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pathway and a parallel non-canonical

KNL-2/MEL-28 pathway. By contrast,

during meiosis II, outer kinetochore

assembly depends solely on the CENP-A/

C pathway.
ll

mailto:julien.dumont@ijm.fr
https://doi.org/10.1016/j.cub.2024.09.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2024.09.004&domain=pdf


OPEN ACCESS

ll
Article

Regulation of outer kinetochore assembly
during meiosis I and II by CENP-A
and KNL-2/M18BP1 in C. elegans oocytes
Laura Bellutti,1 Nicolas Macaisne,1 Layla El Mossadeq,1 Thadshagine Ganeswaran,1 Julie C. Canman,2

and Julien Dumont1,3,4,*
1Universit�e Paris Cit�e, CNRS, Institut Jacques Monod, 75013 Paris, France
2Columbia University, Irving Medical Center, Department of Pathology and Cell Biology, New York, NY 10032, USA
3X (formerly Twitter): @IJMonod
4Lead contact

*Correspondence: julien.dumont@ijm.fr

https://doi.org/10.1016/j.cub.2024.09.004
SUMMARY
During cell division, chromosomes build kinetochores that attach to spindle microtubules. Kinetochores usu-
ally form at the centromeres, which contain CENP-A nucleosomes. The outer kinetochore, which is the core
attachment site for microtubules, is composed of the KMN network (Knl1c, Mis12c, and Ndc80c complexes)
and is recruited downstream of CENP-A and its partner CENP-C. In C. elegans oocytes, kinetochores have
been suggested to form independently of CENP-A nucleosomes. Yet kinetochore formation requires
CENP-C, which acts in parallel to the nucleoporin MEL-28ELYS. Here, we used a combination of RNAi and De-
gron-based depletion of CENP-A (or downstream CENP-C) to demonstrate that both proteins are in fact
responsible for a portion of outer kinetochore assembly during meiosis I and are essential for accurate chro-
mosome segregation. The remaining part requires the coordinated action of KNL-2 (ortholog of human
M18BP1) and of the nucleoporin MEL-28ELYS. Accordingly, co-depletion of CENP-A (or CENP-C) and KNL-
2M18BP1 (or MEL-28ELYS) prevented outer kinetochore assembly in oocytes during meiosis I. We further found
that KNL-2M18BP1 and MEL-28ELYS are interdependent for kinetochore localization. Using engineered mu-
tants, we demonstrated that KNL-2M18BP1 recruits MEL-28ELYS at meiotic kinetochores through a specific
N-terminal domain, independently of its canonical CENP-A loading factor activity. Finally, we found that
meiosis II outer kinetochore assembly was solely dependent on the canonical CENP-A/CENP-C pathway.
Thus, like in most cells, outer kinetochore assembly in C. elegans oocytes depends on centromeric chro-
matin. However, during meiosis I, an additional KNL-2M18BP1 and MEL-28ELYS pathway acts in a non-redun-
dant manner and in parallel to canonical centromeric chromatin.
INTRODUCTION

The faithful segregation of genetic material during cell division is

essential to ensure the genomic integrity of cells, tissues, and or-

ganisms. In most eukaryotes, accurate chromosome segregation

relies on chromosome attachment to spindle microtubules via

multiprotein kinetochores.1,2 The outer layer of the kinetochore,

responsible formicrotubule binding, primarily consists of the high-

ly conserved KMN network, which is named after its constituent

sub-complexes: Knl1c, Mis12c, and Ndc80c.3–10 In the majority

of species and cell types, outer kinetochore components are re-

cruited on the centromeric chromatin, which is epigenetically

defined by the centromeric-specific histone H3 variant centro-

mere protein A (CENP-A).11–16 Between the centromeric chro-

matin and the outer kinetochore, the constitutive centromere-

associated network (CCAN) forms the inner kinetochore,

composed of 16 CENP proteins organized into 5 subcomplexes

(CENP-C, CENP-O/P/Q/U/R, CENP-L/N, CENP-H/I/K/M, and

CENP-T/W/S/X).17–20 Within the CCAN, CENP-C and CENP-T
This is an open access article under the CC BY-NC-ND
directly bind to and recruit the KMN network.21–25 Thus, in most

cases, disruption or depletion of upstream CENP-A leads to the

loss of centromeres and kinetochores, resulting in chromosome

missegregation, aneuploidy, and ultimately, cell death.

During DNA replication, CENP-A-containing nucleosomes are

distributed between newly replicated chromatids and must sub-

sequently be replenished to ensure the systematic and precise

propagation of centromeric chromatin through successive cell

cycles.26,27 In vertebrates, assembly of new CENP-A nucleo-

somes requires the coordinated action of the hetero-octameric

Mis18 complex (composed of two Mis18a, four Mis18b, and

two M18BP1 proteins) and CENP-C.28–33 The Mis18 complex

and CENP-C bind to and recruit the CENP-A-specific histone

chaperone, Holliday junction recognition protein (HJURP), which

in turn loads new CENP-A nucleosomes at centromeres.34,35

C. elegans is a holocentric organism with diffuse kinetochores

that shareasimilar, thoughoverall simpler, compositioncompared

with the monocentric vertebrate regional kinetochores.36 The

C. elegans genome contains two CENP-A paralogous genes: the
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ubiquitously expressed HCP-3CENP-A and a recent meiosis-spe-

cific duplication CPAR-1CENP-A.37,38 During mitosis in C. elegans,

only HCP-3CENP-A is present and necessary to assemble centro-

meric chromatin.16,39 The incorporation of HCP-3CENP-A into

centromeric nucleosomes depends on the M18BP1 ortholog

kinetochore-null (KNL)-2M18BP1, which functions independently

of Mis18 proteins that are not conserved in C. elegans.29 KNL-

2M18BP1 contains a conserved Myb-like (or SANT) DNA-binding

domain and aSANT-associated (SANTA) domainwhose functions

are unclear. KNL-2M18BP1 displays two primary activities: first as a

factor promoting chromosome condensation via a poorly charac-

terized phospho-regulated C-terminal domain and second as a

CENP-A loading factor via its middle unstructured region.40,41

HCP-3CENP-A and KNL-2M18BP1 interact directly through the

CENP-A N-terminal tail and are mutually dependent for their

centromeric localization.40,42DownstreamofCENP-A, a simplified

versionof theCCAN,whichconsistssolelyof theCENP-Cortholog

HCP-4CENP-C, recruits the highly conserved KMN network to

assemble the outer kinetochore.43 In C. elegans embryos, the

disruption of HCP-3CENP-A or HCP-4CENP-C completely abolishes

outer kinetochore assembly and leads to the mitotic KNL pheno-

type, which corresponds to a complete failure to align chromo-

somes in metaphase and to segregate sister chromatids in

anaphase.6,39

During oocyte meiosis inC. elegans, both centromeric histone

H3 variants, HCP-3CENP-A and CPAR-1CENP-A, along with HCP-

4CENP-C, are present on chromosomes.37,42,44 However, unlike

outer kinetochore components, which concentrate on the outer

surface of chromosomes to form cup-like holocentric meiotic ki-

netochores,37,45–47 both CENP-A paralogs and the inner kineto-

chore protein HCP-4CENP-C localize throughout chromatin.37

Following nuclear envelope breakdown (NEBD) in meiosis I of

C. elegans oocytes, most outer kinetochore components are

also observed on filamentous structures known as linear ele-

ments, which are present in the cytoplasm and around the biva-

lent chromosomes but disappear abruptly at the onset of

anaphase I.37,48 Although the functional significance of these

linear elements is unclear, they originate from the self-assembly

of the outer kinetochore Rod-Zw10-Zwilch (RZZ) complex and

are reminiscent of the kinetochore expansion observed at unat-

tached vertebrate kinetochores.49,50

An initial study in C. elegans oocytes demonstrated that the

two CENP-A paralogs, as well as HCP-4CENP-C, are dispensable

both for outer kinetochore assembly and chromosome segrega-

tion.37 By contrast, more recent work revealed that HCP-4CENP-C

acts in parallel with the nucleoporin MEL-28ELYS (see below) to

promote outer kinetochore formation in C. elegans oocytes

through a largely unknown mechanism.51 Conclusions of these
Figure 1. Dynamics of HCP-3CENP-A, CPAR-1CENP-A, and HCP-4CENP-C d
(A) Top: schematic of an adult C. elegans hermaphrodite with a zoom on one go

nofluorescence images of the different mitotic and meiotic stages within the ge

hermaphrodites immunostained for GFP, HCP-4CENP-C, and DNA. The 2-cell sta

(B and C) Representative time-lapse images of meiosis I and meiosis II of mCherr

control oocytes. Time in seconds relative to anaphase I onset (for meiosis I) or an

(PB). Scale bar, 5 mm.

(D) Immunofluorescence images, centered on chromosomes, of oocytes in indica

(gray). Scale bar, 5 mm.

(E and F) Immunofluorescence images, centered on the spindle, of oocytes during

a-tubulin (green), and HCP-4CENP-C (gray). White arrowheads indicate the first po
two studies present an apparent paradox, suggesting two possi-

bilities: either HCP-4CENP-C operates independently of CENP-A

in defining and assembling outer kinetochores in C. elegans oo-

cytes, or the role of CENP-A in this process has been previously

overlooked.

The nucleoporin MEL-28ELYS is the upstream component of

the Y-complex, which together with 8 additional nucleoporins

(NPP-2NUP85, NPP-5NUP107, NPP-6NUP160, NPP-10CNUP96, NPP-

15NUP133, NPP-18SEH1, NPP-20SEC13R, and NPP-23NUP43) form

the cytoplasmic and nucleoplasmic rings of nuclear pore com-

plexes.52–54 During meiosis, MEL-28ELYS plays additional and

antagonistic roles in oocytes: first, during prometaphase I, it pro-

motes outer kinetochore assemblywithHCP-4CENP-C51; then, dur-

ing anaphase I, it stimulates outer kinetochore disassembly by

docking protein phosphatase I (PP1) at kinetochores.55 Both func-

tions of MEL-28ELYS are essential for chromosome segregation in

C. elegans oocytes. However, how MEL-28ELYS is recruited to

meiotic cup-like kinetochores and how it coordinates with HCP-

4CENP-C to concentrate outer kinetochore components there re-

mains unknown.

To address these questions, we analyzed the localization de-

pendencies and functions of both CENP-A paralogs, the inner

kinetochore protein HCP-4CENP-C, the CENP-A loading factor

KNL-2M18BP1, outer kinetochore components, and the nucleo-

porin MEL-28ELYS during meiotic chromosome segregation us-

ing live and fixedC. elegans oocytes.We identify the unexpected

and critical roles of HCP-3CENP-A and CPAR-1CENP-A in outer

kinetochore assembly and ensuring the accuracy of meiotic

chromosome segregation. Our results indeed highlight the differ-

ential requirement for CENP-A-containing centromeric chro-

matin in outer kinetochore assembly, which is essential in

meiosis II but accounts for a portion of outer kinetochore forma-

tion in meiosis I. Additionally, we demonstrate that the atypical

function of the nucleoporin MEL-28ELYS in outer kinetochore as-

sembly during meiosis I requires the coordinated function of

KNL-2M18BP1, with both proteins being mutually dependent for

their cup-like kinetochore localizations. Finally, we identify an

N-terminal domain of KNL-2M18BP1 responsible for this function,

which operates independently of its canonical roles as a CENP-A

loading factor and in promoting chromosome condensation.

RESULTS

HCP-3CENP-A and CPAR-1CENP-A act redundantly to
recruit HCP-4CENP-C on meiosis I chromosomes
We first analyzed the dynamic localization of endogenously

GFP-tagged HCP-3CENP-A and CPAR-1CENP-A throughout the

C. elegans germline (Figure 1A). In C. elegans hermaphrodites,
uring C. elegans female meiosis
nad arm highlighting the different mitotic and meiotic stages. Bottom: immu-

rmline and uterus in GFP::HCP-3CENP-A and GFP::CPAR-1CENP-A-expressing

ge embryos are also stained for a-tubulin (top). Scale bars, 10 mm.

y::HIS-11H2B and GFP::HCP-3CENP-A (B) or GFP::CPAR-1CENP-A (C)-expressing

aphase II onset (for meiosis II). White arrowheads indicate the first polar body

ted conditions stained for a-tubulin (green), DNA (magenta), and HCP-4CENP-C

prometaphase I (E) and II (F) in indicated conditions stained for DNA (magenta),

lar body (PB). Scale bar, 5 mm.
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the germline is formed by two symmetrically folded arms. These

are separated fromacentral uterus,which housesdeveloping em-

bryos, by two spermathecae (Figure 1A).56 The distal-most part of

the gonad arms containsmitotically dividing germline stem nuclei,

which entermeiosis in the transition zone. Then, maturing oocytes

progress proximally toward the spermathecae and undergo the

two successive meiotic divisions after fertilization. In line with

previous findings, we found that HCP-3CENP-A was present

throughout chromosomes at the mitotic tip and disappeared in

the transition zone, only to reappear in early diplotene (Fig-

ure 1A).44 By contrast, CPAR-1CENP-A was initially absent from

chromosomes, where it appeared at mid-diplotene. Both HCP-

3CENP-A and CPAR-1CENP-A remained throughout chromatin dur-

ing diakinesis and the first meiotic division (Figures 1A–1C). Their

intensity was strongly reduced duringmeiosis II, andHCP-3CENP-A

even disappeared from chromosomes at anaphase II onset

(Figures 1B and 1C). As expected, during mitosis in embryos,

only HCP-3CENP-A was present (Figure 1A).

InC. elegansmitosis, the only known inner kinetochore compo-

nentHCP-4CENP-C is recruited downstreamofHCP-3CENP-A.39Un-

like CENP-C and other CCAN components that are constitutively

present at centromeres in vertebrates,HCP-4CENP-C is localized at

centromeres exclusively during M-phase inC. elegans.39 Accord-

ingly, at the mitotic tip of the C. elegans germline, where most

nuclei are in interphase, endogenously fluorescently tagged

HCP-4CENP-C did not concentrate on chromosomes but was

instead faintly present in the cytoplasm (Figure 1A). It then ap-

peared on chromosomes at mid-diplotene, paralleling the dy-

namic localization patterns of HCP-3CENP-A and CPAR-1CENP-A

(Figure 1A).37 Next, to determine the potential relationship be-

tween CENP-A and its partner protein CENP-C in the C. elegans

germline, we analyzed the localization of HCP-4CENP-C on chro-

mosomes with or without HCP-3CENP-A or CPAR-1CENP-A

(Figures 1D–1F). For this, we used CRIPSR-based genome engi-

neering to generate a viable full deletion of cpar-1cenp-a (Fig-

ure S1A), and we analyzed an auxin-inducible degradation

(AID)-tagged allele of hcp-3cenp-a.42 HCP-4CENP-C chromosomal

intensity was unaffected by the depletion of HCP-3CENP-A but

was severely reduced in the absence of CPAR-1CENP-A and unde-

tectable upon depletion of both proteins during diakinesis and the

two successive meiotic divisions. Thus, although both CENP-A

paralogs appeared to act in parallel for the recruitment of HCP-
Figure 2. Function of HCP-3CENP-A, CPAR-1CENP-A, and HCP-4CENP-C in o

male meiosis

(A) Left: schematic of an adult C. elegans hermaphrodite. Center: zoom on one go

and early embryos surrounding the spermatheca.

(B) Immunofluorescence images, centered on chromosomes, of oocytes in indic

(gray). Scale bars, 5 mm. For each condition and stage, a zoom on one pair of ho

(C) Schematic of outer kinetochore protein organization during prometaphase I a

and II and at linear elements during meiosis I exclusively.

(D–G) Left: representative images of chromosomes in mCherry::HIS-11H2B (mage

White arrowheads indicate the first polar body (PB). Sample sizes (N oocytes

chromosome pair (D and F) or on one sister chromatid pair (E and G); scale bars

netochores. Error bars, SEM. Sample size (n cup-like kinetochores) is indicated

Whitney test (F and G), ****p < 0.0001; n.s., not significant.

(H and I) Quantification of the percentage of oocytes showing normally segrega

during anaphase I (H) or anaphase II (I) in indicated conditions. Sample size (N o

chromosomes. Scale bars, 5 mm.

See also Figures S1–S3 and Video S1.
4CENP-C on chromosomes during diakinesis, CPAR-1CENP-A ex-

erted a dominant role.

HCP-3CENP-A, CPAR-1CENP-A, and HCP-4CENP-C are
differentially required during meiosis I and II for outer
kinetochore assembly
We next reinvestigated the function of HCP-3CENP-A, CPAR-

1CENP-A, and HCP-4CENP-C in outer kinetochore assembly in the

germline.37 During mitosis, HCP-4CENP-C plays a pivotal role in

recruiting outer kinetochore components, including those

belonging to the KMN network (Knl1c, Mis12c, Ndc80c), by in-

teracting with multiple proteins within the heterotetrameric

MIS12 complex (Mis12c composed of MIS-12MIS12, KNL-

3DSN1, KBP-1NSL1, and KBP-2PMF1).3,21,57 In control oocytes,

KNL-1KNL1 and KNL-3DSN1 exhibited a dynamic localization

pattern that evolved during diakinesis (Figures 2A, 2B, and

S1B). Prior to NEBD (�2 oocyte), both proteins displayed a chro-

mosomal localization, which subsequently concentrated at cup-

like kinetochores following NEBD (�1 oocyte). At this stage,

similar to most outer kinetochore components, they were also

prominently enriched on linear elements (Figures 2B–2D, S1B,

S1C, S1E, and S1F).37,58 To test the potential roles of HCP-

3CENP-A and CPAR-1CENP-A on KNL-1KNL1 and KNL-3DSN1 chro-

mosomal or cup-like kinetochore localizations, we again used

our full cpar-1cenp-a deletion and the AID-tagged hcp-3cenp-a.42

We found that neither the auxin-induced degradation of HCP-

3CENP-A nor deleting cpar-1cenp-a prevented endogenously

GFP-tagged KNL-1KNL1 or KNL-3DSN1 localization on chromo-

somes during diakinesis (Figures 2B and S1B). However, the

simultaneous absence of HCP-3CENP-A and CPAR-1CENP-A

completely delocalized both proteins from chromosomes before

NEBD (�2 oocyte). Despite this initial delocalization from chro-

mosomes in the absence of both HCP-3CENP-A and CPAR-

1CENP-A, we observed a sudden switch at NEBD when the two

proteins accumulated at cup-like kinetochore structures and

on linear elements (Figures 2B and S1B). Thus, after co-deple-

tion of both HCP-3CENP-A and CPAR-1CENP-A, the downstream

inner kinetochore component HCP-4CENP-C was absent from

chromosomes at NEBD (and throughout the two meiotic divi-

sions) (Figures 1D–1F), yet the outer kinetochore proteins KNL-

1KNL1 and KNL-3DSN1 were still present at cup-like kinetochores

(Figures 2B and S1B).
uter kinetochore assembly and chromosome segregation during fe-

nad arm with the different stages of meiosis. Right: zoom on diakinesis oocytes

ated conditions stained for DNA (magenta), a-tubulin (green), and KNL-1KNL1

mologous chromosomes is shown on the right; scale bar, 1 mm.

nd II. Outer kinetochore proteins localize at cup-like structures during meiosis I

nta) and GFP::KNL-3DSN1 (green)-expressing oocytes in indicated conditions.

). Scale bars, 5 mm. For each condition, bottom, zoom on one homologous

, 2 mm. Right: quantification of GFP::KNL-3DSN1 mean intensity at cup-like ki-

for each condition. Kruskal-Wallis one-way ANOVA test (D and E) or Mann-

ting (gray), mis-segregating (blue), and non-segregating (violet) chromosomes

ocytes) is indicated for each condition. White arrows indicate mis-segregating
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Figure 3. Functional relationship between HCP-3CENP-A, CPAR-1CENP-A, and KNL-2M18BP1 during female meiosis

(A and B) Immunofluorescence images, centered on chromosomes, of GFP::HCP-3CENP-A (A) or GFP::CPAR-1CENP-A (B)-expressing oocytes in indicated con-

ditions stained for DNA (magenta), a-tubulin (green), and GFP (gray). Scale bars, 5 mm.

(legend continued on next page)
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To functionally assess the apparent independence of outer

kinetochore component cup-like localization with respect to

HCP-3CENP-A, CPAR-1CENP-A, and HCP-4CENP-C, we quantified

the localization of endogenously GFP-tagged KNL-3DSN1 at

cup-like kinetochores during prometaphase I and II in the pres-

ence or absence of the centromeric histone H3 variants and

HCP-4CENP-C (Figures 2D–2G).59 Depleting or deleting either

CENP-A paralog had no discernible effect on KNL-3DSN1 inten-

sity at cup-like kinetochores during meiosis I or II (Figures 2D

and 2E). By contrast, and to our surprise, the simultaneous

absence of both HCP-3CENP-A and CPAR-1CENP-A, or the com-

plete depletion of HCP-4CENP-C, resulted in a strong reduction

of GFP-tagged KNL-3DSN1 kinetochore intensity during meiosis

I (42.7% and 31.9% mean intensity reduction in the absence of

HCP-3CENP-A and CPAR-1CENP-A, or HCP-4CENP-C, respectively;

Figures 2D and 2F), and to its disappearance at kinetochores

during meiosis II (79.7% and 94.9% mean intensity reduction

in the absence of HCP-3CENP-A and CPAR-1CENP-A, or HCP-

4CENP-C, respectively; Figures 2E and 2G). By contrast, under

these perturbed conditions, GFP-tagged KNL-3DSN1 did not

appear to delocalize from the meiosis I-specific linear elements

that normally surround the chromosomes at this stage

(Figures 2D, 2F, S1E, and S1F). We importantly observed similar

effects on GFP-tagged KNL-1KNL1 kinetochore localization upon

HCP-4CENP-C depletion (47.8% and 90.1% mean intensity

reduction in the absence of HCP-4CENP-C during meiosis I and

II, respectively; Figures S1C and S1D).59 This reduction or

absence of KNL-1KNL1 and KNL-3DSN1 at kinetochores was

concomitant with pronounced chromosome segregation de-

fects, reminiscent of the meiotic KNL phenotype,47,60,61 in

meiosis I and II, respectively (Figures 2H, 2I, S1E, and S1F; Video

S1). Furthermore, the meiosis II defects were not solely caused

by prior meiosis I chromosome segregation errors. Specifically,

33% of HCP-3CENP-A and CPAR-1CENP-A co-depleted oocytes

and 35% of HCP-4CENP-C-depleted oocytes did not display

any defects during meiosis I but exhibited severe chromosome

segregation defects during meiosis II. Thus, during both meiosis

I and II in C. elegans oocytes, the two CENP-A paralogs act in a

parallel and partially redundant manner for outer kinetochore

component cup-like localization and kinetochore-microtubule

interaction. This function is tied to their role in recruiting HCP-

4CENP-C onto chromosomes, as depleting HCP-4CENP-C led

to identical results. However, although HCP-3CENP-A, CPAR-

1CENP-A, and HCP-4CENP-C were partially necessary during

meiosis I, their strict requirement was observed during meiosis

II. Overall, our results diverge from earlier studies that suggested

a clear-cut independence between outer kinetochore compo-

nent localization and kinetochore function with respect to

CENP-A-containing centromeric chromatin and HCP-4CENP-C.37
(C) Top: schematics of chromosomes in �2 and �1 oocytes. Bottom: immunofl

ditions stained for DNA (magenta), a-tubulin (green), and KNL-2M18BP1 (gray). Sca

pair; scale bar, 1 mm. The white arrowhead indicates a KNL-2M18BP1 foci.

(D and E) Top: schematic of outer kinetochore protein organization during prom

mCherry::HIS-11H2B (magenta) and GFP::KNL-2M18BP1 (green)-expressing oocyt

homologous chromosome pair (D) or on one pair of sister chromatids (E); scale bar

kinetochores. Error bars, SEM. Sample size (n cup-like kinetochores) is indicated

****p < 0.0001; n.s., not significant.

See also Figure S4.
The three uncharacterized HFD proteins, F20D6.9,
Y48E1C.1CENP-S, and F35H10.5CENP-X, do not participate
in outer kinetochore assembly
Nevertheless, we observed the persistence of a significant

amount of outer kinetochore components at cup-like kineto-

chores during meiosis I, even in the total absence of both

CENP-A paralogs, or HCP-4CENP-C. This prompted us to analyze

the molecular mechanism accounting for the centromeric chro-

matin- andHCP-4CENP-C-independent outer kinetochore assem-

bly. We first examined the localization and potential function of

three uncharacterized histone-fold domain (HFD)-containing

proteins. These proteins could potentially bind to DNA indepen-

dently of CENP-A and/or have been functionally linked to centro-

meres and kinetochores. The first protein, F20D6.9, is an atypical

small histone H3 variant (Figure S2A). We identified two other

proteins, Y48E1C.1 and F35H10.5, as potential orthologs of in-

ner kinetochore components and CCAN proteins CENP-S and

CENP-X, respectively (Figure S3A).17,62–64 We generated trans-

genic C. elegans strains expressing GFP-tagged versions of

the three proteins. While all three proteins were indeed ex-

pressed in theC. elegans germline and displayed a diffuse distri-

bution within the nucleoplasm of diakinesis oocyte nuclei, none

exhibited specific concentration on chromosomes or at cup-

like kinetochores (Figures S2B, S3B, and S3C). Furthermore,

by generating deletion mutants of the three candidate proteins

using CRISPR-Cas9 genome editing, we observed that these

mutants did not induce outer kinetochore defects on their own

or when combined with the depletion or deletion of HCP-

3CENP-A and CPAR-1CENP-A (Figures S2C and S3D–S3F). Alto-

gether, these results suggest that F20D6.9, Y48E1C.1CENP-S,

and F35H10.5CENP-X do not localize to nor contribute to the

establishment of the outer kinetochore in C. elegans oocytes.

KNL-2M18BP1 localizes independently of HCP-3CENP-A

and CPAR-1CENP-A at cup-like kinetochores during
meiosis I
Another candidate protein, which potentially directly binds DNA

through its MYB and SANTA domains and is functionally associ-

ated with centromeres and kinetochores, is the mitotic CENP-A-

loading factor KNL-2M18BP1.29 During mitosis, HCP-3CENP-A and

KNL-2M18BP1 are mutually dependent for their centromeric local-

ization.29 We tested if this was also the case in the C. elegans

germline. Depleting KNL-2M18BP1 by RNAi led to the expected

chromosome condensation defects29,41 and prevented HCP-

3CENP-A chromosomal localization during diakinesis and both

meiotic divisions (Figures 3A and S4A). By contrast, CPAR-

1CENP-A was still present on chromosomes in the absence of

KNL-2M18BP1 (Figures 3B and S4B). Thus HCP-3CENP-A, but not

CPAR-1CENP-A, depends on KNL-2M18BP1 for its chromosomal
uorescence images, centered on chromosomes, of oocytes in indicated con-

le bars, 5 mm. For each oocyte, right: zoom on one homologous chromosome

etaphase I (D) and II (E). Middle: representative images of chromosomes in

es in indicated conditions. Scale bars, 5 mm. For each condition: zoom on one

s, 2 mm. Bottom: quantification of GFP::KNL-2M18BP1mean intensity at cup-like

for each condition. Kruskal-Wallis one-way ANOVA test, *p < 0.05, **p < 0.01,
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meiotic localization. KNL-2M18BP1 and HCP-3CENP-A colocalize

throughout the C. elegans germline.42 However, while HCP-

3CENP-A is present throughout chromatin until the end of meiosis

(Figure 1A), at NEBD during diakinesis (�1 oocyte) KNL-2M18BP1

started to concentrate at cup-like kinetochores (Figure 3C). We

found that neither the auxin-induced degradation of HCP-

3CENP-A nor deleting cpar-1cenp-a prevented KNL-2M18BP1 locali-

zation on chromosomes during diakinesis (Figure 3C). However,

the simultaneous disruption of HCP-3CENP-A and CPAR-1CENP-A

completely delocalized KNL-2M18BP1 from chromosomes before

NEBD (�2 oocyte). Instead, KNL-2M18BP1 formed nucleoplasmic

foci of unknown nature, some of which localized near chromo-

somes (Figure 3C). Unexpectedly, although KNL-2M18BP1 was

initially absent from chromosomes in the absence of both

HCP-3CENP-A and CPAR-1CENP-A, we observed a sudden switch

at NEBD when KNL-2M18BP1 accumulated at cup-like kineto-

chore structures (Figure 3C). This cup-like localization of KNL-

2M18BP1 persisted throughout meiosis I but strikingly disap-

peared upon entry into meiosis II when both histone H3 variants

were absent (Figures 3D and 3E). In HCP-3CENP-A and CPAR-

1CENP-A co-depleted oocytes, we also observed the presence

of multiple KNL-2M18BP1 large aggregates at a distance from

chromosomes during meiosis II, whose origin remains unclear

(Figure 3E). Thus, while the chromosomal localization of KNL-

2M18BP1 was initially and redundantly dependent on HCP-

3CENP-A and CPAR-1CENP-A, its accumulation at cup-like kineto-

chores was independent of CENP-A-containing centromeric

chromatin from NEBD until meiosis II onset.

KNL-2M18BP1 acts in parallel with HCP-3CENP-A and
CPAR-1CENP-A for outer kinetochore assembly during
meiosis I
The localization of KNL-2M18BP1 at cup-like kinetochores inde-

pendently of both HCP-3CENP-A and CPAR-1CENP-A during

meiosis I (Figure 3D) prompted us to analyze the potential contri-

bution of KNL-2M18BP1 in centromeric chromatin-independent

outer kinetochore assembly.29,32,40,65,66 Upon KNL-2M18BP1

depletion, chromosomes exhibited evident condensation de-

fects. However, GFP-tagged KNL-3DSN1 still localized, albeit at

reduced levels, to misshaped cup-like structures during meiosis

I (Figure 4A). In stark contrast, the simultaneous depletion of

HCP-4CENP-C and KNL-2M18BP1 completely prevented GFP-

tagged KNL-3DSN1 localization at this stage (27.6% and 96%

mean intensity reduction in the absence of KNL-2M18BP1 alone

or in combination with HCP-4CENP-C depletion, respectively;

Figure 4A). Analyses duringmeiosis II yielded comparable results

(97.1% mean intensity reduction in the absence of KNL-2M18BP1

and HCP-4CENP-C; Figure 4B). However, the single depletion of

KNL-2M18BP1 at this stage resulted in amore pronounced pheno-

type compared with its effect in meiosis I (73.8% mean intensity

reduction in the absence of KNL-2M18BP1 alone; Figure 4B).

Consistent with KNL-2M18BP1 being upstream of HCP-3CENP-A

for its chromosomal localization during meiosis I (Figures 3A

and S4A), depleting KNL-2M18BP1 in CPAR-1CENP-A-deficient oo-

cytes was sufficient to prevent GFP-tagged KNL-3DSN1 from

localizing to the outer kinetochores during meiosis I (77.8%

and 90.1% mean intensity reduction in the absence of KNL-

2M18BP1 and CPAR-1CENP-A during meiosis I and II, respectively;

Figures S4C and S4D). These results demonstrate that KNL-
4860 Current Biology 34, 4853–4868, November 4, 2024
2M18BP1 acts coordinately with HCP-3CENP-A and CPAR-1CENP-A,

and independently of its canonical CENP-A-loading factor activ-

ity, in outer kinetochore assembly during meiosis I in oocytes.

An N-terminal region of KNL-2M18BP1 is responsible for
its kinetochore localization and its role in assembling
the outer kinetochore
To determine the specific domain of KNL-2M18BP1 involved in

meiosis I outer kinetochore assembly, we generated a series of

KNL-2M18BP1 deletion mutants expressed as RNAi-resistant

transgenes, and we analyzed their localization and function

upon endogenous KNL-2M18BP1 depletion during metaphase I

in C. elegans oocytes (Figure 4C). Consistent with KNL-

2M18BP1 and CENP-A being mutually independent at this stage,

deleting the CENP-A-interaction domain of KNL-2M18BP1 (amino

acid [aa] 267–470) did not prevent kinetochore localization of the

corresponding mutant upon endogenous KNL-2M18BP1 deple-

tion. We obtained similar results upon removal of the MYB

domain (aa 623–673) and/or the regions that surrounded it (aa

471–622 and 674–877). Conversely, the deletion of the SANTA

domain (aa 2–113) or the region spanning from the SANTA to

the CENP-A-interaction domains (aa 114–266) resulted in a sig-

nificant reduction in the kinetochore localization of the respective

mutants (Figure 4C). Deleting the SANTA domain did not fully

prevent kinetochore localization, but removing the adjacent re-

gion (aa 114–266) or a larger fragment that included this region

(aa 114–622) completely delocalized the corresponding mutant

from kinetochores. Importantly, we checked that full-length

and mutated transgenes were expressed at comparable levels

(Figure S5A). Furthermore, upon co-depletion of endogenous

KNL-2M18BP1 and the two CENP-A paralogs in this mutant

(D114–266), mCherry-tagged KNL-1KNL1 was completely delo-

calized, while it was normally concentrated at cup-like kineto-

chores in all other mutants (Figure 4C). Thus, we identified an

N-terminal region, distinct from the SANTA, CENP-A interaction,

and MYB domains, responsible for KNL-2M18BP1 localization at

cup-like kinetochores and essential for outer kinetochore as-

sembly during meiosis I. We also observed that, despite not be-

ing localized on chromosomes, this N-terminal region mutant

KNL-2M18BP1 (D114–266) supported normal chromosome

condensation and did not exhibit the misshaped chromosomes

typically observed upon KNL-2M18BP1 depletion (Figures 4C,

S5B, and S5C).29,41,42 Therefore, this mutant enabled a clear

separation of KNL-2 functions in chromosome condensation

and in assembly of themeiotic outer kinetochore. Overall, our re-

sults highlighted an unexpected meiosis I-specific function of

KNL-2M18BP1 in outer kinetochore assembly in C. elegans

oocytes, independent of its canonical activities as a CENP-

A-loading factor or in controlling meiotic chromosome

condensation.

KNL-2M18BP1 and MEL-28ELYS cooperate for outer
kinetochore assembly during meiosis I
Previous work has shown that, through an unknownmechanism,

the Y-complex nucleoporinMEL-28ELYS and HCP-4CENP-C jointly

regulate the recruitment of outer kinetochore components at

cup-like kinetochores during meiosis I in C. elegans oocytes.51

We confirmed these previous findings (95.7% and 99.3%

mean intensity reduction in the absence of MEL-28ELYS and
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Figure 4. KNL-2M18BP1 and HCP-4CENP-C act coordinately to assemble the outer kinetochore during meiosis I

(A and B) Left: representative images of chromosomes in mCherry::HIS-11H2B (magenta) and GFP::KNL-3DSN1 (green)-expressing oocytes in indicated condi-

tions. White arrowheads indicate the first polar body (PB). Sample sizes (N oocytes). Scale bar, 5 mm. For each condition, bottom: zoom on one homologous

chromosome pair (A) or on one sister chromatid pair (B); scale bar, 2 mm. Right: quantification of GFP::KNL-3DSN1 mean intensity at cup-like kinetochores. Error

bars, SEM. Sample size (n cup-like kinetochores) is indicated for each condition. Kruskal-Wallis one-way ANOVA test *p < 0.05, ***p < 0.001, ****p < 0.0001.

(C) Left: schematics of truncated KNL-2M18BP1::GFP transgenes used to identify functional domains for KNL-2M18BP1::GFP and KNL-1KNL1::mCherry localization

at cup-like kinetochores. The deleted region is indicated with a dotted line on each schematic. Right: representative images of chromosomes in KNL-

2M18BP1::GFP and KNL-1KNL1::mCherry-expressing oocytes in indicated conditions. Scale bar, 5 mm.

See also Figure S5.
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Figure 5. KNL-2M18BP1 and MEL-28ELYS form cup-like structures internally to outer kinetochore proteins

(A) Schematic of one homologous chromosome pair (bivalent chromosome) and their cup-like kinetochores at prometaphase I. The dotted black line represents

the line scan along each bivalent chromosome used to quantify the localization of MEL-28ELYS, KNL-2M18BP1, and outer kinetochore components at the cup-like

structures.

(B) Immunofluorescence images of indicated kinetochore components during prometaphase I. For each condition, left top: image centered on the entire set of

bivalent chromosomes, scale bar, 5 mm; left bottom: zoom on one homologous chromosome pair, scale bar, 1 mm; right: line scan quantifications of DNA (blue),

(legend continued on next page)
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HCP-4CENP-C during meiosis I and II, respectively; Figures S6A

and S6B). Furthermore, our findings that KNL-2M18BP1 also func-

tions in parallel with CENP-A and HCP-4CENP-C in outer kineto-

chore assembly prompted us to explore the potential connection

between KNL-2M18BP1 and MEL-28ELYS in this process. We first

confirmed that, like the other six Y-complex members, MEL-

28ELYS localized at cup-like kinetochores in C. elegans oocytes

(Figures 5B, 6B, and S6E).55 However, co-localization analysis

of outer kinetochore components, MEL-28ELYS and KNL-

2M18BP1, revealed that KNL-1KNL1, KNL-3DSN1, KBP-4SPC25

(component of the Ndc80c complex), and BUB-1BUB1 (compo-

nent of the outer kinetochore BHC module)58 formed wider

cup-like structures, which surrounded MEL-28ELYS and KNL-

2M18BP1 (Figures 5B and 5C). By contrast, MEL-28ELYS and

KNL-2M18BP1 partially colocalized at internal cup-like structures,

suggesting possible interaction between the two proteins

(Figures 5B and 5C). We thus analyzed the potential relationship

between KNL-2M18BP1 and MEL-28ELYS for meiosis I outer kinet-

ochore assembly. Depleting MEL-28ELYS completely hindered

the kinetochore localization of GFP-tagged KNL-2M18BP1 at the

cup-like structures in both meiosis I and II (Figures 6A and

S6C). This dependence was specific to the meiotic divisions,

as during diakinesis, KNL-2M18BP1 relied on HCP-3CENP-A and

CPAR-1CENP-A rather than on MEL-28ELYS, for its chromosomal

localization (compare the localization of KNL-2M18BP1 when

MEL-28ELYS and both CENP-A paralogs are co-depleted versus

when MEL-28ELYS and HCP-4CENP-C are co-depleted; Fig-

ure S6D). By contrast, upon depletion of KNL-2M18BP1, MEL-

28ELYS exhibited a faint but discernible localization at cup-like ki-

netochores (Figures 6B and S6E). The complete delocalization of

GFP-tagged MEL-28ELYS from kinetochores was observed only

upon simultaneous depletion of KNL-2M18BP1 and of the two

CENP-A paralogs (Figures 6B and S6E). This also differed from

diakinesis, where the chromosomal localization of MEL-28ELYS

relied only on HCP-3CENP-A and CPAR-1CENP-A (Figure S6F).

Additionally, analysis of the KNL-2M18BP1 deletion mutants,

following depletion of HCP-3CENP-A and CPAR-1CENP-A, impli-

cated the N-terminal region of KNL-2M18BP1 (aa 114–266), which

we identified as essential for outer kinetochore assembly, in

MEL-28ELYS kinetochore localization (Figures 6C and S6G).

Thus, while MEL-28ELYS was strictly required for KNL-2M18BP1

kinetochore localization, CENP-A- (and CENP-C)-dependent

centromeric chromatin cooperated with MEL-28ELYS for KNL-

2M18BP1 localization at cup-like kinetochores.

DISCUSSION

In conclusion, our findings identify three distinct meiotic phases

for chromosomal localization of outer kinetochore components

inC. elegans oocytes (Figure 6D). During the first phase spanning

from early diakinesis to NEBD, the two CENP-A paralogs and

their loading factor KNL-2M18BP1 are interdependent for their
MEL-28ELYS, KNL-2M18BP1, and indicated outer kinetochore component normalize

lines represent the mean. Lighter bands represent the SEM. Sample size (n hom

(C) Schematic of one homologous chromosome pair (bivalent) and associated c

28ELYS internal cups (green). KNL-1KNL1, KNL-3DSN1, BUB-1BUB-1, and KBP-4SP

2M18BP1. BUB-1BUB-1 also localizes at the ring domain located between homolog

See also Figure S6.
localization. They colocalize with downstream HCP-4CENP-C

and outer kinetochore components throughout chromosomes.

The functional significance of this chromosomal localization of

outer kinetochore components is unclear as microtubules are

confined outside the nucleus and are thus distant from chromo-

somes at this stage. The second phase extends from NEBD until

the onset of meiosis II when the last phase starts. While HCP-

3CENP-A, CPAR-1CENP-A, and HCP-4CENP-C maintain their chro-

mosomal localization, other components become restricted at

cup-like kinetochores during the meiotic divisions. Our results

demonstrate that HCP-3CENP-A and CPAR-1CENP-A-containing

centromeric chromatin and HCP-4CENP-C participate, or are

even essential, for the assembly of the outer kinetochore during

prometaphase I and II, respectively. Thus, these results under-

score the distinct requirements for kinetochore assembly in

meiosis I and II. Considering the localization of HCP-3CENP-A,

CPAR-1CENP-A, and HCP-4CENP-C throughout meiotic chromo-

somes, we posit that only the outer layer in direct contact with

outer kinetochore components is crucial for cup-like kinetochore

assembly during the meiotic divisions.

Our results also clarify previously perplexing findings that sug-

gested the simultaneous dispensability of HCP-3CENP-A and

CPAR-1CENP-A, alongside the essentiality of downstream HCP-

4CENP-C, for outer kinetochore assembly.37,51 A plausible cause

for the discrepancy between these initial studies and our results

lies in the differing methods we employed for depleting CENP-A

or CENP-C. The initial studies relied solely on double-stranded

RNAs to deplete the two CENP-A paralogs, or CENP-C, via

RNAi. By contrast, we used a multifaceted approach: CRISPR-

Cas9-based genetic deletion of cpar-1cenp-a, RNAi-mediated

depletion of hcp-3cenp-a or hcp-4cenp-c transcripts, coupled to

Auxin-induced degradation of the HCP-3CENP-A or HCP-4CENP-C

proteins. The combination of methods we employed to deplete

CENP-A and CENP-C likely resulted in more effective depletion

and consequently stronger phenotypes. Additionally, using an

RNAi-mediated depletion approach, CPAR-1CENP-A had previ-

ously been considered nonessential in C. elegans.67 Using our

cpar-1cenp-a full deletion, we show here that it is, in fact, the

dominant CENP-A paralog during C. elegans meiosis, respon-

sible for the majority of HCP-4CENP-C chromosomal localization.

Nonetheless, due to the redundant mechanisms for kinetochore

assembly in this model, CPAR-1CENP-A is dispensable for worm

viability (Figure S1A).

A unique and fascinating feature of prometaphase I is the

co-existence of two parallel pathways for outer kinetochore

localization, a centromeric chromatin canonical pathway and a

KNL-2M18BP1/MEL-28ELYS non-canonical pathway (Figure 6E).51

Unlike during mitosis or diakinesis, the localizations of KNL-

2M18BP1 and the two CENP-A paralogs were not interdependent

during prometaphase I. However, KNL-2M18BP1 and CENP-

A-containing centromeric chromatin coordinately localized

MEL-28ELYS at kinetochores, which in turn cooperated with
dmean intensities along bivalent chromosomes during prometaphase I. Darker

ologous chromosome pair) is indicated on the graphs.

up-like structures. Chromosomes are surrounded by KNL-2M18BP1 and MEL-
C25 formed wider cups (magenta), which surrounded MEL-28ELYS and KNL-

ous chromosomes.
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Figure 6. KNL-2M18BP1 and MEL-28ELYS are interdependent for their localization at the cup-like kinetochores
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(legend continued on next page)
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HCP-4CENP-C for outer kinetochore recruitment. We identified an

N-terminal region of KNL-2M18BP1 (aa 114–266), predicted to be

unfolded and distinct from its three well-defined functional do-

mains, that played a crucial role in this process, although the

exact mechanism remains unknown. This region allowed sepa-

rating the functions of KNL-2M18BP1 that ensure proper meiotic

chromosome condensation and promote outer kinetochore as-

sembly in oocytes (Figure 4C). In the absence of endogenous

KNL-2M18BP1, oocytes expressing the corresponding truncated

mutant (D114–266) lacked outer kinetochores but displayed

properly condensed chromosomes.

A puzzling observation was that, despite supporting normal

chromosome condensation, the D114–266 KNL-2M18BP1 mutant

was not localized on chromosomes during prometaphase I.

Similarly, in the absence of MEL-28ELYS, KNL-2M18BP1 was ab-

sent from chromosomes in prometaphase I, yet the chromo-

somes were visibly well-condensed (Figure 6A). We propose

two plausible, and not mutually exclusive, hypotheses to explain

these results. First, we found that, unlike during prometaphase I,

the chromosomal localization of KNL-2M18BP1 during diakinesis

depended on CENP-A rather than MEL-28ELYS (Figure S6D).

This suggests that the critical function of KNL-2ELYS may occur

at this early stage, and its continuous presence on chromo-

somes may not be necessary for proper chromosome conden-

sation. Second, the essential role of KNL-2M18BP1 in promoting

proper chromosome condensation could be linked to its pres-

ence in the nucleoplasm rather than on chromatin. Indeed,

despite not being concentrated on chromosomes, wild-type

KNL-2M18BP1 in the absence of MEL-28ELYS and the D114–266

KNL-2M18BP1 mutant should still both be present in the nucleo-

plasm during diakinesis. This second hypothesis is compatible

with our finding that KNL-2M18BP1 was delocalized from chromo-

somes in the absence of HCP-3CENP-A and CPAR-1CENP-A, yet

the chromosomes appeared properly condensed (Figure 3C).

Determining the precise role of KNL-2M18BP1 in the control of

meiotic chromosome segregation will require further investiga-

tion, and our KNL-2M18BP1 separation-of-function mutants

should prove useful for this purpose.

What might be the role of the dual mechanism for outer kinet-

ochore assembly that we have identified? In vertebrates, the

outer kinetochore is linked to the inner kinetochore via two

different pathways. One pathway involves the inner kinetochore

scaffold CENP-C, which recruits the outer kinetochore complex

Mis12c.21 The Mis12c complex then recruits the Knl1c and

Ndc80c complexes.68 The second pathway involves the inner

kinetochore protein CENP-T, which independently recruits one

Mis12c complex and two Ndc80c complexes.22–25 Although

the relative importance of these two pathways varies between

species, previous research in chicken and human cells has

shown that CENP-T is the dominant pathway in these spe-

cies.69–71 By contrast, C. elegans lacks a CENP-T ortholog,

and during mitosis, HCP-4CENP-C alone appears sufficient for

outer kinetochore assembly.39 We found that depleting MEL-
(C) Top: immunofluorescence images, centered on chromosomes, of oocytes in i

5 mm. Bottom: zoom on one homologous chromosome pair; scale bar, 1 mm.

(D) Schematics of the three phases identified for outer kinetochore assembly du

(E) Schematics of the model highlighting parallel roles of the centromeric and K

during prometaphase I in C. elegans oocytes.
28ELYS alone had no effect on outer kinetochore formation, sug-

gesting that HCP-4CENP-C is also sufficient for assembling the

outer kinetochore during oocyte meiosis in C. elegans (Fig-

ure S6A). However, our results indicate that, unlike in mitosis,

an alternative pathway dependent on KNL-2M18BP1 and MEL-

28ELYS can partially support outer kinetochore formation during

prometaphase I when HCP-4CENP-C is absent (Figures 2D, 2F,

and S1C). It remains unclear whether this alternative pathway

acts merely as a backup mechanism or serves as a functional

equivalent to the dominant CENP-T pathway observed in verte-

brates. To understand how this alternative pathway functions, it

will be crucial to determine if KNL-2M18BP1, MEL-28ELYS, or other

unidentified proteins involved in this non-canonical pathway of

outer kinetochore assembly physically interact with KMN

network components. Future studies should in particular investi-

gate the potential involvement of the other Y-complex nucleo-

porins in this process.

Overall, how KNL-2M18BP1, MEL-28ELYS, and HCP-4CENP-C ac-

tivities integrate to promote proper outer kinetochore assembly

remains unclear and will require further work. In the holocentric

lepidopteran insect Bombyx mori, which lacks CENP-A, a pro-

tein related to CENP-T is necessary for centromeric chromatin-

independent kinetochore assembly.64,72 Yet it does not fully ac-

count for the recruitment of outer kinetochore components.64

Therefore, it will be intriguing to investigate in future studies

whether the non-canonical kinetochore assembly pathway we

identified in this study is also operative in B. mori and other hol-

ocentric species.
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This study JDU643

C. elegans: Strain JDU664: ijmSi31[mex-5p::

mCherry::his-11::tbb-2 3’UTR]II; bq5[GFP::

mel-28]III, unc-119(ed3)III?

This study JDU664

C. elegans: Strain JDU670: uge105[OLLAS::

AID::hcp-3]III; ieSi38[sun-1p::TIR1::mRuby::sun-1

3’UTR + Cb-unc-119(+)]IV; F20D6.9(ijm23)V

This study JDU670

C. elegans: Strain JDU681: uge70[knl-2::HA]I;

cpar-1(ijm26)III, uge105[OLLAS::AID::hcp-3]III;

ieSi38[sun-1p::TIR1::mRuby::sun-1 3’UTR +

Cb-unc-119(+)]IV

This study JDU681

C. elegans: Strain JDU682: cpar-1(ijm26)III,

uge105[OLLAS::AID::hcp-3]III; ieSi38[sun-1p::

TIR1::mRuby::sun-1 3’UTR + Cb-unc-119(+)]IV;

F20D6.9(ijm23)V

This study JDU682

C. elegans: Strain JDU698: syb4525[OLLAS::

AID::hcp-4]I; ieSi38[sun-1p::TIR1::mRuby::

sun-1 3’UTR + Cb-unc-119(+)]IV

This study JDU698

C. elegans: Strain JDU708 ijmSi139[Pmex-5::

GFP::F20D6.9 + mCherry-his11 + Cbr-unc-

119(+)]I; unc-119(ed3)III

This study JDU708

C. elegans: Strain JDU709 syb4525[OLLAS::

Degron::hcp-4]I; ijmSi31[Pmex-5::mCherry::

his-11::tbb-2 3’UTR]II; unc-119(ed3)III?;

ieSi38[sun-1p::TIR1::mRuby::sun-1 3’UTR +

Cbr-unc-119(+)]IV; It46[GFP::knl-3])V

This study JDU709

C. elegans: Strain JDU710 syb4525[OLLAS::

Degron::hcp-4]I; ijmSi31[Pmex-5::mCherry::

his-11::tbb-2 3’UTR]II, knl-1(lt53[knl-1::GFP::

tev::loxP::3xFlag]))III, unc-119(ed3) III?, ieSi38

[sun-1p::TIR1::mRuby::sun-1 3’UTR + Cbr-

unc-119(+)]IV

This study JDU710

C. elegans: Strain JDU733 ijmSi31[Pmex-5::

mCherry::his-11::tbb-2 3’UTR]II; ijm36

(cpar-1::GFP)III; unc-119(ed3)III?

This study JDU733

C. elegans: Strain JDU738 lt73[GFP::knl-2]I;

ijmSi31[Pmex-5::mCherry::his-11::tbb-2

3’UTR]II; unc-119(ed3)III?

This study JDU738

C. elegans: Strain JDU759 ijmSi31[Pmex-5::

mCherry::his-11::tbb-2 3’UTR]II; cpar-1

(ijm26)III, uge105[OLLAS::Degron::hcp-3])III,

unc-119(ed3)III?; ieSi38[sun-1p::TIR1::mRuby::

sun-1 3’UTR + Cbr-unc-119(+)]IV; It46[GFP::knl-3]V

This study JDU759

C. elegans: Strain JDU794 uge110[knl-2::

OLLAS::Degron]I; ijmSi157[knl-2_reencoded_

Daa114-622::GFP + Cbr-unc-119(+)]II; it75

[knl-1::mCherry]III; ieSi38[sun-1p::TIR1::

mRuby::sun-1 3’UTR + Cbr-unc-119(+)]IV

This study JDU794

C. elegans: Strain JDU795 uge110[knl-2::

OLLAS::Degron]I; ijmSi156[knl-2_reencoded_

Daa2-113::GFP + Cbr-unc-119(+)]II; it75[knl-1::

mCherry]III; ieSi38[sun-1p::TIR1::mRuby::

sun-1 3’UTR + Cbr-unc-119(+)]IV

This study JDU795

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

C. elegans: Strain JDU796 uge110[knl-2::

OLLAS::Degron])I; ijmSi158[knl-2_reencoded_

Daa623-877::GFP + Cbr-unc-119(+)]II; it75

[knl-1::mCherry]III; ieSi38[sun-1p::TIR1::

mRuby::sun-1 3’UTR + Cbr-unc-119(+)]IV

This study JDU796

C. elegans: Strain JDU797 uge110[knl-2::

OLLAS::Degron]I;ijmSi152[knl-2_reencoded_

Daa267-470::GFP; Cbr-unc-119(+)]II;it75

[knl-1::mCherry]III;ieSi38[sun-1p::TIR1::

mRuby::sun-1 3’UTR + Cbr-unc-119(+)]IV

This study JDU797

C. elegans: Strain JDU798 uge110[knl-2::OLLAS::

Degron]I; ijmSi154[knl2_reencoded::GFP +

Cbr-unc-119(+)]II; it75[knl-1::mCherry]III;

ieSi38[sun-1p::TIR1::mRuby::sun-1 3’UTR +

Cbr-unc-119(+)]IV

This study JDU798

C. elegans: Strain JDU814 lt73[GFP::knl-2]I;

ijmSi31[Pmex-5::mCherry::his-11::tbb-2

3’UTR]II; uge105[OLLAS::Degron::hcp-3]III,

unc-119(ed3)III?; ieSi38[sun-1p::TIR1::

mRuby::sun-1 3’UTR + Cbr-unc-119(+)]IV

This study JDU814

C. elegans: Strain JDU816 lt73[GFP::knl-2]I;

ijmSi31[Pmex-5::mCherry::his-11::tbb-2

3’UTR]II; cpar-1 (ijm26)III, uge105[OLLAS::

Degron::hcp-3]III, unc-119(ed3)III?; ieSi38

[sun-1p::TIR1::mRuby::sun-1 3’UTR +

Cbr-unc-119(+)]IV

This study JDU816

C. elegans: Strain JDU824 uge110[knl-2::

OLLAS::Degron]I;ijmSi152[knl-2_reencoded_

Daa114-266::GFP; Cbr-unc-119(+)]II;it75

[knl-1::mCherry]III;ieSi38[sun-1p::TIR1::

mRuby::sun-1 3’UTR + Cbr-unc-119(+)]IV

This study JDU824

C. elegans: Strain JDU825 uge110[knl-2::

OLLAS::Degron]I;ijmSi152[knl-2_reencoded_

Daa471-622::GFP; Cbr-unc-119(+)]II;it75[knl-1::

mCherry]III;ieSi38[sun-1p::TIR1::mRuby::sun-1

3’UTR + Cbr-unc-119(+)]IV

This study JDU825

Oligonucleotides

Primer 1 for synthesis of dsRNA targeting

hcp-3 and cpar-1 AATTAACCCTCACTAA

AGGgccgatgacaccccaattat

N/A N/A

Primer 2 for synthesis of dsRNA targeting

hcp-3 and cpar-1 TAATACGACTCACTAT

AGGgttccttccggctctcatc

N/A N/A

Primer 1 for synthesis of dsRNA targeting

hcp-4 AATTAACCCTCACTAAAGGggaaa

tgtacggagcgaaaa

N/A N/A

Primer 2 for synthesis of dsRNA targeting

hcp-4 TAATACGACTCACTATAGGacattg

ttggtgggtccaat

N/A N/A

Primer 1 for synthesis of dsRNA targeting

knl-2 AATTAACCCTCACTAAAGGtcgactt

ggtcggacagatt

N/A N/A

Primer 2 for synthesis of dsRNA targeting

knl-2 TAATACGACTCACTATAGGtgcgata

tgtggcgttatgt

N/A N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primer 1 for synthesis of dsRNA targeting

mel-28 AATTAACCCTCACTAAAGGcgtca

gcggttcagttcttc

N/A N/A

Primer 2 for synthesis of dsRNA targeting

mel-28 TAATACGACTCACTATAGGcgtgt

cctggatgttctgg

N/A N/A

sgRNA 1 for F35H10.5 deletion

AGTAAGATCGATGTTGATTG

N/A N/A

sgRNA 2 for F35H10.5 deletion

ATCGAGACTGACCAATACTG

N/A N/A

sgRNA 1 for Y48E1C.1 deletion

ACAGATAATGGGAGACCCTG

N/A N/A

sgRNA 2 for Y48E1C.1 deletion

CTTGGAGCAGCACGGAGCAT

N/A N/A

sgRNA 1 for CPAR-1 deletion

GATTTGGAAGGCAAAGACGG

N/A N/A

sgRNA 2 for CPAR-1 deletion

CTTCGAACAATGGCCGATGA

N/A N/A

sgRNA 1 for F20D6.9 deletion

CTCTTCTGTTGGGTTCGGTG

N/A N/A

sgRNA 2 for F20D6.9 deletion

CGTAGCTTCGAAGTCAACTG

N/A N/A

Recombinant DNA

pjW68-pCFJ151_knl2_reencoded_GFP This study pJD914

pJD914_pjW68-pCFJ151_knl-2_

reenc_ Daa2-113_GFP

This study pJD933

pJD914_pjW68-pCFJ151_knl-2_

reenc_Daa114-622_GFP

This study pJD934

pJD914_pjW68-pCFJ151_knl-2_

reenc_Daa623-877_GFP

This study pJD935

pJD914_pjW68-pCFJ151_knl-2_

reencoded_Daa114-266_GFP

This study pJD964

pJD914_pjW68-pCFJ151_knl-2_

reencoded_Daa471-622_GFP

This study pJD965

Software and algorithms

Fiji Schindelin et al.73 RRID: SCR_002285

Prism GraphPad RRID: SCR_002798

Designer Affinity RRID: SCR_016952

Adobe Illustrator Adobe RRID: SCR_010279

Jalview https://www.jalview.org/ RRID:SCR_006459

Clustal Omega https://www.ebi.ac.uk/jdispatcher/

msa/clustalo

RRID: SCR_001591

SnapGene Dotmatics RRID: SCR_015052
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strain maintenance
C. elegans strains used in this study were maintained at 20�C or 23�C on nematode growth medium (51 mM NaCl, 2,5 g Bacto

Peptone, 17 g Bacto Agar, 12 mM cholesterol, 1 mM CaCl2, 1 mM MgSO4, 25 mM KH2PO4 and 5 mM Nystatin in a 1 L ddH2O final)

plates and fed with OP50 E. coli.74

Transgenesis in C. elegans

All strains were generated by CRISPR/Cas9-mediated mutagenesis, by Mos1-mediated Single Copy Insertion (MoSCI)75 or by

crossing pre-existing strains. The strains used in this study are listed in the key resources table. All strains produced will be provided

upon request and/or made available through the Caenorhabditis Genetics Center (CGC, https://cgc.umn.edu/).
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METHOD DETAILS

RNA-mediated interference
DNAwas amplified by PCR from N2 gDNA or cDNA prepared for total worm extracts. Primers used for amplification are listed below.

PCR reactions were cleaned (QIAquick Gel Extraction Kit, Qiagen #28704) and used as templates for T3 and T7 transcription reac-

tions (MEGAscript transcription kit, Invitrogen #AM1334 for T7 and #AM1338 for T3) for 5 hours at 37�C. In vitro transcribed RNAs

were purified (MEGAclear kit, Invitrogen), then annealed at 68�C for 10 minutes, followed by 37�C for 30 min. Aliquots were snap

frozen in liquid nitrogen and stored at -80�C. L4-stage hermaphrodite larvae were micro-injected with 1500–2000 mg/mL of each

dsRNA, and recovered at 20�C for 48 hours before being further processed.

The ds-RNAs used in this study targeted the following genes:

hcp-3 and cpar-1: 5’-AATTAACCCTCACTAAAGGgccgatgacaccccaattat-3’

5’-TAATACGACTCACTATAGGgttccttccggctctcatc-3’

hcp-4: 5’-AATTAACCCTCACTAAAGGggaaatgtacggagcgaaaa-3’

5’-TAATACGACTCACTATAGGacattgttggtgggtccaat-3’

knl-2: 5’-AATTAACCCTCACTAAAGGtcgacttggtcggacagatt-3’

5’-TAATACGACTCACTATAGGtgcgatatgtggcgttatgt-3’

mel-28: 5’-AATTAACCCTCACTAAAGGcgtcagcggttcagttcttc-3’

5’-TAATACGACTCACTATAGGcgtgtcctggatgttctgg-3’

Auxin-induced degradation
To implement the auxin-induced degradation system, C. elegans strains with hcp-3, hcp-4 or knl-2 endogenously tagged with an

auxin-inducible degron (mAID) were obtained or generated. The TIR1 transgene used (sun-1p::TIR1::mRuby::sun-1 3’UTR) is under

the control of the germline specific sun-1 promoter.We crossed hcp-3 and hcp-4mAID-fused strains with a strain expressingmCher-

ry::HIS-11H2B, under the control of the germline specificmex-5 promoter, and KNL-3 endogenously tagged with GFP (it46[GFP::knl-

3]). We crossed the knl-2 mAID-fused strain with strains expressing KNL-2::GFP transgenes, or KNL-1 endogenously-tagged with

mCherry (it75[knl-1::mCherry]).

For auxin depletions, we used NGM plates supplemented with 4 mM auxin seeded with OP50 bacteria. Adult worms were plated

overnight before performing live imaging.

Western blotting
For each sample, 100 gravid adult worms (24 hours post-L4) were washed in M9 buffer (22 mM KH2PO4, 42 mM Na2HPO4, 86 mM

NaCl, and 1 mMMgSO4,7H2O) supplemented with 0.1% Triton X100. Samples were then resuspended in 15 mL Laemmli buffer (1X

final) and incubated at 97�C for 10 minutes. Worm extracts were loaded on 8% gel. Proteins were then transferred at 90 Volts for

80 minutes in Towbin buffer with SDS at 4�C onto nitrocellulose membranes, which were incubated with 1 mg/mL primary antibodies

in 1X TBS-Tween (TBS-T) supplemented with 5% skim milk. A custom-produced Rabbit Anti-GFP antibody was used to specifically

detect the transgenes. A mouse anti-ßactin antibody (Santa Cruz Biotechnology Cat# sc-47778) was used as a loading control.

Blocking was performed in 1X TBS-Tween supplemented with 5% skim milk, and washes in 1X TBS-T. Signals were sequentially

revealed with HRP-coupled goat anti-rabbit and anti-mouse secondary antibodies (Jackson ImmunoResearch 115-035-003 or

11-035-003, 1:10000 in 5% skim milk TBS-T) incubated 1 hour at room temperature. Imaging was performed on a Biorad

ChemiDoc Imaging System.

Immunofluorescence
Fifteen to twenty adult worms were dissected in a 3.5 mL droplet of meiosis medium on a glass slide coated with subbing solution

(100 mL Milli-Q H2O, 0.4 g Gelatin USP (Sigma, G1890), 0.04 g Chromalum (Sigma, 243361), 100 mg Poly-L- Lysine (Sigma,

P-1524)). Worms were cut to release embryos, oocytes and gonads. A 12x12 mm #1 coverslip (Marienfeld, 0101000) was gently

placed on the sample and slides were carefully immersed in liquid nitrogen. After freeze crack, fixation was performed in cold

(–20�C) methanol for 15 minutes. Samples were rehydrated twice in 1X PBS for 5 minutes, and blocked 30 minutes at room temper-

ature in AbDil (PBS plus 2%BSA, 0.1% Triton X-100) in a humidified chamber. Unlabeled primary antibodies were diluted at 1 mg/mL

in AbDil, and incubated 2 hours at room temperature. Samples were washed twice with AbDil, followed by 1 hour incubation with

fluorescently-labeled secondary antibodies at room temperature. Alternatively, fluorescently-labeled primary antibodies diluted in

AbDil were incubated 1 hour at room temperature. After two washes with AbDil, DNA was counterstained with 2 mg/mL Hoechst

33342 for 10minutes at room temperature. After 2 washes with PBS, 0.1%Triton X-100 and onewith 1X PBS, samples weremounted

in a droplet of mountingmedium (0.5% phenylenediamine in 90%glycerol, 20mMTris pH 8.8) between the coated glass slide and an

18x18 mm #1.5 glass coverslips (Marienfeld, 0102032). Glass coverslips were sealed with nail polish and stored at -20�C until

acquisition.

All antibodies used for immunofluorescence in this study are listed in the key resources table. Z-sections were acquired every

0.2 mm using a Nikon APO lS 100 x/1.45 oil objective. A single Z-plan or maximum projections of relevant sections are presented.
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Microscopy
All live and fixed acquisitions were performed using a Nikon Ti-E inverted microscope, equipped with a Yokogawa CSU-X1 spinning-

disk confocal head with an emission filter wheel (Yokogawa), a laser launch with a 110 mW-405 nm, a 150 mW-488 nm, a 100 mW-

561 nm, and a 110 mW-642 nm laser (Gataca Systems) using a CoolSNAP HQ2 CCD camera (Photometrics). The laser power was

measured before each experiment with anOphir VEGA Laser and energymeter. Fine stage control and focus correction during acqui-

sition was performed with a PZ-2000 XYZ Piezo-driven motor from Applied Scientific Instrumentation. The microscope was

controlled with Metamorph 7 software (Molecular Devices). Image analysis was performed using the Fiji software.73

For ex utero live imaging ofC. elegans fertilized oocytes, adult worms were dissected on a coverslip in 4 mLmeiosis medium (5 mg/

mL inulin, 25 mMHEPES, 60% Leibovitz’s L-15 media and 20% fetal bovine).76 Movies were acquired using a Nikon CFI APO S 60x/

NA1.4 oil immersion objective with 2x2 binning. For all movies, 4 Z-plans, separated by 2 mm,were acquired every 15 seconds. Tem-

perature during imaging was maintained constant at 23�C using the CherryTemp temperature controller system (CherryBiotech).

Embryonic viability assays

Embryonic viability assays were performed at 20�C. Worms were singled onto plates 36 hours post-L4. Worms were allowed to lay

eggs for 16 hours before being removed from the laying plates. Plates were then left at 20�C for another 36 hours before the total

number of unhatched eggs and of worms was counted. The proportion of viable progenies was calculated as the number of worms

divided by the number of unhatched eggs.

In silico protein sequence analyses

Protein sequence alignments were performed using Clustal Omega77 and visualized with the Jalview software.78

Figure preparation
Figures and illustrations were done in the Affinity Designer software (ver. 2.5.3).

QUANTIFICATION AND STATISTICAL ANALYSIS

Fluorescence intensity of KNL-3 at kinetochores and of DNA (Hoechst) (Figures 2, 3, and S6) was measured on projections of 4

Z-planes using line scans along the long axis of prometaphase I chromosomes. Background noise for KNL-3 signal was measured

using a line scan of similar length and width outside the chromosome area. Values of the background line scan were averaged, and

normalization was performed by subtracting and dividing KNL-3 fluorescence values by the mean background intensity. Then, for

each cup-like structure, the threemax values immediately outside the DNA area, which thus correspond to the cup-like kinetochores,

along the normalized line scan were averaged and plotted.

For Figure 3A, DNA, KNL-2M18BP1, MEL-28ELYS and KNL-1KNL-1 intensities along the long axis of prometaphase I chromosomes

were measured on a single focal plane using line scans centered at the mid-bivalent. Intensity measurements were normalized to

the max intensity value.

For Figure 2E, ex-utero live imaging oocyte movies were analyzed to visually score segregation defects at meiosis I and meiosis II.

Graphs represent the percentage of oocytes showing normal segregating chromosomes, mis segregating chromosomes or non-

segregating chromosomes. ‘‘Mis segregation’’ include lagging or co-segregating chromosomes; ‘‘non segregation’’ refers to chro-

mosome spreading in different directions, without displaying a clear axis of segregation.

GraphPad Prism 10 was used to generate Graphical representation of data and statistical analysis. Statistical tests used are spec-

ified in the corresponding figure legends.
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FIGURE S1. Meiotic chromosome segregation defects observed in absence of 

the CENP-A paralogs or of HCP-4CENP-C. Related to Figure 2. 

 (A) Embryonic viability assay in control and ∆cpar-1 mutant worms. Sample 

size (n embryos). (B) Immunofluorescence images, centered on chromosomes, of 

oocytes in indicated conditions stained for DNA (magenta), -tubulin (green), and 

KNL-3DSN1 (grey). Scale bars, 5 m. (C-D) Left:  Representative images of 

chromosomes in mCherry::HIS-11H2B (magenta) and GFP::KNL-1KNL-1 (green) -

expressing oocytes in indicated conditions. The white arrowhead indicates the first 

polar body (PB). Sample sizes (N oocytes). Scale bars, 5 m. For each condition, 

bottom: zoom on one homologous chromosome pair (C) or on one sister chromatid 

pair (D); scale bars, 2 m. Right: quantification of GFP::KNL-1KNL-1 mean intensity at 

cup-like kinetochores. Error bars, SEM. Sample size (n cup-like kinetochores) is 

indicated for each condition. Mann-Whitney test, **** p < 0.0001. (E-F) Representative 

time-lapse images of meiosis I and meiosis II of mCherry::HIS-11H2B and GFP::KNL-3 

(green) -expressing oocytes in indicated conditions. Time in seconds relative to 

anaphase I onset. White arrows highlight mis segregating chromosomes. White 

arrowheads indicate first polar bodies (PB). Sample sizes (N oocytes). Scale bar, 5 

m. 
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FIGURE S2. The histone H3 variant F20D6.9 is not involved in outer kinetochore 

assembly in C. elegans oocytes. Related to Figure 2. 

 (A) Top: schematics of the three H3 histone variants HCP-3CENP-A, CPAR-1CENP-

A and F20D6.9. Red boxes represent the Histone Fold Domains (HFD). Bottom: 

protein sequence alignment for HCP-3CENP-A, CPAR-1CENP-A and F20D6.9. Conserved 

amino acids are highlighted in blue. The red box represents the Histone Fold Domains 

(HFD). (B) Top: schematic of the GFP::F20D6.9 transgene. Bottom: representative 

images, centered on chromosomes, of mCherry::HIS-11H2B and GFP::F20D6.9-

expressing oocytes. Scale bars, 5 m. (C) Immunofluorescence images, centered on 

chromosomes, of oocytes in indicated conditions stained for DNA (magenta), -tubulin 

(green) and KNL-1KNL1 (grey). Scale bars, 5 m. For each oocyte, right: zoom on one 

homologous chromosome pair; scale bars, 1 m.  
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FIGURE S3. The CCAN components Y48E1C.1CENP-S and F35H10.5CENP-X are not 

involved in outer kinetochore assembly in C. elegans oocytes. Related to Figure 

2. 

 (A) Top: schematics of the CCAN components Y48E1C.1CENP-S and 

F35H10.5CENP-X. Bottom: protein sequence alignment between HsCENP-S and 

Y48E1C.1CENP-S, and between HsCENP-X and F35H10.5CENP-X. Conserved amino 

acids are highlighted in blue. Red boxes represent the Histone Fold Domains (HFD). 

(B-C) Representative images, centered on chromosomes, of mCherry::HIS-11H2B and 

GFP:: Y48E1C.1CENP-S (B) or GFP:: F35H10.5CENP-X (C) -expressing oocytes. Scale 

bars, 5 m. (D-F) Immunofluorescence images, centered on chromosomes, of oocytes 

in indicated conditions stained for DNA (magenta) and KNL-1KNL1 (green). Scale bars, 

5 m.  
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FIGURE S4. Function of KNL-2M18BP1 in HCP-3CENP-A and CPAR-1CENP-1 

localizations and in outer kinetochore assembly during the meiotic divisions. 

Related to Figure 3. 

 (A-B) Representative images of chromosomes in mCherry::HIS-11H2B 

(magenta) and GFP::HCP-3CENP-A (green, A) or GFP::CPAR-1CENP-A (green, B) -

expressing oocytes in indicated conditions. White arrowheads indicate first polar 

bodies (PB). Scale bars, 5 m. For each condition, bottom: zoom on one homologous 

chromosome pair (Prometaphase I) or on one sister chromatid pair (Prometaphase II); 

scale bars, 2 m. (C-D) Left: representative images of chromosomes in mCherry::HIS-

11H2B (magenta) and GFP::KNL-3DSN1 (green) -expressing oocytes in indicated 

conditions. White arrowheads indicate first polar body (PB). Sample sizes (N oocytes). 

Scale bar, 5 m. For each condition, bottom: zoom on one homologous chromosome 

pair (A) or on one sister chromatid pair (B); scale bar, 2 m. Right: quantification of 

GFP::KNL-3DSN1 mean intensity at cup-like kinetochores. Error bars, SEM. Sample 

size (n cup-like kinetochores) is indicated for each condition. Mann-Whitney test test, 

**** p < 0.0001. 
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FIGURE S5. The KNL-2M18BP1 N-terminal domain is required for KNL-2M18BP1 

localization at cup-like kinetochores. Related to Figure 4. 

 (A) Western blot of full-worm protein extracts (100 worms per lane) in indicated 

conditions using an anti-GFP antibody for transgene detection, and an anti-actin as 

a loading control. (B-C) Top: representative images of diakinesis -3 oocytes (B) and 

prometaphase I oocytes (C) in control (No transgene) or GFP::KNL-2∆114-266-

expressing oocytes in indicated conditions stained for DNA (magenta) and KNL-

2M18BP1 (green). Scale bar, 5 m. For each condition, bottom: zoom on one 

homologous chromosome (B) or sister chromatid pair (C); scale bar, 1 m. 
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FIGURE S6. Interdependency between KNL-2M18BP1 and MEL-28ELYS for their 

chromosomal localizations in C. elegans oocytes. Related to Figure 5. 

 (A-B) Representative images of chromosomes in mCherry::HIS-11H2B 

(magenta) and GFP::KNL-3DSN1 (green)-expressing oocytes in indicated conditions. 

Sample sizes (N oocytes). Scale bars, 5 m. For each condition, bottom: zoom on one 

homologous chromosome pair (A) or on one sister chromatid pair (B); scale bar, 2 m. 

Right: quantification of GFP::KNL-3DSN1 mean intensity at cup-like kinetochores. Error 

bars, SEM. Sample size (n cup-like kinetochores) is indicated for each condition. 

Kruskal-Wallis one-way ANOVA test  **** p < 0.0001, n.s. not significant. (C) 

Representative images of chromosomes in mCherry::HIS-11H2B (magenta) and 

GFP::KNL-2M18BP1 (green)-expressing oocytes in indicated conditions. The white 

arrowhead indicates the first polar body (PB). Scale bar, 5 m. For each condition, 

bottom: zoom on one sister chromatid pair; scale bar, 2 m. (D) Immunofluorescence 

images, centered on chromosomes, of oocytes in indicated conditions stained for DNA 

(magenta), -tubulin (green) and KNL-2M18BP1 (grey). Scale bar, 5 m. (E) 

Representative images of chromosomes in mCherry::HIS-11H2B (magenta) and 

GFP::MEL-28ELYS (green)-expressing oocytes in indicated conditions. White 

arrowheads indicate first polar bodies (PB). Scale bar, 5 m. For each condition, 

bottom: zoom on one sister chromatid pair; scale bar, 2 m. (F) Immunofluorescence 

images, centered on chromosomes, of oocytes in indicated conditions stained for DNA 

(magenta), -tubulin (green) and MEL-28ELYS (grey). Scale bars, 5 m. For each 

oocyte, right: zoom on one homologous chromosome pair; scale bars, 1 m. (G) 

Immunofluorescence images, centered on chromosomes, of oocytes in indicated 

conditions stained for DNA (magenta) and MEL-28ELYS (green). The white arrowhead 

indicates the first polar body (PB). Scale bar, 5 m. For each condition, bottom: zoom 

on one sister chromatid pair; scale bar, 1 m. 
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