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148 crossing scc3-1"" (male) and scc3-2* (female). Of the 78 F; plants, 18 were scc3-1*,
149 26 were scc3-2"", 34 were wild-type for both loci. Thus, these two mutants are allelic
150 and the heterozygous scc3-1/scc3-2 is lethal. We were unable to isolate homozygous
151 mutants in these two allelic progenies (n=128, 87 plants were scc3-1"" and 41 were
152 wild-type; n=116, 80 plants were scc3-2" and 36 were wild-type). These results

153 suggest that scc3-1 and scc3-2 mutants are both embryo-lethal.

154 In addition, we obtained a weak transgenic line (scc3) containing a frameshift “T”
155 insertion in exon 19 leading to premature termination of translation (Figure S4). We
156  found the scc3 weak mutant exhibits abnormal vegetative growth (Figures 1A and 1B),
157  and proceeded with further investigation of its other phenotypic effects. This revealed
158  that scc3 decreases plant height, tiller number and panicle length (Figures 1C and
159  S5B-S5D). To investigate the patterns of SCC3 expression, we employed RT-PCR in
160  various tissues and found the gene is ubiquitously expressed, particularly in roots,
161  leaves and panicles (Figure S5A). Accordingly, the weak mutant of SCC3 causes

162  severe vegetative growth defects in rice plants.

163 To elucidate whether gametogenesis is normal in scc3, we performed cytological
164  observation of anthers stained with 1% I,-KIl, and found almost all pollen grains were
165  shrunken and inviable (Figures 1D and S5E). Our results also showed scc3 flowers
166  did not set seeds when pollinated with wild-type pollen, suggesting the mutant was
167  both male and female sterile. We further observed heterozygous scc3 plants produced
168  progenies with a segregation ratio of 3:1 (normal: dwarf and sterile), indicating the
169  scc3 mutation is recessive and monogenic. These data suggest that the scc3 weak

170  mutation dramatically interferes with both plant vegetative and reproductive growth.
171  SCC3isrequired for sister chromatid cohesion during mitosis

172 To determine whether SCC3 is involved in sister chromatid cohesion during
173 mitosis, we observed chromosome behavior in root tip cells of scc3 and wild-type

174  plants. In wild-type plants, DNA replicates and folds into an ordered structure during
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175 interphase (Figure 1E). Subsequently, chromatin condense to form rod-like
176 ~ chromosomes during prophase, further align at the equatorial plate during metaphase

177  before segregating to distinct poles of the cell.

178 In contrast, scc3 exhibited “X”-shaped chromosomes with distant arms and
179  telomeres at prometaphase (Figures 1E and 1G), indicating compromised cohesion
180  between sister chromatids. Notably, approximately 70.6% of scc3 root tip cells (n=88)
181  exhibited partially or completely separated sister chromatids (Figure 1H). During the
182  transition from prometaphase to metaphase, all sister chromatids prematurely
183  separated and failed to align properly at the equatorial plate. From anaphase to
184  telophase, sister chromatids were loosely pulled towards the spindle poles (Figure 1E).
185  However, aneuploidy was not observed after anaphase, as mitotic tubulin remained
186  attached to the centromeres of sister chromatids at metaphase, ensuring their equal

187  segregation.

188 Additionally, we monitored the distance between centromeres using FISH probes
189  with the centromere-specific tandem repetitive sequence CentO in both wild type and
190  scc3 somatic cells during prometaphase. We observed a substantial increase in the
191  distance between sister centromeres in scc3 (Figure 1F, n=25). However, despite the
192  distance between sister chromatids increased in scc3, sisters were still observed side-
193  by-side during prometaphase, suggesting the presence of other cohesion proteins
194  maintaining sister chromatid association. Our results demonstrated SCC3 is required

195  for cohesion between sister arms and centromeres during mitosis.

196 To elucidate the underlying cause of the increased distance between sister
197  chromatids, we performed full-length FISH assays to monitor the dynamic phenotype
198  of chromosome 12 during interphase. In the wild type, replicating sister chromatids
199  were observable during interphase (Figure 2A). Subsequently, two chromosome
200 clumps formed during prophase and developed into high-order linear chromosomes
201  during prometaphase. During this period, the two sister chromatids overlapped and

202  condensed into a short stick. However, in scc3, no chromosome clumps were detected
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203  during interphase, and an evident uncondensed chromosome structure was observed,
204  suggesting a role for SCC3 in organizing genome topology and chromatin association
205 dynamics. During prophase, chromosome 12 remained in a loose lump and was
206 unable to condense into a stick-like structure. At prometaphase, the abnormal
207  chromatin finally formed loosely-connected sister chromatids (Figure 2A). These
208  observations implicate SCC3 involving in the dynamic structural change of chromatin
209 during interphase, influencing the ability of cohesin to bind sister chromatids,

210  potentially regulating chromatin composition and genome dynamics.

211 To investigate the localization of SCC3 during mitosis, we generated a mouse
212 polyclonal antibody against the C-terminal of SCC3 and performed immunostaining
213 in wild-type root tip cells (Figure 2B). No SCC3 signal was detected in scc3 root tip
214 cells, confirming the specificity of the SCC3 antibody utilized in mitosis (Figure S6A).
215 In most instances, SCC3 was uniformly distributed within the nuclear during
216  interphase. As cell division started, SCC3 immunosignals around centromeric regions
217  intensified at prophase. SCC3 eventually coalesced into intact chromosomes at
218  prometaphase. From metaphase to telophase, SCC3 signals completely disappeared
219  (Figure 2B). These observations suggest that SCC3 may enhance the cohesin-DNA
220 interaction during the transition from interphase to prophase and gradually dissociates

221 from chromosomes after prometaphase.

222 SCC3actsasan axial element during meiosis

223 To evaluate SCC3 localization during meiosis, we performed dual-
224 immunolocalization between SCC3 and RECS8 in wild-type meiocytes. RECS8 is a
225  specific axial protein specific to meiosis (Shao et al., 2011). RECS8 signals were
226  initially detected as foci in the nucleus at leptotene, during which SCC3 was
227  simultaneously detectable at the same time (Figure 3A). From leptotene to zygotene,
228 SCC3 signals were detected as similar elongated foci that formed filamentous
229  structures on the chromosomes. During pachytene and diplotene, constant SCC3

230  signals were distributed along the chromosome axes (Figure 3A). At diakinesis, axial
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231 SCC3 signals became diffuse and centromeric signals gradually became clear. At
232 metaphase |, only centromeric SCC3 signals remained (Figure 3B). However, REC8
233 signals were difficult to be detected after diakinesis (Figure S7). In order to further
234  clarify the localization pattern between SCC3 and RECS8, we performed super-
235  resolution imaging on wild-type meiocytes. We found REC8 and SCC3 signals were
236  parallel and colocalized forming the parallel axis along chromosome length (Figure
237 3C). In addition, the central element ZEP1 formed two parallel lines surrounded by
238  SCC3 signals (Figure 3D). No SCC3 signal was present in scc3 meiocytes,
239 confirming the specificity of the SCC3 antibody utilized in immunodetection (Figure

240  S6B).

241  SCC3isrequired for sister chromatids cohesion in early meiosis

242 The premeiotic interphase bears the resemblance to mitosis, wherein sister
243 chromatids undergo replication and are tethered together by cohesins. To determine
244  whether SCC3 is involved in sister chromatid cohesion during meiosis, we scrutinized
245  the chromosome dynamics of meiocytes in both scc3 and wild type before leptotene.
246 Detailed cytological phenotypes of meiotic initiation in rice have been previously
247  elucidated (Zhao et al., 2018). In the wild type, the initial discernible stage of meiosis
248 is preleptotene, during which sister chromatids have completed their replication. At
249  this stage, each chromosome exhibited a condensed configuration, similar to the
250  mitotic prophase chromosome (Figure 4A). Subsequently, they turned into fine
251  threads at leptotene. However, in scc3, chromosomes showed defused morphology
252 without clear outlines at preleptotene. These observations suggest that SCC3 affects

253 the morphological construction of early meiotic chromosomes.

254 We also scrutinized the chromosome behavior in both the rec8 single mutant and
255  the scc3 rec8 double mutant at preleptotene (Figure 4A). Surprisingly, rec8 exhibited
256  elongated chromosomes similar to the wild type, whereas scc3 rec8 displayed
257  diffused chromosomes same as scc3. These results suggest that REC8 does not

258 impede the early replication process of sister chromatids, and the chromosomal
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259  abnormalities observed in the scc3 rec8 double mutant would be attributed to the
260 SCC3 mutation. We further performed full-length FISH assays to monitor
261 chromosome 12 at preleptotene (Figure 4B). The labeled chromosome 12 formed
262 short rod-shaped threads in both wild type and rec8, whereas it appeared diffuse
263  structure in both scc3 and scc3 rec8. These data together with those from DAPI
264  staining, further prove that SCC3 has an important function on chromosome structure

265  during early meiosis, which is independent of REC8.

266  Homologous chromosome pairing and synapsis are disturbed in scc3

267 To elucidate the causes of sterility in scc3, we investigated the male meiotic
268  chromosome behavior of wild-type and scc3 meiocytes. In wild-type meiocytes,
269  homologous chromosomes initiated pairing during the early zygotene stage and
270  completed synapsis at pachytene. Additionally, at metaphase 1, 12 bivalents were
271 methodically arranged on the equatorial plate, facilitating the segregation of
272 homologous chromosomes during anaphase | (Figure 5A). The chromosomal
273 dynamics in scc3 did not deviate from the wild type during zygotene. However, the
274  onset of meiotic anomalies became evident at pachytene, characterized by the
275  dispersion of most chromosomes as solitary filaments due to inadequate homologous
276  pairing (Figure 5A). Twenty-four univalents were observed from diakinesis to
277  metaphase | (n=161, 150 meiocytes had 24 univalents, while 11 meiocytes had 1-2
278  bivalents). Two sister chromatids of each univalent were always pulled to opposite
279  poles leading to 48 sister chromatids being observed at anaphase I. Notably, in spo11-
280 1 mutants implicated in the disruption of meiotic DSB formation and similarly
281  exhibiting 24 univalents as observed in scc3, the separation of sister chromatids
282 occurred either haphazardly or not at all (Figure S8A). These findings indicate that the

283  mutation of SCC3 will lead to premature separation of sister chromatids at anaphase 1.

284 The formation of the telomere bouquet constitutes an essential precondition for
285  homologous chromosome pairing during early zygotene (Zhang et al., 2020). To

286  ascertain the occurrence of bouquet formation, we employed fluorescence in situ
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287  hybridization (FISH) assays targeting telomeres with a specific probe (pAtT4) in both
288 wild type and scc3. In the wild type, telomeres congregated to a specified region,
289  culminating in the formation of a quintessential bouquet at the nuclear envelope
290  during zygotene. Notably, scc3 mutants also demonstrated typical telomere bouquet
291 formation (Figure S8B). Subsequently, we utilized 5S ribosomal DNA (5S rDNA) as a
292 marker to evaluate homologous pairing. One overlapping 5S rDNA focus was
293  observed in wild-type pachytene, but two separate foci were observed in scc3,
294  indicative of unpaired homologous chromosomes (n=52; Figure S8C). This
295  observation corroborates the function of SCC3 in facilitating homologous

296  chromosome pairing.

297 Homologous chromosomes align and subsequently juxtaposed via a
298  proteinaceous structure known as the synaptonemal complex (SC), which comprises
299  two parallel arrays of axial elements (AE), termed lateral elements (LE) prior to
300 synapsis. These elements lay the groundwork for SC assembly (Ren et al., 2021).
301  Given SCC3’s identification as a component of the AE, we examined the SC assembly
302 process by immunostaining with an antibody against ZEP1 in both scc3 and wild-type
303  meiocytes. In the wild type, ZEP1 progressively elongated, forming brief linear
304 signals during zygotene that fully extended along the paired homologous
305 chromosomes by pachytene (Figure 5B). Conversely, scc3 mutants exhibited ZEP1 as
306 isolated punctate foci at early zygotene, a pattern that persisted into pachytene (Figure
307 5B), underscoring the critical role of SCC3 in SC assembly. Furthermore, the
308 localization of other AE components (PAIR2 and PAIR3) was also investigated, and

309 these proteins displayed normal behavior in scc3 (Figure S9).

310 SCC3isessential for recombination progressand CO formation

311 Since homologous pairing was impaired in scc3 meiocytes, we wondered
312 whether recombination was normal in scc3. YH2AX is a marker that is used as a proxy
313  to assess DSB formation. Immunostaining results revealed no significant difference in

314  the quantity of yH2AX foci between the wild type and scc3 (265.4 + 8.6, n=31 for
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315  scc3 meiocytes; 262.2 £ 7.2, n=20 for wild-type meiocytes) (Figure 6A). Furthermore,
316 we examined the DSB resection factor (COM1), meiotic strand-invasion and
317 exchange factors (RAD51, DMCL1) and the interference-sensitive crossover (CO)
318 marker (ZIP4) in both wild type and scc3. Immunostaining results revealed that the
319  number of COML1 foci (290.3 + 8.8, n=26 for scc3 meiocytes; 293.8 + 9.4, n=23 for
320  wild-type meiocytes) showed no significant difference between the wild type and scc3
321  (Figures 6A and 6B). However, a significant reduction in the foci of DMC1 (65.4 +
322 17.1, n=25 for scc3 meiocytes; 281.2 + 8.3, n=20 for wild-type meiocytes), RAD51
323 (55 £ 21.7, n=26 for scc3 meiocytes; 306 *+ 11.9; n=24 for wild-type meiocytes) and
324  ZIP4 (58 +17.9, n=23 for scc3 meiocytes; 316.6 £ 11.1, n=21 for wild-type meiocytes)
325  was observed in scc3, suggesting a disruption in recombination progression and CO
326  formation. Previous studies have identified HEI10 as a marker of Class | COs. In the
327  wild type, prominent HEI10 foci were observed (24.2 £ 3.8, n=25) at late pachytene
328  (Figures 6A and 6B). Conversely, scc3 predominantly exhibited sparse HEI10 foci,
329 lacking in prominent, bright signals. Collectively, these results suggest that CO
330  maturation was disturbed in scc3. Although a minor portion of recombinant proteins

331 could be localized, the homologous recombination process was still greatly restricted.

332 MeioticDSBsarerepaired using sister chromatidsin scc3

333 It is noteworthy that the formation of DSBs appears normal in scc3 (Figure 6A).
334  However, the destabilization of homologous pairing and synapsis in scc3 leads to
335  aberrations in homologous recombination. Despite the absence of the homologous
336 recombination process, 24 univalents were observed from diakinesis to metaphase 1.
337  This was coupled with the complete separation of sister chromatids during anaphase |
338 without chromosome fragmentation, suggesting proficient repair of these meiotic
339  DSBs in scc3. These observations indicate that the meiotic DSBs in scc3 most likely
340 utilize sister chromatid as repair templates. Additionally, we examined the
341 chromosome behavior of both rec8 and rec8 scc3 from diakinesis to anaphase |

342 (Figure 6C). They all exhibited abnormal chromosome morphology, manifesting a
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343 highly adhesive phenotype from diakinesis to metaphase I. Furthermore, chromosome
344  fragmentation was observed in anaphase I, indicating inadequate repair of meiotic
345 DSBs in both rec8 and rec8 scc3. Moreover, DMCL1 has been implicated in inter-
346 sister exchange during meiosis in both Arabidopsis and rice (Kurzbauer et al., 2012,
347 Wang et al., 2016). To gain a deeper understanding of the relationship between
348 DMC1 and SCC3 in rice, we generated the dmcl scc3 double mutant and monitored
349  the meiosis process from diakinesis to anaphase I. The meiotic defects of dmcl and
350 dmcl scc3 were similar from diakinesis to metaphase 1, resulting in 24 univalents
351  (Figure 6C). However, the sister chromatids of dmcl scc3 were completely separated
352 in anaphase I, which was consistent with the phenotype of scc3. This suggests that the

353 two genes might function independently in sister-chromatids repair during meiosis.

354  Theloading of SCC3 onto meiotic chromosomes depends on REC8

355 After establishing SCC3’s role as an axial element in meiosis, an assessment was
356  conducted to ascertain whether its localization was influenced by other meiotic AEs.
357 RECS, PAIR2 and PAIR3 are known to localize on chromosome axes in rice, playing
358  pivotal roles in facilitating SC assembly. The distribution of SCC3 signals remained
359  unaffected in pair2 and pair3 mutants during meiosis (Figure 7B). Moreover, the
360  distribution of SCC3 was normal in other mutants that affect meiotic DSB formation
361  (spoll-1), strand invasion and homology searching (coml and dmcl), and
362  synaptonemal complex formation (zepl) (Figure 7B). This indicates that SCC3
363  localization is independent of the recombination process. However, a notable absence
364 of SCC3 signal distribution was observed in rec8, indicating that REC8 plays a
365 crucial role in the normal loading progression of SCC3 (n=36). Immunostaining of
366 YH2AX confirmed normal DSB formation in rec8 (Figure 7A). In addition, the
367 localization of the DSB end resection factor COM1 (n=25) and the inter-homologous
368  strand-invasion factor RAD51 (n=26) was impaired in rec8 (Figure 7A). Furthermore,
369 PAIR2 (n=28) only form short, interrupted stretches, and few detectable PAIR3

370  signals were observed (n=32). These findings indicate that meiotic DSB formation
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371 remains unaffected in rec8, while the processes of DSB end resection and

372 homologous recombination are significantly compromised.

373 SCC3interactswith SCC1

374 The cohesin complex is a ring-shaped protein complex where subunits interact
375  with each other (Li et al., 2018a; Murayama and Uhlmann, 2015; Roig et al., 2014).
376  To clarify the relationship between different subunits in rice, we performed Y2H
377  assays between core cohesin proteins. Surprisingly, we found SCC3 only interacts
378  with SCC1 (Figure 7C), which was further confirmed by BiFC assays (Figure 7D).
379  However, it is worth noting that SCC3 could not interact with other cohesin proteins,
380 including REC8, SMC1 and SMC3 (Figure 7C and Figure S10), indicating that SCC3

381  could function directly in combination with SCC1 in the cohesin complex.

382 Previous studies have shown that cohesins regulate gene expression (Cuadrado et
383 al., 2015; Gligoris and Lowe, 2016; Remeseiro et al., 2012). Therefore, we
384  investigated the expression levels of cohesin-related genes in wild-type and scc3
385  spikelets using RT-gPCR. Interestingly, we found that the cohesin subunits SCC1 and
386 RECS8, as well as the centromeric cohesion protector SGO1 were significantly
387 downregulated in scc3 (Figure S11A). In contrast, the cohesin subunits SMC1 and
388  SMCS3, as well as the lateral/central elements PAIR3 and ZEP1, showed no differences

389 in gene expression. The only upregulated axial element in scc3 spikelets was PAIR2.

390 We then investigated the expression levels of cohesin genes in axial/lateral
391  element mutants (pair2 and pair3) (Figure S11B), and found that SMIC3, SCC3 and
392 SCC1 were significantly downregulated compared to the wild type. These findings
393 suggest that SCC3 may thus be involved in the transcriptional regulation of meiosis
394  genes, while axial elements affect cohesin proteins by regulating the expression levels

395  of associated genes.

396 Discussion
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397 Chromosome segregation during mitosis and meiosis encompasses a series of
398  meticulously orchestrated events, including the formation of the cohesin complex,
399  which serves diverse functions throughout the cell cycle (Moronta-Gines et al., 2019;
400  Nasmyth and Haering, 2009). Here, we show SCC3 is a conserved cohesin subunit
401  affecting sister chromatid assembly in both mitosis and meiosis. Crucially, our results
402  also indicate SCC3 is a component of LE/AE that is required for homologous pairing
403  and synapsis during meiosis, which is essential for the recombination process and CO

404  formation.

405 Most research on the cohesin complex predominantly emphasizes its role during
406 mitosis, attributed to the challenges associated with observing the morphology of
407 sister chromatids throughout meiosis. In human cells, the separation of sister
408 chromatids during mitosis occurs in the absence of the SCC3 homologs, SAl and
409 SA2. SAL is indispensable for the cohesion of telomeres and chromosomal arms,
410 while SA2 is crucial for centromeric cohesion (Canudas and Smith, 2009). In rice,
411 SCC3 has only a single copy, therefore we observed all kinds of multifaceted defects
412 in scc3. SCC3 is paramount not only for the stability of sister chromatid’s structure
413 but also for facilitating the loading of cohesin. In yeast, the cohesin complex
414 comprising SCC1, SMC1 and SMC3 remains intact in scc3. However, its
415 chromosomal localization is impeded, most likely due to SCC3’s role in maintaining
416 the stability of cohesion (Orgil et al., 2015; Pathania et al., 2021). Furthermore,
417 SCC3 harbors a conserved DNA binding domain in the SCC3-SCC1 subcomplex,
418 essential for the chromatin association of cohesins (Higashi et al., 2020). In yeast,
419 the DNA-binding domain of the SCC3-SCC1 facilitates the recruitment of cohesin
420 complexes to chromosomes, thus enhancing cohesin’s functionality during mitotic
421 cell division (Kulemzina et al., 2012; Li et al., 2018a). These findings suggest that
422 the interaction between SCC3 and SCC1 is vital for the stability of the cohesin ring
423 and its continued association with DNA. In Arabidopsis, SCC3 is also involved in
424 vegetative growth of plants, but its role in mitosis remains unclear (Chelysheva et al.,

425 2005). Leveraging these antecedent insights, our investigation corroborates that
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426 SCC3 is integral to the initial formation of cohesion during mitosis. In the rice scc3
427 mutant, vegetative growth was severely inhibited. Our analyses indicate an
428 aberration in the chromosomal structure during interphase in scc3 mutants, possibly
429 due to SCC3’s necessity for stable chromosomal cohesin binding. Although an
430 augmentation in the distance between sister chromatids was observed during
431 prometaphase, the sister chromatids remained partially dissociated, suggesting the
432 residual functionality of other cohesin subunits. Collectively, our findings underscore

433 SCC3 as a conserved and pivotal cohesin protein within the mitotic process.

434 SCC3 not only functions in mitosis but also affects meiotic chromosome
435  structure and function. In vertebrates, SCC3 is encoded by two paralogous genes,
436 including the meiosis-specific subunit STAG3. Investigations utilizing SIM analysis
437  on human stag3 have elucidated that chromosomal axes are regionally dissociated,
438  and there is a substantial reduction in the synaptonemal complex (Biswas et al., 2016;
439 Fukuda et al., 2014; Hopkins et al., 2014; Llano et al., 2012). These observations
440 suggest STAG3 is required for synapsis between homologous chromosomes. In
441  comparison, the morphological characteristics of meiocytes during meiosis are more
442  discernible in plant cells. Specifically, in Arabidopsis scc3, a complete absence of
443  fertility has been observed, underscoring the pivotal role of SCC3 in meiotic process,
444  including unstable homologous pairing at the pachytene (Chelysheva et al., 2005). In
445  analogous studies with other cohesin mutants, Atscc2 has been identified as essential
446  for the recruitment of the meiosis-specific cohesin subunit REC8 (Wang et al., 2020).
447  This suggests that mutations in cohesin-associated genes could potentially
448  compromise the cohesin complex’s chromosome-binding capacity. Accordingly, in
449  our investigation on meiosis, it has been determined that rice SCC3 facilitates the
450  maintenance of the structure of sister chromatids during the preleptotene. More
451  importantly, SCC3 is localized between homologous chromosomes as a critical AE,
452  ensuring accurate homologous pairing and synapsis. SCC3’s presence is crucial for
453 the normal localization of DMC1, RAD51, ZIP4 and HEI10, elements vital for

454  progression of recombination and the formation of CO. Our proposed model suggests
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455  that SCC3 is a part of the cohesin ring, and functions in specific association with
456  SCC1 (Figure S12A). Given SCC3’s multifaceted roles in cohesion dynamics and
457  meiotic processes, we hypothesize that SCC3 may function as an axial element to
458  stabilize loop boundaries in meiosis, thereby promoting the homologous pairing and
459  synapsis (Figure S12B). Notably, it has been proposed that the facilitation of meiotic
460 inter-homolog recombination is attributed to an inhibition of inter-sister-chromatid
461  recombination, which is enforced by meiosis-specific constituents of the chromosome
462  axis (Goldfarb and Lichten, 2010). In scc3 mutants, meiotic DSBs seemed to utilize
463  sister chromatids as repair templates exclusively. Although essential meiotic proteins
464  such as COM1, DMC1 and RAD51 were decreased in scc3, these proteins may still
465  function in facilitating the inter-sister chromatid repair pathway, as DMC1 and
466 RADS1 also involved in the repair process of inter-sister chromatids. We postulate
467  that the presence of cohesin predisposes meiotic recombination towards an inter-
468  homolog bias for repair. Conversely, in the absence of cohesin and when homologous

469  recombination is compromised, recombination is biased towards inter-sister repair.

470 Cohesin is a multi-protein complex that plays an indispensable role in
471 establishing sister chromatid cohesion and the high-order chromosome architecture in
472 both somatic and germ cells. Distinct meiosis-specific subunits likely execute
473  divergent functions (Cuadrado et al., 2015; Ishiguro, 2019; Schvarzstein et al., 2010).
474  Our findings suggest that SCC3 and REC8 assume differential roles during mitosis
475 and meiosis, respectively. REC8 was identified as a meiosis-specific protein,
476  assuming the role of SCC1 in meiosis to constitute the cohesin complex. Our
477  investigation reveals that although REC8 and SCC3 exhibit similar localization
478  patterns, but they show many differences. Significantly, REC8 is completely absent in
479  mitotic cells. Conversely, our data indicate that SCC3 is operative in both mitosis and
480 meiosis, potentially playing a role in the loading of cohesins onto sister chromatids
481 during interphase. It is noteworthy that the cohesin loading mechanism onto
482  chromosomes during mitosis and meiosis remains consistent. Meiotic cohesin is

483  loaded onto chromosomes during interphase, likely coinciding with the replication
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484  and meiotic fate acquisition of sporogenous cells. This indicates that REC8 does not
485  participate in cohesion establishment at this juncture. Furthermore, we observed
486  SCC3 signals at centromeres from diakinesis to metaphase |, whereas REC8 was
487  undetectable at metaphase I. These distinct localization patterns further imply they
488  may have divergent functional roles in meiosis. Previous research on Arabidopsis rec8
489  mutants highlighted chromosomes exhibiting a sticky phenotype that remained
490 challenging to elucidate (Cai et al., 2003; Lambing et al., 2020). Similarly, rice rec8
491  meiocytes exhibited defective chromosomes with a pronounced sticky phenotype
492  from diakinesis to metaphase | (Shao et al., 2011). In our study, chromosomes in scc3
493  did not display the stickiness observed in rec8 (Figure 6C). Moreover, the majority of
494  meiotic proteins (including SCC3) failed to localize in rec8. This indicates the normal
495  localization of SCC3 and other meiotic proteins depends on RECS, highlighting
496  RECS as a pivotal meiotic protein essential for the loading of other meiotic proteins.
497  Additionally, we observed that the end processing of DSBs and the inter-
498  sister/homolog strand invasion processes were profoundly impaired in rec8, leading
499  us to speculate that the sticky chromosome phenotype in rec8 could be attributed to an
500 unknown repair pathway. Our results underscore that SCC3 serves as a cohesin
501  component and plays a significant role in cohesion establishment during both mitosis
502 and meiosis. In contrast, the function of REC8 is only restricted to meiosis. While
503  both proteins operate independently in mitosis, they are interrelated in meiosis, with

504 REC8 emerging as a more critical factor in the meiotic process.

sos Material and methods

506 Meiotic chromosome preparation

507  Young rice panicles were fixed in Carnoy’s solution (ethanol: acetic acid, 3: 1, v/v).
508  Microsporocytes at different meiotic stages were squashed in an acetocarmine
509  solution on glass slides. Moreover, the slides were covered with a coverslip and

510  washed with 45% acetic acid from each side. Subsequently, the slides were frozen in
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511 liquid nitrogen for 10 seconds, and then the coverslip was removed as soon as
512  possible ensuring sufficient cells were fixed on the slide. After ethanol gradient
513  dehydration (70%, 90% and 100%), the slides with chromosome spreads were
514  counterstained with 4',6-diamidino-2-phenylindole (DAPI, Vector Laboratories,
515  Burlingame, CA, USA) solution. Chromosome behaviors were observed and captured
516 using a ZEISS A2 microscope imaging system with a micro-charge-coupled (micro

517  CCD) device camera.

518  Antibody production

519  To generate the antibody against SCC3, a 648 bp C-terminal fragment of SCC3
520 complementary DNA (amino acids 910-1116) was amplified using primers SCC3-Ab-
521 F and SCC3-Ab-R (Table S1). The PCR product was cloned into the expression
522 vector pET-30a (Novagen, Madison, WI, USA). The fusion peptide expression and
523  purification were carried out as described previously (Miao et al., 2021). The
524  polyclonal antibody was raised from mouse and rabbit. Other antibodies were

525  generated in our laboratory previously.

526  Immunofluorescence assay

527  Fresh young panicles were fixed in 4% (w/v) paraformaldehyde for 30 min at room
528 temperature. Different meiotic stages of anthers were squashed in a drop of 1xPBS
529  solution on glass slides. After freezing in liquid nitrogen and ethanol dehydration,
530 slides were incubated with different combinations of diluted antibodies (1:100) in a
531  humid chamber at 37 °C for 2 h. Thereafter, the slides were washed with 1xPBS
532  solution three times and were further incubated for 1 h with the appropriate
533  fluorochrome-coupled secondary antibody, including fluorescein-isothiocyanate-
534 conjugated goat anti-mouse antibody (Southern Biotech, Birmingham, AL, USA),
535  rhodamine-conjugated goat anti-rabbit antibody (Southern Biotech), and AMCA-
536  conjugated goat anti-guinea pig antibody (Jackson ImmunoResearch, West Grove, PA,

537  USA). Slides were washed with 1xPBS solution three times and eventually stained
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538  with DAPI. The immunofluorescence signals were analyzed and captured using a

539  ZEISS A2 microscope imaging system.

540 Fluorescencein situ hybridization

541  Young panicles of both wild-type and mutants were fixated in Carnoy’s solution
542  (ethanol: acetic acid, 3: 1, v/v). The fluorescence in situ hybridization (FISH) analysis
543  was performed as a detailed protocol previously (Cheng, 2013). The pAtT4 clone
544  containing telomere repeats, the pTa794 clone containing 5S ribosomal RNA genes,
545  and the bulked oligonucleotide probes specific to chromosome 12 were used as probes
546 in FISH analysis. Rhodamine anti-digoxigenin was used for digoxigenin-labeled
547  probes. Chromosome images were captured using an Olympus (Shinjuku-ku, Tokyo,
548  Japan) BX51 fluorescence microscope with a micro CCD camera using software

549  IPLABA4.0 (BD Biosciences, San Jose, CA, USA).

550  Yeast two-hybrid assay

551  The yeast two-hybrid (Y2H) assays were conducted by the full-length CDSs of
552 RAD21.1, SCC3, REC8, SMC1 and SMC3 independently cloned into the pGBKT7 or
553  pGADT?7 vector. Co-transformants were selected on SD/DDO (SD-Leu-Trp) medium
554 at 30 °C for 3-4 days. Positive interactions of transformants were selected on
555 SD/QDO (SD-Leu-Trp-His-Ade) medium containing aureobasidin A. All primers
556  used to construct plasmids are listed in Table S1. The detailed protocol was described

557  in the manufacturer’s handbook (Yeast protocols handbook; PT3024-1; Clontech).

558 BIFC assay

559 To conduct BIiFC assays, SCC3 and RAD21.1 were amplified by KOD-plus
560 polymerase and ligated into BiFC vectors, including pSCYNE (SCN) and pSCYCE
561  (SCC). The constructed plasmids were transformed into protoplasts extracted from the
562  young stem of rice etiolated seedlings. After incubation in the dark for 18 h at 28°C,

563 the CFP signals were captured under a confocal laser scanning microscope at an
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564  excitation wavelength 405 nm (Leica TCS SP5, Wetzlar, Germany).
565  Super-resolution structured illumination microscopy and image analysis

566  Immunofluorescence assays were conducted by the procedures described above.
567 Meiotic cells were scanned under the DeltaVision microscope (OMX™ Va4:
568  GEhealthcare, Chicago, IL, USA) and the super-resolution images were processed

569  with SoftWoRx (Applied Precision, Issaquah, WA, USA).
570 RNA extraction and real-time PCR

571  Real-time PCR assays were used to detect the expression patterns of SCC3. Total
572 RNA was extracted from different tissues in wild-type including root, stem, leaf,
573  sheath, spikelet, 2 cm long panicle, 2-3 cm long panicle, 3-5 cm long panicle, 5-7 cm
574  long panicle and 7 cm long panicle using TRIzol reagent. After digestion with RNase-
575 free DNasel to remove genomic DNA, reverse transcription PCR was performed to
576  synthesize cDNA using SuperScript™ 11l Reverse Transcriptase by manufacturer’s
577  protocol (Invitrogen). Quantitative real-time PCR assays were performed on the Bio-
578 Rad CFX96 instrument using Evagreen (Biotium, Freemont, CA, USA) with a
579  procedure of 98 °C 3min, 40 cycles of 98 °C 15s and 60 °C 20s. The UBIQUITIN
580 gene was used as an internal reference. Three biological repeats were performed for

581  each sample. Primers used for real-time PCR assays were listed in Table S1.
582  Phylogenetic analysis

583  The full-length amino acid sequence of SCC3 was selected as a template and searched
584 by the NCBI blastp tool to identify similar proteins among species. A detailed
585  protocol for further analysis has been reported previously (Li et al., 2018b; Ren et al.,
586 2018; Ren et al., 2020). Filtered sequences were downloaded and used for
587  constructing neighbor-joining trees by Mggab software and processed with EvolvieW

588  (https://evolgenius.info/evolview/).
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589  Multiple sequence alignments

590  Multiple alignments were performed using the online toolkit Mager

591  (https://toolkit.tuebingen.mpg.de/mafft) and processed with ESPripT3

592  (http://espript.ibcp.fr/ESPript/ESPript/) by previously detailed reported (Zhao et al.,

593  2021).
594  Experimental model and subject details

595  The rice scc3 mutant was produced by CRISPR-Cas9 toolkit in japonica rice variety
596  Yandao 8. Primers used for CRISPR-Cas9 are listed in Table S1. Other meiosis
597  mutants pair3 (Wuxiangjing 9), pair2 (Nipponbare), zepl (Nipponbare), rec8 (Yandao
598  8), sgol (Yandao 8), spoll-1 (Guangluai 4), dmcl (Nipponbare) have been previously
599  described (Wang et al., 2016). Yandao 8 was used as the wild-type. All the rice plants

600  were grown in a paddy field under natural rice-growing conditions.

601  Quantification and statistical analysis

602 At least three independent biological repeats were performed for each experiment.
603  Values in Figures are means + SD. The significant difference between the wild type
604  and corresponding mutants was evaluated by two-tailed Student’s t-test and p < 0.05
605 was considered as a criterion for judging statistically significant difference. The
606  significance labeled in the Figures represents the following meanings: *, p < 0.05; **,

607  p <0.01; *** p <0.001; ****, p < 0.0001.
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Figure 1. SCC3isrequired for sister chromatid cohesion during mitosis

(A) Morphology of seedlings and root tipsin wild type and scc3.

(B) Morphology of plantsin wild type and scc3.

(C) Morphology of paniclesin wild type and scc3.

(D) Pollen grains stained in 1% I»-K1 solution in wild type and scc3. Bars, 50 um.

(E) The chromosome behaviors of root tip cells in wild type and scc3, stained with

DAPI. Individual chromosomes are marked by red boxes. The distance between the
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sister chromatids increased significantly at prometaphase, and the sister chromatids
separated in advance at metaphase in scc3. Bars, 5 um.

(F) FISH analysis of mitotic cells with centromere-specific probes in the wild type
and scc3. The distance between centromeres increased significantly in scc3. CentO
(red) signals indicate centromeres. Chromosomes were stained with DAPI (blue).
Bars, 5um.

(G) The distance between sister chromatids in different mitotic chromosomes. In
normal condition, two sister chromatids form tight stick. In scc3, the distance between
chromosome arms and telomeres were increased significantly. Curve diagrams show
the distance between the arms and the telomeres, respectively, as measured by Iyaced.
Bars, 1 um.

(H) Graphical representation of the frequency of each type of chromosome
morphology. The classification was assigned when >50% chromosomes in a spread

showing the indicated morphology.
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Figure 2. SCC3 altersthe structure of sister chromatids during mitosis

(A) The dynamic process of chromosome structure in early mitosis as revealed by
pooled oligos specific to chromosome 12 (red). In the wild type, S1 and S2 indicate
the replicated sister chromatids. However, in scc3 sister chromatids exhibited the
variation of structure from interphase to prophase. Mitotic chromosomes in wild type
and scc3 were stained with DAPI (blue). Bars, 5 um.

(B) The loading pattern of SCC3 (green, from mouse) and CENH3 (red, from rabbit)
in wild-type root tip cells. Chromosomes were stained with DAPI (blue). Bars, 5 um.
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Figure 3. SCC3isan axial eement during meiosis

(A) In meiosis, SCC3 (green, from mouse) colocalizes with REC8 (red, from rabbit)
from the leptotene to diplotene. Bars, 5 um.

(B) During diakinesis and metaphase |, SCC3 (green, from mouse) gradually
dispersed and finally retained in the centromeres indicated by CENH3 (red, from
rabbit). Chromosomes were stained with DAPI (blue). Bars, 5 um.

(C) Immunostaining of SCC3 (cyan, from mouse) and REC8 (red, from rabbit) in
wild-type meiocytes at pachytene. Two parallel linear SCC3 signals colocalize with
the RECS8 linear signals, indicating chromosomal axial elements. Magnified images of
the blocked regions are shown on theright. Bars, 5 um.

(D) Immunostaining of SCC3 (cyan, from mouse) and ZEP1 (red, from rabbit) in
wild-type meiocytes at pachytene. Two linear SCC3 signals wrap the ZEP1 signals,
indicating central elements of SC are wrapped by axia elements. Magnified images of

the blocked regions are shown on theright. Bars, 5 um.
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Figure4. SCC3isrequired for sister chromatid cohesion in early meiosis

Preleptotene

(A) Meiocyte chromosome morphology at the preleptotene and |leptotene in wild type,
sce3, rec8 and rec8 scc3. Chromosomes at preleptotene exhibited a hairy rodlike
appearance and formed thin threads at leptotene in wild type. However, chromosomes
in scc3 were dispersed with blurred outlines and failed to from thin threads at
leptotene. Bars, 5 um.

(B) The dynamic process of chromosome structure in preleptotene was revealed by
pooled oligos specific to chromosome 12 (red). Preleptotene chromosomes in wild
type, scc3, rec8 and rec8 scc3. Chromosomes were stained with DAPI (blue). Bars, 5

um.
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Figure 5. Homologous pairing and synapsis are distur bed in scc3
(A) Meiotic chromosome behavior in wild type and scc3. Bars, 5 um.
(B) Immunolocalization of ZEP1 (green, from mouse) and REC8 (red, from rabbit) in
wild type and scc3 meiocytes. ZEP1 was severely suppressed from early zygotene to

pachytenein scc3. Bars, 5 um.
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Figure 6. SCC3 affects recombination progress and CO formation

(A) Immunolocalization of histone yH2AX (red), COM1 (green, from mouse), DMC1
(green, from mouse), RAD51 (green, from rabbit), ZIP4 (green, from mouse) and
HEI10 (green, from mouse) in wild type and scc3. REC8 (red, from mouse and rabbit)
signals were used to visualize chromosome axes. Bars, 5 um.

(B) Box scatter plot of histone yH2AX phosphorylation, COM1, DMC1, RAD51 and
ZIP4 in wild type and scc3. No difference of histone yYH2AX and COM1 were shown
between the wild type and scc3. DMC1, RAD5S1 and ZIP4 foci were significantly
decreased in scc3 compared with wild type. Values are means = SD. *** represents P
< 0.001, two-tailed Student’s t-tests was performed.

(C) Chromosome behaviors in scc3, rec8, rec8 scc3, dmcl and dmcl scc3 from

diakinesisto anaphase I. Bars, 5 um.
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Figure 7. SCC3 loading onto meiotic chromosomes depends on REC8

(A) Immunolocalization of yYH2AX (red, from rabbit), COM1 (green, from mouse),
RADS51 (green, from rabbit), SCC3 (green, from mouse), PAIR2 (green, from rabbit)
and PAIR3 (green, from rabbit) in rec8 meiocytes at zygotene. CENH3 (red and green,
from rabbit and mouse) was used to indicate the centromeres. Bars, 5 um.

(B) Immunolocalization of REC8 (red, from rabbit) and SCC3 (green, from mouse) in
spoll, coml, dmcl, zepl, pair2 and pair3 meiocytes at zygotene. Bars, 5 um.

(C) SCC3 interacts with RAD21.1 in yeast-two-hybrid assays. Interactions between
bait and prey were examined on SD/DDO (SD-Leu-Trp) control media and SD/QDO
(SD-Ade-His-Leu-Trp) selective media. AD, prey vector; BD, bait vector.

(D) Bimolecular fluorescence complementation assays show the interactions between

SCC3 and RAD21.1 inrice protoplasts. Bars, 5 um.
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