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The axial element protein HTP-3
promotes cohesin loading and meiotic
axis assembly in C. elegans

to implement the meiotic program

of chromosome segregation

Aaron F. Severson, Lorraine Ling,' Vanessa van Zuylen,” and Barbara J. Meyer’

Howard Hughes Medical Institute and Department of Molecular and Cell Biology, University of California at Berkeley, Berkeley,
California 94720, USA

Faithful transmission of the genome through sexual reproduction requires reduction of genome copy number
during meiosis to produce haploid sperm and eggs. Meiosis entails steps absent from mitosis to achieve this goal.
When meiosis begins, sisters are held together by sister chromatid cohesion (SCC), mediated by the cohesin
complex. Homologs then become linked through crossover recombination. SCC subsequently holds both sisters
and homologs together. Separation of homologs and then sisters requires two successive rounds of chromosome
segregation and the stepwise removal of Rec8, a meiosis-specific cohesin subunit. We show that HTP-3, a known
component of the C. elegans axial element (AE), molecularly links these meiotic innovations. We identified HTP-
3 in a genetic screen for factors necessary to maintain SCC until meiosis II. Our data show that interdependent
loading of HTP-3 and cohesin is a principal step in assembling the meiotic chromosomal axis and in establishing
SCC. HTP-3 recruits all known AE components to meiotic chromosomes and promotes cohesin loading, the first
known involvement of an AE protein in this process. Furthermore, REC-8 and two paralogs, called COH-3 and
COH-4, together mediate meiotic SCC, but they perform specialized functions. REC-8 alone is necessary and
sufficient for the persistence of SCC after meiosis I. In htp-3 and rec-8 mutants, sister chromatids segregate away
from one another in meiosis I (equational division), rather than segregating randomly, as expected if SCC were
completely eliminated. AE assembly fails only when REC-8, COH-3, and COH-4 are simultaneously disrupted.
Premature equational sister separation in rec8 mutants of other organisms suggests the involvement of multiple

REC-8 paralogs, which may have masked a conserved requirement for cohesin in AE assembly.

[Keywords: Meiosis; cohesin; sister chromatid cohesion; sister chromatid co-orientation; chromosome axis; kineto-

chore co-orientation; equational division]
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Meiosis is a specialized cell division program that reduces
genome copy number from four in germline stem cells
after premeiotic DNA replication to one in haploid game-
tes. Two key innovations distinguish meiosis from mitosis
and underlie the reduction in chromosome number. First,
DNA is exchanged between homologous chromosomes
(homologs) through meiotic crossover (CO) recombina-
tion. The CO, along with sister chromatid cohesion (SCC),
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tethers homologs together. A structure called the axial
element (AE) promotes multiple events required for inter-
homolog recombination. Second, two successive rounds of
meiotic chromosome segregation reduce chromosome
copy number to one. Homologs separate in meiosis I
(reductional division). Sister chromatids disjoin in meiosis
IT (equational division). The consecutive separation of
homologs and sisters requires that SCC, mediated by the
cohesin complex, be removed in two steps. Our work
demonstrates a molecular link between these meiotic
innovations. We report the role of HTP-3 in AE assembly
and meiotic cohesin loading, and provide new insights into
assembly of the meiotic chromosomal axis.

The distinct patterns of chromosome segregation in
meiosis and mitosis result in part from the different

GENES & DEVELOPMENT 23:000-000 © 2009 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/09; www.genesdev.org 1


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on July 21, 2009 - Published by Cold Spring Harbor Laboratory Press

Severson et al.

compositions of meiotic and mitotic cohesin complexes.
Cohesin is composed of four proteins—two Structural
Maintenance of Chromosomes (SMC) proteins called
Smcl and Smc3, a non-SMC subunit called Scc3, and
a kleisin subunit that differs between meiotic and mitotic
cohesin complexes (for review, see Onn et al. 2008). Sccl
is the mitotic kleisin, and Rec8 is the meiotic kleisin. The
kleisin is proteolytically cleaved to allow chromosomes
to separate, and substitution of Rec8 for Sccl is necessary
for stepwise release of meiotic SCC (Klein et al. 1999;
Watanabe and Nurse 1999; Buonomo et al. 2000; Toth
et al. 2000). Cohesin complexes associate with chromo-
somes prior to S-phase and link sister chromatids to-
gether following replication (for review, see Onn et al.
2008). In meiotic prophase, Rec8 is present in linear
tracks along the length of chromosomes in most organisms.

AE assembly is one of the earliest known events of
meiosis; the AE forms shortly after premeiotic DNA
replication (Padmore et al. 1991). The AE was initially
defined by electron microscopy as a structure that forms
between sister chromatids, along their entire length, prior
to synapsis. Genetic and biochemical studies identified
AE components and showed that the AE is required for
several events that culminate in the reciprocal exchange
of DNA between homologs, including homolog pairing
and synapsis (for review, see Zickler and Kleckner 1999).

Based on the colocalization of AE components and
cohesin, it has been proposed that cohesin is either the
foundation upon which the AE is built or an integral part
of the AE itself (Klein et al. 1999; Eijpe et al. 2003). Indeed,
Rec8 is essential for AE formation in budding yeast (Klein
et al. 1999). However, the relationship between cohesin
and AE assembly is controversial in other organisms. In
Caenorhabditis elegans, SCC-3 depletion disrupts the
chromosomal association of some AE proteins (Pasierbek
et al. 2003; Goodyer et al. 2008). However, AE proteins
associate with meiotic chromosomes in rec8 mutants of
C. elegans, mouse, Arabidopsis, and maize (Bhatt et al.
1999; Colaidcovo et al. 2003; Bannister et al. 2004; Xu
et al. 2005; Golubovskaya et al. 2006; Martinez-Perez
et al. 2008). Thus, an intact meiotic cohesin complex may
not be essential for AE assembly, the AE and bound
cohesin may be structurally separate entities (Kleckner
2006), or cohesin is integral to the AE but REC-8 deple-
tion is insufficient to disrupt SCC.

The AE and meiotic recombination are important for
reductional division. Inviable, aneuploid spores result from
incorrect homolog segregation in meiosis I of budding
yeast mutant for the AE protein Hopl or the endonucle-
ase Spoll, which creates the double-strand DNA breaks
(DSBs) that initiate meiotic recombination (Hollingsworth
and Byers 1989; Bergerat et al. 1997; Keeney et al. 1997;
Klein et al. 1999). However, successful recombination
does not guarantee the successive separation of homologs
and sisters. Rather, cohesin removal must be regulated to
ensure that sisters remain together until anaphase II
Also, sister chromatids must attach to microtubules
(MTs) from the same spindle pole (or co-orient) to ensure
their cosegregation in meiosis I, but later must attach to
MTs from opposite spindle poles (or biorient) to allow
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their separation in meiosis II. MTs attach to chromo-
somes through protein structures called kinetochores,
which assemble onto discrete chromosomal regions called
centromeres.

The chromosomes of all widely studied model organ-
isms except C. elegans are monocentric; each has a single
discrete centromere. Centromere-associated factors in-
cluding Spo13 and Mei-S332/Shugoshin prevent destruc-
tion of centromeric SCC at the metaphase to anaphase
transition of meiosis I (for review, see Marston and
Amon 2004; Dunleavy et al. 2005; Vagnarelli et al.
2008). Cohesin complexes along the chromosome arms
lack these protective factors and are therefore removed,
allowing homologs to separate.

On holocentric chromosomes of C. elegans, centro-
meric proteins reside along the entirety of meiotic chro-
mosomes (Albertson et al. 1997; Moore et al. 1999).
Therefore, protecting centromeric SCC cannot promote
the successive separation of homologs and sisters. In-
stead, the single CO establishes the regions where SCC is
protected. The CO can form anywhere along the chro-
mosome but usually divides the homologs asymmetri-
cally into a long arm and a short arm (Albertson et al.
1997). Following pachytene exit, homolog pairs are reor-
ganized around the CO by the condensin II complex to
form the compact, cruciform bivalents present in diaki-
nesis, the final stage of prophase I (Chan et al. 2004,
Nabeshima et al. 2005). Concomitantly, cohesin subunits
and the paralogous AE components HIM-3 and HTP-3
appear as a cruciform pattern between sister chromatids
along both arms (Zetka et al. 1999; Pasierbek et al. 2001,
2003; Chan et al. 2003; Goodyer et al. 2008). In contrast,
the partially redundant HIM-3 paralogs HTP-1 and HTP-2
(HTP-1/2 henceforth) persist only on the long arm, where
they help protect SCC until anaphase II (Martinez-Perez
et al. 2008). However, much remains unknown about the
mechanisms that promote meiotic cohesin loading and
AE assembly to ensure the production of haploid gametes.

Our work reveals unexpected roles of cohesin and the
AE during meiosis. We show that multiple kleisins act
in the context of cohesin to mediate meiotic SCC in
C. elegans. REC-8, COH-3, and the previously unknown
kleisin COH-4 are each sufficient for association of AE
proteins with meiotic chromosomes. AE assembly fails
only in animals lacking all three kleisins, demonstrating
that cohesin is required for AE formation in C. elegans, as
in yeast. REC-8, COH-3, and COH-4 are all important for
meiotic SCC, but REC-8 alone is necessary for sister
chromatid co-orientation and the persistence of SCC
until meiosis II. Thus, COH-3/COH-4 and REC-8 perform
specialized meiotic functions. In a screen to identify
proteins that promote REC-8¢cohesin loading or protect
SCC at the bivalent long arm, we identified the AE
component HTP-3. We show that, in addition to its
known roles in meiosis (Goodyer et al. 2008), HTP-3 is
required for AE assembly and the association of REC-
8ecohesin with meiotic chromosomes. In htp-3 and rec-8
mutants, premature, equational sister separation occurs
in anaphase I. Thus, the interdependent loading of HTP-3
and meiotic cohesin is a key step in the genesis of the
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meiotic chromosomal axis. Moreover, our work reveals
a molecular link between multiple meiotic innovations
that together maintain ploidy during sexual reproduction.

Results

SCC is established in rec-8 mutants but sisters
separate equationally in anaphase I

While characterizing C. elegans hermaphrodites mutant
for rec-8(0k978), a deletion allele predicted to severely
reduce or eliminate REC-8 function (Hayashi et al. 2007),
we noticed phenotypes contradicting the view that REC-8
depletion eliminates SCC and causes separation of all 24
sister chromatids (Pasierbek et al. 2001). A surprisingly
high number of progeny (25 %) from rec-8(0k978) mutants
hatched, inconsistent with the random segregation of
chromatids expected if SCC were eliminated (Fig. 1A).
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Figure 1.

HTP-3 and cohesin promote axis assembly

Many hatched rec-8 embryos developed into fertile adults
(Supplemental Table S1). In contrast, only 3% of progeny
hatched from spo-11(me44) mutants, in which homologs
remain apart as univalents (Dernburg et al. 1998) and
segregate randomly in meiosis I (see below).

The differential viability of rec-8 and spo-11 embryos
was more pronounced in matings between mutant her-
maphrodites and wild-type males. Eighty-nine percent of
embryos laid by mated rec-8 mutants hatched compared
with 8% of embryos laid by mated spo-11 mutants,
suggesting that sperm abnormalities cause substantial
lethality among self progeny of rec-8 mutants (Fig. 1B).
Supporting this view, only 16% of progeny from wild-type
hermaphrodites mated with rec-8 males were viable (Fig.
1B).

The high viability of rec-8 mutant embryos was not
caused by residual REC-8 function in rec-8(0k978) mu-
tants: Similar viability occurred in broods of rec-8(RNAi)
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Reducing REC-8 function rescues the embryonic lethality of spo-11 mutants. (A) The self progeny of spo-11(me44) mutant

hermaphrodites exhibit much higher levels of embryonic lethality than the self progeny of rec-8(0k978) animals. (B) Mating crosses
demonstrate that most of the lethality of rec-8 embryos results from sperm abnormalities (likely aneuploidy), while spo-11 embryos die
from defects in oogenesis and spermatogenesis. Data shown hereafter represent analyses of oocyte meiosis (mutant mothers mated with
wild-type males). Analyses of the self progeny of mutant hermaphrodites are included in Supplemental Figure S4. (C) Reducing REC-8
function suppresses the embryonic lethality of spo-11 mutants. (D) DAPI staining and S10-phosphorylated histone H3 or AIR-2 staining
of meiotic chromosomes in prometaphase I. The six homolog pairs of wild-type animals are held together by SCC and the CO. AIR-2
localizes at the midbivalent in wild-type worms, where it phosphorylates histone H3 on Ser 10. PhosH3(S10) is present between the
discrete sister chromatids of rec-8(0k978) worms. In contrast, discrete sisters are rarely observed following NEBD in spo-11(med44)
worms, and a patch of phosH3(S10) is present on a subset of univalents. Discrete sisters can be resolved in spo-11 rec-8 animals;
however, AIR-2 is only present between sisters in some univalents. (E) Synergistic embryonic lethality occurs in rec-8(0k978); coh-
4(tm1857) coh-3(gk112) mutants. (F) Disrupting NHE]J with a deletion allele of lig-4 does not substantially increase the lethality of rec-8
mutants, suggesting that DSBs made in rec-8 mutants are repaired by a different mechanism, likely homologous recombination. (G)
SCC persists until anaphase II in spo-11 mutants. After anaphase I and extrusion of the first polar body (arrows), sister chromatids
remain together in wild-type and spo-11 zygotes (arrowheads), while only detached sisters are visible in rec-8 mutants.
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animals and rec-8(0k978) mutants treated with rec-
8(RNAI) (Fig. 1E). Instead, we found the high viability of
rec-8 mutants to be the consequence of highly penetrant
defects in both meiosis I and II. Premature equational
separation of sisters in meiosis I coupled with failed polar
body extrusion in meiosis II resulted in the production of
viable triploids by rec-8 mutants mated with wild-type
males (Fig. 2A). In contrast, random homolog segregation
during meiosis I of mated spo-11 mutants resulted in
aneuploidy and embryonic lethality.

Evidence for premature equational sister separation in
rec-8 mutants came from an assay we devised to assess
chromosome segregation. Transmission of chromosome
1I is followed through meiosis in strains for which each
chromosome IT homolog is uniquely tagged with a single-
nucleotide polymorphism that introduces a restriction
fragment length polymorphism (ChrII-RFLPs) (Fig. 2B).
This assay, together with knowledge of the number of

polar bodies extruded and whether precocious sister
separation occurs in anaphase I, permits unambiguous
determination of the pattern of meiotic chromosome
segregation (Supplemental Table S2). In the assay, her-
maphrodites trans-heterozygous for two ChrIl-RFLPs are
mated with wild-type males and the cross progeny scored
for each ChrII-RFLP and the sperm-derived wild-type
allele. In wild-type meiosis, zygotes inherit a chromatid
from one homolog of each chromosome, resulting in
embryos with a wild-type allele and a single ChrII-RFLP
(Fig. 2B,C). In contrast, 64% of rec-8 embryos and 85% of
rec-8 dpy-4 embryos tested positive for both ChrII-RFLPs
and the wild-type allele. This pattern would occur if sister
chromatids separate equationally during a single round of
meiotic chromosome segregation. Furthermore, spo-11
and spo-11 dpy-4 mutant embryos inherited only the
matroclinous ChrIlI-RFLP, only the patroclinous Chrll-
RFLP, both ChrII-RFLPs, or neither ChrII-RFLP. This
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sion of the second polar body fails (Fig. 3),

fertilization by a wild-type sperm would

produce a viable triploid. (B) Strategy for examining meiotic chromosome segregation with ChrII-RFLPs. This assay, together with
knowledge of the number of polar bodies extruded (Fig. 3) and whether or not sister chromatids remain together in prophase II (Fig. 1G),
allows unambiguous determination of the pattern of chromosome segregation in meiosis I and II, as explained in Supplemental Table
S2. Trans-heterozygous mothers [genotype sup-9(n1012)/sup-9(n1020)] are mated with wild-type males. n1012 and n1020 introduce
a Spel RFLP and an Xbal RFLP, respectively (de la Cruz et al. 2003). The lesions are amplified in a single PCR product. The cross progeny
of an n1012/n1020 hermaphrodite and a wild-type male inherit a single sup-9 allele from their mother and a wild-type copy from their
father. The progeny of n1012/n1020; rec-8 mutant worms mated with wild-type males inherit both ChrII-RFLPs and the wild-type sup-9
allele. ChrII-RFLPs are revealed by a doublet in Spel or Xbal digests. An uncut product in Spel/Xbal double digests reveals the wild-type
allele. The alleles partitioned into polar bodies are not detected. (C) During wild-type meiosis, zygotes inherit a single ChrII-RFLP. In
contrast, most rec-8 mutant embryos inherit both ChrII-RFLPs. The four possible outcomes of meiosis (inheritance of an n1012 allele,
an n1020 allele, both alleles, or neither allele) occur at similar levels in spo-11 embryos. (D) Most progeny of spo-11 rec-8 mutants
inherit both ChrII-RFLPs. The dpy-4 mutation was used in the construction of the spo-11 rec-8 double mutant. (E) Chromosome
segregation in coh-4(tm1857) coh-3(gk112) embryos resembles that of spo-11 mutants.
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pattern is expected if homologs segregate randomly in
meiosis I and sisters separate equationally in meiosis II.

Cytological observations confirmed these conclusions
(Fig. 3A,B). Fluorescence in situ hybridization of the 58
rDNA locus demonstrated that rec-8 zygotes inherited
two copies of chromosome V during oocyte meiosis
(Supplemental Fig. S1). In living rec-8 embryos, we found
that polar body extrusion occurred during meiosis I, but
extrusion of the second polar body failed (Supplemental
Fig. S2). Thus, all chromosomes inherited during meiosis
I were trapped in the embryo and detected by the Chrll-
RFLP assay. Furthermore, detached sister chromatids
were observed after anaphase I in DAPI-stained rec-8
mutants, indicating precocious loss of SCC (Fig. 1G).
Together, these results demonstrate the frequent occur-
rence of equational sister separation in rec-8 mutants. In
contrast, spo-11 mutant embryos had two polar bodies,
and sisters remained together in anaphase I, indicating
the persistence of SCC (Figs. 1G, 3A,B). Together with the
ChrII-RFLP assay, these results indicate that homologs
segregate randomly in meiosis I of spo-11 mutants.

The equational sister separation observed in rec-8
mutants indicates that SCC persists until anaphase I in
the absence of REC-8, but sister chromatids prematurely
biorient on the meiosis I spindle, and SCC is destroyed to
allow sister separation. Indeed, diakinesis nuclei of rec-
8(0k978), rec-8(RNAi), and rec-8(0k978, RNAi) animals
contained 12 univalents, not 24 sister chromatids (Figs.
1D, 4A; Supplemental Fig. S3A,B). Each univalent was
bilobed, and the two sister chromatids were visible as
discrete structures, consistent with their biorientation.

Detection of Ser 10-phosphorylated histone H3
[phosH3(S10)] between sisters in rec-8 mutants confirmed
that sister chromatids were not detached and suggested
that the proteolytic machinery that normally triggers
homolog separation in anaphase I instead triggers pre-
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mature sister separation (Fig. 1D; Kaitna et al. 2002).
PhosH3(S10) marks the short arms of wild-type bivalents
in meiosis I and the interface between sister chromatids
in meiosis II; it demarks activity of the Aurora B ki-
nase AIR-2 (Hsu et al. 2000). Phosphorylation of REC-8 by
AIR-2 is thought to tag it for destruction in wild-type
animals (Rogers et al. 2002). Thus, the presence of
PhosH3(S10) between sisters is consistent with their
equational separation in rec-8 mutants.

The univalents of spo-11 mutants appeared different
from those of rec-8 mutants. Sister chromatids were
tightly associated in each univalent and could rarely be
resolved following nuclear envelope breakdown (NEBD)
(Fig. 1D). PhosH3(S10) was only detectable on some
spo-11 univalents (Fig. 1D; Kaitna et al. 2002; Rogers
et al. 2002), where it marked the surface of the univalent,
not the region between sisters, consistent with our find-
ing that sisters remain together until meiosis II of spo-11
mutants.

rec-8 mutations increase the viability
of spo-11 mutants

Our data show that sister chromatids biorient in meiosis I
of rec-8 mutants, and SCC is destroyed precociously,
allowing equational sister separation, while sister chro-
matids co-orient in spo-11 single mutants, SCC persists
until meiosis II, and most embryos die with aneuploid
genomes resulting from random homolog segregation
(Fig. 2A). Thus, disrupting rec-8 in a spo-11 mutant
should increase viability by permitting equational sister
separation. Indeed, rec-8(0k978) substantially suppressed
the lethality of spo-11(me44) embryos (Fig. 1C; Supple-
mental Fig. S4A). Discrete sister chromatids were visible
in diakinesis univalents of spo-11 rec-8 double mutants.
AIR-2 was present between sisters in some, but not all,

spo-11 spo-11 rec-8
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Figure 3. Extrusion of the second polar body fails in rec-8 mutants. (A) Polar bodies in DAPI-stained embryos. Arrows indicate the two
polar bodies of wild-type and spo-11 mutants and the single polar body of rec-8 and spo-11 rec-8 mutants. (B-D) A single polar body is
extruded in most rec-8, spo-11 rec-8 dpy-4, htp-1 htp-2 (see also Martinez-Perez et al. 2008), and htp-3 mutant embryos. In contrast, two
polar bodies are present in most wild-type, spo-11, him-3, and htp-1 mutant embryos.
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Figure 4. The kleisins COH-3/4 function in AE assembly and SCC during C. elegans meiosis. (A) In wild-type animals, the cohesin
subunit SMC-1 and the AE protein HTP-3 colocalize along the length of synapsed pachytene chromosomes. Cruciform HTP-3 staining
is observed in diakinesis nuclei. The diakinesis nuclei shown in this and subsequent images are from the oldest unfertilized oocyte (the
—1 oocyte). SMC-1 is present at reduced levels in rec-8 and coh-4 coh-3 mutants, suggesting that these kleisins associate with SMC-1 in
a cohesin complex. HTP-3 associates with pachytene chromosomes and diakinesis univalents of rec-8 and coh-4 coh-3 mutants. SMC-1
is undetectable in rec-8; coh-4 coh-3 triple mutants, HTP-3 associates with polycomplexes, and many detached sister chromatids are
present in diakinesis nuclei, indicating severe disruption of SCC. Numerous chromosomal fragments are seen in diakinesis nuclei of
rec-8; coh-3/4(RNAi) animals. Depletion of the cohesin subunit SMC-1, encoded by the him-1 gene, also disrupts AE assembly and
causes chromosome fragments. (B) Short stretches of HIM-3 and SYP-1 associate with pachytene chromosomes of coh-4 coh-3 mutants.
Both proteins are present in polycomplex in rec-8; coh-4 coh-3 triple mutants and rec-8; coh-3/4(RNAi) animals. (C) HTP-1/2 are not
detected on meiotic chromosomes in rec-8; coh-4 coh-3 mutants.

univalents (Fig. 1D). A single polar body was extruded
during meiosis (Fig. 3A,C), and 60% of spo-11 rec-8 dpy-4
embryos inherited both ChrII-RFLPs, consistent with
equational sister separation (Fig. 2D). rec-8(RNAI) also
increased viability of spo-11 mutants (Supplemental Fig.
S4B.

Multiple kleisins mediate meiotic SCC

Animals mutant for rec-8(0k978) display additional phe-
notypes inconsistent with complete abrogation of SCC.
For example, the cohesin subunits SMC-1 and SMC-3
persist on meiotic chromosomes of rec-8(ok978), rec-
8(RNAI), and rec-8(0k978, RNAI) animals (Fig. 4A; Sup-
plemental Fig. S3B; Chan et al. 2003; AF Severson
unpubl.). Furthermore, far fewer DNA fragments are ob-
served in rec-8 mutants than expected based on the num-
ber of DSBs formed. On average, 12 DSBs are made per
nucleus in wild-type animals (D Mets and B Meyer, pers.
comm.) and likely more in rec-8{0k978) mutants (Hayashi
et al. 2007). Eliminating SCC should prevent DSB repair

6 GENES & DEVELOPMENT

using either a sister chromatid or homolog as a repair
template, and rec-8(0k978) diakinesis nuclei should have
at least 12 fragments. These were not observed (Figs. 1D,
4A; Supplemental Fig. S3A,B).

The uniform size and shape of univalents in rec-
8(0k978) diakinesis nuclei suggests that DSBs are not
repaired by nonhomologous end-joining (NHE]) or single-
strand annealing (SSA), error-prone processes that repair
DSBs without homologous templates and produce chro-
mosomal rearrangements and abnormalities like those in
rad-51 and brca-2 mutants (Martin et al. 2005). Further-
more, DNA fragmentation and embryonic lethality in
rec-8(0k978) mutants were not substantially increased by
disrupting LIG-4 (Fig. 1F; Supplemental Fig. S3B), the C.
elegans ortholog of DNA ligase IV, required for NHE]
(Martin et al. 2005; Clejan et al. 2006). Thus, meiotic DSB
repair in rec-8 mutants likely uses the sister chromatid as
a template, suggesting that SCC persists in the absence of
REC-8.

Because SMC-1 and SMC-3 persist on meiotic chromo-
somes of rec-8 mutants, we hypothesized that kleisins
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HTP-3 and cohesin promote axis assembly

Figure 5. A screen for suppressors of spo-11 iden-
tified a nonsense allele of htp-3. (A) Hermaphrodites
heterozygous for spo-11 were mutagenized with
EMS. In the F3 generation, homozygous spo-11
worms were scored for hatching embryos. The
chromosomal rearrangement used to balance the
spo-11 mutation was marked by an integrated myo-
2::gfp promoter fusion that is expressed in the
pharynx. A mutation in Iin-2, a gene required for

B Gt AT poiad25t vulval development, was used to confine the prog-
[ T T I I 1 eny of each worm in its uterus. The integrated myo-
b S10.cM 0.cM 10 ek Sl 3::gfp promoter fusion ccls4251, expressed in body
wall muscles late in embryogenesis, eased the
y428 identification of hatching larvae. (B) The spo-11
el suppressor y428 segregated with ccls4251 during
I . ] outcrossing. Based on their position near ccls4251
hip-3 ORF 2598 bp on chromosome I, him-1 and htp-3 were identified
1428 as candidates for the mutated gene. A single c-to-t
Q202 — STOP (Ocher) transition was found in the coding region of htp-3.
This mutation introduces a premature stop codon

HTP-3 protein 739 a3 that disrupts the conserved HORMA domain.

other than REC-8 might be integral to meiotic cohesin
complexes. Four C. elegans kleisins were known: REC-8,
SCC-1, and the two predicted kleisins COH-1 and COH-3
(Pasierbek et al. 2001). We identified a fifth predicted
kleisin, COH-4, which is 84% identical to COH-3. Our
data unambiguously demonstrate the involvement of
COH-3 and COH-4 (COH-3/4 henceforth) in meiotic
SCC. We found SMC-1 staining to be undetectable in
meiotic nuclei of rec-8(0k978); coh-4(tm1857) coh-3(gk112)
triple deletion mutants, suggesting that COH-3/4 associ-
ate with meiotic chromosomes in the context of cohesin
complexes (Fig. 4A). Multiple synergistic defects occurred
when COH-3/4 were disrupted in rec-8 mutants (Figs. 1E,
4A-C; Supplemental Fig. S5C); 0.1% of rec-8; coh-4 coh-3
embryos were viable, compared with 89% of rec-8(0k978)
and 12% of coh-4 coh-3 embryos (Fig. 1E). AE assembly
was severely disrupted. The four known C. elegans AE
proteins HTP-3, HTP-1/2, and HIM-3 and the SC central
element SYP-1 were present in nucleoplasmic aggregates
(polycomplexes) in pachytene nuclei of rec-8; coh-4 coh-3
triple mutants, but associated with meiotic chromosomes
of rec-8 single or coh-4 coh-3 double mutants (Fig. 4A-C;
Supplemental Figs. S3A,B, S5C). Detached sister chroma-
tids were evident in diakinesis nuclei of rec-8(0k978);
coh-4(tm1857) coh-3(gk112) triple mutants (Fig. 4A,B).
Defects in AE assembly and meiotic SCC were also
observed in rec-8(0k978); coh-4(tm1857) coh-3(ttTi10553)
mutants and rec-8(0k978); coh-3/4(RNAi) animals (Fig.
4A,B; Supplemental Fig. S5C). Furthermore, depletion of
SMC-1, expected to associate with all C. elegans cohesin
complexes, caused defects in AE assembly and SCC.

Notably, chromosomal fragmentation was observed in
diakinesis nuclei of SMC-1-depleted animals and COH-3/
4-depleted rec-8 mutants (Fig. 4A,B). Together, these data
indicate that the REC-8 paralogs COH-3/4 associate with
meiotic cohesin complexes to mediate AE assembly and
SCC in rec-8(0k978) mutants.

REC-8 and COH-3/4 perform specialized functions

COH-3/4 are required for meiosis in animals with wild-
type REC-8, and thus do not simply substitute for REC-8
in cohesin complexes of rec-8 mutants. SMC-1 was much
reduced on meiotic chromosomes of coh-4 coh-3 deletion
mutants (Fig. 4A; Supplemental Fig. S5C). HTP-3, HTP-1/
2, HIM-3, and SYP-1 were present in short, fragmented
stretches on pachytene chromosomes of coh-4 coh-3 mu-
tants, unlike the long tracks of staining observed in rec-
8(0k978) mutants (Fig. 4A,B; Supplemental Fig. S5C).
Univalents were present in diakinesis nuclei of coh-4
coh-3 mutants. However, discrete sisters were not visible,
and the inheritance of ChrII-RFLPs suggested that ran-
dom homolog segregation, not equational sister separa-
tion, occurred in meiosis I (Figs. 2E, 4A,B; Supplemental
Fig. S5C). Thus, COH-3/4 and REC-8 are all important for
AE assembly and meiotic SCC, but REC-8 alone can co-
orient sister chromatids and mediate SCC until meiosis
II. We conclude that multiple kleisins are required during
C. elegans meiosis, suggesting the participation of mul-
tiple, molecularly distinct cohesin complexes.

The involvement of COH-3/4 in meiosis can explain
why sister chromatids remain together in rec-8 mutants,
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but raises the question of why homologs are apart.
Univalents could result from defective SCC at the short
arm if, for example, COH-3/4+cohesin associates exclu-
sively with the long arm following recombination. Alter-
natively, homologs may be apart due to defects in meiotic
recombination, as occurs in yeast rec8 mutants (Klein
etal. 1999). Indeed, we found that CO recombination fails
in C. elegans rec-8 mutants (Supplemental Material).
This recombination defect explains the presence of uni-
valents and indicates that COH-3/4ecohesin is insuffi-
cient for meiotic recombination.

AE protein HTP-3 promotes the meiotic pattern
of chromosome segregation

The suppression of spo-11 lethality by rec-8 disruption
presented a unique opportunity to identify regulators of
cohesin loading and factors that protect SCC at the long
arm. We therefore designed and conducted a screen for
spo-11 suppressors to identify mutations that allow pre-
cocious equational division (Fig. 5A). In other organisms,
this screen would identify shugoshin mutations; how-
ever, shugoshin is not required for meiosis in C. elegans
(Supplemental Fig. S6; de Carvalho et al. 2008), and we
therefore expected to identify other factors. From 4000
mutagenized haploid genomes screened, we identified
three suppressors. During outcrossing, one suppressor
(v428) segregated with ccls4251, an integrated myo-
3::GFP transgene present in the mutagenized parental
strain. Two genes with known meiotic functions reside
near ccls4251: him-1, which encodes the cohesin SMC-1
subunit, and htp-3 (Fig. 5B). Three lines of evidence
showed y428 to be an allele of htp-3. First, y428 com-
plemented the conditional lethal allele him-1(e879ts) and
the null allele him-1(h55) (data not shown). Second, we
identified a single c-to-t transition in the coding region of
htp-3 that created Q2020cher in the 739-amino-acid
HTP-3 protein (Fig. 5B). No mutations were found in
him-1. The likely null htp-3 mutation disrupts the
HORMA domain, conserved among the AE proteins
HTP-3, HTP-1/2, and HIM-3 and the yeast ortholog
Hoplp. Third, identical phenotypes resulted from y428,
the deletion allele htp-3(tm3655), and depletion of HTP-3
by RNAI (Fig. 6B-D; Supplemental Fig. S7). Thus, y428 is
a severe loss-of-function or null allele of htp-3.

The htp-3(y428) mutation strongly suppressed the
lethality of spo-11 worms (Fig. 6A; Supplemental Fig.
S4C). While only 7% of spo-11 embryos were viable, 88%
of y428; spo-11 embryos were viable. The increased
viability of y428; spo-11 embryos resulted from equa-
tional sister separation at meiosis I. A single polar body
was present in 92% of y428 mutants (Fig. 3D), and both
ChrII-RFLPs were detected in 77 % of zygotes produced by
y428; spo-11 double mutants (Fig. 7A). Strong suppression
of spo-11 lethality and equational sister separation also
occurred following depletion of htp-3 by RNAI (Figs. 6C,
7B,C). Similar levels of embryonic lethality and equa-
tional sister separation occurred in htp-3 single mutants
and htp-3; spo-11 double mutants (Figs. 6A-D, 7A-C;
Supplemental Fig. S4C,D), as expected because HTP-3
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Figure 6. Disrupting HTP-3 or HTP-1/2 rescues spo-11, but
depleting HIM-3 does not. (A) htp-3(y428) reduces the embry-
onic lethality of spo-11(me44). (A,B) Similar levels of hatching
occur in the progeny of htp-3(y428); spo-11(me44) double
mutants (A) and htp-3(y428) single mutants (B). Depletion of
HTP-3 in htp-3(y428) mutants does not notably increase embry-
onic lethality. Thus, y428 is a null or strong loss-of-function
allele. (C) HTP-3 and HTP-1/2 depletion suppress spo-11(med4),
but HIM-3 depletion does not. (D) HIM-3 depletion results in
much higher embryonic lethality than depletion of HTP-3 or
HTP-1/2. (E) Synergistic embryonic lethality occurs in the
broods of htp-3; rec-8 double mutants, implying that HTP-3 is
not required for association of all REC-8+cohesin with meiotic
chromosomes.

is required for formation of SPO-11-dependent DSBs
(Goodyer et al. 2008). We conclude that HTP-3 is required
for sister chromatid co-orientation and the persistence of
SCC until meiosis II.

Together, our data and the recent report that sisters
disjoin before anaphase II of htp-1 htp-2 double mutants
(Martinez-Perez et al. 2008) suggested that the AE as
a whole might promote the meiotic pattern of chromo-
some segregation. However, it was unknown whether the
detached sisters observed in htp-1 htp-2 mutants were the
result of an equational division. Moreover, the involve-
ment of HIM-3 in sister chromatid co-orientation and the
protection of SCC had not been examined. We therefore
used RNAi to deplete HTP-1/2 and HIM-3 and then
quantified embryonic viability and the inheritance of
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Figure 7. HTP-3 and HTP-1/2 promote the persistent associa-
tion of sister chromatids until anaphase II. (A-D) Assessment of
chromosome segregation in mutants using ChrII-RFLP analysis.
(A) Sisters separate equationally in meiosis I of htp-3(y428) and
htp-3(y428); spo-11(me44) mutants. (B,C) Depletion of HTP-3 or
HTP-1/2 by RNAI in spo-11 (B) or wild-type (C) animals causes
precocious, equational sister separation. In contrast, sisters
remain together while homologs segregate randomly in meiosis
I of him-3(RNAi) or spo-11; him-3(RNAi) animals. (D) Similar
results were obtained using null or strong loss-of-function
alleles. Although precocious sister separation has been observed
in htp-1(gk174) single mutants (Martinez-Perez et al. 2008),
homologs partition randomly. Thus, HTP-1 may be required
for persistence of SCC but not for sister chromatid co-orientation.

HTP-3 and cohesin promote axis assembly

ChrII-RFLPs (Figs. 6C,D, 7B,C). Depletion of HTP-1/2
resulted in equational sister separation in wild-type and
spo-11 mutants, caused only moderate embryonic lethal-
ity in wild-type worms, and dramatically reduced the
lethality of spo-11 mutants. In contrast, transmission of
ChrII-RFLPs during meiosis of him-3(RNAi) and spo-11;
him-3(RNAi) animals resembled that of spo-11 single
mutants, suggesting that intact homologs segregated
randomly in meiosis I. Accordingly, HIM-3 depletion
caused severe embryonic lethality in wild-type worms
and did not markedly alter the lethality of spo-11 worms
(Fig. 6C,D). Thus, HTP-3 and HTP-1/2 are required for
sister chromatid co-orientation and association of sisters
until meiosis II, but HIM-3 is not.

Results similar to these were obtained when HTP-1/2
or HIM-3 were disrupted using deletion alleles instead of
RNAI (Fig. 7D; Supplemental Fig. S4E). However, htp-1
single mutants showed random inheritance of Chrll-
RFLPs (Fig. 7D), and >90% of htp-1 embryos died (Sup-
plemental Fig. S4E; Martinez-Perez et al. 2008). Thus,
both HTP-1 and HTP-2 must be disrupted to allow
equational sister separation.

HTP-3 promotes AE assembly and meiotic
cohesin loading

Because HTP-3 and the related AE components HTP-1/2
are required to maintain SCC until meiosis II, we exam-
ined the association of AE proteins and cohesin subunits
with meiotic chromosomes of htp-3 mutants. We found
HTP-3 plays a pre-eminent role in AE assembly. HTP-3
associates with meiotic chromosomes in the absence of
HIM-3 (Fig. 8A; Supplemental Fig. S8A; Goodyer et al.
2008) and HTP-1/2 (Fig. 8A; Supplemental Fig. S8A).
Conversely, HTP-3 is essential for the association of
HIM-3 (Fig. 8C; Supplemental Figs. S7B, S8C; Goodyer
et al. 2008) and HTP-1/2 (Fig. 8B; Supplemental Figs. S7B,
S8B) with meiotic chromosomes. As noted above (Fig. 4A),
COH-3/4 and REC-8 are together required for association
of HTP-3 with meiotic chromosomes. Unexpectedly, REC-
8 and SMC-1 were undetectable on meiotic chromosomes
in htp-3(y428), htp-3(tm3655), and htp-3(y428, RNAI)
mutants (Fig. 9A; Supplemental Figs. S7C, S8D), suggest-
ing that HTP-3 in turn promotes the association of cohesin
with meiotic chromosomes. Nuclei in premeiotic S-phase
and all stages of meiotic prophase are visible in all C.
elegans germlines. In hip-3 mutants, axial REC-8 and
SMC-1 staining were never detected in these nuclei,
although nucleoplasmic staining was present in mitoti-
cally proliferating germline stem cells. Thus, HTP-3 is
likely required for cohesin loading, although we cannot
exclude the possibility that cohesin is unstable or loads
very transiently at the onset of meiosis.

HTP-3 is the only known C. elegans AE protein that
regulates cohesin early in meiosis. REC-8 and SMC-1
associated with meiotic chromosomes throughout pro-
phase I in him-3 and htp-1 htp-2 mutants (Fig. 9A,
Supplemental Fig. S8D). Our data show that HTP-3 and
cohesin are interdependent for their association with mei-
otic chromosomes, and together may form the fundamental
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Figure 8. AE assembly requires HTP-3. (A) HTP-3 and SYP-1 colocalize in pachytene nuclei of wild-type animals. Cruciform HTP-3
staining is observed on diakinesis bivalents. HTP-3 staining persists in htp-1 htp-2 and him-3 mutants. HTP-3 is undetectable in htp-
3(y428) animals, and SYP-1 is present in polycomplexes, as previously described in htp-3(RNAi) animals (Goodyer et al. 2008). (A-C)
Sister chromatids appear slightly separated in diakinesis univalents of htp-3(y428) and htp-3(RNAi) animals. (B,C) HTP-3 is required for
the association of HTP-1/2 and HIM-3 with meiotic chromosomes. HTP-1/2 and HIM-3 colocalize with SYP-1 in pachytene nuclei of
wild-type animals. HIM-3 is present along both arms of diakinesis bivalents (C), while HTP-1/2 associate exclusively with the long arm
(B). HTP-1/2 and HIM-3 are undetectable on meiotic chromosomes of htp-3(y428) animals. HIM-3 is present in polycomplexes in

pachytene nuclei.

core of the meiotic axis, the scaffold with which HTP-1/2
and HIM-3 associate.

Although REC-8 and SMC-1 were undetectable on
meiotic chromosomes of htp-3(y428) animals, sister chro-
matids remained together until anaphase I, indicating that
SCC had been established (Figs. 8A-C, 9A,B). COH-3/
4ecohesin alone could mediate the remaining SCC. Alter-
natively, some REC-8¢cohesin and COH-3/4¢cohesin may
both load independently of HTP-3. Our data support the
second possibility. Disrupting REC-8 in htp-3(y428) ani-
mals caused synergistic lethality, suggesting that REC-8
contributes to SCC in htp-3 mutants (Fig. 6F; Supplemen-
tal Fig. S4F,G). While 88% and 78 % of embryos from htp-3
and rec-8, mutants, respectively, were viable, only 24% of
htp-3; rec-8 mutant embryos were viable. Immunofluores-
cence observations indicated that REC-8 and COH-3/4
both mediate HTP-3-independent SCC. Sister chromatids
appeared more loosely associated in htp-3; coh-3/4(RNAi)
diakinesis nuclei than in htp-3 nuclei or coh-3/4(RNAi)

10 GENES & DEVELOPMENT

nuclei, and some sisters appeared completely detached in
htp-3; rec-8 diakinesis nuclei (Fig. 9B). Thus, HTP-3 is
required for the chromosomal association of most meiotic
cohesin, but some cohesin complexes containing COH-3/4
or REC-8 likely associate with chromosomes indepen-
dently of HTP-3. Antibodies that recognize COH-3/4 are
not currently available, leaving open the possibility that
some COH-3/4 loading also requires HTP-3. Neverthe-
less, the finding that REC-8+cohesin loading occurs by
HTP-3-dependent and HTP-3-independent mechanisms
raises the intriguing possibility that cohesin complexes
with identical subunit composition may perform distinct
meiotic roles dictated by the mechanism of their loading
onto chromosomes.

Discussion

Our work reveals unexpected roles for cohesin and the AE
in meiosis. We show that the paralogous cohesin kleisins
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Figure 9. Meiotic cohesin loading requires HTP-3. (A) REC-8 and SMC-1 are present along the axis of pachytene chromosomes and
between sister chromatids of diakinesis nuclei. REC-8 and SMC-1 associate with meiotic chromosomes independently of HTP-1/2 and
HIM-3, but are undetectable on meiotic chromosomes of htp-3(y428) and htp-3(y428; RNAi) animals. Stretches of SYP-1 are present
along chromosomes in htp-1 htp-2 and him-3 mutants, but not htp-3 mutants, in which SYP-1 is only detected in polycomplexes. (B)
Residual meiotic cohesin complexes tether sisters together in htp-3 mutants. Discrete sisters are visible in diakinesis univalents of htp-
3(y428) mutants but are more tightly associated than sister chromatids in rec-8(0k978) mutants. Sister chromatids cannot be resolved in
diakinesis univalents of coh-4 coh-3 double mutants or coh-3/4(RNAi) animals. Disrupting either kleisin in htp-3 mutants further
weakens SCC. The gap separating sister chromatids is increased in htp-3; rec-8 and htp-3; coh-3/4(RNAi) double mutants compared with
single mutants, and complete detachment of sisters may occur in some univalents of htp-3; rec-8 double mutants. HTP-3 is required for
DSB formation, and DNA fragments were not observed in diakinesis nuclei of htp-3; rec-8 or htp-3; coh-3/4(RNAi) mutants, as expected.

REC-8, COH-3, and COH-4 are all required for SCC
during worm meiosis, challenging the view of Rec8 as
the key meiotic kleisin. Of these kleisins, only REC-8 can
maintain SCC after meiosis I. Thus, the C. elegans
kleisins are not redundant but rather perform specialized
functions. Moreover, molecularly distinct cohesin com-
plexes underlie AE assembly. AE assembly fails in C.
elegans only when REC-8, COH-3, and COH-4 are simul-
taneously disrupted. The involvement of multiple klei-
sins is likely a common theme in meiosis and may have
obscured a widely conserved requirement for cohesin in
AE assembly (see below). Finally, we showed that beyond
the known roles of AE protein HTP-3 in DSB formation,
homolog pairing, and synapsis (Goodyer et al. 2008),
HTP-3 is critical for the chromosomal association of all
other AE components and REC-8¢cohesin, providing the
first demonstration of a requirement for AE proteins in
cohesin loading. HTP-3 is therefore a molecular link

between multiple events that distinguish meiosis from
mitosis and ensure the reduction of ploidy during game-
togenesis.

AE proteins regulate cohesin to co-orient sister
chromatids and maintain SCC until meiosis II

In Saccharomyces cerevisiae, the monopolin complex co-
orients sister chromatids independently of cohesin (Toth
et al. 2000; Monje-Casas et al. 2007). However, monopo-
lin components have not been identified in other organ-
isms, and cohesin regulation alone may underlie sister
chromatid unification. Our data enhance this possibility,
since REC-8 and the cohesin regulators HTP-3 and HTP-
1/2 are all required for sister chromatid co-orientation in
C. elegans.

In fission yeast, tension created when sisters form
bipolar attachments on the meiosis I spindle can trigger
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precocious SCC release (Vaur et al. 2005). The premature
loss of SCC in rec-8, htp-3, and htp-1 htp-2 mutants could
therefore be an indirect result of defective sister chroma-
tid co-orientation. However, active AIR-2 kinase accu-
mulates between homologs of wild-type animals and
between sisters of rec-8 mutants before NEBD, spindle
assembly, and tension generation occur. Phosphorylation
by AIR-2 is thought to tag REC-8 for destruction. Thus,
the pattern of meiotic chromosome segregation is estab-
lished independently of tension in C. elegans, indicating
that REC-8, HTP-3, and HTP-1/2 are required directly to
keep sisters together after anaphase I, in addition to their
role in sister chromatid co-orientation.

Around the time of fertilization and NEBD, sister
chromatids become more tightly associated in bivalents
of wild-type worms (Supplemental Fig. S9). This dramatic
change in chromosome structure may underlie sister
chromatid co-orientation. A comparable change occurs
in the univalents of spo-11 mutants, but not those of rec-8
or htp-3 animals. The loose association of sister chroma-
tids following NEBD in rec-8 and htp-3 mutants (Supple-
mental Fig. S9) correlates with equational sister separa-
tion in meiosis I. In contrast, intact homologs of spo-11
and him-3 mutants segregate randomly in meiosis I.
Thus, defective sister chromatid co-orientation and pre-
cocious loss of SCC are not general properties of uni-
valents but genuinely reflect the need for REC-8, HTP-3
and HTP-1/2 in establishing the meiotic pattern of chro-
mosome segregation.

rec-8 mutants make diploid oocytes
but aneuploid sperm

Embryos produced by rec-8, htp-3, and htp-1 htp-2 mu-
tant hermaphrodites inherit a chromatid from each homo-
log as a result of equational sister separation in meiosis I.
Random segregation of these chromatids in meiosis II
would cause aneuploidy, but polar body extrusion fails
and all chromatids remain within the embryo. Fertiliza-
tion by a wild-type haploid sperm yields a viable triploid.
In contrast, markedly higher levels of embryonic lethality
occur when oocytes are fertilized by sperm from rec-8,
htp-3, or htp-1 htp-2 mutants. In fact, sperm produced by
rec-8 males are highly aneuploid (Supplemental Fig. S10).

In contrast to htp-1 htp-2 (our data and Martinez-Perez
et al. 2008), htp-3, or rec-8 mutants, in which premature
SCC loss disrupts extrusion of the second polar body, two
polar bodies were extruded during meiosis of htp-1 single
mutants (Fig. 3D). This was surprising, since detached
sister chromatids have been observed prior to anaphase of
meiosis II in htp-1 zygotes, suggesting that SCC is pre-
cociously lost (Martinez-Perez et al. 2008). Our experi-
ments show that any detached sisters in htp-1 mutants do
not result from equational sister separation in meiosis I,
which occurs only when both HTP-1 and HTP-2 are
disrupted (Fig. 7D). The extent to which sister chromatids
come apart in anaphase I of htp-1 single mutants is not
known. Perhaps weak SCC persists between some or all
sisters until meiosis II, when they separate equationally.
This model is consistent with our ChrII-RFLP analysis
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and would explain the formation of two polar bodies in
htp-1 zygotes.

An AE component promotes meiotic cohesin loading

HTP-3 and HTP-1/2 control the association of cohesin
with chromosomes at different stages of meiosis. HTP-1/
2 act at or near the time of chromosome segregation in
meiosis I to prevent kleisin removal (Martinez-Perez et al.
2008). Cohesin appears normal earlier in meiosis of htp-1
htp-2 mutants (Fig. 9A; Supplemental Fig. S8D). In
contrast, cohesin was undetectable in all stages of meio-
sis in htp-3 mutants, indicating that HTP-3 promotes
association of cohesin with meiotic chromosomes.

HTP-3 is expressed at the right time for a factor in-
volved in meiotic cohesin loading. Rec8ecohesin loads
prior to premeiotic S-phase (Watanabe and Nurse 1999;
Watanabe et al. 2001; Eijpe et al. 2003). HTP-3 and REC-8
are present in germline stem cells and nuclei in pre-
meiotic S-phase, but both proteins first appear in axial
structures in the transition zone, the C. elegans germline
region containing nuclei in leptotene and zygotene of
prophase I (Supplemental Fig. S8A,D; Pasierbek et al.
2001; Chan et al. 2003; Hansen et al. 2004; MacQueen
et al. 2005; Hayashi et al. 2007; Goodyer et al. 2008).
Thus, HTP-3 and cohesin may load onto chromosomes
concurrently. Consistent with this model, REC-8 and
SMC-1 appeared normal in premeiotic nuclei of htp-3(y428)
animals, but were undetectable on meiotic chromosomes
(Fig. 9A; Supplemental Fig. S8D; data not shown).

We showed that REC-8ecohesin is required for the
persistent association of sister chromatids after anaphase
1. The synergistic lethality and increased sister separation
in diakinesis nuclei of htp-3; rec-8 double mutants
suggests that some REC-8¢cohesin associates with mei-
otic chromosomes independently of HTP-3, yet sister
chromatids still separate equationally at anaphase I of
htp-3 mutants. HTP-3-independent REC-8¢cohesin may
be destroyed at anaphase I of htp-3 mutants because HTP-
1/2, which normally protect SCC until anaphase II
(Martinez-Perez et al. 2008), require HTP-3 for their
association with the meiotic axis.

Multiple kleisins function during C. elegans meiosis
and perform distinct functions in SCC

Sister chromatids remain together until anaphase I of rec-
8 mutants, indicating the persistence of SCC. The visible
gap between sisters in rec-8 mutants has been interpreted
as evidence of complete loss of SCC and separation of the
12 homologs into 24 individual sister chromatids. How-
ever, the published images of diakinesis chromosomes in
rec-8(0k978) and rec-8(RNAi) animals are consistent with
our interpretation that SCC persists, since pairs of DAPI-
staining structures, likely pairs of sister chromatids, are
evident (Pasierbek et al. 2001; Kaitna et al. 2002; Alpi
et al. 2003; Chan et al. 2003, 2004; Colaidcovo et al. 2003;
Reddy and Villeneuve 2004; Hayashi et al. 2007; Penkner
et al. 2007; Smolikov et al. 2007). Also, phosH3(S10)
resides between sister chromatids in univalents of rec-
8(0k978) and rec-8(RNAi) animals (Fig. 1D; Kaitna et al.
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2002; AF Severson, unpubl.), and sisters separate equa-
tionally in meiosis I, not randomly as expected if sisters
were detached. Few chromosome fragments are present
relative to the number of meiotic DSBs formed, indicat-
ing that some manner of DSB repair occurs, and our data
are consistent with the model that meiotic DSBs in rec-8
mutants are repaired using a homologous sequence (e.g.,
a tethered sister) as a template.

Our data show that the REC-8 paralogs COH-3/4 are
also required for meiotic SCC, indicating the role of
multiple kleisins in SCC and suggesting the involvement
of multiple, distinct cohesin complexes in C. elegans
meiosis. All known AE proteins and the SC central ele-
ment component SYP-1 were undetectable on meiotic
chromosomes of rec-8; coh-4 coh-3 triple mutants, dem-
onstrating that worms, like budding yeast have a require-
ment for cohesin in AE assembly (see below). HTP-3 is
present in a similar aggregate in animals deficient for the
cohesin subunit SCC-3 (Goodyer et al. 2008) or SMC-1
(Fig. 4A). Thus, SCC is not eliminated in meiosis of rec-8
mutants because COH-3/4 also mediate meiotic SCC.

The existence of meiotic cohesin complexes with dif-
ferent subunit composition, shown by multiple lines of
evidence, raised the possibility that meiotic cohesin com-
plexes might contain distinct kleisins to mediate specific
meiotic functions. Indeed, COH-3/4 and REC-8 appear to
perform different roles in AE assembly, since short, frag-
mented stretches of AE proteins associate with pachytene
chromosomes of coh-4 coh-3 animals but long tracks
of AE components are visible in rec-8(0k978) mutants.
Moreover, REC-8 alone can co-orient sister chromatids
and establish SCC that persists after anaphase I. Thus,
the meiotic kleisins of C. elegans are not functionally
redundant but perform specialized functions.

Involvement of multiple kleisins is likely to be a com-
mon theme in meiosis. Although budding yeast Rec8 is
essential for meiotic SCC, the mitotic kleisin Sccl as-
sociates with meiotic chromosomes and potentially has
meiotic functions (Klein et al. 1999; Kateneva et al. 2005).
The mouse Sccl ortholog Rad21 may also act during
meiosis, since it associates with AE structures of wild-
type animals (Xu et al. 2004). Equational sister separation
occurs in rec8 mutants of fission yeast, Arabidopsis, and
maize, indicating that SCC persists in the absence of
Rec8 (Watanabe and Nurse 1999; Chelysheva et al. 2005;
Golubovskaya et al. 2006). In fission yeast, this persistent
SCC depends on Rad21 (Yokobayashi et al. 2003). The
factors that mediate Rec8-independent SCC in Arabidop-
sis and maize are unknown; however, four kleisin genes
have been identified in both organisms (for review, see
Hamant et al. 2006). While one kleisin appears to be the
true Rec8 ortholog, it is likely that other kleisins also
function in meiosis, as we showed for C. elegans COH-3/4.

Interdependent loading of an AE protein and cohesin
is fundamental for meiotic axis formation

We have provided the first evidence that an axis protein,
HTP-3, promotes meiotic cohesin loading. HTP-3 is also
required for assembly of all known AE components. HTP-

HTP-3 and cohesin promote axis assembly

3 is therefore an important determinant of the molecular
composition of the meiotic axis. Mitotic chromosomes
are organized around a proteinaceous core that contains
SMC proteins, topoisomerase II, and high-mobility group
(HMG) proteins (Zickler and Kleckner 1999). The meiotic
axis includes Rec8ecohesin and the AE and may be an
elaboration of the mitotic chromosomal core.

The relationship between the AE and cohesin has
remained controversial. AEs do not form in yeast rec8
mutants, suggesting that AE assembly requires cohesin
(Klein et al. 1999). Similarly, SCC-3 depletion disrupts the
chromosomal association of HTP-3 and HIM-3 (Pasierbek
et al. 2003; Goodyer et al. 2008). However, AE compo-
nents associate with meiotic axes of rec8 mutants in
mice, worms, Arabidopsis, and maize (Bhatt et al. 1999;
Colaiacovo et al. 2003; Bannister et al. 2004; Xu et al.
2005; Golubovskaya et al. 2006; Martinez-Perez et al.
2008). AEs form in Coprinus cinereus spo22 mutants and
S. cerevisiae cdc6-mn mutants with impaired premeiotic
DNA replication, indicating that SCC is not required for
AE assembly (Pukkila et al. 1995; Merino et al. 2000; Brar
et al. 2009). It has therefore been suggested that AE as-
sembly may require not cohesin but rather other, shared
components of mitotic and meiotic chromosomal cores
(Kleckner 2006). However, Rec8 associates with the un-
replicated chromosomes of cdc6-mn mutants (Brar et al.
2009) and may also associate with meiotic chromosomes
in spo22 mutants (H Palmerini and M Zolan, pers.
comm.). Thus, cohesin may be essential for AE assembly
even if SCC is not.

Our data unambiguously demonstrate that AE assembly
in worms requires an intact cohesin complex, even though
AE components associate with meiotic chromosomes of
rec-8 mutants. Normal AE assembly requires COH-3/4 in
addition to REC-8. Thus, cohesin is essential for AE
assembly in worms as it is in yeast. The requirement for
cohesin in AFE assembly is likely widely conserved but
masked by the involvement of multiple kleisins. In worms,
cohesin and the AE protein HTP-3 are interdependent for
their association with meiotic chromosomes, suggesting
that cohesin may be an integral part of the AE and that
interdependent loading of cohesin and HTP-3 is a principal
step in assembly of the meiotic chromosomal axis.

Materials and methods

Strains

Worms strains were grown at 20°C as described in Brenner
(1974). N2 Bristol was used as wild type. Strains used in this
study are listed in Supplemental Table S3. Because many strains
used produce viable polyploids, all experiments were done using
known homozygous progeny of heterozygous mothers.

RNAi

Templates for dsSRNA production were amplified from genomic
DNA by PCR using primers listed in Supplemental Table S4
and then gel purified and reamplified using T7 primers. L4
hermaphrodites were injected with dsRNA at concentrations of
2.5-5 mg/mL and then mated with him-8; mIs10 males. Worms
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were fixed and stained 72 h post-injection. Embryos were
collected 72 h post-injection for ChrII-RFLP assays or 60-84 h
post-injection for viability counts.

Microscopy

Immunofluorescence analysis and live imaging were performed
as described previously (Chan et al. 2004). The following anti-
bodies were used: rabbit and guinea pig anti-SYP-1 (MacQueen
et al. 2002), rabbit anti-HTP-1/2 (Martinez-Perez et al. 2008),
guinea pig anti-HTP-3 (MacQueen et al. 2005), rabbit anti-HIM-3
(Zetka et al. 1999), mouse anti-REC-8 (CIM, Arizona State Uni-
versity), rat anti-SMC-1 and rat anti-SMC-3 (Chan et al. 2003),
rabbit anti-AIR-2 (Schumacher et al. 1998), and rabbit anti-
phosphorylated histone H3 (S10) (Millipore). Polar bodies were
counted in one- and two-cell stage embryos fixed as described in
Moore et al. (1999), and then mounted in Vectashield (Vector
Laboratories) with 2 ug/mL DAPI (Sigma).

Screen for spo-11 suppressors

ccls4251 myo-3::GFP] T; spo-11(med44)/nT1|unc-4n754) let-2
(m435)] IV, +/nT1|qls51] V; Iin-2(e1309) X L4 hermaphrodites
were mutagenized at room temperature for 4 h in 20 mM EMS
(Sigma), washed in M9, and then plated. Two days later, F1
embryos were synchronized by hatchoff. One-thousand hetero-
zygous L4 F1 hermaphrodites were singled and grown two gen-
erations at 25°C. Plates were scored for the presence of spo-11
homozygotes with many hatching larvae in their uterus.

ChrII-RFLP assay

To quantify defects in meiotic chromosome segregation, we
tracked ChrII-RFLPs produced by the sup-9 alleles n1012 and
n1020, which cause no obvious phenotypes other than suppres-
sion of certain unc-93 alleles (Greenwald and Horvitz 1986).
Hermaphrodites homozygous for the allele being assayed and
trans-heterozygous for n1012 and n1020 were mated with him-§;
mlIs10 males. The next day, embryos were collected for 2-4 h
from working crosses. Twenty-four hours later, dead embryos
and hatched L1s were transferred to a 96-well plate and lysed in
PCR buffer containing 150 pg/mL proteinase K (Roche). DNA
spanning the n1012 and n1020 lesions was PCR-amplified with
the oligos GACGGAGAATGAGATTCTGCAGG and CGGCTC
GTCTTATGAAACGGA. PCR product was digested in three
reactions that contained Spel (diagnostic for n1012), Xbal (di-
agnostic for n1020), or Spel and Xbal together (an uncut band is
diagnostic for the paternally derived wild-type allele). Data was
eliminated from analysis if it did not pass certain criteria
(Supplemental Material).
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