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During cell division, chromosome congression to the spindle center, their

orientation along the spindle long axis and alignment at the metaphase plate
depend on interactions between spindle microtubules and kinetochores, and
are pre-requisite for chromosome bi-orientation and accurate segregation.
How these successive phases are controlled during oocyte meiosis remains
elusive. Here we provide 4D live imaging during the first meiotic division in C.
elegans oocytes with wild-type or disrupted kinetochore protein function. We
show that, unlike in monocentric organisms, holocentric chromosome bi-
orientation is not strictly required for accurate chromosome segregation.
Instead, we propose a model in which initial kinetochore-localized BHC
module (comprised of BUB-1%"*!, HCP-1/2°"*F and CLS-2"*%")-dependent
pushing acts redundantly with Ndc80 complex-mediated pulling for accurate
chromosome segregation in meiosis. In absence of both mechanisms, homo-
logous chromosomes tend to co-segregate in anaphase, especially when
initially mis-oriented. Our results highlight how different kinetochore com-
ponents cooperate to promote accurate holocentric chromosome segregation
in oocytes of C. elegans.

In female gametes, accurate segregation of homologous chromo-
somes and sister chromatids, during the first and second meiotic
divisions respectively, is essential to avoid generating aneuploid eggs'.
Fertilization of aneuploid oocytes is a major cause of infertility in
humans, as it usually leads to spontaneous abortion or, if survived,
leads to severe developmental defects’>. To avoid this fate, chromo-
somes must interact properly with spindle microtubules in order to
orient along the spindle axis, align at the metaphase plate and segre-
gate in two equal complements during anaphase. The capacity of
chromosomes to interact with microtubules is provided by the multi-
protein kinetochores, which contain multiple microtubule-associated
activities® (Fig. 1a). Among those, the KMN (Knl1/Mis12/Ndc80) net-
work provides the core load-bearing activity essential for accurate

chromosome segregation in most species and cell types’. Within the
KMN network, the tetrameric Ndc80 complex, together with its
downstream partner SKA complex, can form end-on attachments to
track depolymerizing kinetochore microtubules and generate pulling
forces on chromosomes’™. The Knll protein and the Mis12 complex
are essential for proper kinetochore recruitment of the Ndc80 and SKA
complexes”?. Also downstream of Knll and Misl2, the Rod-Zw10-
Zwilch (RZZ)-Spindly kinetochore module recruits dynein-dynactin
motors to kinetochores, which mediate initial lateral capture of
microtubules, ensuring correct kinetochore orientation and facilitat-
ing chromosome bi-orientation” %, In C. elegans, a third kinetochore
module, hereafter termed the BHC module, recruited downstream of
KNL-1 is comprised of the kinase BUB-1, the two CENP-F-like proteins
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Fig. 1| Complete in utero 3D tracking of holocentric chromosomes in C. elegans
oocytes. a Top, Schematics of the C. elegans oocyte meiotic spindle with aligned
chromosomes (left) and of an individual chromosome showing the meiotic cup-like
kinetochores and ring-shaped domains (right). Bottom, Schematic of proteins and
sub-complexes recruited at kinetochores (magenta) and ring-shaped domains
(red). Proteins in bold display direct interaction with microtubules. b Schematic of
C. elegans and its reproductive system. The inlet is centered on the anterior sper-
matheca, where fertilization occurs, and corresponds to the bottom 3D projection
of a metaphase I fertilized oocyte expressing GFP:TBA-2°""i" (green) and
mCherry::HIS-11"?® (magenta, germline chromatin; yellow, sperm chromatin after
manual segmentation) passing through the spermatheca. Grid scale bar, 5um.

¢ Schematic of the three-step process used to perform 3D tracking of chromo-
somes (colored spots) and spindle poles (white spots) over time. Grid scale bar,
1um. d Representative time-lapse images, centered on the meiotic spindle and
chromosomes, of a GFP:TBA-2*"® " (green) and mCherry::HIS-11"% (magenta)

-expressing oocyte undergoing the first meiotic division. Side projection of the
spindle and chromosomes is shown at the top. End-on projection is at the bottom.
Time relative to anaphase onset is indicated at the top right corner of each panel.
Scale bar, 5 um. e-g Plots of individual homologous chromosome pair angles
relative to the spindle long axis (e), or of the distance between individual homo-
logous chromosome pairs and the spindle equator, the mean distance between the
spindle poles and equator are plotted as green curves with SD (f), or of the distance
between individual homologous chromosome pairs and the spindle long axis (g),
during the 500 s preceding anaphase I onset in oocytes. Each dot corresponds to an
individual homologous chromosome pair and is color-coded as indicated at the
bottom of each graph. Gray boxes highlight the SD of the spindle bipolarization
timing centered on the mean timing. Schematics of the measured parameter and
sample size (n pairs of homologous chromosomes) are at the top right corner of
each graph.
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HCP-1/2 and the CLASP-family member CLS-2”*?, We recently showed
that BHC module components synergistically stabilize microtubules
by promoting rescue and pause, while preventing catastrophe, which
is in line with the function of CLASP-family proteins in other
systems*%, BHC module kinetochore localization depends on BUB-1
binding to a series of MELT repeats located N-terminally in
KNL-120%32°-** As BHC module components are also present at ring
domains located between chromosomes and along the spindle, the
specific function of the BHC module at kinetochores is unclear*’,

Unlike monocentric species, which display point-shaped kine-
tochores, holocentric organisms have diffuse kinetochores that run
along the length of sister chromatids**~°. In oocytes of the holocentric
nematode Caenorhabditis elegans, kinetochores form cup-shaped
structures that cover the surface of the six oval chromosomes in
meiosis 1 and IP*% Although, most outer kinetochore components,
including the KMN network, are shared between monocentric and
holocentric species, and are almost all found at the cup-shaped kine-
tochores of C. elegans oocytes, the exact function of kinetochore
proteins in meiosis is controversial®. Further, we and others found that
in C. elegans oocytes anaphase chromosome separation is primarily
driven by a kinetochore-independent atypical pushing mechanism
involving central spindle microtubules assembled in a CLS-2-
dependent manner******, Two studies reported that only lateral
interactions between chromosomes and microtubules form during
prometaphase/metaphase®*°. However, a recent study reported that
end-on kinetochore-microtubule attachments are predominant in
prometaphase/metaphase and are essential for chromosome separa-
tion in anaphase”’.

Here we have addressed this issue, using 4D simultaneous two-
color confocal fluorescence microscopy at high spatiotemporal
resolution in live C. elegans oocytes. We successfully tracked all six
bivalent chromosomes and the meiotic spindle with unprecedented
spatial and temporal resolution during the first meiotic division in
oocytes with wild-type or disrupted kinetochore protein function.
These datasets allowed a systematic and comprehensive quantitative
analysis of the kinetochore contribution to chromosome movements
during meiotic prometaphase/metaphase. We show that chromo-
some orientation along the spindle long axis is tightly coupled to
spindle bipolarization, but does not involve appreciable chromo-
some oscillations along the spindle. By systematically depleting each
kinetochore sub-complex alone or in combination, we assigned
specific functions (or lack thereof) to lateral and end-on interactions
between chromosomes and spindle microtubules. We found that
depletion of the kinetochore scaffold protein KNL-1, which com-
pletely prevents kinetochore assembly, led to severe chromosome
orientation and alignment defects in prometaphase/metaphase, fol-
lowed by highly inaccurate chromosome segregation in anaphase. In
an effort to recapitulate this severe meiotic kinetochore-null phe-
notype by perturbing microtubule-associated activities, we found
that KLP-19 and dynein/dynactin-mediated lateral interactions pro-
moted timely chromosome orientation and congression in mid-
prometaphase. In contrast, Ndc80 complex-dependent end-on
attachments were specifically required for chromosome alignment
throughout prometaphase/metaphase. However and despite their
function prior to anaphase, neither lateral interactions, nor end-on
attachments, were essential on their own or in combination for
accurate chromosome segregation in meiosis. We also found that
kinetochore-targeted BHC module (BUB-1/HCP-1/2CNPT/CLS-2CHSP)
participated in efficient assembly of central spindle microtubules in
anaphase, but did not play a significant role on its own in chromo-
some orientation or congression prior to anaphase onset. Unex-
pectedly, the meiotic kinetochore-null phenotype, obtained
following KNL-1 depletion, could only be recapitulated by simulta-
neously depleting the Ndc80 complex and preventing BHC module
kinetochore targeting. We propose a model in which initial BHC

module-dependent pushing acts redundantly with Ndc80 complex-
mediated pulling for accurate chromosome segregation in meiosis.
In absence of both mechanisms, homologous chromosomes have a
higher tendency to co-segregate in anaphase, especially when initi-
ally mis-oriented relative to the spindle long axis. These results
highlight how distinct roles for different kinetochore components
cooperate to promote accurate chromosome segregation in meiosis.

Results

Full 4D tracking of chromosomes and spindle poles during
meiosis I

To analyze chromosome movements relative to the spindle axes with
high spatiotemporal accuracy during the first meiotic division in live C.
elegans oocytes, we acquired four-dimensional (4D) in utero datasets
on anaesthetized C. elegans adult worms stably expressing mCherry-
H2B and EGFP-aTubulin during ovulation (Fig. 1b). To avoid blurring of
the 3D stacks due to passage of the oocyte through the worm sper-
matheca during the first meiotic division, accompanied by fast
movements of the spindle and chromosomes within the oocyte, we
acquired the two fluorescent channels at each Z position simulta-
neously on two cameras. We combined the simultaneous two-channel
acquisition with fast Z-scanning using a piezo-controlled motorized
stage and a super-fast stream acquisition mode (10 ms per acquisition)
to acquire 9 pum-thick Z-stacks (30x0.3 um) every 10 s throughout
meiosis | and Il. Live imaging did not appreciably perturb cell division
as evidenced by successful first polar body extrusion in 100% of
oocytes. These 4D datasets were processed to semi-automatically
segment and track all chromosomes and the spindle poles (Fig. 1c, d
and Supplementary Movie 1). The resulting individual chromosome
and spindle pole tracks were interactively validated and manually
corrected as needed.

To understand the mechanisms that govern chromosome move-
ments inside the spindle, we first analyzed the kinetics of chromosome
behavior at high spatiotemporal resolution. Specifically, we analyzed
three parameters: (1) chromosome orientation relative to the spindle
long axis, (2) chromosome congression to the spindle equator, and (3)
chromosome axial compaction along the spindle short axis. We began
our analysis in late prometaphase starting ~-500 s before anaphase |
onset (Fig. 1e-g), as we could not accurately analyze these parameters
earlier in prometaphase due to spindle isotropicity and lack of a clear
spindle axis®**°. The average maximum chromosome-spindle angle at
anaphase onset was observed to be 22.5°, below which chromosomes
were considered to be properly oriented (Fig. 1le and Supplementary
Fig. 1a). To evaluate chromosome orientation over time, we color-
coded the proportion of chromosomes with an angle below this
threshold value. This analysis revealed that chromosome orientation
correlated with spindle bipolarization (gray rectangle) when >50% of
chromosomes were properly oriented. We only observed a few chro-
mosomes (n=4/77) that reverted orientation (angles>90°) during
meiosis 1. This is in stark contrast with the behavior of monocentric
chromosomes in mouse oocytes, which revert orientation frequently
through successive cycles of bi-orientation and detachment®. In
contrast, our results suggested coupling between spindle bipolariza-
tion and chromosome orientation in C. elegans oocytes.

Using a similar approach, we analyzed chromosome congression
and lateral compaction. The average maximum distance between
chromosomes and the spindle equator in metaphase, which we con-
sidered as the threshold value for correct congression, was 0.5 pm
(Fig. 1f and Supplementary Fig. 1a). Chromosomes did not oscillate
along the spindle during meiosis I, but rather seemed constrained at
the spindle center and progressively reached the metaphase plate
(Supplementary Fig. 1b). This is again different from the oscillatory
behavior of monocentric mouse oocytes during their alignment on the
metaphase plate®’. We observed a progressive lateral compaction of
the metaphase plate leading to increased proximity between
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Fig. 2 | The meiotic kinetochore-null phenotype is associated with homologous
chromosome mis-orientation, mis-alignment and a high rate of oocyte aneu-
ploidy. a-c Representative time-lapse images of GFP:TBA-2*™*"n (green) and
mCherry:HIS-11"?® (magenta) -expressing oocytes during end of metaphase and
anaphase in the indicated conditions. White arrowheads in (a) highlight two
homologous chromosomes of a pair undergoing co-segregation. Green, yellow and
blue arrowheads in (b) show the co-segregating homologous chromosomes of a
pair, lagging chromosome of a pair that eventually segregates correctly, and lag-
ging chromosome of a pair that ends-up mis-segregated respectively. Time relative
to anaphase onset is indicated at the top right corner of each panel. Scale bars,
5um. d, e Plots of individual homologous chromosome pair angles relative to the
spindle long axis (d) or of the distance between individual homologous chromo-
some pairs and the spindle equator (e) during 200 s preceding anaphase I onset in

oocytes in the indicated conditions. The color-code is indicated at the top of each
graph. Schematics of the measured parameter and sample size (n pairs of homo-
logous chromosomes) are at the top left and right corners respectively of each
graph. f, g Quantification of normally segregating, lagging and co-segregating
chromosomes during anaphase (f), and euploid or aneuploid oocytes at the end of
anaphase (g) in indicated conditions. Sample sizes (n chromosomes, N oocytes) are
at the right of each graph. h, i Mean angle of homologous chromosome pairs
relative to the spindle long axis over time for (h) normally segregating (gray),
lagging (light orange) and co-segregating (dark orange), or (i) correctly segregated
(gray) and mis-segregated (red) chromosomes in oocytes treated with knl-1(RNAJ).
Dark lines, mean; lighter bands, SEM. Sample sizes (n chromosomes) are in the key.
h one-way ANOVA with Tukey’s multiple comparison; i ¢-test with Welch’s correc-
tion, two-sided: n.s., P> 0.05; **P< 0.01; **P< 0.001; and ***P< 0.0001.

chromosomes, along the spindle short axis. This axial compaction
seemed to passively follow spindle compaction with no apparent
coupling with spindle bipolarity or chromosome alignment (Fig. 1d, g).
Together, our results show that holocentric chromosome dynamics in
C. elegans oocytes is drastically different from that of monocentric
meiotic chromosomes.

Kinetochores are essential for chromosome orientation, con-
gression and accurate segregation, but not physical separation
of chromosomes during meiosis I

To gain functional insights into the mechanisms governing chromo-
some movements during prometaphase/metaphase I, we next ana-
lyzed the effect of depleting the kinetochore scaffold protein KNL-1 by
RNAi”* (Fig. 1a). We noticed that the chromosome segregation

phenotype of KNL-1-depleted oocytes was aggravated when filming in
utero (even with low Z sampling, Supplementary Fig. 1c-e) as com-
pared to filming oocytes ex utero (Fig. 2a-c, see discussion). We thus
decided to generate 4D datasets of ex utero-filmed oocytes, which is
compatible with high-throughput analyses yet restricted to the last
200 s preceding anaphase onset (Fig. 2c and Supplementary Movie 2).
Using classical low spatiotemporal resolution imaging, we and others
have previously shown that KNL-1is essential for kinetochore assembly
and accurate chromosome segregation, but not for chromosome
anaphase physical separation. Our quantitative high-resolution 4D
analysis confirmed these previous findings, but allowed discriminating
co-segregating bivalents that were otherwise indistinguishable in
commonly used 2D projections (Fig. 2a). Multiple evident chromo-
some mis-segregation events were observed in most KNL-1-depleted
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oocytes, coupled to severe orientation (62.7% properly oriented
chromosomes vs 92.1% in controls at anaphase onset) and congression
defects (58.3% properly congressed chromosomes vs 95.2% in controls
at anaphase onset) (Fig. 2b-e and Supplementary Movie 3). While
congression seemed equally affected over time, chromosome orien-
tation worsened as oocytes progressed toward metaphase | in absence
of KNL-1 (80.3% properly oriented at —200 s vs 62.7% properly oriented
at anaphase onset). We observed three distinct categories of chro-
mosome segregation defects in KNL-1-depleted oocytes: (1) co-
segregating bivalents, (2) mis-segregating lagging chromosomes, and
(3) lagging chromosomes that eventually segregated properly (Fig. 2b,
f and Supplementary Movie 3). The later did not induce oocyte aneu-
ploidy, but co-segregating bivalents combined with mis-segregating
lagging chromosomes accounted for the 80% aneuploid oocytes
observed following KNL-1 depletion (Fig. 2g). By comparing the fate of
chromosomes in anaphase to their orientation in prometaphase/
metaphase over time, we observed that chromosomes displaying
higher angles were more likely to become co-segregating bivalents
(Fig. 2h). Furthermore, we found a strong correlation between a high
angle at anaphase onset and the propensity to end-up mis-segregated
(Fig. 2i). These results suggest that KNL-1 is essential for accurate
chromosome segregation by controlling chromosome orientation
prior to anaphase onset, but not for the physical chromosome
separation in anaphase.

Kinetochore dynein and KLP-19 act redundantly to promote
initial chromosome orientation and congression

To determine which kinetochore-microtubule binding activities con-
trol accurate chromosome segregation, we analyzed the contribution
of the main chromosomal components involved in contacts with
microtubules (Fig. 1a). We included all kinetochore components with
microtubule-associated activities downstream of KNL-1, and the
chromokinesin KLP-19, which localizes independently of KNL-1 at ring-
shaped domains located between homologous chromosomes and
sister chromatids in meiosis I and Il respectively*>*®,

Chromosome congression relies primarily on forces exerted by
microtubule motors located on chromosomes arms (i.e., chromoki-
nesins) and at kinetochores (CENP-E and dynein/dynactin)*2%6+%5, C,
elegans lack a CENP-E ortholog. Thus, during mitosis, dynein/dynactin
is the only kinetochore motor and is recruited to the kinetochores by
the RZZ-Spindly (SPDL-1 in C. elegans) complex and stabilized at the
kinetochores by the NudE/L ortholog NUD-2?*¢¢"%%, We first deter-
mined that this was also the case during oocyte meiosis. In line with a
previous report, endogenously tagged DHC-1::mNG (the C. elegans
dynein heavy chain) was undetectable at meiotic kinetochores upon
depletion of the RZZ subunit ZWL-1* (Supplementary Fig. 2a, b). We
obtained identical results upon depletion of NUD-2 by RNAi. However,
neither depletion of ZWL-1, nor deletion of nud-2, nor a combination of
both led to persistent and/or significant chromosome orientation,
congression, or segregation defects, indicating that kinetochore-
localized dynein/dynactin is not essential for accurate chromosome
segregation in C. elegans oocytes (Supplementary Fig. 2c-g and Sup-
plementary Fig. 3a, b). We next focused on the kinesin-4 family
member KLP-19 (ortholog of the mammalian chromokinesin Kif4)®",
During congression, chromokinesins generate pushing forces on
chromosomes, termed polar ejection forces, and directed away from
spindle poles®. In mitosis, KLP-19-mediated polar ejection forces ori-
ent holocentric kinetochores to prevent merotelic attachments, which
otherwise lead to anaphase chromosome bridges and chromosome
missegregation®. The exact function of KLP-19 in oocytes is still
unclear. An initial report suggested that KLP-19 is essential for chro-
mosome alignment®2. While a second study found a more minor role of
KLP-19, essential to maintain chromosomes aligned at the spindle
center only when oocytes are artificially arrested in metaphase I, but
not in normally progressing oocytes®. To conclusively address this

issue, we applied our 4D microscopy and quantitative tracking
approach to KLP-19-depleted oocytes (Supplementary Fig. 2e). In line
with the conclusions from the second study, we did not detect any
significant chromosome orientation, congression or segregation
defects after KLP-19 depletion (Supplementary Fig. 2c-g and Supple-
mentary Fig. 3a, b). The lack of apparent phenotype upon loss of
kinetochore dynein/dynactin or KLP-19 suggested that they might act
redundantly to promote chromosome orientation and/or congression.
To test this idea, we analysed oocytes simultaneously depleted of KLP-
19 and ZWL-1 (Fig. 3a, second panel). Consistent with our hypothesis, in
this condition we observed an increase in the rates of misoriented (25%
misoriented chromosomes vs 5% in controls 200 s before anaphase
onset) and misaligned chromosomes (42,6% misaligned chromosomes
vs 30% in controls 200s before anaphase onset) in prometaphase
(Fig. 3b-e). However, chromosome orientation and alignment
improved progressively over time following co-depletion of KLP-19
and ZWL-1, so that they reached levels comparable to control oocytes
~100 s before anaphase onset (86,5% properly oriented chromosomes
vs 94,7% in controls; 83,3% properly congressed chromosomes vs
91,2% in controls 70 s before anaphase onset) and overall chromosome
segregation defects were only rarely observed (Fig. 3d-g). Overall, our
results indicate that KLP-19-mediated polar ejection forces, combined
with kinetochore-localized dynein/dynactin activity, participate in
timely establishment of chromosome orientation and congression, but
are not strictly required for accurate chromosome segregation in
anaphase.

The Ndc80 complex promotes efficient chromosome congres-
sion but is not essential for chromosome orientation, physical
separation, or accurate segregation

The progressive improvement of chromosome orientation and con-
gression in oocytes co-depleted of KLP-19 and ZWL-1 suggested that an
alternative mechanism, activated before anaphase onset, can com-
pensate for the lack of lateral interactions to promote formation of a
tight metaphase plate. In mitosis, following initial motor- or
kinetochore-mediated lateral interactions between chromosomes and
spindle microtubules, kinetochores form end-on attachments to
microtubules mediated by the conserved Ndc80 complex’™. In C.
elegans oocytes, the role of the four-subunit Ndc80 complex is con-
troversial, with one report, based on electron tomography of fixed
oocytes, supporting a lack of end-on attachments during metaphase,
while another recent study, using in utero live microscopy, concluded
on the essential function of the Ndc80 complex for chromosome
segregation®®”’. To clarify this issue and ensure full disruption of the
Ndc80 complex, we combined auxin-induced degradation in a strain
carrying an auxin-inducible degron (AID) added on the C-terminus of
the endogenous Ndc80 complex subunit him-10, combined with RNAi-
mediated depletion of the remaining HIM-10 protein® (Fig. 3a, third
panel). In contrast to the inhibition of lateral interactions, preventing
end-on attachments through HIM-10 depletion did not induce any
detectable chromosome orientation defects (Fig. 3b, d). Chromo-
somes were however badly congressed and never aligned in a tight
metaphase plate as in control oocytes (Fig. 3¢, e). In contrast to a
previous study”, and although chromosomes frequently lagged dur-
ing anaphase, chromosome segregation was largely accurate in HIM-
10-depleted oocytes (Fig. 3f, g). Importantly, we confirmed the lack of
significant oocyte aneuploidy following Ndc80 complex loss-of-
function through four other approaches: (1) him-10(RNAi) alone, (2)
GFP(RNAI) in a strain carrying endogenously tagged HIM-10::GFP, (3)
auxin treatment alone of oocytes expressing endogenously tagged
HIM-10::AID, and (4) ndc-80(RNAi) in a him-10 temperature-sensitive
strain at the restrictive temperature (26 °C) (Supplementary Fig. 4a-c).
Thus, the Ndc80 complex participates in chromosome congression
and alignment, but is not essential for accurate chromosome segre-
gation in C. elegans oocytes.

Nature Communications | (2023)14:4032



Article

https://doi.org/10.1038/s41467-023-39702-z

a b % bivalents c % bivalents
with angle < 22.5° with distance to equator < 0.5 um
Anaphase
Metaphase Anaphase
P Onset P 20 40 60 80 100% 0 20 40 60 80 100%
4 180
o0 &9 Control  n260 44 ) Control n254
I
€
Q
O ..
:f . klp-19+zwi-1(RNAi) n=60 44 klp-19+zwl-1(RNAi) n254
2 e 1
z 2]
3 0]
N -
N
3 -2
& —~ 4]
3 € -4
E T T T T T
§ HIM-10::AID + auxin ‘E 44 HIM-10::AID + auxin
3= him-10(RNAJ)  n260 R him-10(RNAi) n=54
+3 b 3e
Q Q:_, 2 > - =
S £ %
‘?é o3 \ el
IS 3 4]
I Q44
< T T T T T
8
(%2}
EZE\ HIM-10::AID + auxin o 44 HIM-10::AID + auxin
ngg - klp 19+zwl- 1(RNAI) 4 kip-19+zwl-1(RNAi) n248
= X — 24 ——
QX 1 :
: H
S 1 e
3o 2
S4 4
e 41
;‘\ 1 80 ) KNL_1 A85-505 4 d ) KNL 1'\85 505
o QZ: knl-1+him-10(RNAi) n254 4 knl-1+him-10(RNAI) n>54
i 2 ;
iy 0] = E E
Fa 21
g . 4]
200 -150 -100 50 0 200 -150 -100 -50 0
Time to anaphase onset (s) Time to anaphase onset (s)
d e f g
Kk Segregation defects Ploidy defects
- ek NS, NS n= n= N= N=
5, T T e Control 4 126 0 E 21 0
5§ 4 i
=60 & 254 knl-1(RNA) 59 15 o 3 12
n>66 308 n>54 _ .
60 © 06 M nooq klp-19+zwi-1(RNA) 1 103 1 17 1
n260 £ o,/ SOV 254 102410 + auxi
60§04 n>48 G s 95 13 0 - 17 1
n=54 o 0.2 n=54 - i
= HIM-10::AID
5 8 o K12 A (N 7 T 125
-200 -150 -100 -50 O § -200 -150 -100 -50 O KNL-1465-505 -
Time to anaphase onset (s) g Time to anaphase onset (s) knl-1+him-10(RNAJ) 7 62 16 1 5 9
0 50 100 0 50 100
—— control o o
— knl-1(RNAI) % of chromosomes % of oocytes
—— klp-19+zwl-1(RNAI) normal segregation euploid oocyte
— HIM-10::AID +auxin + him-10(RNA) lagging chromosomes aneuploid oocyte
—— HIM-10::AID + auxin + klp-19+zwl-1(RNAJ) co-segregating
—— KNL-1285505 + kn-1+him-10(RNA) bivalents

Fig. 3 | Effects of perturbing kinetochore sub-complexes alone or in combi-
nation on chromosome orientation, alignment and segregation.

a Representative time-lapse images, centered on the meiotic spindle and chro-
mosomes, of GFP:TBA-2¢n o GFP:TBB-2F " (green) and mCherry::HIS-11"2
(magenta) -expressing oocytes during end of metaphase and anaphase in the
indicated conditions. Time relative to anaphase onset is indicated at the top right
corner of each panel. Scale bars, 5 um. b, ¢ Plots of individual homologous chro-
mosome pair angles relative to the spindle long axis (b) or of the distance between
individual homologous chromosome pairs and the spindle equator (c) during the
200 s preceding anaphase I onset in oocytes, in the indicated conditions. Each dot
corresponds to an individual homologous chromosome pair and is color-coded as
indicated at the top of each graph. Schematics of the measured parameter and

sample size (n pairs of homologous chromosomes) are at the top left and right
corners respectively of each graph. d, e Plots of mean angle relative to the spindle
long axis (d) and distance to the spindle equator (e) of the homologous chromo-
some pairs during the 200 s preceding anaphase I onset in oocytes, in the indicated
conditions. Dark lines represent the mean. Lighter bands represent the SEM.
Samples sizes (n pairs of homologous chromosomes) are at the right of each graph.
(one-way ANOVA with Tukey’s multiple comparison: n.s., P> 0.05; *P< 0.01;

***P < 0.001; and ***P < 0.0001). f, g Quantification of normally segregating, lagging
and co-segregating chromosomes during anaphase (f), and euploid or aneuploid
oocytes at the end of anaphase (g) in indicated conditions. Sample sizes (n chro-
mosomes, N oocytes) are at the right of each graph.
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NDC-80 CH domain and the SKA complex establish end-on
attachments prior to anaphase onset

Next, we wanted to determine the molecular mechanisms of Ndc80
complex function at kinetochores that control chromosome con-
gression and alignment. A previous analysis showed that chromo-
somes are stretched in a kinetochore-dependent manner prior to
anaphase onset in C. elegans oocytes” . This stretching can probably be
attributed to kinetochore-dependent end-on attachments pulling on
holocentric cup-shaped kinetochores to promote chromosome bi-
orientation. To determine the exact kinetics of chromosome stretch-
ing, and thus of end-on attachment establishments, we monitored
homologous chromosome and bivalent length, as well as the inter-
homolog distance, over time until anaphase onset. All three chromo-
somal metrics showed a similar trend with a progressive increase

starting around 150 s and until 50 s prior to anaphase onset (Fig. 4a-c).
Consistent with Ndc80-dependent pulling on kinetochores being
responsible for this stretching, we found that depleting HIM-10 abro-
gated the increase in bivalent length observed prior to anaphase onset
(Fig. 4d). In contrast with a previous study based on fixed oocytes, this
observation is compatible with establishment of Ndc80-dependent
end-on connections prior to anaphase I onset in C. elegans oocytes>®.
To directly test this assumption, we treated metaphase I-arrested
oocytes with a low dose of nocodazole. This treatment highlighted a
population of stable microtubules, which greatly decreased in HIM-10-
depleted oocytes, but not in absence of dynein-mediated lateral
interactions at kinetochores (Fig. 4e, f). Thus, stable end-on attach-
ments are formed prior to anaphase I onset in an Ndc80 complex-
dependent fashion in the C. elegans oocyte.
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Fig. 4 | End-on connections apply tension on chromosomes via the NDC-80 CH
domain and the SKA complex. a-c Plots of homologous chromosome length (a),
distance between homologous chromosomes (b) and bivalent chromosome length
(c) during 200 s preceding anaphase I onset. Schematics of each measurement and
sample sizes (n chromosomes) are at the upper left and bottom right respectively
of each graph. Dark lines, mean; lighter bands, SEM. d Left: Representative images
of chromosomes in mCherry::HIS-11"*-expressing (magenta) oocytes in indicated
conditions. Scale bar, 5 um. Right: Plots of bivalent chromosome length 200 s and
100 s before anaphase onset in indicated conditions. Error bars, SD. Sample sizes (n
chromosomes) are listed in the key at the bottom left. (t-tests with Welch'’s cor-
rection, two-sided: n.s., P> 0.05; **P < 0.01; **P < 0.001; and ***P < 0.0001).

e Representative images of GFP::TBB-2P!" (green) and mCherry::HIS 58"
(magenta) -expressing oocytes treated with 10 ng/ul of nocodazole during meta-
phase in indicated conditions. Scale bar, 5 um. f Quantification of the integrated
GFP::TBB-2f*ui" intensity around chromosomes in oocytes treated with 10 ng/ul of

nocodazole during metaphase in indicated conditions. Error bars, SD. Samples
sizes (N oocytes) are at the right of the graph. (one-way ANOVA with Tukey’s
multiple comparison: n.s., P> 0.05; **P < 0.01; **P< 0.001; and ***P < 0.0001).

g Schematics of wild-type (WT) NDC-80, the CH domain mutant (NDC-80 CH*) and
of the tail-deleted mutant (NDC-80 Atail). (h) Plot of bivalent chromosome length
10 s before anaphase onset in indicated conditions. Errors bars, SD. Samples size (n
chromosomes) are at the right of the graph. (one-way ANOVA with Tukey’s multiple
comparison: n.s., P>0.05; *P < 0.01; **P < 0.001; and ***P < 0.0001).

i, j Representative time-lapse images of an oocyte expressing endogenously GFP-
tagged HIM-10™"? (i, green) or SKA-15! (j, green) and mCherry::HIS-11"* (magenta)
during the first meiotic division. Time relative to anaphase onset. Scale bars, 5 um.
k Quantifications of GFP-tagged HIM-10"2 and SKA-1°! intensities on chromo-
somes over time. Dark lines, mean; lighter bands, SEM. Sample sizes (N oocytes) are
in the key.
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The microtubule-binding capacity of the Ndc80 complex resides
in two distinct elements inside the NDC-80 subunit. A calponin-
homology (CH) domain that contacts the microtubule lattice and a
basic unstructured N-terminal tail that is proposed to interact elec-
trostatically with the negatively charged tubulin surface'’. During
mitosis in C. elegans zygotes, deleting the NDC-80 tail does not perturb
chromosome segregation, while mutating the CH domain, to prevent
its interaction with microtubules, recapitulates the full NDC-80 loss-of-
function phenotype™®. To determine which NDC-80 element is
responsible for end-on attachments in C. elegans oocytes, we com-
pared bivalent length in control, in HIM-10-depleted oocytes and in
oocytes expressing RNAi-resistant transgenes carrying either an NDC-
80 CH domain mutant (VDC-80 CH*), which cannot interact with
microtubules, or an NDC-80 tail-deleted mutant (NDC-80 Atail)™'
(Fig. 4g). Depleting HIM-10 impaired end-on attachments and led to a
significant decrease in bivalent length compared to controls (Fig. 4h).
A reduction in bivalent length was also observed upon expression of
the NDC-80 CH mutant, but not in the tail-deleted mutant or following
inhibition of lateral connection (Fig. 4h). Therefore, as in mitosis, the
CH domain of NDC-80 is the primary determinant of end-on kine-
tochore-microtubule attachments in C. elegans oocytes.

In control oocytes, the temporal pattern of chromosome
stretching, at least partially, correlated with the progressive loading of
the SKA (Spindle and Kinetochore-Associated) complex at kine-
tochores (Fig. 4i-k). During mitosis, the heterotrimeric SKA complex
(comprised of two SKA-1 and one SKA-3 protein in C. elegans) functions
with the Ndc80 complex to reinforce load-bearing end-on connections
between spindle microtubules and kinetochores'*'°. Consistent with
kinetochore-localized SKA complex also participating in the reinfor-
cement of Ndc80-mediated end-on attachments in C. elegans oocytes,
we measured reduced bivalent lengths in a ska-1 deletion (4ska-1)
mutant just prior to anaphase, but not during prometaphase' (Fig. 4h
and Supplementary Fig. 5a). In contrast to Ndc80 full loss-of-function,
chromosome alignment was also only significantly defective during
the last 50 s that preceded anaphase onset in the Aska-1 mutant, which
is consistent with the loading kinetics of the SKA complex at kine-
tochores (Fig. 4i-k and Supplementary Fig. 5b-f). Overall, our results
show that the Ndc80 and SKA complexes coordinately promote end-
on load bearing attachments at the cup-shaped kinetochores of
meiosis I. However, while the Ndc80 complex is present and required
throughout meiosis I, the SKA complex contribution to these attach-
ments is limited to the end of prometaphase/metaphase. Nevertheless,
these end-on attachments are not essential for accurate chromosome
segregation during meiosis 1 as the vast majority of Ndc80 loss-of-
function or ska-1-deleted oocytes generated euploid meiosis Il oocytes
(Supplementary Fig. 5b-h). Therefore, unlike in monocentric species
oocytes, chromosome bi-orientation is not a pre-requisite for accurate
chromosome segregation during C. elegans meiosis®.

Unlike in mitosis, end-on connections and lateral interactions
are insufficient to account for the essential function of
kinetochores

We next tested potential redundancy between lateral and end-on
connections for accurate chromosome segregation. Indeed, during
mitosis in C. elegans zygotes, the kinetochore-null (KNL) phenotype,
with unaligned and missegregated chromosomes, observed upon KNL-
1 depletion, can be recapitulated by co-depleting downstream Ndc80
and RZZ complexes™. To determine if that was also the case in oocytes,
we co-depleted HIM-10 and ZWL-1 by RNAi in absence of nud-2 (Sup-
plementary Fig. 2e). As for the single depletion of HIM-10, simulta-
neously preventing kinetochore dynein recruitment did not induce
any detectable chromosome orientation defects, but chromosomes
were badly congressed and never fully aligned (Supplementary
Fig. 2c-g). Chromosome segregation was however largely accurate in
this condition (Supplementary Fig. 3a, b). We then tested the

additional potential effect of removing all lateral interactions and end-
on connections by combining auxin-induced degradation of HIM-10
with simultaneous depletion of ZWL-1 and KLP-19 by RNAi (Fig. 3a,
fourth panel). This led to the strongest phenotype of all perturbations
tested, with chromosomes displaying a high angle throughout meiosis
I and alignment defects comparable to KNL-1-depleted oocytes at
anaphase onset (Fig. 3b-e). The lack of chromosome orientation
improvement over time in this condition, as compared to inhibition of
lateral connections only, suggested that Ndc80-mediated end-on
connections are the primary compensatory mechanism. However,
unexpectedly and unlike in KNL-1-depleted oocytes, the strong chro-
mosome orientation phenotype was not accompanied by co-
segregating bivalents (Fig. 3f). Instead, the vast majority of meiosis I
oocytes lacking both lateral and end-on connections gave rise to
euploid meiosis Il oocytes (Fig. 3g). Thus, we conclude that, unlike in
mitosis in zygotes, the functions of the Ndc80 and RZZ complexes, but
also of the chromokinesin KLP-19, are insufficient to account for the
essential role of KNL-1, and thus of kinetochores, in the control of
chromosome segregation accuracy.

The Ndc80 complex and BHC module act redundantly to pro-
mote chromosome proper orientation, congression, and accu-
rate segregation

Next, to specifically assay the kinetochore function of the BHC module,
we used an RNAi-resistant deletion transgene of KNL-1 that lacks all
MELT repeats (KNL-I***%), and thus is unable to recruit the BHC
module at kinetochores upon depletion of endogenous KNL-1**7"72
(Supplementary Fig. 6a-d). Oocytes expressing this mutant transgene
and depleted of endogenous KNL-1 displayed mild chromosome
orientation defects, but overall behaved as controls, with only a single
lagging chromosome detected and no associated oocyte aneuploidy
(Supplementary Fig. 3a, b and Supplementary Fig. 6e-i). Therefore,
although BHC module components are essential for accurate chro-
mosome segregation, their kinetochore localization is not****¢, To
analyze potential functional redundancy between the BHC module at
kinetochores and Ndc80 complex, we co-depleted KNL-1 and HIM-10 in
KNL-1*5%%-expressing oocytes (Fig. 3a, fifth panel). Surprisingly, chro-
mosome orientation and alignment were severely perturbed in this
condition (Fig. 3b-e). Furthermore, in contrast to the simultaneous
inhibition of end-on and lateral connections, frequent co-segregating
bivalents, leading to a proportion of aneuploid meiosis Il oocytes
comparable to KNL-1 depletion, were observed (Fig. 3f, g). We impor-
tantly verified that dynein was properly localized at kinetochores in
KNL-1*55%-expressing oocytes following KNL-1 depletion (Supple-
mentary Fig. 6j-1). Thus, redundant activities of the Ndc80 complex
and kinetochore-localized BHC module, recruited downstream of the
kinetochore scaffold protein KNL-1, are critical for accurate chromo-
some orientation and congression during oocyte meiosis in C. elegans.

The BHC module initiates pushing forces at anaphase onset

We next wanted to determine the molecular mechanism of BHC
module function at kinetochores. BHC module components control
kinetochore microtubule dynamics during metaphase and promote
central spindle microtubule assembly in anaphase®’>. We thus envi-
sioned two plausible scenarios for the role of the BHC module at
kinetochores. First, by controlling microtubule dynamics, BHC com-
ponents could participate in the generation of efficient end-on
attachments, and thus act partially redundantly with the Ndc80 com-
plex. Second, by promoting anaphase central spindle assembly
through CLS-2 activity, the BHC module could be essential to generate
initial pushing forces at anaphase onset, required for initial chromo-
some physical separation. To test these hypotheses, we quantified CLS-
2::GFP and microtubule density in the mid-bivalent (the region
between the two homologous chromosomes of each pair) and central
spindle regions over time (Fig. 5a—d). In KNL-1"¥%%-expressing oocytes,
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Fig. 5 | Kinetochore-localized CLS-2, essential to establish initial anaphase
pushing forces, cooperates with Ndc80c-mediated pulling to control accurate
chromosome segregation. a, ¢ Quantification of endogenously GFP-tagged CLS-
2612 (2) and GFP:TBB-2#™i" (¢) intensities at the mid-bivalent region and central
spindle during end of metaphase and anaphase respectively. Dark lines represent
the mean. Lighter bands represent the SEM Sample sizes (N oocytes) are indicated
below. (t-test with Welch’s correction, two-sided: n.s., P> 0.05; **P< 0.01;

***P < (0.001; and ***P < 0.0001). b, d Representative time-lapse images of an oocyte
expressing endogenously GFP-tagged CLS-2°%P (b, green) or TBB-28ubuline

(d, green) and KNL-157%::mCherry (magenta) during the first meiotic division. Time
relative to anaphase onset is indicated at the top right corner of upper panels. Scale

bars, 5 um. e Plot of bivalent chromosome length 10 s before anaphase onset in the
indicated conditions. Errors bars represent the SD. Samples size (n pairs of
homologous chromosomes) are at the right of the graph. (one-way ANOVA with
Tukey’s multiple comparison: n.s., P> 0.05; **P < 0.01; **P< 0.001; and

P < (0.0001). f Plots of the distance between homologous chromosomes
between 10 s before and 30 s after anaphase onset in the indicated conditions.
Errors bars represent the SD. Sample sizes (n chromosomes) are in the key. (t-test
with Welch'’s correction, two-sided: n.s., P> 0.05; **P < 0.01; **P < 0.001; and
P < (0.0001). g A model for holocentric kinetochore sub-complexes function in
chromosome orientation, alignment and accurate chromosome segregation.
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following depletion of endogenous KNL-1, CLS-2::GFP intensity was
decreased at the mid-bivalent and central spindle region compared to
controls throughout meiosis 1 (even before anaphase onset). These
reduced CLS-2:GFP levels correlated with decreased microtubule
density throughout meiosis I (Fig. 5a, c). The decreased microtubule
density prior to anaphase in absence of BHC at kinetochores was
compatible with the first hypothesis. However, if anything, bivalent
stretching seemed slightly but significantly increased in this condition,
and only decreased upon simultaneous depletion of HIM-10 (Fig. Se).
This is inconsistent with a role for BHC components in participating in
the generation of efficient pulling forces via end-on attachments.
Quantification of CLS-2:GFP and microtubule density over time
showed that, as in mitosis, kinetochore targeting of CLS-2 was also
essential for its efficient accumulation at central spindle and for full
central spindle microtubule assembly in anaphase” (Fig. 5a-d). To
determine if the reduced central spindle microtubule density during
early anaphase could affect initial chromosome physical separation,
we measured the distance between each homolog of a pair (inter-
homolog distance) over time in absence of kinetochore targeting of
BHC components, or following HIM-10 depletion, or both (Fig. 5f). As
expected, in control oocytes, the inter-homolog distance increased
progressively over time after anaphase onset. Similar increase of the
inter-homolog distance was evident in HIM-10-depleted oocytes, albeit
with a lower starting inter-homolog distance due to reduced pulling
forces in this condition. In absence of BHC kinetochore targeting, the
inter-homolog distance also increased during the first 30 s following
anaphase onset, probably through Ndc80-mediated pulling forces, but
with a slower pace compared to control or HIM-10-depleted oocytes. In
contrast, following an initial jump in the inter-homolog distance due to
loss of homologous chromosome cohesion at anaphase onset, the
inter-homolog distance stayed relatively constant in absence of both
BHC module kinetochore targeting and HIM-10. Thus, our results
support a model where kinetochore-localized BHC module compo-
nents control initial chromosome physical separation at anaphase
onset by promoting efficient central spindle microtubule assembly,
and thus promote initial pushing forces on chromosomes (Fig. 5g).
Overall, our results are consistent with initial pushing forces being
important for accurate chromosome segregation, as their inhibition
leads to severe oocyte aneuploidy when Ndc80-mediated pulling for-
ces are also absent.

Discussion

We had previously shown that, in C. elegans oocytes, kinetochores are
essential for chromosome segregation accuracy, but not for their
physical separation®. Instead, we demonstrated that an atypical cen-
tral spindle-dependent pushing mechanism drives chromosome
movements during anaphase in this system*. Here we further show
that initial pushing forces are also important, redundantly with Ndc80
complex-mediated pulling, for the control of chromosome segrega-
tion accuracy. The present study not only extends our understanding
of the kinetochore-dependent control of segregation accuracy, but
also reconciles apparently conflicting conclusions (discussed below)
from previous work in C. elegans oocytes.

Kinetochores provide two main modes of interaction with spindle
microtubules. Kinetochore dynein promotes lateral interactions with
the microtubule lattice, while the Ndc80 and SKA complexes coop-
eratively promote end-on load bearing attachments to microtubule
plus-ends®. In parallel, the microtubule motor chromokinesin KLP-19
generates polar ejection forces that push chromosomes toward the
spindle equator®™®, Previous conflicting studies in C. elegans oocytes
had concluded on the exclusive requirement for lateral or end-on
microtubule connections in the control of chromosome alignment and
segregation*®*>"%>7* Qur results reconcile these seemingly contra-
dictory results. Indeed, we show that both types of microtubule-based
interactions participate in timely and/or proper chromosome

orientation and congression. Our results are consistent with a model in
which initial lateral interactions between kinetochores and micro-
tubules, provided by the redundant activities of the chromokinesin
KLP-19 and dynein, promote timely chromosome orientation and
congression along the spindle long axis. The fact that plus and minus-
end directed motors could act in a redundant manner might sound
counterintuitive at first. However, the peculiar microtubule organiza-
tion within the meiotic spindle of C. elegans oocytes, which is com-
prised of numerous short microtubules with no preferred polarity
relative to the spindle long axis, likely underlies the redundancy of
opposite polarity motors™. While previous work concluded on the
essential function of lateral connections mediated by KLP-19 and/or
dynein, we show here that meiotic chromosome segregation is largely
accurate in their absence in C. elegans oocytes™*>%*, We attribute these
inconsistent conclusions to the different approaches used for analyz-
ing the contributions of microtubule motors in chromosome move-
ments. Indeed, we analyzed chromosome segregation in intact bipolar
spindles, while previous studies focused on chromosome movements
on experimentally-induced monopolar spindles, which may not accu-
rately reflect wild-type chromosome-microtubule interactions.
During mitosis in C. elegans zygotes, the kinetochore-null phe-
notype obtained upon depletion of the centromeric histone H3 variant
CENP-A, or of kinetochore scaffold components such as CENP-C, KNL-1
or 3, can be recapitulated by simultaneously depleting downstream
kinetochore components of the Ndc80 and RZZ complexes™. This
highlights the simultaneous requirement for Ndc80 complex-
mediated end-on load bearing attachments, and dynein-dependent
lateral interactions between kinetochores and spindle microtubules,
during mitosis. In contrast during meiosis, our present results place
the BHC module and Ndc80 complex as major, and redundant, con-
tributors of chromosome segregation accuracy in C. elegans oocytes.
This is in agreement with a recent study that reported Ndc80 complex-
dependent stretching of meiotic chromosomes prior to anaphase
onset in C. elegans oocytes™. Our results further demonstrate that this
chromosomal stretching also depends on the SKA complex toward the
end of prometaphase and during metaphase, and is the consequence
of end-on attachments to microtubules. However, in contrast to the
earlier study*’, which attributed a central role to the Ndc80 complex
alone in the physical separation of chromosomes, our results show
that neither the Ndc80 complex, nor BHC module kinetochore tar-
geting, are necessary on their own for accurate chromosome segre-
gation or physical separation. This highlights the functional
redundancy of the Ndc80 complex and of the BHC module at kine-
tochores, in the control of chromosome segregation accuracy in C.
elegans oocytes. The discrepancy about Ndc80 complex requirement
for chromosome physical separation between the previous and our
present study is again likely due to the different approaches used.
Indeed, we found that combining in utero microscopy of oocytes
(method used in the previous study) with protein perturbations
severely aggravated chromosome segregation phenotypes as com-
pared to the same perturbations filmed ex utero (method we used in
this study, Fig. 2¢, f, g and Supplementary Fig. 1c-e). We attribute this
phototoxicity to two factors specifically associated with in utero live
imaging. First, filming in utero exposes oocytes to an overall higher
load of energy due to longer exposure of oocytes to laser excitation
(filming starts at or even before NEBD) and to higher light excitation
required to cross the worm cuticle and overlying tissues. As experi-
mental perturbations, such as RNAi treatments, can increase the spe-
cimen’s sensitivity to light exposure, aggravated phenotypes can be
caused by phototoxic effects rather than specific ones’®. Second, the
experimental montage required for in utero live imaging places worms,
and oocytes, in hypoxic conditions. Previous work in C. elegans
embryos demonstrated that even short exposure to oxygen depriva-
tion can cause aberrant chromosome segregation”’. Overall, we con-
clude that the aggravated effects of Ndc80 complex depletion in the
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previous study are likely due to the increased toxicity of in utero
microscopy.

We must note that in absence of both the Ndc80 complex and BHC
module at kinetochores, chromosome orientation and alignment are
perturbed throughout meiosis I although KLP-19 and dynein are present
on chromosomes (Fig. 3a-e). This result is in apparent contradiction
with the role we attribute to these two microtubule motors in redun-
dantly promoting timely chromosome orientation and congression. We
suspect that, although productive end-on attachments can be estab-
lished in absence of kinetochore-localized BHC module (Fig. 5e), lateral
interactions might not function as efficiently in this condition. The
combination of low-efficiency lateral interactions in absence of
kinetochore-localized BHC module, combined with the lack of end-on
attachments upon HIM-10 depletion, could account for the defective
chromosome orientation and alignment observed in this condition.

We previously showed that the BHC module redistributes from
the kinetochore to the anaphase central spindle during oocyte meiosis
and mitosis in C. elegans*®’>’%, This in turn promotes central spindle
microtubule assembly through the activity of the microtubule-
stabilizing protein CLS-2. During oocyte meiosis, the CLS-2-
dependent central spindle assembly is the primary driver of chromo-
some physical separation during anaphase*®**. Here we extend the role
of kinetochore-localized BHC components (and thus of CLS-2) to the
control of chromosome segregation accuracy. We provide evidence
that kinetochore-localized CLS-2 is required for initial pushing of
homologous chromosomes during early anaphase. We suspect that
kinetochore-localized CLS-2 translocates from the kinetochores to
concentrate at the mid-bivalent region, and that this relocalization
initiates before anaphase onset as evidenced by quantifying GFP-
tagged CLS-2 on chromosomes over time (Supplementary Fig. 6b, m).
We propose a model where the initial CLS-2-dependent pushing acts
redundantly with Ndc80 complex-mediated pulling for accurate
chromosome segregation. Previous work concluded on the presence
of inter-chromosomal microtubule-free channels during early ana-
phase, which is inconsistent with the model we propose***°. The exis-
tence of these channels was based on observations of light
microscopic data or of electron tomographic reconstructions of fixed
cells. Although regions of low microtubule density are visible between
homologous chromosomes during early anaphase in both types of
observations, they do not provide evidence to exclude that micro-
tubules could initially push on the periphery of the mid-bivalent region
of homologous chromosomes. We therefore envision a mechanism
where both pulling and pushing can redundantly provide the initial
separation of homologous chromosomes, necessary to avoid their
eventual co-segregation to the same daughter cell. In absence of both
mechanisms, homologous chromosomes remain closely apposed after
anaphase onset and have a higher tendency to co-segregate, especially
when initially mis-oriented relative to the spindle long axis.

Consistent with this view, we found a strong correlation between
the angle of chromosomes at anaphase onset and their behavior during
anaphase (Supplementary Fig. 7a, b). Our results show that while the
chromosome angle is not an absolute predictor of the outcome of
segregation, a strong correlation exist between the probability of a
chromosome ending up mis-segregated in anaphase and higher angles
relative to the spindle long axis in metaphase. By extension, we conclude
that a prime function of meiotic kinetochores in C. elegans oocytes is to
orient chromosomes relative to the spindle axis in metaphase in order to
avoid segregation errors in anaphase. Whether this function is a com-
mon feature of holocentric species, or could even be broadly shared
with monocentric species is unknown as the role of individual kine-
tochore sub-complexes has not been thoroughly investigated in oocytes
of other holocentric or monocentric species. This should be the topic of
future studies. Together, our results provide a unified view of the
mechanisms that control holocentric chromosome segregation accu-
racy and their physical separation in C. elegans oocytes.

Methods

C. elegans strain maintenance

The strains used in this study are listed in Supplementary Table 1.
Strains were maintained on nematode growth medium (51 mM Nacl,
2,5 g Bacto Peptone, 17 g Bacto Agar, 12 uM cholesterol, 1 mM CaCl,,
1mM MgS0O,, 25uM KH,PO, and 5uM Nystatin in a 1L ddH20 final)
plates seeded with OP50 bacteria at 23°C, except JDU537 (him-
10(eS11ts)), which was maintained at 16 °C. All strains were generated
by crossing pre-existing strains or by CRISPR/Cas9-mediated insertion.

RNA-mediated interference

PCR reactions were cleaned (QIAquick Gel Extraction Kit, Qiagen
#28704) and used as templates for T3 and T7 transcription reactions
(MEGAscript transcription kit, Invitrogen #AMI1334 for T7 and
#AM1338 for T3), which were cleaned (MEGAclear transcription clean-
up kit, Invitrogen #AM1908) and eluted in 50 pL of RNase-free water.
Single stranded RNAs were combined and annealed at 68 °C for 10 min,
followed by 37 °C for 30 min. Templates and primers used to synthe-
size dsRNA are listed in Supplementary Table 2. L4 hermaphrodites
were injected with dsRNAs at the indicated concentrations and incu-
bated at 20 °C, or 16 °C for JDU537 (him-10(e511ts)), for 48 h before
further processing.

Auxin-induced degradation

We crossed the strain PHX3493, carrying him-10 endogenously tagged
with an auxin-inducible degron (mAID), with the strain JDWIO,
expressing a TIRL transgene (sun-Ip:TIRI1:F2A::BFP::AID*:NLS:tbb-2
3'UTR) under the control of the germline specific sun-1 promoter’®, and
then with the GFP:TBB-28“*in. and mCherry::HIS-11", under the
control of the germline specific mex-5 promoter, -expressing worms
from the strain JDU19. HIM-10 depletion was achieved by plating adult
worms from the resulting strain (JDU659), on OP50 seeded plates
containing NGM +1mM auxin for 1 to 4 h before performing live
imaging. HIM-10 auxin-induced depletion was combined with KLP-19
and ZWL-1 co-depletion by RNAi to abrogate all end-on and lateral
connections to microtubules, or was combined with (him-10)RNAi to
ensure complete inhibition of end-on connections.

Live in utero imaging

GFP::TBA-2*“®u"- and mCherry::HIS-11"25-expressing adult worms were
anesthetized in M9 (22 mM KH,PO,4, 42 mM Na,HPO,, 86 mM NaCl,
1mM MgS0O,) with 50 ng/ul of tricaine (Sigma #E10521-10G) and
200 ng/ul of tetramisole (Sigma #T1512-10G) for 30 min®**., Worms
were then transferred with an eyelash in 1ul of M9 on an agarose pad
(2% agarose in M9) placed on a glass slide, and an 18 x 18 mm coverslip
was placed on top of this montage. The room temperature was mon-
itored during filming and varied between 21 °C-24 °C. All acquisitions
were performed using a Nikon Ti-E inverted microscope, equipped
with a CSU-X1 (Yokogawa) spinning-disk confocal head with an emis-
sion filter wheel and a dual camera system (2x coolSNAP HQ2 CCD
camera, Photometrics Scientific). The power of lasers were measured
before each experiment with an Ophir VEGA Laser and energy meter.
Fine stage control and focus correction during acquisition was per-
formed using a PZ-2000 XYZ Piezo-driven motor from Applied Sci-
entific Instrumentation (ASI). 30 Z-plans, separated by 0.3 um, were
acquired every 10s using a Nikon CFI APO AS 40x/NAlL.25 water
immersion objective. Movies were acquired with a 1x1 binning. Con-
trol of acquisition parameters was done using the Metamorph 7 soft-
ware (Molecular Devices). Image analysis was performed using the
Fiji®> and Imaris (Oxford Instruments) software.

Live ex utero imaging

GFP::TBA-2xwouin.  or  GFP:TBB-28*™in. and mCherry::HIS-11"2%-
expressing adults worms were dissected in meiosis medium (5 mg/mL
inulin, 25 mM HEPES, 60% Leibovitz’s L-15 media and 20% fetal bovine)
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to free fertilized oocytes. Imaging at 23 °C, or temperature shifts from
16 °C to 26 °C for the him-10(e511ts) mutant, were performed using the
CherryTemp temperature controller system (CherryBiotech). All films
were acquired with the same spinning disk confocal microscope as
described previously using a Nikon CFI APO AS 60x/NA1.4 oil immer-
sion objective. Movies were acquired with 2 x 2 binning. For all movies,
except Fig. 4e, j, Fig. 5b, d, Supplementary Fig. 2a, b, Supplementary
Fig. 4a him-10(e511ts) mutant and Supplementary Fig. 6b, c, j, k, 30
Z-plans, separated by 0.3 um, were acquired every 10 s with the dual
camera system. For Fig. 4e, j, Fig. 5d, Supplementary Fig. 2a, b, and
Supplementary Fig. 4a him-10(e511ts) mutant, 4 Z-plans, separated by
2 um, were acquired every 20 s using a single camera. For Fig. 5b and
Supplementary Fig. 6b, ¢, 2 Z-plans, separated by 1 um, were acquired
every 20 s using the dual camera system. For Supplementary Fig. 6j, k,
4 Z-plans, separated by 2 um, were acquired every 10 s using a single
camera. Control of acquisition parameters was ensured by the Meta-
morph 7 software (Molecular Devices). Image analysis was performed
using the Fiji® and Imaris (Oxford Instruments) software.

Nocodazole treatment

GFP:TBB-2f0ulin. and mCherry::HIS-58 "2-expressing adult worms
were dissected in meiosis medium with 10 ng/ul of nocodazole to
depolymerize microtubules in oocytes, which are devoid of egg-shell
and are thus permeable. Movies of oocytes in early meiosis were
acquired by live ex utero imaging as described previously.

Chromosome and spindle pole spotting and tracking

To improve the signal-to-noise ratio, raw microscopy images were pre-
treated with mean and median filters in Fiji. Filtered stacks were 3D-
projected in Imaris. Chromosomes (mCherry::HIS-11"%® signal) were
semi-automatically spotted during metaphase and beginning of ana-
phase using the spot function in Imaris. A threshold diameter of 0.8 um
was used to detect chromosomes. This initial spotting was then manually
improved. The spindle poles (GFP:TBA-2%™n or GFP::TBB-2bulin gjg-
nal) were manually spotted as the center of each extremity of the spindle
long axis. Chromosomes and spindle poles were tracked over time, and
their XYZ coordinates were extracted to perform quantitative analyzes.

Quantitative analyzes

Chromosome orientation was quantified by measuring the angle
between each bivalent and the spindle long axis. Average maximum
angles of chromosomes in in utero control oocytes is 22.5° and was
used as a threshold angle for correct chromosome orientation. Chro-
mosome alignment was quantified by measuring the distance of the
center of each bivalent from the spindle equator. Average maximum
distances from the spindle equator of chromosomes in in utero control
oocytes is 0.5um and was used as a threshold distance for correct
chromosome alignment. Chromosome compaction was quantified by
measuring the distance of the center of each bivalent from the spindle
long axis. Average maximum distances from the spindle long axis of
chromosomes in in utero control oocytes is 1.6 um and was used as a
threshold for correct chromosome compaction. Chromosome oscil-
lation was quantified by subtracting the distance of the center of each
bivalent from the spindle equator to the same distance 10s later,
absolute values are plotted.

Fluorescence intensity measurements

Fluorescently-tagged protein quantifications for Fig. 4e, f, j, k
(GFP::TBB-2Pwbulin: SKA-1%4::GFP), Fig. 5c¢, d (GFP:TBB-2Ftbulin) and
Supplementary Fig. 2a, b (DHC-1»""::mNG; mCherry::HIS-11"?%) were
generated by imaging embryos at 20 s intervals, with 4 Z-plans, sepa-
rated by 2um. For Fig. 4i, k (HIM-10™™:GFP), quantifications were
generated by imaging embryos at 10s intervals, with 30 Z-plans,
separated by 0.3 um. For Fig. 5a, b (CLS-2°%P%:GFP) and Supplementary
Fig. 6b—d, m (CLS-2%P2:GFP; KNL-15P<!%::mCherry), quantifications

were generated by imaging embryos at 20 s intervals, 2 Z-plans,
separated by 1um. For Supplementary Fig. 6j-1 (DHC-1»"!"::mNG;
KNL-1%°%::mCherry), quantifications were generated by imaging
embryos at 10 s intervals, with 4 Z-plans, separated by 2 um. Mea-
surements were carried out on sum Z-projections for Fig. 4f
(GFP::TBB-2ftbulimy - Fig 4k (HIM-10™2::GFP; SKA-1%%::GFP), and
Fig. 5¢ (GFP::TBB-2f%) inside a region of interest including all
chromosomes, except for Fig. 5c where a 15-pixel wide linescan
covering the entire chromosome length was used. Measurements
were performed on a single focal plane for Fig. 5a (CLS-29%P%:GFP),
Supplementary Fig. 2b (DHC-1>™!"::mNG; mCherry::HIS-11"?%) and
Supplementary 6d, I, m (CLS-2%2:GFP; KNL-15°::mCherry;
DHC-1 ™"':mNG) with one-pixel linescans. Mean background
intensities measured in the cytoplasm of oocytes was subtracted
to pixel intensities, or mean pixel intensities for Fig. 5c (GFP::TBB-
2Pwbdliny ‘Normalization was performed by dividing this value by the
mean pixel background intensities. Then, for all figures,
background-normalized intensities were divided by the maximum
pixel intensity of control.

Chromosome stretching measurements

Chromosome metrics (bivalent length, inter-homolog distance,
homolog length) quantifications were performed manually using the
measurement point function in Imaris. Measurements were made on
3D-projections at the indicated times.

Graphs and Statistics

Images and datasets presented in figures are listed in Supplementary
Table 3. GraphPad Prism 8 was used to generate all graphs and sta-
tistics (mentioned in the figure legends), except for color-coded
graphs of chromosome orientation, alignment and axial compaction,
which were generated by a custom-made python script. This script is
used to plot chromosome orientation, alignment and compaction
values of each chromosome every 10s, and to color-code the pro-
portion of chromosome angles, distances from the spindle equator
and distances from the spindle long axis below the thresholds defined
previously, at each time points. P-values of all statistical tests per-
formed in this study are listed in Supplementary Table 4.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
paper and its Supplementary Information. Source data for each figure
is provided as a separate ‘Source Data’ Excel file. Source data are
provided with this paper.

Code availability

The Python script developed to generate color-coded graphs of
chromosome orientation, alignment and axial compaction was
deposited in Zenodo [https://zenodo.org/record/7998311]%.
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