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A novel chromosome segregation mechanism

during female meiosis
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ABSTRACT In a wide range of eukaryotes, chromosome segregation occurs through ana-
phase A, in which chromosomes move toward stationary spindle poles, anaphase B, in which
chromosomes move at the same velocity as outwardly moving spindle poles, or both. In con-
trast, Caenorhabditis elegans female meiotic spindles initially shorten in the pole-to-pole axis
such that spindle poles contact the outer kinetochore before the start of anaphase chromo-
some separation. Once the spindle pole-to-kinetochore contact has been made, the homo-
logues of a 4-pm-long bivalent begin to separate. The spindle shortens an additional 0.5 pm
until the chromosomes are embedded in the spindle poles. Chromosomes then separate at
the same velocity as the spindle poles in an anaphase B-like movement. We conclude that the
majority of meiotic chromosome movement is caused by shortening of the spindle to bring
poles in contact with the chromosomes, followed by separation of chromosome-bound poles
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by outward sliding.

INTRODUCTION

Eukaryotic chromosome segregation occurs in two mechanisti-
cally distinct phases termed anaphase A and anaphase B. During
anaphase A, chromosomes typically move toward stationary spin-
dle poles; during anaphase B, chromosomes maintain a constant
distance from the poles as the poles separate (Inoué and Ritter,
1978). In this article, we describe an unconventional variation of
anaphase A in which spindle poles move inward toward stationary
chromosomes. Conventional anaphase A is driven by the shorten-
ing of microtubule bundles that have plus ends terminating at ki-
netochores and minus ends terminating at the spindle pole (Rath
and Sharp, 2011). Attachment of chromosomes to the depoly-
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merizing plus ends is mediated by the microtubule-binding com-
ponents of the outer kinetochore, the NDC80 complex and Ki-
netochore Null (KNL-1; Cheeseman et al., 2006). Anaphase B is
driven, in some species, by the outward sliding of antiparallel in-
terpolar microtubules by the bipolar kinesin 5 (Straight et al.,
1998; Brust-Mascher et al., 2009). During the first mitosis of the
Caenorhabditis elegans zygote, anaphase B is instead driven by
cortical dynein, which pulls on astral microtubules extending out-
ward from the spindle poles (Saunders et al., 2007). Chromo-
somes maintain a constant distance from the separating spindle
poles, and kinetochores are required to keep the chromosomes
attached to the separating poles (Oegema et al., 2001). C. elegans
chromosomes are holocentric, and kinetochores extend down
their entire length (Albertson and Thomson, 1982; Moore et al.,
1999); however, microtubule plus ends still terminate at kineto-
chores (Howe et al., 2001; O'Toole et al., 2003). Thus end-on at-
tachments are required for both anaphase B and anaphase A. In
addition to the mechanical requirement for these attachments,
end-on attachments at kinetochores are believed to be essential
for the recognition of bipolar attachment of replicated sister chro-
matids in mitosis and homologous chromosomes during meiosis |
(Nasmyth, 2002).

Some features of C. elegans female meiotic spindles suggest
that different mechanisms might be involved in chromosome segre-
gation. First, C. elegans female meiotic spindles are acentriolar
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(Albertson and Thomson, 1993). However, unlike acentriolar female
meiotic spindles of the mouse, which concentrate the core pericen-
triolar proteins y-tubulin and pericentrin at their poles (Gueth-
Hallonet et al., 1993; Carabatsos et al., 2000), C. elegans female
meiotic spindle poles lack the pericentriolar proteins -tubulin
(McNally et al., 2006), SPD-2/CEP192 (Kemp et al., 2004), and SPD-5
(Hamill et al., 2002; McNally et al., 2012). Instead, MEI-1/katanin
(McNally et al., 2006), LIN-5/NuMA, and Abnormal Spindle and Mi-
crocephaly 1 like (ASPM-1; Ellefson and McNally, 2011) are concen-
trated at discrete spindle poles throughout C. elegans meiosis, and
katanin is required to target ASPM-1 and organize microtubule mi-
nus ends into these discrete poles (McNally and McNally, 2011). Sec-
ond, conserved kinetochore proteins are assembled into extremely
large, cup-shaped structures that cap each end of either a meiosis |
bivalent or a meiosis Il sister chromatid pair (Howe et al., 2001;
Monen et al., 2005; Dumont et al., 2010). This structure is likely an
adaptation necessitated by the holocentric nature of C. elegans ki-
netochores, as holocentry does not allow for the conventional two-
step loss of cohesion during meiosis, and other holocentric organ-
isms have adopted unusual meiotic chromosome structures
(Heckmann et al., 2014). KNL-1 is required for mitotic anaphase (De-
sai et al., 2003) and the assembly of outer kinetochore proteins into
meiotic cup-shaped kinetochores, yet depletion of KNL-1 does not
affect the overall velocity of meiotic anaphase chromosome separa-
tion (Dumont et al., 2010). In addition, kinetochore microtubules
with plus ends terminating at the cup-shaped kinetochores have not
been observed during C. elegans female meiosis; instead, the most
prominent microtubule structures are bundles that extend from pole
to pole, making only lateral contacts with chromosomes (Howe
etal., 2001; Wignall and Villeneuve, 2009; Muscat et al., 2015). Thus
chromosomes are located in microtubule-poor channels.

Dumont et al. (2010) proposed that, during C. elegans meiosis,
microtubule polymerization between separating homologues gen-
erates an outward pushing force on chromosomes. Three observa-
tions supported this model. First, no tubulin was observed outside
of separating chromosomes, suggesting that there are no spindle
poles during anaphase. Second, the microtubule-poor channels ob-
served during metaphase filled with microtubules during anaphase.
Third, the microtubule dynamics regulator CLS-2 was observed be-
tween homologues at metaphase and was required for anaphase
chromosome separation (Dumont et al., 2010). This proposed mole-
cular mechanism is analogous to the mechanism segregating repli-
cated copies of the R1 plasmid by parM polymerization (Salje et al.,
2010).

Muscat et al. (2015) proposed an alternate model in which cyto-
plasmic dynein on meiotic chromosome surfaces transports chro-
mosomes through the microtubule-poor channels by motoring to-
ward the minus ends of the interpolar bundles. Three observations
supported this model. First, microtubule-poor channels were ob-
served during normal bipolar anaphase by single-time-point imag-
ing. Second, cytoplasmic dynein was found associated with the cup-
shaped kinetochores of monopolar, prometaphase spindles and on
the outward face of anaphase chromosomes on bipolar spindles.
Third, inhibition of cytoplasmic dynein resulted in lagging chromo-
somes during anaphase (Muscat et al., 2015). This proposed mole-
cular mechanism is analogous to the transport of membrane vesi-
cles on microtubules.

Another unusual feature of C. elegans female meiotic spindles is
that after activation of the anaphase-promoting complex (APC) but
before initiation of chromosome segregation, spindles shorten dra-
matically in the pole-to-pole axis and then elongate again during
chromosome separation (Yang et al., 2003). The purpose of APC-
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dependent spindle shortening has been unclear, as it has not been
observed during mitotic anaphase in either C. elegans or other
commonly studied organisms. Here we use quantitative time-lapse
imaging to test specific aspects of the Dumont and Muscat models.
We find that chromosomes are indeed located in microtubule-poor
channels throughout anaphase. However, because bivalents are
larger than previously assumed, we find that they move only a frac-
tion of their own length within the channels. Instead, we find that
spindle shortening substitutes for conventional anaphase A by mov-
ing poles inward to overlap with the chromosomes before loss of
cohesion. We also find that dynein dissociates from chromosomes
before anaphase onset and that the microtubule dynamics regula-
tor, ZYG-8, is required for anaphase B.

RESULTS

Chromosomes are located between interpolar microtubule
bundles during wild-type, bipolar anaphase but move less
than a chromosome diameter through the microtubule-poor
channels

To test whether separating chromosomes travel through microtu-
bule-poor channels as proposed by Muscat et al. (2015) or whether
microtubule bundles extend between separating chromosome pairs
as proposed by Dumont et al. (2010), we analyzed time-lapse se-
quences of meiotic embryos in utero within worms expressing green
fluorescent protein (GFP):tubulin and mCherry::histone. Under opti-
mal imaging conditions, chromosomes were observed exclusively
between interpolar microtubule bundles when the chromosomes
began separating (Figure 1A; 13/16 time-lapse sequences). One of
the features required for optimal imaging is that the spindle remains
perfectly parallel to the plane of focus. In the example shown in
Figure 1A, four microtubule bundles and three separating pairs of
homologous chromosomes remained in focus for nearly all of ana-
phase |. Between 0 and +90 s, chromosomes clearly separated by
0.83 pm within microtubule-poor channels. This early movement
involves a decrease in distance between the chromosome and ap-
parent end of the spindle and is thus analogous to anaphase A. All
subsequent chromosome separation (1.5 pm) between +90 and
+210 s was accompanied by elongation of the interpolar microtu-
bule bundles and no movement of the chromosomes relative to the
ends of the spindle. This movement is thus analogous to anaphase
B. From +90 to +150 s, it is clear that anaphase B movement is oc-
curring with the chromosomes between microtubule bundles. At
+180 and +210 s, the spaces between microtubule bundles became
less apparent, and this spindle adopted a filled-in appearance like
that described by Dumont et al. (2010). We suggest that this appar-
ent change in morphology is a result of spindle narrowing. The
spindle width perpendicular to the pole-to-pole axis was reduced
from 4.34 pm at anaphase onset (+30 s) to 2.40 ym at +210 s, when
spaces between bundles were no longer apparent. The width of in-
terpolar microtubule-poor channels must thus be reduced, making
them more difficult to resolve. Thus, in agreement with the fixed-
time-point imaging of Muscat et al. (2015), our time-lapse imaging
revealed that chromosomes are located in microtubule-poor chan-
nels throughout anaphase, but the channels can be obscured by
narrowing of the spindle.

The outward pushing model of Dumont et al. (2010) was sup-
ported by the apparent lack of spindle microtubules outside the
separating chromosomes. However, under optimal imaging condi-
tions, GFP:tubulin fluorescence signal was observed outside the
chromosomes during anaphase (Figure 1B, red arrows at +420
and +495 s; 11/16 time-lapse sequences). This signal appears to
indicate the presence of pole-to-pole fibers, as well as additional
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FIGURE 1: Chromosomes initially travel through microtubule-poor channels and then become
embedded in the spindle pole. (A) Time-lapse images of an embryo expressing GFP::tubulin and
mCherry::histone show an Ml metaphase spindle that shortens and rotates (-190 to —30 s) and
undergoes anaphase chromosome separation (0 to +210 s). Distances were measured between
the centers of homologues, and the average distance between each of the three homologue
pairs is shown for each time point. Times are from the start of chromosome separation; white
lines indicate the cortex; bar, 4 pm. (B) Time-lapse images of an embryo expressing GFP::tubulin
and mCherry::histone show a shortened Ml spindle that rotates (—45 to 0 s) and undergoes
anaphase A-like chromosome separation (0 to +105 s). At +240 s, the homologues are
embedded in the spindle poles and continue to separate as the spindle lengthens. GFP:tubulin
signal is clearly visible outside the chromosomes throughout anaphase B (red arrowheads).
Times are from the start of chromosome separation; bar, 4 pm; white lines indicate the positions
of the cortex. (C) Graph depicting data obtained from the embryo in B.

spindle pole microtubules. Tubulin signal outside the chromosomes
was not obvious after +60 s in Figure 1A due to the deconvolution
used to enhance the microtubule-poor channels. Thus these results
suggest that spindle microtubules are present outside the separat-
ing chromosomes, although they can be difficult to image.
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To better understand the relative contri-
butions of spindle shortening and anaphase
A-like and anaphase B-like movements, we
tracked the increase in center-to-center
separation of chromosome pairs, pole-to-
pole spindle length, and distance between
the center of the histone-labeled chromo-
somes and the outside edge of the
GFP::tubulin signal in time-lapse sequences
with clear GFP::tubulin signal outside the
chromosomes. A plot from a single embryo
is shown in Figure 1C, and data from multi-
ple embryos are shown in Figure 2. Ana-
phase | homologue separation initiated on
spindles that averaged 4.08 pm in length
and had a starting center-to-center distance
between homologues of 1.01 pm. During
an initial anaphase A-like movement, both
spindle shortening by an average of
0.55 pm and outward homologue separa-
tion of 1.13 ym contributed to the decrease
in distance between chromosomes and
poles (Figures 1C and 2A). Thus, during
meiosis | anaphase A-like movement, each
pole moved an average of 0.55/2=0.28 pm
toward the homologues, and each homo-
logue moved 1.13/2 = 0.57 pm toward the
pole. After shortening to an average of 3.53
pm, spindles began elongating at the same
velocity as chromosome separation (Figures
1C and 2A), indicating an anaphase B-like
movement.

Anaphase A and anaphase B typically
have distinct velocities (Ris, 1943; Inoué and
Ritter, 1978) because they occur by distinct
molecular mechanisms (Ris, 1949). As shown
in Figure 2, B-D, anaphase A-like chromo-
some separation had an average velocity of
0.56 pm/min, whereas anaphase B-like
chromosome separation had an average ve-
locity of 0.9 pm/min. The anaphase A-like
velocities were significantly different from
the anaphase B-like velocities, whereas the
velocities during anaphase | were not signifi-
cantly different from those during anaphase
Il (Figure 2C).

Anaphase A initiates when kinetochore
stretching and spindle shortening
bring spindle poles into contact with
the chromosomes

The short length of the spindle at anaphase
onset (4.08 pm; Figure 2A) suggested that
chromosomes might already be in physical
contact with spindle poles before anaphase
onset. Testing this hypothesis requires accu-
rate determination of the inner edges of the

spindle poles and the outer edges of the bivalents. To determine
the bivalent edges, we conducted time-lapse imaging of ZWL-
1::GFP (Figure 3, A and B). ZWL-1 is the C. elegans homologue of
zwilch, a component of the outer kinetochore during C. elegans
female meiosis (Dumont et al., 2010) that is required for targeting
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FIGURE 2: C. elegans meiosis has both anaphase A and anaphase B. (A) Table of spindle lengths and distances between
the centers of chromosomes measured at the start of anaphase A, the end of anaphase A, and the start of cortical
ingression for both MI and MII meiotic spindles. Averages and SEM (B) Graphs depicting the change in distance
between separating chromosomes in time-lapse sequences of four embryos show different rates during anaphase A and
anaphase B. (C) Rates of chromosome separation from multiple time-lapse sequences of Ml anaphase A, Mll anaphase
A, Ml anaphase B, and MIl anaphase B. Although there is no significant difference between Ml and Mll rates, the
difference between all anaphase A rates and all anaphase B rates is extremely significant (****p < 0.0001). (D) Table of
the averages of the rates shown in C. All rates were determined from time-lapse images of embryos expressing
GFP::tubulin and mCherry::histone and are expressed as micrometers/minute.

dynein to kinetochores during prometaphase in C. elegans
(Gassmann et al., 2008) and other species (Starr et al., 1998; Griffis
et al., 2007; Raaijmakers et al., 2013). In addition to labeling the
cup-shaped kinetochores, ZWL-1 became transiently associated
with spindle poles during spindle rotation (Figure 3B, =60 s). The
tips of the kinetochore cups came into contact with the spindle
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poles (Figure 3B, =30 s) and then merged with the spindle poles
(Figure 3B, O s) before any increase in the gap between homo-
logues. The spindle continued to shorten during anaphase A as the
ZWL-1 became undetectable (Figure 3B, +60 s). Contact between
the poles and kinetochores was driven by both spindle shortening
and an increase in the length of the bivalents. Analysis of a single
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FIGURE 3: Kinetochore cups merge with poles during spindle shortening and then disappear as chromosomes
separate. (A) Cartoon interpretation of data in B and C and showing ZWL-1::GFP on kinetochores and spindle poles.
Kinetochores and chromosomes stretch as the spindle shortens. ZWL-1::GFP on kinetochore cups then appears to
merge with ZWL-1::GFP on the spindle pole; ~20 s after this merge, chromosomes begin to visibly separate, and
ZWL-1::GFP fluorescence fades. (B) Time-lapse images of an embryo expressing ZWL-1::GFP and mCherry::histone
show an MI metaphase spindle that shortens (-90 to +60 s), rotates (—60 to —30 s), and undergoes anaphase A
chromosome separation (0 to +110 s). Brightness and contrast were altered on +60 and +110 images due to the
decrease in ZWL-1::GFP fluorescence. Times are from the start of chromosome separation; white lines indicate the
cortex. Bar, 4 pm. (C) Data from time-lapse images of a single Ml embryo expressing ZWL-1::GFP and mCherry::histone.
For each time point, measurements were made on the homologue pair that was most clearly in focus. Times are from
the start of chromosome separation. Representative images are above the graph.

time-lapse sequence (Figure 3C) revealed that the tip-to-tip dis-
tance between the ends of the ZWL-1 cups of meiosis | bivalents
increased at a faster velocity than the increase in distance between
the centers of the homologues (Figure 3C, =70 to —20 s), indicating
that the bivalents are stretched outward before cleavage of cohesin.
The average distance between the tips of ZWL-1 cups increased
from 3.09 pm at metaphase to 4.05 um just before the initiation of
an increased gap between homologues (Figure 4, A and B). This

2580 | K.P McNally et al.

distance is similar to the average spindle length at the onset of ana-
phase A determined from GFP::tubulin, 4.08 um (Figure 2A). Thus
the outer edges of bivalents clearly merge with spindle poles before
a measurable increase in the gap between homologues.

To distinguish more rigorously whether the outward move-
ment of kinetochores is due to chromatin stretching before cohe-
sin cleavage or chromosome movement after cohesin cleavage,
we measured the distance between the tip of one ZWL-1 cup
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*kkk

|

5m *kkk 1
74 ¥ s0e
c - e
- ™ 3 - 999
1S
;’ o
o -
1 o v UYO°
[ag 6

¢ (YY)

Distance (microns)
between edges of @
kinetochore cups

“‘ Distance (microns)
3 between centers

of homologs

Perceived distance

"' * bet'ween homologs [

(microns)

Chromosomes are embedded in

spindle poles during anaphase B
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mosomes and GFP::ASPM-1, which labels
poles throughout meiosis. Analysis of a sin-
gle time-lapse sequence (Figure 5B) is
shown in Figure 5C, and average data are
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somes so that at anaphase onset, the dis-
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FIGURE 4: Chromosomes and kinetochores stretch immediately before the start of homologue
separation. (A) Differences in the size of homologue and kinetochore pairs at difference stages of
meiosis determined from time-lapse sequences of ZWL-1::GFP and mCherry::histone. N.E.B.D.,
nuclear envelope breakdown. “Just prior to Homolog Separation” is the frame immediately
preceding an increase in the apparent gap between homologues (-20 s in Figure 3C).

****p < 0.0001, extremely significant difference. (B) Averages and SEM for the data in A.

(C) Differences between ZWL-1 and homologue distances for each of the 56 chromosome pairs
in A and B. The differences increase just before homologue separation, indicating that, although
both kinetochores and chromosomes stretch before homologue separation, the kinetochores
stretch to a greater extent. ****p < 0.0001. (D) Averages and SEM for the data in C.

and the center of its corresponding mCherry:histone-labeled ho-
mologue. This distance increased significantly between meta-
phase and the time point just before an increase in the gap be-
tween homologues (Figure 4, C and D). The center-to-center
distance between histone-labeled homologues also increased
slightly between these time points (1.22 to 1.46 pm; Figure 4B),
indicating stretching of the chromatin as well as of the ZWL-1.
These results support a model in which bivalents are stretched
outward and meet the inwardly approaching poles just before
cohesin cleavage.
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Muscat et al. (2015), we depleted DHC-1 by
RNA interference (RNAI) to the maximum
extent possible that still allowed time-lapse
imaging of anaphase chromosome move-
ment on spindles with two distinct poles.
Whereas dhc-1(RNAI) spindles had a number
of structural defects during prometaphase
(Figure 6A, 9.25 min) and failed in spindle
rotation and polar body formation (Figure 6A,
0.5-6.25 min), they shortened (Figure 6A,
1.0 and 14.0 min; Yang et al., 2005), and ana-
phase still occurred (Figure 6A). We mea-
sured the chromosome separation rate be-
fore and after the chromosomes reached the
edge of the GFP::tubulin-labeled spindle. Although we observed
lagging chromosomes (Figure 6A, 15.0 min) like those described by
Muscat et al. (2015), the average velocity of the separating chromo-
somes was not reduced relative to controls during anaphase A- or
B-like movement (Figure 6, B and C). This result indicated that either
dynein is not the primary anaphase motor or anaphase requires a
threshold concentration of dynein that is below the concentration
required for bipolar spindle assembly.

Because we could not detect a reduction in anaphase velocity
upon dynein depletion, we tested whether dynein is present on
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FIGURE 5: Chromosomes come into close contact with GFP::ASPM-1 on spindle poles during
spindle shortening and then become embedded in the ASPM-1 during anaphase B separation.
(A) Cartoon model showing GFP::ASPM-1 slightly overlapping chromosomes just before
anaphase A separation and then fully overlapping them during anaphase B. (B) Representative
time-lapse sequence from an Ml embryo expressing GFP::ASPM-1 and mCherry::histone shows
the spindle shorten and rotate (-230 to —10 s) and undergo anaphase A and anaphase B
chromosome separation (0 to +180 s). Holes in the GFP::ASPM fluorescence that correspond to
the pole-embedded chromosomes are visible at 120 and 180 s. White lines indicate the cortex.
Bar, 5 pm. (C) Change in the position of homologues with respect to the ASPM-rich pole as the
homologues separate. The depth of the green bars indicates the thickness of GFP::ASPM-1 on
the spindle pole. By 100 s, the chromosomes have become embedded in the pole material.
Times are from the start of chromosome separation in B and C. (D) Relationship between
outermost edges of kinetochores and ASPM-rich poles immediately before chromosome
segregation in Ml anaphase.

kinetochores during anaphase chromosome movement. In a frac-
tion of time-lapse sequences of GFP:DHC-1, dynein was discern-
ible on the cup-shaped kinetochores during prometaphase and
metaphase (Figure 7, A, =100 's, and B, =150 s). However, in 10 of 11
time-lapse sequences in which dynein was detectable at prometa-
phase, this signal was lost before initiation of chromosome separa-

2582 | K.P McNally et al.

tion (Figure 7A, 0 s). Just before spindle ro-
tation, dynein accumulated at spindle poles
that were clearly separate from the chromo-
somes (Figure 7A, O s) before the spindle
shortened to juxtapose the poles against
the chromosomes (Figure 7, A, 20 s, and B,
10 s). During anaphase B, chromosomes
were clearly embedded within the dynein-
labeled spindle poles (Figure 7, A, 90's, and
B, 190 s). The extremely low signal-to- noise
ratio of GFP::DHC-1 at kinetochores of wild-
type bipolar spindles made it difficult to
prove that dynein is removed from kineto-
chores before anaphase onset. However,
dynein requires ZWL-1 for targeting to pro-
metaphase kinetochores in C. elegans
(Gassmann et al., 2008), and ZWL-1 no lon-
ger labeled cup-shaped kinetochores at
anaphase onset (Figure 3B, 0 s). These data
are consistent with the hypothesis that dy-
nein dissociates from kinetochores before
anaphase onset as described in other cell
types and suggest that the dynein on the
leading edge of anaphase chromosomes
described by Muscat et al. (2015) is in fact
spindle pole dynein rather than kinetochore
dynein.

Depletion of dynein results in spindles
that are longer than wild type at metaphase
(Ellefson and McNally, 2011), leaving the
possibility that spindle shortening in dynein-
depleted embryos might not be sufficient to
bring poles into contact with chromosomes.
However, imaging of GFP:ASPM-1 in dy-
nein-depleted embryos (Figure 7C) revealed
that GFP:ASPM-1-labeled poles still achieve
close proximity to chromosomes before
anaphase onset.

Anaphase B requires the doublecortin
family member ZYG-8

Anaphase B should theoretically require net
plus-end polymerization to maintain the an-
tiparallel overlap of interpolar microtubule
bundles. Loss of the doublecortin family
member ZYG-8 was previously shown to re-
duce microtubule polymerization rate
(Srayko et al., 2005) and prevent the ana-
phase-specific elongation of astral microtu-
bules during mitosis (Génczy et al., 2001).
We therefore hypothesized that ZYG-8
might be required for anaphase B during
meiosis. Time-lapse imaging of GFP:tubulin
and mCherry:histone in a zyg-8(ts) mutant at
nonpermissive temperature (Figure 8, A and
B) revealed that meiotic spindles exhibited

minimal elongation from an average minimum length of 4.01 pm to
only 4.22 pm, in contrast with control spindles, which elongated
from a minimum length of 3.51 pm to 5.85 pm (Figure 8C). The aver-
age chromosome separation rate in zyg-8 mutant embryos
(0.43 pm/min; Figure 8C) was more similar to the rate of anaphase A
(0.56 pm/min) than that of anaphase B (0.90 pm/min) in control
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2007). To test the role of BMK-1 in outward
sliding during C. elegans meiosis, we carried
out time-lapse imaging of GFP::tubulin and
mCherry::histone in worms carrying bmk-
1(0k391), a recessive reduction-of-function
allele (Connolly et al., 2014). The velocity of
anaphase B was 0.96 £ 0.07 ym/min (n=14),
which is not significantly different from that
for controls (p = 0.52). Thus BMK-1 neither
promotes nor resists anaphase B outward
sliding during C. elegans female meiosis.

Spindle pole movement toward
chromosomes contributes to anaphase
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during female meiosis in Spisula
solidissima
To test whether movement of spindle poles
toward chromosomes during female meio-
sis occurs in other animal phyla, we
analyzed the fertilized zygotes of Spisula
solidissima, phylum Mollusca, by fixed anti-
tubulin immunofluorescence (Figure 9A).
Metaphase | average spindle length was
significantly greater than anaphase aver-
age spindle length (metaphase |, 14.8 +
0.5 pm, n = 24; anaphase |, 9.2 £ 0.6, n =
12; p < 0.0001). To interpret the large vari-
ation in spindle lengths in fixed images, we
plotted pole-to-pole spindle length against
n  the distance between homologues (Figure
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Depletion of DHC-1 does not decrease the rate of either anaphase A or B.
(A) Time-lapse images of an embryo expressing GFP::tubulin and mCherry::histone and
depleted of DHC-1 were captured during both Ml and MIl. The shortened spindle at —0.5 min
fails to rotate and undergoes chromosome separation parallel to the cortex. Ml polar body
formation fails, and the Ml spindle captures all 12 univalents as it forms (9.25 min). The Mll
spindle shortens but fails to rotate, and chromosome separation occurs at a slight angle to the
cortex (13.25-15.0 min). At 16.75 min, the cortex has “captured” the sister chromatids that are
closest, and polar body formation has begun. Lagging chromosomes (red arrowheads) are
observed in both anaphase | and II. Times are from start of Ml chromosome separation. (B) Rates
of chromosome separation were determined during anaphase A and B in both wild-type and

longest, 20 um, metaphase spindles as be-
ing the earliest spindles because prophase
nuclei average >40 pm in diameter (Figure
9, C and D), and the centrosomes separate
around the nucleus during prophase
(Figure 9E). These measurements are con-
sistent with a model in which spindles are
20 pm long at the beginning of metaphase
and shorten to 8 ym to bring poles into
close proximity to the homologues. The
poles then separate in an anaphase B-like
process.

DHC-1- depleted embryos. Data for anaphase | and anaphase Il were combined since they are

not significantly different. *p < 0.05. (C) Average rates and SEM for each of the four conditions.

Bar, 5 pm.

embryos. Thus a protein required to increase the rate of plus-end
polymerization and increase the length of microtubules during ana-
phase is required for anaphase B during C. elegans meiosis,
consistent with an outward sliding mechanism.

In many organisms, the bipolar kinesin 5 drives anaphase B; how-
ever, loss of the C. elegans kinesin 5, BMK-1, results in faster ana-
phase B during mitosis in the one-cell embryo (Saunders et al.,
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DISCUSSION

A model for kinetochore-independent
anaphase

We present a model of C. elegans female meiotic chromosome
segregation based on the quantitative measurements reported
here (Figure 10). Spindle shortening and outward stretching of bi-
valents result in physical overlap and tethering of the outer edges
of bivalents to spindle poles before loss of cohesion (Figure 10B).
Outward sliding of interpolar microtubule bundles then moves
spindle poles and their bound chromosomes apart in an anaphase
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FIGURE 7: Dynein dissociates from kinetochores before chromosome separation. (A) Time-lapse
images of an Ml embryo expressing GFP::DHC-1 show DHC-1 on kinetochores during
metaphase (100 s). DHC-1 disappears from kinetochores and concentrates on the spindle pole
during shortening and anaphase A (0-40 s). (B) Time-lapse images of a second Ml embryo show
that DHC-1 on the spindle pole encircles the chromosomes during anaphase B (150-190 s).
Times are from the start of chromosome segregation; white lines indicate cortices; bars,

5 pm. (C) Time-lapse images of a DHC-1-depleted embryo expressing GFP::ASPM-1 and
mCherry::histone. The images show an Mll spindle (-200 s), which shortens (-30 to O s), does
not rotate, and undergoes anaphase A chromosome segregation (30-90 s). Times are from

the start of chromosome segregation. Bar, 5 um.

B-like movement. The kinetochore proteins KNL-1 (Dumont et al.,
2010) and ZWL-1 (this study) dissociate from chromosomes during
this handoff of chromosomes to the spindle poles. Depletion of
KNL-1 had little effect on the velocity of anaphase (Dumont et al.,
2010) because spindle shortening is sufficient to bring homo-
logues into contact with their spindle pole attachment sites. Pro-
metaphase orientation of bivalents within the microtubule-poor
channels between interpolar microtubule bundles is completely
dependent on the kinetochore protein KNL-1, which is required for
kinetochore targeting of both NDC-80 complex and ZWL-1
(Dumont et al., 2010). We therefore hypothesize that orientation
and stretching of bivalents is mediated by NDC-80 complex, KNL-
1, RZZ-coupled dynein, and possibly other KNL-1-dependent
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end
Anaphase A

end
Anaphase A

microtubule-interacting proteins on the
kinetochore cups. This hypothesis is sup-
ported by the observation of aneuploid
metaphase |l spindles in KNL-1-depleted
embryos (Dumont et al., 2010).

Whether outer kinetochore proteins
generate outward pulling force through lat-
eral or end-on microtubule attachments
cannot be discerned from imaging alone, as
the presence of dense interpolar microtu-
bule bundles does not exclude the exis-
tence of lower-density microtubules within
the microtubule-poor channels. However, in
vitro studies indicate that the NDC-80 com-
plex generates force through end-on at-
tachment (Powers et al., 2009), and dynein
can generate force through lateral or end-
on attachment (Mallik et al, 2004; Laan
etal., 2012).

We hypothesize that spindle shortening
is driven by inward sliding by kinesin 14 fam-
ily members because these kinesins oppose
kinesin 5-mediated outward sliding in other
organisms (Saunders et al., 1997; Mountain
et al., 1999; Sharp et al., 1999). Because
there are four, potentially redundant kinesin
14 family members in C. elegans—KLP-15,
KLP-16, KLP-3, and KLP-17—this hypothesis
has been difficult to test.

If anaphase A occurs as KNL-1 (Dumont
et al., 2010) and ZWL-1 (this study) are dis-
sociating from chromosomes, what mecha-
nisms might drive anaphase A after the
handoff of chromosomes from kinetochores
to spindle poles? The centers of histone-la-
beled chromosomes move 1.13 pm apart
during anaphase A-like movement, which
means that the center of each homologue
only moves 1.13/2 = 0.56 pm through the
microtubule-poor channels. Because biva-
lents are 4.0 pm long when we propose that
cohesin is cleaved, anaphase A occurs over
a fraction of a chromosome length. We sug-
gest two noncanonical mechanisms that
could contribute to this short-range motion.
Because experimentally stretched chromo-
somes return to their original shape when
tension is released (Paliulis and Nicklas,
2004) and C. elegans bivalents are stretched
by 1 um (Figure 3), cleavage of cohesin could generate 1 pm of
chromosome separation by elastic recoil of the chromatin (Figure
10C). A second noncanonical mechanism is suggested by the spher-
ical spindle shape generated by spindle shortening (Crowder et al.,
2015). Interpolar microtubule bundles are clearly bent into a semicir-
cular shape by spindle shortening and straighten during anaphase
(Figure 1A). For a spherical spindle with a length of 4.0 pm, the
length of one interpolar bundle is actually 0.5(2nr) = (2 pm) =
6.2 um. Straightening of the microtubule bundles could move chro-
mosomes tethered to the ends of the spindle by 6.2 -4 =2.2 ym
apart. Because it takes piconewton (pN) forces to bend a single
GDP microtubule in vitro with an optical trap and these bent micro-
tubules return to a straight conformation upon release of force

Anaphase B

Anaphase B

end
Anaphase A
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kinesin 12 acts redundantly with kinesin 5 in
vivo (Tanenbaum et al.,, 2009), suggesting
that they act by similar mechanisms. Kine-
sin-5 motors are responsible for separating
duplicated poles by virtue of their antiparal-
lel tetrameric structure, which allows them to
bundle and slide parallel and antiparallel mi-
crotubules (Kapitein et al., 2005; Tao et al.,
2006; Scholey et al., 2014). Mammalian kine-
sin 12 can also cross-link and slide both anti-
parallel and parallel microtubules (Drechsler
and McAinsh, 2016). We suggest that, at the
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end of anaphase A, chromosomes become
physically tethered to the poles; KLP-18 then
slides antiparallel microtubules apart during
anaphase B, whereas ZYG-8-driven microtu-
bule polymerization maintains microtubule
overlap (Figure 10, D and E). The microtu-
bule dynamics regulator CLS-2, which is re-
quired for anaphase (Dumont et al., 2010),
may also contribute to maintaining antiparal-
lel overlap.

How might chromosomes be tethered to
spindle poles? C. elegans katanin, com-
posed of MEI-1 and MEI-2 subunits, colo-
calizes with meiotic chromosomes during
metaphase (Srayko et al, 2000; McNally
et al., 2014), suggesting that it can bind
5 chromatin. Katanin is also found at spindle
poles throughout meiosis, and time-lapse
imaging revealed GFP:MEI-1 on chromo-

Average Rate of

Chromosome Separation | 0-43 ¥/-0.04 |10

0.524 +/- 0.05
(Anaphase A) 1

somes merging with GFP::MEI-1 on poles
as spindles shorten to their shortest length

MI Metaphase

Spindle Length 10.05 +/-0.14 |12

8.44 +/-0.10 12

(McNally et al., 2006). In addition, strong
loss of function of MEI-1 results in spindles

Length at Rotation 5.07 +/-0.20 (12

4.47 +/- 0.08 20

with no ASPM-labeled poles (McNally and

Shortest Length during

Areiphese 4.01+-021 |12

3.51 +/-0.08 20

McNally, 2011; Connolly et al., 2014) and no
organized chromosome movement (Yang

Length When the Cortex

Starts to Ingress 422 +/-022 |12

5.84 +/-0.24 1

et al., 2003; Connolly et al., 2014). Recent
proteomics work indicates that in human
cells, katanin forms complexes with NuMA/

FIGURE 8: The doublecortin family member ZYG-8 is required for anaphase B. Time-lapse
images of control (A) or zyg-8(ts) (B) embryos expressing GFP::tubulin and mCherry::histone.
The zyg-8(ts) Ml spindle does not elongate after anaphase A. Times are from the start of
chromosome segregation; bars, 5 pm. (C) Kymograph analysis of chromosome separation in
time-lapse sequences from a wild-type embryo and a zyg-8(ts) embryo incubated at the
restrictive temperature. Start times are at the completion of spindle rotation. (D) Data obtained
from zyg-8(ts) embryos incubated at the restrictive temperature and from wild-type embryos

examined under similar conditions.

(Kikumoto et al., 2006), we suggest that cohesin cleavage would
allow microtubules to return to a straight conformation, resulting in
pN forces on chromosomes tethered to the ends of the micro-
tubules. Chromosomes separate by <2 ym because the spindle con-
tinues to shorten during anaphase A.

We suggest that, once chromosomes overlap the ASPM-labeled
poles, the kinesin 12 family member kinesin-like protein (KLP)-18 pro-
vides the major outward sliding force during anaphase B. This hypoth-
esis is based on the observation that KLP-18 depletion results in mo-
nopolar meiotic spindles (Wignall and Villeneuve, 2009), just as strong
depletion of kinesin 5 results in monopolar spindles in other species
(Heck et al., 1993; Mountain et al., 1999). In addition, mammalian

Volume 27 August 15, 2016

LIN-5 and ASPM (Cheung et al., 2016), both
of which are concentrated at C. elegans
meiotic spindle poles (van der Voet et al.,
2009). Although anaphase still occurs in
ASPM-depleted meiotic embryos (Connolly
et al, 2014), these experiments may have
been conducted in a partial-loss-of-function
state. At mammalian mitotic spindle poles,
katanin (McNally and Thomas, 1998), NuMA
(Lydersen and Pettijohn, 1980), and ASPM (Higgins et al., 2010) are
dispersed by microtubule-depolymerizing drugs. In addition, ka-
tanin (McNally et al., 2014) and Drosophila ASPM (Ito and Goshima,
2015) can cross-link microtubules in vitro, and we find microtubules
at meiotic spindle poles (Figure 1B). We suggest that a complex of
katanin, ASPM, NuMA/LIN-5, and cross-linked microtubules both
form the spindle pole and capture chromosomes.

The apparent switch from chromosome attachment to the kineto-
chore to chromosome attachment to the spindle pole may have
evolved because of the need to completely reposition kinetochores
between meiosis | and Il in C. elegans. The cup-shaped meiosis |
kinetochore envelops two sister chromatids, whereas the cup-shaped
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Late Anaphase | tubulin::GFP; unc-119(+)]; itls37 [unc-119(+)
pie-1:mCherry::H2B]; bmk-1(ok391) made by
crossing FM125 with SV1005 bmk-1(0k391) V,
an 8x outcrossed version of bmk-1(ck391)
(Maia et al., 2015), which is a recessive reduc-

tion-of-function allele (Connolly et al., 2014).

RNA interference

Al of the RNAi experiments were performed
by feeding bacteria (HT115) induced to ex-
press double-stranded RNA corresponding
to each gene as described by Timmons
et al. (2001) and Kamath et al. (2001). L4
hermaphrodites were transferred to RNAI
plates and allowed to feed on the RNAi bac-
terial lawn for 16-24 h. We used dhc-1 clone
I-TPO4 from the genomic RNAI feeding
library (Medical Research Council Gene
Services, Source BioScience, Nottingham,
UK; Kamath et al., 2001).

Live in utero imaging

Adult hermaphrodites were anesthetized
with tricaine/tetramisole as described (Kirby
et al., 1990; McCarter et al., 1999) and gen-
tly mounted between a coverslip and a thin
3% agarose pad on a slide. Images in Figure
1A were captured on an Olympus IX81 mi-
croscope equipped with a 60x PlanApo 1.42
oil objective and an ORCA Flash 4.0 CMOS
camera (Hamamatsu Photonics, Bridgewa-
ter, NJ). All other live images were captured
with a PerkinElmer-Cetus Ultraview Spinning

FIGURE 9: Spindle poles move toward chromosomes during meiotic anaphase in S. solidissima.
(A) Maximum intensity projections of fixed-immunofluorescence images of fertilized Spisula
embryos stained with DAPI and anti-o-tubulin antibodies. (B) Relationship between spindle
length (pole-to-pole distance) and distance between chromosomes in metaphase | (n = 24) and
anaphase | (n = 12). For anaphase |, Pearson r = 0.8269. (C) Maximum intensity projection of a
Spisula zygote at germinal vesicle stage stained with DAPI (red) and o-tubulin (green), which is
excluded by the nucleus. (D) Quantification of the germinal vesicle diameter just after

Disk Confocal equipped with an Orca R2
CCD and an Olympus 100x 1.35 oil objec-
tive. Images in Figure 1A were deconvolved
using Huygens Professional X11 (SVI,
Hilversum, Netherlands). Deconvolutions
were run up to 40 iterations using classic
maximum likelihood estimation restoration.

fertilization. (E) Maximum intensity projection of a Spisula zygote at germinal vesicle stage

stained with DAPI (red) and y-tubulin (green), showing separation of centrosomes across the
nuclear surface. The dotted line highlights the nuclear envelope. Bar, 10 pm.

meiosis |l kinetochore must envelop only a single sister chromatid.
The removal of KNL-1 (Dumont et al., 2010) and ZWL-1 (this study)
from kinetochores during anaphase | may be necessary to allow reas-
sembly of the meiosis Il kinetochore in a new location. Kinetochore
disassembly may then have necessitated a new mechanism for teth-
ering chromosomes to outwardly separating spindle poles.

MATERIALS AND METHODS

C. elegans strains

Weusedthefollowingstrains. FM125:unc-119(ed3); ruls57[pAZ147:pie-
1/B-tubulin::GFP; unc-119(+)]; itls37 [unc-119(+) pie-1::mCherry::H2B]),
FM49:  zyg-8(ord84ts) IlII; unc-119(ed3); ruls57[pAZ147:pie-1/pB-
tubulin::GFP; unc-119(+)]; itls37 [unc-119(+) pie-1:mCherry::H2B],
EU1561: orls17[dhc-1::GFP::DHC-1; unc-119(+)]; itls37[unc-19(+) pie-
1:mCherry::H2B], EU2933: itls37[unc-19(+) pie-1:mCherry::H2B];
or1935[GFP::aspm-1] I, OD1870: Itls1003[pTKO048; Pmex-5::ZWL-
1:GFP::tbb-2 3’'UTR::operon linker:mCherry:his-58::tbb-2 3'UTR; cb-
unc-119(+)]l, and FM387: unc-119(ed3); ruls57[pAZ147:pie-1/B-

2586 | K.P McNally et al.

Spisula immunofluorescence

and imaging

S. solidissima was obtained from the Marine
Biological Laboratory (Woods Hole, MA), and zygotes were pre-
pared as described (Palazzo and Vogel, 1999). Embryos were fixed
with 4% formaldehyde/0.1% glutaraldehyde and stored at 4°C. A
slurry of embryos was then treated with sodium borohydride (1 mg/
ml) in phosphate-buffered saline (PBS) for 4 min (2x). Embryos were
washed with PBS, permeabilized with PBS-Tween 20 (PBST), blocked
with PBST plus 4% bovine serum albumin (BSA), and incubated
overnight in either anti-tubulin (DM1alpha; Sigma-Aldrich, St. Lous,
MO) or anti—y-tubulin (T5192; Sigma-Aldrich) 1:200 in PBST plus 4%
BSA all on a rotator at 4°C. Embryos were then washed in PBST (3x)
and incubated in secondary antibody (Alexa Fluor 488; Life Tech-
nologies, Carlsbad, CA) at 1:1000 and 4’,6-diamidino-2-phenylin-
dole (DAPI) at 1:200. Embryos were washed in PBS (3x), mounted in
DABCO Mowiol, and sealed.

Quantification

C. elegans. All quantitative analysis was carried out with Ivision
software (BioVision Technologies, Exton, PA). Anaphase rates of

Molecular Biology of the Cell



p_h 12 B 14 15 I6 17 18um D spindle pole
A :outer kinetochore
o cohesin ring
|| — ® KLP-18
B spindle shortening + bivalent stretching

C potential anaphase A mechanisms
elastic recaoil microtubule spindle
of chromatin unbending shortening

a

S

&

D observed end
of anaphase A

5

E kLP-1 8-dependent sliding, ZYG-8-dependent polymerization
[ —

3 S

——

observed end
of anaphase B

FIGURE 10: Model of C. elegans female meiotic anaphase | drawn to
scale, showing a single bivalent within a single microtubule-poor
channel. (A) Before APC activation, bivalents are oriented within the
microtubule-poor channels of an 8-pm-long spindle in a KNL-1-
dependent manner. (B) APC-dependent spindle shortening and
kinetochore stretching result in a 4-pm-long spindle with the outer
kinetochore overlapping the ASPM-labeled poles. (C) The predicted
structures at the end of anaphase A that would result from each of
three different kinetochore-independent mechanisms: elastic recoil of
stretched chromatin, unbending of interpolar microtubule bundles,
and spindle shortening. Although spindle shortening does not move
chromosomes apart, it increases the overlap between homologues
and poles. (D) The observed structure at the end of anaphase A.

(E) The observed structure at the end of anaphase B. Pink lines
indicate ZYG-8-dependent new microtubule polymer.

chromosome separation shown in Figures 2, 6C, and 8D were deter-
mined from time-lapse images of live embryos that express
GFP::tubulin and mCherry::histone. Images were captured at 10- or
15-s intervals; they were then opened in Ivision and magnified so
that the size of a homologue or sister chromatid was approximately
equal to the size of the cursor and the cursor could be easily cen-
tered over it. Distances in micrometers were measured between
separating homologues or sister chromatids, and rates are ex-
pressed as distance over time in minutes. “Perceived distance be-
tween homologs” before their separation (Figures 3C and 4A) is a
measurement of the area between lobes with pixel intensity <50%
of the pixel intensity in the centers of the lobes. Calculations in
Figure 4, C and D, were made by subtracting the distance between
the centers of homologues from the distance between the edges of
ZWL-1::GFP cups for each individual chromosome. For distances
shown in Figure 5, C and D, measurements were made across the
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entire spindle and then divided in half to determine the distance
from the spindle center. Kymographs in Figure 8C were generated
using ImageJ software.

Spisula. Distance between chromosomes in anaphase | was mea-
sured between the centers of each chromosome mass and included
the z-distance. Similarly, the pole-to-pole distance was measured
between the centers of each aster. Because the chromosomes are
not separated in metaphase, they were plotted as having a distance
of 1 um.
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