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The Identification of a Novel Mutant Allele of
topoisomerase II in Caenorhabditis elegans Reveals a

Unique Role in Chromosome Segregation
During Spermatogenesis
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National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, Maryland 20892

ABSTRACT Topoisomerase II alleviates DNA entanglements that are generated during mitotic DNA replication, transcription, and sister
chromatid separation. In contrast to mitosis, meiosis has two rounds of chromosome segregation following one round of DNA
replication. In meiosis II, sister chromatids segregate from each other, similar to mitosis. Meiosis I, on the other hand, segregates
homologs, which requires pairing, synapsis, and recombination. The exact role that topoisomerase II plays during meiosis is unknown.
In a screen reexamining Caenorhabditis elegans legacy mutants isolated 30 years ago, we identified a novel allele of the gene encoding
topoisomerase II, top-2(it7). In this study, we demonstrate that top-2(it7) males produce dead embryos, even when fertilizing wild-type
oocytes. Characterization of early embryonic events indicates that fertilization is successful and sperm components are transmitted to
the embryo. However, sperm chromatin is not detected in these fertilized embryos. Examination of top-2(it7) spermatogenic germ
lines reveals that the sperm DNA fails to segregate properly during anaphase I of meiosis, resulting in anucleate sperm. top-2(it7)
chromosome-segregation defects observed during anaphase I are not due to residual entanglements incurred during meiotic DNA
replication and are not dependent on SPO-11-induced double-strand DNA breaks. Finally, we show that TOP-2 associates with
chromosomes in meiotic prophase and that chromosome association is disrupted in the germ lines of top-2(it7) mutants.
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TYPE II DNA topoisomerases play a critical role in chro-
mosome fidelity by alleviating topological stresses that

arise within chromosomes. Eukaryotic type II topoisomerases
(topoisomerase II) are structurally and functionally con-
served (Holm et al. 1985; Drake et al. 1989; Ramos et al.
2011). Topoisomerase II is a largeATP-dependent, homodimeric
enzyme. Each subunit breaks one DNA strand, passes a second
unbroken strand through the break, and then reseals the
break (reviewed in Nitiss 2009). Thus, during mitotic divi-
sions, topoisomerase II enzymes solve topological problems
that arise during replication, transcription, sister chromatid seg-
regation, and recombination. Topoisomerase II is also crucial

for the maintenance of mitotic chromosome structure. In
mammals and yeast, it is found along the chromosome axes
and knock down by either mutation or RNA interference
(RNAi) in mammals, yeast, and Drosophila leads to chromo-
some condensation defects (Earnshaw et al. 1985; Gasser et al.
1986; Uemura et al. 1987; Xu andManley 2007;Mengoli et al.
2014).

Although the actions of topoisomerase II in mitosis have
been well characterized, studies investigating the roles of
topoisomerase II duringmeiosis are emerging. Unlikemitosis,
which has a single round of DNA replication followed by
one round of chromosome segregation, meiosis consists of a
single round of DNA replication followed by two rounds of
chromosome segregation. During the first meiotic division,
homologous chromosomes pair, synapse, and form physi-
cal connections through recombination that, in partnership
with sister chromatid cohesion, aid in the segregation of the
homolog pairs (reviewed in Hillers et al. 2015; Zickler and
Kleckner 2015). The second meiotic division is similar to
mitosis with respect to the segregation of sister chromatids.
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Due to the requirement for topoisomerase II during
mitosis, most strong loss-of-function mutations are lethal,
limiting studies during meiosis. Shifting temperature-
sensitive mutants of diploid Saccharomyces cerevisiae and
Schizosaccharomyces pombe top2 to a nonpermissive tem-
perature leads to a cell-cycle arrest during meiosis I (Rose
et al. 1990; Hartsuiker et al. 1998). Meiosis-specific Top2
RNAi in Drosophila results in sterility due to defects in
homolog segregation (Hughes and Hawley 2014). Topoi-
somerase II inhibitors in male and female mouse meiosis
lead to defects in chromosome condensation and segrega-
tion during the first meiotic division (Marchetti et al.
2001; Li et al. 2013; Gómez et al. 2014). Taken together,
these studies demonstrate that topoisomerase II also
plays a critical role in the segregation of homologs during
meiosis I. Localization studies in yeast and mammals have
demonstrated that, as in mitosis, topoisomerase II localizes
along the chromosome axes of meiosis I chromosomes
(Klein et al. 1992; Li et al. 2013; Gómez et al. 2014). Besides
these data, the mechanism of topoisomerase II action and
regulation during meiosis and its interaction with the vast
and diverse molecular machinery needed to pair, synapse,
link, and segregate homologous chromosomes have not
been solved.

In Caenorhabditis elegans, a single gene encodes the
topoisomerase II homolog, top-2. TOP-2 shares 52% amino
acid sequence identity with human topoisomerase IIa.
Within the C. elegans genome, a recent duplication event
gave rise to a top-2 paralog called cin-4, however, this gene
lacks the ATPase domain and is unlikely to have enzymatic
function (Stanvitch and Moore 2008). Our genetic studies
further suggest that cin-4 is not essential for embryonic or
germ-line development. Previous studies found that RNAi
depletion of top-2 results in chromosome nondisjunction
during embryonic mitotic divisions (Bembenek et al. 2013).
In another analysis, top-2 RNAi uncovered a role for
TOP-2 in generating the DNA damage that occurs at the
onset of zygotic genome activation in the primordial germ
cells of embryos (Butuči et al. 2015). While these two
studies have demonstrated that, similar to other organ-
isms, C. elegans TOP-2 plays important roles in chromo-
some fidelity during mitotic divisions, its role in meiosis
has not been examined.

In this article, we describe a newly identified allele of
C. elegans topoisomerase II, top-2(it7). We show that top-2(it7)
mutant males sire dead embryos and that this lethality is
due to a failure to segregate DNA properly during the
meiotic divisions of spermatogenesis. Instead, chromatin
bridges form during anaphase I, and the chromatin becomes
trapped in the residual body. We demonstrate that these
chromosome-segregation defects result in anucleate sperm
that are capable of fertilization. After fertilization, early
embryonic events proceed normally, but all the resultant
embryos arrest during later divisions. In addition, we have
found that the chromosome-segregation defects observed
during anaphase I in top-2(it7) males are not due to residual

entanglements incurred during mitotic and meiotic DNA
replication and are not dependent on SPO-11-induced double-
strand DNA breaks (DSBs).

Materials and Methods

Strains

C. elegans strains (listed in Supplemental Material, Table S1)
were cultured using standard conditions (Brenner 1973).

RNAi

RNAi was performed via the feeding method of Timmons
et al. (2001). L2/L3 worms were fed bacteria expressing
double-stranded RNAi for 24 hr. Feeding clones were from
the Ahringer feeding library (Kamath and Ahringer 2003) and
included the following genes: smd-1 (negative control) and
top-2/cin-4 (see Figure 5A). To obtain a top-2-specific RNAi
feeding construct (pAJL17), a 1-kb fragment spanning exons
two to three was amplified and cloned into a modified L4440
(pCR88) feeding vector by Gateway Cloning (see Figure 5A).

Embryonic viability assays

SingleL3orL4hermaphrodite larvaewereplatedandallowed
to lay embryos on individual plates at 15 or 24� for a 24 hr
period. Adult worms were transferred to fresh plates every
24 hr until no additional embryos were produced. Percent
hatching is the number of hatched larvae divided by the total
number of embryos laid.

Genetic mapping and molecular identification of top-2
(it7ts)

Genetic mapping: Classical three-factor genetic mapping
was performed by mating mel-15(it7ts); him-8(e1489) males
with unc-4(e120) rol-1(e91) hermaphrodites. From F1
cross-progeny, homozygous F2 Unc non-Rol (n = 21) and
Rol non-Unc (n = 34) recombinant lines were assayed for
the embryonic lethality phenotype ofmel-15(it7ts) at 24�. A
total of 6 of 21 Unc non-Rol hermaphrodites were embry-
onic lethal (28%), placingmel-15(it7ts) 1.43 cM to the right
of unc-4. A total of 17 of 34 Rol non-Unc were embryonic
lethal (50%), placing mel-15(it7ts) 4.20 cM to the left of
rol-1. With this genetic data, mel-15 was placed at �4.3 cM
on chromosome II.

Whole genome sequencing:Thegeneticpositionofmel-15(it7ts)
determined by three-factor mapping (above) was confirmed
by Hawaiian single-nucleotide-polymorphism (SNP) map-
ping and whole genome sequencing (WGS) (Doitsidou
et al. 2010). CB4856 Hawaiian strain crossing, F2 screening,
library construction, and sequencing were performed as in
Jaramillo-Lambert et al. (2015), yielding a 23-fold genome
coverage of a single-end, 50-bp sequence. Variant calling
with a pipeline of BFAST (Homer et al. 2009), SAMtools
(Li et al. 2009), and ANNOVAR (Wang et al. 2010) failed
to identify any novel protein-coding mutations within the
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map interval. However, an alternate pipeline of BBMAP
(Bushnell 2015), FreeBayes (Garrison and Marth 2012),
and ANNOVAR identified a single protein-coding variant
in the top-2 gene. The it7ts mutation is a C/T missense
allele at position 11,878,049 (genome version WS250,
http://www.wormbase.org) that encodes an Arg828 to
Cys substitution. We redesignated this allele as top-2(it7ts).

Complementationwith deletion allele:Balanced top-2(ok1930D)/
mIn1-gfp; him-8(e1489) L4 males were mated with homozy-
gous L4 unc-4(e120) mel-15(it7ts) hermaphrodites at 15�.
L4 non-GFP, non-Unc F1 hermaphrodite cross-progeny
were picked to individual plates and incubated at 24�. Em-
bryonic viability was assessed as described above. Control
complementation tests were performed as follows: Balanced
mel-20(b317)/mnC1-gfp; him-8(e1489) L4 males were
mated with homozygous L4 unc-4(e120)mel-15(it7ts) her-
maphrodites at 15�. L4 non-GFP, non-Unc hermaphrodite
cross-progeny were picked to individual plates and incu-
bated at 24�, and embryonic viability assessed as described
previously.

Testing for paternal-effect embryonic lethality

fem-1(hc17ts) is a temperature-sensitive allele that causes
feminization of the germ line at 24� (Doniach and Hodgkin
1984). To produce “females” (no sperm produced), gravid
fem-1(hc17ts) dpy-20(e1282) hermaphrodites were placed
at 24� and their progeny were raised at the restrictive tem-
perature for 48 hr until reaching the L4 larval stage. A single
L4 fem-1(hc17ts) dpy-20(e1282) female was mated with
five or six L4 males of indicated genotype at either 15 or
24�. Every 24 hr the adult worms were transferred to fresh
plates until the female stopped laying embryos. The number
of hatched larvae and dead embryos were scored for each
24 hr period and the percent embryonic viability was
calculated.

Immunostaining

Immunostaining was essentially performed as in Martinez-
Perez and Villeneuve (2005). Gonads were dissected in
30 ml 13 Egg buffer (118 mM NaCl, 48 mM KCl, 2 mM
CaCl2 � 2H2O, 2 mM MgCl2 � 6H2O, 25 mM Hepes, pH 7.4)
and 0.1% Tween 20 on a coverslip. After dissection, 15 ml of
the liquid was removed and replaced with 15 ml 2% parafor-
maldehyde solution (made from 16% EM Sciences in 13 Egg
buffer, 0.1% Tween 20). The solution was carefully pipetted
to mix and help extrusion of the gonads. Then, 15 ml of the
liquid was removed and a Superfrost Plus microscope slide
(Daigger Scientific, Vernon Hills, IL) was placed over the
isolated gonads and the sample was allowed to fix for
5 min. The slide preparation was then placed in liquid nitro-
gen. After freezing, the coverslip was snapped off and the
slide was immediately placed in 220� methanol for 1 min.
Next, the slides were washed three times in PBS with Tween
20 (PBST) (13 PBS, 0.1% Tween 20) for 5 min each, fol-
lowed by a 1-hr room temperature incubation in blocking

solution (0.7% BSA in PBST). Primary antibody was diluted
in blocking solution and slides were incubated for 16–18 hr at
4�, and secondary antibody for 2 hr in a humidified chamber.
The slides were then stained with DAPI (2 mg/ml) for 5 min,
followed by a final wash in PBST for 5min, and thenmounted
with Vectashield. A slight modification to the wash steps of
the above protocol was performed for immunostaining with
anti-FLAG antibody: After freeze/cracking and incubation
in 220� methanol for 1 min, slides were washed once in
13 PBS + 0.5% Triton X-100 for 10 min, then washed two
times in PBST for 5 min.

The following primary antibodies were used: rabbit anti-
phospho-Histone H3 (Ser10) (H3pS10) (1:100) (Upstate
Biotechnology, Lake Placid, NY) and mouse anti-FLAG M2
(1:500) (Sigma Chemical, St. Louis, MO). The secondary
antibodies Alexa Flour-561 and Alexa Fluor-488 (1:200)
were purchased from Invitrogen (Thermo Fisher Scientific,
Waltham, MA).

Methanol fixation protocol for whole-mount animals

Whole-mount worm fixations were prepared as follows: 5–10
animals were picked into 5 ml of M9 minimal medium (M9)
on a regular glass slide (Daigger). All M9 was removed from
the animals by wicking away the liquid with a Kimwipe,
then 15 ml of 100% methanol was added to the animals
on the slide. After the methanol evaporated (�30 sec),
12 ml of DAPI solution (2 mg/ml in water) was placed on
the fixed animals and covered with a coverslip for 30 min
prior to imaging.

Hoechst staining to visualize DNA in live germ cells
(male meiotic divisions)

Meiotic sperm spreads were generated by dissecting male
gonads in sperm media (50 mM Hepes, pH 7, 1 mM MgSO4,
25 mM KCl, 45 mM NaCl, 5 mM CaCl2, 1 mg/ml BSA)
(Nelson and Ward 1980) containing 2 mg/ml Hoechst dye
33342 (H-3570; Molecular Probes, Waltham, MA). A cover-
slip was placed over the isolated gonads and gentle pressure
applied to flatten and create a single layer of spermatocytes
and spermatids. The spreads were immediately imaged for
red fluorescence under a 603 objective with DIC optics.

Live imaging of female meiosis

Adult hermaphrodites (OCF8 and AG260) were anesthetized
with 2 mM levamisole (Sigma Chemical), mounted on an
agarose pad, and covered with a coverslip. For time-lapse
imaging, a single focal plane of red fluorescence images was
captured at 10 sec intervals.

Image collection and processing

Collection of images was performed using a Nikon (Garden
City, NY) Eclipse E800 spinning disk confocal microscope and
MetaMorph imaging software. Images were processed and
analyzed using Fiji Is Just ImageJ (Fiji) (Schindelin et al.
2012). All imaging experiments were repeated a minimum
of three times.
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CRISPR/Cas9-mediated genome editing

CRISPR-mediated gene editing was performed to recreate
the top-2(it7ts) mutation in the N2 and top-2::3xflag back-
grounds and to revert unc-4(e120) top-2(it7ts) to wild type
via the clone-freemethod (Paix et al. 2015), using dpy-10 as a
co-CRISPR marker (Arribere et al. 2014). All of the following
injections were done using an injection mix of Cas9 protein
(10mg), dpy-10 CRISPR RNA (crRNA) (3.2mg), dpy-10(cn64)
repair oligonucleotide (0.2 mg), universal trans-activating
crRNA (tracrRNA) (20 mg, Dharmacon, GE Life Sciences,
Pittsburgh, PA), top-2 sequence targeting crRNA (CUUC
UUCCAAUCGGACAGUUGUUUUAGAGCUAUGCUGUUUUG,
8 mg), and a gene-/allele-specific repair oligonucleotide
(0.8 mg). To revert the cytosine 2977 to thymine (codon
828) in top-2(it7ts) back to wild type, unc-4(e120) top-2(it7ts)
young adult hermaphrodites were injected with the above
mix containing a repair oligonucleotide containing the
sequence to edit the single nucleotide from T to a wild-
type C (bold), additional changes to prevent further Cas9
cleavage (italics), and a PstI recognition site (underlined) to
distinguish the reverted line from unc-4(e120) top-2(it7ts)
(CTCGCTCAAGATTACGTTGGCTCCAACAACATCAACCTGC
TTCTTCCAATAGGGCAATTCGGTACTCGTCTGCAGGGTGG
AAAGGACAGTGCTTCAGCTCGTTACATCTTCACTCAACTG
TCGCC). A single line was isolated that contained the
T2977/C change, the PstI site, and the additional silent
changes (confirmed by sequencing; Eurofins MWG Operon
LLC, Louisville, KY). This line was given the allele desig-
nation av74.

To create a C-terminal 3xFLAG-tagged version of TOP-2
(top-2::3xflag), the C-terminal of the top-2 sequence was
targeted for Cas9 cleavage using two single guide RNAs
(sgRNAs) (sgRNA 1, CGCGTCGTCGACTCCGACT; and
sgRNA 2, GGATCAGCCAAAGAAGAAG) and cloned into
pDD162 (pAJL20 and pAJL21, respectively) (Dickinson
et al. 2013). To integrate a 3xFLAG sequence, N2 young
adults were injected with a dpy-10 target sequence in
pDD162 (pSS4, 25 ng/ml), a dpy-10 repair oligonucleo-
tide (for coconversion screening, 15 ng/ml), the two top-2
C-terminal sgRNAs, and a top-2::3xflag repair oligonucleo-
tide (CTTACGACGTGGATTCAGGATCCGATTCGGATCAGC
CAAAGAAGAAGAGGAGACGCGTCGTCGACTCCGACTCAG
ATGACTACAAAGACCATGACGGTGATTATAAAGATCATGA
TATCGATTACAAGGATGACGATGACAAGTAAATTAATTTGT
TTCCCACCTTCCTTAAGTGTTTCTAATTTATTTTCTTTCC,
30 ng/ml). The top-2::3xflag repair oligonucleotide contained
the 3xFLAG sequence (in bold), silent mutations to remove
the protospacer adjacent motif (PAM) sites for both sgRNAs
(italics), EcoRV and ClaI restriction sites (underlined, recog-
nition sites overlap), and 50 nt of perfect homology flanking
the 3xFLAG insertion. Three independent lines were gener-
ated and confirmed by sequencing. These lines were given
the allele designation av64.

To recreate the single-nucleotide change of the it7ts
allele (cytosine 2977 to thymine) in N2 and top-2::3xflag

(see construction notes above), either N2, AG274, or AG275
young adult hermaphrodites were injected with the above
mix containing a repair oligonucleotide with the sequences
to edit the single nucleotide from a wild-type C to a T (bold),
additional changes to prevent further Cas9 cleavage (italics),
and a PstI recognition site (underlined) to distinguish the rec-
reated line from N2 or top-2::3xflag (CTCGCTCAAGATTA
CGTTGGCTCCAACAACATCAACCTGCTTCTTCCAATAGGGC
AATTCGGTACTTGTCTGCAGGGTGGAAAGGACAGTGCTTC
AGCTCGTTACATCTTCACTCAACTGTCGCC, 0.8 mg). We
isolated three independent lines of top-2(it7ts) in the N2
background and two independent lines of top-2(it7ts) in the
top-2::3xflag background. Sequence changes were con-
firmed with sequencing. cin-4, a top-2 paralog, was also
sequenced to ensure there was no off-target editing. These
lines were given the allele designations av73 (recreation of
it7ts) and av77ts (it7ts recreation in top-2::3xflag).

cin-4(av59) was generated by CRISPR/Cas9 genome edit-
ing to recreate the published cin-4(mr127ts) allele which
changes Glu304 to Gly (Stanvitch and Moore 2008). The
cin-4 sequence was targeted for Cas9 cleavage using two
sgRNAs (sgRNA 1, CATTCAATTCCATGTCTTG; and sgRNA
2, TAGTTGAAGAAATCTTTTA) and cloned into pDD162
(pAG172 and pAG173, respectively). These sgRNAs target
separate PAM sites that flank Glu304. N2 young adult her-
maphrodites were injected with the two sgRNAs (25 ng/ml
each) and a repair oligonucleotide (CAGGGGCTGGCTG
AAGAGTGCCTCTACAACAAAGAAACTCGATTTGTCACTCT
GAAAGATTTCTTCAACTACGGAATAGTTTGCTCATGGAATTT
GCATTCAATTCCATGTCTTGTCGATGGTTTGAAACCAGGAC
AGCGGAAGGTTCTCTTCGCGTGCTTCAAAAGA, 30 ng/ml)
that codes for the Glu304Gly alteration (in bold); the destruc-
tion of both target PAM sites (italics); and a novel, but silent,
XmnI restriction site for screening purposes (underlined). In
addition, coconversion screening with dpy-10 was performed
as described above. A single line contained the Glu304Gly
mutation, the XmnI site, and the altered PAM sites (confirmed
by sequencing). Because there is high homology between cin-4
and top-2 in this region, additional sequencing of the relevant
top-2 region was performed. Sequencing confirmed that no
changes were made in the top-2 gene. This line was given
the allele designation av59.

In addition to the recreation of mr127ts, a second cin-4
mutant line was generated by CRISPR/Cas9 genome editing
to create two stop codons at Tyr303 and Glu304. Using the
same coconversion injection strategy stated above, N2 young
adults were injected with the same cin-4 sgRNAs (25 ng/ml)
and a cin-4 repair oligonucleotide (CAGCAGGGGCTGGCT
GAAGAGTGCCTCTACAACAAAGAAACTCGATTTGTCACAC
TAAAAGATTTCTTCAACTAATAAATAGTTTGCTCATGGAAT
TTGCATTCAATTCCATGTCTTGTTGATGGTTTGAAACCAG
GACAGCGGAAGGTTCTCTTCGCGTGCTTCAAAAGA, 30 ng/ml).
The cin-4 repair oligonucleotide coded for Tyr303Stop,
Glu304Stop (in bold), the destruction of both PAM sites
(italics), and the destruction of a FokI restriction site (for
screening purposes, underlined). A single line was generated
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bearing the two consecutive stop codons (confirmed by
sequencing). Sequencing confirmed that the homologous
top-2 sequence was unchanged. This line was given the
allele designation av61.

Data availability

All strains, reagents, and imaging data sets generated in this
study are available upon request.

Results

Identification of mel-15(it7) as a temperature-sensitive,
paternal-effect lethal allele

To better understand paternal contributions (i.e., sperm-
provided components) required for early embryogenesis,
we reexamined embryonic lethal mutants identified in
early genetic screens (molecular identity unknown) whose
embryonic phenotypes could be rescued by male mating.
One such allele, it7, fit this description, but was previously
characterized as a maternal-effect lethal (Mel) temperature-
sensitive (ts) mutant (Kemphues et al. 1988). The original
mel-15(it7) mutation is linked to unc-4(e120), which
causes an abnormal movement phenotype. We generated
a second strain to separate mel-15(it7) from unc-4(e120)
and to introduce the him-8(e1489) allele (Phillips et al.
2005), which produces �30% male offspring due to chro-
mosomal nondisjunction [mel-15(it7); him-8(e1489)]. To
assess temperature sensitivity and embryonic lethality,
progeny viability assays were performed on unc-4(e120)
mel-15(it7) and mel-15(it7); him-8(e1489) hermaphro-
dites by counting the number of live progeny vs. dead em-
bryos at both the permissive (15�) and restrictive (24�)
temperatures. Both strains produce viable progeny at the
permissive temperature of 15� (Figure 1A). mel-15(it7);
him-8(e1489) had a lower percentage of viable progeny
at 15� than unc-4(e120) mel-15(it7) (74.8 vs. 92.6%),
but we believe this enhancement is due to an interaction
with a second modifier mutation that was introduced dur-
ing the him-8(e1489) cross. At the restrictive temperature
(24�), progeny viability is reduced in both mel-15(it7)
strains compared to the control strain unc-4(e120) rol-1(e91)
(0.3 and 7.5%, respectively, Figure 1A). Because the
strains were shifted to the restrictive temperature at the
L4 stage when hermaphrodite spermatogenesis is in prog-
ress, we reasoned that the viable progeny could be from
embryos fertilized by functional sperm that had completed
spermatogenesis prior to the temperature shift. Progeny
viability assays were repeated on hermaphrodites shifted
to 24� at the L3 stage while the germ cells are actively
undergoing spermatogenesis. Progeny viability was fur-
ther reduced when hermaphrodites were shifted to the
restrictive temperature at this earlier larval stage (Figure
1A). These results demonstrate that it7 is a temperature-
sensitive allele and from here forward will be referred to
as it7ts.

To determine whether the mutant phenotype was due to
a defect in oocytes, a defect in spermatocytes, or a combina-
tion of both, hermaphrodites were shifted to 24� only during
oogenesis (after the L4 to adult transition) or only during
spermatogenesis (L3 until young adult) and embryonic
lethality determined by progeny viability assays. Both
unc-4(e120) mel-15(it7ts) and mel-15(it7ts); him-8(e1489)
had a high percentage of viable progeny when they under-
went spermatogenesis at 15� and oogenesis at 24� (Figure 1B).
However, embryonic viability was dramatically reduced
when the hermaphrodite germ lines underwent spermato-
genesis at 24� and oogenesis at 15� (0.3 and 0.2%, respec-
tively, Figure 1B).

To further test if the embryonic lethality of mel-15(it7ts)
is due to a defect in oogenesis or a defect in spermatogen-
esis, reciprocal mutant crosses were performed. First, both
unc-4(e120) mel-15(it7ts) and mel-15(it7ts);him-8(e1489)
hermaphrodites were mated with N2 (wild type) males at
the restrictive temperature (24�) and embryonic viability
was determined by progeny viability assays. Embryonic
viability was restored to 96.9 and 65.2% upon mating to
N2 males compared to mutant hermaphrodite self-mating
(Figure 1C). These results suggest that the defect origi-
nates with the mel-15(it7ts) sperm. As an additional test
to determine whethermel-15(it7ts) causes a sperm-specific
defect, mel-15(it7ts); him-8(e1489) males were mated to
fem-1(hc17ts) dpy-20(e1282) females; fem-1(hc17ts) animals
only produce oocytes at 24�. Control him-8(e1489) males
crossed with fem-1(hc17ts) dpy-20(e1282) females produce a
high percentage of viable progeny at both 15 and 24� (89.4
and 96.8%, Figure 1D). At 15�, mel-15(it7ts); him-8(e1489)
males produced viable cross-progeny (90.6%); however, at
24�, embryonic viability of cross-progeny was reduced
(3.4%, Figure 1D). These data demonstrate that mel-15(it7ts)
is not a maternal-effect lethal mutant as originally character-
ized but a paternal-effect embryonic lethal allele.

Identification of mel-15(it7ts) as an allele of top-2

Genetic mapping placed mel-15(it7ts) at 4.3 cM between
unc-4 and rol-1 on chromosome II. Using a combination of
Hawaiian SNP mapping and WGS (WGS/SNP mapping)
(Jaramillo-Lambert et al. 2015), a single nonsynonymous
protein-coding candidate mutation was identified in the in-
terval containing themel-15(it7ts) allele. The protein-coding
variant changed a cytosine (nucleotide 2977 of the coding
sequence) to a thymine in the top-2 gene which results in
arginine 828 being changed to a cysteine (Arg828Cys). To de-
termine if the it7ts lesion is indeed an allele of the top-2 gene,
complementation tests were performed betweenmel-15(it7ts)
and top-2(ok1930D). Homozygous top-2(ok1930D) hermaph-
rodites are sterile and uncoordinated (Figure 5B) and do not
produce any self-progeny at either 15 or 24� (Figure 2A).
Individual trans-heterozygous top-2(ok1930D)/mel-15(it7ts)
hermaphrodites were scored for embryonic viability at the re-
strictive temperature. The two alleles failed to complement,
producing only 9.0% viable progeny at 24�; whereas a control
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cross of unc-4(e120) mel-15(it7ts) with an unrelated Mel mu-
tant [mel-20(b317)] also located on chromosome II did
complement, producing 99.8% viable progeny at 24� (Figure
2A). In addition, F1 mel-15(it7ts)/top-2(ok1930D) trans-
heterozygotes exhibited a reduced percentage of viable
progeny at the permissive temperature compared to the
mel-15(it7ts) homozygotes (49.7 vs. 93.7%, Figure 2A).
This observation suggests that the deletion allele combined
with the missense allele produces insufficient active gene
product at the permissive temperature.

To further validate that the molecular lesion of it7ts is
in the top-2 gene, we used CRISPR/Cas9 genome editing
and oligonucleotide-mediated repair in two ways. First, we
revertedmel-15(it7ts) by changing the it7tsmutation (cytosine

2977/thymine) back to wild type (cytosine). A single edited
line, designated it7av74, was recovered. Embryonic viability of
unc-4(e120) top-2(it7av74) (reverted line) was restored to
94.4% at 24� while the embryonic viability of the nonreverted
strain, unc-4(e120) top-2(it7ts), was only 1.5% (Figure 2B).
Second, to confirm that the single-nucleotide change found
in top-2 byWGS/SNPmapping is the cause of themel-15(it7ts)
temperature-sensitive phenotype, we edited the genome of N2
wild-type animals to recreate the cytosine 2977/thymine
missense allele of mel-15(it7ts). While 97.8% of N2 progeny
hatched at 24�, the percentage of hatching of three indepen-
dent lines of top-2(av73) (recreated) was decreased (10.8,
20.4, and 11.4%). The decreases in embryonic viability, al-
though significant, are not as severe as observed in the original

Figure 1 mel-15(it7) is a temperature-sensitive, paternal-effect embryonic lethal allele. (A) Average percent embryonic viability from unc-4(e120) rol-1
(e91), unc-4(e120) mel-15(it7), and mel-15(it7); him-8(e1489) at 15 and 24�. The progeny of at least 22 hermaphrodites were scored for each strain at
15 and 24�. Error bars represent SD of the average percentage of three individual replicate experiments. N, total number of embryos and hatched larvae
scored. For bars in which N is not stated, N . 2400. (B) Average percent embryonic viability from unc-4(e120) mel-15(it7ts) and mel-15(it7ts); him-8
(e1489) hermaphrodites shifted to 24� during either spermatogenesis (L2/L3 to adult) or oogenesis (young adult). The progeny of at least 18 hermaphrodites
were scored for each strain at each temperature shift. Error bars represent SD of the average percentage of three individual replicate experiments.
(C) Embryonic lethality is rescued by mating with wild-type males. unc-4(e120) mel-15(it7ts) and mel-15(it7ts); him-8(e1489) hermaphrodites were
mated with N2 males at 24�. Percent embryonic viability was calculated from the cross-progeny. (D) mel-15(it7ts) is a paternal-effect embryonic
lethal allele. L4 males of each mutant were crossed with a single L4 fem-1(hc17ts) dpy-20(e1282) female at 15 or 24�. Percent embryonic viability
was calculated from the cross-progeny.
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unc-4(e120) mel-15(it7ts) (1.5%, Figure 2B). Because the
unc-4(e120)mel-15(it7ts) mutation was generated through
an EMS mutagenesis, this line may have other mutations in
the strain background that act as enhancers of embryonic
lethality. Taken together, the complementation tests, the
recovery of viability by the mel-15(it7av74) reversion, and
recreation of the temperature-sensitive embryonic lethality
by a single-nucleotide change confirms that mel-15(it7ts) is
an allele of top-2; this allele will henceforth be referred to as
top-2(it7ts).

top-2 codes for the C. elegans homolog of topoisomerase II,
an enzyme that alleviates topological stresses that arise in
chromosomes. The top-2(it7ts) cytosine 2977 to thymine cre-
ates an Arg828 to Cys change in the central catalytic domain
of the protein. This domain has high nucleotide sequence
identity (92%) with cin-4, a top-2 paralog that arose by a
recent duplication in C. elegans. cin-4(mr127ts) was reported
as a temperature-sensitive embryonic lethal allele identified

in a screen for chromosome-instability mutants (Stanvitch
and Moore 2008). To determine the genetic relationship be-
tween these two paralogs, we sought to make double mu-
tants with these two apparently essential genes. Because the
strain bearing the cin-4(mr127ts) allele is no longer available
from the original authors, we used CRISPR/Cas9 genome
editing to recreate the Glu304Glymutation of cin-4(mr127ts)
in N2. A single independent line was generated, cin-4(av59)
dpy-10(av60) (recreate). Embryonic lethality of the recre-
ated strain was determined by counting the number of
dead embryos vs. live progeny at 15, 24, and 25�. cin-4(av59)
dpy-10(av60) (recreate) had unexpectedly high levels of
embryonic viability at all three temperatures, similar to con-
trols [dpy-10(cn64) and dpy-10(e128)] (Figure S1A); the
temperature-sensitive embryonic lethality previously attrib-
uted to this specific mutation was not reproduced. An addi-
tional potential null allele was created using CRISPR/Cas9
genome editing to change both Tyr303 and Glu304 to stop

Figure 2 mel-15(it7ts) paternal-effect embry-
onic lethality is caused by a point mutation in
top-2. (A) Complementation tests were per-
formed by crossing unc-4(e120) mel-15(it7ts)
hermaphrodites with either top-2(ok1930D)/
mIn1-gfp; him-8(e1489) or mel-20(b317)/mnC1-
gfp; him-8(e1489) males. The average percent
embryonic viability at 15 or 24� was calculated
by scoring the progeny of F1 trans-heterozygous
hermaphrodites. The number of hermaphrodites
scored for each cross at 15� were: unc-4(e120)
mel-15(it7ts)/mel-20(b317), n = 30; and unc-4
(e120) mel-15(it7ts)/top-2(ok1930D), n = 42.
The number of hermaphrodites scored for each
cross at 24� were unc-4(e120) mel-15(it7ts)/mel-
20(b317), n = 30; and unc-4(e120) mel-15(it7ts)/
top-2(ok1930D), n = 40. The average percent
embryonic viability for self-mating unc-4(e120)
mel-15(it7ts) and top-2(ok1930D) hermaphro-
dites is also indicated (15�, n = 36 and 16, re-
spectively; 24�, n = 21 and 20). Note: top-2
(ok1930D) homozygotes are sterile Uncs and do
not produce any progeny. Error bars indicate SD.
(B) Average percent embryonic viability from N2
(wild type), unc-4(e120) top-2(it7ts), and the
CRISPR/Cas9-mediated reverted line of unc-4
(e120) top-2(it7ts) to wild type [unc-4(e120)
top-2(av74)], and the three it7ts recreated lines
in N2 [top-2(av73)] at 15 or 24�. The progeny
of at least 28 hermaphrodites were scored for
each strain at 15 and 24�. Error bars represent
SD of the average percentage of three individual
replicate experiments.
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codons. A single line bearing the Tyr303Stop Glu304Stop
changes was isolated, cin-4(av61). Progeny viability assays
revealed that this line had a high percentage of embry-
onic viability similar to controls (Figure S1B). Because
neither cin-4(av59) dpy-10(av60) (recreate) nor cin-4(av61)
dpy-10(av60) caused embryonic lethality, no further testswere
performed with cin-4.

top-2(it7ts) embryos lack paternal DNA

We began characterizing top-2(it7ts) using a combination of
live imaging and fluorescence microscopy. In wild-type em-
bryos, soon after fertilization, the maternal DNA completes
two rounds of meiotic divisions while the ultracondensed
paternal (sperm) DNA remains near its entry point in the
posterior of the embryo. After the maternal meiotic divi-
sions have completed, both the maternal and paternal DNA
decondense and form pronuclei (48 of 48 observed embryos
had bothmaternal and paternal DNA).Next, the two pronuclei
migrate toward each other, come into close proximity, progress
to metaphase, and set up a bipolar spindle for the first mitotic
division (Figure 3). In newly fertilized embryos from homozy-
gous top-2(it7ts) hermaphrodites shifted to 24� as L3 larvae,
the maternal DNA completes the meiotic divisions but, strik-
ingly, these embryos lack paternal DNA (47 of 47 observed
embryos) (Figure 3). Other paternally provided components
(e.g., centrosomes) are transferred to the embryo during fer-
tilization (Figure 3). In the absence of the paternal pronucleus,
the maternal pronucleus migrates posteriorly, associates
with the paternally provided centrosomes, assembles the first
mitotic spindle, and segregates the haploid complement of
DNA (Figure S2); similar to observations of these events in
other mutants that produce anucleate sperm (Sadler and
Shakes 2000). These haploid embryos eventually arrest
around the 200-cell stage (data not shown).

top-2(it7ts) is required for meiotic chromosome
segregation in the male germ line

Due to the observation that top-2(it7ts) embryos lack paternal
DNA, we examined the germ lines of both top-2(it7ts) her-
maphrodite and male adults by DAPI staining after a 16 hr
incubation at 24� (shift at L3 larval stage). The events of

meiotic prophase were similar to N2 in both hermaphrodites
and males (Figure S3). However, abnormal chromosome
morphologywas observed in the spermathecae of top-2(it7ts)
hermaphrodites and after the highly condensed karyosome
stage of spermatocytes in top-2(it7ts) males in the region of
the meiotic divisions (Figure S3). Abnormal chromosome
structures were also observed in the it7ts recreated line,
top-2(av73) (data not shown). To determine where these
abnormal chromosome structures arise, we examined mei-
otic divisions in the male germ line through Hoechst staining
and live imaging. In N2 spermatocyte meiosis, homologous
chromosomes first separate (primary spermatocytes) fol-
lowed by the separation of sister chromatids (secondary sper-
matocytes) to generate four haploid spermatids that bud
off a central residual body (Figure 4, top panels); a special
compartment of the terminal differentiation of spermatids
where cytoplasmic contents not needed for fertilization and
embryogenesis are segregated (Ward 1986; Machaca et al.
1996). In top-2(it7ts) germ lines at the restrictive tempera-
ture (L3 shift, 24� for 16 hr), chromatin bridges form during
anaphase of the first meiotic division. No secondary sper-
matocytes are observed, but spermatocytes progress to sper-
matid budding. The incompletely separated chromosomes
become trapped in the residual body resulting in anucleate
sperm (Figure 4, middle panels, and Table S2). Of the
953 spermatids examined, all were anucleate, while in N2
all 733 spermatids observed contained chromatin. This
chromosome-morphology phenotype is distinct from other
mutations that produce anucleate sperm [e.g. the anaphase
promoting complex mutant emb-27(g48) arrests at meta-
phase I and no chromatin bridging is observed, Figure 4,
bottom panels, and Table S2].

Although the genetic data suggests that top-2(it7ts) affects
only themale germ line, we examined themeiotic divisions of
oocyte DNA in the one-cell embryo. To examine the effect of
mutant top-2(it7ts) strictly during oocyte meiosis, hermaph-
rodites were shifted to the restrictive temperature as young
adults (�24 hr post-L4), after hermaphrodite spermatogen-
esis has completed. In addition, for these experiments we
used a temperature shift of 26�, a temperature at which most

Figure 3 top-2(it7ts) embryos lack paternal
DNA. Wild type (OCF8) and top-2(it7ts) her-
maphrodites were shifted to 24� as L4s. After
24 hr, hermaphrodites were dissected and the
embryos imaged. Red, chromatin (mCherry::H2B);
Green, tubulin (GFP::TBA-2) and nuclear envelope
(NPP-1::GFP). White triangle indicates paternal
DNA. Dashed-line circle demarks area of missing
paternal DNA. Two example images of pronuclear
meeting are given. The number of wild-type
embryos observed was 48. The number of
top-2(it7ts) embryos observed was 47. Bar,
30 mm.
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temperature-sensitive alleles are more penetrant. In wild-
type embryos, the oocyte DNA completes two rounds of mei-
osis, extruding two sets of chromosomes into polar bodies
(six of seven, Figure S4A). In top-2(it7ts), six of seven one-
cell embryos completedmeiosis similar to wild type (example
1, Figure S4B). In one embryo, we observedwhat appeared to
be a lagging chromosome during the first meiotic division.
The lagging chromosome eventually segregates, the first
polar body is formed, and the chromosomes appear to sep-
arate successfully in the secondmeiotic division (example 2,
Figure S4B). This lagging-chromosome phenotype was also
observed at low frequency in wild-type embryos (one of
seven wild-type embryos) and may be a consequence of
one of the transgenes that these strains harbor. From these
data we conclude that TOP-2 is required for segregating
chromosomes in spermatocyte meiosis, but top-2(it7ts) does
not affect oocyte meiosis.

The top-2 gene product functions in multiple cell cycles

Type II topoisomerases have well-established roles in the
mitotic cell cycle, including DNA replication and chromo-
some segregation. To determine whether this specific allele
of C. elegans top-2 also disrupts mitosis, we examined the
proliferative zone of top-2(it7ts) males and hermaphrodites
where germ cells undergo mitotic proliferation prior to en-
tering meiosis. When shifted to the restrictive temperature
of 24�, both top-2(it7ts) male and hermaphrodite germ lines
had enlarged mitotic nuclei (Figure S5, A and B), indicative
of an S-phase arrest (MacQueen and Villeneuve 2001). This
phenotype was not 100% penetrant (#61.5% of gonads

examined had enlarged nuclei, Figure S5C) and not every
nucleus in the proliferative zone was enlarged (Figure S5, A
and B). However, enlarged nuclei were observed in both
hermaphrodite and male germ lines even after a very short
temperature shift (T = 2 hr). In addition, germ lines
shifted to 24� for 16 hr or longer had a statistically signif-
icant decrease in the number of phospho-Histone H3
(Ser10) positive germ cells (H3pS10) (Figure S5D), a his-
tone modification associated with metaphase; indicating
that the number of cells undergoing mitosis is decreased.
Next we examined a nonconditional deletion allele of top-2.
The deletion allele, ok1930D, removes exon four and part of
exon five (Figure 5A), causing a predicted frameshift and a
premature stop at amino acid 414. Germ-line proliferation
fails in both top-2(ok1930D) hermaphrodites and males,
suggesting that top-2 has a mitotic function in the prolifer-
ative region of the germ line (Figure 5B).

To examine the effect of mutant top-2 on embryonic mi-
totic divisions, we performed RNAi-mediated knockdown
of top-2. The available top-2 RNAi feeding vector targets
the central region of exon five (Kamath and Ahringer
2003), which has the greatest homology to its paralog,
cin-4 (Figure 5A). Because this feeding clone likely depletes
both top-2 and cin-4 RNA, a second, top-2-specific RNAi
feeding clone was generated; targeting exons two through
three which are not present in cin-4 (Figure 5A). In embryos
from control RNAi mothers (smd-1, a nonlethal house-
keeping gene), oocyte meiosis proceeded normally fol-
lowed by two successful rounds of mitotic cell divisions
(two- and four-cell embryos, Figure 5C). RNAi depletion

Figure 4 top-2(it7ts) male germ lines have chromosome-
segregation defects. Images from live analysis of N2, top-2
(it7ts); him-8(e1489), and emb-27(g48) males. Males were
shifted to 24� as L3s. After 16 hr, male gonads were
dissected and stained with Hoechst dye (red in merged
panels) and visualized by DIC optics. White arrows indi-
cate examples of chromatin bridges and atypical chromo-
some segregation. The number of germ lines scored for
each genotype were: N2, n = 32; top-2(it7ts), n = 25; and
emb-27(g48), n=21. Bar, 5 mm.
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of top-2 using both the top-2-specific and top-2/cin-4 RNAi
clones resulted in the cross-eyed phenotype (Figure 5C),
where cytokinesis proceeds despite a failure in chromosome
segregation (Bembenek et al. 2013). These data demonstrate
that TOP-2 functions in multiple cell cycles (mitosis and mei-
osis) and stages of development (adult germ line and embryo-
genesis). For the remainder of this article the focus will be on
the functions of TOP-2 during meiosis.

top-2(it7ts) meiotic chromosome-segregation defects
are not due to S-phase defects

Because type II topoisomerases have known roles in DNA
replication, the chromosome-segregation defects observed in

meiotically dividing germ cells of top-2(it7ts) males could
stem from defects that occurred earlier during either mitotic
S phase or premeiotic S phase in the distal germ line. To test
this hypothesis, we performed a time course of temperature
shifts. It takes �20–24 hr at 20� for germ cells to prog-
ress from premeiotic S phase to the meiotic division zone
(Jaramillo-Lambert et al. 2007). N2 and top-2(it7ts) males
were shifted to 24� for varying lengths of time (0–24 hr), the
gonads dissected and DAPI stained, and the meiotic division
zone analyzed for chromosome-segregation defects. Meiotic
chromosome-segregation abnormalities in germ cells from
animals undergoing short temperature shifts (0.5–8 hr)
cannot be due to mitotic or premeiotic S-phase defects (in the

Figure 5 top-2 is required for
multiple cell cycles and develop-
mental stages. (A) Schematic com-
paring the gene structure of top-2
and its paralog cin-4. Thick black
line below the top-2 gene structure
indicates the extent of the ok1930D
deletion. Thin black lines below
the gene structures indicate the se-
quences targeted by either top-2-
specific RNAi or the RNAi construct
that targets sequences present in
both genes. (B) Whole-mount top-
2(ok1930D) and control top-2
(ok1930D)/mIn1 hermaphrodites
and males were prepared for imag-
ing by methanol fixation and DAPI
staining. A minimum of three ani-
mals of each genotypewere imaged.
Germ lines in the heterozygous con-
trol animals are outlined in white.
Arrow points to the few mitotic
germ cells generated in the top-2
(ok1930D) homozygous mutant
male. Bar, 100 mm. (C) top-2 RNAi
causes segregation defects in
the early embryo. L3 hermaph-
rodites expressing mCherry::H2B
were plated on RNAi plates at 24�
for 24 hr. Hermaphrodites were dis-
sected and embryos imaged with a
confocal microscope. 0% of two-
cell (n = 16) and four-cell (n = 16)
smd-1 RNAi embryos scored had
the cross-eyed phenotype. Of the
top-2-specific RNAi embryos scored,
75% of two cell (n = 32) and
81.6% of four cell (n = 38) had
the cross-eyed phenotype. 62.7%
of two-cell (n = 51) and 81.8%
(n = 33) of four-cell top-2/cin-4
RNAi embryos had the cross-eyed
phenotype. Bar, 30 mm.
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proliferative zone), because these germ cells were not at the
restrictive temperature during premeiotic S phase (completed
S phase at the permissive temperature of 15�). A small percent-
age (16.7%) of top-2(it7ts) germ lines have germ cells with
chromosome-segregation defects at 15� (Figure 6). However,
in contrast to top-2(it7ts) at 15� and to N2 germ lines at 24�,
100% of germ lines from top-2(it7ts) males had at least one
example of ameiotically dividing germ cell with abnormal chro-
mosome morphology (i.e., chromatin bridges) for all lengths of
temperature shifts (Figure 6). Germ lines exposed to longer
temperature shifts (24� for T = 16 and 24 hr) had a greater
number of germ cells with abnormal chromosome morphology
and no postmeiotic sperm with the compact, round DNA mor-
phology observed in N2 germ lines. Only zero to two nuclei
transition from the karyosome stage to the meiotic divisions
at a time (Shakes et al. 2009). The accumulation of germ
cells with abnormal chromosome morphology is likely due
tomore germ cells entering the meiotic divisions, along with
a delay in the divisions as the germ cells attempt to partition
the incompletely separated chromosomes into the residual
bodies. Shorter temperature shifts resulted in a mix of normal
(wild type) postmeiotic sperm DNA and chromatin with ab-
normal morphology; suggesting that some germ cells had
completed the meiotic divisions prior to top-2(it7ts) inac-
tivation. However, abnormal chromosome structures were
observed as little as 30 min after the temperature shift
(Figure 6), indicating that the mutant phenotype can be
elicited relatively rapidly. These data demonstrate that
TOP-2 plays a role in chromosome segregation during the
meiotic divisions of sperm, and that this defect is not the result
of mitotic or premeiotic S-phase errors.

top-2(it7ts) chromosome-segregation defects are not
dependent on SPO-11-induced DSBs

Homologous chromosome segregationduring thefirstmeiotic
division requires the creation of physical connections formed

through crossover (CO) recombination. COs in partnership
with sister chromatid cohesion tether homologs together and
promote bipolar attachment of homologs to the first meiotic
spindle (reviewed in Hillers et al. 2015; Zickler and Kleckner
2015). Given the known enzymatic role of topoisomerase II
in disentangling topological problems that arise in double-
stranded DNA, we reasoned that TOP-2 might solve topolog-
ical problems that arise during meiotic CO recombination. To
test this hypothesis, we analyzed spo-11(ok79); top-2(it7ts)
double mutants for chromosome-segregation defects in male
germ lines. SPO-11 is the enzyme that creates the DSBswhich
initiate meiotic recombination (Dernburg et al. 1998). Germ
lines from control spo-11(ok79)/nT1; top-2(it7ts) males
raised at 15� did not have abnormal chromosome structures
in the meiotic division zone while 100% of male germ lines
in spo-11(ok79)/nT1; top-2(it7ts) shifted to 24� had chromo-
some bridges (Figure 7). In the double mutant, spo-11(ok79);
top-2(it7ts), 50% of germ lines at 15� had meiotic chromo-
some-segregation defects; suggesting a partial synthetic inter-
action between spo-11 and top-2. However, in spo-11(ok79);
top-2(it7ts) male germ lines shifted to 24�, we found that
chromatin bridges and chromosome-segregation defects
were still present in every germ line examined (arrowheads,
Figure 7). No chromosome bridges were observed in the
germ lines of spo-11(ok79) singlemutants (0 of 13 at 24�, data
not shown). These data suggest that the preclusion of
meiotic recombination events alone cannot suppress the
defects of top-2(it7ts) inmalemeiotic chromosome segregation.

TOP-2 localizes to meiotic prophase chromosomes

To determine TOP-2 localization in the germ lines of hermaph-
rodites and males, we used CRISPR/Cas9 to C-terminally tag
TOP-2 with a FLAG polypeptide (top-2::3xflag) and examined
the staining pattern during the different stages of germ cell
development using an anti-FLAG antibody. Within the
C. elegans gonad, germ cells are arranged in a spatiotemporal

Figure 6 top-2(it7ts) meiotic chromosome-segregation defects are not incurred during mitotic or premeiotic DNA replication. Young adult N2 or top-2(it7ts)
males (16 hr post-L3) were shifted to 24� for the indicated time intervals, the gonads dissected, fixed, and stained with DAPI. Chromosome segregation was
monitored by fluorescence microscopy. Images are from the spermatogenesis condensation and meiotic division zones. Examples of germ cells in metaphase
(circles) and anaphase (ovals) are encircled in yellow. Yellow triangles indicate examples of chromatin bridges and incompletely separated chromosomes. The
percentage of germ lines with at least one germ cell with chromosome-segregation defects is indicated in the bottom right corner for each time point. The
number of N2 germ lines examined were: 0 hr, 15�, n = 9; 0.5 hr, n = 9; 2 hr, n = 8; 4 hr, n = 10; 8 hr, n = 9; 16 hr, n = 13; 24 hr, n = 15. The number of top-2
(it7ts); him-8(e1489) germ lines examined were: 0 hr, 15�, n = 15; 0.5 hr, n = 15; 2 hr, n = 22; 4 hr, n = 14; 8 hr, n = 10; 16 hr, n = 12; 24 hr, n = 18. Bar, 5 mm.
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order with a population of mitotically dividing germ cells with
dispersed chromosomes at the distal-most end. As germ cells
progress through the gonad tube, they enter meiosis in the
transition zone, where chromosomes cluster in a crescent-
shaped pattern on one side of the nucleus (MacQueen and
Villeneuve 2001). This region is followed by an extended mei-
otic prophase I where distinct substages can be visualized by
chromosome morphology. In the pachytene stage of meiotic
prophase I, the homologs are fully synapsed and redistributed
around the nuclear periphery. After pachytene, chromatin
morphology differs between oogenesis and spermatogenesis.
In oogenic germ lines pachytene is followed by diplotene,
where chromosomes desynapse but homologs remain asso-
ciated by chiasmata as they condense. In the proximal-most
end of the gonad, germ cell nuclei have entered diakinesis
where chromosomes detach from the nuclear envelope
and continue to condense (Goldstein and Slaton 1982).
The oocyte meiotic divisions occur in the one-cell embryo
after fertilization. In spermatogenic germ lines, proximal
germ cells enter a “condensation zone” where the paired
homologous chromosomes aggregate into a single mass
called the karyosome. After karyosome formation, spermato-
cytes enter diakinesis and proceed through two rounds of mei-
otic divisions in the proximal germ line (Shakes et al. 2009).

In hermaphrodite germ lines shifted to 24� for 4 hr (and in
15� germ lines), TOP-2 was detected in germ cell nuclei
throughout the gonad (green, Figure S6A). In the prolifera-
tive zone, TOP-2 is nucleoplasmic but appears to concentrate
on the mitotic spindle of cells in metaphase. In the transition
zone, TOP-2 associates with the clustered chromosomes and

then localizes along the lengths of DAPI-stained chromatin of
pachytene nuclei (colocalization shown in yellow, Figure
S6B). As germ cell nuclei start to condense in diplotene,
some TOP-2 remains associated with the chromosomes, but
a pool of TOP-2 redistributes to the nucleoplasm. TOP-2 in
diakinetic nuclei has completely disassociated from the
chromosomes (Figure S6B). Similar to hermaphrodite germ
lines, TOP-2 was detected in all germ cell nuclei in the male
germ line (15 and 24� for 4 hr, Figure 8A). In male germ
lines, TOP-2 is nucleoplasmic in most proliferative zone
germ cells, except in metaphase cells where it is concen-
trated on mitotic spindles (Figure 8B, top panels). In the
transition zone, TOP-2 starts to associate with the clustered
chromosomes and then tracks along DAPI-stained chroma-
tin in pachytene nuclei (colocalization in yellow, Figure 8B).
In diplotene nuclei, TOP-2 begins to dissociate from chro-
mosomes and is mostly nucleoplasmic in karyosome nuclei
(Figure 8B). However, TOP-2 concentrates around the pe-
riphery of karyosome DNA (Figure 8B). During the meiotic
divisions, TOP-2 encircles metaphase chromosomes and
staining detects a weaker cytoplasmic pool of TOP-2. During
anaphase, TOP-2 encircles chromosomes and becomes con-
centrated between the segregating chromosomes. No TOP-2
was detected in postmeiotic spermatids (Figure 8C).

Similar to wild type, mutant TOP-2 [top-2(av77ts)::3xflag,
CRISPR recreation of the it7ts allele in top-2::3xflag] at
15� colocalizes with chromosomes in the transition zone and
pachytene, although to a lower extent than in wild type with
more nucleoplasmic TOP-2 (data not shown). In contrast to
wild-type animals at 24�, mutant TOP-2 [top-2(av77ts)::3xflag]
at 24� (4 hr) fails to localize to chromosome axes in pachytene
nuclei, remaining nucleoplasmic throughout meiotic pro-
phase I in both male (Figure 8B) and hermaphrodite (Figure
S6) germ lines. In addition, little or no TOP-2 staining
was observed in nuclei undergoing meiotic divisions in male
mutant germ lines (Figure 8C). Expression of the mutant
protein is similar to wild type in germ cells throughout meiotic
prophase, except at the karyosome stage where expression is
reduced (Figure S7). These data suggest that the it7ts muta-
tion disrupts the association of TOP-2 with chromosomes.

Discussion

In this study, we have shown that a novel mutation in top-2
affects chromosome segregation, specifically in the male
germ line. During spermatogenesis, top-2(it7ts) mutants dis-
play chromosome-segregation defects during anaphase of
meiosis I. Chromatin bridges form between the segregat-
ing chromatin masses, which fail to segregate to the bud-
ding spermatids; creating anucleate sperm. Oogenic germ
lines appear unaffected by the top-2(it7ts) mutation. We
have shown that the chromosome-segregation defects of
top-2(it7ts) do not stem from a lack of top-2 function during
mitotic and premeiotic DNA replication nor does removal of
SPO-11-dependent DSBs suppress top-2(it7ts) chromosome-
segregation defects. In addition, we show changes in TOP-2

Figure 7 top-2(it7ts) chromosome-segregation defects are not depen-
dent on SPO-11-induced DSBs. Young adult spo-11(ok79)/nT1; top-2
(it7ts) or spo-11(ok79); top-2(it7ts) males (16 hr post-L3) were incubated
at either 15 or 24� for 4 hr, the germ lines dissected, fixed, and stained
with DAPI. Chromosome segregation was monitored by fluorescence
microscopy. Images are from the spermatogenesis condensation and mei-
otic division zones. Yellow triangles indicate examples of chromatin bridges
and incompletely separated chromosomes. The number of germ lines with
chromosome-segregation defects at 15�: spo-11(ok79)/nT1; top-2(it7ts),
0 of 7; spo-11(ok79); top-2(it7ts), 5 of 10. The number of germ lines with
chromosome-segregation defects at 24�: spo-11(ok79)/nT1; top-2(it7ts),
16 of 17; spo-11(ok79); top-2(it7ts), 14 of 14. Bar, 5 mm.
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localization in both male and hermaphrodite mutant germ
lines. However, only germ lines undergoing spermato-
genesis appear to be sensitive to this disruption.

top-2(it7ts) has a mutation in the tower domain

WGS identified a singlemissensemutation in top-2(it7ts) that
changes arginine 828 to a cysteine. This arginine is highly
conserved and is located within the catalytic domain of
the protein. Interestingly, this amino acid residue lies at
the base of a subdomain called the “tower” and interacts
with another highly conserved residue (Glu960, human
Glu924, S. cerevisiae Glu902; J. Berger, personal communi-
cation). Consistent with our TOP-2::3xFLAG localization data
(Figure 8 and Figure S6), the tower domain is believed to be
involved in DNA binding (Dong and Berger 2007). However,
the purpose of this subdomain is still unclear as, up until this
study, mutagenesis experiments have failed to show a critical

function for the tower. How the arginine 828 to cysteine
change of top-2(it7ts) is affecting the overall conformation of
the TOP-2 protein and whether this mutation affects TOP-2
enzymatic activity remains to be determined. We do not be-
lieve that top-2(it7ts) disrupts protein stability because the
mutant proteinwas detected in our immunolocalization exper-
iments (Figure 8 and Figure S6), although expression of the
mutant protein appears to be lower in karyosome-stage germ
cells (Figure S7). Future structure-function analyses will help
elucidate the role of the tower domain in TOP-2 activity.

TOP-2 role in spermatocyte vs. oocyte meiosis

We have shown that the top-2(it7ts) mutation affects the
meiotic divisions during spermatogenesis but not oogenesis
(Figure 1, Figure 3, Figure 4, and Figure S4). We provide
evidence that top-2 itself is not specific to spermatogenesis
as the protein is expressed in both hermaphrodite and male

Figure 8 TOP-2 localization in the male
germ line. (A) Immunolocalization of TOP-
2::3xFLAG (green) in wild type [top-2(av64)]
and top-2(av77ts) (it7ts recreate) in entire
dissected male germ lines counterstained
with DAPI (red; colocalization, yellow). Young
adult animals were shifted to 24� for 4 hr prior
to dissection and staining. Stages of meiotic
prophase are delineated by white lines on
the wild-type germ line. Bar, 50 mm. (B) Rep-
resentative images of Z-projected confocal
sections through the proliferative zone, transi-
tion zone, pachytene nuclei, diplotene nu-
clei, and karyosome nuclei (24� for 4 hr)
stained with anti-FLAG antibody (green)
and counterstained with DAPI (red; colocali-
zation, yellow). Bar, 5 mm. (C) Images of TOP-
2::3xFLAG (green) immunolocalization in the
meiotic division zone in wild-type and top-2
(av77ts) male germ lines (24� for 4 hr) coun-
terstained with DAPI (red). White triangles
point to examples of chromatin bridges and
incompletely separated chromosomes in the
top-2(av77ts) mutant. Experiments were
repeated a minimum of three times and
a minimum of eight germ lines were exam-
ined for each condition. Bar, 5 mm.
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germ lines (Figure 8 and Figure S6). In addition, a null mu-
tation results in a failure in germ-line proliferation in both
males and hermaphrodites (Figure 5), although this is most
likely due to defects in TOP-2 function during mitotic DNA
replication. Why is the male germ line more sensitive to loss
of top-2 function? Although meiosis in both oogenesis and
spermatogenesis result in haploid germ cells, there are dis-
tinct differences in the two meiotic programs. For example,
the length of meiotic prophase, germ-cell regulation by
checkpoints, and germ-line apoptosis differ between sper-
matogenesis and oogenesis (Hunt and Hassold 2002;
Cohen et al. 2006; Jaramillo-Lambert et al. 2007, 2010;
Chu and Shakes 2013). Differences are also observed during
the meiotic divisions where spermatocyte chromosomes are
equally partitioned via a centriole-based meiotic spindle,
while oocyte chromosomes are asymmetrically segregated
on acentriolar spindles (Gard 1992; Albertson and Thomson
1993; Brunet et al. 1999). Sex-specific differences in chromo-
some condensation also exist. Late in meiosis, sperm chroma-
tin is remodeled by a systematic replacement of somatic
histoneswith sperm-specific histone variants and sperm nuclear
basic proteins (SNBPs) that result in the hyper-compaction of
DNA for sperm transit and to establish paternal epigenetic
information (Braun 2001; Chu and Shakes 2013). Intrigu-
ingly for our current study, meiotic prophase ends with an
aggregation of paired homologous chromosomes into a single
mass called a karyosome in several organisms (Gruzova and

Parfenov 1993; Orr-Weaver 1995; Shakes et al. 2009). Dur-
ing C. elegans spermatogenesis, karyosomes form after chro-
mosomes desynapse. This chromosome aggregation does not
occur in C. elegans oogenesis; oocyte homolog pairs condense
to single entities as they prepare for the meiotic divisions. We
propose that this is the meiotic stage that is sensitive to the
loss of TOP-2 function (Figure 9). Several lines of evidence
support this hypothesis. First, our data indicate that TOP-2
functions late in meiosis, as very short temperature shifts re-
sult in chromosome-segregation defects (Figure 6). Second,
unlike in some other organisms where top-2 plays a role in
recombination or in the resolution of recombined chromo-
somes (Rose et al. 1990; Hartsuiker et al. 1998), top-2(it7ts)
chromosome-segregation defects are not ameliorated by
the preclusion of meiotic COs in spo-11(ok79); top-2(it7ts)
(Figure 7). Third, TOP-2 localizes along the lengths of pachy-
tene chromosomes and surrounds the chromatin of karyo-
somes (Figure 8), positioning the protein for action during
chromosome condensation. Furthermore, the karyosome
stage is where mutant TOP-2::3xFLAG expression is at its
lowest (Figure S7). TOP-2 localization is also consistent
with the incorporation of C. elegans SNBPs at pachytene exit.
Topoisomerase II has been implicated in chromosome con-
densation in both somatic cells and meiotic cells in several
organisms including Drosophila, yeast, mouse, and human
tissue culture cells (Hartsuiker et al. 1998; Maeshima and
Laemmli 2003; Xu and Manley 2007; Li et al. 2013; Hughes

Figure 9 Model for TOP-2 function in male meiosis. In wild-type germ lines TOP-2 first localizes along chromosome axes of germ-line nuclei during
pachytene and then envelops the highly compact chromosome structure of karyosome nuclei, positioning TOP-2 to interact with DNA during chro-
mosome condensation. TOP-2-mediated chromatin remodeling prepares the chromosomes for segregation during the meiotic divisions. In the top-2
(it7ts) mutant, TOP-2 fails to localize along the chromosome tracks of pachytene nuclei and around the karyosome DNA. This results in insufficient
chromatin remodeling leading to chromosome-segregation defects. WT, wild type.
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and Hawley 2014;Mengoli et al. 2014). Furthermore, studies
in mitosis reveal that type II topoisomerases colocalize with
and, in some cases, directly interact with structural mainte-
nance of chromosome proteins (Bhat et al. 1996; Vos et al.
2011). The function of topoisomerases II in chromosome con-
densation remains unclear and further studies are needed to
uncover this role. An additional unknown is the function of
karyosome formation. Although it has been proposed to facil-
itate chromosome segregation, this structure is poorly under-
stood in all organisms. As analysis of the C. elegans top-2(it7ts)
mutant appears to indicate that TOP-2 functions during the
time of both chromosome condensation and karyosome for-
mation in the male germ line, perhaps this unique, conditional
mutant can elucidate the physiological role of these processes.

In summary,wehave identifieda novel, conditional allele of
the C. elegans topoisomerase II homolog, top-2(it7ts), where
sperm DNA fails to segregate properly during the first meiotic
division. We propose that TOP-2 localization during late
pachytene positions the protein to function in chromosome
condensation/karyosome formation prior to the meiotic divi-
sions. When TOP-2 localization is disrupted in the top-2(it7ts)
mutant, either abnormal or insufficient chromatin remodeling
occurs during late prophase resulting in aberrant chromosome
segregation (Figure 9). This is only one of many possible
models. Further studies will help elucidate how the enzy-
matic activity of TOP-2 relates to the late stages of meiotic
prophase or whether TOP-2 has a novel, nonenzymatic role
in meiosis.
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Table S1. Strains used in this study. 
 

Strain 
Name 

Genotype 

20°C  
N2 wild-type Bristol isolate 
CB4856 wild-type Hawaiian isolate 
CB1489 him-8(e1489) IV 
OCF8 ltIs37 [pAA64: pie-1p::mCherry::his-58 + unc-119(+)]; jjIs1092 

[pNUT1:npp-1::gfp + unc-119(+)]; ltIs24 [pAZ132: pie-1p::gfp::tba-2 + 
unc-119(+)] 

VC1474 top-2(ok1930Δ)/mIn1 [mIs14 (myo-2::gfp;pes-10::gfp) dpy-10(e1280)] II 
AG261 top-2(ok1930Δ)/mIn1 [mIs14 (myo-2::gfp;pes-10::gfp) dpy-10(e1280)] II; 

him-8(e1489) IV 
SP419 unc-4(e120) rol-1(e91) II 
AG270 cin-4(av59) dpy-10(av60) II 
AG271 cin-4(av61) dpy-10(av60) II 
CB128 dpy-10(e128) II 
TN64 dpy-10(cn64) II 
AG274 & 
AG275 

top-2(av64) [TOP-2::3XFLAG via CRISPR/Cas9 in N2] II 

AG297 unc-4(e120) top-2(it7av74) (CRISPR reverted line) II 
AG323 mel-20(b317)/mnC1 [let-?; nIs190 (myo-2::gfp)] II; him-8(e1489) IV 
AV106 spo-11(ok79) IV/nT1 [unc-?(n754) let-?] (IV;V) 
  

15°C  
KK381 unc-4(e120) top-2(it7ts) II 
AG259 top-2(it7ts) II; him-8(e1489) IV 
AG260 top-2(it7ts) II; ltIs37 [pAA64: pie-1p::mCherry::his-58 + unc-119(+)]; 

jjIs1092 [pNUT1:npp-1::gfp + unc-119(+)]; ltIs24 [pAZ132: pie-
1p::gfp::tba-2 + unc-119(+)] 

AG302 fem-1(hc17ts) dpy-20(e1282) IV 
AG303 spo-11(ok79) IV/nT1 [qIs51 (myo-2::GFP; pes-10::GFP; F22B7.9::GFP)] 

(IV;V); top-2(it7ts) II 
AG287-289 top-2(av73ts) (CRISPR recreate of it7ts in N2) II 
AG304 top-2(av77ts)::3xflag (CRISPR recreate of it7ts in AG274 and AG275) II. 

 



Table S2. Quantitation of germ cells with chromosome segregation defects. 
 

 Metaphase I Anaphase I Metaphase II Anaphase II Spermatid 
Budding 

N2 0 (29) 0 (10) 0 (21) 0 (27) 0 (27) 

top-2(it7ts) 5 (39) 22 (22) N/A N/A 31 (31) 

emb-27(g48) 1 (93) 1 (1) N/A N/A 20 (20) 

 
The number of germ cells with chromosome segregation defects. The total number of 
germ cells examined at each step of meiosis is indicated in parenthesis. Meiotic stages 
for which no germ cells were observed are designated as N/A (Not Applicable). 
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