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Functional midbody assembly in the absence of a
central spindle

Sophia M. Hirsch?@®, Frances Edwards?, Mimi Shirasu-Hiza!@®, Julien Dumont3*®, and Julie C. Canman’@®

Contractile ring constriction during cytokinesis is thought to compact central spindle microtubules to form the midbody, an
antiparallel microtubule bundle at the intercellular bridge. In Caenorhabditis elegans, central spindle microtubule assembly
requires targeting of the CLASP family protein CLS-2 to the kinetochores in metaphase and spindle midzone in anaphase.
CLS-2 targeting is mediated by the CENP-F-like HCP-1/2, but their roles in cytokinesis and midbody assembly are not known.
We found that although HCP-1 and HCP-2 mostly function cooperatively, HCP-1 plays a more primary role in promoting
CLS-2-dependent central spindle microtubule assembly. HCP-1/2 codisrupted embryos did not form central spindles but
completed cytokinesis and formed functional midbodies capable of supporting abscission. These central spindle-independent
midbodies appeared to form via contractile ring constriction-driven bundling of astral microtubules at the furrow tip. This
work suggests that, in the absence of a central spindle, astral microtubules can support midbody assembly and that midbody

assembly is more predictive of successful cytokinesis than central spindle assembly.

Introduction

Cytokinesis in animal cells is driven by constriction of an acto-
myosin contractile ring that is positioned between the sep-
arating chromosomes in anaphase by signals from spindle
microtubules (MTs; D’Avino et al., 2015; Green et al., 2012).
There are two major spindle MT subtypes implicated in cyto-
kinesis signaling: the central spindle and astral MTs (Mishima,
2016). The central spindle is an overlapping array of stable an-
tiparallel MTs that forms at the spindle midzone in anaphase
(Euteneuer and McIntosh, 1980; Mastronarde et al., 1993; Uehara
and Goshima, 2010). The central spindle accumulates many es-
sential signaling molecules required for cytokinesis and is
thought to be a primary driver of cytokinesis in animal cells
(Alsop and Zhang, 2003, 2004; Cao and Wang, 1996; Glotzer,
2009; Kawamura, 1977; Lee et al., 2012; Wheatley and Wang,
1996). Astral MTs are dynamic, grow circumferentially from
the centrosomes toward the cell cortex, and can position the
contractile ring in the absence of a central spindle (Bringmann
and Hyman, 2005; Lewellyn et al., 2010; Motegi et al., 2006;
Rappaport, 1961; Su et al., 2014; von Dassow et al., 2009; Werner
et al., 2007). Thus, both central spindle and astral MTs promote
cytokinesis (Cao and Wang, 1996; Chapa-y-Lazo et al., 2020;
Harris and Gewalt, 1989; Rappaport, 1971, 1996; von Dassow
etal., 2009), and evidence suggests these MT populations may
function cooperatively (Baruni et al., 2008; Bringmann and

Hyman, 2005; Lewellyn et al., 2010; Motegi et al., 2006; von
Dassow et al., 2009).

Central spindle MTs are thought to become compacted at the
spindle midzone during cytokinesis to form the midbody at the
intercellular bridge (e.g., Hu et al., 2012; for review, see D’Avino
and Capalbo, 2016; Glotzer, 2009). The midbody is a highly
stable antiparallel MT structure, resistant to pharmacological
MT disassembly and >750 atmospheric pressure (Gorbsky et al.,
1990; Kreis, 1987; Mullins and McIntosh, 1982; Salmon et al.,
1976; Shelden and Wadsworth, 1990). The midbody promotes
abscission at the end of cytokinesis (Steigemann and Gerlich,
2009) and has been proposed to play a role in promoting cell
fate and stemness (Dionne et al., 2015; Ettinger et al., 2011; Kuo
et al., 2011; Peterman et al., 2019; Peterman and Prekeris, 2019;
Salzmann et al., 2014). Many central spindle proteins localize to
the midbody (Hirose et al., 2001; Hu et al., 2012; Mollinari
et al., 2002; Zhu et al,, 2005), and contractile ring constric-
tion is required for midbody assembly and MT stabilization
(Hu et al., 2012; Landino and Ohi, 2016; Straight et al., 2003).
While cytokinesis can complete in the absence of a bipolar
central spindle, as observed in Caenorhabditis elegans spindle
defective 1 (SPD-1) disrupted embryos (Verbrugghe and White,
2004) and in cells with drug-induced monopolar spindles
(Canman et al., 2003; Hu et al., 2008; Shrestha et al., 2012), it
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is unclear if a midbody forms in these cells. While some
studies have found that central spindle proteins can localize to
astral MTs at the division plane and may contribute to mid-
body assembly in the absence of a central spindle (Savoian
et al., 1999; Su et al., 2014), others have found that astral
MTs alone cannot support midbody assembly (Green et al.,
2013; Uehara et al., 2016).

In C. elegans, central spindle MT assembly requires targeting
the TOGL domain-containing protein CLS-2, a member of the
cytoplasmic linker-associated protein (CLASP) family of MT-
binding proteins, to the kinetochores in metaphase (Maton
et al., 2015). CLS-2 kinetochore targeting requires the outer ki-
netochore proteins KNL-1, BUB-1, and holocentric chromosome-
binding proteins 1/2 (HCP-1/2; Fig. 1 A; Maton et al., 2015). The
centromere protein F (CENP-F)-like proteins HCP-1/2 bind and
target CLS-2 to the kinetochores early in mitosis for accurate
chromosome segregation (Cheeseman et al., 2005; Edwards
et al.,, 2018), then to the spindle midzone after anaphase onset,
where CLS-2 promotes the assembly and stabilization of central
spindle MTs (Fig. 1 A; Maton et al., 2015). CLASP proteins in
other systems, including fission yeast, Drosophila, and mamma-
lian cultured cells, also stabilize central spindle MTs and con-
tribute to cytokinesis (Bratman and Chang, 2007; Inoue et al.,
2004; Liu et al., 2009; Maiato et al., 2003). Following CLS-
2-mediated stabilization, central spindle MTs are bundled at
the spindle midzone by the conserved MT cross-linking
protein SPD-1 (protein regulating cytokinesis 1 [PRCI] in
mammals) and the conserved MT bundling complex cen-
tralspindlin, composed of the GTPase-activating protein
cytokinesis defective 4 (CYK-4; MgcRacGAP or Cyk4 in
mammals) and the kinesin-6 zygotic epidermal enclosure
defective 4 (ZEN-4; mitotic kinesin-like protein 1 [MKLP1] in
mammals; Davies et al., 2015; Jantsch-Plunger et al., 2000;
Mishima et al., 2002; Mollinari et al., 2002; Verbrugghe and
White, 2004). Importantly, centralspindlin and other sig-
naling molecules that localize to central spindle MTs early in
anaphase (e.g., the chromosomal passenger complex) are also
required for cytokinesis Canman et al., 2008; Hirose et al.,
2001; Jantsch-Plunger et al., 2000; Kaitna et al., 2000;
Mackay et al., 1998; Mishima et al., 2002; Mollinari et al.,
2002; Romano et al.,, 2003; Schumacher et al., 1998;
Severson et al., 2000; Speliotes et al., 2000). Thus, it has been
assumed that HCP-1/2-mediated kinetochore targeting of
CLS-2, which is essential for central spindle MT assembly
(Maton et al., 2015), is also required for cytokinesis.

In this study, we investigated the function of HCP-1/2-
mediated CLS-2 localization in central spindle and midbody MT
assembly in the one-cell C. elegans embryo. Through a combi-
nation of genetic approaches and live-cell imaging, we found
that while HCP-1 and HCP-2 cooperate in CLS-2 localization,
HCP-1 plays a primary role in CLS-2-mediated central spindle
MT assembly. Surprisingly, we found that HCP-1/2 codisrupted
embryos complete cytokinesis and form robust midbodies de-
spite never forming a central spindle. This work suggests that
astral MTs can support midbody assembly and challenges the
assumption that midbody assembly is always dependent on
central spindle assembly.
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Results and discussion
Because targeting of the CLASP family protein CLS-2 to the ki-

netochores and spindle midzone is required for both chromo-
some segregation and central spindle assembly (Cheeseman
et al.,, 2005; Maton et al., 2015), we first probed individual
roles for the CLS-2-targeting CENP-F-like proteins HCP-1/2 in
dividing C. elegans one-cell embryos. While most animal ge-
nomes encode one CENP-F protein, C. elegans has two putative
CENP-F-like paralogs: HCP-1 and HCP-2 (hereafter HCP-1 and
HCP-2 singly or HCP-1/2 together). Single hcp-I or hcp-2 gene
disruptions by either CRISPR knockout or RNAi-mediated
knock-down do not lead to significant chromosome segrega-
tion defects, embryonic lethality, or lower fecundity (Fig. S,
A-C; see also Materials and methods and Cheeseman et al.,
2005; Edwards et al.,, 2018; Moore et al., 1999). Thus, most
studies have focused on codisruption of hcp-1/2, which leads to
sister chromosome cosegregation defects (Cheeseman et al.,
2005; Edwards et al., 2018). Even a partial hcp-1/2 codisruption
prevents central spindle MT assembly due to a failure in CLS-
2 recruitment to the kinetochores and spindle midzone (Maton
etal., 2015). Surprisingly, given this apparent redundancy, hcp-1
and hcp-2 share only 37% sequence identity and 55% similarity
(Fig. S1D; Moore et al., 1999), and genetic evidence suggests that
they may not always function together (Hajeri et al., 2008;
Tarailo et al., 2007).

To test independent roles for each CENP-F paralog in cell
division, we compared the dynamics of GFP-tagged HCP-1, HCP-2,
and CLS-2 with and without RNAi-mediated depletion of hcp-1
and hcp-2 individually and together. Consistent with previous
work (Cheeseman et al., 2005; Edwards et al., 2018), in control
embryos, HCP-1, CLS-2, and, to a lesser extent, HCP-2 localized
to kinetochores and spindle MTs in metaphase and then tran-
siently to the spindle midzone between the dividing chromo-
somes upon anaphase onset (Figs. S2 and S3; and Videos 1, 2, and
3). In hep-2(RNAi) embryos, CLS-2 levels did not differ from
controls, and HCP-1 levels were dramatically increased at the
kinetochores and spindle in metaphase and at the spindle mid-
zone in anaphase (Figs. S2 and S3; and Videos 1 and 2). In
hcp-1(RNAi) embryos, CLS-2 levels decreased and HCP-2 levels
increased at kinetochores, but neither protein relocalized to the
spindle midzone in anaphase (Figs. S2 and S3; and Videos 1, 2,
and 3). In hcp-1/2(RNAi) codepleted embryos, no CLS-2, HCP-1, or
HCP-2 localization was observed (Figs. S2 and S3; and Videos 1, 2,
and 3). These data suggest that while HCP-1 and HCP-2 likely
compensate for each other at kinetochores during chromosome
attachment in metaphase, HCP-1 plays a more primary role in
localizing CLS-2 to the spindle midzone for central spindle MT
assembly in anaphase.

To directly test the individual roles of HCP-1/2 in central
spindle assembly, we measured the spindle midzone levels of
fluorescently tagged MTs (tubulin B-2 chain [TBB-2]; Lacroix
et al,, 2018) and two central spindle-associated proteins,
Aurora/Ipli-related kinase 2 (AIR-2; Aurora-B in mammals;
Cheerambathur et al., 2019) and SPD-1 (PRCI in mammals;
Gigant et al., 2017), between the separating chromosomes 30 s
(or 60 s for SPD-1::superfolder GFP [sfGFP]) after chromosome
segregation. In control and hep-2-disrupted embryos (deletion

Journal of Cell Biology
https://doi.org/10.1083/jcb.202011085

920z Arenuged 60 U0 3senb Aq 4pd G801 L0Z0Z aol/81.08181/S801 L020Z8/E/ 1 zZ/4Ppd-8joe/qol/Bi0"sseidnu//:dny woy papeojumog

20f17


https://doi.org/10.1083/jcb.202011085

A Kinetochore-dependent central spindle microtubule (MT) assembly

Chromosomes

CLS-2¢45% | Kinetochores
kinetochore (CENP-A/C

« [
5.

@ Chromosomes & KNL-1
~ Microtubules & BUB-1

A HCP-1/2CENPF €@ (CLS-2CLASP

targeting: -12?
geting MIS=1E%) CLS-pCtAsP <}» Centralspindlin (™} SpPD-1PRet
1 ) Metaphase: 2 ) Early-anaphase: 3 ) Mid-anaphase: B
oA KN — §
= =/ O@
CLS-2¢S" targeted ~ CLS-20S |eaves KTs Centralspindlin and =
to kinetochores (KTs) and assembles SPD-1PR¢! pundle Average (/llllII- )
central spindle MTs central spindle MTs intensity= e )
C Central spindle microtubule assembly (GFP::TBB-2%-ubuin)
s 3
c -
8 g
®©
£
. o
= 8 £
(0] a2
5|2 S 1.0 4
. @ Frr ™
9 % é 2.0+ n=9
%5 15 7
9] 1.0 4=£
= g L RRRRA AAR]]
S 204
< @ =
g 8
= ®» 1.0 ~
& !
@ 2.0
iy o 10— //
O c Y
< S 1.0~ S
2
5 2 2.0+
o) ) .
= = :
S = 104 S
& Qo 7 T
B g
[%2) =
“S); §- 2.0+ n=10
~ © =
é 5 1.5 —A
I S 104273
N ]
Microtubules (GFP::TBB-2%tuin) Chromosomes (mCherry::H2B) 5 0 5

Distance (um)

Figure 1. HCP-1 plays a primary role in promoting central spindle MT assembly. (A) Schematic of kinetochore (KT)-dependent central spindle MT as-
sembly in the one-cell C. elegans embryo. Top: CLS-2 recruitment to the KTs in metaphase. Bottom: Localization to the spindle midzone in anaphase, where it
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promotes central spindle MT assembly. (B) Schematic of line scan analysis of central spindle MT fluorescence intensity; white dashed line outlines the embryo.
(C) Left: Representative time-lapse images of GFP::TBB-2P-tubulin_expressing (green) and mCherry::H2B-expressing (magenta) embryos undergoing the first
mitotic cell division; see Video 4. hep-14; hep-2(RNAI) embryos with (red) and without (maroon) chromosome bi-orientation and metaphase plate formation.
White arrows, no central spindle MTs. Right: Quantification of central spindle MT intensity 30 s post-chromosome segregation on sum projections of all
Z-planes. Individual (thin lines) and average (bold lines) line scans are shown for each genotype. n is listed to the right of each graph [n = 13 control(RNAi), n =
8 hep-14; hep-2(RNAi) no metaphase plate, n = 9 hep-14; hep-2(RNAI) with metaphase plate, n = 12 hep-14, n = 12 hep-2A, n = 11 spd-1(oj5ts), and n = 10 zen-
4(or153ts)]. Average levels in controls are shown on each graph for reference (gray). Error bars represent the SEM; scale bars, 10 pm.

mutant or RNAi), visible central spindle assembly occurred
within 30 s (or 60 s for SPD-1::sfGFP) after chromosome segre-
gation (Figs. 1 C, 2, and S4 A; and Videos 4 and 5). As expected, no
central spindle assembly occurred after disruption of the central
spindle MT bundling proteins SPD-1 and ZEN-4 using
temperature-sensitive (ts) mutants or in hcp-1/2 codisrupted
embryos (Figs. 1 C, 2, and S4 A; and Videos 4 and 5; Maton et al.,
2015; Severson et al., 2000; Verbrugghe and White, 2004). In
hep-1/2 codisrupted embryos, central spindle MTs were also not
observed by immunofluorescence after fixation (Fig. S4 B; see
also Maton et al., 2015). In hcp-I disrupted embryos (deletion
mutant or RNAi), central spindle assembly was delayed but
eventually occurred (Figs. 1 C, 2 A, and S4 A; and Videos 4 and 5),
and the embryos were viable (Fig. S4 C). Thus, HCP-1/2 function
cooperatively to promote CLS-2-mediated central spindle MT
assembly at the spindle midzone.

We next tested the roles of HCP-1 and HCP-2 in central
spindle mechanical integrity. In C. elegans embryos, the rate of
chromosome segregation is controlled by a balance of forces
between central spindle MTs and dynein-driven cortical astral
MT-based pulling forces (Fig. S5 A; Grill et al., 2001; Lee et al.,
2015; Maton et al., 2015; Nahaboo et al., 2015; Yu et al., 2019). In
the absence of a central spindle, chromosomes segregate at a
faster rate due to the predominance of astral MT-based cortical
pulling forces (Grill et al., 2001; Lee et al., 2015; Maton et al.,
2015; Yu et al., 2019). Thus, as a readout for central spindle
mechanical integrity, we measured the distance between chro-
mosomes during chromosome segregation. As was previously
reported, we found that the rate of chromosome segregation in
cls-2(RNAi) and hcp-1/2 disrupted embryos was faster than that
in control and hcp-2A embryos (Cheeseman et al., 2005; Maton
et al., 2015) and similar to the segregation rates in spd-I(ts) and
zen-4(ts) mutant embryos, which also lack central spindles (Fig.
S5 B; Severson et al., 2000; Verbrugghe and White, 2004).
Chromosome segregation in hcp-1A embryos was faster than in
controls and hcp-2A embryos but slower than in hep-1/2 co-
disrupted embryos (Fig. S5 B). Thus, HCP-1/2 function cooper-
atively to promote central spindle mechanical integrity.

We also tested whether eliminating dynein-driven cortical
astral MT-based pulling forces can rescue central spindle as-
sembly after disruption of hcp-1 or hep-1/2. In the absence of
central spindle MT bundling factors such as SPD-1 or ZEN-4,
central spindle assembly can be restored by disruption of cor-
tical astral MT-based pulling forces (Lee et al., 2015; Maton et al.,
2015; Nahaboo et al.,, 2015). In contrast, because CLS-2 is es-
sential for central spindle MT assembly, disruption of cortical
astral MT-based pulling forces cannot restore central spindle
assembly in the absence of CLS-2 activity (Maton et al., 2015). G
protein regulator 1/2 (GPR-1/2; LGN in mammals) and abnormal
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cell lineage 5 (LIN-5; nuclear mitotic apparatus protein [NuMA]
in mammals) are both required for cortical dynein localization
and astral MT-based pulling forces (Fig. S5 A; Lorson et al.,
2000; Nguyen-Ngoc et al., 2007, Park and Rose, 2008;
Srinivasan et al., 2003). We found that disruption of astral MT-
based pulling forces by RNAi-mediated depletion of gpr-1/2 or
lin-5 restored central spindle formation and mechanical integ-
rity in hep-1A but not in hep-1/2 codisrupted embryos (Fig. S5,
C-F). Thus, like CLS-2 (Maton et al., 2015), both HCP-1/2 are
required for central spindle assembly in the absence of dynein-
driven cortical astral MT-based pulling forces.

The central spindle serves as an important signaling hub that
promotes contractile ring constriction during cytokinesis
(Glotzer, 2009); thus, we next tested the role of CLS-2 and
HCP-1/2 in the kinetics of cell division. We imaged strains ex-
pressing a plasma membrane marker (GFP:PHFLC®L Audhya
et al.,, 2005) and measured cell diameter at the division plane
throughout cytokinesis (Fig. 3 A, left). As expected, zen-4(ts)
embryos all initiated contractile ring constriction at a slower rate
than in controls to ~50% of cell diameter before furrow regression
and cytokinesis failure (Fig. 3, A and B; and Fig. S6, A and B;
Canman et al., 2008; Severson et al., 2000). In contrast, all control,
hep-1, hep-2, spd-1, cls-2, and hep-1/2 disrupted embryos completed
cytokinesis (Fig. 3, A and B; Fig. S6, A and B; and Video 6).
Although some cls-2 and hcp-1/2 disrupted embryos that did not
form a metaphase plate were delayed in initiating cytokinesis
after chromosome segregation, there was no significant differ-
ence in their rate of contractile ring constriction relative to
control embryos (Fig. 3, A and B; Fig. S6, A and B; and Video 6).
While it was previously known that SPD-1 disrupted em-
bryos complete cytokinesis without central spindle assembly
(Verbrugghe and White, 2004), this was not known for disruption
of CLS-2 or codisruption of HCP-1/2. Thus, at least in the one-cell
C. elegans embryo, central spindle assembly per se is not required
for successful cell division.

Central spindle MTs are thought to become compacted dur-
ing cytokinesis to form the midbody (for review, see Glotzer,
2009); yet, we often observed midbody assembly in the absence
of central spindle assembly in HCP-1/2 and SPD-1 disrupted
embryos (e.g., Fig. 2 A; and Videos 4 and 5). To probe this fur-
ther, we imaged dividing embryos coexpressing a plasma mem-
brane marker (mCherry::PHPLC181) and CYK-4::mNeonGreen
(mNG; Lee et al., 2018) and measured CYK-4 levels at the
central spindle and midbody throughout cytokinesis with
and without RNAi-mediated disruption of proteins essential for
central spindle assembly (Fig. 3, C and D). Again, all control, hcp-1,
hep-2, spd-1, and hep-1/2 disrupted embryos completed cytoki-
nesis (Fig. 3 D and Video 7). Upon anaphase onset, CYK-4
localized to the central spindle in control and hcp-2 disrupted
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Figure 2. HCP-1 cooperates with HCP-2 to promote robust central spindle assembly. (A) Representative pseudokymographs of AIR-2::GFP (green) and
mCherry::H2B (magenta) localization throughout cell division; see Video 5. Time on the left; t = 0 s is the metaphase before anaphase onset [or chromosome
segregation in hcp-1(RNAi); hcp-2A embryos that did not form a metaphase plate]. Images were acquired every 15 s and are shown every 30 s; scale bar, 10 um.
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(B) Method used for line scan analysis of AIR-2::GFP distribution (left) and quantification (right) of average fluorescence intensity at the central spindle 30 s, 60
5,90 s, and 120 s after chromosome segregation on sum projections of all Z-planes. Error bars represent the SEM; n is listed in the key [n = 10 control(RNAI), n =
10 hep-1(RNAi); hep-24, n = 12 hep-14, n = 10 hep-24, n = 12 spd-1(0j5ts), and n = 12 zen-4(or153ts)]. (C) Top: Representative images of SPD-1::sfGFP (inverted
contrast, top; green, bottom) and mCherry::H2B (magenta, bottom) at the central spindle 60 s after anaphase onset [or chromosome segregation in hcp-1/
2(RNAi) embryos that did not form a metaphase plate]; scale bar, 5 um. Bottom: Method used for SPD-1::sfGFP midzone analysis (left; black dashed line outlines
embryo; scale bar, 10 um) and quantification (right) at 60 s after chromosome segregation. Genotype is indicated below graphs; n is listed in the key [right; n =
12 control(RNAI), n = 11 hep-1/2(RNAI), n = 13 hcp-1(RNAI), n = 13 hep-2(RNA), and n = 9 spd-1(RNAi)]. Statistical significance was determined by one-way ANOVA
with Tukey’s multiple comparison test; error bars represent the SD. n.s,, P > 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001.

embryos (Fig. 3 D and Video 7). The CYK-4-labeled central
spindle MTs then became further organized into individual MT
bundles (or stem bodies; e.g., see Salmon et al., 1976) that ex-
panded toward the cortex and appeared to become compacted
into a midbody late in cytokinesis along with astral MTs near the
equatorial cell cortex (Fig. 3 D and Video 7). This central spindle
CYK-4 localization was delayed in hcp-1(RNAi) embryos and
absent in hcp-1/2 and spd-1 disrupted embryos (Fig. 3 D and Video
7). Similar to what we observed with labeled tubulin and AIR-
2 (Fig. 2 A; and Videos 4 and 5), CYK-4 often accumulated at the
spindle midzone in a midbody-like structure by the end of
contractile ring constriction in hcp-1/2 and spd-1 disrupted em-
bryos despite never forming a central spindle (Figs. 3 D and S6 C;
and Video 7). This suggests that central spindle assembly is not
required for midbody assembly.

To further test the requirement of central spindle assembly
for midbody assembly and to quantify the rate of midbody for-
mation, we measured midbody levels of four additional fluo-
rescently tagged midbody-associated proteins (TBB-2, AIR-2,
SPD-1, and ZEN-4) with and without genetic disruption of cen-
tral spindle assembly (Fig. 4, A-D). For mutant strains raised at
16°C (spd-1and zen-4 ts mutants), control strains were also raised
at 16°C. We imaged embryos at 240 s (or 210 s) after chromo-
some segregation at 26°C, when a midbody is visible in most
controls. All midbody markers robustly localized to the midbody
in nearly all control, hep-1, and hcp-2 disrupted embryos, and in
most hep-1/2 disrupted embryos (Fig. 4, A-D; and Fig. S7, A-C).
All fluorescently tagged midbody-associated proteins except for
SPD-1 also localized to a midbody-like structure in the majority
of spd-1 disrupted embryos (Fig. 4, A-D; and Fig. S7 C), though,
like CYK-4 (Fig. 3 D), midbody fluorescence levels of AIR-2 and
ZEN-4 were reduced (Figs. 4 D and S7 B), and MT localization
occurred slightly earlier (210 s versus 240 s after chromosome
separation) and was more transient than in other genotypes
(Videos 4 and 5). No midbody localization was observed for any
fluorescently tagged midbody-associated protein in zen-4 dis-
rupted embryos (Fig. 4, A, B, and D; and Fig. S7 C), which did not
complete cytokinesis (Fig. 3 A; Raich et al., 1998; Severson et al.,
2000). Importantly, neither spd-1 nor hcp-1/2 disrupted embryos
formed a central spindle, but they did form midbodies (Videos 4,
5,7, and 8). These results are inconsistent with a model in which
midbody assembly occurs solely via central spindle compaction.

Previous studies in C. elegans reported that SPD-1 disrupted
embryos formed midbody rings enriched in ZEN-4 but not MTs
or AIR-2 (Green et al., 2013; Verbrugghe and White, 2004). Here,
after spd-1 disruption, we frequently found midbodies with
ZEN-4, MTs, CYK-4, and, to a lesser extent, AIR-2 (e.g., Figs. 3 D,
4, and 5; and Videos 4, 5, 7, and 8). One major difference in these
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studies is our use in some backgrounds of a ts mutant versus
RNAI to disrupt SPD-1 function, which could have differential
effects. Another difference is the AIR-2 reporter used. Green
et al. used a transgenic GFP::AIR-2 strain prone to germline si-
lencing, whereas we used an endogenously tagged CRISPR-
generated AIR-2:GFP (Cheerambathur et al., 2019), which is
less susceptible to germline silencing. The most significant dif-
ference is the extent of Z-sectioning during imaging. While
previous studies limited Z-sectioning to the center of the
~25-30-um diameter one-cell worm embryo, it has been shown
that contractile ring closure is nonconcentric (Maddox et al.,
2007); thus, we collected 25 x 1-pm Z-sections to ensure cap-
ture of the midbody. With this analysis, we found that midbody
MTs in spd-I disrupted embryos were more transient (e.g., Figs.
1 A and 2 A; and Videos 4 and 5) and levels of fluorescently
tagged ZEN-4, CYK-4, and AIR-2 at the midbody were lower and
more difficult to detect than in control embryos (e.g., Figs. 3 and
4). Our results suggest a possible role for SPD-1 in midbody
formation and/or stability, but because central spindle proteins
still localized to the nonbundled hemispindle MTs at the spindle
midzone in spd-1 but not hep-1/2 disrupted embryos (Figs. 1 C and
2; and Videos 4 and 5; see also Lewellyn et al., 2011), we cannot
rule out that hemispindle MT binding precludes midbody MT
binding. Nevertheless, the presence of MTs and AIR-2 at the
midbody in the spd-1 disrupted embryos suggests formation of at
least a transient midbody with midbody MTs rather than just a
midbody ring.

We next assessed whether central spindle-independent
midbodies can functionally support abscission. In C. elegans
embryos, the late stage of abscission in which the midbody is
released occurs after anaphase of the subsequent cell division
(Green et al., 2013), so embryos coexpressing mCherry::PHPLC13!
and the midbody marker CYK-4::mNG were imaged through the
four-cell stage. In control, hep-1/2, and spd-1 disrupted two-cell
embryos, CYK-4 was concentrated in a tight focus in the center
of the cell-cell boundary, then released into the cytoplasm
during abscission (Fig. 4 E). hcp-1/2 depleted embryos released
midbodies from the cell-cell boundary with timing similar to
that in controls and spd-1 depleted embryos (Fig. 4 F; see also
Green et al., 2013). Thus, midbodies that form in the absence of a
central spindle can support abscission.

To determine how these functional midbodies assemble in
the absence of a central spindle, we imaged GFP::TBB-2f-tubulin.
expressing embryos after furrow initiation to avoid photo-
bleaching effects. In control embryos, both central spindle and
astral MTs appeared at the division plane and became bundled
near the end of cytokinesis to form a midbody (Fig. 5 A). In hep-1/2
disrupted embryos, no central spindle formed (Fig. 1 C; Fig. 2;

Journal of Cell Biology
https://doi.org/10.1083/jcb.202011085

920z Arenuged 60 U0 3senb Aq 4pd G801 L0Z0Z aol/81.08181/S801 L020Z8/E/ 1 zZ/4Ppd-8joe/qol/Bi0"sseidnu//:dny woy papeojumog

6 of 17


https://doi.org/10.1083/jcb.202011085

=100
o %100
E5
LRE
552
s CEs
§8<c
GFP::pHPLc1at © R 0
=

(plasma membrane)

o
EL

T T | |
0 100 200 300 400

Time (s post-chromo. seg.)

— Control (n=13)
— hcp-1(RNAI);
hep-2A (Metaphase, n=7)
— hep-1A; hep-2(RNAI)
(Metaphase, n=7)

hep-1A (n=12)

hcp-2A (n=8)

spd-1(oj5ts) (n=9)
— cls-2(RNAI) (n=9)
— zen-4(or153ts) (n=9)

Control n=13
hep-1(RNAI); hep-2A n=14
th-1A,' th'2(RNAI) n=10 Cytokinesis:
hep-1A n=1
hcp-2A B Completes
spd-1(oj5ts) -9 | [ Fails
cls-2(RNAI) n=9
zen-4(or153ts)4——— In=9
0 50 100
% embryos
D Pseudo-
kymograph -
of division plane 1? Time
over time: Ly
t=0s 60s 120s 180s

*kkk

n.s.

P
< ~03
255_12
H_':-.‘:EGJE
cocs52202
2528 g
T G OXNE =
¥SES.E020.1
CHhOuw= £
QcAO®
°88 T
S 0.0
Control:

hep-1(RNAI); hcp-2A:
hep-1A; hep-2(RNAJ):
hep-1A:

hcp-2A:

spd-1(ojbts):
cls-2(RNAI):
zen-4(or153ts):

C

I B R |

[ B I |
1
1
1
1
1

Central spindle and midbody analysis:

240s

spd-1(RNAI) hcp-2(RNAI) hcp-1(RNAI) hcp-1/2(RNAi) control(RNAI)

CYK-4MgcRacGAP::mNG intensity along linescan (normalized, a.u.)

CYK-4MgeRacGAP-:mNeonGreen (MNG) mCherry::PHPLC191 mCherry::H2B‘

Normalized
CYK-4MgeRacGAP: mNG
intensity=
Average intensity

i - )

CYK-4MgeRacGAP- mN G

1-

60s post-
chromo. seg.

(- )

240s post-
chromo. seg.

6_

4_
Rrainicizs BN CEEE) REzdY
6_

4 A
A ol A
[Tryr[rrrin T
6_ =12
AN A A
|
5 5 0 5

-5
Distance along linescan (um)
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embryos that formed a metaphase plate were analyzed (see Materials and methods and Fig. S3 A); error bars represent the SEM; n is indicated in the key [bottom; n =
13 control(RNAi), n = 7 hep-1(RNAI); hep-24, n = 7 hep-14; hep-2(RNAI), n = 12 hep-1A, n = 8 hep-24, n = 9 spd-1(oj5ts), n = 9 cls-2(RNAI), and n = 9 zen-4(or153ts)]; see Video 6.
Quantification of cytokinesis success (bottom). (B) Quantification of the average peak rate of contractile ring constriction between 80% and 30% of initial embryo
diameter for all dividing embryos in A; genotypes indicated below graph. Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparison
test; error bars represent the SD. (C) Schematic of line scan analysis of CYK-4:mNG fluorescence intensity at the central spindle and midbody on sum projections of all
Z-planes; white dashed line outlines the embryo. (D) Schematic of selected region shown (top) and representative time-lapse pseudokymographs of the division plane
in embryos expressing CYK-4:mNG (green), mCherry::H2B, and mCherry:PHP'C181 (magenta; bottom, left); time at top. t = O s is metaphase before chromosome
segregation; maximum projection is shown; see Video 7. Right: Quantification of CYK-4:mNG fluorescence intensity along a central line scan at 60 s and 240 s after
chromosome segregation to measure central spindle and midbody assembly, respectively. Individual (thin lines) and average (bold lines) line scans are shown for each
genotype. n is listed to right side of the 240 s graphs [n = 12 control(RNAi), n = 13 hcp-1/2(RNAi), n = 10 hep-1(RNAI), n = 14 hep-2(RNAI), and n = 12 spd-1(RNAI)]. Average
levels in control(RNAi) embryos are shown on each graph for reference (gray). Error bars represent the SEM; white scale bars, 10 um; black scale barin D, 15s. n.s,, P >

0.05; ****, P < 0.0001.

Fig. 3 D; Fig. 5 A; Fig. S4, A and B; Fig. S5, B-F; and Fig. S7 D; and
Videos 1, 2, 3, 4, 5, 6, 7, and 8). Instead, astral MTs near the cell
cortex in the division plane appeared to bundle and were com-
pacted by the leading edge of the ingressing furrow to form the
midbody (Figs. 5 A and S7 D; and Video 8). This suggests that at
least in the early C. elegans embryo, both central spindle and astral
MTs likely contribute to midbody assembly. This also suggests
that in the absence of a central spindle, astral MTs alone can
support functional midbody assembly (Fig. 5 B).

We consistently observed completion of cytokinesis and
highly robust midbody assembly in HCP-1/2 codisrupted em-
bryos (Figs. 3, 4, 5 A, S6 A, and S7 D; and Videos 4, 5, and 8),
despite their never forming CLS-2-dependent central spindle
MTs (Figs. 1, 2, and 3). Others have shown that asters were
sufficient for furrow induction (Rappaport, 1961, 1973; Savoian
et al.,, 1999), even in enucleated cells (Baruni et al., 2008; von
Dassow et al., 2009), and that central spindle- and midbody-
associated signaling proteins, such as Cyk4 and the Rho-family
GTP exchange factor Ect2, localized to astral MTs and moved on
asters to reach the cell cortex (Su et al., 2014). Su and colleagues
suggested that in the absence of signals from the central spindle,
this astral enrichment serves as an “astral simulacrum” that
supports cytokinesis (Su et al., 2014). Though unlikely, it is
possible that a remnant of a central spindle formed after HCP-1/2
codisruption that is not detectable by live fluorescence imaging
(Figs. 1, 2, 3, 5, and S7 D), by immunofluorescence of fixed samples
(Fig. S4 B), or after a reduction in cortical astral MT-based pulling
forces (Fig. S5, D-F). Still, our genetic results support the simu-
lacrum model, wherein astral MTs promote both cortical relaxa-
tion at the cell poles (e.g., see Chapa-y-Lazo et al., 2020; Harris
and Gewalt, 1989; Mangal et al., 2018; Mishima, 2016; von
Dassow et al., 2009) and midbody assembly, driving success-
ful cytokinesis.

Is midbody formation a cause or consequence of successful
cytokinesis? Here we find that midbody formation is closely
correlated with the final stages of contractile ring constriction.
While in most animal cells the midbody is required for abscis-
sion at the end of the cell cycle (Steigemann and Gerlich, 2009),
the role of the midbody in promoting successful contractile ring
constriction during cytokinesis is less clear. Contractile ring
constriction is required for midbody assembly (Hu et al., 2012;
Landino and Ohi, 2016; Straight et al., 2003), suggesting that
midbody assembly may be a consequence of cytokinesis rather
than a causative mediator. However, when the midbody is
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uncoupled from the contractile ring by expressing a Cyk4 mu-
tant lacking the membrane-binding C1 domain, cytokinesis fails,
and the midbody remains intact in the cytoplasm (Lekomtsev
et al,, 2012). Thus, it remains unclear if midbody formation is
just a consequence of central spindle and/or astral MT com-
paction during contractile ring constriction. We found that both
HCP-1/2 and SPD-1 disrupted embryos formed midbodies, though
midbodies in SPD-1 disrupted embryos were more transient and
contained a lower level of some midbody proteins. HCP-1/2 and
SPD-1 disrupted embryos both completed cytokinesis with ki-
netics similar to that of control embryos (Fig. 3, A and B; Fig. S6,
A and B; and Video 6). This suggests that the robustness of
midbody assembly does not grossly influence contractile ring
constriction but does not rule out a role for the midbody in
promoting successful contractile ring constriction directly.
Unambiguously testing whether this robust and beautiful MT
structure is a cause or a consequence of successful contractile
ring constriction and cytokinesis will require the development
of new technologies for acute midbody assembly and/or dis-
assembly in vivo.

Materials and methods

C. elegans strain maintenance

C. elegans were maintained on standard nematode growth me-
dium (NGM) plates seeded with OP50 E. coli bacteria, as de-
scribed previously (Brenner, 1974). All strain names and
genotypes used in this study are listed in Table S1. Strains were
maintained in an incubator (Binder) kept at either 16 + 0.5°C (ts
mutants and their controls) or 20 + 0.5°C (all other strains)
before imaging.

RNA-mediated interference

Exonic sequences from the desired gene were cloned in to the
multiple cloning site of the L4440 vector using standard cloning
techniques and then transformed into HT115 E. coli (Timmons
et al., 2001). RNAi primers and template DNA for each gene are
listed in Table S1. RNAI feeding bacteria were grown in Luria
broth with ampicillin (100 pg/ml) for 8-16 h at 37°C. 300 pl of
this culture was plated on NGM agar plates (Brenner, 1974)
supplemented with 50 pg/ml ampicillin and 1 mM IPTG. These
plates were grown at 37°C for 48 h. L1-L2 stage larval worms
were plated on RNAi plates and incubated at 20°C for 48-72 h
before dissection of adult hermaphrodites to obtain embryos.
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Figure 4. Functional midbody assembly is independent of central spindle assembly. (A) Representative images of GFP::TBB-2P-tubulin (green, top; inverted
contrast, bottom) and mCherry:H2B (magenta, top) expressing embryos at 240 s after chromosome segregation [210 s in spd-1(oj5ts) embryos]. (B) Repre-
sentative images of AIR-2::GFP-expressing (green, top; inverted contrast, bottom) and mCherry::H2B-expressing (magenta, top) embryos at 240 s after
chromosome segregation [210 s in spd-1(oj5ts) embryos]. (C) Representative images of SPD-1::sfGFP-expressing (green, top; inverted contrast, bottom),
TagRFP::ZEN-4-expressing, and mCherry::H2B-expressing (magenta, top; inverted contrast, bottom) embryos at 240 s after chromosome segregation (all
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accumulation for cells with a visible midbody [except for zen-4(or153ts), for which all embryos were included; see Fig. S7 C] was done as for CYK-4:mNG (240's;
Fig. 3 D). nis listed on right side of graphs in the indicated color for each genotype [GFP::TBB-2P-tubulin: 13 = 21 control, n = 12 hep-14; hep-2(RNAI), n = 15 hep-14,
n =13 hep-24, n = 17 control raised at 16°C, n = 13 spd-1(0j5ts), and n = 13 zen-4(or153ts); AIR-2::GFP: n = 13 control, n = 13 hep-1(RNA); hep-24, n = 15 hep-14, n =
14 hep-24, n = 13 control raised at 16°C, n = 16 spd-1(oj5ts), and n = 14 zen-4(or153ts); SPD-1:sfGFP and TagRFP:ZEN-4: n = 17 control(RNAi), n = 14 hcp-1/
2(RNA), n = 9 hep-1(RNAI), n = 10 hcp-2(RNAI), and n = 9 spd-1(RNAI)]. SPD-1::sfGFP quantification is shown for all embryos with visible midbodies by TagRFP::
ZEN-4; error bars represent the SEM. (E) Representative central plane images of CYK-4:mNG-expressing (green), mCherry::H2B-expressing (magenta), and
mCherry:PHPLC1expressing (magenta) embryos before (top) and after (bottom) midbody release from the plasma membrane (white arrows) after abscission.
Black box behind spd-1(RNAi) images is for presentation purposes. (F) Quantification of abscission timing, determined by release of the CYK-4:mNG-labeled
midbody from the plasma membrane [n = 19 control(RNAi), n = 19 hcp-1/2(RNAi), and n = 9 spd-1(RNAi)]. Time relative to anaphase onset (AO) of the second (AB)
cell division. Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparison test; error bars represent the SD; scale bars, 10 um.

n.s, P > 0.05.

For each relevant experiment, RNAi-mediated knock-down
was confirmed by phenotypic analysis [e.g., spd-1(RNAi) always
blocked central spindle assembly and led to increased chromo-
some segregation] and by assessing embryonic lethality in par-
allel: 100% embryonic lethality for hcp-1/2(RNAi), 77-100% for
spd-1(RNAi), 100% for lin-5(RNAi), and 100% for gpr-1/2(RNAi).
For genes that do not cause embryonic lethality (e.g., hep-1, hep-2
individually), synthetic embryonic lethality was assessed in
parallel using the reciprocal CRISPR deletion strain (e.g., hep-1A
worms treated with hcp-2-targeting RNAi and vice versa [100%
embryonic lethality for hcp-1A; hep-2(RNAi), 100% for hep-1(RNAi);
hep-24]). For cls-2(RNAi) (Fig. 3, A and B; and Fig. S6, A and B),
RNAi-mediated knock-down was confirmed by assessing embry-
onic lethality of individual young adult hermaphrodites, which
were only dissected to obtain embryos for imaging after individual
embryonic lethality was confirmed [100% embryonic lethality for
cls-2(RNAi)].

When possible, we also performed quantitative analysis of
the loss of fluorescently tagged protein signal (e.g., Figs. 2 C and
S2) and whole-worm quantitative real-time PCR (qRT-PCR; see
qRT-PCR section below). Quantitative analysis of endogenous
(CRISPR-generated) fluorescently tagged HCP-1 and HCP-2
(Edwards et al., 2018) revealed endogenous GFP::HCP-1 levels at
the spindle midzone in anaphase were reduced by 96% in hcp-
1(RNAi) embryos and by 97% in hcp-1/2(RNAi) codepleted em-
bryos (Fig. S2). Endogenous GFP::HCP-2 levels at the spindle
midzone were reduced by 99% in hcp-2(RNAi) embryos and by
91% in hcp-1/2(RNAi) codepleted embryos (Fig. S2). Transgenic
SPD-1::sfGFP levels at the spindle midzone were reduced by
109% in spd-1(RNAi) embryos [Fig. 2 C; note that spindle midzone
fluorescence intensity was often lower than intracellular back-
ground fluorescence intensity in spd-1(RNAi) embryos, resulting
in >100% reduction after background subtraction]. Relative
fluorescently tagged protein depletion analysis was performed
by measuring the integrated density within the spindle midzone
region above intracellular background levels of a region of the
same size and normalizing to average levels in control embryos.

qRT-PCR
To quantify knock-down efficiency of hep-1, hep-2, hep-1/2, and
spd-1 (Fig. S1 B) by RNAi-mediated interference at the whole-
worm level in parallel to the embryonic lethality test (see above),
10 young adult worms were used per biological replicate for
RNA extraction as described previously (Ly et al., 2015) using
10 pl of lysis buffer (5 mM Tris, pH 8.0 [MilliporeSigma), 0.5%
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Triton X-100 [MilliporeSigma], 0.5% Tween 20 [Bio-Rad Labo-
ratories], 0.25 mM EDTA [MilliporeSigma], and 1 mg/ml pro-
teinase K [New England Biolabs]). Samples were treated with
DNase (Invitrogen), and cDNA was synthesized by the RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).
Primers used for each gene are listed in Table S1. For quantifi-
cation, standard curves were generated for each primer set, act-1
was used as a reference gene, and levels for each gene were
normalized to control(RNAi) levels (empty vector). This qRT-PCR
analysis (Fig. S1 B) revealed that relative to control(RNAi) worms,
whole-worm hcp-1levels were depleted by 86.4% in hcp-1(RNA),
82% in hcp-1/2(RNAi), 99.8% in hcp-14; control(RNAi), 99.99% in
hep-14; hep-2(RNAi), and 93.7% in hcp-1(RNAi); hcp-2A worms.
Relative to control(RNAi), whole-worm hcp-2 levels were reduced
by 65.6% in hcp-2(RNAi), 61.5% in hcp-1/2(RNAi), 94.1% in hep-24;
control(RNAi), 97.6% in hcp-1(RNAi); hcp-24, and 62.4% in hep-14;
hep-2(RNAi) worms. Whole-worm spd-1 levels were reduced by
77.6% in spd-1(RNAi) worms. We note that whole-worm qRT-PCR
likely underrepresents the extent of gene knock-down in the
early embryo, as some somatic worm tissues are resistant to
RNAi-mediated gene knock-down (e.g., see Simmer et al., 2002).

Live-cell imaging
Live-cell imaging was performed in a room with homeostatic
temperature control set to 26 + 0.5°C for all experiments. Room
temperature was monitored with two thermometers attached di-
rectly to the objective and a humidity and temperature smart sensor
(SensorPush) on the microscope stage. Young gravid hermaphro-
dites were dissected in cooled (~16°C) M9 buffer (Brenner, 1974),
and embryos were mounted on a 2% agar pad as described previ-
ously (Davies et al., 2017; Gonczy et al., 1999; Jordan et al., 2016).
For live-cell imaging experiments, embryos (except in Fig. S4
C) were imaged on an inverted microscope (Ti; Nikon) using a
spinning disk confocal unit (CSU-10; Yokogawa Electric Corpo-
ration) with Borealis (Spectral Applied Research) and a charge-
coupled device camera (Orca-R2; Hamamatsu Photonics).
Z-sectioning was done with a piezo-driven motorized stage
(Applied Scientific Instrumentation), and focus was maintained
using Perfect Focus (Nikon) before each Z-series acquisition. An
acousto-optic tunable filter was used to select the excitation light
of two 100-mW lasers for excitation at 491 and 561 nm for GFP and
mCherry, respectively (Spectral Applied Research), and a filter
wheel was used with 525/50-nm and 620/60-nm (Chroma)
bandpass filters for emission wavelength (fluorescence) or ana-
lyzer (differential interference contrast [DIC]) selection (Sutter
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Figure 5. Astral MTs contribute to midbody assembly in the absence of a central spindle. (A) Representative time-lapse images of GFP::TBB-28-tubulin.
expressing (green, top; inverted grayscale, middle) and mCherry::H2B-expressing (magenta) embryos undergoing midbody assembly. White arrows indicate
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bundled astral MTs at the furrow. Time relative to midbody assembly. Bottom: Time-lapse pseudokymographs of MTs during midbody assembly. Maximum
projection of three Z-sections is shown. See Video 8. Dashed orange box indicates area selected for pseudokymograph; white and vertical black scale bars,
10 pm; horizontal black scale bar, 15 s. (B) Schematic depicting model for midbody assembly in the presence (top) or absence (bottom) of HCP-1/2- or

SPD-1-dependent central spindle assembly.

Instruments). The system was controlled by MetaMorph soft-
ware (Molecular Devices). Embryos in Fig. S4 C were imaged on
an inverted microscope (Ti; Nikon) using a spinning-disk
confocal unit (CSU-10; Yokogawa) with Borealis (Spectral Ap-
plied Research), two 150-mW excitation lasers at 491 and 561
nm (Cairn), and an emission filter wheel (Sutter Instruments)
with bandpass filters corresponding to 525/50 nm and 620/50
nm (Chroma) as described previously (Hirsch et al., 2018;
Sundaramoorthy et al., 2017).

GFP::HCP-1, GFP::HCP-2 (Fig. S2 A), CLS-2CLASP::GFP (Fig. S3
A; Edwards et al., 2018), and mCherry::H2B were imaged with a
60x/1.4 NA Plan Apochromat (Plan Apo) oil immersion objective
with 2 x 2 binning, and 11 x 1-um Z-sections were collected every
10 s. For tubulin imaging (Figs. 1 C, 5 A, and S7 D), embryos
coexpressing GFP:TBB-28-tbulin and mCherry:H2B (Lacroix
et al, 2018) were imaged using a 40x/1.25 NA CFI Apo
Lambda S water immersion objective with no binning, and 13 x
1-pm (Fig. 1 C) or 12 x 1-um (Figs. 5 A and S7 D) Z-sections were
collected every 15 s. GFP:TBB-2f-twbulin imaging in Fig. S4 C was
done with a 60x/1.4 NA Plan Apo oil immersion objective with
2 x 2 binning, and 10 x 2-pm Z-sections were collected every
15 s. In Figs. 2 A and S5 D, AIR-2Auvrora-B::GFP-expressing
(Cheerambathur et al,, 2019) and mCherry::H2B-expressing
embryos were imaged using a 40x/1.25 NA CFI Apo Lambda S
water immersion objective with no binning, and 12 x l1-um
Z-sections were collected every 15 s. SPD-1PRCL:sfGFP-express-
ing embryos (Fig. 3 C) were imaged every 30 s with 2 x 2 bin-
ning, and 15 x 1-pm Z-sections were obtained using a 60x/1.4 NA
Plan Apo oil immersion objective with 2 x 2 binning.

For imaging of cytokinetic progression (Figs. 3 A and S6 A),
embryos expressing GFP::PHPLC1®! and mCherry::H2B (Audhya
et al., 2005) were imaged with a 40x/1.3 NA CFI Plan Fluor oil
immersion objective with 2 x 2 binning, and 15 x 2-pm Z-sections
and a central DIC image were collected every 15 s. Embryos ex-
pressing CYK-4MgRacGAP:mNG (Lee et al., 2018), mCherry::PHPLCI8!
(Lee et al., 2018), and mCherry::H2B were imaged with a 60x/1.4
NA Plan Apo oil immersion objective with 2 x 2 binning, and 15 x
2-pum Z-sections were collected every 15 s (Fig. 3 D) or every 30 s for
imaging midbody release (Fig. 4 E). For midbody imaging (Fig. 4,
A-C), embryos were observed by DIC until anaphase onset, at
which point 25 x 1-um Z-sections were acquired every 210 s [spd-
1(oj5ts)] or 120 s (all other genotypes). Embryos expressing
GFP::TBB-2f-tubulin o AJR.pAurora-B.:GFP (Fig. 4, A and B) were
imaged with a 40x/1.25 NA CFI Apo Lambda S water immersion
objective with no binning, and strains expressing SPD-1PRCL:
sfGFP and TagRFP:ZEN-4MKLP! (Fig 4 C) were imaged with a
60x/1.4 NA Plan Apo oil immersion objective with 2 x 2 binning.

Image analysis
All image analysis, including fluorescence intensity measure-
ments and line scan analysis, was performed using Fiji software
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(National Institutes of Health; Schindelin et al., 2012) on raw
images. MetaMorph software (Molecular Devices) was used for
analysis presented in Fig. 3, A and B; and Fig. S6, A and B. For
display purposes, a maximum projection of all Z-sections is
shown unless noted otherwise. In Fig. 3 D, a maximum projec-
tion of four central Z-sections is shown; in Figs. 5 A and S7D, a
maximum projection of three Z-sections is shown for GFP::TBB-
2p-tubulin_ pseydokymographs (Figs. 2 A, 3D, 5 A, SLE, 5 A, S2 A,
S3 A, and S7 D) were generated for display from bleach-
corrected images using the simple ratio method (Fiji). Images
were pseudo-colored and contrast adjusted for display using
Adobe Photoshop CC. Figures were prepared using Adobe
Hlustrator CC.

Quantification of central spindle and midbody assembly

To quantify protein distribution at the central spindle (GFP:
TBB-28-tubulin - pig 1 C; CYK-4MeRacGAP:;NG, Fig. 3 D) and
midbody (CYK-4MgRacGAP:mNG, Fig. 3 D; GFP::TBB-2f-tubulin
AJR-24AuroraB.GFP, SPD-1PRCL:sfGFP, and TagRFP::ZEN-4MKLPL
Fig. 4 D), a sum projection of all Z-sections was made. To avoid
quantifying background tubulin levels, for the GFP::TBB-2P-tubulin
midbody quantification only (Fig. 4 A), a sum projection of the
3 Z-sections in which the midbody was most visible (or three
central slices if no midbody was visible) was used. For midbody
analysis of CYK-4M8RacGAP:;yNG in Fig. 3 D, line scan analysis was
done on all embryos. For midbody analysis in Fig. 4 D (GFP:TBB-
2P-tubulin - ATR_pAurora-B.:GFP and TagRFP:ZEN-4MKLPY) line scan
analysis was done only on embryos that formed a visible
midbody. For midbody analysis of SPD-1PRCL::sfGFP levels, line
scan analysis was done in embryos where a midbody was
observed with TagRFP::ZEN-4MKLP1 (Fig 4 D). The percentage
of embryos with a visible midbody (Figs. S6 C and S7 C) was
scored based on a peak of protein accumulation 240 s after
anaphase onset [210 s for spd-1(0j5ts)] visible to the eye at the
division site of the cell and confirmed by a quantifiable peak
in the measured line scan. On the frame at the indicated time
point, a 10-pum line scan was drawn perpendicular to the axis
of division to measure average signal in the 491-nm channel
(561 nm for TagRFP:ZEN-4MKLP1)  centered between the di-
viding chromosomes as indicated by the mCherry::H2B signal.
A 5-pm x 5-pum extracellular region was measured, and the
mean grayscale value of the extracellular region was sub-
tracted from all average line scan values. Intracellular back-
ground was determined by averaging the values from pixels in
the first and last 0.5 um of the line scan. Line scans were
normalized by dividing all background-subtracted values by
the intracellular background value. For peak midbody levels
of GFP::TBB-2B-tubulin 3nd ATR-2Aurora-B::GFP (Fig. S7, A and B),
the intracellular background value was subtracted from the
raw peak value at the middle of the 10-ym line scan and in-
dividually plotted.
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Quantification of spindle midzone protein distribution

To quantify distribution of proteins at the spindle midzone (AIR-
2Aurora-B::GFP, Fig. 2 B; Fig. S4 A; and Fig. S5, D and E; GFP::HCP-
1, GFP::HCP-2, Fig. S2 B; CLS-2CLASP.GFP, Fig. S3 B), a sum
projection was made of all Z-sections, and average grayscale
values of a line scan 20 x 2.54 pm (Fig. 2 B; Fig. S2 B; Fig. S4 A;
Fig. S5, D and E) or 25 x 2.54 um (Fig. S3 B) were measured on
the 491-nm channel, centered on the dividing chromosomes on
frames corresponding to the indicated time points (after chro-
mosome segregation) as assessed by mCherry::H2B imaged ev-
ery 15 s (Figs. 2 B and S4 A) or every 45 s (Fig. S5, D and E).
mCherry::H2B distribution (Fig. S5 D) was measured in the same
way in the 561-nm channel. Intracellular background was mea-
sured by generating a line scan of the same dimensions in a
cytoplasmic region not containing chromosomes. Average in-
tracellular background was subtracted from each pixel value
along the line scan, and, for AIR-221rr2B::GFP only (Fig. 2 B; Fig.
S4 A; Fig. S5, D and E), a rolling average of 0.5 pm was generated
to smooth out uneven distribution within a given embryo.

Quantification of midzone protein levels

Protein levels at the spindle midzone (GFP::HCP-1 and GFP:
HCP-2, Fig. S2, C and D; CLS-2CLASP::GFP, Fig. S3, D and E; SPD-
1PRCL:sfGFP, Fig. 2 C) were quantified on a sum projection of all
Z-sections. A box was drawn at the midzone on (metaphase) or
between (anaphase) the separating chromosomes with a height
of the chromosomes in a given frame and width of the span
between chromosomes. In cases in which there were severe
chromosome segregation defects, the box was drawn between
the main chromosomal masses. The mean pixel value within the
box was measured in the 491-nm channel. Areas of the same
dimension were used to measure mean extracellular and intra-
cellular background levels by measuring a region outside of the
cell and within the cell but outside of the midzone. Extracellular
background levels were subtracted, and midzone protein levels
were normalized to intracellular background levels. For analysis
over time, analysis at O s corresponds to the metaphase before
anaphase onset, and kinetochore levels were measured rather
than the midzone levels. For Fig. S2 C, normalized values were
renormalized relative to the appropriate control.

Analysis of cytokinesis

Cytokinetic phenotypes were scored in embryos labeled with a
plasma membrane marker (GFP::PHPLC!81) and a histone marker
(mCherry::H2B) in which imaging began before anaphase onset
and continued through anaphase onset of the next cell division
or, in the case of cytokinesis failure, until complete contractile
ring regression. Contractile ring diameter was measured from
the time of metaphase (time point immediately before anaphase
onset) until the end of contractile ring constriction (or full re-
gression) in the Z-section in which the ring was most open and
displayed as a percentage of the initial diameter over time (Fig. 3
A). For hcp-1(RNAi); hcp-2A and hcp-14; hep-2(RNAi) embryos,
although all embryos filmed through anaphase of the following
division completed cytokinesis (14 of 14 and 10 of 10 embryos),
there was a large variation in timing between those that formed
a metaphase plate relative to those that did not, likely due to the
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timing difference between chromosome separation and ana-
phase onset in this genotype (Edwards et al., 2018). We therefore
limited our analysis of contractile ring constriction kinetics in
Fig. 3 A to hcp-1/2 disrupted embryos that formed a metaphase
plate and exhibited normal chromosome bi-orientation. Single
traces showing individual replicates for all embryos (that did
and did not form a metaphase plate) are shown in Fig. S6 A. The
percentage of embryos that completed cytokinesis was scored on
a maximum Z-projection for all embryos (Fig. 3 A). The average
peak constriction rates (Figs. 3 B and S6 B) were plotted as pum/s
when the rate of ingression peaks (between ~80% and ~30% of
the initial cell diameter).

Analysis of chromosome segregation

Chromosome segregation was analyzed using a histone mCherry::
H2B marker in embryos coexpressing GFP::PHPLCI®! (Fig. S5 B)
or AIR-28wora-B:GFP (Fig, S5 F) and imaged every 15 s. The
distance between chromosomes was measured for each time
point acquired following metaphase. For embryos without a
distinct metaphase plate, O s was determined as the time point
preceding noticeable segregation of two chromosomal masses.
Chromosome segregation data in Fig. S2 E correspond to em-
bryos measured for cytokinetic progression (Figs. 3 A and S6 A).

Analysis of midbody release after abscission

Abscission was analyzed in embryos coexpressing CYK-
4MgeRacGAP: NG, mCherry::PHPICI8! (Lee et al., 2018), and
mCherry::H2B, similar to as described previously (Green et al.,
2013). Control, hcp-1/2(RNAi) and spd-1(RNAi) embryos were
imaged every 30 s throughout the volume of the embryo (15 x
2-pm Z-sections) before anaphase onset of the second division
in the anterior (AB) cell into the four-cell embryonic stage
(~1,200 s after anaphase onset in the AB cell). Individual planes
containing the midbody (CYK-4MgRacGAP::mNG) were identi-
fied, and midbody release was assessed as the time point at
which the midbody from the first cell division fully separated
from the plasma membrane (mCherry::PHPLC1) and was en-
gulfed by one of the daughter cells (Fig. 4, E and F). Timing of
midbody release was scored relative to anaphase onset of the
AB cell using the histone marker (mCherry::H2B).

Brood size and viability analysis
For hep-1and hcp-2A CRISPR deletion mutants (Fig. S1 A, right),
hep-1A, hep-24, and N2 control hermaphrodites were singled as
L4s onto individual mating plates (35-mm NGM agar plates
seeded with 10 pl of OP50; Brenner, 1974). The individual adult
hermaphrodites were transferred to a new plate every ~24 h
until they no longer produced fertilized embryos. The total
number of viable larval progeny and dead embryos per her-
maphrodite over the entire reproductive lifespan were quanti-
fied as total brood size. The percentage of viable larval progeny
and dead embryos was quantified on the first plate 24 h after
transferring off the adult worm (to allow all viable embryos to
hatch) using a digital counting pen (Fisher Scientific) on a dis-
secting microscope (Olympus SZX16).

For hcpl/2 RNAi-mediated depletion experiments (Fig. S1 A,
left), L1 stage larval worms were plated on RNAi plates and
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allowed to develop for ~48 h at 20°C. L4 stage hermaphrodites
were then singled onto individual mating plates, and brood size
and embryonic viability over the first 24 h were quantified as
described above for the CRISPR deletion mutants.

HCP-1 and HCP-2 protein sequence alignment

Pairwise sequence alignments of full-length protein, N-terminal
domain, C-terminal domain, and middle of HCP-1 and HCP-2
protein sequences (Fig. S1 D) were done using EMBOSS Needle
(Madeira et al., 2019; https://www.ebi.ac.uk/Tools/psa/emboss_
needle). For comparison, the N-terminal domain was designated
as the first 350 aa (aa 1-350 for both HCP1 and HCP-2), and the
C-terminal domain was designated as the last 350 aa of each
protein (aa 1126-1475 for HCP-1; aa 946-1295 for HCP-2).

Postimaging viability analysis

Following embryo dissection and imaging of the first cell divi-
sion in embryos coexpressing GFP::TBB-2f-tbulin and mCherry::
H2B (Lacroix et al., 2018), the coverslip was removed from the
slide, and the 2% agarose pad containing the embryo was lifted
from its surface using a scalpel. The agar pad was then placed
embryo side down onto an NGM worm plate containing OP50
bacteria and maintained at 20°C to allow embryonic develop-
ment and hatching. Images of the isolated embryos were ac-
quired every 16-24 h from hatching and into adulthood using
a MicroPublisher 3.3 real-time viewing camera (Q-Imaging)
mounted on the C-mount of a dissecting microscope (Olympus
SZX16) with a 120-ms exposure time using QCapture Suite Plus
software (Q-Imaging) to ensure development was timely and
adult reproduction was not grossly affected (Fig. S4 C). Viability
was measured as the percentage of embryos that hatched and
developed into fertile adult worms (Fig. S4 C).

Immunofluorescence

Worms were dissected on poly-L-lysine-coated slides, and em-
bryos were fixed by freeze cracking and plunging into -20°C
methanol for 20 min as described previously (Gonczy et al.,
1999). Embryos were rehydrated in PBS, blocked in AbDil (PBS
plus 2% BSA, 0.1% Triton X-100), and incubated overnight at 4°C
with an FITC-labeled a-tubulin antibody diluted 1:100 (DMIg;
Abcam), washed with PBST (PBS plus 0.1% Triton X-100),
washed with PBST plus 2 pg/ml Hoechst, and mounted in 0.5%
p-phenylenediamine, 20 mM Tris-Cl, pH 8.8, 90% glycerol. Im-
ages were acquired on a Nikon TiE microscope using a 100x/1.45
NA CFI Plan Apo Lambda oil immersion objective (Nikon), 405-
and 488-nm lasers, and a CoolSNAP HQ2 charge-coupled device
camera (Photometrics Scientific) with 0.2-um Z-sectioning us-
ing a piezo-driven motorized stage (Applied Scientific Instru-
mentation). Maximum projections of all Z-sections containing
chromosomes were generated for presentation (Fig. S4 B).

Statistical analysis

Graphs were made and statistical significance was calculated
using GraphPad Prism 8. Data distribution was assumed to be
normal, but this was not formally tested. For analysis of sig-
nificance among datasets (except for that in Fig. S1 B), one-way
ANOVA was used with Tukey’s multiple comparison test
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comparing all column means. For Fig. S1 B, one-way ANOVA was
used with Dunnett’s multiple comparison test, comparing each
column mean with control(RNAi). Error bars for line scan traces
of central spindle or midbody protein distribution and cell di-
ameter over time during cytokinesis represent the SEM. Error
bars for all other analysis (brood size, viability, midzone protein
accumulation, etc.) represent the SD. See Table S2 for ANOVA
tables and multiple comparison tests. For P values and adjusted
P values (see Table S2): n.s., P 2 0.05; *, P < 0.05; **, P < 0.01;
*** P < 0.001; and ****, P < 0.0001.

Online supplemental material

Fig. S1 shows the validation of HCP-1 and HCP-2 RNAi and
deletion mutants. Fig. S2 shows the results of analysis of HCP-1
and HCP-2 function individually and together. Fig. S3 shows the
results of analysis of CLS-2 localization with and without
hep-1/2 disruption. Fig. S4 shows the results of analysis of central
spindle assembly with and without hcp-1 and hep-2 disruption.
Fig. S5 shows how the reduction in dynein-driven cortical astral
MT-based pulling forces can rescue central spindle assembly in
hep-1A but not hep-1/2 codisrupted embryos. Fig. S6 shows the
results of quantitative analysis of cytokinesis and midbody as-
sembly. Fig. S7 shows the results of quantitative analysis of
midbody assembly in the absence of a central spindle. Video
1 shows GFP::HCP-1°ENP-F with and without hep-1 and hep-2 dis-
ruption. Video 2 shows GFP::HCP-2CENP-F with and without hep-1
and hep-2 disruption. Video 3 shows CLS-2<MASP:GFP with and
without hep-1 and hep-2 disruption. Video 4 shows GFP::TBB-28-tubulin
with and without central spindle assembly. Video 5 shows AIR-
2AuroraB-GFP with and without central spindle assembly. Video 6
shows GFP:PHPLC1®! with and without central spindle assembly.
Video 7 shows CYK-4MgRacGAP:;NG with and without central
spindle assembly. Video 8 shows midbody assembly in the pres-
ence and absence of a central spindle. Table SI lists worm strains,
plasmids, and primers. Table S2 shows the results of statistical
analysis.
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Figure S1.  HCP-1and HCP-2 single- and double-disruption effects on embryonic lethality and qRT-PCR validation. (A) Left: Quantification of embryonic
viability (left) and number of embryos laid in 24 h (right) after hcp-1 and hcp-2 RNAi-mediated depletion individually and together [n = 8 control(RNAi), n =
10 hcp-1/2(RNAi), n = 10 hcp-1(RNAI), n = 10 hep-2(RNAI)]. Right: Quantification of embryonic viability (left) and total brood size (right) for hcp-14 and hcp-
2A CRISPR deletion mutants [n = 19 control, n = 20 hcp-14, and n = 18 hcp-24). (B) Quantification of hep-1 (left), hep-2 (middle), and spd-I (right) mRNA levels
normalized to act-1 mRNA by qRT-PCR in embryos with and without RNAi-mediated knock-down. Statistical significance (A and B) was determined by one-way
ANOVA with Tukey’s (A) or Dunnett’s (B) multiple comparison test; error bars represent the SD (A and B). (C) Characterization of chromosome segregation
defects in embryos imaged expressing GFP:: TBB-2P-tubulin and mCherry::H2B. n is listed to the right side of graphs in the indicated color for each genotype [n =
13 control, n = 17 hep-14; hep-2(RNA), n = 12 hep-14, n = 12 hep-24, n = 11 spd-1(0j5ts), and n = 10 zen-4(or153ts)]. Segregation defects were categorized as severe
(dark gray, lagging chromosomes and chromosome cosegregation), mild (light gray, chromosome bridges), and no defects (green, normal segregation); scale
bar, 10 um. (D) Schematic depicting amino acid sequence homology between HCP-1 (top) and HCP-2 (bottom) proteins, with alignment of N- and C-termini
(drawn to scale). n.s, P = 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001.
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Figure S2. CRISPR-tagged endogenous GFP::HCP-1and GFP::HCP-2 localization. (A) Representative pseudokymographs showing midzone localization of
mCherry::H2B (magenta) and endogenously tagged GFP::HCP-1 (green, left) or GFP::HCP-2 (green, right) during early central spindle assembly; see also Videos
1and 2. Time is indicated on the left (imaging every 10 s), where t = O s is the metaphase just before anaphase onset. (B) Schematic of the method used for line
scan analysis (left) and quantification (right) of GFP::HCP-1 (top) and GFP::HCP-2 (bottom) levels at the kinetochore (metaphase, left) and at the spindle
midzone (30 s after chromosome segregation, right). Error bars represent the SEM. (C) Total levels of GFP::HCP-1 and GFP::HCP-2 at the spindle midzone
(between chromosomes) 30 s after chromosome segregation in anaphase, normalized to levels in control(RNAi) embryos. Significance was determined by one-
way ANOVA with Tukey’s multiple comparison test; error bars represent the SD. (D) Schematic of the method used for analysis (left) and quantification (right)
of central spindle levels of GFP::HCP-1 and GFP::HCP-2, where t = O s represents kinetochore levels at metaphase, and all other time points represent protein
levels between chromosomes at the spindle midzone; white dashed line outlines the embryo; error bars represent the SD. Key indicates n for all data shown
[GFP::HCP-1: n = 10 control(RNAi), n = 12 hep-1(RNAi); n = 12 hep-2(RNA); and n = 8 hep-1/2(RNAI); GFP::HCP-2: n = 11 control(RNA), n = 10 hep-1(RNAI); n = 12 hep-
2(RNAi); and n = 9 hcp-1/2(RNAI)]. Scale bars, 10 pm. n.s,, P > 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001.
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Figure S3. CLS-2°LASP.:GFP localization at the spindle midzone with and without hcp-1/2 disruption. (A) Representative pseudokymographs of CLS-
2CLASP..GFP (green) and mCherry::H2B (magenta) localization during central spindle assembly; see also Video 3. t = 0 s (imaging every 10 s) represents the time
point just before chromosome segregation in anaphase [or sooner in the absence of metaphase plate assembly in hcpl/2(RNAI); see Edwards et al. (2018)]. Time
(in s) after chromosome segregation is indicated on the left; scale bar, 10 um. (B) Schematic of method used for CLS-2C"AP:GFP analysis (top), and quan-
tification (bottom) of CLS-2C1ASP::GFP fluorescence intensity along a line scan at the kinetochores (0 s, left) and spindle midzone (30 s, right) on sum projections
of all Z-planes. (C) Schematic depicting the method used for CLS-2C'ASP::GFP intensity quantification at the kinetochores and central spindle on sum pro-
jections of all Z-planes; white dashed line outlines the embryo. (D) Quantification of CLS-2C"ASP::GFP fluorescence intensity at the kinetochores (left) and at the
central spindle 10 s and 20 s after chromosome segregation (right). Statistical significance was determined by one-way ANOVA with Tukey’s multiple
comparison test; error bars represent the SD. (E) CLS-2CXSP:GFP levels over time at the kinetochores (t = 0 s) and central spindle (t = 10-90 s). n is listed to
the right of the graph in the indicated color for each genotype [n = 12 control(RNA), n = 13 hcp-1(RNAI); hep-24, n = 13 hep-1(RNAi); and n = 12 hep-2(RNAI)]; error
bars represent the SEM; scale bars, 10 pm. n.s,, P > 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001.
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Figure S4. HCP-1/2 function redundantly for central spindle assembly, but HCP-1 plays a more prominent role. (A) Quantification of AIR-2Aurora-B::GFP
distribution over time (30-180 s after chromosome segregation) separated by genotype; data are repeated from Fig. 2, A and B; see also Video 5. n is listed to
the right side of each graph in the indicated color for each genotype [n = 10 control(RNAI), n = 10 hcp-1(RNAi); hcp-24, n = 10 hep-14, n = 12 hep-24, n = 12 spd-
1(oj5ts), and n = 12 zen-4(or153ts)]; error bars represent the SEM. Key indicates colors used to show time differences (bottom). (B) Representative fixed
immunofluorescence samples showing MTs (inverted gray [top], gray [middle], green [bottom]) and chromosomes (magenta, bottom) in one control embryo
(left) and five hcp-1(RNAI); hcp-24 embryos. (C) Top: Experimental timeline for postimaging viability assay. Arrows indicate timing of embryo rescue and vi-
ability/fertility assessment. Bottom: Representative images of the central spindle (left; white dashed line outlines the embryo), worm development (center),
and quantification (right) of the number of fertile adult (FA; green) or dead/infertile (gray) worms. White arrows indicate the absence of timely central spindle
MT assembly. n is listed below each graph in the indicated color for each genotype [n = 10 control and n = 11 hcp-14]. All white scale bars, 10 pm; black scale bar
in C, 100 pm.
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Figure S5. Reducing dynein-driven cortical astral MT-based pulling forces can rescue central spindle assembly in hcp-14 but not hcp-1/2 codisrupted
embryos. (A) Representative image (left; white dashed line outlines the embryo) showing method used to measure chromosome segregation rates in B and
schematic (center) showing the balance between central spindle versus dynein-driven cortical astral MT-based pulling forces. Inset (right) depicts the mo-
lecular players in dynein-driven cortical astral MT-based pulling forces. (B) Measurement of chromosome separation as a proxy for the mechanical integrity of
the central spindle in embryos expressing mCherry::H2B and GFP::PHP-181 (see Fig. 3 A). Time is relative to chromosome segregation, and n is listed to the right
of the graph in the indicated color for each genotype [n = 13 control, n = 10 hcp-1(RNAI); hcp-24, n = 14 hep-1A; hep-2(RNAI), n = 12 hep-1A, n = 8 hep-24, n = 9 spd-
1(0j5ts), n = 9 cls-2(RNAI), and n = 9 zen-4(or153ts)]; error bars represent the SEM. (C) Schematic of method used for quantification of AIR-2Aurera-8..GFp
fluorescence intensity at the central spindle in D and E. (D) Representative images at 45 s after chromosome segregation of control (top; gray outline), hcp-14;
hcp-2(RNAI) (middle; red outline), and hcp-1A (bottom; orange outline) embryos expressing AIR-2Auora-8:GFP (green) and mCherry::H2B (magenta) with and
without disruption of cortical pulling forces via RNAi-mediated depletion of LIN-5N“MA or GPR-1/2. Note that central spindle assembly is rescued upon depletion
of LIN-5NUMA or GPR-1/2 in hcp-1A but not in hep-14; hep-2(RNAI) codisrupted embryos, which do not assemble central spindle MTs (Maton et al.,, 2015).
Representative individual line scans of AIR-2Auro2-B::GFP (green) and mCherry::H2B (magenta) are shown to the right of each image. (E) Quantification of AIR-
2nurora-B..GEP [evels at the spindle midzone 45 s after chromosome segregation in control (left), hep-14; hep-2(RNAI) (middle), and hep-14 (right) embryos with
and without RNAi-mediated depletion of LIN-5N“MA or GPR-1/2. (F) Measurement of chromosome separation with and without cortical astral MT-pulling forces
(see A). Time is relative to chromosome segregation, and control(RNAi) analysis is included on all graphs for comparison. Keys (right) indicate genotype; n is
listed to the right of graphs in the indicated color for each genotype [n = 12 control(RNAI), n = 8 lin-5(RNAi), n = 6 gpr-1/2(RNAi), n = 13 hcp-14; hcp-2(RNAI);
control(RNAi), n = 7 hcp-14; hep-2(RNAI); lin-5(RNAI), n = 9 hep-14; hep-2(RNA); gpr-1/2(RNA), n = 8 hep-14; control(RNAi), n = 10 hcp-14; lin-5(RNAI), n = 7 hcp-14;
gpr-1/2(RNAI)]; error bars represent the SEM (E and F). All fluorescence intensity analysis was done on sum projections of all Z-planes. All scale bars, 10 pm.
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Figure S6. Cytokinesis and midbody assembly can occur in the absence of a central spindle. (A) Quantification of cytokinesis kinetics in embryos
expressing mCherry::H2B and GFP::PHPLC181 showing individual replicates for data shown in Fig. 3 A; see Fig. 3 A for schematic of quantification. Time is relative
to chromosome segregation, and hcp-1/2 disrupted embryos that did or did not form a metaphase plate are indicated. Average cytokinesis kinetics of controls
are shown on each graph as a reference (dark gray); error bars represent the SEM; see also Video 6. (B) Quantification of the average peak rate of contractile
ring constriction for all dividing embryos in A between 80% and 30% of initial embryo diameter. Genotypes are indicated below graph. Data are repeated from
Fig. 3 B with hcp-1/2 disrupted embryos that did or did not form a metaphase plate indicated. Statistical significance was determined by one-way ANOVA with
Tukey’s multiple comparison test; error bars represent the SD. (A and B) n is indicated in key [n = 13 control, n = 7 hep-1(RNAi); hcp-2A with metaphase plate,
n = 7 hep-1(RNAI); hep-2A no metaphase plate, n = 3 hep-14; hep-2(RNAJ) with metaphase plate, n = 7 hep-14; hep-2(RNAI) no metaphase plate, n = 12 hep-14, n = 8
hep-24, n = 9 spd-1(0j5ts), n = 9 cls-2(RNAI), and n = 9 zen-4(or153ts)]. (C) Bar graphs showing the percentage of embryos with a visible midbody (as assessed
qualitatively) and a measurable peak in fluorescence intensity at the division site at 240 s after chromosome segregation in CYK-4MgRacGAP: mNG embryos.
Data correspond to embryos from Fig. 3 D. nis listed to the right side of bars in the indicated color for each genotype [n = 12 control(RNAi), n = 13 hcp-1/2(RNAI),
n = 10 hep-1(RNAI), n = 14 hep-2(RNAI), and n = 12 spd-1(RNAI)]. n.s., P = 0.05; ***, P < 0.001; and ****, P < 0.0001.
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Figure S7. Midbody assembly can occur in the absence of a central spindle via astral MT bundling. (A) Quantification of peak levels of GFP:: TBB-2f-tubulin
at the midbody above intracellular background; related to Fig. 4 A and the normalized line scans in Fig. 4 D. (B) Quantification of peak levels of AIR-2Aurora-B:.
GFP at the midbody above intracellular background; related to Fig. 4 B and the normalized line scans in Fig. 4 D. (A and B) Statistical significance was de-
termined by one-way ANOVA with Tukey’s multiple comparison test; error bars represent the SD. (C) Bar graphs showing the percentage of embryos with a
visible midbody (as assessed qualitatively) and a measurable peak in fluorescence intensity at the division site. Data correspond to embryos from Fig. 4, A-D.
n is listed to the right side of bars in the indicated color for each genotype [GFP::TBB-2P-twbulin: n = 21 control, n = 13 hep-14; hep-2(RNA), n = 16 hep-1A, n = 13
hcp-2A, n = 17 control raised at 16°C, n = 21 spd-1(oj5ts), and n = 13 zen-4(or153ts); AIR-2Aurera-B::GFP: n = 13 control, n = 13 hep-1(RNAI); hcp-24, n = 15 hep-14,
n =14 hep-24, n = 13 control raised at 16°C, n = 22 spd-1(oj5ts), and n = 14 zen-4(or153ts); SPD-1PR<L:sfGFP and TagRFP::ZEN-4MKLPL n = 17 control(RNAI), n = 14
hep-1/2(RNAi), n = 9 hep-1(RNAI), n = 10 hep-2(RNAI), and n = 14 spd-1(RNAi)]. (D) Representative time-lapse images of GFP::TBB-28-twbulin_expressing (green, top;
inverted grayscale, middle) and mCherry::H2B-expressing (magenta) embryos undergoing midbody assembly; see also Video 8. White arrows indicate bundled
astral MTs at the furrow. Time is relative to midbody assembly. Bottom: Time-lapse pseudokymographs showing GFP::TBB-2B-tubulin dyring midbody assembly.
Image series begins 150 s before midbody assembly. A maximum projection of three Z-sections is shown. Dashed orange box (middle) indicates area selected
for pseudokymograph. White scale bar and vertical black scale bar, 10 um. Horizontal black scale, 15 s. n.s., P > 0.05; **, P < 0.01; and ****, P < 0.0001.
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Video 1. GFP:HCP-1°ENPFin C. elegans embryos. Representative control(RNAi) (left), hep-1(RNAi) (center), and hep-2(RNAi) (right) C. elegans one-cell embryos
expressing GFP::HCP-1 (green) and mCherry::H2B (magenta). Time is relative to chromosome separation at 26°C; genotype labels are located at the top of each
individual video clip. All time-lapse images are maximum projections of 11 x 1-um Z-sections collected every 10 s. Playback rate is 5 frames per second. Scale
bar (top right), 10 um. This video corresponds to images shown in Fig. S2 A (left).

Video 2. GFP:HCP-2°ENPF in C. elegans embryos. Representative time-lapse images of control(RNAI) (left), hcp-1(RNAI) (center), and hcp-2(RNAi) (right) C.
elegans one-cell embryos expressing GFP::HCP-2 (green) and mCherry::H2B (magenta). Time is relative to chromosome separation at 26°C; genotype labels are
located at the top of each individual video clip. All time-lapse images are maximum projections of 11 x 1-um Z-sections collected every 10 s. Playback rate is 5
frames per second. Scale bar (top right), 10 pm. This video corresponds to images shown in Fig. S2 A (right).

Video 3. CLS-2€'ASP::GFP in C. elegans embryos. Representative time-lapse images of control(RNAi) (top, left), hep-I(RNAi); hcp-24 (top, right), hcp-1(RNA7)
(bottom, left), and hcp-2(RNAI) (bottom, right) C. elegans one-cell embryos expressing CLS-2C1ASP::GFP (green) and mCherry::H2B (magenta). Time is relative to
chromosome separation at 26°C; genotype labels are located at the top of each embryo in the video clip. All time-lapse images are maximum projections of 11 x
1-pm Z-sections collected every 10 s. Playback rate is 5 frames per second. Scale bar (top left), 10 pm. This video corresponds to images shown in Fig. S3 A.

Video 4. GFP:TBB-2B-tubulin jn C, elegans embryos. Representative time-lapse images of control (top, left), hcp-14; hep-2(RNAI) no metaphase plate (top,
center), hep-14; hep-2(RNAi) with a metaphase plate (top, right), hep-14 (middle, left), hep-2A (middle, center), spd-1(oj5ts) (middle, right), and zen-4(or153ts)
(bottom, left) C. elegans one-cell embryos expressing GFP::TBB-28-tubulin (green) and mCherry::H2B (magenta). Time is relative to chromosome separation at
26°C; genotype labels are located at the top of each embryo in the video clip. Two representative embryos are shown for hep-14; hep-2(RNAI), one with and one
without a metaphase plate. All time-lapse images are maximum projections of 13 x 1-pm Z-sections collected every 15 s [30 s for hcp-14; hcp-2(RNAi), no
metaphase]. Playback rate is 7 frames per second. Scale bar (lower left), 10 um. This video corresponds to images shown in Fig. 1 C.

Video 5. AIR-2AuroraB..GEP in C. elegans embryos. Representative time-lapse images of control (top, left), hep-1(RNAi); hep-24 (top, center), hep-14 (top,
right), hcp-24 (bottom, left), spd-1(oj5ts) (bottom, center), and zen-4(or153ts) (bottom, right) C. elegans one-cell embryos expressing AIR-2Aurora-B..GFP (green)
and mCherry::H2B (magenta). Time is indicated relative to chromosome separation at 26°C; genotype labels are located at the top of each embryo in the video
clip. All time-lapse images are maximum projections of 12 x 1-um Z-sections collected every 15 s. Playback rate is 7 frames per second. Scale bar (lower left),
10 pm. This video corresponds to images shown in Fig. 2 A.

Video 6. GFP:PHPLC181 jn C. elegans embryos. Representative time-lapse images of control (top, far left), hcp-14; hep-2(RNAI) (no metaphase plate; top,
middle left), hep-1(RNA); hcp-24 (with a metaphase plate; top, middle right), hep-1A (top, far right), hep-24 (bottom, far left), spd-1(oj5ts) (bottom, middle left),
cls-2(RNAi) (bottom, middle right), and zen-4(or153ts) (bottom, far right) C. elegans one-cell embryos expressing GFP::PHP-C181 (green) and mCherry:H2B
(magenta). Time is indicated relative to chromosome separation at 26°C; genotype labels are located at the top of each embryo in the video clip. All time-lapse
images are a single central Z-plane (green) and a maximum projection of all Z-planes (magenta) from 15 x 2-pm Z-sections collected every 15 s. Playback rate is
7 frames per second. Scale bar (top right), 10 pm. This video corresponds to data shown in Figs. 3 A and S6 A.

Video 7. CYK-4MgcRacGAP.mNG in C. elegans embryos. Representative time-lapse images of control(RNAI) (top, left), hcp-1/2(RNAi) (top, middle), hcp-1(RNA7)
(top, right), hcp-2(RNAI) (bottom, left), and spd-1(RNAI) (bottom, center) C. elegans one-cell embryos expressing CYK-4MgcRacGAP.:mNG (green), mCherry::H2B
(magenta), and mCherry::PHPL181 (magenta). Time is relative to chromosome separation at 26°C; genotype labels are located at the top of each embryo in the
video clip. Time-lapse images are maximum projections of all Z-planes (green) or four central Z-planes (magenta) from 15 x 2-pum Z-sections collected every
15 s. Playback rate is 7 frames per second. Scale bar (lower right), 10 um. This video corresponds to images shown in Fig. 3 D.

Video 8. Astral MTs contribute to midbody assembly in the absence of a central spindle. Representative time-lapse images of control (left) and hcp-14;
hcp-2(RNA) (two examples; middle and right) C. elegans one-cell embryos expressing GFP::TBB-2B-tubulin (green, top; grayscale, middle; inverted grayscale,
bottom) and mCherry::H2B (magenta, top). Time is relative to midbody assembly at 26°C; genotype labels are located at the top of the video clip. All time-lapse
images are maximum projections of three Z-planes from 12 x 1-um Z-sections collected every 15 s. Playback rate is 6 frames per second. Scale bar (top right),
10 pm. This video corresponds to images shown in Figs. 5 A and S7 D.
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Provided online are two tables. Table S1 lists worm strains, plasmids, and primers. Table S2 shows the results of statistical analysis.
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