1 pm shortening of the
408 chromosome-to-pole distance observed in spermatocyte meiosis (Fig. S8A-I), though this may
409 be underestimated due to limitations in the tomographic reconstruction from serial semi-thick
410 sections. Overall, our ultrastructure analysis revealed previously unknown, alternative

411  mechanisms that contribute to anaphase-A movement.
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412 Discussion

413  Prior to this work, few studies addressed the spindle architecture that segregates chromosomes
414  during male meiosis, a fundamental factor in sperm production (LaFountain et al., 2011,
415 LaFountain et al.,, 2012; Nicklas and Kubai, 1985; Nicklas et al., 2001; Zhang and Nicklas,
416  1995). Here the combination of live imaging and 3D ultrastructure in C. elegans enabled us to
417  define specific features of chromosome dynamics and spindle organization that are regulated in
418  sex-specific ways to produce different cell types.

419

420 A distinct form of anaphase A without shortening of kinetochore microtubules

421  Surprisingly, the single-microtubule resolution of electron tomography revealed the length of
422  autosome-attached kinetochore microtubules is constant during sperm anaphase. This is in
423  contrast to the kinetochore microtubule shortening typically associated with anaphase A
424  observed by light microscopy in many systems (Asbury, 2017). We developed methods to
425 analyze ultrastructural data to identify three contributors to the anaphase A in C. elegans
426  spermatocyte meiosis (Fig. 11A). First, stretched autosomes at metaphase relax from tension
427 released by separase-mediated cleavage of cohesins during anaphase, resulting in autosome
428 shape change (Severson and Meyer, 2014). Second, live imaging revealed spindle poles
429 decrease in size and change shape as centrioles split. Analysis of our ultrastructural data
430 revealed that this results in a shorter distance between microtubule ends and the centrioles.
431  Third, microtubule ends on round chromosomes shift from a central to more peripheral position
432  during anaphase, resulting in a decrease in the microtubule-to-pole distance. This might be
433  induced by minus-end associated motor proteins such as dynein (Schmidt et al., 2005; Schmidt
434 et al.,, 2017). All three factors change the relative position of centrosomes, autosomes and
435  kinetochore microtubules to one another. Such changes in the relative positioning without

436  kinetochore microtubule shortening represent a novel type of centrosomal anaphase A
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437 movement that can now be considered when analyzing chromosome movement in different
438  system and interrogated by the methods we describe.
439

440 Role of pulling forces during anaphase

441  The spermatocyte meiotic spindle shows two dramatic molecular distinctions during anaphase |
442  that indicate pulling forces are critical to efficiently segregate chromosomes. First, outer
443  Kkinetochore proteins are retained for the duration of both divisions. This is in contrast to mitosis
444  and oocyte meiotic anaphase, where kinetochore levels diminish dramatically during anaphase
445  progression (Asbury, 2017). Second, microtubules do not disassemble but instead remain
446  attached to spermatocyte chromosomes, providing a stable connection to transmit the forces
447  from poles needed to pull chromosomes apart. Indeed, we detected these end-on attached
448  microtubules connections on the lagging X chromosome, which are subjected to pulling forces

449  as poles move apart (Fig. 5).

450  Our results also suggest that C. elegans spermatocyte meiosis may not rely on a classical inter-
451  chromosomal microtubule structure, or central spindle, for chromosome movement (Scholey et
452  al., 2016). Acentrosomal oocyte meiosis (Dumont et al., 2010; Laband et al., 2017; Redemann et
453  al.,, 2018; Yu et al., 2019) and centrosomal embryonic mitosis (Nahaboo et al., 2015; Yu et al.,
454  2019), exhibit inter-chromosomal microtubules that push chromosomes apart. In contrast, in
455  spermatocyte meiosis we see two distinct patterns. In XO males, the spindle midzone is
456  dominated by a microtubule bridge connecting the unpaired X chromosome to the poles (Fig. 1
457  and 6). In XX hermaphrodites, tra-2(e1090) mutant males, or meiosis Il, we observed few inter-
458  chromosomal microtubules between the paired chromosomes (Fig. S3B). The absence of a
459  classical inter-chromosomal microtubule structure may suggest a reliance on molecular
460 components that generate pulling forces at the cellular cortex (Grill et al., 2003). We speculate

461 this reliance may have evolved to help reliably resolve a lagging chromosome during anaphase
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462 |. Nonetheless, our results indicate that different cell types within a single organism distinctly
463  regulate kinetochore and spindle structure to balance pulling and pushing of chromosomes in
464  different contexts.

465

466  Resolution of lagging chromosomes during sperm meiosis

467  Our studies reveal new features of the dynamics of chromosome lagging and resolution. We find
468  continuous microtubules attach to each side of the lagging X chromosome throughout anaphase
469  |. How do these microtubules lengthen? In one scenario, kinetochore microtubules could grow at
470 their plus ends. As the spindle poles move apart, microtubule growth at a similar rate to spindle
471  elongation could maintain association of kinetochore microtubules to the X chromosome.
472  Alternatively, if the net growth rate of kinetochore microtubules exceeds the rate of spindle
473  elongation, microtubules could attach laterally to the X, thus allowing minus-end directed
474  interaction with motor proteins such as dynein (Reck-Peterson et al., 2018). Such a scenario
475  could also explain the bending of microtubules we observed, possibly driven by dynein as it
476  becomes processive towards the microtubule minus-end (Schmidt et al., 2005; Schmidt et al.,
477  2017). As we find both end-on and laterally attached microtubules on the lagging X (Fig. 7D),

478  their exact contributions to the segregation process remain to be determined.

479 A final question is how the lagging X chromosome resolves during anaphase |. We propose an
480 imbalance of pulling forces that results stochastically via a continuous attachment and
481  detachment of kinetochore microtubules. In such a ‘tug-of-war’ model, the side that maintains
482  more connections to X wins, enabling resolution to one pole (Fig. 11B). Indeed, our EM and light
483  microscopy data supports this model (Fig. 8). Such a tug-of-war mechanism has been
484  suggested during chromosomal oscillations at mitotic prometaphase and metaphase (Ault et al.,
485  1991; Skibbens et al., 1993; Soppina et al., 2009) with chromokinesins and dynein as possible

486  candidates for switching the direction of the oscillations (Sutradhar and Paul, 2014).
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487 In toto, our approach of combining cellular imaging within living males and quantification of 3D
488  ultrastructure of staged spindles lays the groundwork for further studies on molecular
489  mechanisms of chromosome segregation and provides analytical tools for biophysical analyses
490 on spindles in a broad range of contexts (Fabig et al., 2016; Shakes et al., 2011; Winter et al.,
491  2017). For example, many species have evolved distinct spindle and segregation strategies to
492  resolve unequal numbers of sex chromosomes (Fabig et al., 2016). Recent work has also shown
493  that segregation in cells with aneuploidy and chromosomal abnormalities are potential drivers of
494  infertility (Barri et al., 2005; Garcia-Mengual et al., 2019; Hassold and Hunt, 2001; loannou and
495 Tempest, 2015) and cancer progression (Bolhaqueiro et al., 2019; Chunduri and Storchova,
496  2019; Ly et al., 2019). Our studies can thus impact the understanding of partition mechanisms
497 that can segregate both paired and lagging chromosomes to efficiently and reliably generate

498  haploid sperm.

499
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so0 Experimental procedures

501 Strains and worm handling

502  Strains

503 The following strains were used in this study: N2 wild type (Brenner, 1974); MAS91 (unc-
504  119(ed3) llI; ItIs37[pAA64; pie-1::mCherry::HIS58]; ruls57[pie-1::GFP::tubulin + unc-119(+)])
505 (Han et al., 2015); MAS96 (unc-119(ed3) Ill; ddis6[tbg-1::GFP + unc-119(+)]; ItiIs37[pAA64; pie-
506  1:mCherry::HIS-58 + unc-119(+)] IV, gals3507[pie-1::GFP::LEM-2 + unc-119(+)]) (M. Srayko,
507 Alberta);; TMR17 (unc-119(ed3) IlI; ddis6[tbg-1::GFP + unc-119(+)]; ltIs37[pAA6G4; pie-
508 1:mCherry::HIS-58 + unc-119(+)] IV) (this study); TMR18 (him-8(e1489) IV; unc-119(ed3) IlI;
509  ddIs6[tbg-1::GFP + unc-119(+)]; ItIs37[pAA64; pie-1::mCherry::HIS-58 + unc-119(+)] IV) (this
510 study); TMR26 (zim-2 (tm574) IV; unc-119(ed3) IlI; ddis6[tbg-1:GFP + unc-119(+)];
511  ItIs37[pAA64; pie-1::mCherry::HIS-58 + unc-119(+)] 1V) (this study); XC110 (tra-2(e1094)/dpy-
512 10(el28) IlI; unc-119(ed3) |IlI; 1tIs37[pAA64; pie-1::mCherry::HIS58] (IV); ruls57[pie-
513  1:GFP:tubulin + unc-119(+)]) (this study); XC116 (tra-2(e1094)/dpy-10(e128) II; ddis6[tbg-
514 1:GFP + unc-119(+)]; ItIs37[pAA64; pie-1::mCherry::HIS-58 + unc-119(+)] IV) (this study);

515  SP346 (tetraploid, 4n) (Madl and Herman, 1979).

516 Worm handling

517  Worms were grown on nematode growth medium (NGM) plates at 20°C with E. coli (OP50) as a
518 food source (Brenner, 1974). Male worms were produced by exposing L4 hermaphrodites to
519  30°C for 4-6 h and checking the resulting progeny for male worms after three days (Sulston and
520 Hodgkin, 1988). Males were maintained by mating 20-30 male worms with five L4

521  hermaphrodites. Triploid worms were obtained by mating tetraploid hermaphrodites with males

522  of either MAS91 or TMR17. F1 male animals were selected and imaged as described below.

523

524
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525 Light microscopy and analysis of spindle dynamics

526 Light microscopy

527  Age-synchronized males (3 d after bleaching adult hermaphrodites fertilized by males) were
528 placed in droplets of 1pl polystyrene microbeads solution (bead diameter of 0.1 pum;
529  Polysciences, USA) on 10% agarose pads. Samples were then covered with a coverslip and
530 sealed with wax (Kim et al., 2013). For a comparative analysis of mitotic and female meiotic
531 embryos, 3 d old hermaphrodites were dissected in M9 buffer and transferred to 4% agarose
532  pads. We used a confocal spinning disk microscope (IX 83, Olympus, Japan) equipped with a
533  60x 1.2 NA water immersion objective and an EMCCD camera (iXon Ultra 897, Andor, UK) for
534  live-cell imaging. The meiotic region within single males was imaged for about one hour and a z-
535 stack was recorded either every 20 s or 30 s. Z-stacks for embryos were recorded every 20 s for
536 about 1 h. Images were then corrected for photobleaching using the Fiji software package

537  (Schindelin et al., 2012).

538  Analysis of spindle dynamics

539 Image stacks were analyzed with the Arivis Vision4D software package (arivis AG, Germany).
540 Individual spindles were cropped and spindle poles in each frame were segmented by
541 thresholding. The Euclidean distance of the center of mass of both spindle poles was then
542  calculated for each time point. For the production of kymographs, the original image data was
543  resampled with a custom-made python script in arivis Vision4D. The spindle axes were rotated
544  in all three dimensions to align the axis along the z-direction. As a consequence each spindle
545 had a comparable orientation with an isotropic voxel size of 0.1 um and a radius of 0.9 um
546  around the spindle axis. All voxels were then recalculated based on the initial transformation of
547  the axis with an extrapolation of 1 um at each pole in the direction of the axis. As the axes of the
548  spindles were chosen to lay in the z-dimension all images in the resampled datasets were laying
549  orthogonally to it (x, y-plane). For the calculation of kymographs, the Gaussian weighted sum of

550 fluorescence in each plane was calculated along the spindle axis and repeated for all time
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551 points. For the analysis of chromosome movements, the peak maxima of the chromosome
552  fluorescence signals were then used to calculate the distances for each time point. Individual
553  measurements were aligned according to the onset of anaphase and the mean distance was
554  then calculated and plotted against time relative to anaphase onset. For characterizing the
555  dynamic properties of spindles these mean values were then used to determine spindle length at
556 metaphase and after anaphase. The initial speed of spindle elongation and chromosome
557  movement was calculated by fitting a linear function to the measurements during the first minute

558  after anaphase onset as the segregation speed slowed down continuously.

559 To illustrate the process of division, the spindles were resampled and rotated as described
560 above but with a radius of 3 um around the spindle axis and an extrapolation of 2 um after the
561  spindle poles. Then an y,z-projection over x (maximum intensity) was calculated for each time
562  point to display the resampled volume as a plane image (Fig. 1-3). For a comparison of
563  microtubule density on both sides of the X chromosome facing the spindle poles, the sum of
564  fluorescence was calculated within two cubic boxes (with a similar volume of 1 um3) adjacent to
565 the X chromosome in the resampled light microscopic image data. The box on the side, where
566 the chromosome moved to at the time of segregation, was termed “volume 1", the other “volume
567 2”. The ratio between both values at each time point indirectly describes the difference in the

568  number of microtubules (Fig. 8E-F).

569  For each data set, the visco-elastic property of the X chromosome was probed by segmenting it
570 in a resampled 3D dataset and measuring its dimensions. Along the spindle axis, the length of
571 the X chromosome was measured (z-dimension). Orthogonal to the x-axis, the mean values for
572  the x- and y-dimension were calculated. A shape coefficient was then calculated (z/[(x+y)/2]) to

573 illustrate the change of the shape of the X chromosome over time (Fig. 5A-B).

574  The centrosomes were segmented in 3D image data from worms expressing y-tubulin::GFP and

575  histone H2B::mCherry with the Arivis Vision4D software package by applying a cut-off threshold
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576  tothe 3D image data. All fluorescence signals above the threshold were included in the segment
577  of the centrosomes. The volume of the segments was then calculated for each frame and each
578  centrosome individually for spindles in meiosis | and Il. When centrosomes split in meiosis | and
579  could be segmented individually both volumes were summed together for the respective frame
580 (Fig. S1).

581

582 Immunostaining for light microscopy

583  For antibody staining of C. elegans gonads, synchronized males were dissected and fixed in 1%
584  paraformaldehyde using established protocols (Howe et al., 2001). Methanol/acetone fixation
585 was used for immunolabeling of mitotic and meiotic embryos (Shakes et al., 2009). Primary and
586  secondary antibodies were diluted in blocking buffer (PBS + 0.1% Tween 20 and 10 mg/ml BSA)
587 and staining was conducted at room temperature in a humid chamber. Primary antibodies were
588 used in overnight incubations (unless otherwise noted). Commercial sources or labs kindly
589  providing antibodies were as listed: 1:200 mouse anti-NDC-80 (Novus Biologicals, catalog
590 #42000002); 1:200 mouse anti-a-tubulin (DM1A Sigma-Aldrich, catalog #T6199); 1:500 rabbit
591 anti-KNL-1 (Desai et al., 2003); 1:500 rabbit anti-KNL-3 (Cheeseman et al., 2005); 1:400 rabbit
592  anti-CENP-CHCP“ (Moore et al., 2005); 1:400 rabbit anti-HIM-10 (Skop et al., 2001); and 1:50
593  FITC-conjugated anti-a-tubulin (Sigma-Aldrich, #F2168). Secondary antibodies included: goat
594  anti-rabbit AlexaFluor 488-labeled I1gG (used at 1:200); goat anti-mouse AlexaFluor 488-labeled
595 IgG (used at 1:200); goat anti-mouse AlexaFluor 564-labeled IgG (used at 1:200); and donkey
596  anti-rabbit Cy3 (used at 1:500). DNA was visualized using DAPI at 0.1 pg/ml. Slides were
597 prepared by using VectaShield (Vector Labs, USA) as a combined mounting and anti-fade
598 medium. Confocal images were acquired using a Zeiss LSM710 microscope with Zen software
599 (Fig. 4). Super-resolution images were collected using an OMX 3D-SIM microscope (GE
600 Healthcare, USA) with an Olympus (Shinjuku, Japan) 100x UPlanSApo 1.4 NA objective
601  (Olympus, Japan). Images were captured in z-steps of 0.125puym and processed using

25


https://doi.org/10.1101/737494
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/737494; this version posted August 19, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

602  SoftWoRx (GE Healthcare, USA) and IMARIS (Bitplane, Switzerland) 3D imaging software (Fig.
603  S4).
604

605 Laser microsurgery

606  Age-synchronized males (3d old) were placed within a of droplet of 1 ul M9 buffer containing
607 1mM levamisole and 0.1 pum polystyrene microbeads (Polysciences, USA) on a 10 % agarose
608 pad. Samples were then covered with a coverslip and sealed with wax. For imaging during laser
609  microsurgery, we used a confocal spinning disk microscope (Ti Eclipse, Nikon, Japan) equipped
610  with a 60x 1.2 NA water immersion objective, a 1.5x optovar, an EMCCD camera (iXon Ultra
611 897, Andor, UK) and a mode-locked femtosecond Ti:sapphire laser (Chameleon Vision II,
612  Coherent, USA) operated at a wavelength of 800 nm. After locating spindles in anaphase | within
613 males, a single image was recorded in intervals of 1 s. Subsequently, a position for the laser cut
614  was chosen and a single spot with a diameter of about 1.3 um was ablated with a laser power of
615 150 mW and an exposure time of 30 ms. Image acquisition was continued until the X
616 chromosome had been fully segregated (Fig. 5C-D). For further analysis the images were
617  corrected for photobleaching within the Fiji software package and corrected for movement using
618 the plugin “image stabilizer” (http://www.cs.cmu.edu/~kangli/code/Image_Stabilizer.html;
619  February 2008).

620

621  Specimen preparation for electron microscopy

622  Males were ultra-rapidly frozen using a HPF COMPACT 01 high-pressure freezer (Engineering
623  Office M. Wohlwend, Sennwald, Switzerland). For each freezing run, five individuals were placed
624 in a type-A aluminum planchette (100 um deep; Wohlwend, article #241) pre-wetted with
625 hexadecene (Merck) and then filled with M9 buffer containing 20% (w/v) BSA (Roth, Germany).

626  The specimen holders were closed by gently placing a type-B aluminum planchette (Wohlwend,
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627  article #242) with the flat side facing the sample on top of a type-A specimen holder. The
628 sandwiches were frozen under high pressure (~2000 bar) with a cooling rate of ~20000°C/s
629 (Fabig et al.,, 2019). Specimen holders were opened under liquid nitrogen and transferred to
630  cryo-vials filled with anhydrous acetone containing 1% (w/v) osmium tetroxide (EMS) and 0.1%
631  (w/v) uranyl acetate (Polysciences, USA). Freeze substitution was performed in a Leica AFS
632  (Leica Microsystems, Austria). Samples were kept at -90°C, then warmed up to -30°C with steps
633  of 5°C/h, kept for 5 h at -30°C and warmed up again (steps of 5°C/h) to 0°C. Subsequently,
634 samples were washed three times with pure anhydrous acetone and infiltrated with
635 Epon/Araldite (EMS, USA) epoxy resin at increasing concentrations of resin (resin:acetone: 1:3,
636 1:1, 3:1, then pure resin) for 2h each step at room temperature (Muller-Reichert et al., 2003).
637  Samples were incubated with pure resin over night and then for 4 h. For thin-layer embedding
638 samples were placed between two Teflon-coated glass slides and allowed to polymerize at 60°C
639  for 48 h (Muller-Reichert et al., 2008). Polymerized samples were remounted on dummy blocks
640 and semi-thin serial sections (300 nm) were cut using an EM UC6 (Leica Microsystems, Austria)
641 ultramicrotome. Ribbons of sections were collected on Formvar-coated copper slot grids, post-
642  stained with 2% (w/v) uranyl acetate in 70% (v/v) methanol and 0.4% (w/v) lead citrate and
643  allowed to dry prior to inspection.

644

645 Electron tomography, microtubule segmentation and stitching of data sets

646 In preparation for electron tomography, both sides of the samples were coated with 15 nm-
647 colloidal gold (BBI, UK). To select cells in meiosis, serial sections were pre-inspected at low
648  magnification (~2900x) using a Zeiss EM906 transmission electron microscope (Zeiss,
649 Germany) operated at 80 kV. Serial sections containing cells/regions of interest were then
650 transferred to a Tecnai F30 transmission electron microscope (ThermoFischer Scientific, USA)
651 operated at 300 kV and equipped with a US1000 CCD camera (Gatan, USA). Tilt series were
652  acquired from -65° to +65° with 1° increments at a magnification of 4700x. Specimens were then
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653  rotated 90° to acquire a second tilt series for double-tilt electron tomography (Mastronarde,
654  1997). Electron tomograms were calculated using the IMOD software package (Kremer et al.,
655  1996). As previously described (Redemann et al.,, 2014; Weber et al., 2012), microtubules
656  were automatically segmented using the ZIBAmira (Zuse Institute Berlin, Germany) software

657  package (Stalling et al., 2005).

658 Individual tomograms were then stitched and combined (Weber et al., 2014) to represent whole
659  microtubule networks in 3D models (Redemann et al., 2017). Chromosomes, kinetochores and
660  centrioles were manually segmented. Kinetochores were modeled around each chromosome by
661  gradually increasing the chromosome volume until the area of the ribosome-free zone around
662  each chromosome (Howe et al., 2001; O'Toole et al., 2003) was covered, giving a thickness of

663 the male meiotic holocentric kinetochore of about 150 nm.

664

665 Analysis of tomographic data

666 Classification of microtubules

667  First, the distance between each point of a microtubule segment and the closest point of the
668 surface of individual chromosomes was calculated. Only microtubules within a distance of
669 150 nm or less were considered kinetochore microtubules as this distance was measured to be
670 the approximate extent of the kinetochore in the electron tomograms. The kinetochore is visible
671 in the electron tomograms as a less stained region around the chromosomes (Howe et al.,
672  2001). Additionally, each kinetochore microtubule was assigned to the X chromosome or to one
673  of the autosomal chromosomes according to its closest distance to the chromosome surface. As
674  microtubules in anaphase pass between the autosomes and attach to the X chromosome after
675 that, they were first checked for an interaction with the X chromosome and if there was none,
676  further analysis was performed to check for a potential autosomal interaction. For each

677 chromosome the microtubule interactions were subdivided between end-on and lateral. We
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678 defined an end-on association by extrapolating the microtubule after its end for 150 nm and
679  checking if this extrapolated line was cutting the surface of the chromosome. If that criterion was

680  not met, we considered the association of the microtubule with the given chromosome as lateral.

681 Length distribution

682  Furthermore, we analyzed the length distribution of microtubules. The length distribution for each
683  microtubule class in each meiotic spindle is presented as a violin plots in order to assess the
684  mean, standard deviation as well as the distribution of the data. For that, individual data points
685  were binned into 25 intervals and the width of the plot was normalized to equalize relative
686  densities within the individual datasets. Further, the mean and the standard deviation were
687 shown and the variance among the datasets was compared using a one-way analysis of

688  variance (ANOVA; Fig. 10, Fig. S6, Fig. S8).

689 We also analyzed the ratio of the sum of microtubule length between two defined volumes
690 analogous to the analysis of the light microscopic data. For that a box of 1 um?3 was placed on
691  either side of the X chromosome facing the spindle poles. The microtubules within this box were
692  extracted and their length was measured and summed up. The ratio of the box closer to the
693  respective pole against the second box was calculated (Fig. 8A-B). The microtubule tortuosity
694  (microtubule spline length divided by end-end length; Fig. 7C-D) was measure for end-on and

695 lateral microtubules in contact with the X chromosome.

696 Chromosome shape

697  Further, we analyzed the shape of the chromosomes in the EM data as previously described
698  (Lindow et al., 2018). In brief, chromosomes were manually segmented and along the pole-to-
699  pole axis of the spindle orthogonal planes were placed with 10 nm spacing. For every plane the
700 area was calculated that intersects the individual chromosome surface. After plotting the area

701  against the pole-pole distance a Gaussian function containing five terms was fit with MATLAB
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(MATLAB 2017b, The MathWorks, USA) and the full width at half maximum (FWHM) for each
chromosome was determined and compared (Fig. 10A-B).

For measuring the distance between centrioles and the end-on microtubule end at the
autosomes, we first selected the closest centriole at the putative microtubule minus-end. Then
we extracted the position of the respective putative plus-end and calculated the Euclidean

distance between the centriole and the putative plus-end (Fig. 10C-D).

The angle between the microtubule plus-end and the chromosome-centrosome axis was
determined by calculating the vector between the respective chromosome and the centrosome
and the vector between chromosome and the respective end. Then the angle between both

vectors was calculated (Fig. 10E-F).
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988 Figures

989  Figure 1. Spindle and X chromosome dynamics during meiotic divisions in males.

990 Time series of confocal image projections of (A) meiosis | (M 1) and (B) meiosis Il (M II).
991  Microtubules (B-tubulin::GFP, green) and chromosomes (histone H2B::mCherry, red) are
992  visualized. Anaphase onset is time point zero (t=0). The progression of chromosome
993  segregation is visualized in kymographs (right panels; anaphase onset is indicated by an orange
994 line). The position of the unpaired X chromosome in meiosis | is marked by white arrowheads.
995  Scale bar (white), 2 um; time bar (blue), 2 min.

996

997  Figure 2. Unpaired chromosomes lag in male spermatocyte meiosis |.

998 Confocal image projections of spermatocyte meiosis | in (A) wild-type XO males, (B) wild-type
999 XX hermaphrodites, (C) tra-2(e1094) XX males, (D) him-8(e1489) XX hermaphrodites, (E) in
1000  zim-2(tm574) XX hermaphrodites, (F) zim-2(tm574) XO males, (G) in triploid XXO males.
1001  Centrosomes are labeled in green (y-tubulin::GFP) and chromosomes in red (histone
1002 H2B:mCherry). The genotype, sex, number of autosome pairs, occurrence of paired X
1003 chromosomes and number of unpaired chromosomes is indicated. Still images illustrate the
1004 progression of the first meiotic division over time. Arrowheads (white) indicate lagging
1005 chromosomes. In the corresponding kymographs (right panels), chromosomes are shown in
1006  gray, spindle poles in green. Anaphase onset is marked (dashed line, orange). Scale bars
1007  (white), 2 um; time bars (blue), 2 min.

1008

1009  Figure 3. Spermatocyte meiotic spindles display both anaphase A and B movement.

1010  (A) Schematic representation of metaphase and anaphase during meiosis. Centrosomes are
1011  illustrated in green, autosomes in blue and the univalent X chromosome in red. The pole-to-pole
1012  (P-P, green), autosome-to-autosome (A-A, red), and both pole-to-autosome distances (P-A,

1013  orange) are indicated. (B) Time series of projections of a spindle in meiosis | obtained by
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1014 confocal light microscopy. Centrosomes are labeled with vy-tubulin::GFP (green) and
1015 chromosomes with histone H2B::mCherry (red). The separation of the centrosomes (yellow
1016 dashed line) and autosomes (white dashed line) over time is indicated. Anaphase onset is time
1017  point zero (t=0). Scale bar, 2 um. (C) Schematic representation of metaphase and anaphase
1018  during meiosis Il as shown in (A). (D) Separation of centrosomes and autosomes in meiosis Il as
1019  shown in (C). Scale bar, 2 um. (E) Quantitative analysis of autosome and centrosome dynamics
1020 in meiosis . Anaphase onset is time point zero (t=0). (F) Quantitative analysis of autosome and
1021  centrosome dynamics in meiosis Il. The mean and standard deviation is given (circles and
1022  shaded areas) for (E) and (F).

1023

1024  Figure 4. Kinetochores do not disassemble between spermatocyte meiotic divisions.

1025 (A) Schematic representation of kinetochore (KT) organization in C. elegans. (B) Localization
1026  patterns of kinetochore proteins on single bivalents (schematic illustration, left panel; summary
1027  of immunostainings as shown in (C), right panel). Kinetochore proteins with a similar pattern of
1028 localization in sperm and oocytes are listed in black, proteins with a gamete-specific pattern in
1029 red. (C) Visualization of kinetochore proteins in sperm (upper two panels) and oocyte meiosis |
1030 (lower two panels). Metaphase (upper row in each panel) and anaphase (lower row in each
1031 panel) of the first division is given. Males were fixed and stained with antibodies against
1032  kinetochore proteins (green), microtubules (red), and DAPI (blue) and imaged by confocal light
1033  microscopy. For each kinetochore protein, the left panels show whole spindles with
1034  microtubules, chromosomes and kinetochores; right panels show the localization patterns of the
1035  kinetochore protein only. Scale bars, 2 pm.

1036

1037  Figure 5. Microtubules attached to the X chromosome exert a pulling force.

1038 (A) Maximum intensity projection images with chromosomes labeled with histone H2B::mCherry

1039  (upper panel, shown in white). Time is relative to the onset of segregation of the X chromosome
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1040 (t=0). Scale bar, 2 um. lllustration of X chromosome shape quantitation (lower panel). The length
1041  (2) of the X chromosome (red) is divided by its width (mean of X + Y). Autosomes are shown in
1042  blue. Time is relative to the onset of segregation of the X chromosome (t=0). (B) Plot showing
1043  the shape of chromosomes in male spindles (n=15). The upper panel shows the autosome 1-to-
1044  autosome 2 (A-A, blue) and the autosome 1-to-X chromosome distances (A-X, red) over time,
1045 the lower panel the shape coefficient (black). Solid lines show the mean, shaded areas indicate
1046  the standard deviation. Time zero (t=0) is the onset of X chromosome movement. (C)
1047  Microsurgery of microtubules associated with the X chromosome in anaphase |. Microtubules
1048  are labeled with B-tubulin::GFP (green) and chromosomes with histone H2B::mCherry (red).
1049 Time is given relative to the time point of the applied laser cut (t=0). The position of the cut is
1050 indicated (white circle). The position of the autosomes (outer dashed lines) and the X
1051 chromosome (inner dashed line) is indicated. The three panels show examples with a fast (top),
1052 intermediate (middle) and slow response (bottom) of X chromosome segregation to the applied
1053  cut. Scale bars, 2 um. (D) Example of a double cut experiment. The panels show a single
1054  experiment over about 300 s. The two cuts are indicated (white circles). Scale bar, 2 um.

1055

1056  Figure 6. Three-dimensional ultrastructure of spindles in spermatocyte meiosis I.

1057  Full tomographic reconstruction of spermatocyte spindles. Scale bars, 500 nm. (A) Metaphase
1058 spindle. (B) Spindle at anaphase onset. (C) Spindle at mid anaphase with a pole-to-pole
1059 distance of 2.98 um. (D) Mid anaphase spindle with a pole-to-pole distance of 3.35 um. (E) Mid
1060 anaphase spindle with a pole-to-pole distance of 3.37 um. (F) Spindle at late anaphase with a
1061  pole-to-pole distance of 5.45 um and the X chromosome with initial segregation to one of the
1062  daughter cells. Left panels: tomographic slice showing the centrosomes (colored purple, c), the
1063  autosomes (a), and the unpaired X chromosome (x) aligned along the spindle axis. Mitochondria
1064 (m) and fibrous body-membranous organelles (fb) are also indicated. Mid left panels:

1065  corresponding three-dimensional model illustrating the organization of the full spindle.
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1066  Autosomes are shown in different shades of either blue or cyan, the X chromosome in red,
1067  centriolar microtubules in purple, microtubules within 150 nm to the chromosome surfaces in
1068  yellow, and all other microtubules in gray. Mid right panels: interaction of microtubules with the
1069  kinetochores. Kinetochores are shown as semi-transparent regions around each chromosome.
1070 The part of each microtubule entering the kinetochore region around the holocentric
1071 chromosomes is shown in green. Right panels: visualization of end-on (white) versus lateral
1072 (orange) interactions of microtubules with chromosomes. Only the parts of microtubules inside of
1073  the kinetochore region are shown.

1074

1075 Figure 7. X chromosome-attached microtubules are continuous and lengthen during
1076  anaphase .

1077  (A) Length distribution of end-on X chromosome-attached microtubules at different stages of
1078 meiosis | (corresponding to data sets as shown in Fig. 6). Dots show the mean, error bars
1079 indicate the standard deviation. (B) Length distribution of laterally X chromosome-attached
1080  microtubules at different stages of meiosis I. (C) Schematic drawing illustrating X chromosome-
1081 attached kinetochore microtubules. Both end-on (yellow) and laterally attached microtubules
1082  (purple) are shown (left panels). Curvature of individual microtubules is measured as illustrated
1083  (right panel) using tortuosity, which is spline length (red dotted lines) divided by end-to-end
1084 length (black dotted lines). (D) Plot showing the tortuosity of end-on and laterally attached
1085  kinetochore microtubules. The meiotic stages correspond to the data sets as shown in Figure 6.
1086  The mean, standard deviation and individual measurements are given for each data set.

1087

1088  Figure 8. Resolution of the X chromosome to one side correlates with an asymmetry of
1089  microtubules.

1090 (A) Left: EM model of an anaphase | spindle and definition of two identical volumes at opposite

1091  positions to the X chromosome. Right: Extraction of microtubules and measurement of the total
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1092 polymer length within the selected volumes. The total length of microtubules was measured
1093  within volumes of 1um3. (B) Graph showing the ratio of both volumetric polymer length
1094 measurements plotted against the autosome-autosome distance for each individual data set
1095 corresponding to the stages shown in Fig. 6 and Fig. S5. A trend line was fitted to illustrate the
1096 increase in the asymmetry. (C) Deconstructed 3D model (anaphase 2 data set) illustrating the
1097 total number of microtubules attached on each side of the X chromosome (red), named pos. 1
1098  (microtubules shown in green) and pos. 2 (microtubules shown in blue). Centrioles are shown in
1099 purple, undefined microtubules in yellow. (D) Table showing the autosome 1-to-autosome 2
1100 distance (A1-A2), the total number of microtubules for both positions and the calculated ratio for
1101  each data set. (E) Upper panel: Maximum intensity projection images from live imaging show
1102  microtubules attachments to the segregating X chromosome. Microtubules are labeled with B-
1103  tubulin::GFP (white) and chromosomes with histone H2B::mCherry (red). Time is given relative
1104  to the onset of X chromosome segregation (t=0). Scale bar, 2 um. Lower panel: lllustration of the
1105  measurement of fluorescence intensity in two volumes (V1, V2) of 1 um?® each at opposite sides
1106  of the X chromosome (red), autosomes (blue), microtubules (green). (F) Ratio of fluorescence
1107 intensities (V1/V2) as illustrated in (A). Upper panel: the autosomes 1-to-autosomes 2 distance
1108 (A-A, red) and the autosomes 1-to-X chromosome distance (A-X, blue) over time. Solid lines
1109  show the mean, shaded areas indicate the standard deviation. Time zero (t=0) corresponds to
1110 the onset of X chromosome movement. Lower panel: the ratio of fluorescence intensities is
1111  given for corresponding time points (black, time is relative to the onset of segregation of the X
1112 chromosome, t=0; n=5).

1113

1114  Figure 9. Autosome-attached kinetochore microtubules do not shorten during anaphase.
1115  (A) Length distribution of end-on autosome-attached microtubules at different stages of meiosis |

1116  (corresponding to data sets as shown in Fig. 6). Dots show the mean, error bars indicate the
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1117 standard deviation. (B) Length distribution of laterally autosome-attached microtubules at
1118  different stages of meiosis I.

1119

1120 Figure 10. Changes in the geometry of spindles account for anaphase A pole-
1121  chromosome shortening.

1122  (A) Analysis of autosome stretch. Schematic representations of anaphase | showing the
1123  determination of stretch along the pole-to-pole spindle axis for an individual autosome (left
1124  panels). Stretch is indicated by the full width half maximum (FWHM), which was quantified as
1125  shown in the right panels. (B) Plot showing the FWHM of chromosome stretch for each meiotic
1126  stage analyzed. The mean, standard deviation and single measurements (n = 10) for each
1127  meiotic stage (corresponding to the ones as shown in Fig. 6) are given. One-way analysis of
1128  variance (ANOVA) of the metaphase dataset against anaphase datasets no. 3 and 4 are shown.
1129 Level of significance: ** represents p <= 0.01. (C) Analysis of the distance of individual
1130  kinetochore microtubule plus ends to the closest centriole (left panels: schematic drawings). For
1131  each kinetochore microtubule (green line), the direct distance (yellow line) from the putative plus
1132 end to the respective centriole was measured (right panels; plus ends of kinetochore
1133  microtubules are circles). (D) Plot showing the distance of kinetochore microtubule plus-ends to
1134  centrioles at different meiotic stages as described in (B). The mean, standard deviation and
1135 single measurements for each meiotic stage are given. One-way ANOVA of the metaphase
1136  dataset against anaphase datasets no. 3 and 4 are shown. Levels of significance: * is p <= 0.05;
1137  and *** is p <= 0.001. Additional ANOVA results are in Fig. S8H. (E) Analysis of the attachment
1138 angle of kinetochore microtubules associated end-on to autosomes. The schematic illustrates
1139 the defined main axis for the measurements (left panel: dashed line from the center of each
1140 autosome to the center of the centrosome,). Right panel: the angle (00) between each line
1141  connecting the kinetochore microtubule plus-end and the autosome center (green lines) and the

1142  main axis (dashed line) was measured for each kinetochore microtubule. (F) Plot showing the
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1143  angle measurements from (E). The mean, standard deviation and single measurements for each
1144  meiotic stage are given. One-way ANOVA of the metaphase dataset against anaphase datasets
1145 no. 3 and 4 are shown. Levels of significance: *** is p <= 0.001. Additional ANOVA results are in
1146  Fig. S8l.

1147

1148  Figure 11. Proposed models of chromosome movements in meiosis I.

1149  (A) Model illustrating the anaphase movement of autosomes in sperm meiosis in the absence of
1150 kinetochore microtubule shortening. Left upper panel is metaphase; right upper panel is
1151  anaphase; lower panel shows combining anaphase A and B. Chromosomes are shown in blue,
1152  centrosomes in green, centrioles in black. Laterally associated microtubules are illustrated in
1153  orange. The end-on attached kinetochore microtubules (magenta in metaphase and green in
1154 anaphase) have the same length at both stages. The lower panel is an overlay of metaphase
1155 (magenta) with anaphase A (green, anaphase B movement was not considered) to show the
1156  relative movement of the autosomes with respect to the centrosomes. A rounding of the
1157  autosomes, a shrinking of the volume of the centrosomes and a change in the attachment angle
1158  of the microtubules is illustrated. (B) Tug-of-war model for the initiation of X chromosome
1159  segregation in anaphase I. The X chromosome (red), the holocentric kinetochore (gray), X
1160 chromosome-attached kinetochore microtubules (green). Left panel: At metaphase, pulling
1161  forces at the X chromosome are in balance. Right panel: segregation of the X chromosome is
1162 initiated by an imbalance of forces, obvious by an unequal number of kinetochore microtubules
1163  attached to the opposite sides of the X chromosome. X will move to the side with more attached
1164  kinetochore microtubules.

1165

1166
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1167 Supplementary Figures

1168  Figure S1. Analysis of centrosomal volumes in meiosis | and Il.

1169  (A) Plot showing centrosome volume in meiosis | over time. The 3D volume was measured in
1170  worms expressing y-tubulin::GFP and histone H2B::mCherry. For each dataset a fixed threshold
1171  was defined to segment the outer border of the centrosome. The mean volume is plotted as a
1172 green line for unsplitted centrosomes and shown as an orange to red line for splitted
1173  centrosomes. The percentage of splitted centrosomes is indicated by this color change. For
1174  splitted centrosomes, the sum of both separated centrosomes was determined (n=44). The
1175 standard deviation is depicted as a shaded area. (B) Centrosome volume over time (purple line)
1176  in meiosis Il (n=64).

1177

1178  Figure S2. Spindle organization in early embryos and oocytes of C. elegans.

1179  (A) First mitosis in the early embryo. Microtubules (B-tubulin::GFP, green) and chromosomes
1180 (histone H2B::mCherry, red) are visualized in time series of confocal image projections (left
1181 panel). Anaphase onset is time point zero (t=0). The anterior and the posterior centrosome is
1182  indicated). The progression of chromosome segregation is shown in a kymograph (right panel).
1183  Anaphase onset is indicated by a dashed line (orange). The histone H2B::mCherry signal in the
1184  kymograph is shown in gray. Scale bar (white), 2 um; time bar (blue), 2 min. (B) Female meiosis
1185 in hermaphrodites. The two consecutive meiotic divisions show acentrosomal spindles (left
1186  panels; upper row, meiosis I; lower row, meiosis Il). Chromosomes are extruded by two polar
1187 bodies (PB | and IlI). Kymographs (right panels) illustrate the reorganization of the microtubules
1188  (left panels). Scale bar (white), 2 pm; time bar (blue), 2 min.

1189

1190 Figure S3. Spindle organization in meiosis | in wild-type and tra-2 mutants.

1191  Time series of confocal image projections of meiosis | spindles in (A) wild-type and in (B) three

1192  examples of tra-2(e1094) mutant males. Microtubules (B-tubulin::GFP) and chromosomes
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1193  (histone H2B::mCherry) are visualized in green and red, respectively. Anaphase onset is time
1194  point zero (t=0). Chromosome segregation is also visualized in kymographs (right panel; the
1195  start of the separation of the autosomes is indicated by an orange line). Scale bars (white), 2
1196  pm; time bar (blue), 2 min.

1197

1198 Figure S4. The outer kinetochore protein NDC80 localizes between chromosomes and
1199 microtubules at spermatocyte metaphase and anaphase I.

1200 (A) Super-resolution fluorescence microscopy of metaphase | in fixed him-8 X0 males stained
1201  with antibodies against a-tubulin (red) and NCD-80 (green). DAPI stained DNA is in blue. Scale
1202  bar, 2 um. (B-C) Enlargement of boxed regions as shown in (A) highlighting microtubule and
1203  NDC-80 localization relative to metaphase chromosomes. Normalized intensity values along the
1204  arrows for each staining pattern are plotted in the histograms (right panels). Scale bars, 0.5 pm.
1205 (D) Super-resolution fluorescence microscopy of anaphase | in him-8 X0 males. Imaging
1206  conditions were as given in (A). Scale bar, 2 um. (E-G) Enlargement of boxed regions as shown
1207 in (A) highlighting microtubule and NDC-80 localization relative to separating chromosomes.
1208  Scale bar, 0.5 pm.

1209

1210  Figure S5. Visualization of partially reconstructed spindles in mid/late anaphase I.

1211 (A) Tomographic reconstruction of an anaphase | spindle. Left panel: tomographic slice showing
1212 the autosomes (a), and the univalent X chromosome (x) aligned along the spindle axis.
1213  Mitochondria (m) and fibrous body-membranous organelles (fb) are also indicated. Mid left
1214  panel: corresponding three-dimensional model illustrating the organization of the full spindle.
1215 Autosomes are in blue, the X chromosome in red, microtubules within a distance of 150 nm or
1216  closer to the chromosome surfaces in yellow and all other microtubules in gray. Mid right panel:
1217  association of microtubules with the kinetochores. Kinetochores are shown as semi-transparent

1218  regions around each chromosome. The part of each microtubule entering the kinetochore region
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1219  around the holocentric chromosomes is in green. Right panel: visualization of end-on (white)
1220  versus lateral (orange) association of microtubules with chromosomes. Only the part inside of
1221  the kinetochore is shown. (B) Second example of spindle organization at mid anaphase I. (C)
1222  Example of spindle organization at late anaphase I. Scale bars, 500 nm.

1223

1224  Figure S6. Length distribution of microtubules at different stages of meiosis |.

1225  (A) Analysis of microtubule length in metaphase (corresponding to data sets as shown in Fig. 6).
1226  Measurements for: end-on X chromosome-attached microtubules (yellow), lateral X
1227  chromosome-attached microtubules (violet), end-on autosome-attached microtubules (green),
1228 and lateral autosome-attached microtubules (light blue). The mean and standard deviation are
1229  shown as white lines in the violin plots. Distributions were compared using a one-way ANOVA
1230  with three levels of significance: * is p <= 0.05; ** is p <= 0.01; and *** is p <= 0.001. (B)
1231  Microtubule length at anaphase onset. (C) Microtubule length at mid anaphase (dataset
1232  anaphase 1 of Fig. 6). (D) Microtubule length at mid anaphase (dataset anaphase 2 of Fig. 6).
1233  (E) Microtubule length at mid anaphase (dataset anaphase 3 of Fig. 6). (F) Microtubule length at
1234 late anaphase (dataset anaphase 4 of Fig. 6).

1235

1236  Figure S7. Comparison of the EM data sets with the dynamic light microscopic data.

1237  (A) The pole-to-pole distance plotted against the autosome-to-autosome distance for each data
1238  set (stages and color coding as presented in Fig. 8B). The colored bold “x” symbols illustrate
1239  where the EM-data sets are positioned with respect to the averaged light microscopy data as
1240 shown in Fig. 3E (black “x” symbols with fitted black dashed line). (B) The pole-to-autosome
1241  distance plotted against the autosome-to-autosome distance in meiosis | (bold-colored “+”
1242  symbols show the EM data, black symbols and dashed line illustrate the light microscopic data
1243 with linear fit).

1244
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1245  Figure S8. Comparison of distributions within EM data measurements.

1246 (A) The length of end-on kinetochore microtubules associated with the X chromosome for each
1247  meiotic stage corresponding to Fig. 7A. The mean, standard deviation and single measurements
1248  for each meiotic stage (according to the ones as shown in Figure 6) are given. Results of a one-
1249 way analysis of variance (ANOVA) of all data sets against each other are shown. Level of
1250  significance: * is p <= 0.05; ** is p <= 0.01; and *** is p <= 0.001. (B) Plot showing the length of
1251  lateral kinetochore microtubules associated with the X chromosome for each meiotic stage
1252  corresponding to Fig. 7B. (C) The length of end-on kinetochore microtubules associated with the
1253 autosomes for each meiotic stage corresponding to Fig. 9A. (D) The length of lateral s
1254  associated with the autosomes for each meiotic stage corresponding to Fig. 9B. (E) The
1255  tortuosity of end-on kinetochore microtubules associated with the X chromosome for each
1256  meiotic stage corresponding to Fig. 7D. (F) The tortuosity of lateral kinetochore microtubules
1257  associated with the X chromosome for each meiotic stage corresponding to Fig. 7D. (G) The
1258 FWHM of the chromosome stretch for each meiotic stage corresponding to Fig. 10B. (H) The
1259  distance of kinetochore microtubule plus-ends at the autosomes to centrioles for each meiotic
1260 stage corresponding to Fig. 10D. (I) The angle measurements as given in Fig. 10E for each
1261  meiotic stage corresponding to Fig. 10F.

1262
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1263  Supplementary Movies

1264  Movie S1. Live-cell imaging of the first and second meiotic division in wild-type males.
1265  The strain was labeled with B-tubulin::GFP (green) and histone H2B::mCherry (red) to visualize
1266  microtubules and chromosomes, respectively. Time is given relative to anaphase onset of
1267  meiosis |. Scale bar, 2 um. This supplementary movie corresponds to Fig. 1A and B.

1268

1269  Movie S2. Live-cell imaging of the first meiotic division in wild-type males.

1270  The strain was labeled with y-tubulin::GFP (green) and histone H2B::mCherry (red) to visualize
1271  centrosomes and chromosomes, respectively. The image data was resampled to correct for the
1272 movements of the male worm. Time is given relative to anaphase onset. Scale bar, 2 um. This
1273  supplementary movie corresponds to Fig. 3B and Fig. S1A.

1274

1275  Movie S3. Live-cell imaging of the second meiotic division in wild-type males.

1276  The strain was labeled with y-tubulin::GFP (green) and histone H2B::mCherry (red) to visualize
1277  centrosomes and chromosomes, respectively. The image data was resampled to correct for the
1278 movements of the male worm. Time is given relative to anaphase onset. Scale bar, 2 um. This
1279  supplementary movie corresponds to Fig. 3D and Fig. S1B.

1280

1281  Movie S4. Laser ablation of the microtubule bridge in a meiotic spermatocyte spindle
1282  undergoing the first division.

1283  Spindle within an immobilized wild-type male worm labeled with B-tubulin::GFP (green) and
1284  histone H2B::mCherry (red) to visualize microtubules and chromosomes, respectively. The
1285  applied single laser cut is indicated by a circle. Time is given relative to the laser cut. Scale bar,
1286 2 um. This supplementary movie corresponds to Fig. 5C (experiment no. 1).

1287
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1288  Movie S5. Double-cut laser ablation of the microtubule bridge in a meiotic spermatocyte
1289  spindle undergoing first meiotic division.

1290 Spindle within an immobilized wild-type male worm labeled with B-tubulin::GFP (green) and
1291  histone H2B::mCherry (red) to visualize microtubules and chromosomes, respectively. The laser
1292  cuts are indicated by circles. Time is given relative to the first laser cut. Scale bar, 2 um. This
1293  supplementary movie corresponds to Fig. 5D.

1294

1295 Movie S6. Full tomographic reconstruction of the metaphase | spindle in a wild-type male
1296  spermatocyte.

1297  Tomographic slices through the entire 3D volume and corresponding three-dimensional model
1298 illustrating the organization of the full spindle. Autosomes are shown in different grades of either
1299  blue or cyan, the X chromosome in red, centriolar microtubules in purple, microtubules within a
1300 distance of 150 nm or closer to the chromosome surfaces in yellow and all other microtubules in
1301  gray. This supplementary movie corresponds to Fig. 6A.

1302

1303  Movie S7. Full tomographic reconstruction of the spindle at the onset of anaphase | in a
1304  wild-type male spermatocyte.

1305  Three-dimensional model illustrating the organization of the full spindle. Autosomes are shown in
1306  different grades of either blue or cyan, the X chromosome in red, centriolar microtubules in
1307  purple, microtubules within a distance of 150 nm or closer to the chromosome surfaces in yellow
1308  and all other microtubules in gray. This supplementary movie corresponds to Fig. 6B.

1309

1310 Movie S8. Full tomographic reconstruction of the anaphase | spindle (anaphase no. 1) in a
1311  wild-type male spermatocyte.

1312  Three-dimensional model illustrating the organization of the full spindle. Autosomes are shown in

1313  different grades of either blue or cyan, the X chromosome in red, centriolar microtubules in
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1314  purple, microtubules within a distance of 150 nm or closer to the chromosome surfaces in yellow
1315  and all other microtubules in gray. This supplementary movie corresponds to Fig. 6C.

1316

1317  Movie S9. Full tomographic reconstruction of the anaphase | spindle (anaphase no. 2) in a
1318  wild-type male spermatocyte.

1319  Three-dimensional model illustrating the organization of the full spindle. Autosomes are shown in
1320 different grades of either blue or cyan, the X chromosome in red, centriolar microtubules in
1321  purple, microtubules within a distance of 150 nm or closer to the chromosome surfaces in yellow
1322  and all other microtubules in gray. This supplementary movie corresponds to Fig. 6D.

1323

1324  Movie S10. Full tomographic reconstruction of the anaphase | spindle (anaphase no. 3) in
1325 awild-type male spermatocyte.

1326  Tomographic slices through the entire 3D volume and corresponding three-dimensional model
1327  illustrating the organization of the full spindle. Autosomes are shown in different grades of either
1328  blue or cyan, the X chromosome in red, centriolar microtubules in purple, microtubules within a
1329  distance of 150 nm or closer to the chromosome surfaces in yellow and all other microtubules in
1330 gray. This supplementary movie corresponds to Fig. 6E.

1331

1332  Movie S11. Full tomographic reconstruction of the anaphase | spindle (anaphase no. 4) in
1333  awild-type male spermatocyte.

1334  Three-dimensional model illustrating the organization of the full spindle. Autosomes are shown in
1335  different grades of either blue or cyan, the X chromosome in red, centriolar microtubules in
1336  purple, microtubules within a distance of 150 nm or closer to the chromosome surfaces in yellow
1337  and all other microtubules in gray. This supplementary movie corresponds to Fig. 6F.

1338
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Figure 1. Spindle and X chromosome dynamics during meiotic divisions in males.
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Figure 2. Unpaired chromosomes lag in male spermatocyte meiosis I.
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Figure 3. Spermatocyte meiotic spindles display both anaphase A and B movement.
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Figure 4. Kinetochores do not disassemble between spermatocyte meiotic divisions.
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Figure 5. Microtubules attached to the X chromosome exert a pulling force.
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Figure 6. Three-dimensional ultrastructure of spindles in spermatocyte meiosis I.
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Figure 7. X chromosome-attached microtubules are continuous and lengthen during anaphase I.
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Figure 8. Resolution of the X chromosome to one side correlates with an asymmetry of microtubules.
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Figure 9. Autosome-attached kinetochore microtubules do not shorten during anaphase.
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Figure 10. Changes in the geometry of spindles account for anaphase A pole-chromosome shortening.
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Figure 11. Proposed models of chromosome movements in meiosis I.
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Figure S1. Analysis of centrosomal volumes in meiosis | and Il.
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Figure S2. Spindle organization in early embryos and oocytes of C. elegans.
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Figure S3. Spindle organization in meiosis | in wild-type and tra-2 mutants.
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Figure S4. The outer kinetochore protein NDC80 localizes between chromosomes and microtubules at
spermatocyte metaphase and anaphase I.

NDC-80/tubulin/DNA tubulin/DNA merged histogram

02 03 04 05 06
Position

e
o
o

Relative intensity
© © o o o ¢
o N S o ©

Relative intensity
o o o
e g2 8

o

o
w

0.4
Position

0.0
0.0 0.1 02 0.3 04 05 0.6 0.7 0.8
Position

Relative il

0.0
00 0.1 02 03 04 05 06
Position

0.0
0.0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9
Position



https://doi.org/10.1101/737494
http://creativecommons.org/licenses/by/4.0/

Figure S5. Visualization of partially reconstructed spindles in mid/late anaphase I.
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Figure S6. Length distribution of microtubules at different stages of meiosis I.
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Figure S7. Comparison of the EM data sets with the dynamic light microscopic data.
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Figure S8. Comparison of distributions within EM data measurements.
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