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Abstract

Microtubule-based spindle formation is essential to faithful chromosome segregation
during cell division. In many animal species, the oocyte meiotic spindle forms without
centrosomes (the major microtubule organizing centers), unlike most mitotic cells. Even
in mitotic cells, centrosomes are sometimes dispensable for bipolar spindle formation,
indicating a redundant pathway initiating spindle assembly. In this study, we examined
meiotic spindle assembly in C. elegans oocytes. We have demonstrated: First,
metaphase | spindle formation is Ran-GEF and Ran-GAP independent in meiotic
embryos. Second, free tubulin, also called soluble tubulin, concentrates in the nuclear
volume during Germinal Vesicle Breakdown (GVBD) as well as in the spindle region
during metaphase | and metaphase Il. We then showed that the concentration of free
tubulin at metaphase Il spindle region is enclosed by dense ER sheets which exclude
cytoplasmic organelles including mitochondria and yolk granules from the meiotic spindle.
Similar observations are also shown in early mitotic cells. Together, this suggests free
tubulin concentrating in the nuclear region might be a common mechanism promoting
spindle formation through volume exclusion in both meiotic and early mitotic embryos in
C. elegans. Moreover, the movement of molecules during GVBD depends on the size

and the charge of the molecules.
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Chapter 1

My research interests lie in the meiotic division in both males and females. My major
project is trying to understand the mechanism of acentrosomal spindle assembly in C.
elegans oocytes, which will be covered in Chapter 1. This is collaborative work with many
members in McNally lab: | performed most of the experiments. Dr. Francis McNally
conceived this project and helped with designing experiments. Siri Konanoor helped a lot
with generating worm strains, worm crosses, live imaging data acquisition and data
analysis. Cynthia Bailey, Alma Peraza, Elizabeth Beath and Shuyan Qiu kindly shared
their live-imaging data of VIT-2, ER, COX-4, and PLIN-1 (Figure 5). Stefanie Redemann
from the University of Virginia provided original electron tomograph data of meiotic
spindles. And Karen McNally generously contributed her time to this project during her
retirement. She reconstituted these meiotic spindles, performed quantification and figure

making (Fig 6).

My research project for my qualifying exam, which is to understand the difference of
meiosis in oocytes and male spermatocytes in response to crossover failure, is covered

in Chapter 2.

| have also worked with other members in the lab and participated in their research
projects, the findings of which are demonstrated as separate chapters (Chapter 3, 4 and

5).



Introduction

Errors in chromosome segregation result in chromosome aneuploidy, a leading
cause of pregnancy loss, embryonic lethality, and congenital defects if they occur during
meiosis and cancer if they occur during mitosis (Nasmyth, 2002). Faithfull chromosome
segregation in most eukaryotes relies on the bipolar spindle segregating chromosomes
into daughter cells. The bipolar spindle is a highly elaborate structure composed of
thousands of microtubules, whose organization and stability are dynamically regulated to
ensure proper chromosome attachment, alignment and segregation (Bennabi et al., 2016;

Kline-Smith and Walczak, 2004; Mullen et al., 2019).

In most mitotic cells, centrosomes at the two spindle poles act as major
microtubule organization centers (MTOCS), in which spindle assembly factors (SAFs) are
recruited to nucleate spindle microtubules (Petry, 2016; Prosser and Pelletier, 2017).
Each centrosome contains a pair of centrioles and surrounding pericentriolar material
(PCM) proteins (Bornens, 2012; Hinchcliffe, 2014; Kellogg et al., 2003; Sanchez and
Feldman, 2017; Wang et al.,, 2014). However, mitotic cells lacking centrosomes can
sometimes still assemble bipolar spindles, indicating the existence of additional pathways
in spindle formation (Conduit et al., 2015; Khodjakov et al., 2000; Prosser and Pelletier,
2017). Moreover, centrosomes gradually degenerate during oogenesis, and female
meiotic spindles in many animal species form without centrosomes (Dumont and Desali,
2012; Gruss, 2018; Heald et al., 1997; Mikeladze-Dvali et al., 2012; Schuh and Ellenberg,
2007). It is well-known that human oocytes, especially from individuals with advanced

maternal ages or in vitro fertilizations (IVF) are highly prone to meiotic spindle formation



errors, resulting in pregnancy loss and aneuploid embryos (Angell, 1991; Fair and

Lonergan, 2023; Thomas et al., 2021).

Many redundant pathways have been proposed to replace centrosomes and
nucleate microtubules for spindle formation in different organisms (Li et al., 2006; Schuh
and Ellenberg, 2007; Wu et al., 2022). In mouse oocytes, multiple de novo MTOCs
originate from cytoplasmic microtubules prior to GVBD, which later increase largely in
number and cluster into multipolar spindle. These MTOCs are enriched in PCM proteins,
referred as non-centrosomal MTOCs (ncMTOCSs) (Schuh and Ellenberg, 2007). Recently,
MTOC-like structures have been shown in human oocytes, driven by microtubule
associated protein TACC3 (Wu et al.,, 2022). No ncMTOCs have been reported in

Drosophila oocytes and C. elegans oocytes.

Studies using Xenopus egg extracts suggest that spindle bipolarity is an intrinsic
nature of the chromosomes and the cytoplasm where microtubules are self-assembled
into a bipolar spindle in centrosome-independent manner, driven by microtubule sorting
proteins (Heald et al., 1996). However, the mechanism of spindle microtubule nucleation

without centrosomes is not fully understood.

Three molecular mechanisms have been proposed for microtubules nucleation
around chromosomes in spindle regions lacking centrosomes: Ran-GTP pathway,
Chromosome Passenger Complex (CPC) pathway and Augmin pathway. These

mechanisms have been nicely summarized in (Bennabi et al., 2016).

The small GTPase Ran has been demonstrated to play a critical role in spindle formation

in addition to its role in nuclear transport (Carazo-Salas et al., 1999; Drutovic et al., 2020;



Hetzer et al., 2002; Kalab et al., 1999). Ran exists in its inactive GDP bound form (Ran-
GDP) and active GTP bound form (Ran-GTP). Ran in its active GTP-bound form can
release inactive SAFs from binding with Importins, thereby turning them (e.g., TPX2) into
an active state and nucleating microtubules for spindle formation. Addition of
constitutively active Ran-GTP in Xenopus egg extracts induces spindle formation in the
absence of Ran. However, manipulating levels of Ran-GTP in mouse or X. laevis oocytes
did not inhibit assembly of functional meiosis | spindles, indicating a centriole and Ran-
GTP independent spindle assembly pathway in vertebrate oocytes (Dumont et al., 2007).
The Ran-GTP and Ran-GDP cycle is regulated by the Ran Guanine Exchange Factor
(Ran-GEF) RCC1, the Ran GTPase-Activating Protein (Ran-GAP) and Ran Binding
Protein (Ran-BP). The Ran GEF, RCC1, which creates Ran-GTP by promoting exchange
of GTP for GDP, is localized in interphase nuclei and on condensed chromatin from
prometaphase through anaphase during mitosis in cultured human cells (Moore et al.,
2002; Ohtsubo et al., 1989), cultured rodent cells (Li et al., 2003), and Xenopus sperm
chromatin incubated in M-phase Xenopus egg extract (Bilbao-Cortés et al., 2002; Li et
al., 2003). The amount of RCC1 associated with mitotic chromatin peaks at the
metaphase-anaphase transition in cycling Xenopus egg extracts (Arnaoutov and Dasso,
2003), indicating RCC1 might play a role primarily in anaphase. In cultured human cells,
metaphase phosphorylation of RCC1 causes it to turnover on chromatin more rapidly than
when dephosphorylated during anaphase (Hutchins et al., 2004), suggesting that the
activity of RCC1 can be tuned through its phosphorylation. Chromatin-bound RCC1 forms
a transient complex with Ran during mitosis (Bilbao-Cortés et al., 2002; Li et al., 2003).

RCC1 may bind chromatin through direct binding to histones (Nemergut et al., 2001),



however, it is distributed throughout mitotic cytoplasm in Drosophila embryos (Frasch,

1991).

RCC1 linked to beads is sufficient to drive bipolar spindle assembly in Xenopus
egg extracts (Halpin et al., 2011). Depletion of Ran-GTP in Drosophila and C. elegans
delays but do not abolish meiotic spindle formation (Cesario and McKim, 2011; Chuang

et al., 2020).

The CPC is composed of Aurora B/C kinase, the inner centromeric protein
(INCENP), Survivin, and Borealin, which target it to chromatin. The chromosome-
associated CPC is required for bipolar spindle assembly during C. elegans oocyte meiosis
(Divekar et al., 2021) although a cloud of disorganized microtubules is still nucleated near
chromosomes. The Augmin complex recruits y-tubulin and nucleates new microtubules
on the sides of preexisting microtubules (Colombié et al., 2013; Goshima et al., 2008;
Lawo et al., 2009; Petry et al., 2011; Sanchez-Huertas and Liders, 2015; Uehara et al.,

2009).

A less-studied pathway that may promote spindle assembly in the vicinity of
chromosomes is the concentration of a/B-tubulin dimers in the nuclear volume at Nuclear
Envelope Breakdown (NEBD). Unpolymerized tubulin, monitored in cells treated with
microtubule-depolymerizing drugs, is excluded from nuclei during interphase. During
NEBD, rather than equilibrating to equal concentrations in the cytoplasm and nucleus,
tubulin dimers have been reported to concentrate in the nuclear volume in Drosophila
mitotic embryos (~ 1.6-fold, Yao et al.,, 2012), C. elegans mitotic embryos (~ 2-fold,
Hayashi et al., 2012), Drosophila S2 cells (~ 1.5-fold, Schweizer et al., 2015) and

Drosophila neuroblasts (Métivier et al.,, 2021). The concentration of tubulin dimer
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independently of microtubule polymerization has been proposed to be related to binding
to spindle matrix, the mechanisms of which remain controversial. Interestingly, non-
proteinaceous molecules like dextran (a polysaccharide) can also concentrate in the
nuclear region, raising the question whether binding to a spindle matrix is necessary or
not. Depletion of Ran by RNAI affects this concentration and causes spindle defects in C.
elegans mitotic embryos (Hayashi et al., 2012) and Drosophila neuroblasts (Métivier et
al., 2021). It is unclear whether the concentration of tubulin may be a component of the
Ran pathway, or the defects observed might be the indirect result of altering the kinetics

of nuclear import/export long before mitosis.

In the C. elegans female gonad, the microtubules in the -1 oocyte (most mature
oocyte) remain cytoplasmic prior to germinal vesicle breakdown (GVBD). As the -1
oocyte matures, its nucleus moves away from the center, approaching the future anterior
cortex. Upon fertilization at the future posterior end by the sperm, the -1 oocyte is ovulated
into the spermatheca. At the same time, the nuclear envelope of the -1 oocyte is
permeabilized (Germinal Vesicle breakdown; GVBD), and a dense microtubule cloud

forms around chromosomes as spindle assembly initiates (Kim et al., 2013).

C. elegans female meiosis is unique in a few different ways. First, no distinct
MTOCs or PCM protein enrichment have been observed in mature oocytes (unpublished
data in McNally Lab). Second, RNAI knockdown of C. elegans Ran RAN-1 decreases
spindle microtubule levels but does not block meiotic spindle formation (Chuang et al.,
2020). Third, depletion of C. elegans y-tubulin (seeds for templated microtubule
nucleation) TBG-1 by RNAI also leads to spindle microtubule loss but does not prevent

meiotic division. Although oocytes depleted of y-tubulin and katanin (microtubule severing
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protein) by RNAI failed to form any microtubule asters (McNally et al., 2006). Lastly, most
SAFs remain cytoplasmic prior to GVBD (McNally et al., 2022). This suggests there might
be a novel mechanism underlying the microtubule nucleation and spindle assembly
without centrosomes in C. elegans oocytes. The mechanisms observed in C. elegans
may indicate a universal pathway that exists as a redundant pathway in other systems,
as we have mentioned earlier. Understanding this mechanism has significant implications
for fertility and the development of healthy embryos, as it reveals factors that can induce
spindle assembly errors. These factors can be potential therapeutic targets to improve

the efficacy of IVF.



Results

Ran-2 and Ran-3 are weakly associated with chromosomes during meiotic spindle

assembly in C. elegans oocytes.

A previous study depleting Ran in C. elegans by ran-1 (C. elegans homolog of
human RCC1) RNAIi showed female meiotic spindles still formed although with a reduced
density of microtubules (Chuang et al., 2020). As RAN-1 may not have been fully depleted
by RNAI, we created conditional knockdown worm strains of Ran-GEF and Ran-GAP by
Auxin Induced Degradation (AID) system to further determine whether acentrosomal
spindle formation is Ran-dependent (Zhang et al., 2015). We added sequences of AID
and Halo tag to endogenous ran-2 (Ran-GAP in C. elegans) and ran-3 (Ran-GEF in C.
elegans). Worms were sterile after depleting RAN-2 or RNA-3 through AID, indicating
RAN-3 or RAN-2 depletion leads to germline defects (Fig 1B). Previous depletion of RNA-
3 or RNA-2 by RNAI caused >90% embryonic lethality but did not affect brood size
(Askjaer et al., 2002). This suggests that depletion of RAN-2 or RAN-3 through the AID

system might result in more complete depletion than RNA..

It has been proposed that chromosome associated RCC1(Ran-GEF) establishes
a Ran-GTP gradient in the vicinity and promotes spindle assembly by recruiting active
SAFs in the proximity of chromosomes in mitosis. The localization and function of Ran-
GEF or Ran-GAP in meiosis has not been determined in vivo. To establish a Ran-GTP
gradient, Ran-GAP remains mostly cytoplasmic while chromosome bound/associated
Ran-GEF releases inactive SAFs from binding with importins (Fig 1A). Consistent with
these ideas, we observed RAN-3::AID::HALO in the nucleoplasm and predominantly

associated with chromosomes before GVBD. After GVBD, Ran-3 diffused from the
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nucleus and only faintly associated with chromosomes at metaphase | and Il. In contrast,
RAN-3 strongly localized to chromosomes at anaphase | and anaphase Il (Fig 1C). RAN-
2::AID::HALO was strongly associated with the nuclear envelope before GVBD. Later,
Ran-2 faintly labeled metaphase | and metaphase Il spindles. At anaphase, Ran-2
localized to the spindle midzone, and its intensity increased as anaphase progressed,
and it strongly associated with inner side of separating chromosomes (Fig 1D). These

results suggest that Ran-3 and Ran-2 might function primarily at anaphase.

Ran-GEF and Ran-GAP are required for meiotic chromosome segregation but not

metaphase | spindle formation.

Previous studies suggest Ran regulators are also involved in nuclear transport,
defects in which usually leads to small and leaky nuclei. By treating the worms with auxin
for a brief period, we sought to only evaluate the function of RAN-3 and RAN-2 on meiotic

spindle formation without disrupting meiotic prophase and nuclear transport.

When treated with Auxin for 4hrs, expression of Halo-AID-RAN-3 in the
nucleoplasm and chromosomes in diakinesis oocytes was significantly reduced (Fig 2A-
B). At 6hr auxin treatment, the expression level was comparable to control oocytes with
no Halo expression. Moreover, -1 oocytes treated with auxin for 4hrs were slightly smaller,
and compartmentalization of nucleus is compromised: microtubules were less excluded
from the nucleus. Worms treated with auxin for extended periods (36hrs) have even
smaller nuclei and worse compartmentalization (Fig S1A-C), suggesting Ran-3 might be

required for nuclear transport in diakinesis oocytes.



Similarly, expression of Halo-AID-RAN-2 in the cytoplasm and nuclear envelope in
diakinesis oocytes was significantly reduced when treated with 4hr or 6hr auxin (Fig 2B).
At 6hr auxin treatment, the expression level was comparable to control oocytes with no
Halo expression. The sizes of oocytes treated with 4hr and 6hr auxin was normal, and
their nuclei were not leaky compared to controls (Fig S1B-C). RAN-2::AlD::HALO oocytes
treated with auxin for extended periods were not examined as nucleus in the oocytes are

severely disorganized.

Consistent with the localization of Ran-3 and Ran-2, loss of Ran-3 or Ran-2 when
treated with 4hrs or 6hrs auxin did not abolish bipolar spindle formation at metaphase |,
although significantly more oocytes were arrested at anaphase | than in control worms

without AID insertion or without auxin treatment (Fig 2E-F).

Attempt to make Ran-1(RAN in C. elegans) depletion strain was made but no

successful edit was obtained, possibly because modification of ran-1 leads to lethality.

Free tubulin is concentrated in the nuclear volume at GVBD.

At the onset of mitosis in C. elegans and Drosophila, soluble tubulin concentrates
in the nuclear/spindle volume relative to the surrounding cytoplasm (Hayashi et al., 2012;
Métivier et al., 2021; Schweizer et al., 2015; Yao et al., 2012). Since microtubule
polymerization is concentration dependent, this concentration might facilitate spindle
formation in the vicinity of chromosomes in meiotic oocytes. In DMSO-treated control -1
oocytes, NeonGreen::TBB-2 (B-tubulin) labelled microtubules in the cytoplasm and was
excluded from the nucleus (Fig 3A, 3B). Upon fenestration of the nuclear envelope

(GVBD: germinal vesical breakdown), indicated by leakage of non-chromosomal
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mCherry::histone out of the nucleus, NeonGreen::TBB-2 fluorescence increased within
the nuclear volume in 10/10 time-lapse sequences (Fig. 3B) as previously described
(McNally et al., 2006; Mullen and Wignall, 2017). Tubulin fluorescence then transformed
into a “microtubule cage” (Mullen and Wignall, 2017) and eventually a bipolar spindle in
10 out of 10 time-lapse sequences. Surprisingly, in oocytes treated with nocodazole to
depolymerize microtubules, tubulin was diffused in the cytoplasm prior to GVBD (Fig. 3C),
and still concentrated in the nuclear volume during and after GVBD (Fig 3C; Fig. 3D, 3E).
Simple diffusion from the cytoplasm into the nuclear volume should result in equal
fluorescence intensities of NeonGreen::tubulin in the nucleus and cytoplasm but
fluorescence instead increased in the nuclear volume to 1.2-fold greater than the
cytoplasm (Fig. 3E). After ovulation, chromosomes in nocodazole-treated zygotes were
dispersed and loosely wrapped by sparse short microtubules. No spindle formation or
chromosome separation was observed before pronucleus formation in 12 out of 12 time-

lapse sequences.

Similar results in previous studies of mitosis led to the interpretation that alpha/beta
tubulin dimers concentrate in the nuclear volume of unperturbed cells during spindle
assembly. However, it is possible that nocodazole does not completely block microtubule
polymerization and the fluorescence accumulating in the nuclear volume of nocodazole-
treated oocytes represents accumulation of short microtubules. It is also possible that

this phenomenon is induced by nocodazole and does not occur in unperturbed cells.

Accumulation of tetrameric GFP and un-polymerizable tubulin in the “nuclear

volume” at GVBD.
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Previous investigators suggested that tubulin dimers concentrate either by binding
to something in the nuclear volume (Hayashi et al., 2012; Métivier et al., 2021) or by being
excluded by cytoplasmic organelles that are kept out of the spindle volume by the ER
envelope that still envelopes the spindle after nuclear envelope breakdown (Schweizer et
al., 2015; Fig. 4A). We analyzed the behavior of two fluorescent probes designed to
address three major issues: 1. Incomplete depolymerization by nocodazole; 2.
Concentration of alpha/beta dimers in the absence of nocodazole; 3. Specific binding of
tubulin to a nuclear binding site vs volume exclusion by cytoplasmic organelles.
GFP::GCN4-pLl is a tetramerized GFP designed to have a native molecular weight similar
to an alpha/beta tubulin dimer, but which should not bind to any tubulin-specific binding
sites in the nuclear volume (Mittl et al., 2000; Fig. 4B). GFP::TBA-2(T349E) is an alpha
tubulin mutant that can dimerize with beta tubulin, cannot polymerize (Johnson et al.,
2011; Fig. 4C), and should bind any specific tubulin binding sites in the nuclear volume.
Both GFP::GCN4-pLi (Fig. 4B) and GFP::tba-2(T349E) (Fig. 4C) concentrated in the
nuclear volume at GVBD in the absence of nocodazole. These results 1. Suggested that
the concentration of GFP:tubulin in nocodazole was not due to incomplete
depolymerization; 2. That tubulin dimers concentrate in the nuclear volume during
unperturbed spindle assembly; and 3. That binding to a tubulin-specific binding site in the

nuclear volume is not required for concentration.

Because GFP::GCN4-pLI and GFP::tha-2(T349E) could be tracked in the absence
of nocodazole, we could examine their behavior during normal meiotic divisions.
Chromosome segregation was normal in GFP::tba-2(T349E) oocytes and GFP::GCN4-

pLioocytes (12/12 and 10/10 filmed respectively) suggesting that expression of GFP::tba-
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2(T349E) or GFP::GCN4-pLi did not severely disturb normal spindle function.
Interestingly, their concentration at GVBD lasted through Metaphase | but diffused to a
1:1 spindle: cytoplasm ratio at Anaphase I, followed by re-accumulation at metaphase |l
and dispersion at Anaphase Il (Fig 4B, 4C, 4D). This is very interesting as the nuclear
envelope does not re-form prior to Metaphase II, raising the question of what delimits the
concentration at Metaphase Il and how this happens. Our results suggest that alpha/beta
tubulin dimers are concentrated in the nuclear region to a critical concentration that allows

timely and proper meiotic spindle formation.

The ER instead of the nuclear envelope delimits the accumulation of free tubulin

during meiosis and early mitosis.

The fact that tubulin-sized molecules concentrate in the nuclear volume draws our
attention to the nucleo-cytoplasmic environment in the oocytes that might favor the
accumulation of the free tubulin during GVBD, metaphase | and metaphase Il. The
nuclear envelope, a double-membrane barrier, separates nucleoplasm from cytoplasm. It
allows small molecules to freely diffuse in and out through nuclear pores, while excluding
larger molecules unless through active nucleo-cytoplasmic transport. Although the
process of GVBD is diverse in different species, it usually starts with the disassembly of
nuclear pore complexes (NPCs) allowing for the influx of molecules up to 70 kDa, then
the fenestration of membrane allows for the influx of 500 kDa Dextran, followed by the
complete rupture of nucleus membrane leading to the mixing of nucleoplasm and
cytoplasm (Wesolowska et al., 2020). To understand where the free tubulin is
concentrated, we first tracked nuclear proteins and nuclear Lamin, which might persist or

re-organize in C. elegans meiotic embryos after GVBD (Fig 5A). GFP::NPP-6, a nuclear
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pore protein of the Y complex (Galy et al., 2003), disappeared from the nuclear envelope
after GVBD and did not re-locate to the nuclear membrane until the pronuclear formation
(Fig 5B). Although it persisted in the cytoplasm at pre-metaphase | and localized on
chromosomes through meiosis (Fig 5B), it differs from where free tubulin concentrated
(Fig 4C, 4E). Similarly, GFP::LMN-1, the C. elegans nuclear Lamin (Galy et al., 2003),
disappeared at GVBD, and only re-appeared after anaphase Il (Fig 5C). These suggest
that the nucleus dissembles before metaphase | and does not reform before Metaphase

On the other hand, ER is continuous with the outer nuclear membrane (Fig 5A),
and it has been shown to remain throughout meiosis although undergoing dramatic
morphological changes in C. elegans oocytes (Kimura et al., 2017). Indeed, ER forms a
ring around the nucleus in the -1 oocyte, then ruffles around spindle microtubules upon
GVBD (Fig 5D). After GVBD, ER wraps around meiotic spindles at metaphase | and
metaphase Il, with strong clustering at two spindle poles. Cytoplasmic ER at metaphase
stage demonstrated a typical sheet structure. At anaphase | and Il, ER dispersed to a
tubular structure (Fig 5D). Also, the dramatic morphological change of ER coincides with
the concentration and dispersion of GFP::GCN4-pLI during meiosis (Video 1, available

upon request).

It has been shown that free tubulin in spindle region during early mitosis is 2 times
as concentrated as in cytoplasm. We wondered if this also pairs with ER changes.
Similarly, dense ER sheets delimit the concentration of GFP::GCn4-pLI at Metaphase and
disperse when GFP::GCn4-pLI diffuse at Anaphase during the first and second mitosis

(Video 2, available upon request). This suggests the concentration of free tubulin
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enclosed by ER may be a prevalent mechanism to promote spindle formation in both

meiosis and mitosis.

ER sheets between the metaphase meiotic spindle and cytoplasm form a barrier to

vesicles and mitochondria, but not to ribosomes.

It is often stated that cytoplasm is like busy streets full of organelles, cytoskeleton,
and protein synthesis machinery, mainly ribosomes. This cytoplasmic environment
accelerates or slows down certain cellular processes by attuning molecular
concentrations or molecular movements. C. elegans ooplasm is filled with yolk granules,
lipid droplets, and mitochondria and others (Chen et al., 2020). GFP::VIT-2 encodes C.
elegans yolk proteins Vitellogenin YP170B (Depina et al., 2011). GFP::VIT-2 is highly
expressed in meiotic embryo but is excluded from the meiotic spindle by the ER. The
exclusion is slightly alleviated during anaphase | and Il when ER disperses (Fig 5D). The
exclusion of yolk proteins from the meiotic spindle is stereotypical in meiotic embryos
although the functional significance remains unclear. Similarly, GFP tagged mitochondrial
inner membrane protein COX-4 (GFP::COX-4) are also highly expressed and excluded
from the meiotic spindle (Fig 5E; Raiders et al., 2018). PLIN-1 labelled liquid droplets
tagged with GFP (GFP::PLIN-1) are also highly expressed in oocytes (Fig 5F; Na et al.,

2015).

In meiotic embryos reconstituted from electron tomographs, the sheet-like ER at
metaphase and tubular-like ER at anaphase are beautifully revealed (Fig 6A-D, Video 3,
4, available upon request). At metaphase I, vesicles and mitochondria are excluded from
the chromosomes by dense ER sheets (Fig 6A-B, Video 3). At anaphase I, vesicles and

mitochondria are no longer excluded by dispersed tubular-like ER, invading anaphase
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spindle region (Fig 6C-D, Video 4). Interestingly, ribosomes, also abundant in cytoplasm,
are roughly equally distributed in the spindle region and the cytoplasm at metaphase |
and metaphase I, suggesting ER sheets between metaphase spindle and the cytoplasm
only excludes vesicles and mitochondria but not ribosomes (Fig 6E). This is consistent
with GFP tagged ribosomes subunit rpl-29 (GFP::RPL-29) evening between the nucleus

and the cytoplasm upon ovulation in 9/9 time-lapse sequences (Fig 6F).

The concentration of molecules during GVBD is size dependent.

In immature starfish oocytes, fluorescent dextrans of 25 kDa or larger are excluded
from the nucleus (Lénart et al.,, 2003), similar to our results with GFP::tubulin,
GFP::GCN4pLI and GFP::TBA-2(T349E), presumably because they are too large to
diffuse freely through NPCs. In contrast, 10 kDa fluorescent dextrans accumulated in the
nucleus of immature starfish oocytes at a concentration twice that of the cytoplasm
(Lénart et al., 2003). It was suggested that this is because the small dextrans diffuse
freely through NPCs and because yolk granules occupy 50% of the cytoplasmic volume
thus driving apparent concentration of small dextrans in the nucleus (Lénart et al., 2003).
We found that a 36 kDa monomeric GFP concentrated in C. elegans oocyte nuclei before
GVBD (Fig. 7A, B) to a concentration twice that of the cytoplasm (Fig. 7D), like 10 kDa
dextrans in starfish oocytes. To rule out the possibility that this might be mediated by a
cryptic NLS on GFP, we expressed a 34 kDa monomeric HALO tag in the C. elegans
germline, which also concentrated to a 2-fold higher concentration in the nucleus relative

to the cytoplasm in diakinesis oocytes prior to GVBD (Fig 7C-E).

These results suggested that the same mechanisms driving concentration of larger

proteins during GVBD might be responsible for the concentration of smaller proteins after
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GVBD. However, monomeric HALO tag did not stay concentrated after GVBD and instead
diffused to a 1:1 fluorescence ratio inside and outside the spindle envelope (Fig. 7E-F).
The monomeric HALO tag did not grossly perturb meiotic progression (Fig. 5E) in 12/12
time-lapse sequences. These results suggested that there might be a size-dependence

for concentration of proteins in the nuclear volume during meiotic spindle assembly.

Molecule movement during GVBD is charge dependent.

Although the tubulin-sized molecules that concentrated in the nuclear volume at
GVBD are larger than the smaller HALO tag that quickly dispersed to a 1:1 ratio between
nuclear and cytoplasmic volumes at GVBD, these proteins also differ in net charge (Fig.
7A), with the concentrating proteins more negative than the dispersing protein. One
possibility is that electrostatic interactions of molecules with different local environments
in the nucleus vs the cytoplasm might drive accumulation in the nuclear volume. To test
this, we added arginines to tetrameric GFP to either neutralize net charge or add a net
positive charge to GFP::GCN4-pLIl. Similar to tetrameric GFP, GFP::GCN4-pLI| with
neutral or positive charges were excluded from the nucleus before GVBD (Fig 8A-D; -10
min). GFP::GCn4-pLI (neutral charge) remained excluded from the nuclear volume at
GVBD for a longer period of time after histone leakage out of the nucleus than negatively
charged GFP::GCN4::pLI and exhibited only a slight accumulation in the nuclear volume
(=7min after GVBD onset) (Fig 8A, 8C), a significant delay compared to GFP::GCn4-pLlI
with negative charges (~2min after GVBD onset, Fig 4C). GFP::GCn4-pLI (positive
charge) remained excluded from the nuclear volume for an even longer period after
GVBD (Fig 8B, 8D). This result suggested that proteins with negative charge concentrate

in the nuclear volume at GVBD whereas proteins with neutral or positive charges do not.
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Discussion and future directions

Our data suggests that the ran pathway is dispensable for spindle formation but is
essential for chromosome segregation during meiosis. Free tubulin concentrated in the
nuclear volume during and after GVBD in C. elegans oocytes treated with nocodazole
recapitulating what has been reported in C. elegans mitotic cells and Drosophila S2 cells
(Baumgart et al., 2019; Hayashi et al., 2012; Schweizer et al., 2015). The concentration
of tubulin-sized molecules: tetrameric GFP and un-polymerizable tubulin in the nuclear

volume further confirms that it is polymerization independent.

Furthermore, tetrameric GFP and un-polymerizable tubulin concentrated in
metaphase Il spindle region when nuclear pore protein NPP-6 and nuclear lamina are
absent. We have shown that this concentration is instead enclosed by dense ER sheets,

which later disperse at anaphase when tetrameric GFP evens out.

The C. elegans ooplasm is populated with yolk granules, lipid droplets,
mitochondria, ribosomes, and others. During metaphase, they are excluded from the
meiotic spindle by ER sheets. It is not clear why the ER morphology changes dramatically
and periodically from metaphase to anaphase, but in addition to protein production, we
think that ER might function as a selective barrier, preventing cytoplasmic organelles from
perturbing metaphase spindle formation. However, tubulin dimers, at this stage, are free
to travel through the barrier of ER. Without membrane organelles, the nucleus volume
provides more available space for tubulin, thus driving the concentration of tubulin in the
nuclear volume, referred as “volume exclusion model” by previous studies (Schweizer et
al., 2015). If this volume exclusion model by ER is true, disrupting ER during GVBD or

metaphase might lead to defects in spindle formation and chromosome segregation. We

18



are currently working on disrupting ER by knocking down ATX-2 via Auxin-Induced-
Degradation and testing whether it will affect concentration of tetrameric GFP. ATX-2 is
the C. elegans ortholog of human Ataxin-2, related to the late-onset neurodegenerative
disease Spinocerebellar ataxia type-2 (SCA2). Loss of ATX-2 in C. elegans results in
collapse of ER in the germline (Ciosk et al., 2004; del Castillo et al., 2022). It is unclear
whether the ER sheets around the metaphase spindle and exclusion of cytoplasm
organelles will be abolished in ATX-2 mutant. Another way to disrupt ER is by laser-
blazing the ER around the forming spindle. Problems that might come with this are: 1)
laser operation during ovulation can be challenging; 2) the oocyte might arrest after laser

ablation.

It is interesting whether the same mechanism exists in aged oocytes or oocytes
used for IVF where ER stress is present. Understanding the mechanisms of how ER
affects spindle formation could provide insights on drug development to reduce meiotic

errors and increase success rate in assisted reproduction (Schwarz and Blower, 2015).

In the volume exclusion model, the size of the molecules is the key. With the barrier
of nuclear envelope before GVBD, monomeric GFP or HALO tag without NLS are not
excluded from the nucleus possibly because they are small enough to diffuse through the
nuclear pores. It is surprising why they even out instead of concentrating more as tubulin
does after GVBD. One explanation is that after GVBD, volume exclusion affects
molecules with various sizes differently. While the nuclear volume grants more available
space to tubulin-sized molecules, it makes no difference to smaller molecules like

monomeric Halo Tag. We also tried to make ribosome-sized molecules, which will tell us
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how volume exclusion would affect bigger molecules. However, it is not evenly distributed

in the oocyte cytoplasm as other probes we have showed in this study.

Although the tubulin-sized molecules exhibit higher fluorescence intensity in the nuclear
volume, it does not necessarily mean it has higher concentration in the nuclear volume
than in the cytoplasm. Despite this, the crowded cytoplasm environment might be
unfavorable for microtubule polymerization by promoting microtubule catastrophe while
the nuclear volume with more open space has less restrictions for microtubule
polymerization and spindle formation , even when the concentration of tubulin is same

inside and out of the nuclear volume.

Finally, we have shown that concentration of free tubulin is not just size-dependent.
Tetrameric GFP with negative charge are more concentrated than tetrameric GFP with
positive charge or neutral charge during GVBD. It remains unclear why negatively
charged molecules are favored to get in. The cytoplasmic faces of cytoplasmic organelles
are thought to be negatively charged due to phosphoinositides and phosphatidylserine
(PtdSer). A recent study mapping the electrostatic profile of cellular membranes suggests
that plasma membrane, ER, mitochondria, Golgi are all negatively charged in Hela cells
(Eisenberg et al., 2021; average surface potential ranging from -14mV to -35mV). The
negatively charged lipid heads will have counterions neutralizing these charges.
However, it is possible the negative surface charge of cellular membranes in oocytes like
ER, mitochondria might act like cation exchange chromatography beads, causing
transient binding of counterions such as tetrameric GFP with positive charges, restraining
them from getting into the nuclear volume. It will be interesting to determine whether

monomeric Halo tag with positive charge will still concentrate in the immature oocytes.
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Materials and Methods

C. elegans strains and maintenance

Worms used in this study were maintained under standard laboratory conditions. The

strains used in this study and their sources are listed below:

Strain name

Genotype

Source

FM917

fxlsl [pie-1p:: TIR1::mRuby, 1:2851009] I;
ItIs37 [pAAG4; pie-1p::mCh::his-58 + unc-119(+)];
ruls57 [pie-1p::GFP::tubulin + unc-119(+)] V

This study

FM1054

fxisl[pie-1p::TIR1::mRuby, 1:2851009] I;
ran-3(syb7781[ ran-3-3xGAS-AID-3xGAS-HALO]) II;
ltIs37 [pAA64; pie-1p::mCh::his-58 + unc-119(+)];
ruls57 [pie-1p::GFP::tubulin + unc-119(+)] V

This study

FM1056

fxisl[pie-1p::TIR1::mRuby, 1:2851009] I;
ran-2(syb7819[ran-2-3xGAS-AID-3xGAS-HALO]) 11,
ltIs37 [pAAG4; pie-1p::mCh::his-58 + unc-119(+)];
ruls57 [pie-1p::GFP::tubulin + unc-119(+)] V

This study

FM971

[GFP(SMU)-GCN4-pLi] II;
[tIs37 [pAA64; pie-1p::mCh::his-58 + unc-119(+)];
him-8(e1489)

This study

FM1011

[GFP(SMU)::tha-2(T349E)] II
ltIs37 [pAA64; pie-1p::mCh::his-58 + unc-119(+)];
him-8(e1489)

This study

FM628

unc-119(ed3) IlI;

[tSi464[pNH103; Pmex-5::npp6::GFP::tbb-2 3'UTR,;
cbunc-119(+)] I;

ItIs37[pAA64; pie-1::mCherry::his-58; unc-119 (+)] IV

A gift from
Oegema-
Desai Lab

BN359

ima-2(0k256) 1/hT2[bli-4(e937) let-?(q782) qls48] (I;111);
gals3502[pie-1p::YFP::lmn-1 + pie-1p::CFP::H2B +
unc-119(+)]

CGC

FM991

wjls76[Cn_unc-119(+); pie-1p::mKate2::tba-2];
vit-2(crg9070[vit-2::gfp]) X;

egxSil26 [mex-5p::hsp-3(aal-19)::halotag::HDEL.::pie-
1 3UTR+ unc-119(+)] I. "

This study

FM691

cox-4(zu476[cox-4::eGFP::3xFLAG]) I;
wjls76[Cn_unc-119(+); pie-1p::mKate2::tba-2]

This study

FM1077

hj178[plin-1a/c::GFP_TEV_3xFLAG] I;
ItIs44pAAL173; [pie-1p-mCh::PH(PLC1ldeltal) + unc-
119(H)V;

vit-2(syb5705[halo-tag]) X (A);
wjls76[Cn_unc-119(+); pie-1p::mKate2::tba-2]"

This study

CZ18550

juSi123[rpl-29::GFP] II; rpl-29(tm3555) IV

CGC
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FM1103 [halo(smu)] I; This study
ruls57 [pie-1p::GFP::tubulin + unc-119(+)] V
itIs37 [pie-1p::mCh::H2B::pie-1 3'UTR + unc-119(+)]
v
FM1168 [plus7-GFP(SMU)::GCn4-pLI] II; Neutral
ItIs37[pAA64; pie-1::mCherry::his-58; unc-119 (+)] IV Charge; this
study
FM1169 [plus21-GFP(SMU)::GCn4-pLI] II; Positive
[tIs37[pAAG4; pie-1::mCherry::his-58; unc-119 (+)] IV Charge; this
study

Drug treatment

For nocodazole treatment, 5mg/ml stock nocodazole solution (Sigma-Aldrich, St. Louis,
MO, dissolved in 100% DMSO) was diluted into tricaine/tetramisole anesthetics to 5ug/ml
just before adding to worms for live imaging. 100% DMSO without nocodazole were
diluted in the same way for control treatment.

Live imaging and Statistical Analysis

Worms were anesthetized with tricaine/tetramisole as described (Kirby et al. 1990;
McCarter et al. 1999) and gently mounted between a coverslip and a thin 2% agarose
pad on a slide. All live imaging were captured with a Solamere Spinning Disk Confocal
equipped with a Yokogawa CSU10, Hamamatsu Orca FLASH 4.0 cMOS and an Olympus
100x 1.35 oil objective. For measuring fluorescence intensity or nucleus sizes (in Fig 2A-
C; Fig 7B-C; Fig S1A), z-stack images were taken in 1-micron step size to capture the
center of nucleus for measurements. For time-lapse movies of GVBD and meiosis,
images were captured every 30s. The fluorescence intensity in the background (where
there was no worm) were subtracted before the fluorescence in the nucleus or cytoplasm

before quantification.
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Fig 1. RAN-3 and RAN-2 in meiotic embryos/RAN-3 and RAN-2 associate with chromosomes during
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Figure Legends

Fig 1. Ran-2 and Ran-3 are weakly associated with chromosomes during meiotic
spindle assembly in C. elegans oocytes.

(A) Diagram of Ran-GDP, Ran-GTP cycle in nucleoplasm transport.

(B) Embryonic viability of strains depleting RAN-2 or RAN-3 by Auxin-Induced
Degradation.

(C) Time lapse images of meiotic embryo expressing Ran-3::AlD::HALO, TIR1::mRuby,
GFP::TUB and mCh::HIS.

(D) Time lapse images of meiotic embryo expressing Ran-2::AlD::HALO, TIR1::mRuby,
GFP::TUB and mCh::HIS. Graphs representing normalized fluorescence intensity along
a 1-pixel-wide line scan (indicated by dashed line on the respective images) before GVBD,
Ana | and Ana Il are plotted on the bottom; position 0 corresponds to one end of the line
scan. Scale bars, Sum.

Fig 2. Ran-GEF and Ran-GAP are required for meiotic chromosome segregation
but not for meiotic spindle formation.

(A) Images of meiotic embryo expressing an-3::AlD::HALO, TIR1::mRuby, GFP::TUB and
mCh::HIS before Germinal Vesicle Breakdown(bGVBD) and after(aGVBD).

(B) Fluorescence intensity of Halo in embryos treated with 0, 4 or 6-hour Auxin. Control:
strain not containing Degron. Ran-3::AlD::Halo: strain expressing Ran-3::AlID::HALO. Y
axis (Left): fluorescence intensity ratio of Halo in nucleoplasm to background. Y axis
(Right): fluorescence intensity ratio of Halo on chromosome to background.

(C) Images of meiotic embryo expressing Ran-2::AlD::HALO, TIR1::mRuby, GFP::TUB

and mCh::HIS before Germinal Vesicle Breakdown(bGVBD) and after(aGVBD).
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(D) Fluorescence intensity of Halo in embryos treated with 0, 4 or 6-hour Auxin. Control:
strain not expressing degron; Ran-2::AlD::Halo: strain expressing Ran-2::AlD::HALO. Y
axis (Left): fluorescence intensity ratio of Halo in nucleoplasm to background. Y axis
(Right): fluorescence intensity ratio of Halo on nuclear envelope to background.

(E) Time lapse images of meiotic embryo in control strain; Ran-3::AID::HALO or Ran-
2::AID::HALO, all expressing TIR1::mRuby, GFP::TUB and mCh::HIS.

(F) Chromosome segregation defects in control strain, Ran-3::AlD::halo or Ran-
2::AID::Halo strain treated with O or 4-hour Auxin. Normal: chromosome segregated
during M| (Metaphase |). Arrested: metaphase spindle was formed but chromosome did
not segregate 30 min after Ml and spindle microtubules disassembled. PB exclusion
failure: half of the chromosomes were expelled into the first PB but then were re-absorbed.
Fig 3. Free Tubulin concentrated in the nuclear volume at GVBD.

(A) Diagram of chromosome and microtubule organization in C. elegans gonad.
Chromosomal DNA or chromosomes(magenta); Microtubules (Green); Plasma
Membrane (Black); Nuclear Envelope (Orange); -1 oocyte: most maturing oocyte; +1
oocyte: meiotic oocyte.

(B) Representative time-lapse images of the Germinal Vesicle in -1 oocyte expressing
mNeonGreen::TBB-2 (green) and mCh::HIS (magenta). Tubulin concentrated in the
nuclear volume at GVBD in worms treated with DMSO or

(C) Nocodazole. Non-chromosomal histone in the “nucleus” even out as the onset of
GVBD. bGVBD, GVBD, aGVBD: before, at and after GVBD. Scale bars, 5 um.

(C) Plots of fluorescence intensity difference in nucleus and cytoplasm over time. Tubulin

(green); Histone (Magenta). Y axis: mean fluorescence intensity in nucleus - mean
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fluorescence intensity in cytoplasm. N: time lapse images analyzed. Average was shown
in solid square [His] or solid circle [Tub].

(D) Ratio of mean fluorescence intensity of tubulin in nucleus over cytoplasm before
GVBD and after GVBD. Tubulin were excluded from nucleus before GVBD (ratio < 1) and
concentrated in nucleus after GVBD (ratio > 1). N: number of nuclei analyzed.

Fig 4. Tubulin-sized molecules concentrated in the nuclear volume at GVBD.

(A) Volume exclusion model of free tubulin rushing into nucleus (black circled region)
where more space is available to tubulin-sized molecules (green dots) at GVBD.

(B) Representative time lapse images of meiotic embryo expressing tetrameric GFP
(green) and mCh::His (magenta). Tetrameric GFP was expressed by inserting
GFP::GCN4-pli onto ttTi5605(Chr. 1) by RMCE method introduced in Monet. 2020. The
ratio of fluorescence intensity of GFP (green) or non-chromosome histone (magenta) in
nucleus to cytoplasm during GVBD over time are shown in the graph on the right. N: time
lapse images analyzed. Average was shown in solid square [His] or solid circle [Tub].
(C) Representative time lapse images of meiotic embryo expressing un-polymerizable
tubulin (green) and mCh::His (magenta). un-polymerizable tubulin was expressed by
inserting C. elegans GFP::tba-2(T342E) onto ttTi5605(Chr. 1) by RMCE method. The ratio
of fluorescence intensity of GFP (green) or non-chromosome histone (magenta) in
nucleus to cytoplasm during GVBD over time are shown in the graph on the right.

(D) Plots of fluorescence intensity ratio in nucleus to cytoplasm bGVBD, GVBD, aGVBD,
MI, Al, MIl and All in (C) and (E). Blue: GFP::GCN4-pli or GFP::tba-2(T342E). Magenta:
Histone. Y axis: mean fluorescence intensity[nucleus-background] + mean fluorescence

intensity[cytoplasm-background].
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Fig 5. The ER instead of the nuclear envelope delimits the concentration of free
tubulin during meiosis and early mitosis.

(A) Diagram of an intact nucleus before GVBD. ONM: Outer Nuclear Membrane. INN:
Inner Nuclear Membrane. NPC: Nuclear Pore Complex. ER: Endoplasmic Reticulum.
(B) Time-lapse sequences of representative meiotic embryo expressing GFP::NPP-6
(green); mCh::HIS (red).

(C) or GFP::LMN-1 (green); mCh::HIS (magenta).

(D) or GFP::VIT-2 (green); mKate::TUB (red); Halo::ER (magenta).

(E) or GFP::COX-4 (cyan); mKate::TUB (red).

(F) or GFP::PLIN-1 (cyan); mCh::PH (red); mKate::TUB (red)

Scale Bar, 5um. The cell cortex was drawn in white dash line in B, C and E. Arrows point
to the spindle poles with dense ER cluster at metaphase | and metaphase Il in D.

Fig 6. ER sheets between the metaphase meiotic spindle and cytoplasm form a
barrier to vesicles and mitochondria, but not to ribosomes.

(A) Model of ER sheets on the partial exterior of a metaphase Il meiotic spindle and
spanning 1.2 mm in the z.

(B) Model of ER at one pole of a metaphase meiotic spindle and spanning 0.6 mm in the
z.

(C) Model of ER in an outer 0.6mm z-section of a MI anaphase spindle. No large ER
sheets were observed.

(D) Model of ER in a 0.6mm z-section of a late anaphase | spindle.

(E) Ribosomes were counted in 12mm sections of spindle and cytoplasm in metaphase |

and metaphase Il tomograms. Ribosomes were counted after setting the threshold value

43



to half of the peak value. Average ribosome areas in metaphase | spindles and cytoplasm,
and metaphase Il spindles and cytoplasm were: 30.9 +/- 2.0nm, 28.0 +/- 1.2nm, 26.3 +/-
1.0nm, and 26.8 +/- 1.7nm respectively.

(F) Time-lapse images of meiotic embryo expressing GFP::rpl-29(grayscale) and rpl-29
(tm3555). Scale Bar, 5um.

Fig 7. Molecule movement during GVBD is size dependent.

(A) Molecular weight and net charge of molecules used in this study, expressed in the C.
elegans germline: pie-1p::GFP; mex-5p::HALO; GFP::GCN4-pli; GFP::GCN4-pli (close to
neutral); GFP::GCN4-pli (positive).

(B) Images of diakinesis oocytes expressing pie-1p::GFP (gray) before Germinal Vesicle
Breakdown, and

(C) Diakinesis oocytes expressing GFP::TUB (green), mCh::HIS (magenta) and mex-
5p::HALO (gray).

(D) Fluorescence intensity ratio of pie-1p::GFP or mex-5p::HALO in the nucleus to the
cytoplasm in -1 or -2 oocytes.

(E) Time lapse images of meiotic embryo expressing GFP:: TUB (green), mCh::HIS
(magenta) and mex-5p::HALO (gray).

(F) Fluorescence intensity ratio of mex-5p::HALO (purple) and non-chromosome histone
(magenta) in the nucleus to the cytoplasm before GVBD, at GVBD onset and after GVBD.
Fig 8. Molecule movement during GVBD is charge dependent.

(A) Representative time lapse images of meiotic embryo expressing mCh::HIS and
tetramerized GFP (green) with neutral charge or

(B) positive charge
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(C) and (D) Plots of fluorescence intensity difference in nucleus to cytoplasm over time in
(A) and (B), respectively. Y axis: mean fluorescence intensity [nucleus-background] +
mean fluorescence intensity [cytoplasm-background]. N: time lapse images analyzed.
Average was shown in solid magenta square [His] or solid green circle [GFP].

Fig S1. Halo-AID-RAN-3 oocytes treated with auxin for extended periods (36hrs)
have even smaller nuclei and worse compartmentalization.

(A) Representative Images of meiotic embryo expressing TIR1::mRuby, GFP::TUB and
mCh::HIS or Ran-3::AID::HALO, TIR1::mRuby, GFP::TUB and mCh::HIS, treated with no
auxin, 4hr auxin or 36hr auxin, respectively.

(B) Quantification of oocyte nuclei size of control strain, Ran-3::AlD::halo or Ran-
2::AlD::Halo strain treated with 0, 4-hour, 6-hour, or 36-hour Auxin.

(C) Quantification of microtubule fluorescence ratio in nucleus to cytoplasm in same
conditions shown in (B).

Video 1. ER delimits the concentration of free tubulin GFP::GCn4 during meiosis.
Time-lapse sequences of embryo expressing GFP::GCn4-pLI (green); mCh::HIS (red)
and Halo::ER (magenta). Video started before GVBD and ended after Anaphase I. GFP
fluorescence concentrated in the nuclear volume during GVBD, after GVBD and at
metaphase |. The concentration is enclosed by ER.

Video 2. ER delimits the concentration of free tubulin GFP::GCn4 during early
mitosis.

Time-lapse sequences of embryo expressing GFP::GCn4-pLI (green); mCh::HIS (red)
and Halo::ER (magenta). The video started at the one-cell pronuclear meeting and ended

at the four-cell stage. GFP fluorescence concentrated in the nuclear volume at metaphase
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during the first mitosis and second mitosis. The concentration of GFP fluorescence is
enclosed by ER.

Video 3. ER sheets between metaphase Il spindle and cytoplasm exclude vesicles
and mitochondria.

3D images of Fig 6A: Model of ER sheets on the partial exterior of a metaphase Il meiotic
spindle and spanning 1.2mm in the z.

Video 4. ER between anaphase | spindle, and cytoplasm does not exclude vesicles
and mitochondria.

3D images of Fig 6D: Model of ER in a 0.6mm z-section of a late anaphase | spindle.
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Chapter 2

Caenorhabditis elegans spermatocytes can segregate achiasmate homologous

chromosomes apart at higher than random frequency during meiosis |.

Ting Gong, Francis J McNally

Gong T, McNally FJ. Caenorhabditis elegans spermatocytes can segregate achiasmate
homologous chromosomes apart at higher than random frequency during meiosis |.
Genetics. 2023 Apr 6;223(4):iyad021. doi: 10.1093/genetics/iyad021. PMID: 36792551;

PMCID: PMC10319977.
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Caenorhabditis elegans spermatocytes can segregate
achiasmate homologous chromosomes apart at higher than
random frequency during meiosis |
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Abstract

-and Callular Biology, University of California, Davis, Ona Shields Avenue Davis, CA95616, USA. Email: fimenally@ucdavis.edu

Chromosome segregation errors during meicsis are the leading cause of aneuploidy. Faithful chromaosome segregation during meiosis
inmost eukaryotes requires a crossover which provides a physical attachment holding homologs together in a “bivalent.” Crossovers are
critical for homologs to be properly aligned and partitioned in the first meiotic division. Without a crossover, individual homelogs (uni-
valents) might segregate randomly, resulting in aneuploid progeny. However, Caenorhabditis elegans zim-2 mutants, which have cross-
over defscts on chromosome V, have fewer dead embryos than that expected from random segregation. This deviation from random
segregation is more pronounced in zim-2 males than that in females. We found three phenomena that can explain this apparent discrep-
ancy. First, we detected crossovers on chromosome V in both zim-2(tm574) cocytes and spermatocytes, suggesting a redundant mech-
anism to make up for the ZIM-2 loss. Second, after accounting for the background crossover frequency, spermatocytes preduced
significantly more euploid gametes than what would be expected from random segregation. Lastly, trisomy of chramosome V is viable
and fertile. Together, these three phenomena allow zim-2{tm574} mutants with reduced crossovers on chromosome V to have more vi-
able progeny. Furthermore, live imaging of meiosis in spo-11(me44) oocytes and spermatocytes, which exhibit crossover failure on all
6 chromosomes, showed 12 univalents segregating apart in roughly equal masses in a homology-independent manner, supporting the

existence of a mechanism that segregates any 2 chromosomes apart.

Keywords: Caenorhabditis elegans, meiosis, chromosome segregation

Introduction

Genetic recombination and random chromosome segregation
during sexual reproduction reshuffle genetic variations, giving
birth to diverse offspring to adapt to a varying environment.
During meiotic prophase, homologs are tethered together as a "bi-
valent” by sister chromatid cohesion and crossovers between
homologs (Fig. 1a) (Miller et al, 2013; Moore and Orr-Weaver,
1997). This bivalent configuration is essential for faithful chromo-
some segregation. Atmeiosis I, crossovers between homologs pro-
vide physical attachments for the homologs to be properly
criented toward opposite spindle poles and segregate nermally,
If homologs fail to pair and cohesion between sister chromatids
is retained, the 2 univalents might segregate randomly at ana-
phase [ resulting in gametes that have lost or retained both univa-
lents {Fig. 1b) (Buonomo et al., 2000). Alternatively, if cohesion
between sister chromatids is lost and they segregate apart at ana-
phase I, nonsisters would segregate randomly at anaphase II
{Nicklas, 1977; LeMaire-Adkins and Hunt, 2000). Either case would
result in a high percentage of progeny with monosemy or trisomy.
The importance of crossover-based attachments between hom-
ologous chromosomes is supported by the high frequency of
dead and aneuploid progeny (Demburg et al, 1998; Blokhina
et al, 2019) or a complete lack of functonal gametes

(Romanienko and Camerini-Otero, 2000) produced by meiotic re-
combination mutants in a wide range of sexually reproducing or-
ganisms, including plants, yeast, worms, and mammals. In
addition, aging causes spontaneous loss of inter-homolog attach-
ments and producticn of aneuploid progeny in both Caenorhabditis
elegans (Raices et al., 2021) and humans (Wartosch et al., 2021).

Parental aneuploidy and crossover failure are two situations
‘where meiosis must proceed without a crossover. Whereas aneu-
ploidy is often lethal, there are cases of viable and fertile aneu-
ploids, which reveal backup mechanisms to restore euploidy. In
XO mice, preferential retention of the univalent X at the first mei-
otic division is observed in 60% of oocytes rather than the 50% ex-
pected from random segregation (LeMaire-Adkins and Hunt,
2000). In trisomy [V cr trisomy X in C. elegans, the extra univalents
are preferentially eliminated during anaphase 1 of meiosis
(Hodgkin et al, 1579; Cortes et al, 2015; Vargas et al, 2017).
Keeping the univalent from monosomic parents or getting rid of
the extra chromoscme from trisomic parents both increase the
frequency of euploid progeny,

Meiosis with 2 achiasmate homologs is likely more common
than meiosis with a single univalent due to monesomy or trisomy.
Some species naturally donot underge meiotic recombination but
still accurately segregate pairs of homelogous chromosomes.
Recembination does not occur between homologs in ocecytes of

D 19, 2022,
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Fig. 1. Crossovers in zim-2{tm574) female oocytes and male spermatocytes. a) Diagram of bivalent, univalent, and associated AIR-2 and cchesin subunit
REC-8in C. elegans. b) Schematic of sequential cohesion loss and chromosome segregation during meiosis in wild type and in case of crossover failure with
random segregation. ¢) Schematic of a crossover that gives rise to 50% recombinart gametes and 50% parental gametes. d) Percentage of parental

gametes and recombinarnt gametes produced by zim-2 females crossed with wild-type males or zim-2 males crossed with fog-2(-) females. The P-values

are shown on the right by 2 x 2 Fisher's exact test.

the silkworm Bombyx mori, but homologs remain attached at telo-
meres after breakdown of the synaptonemal complex to allow ac-
curate segregation (Rosin et al, 2021). Likewise, in the plant
species Luzula elegans, sister chromatid cohesion is lost during
anaphase I of a “reverse meiosis” but homologous chromosomes
remain tethered at telomeres at metaphase II to allow accurate
segregation during anaphase II (Heckmann et al., 2014). During
Drosophile male meiosis, homolog pairs are naturally held together
by spermatocyte-specific protein complexes instead of crossovers
{Thomas et al., 2005; Weber et al., 2020). During Drosophila female
meiosis, the 4th chromosome naturally does not undergo recorn-
bination, but homelogs of the 4th chromesome accurately segre-
gate apart {Theurkauf and Hawley, 1992). This femnale-specific
mechanism also functions when recombination is artificially
blocked on the X chromosome and is promoted by heterochroma-
tin bridges connecting the 2 homologs (Demnburg et al., 1996;
Hughes et al,, 2009).

The existence of backup mechanisms to promote accurate seg-
regation of chramosomes lacking normal attachments has also
been suggested in humans where loss of cohesion occurs as a
spontaneous error. In the "reverse segregation” (RS) error, where
sister chromatids segregate prematurely at meiosis [, nonsister
chromatids would be expected to segregate randomly at anaphase
11 (50% euploid). Instead, 78% of the nonsisters remained correctly
aligned at the spindle equator and segregated correctly at meiosis
I1. Similar to achiasmate segregation in Drosophila cocytes, chro-
matin threads between ncnsister chromatids were observed in
46% of RS MII eggs (Gruhn et al., 2019), Whether chromatin threads
promote faithful chromosome segregaticn in the absence of nor-
mal attachments remains to be determined.

A nematode-gpecific family of Zn finger proteins provides a un-
ique opportunity to study the response of the meiotic segregation
machinery to crossover failure because loss of each family merm-
ber results in crossover failure on specific chromesomes in C. ele-
gans. There are 2 sexes in C. elegans, hermaphredites and males,
determined by the sex chromosome (X) to autosome ratio.
Normally, hermaphrodites are XX and males are XO with a univa-
lent at MI. HIM-8 mediates pairing and crossover formation on the
X chromosome (Phillips et al., 2005), ZIM-1 mediates pairing of
chromosomes II and III, ZIM-2 mediates pairing of chromosome
V, and ZIM-3 mediates pairing of chromosomes I and IV (Phillips
and Dernburg, 2006) by binding to chromosome-specific DNA

sequences (Phillips et al., 2009). Random meiotic segregation after
crossover failure on the X in one parent due to loss of HIM-8
should result in 25% of progeny with monosomy (XO), 50% disomy
{XX), and 25% trisomy (XXX). An early study first demonstrated
that these 3 karyotypes have easily scorable phenotypes, then
used these phenotypes to demonstrate sex-specific responses to
crossover failure cn the X (Hedgkin et @l., 1979). him-8; XX males
produced significantly more euploid haplo-X gametes than the
50% expected from random segregation (Supplementary Fig. 1;
Hodgkin et al., 1979) suggesting that 2 unpaired sex chromosemes
tend to be segregated apart during spermatogenesis. [n contrast,
him-8 XX females produced an excess of nullo-X gametes
{Supplementary Fig. 1) {Hodgkin et al., 1979) indicating that univa-
lent chromosomes are preferentially deposited into polar bodies
during oocyte meicsis (Cortes et al., 2015).

It is unclear whether these sex-specific responses to crossover
failure are restricted to the X chromosome because unambiguous
phenotypes have not been assigned to most autosomal aneuploi-
dies in C. elegans. However, zim-1 or zim-2 females mated with
‘WT males have lessinviable progeny than what would be expected
from random segregation if trisornies and monosomies of chromo-
somes II, III, or V are lethal. This deviation from random segrega-
tion was more substantial in zim-1 or zim-2 males mated with
WT females (Jaramillo-Lambert et al., 2010; Fig. 2a, this study), sug-
gesting a stronger sex-specific correction system in males to maxi-
mize thenumber of viable progenyin response tocrossover failure.

In addition to accurate meiotic segregation of achiasmate chro-
mosomes, two other phenomena which could contribute to the re-
sults of Hodgkin et al. (1979) and Jaramillo-Lambert et al. (2010) are
the potential for viable aneuploidy and mitotic correction.
‘Whereas most aneuploidies in humans are lethal, viable trisomy
of chromosome IV (Sigurdson et al., 1984) and X (Hodgkin et al.,
'1979; Vargas et al., 2017) in C. elegans have been reported in previ-
ous work.

An addifonal mechanism that could allow parents with
crossover failure to have more viable progeny is correction of
meiosis-derived aneuploidy by segregation errors during embry-
onic mitosis. Mosaicism and aneuploidy are very common in early
human embryos, but significantly lower rates of aneuploidy or
mosaicism are detected at birth (Nagaoka et al., 2012; Bielanska
et al., 2002). The first mitetic divisions of human embryos are ex-
tremely error-prone (McCoy et al., 2015), which could result in
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Fig. 2. Zim-2(tm574) males produce more euploid progeny than what would be expected from randem segregation. a) Percentage of inviable progeny
produced by zim-2(tm574) males mated with fog-2(-) females, zim-2(tm574) females mated with WT males, and WT males mated with WT fernales. Each
dot represents progeny from one parent. N: total number of progeny counted; n: number of parents. The numbers shown next to the scatter plot aremean
+5D. b) Diagram of the “three-polymorphism allele crosses” to detect nullo-V, haple-V, and diplo-V gametes by zim-2{tm574} female cocytes and males.
Zim-2(tm574) females or males with 2 different polymorphism alleles were mated/mated with males or fog-Z(-) fernales with & third polymorphism allele
on chromosome V. Their progeny was subject to PCRs for corresponding polymorphism alleles. Primers amplifying alleles are listed in Supplemental
Material. ) Agarose gel showing examples of parental strains with 3 distinguishable polymorphism alleles, and examples of monosomic V progeny
(nullo-v gamete, 1 band); disomic v progeny (haplo-v gamete, 2 bands), and trismic V progeny (diplo-V gamete, 3 bands). d) Percentage of nullo-v,
hapio-V, and diplo-V gametes from zim-2(im574) female oogenesis and e) zim-2(tm574) male spermatogenesis. Random segregation: percentage of 3 types
of gametes expected from random segregation after correcting for pre-existing crossover rate. P-value by Fisher's exact test (2 x 2, comparing aneuploidy

and euploidy)

both mitotic aneuploidy as well as correction of meiotic aneuploidy.
In addition, aneuploid cells are progressively eliminated during em-
bryogenesis (Orvieto etal., 2020; Yang et al, 2021). This “mitotic cor-
recdon” of meiotic aneuploidy likely explains uniparental discmy,
the condition of having 2 chromosome copies from 1 parent and
none from the other parent, in humans (Nakka et al., 2015).

Here, we conducted an investigation of a C. elegans zim-2 mu-
tant, which presents a unique opportunity to study the response
of the meiotic machinery to a specific crossover defect of a specific
autosome.

Materials and methods
C. elegans strains

Worms used in this study were maintained under standard la-
boratory conditions. Strains are listed in Supplementary Table 1.

Three-polymorphism allele crosses
The F2 progeny were obtained as follows:

For polymorphism allele crosses to identify chromocsome V
copy number of progeny from zim-2{tm574), zim-2(tm574) her-
maphrodites at the L4 stage were mated to zim-2(tm574) males
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with JU258 polymorphisms on chromosome V to obtain F1 homo-
zygous zim-2(tm574) worms with heterozygous polymorphisms
{JU258/N2) on chromosome V. Only hermaphrodites with a mat-
ing plug and having more than 50% male pregeny were considered
to have mated. Males for crosses were generated by heat shocking
L4 worms at 32° for 5 hr. To obtain F2 progeny from zim-2(tm574)
male parents, F1 zim-2{tm574) males were mated to fog-2(-)
CB4856 polymorphic hermaphrodites. To obtain F2 progeny
from zim-2{tm574) female parents, F1 zim-2(tm574) females were
mated to CB4856 Hawaiian males.

For polymorphism allele crosses to identify chromosome IT and
11l copy number of progeny from zim-1%, zim-1{tm1813) hermaph-
rodites at the L4 stage were mated to a zim-1(xoe6) CB42856 poly-
morphic males to obtain F1 zim-17(tmi813/xce6) worms with
heterozygous polymorphisms (N2/CB4856). Only hermaphrodites
with a mating plug and having 50% male progeny were considered
to have mated. To obtain F2 progeny from zim-1° male parents, F1
zim-1" males were mated to JU258 polymorphic hermaphrodites.
To obtain F2 progeny from zim-1* female parents, 1 zim-1* fe-
males were mated to JU258 Hawaiian males.

F2 eggs and hatched larvae (all progeny from the parents within
24 hr) from at least 3 individual mothers were subject to PCRs
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within 0-24 hr after being laid. Strains, polymorphisms, and pri-
mers for PCRs are listed in Supplementary Tables 1 and 2.

For PCRs, single progeny were sorted into PCR tubes and di-
gested in 6 ml of lysis buffer and proteinase K. Lysis buffer was
composed of the following: 1-M KCl, 1-M Tris pH 8.3, 1-M MgCl2,
0.45% IGEPAL, 0.45% Tween 20, and sterile water. The tubes
were submerged in liquid nitrogen for 10 min and heated in a ther-
mocycler at 60* for 60 min and 95° for 15 min. Each PCR reaction
was 20 ul total. The fellowing final concentrations of each reagent
were used: 1x Standard Taq Reaction Buffer, 1-mM MgCls, 300-uM
dNTPs, 0.5-uM forward primer, 0.5-uM reverse primer, 1000-ng
template DNA (1/6th of a worm/egg), 0.4 unit/20-ul PCR Hot
Start Tag DNA Polymerase, and sterile water. Primers are listed
in Supplementary Table 2. All PCR reactions followed the stand-
ard Hot Start Taq Polymerase protocol with 38 cycles for denatur-
ation, annealing, and extension. When doing PCR on adult
animals, 32 cycles were utilized.

Live imaging

zim-2(tm574), zim-1(tm1813), and zim-3(tm2303) strains expressing
AIR-2::GFP, mCherry:histone H2B, and mKate::PH; spo-11(me44)/
nT! strains expressing AIR-2:GFP and mCherry:histone; and
spo-11(me44)/nT1 strains expressing GFP:HIS and mKate:TUB
were constructed, Worms were anesthetized with tricaine/
tetramisole as described {Kirby et al. 1990; McCarter et al. 1999)
and gently mounted between a coverslip and a thin 2% agarose
pad on a slide. [mages in Figs. 3-5 and Supplementary Figs. 3-5
were captured with a Solamere Spinning Disk Confocal equipped
with a Yokogawa CSU10, Hamamatsu QOrca Flash 4.0 ¢cMOS, and
an Olympus 100x/1.35 oil objective. For counting chromosomes
in female diakinesis oocytes and male spermatocytes, z-stack
images were taken in a 0.5-um step size to include all chromo-
somes. For time-lapse movies of male meiosis, 3 z-stacks in a
1-um step size were captured every 20s.

Statistical analysis

Chi-square and Fisher's exact tests of 2x2 contingency tables
were calculated with GraphPad Prism. Fisher's exact test of 2x 3
contingency tables was calculated with https:/fwww.
danielsoper.com/statcalc/caleulator.aspx?id =58.

Results

Crossovers in zim-2(tm574) male and female
parents

zim-2(tm574) mutants have been reported to be defective in pairing
and recembination of chromosome V {Phillips and Dernburg, 2006)
but to have a higher than expected frequency of viable progeny
{Jaramillo-Lambert ¢t ai., 2010). At diakinesis in C. elegans, when
homolog pairing, recombinaticn, and chromosome remodeling
have completed, every pair of homologous chromosomes appears
as 1 chromosome body called a "bivalent,” consisting of 4 chroma-
tids held together by a crossover and sister chromatid cohesion. In
wild-type C. elegans, 6 chromosome bedies will be present, with 5
autosomal bivalents (autosomes -V), and 1 X chromosome bi-
valent in oocytes (XX) or 1 unpaired X univalent in spermatocytes
of males (XO). The majority of zim-2(tm574) diakinesis oocytes
have 7 chromosome bedies, 5 bivalents, and 2V univalents.
However, a variable number of oocytes with 6 chromesome bodies
havebeenreported, 28% (Phillips and Dernburg, 2006), 38% (Cortes
et al., 2015), and 24% (Supplementary Fig. 2a, Supplementary Fig.
2c, this study). This is possibly due to chromosome V crossovers
or noncrossover inter-homolog chromosome connections in the

absence of ZIM-2. To distinguish between these possibilities, we
measured the crossover incidence in zim-2(tm574) cacytes by ana-
lyzing recombination between polymorphism alleles on the ends
of chromosome V. zim-2(tm574) females heterozygous for paly-
morphism alleles on the 2 ends of V were crossed with wild-type
males carrying a third set of polymorphism alleles on the 2 ends
of chromosome V (Fig. 1c, Supplementary Fig. 3). We found that
14.72% of cross progeny from zim-2(tm574) females were recom-
‘binant for chromeseme V {Fig. 1d). Because there is exactly one
crossover per C. elegans bivalent, equal numbers of recombinant
and nonrecombinant progeny result from normal recombination.
Thus zim-2(tm574) females have a crossover frequency of 2x
14.72% or 29.44% for chromosome V. The detected crossovers like-
1y resulted from a redundant mechanism, instead of incomplete
knockdown of zim-2, as no ZIM-2 was detected by antibody staining
in zim-2{tm574) gonads (Phillips and Dernburg, 2006). This cross-
over frequency was also not significantly different than the 28%
of zim-2 oocytes with 6 DAPI-staining bodies abserved by Phillips
and Dernburg (2006) indicating that 29.44% of zim-2 oocytes have
a crossover rather than a noncrossover connection between hom-
oclogous copies of chromosome V.

The higher frequency of viable progeny from zim-2(tm574)
males in Jaramillo-Lambert et al. (2010) might be due to a higher
frequency of background crossovers. To test this, we examined
the progeny from zim-2(tm574) male parents. zim-2(tm574) males
heterozygous for polymorphism alleles on the left end and right
end of chremosome V were crossed with fog-2(-) females (unable
tomake their own sperm) with a third set of polymorphism alleles
on the 2 ends of chromoseme V. In addition, 18.68% of progeny
from zim-2(tm574) male parents were recombinant {Fig. 1d). This
is not significantly different from females {P=0.6614, 2x2
Fisher's exact test) and does not explain the higher progeny viahil-
ity of zim-2(tm574) males.

zim-2(tm574) males produce more euploid
progeny than what would be expected from
random segregation

Totest whether zim-2(tm574) mutants have a higher percentage of
euploid progeny than expected from random segregation, we ana-
lyzed the copy number of chromosome V among the progeny of
zim-2(tm574) females carrying heterozygous polymorphism alleles
on chromosome V mated with wild-type males with a third paly-
morphism allele on chromosome V. Euploid progeny will inherit
only one chromosome V from the zim-2(tm574) female parent
while trisomic progeny will inherit both maternal copies and
monosemic progeny will inherit neither maternal copy of chromeo-
some V (Fig. 2b and c). In additicn, 30% of progeny were aneuploid
{Fig. 2d), slightly less than what would be expected from random
segregation (38%, after correcting for the cressover rate in fe-
males). In contrast, zim-2(tm574) males mated with fog-2(-) fe-
males had notably fewer aneupleid progeny {6%) than what
wouldbe expected from random segregation (32%, after correcting
for the crossover rate in males) {Fig, 2e). This suggested that 2 uni-
valent Vs in males were distributed to spermatids equally instead
of randomly. Segregation of 2 achiasmate homelogous chromo-
somes apart at higher than random frequency has been previously
referred as distributive segregation (Zhang and Hawley, 1990).

To test the generality of the apparent distributive segregation
of chromosome V univalents in zim-2(tm574) males, we performed
a similar analysis of zim-1({tm1813/x0e6) worms which exhibit
crossover failures on chromosomes II and [I (Phillips and
Demburg, 2006, alleles used are described in Materials and
Methods). We observed 8 chromosome bodies in 100% of zim-1
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Pig. 3. zim-2{tm574) spermatocytes gave rise to more gametes with normal number of chromosomes. a) Representative images of live wild-type
spermatocytes with 6 chromosome bodies at metaphase I and 5 or 6 chromosome bodies at metaphase I1. AIR-2 in green; histone and plasma membrane

inmagenta. Scale bar: 2 ym. b) Representative images of live zim-2(tm574) spermatocytes at

1 (with 7 or 6 chrc bodies) and Il (with 7,4,

5, or 6 chromosome bodies). ¢) AIR-2::GF? fluorescence intensity ratio of 4 bivalent to background (BI/BG, black) and 3 univalent to background (UI/BG,
yellow) in 10 individual zim-2(tm574) spermatocytes. d) Percentage of metaphase | spermatocytes with 6 or 7 chromosome bodies in control and zim-2
males. e) Percentage of metaphase II spermatocytes with 4, 5, 6, or 7 chromosome bodies in control and zim-2 males. Expected: expected from random
segregation at metaphase II after correcting for existing chromosome alignment at metaphase 1. 3.5% with 4 chromosome bodies, 32.5% with 5, 53.5%
with 6, 10.5% comparing to 10.7%, 39.3%, 39.3%, and 10.7% expected from random segregation, respectively.

oocytes indicating a very low background crossover frequency on
11 and 11 (Supplementary Fig. 2b and ¢). zim-1 males had more
progeny that was euploid for chromosome 11 or III than what
would be expected from random segregation and more euploid
progeny than that of zim-1 hermaphrodites (Supplementary Fig.
2e). Among zim-3(tm2303) diakinesis oocytes, 13.95% had 7
chromosome bodies and 78.05% had 8 chromosome bodies
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(Supplementary Fig. 2b and c). The polymorphism assay to detect
euploid progeny from zim-3 mutant was not conducted due to
unavailability of zim-3 mutant carrying distinguishable poly-
morphisms. Interestingly, univalents loaded less Aurora B kinase
AIR-2 than bivalents in zim-1, zim-2, and zim-3 mutants
(Supplementary Fig. 2d), consistent with a previous study
(Muscat et al., 2015).
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Univalent V tends to be evenly distributed in
zim-2(tm574) male spermatocytes

To examine whether the high incidence of eupleid progeny
from zim-2(tm574) males originates from meiosis {mitotic cor-
rection can also increase euploidy), we took images of sper-
matocytes at metaphase I and metaphase II. If distributive
segregation occurs during anaphase I, then 2 univalents in
metaphase I spermatocytes would segregate away from each
other, resulting in more spermatocytes having a normal num-
ber of chromosomes at metaphase II than what would be ex-
pected from random segregation. Wild-type metaphase I
spermatocytes had 6 chromosome bodies, of which 1 is the
univalent X. If the sister chromatids of the univalent X remain
intact at anaphase I, 50% of metaphase I spermatocytes will
inherit the X and have 6 chromosome bodies, 1 X, and 5 auto-
somal chromosomes. In addition, 50% of metaphase II sper-
matocytes that do not inherit the X chromosome will have
5 autosomal chromosome bedies. If sister chromatids of the
X gplit at anaphase 1, then metaphase II spermatocytes will
all have 6 chromosome bodies. Among wild-type metaphase
II spermatocytes {(n=68), 53% (n=136) had 5 chromosome bod-
ies and 47% (n=232) had 6 chromosome bodies {Fig. 3a and d),
indicating the X univalent remains intact at anaphase 1, con-
sistent with previous studies (Shakes et al., 2009).

12.5% (n =5) of zim-2(tm574) metaphase [ spermatocytes (n= 40
analyzed) had 6 chromosome bodies (Fig. 3b and d), indicating a
chiasma between chremosome V homeologs in those spermato-
cytes, and consistent with the crossovers detected by polymorph-
ism analysis. This 12.5% of spermatocytes should behave like
wild-type and at metaphase IT should have 50% 5 autosomal bod-
ies and 50% 6 chromosome bodies {5 autosomes and 1 X). In add-
ition, 87.5% {n=235) of zim-2 metaphase I spermatocytes had 7
chromaosome baodies, comprised of 4 bivalents, 1 univalent X,
and 2 univalent Vs (Fig. 3b and d). If 2 univalent Vs segregate ran-
domly, 75% of their metaphase 1l spermatocytes will have 5 or 6
chromosome bodies. Therefore, 78% of total metaphase II
spermatocytes will have 5 or 6 chromosome bodies (12.5%»1
+87.5%=0.75+). In additicn, 85% (n = 72) of metaphase I spermato-
cytes {n =85 analyzed) had 5 or 6 chromosome bodies, significant-
ly more than what would be expected from random segregation
{78%, Fig. 3b and e, P=0.037 by Fisher's exact test 2x 2 after cor-
recting for 12.5% nuclei with nermal chromosome number). In
conclusion, chremoscme counting of the images of meiotic meta-
phase [ and Il in zim-2(tm574) males suggests 2 univalent Vs tend
to be more equally distributed to the metaphase [I spermatocytes
than which would result from random segregation.

Faithful chromosome segregation relies on sequential cohe-
sion release between homologs at anaphase 1 and sister chro-
matids at anaphase II as a result of phosphorylation of the
cohesin subunit REC-8, which depends on the spatial and tem-
poral activity of Aurcra B kinase AIR-2 in C. elegans (Ferrandiz
et al., 2018; De Carvalho et al., 2008; Tzur et al., 2012). We found
that, like the univalent X in wild-type, V univalents in
zim-2(tm574) metaphase [ spermatocytes, in which 7 chromo-
some bodies were shown, loaded very little AIR-2 compared
with bivalents {Fig. 3c). This suggests sister chromatids of uni-
valents might remain intact at anaphase I due to insufficient
AIR-2 loading. Moreover, AIR-2 appeared on all metaphase II
chromosomes in both wild-type and zim-2 mutants (Fig. 3a
and b), suggesting that sister chromatids likely segregate at
anaphase IL

Time-lapse imaging of univalent V segregation in
zim-2(tm574) males

To track univalent behavior more directly, we filmed meiotic
chromosome segregation in wild-type and zim-2(tm574) males la-
beled with AIR-2::GFP, mCherry:histone, and mKate::PH (plasma
membrane) (Fig. 4a andb, Supplementary Fig. 4). In C. elegans wild-
type XO males, the univalent X frequently lags at meiosis [ and sis-
ter chromatids of the X chromosome separate at meiosis II
{Albertson and Thomson, 1993; Shakes et al., 209). In all wild-type
meiosis | spermatocytes (n=21), when segregation of autosornal
homologs completed, the single X univalent still lagged at the
midzone and the intensity of AIR-2::GEP on the lagging X was
much lower than on metaphase bivalents. Meanwhile, separating
autosomes had AIR-2 attached to their side at anaphase I (Fig. 4a).
This is similar to what has been reported in a previous study by
immunohistochemistry (Shakes et al., 2009) and is very different
from oocytes, in which AIR-2 dissociates from chromosomes at
anaphase I and relocates to the midzone (Rogers et al., 2002).
‘Why the localization and dynamics of AIR-2 in males differ from
femnale meiosis and whether this underlies different segregation
mechanisms between sexes are not clear. Localization of AIR-2
in the middle of the univalent X indicated sister chromatids
were oriented toward opposite spindle poles. If sister chromatids
segregate precociously at anaphase 1, the resulting single sister
chromatids would be likely tc lag at anaphase II. No lagging chro-
mosomes were observed in anaphase II spermatocytes in both
wild-type (n=25, Fig, 4c) and zim-2(tm574) males (n=20, Fig. 4c),
suggesting univalents did not split at anaphase L.

Three out of 24 meiosis [ spermatocytes in zim-2{tm574) males
recapitulated wild-type male meiosis, in having a single lagging
chromosome at anaphase [ (Supplementary Fig. 4), consistent
with 12.5% metaphase [ spermatocytes having crossovers on
V. In the remaining 21 spermatocytes, more than 1 univalent
was observed lagging in the midzone when &ll other autosomes
had segregated {Fig. 4b and c). In the spermatocytes {n = 20) where
3univalents (1 X and 2 V univalents) were present, the intensity of
AIR-2::GFP on the lagging univalents was much lower than that on
metaphase bivalents. In 1 spermatocyte, all 3 univalents moved to
the same pole at anaphase I {4 aneuploid-V embryos will be made
after fertilization) whereas in the other 19 spermatocytes, the 3
univalent segregated in a "two and one” manner to the opposite
spindle pole during late anaphase (Fig. 4b). It is not possible to
distinguish the X univalent from the 2 V univalents in these time-
lapse sequences. However, the pelymorphism assays demon-
strated that zim-2 males produce only 6% aneuploid-V gametes
{4.8 out of 80 spermatids will be aneuploid), We therefore inferred
that the other 19 spermatocytes with a “two and one” segregation
pattern produced 76 euploid-V spermatids, suggesting that the 3
univalents segregating in the “two and one” manner were 1 X
and 1 V univalents segregating away from the other V univalent.
This is significantly higher than expected from random segrega-
tion {Fig. 4d). In conclusion, live imaging of zim-2(tm574) male mei-
osis suggests sister chromatids of univalents did not split at
anaphase I and that 2 univalent Vs tend to segregate apart to op-
posite poles instead of segregating together to the same pole at
anaphase I.

Segregation of univalents in spo-11(me44) cocytes
and spermatocytes

Toeliminate the uncertainty generated by the univalent Xin iden-
tifying autosomal univalents in zim-2 males, we utilized a spo-11
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Fig. 4. Univalent V in zim-2(tm574) males tends to segregate apart at meiosis i. a) Time-lapse images of male meiosis I spermatocytes labeled with AIR-2::
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spermatocytes having 3 univalents segregated in “nullo- and diplo-V” or “haplo-V” pattern.

mutant in which oocytes and spermatocytes both enter meiosis
with all univalents. SPO-11 is required for inducing double-strand
breaks that initiate meiotic DNA recombination. Deletion of
SPO-11 prevents the formation of chiasmata and crossovers, so
that 12 univalents are observed in diakinesis cocytes (Dernburg
et al., 1998) (13/13 spo-11 oocytes, this study).

We utilized time-lapse imaging to monitor meiosis I in spo-11
spermatocytes (Fig. 5a) and spo-11 oocytes (Fig. 50). We evaluated
chromosome segregation by measuring the fluorescence intensity
ratio of the 2 separating chromosome masses at anaphase I. This
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ratio was very close to 1in control spermatocytes (n=12) and co-
cytes (n=12), indicating chromosomes are equally partitioned
(Fig. 5c, Supplementary Fig. 5). Univalents also segregated roughly
in half at anaphase | in most spo-11 spermatocytes and oocytes. A
ratio of separating chromosome masses within 1.5 was observed
in 79% of spo-11 spermatocytes (n=24) and all spo-11 oocytes
(n=12) (Fig. 5¢). This suggested a mechanism that moves roughly
equal masses of chromatin to opposite poles during anaphase I. It
is not clear why the ratio in spo-11 spermatocytes had a bigger
variation than that in spo-11 oocytes. However, homozygous
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Fig. 5. A total of 12 univalents in spo-11(me44) segregated into 2 roughly equal masses at anaphase 1. a) Single focal plane time-lapse images of

spo-11{me44) male meiosis [ spermatocytes labeled with AIR-2::GFP; mCherry::histone. A total of 7 AIR-2-labeled I

are visible at

in a single plane compared with 3 in control single planes (Supplementary Fig. 5). Chromosomes aligned at meiotic metaphase I plate and segregated
roughly in half (12/16). Scale bar: 2 um. b) Single focal plane time-lapse images of spo-11{me44) meiosis 1 cocytes labeled with GFP::HIS; mKate::TUB. Atotal
of 6 chromosomes are visible at metaphase in a single plane compared with 3 in control single planes (Supplementary Fig. 5). ¢} Fluorescence intensity
ratio of separating chromosome masses in control male spermatocytes, spc-11(me44) male spermatocytes, control cocytes, and spe-11(med4) cocytes.
Each dot represents the ratio of 2 separating chromosome masses in 1 ceil by measuring the fluorescence intensity of maximurm projection of separating
masses from z-stack images of cocytes/spermatocytes at anaphase 1. n, number of cells analyzed. d) The hatch rate of progeny from spo-11(me44) males
crossed with fog-2 females and spe-11(me44) hermaphrodites. N, total number of progeny counted; n, number of parents. P <0.0001, unpaired t test.

spo-11(me44) hermaphrodites are viable but produce more than
90% dead self-progeny (Stamper et al., 2013). Fog-2(-) hermaphro-
dites crossed with spo-11(me44) males produce 84.65% dead eggs
(Fig. 5d), significantly less than that of self-progeny from
spo-11(me44) hermaphrodites {P < 0,0001, unpaired t test), This in-
dicates that a high degree of aneuploidy is generated in both co-
cytes and spermatocytes, consistent with a previous study
(Severson et al., 2009). The equal distribution of mCherry::histone-
labeled chromatin in the majority of spo-11{me44) meiotic cells but
high progeny lethality suggests that distributive segregation
might separate any 2 univalents apart, instead of partitioning
homalogs specifically. This would result in gametes with a rela-
tively normal number of chromosomes but high chromosomal an-
euploidy (e.g. 1 gamete having 2 copies of chromoscme 1, 11, and I1],
but no chromosome IV, V, and X).

Trisomy I, II, and V are viable and fertile while
monosomy is lethal

Cur polymorphism-based karyotyping indicated that zim-1 and
zim-2 females de not have significantly more euploid progeny
than expected from random segregation, but progeny viability

was higher than expected if all aneuploidies are lethal. It might
be that viable trisomy and moncsomy could contribute to a
higher-than-expected hatch rate. There are 6 possible trisomies
and monosomies for C. elegans. Viable trisomy X and trisomy IV
have been reported in previous studies (Sigurdson et al., 1984;
Hodgkin et al., 1979; Vargas etal., 2017). The phenotypes of trisomy
and menosomy of other chromosomes have not yet been reported
We examined the viability and fertflity of trisomic, disomic, and
monosomic fernale progeny from zim-1 females crossed with WT
males by a "three-polymorphism allele cross.” zim-1 hermaphro-
dites that were heterozygous for PCR polymorphism alleles on
chromosomne Il and Il were crossed with wild-type males homozy-
gous fora third polymorphism allele. The F1 progeny (could be tri-
somic, disornic, or monesomic) was singled into individual plates,
allowed to develop, and then scored as dead embryo, hatched lar-
vae, oradults {Fig. 6a and b). If F1s hatched, DIC images of F1s were
obtained to score for phenotypic characteristics (Fig. 6a), and
hatch rates of F2 self-progeny were obtained after allowing F1's
to lay eggs for 24 hr {Fig. 6¢). Then F1g were subjected to the PCR
analysis to determine the copy number of chromosomes II and
[II. Among all the trisomy [I that we detected, the majority {83%)
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hatched and developed into adults with gonads, and 17% did not
hatch, the viability of whichis not significantly different from their
disomic peers (Fig. 6b). Whereas for monosomy II, only 8% hatched
and those all arrested at earlier larvae stages. Similarly, trisamy [0
had similar viability as disomy [II: 83% trisomy 11 reached adult-
hood, and all monosomy III either did not hatch or were arrested
before growing into adults (Fig. 6a and b). Similar crosses with
zim-2 worms revealed that tnsomy V progeny are viable whereas
monosomy V progeny did not hatch (Fig. 6a and b).

In terms of phenotypic variations, monosomies II and III were
extremely sick, small, and usually had motility issues. Trisomy
I or I had variable length and width compared to disomy.

achiasmate univalents apart at anaphase . In addition, trisomic
progeny from a male or female parent is viable, and fertile and
previous studies have demonstrated that oocytes of trisomic
worms can preferentially eliminate the extra chromaosome during
meiosis (Cortes et al, 2015; Vargas etal., 2017). Together these me-
chanisms constitute a robust system for ensuring that a high per-
centage of healthy euploid progeny can be produced after
spontaneous crossover failures.

The different response of male spermatocytes and oocytes to
achiasmate univalents could be due to the presence of a third univa-
lent (the X univalent] in males or to some other difference between
oocyte and spermatocyte meicsis. Analysis of hermaphredite

Interestingly, trisomy 11, 1T, or V hermaphrodites had significantly
smaller brood sizes, and their progeny had lower hatch rates
(Fig. 6c and d), suggesting that trisomy II or 1l was viable but
had reduced fertility. Our results indicate that survival of trisomy
[1 or trisomy [1l worms contributes to the high viability of progeny
from zim-1 parents.

Discussion

Our results indicate that spermatocytes in male C. elegans can
compensate for spontaneous crossover failures by segregating

permatogenesis in a zim-2 mutant could distinguish between these
possibilities because thereis a bivalent X present. However, our poly-
rmorphism approach cannot be applied to hermaphrodite spermato-
genesis,. The “two and one” segregation pattern in most
spermatccytes could be mechanistically related to the “skew” phe-
nomenon. C. elegans males that have an asymmetric bivalent, with
one homclog larger than the other, preferentially segregate the lar-
ger homclog away from the univalent X (Wang er al, 2010; Le et al,,
2017). 1L is possible thal a crossover-independenl mechanizm
equalizes the mass of chromatin moving toward each spindle pole
and the uruvalent X affects this equalization only in X0 males.
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In Drosophila (Thomas et al., 2005; Weber et al., 2020}, Bombyx
(Rosin et al., 2021), Luzulg elegans (Heckmann et al., 2014), and hu-
mans (Gruhn et al., 2019), preferential segregation apart of homo-
logs without a crassover is associated with a noncrossover tether
between homclogs. In Arabidopsis, crossover-defective mutants
that assemble synaptonemnal complex {SC) on univalents are
able to segregate homologs apart, whereas mutants that fail to as-
semble (SC) segregate homologs randomly (Pradillo et al., 2007).
Because an aberrant SCis a candidate for a tether that might pro-
mote segregation of achiasmate homoclogs, it is pertinent to note
that homologous chromosomes in C. elegans spo-11 mutants pair
and form a synaptonemal complex with transverse elements
{Dernburg et al., 1998). However, these inter-homolog attach-
ments arenc lenger detected in diakinesis cocytes. The univalents
in zim-1, zim-2, and zim-3 mutant oocytes load SC lateral element
proteins, but do not pair or assemble SC transverse element pro-
teins (Phillips and Dernburg, 2006). The naturally unpaired X of
XO C. elegans males has been reported to form transient
inter-sister pseudosynapsis thatis part of a mechanism to prevent
damage to and prevent checkpoint activation by the male-specific
unpaired X (Checchi et al, 2014; Jaramillo-Lambert and
Engebrecht, 2010). This male-specific pseudosynapsis mechanism
might generate male-specific tethers between univalent auto-
somes in zim-1 and zim-2 mutants, We did not observe such
tethers in C. elegans zim-2 mutants, but they might be revealed
with different fluorescent prabes or imaging methods.

Alternatively, the sex-specific behavior of achiasmate homeolog
pairs might be due to one of the several differences between oocyte
and spermatocyte meiotic spindles. Unlike acentrosomal female
meigctic spindles, male meiotic spindles assemble with centrosomes
and robust astral microtubule arrays (Fabiget al., 2020). Plus ends of
astral microtubules can interact with cortical dynein to generate
pulling forces that contribute to anaphase spindle elongation. In
addition, dynein/dynactin is not required for anaphase in cocytes
{Laband et gl., 2017; Danlasky ¢t al., 2020} but is essential for ana-
phase in spermatocytes {Barbosa et al., 2021). Anaphase is described
as two distinct processes, anaphase Ain which chromosomes move
closer to spindle poles and anaphase B in which spindle poles
move apart. In C. elegans oocytes, anaphase A associated with
kinetochore-dependent pulling forces (Danlasky et al., 2020) occurs
before kinetochore-independent anaphase B (Dumont et al., 2010;
McNally et al., 2016) that is associated with outward pushing from
the spindle midzone (Laband et al,, 2017). In C. elegans spermato-
cytes, anaphases A and B occur simultaneously (Fabig et al., 2020).
In C. elegans spermatocytes, microtubules run continuously from
spindle poles to chromosomes (Fabig et al., 2020) and make end-on
attachments to the outside face of chromosomes (Wignall and
Villeneuve, 2009; Fabig et al, 2020). End-on microtubule attach-
ments to the outside face of chromesomes are a hallmark of
kinetochcre-dependent pulling forces generated by microtubule
depolymerization coupled with NDCBO complexes (Joglekar et al.,
2010). However, microtubules do not shorten during C. elegans
spermatocyte anaphase A which is instead associated with changes
in the shapes of the spindle and chromosomes (Fabig et al,, 2020). In
contrast, C. elegans cocyte microtubules form discontinuous, over-
lapping arrays of short microtubules (Laband et al, 2017;
Redemann et al., 2018) that form only side-on contacts with chro-
mosomes during metaphase (Wignall and Villeneuve, 2009;
Redemann et al., 2018) or end-on contacts with the inside face of
chromosomes during anaphase (Laband et al, 2017; Redemann
et al, 2018). Univalent X chromosomes present during anaphase
lagbehind the main chromosome masses and are stretched, indica-
tive of pulling forces, in both oocytes {Danlasky et al., 2020) and

spermatocytes (Fabiget al., 2020). In C. elegans oocytes, midzone mi-
crotubules can push chromosomes apart {Laband et al., 2017) and,
in the absence of outer kinetochore function, can push intact biva-
lents apart in a homology-independent manner (Dumont et al,
2010; Danlasky et al., 2020). This midzone pushing mechanism
might explain how univalents are separated into equal masses in
spo-11 oocytes. However, it has been reported that the midzone is
composed of very few microtubules in C. elegans spermatocytes
{Fabig et al., 2020), making it unclear if this pushing mechanism is
present in spermatocytes.
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ARTICLE

Evidence for anaphase pulling forces during

C. elegans meiosis

Brennan M. Danlasky, Michelle T. Panzica™®, Karen P. McNally®, Elizabeth Vargas, Cynthia Bailey, Wenzhe Li(®, Ting Gong, Elizabeth S. Fishman,

Xueer Jiang®, and Francis . McNally®

Anaphase chromosome movement is thought to be mediated by pulling forces generated by end-on attachment of
microtubules to the outer face of kinetochores. However, it has been suggested that during C. elegans female meiosis, anaphase
is mediated by a kinetochore-independent pushing mechanism with microtubules only attached to the inner face of
segregating chromosomes. We found that the kinetochore proteins KNL-1 and KNL-3 are required for preanaphase
chromosome stretching, suggesting a role in pulling forces. In the absence of KNL-1,3, pairs of homologous chromosomes did
not separate and did not move toward a spindle pole. Instead, each homolog pair moved together with the same spindle pole
during anaphase B spindle elongation. Two masses of chromatin thus ended up at opposite spindle poles, giving the

appearance of successful anaphase.

Introduction

In eukaryotes, segregation of chromosomes during mitosis and
meiosis is widely thought to require kinetochores, multiprotein
structures that usually assemble at a single defined region of a
chromosome called a centromere and that mediate binding to
spindle microtubules. The outer kinetochore KMN network,
composed of KNL-1, the MIS-12 complex, and the NDC-80
complex, is thought to directly mediate attachment of chromo-
somes to spindle microtubules (Cheeseman et al., 2006). End-on
attachments of microtubule plus ends to NDC-80 complexes on
the outer face of chromosome pairs is coupled with depoly-
merization of the plus ends to generate pulling forces that sep-
arate chromosomes from each other and move chromatids
toward spindle poles. This results in a chromatid-to-pole
movement called anaphase A (Inoué and Ritter, 1978; Vulmgi¢
et al., 2019). During anaphase B, the spindle lengthens and
chromosomes move with the separating poles (Inoué and Ritter,
1978). Anaphase B is thought to be driven by outward pushing
through a combination of anti-parallel sliding and microtubule
polymerization between the separating chromosomes (Vukusié
et al., 2019). Several observations have led to the idea that the
outer faces of kinetochores are still attached to spindle micro-
tubules during anaphase B. Bundles of microtubules called
K-fibers extend from pole to kinetochore during anaphase B
(Mastronarde et al., 1993; McDonald et al., 1992}, and chromo-
some arms trail behind kinetochores during anaphase B (Inoué
and Ritter, 1978). Cutting the spindle between a kinetochore and

spindle pole sometimes caused the chromosome to transiently
stop moving (Spurck et al., 1997). In addition, depletion of ki-
netochore proteins blocked anaphase B chromosome movement
in the Caenorhabditis elegans embryonic mitotic spindle (Oegema
et al., 2001}.

Several observations in C. elegans oocyte meiotic spindles
have suggested that different mechanisms are at work. (1) KNL-1,
which is required for recruiting NDC-80 to the kinetochore,
was reported to dissociate from chromosomes during anaphase
and not be required for anaphase chromosome movement
(Dumont et al., 2010). (2} Anaphase chromosome movement
was not affected by laser ablation on the poleward side of
chromosomes but was stopped by ablation between separating
chromosomes, suggesting that microtubules push cutward on
the inner faces of separating chromosomes (Laband et al., 2017).
(3} End-on microtubule attachments have not been observed on
the poleward face of chromosomes. Only lateral microtubule
attachments have been observed in metaphase and early ana-
phase, and end-on attachment to the inner face of chromo-
somes has been observed in late anaphase (Laband et al., 2017;
McNally et al., 2006; Muscat et al., 2015; Redemann et al., 2018;
Wignall and Villeneuve, 2009; Yu et al., 2019}. (4) The kineto-
chore protein KNL-3 dissociated from chromosomes during an-
aphase, and KNL-3 depletion actually rescued anaphase in
embryos depleted of the nuclear envelope and kinetochore
protein MEL-28 (Hattersley et al., 2016). This latter result suggested
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that MEL-28-dependent removal of the KMN network might be
important for anaphase.

In organisms with localized centromeres, the cohesin that
holds sister centromeres together is protected from separase
during anaphase I, ensuring that homologs separate during
anaphase I but sisters remain together until anaphase II
(Watanabe, 2005). Because C. elegans chromosomes do not have
localized centromeres, they cannot use this strategy for ensuring
homelog segregation before sister separation during meiosis.
Instead, a single crossover generates a bivalent with two long
arms and two short arms. Cohesion is protected on the long arms
during anaphase I {de Carvalho et al., 2008}, and conserved ki-
netochore proteins form large cup-shaped structures that en-
velop each long arm (Dumont et al., 2010; Howe et al., 2001;
Monen et al., 2005). The aurcra B kinase assembles along the
short arms, forming a large “midbivalent ring” between the ki-
netochore cups (Dumont et al., 2010; Kaitna et al., 2002; Rogers
et al., 2002; Wignall and Villeneuve, 2009). Aurora B kinase
mediates separase cleavage of short-arm cohesin and homolog
separation at anaphase I (Ferrandiz et al., 2018a; Rogers et al,,
2002). At anaphase onmset, there is no apparent kinetochore
protein on the inner face of separating homologs, raising the
question of how microtubules might be attached to the inner face
of chromosomes as suggested by Laband et al. (2017). To address
this question, we first analyzed the localization of KNL-1 and the
MIS-12 subunit KNL-3 during anaphase in C. elegans female
meiosis.

Results

Endogenously GFP-tagged KNL-1 and KNL-3 transition from
cups to rings at the start of anaphase B

Live imaging of a C. elegans strain bearing in-frame GFP in-
sertions at the endogenous knl-1 and knl-3 loci revealed cup-
shaped structures enveloping the poleward face of mCherry:
histone H2b-labeled chromosomes during metaphase and early
anaphase (n = 10/10; Fig. 1 A, 0-2:05; Video 1}. At the onset of
anaphase B, defined as the switch from spindle shortening to
spindle elongation, GFP-labeled KNL-1 and KNL-3 transitioned
to enveloping all sides of each separating homolog so that they
appeared as rings in optical sections (n = 10/10; Fig. 1 A, 2:45-4:
25). This transition was previously observed by antibody
staining of un-tagged KNL-1 (Monen et al,, 2005). The fluores-
cence intensity of chromosome-associated KNL-1::GFP + GFP:
KNL-3, measured as a unitless ratio to background fluorescence,
decreased significantly between metaphase, 4.45 + 0.68 min
before initiation of spindle elongation, and the ring stage of
anaphase B, 0.63 + 0.11 min after initiation of spindle elongation
(metaphase: mean 5.09 * 0.71; n = 11; anaphase B: mean 1.96 +
0.15; n = 13; P = 0.0003), whereas the fluorescence intensity of
mCherry::H2b did not decrease significantly (metaphase: mean
2.80 2 0.31; n = 11; anaphase B: mean 3.00 + 0.36;n =11, P = 0.70).
This decrease in intensity might explain why KNL-1 and KNL-3
were previously described as dissociating from chromosomes
during anaphase (Davis-Roca et al,, 2017; Dumont et al., 2010;
Hattersley et al., 2016). These rings also appeared at the onset of
anaphase B in strains with only KNL-1::GFP or only GFP:KNL-3

Danlasky et al
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(Fig. 1 B). The localization of kinetochore proteins on the inner
face of separating homologs could provide attachment points for
midzone microtubules during anaphase B. Consistent with this
idea, KNL-1::mCherry rings were surrounded by GFP::ASPM-1, a
microtubule minus-end binding protein (Fig. 1 C}.

Kinetochore proteins are found in at least three pools during
oocyte meiosis. In addition to cups or rings around chromo-
somes, KNL-1 and 3 accumulated on spindle poles just before
spindle rotation (Fig. 1 A; 0:00; 10/10 spindles), as previously
reported for ZWL-1 (McNally et al., 2016), and were found in
ROD-1-dependent linear elements on the spindle and embryo
cortex during metaphase I (Fig. 1 D; 11/11 control embryos: cups
and linear elements; 13/13 rod-1{RNAi) embryos: cups but no
linear elements), as previously reported (Dumont et al., 2010}.
KNL-1 and 3 still localized in rings around late anaphase ho-
mologs after ROD-1 depletion (Fig. 1 E; 11/11 controls had rings,
and 12/12 rod-1(RNAi) had rings), indicating they are not just
caused by occlusion of linear elements that have accumulated at
spindle poles. In control spindles, chromosomes are surrounded
by the spindle pole protein ASPM-1during anaphase and scclude
GFP::ASPM-1 fluorescence (Fig. 1 F}. Thus, the anaphase rings of
KNL-1/3 could simply result from occlusion of spindle pole KNL-
1,3 by chromosomes. However, in mei-2(RNAi) spindles, which
have no discrete spindle poles (Fig. 1 F; Connolly et al., 2014;
McNally and McNally, 2011}, GFP-tagged KNL-1,3 still transi-
tioned from cups to rings (Fig. 1 G; 3/3 time-lapse sequences).
These results suggest that the KNL rings are not just an optical
artifact of chromosomes occluding spindle pole KNL-1,3 and that
the inner face of these rings could provide microtubule attach-
ment points during anaphase B, as further suggested by time-
lapse images of mKate2::tubulin and GFP-tagged KNL-1,3 (Fig. 2
A; 3:10-5:30) and by EM results (Laband et al., 2017; Redemann
et al., 2018}.

Microtubules are in close proximity to the poleward face of
kinetochore cups

It has been suggested that C. elegans oocyte bivalents lack end-on
microtubule attachments on their poleward face for two rea-
sons. First, mCherry::H2b-labeled chromatin (McNally et al,
2006, 2016; Wignall and Villeneuve, 2009} and DAPI-stained
chromatin (Davis-Roca et al., 2017; Muscat et al., 2015} reside
in microtubule-free channels during metaphase and early ana-
phase. Second, microtubule ends were not observed within 250
nm of the poleward chromatin surface at metaphase or anaphase
by EM (Redemann et al., 2018}. The 250-nm distance was chosen
because of EM observations of a ribosome-free layer around €.
elegans chromosomes that has been interpreted as the kineto-
chore (Howe et al.,, 2001; O'Toole et al., 2003). Endogenously
GFP-tagged KNL-1 and 3, however, extended much farther
poleward than mCherry::H2b (Fig. 1 A; 0:00). Indeed, simulta-
neous live imaging of mKate:tubulin and GFP-tagged KNL-1,3
revealed that the KNL cups completely fill the microtubule-free
channels (Fig. 2, B-D; and Video 1}. In contrast, gaps are ap-
parent between the poleward face of mCherry::Hz2b and spindle
poles (Fig. 3 A). This observation raises the possibility that KNL-
1,3 extend farther poleward than the ribosome-free zone. If
microtubule plus ends are present in this farther-poleward
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volume, KNL-1-dependent NDC-80 (Dumont et al., 2010) might
transiently engage with these plus ends as the spindle shortens.
Alternatively, the microtubules on the poleward face of KNL-1,3
could generate pulling forces through lateral interactions with
the KNL cups, as suggested by EM analysis (Redemann et al,,
2018). The existence of pulling interactions is supported by the
observation of points of GFP-tagged KNL-1,3 extending poleward
from the tips of kinetochore cups (Fig. 2 B).
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KNL-1 and KNL-3 are required for metaphase chromosome
congression and biorientation

Because Dumont et al. (2010) found that GFP::KNL-3 remained
in kinetochore cups after knl-1{RNAi), we chose to double deplete
KNL-1 and KNL-3 to more completely reduce kinetochore
function during meiosis. Two previously described methods
were used, auxin-induced degradation in strains with auxin-
induced degrons (AIDs) appended to the endogenous knl-1 and
knl-3 genes and GFP(RNAi) on strains with GFP appended to the
endogenous knl-1and knl-3 genes (Vargas et al,, 2019). After 48-h
RNAi, GFP fluorescence was not observed around chromosomes

Danlasky et al.
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Figure 1. Kinetochores transition from cups to rings at
anaphase onset. {A-C) Single-focal plane time-lapse imaging
of meiosis | embryos expressing the indicated fusions. (A) O min
is mid spindle rotation. 1:15 is the beginning of homolog sepa-
ration. (B) Individual localization of KNL-1::6FP and GFP:KNL-3
in late anaphase, during spindle elongation. {€) KNL-1::mCherry
is surrounded by GFP:ASPM-1 at anaphase. {D and E) Fixed
immunofluorescence images show that metaphase kinetochore
cups (D) and anaphase kinetochore rings (E) remain on chro-
mosomes after depletion of linear elements. (F and G) Time-
lapse images reveal that KNL-1/3 still transition from cups to
rings in the absence of ASPM-1-labeled spindle poles. Bars = 3
um. mCh, mCherry.

mei-2(RNA)
anaphase |

in living embryos (Fig. 3 B); however, staining of fixed embryos
with a polyclonal anti-GFP antibody revealed faint puncta as-
sociated with meiotic chromosomes (Fig. S1, A and B). The anti-
GFP staining intensity of these residual puncta, measured as a
unitless ratio to background, was sixfold lower than that of the
cup structures around control RNAi chromosomes (control
RNAi: mean 12.6 + 1.2; n = 44 embryos; GFP(RNAi): mean 1.9 +
0.2; n = 16 embryos; P = 0.0001). Both auxin-induced degrada-
tion (Fig. 3 A) and GFP(RNAi) depletion of KNL-1 and KNL-3
(Fig. 3 B) resulted in failure to position bivalents at the meta-
phase plate. Because no significant differences were found be-
tween the two depletion methods (Fig. S2), phenotypic data
were pooled and are referred to as knl-1,3(kd) for “knockdown.”
In addition to failure of bivalents to position at a metaphase
plate (Fig. 3 C), bivalents frequently failed to orient down the
pole-to-pole axis of the spindle (Fig. 3 D). These two defects
were previously reported for knl-1(RNAi) (Dumont et al., 2010).
In addition, 40% of double-depleted metaphase spindles had at
least one bivalent on the outside edge of the spindle (Fig. 3, A, B,
and E). knl-1,3(kd) spindles frequently had two or more bivalents
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Figure 2. Microtubule-free channels are filled with kinetochores. (A and B) Single-local plane time-lapse sequences of embryos expressing KNL-1:GFP,
GFP::KNL-3, and mKate::tubulin. Arrows indicate points of KNL-1,3 extending poleward. (C) Fluorescence intensity profile down the length of a shortened
spindle just before anaphase onset. Gray line indicates the half-maximal intensity of mKate::tubulin. The inside edge of the microtubule-free channel was
defined as the position of the inner red half-maximal intensity, and the outside edge of KNL was defined as the position of the outer green half-maximal
intensity. (D) The length of KNL signal divided by the length of its corresponding microtubule-free channel. Values and error bars indicate mean + SEM. Bars =

4 pm. RO, region of interest; TUB, tubulin.

stacked end to end along the pole-to-pole axis of the spindle
(Fig. 3 A) as previously described (Vargas et al., 2019). Finally,
knl-1,3(kd) spindles did not have apparent microtubule-free
channels oriented in the pole-to-pole axis (Fig. 3 A). This
might indicate that intact kinetochore cups contribute to the
organization of spindle microtubules. However, these con-
gression defects were not due to a complete lack of spindle bi-
polarity as occurs in NDC-80-depleted mouse oocytes (Gui and
Homer, 2013; Yoshida et al., 2020). Z-stacks of 16/18 knl-1,3(kd)
live metaphase spindles labeled with GFP::ASPM-1 exhibited
two spindle poles (Video 2). 2/18 z-stacks exhibited a smaller
third pole. Instead, these congression defects might be due to a
lack of poleward pulling forces on chromosomes.

Danlasky et al.
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KNL-1 and KNL-3 are required for bivalent stretching

Poleward pulling forces on the two halves of a bivalent before
cohesin cleavage should deform elastic chromatin, making
bivalents longer and narrower. To specifically test for
kinetochore-dependent chromosome stretching, we monitored
bivalent length in control or knl-1,3(kd) embryos expressing
mCherry::H2b and GFP::NPP-6, which labels kinetochore cups
independently of KNL-1 and 3 (Hattersley et al., 2016; Fig. 4 A).
We previously found that ZWL-1-labeled kinetochore cups
stretch dramatically just before homolog separation (McNally
et al., 2016). Because homolog separation is defective in knl-
1,3(kd) embryos (see below), we measured the change in biva-
lent length between 5.7 + 0.47 min and 2.2 + 0.15 min before
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initiation of spindle elongation. Both inter-homolog (Fig. 4, B and
C) and intra-homolog (Fig. 4 D) distances increased significantly
between these time points (referred to as metaphase and pre-
anaphase) in control embryos. In knl-13(kd) embryos, inter-
homolog and intra-homolog distances did not increase between
metaphase and preanaphase, and these distances were signifi-
cantly sialler than in control embryos (Fig. 4, A-D; and Fig. $3,
A-D). The increase in bivalent length between metaphase and
preanaphase in centrol embryos might be due te ROD-
1-dependent expansion of kinetochore volume (Pereira et al,
2018} or to stretching. However, the cross-sectional area of con-
trol bivalents did not change significantly at preanaphase when

Danlasky et al.
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length increased (Fig. $3 E), and bivalent length still increased
after rod-1(RNAI} {distance between homolog centers, metaphase:
115 + 0.05 um and preanaphase: 1.40 + 0.05 pm; P = 0.0013). This
result indicated that KNL-1 and 3 are required for stretching that
would be indicative of preanaphase bipolar pulling forces on bi-
valents. Bivalent length (Fig. 4 B) and intra-homolog stretch
(Fig. 4 D) were also significantly reduced in knl-13(kd) relative to
controls at metaphase but to a lesser extent than at preanaphase.
These results suggest that reduced pulling forces could contribute
to the congression defect and that pulling forces increase just
before homolog separation (2.2 + 0.15 min before initiation of
spindle elongation).
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KNL-1 and KNL-3 are required for anaphase A and homolog
separation

In control time-lapse sequences, all bivalents split into two ho-
mologs that moved to opposite spindle poles before the initiation
of spindle elongation (Fig. 5, A and F; and Video 3). In kni-1,3(kd)
embryos, 60% of bivalents did not split into two homologs before
the initiation of spindle elongation and instead moved intact
with one spindle pole during spindle elongation (Fig. 5, B, C, and
E; Video 4; and Video 5). 19 bivalents in 14 embryos that segre-
gated intact with one spindle pole eventually separated at het-
erogeneous times during spindle elongation (112 + 0.91 min;
range, 0.5-3.2 min after initiation of spindle elongation; Video
6). Only five bivalents remained intact through the end of the
time-lapse sequence. As judged by size, no bivalents were ob-
served in 11/11 metaphase II spindles, and both sister chromatids
of 14/23 metaphase I univalents ended up at the same end of the
anaphase 1I spindle. The delay in bivalents splitting into two
homologs is not entirely an indirect consequence of the pre-
ceding congression defect since bivalents separated into two

Danlasky et al.
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homologs in a mei-2(ct98) mutant that also had a severe con-
gression defect (Fig. 3 C; and Fig. 5, D and E) but had intact
kinetochore cups {Fig. 5 F). The congression defect could con-
tribute, however, as most of the bivalents segregating intact
were either stacked end to end at metaphase or were close to one
pole at the onset of anaphase B. Separase localization on meta-
phase chromosomes and between anaphase chromosomes ap-
peared normal in KNL-1,3-depleted spindles (Fig. $1), although a
delay in relocalization might not be detected. AIR-2, which is re-
quired for cleavage of cohesin by separase (Ferrandiz et al., 2018b;
Rogers et al,, 2002), also localized normally between homologs at
metaphase (Fig. 54, A and B). AIR-2 also dissociated from chro-
mosomes and associated with midzone microtubules during ana-
phase in knl-1,3(kd) spindles as it did in controls (Fig. $4, A and B).

In control spindles, anaphase occurred in three phases. (1)
Spindles first shortened in the pole-to-pole axis. (2) Chromo-
somes then separated a short distance as the spindle continued
to shorten {anaphase A). (3) Spindles abruptly transitioned to
lengthening (anaphase B}, during which chromosomes moved at
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the same speed as the separating spindle poles (Fig. 5, A and G;
McNally et al., 2016). In knl-1,3(kd) spindles, spindle shortening
occurred at wild-type velocities (control: -1.03 + 0.06 pum/min;
n = 22; knl-1,3(kd): -0.98 + 0.06 pm/min; n = 18), but chromo-
somes only began to move apart when spindle elongation started
(Fig. 5, B, C, and H). This failure of anaphase A was not due only

Danlasky et al.
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to the preceding congression defect, as anaphase A occurred in
mei-2(ct98) spindles, which also have a congression defect (Fig. 3
C; and Fig. 5, D and I).

To more carefully document anaphase A velocities, we
measured the velocity of homolog separation during the 90 s
before the initiation of spindle elongation because anaphase A
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occurs during this period in control spindles (Fig. 5 G). Chro-
mosome movement was greatly reduced during this peried in
krd-1,3(kd) spindles. These measurements included both dis-
tances between homologs that later segregated to opposite poles
(Fig. S2 B} and distances between stacked bivalents that later
separated from each other intact (Fig. 5J). In contrast, anaphase
Avelocities were significantly faster in mei-2(ct98) spindles than
in control spindles (Fig. 5 J). These results suggest that KNL-1and 3
are required for pulling forces that drive anaphase A while the
spindle is still shortening.

Anaphase B occurs in KNL-1,3-depleted spindles but is highly
error prone

The majority of chromosomes in kni-1,3(kd) spindles moved at
the same velocity as the separating spindle poles, and this ana-
phase B velocity was significantly faster than controls (Fig. 6 A
and Fig. S2 D). GFP:tubulin fluorescence appeared between
separating chromosomes in both control (Fig. 6 B) and kni-1,3(kd)
spindles (Fig. 6 C, arrowhead), consistent with fibers pushing
chromosomes apart. However, anaphase B was highly error
prone in knl-1,3(kd) spindles. One chromosome frequently moved
in a direction nearly perpendicular to the two major separating
masses of chromosomes, with bundles of microtubules lengthen-
ing between each major mass and the errant chromesome (Fig. 6
C, 10:10-12:10; Fig. 6, D and E; and Fig. S2 C}. The observations
of intact bivalents moving apart (Fig. 5, C-E} and microtubule
bundles lengthening in three-way anaphases (Fig. 6 C) suggested
that microtubule bundles push any two chromosome masses apart
in knl-1,3(kd} spindles. The result of this promiscuous pushing
between intact bivalents was that the total mass of chromatin in
the two separated masses of chromosomes, measured as the 3D
sum of mCherry:H2b pixel values, was unequal in knl-1,3(kd)
spindles at the end of anaphase B (Fig. 6 F}.

KNL-1,3 surround late-lagging univalents as they are stretched
Univalent X chromosomes, resulting from crossover failure in a
him-8 mutant, do not lose cohesion, frequently lag during late
anaphase, and appear to be stretched as they are captured by the
ingressing polar body membrane (Cortes et al., 2015; Fig. 7 A).
The explanation for stretching has been unclear because chro-
mosome stretching is associated with bipelar pulling forces and
because laser cutting experiments suggested that pushing forces
predominate in late anaphase (Laband et al.,, 2017). In 9/9 him-8
anaphase I spindles with a late-lagging univalent, GFP-tagged
KNL-1,3 enveloped the univalent as it stretched (Fig. 7 A and
Video 7). Because KNL-1,3 are required for metaphase chromo-
some stretching (Fig. 4), this result suggested that KNL-1,3 could
still be exerting pulling forces during late anaphase. The natu-
rally univalent X chromosome in spermatocytes is also stretched
during anaphase and is associated with both end-on and lateral
microtubule attachments to kinetochores (Fabig et al., 2020).
Davis-Roca et al. (2017) reported that a variety of conditions
causing meiotic errors result in a delay in the dissociation of
KNL-3 from anaphase chromosomes. However, we observed no
difference between control and him-8 embryos in the decrease of
KNL-1:GFP + GFP:KNL-3 between metaphase and anaphase
(Fig. 7 B).

Danlasky et al
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£:JCB

NDC-80 is required for KNL-1,3-dependent anaphase A

homolog separation but not anapl -to-pole

A chromo
movement

NDGC-80 and RZZ-dependent dynein are the most obvious can-
didates for KNL-1,3-dependent poleward force generators at
kinetochores because of their in vitro activities and because both
NDC-80 and the RZZ component ZWL-1 require KNL-1 for as-
sociation with kinetochere cups (Dumont et al., 2010). To test
whether the phenotypes of knl-1,3(kd) spindles could be caused
only by loss of NDC-80, we constructed a strain with a GFP tag at
the endogenous ndc-80 gene that also expressed mNeonGreen-
tagged tubulin and mcCherry:H2b and that also contained the
KNL-1 and KNL-3 degrons. Auxin treatment indicated that as-
sociation of endogencusly GFP-tagged NDC-80 is dependent on
KNL-1,3 (Fig. 8, A and B; n = 6/6 -1 oocytes). We then subjected
the ndc-80(GFP) worms to GFP(RNA#). This treatment resulted in
a complete loss of NDC-80 from kinetochore cups (Fig. 8 G; n =
14/15 -1 oocytes). Metaphase congression defects were observed
in a significantly lower fraction of NDC-80-depleted embryos
than in knl-1,3(kd) embryos (Fig. 8 D vs. Fig. 3 C; 21/24 spindlesin
knl-1,3(kd) versus 4/10 ndc-80 spindles; Fisher's exact test; P =
0.008). Bivalent stretching in NDC-80-depleted embryos was
intermediate between that of control and knl-1,3(kd} embryos
(Fig. §3, F-1). Similar to knl-1,3(kd) embryos (Fig. 5 E), intact
bivalents were cbserved moving apart from each other at high
frequency in NDC-80-depleted embryos (Fig. 8, D-F; Video 8;
and Video 9). In contrast with intact bivalents in knl-13(kd)
embryos, which exhibited no anaphase A-like chromosome
movement (Fig. 5, H and J), intact bivalents in NDC-80-depleted
spindles moved toward one pole at wild-type velocities (Fig. 8 F,
arrows; and Fig. 8 G). Anaphase B velocity was the same be-
tween control, NDC-80-depleted (Fig. 8 H), and knl-1,3(kd) em-
bryos (Fig. 6). The weaker phenotypes of NDC-80 depletion
suggested that either KNL-1,3 have some NDC-80-independent
function or that residual amounts of NDC-80, which were not
detectable by GFP fluorescence (Fig. 8 C}, remain after GFP(RNAi)
but not after knl-1,3(kd).

Cytoplasmic dynein is not associated with anaphase
chromosomes, is not required for anaphase A, and restrains
anaphase B

Using endogenously GFP-tagged dynein heavy chain, we first
found that dynein was associated with metaphase I kinetochore
cups in time-lapse sequences of 8/10 control embryos (Fig. 9 A).
Previous studies of C. elegans mitosis (Gassmann et al., 2008) or
meiosis (Muscat et al, 2015) found kinetochore dynein only
in experimentally induced monopolar spindles. Our robust de-
tection in control embryos allowed us to demonstrate that
association of dynein with metaphase kinetochore cups was
dependent on KNL-1,3 (Fig. 9, A and B} and on ROD-1 (Fig. 9 C;
mean background subtracted pixel values at bivalents: contrel,
135 + 24; n = 10; knl-1,3(kd), 32 = 11; n = 10; red-1(RNAi}, 16 £ 8; 11 =
8). During anaphase A, kinetochore dynein merges with spindle
pole dynein (Fig. 9 A}, and spindle pole dynein is ASPM-1 de-
pendent (van der Voet et al, 2009). To test whether DHC-1
is associated with chromosomes during anaphase B, we
imaged endogenously tagged DHC-1 in aspm-1(RNAi) spindles.
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In aspm-1(RNAi) embryos, DHC-1 localized in kinetochore cups
during metaphase (8/10 embryos) but completely dissociated
from chromosomes before anaphase A (Fig. 9 D; n = 5/5 embryos,
mean background subtracted pixel values at aspm-1(RNAi) chro-
mosomes: metaphase, 152 + 34; n = 10; anaphase, 30 + 11;n = 5).
These results indicated that KNL-1,3 and ROD-1 target dynein
to kinetochore cups during metaphase but that dynein near

Danlasky et al.
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chromosomes during anaphase A is not directly associated with
chromosomes and is instead associated with ASPM-1 and mi-
crotubules that surround the chromosomes.

To address the role of dynein in anaphase chromosome
movement, we monitored anaphase A velocities after 1 h of
auxin-induced degradation of DHC-1 (Zhang et al., 2015) and
after rod-1(RNAi). DHC-1::degron + auxin spindles failed to rotate
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and were long with pointed poles as previously reported for
partial RNAi depletion (Crowder et al., 2015; Ellefson and McNally,
2009), but anaphase A velocities were not significantly slower
than controls in DHC-1:AID + auxin or in rod-}(RNAi) spindles
{Fig. 9 E). Anaphase B velocities were significantly faster in DHC-
1:AID + auxin but not in rod-J(RNAi} (Fig. 9 F). These results are
consistent with previously reported wild-type or faster than wild-
type anaphase velocities in dhc-1{RNAi) (McNally et al., 2016), dhe-
3ts), dnc-6(null), zwl-1(RNAI), and spdl-1(RNAi) (Laband et al., 2017).
These results indicate that chromosomal dynein does not play a
role in anaphase A or B but that nonchromosomal dynein slows
spindle elongation during anaphase B. We were unable to test for
redundancy between NDC-80 and dynein because endogenously
tagged NDC-80:GFP was not completely depleted in worms
treated with both GFP(RNAi) and rod-1(RNAi). However, because
DHC-1 is not associated with chromosomes during anaphase, it is
not likely to be an anaphase force generator at chromosomes.

Robust mechanisms mediate attachment of chromosomes

to microtubules

Kinetochores are widely thought to mediate attachment of
chromosomes to microtubules, but chromosomes were never
observed to completely dissociate from spindle microtubules in
knl-1,3(kd) spindles. This attachment might be mediated by a

Danlasky et al.
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small residual number of molecules of KMN network proteins
or by KNL-1,3-independent microtubule-binding proteins.
Microtubule-binding proteins known to associate with chro-
mosomes in the absence of KNL-1 during metaphase include the
midbivalent ring components KLP-19, HCP-12, and CLS-2
(Dumont et al., 2010). The SUMO ligase, GEI-17, and SUMO are
required for recruitment of KLP-19 and BUB-1 to the midbivalent
ring (Pelisch et al., 2019, 2017), Midbivalent rings elongate in
microtubule-free channels between separating homologs during
early anaphase, and then some components transfer to micro-
tubules in late anaphase (Fig. $4, A and C; Davis-Roca et al., 2018;
Dumont et al., 2010; Laband et al., 2017; Muscat et al., 2015;
Pelisch et al., 2019). Meiosis in auxin-treated knl-1, knl-3, klp-19,
and knl-1, knl-3, gei-17 triple-degron strains proceeded essentially
identically to knl-1,3(kd) meiosis (Fig. 54, D-G; and Video 10). No
chromosomes completely detached from the spindle in 21 GEI-17
triple-depleted metoses and in only 2/14 KLP-19 triple-depleted
meioses, a chromosome that moved perpendicular to the long
axis of the spindle completely detached during late anaphase I
and was ot incorporated into the metaphase II spindle (Fig.
S4 H).

The kinesin 13, KLP-7, is also a microtubule-binding protein
that is associated with chromosomes during meiosis and thus
might provide redundant attachments between chromosomes
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and microtubules. KLP-7 endogenously tagged at the C-terminus
with mNeonGreen (Heppert et al., 2018) and, observed live, was
most concentrated on meiotic chromosomes in a bi-lobed
pattern similar to histone H2b-labeled chromatin through-
out metaphase and anaphase, with lower amounts in the
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midbivalent ring during metaphase (Fig. 10 A, 0 and 2:30; Fig. S5
A; 11/11 control embryos). This pattern was similar to that pre-
viously observed (Connolly et al., 2015; Gigant et al., 2017; Han
et al., 2015). KLP-7:mNeonGreen was lost from midbivalent
rings in 6/7 knl-1,3(kd) embryos but remained associated with
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chromatin throughout metaphase and anaphase in 7/7 knl-1,3(kd)
embryos (Fig. 10 B; and Fig. S5, A and B). In agreement with
previous studies (Connolly et al., 2015; Gigant et al., 2017; Han
et al., 2015), KLP-7 accumulated on spindle poles during spindle
shortening in control embryos (Fig. 10 A, 2:30). In contrast, KLP-7
did not accumulate on spindle poles in 6/7 knl-1,3(kd) embryos
(Fig. 10 B). In control but not knl-1,3(kd) embryos, the mean
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fluorescence intensity of KLP-7:mNeonGreen increased be-
tween metaphase and anaphase (Fig. 10 C). These results in-
dicate that KNL-1,3 recruited KLP-7 to spindle poles but not to
chromatin and that the increase in apparent chromosomal in-
tensity during anaphase in control embryos was due to merging
of pole and chromosomal pools. These results also suggest that
KLP-7 could mediate chromosome-microtubule attachments in
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the absence of KNL-1,3 during error-prone anaphase B. We
were unable to directly test this because knl-1,3(degron) kip-
7(RNAi) oocytes would not ovulate.

The C. elegans katanin, MEI-1/MEI-2, binds microtubules
(Joly et al., 2016; McNally et al,, 2014; McNally and McNally,
2011) and colocalizes with DAPI or mCherry::H2b inside the
kinetochore cups (McNally et al., 2006; Srayko et al., 2000). mei-
1{null) mutants assemble apolar meiotic spindles (Connolly et al.,
2014; McNally and McNally, 2011}. mei-1{(RNAi) also results in an
increased velocity of cytoplasmic streaming during meiosis
(Kimura et al., 2017), which should scatter any chromosomes not
attached to the apolar spindle. Anti-GFP staining of fixed em-
bryos from a strain with endogenously GFP-tagged knl-1, knl-3,
and mei-1 genes after GFP(RNAi) did not reveal any GFP re-
maining on chromosomes. In 14/16 of these embryos, all ma-
ternal chromosomes were associated with the apolar spindle
(Fig. S5, C and D). In only two triple-depleted embryos (Fig. S5
E), chromosomes were observed far from the apolar spindle.
Attachment of chromoesomes to microtubules in knl-1,3(kd) thus
may be mediated by KLP-7, by very low amounts of MEI-1/2 or
KLP-19, or by unknown factors.

Discussion
The results presented here extend the findings of Dumont et al.
(2010) by showing that KNL-1,3 are required for homolog sep-
aration and anaphase A chromosome-to-pole movement. Our
results are consistent with their study in that anaphase B ve-
locities are not affected by depletion of the KMN network and
this kinetocheore-independent anaphase is highly error prone.
Dumont et al. (2010) reported that the number of chromosomes
on the metaphase II plate of knl-1(RNAi) embryos was altered to
5.6 from the wild-type number of 6. This number was reported
as a mean, and since error-prone anaphase I segregation can
result in loss or gain of chromosomes, the only clue to the se-
verity of this phenotype was the reported standard error of 1.1.
The finding that depletion of KNL-1,3 or NDC-80 diminishes
the bivalent stretching that occurs between metaphase and
preanaphase strongly supports the existence of poleward pulling
forces that may be established during spindle shortening, Pu-
rified NDC-80 complexes generate force at the plus end of de-
pelymerizing microtubules (Powers et al,, 2009), but only the
sides of microtubules have been chserved in close proximity to
the ribosome-free layer of C. elegans chromosomes during late
metaphase by EM (Redemann et al., 2018). Possible explanations
for this discrepancy include the following: (1} Plus-end attach-
ments may have been missed in EM analysis because the kine-
tochore extends much farther poleward than the ribosome-free
zone, as suggested in Fig. 2. (2) Plus-end attachments may occur
only transiently just before homolog separation, a stage not yet
captured by EM. (3) The lateral contacts observed by EM are
converted to a transient plus-end attachment when each mi-
crotubule depolymerizes from its plus end. By analogy, the plus-
end contacts with the embryo cortex that mediate spindle
positioning have an average lifetime of 1.4 s (Kozlowski et al.,
2007). Photobleaching experiments indicate that meiotic spindle
microtubules turn over extremely rapidly (Yu et al., 2019}. (4)
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NDC-80 and KNL-1 (Espeut et al., 2012) might bind the side of a
microtubule, while the minus end of that microtubule is trans-
ported toward the minus end of another microtubule by ROD-
l-independent dynein (Elting et al, 2014; Sikirzhytski et al,
2014; Tan et al,, 2018}. (5) Pulling on the lateral surface of mi-
crotubules is generated either by an unknown KMN-dependent
protein or by an unknown mechanism of the known KMN
components. Whatever the mechanism, pulling is likely ach-
ieved by arrays of very short overlapping microtubules rather
than microtubules running contiguously from chromosome to
pole (Laband et al,, 2017; Redemann et al., 2018; Srayko et al,
2006}.

The observation that both homologs that later separate dur-
ing anaphase B and bivalents that remain intact during anaphase
B undergo attenuated anaphase A movement toward spindle
poles in knl-1,3(kd} suggests a lack of peleward pulling forces that
persist during normal anaphase A. In addition, the presence of
GFP:KNL rings around him-8 univalent X chromosomes that are
stretched during late anaphase also supports the persistence of
pulling forces into late anaphase B. The homolog separation
failure after depletion of KNL-1,3 or NDG-80 thus could indicate
that homologs must be pulled apart even after cohesin cleavage.
Pulling might help resolve remaining topological entanglements
(Hong et al., 2018a, 2018b), or molecular crowding might slow
the separation of chromosome-sized objects by Brownian mo-
tion (Delarue et al., 2018} in the absence of pulling. Alterna-
tively, KMN might act as a positive regulator of separase
through an unknown mechanism. In Drosophila melanogaster
oocyte meiosis, the KNL-1 homolog SPCIO5R is a negative reg-
ulator of separase (Wang et al., 2019). The end-to-end stacking of
bivalents at metaphase of knl-1,3(kd} spindles may alsc inhibit
homolog separation. Anaphase A homolog separation may be
important to generate a sufficient distance to allow the micro-
tubule polymerization between homelegs that drives anaphase B
(Dumont et al., 2010; Laband et al., 2017).

Prior observations that spindle cutting on the poleward face
of C. elegans female meiotic spindles did not alter anaphase ve-
locity (Laband et al., 2017) and that cutting between separating
chromosomes immediately stopped chromosome movement
(Laband et al., 2017; Yu et al., 2019) are consistent with a long
history of spindle cutting experiments in mitotic and meiotic
spindles of a variety of species (Spurck et al., 1997, 1990). Elting
et al. (2014} and Sikirzhytski et al. (2014} found that poleward
chromosome movement after cutting on the poleward side was
caused by dynein-mediated transport of the minus end of a ki-
netochore fiber on other spindle microtubules. Thus, cutting on
the poleward face of a chromosome does not necessarily block
pulling forces on that chromosome. Cutting between homologs
in meiosis I or between sister chromatids in meiosis II or mitosis
is not possible until after proper chromesome separation has
started. Thus, midzone cutting experiments cannot show that
poleward pulling is dispensable for proper chromesome sepa-
ration. In some studies (Nicklas, 1989), neither cutting in front of
nor behind an anaphase chromosome was able to stop anaphase
motion.

The idea that anti-parallel microtubule bundles push on the
inner faces of separating chromosomes must be resolved with
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the observation that chromosome arms lag behind kinetochores
during anaphase B in species with localized centromeres (Inoué
and Ritter, 1978) and that chromosomes move in unison without
tumbling or dissociating from the spindle even in the presence
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of cytoplasmic streaming, as occurs in the C. elegans meiotic
embryo (McNally et al., 2010; Yang et al., 2003). Our finding that
KNL-1, KNL-3, and NDC-80, representatives of the three com-
ponents of the KMN network, all transition into rings that cover
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the inner face of anaphase B chromosomes suggests a possible
attachment point for pushing fibers.

Materials and methods

C. elegans strains were generated by standard genetic crosses,
and genotypes were confirmed by PCR. Genotypes of all strains
are listed in Table S1.

Live in utero imaging

14 larvae were incubated at 20°C overnight on MYOB plates
seeded with OP50, except for auxin treatments in which L4
larvae were incubated at 16°C overnight, and FGP7 L4 larvae
were treated at 25°C overnight. Worms were anesthetized by
picking 20 adult hermaphrodites with a platinum wire into a
solution of 0.1% tricaine, 0.01% tetramisole in PBS in a watch
glass for 30 min as described in Kirby et al. (1990) and McCarter
et al. (1999). Worms were then transferred in a small volume (@
20 pl) to the center of a thin agarose pad (2% in water}) on a slide.
Additional PBS was pipetted around the edges of the agarose
pad, and a 22-%-30-mm cover glass was placed on top. The slide
was then inverted and placed on the stage of an inverted mi-
croscope. Meiotic embryos adjacent to the spermatheca were
then identified by bright-field microscopy before initiating
time-lapse fluorescence. For all live imaging, the stage and im-
mersion oil temperature was 22°C-24°C. For all live imaging data
other than Video 2 and Fig. 8, A-C, single-focal plane time-lapse
images were acquired with a Solamere spinning disk confocal
microscope equipped with an Olympus [X-70 stand, Yokogawa
CSU10, Hamamatsu ORCA FLASH 4.0 CMOS (complementary
metal oxide semiconductor) detector, Olympus 100x/1.35 ob-
jective, 100-mW Coherent Obis lasers set at 30% power, and
MicroManager software control. Pixel size was 65 nm. Ex-
posures were 100 ms. Time interval between image pairs was
10 s with the following exceptions. Fig. 1, A-C; Fig. 3, A and B;
Fig. 5, A-C; and Fig. 6, B and C were acquired at 5-s intervals.
Fig.5, D and F was captured at 15-s intervals. Focus was adjusted
manually during time-lapse imaging. Only images in which both
spindle poles and/or both bivalent halves were in focus were
used for quantitative analysis. Both poles or both half-bivalents
were considered to be in focus when both exhibited equal
brightness and sharpness.

For scoring spindle bipolarity by imaging GFP:ASPM-1
(Video 2 and data in text), nine images were acquired at 1-um
z-steps for the first time point. Subsequently, single-plane im-
ages were acquired at 5-s intervals.

For documenting NDC-80 depletion from bivalents in Fig. 8,
A-C, z-stacks were acquired at 1-pm steps and 100-ms exposures
through the entire nucleus of the -1 oocyte, the most mature
ococyte before nuclear envelope breakdown. -1 oocytes were
used because mNeonGreen::tubulin, which is required for
documenting anaphase A versus B, is excluded from the nu-
cleus, allowing documentation of GFP:NDC-80 depletion.
Only two or three focal planes were subjected to maximum
intensity projection for the figure because of cytoplasmic
mNeonGreen::tubulin fluorescence in the focal planes above
and below.
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Control spindles maintain a steady-state length of 8 pm for 7 min
before initiating APC-dependent spindle shortening, followed by
spindle rotation, followed by homolog separation as the spindle
continues to shorten (anaphase A), and followed by a transition
to spindle elongation (anaphase B; McNally et al., 2016; Yang
et al, 2005). Because knl-13(kd) affects spindle dimensions,
spindle rotation (Vargas et al., 2019), chromosome congression,
and anaphase movement, we used time relative to the initiation
of spindle elongation to compare parameters between control

and knl-1,3(kd).

Auxin
C. elegans strains with knl-1 and kn!-3 endogenously tagged with
auxin-inducible degrons and aTIR1 transgene were treated with
4 mm auxin overnight on seeded plates. dhc-1(AID) (Zhang et al,,
2015) strains were treated with 4 mm auxin for 1h on seeded
plates.

RNAi

L4 larvae were placed on IPTG-induced lawns of HT115 bacteria
bearing L4440-based plasmids. After 48 h, worms were fixed or
imaged live. RNAi clones for aspm-1, rod-1, and mei-2 were from
the genomic RNAi feeding library (Medical Research Council
Gene Services, Source BioScience, Nottingham, UK; Kamath
et al, 2003). C. elegans optimized GFP was cloned into L4440
for the GFP(RNAi) experiments.

Fixed immunofluorescence

C. elegans meiotic embryos were extruded from hermaphrodites
in 0.8 egg buffer by gently compressing worms between cov-
erslip and slide, flash frozen in liquid N2, permeabilized by re-
moving the coverslip, and then fixed in ice-cold methanol before
staining with antibodies and DAPI. The primary antibodies used
in this work were mouse monoclonal anti-tubulin (DMIlo;
Sigma-Aldrich; 1:200), rabbit anti-SEP-1 (Bembenek et al., 2007;
1:350}, and rabbit anti-GFP (NB600-308SS; Novus Biologicals; 1:
600}). The secondary antibodies used were Alexa Fluor 488 anti-
mouse (A-11001; Thermo Fisher Scientific; 1:200)} and Alexa
Fhior 594 anti-rabbit (A11037; Thermo Fisher Scientific; 1:200).
z-stacks were captured at 1-pm steps for each meiotic embryo.
Images in Fig. 1, D and E; Fig. 51, C-F; and Fig. S5, C and E were
captured with an inverted microscope (Olympus IX-81) equip-
ped with a 60x PlanApo 1.42 objective, a disk-scanning unit
(Olympus), and an ORCA Flash 4.0 CMOS detector and con-
trolled with MicroManager software. Exposure time for anti-
GFP, DAPI, and anti-tubulin was 250 ms. Exposure time for
anti-SEP-1 was 500 ms. Pixel size is 130 nm. The images shown
are maximum intensity projections of five focal planes. Images in
Fig. 81, A and B were captured with the Solamere system described
under live Imaging. Pixel size is 65 nm. Images in Fig. 51, A and B
were deconvolved with Huygens Essentials, and the images shown
are maximum intensity projections of four focal planes.

Fluorescence intensity measurements
Fluorescence intensity line profiles in Fig. 2 and Fig. 10 are from
single-focal plane images. Quantification of fluorescence
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intensity change in KNL-1::GFP/GFP:KNL-3 when transitioning
from cups to rings was done on single focal plane images using the
segmentation function in Ivision software (BioVision Technolo-
gies). Mean pixel intensities of kinetochores as metaphase cups
and anaphase rings were divided by mean background fluores-
cence intensity to generate a ratio for comparison between em-
bryos. mCherry:H2b values were also measured at these time
points as a control for photobleaching. All other quantifications
were done through Image] software. Fluorescence intensity of
KLP-7:mNeongreen was measured by drawing ellipses around
individual homologs. Mean pixel values were then divided by
background mean pixel values to generate a ratio for comparison.
mCherry::H2b values were also measured at these time points asa
contrel for photebleaching, A region of interest line was drawn
through spindles progressing through melosis in Fig. 10, A and B
to show a change in KLP-7 lecalization over time relative to
mcCherry::H2b as a control.

Bivalent stretching measurements

For Fig. 4, Fig. S3, and Fig. S5, spindles were filmed in utero at
10-s intervals. Metaphase values were measured 5.7 + 0.47 min
before initiation of spindle elongation. “Preanaphase” values
were measured 2.2 + 0.15 min before initiation of spindle
elongation because this corresponds to the time just before ho-
melog separatien in controls. In the first method, a flucrescence
intensity profile was generated aleng a 1-pixel-wide line drawn
from a point halfway between one spindle pole and the proximal
half-bivalent to a point halfway between the opposite half-
bivalent and the opposite spindle pole. The peaks of mCherry
fluorescence were used as the centers of mCherry histone half-
bivalents. The outer edges of GFP:NPP-6 or mCherry histone
were determined as the points of half-maximal GFP or mCherry
fluorescence intensity. In the second method, a rectangular re-
gion of interest was drawn around each half-bivalent, and the
auto contrast function in FIJI was used to set the dimmest pixel
to black and the brightest pixel to white. Homolog centers were
determined by zooming, such that the cross-shaped cursor was
the same size as the homolog, and manually centering the cursor
over the homolog. The outer edges of GFP:NPP-6 were then de-
termined by visual inspection. Comparison of these two methods
on 10 bivalents by one-way ANOVA yielded P values of 0.88 for
NPP-6 outer edges and 0.98 for homolog centers. To ensure that
homologs had not yet separated at the time of each preanaphase
measurement, the ratio between peak mCherry pixel values and
the pixel values of the trough between homologs was made for
each bivalent. No significant difference in this ratio was found
between metaphase and preanaphase or between control and knl-
1,3(kd). Intrahomolog stretch in Figs. 4, D and E, was determined
by subtracting the distance between mcCherry:H2b homolog
centers from the distance between the outside edges of NPP-6::
GFP-labeled outer edges of bivalents. Cross-sectional areas of
chromosomes in Fig. $3 D and Fig. S5 D were calculated by treating
bivalents as ellipses, using the equation 1/2{width} 1/2(length} .

Anaphase velocity assays
For anaphase chromosome separation velocities in control em-
bryos for Fig. 5, Fig. 6, Fig. 8, Fig. 9, Fig. S2, and Fig. 54, the
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change in distance between homolog centers was divided by
time elapsed in minutes. For intact bivalent movement meas-
urements of auxin-depleted knl-13(kd) embryos in Fig. 5 J, the
change in distance was measured between the midbivalent re-
gions of each intact bivalent. Anaphase B velocities in Fig. 6 A
and Fig. S2 C included only chromosomes separating parallel
with the main spindle axis. Chromosomes segregating oblique to
the main spindle axis in three- or four-way anaphases were not
included in these figures; however, the velocities of these ob-
lique anaphase B movements were not significantly different
from the displayed values. For Fig. 8 anaphase A measurements,
one half of the pole-to-pole spindle shortening velocity was
subtracted from the rate of decrease in chromosome-to-pole
distance. For wild-type-appearing anaphase B, only the number
of embryos, N, is shown, since at this stage chromosomes
grouped together and were treated as one moving mass.

Statistics

P values were calculated in GraphPad Prism using Student’s
t test for comparing means of only two groups (e.g., Fig. 2 D},
one-way ANOVA for comparing means of three or more groups,
and Fisher’s exact test when comparing frequencies of contingent
data.

Online supplemental material

Fig. S1 shows anti-GFP staining relevant to Fig. 3 and anti-SEP-1
staining relevant to Fig. 5. Fig. S2 compares depletion methods
relevant to Fig. 3. Fig. 33 shows bivalent stretching data relevant
to Fig. 4 and Fig. 8. Fig. S4 shows AIR-2 localization relevant to
Fig. 5 and triple-depletion results. Fig. S5 shows KLP-7 locali-
zation relevant to Fig. 10 and triple-depletion results. Table S1
presents the C. elegans strain list. Video 1 is relevant to Fig. 1 and
Fig. 2. Video 2 is relevant to Fig. 3. Video 3, Video 4, Video 5, and
Video 6 are relevant to Fig. 5. Video 7 is relevant to Fig. 7. Video 8
and Video 9 are relevant to Fig. 8. Video 10 is relevant to Fig. S4
and triple-depletion results.
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A control RNAI C «knl-1,3(AID)
KNL-1::GFP no auxin control
SEP-1 GFP::KNL-3 SEP-1
SEP-1: 4.72 +/- .54 n=42 embryos SEP-1: 4.47 +/- .39 n=12
B (GFP)RNAI D «ni-1,3(AID) + auxin
KNL-1::GFP
SEP-1 GFP::KNL-3 SEP-1

SEP-1:4.81 +/- .51 n=18

E «ni-1,3(AID) F kni-1,3(AID) + auxin
no auxin control SEP-1
SEP-1

Figure S1. Separase localizes normally after KNL-1,3 depletion. Meiotic embryos were fixed and stained with anti-separase (SEP-1), anti-GFP, and DAPI.
(A-D) Single bivalents in metaphase | embryos of the indicated genotype. Values for SEP-1 are the mean pixel value of the brightest region around a bivalent +
SEM. Results of Student’s ¢ test: control RNAi versus GFP(RNA7), P = 0.037; and AID no auxin control versus AID + auxin, P = 0.71. (E and F) Early anaphase
spindles with separase localized in between separating chromosomes. Bars = 2.6 um.

Danlasky et al. Journal of Cell Biology
Kinetochore pulling for meiotic homolog separation https://dai.org/10.1083/jcb.202005179

79

S1

£202 Joquiaoeq g0 uo 3senb Aq Jpd 621500202 A9l/906LERLIBL LSO0Z0TR/Z L6 LT/APd-alonte/qol/Bio ssaidny.duy woy papeojumoq



A

Metaphase Congression
ek HHRH
100- n=13 n=15 n=11 n=9
Proper
@ = Congression
2
£ 50
L2 Alignment
(7] a
Defect:
Eg elects
D —

AID +4mm RNAi +48hr
Control Auxin Control GFP
(RNAi)

C Intact Bivalent Segregation

HARR KKK X

=11 n=10 p=; =1
100+ n n=10 n=25 n=8

All

0 B Homologs
%’ Separate
= —
'5_50 Intact
73] =1 Bivalent
3 Segregation

AID +4mm RNAi *48 hr
Gontrol Auxin Control GFP

:JCB

w

Anaphase A Velocity
-Iincludes separation of homologs and intact bivalents

)
.E RN KN NN
E1.04
5 °
= “e3%9° o.=
o
% 0.5 —3!_:;
= ° ..:.3.
L ] [ ]
0.0 r a® r
Auxin Auxin GFP
Controls Degletlons Controls RNAI)
05%+DO301 +00305 003 0.15+0.04
N=4
n=21 n= n 20 n=10

Frequency of Aberrant Anaphase

1
n=11 n=11 n=19 n=15

100
2 way anaphase
= 2 way
@ anaphase
2
ke
50~
2
BN O 3or4way 3 way anaphase
anaphase

AID +4mm RNAi *28 hr
Control Auxin Control GFP

(RNAI) (RNAJ) Intact Bivalent
D 2.01 Anaphase B Velocity Segregation
1.5+ L)
%900 ®ee

Velocity (um/minute)
P -
T T

=
=

T
Auxin
Control

T
Auxin
Depletions Control

1
GFP
(RNAI)

]
RNAi

0.77+0.050.88 £ 0.09 0.78 £ 0.06 0.92 + 0.07

N=11

Figure S2.  Comparisen between auxin-inducible degron and GFP{RNAi} double depletions of endogenously tagged KNL-1 and KNL-3. (A) Frequency of

N=9
n=15

N=12 N=6

n=11

congression defects observed in time-lapse sequences. Auxin versus GFP(RNAI), P - 1; Fisher's exact test. {B) Rates of anaphase A chromosome separation

during the time interval that anaphase A occurred in contrals (-

90 s from anaphase B onset). Auxin versus GFP(RNAI), P - 0.99; ANOVA. {C) Frequency of the

anaphase delects depicted in the carloon, determined from Lime-lapse sequences. Auxin versus GFP(RNAT} three- or lour-way anaphase, P = 0.69; inlact

bivalent segregation, P = 1; Fisher's exacl Lesl. {D) Anaphase 8

velocities determined [rom Lime-lzpse sequences. Auxin versus GFP(RNAI), P = 6.87; ANOVA.

Error bars and values are mean + SEM. ****, P < 0.0001. N, number of embryos; n, number of chromosomes.

Danlasky et al.
Kinetachare pulling for meiotic homolog separation

Journal of Cell Biology
https://doi.org/10.1083/jcb.202005179

80

s2

(1006 LE8 L6/ L SO0ZOTRIZ LIG L2 Apd-8|an e/l Bio ssaidnay ciy Wol papec|umoc

0z o

£202 Jaguianaq g0 uo 15anf 4q Jpd'6/ LGO0Z!



£:JCB

A Kinetochore-Induced Shorter and wider

i F ndc-80 (kd) Distance Between Homolog Centers
Pulling in the absence 2. fke] 9 s
of pulling Gy -
t E. o o
8 - ] s W o s
4]
B b :
Control +4 mM Auxin ’ ‘T’
-3 )
g g8 g 0. T - T
2 e 23 =) metaphase 2 ndc-ﬂo ndc-80
28 95 H control anaphase metaphase  pre-
&5 g3 5 110£0.01 , SN0l 4.16+001 anaphase
22 2y 2 N=4:n=10 135+002 N=9; n=28 120:003
C G N=8; n=18
7 ka1, 3(Auxin) Bivalent Width a . c80 ) EvakShtih
" e
——— A M
2,04 o ’E1_ -4 o
g & ogo 3 5% o000 > )
a ° o il
=1 oqf Qo0 o § 1 [
: | # st 3 ; —
1.0 o oo 09 Oy,
0.5= P=0.18 0
. T l T T
metaphase g‘dc-'l‘w ndc-80
0.0 T T control  andphase motaphase  pre-
control cupntrol an 3rkd) Knl-1, -?{‘ld) 1&?3; ;?:tﬁ:, 1 1%}'“0 ?}I:! N=6; n=18 a1n2aap ti’ozfga
128 +£0.04 anaphase haa + °2°ﬁ5 anaphase H ==t =9, =28
D N=8;n=18 1 13 + u 05 1.38 £ 0.05 ndc-80 (kd) Bivalent Length
N=7;n=20
knl-1, 3{Auxm) Bivalent Length 4= e
3.5m ‘t i
e ] P
T A, T 3l o of
— £ o ¥ o0 dJubo
T3+ 00 o = Sig'u —_—
3 O 8 o (-]
= % o 080, 5 " °° °
= o w e
5254 9040 °§c: L) %090 % —
ils = i e
20d [ 0 000 ns
. ogo 0g' o ~
oo ©° = T T
— metaphase pre- ndc-swkd) ndc-!ﬂ{kdj
1 T T control  anaphase metaphase
control comml knl- 1,3rkd) Knl- 1 3(.kd) 248+ 005 control 2.36 £0.01 a"aphase
pre- N=4:n=10 284 +004 N=6;n=18 2.54 0.07
334006 Aanaphase 334005 anaphase N=6; n=15 N=9; n=28
=8;n=18 262:0.04 N=g =20 2264005
E n=6; n=19 N=7: n=20 ndc-80 (kd) Cross-Sectional Area
kni-1,3(Auxin) Bivalent Cross-Sectional Area 30 o ,& p=099
- P=099 P=0.9%
1
&
_ £ 2.0
- =
T 20 =
= 8
© <
2 1.0
1.0
0.0
0.0~ o | control ccantrol ndc-80(kd) m”,or-eﬂﬂfkdi
ontrol  control  knl-1,3(kd) knl-1, 3(kd) a
Metaphase angsﬁ-ase metaphase  pre- ZNES S0 ;gaﬁphssoss 254 20 02 zaggphgsUeT
23810.1 23“012 25101 anaphase 4 n=10 6. n=15 N=6;n: n=28
NeE:n=18 N=8, n=23 N=7, n=23

Figure S3. Bivalent stretching in KNL-1,3-depleted embryos and NDC-80-depleted embryos measured from mCherry::histone live images. (A) Di-
agram depicling increased length and decreased width expected from pulling. (B) Images of single bivalents Laken from time-lapse sequences. (€) KNL-
1,3-depleled bivalents are wider than controls due Lo decreased end-on pulling forces. (D) KNL-1,3-depleled bivalents are shorter than controls. {E) No
significant difference in cross-sectional area between control and knl-13(kd) bivalents. {F) Distances between homolog centers in GFP:NDC-80 embryos
treated with control or GFP{(RNAI) indicate reduced stretching between metaphase and preanaphase. {G) Bivalent width decreases in NDC-80-depleted
embryos, indicating residual stretching. (H) End-to-end bivalent length measurements indicate reduced stretching after NDC-80 depletion. (1) Cross-sectional
area dees not change in control or NDC-80 depletion. Bar = 1 um. Error bars and values are mean £ SEM. ", P < 0.05; **, P < 0.01; ™", P < 0.001; ****, P <
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Figure S5. The kinesin-13 KLP-7 is retained on bival following KNL-1,3 depletion. (A and B) Representative time-lapse sequences. (A) In control
spindles, endogenously tagged KLP-7:mNG localizes Lo meiotic spindle poles, the main chromatin masses, and in midbivalent rings. {B) Following KNL-1,3
depletion, KLP-7:mNG is retained on the main chromatin masses but is no longer present at spindle poles or midbivalent rings. {C-E) Results of fixed im-
munofluorescence. {C and D) Following triple GFP(RNAI) depletion of endogenously GFP-tagged KNL-1,3 and MEI-1, all bivalents were associated with apolar
meiotic spindles in the majority of embryos. {E) Example of a rare occurrence of errant maternal chromosomes that appear to have left the meiotic spindle.
Bars (A-C) = 3 um. Bars (E) = 7 um. MI, meiosis one; mNG, mNeonGreen.

Video 1. Control meiosis | filmed in utero in a strain with endogenously GFP-tagged knl-1 and knl-3 genes and a transposon insertion expressing
mKate:tubulin. Playback speed is six frames per second.
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Video 2. Demonstration of spindle bipolarity after KNL-1,3 double depletion. z-Stack of images taken at 1-um steps through a KNL-1, KNL-3 double-
depleted, 4 mm auxin, metaphase | spindle filmed in uterc in a strain with auxin-induced degrons appended to the endogenous knf-1and knl-3 genes and GFP
appended to the endogenous aspm-1 gene and expressing TIRL, GFP::tubulin, and mCherry:histone H2b from transgenes.

Video 3. Control, no auxin, meiosis | filmed in utero in a strain with auxin-induced degrons appended to the endogenous knl-1 and knl-3 genes and
expressing TIR1, GFP:tubulin, and mCherry::histone H2b from transgenes. Playback speed is six frames per second.

Video 4. KNL-1, KNL-3 double depletion, 4 mm auxin, meiosis | filmed in utero in a strain with auxin-induced degrons appended to the endegenous
knl-1 and kni-3 genes and expressing TIRL, GFP:tubulin, and mCherry:histone H2b from transgenes. Playback speed is six frames per second.

Video 5. KNL-1, KNL-3 double depletion, 4 mm auxin, meiosis | filmed in utero in a strain with auxin-induced degrons appended to the endogenous
knl-1 and kal-3 genes, endogenously GFP-tagged aspnt-1 gene, and expressing TIR1 and mcCherry::histone H2b from transgenes. Playback speed Is six
frames per second.

Video 6. Delayed separation of homologs after KNL-1, KNL-3 double depletion. Meicsis | filmed in utero in a 4-mM auxin-treated strain with auxin-
induced degrons appended to the endogenous knf-1and knl-3 genes and expressing TIRL GFP:tubulin, and mCherry::histone H2b from transgenes. Left arrow:
bivalent splits and the two homologs segregate to opposite poles. Upper right arrow: bivalent splits after segregating intact to one pole. Lower right arrow:
bivalent segregates intact to one pole and remains intact at the end of the time-lapse sequence. Playback speed is six frames per second.

Video7. Lagging univalentX chromosome segregation during meiosis | filmed in utero in a him-8 strain with endogenously GFP-tagged knl-1 and knl-3
genes and a transposon insertion expressing mCherry:histone H2b. Playback speed is six frames per second. mNG, mNeonGreen.

Video 8. RNAi control meiosis | filmed in utero in a strain with endogenously GFP-tagged ndc-80 gene and a transposen insertion expressing
mNeonGreen:tubulin and mcCherry::histone H2b. Playback speed is six frames per second. mNG, mNeonGreen.

Video 9. NDC-80 depletion, via GFP(RNAI), meiasis | filmed in utero in a strain with endogenously GFP-tagged ndc-80 gene and a transposon in-
sertion expressing mNeonGreen::tubulin and mcherry:histone H2b. Playback speed is six frames per second.

Video 10. KNL-1, KNL-3, GEI-17 triple depletion, 4 mm auxin, meiosis | filmed in utero in a strain with auxin-induced degrons appended to the
endogenous knl-1, knl-3, and gei-17 genes and expressing TIR1, GFP:tubulin, and mCherry::histone H2b from transgenes. Playback speed is six frames
per second.

Table S1, which is provided online, presents the C. elegans strain list.
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Chapter 4

Paternal mitochondria from an rmd-2, rmd-3, rmd-6 triple mutant are properly

positioned in the C. elegans zygote.

Iris Y Juanico, Christina M Meyer, John E McCarthy, Ting Gong, and Francis J McNally

Juanico lY, Meyer CM, McCarthy JE, Gong T, McNally FJ. Paternal mitochondria from an
rmd-2, rmd-3, rmd-6 triple mutant are properly positioned in the C. elegans zygote.
MicroPubl  Biol. 2021  Jul 19;2021:10.17912/micropub.biology.000422.  doi:

10.17912/micropub.biology.000422. PMID: 34296068; PMCID: PMC8290264.

In this project, | helped IRIS with generating rmd-2, rmd-3, and rmd-6 single mutant. |

used CRISPR-CAS9 to knockout rmd-2, rmd-3 and rmd-6.
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Paternal mitochondria from an rmd-2, rmd-3, rmd-6 triple mutant are properly positioned in

the C. elegans zygote

Tris Y Juanico, Christina M Meyer, John E McCarthy, Ting Gong! and Francis ] McNally'$
1I79pL of Molecular and Cellular Biology, University of California, Davis, Davis, CA USA

$To whom correspondence should be addressed: fimenally@ucdavis.edu

Abstract

RMD-1,2,3,6 (regulator of microtubule dynamics} is a family of homologous proteins conserved between humans and C. elegans. Human RMD-3/PTPIP51 is
a mitochondrial protein that tethers mitochondria to the endoplasmic reticulum. C. elegans RMD-2, 3, and 6 are expressed in sperm. To test whether paternal
RMD-2, 3, 6 might redundantly tether paternal mitochondria to maternal ER at fertilization, we generated an rmd-2, rmd-3, rmd-6 triple mutant. Paternal
mitochondria derived from control or triple mutant worms were concentrated in a cloud around the paternal DNA at the future posterior end of zygotes during
meiosis. No significant difference was detected in the position of paternal mitochondria within the zygote nor in the position of paternal mitochondria relative
to paternal DNA within the zygote. There was also no reduction in progeny viability between control and triple mutant worms.

@ EL

Posterior to sperm (PS)
embryo length (EL)

Control:  0.22£0.04 n=15:| NS
rmd-2,3,6: 0.18 + 0.03 n=15

Figure 1. : Position of paternal DNA within meiotic embryos. Hermaphrodites expressing GIP::SPCS-1, which labels the endoplasmic reticulum, were mated
with control or rmd-2, 3, 6 triple mutant males expressing MEV-1::mCherry, which labels mitochondria. (A, B) Representative z projections of methanol-fixed
meiotic embryos stained with DAPI and anti-GFP antibodies. Blue indicates DAPI-stained DNA. Red indicates mCherry-labeled paternal mitochondria from
the sperm. Green indicates maternal endoplasmic reticulum labeled with anti-GFP, which labels GFP::SPCS-1. Arrows indicate paternal DNA. Control and
rmd-2,3,6 indicate paternal genotypes, The control embryo shown is in anaphase 1. The (riple mutant embryo shown is in metaphase 1. Bar = 5 um, (C)
Diagram indicates how sperm DNA position relative to the future posterior tip was measured. PS indicates the distance from the future posterior tip of the
ellipsoid embryo to the sperm DNA. EL indicates embryo length from the future posterior tip to the future anterior tip of the ellipsoid embryo. PS was divided
by EL and the mean and SEM for the resulting ratios are shown. n indicates the number of embryos analyzed. Results of Students unpaired t test indicated no
significant ditference (NS) between control and rmd-2.3,6 (p=0.42).

Description

RMD-1 was discovered as a cytoplasmic regulator of microtubule dynamics in C. efegans and several highly homologous proteins were inferred from the C.
elegans and human genome sequences (Oishi et al., 2007). One of the human homologs, RMD-3/PTPIP51, has an N-terminal extension relative to other RMDs
thal largets it o the milochondrial outer membrane and which binds the endoplasmic reliculum (ER) protein VAPB (De Vos et al., 2012). This interaction
mediates tethering of mitochondria to the ER in human cells (Stoica et al., 2014). None of the C. elegans RMDs have sequence homology with the N-terminal
exlension found on human RMD-3/PTPIPS1, however, C. elegans RMD-2 has an N-lerminal extension relative (o the other RMDs and this exlension has
potential to form a ransmembrane helix as determined by 1Mpred release 25 (https://embnet.vital-it.ch/software/ IMPRED_form.html). RMD-2 is present in
sperm whereas RMD-3 and RMD-6 are highly enriched in sperm (Ma et al., 2014). Pateral mitochondria are eventally degraded in the embryo (Sato and
Sato, 2011). However, they are maintained, along with other sperm contents, at the opposite end of the zygote from the female meiotic spindle during meiosis
(Fig. 1). We hypothesized that RMD-2, 3 and 6 on paternal mitochondria bind to the VAPB homolog, VPR-1, on maternal ER at fertilization to tether the sperm
contents al the future posterior end of the zygote.

To test this hypothesis, we mated rmnd-2, rmd-3, rmd-6 wiple mutant males bearing a transgene labeling mitochondria, mCherry::mev-1 also called
mCherry::sdhc-1 (Trewin et al., 2019}, to hermaphrodites expressing a fluorescent marker of the ER. Resulting meiotic zygotes were fixed, stained with DAPI,
and imaged (kig. 1A-B). ‘I'he position of the sperm DNA within the zygote was quantitied (Fig. 1C} and no significant difference from control matings was
observed. No qualilative difference was observed in distance of paternal mitochondria from the sperm DNA (Fig. 1A, B}, Sell progeny of triple mutant worms
had a hatch rate that was not significantly less than progeny from control worms at 20°C (control KWN724: 94.9% hatching n=6 mothers, 731 progeny; triple
deletion 'M697: 97.6% hatching n=6 mothers 937 progeny).

Possible explanations are that RMD-1 carries out all the essential functions of this gene family, or that the triple mutant strain has a phenotype that was not
assayed.
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Methods

Request a detailed protocol

rimd-2(du8) was generated by co-injecting KWN724 with two Cas9 RNPs (Upstream Guide Sequence + PAM (rev):

cagatgtanagggtgacat cgg

Downstream Guide Sequence + PAM (for):

GCCACCAACTGCCACTGTCG AGG

and the plasmid repair template:

aaatcagaatgataagattaanaatciceacaatcataaatigaanagataagatagatctctataaataatgacgtcaactettgc A ATatgteatct
GCCACTGTCGAATAGGCTATCGCCCACTTCCAAGCAGCTCATCGAAATCAATCCAGACTGCATTGAAAACACCGTTTACCTCGGAAAAGCTCTTCA
using the dpy-10 co-CRISPR method (Paix et al., 2015). An rmd-2 deletion was identified by PCR screening non-Dpy siblings of Dpy progeny. rmd-2(du8)
removes exons 4, 5 and half of exon 6 of rmd-2 isoform b. rmd-6(du9) was generated by co-injecting rmd-2(du8) worms with two Cas9 RNPs (Upstream
Guide Sequence + PAM {rev):

ATCGCGGTTCTTGGTTCCGA AGG

Downstream Guide Sequence + PAM (rev):

CCATCTCACACACTTCGGTA AGG

and the ultramer repair template:

ttaatcagtaccgatcaaccacc Al Ggtaagtttactcegatcttcaaatgtitaagetctitttcag AG 'l L 'GAICAAATICACAACAAALI ICGGAAGCAAGTA
taggtaactgaIGCTCTGACATCCAACCCTAITCCGACCGCTGAACAAGAGTTTGCCCATGATCGCCAAGCAGATGTTCTCTAAGCT TTAA gttt

using dpy-10 co-CRISPR. PCR screening yielded an rmd-6 deletion in a dpy-10 worm. rmd-6(du9) removes all of exon 3 and half of exons 2 and 4. rmd-
3(tm2635) was obtained from Shohei Mitani (National Bioresource Project for the Experimental Animal “Nematode C. elegans™). To make the triple mutant
strain, rmd-3(fm2635) males were mated to rmd-2(du8); rmd-6(du8); dpy-10; him-5; mev-1(jbm1 fmey-1::mCherry}) hermaphrodites. I'2 self progeny of the
F1 heterozygotes were allowed to lay eggs before being subjected to PCR screening for all three deletions. Some genotyping PCRs for rm2635 yielded an
apparent wild-type product, however, sequencing of this PCR product revealed it to be from rmd-4, which is annotated as a pseudogene.

Hatch rates were determined by singling L4 hermaphradites. moving the worm to a fresh plate at 24 hr intervals, then counting eggs and larvae 48 hrs after
removing adults from a plate.

Reagents

slrain genolype available from
KWN724 mev-1(jbmi [mev-1::mCherryl) HI him-5(e1490) V McNally lab
WH327 unc-119(ed3) 11T; 0jls23 [pie-1p::GFP::spes-14. GG

FMG97 rmd-2(du8); rmd-3(tm2635); rmd-6(du9); mev-1(jbmi [mev-1::mCherryf) iil him-5(e1490) V. McNally lab

Acknowledgments: We thank Shohei Mitani and the National Bioresource Project for the Experimental Animal “Nematode C. elegans” for tm2635, the CGC
for WH327, and Keith Nehrke for KWN724,
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| obtained the live imaging data and quantification of microtubules in control; spo-11 rec-
8 double mutant; spo-11 rec-8 coh-3 coh-4 quadruple mutant and bir-1 mutant (Figure

S6).
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Cohesin is required for meiotic spindle
assembly independent of its role in cohesion
in C. elegans

Karen P. McNally", Elizebeth A. Beath', Brennan M. Danlasky(', Consuelo Barroso®,
Ting Gong', Wenzhe Li(»', Enrique Martinez-Perez>>, Francis J. McNally '+

1 Department of Molecular and Cellular Biology University of California, Davis, Califomia, United States of
America, 2 MRC London Institute of Medical Sciences London, United Kingdom, 3 Imperial College Faculty
of Medicine London, United Kingdom

* fimenally @ ucdavis.edu

Abstract

Accurate chromosome segregation requires a cohesin-mediated physical attachment
batween chromosemas that are to be segregated apart, and a bipolar spindle with microtu-
bule plus ends emanating from exactly two poles toward the paired chromosomes. We
asked whather the striking bipolar structure of C. elegans meiotic chromosomes is required
for bipolarity of acentriolar female meiotic spindles by time-lapse imaging of mutants that
lack eohesion between chromosomes. Both a spo-17 rec-8 coh-4 coh-3quadruple mutant
and a spo-11 rec-8double mutant entered M phase with separated sister chromatids lacking
any cohesion. However, the quadruple mutant formed an apolar spindle whereas the double
mutant formed a bipolar spindle that segregated chromatids into two roughly equal masses.
Residual non-cohesive GOH-3/4-dependaent cohesin on separated sister chromatids of the
double mutant was sufficient to recruit haspin-dependent Aurora B kinase, which mediated
bipolar spindle assembly in the apparent absence of chromosomal bipolarity. We hypothe-
sized that cohesin-dependent Aurora B might activate or inhibit spindle assembly factors in
amanner that would affect their localization on chromosomes and found that the chromo-
somal localization pattems of KLP-7 and CLS-2 correlated with Aurora B loading on chromo-
somes. Thase results demonstrate that cohesin is essential for spindle assembly and
chromosoma segregation indapendent of its role in sister chromatid cohesion.

Author summary

Meiosis is the process that reduces the number of chromosomes from four to one during
the formation of eggs and sperm so that a fertilized egg has exactly two copies of each
chromosome. Meiotic errors result in offspring with an incorrect number of chromo-
somes which results in prenatal death or birth defects. Accurate meiosis requires that the
four chrorosomes at the beginning of meiosis are attached to each other by a protein
called cohesin and a structure called a spindle that pulls individual chromosomes in two
directions. Here we show that in the roundworm, C. elegans, cohesin is required for
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building a spindle that can pull in two directions independently of its role in attaching
chromosome copies to each other. Because cohesin is gradually lost in aging women,
these results may clarify why aging women have an increasing incidence of babies with
birth defects caused by an incorrect number of chromosomes.

Introduction

The accurate segregation of chromosomes during mejosis and mitosis requires sister chroma-
tid cohesion (SCC) provided by the cohesin complex and a bipalar spindle with microtubule
minus ends oriented toward the two poles and microtubule plus ends extending from the two
poles toward the chromosomes [1]. During mitosis in most animal cells, spindle formation is
initiated when organelles known as centrosomes are duplicated and move to opposite sides of
the cell. There they anchor, nucleate and stabilize microtubules with their plus ends polymeriz-
ing away from the poles [2]. Microtubule plus ends puncture the nuclear membrane and cap-
ture the kinetochores of chromosomes, thus establishing a symmetric spindle axis.

In contrast to the pathway of mitotic spindle formation, the female meiotic cells of many
animals lack centrosomes and spindle formation initiates when microtubules organize around
chromatin during the two consecutive meijotic divisions. In Xenopus egg extracts and mouse
oocytes, DNA-coated beads are sufficient to induce bipolar spindle assembly [3,4]. The mecha-
nisms of acentrosomal spindle assembly are being elucidated in several species and two alter-
nate pathways have been implicated. The first molecular activity to be identified in the
assembly of microtubules around meiotic chromatin is the GTPase Ran. In the Ran pathway,
spindle assembly factors (SAFs) contain nuclear localization sequences and are imported into
the nucleus during interphase by binding to importins. GTP-Ran, which is maintained ata
high concentration in the nucleus by the chromatin-bound GEF RCClI, causes dissociation of
the SAFs from importins inside the nucleus, thus driving the directionality of import. Upon
nuclear envelope breakdown, tubulin enters the region adjacent to chromatin and the locally
activated SAFs initiate MT nucleation and stabilization [5]. Inhibition of the Ran pathway pre-
vents or affects the assembly of acentrosomal spindles in Xenopus egg extracts [6] and in
mouse (7], Drosophila [8] and C. elegans oocytes [9]. In Xenopus egg extracts, spindle assembly
is induced by beads coated with the Ran GEF, RCCl1, even without DNA [10].

The second pathway which has been implicated in acentrosotnal spindle assembly requires
the Chromosomal Passenger Complex (CPC), which includes the chromatin-targeting pro-
teins Survivin and Borealin, the scaffold subunit INCENP, and Aurora B kinase [11], The CPC
is recruited to distinct regions on mitotic chromosomes by at least three different pathways
[12]. Depletion of CPC components resulted in a lack of spindle microtubules in Drosophila
oocytes [13] and in Xenopus egg extracts to which sperm nuclei or DNA-coated beads are
added [14-16]. In C. elegans aocytes, the CPC subunits, BIR-1/survivin [17], INCENP [18],
and the Aurora B-homolog AIR-2 [19,20] contribute to meiotic spindle assembly.

‘While the GTP Ran and CPC pathways are known to be involved in the initiation of acen-
trosomal spindle assembly, the mechanism by which the microtubules are captured into two
poles is unclear. Spindles with one or more poles form when chromatin-coated beads are
added to Xenopus egg extracts, suggesting that pole formation is an intrinsic activity of micro-
tubules assembling around chromatin [10]. However, the results also suggest that the repro-
ducible production of bipolar spindles requires that the process includes some bidirectionality.
In C. elegans, meiotic bivalents, which promote assembly of a bipolar metaphase I spindle, are
composed of 4 chromatids held together by chiasmata, physical attachments provided by
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cohesin and a single crossover formed between homologous chromosomes. These bivalents
have a discrete bipolar symmetry with a mid-bivalent ring containing the CPC, and they are
capped at their two ends by cup-shaped kinetochores. Metaphase II univalents, which promote
assembly of a bipolar metaphase II spindle, are composed of 2 chromatids held together by
cohesin. These univalents also have a discrete bipolar symmetry with a CPC ring between sister
chromatids that are each capped by cup-shaped kinetochores [18,19,21].

T test whether this chromosomal bipolar symmetry is required for spindle bipolarity, we
analyzed cohesin mutants that start meiotic spindle assembly with separated sister chromatids
rather than the bivalents present in wild-type meiosis I or the univalents present in wild-type
meiosis IT. During meiosis, cohesin is composed of SMC-1, SMC-3, and one of 3 meiosis-spe-
cific kleisin subunits: REC-8 and the functionally redundant COH-3 and COH-4 [22-24].
Both REC-8 and COH-3/4 cohesin promote pairing and recombination between homologous
chromosomes during early meiosis, thus ensuring chiasma formation. However, SCC appears
to be provided by REC-8 complexes, while COH-3/4 complexes associate with individual chro-
matids [25,26]. Previous work indicated that rec-8 single mutants have 12 univalents at meiosis
I, with each pair of sister chromatids held together by recombination events dependent on
COH-3/COH-4 cohesin [25,27]. Sister chromatids segregated equationally at anaphase I of
rec-8 mutants with half the chromatids going into a single polar body [23]. This suggests that
rec-8 embryos enter metaphase 1T with 12 separated sister chromatids. Although it was
reported that rec-8 embryos do not extrude a second polar body, the structure of the meta-
phase II spindle was not described in detail. To address the question of whether chromosomal
bipolarity is required for spindle bipolarity, we first monitored metaphase II spindle assembly
in a rec-8 mutant by time-lapse imaging of living embryos in utero.

Results

Apolar spindles assemble around separated sister chromatids of metaphase
II rec-8 embryos

Time-lapse in utero imaging of control embryos with microtubules labelled with mNeon-
Greenz:tubulin and chromosomes labelled with mCherry::histone H2b revealed bipolar spin-
dles that shorten, then rotate, then segregate chromosomes in both meiosis I and mejosis I
(Fig 1A and $1 Video). Wild-type embryos enter metaphase I with 6 bivalents and enter meta-
phase II with 6 univalents whereas rec-8 embryos enter metaphase I with 12 univalents (Fig 1B
and S1A Fig) and enter metaphase 11 with approximately 12 separated sister chromatids (Fig
1B) [23]. Time-lapse imaging of rec-8 embryos revealed bipolar metaphase I spindles that
shortened, rotated, and segregated chromosomes (Fig LC, -1:45-5:15; and 2 Video). Meta-
phase II rec-8 embryos, however, assembled an amorphous cloud of microtubules around sep-
arated sister chromatids which did not segregate into two masses. The apolar spindle shrank
with timing similar to spindle shortening that occurs during wild-type meiosis (Fig 1C, 9:15-
18:00). Because spindle shortening is caused by APC-dependent inactivation of CDK1 [28],
this suggests that the failure in metaphase II spindle assernbly is not due to a lack of cell cycle
progression. The bipolar nature of metaphase I rec-8 spindles and the apolar nature of rec-8
metaphase IT spindles was confirmed by time-lapse imaging of GFP::ASPM-1 (Fig 1D).
ASPM-1 binds at microtubule minus ends [29] so the dispersed appearance of GFP::ASPM-1
on rec-8 metaphase II spindles suggests that microtubules are randornly oriented in the
spindle.

Time-lapse itmaging of the kinetochore protein GFP::MEL-28 in rec-8 embryos revealed
metaphase [ univalents with discrete bipolar structure similar to wild-type metaphase IT
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Fig 1. Metaphase II spindles are apolar in rec-8(0k978). (A) In 8/8 control embryos, bipolar MI spindles shorten and
rotate, chromosomes segregate, and a polar body forms. The qdc repeats with a bipolar MII spindle. Lines indicate
the position of the cortex. (B) In phase I, both sister ct and homologs arc bound by cohesin containing
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mNG:TBB-2 and mCH::HIS-11. The metaphase II spindle appears disorg: d and no

separation occurs in 8/8 embryos. 0 minutes is the end of MI spindle rotation. (D) Control and rec-8(0k978) embryos
expressing GFP:ASPM-1. Single-focal plane imaging was ended at metaphase II and z-stacks were acquired. 7/7
control MI spindles, 7/7 rec-8 M1 spindles, and 7/7 control MII spindles were bipolar. 8/8 rec-8 M1l spindles were
apolar. (E) Imaging of rec-8 embryos expressing GFP::MEL-28 revealed kinetochore cups in 4/4 MI spindles and
chromatids enclosed by GFP::MEL-28 in 7/7 MII spindles. All bars = 4um,

https://doi.org/10.1371/journal.pgen. 1010136.g001
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univalents, whereas metaphase II separated sister chromatids were enveloped by a continuous
shell of GFP:MEL-28 with no bipolar symmetry (Fig 1E).

Apolar spindles assemble around separated sister chromatids of metaphase
I rec-8 coh-4 coh-3 embryos and spo-11 rec-8 coh-4 coh-3 embryos

To test whether the apparent inability of separated sister chromatids to drive bipolar spindle
assembly is specific for meiosis 11, we compared control embryos (Fig 2A and 2B) with
embryos of a rec-8 coh-4 coh-3 triple mutant which lack meiotic cohesin and therefore enter
metaphase I with 24 separated sister chromatids [23] (Fig 2A and S1C Fig). In the majority of
these embryos, an amorphous cloud of microtubules assembled around the separated sister
chromatids (Fig 2C) at the same time after ovulation that a bipolar spindle assembled in con-
trol embryos (Fig 2B), This amorphous cloud shrank in diameter (Fig 2C, -0.20) at a similar
time as control spindles, which shortened prior to anaphase chromosome separation (Fig 2B,
-1:10). The mutant spindles did not undergo anaphase like control spindles. In a minority of
rec-8 coh-4 coh-3 triple mutant embryos, a bipolar metaphase I spindle started to form (Fig 2D,
-6:50 and -6:10) but then quickly collapsed into an amorphous cloud of microtubules (Fig 2D,
-4:20). These spindles also shrank with timing similar to wild-type spindle shortening and did
not undergo anaphase (Fig 2D, 5:00). Triple mutant embryos assembled a second amorphous
mass of microtubules at the time of normal metaphase II spindle assembly (Fig 2D, 13:20) and
this meiosis II spindle also shrank without segregating chromosomes (Fig 2D, 16:10). Similar
results were obtained by fixed immunofluorescence (Fig 2E).

‘We also examined meiotic embryos within a spo-11 rec-8 coh-4 coh-3 quadruple mutant
(Fig 3A), which lack meiotic cohesin and the double strand breaks that initiate meijotic recom-
bination (spo-11 mutation) and also enter metaphase I with 24 separated sister chromatids
[23] {Fig 3B). In all of these embryos, an amorphous mass of microtubules formed around the
24 chromatids (Fig 3A, -2:30; and 53 Video). This cloud of microtubules shrank with similar
timing to wild-type spindle shortening and was not followed by any separation of chromo-
somes (Fig 3A, -2:30-2:30). A second large mass of microtubules formed at the time thata
metaphase II spindle normally forms (Fig 3A, 12:15). This metaphase II mass also shrank with
similar timing to normal spindle shortening (Fig 3A, 12:15-16) and chromatids did not sepa-
rate into two masses and polar bodies did not form in 10/10 time-lapse sequences. Possible
reasons for the stronger defect in the quadruple mutant than the triple mutant are discussed
below. These results indicated that bipolar spindle assembly around separated sister chroma-
tids that lack both cohesin and cohesion, is severely defective at both metaphase I and meta-
phase II.

Bipolar spindles assemble around separated sister chromatids of
metaphase I spo-11 rec-8 embryos

To distinguish whether cohesin vs cohesion is required for bipolar spindle assernbly, we ana-
lyzed spo-11 rec-8 double mutants (Fig 3C) which enter metaphase I with 24 separated sister
chromatids [24] {Fig 3D and S1B Fig) but have been reported to retain COH-3/4 cohesin on
pachytene chromosomes [24,26]. Bipolar metaphase I spindles assembled in spo-11 rec-8 dou-
ble mutants and these spindles shortened, rotated, and then segregated the chromatids into
two masses (Fig 3C, -6:50-5:20; and S4 Video). During meiosis II, an amorphous mass of
microtubules assembled around the chromatids and this mass shrank but did not separate
chromatids into two masses (Fig 3C, 16:10-18:40), similar to meiosis I in the triple and qua-
druple mutant, and meiosis II in the triple mutant, the quadruple mutant and the rec-8 single
mutant. The spindle pole protein, GFP::MEI-1, clearly labelled two poles of metaphase I and
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metaphase II control spindles but only labelled spindle poles of metaphase I spo-11 rec-8
mutants (Fig 3E). GFP:MEI-1 was dispersed on metaphase II spindles, confirming the apolar
structure of these spindles. GFP:MEI-1 also associated with chromosomes and this chromo-
some association was much more apparent in metaphase Il spo-11 rec-8 spindles (Fig 3E).
However, the background subtracted ratio of mean GFP:MEI-1 pixel intensity on chromo-
somes divided by mean cytoplasmic intensity was not significantly increased between meta-
phase 1 and metaphase II for either spo-11 rec-8 (MI: 7.01 + 0.89, N = 5 embryos, n = 15
chromosomes; MII: 5.62 = 0.76, N = 5, n = 15; p = 0.23) or control spindles (MI: 5.62 % 0.33,
N =6,n=18 MIL 547 £ 0.35, N = 6, n = 18; p = 0.74). This result indicated that the enhanced
contrast of chromosomal GFP:=MEI-1 in spo-11 rec-8 embryos was due to the decrease in
microtubule-associated GFP:MEI-1.

The ability of spo-11 rec-8 embryos to form bipolar metaphase I spindles might be due to
one or two univalents held together by residual COH-3/COH-4 cohesin. However, 24 chromo-
some bodies could be counted in Z-stacks of the majority of metaphase I spindles (Fig 3F) and
all metaphase I spindles were bipolar (13/13 mNeonGreen tubulin, 9/9 GFP::MEI-1). The abil-
ity of spo-11 rec-8 embryos to undergo anaphase I but inability to undergo anaphase II is con-
sistent with the single polar body previously described for this double mutant [23].

Cohesin rather than cohesion is required for bipolar spindle assembly

The ability of spo-11 rec-8 mutants to build bipolar metaphase I spindles but not metaphase I
spindles might be because metaphase I chromatids retain cohesin, as high levels of COH-3/4
associate with pachytene chromosomes of rec-8 mutants [24,26]. This non-cohesive COH-3/4
cohesin might be removed at anaphase [, leaving the metaphase IT chromatids with no cohesin.
This hypothesis was validated by time-lapse imaging of the cohesin subunit, SMC-1::AID:=:
GFP, which would be a component of both REC-8 cohesin and COH-3/4 cohesin. SMC-1::
AID::GFP was found on control metaphase I and metaphase II chromosomes and on most
metaphase I chromosomes of spo-11 rec-8 mutants but was absent from the metaphase I chro-
matids of spo-11 rec-8 mutants (Fig 4A-4C). The absence of SMC-1 from a subset of meta-
phase I spo-11 rec-8 chromatids may be due to WAPL-1-dependent and WAPL-
1-independent pre-anaphase removal pathways [25]. To more directly test the requirement for
cohesin, we monitored metaphase I spindle assembly in embryos depleted of SMC-1 with an
auxin-induced degron [30]. For this experiment we monitored endogenously tagged GFP::
LIN-5 as a spindle pole marker instead of GFP::ASPM-1 because the aspm-1I gene is linked to
smc-1. The majority of SMC-1-depleted embryos formed apolar metaphase I spindles (Fig
4D). The small number of multipolar spindles likely resulted from an iticomplete depletion of
SMC-1 as a subset of oocyte nuclei exhibited residual SMC-1::AID::GFP fluorescence after
auxin treatment (S2A and 52B Fig) and auxin treatment only caused a reduced brood size (S1
Table) whereas null mutants have been reported to be completely sterile [31]. These results
support the idea that cohesin on chrotnosomes rather than cohesion between chromosomes is
required for bipolar spindle assembly during both meiosis I and meiosis II.

A specific subclass of chromosome-associated Aurora B kinase correlates
with competence for bipolar spindle assembly

We then asked why cohesin might be required for bipolar spindle assembly. During mitosis in
cultured hurnan cells [32] and fission yeast [33], cohesin-associated PDS5 recruits haspin
kinase to chromosomes [32] and the recruited haspin phosphorylates histone H3 threonine 3.
Although PDS5 has important functions during meijotic prophase in several species [34-37], a
role in recruiting haspin during meiosis has not been reported to our knowledge. The survivin
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(BIR-1in C. elegans) subunit of the CPC binds to the phosphorylated histone thereby recruit-
ing Aurora B to chromosomes [32,38,39]. In C. elegans, haspin (HASP-1) is required to pro-
mote recruitment of Aurora B (AIR-2) to the midbivalent region in diakinesis oocytes [40]
and AIR-2 is essential for bipolar meiotic spi bly in C. el [19,20]. Therefore we
hypothesized that chromatids that lack cohesin-recruited AIR-2 would be unable to form
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bipolar meiotic spindles. Time-lapse imaging of control embryos with endogenously tagged
AIR-2::GFP (Fig 5A) revealed bright rings between homologs at metaphase I, microtubule

iation during anaphase I, bright rings between sister chromatids at metaphase II, and
microtubule association during anaphase II as previously described [19]. In rec-8 embryos,
ATR-2 formed bright structures between sister chromatids at metaphase I and filled spaces
between chromosotries at anaphase I, consistent with transfer to microtubules. However, at
metaphase II in rec-8 embryos, AIR-2::GFP was dim and diffuse on bipolar-spindle-incompe-
tent separated sister chromatids, then became bright in regions between chromosomes, consis-
tent with transfer to microtubules at anaphase II (Fig 5B). In rec-8 embryos, AIR-2:GFP was
significantly dimmer on chromosomes at metaphase II relative to metaphase I whereas no
such decrease was observed in control embryos (Fig 5C).

In control -1 diakinesis oocytes, which will initiate meiosis I spindle assembly within 1-23
min [41], AIR-2::GFP brightly labeled the space between the homologous chromosomes in 6
bivalents. In contrast, GFP:: AIR-2 was dim and diffuse on all of the bipolar-spindle-incompe-
tent separated sister chromatids of spo-11 rec-8 coh~4 coh-3 quadruple mutants (Fig 5D and
5E, $3 Fig). Unlike the quadruple mutant, a fraction of chromatids in the triple mutant had
ATR-2:GFP intensities that overlapped with those of controls (Fig 5E) providing a possible
explanation for the stronger spindle assembly defect in the quadruple mutant. Diakinesis
oocytes of bipolar-spindle-competent spo-11 rec-8 double mutants contained a mixture of sep-
arated sister chromatids with either dim diffuse AIR-2:GFP or bright patterned AIR-2:GFP
(Fig 5D and 5E, S3 Fig). The bright patterned ATR-2::GFP on a subset of separated sister chro-
matids could also be observed in bipolar metaphase I spindles of spo-11 rec-8 mutants (Fig 5F).
The subset of metaphase I chromatids in spo-11 rec-8 mutants with bright patterned AIR-2
was the same subset that retained COH-3/4 cohesin (54 Fig). In bipolar-spindle-incompetent
metaphase II embryos of spo-11 rec-8 embryos, AIR-2:GFP was again dim and diffuse on all
separated sister chromatids (Fig 5F). These results indicated that a specific subclass of AIR-2::
GFP, that which is cohesin-dependent and forms a bright pattern on chromosomes, can pro-
mote bipolar spindle assembly. The subclasses of AIR-2:GFP that are cohesin-independent
label chromatin dimly and diffusely, and label anaphase microtubules, but cannot efficiently
promote bipolar spindle assembly.

To further test this idea, we analyzed sperm-derived chromatin in meiotic embryos.
Whereas demembranated sperm [42] or DNA-coated beads [3] added to Xenopus egg extracts
induce bipolar spindle assembly, the sperm-derived chromatin in C. elegans meiotic embryos
does not induce spindle assembly [43]. Endogenously tagged GFP=:SMC-1 was not detected on
sperm-derived DNA in meiotic embryos (S5A Fig). When male worms with unlabelled ATR-2
were mated to hermaphrodites expressing endogenously tagged AIR-2::GFP, maternal AIR-2::
GFP was recruited to the sperm DNA (S5B Fig) but this cohesin-independent ATR-2 did not
induce bipolat spindle assembly. The cohesin-dependent subclass of AIR-2 might have a
unique substrate specificity or it might be needed to reach a threshold of activity in combina-
tion with cohesin-independent AIR-2.

The reason for the heterogeneity of AIR-2 loading on separated sister chromatids of spo-11
rec-8 mutants is not known, although it cotrelates with the heterogeneity of residual COH-3/4
cohesin (54 Fig). The heterogeneity of AIR-2 loading on the 12 univalents of a spo-11 single
mutant correlates with heterogeneity in retention of LAB-1 and protein phosphatase 1, which
remove haspin-dependent histone H3 T3 phosphorylation [40,44,45]. Our results suggest that
bright patterned AIR-2 on only a subset of chromatids is sufficient to promote bipolar spindle
assembly.
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Haspin-dependent Aurora B kinase is required for bipolar meiotic spindle
assembly

To more specifically identify the subclass of Aurora B that is required for bipolar spindle
assembly, we analyzed a bir-1(E69A, D70A) mutant. This double mutation is equivalent to the
D70A, D71A mutation in human survivin that prevents binding to T3-phosphorylated histone
H3 and prevents recruitment of Aurora B to mitotic centromeres in HeLa cells [39]. Time-
lapse imaging of mNeonGreen::tubulin in bir-1{E694, D70A) mutants revealed apolar meta-
phase spindles that shrank without chromosome separation during both meiosis I and meiosis
1I (Fig 6A). The bir-1(E694, D70A) embryos were unlike the cohesin mutants in that they
entered meiosis I with 6 bivalents (11/11 z-stacks of -1 oocytes), suggesting successful forma-
tion of chiasmata between homologous chromosomes during meiotic prophase and intact
SCC (Fig 6A). Endogenously-tagged AIR-2::GFP diffusely labeled both lobes of metaphase I
(Fig 6B) and diakinesis (Fig 6C) bivalents in bir-1(E694, D70A). This was in contrast to the
bright ring of AIR-2::GFP that is observed between the lobes in controls. AIR-2:GFP localized
in a broader pattern consistent with transfer to microtubules during anaphase I and anaphase
II (Fig 6B) as was observed in cohesin mutants. Apolar metaphase I spindles (Fig 6D, center)
also formed after depletion of haspin kinase with an auxin-induced degron. Like bir-1(E694,
D704} embryos, haspin-depleted embryos entered meiosis I with 6 bivalents (10/10 z-stacks of
metaphase I), indicating the presence of chiasmata and SCC. As with cohesin mutants that
were bipolar-spindle-incompetent, the fluorescence intensity of AIR-2::GFP on chromosomes
was strongly reduced in both bir-1(E69A, D70A} and hasp-1(degron) embryos (Fig 6E).
Whereas all bir-1(E694, D70A) spindles were apolar, a minority of hasp-1(degron) spindles
were multipolar (Fig 6D right, and 6F). Apolar spindles had undetectable phosphor H3 T3
staining whereas multipolar spindles had reduced phosphor H3 T3 staining relative to no
auxin controls (S2C-S2E Fig). In addition, a low frequency of hatching was observed among
the progeny of hasp-1{AID) worms on auxin plates (S1 Table). Because a hasp-I{null) mutant
is completely sterile [46], the low hatch rate suggested that the low frequency of bipolar spin-
dles in HASP-1-depleted worms was due to incomplete depletion by the degron. Because has-
pin is recruited to chromosomes by cohesin-associated PDS5 [32], these results indicated that
the subclass of Aurora B that is recruited to chromosomes by cohesin and haspin-dependent
phosphorylation of histone H3 is required for bipolar spindle assembly and that cohesin-inde-
pendent and haspin-independent Aurora B on chromosome lobes and anaphase microtubules
are not sufficient to drive bipolar spindle assembly.

Cohesin is required for coalescence of microtubule bundles into spindle
poles

C. elegans meiotic spindle assembly begins at germinal vesicle breakdown in the -1 oocyte that
is still in the gonad. Microtubule bundles assemble within the volume of the nucleus as the
nuclear envelope breaks down. Oocytes are then fertilized as they ovulate into the spermatheca
and meiosis is completed in fertilized embryos that have moved out of the spermatheca into
the uterus. Microtubule bundles can coalesce into poles either before, during, or shortly after
ovulation [47-50]. The meiosis 1 spindle assembly defect in spo-11 rec-8 coh—4 coh-3 mutants
shown in Fig 3A was determined from time-lapse imaging of fertilized embryos in the uterus.
To more precisely define the spindle assembly step that is defective in cohesin mutants, we
conducted time-lapse imaging starting at nuclear envelope breakdown in -1 cocytes. In bipo-
lar-spindle-competent control (Fig 7A and 7B) and spo-11 rec-8 (Fig 7C and 7D) -1 oocytes, as
well as bipolar-spindle-incompetent spo-11 rec-8 coh-4 coh-3 (Fig 7E and 7F) -1 oocytes,
microtubule bundles initially filled the entire volume of the germinal vesicle as it broke down.

PLOS G ics | hitps://doi.org/10.1371/joumal.pgen.1010136  October 24, 2022 12/29

100



PLOS GENETICS Cohesin in spindle assembly

bir-1(fg55 [E69A D70A])
Metaphase || Anaphase Il B Metaphase | Anaphase | Metaphase Il

10:45

A Metaphase | Anaphase | Anaphase ||

.

Merge

[}
2
5]

=

mCH::HIS-11 mNG::TBB-2

a
[T
ol
§
¢
<
@
©
o
P =
e
Q

hasp-1::AID hasp-1::AlD

Control bir-1(fq55) - Auxin + Auxin D hasp-1::AID Auxin + Auxin
- Auxin Apolar Multipolar

@)

-1 Oocyte -1 Oocyte -1 Oocyte -1 Oocyte

Merge
Merge

a ')
o =
& &
= 2
©
L(l: =]
) -
I €
Q |
&
E s i p < 0.0001 o <0.0001 F B Bipolar [l Apolar
w .
&|o 2 B o o125 [ Multipolar
oSl g oo o
[v4[:4 - T 100
<< —— £
= a
glg 27 ‘ﬂ:-- o o 75
o|®w
o| s L4 o
ola o «= 50
518 1 —_ o 3
Elo p = 0.6848 o
5|2 R ) S 25
L p=07535 | o
0 T T T T 0
Control bir-1(fq55)  hasp-1::AID  hasp-1::AID Conlrol blr 1 hasp-1::AID hasp-1::AID
230+-012 113+/-0.03 -Auxin + Auxin = =14 - Auxin + Auxin
N=7 N=8 2.35+/-0.10 1.20 +/- 0.03 N=11 N=14
n=19 n=24 N=8 N=8
n=23 n=23
Fig 6. AIR-2 is recruited by Survivin and Haspin for bipolar spindle formation. (A) Tme—lapeexmagsoflﬂm bir-1(fg55) embryos expressing
mNG:TBB-2 and mCH::HIS-11 show disorganized MI spindles and no MI h An example of a bir-1(+)/bir-1(+)
control with the same transgenes is shown in Fig 1A. (B)Slmlhrmulbwcteolminedm'iﬂbw 1@55)bryosupxesdngAlR2'GPP.whichls
diffuse on both MI and MII metaphase chromosomes and present in a broader pattern i with mic during An le of a

bir-1(+)/bir-1(+) control with the same transgenes is shown in Fig 5A. (C) Single slices from z-stack images of -1 cocytes in C. degumexpumngAlR-
2::GFP and mCH::HIS-58. 11/11-1 oocytes in bir-1(fg55) embryos had 6 mCH:HIS-58 labelled bodies. (D) Single-plane images of hasp-1:: .AIDembryos
expressing eGFP:LIN-5 and mCH::H2B. Left: Bipolar spindle without auxin (- auxin). Center: An apolar spindle with auxin (+ auxin). Right: A
multipolar spmdlﬂ wiﬂ'l auﬂn (+ auxin), 10/10 MI spmdles in Auxin-treated hasp ...AID embrynsh:ds mCH:HIS-58 labelled bodies. (E) AIR-2:GFP
pixel i itis were di ined relative to nucleopl. ground. N, number of cocytes. n, number of

PLOS Genetics | https://doi.org/10.1371/joumal.pgen.1010136  October 24, 2022 13/29

101



PLOS GENETICS Cohesin in spindle assembly

chromosomes. (F) Graph showing percent of apolar, multipolar, and bipolar spindles in bir- and auxin-treated hasp-1:AID embryos. N, number of
embryos. All bars = 4 pm.

https://doi,org/10,1371/joumal,pgen, 1010136,g006

The microtubule bundles of control (Fig 7B) and spo-11 rec-8 (Fig 7D) coalesced first into mul-
tiple poles, then into two poles as the oocytes squeezed into, then out of, the spermatheca. In
contrast, the microtubule bundles of spo-11 rec-8 coh-4 coh-3 (Fig 7F) did not coalesce even
after ovulation into the uterus. This phenotype is consistent with that previously observed by
fixed immunofluorescence of air-2(degron) embryos [20] and is distinct from the pole-stability
phenotype reported for zyg-9(RNAi) where poles form but then fall apart [9]. In addition, the
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mean fluorescence intensity of mNeonGreen::tubulin, indicative of microtubule density, was
significantly reduced in apolar metaphase I spindles of bir-1(E69A, D70A) and spo-11 rec-8
coh-4 coh-3 embryos relative to the bipolar spindles in control and spo-11 rec-8 metaphase I
spindles (56 Fig). These results suggested that cohesin-dependent AIR-2 might regulate pro-
teins that promote coalescence of microtubule bundles and promote microtubule polymeriza-
tion, although other models are possible.

Cohesin-dependent Aurora B kinase correlates with altered localization of
spindle assembly factors on meiotic chromosomes

‘We hypothesized that cohesin-dependent Aurora B on chromosomes might activate microtu-
bule-binding proteins that are required for coalescence of microtubule bundles and microtu-
bule polymerization, or inhibit proteins that antagonize bundle coal and microtubule
polymerization, Meiotic chromosome-associated spindle assembly factors include the katanin
homolog, MEI-1 [51], the kinesin-13, KLP-7 [50,52], and the CLASP2 homolog, CLS-2
[19,53]. Loss of MEI-1 function results in apolar spindles with dispersed ASPM-1 [54] and
reduced microtubule density [48,55] similar to those observed in cohesin mutants. However,
apolar spindles in mei-1 mutants are far from the cortex at metaphase I [47] whereas cohesin-
mutant apolar spindles were cortical at metaphase I (Figs 1C, 1D, 2C, 3A and 3B). In addition,
endogenously tagged GFP:MEI-1 was retained on chromosomes of apolar metaphase IT spo-
11 rec-8 mutants (Fig 3E). These results suggest that MEI-1 is active in embryos that are defi-
cient in cohesin-recruited ATR-2.

Endogenously tagged KLP-7::mNeonGreen localized to the midbivalent ring and to the two
lobes of control bivalents (Fig 8A) but localized only to the two lobes in bir-1(E69A, D70A)
mutants (Fig 8B). KLP-7 is also lost from the midbivalent ring after air-2(degron} depletion
[20]. In living spo-11 rec-8 double mutants, KLP-7::mNeonGreen localized in a bright pattern
with a larger area on a subset of separated sister chromatids in bipolar-spindle-competent
metaphase [ embryos but labeled separated sister chromatids with a more uniform smaller
area in bipolar-spindle-incompetent metaphase II embryos (Fig 8C and 8D). In fixed spo-11
rec-8 embryos stained with antibodies and imaged with Airyscan, the pattern of KLP-7 on sin-
gle chromatids was clearly distinct from that of AIR-2 (Fig 8E). In living spo-11 rec-8 meta-
phase I embryos there was a positive correlation between the fluorescence intensity of
endogenously tagged mScarlet::AIR-2 and the area of endogenously tagged KLP-7::mNeon-
Green (Fig 8F). This result indicated that a subclass of bright patterned AIR-2 that is cohesin-
dependent, and that correlates with bipolar spindle assembly, also correlates with a subclass of
KLP-7 on chromosomes.

CLS-2::GFP labeled the kinetochore cups enveloping the two lobes of metaphase I bivalents
but was not detected in the midbivalent region in control embryos (Fig 9A and S5 Video) in
agreement with a previous study [56]. In contrast, CLS-2::GFP labeled kinetochore cups and
the midbivalent region in bir-1(E69A, D70A) mutants (Fig 94 and 86 Video). In spo-11 rec-8
double mutants, CLS-2::GFP localized in hollow spheres with a larger diameter on a subset of
separated sister chromatids in bipolar-spindle-competent metaphase I embryos but labeled
separated sister chromatids with more uniform, smaller diameter hollow spheres in bipolar-
spindle-incompetent metaphase IT embryos (Fig 9B and 9C). In spo-11 rec-8 metaphase I
embryos there was a weak positive correlation between the diameter of histone H2b and and
the diameter of CLS-2::GFP (correlation coefficient 0.37; Fig 9D)and a strong positive correla-
tion {correlation coefficient 0.79) between the fluorescence intensity of endogenously tagged
mScarlet::AIR-2 and the diatneter of CLS-2::GFP sphetes (Fig 9E and 9F). These results indi-
cate that cohesin-dependent ATR-2 both excludes CLS-2 from the midbivalent region and
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either recruits CLS-2 into larger spheres around separated sister chromatids or increases the
diameter of separated sister chromatids.

Most C. elegans meiotic SAFs are cytoplasmic

Vertebrate Ran-dependent SAFs bind importins through a nuclear localization signal (NLS)
and are nuclear during interphase [5]. This arrangement places SAFs close to chromosomes at
nuclear envelope breakdown when tubulin enters the nuclear space. In contrast, endogenously
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GFP-tagged MEI-1, LIN-5, CLS-2, and AIR-1, which all contribute to bipolar spindle assembly
in C. elegans [19,57-59], were all cytoplasmic before nuclear envelope breakdown (87 Fig). In
addition, KLP-15/16, which are required for spindle assembly, have been reported to be cyto-
plasmic in -1 oocytes [60]. The cytoplasmic location of these SAFs may sequester them from
cohesin-associated CPC and thus prevent premature coalescence of microtubule bundles.
These results also make it unlikely that most of the known SAFs during C. elegans meiosis are
activated by the canonical Ran pathway, which involves release of an NLS from an importin by
GTP-Ran [5].

Discussion

Our results indicate that cohesin is required for efficient acentrosomal spindle assembly inde-
pendent of its role in SCC because it is required for recruitment of a specific pool of Aurora B
kinase to chromatin. The requirement for cohesin is independent of SCC because separated
sister chromatids bearing COH-3/4 cohesin in spo-11 rec-8 double mutants support the assem-
bly of bipolar spindles. In contrast, separated sister chromatids in mutants lacking any cohesin
assembled amorphous masses of microtubules with no discrete foci of spindle pole proteins.
The cohesin-dependent pool of Aurora B kinase is then required for microtubule bundles to
coalesce to form spindle poles during C. elegans oocyte meiotic spindle assembly. In the
absence of either cohesin, haspin kinase, or phosphorylated histone H3-bound survivin,
Aurora B remains dispersed on metaphase chromatin and localizes on anaphase microtubules
but is insufficient to promote spindle pole formation. This could be due to a need for a thresh-
old concentration of Aurora B on chromatin or a need for a specific activity unique to cohe-
sin-dependent Aurora B,

The mechanism by which a specific pool of Aurora B kinase promotes spindle pole forma-
tion is not clear. In Drosophila oocytes, Aurora B phosphorylates the microtubule-binding tail
of the kinesin-14, ncd, releasing it from inhibition by 14-3-3 [61]. Aurora B is thus activating
ncd’s ability to bind microtubules and its loss should have a similar phenotype to loss of ncd.
In C. elegans, depletion of the kinesin-14’s, KLP-15/16, results in apolar meiotic spindles [60],
a phenotype similar to that reported for loss of Aurora B [20] or cohesin (this study). Thus
KLP-15/16 are potential targets of activation by Aurora B in C. elegans. Completely apolar mei-
otic spindles have also been observed in C. elegans upon depletion of MEI-1/2 katanin [54]
and AIR-1 [59]. Thus MEI-1/2 and AIR-1 are potential targets of activation in C. elegans.

In contrast with activation of kinesin-14, Aurora B promotes bipolar spindle assembly by
phosphorylating and inhibiting the microtubule-disassembly activity of the Xenopus kinesin-
13, XMCAK [62]. If Aurora B inhibits kinesin-13, then depletion of Aurora B or kinesin-13
should have opposite phenotypes. Indeed, depletion of kinesin-13 suppresses the spindle
assembly defect of Aurora B inhibition in both Xenopus extracts [16] and Drosophila aocytes
[63]. Loss of the C. elegans kinesin-13, KLP-7 [50,52] results in multi-polar meiotic spindles
which might be viewed as the opposite phenotype of the apolar spindles resulting from deple-
tion of AIR-2 [20] or cohesin (this study). Katanin is also inhibited in Xenopus laevis egg
extracts by phosphorylation of an Aurora consensus site [64]. Whereas this exact site is not
conserved in C. elegans MEI-1, the activity of MFEI-1 is inhibited by phosphorylation at several
sites [65]. If Aurora B acts by inhibiting one SAF, then over-expression of that SAF or expres-
sion of a non-phosphorylatable SAF should phenocopy loss of Aurora B. However, technical
limitations of C. elegans transgene technology have limited over-expression of meiotic SAFs or
expression of hyperactive mutant SAFs. If Aurora B acts by inhibiting or activating multiple
SAFs, then reproducing the Aurora B depletion phenotype with phosphorylation site mutants
of SAFs will be challenging.
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Loss of haspin-dependent CPC in this study caused a change in the localization pattern of
KLP-7 and CLS-2 on chromosomes. The CPC also regulates the chromosomal localization of
the KLP-7 homolog, MCAK, on mammalian mitotic chromosomes [66]. Thus Aurora B may
promote bipolar spindle assembly by regulating chromosomal targeting of SAFs in addition to
regulating the activity of SAFs.

Depletion of SMC3, which should remove all cohesin from chromatin, has been reported in
mouse oocytes [67] and Drosophila oocytes [68]. Metaphase I spindle defects were not
reported in either case, In both cases, cohesin depletion may have been incomplete. Mouse
oocyte spindle assembly is dependent on haspin [69], independent of Aurora B because Aur-
oraA can substitute for B in the CPC [70], and dependent on Aurora A [71]. In Drosophila,
bipolar spindle assembly is CPC-dependent [13] but the relevant CPC recruitment depends on
borealin binding to HP1 [72] rather than survivin binding to haspin-phosphorylated histone
H3. Drosophila sunn null mutants lack SCC and also form bipolar metaphase I spindles [68].
Thus it remains unclear how widely the cohesin-dependence of acentrosomal spindle assembly
applies in phyla other than Nematoda. In addition, future analysis of centrosome-based C. ele-
gans male meiosis in cohesin mutants should reveal whether the cohesin-dependence of spin-
dle bipolarity is specific to acentrosomal spindle assembly.

Our time-lapse imaging revealed separated sister chromatids separating into two masses
during anaphase I in spo-11 rec-8 embryos. This result is consistent with the previously pub-
lished observation of a single polar body and equational segregation interpreted from poly-
morphism analysis [23,24]. Similarly, Drasophila sunn mutants are able to carry out anaphase I
[68]. HeLa cells induced to enter mitosis with unreplicated genornes likely have G1 non-cohe-
sive cohesin on their individual unreplicated chromatids. These cells assemble bipolar spindles
but do not separate the unreplicated chromatids into two masses. Instead, all of the chromatids
end up in one daughter cell at cytokinesis [73]. In C. elegans meiosis, anaphase B occurs by
CLS-2-dependent microtubule pushing on the inner faces of separating chromosomes [74].
During normal meiosis, the pushing microtubules assemble between homologous chromo-
somes in a manner that depends on the CPC which is localized between homelogous chromo-
somes, thus driving correct chromosome segregation [19,20]. In a spo-11 rec-8 double mutant,
bright patterned ATR-2 is only on a subset of chromatids but microtubules still appeared to
push all of the chromatids apart. Presumably, microtubules are pushing between any two chro-
matids. This faux anaphase likely occurs by the same mechanism as anaphase B in embryos
depleted of outer kinetochore proteins [19,75].

The bipolar-spindle-competent separated sister chromatids of C. elegans spo-11 rec-8
mutants had a severe congression defect (Fig 3C and 3D). In contrast, unreplicated chromatids
in HeLa cells congress normally to the metaphase plate [73]. It is likely that antagonism
between dynein in kinetochore cups and KLP-19 in the midbivalent ring is important for chro-
mosome congtession in C. elegans oocytes [76], thus the striking bipolar structure of C. elegans
metaphase [ bivalents and metaphase IT univalents is essential for congression while dispens-
able for bipolar spindle assembly or anaphase.

Materials and methods

CRISPR-mediated genome editing to create the bir-1{fg55[E69A D70A]) allele was performed
by microinjecting preassembled Cas9sgRNA complexes, single-stranded DNA oligos as
repair templates, and dpy-10 as a co-injection marker into the C. elegans germline as
described in Paix et al [77]. The TCGTACCACGGATCGTCTTC sequerce was used for the
guide RNA and the single-stranded DNA oligo repair template had the following sequence:

tgtgeatittgcaacaaggaacttgattttgaccecgetgctgaccegtggtacgageacacgaaacgtgatgaaccyty.
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C. elegans strains were generated by standard genetic crosses, and genotypes were con-

firmed by PCR. Genotypes of all strains are listed in 52 Table.

Live in utero imaging

L4 larvae were incubated at 20°C overnight on MYOB plates seceded with OP50. Worms were
anesthetized by picking adult hermaphrodites into a solution of 0.1% tricaine, 0.01% tetrami-
sole in PBS in a watch glass for 30 min as described in Kirby et al. [78] and McCarter et al [41].
‘Worms were then transferred in a small volume to a thin agarose pad (2% in water) on a slide.
Additional PBS was pipetted around the edges of the agarose pad, and a 22-x-30-mm cover
glass was placed on top. The slide was inverted and placed on the stage of an inverted micro-
scope. Meiotic embryos or -1 diakinesis oocytes were identified by bright-field microscopy
before initiating time-lapse fluorescence. For all live imaging, the stage and immersion oil tem-
perature was 22°C-24°C. For all time-lapse data, single—focal plane images were acquired with
a Solamere spinning disk confocal microscope equipped with an Olympus IX-70 stand, Yoko-
gawa CSU10, Hamamatsu ORCA FLASH 4.0 CMOS (complementary metal oxide semicon-
ductor) detector, Olympus 100x/1.35 objective, 100-mW Coherent Obis lasers set at 30%
power, and MicroManager software control. Pixel size was 65 nm. Exposures were 300 ms.
Time interval between image pairs was 15 s with the exception of Fig 6 images, which were
captured at 10 s intervals. Focus was adjusted manually during time-lapse imaging. Control
and experimental time-lapse data sets always included sequences acquired on multiple differ-
ent days. For chromosome counting in oocyte nuclei, z-stacks were captured at 0.4 um inter-
vals. For chromosome counting in metaphase spindles, z-stacks were captured at 0.2 um
intervals. Chromosomes were counted in z-stacks, not in z projections.

Timing

Control spindles maintain a steady-state length of 8 ym for 7 min before initiating APC-
dependent spindle shortening, followed by spindle rotation and movement to the cortex [79].
Because the majority of our videos began after MI metaphase onset, we measured time relative
to the arrival of the spindle at the cortex in Figs 1, 2, 3 and 6; for control embryos, this corre-
sponded to the completion of rotation. For Fig 7, time was measured relative to the initial
appearance of MT fibers.

Fixed immunofluorescence and Airyscan imaging

C. elegans meiotic embryos were extruded from hermaphrodites in 0.8x egg buffer by gently
compressing worms between coverslip and slide, flash frozen in liquid N2, permeabilized by
removing the coverslip, and then fixed in ice-cold methanol before staining with antibodies
and DAPL The primary antibodies used in this work were mouse monoclonal anti-tubulin
(DM 1o;; Sigma-Aldrich; 1:200), GFP Booster Alexa 488 (gb2AF488; Chromotek; 1:200), rabbit
anti-GFP (NB600-308SS; Novus Biologicals; 1:600), rabbit anti-KLP-7 ([20]; 1:300), rabbit
anti-MEI-1 ([80]; 1:200), rabbit anti-H3 pT3 (07-424; Merck Millipore; 1:700) and rabbit anti-
COH-3 ([24];1:500). The secondary antibodies used were Alexa Fluor 488 anti-mouse {(A-
11001; Thermo Fisher Scientific; 1:200), Alexa Fluor 594 anti-rabbit (A11037; Thermo Fisher
Scientific; 1:200) and Alexa Fluor Plus 647 anti-rabbit (A32733; Thermo Fisher). z-stacks were
captured at 1-pm steps for each meijotic embryo using the same microscope described above
for live imaging. Super resolution images shown in Fig 8E were acquired on a ZEISS LSM 980
with Airyscan 2.
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Auxin

C. elegans strains endogenously tagged with auxin-inducible degrons and a TIR1 transgene
were treated with auxin overnight on seeded plates. Auxin (indole acetic acid) was added to
molten agar from a 400 mM stock solution in ethanol to a final concentration of 4 mM
auxin before pouring plates, which were subsequently seeded with OP50 bacteria, Depletion
of SMC-1::AID::GFP is shown in S2A and $2B Fig. Depletion of HASP-1 was indicated by
reduced phosphor h3T3 staining (S2C-S2E Fig). Bipolar spindle assembly occurs in knl-1
(AID) knil-3(AID) tirl worms [75] and in dhc-1(AID) worms (S8 Fig) treated with auxin
using the same protocol. Bipolar spindle assembly also occurred in smc-1::AID::GFP worms
with no auxin (Fig 4D) and hasp-1(AID) worms with no auxin (Fig 6D). Embryonic lethality
was dependent on auxin for both degrons and auxin did not induce embryonic lethality in a
strain carrying only endogenously tagged lin-5 (S1 Table). Thus the spindle assembly defects
observed for smc-1::AID::GFP and hasp-1(AID) likely do not result from non-specific
effects.

Fluorescence intensity measurements

Fluorescence intensity measurernents are from single focal plane images chosen from z-stacks.
Single focal plane images were chosen that had similar nucleoplasmic or cytoplasmic pixel val-
ues and in which the majority of a chromosome was in focus. A chromosome was judged to be
in focus in the focal plane with the highest pixel intensity, largest diameter, and sharpest edges.
Choosing focal planes with similar cytoplasmic or nucleoplasmic pixel values was used to par-
tially eliminate the problem of spherical aberration due to different distances from the cover-
slip. For counting the number of bright vs dim AIR-2:GFP-labeled chromosomes in entire
nuclei in 83 Fig, chromatids were subjectively scored as bright vs dim by comparing chromo-
somes within the same focal plane to compensate for the loss of intensity due to distance from
the coverslip. In Figs 4B, 4C, 4F and 6, total pixel values of chromosomal SMC-1::AID:GFP
or AIR-2::GFP were obtained using the Freechand Tool (Image]J software) to outlitie individual
chromosomes. For each chromosome, the ROI was dragged to the adjacent nucleoplasm or
cytoplasm and the total pixel value obtained. A background value was determined by dragging
the ROI to a region of the image outside the worm. The values were background-subtracted,
then divided in order to generate a ratio for comparison. This method was also used to deter-
mine the intensity of GFP::MEI-1 on chromosomes reported in the text of the results corre-
sponding to Fig 3E. MEI-1 looks brighter on the chromosomes in the spo-11 rec-8 metaphase
11 image because the original 16 bit image (65,000 grey levels) has been scaled to display the
brightest pixel as 256 in the 8 bit (256 grey levels) figure panel. The chromosomes are not actu-
ally brighter as explained in the Results. In Fig 8D and 8F, areas of KLP-7:mNG on individual
chromosomes was measured using the Freehand Tool (Image]). The diameter of CLS-2:GFP
spheres in Fig 9 was calculated from the area using the equation D = 2/4, where D is diame-
ter and A is area. Area was obtained by hand drawing a circular ROI over each sphere, Focal
planes in which each sphere had the largest diameter were used. Mean mScarlet:: AIR-2 pixel
values in Figs 8 and 9 were determined after outlining individual chromosomes with the Free-
hand Tool (Image]). In S1 Fig, single-plane images were captured at the midsection of -1
oocytes. For each image, regions of nucleoplasm and cytoplasm were outlined and the mean
pixel values determined. In S6 Fig, single-plane images were captured at the midsection of
metaphase I spindles. For each image, mean pixel values of the spindle and a region of cyto-
plasm were determined. For both figures, the mean values were background-subtracted and
divided to generate ratios for comparison.
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Statistics
P values were calculated in GraphPad Prism using one-way ANOVA for comparing means of
three or more groups. Pearson correlation coefficients were calculated using GraphPad Prism.

Supporting information

S1 Fig. DNA body counts in -1 oocytes of mutant C. elegans. (A) Single and Z-stack sum
slices of a living rec-8 oocyte nucleus expressing mCherry::HIS-11. rec-8 oocyte nuclei con-
tained 12.33 +/- 0.37 DNA bodies (n = 9), which included univalents and an occasional chro-
matid. (B) Single and Z-stack sum slices of a living spo-11 rec-8 oocyte nucleus expressing
GFP:H2B show 22 of the 24 total chromatids. spo-11 rec-8 oocyte nuclei contained 23.8 +/-
0.01 DNA bodies (n = 10). (C) Single and Z-stack sum slices of a living rec-8; coh-4 coh-3
oocyte nucleus expressing mCH::HIS-11. rec-8; cok-4 coh-3 nuclei contained 24.5 +/- 0.43
DNA bodies (n = 14). 4/14 oocytes contained one or two small DNA bodies which may indi-
cate chromosomes fragmented by SPO-11 activity. All bars = 5 pm.

(TIF)

52 Fig. Auxin depletion of SMC-1::AID::GFP and HASP-1:AID is incomplete in some
embryos. (A) Single-plane images of SMC-1::AID:GFP in the gonad of living worms incubated
overnight in either the presence or absence of auxin. (B) The ratio of SMC-1::AID::GFP mean
pixel intensity to mCH:HIS-58 mean pixel intensity in gonad nuclei was determined in worms
incubated as described in (A). Several of the ratios in auxin-treated worms approach the values
obtained in untreated worms. N, number of worms. n, number of nuclei. (C) Embryos from
worms expressing HASP-1::ATD and incubated in either the presence or absence of auxin
were fixed and stained with tubulin and phosphor H3(T3) antibodies, and with DAPL (D)
Ratios of chromosomal to cytoplasmic H3(T3) antibody staining were determed in worms
incubated as described in (C). N, number of spindles. n, number of chromosomes. (E) The val-
ues for worms incubated in the presence of auxin were separated into those obtained from
chromosomes in apolar spindles and those obtained from chromosomes in multipolar spin-
dles. N, number of spindles. n, number of chromosomes. All bars equal 4pm.

(TIF)

S3 Fig. Some chromatids are bound by bright patterned AIR-2::GFP in spo-11 rec-8
oocytes. (A) Single chromosomes from z-stack images of living control and mutant C. elegans
oocytes expressing mCherry:HIS-58 and ATR-2:GFP. Two examples are shown of a spo-11
rec-8 chromosome, one bound by bright patterned AIR-2::GFP and one with dim diffuse AIR-
2::GFP. All bars = 1um. (B) Graph showing the percent of chromosomes bound by bright
AIR-2::GFP in living -1 oocytes of control and mutant C. elegans. Z-stacks of entire nuclei
were analyzed. For spo-11 rec-8, bright vs dim AIR-2::GFP was scored by only comparing
chromatids within the same focal plane, Bright AIR-2::GFP was observed on 100 percent of
control chromosomes, 0 percent of spo-11 rec-8; coh-4 coh-3 chromatids and 39.5 +/- 4.0 per-
cent of spo-11 rec-8 chromatids. N, number of oocytes. n, number of chromosomes.

(TTF)

54 Fig. Colocalization of AIR-2 and COH-3 in spo-11 rec-8 metaphase I embryos. (A) Mei-
otic embryos within control and spo-11 rec-8 worms expressing AIR-2::GFP were fixed and
stained with DAPI, COH-3/4 antibodies, and GFP antibodies. The control spindle displays
consistent intensities of AIR-2 and COH-3/4 on each chromosome while the spo-11 rec-8
spindle displays varying ittensities. Bars = 3 ym. (B) High magnification view of single chro-
matids from (A). The control chromosome shows bright COH-3/4 and bright AIR-2. Two
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chromosomes from the same spo-11 rec-8 embryo are shown, one with bright COH-3/4 and
AIR-2 and one with dim COH-3/4 and AIR-2. Bars = 1 pm. (C) Graph showing mean pixel
value of COH-3/4 versus mean pixel value of AIR-2 on rec-8 spo-11 chromosomes. Mean pixel
values were taken by using a circle ROI with a 22 pixel diameter (covering the entire univa-
lent’s area). N, number of embryos. n, number of chromosomes.

(TIF)

S5 Fig. Maternal AIR-2, but not SMC-1, is recruited to the sperm DNA. (A) Time-lapse
images of 15/15 embryes from worms expressing SMC-1:GFP and mCH::HIS-58 in both
oocytes and spermatocytes show no SMC-1::GFP on sperm-derived paternal DNA within the
zygote during meiosis. SMC-1::GFP was observed in the sperm-derived paternal pronucleus in
77 embryos. Bar = 3 um. (B) Male worms were soaked in mitotracker before mating to her-
maphrodites. The sperm-derived paternal DNA is found at the center of the cloud of paternal
mitochondria within meiotic embryos (far right). In 5/5 mated hermaphrodites, paternal AIR-
2::GFP was present on spermatids, but was not detected post-fertilization within the cloud of
paternal mitochondria in meiotic embryos identified by their position in the uterus adjacent to
the spermatheca (+1 embryo). 13/13 unmated hermaphrodites expressing AIR-2::GFP, and
11/11 AIR-2::GFP expressing hermaphrodites mated with non-expressing males had AIR-2::
GFP on the sperm DNA in +1 embryos, Bar = 4um.

(TIF)

S6 Fig. MT density is decreased in spo-11 rec-8; coh-3 coh-4 and bir-1(fq55) spindles. (A)
Single slices from z-stack images of embryos expressing mNG::TBB-2 and mCH::HIS-11.
Bar = 4um. (B) Ratios of mean, background-subtracted mNG:TBB-2 pixel values in spindles
vs. nearby cytoplasm of control and mutant embryos. N = number of embryos.

(TIF)

1 Threald

57 Fig. Spindle assembly factors are cytoplasmic prior to nucl pe br m. (A)
Single plane irnages of -1 oocytes in C. elegans expressing GFP::H2B, SMC-1:AID::GFP, and
spindle assembly factors. Bar = 10 pm. (B) Nucleoplasmic to cytoplasmic ratios were detet-
mined for mean, background-subtracted pixel values in -1 oocytes.

(TIF)

S8 Fig. Bipolar spindles form in the presence of Auxin. C. elegans expressing DHC-1::AID::
GFP, eGFP::LIN-5, mCH::H2B and mKate2:PH were incubated for 2-4 hours in the presence
or absence of auxin. (A) Images of metaphase I spindles show that 9/9 spindles were bipolar in
the absence of auxin and 10/10 metaphase I spindles were bipolar in the presence of auxin. (B)
Quantification of spindle bipolarity. (C) Time-lapse images of C, elegans incubated in the
absence of auxin show bipolar spindles shorten and rotate prior to chromosome separation

(n = 5). (D) Time-lapse images of C. elegans incubated in the presence of auxin show bipolar
spindles shorten and remain parallel to the cortex due to the depletion of DHC-1::AID::GFP
(n="7).

(TIF)

§1 Table. Hatch rate data for auxin-induced degron experiments.
(DOCX)

$2 Table. C, elegans Strain List, List of genotypes of all strains used in this paper.
(DOCX)

$1 Data. Numerical values for all graphs shown in this paper.

(XLSX)
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S1 Video. Metaphase I through anaphase II filmed in utero in a control strain. Green is
mNeonGreen::tubulin. Red is mCherry:histone H2b.
(MP4)

52 Video, Metaphase I through anaphase II filmed in utero in a rec-8 strain, Green is
mNeonGreen::tubulin. Red is mCherry:histone H2b.
(MP4)

$3 Video. Metaphase I through anaphase II filmed in utero in a spo-11 rec-8 coh-4 coh-3
strain, Green is mNeonGreen:tubulin. Red is mCherry:histone H2b.
(MP4)

$4 Video, Metaphase I through anaphase II filmed in utero in a spo-11 rec-8 strain. Green
is GFP:histone H2b. Red is mKate:tubulin.
(MP4)

S5 Video. z-stack showing the pattern of CLS-2::GFP on control bivalents.
(MP4)

56 Video. z-stack showing the pattern of CLS-2::GFP on bir-1(fg55) bivalents.
(MP4)
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