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Abstract

Meiotic crossover (CO) recombination establishes physical linkages between homologous
chromosomes that are required for their proper segregation into developing gametes and promotes
genetic diversity by shuffling genetic material between parental chromosomes. COs require the
formation of double strand breaks (DSBs) to create the substrate for strand exchange. DSBs occur
in small intervals called hotspots1-3 and significant variation in hotspot usage exists between and
among individuals4. This variation is thought to reflect differences in sequence identity and
chromatin structure, DNA topology and/ or chromosome domain organizationl, 5-9.
Chromosomes show different frequencies of nondisjunction (NDJ)10, reflecting inherent
differences in meiotic crossover control, yet the underlying basis of these differences remains
elusive. Here we show that a novel chromatin factor, X non-disjunction factor 1 (xnd-1), is
responsible for the global distribution of COs in C. elegans. xnd-1 is also required for formation of
double-strand breaks (DSBs) on the X, but surprisingly XND-1 protein is autosomally-enriched.
We show that xnd-1 functions independently of genes required for X chromosome-specific gene
silencing, revealing a novel pathway that distinguishes the X from autosomes in the germ line, and
further show that xnd-1 exerts its effects on COs, at least in part, by modulating levels of H2A
lysine 5 acetylation.

The C. elegans genome has an unusual organization with regard to recombination and gene
organization. Recombination preferentially occurs towards the chromosome ends, which
contain fewer and less highly expressed genes than the central gene cluster11 (Baillie,
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unpublished). The X chromosome shows a similar distribution of crossovers12, but genes
are more evenly distributed along its length. The X is also transcriptionally silent in the
germline except for a brief period during late oogenesis13. Thus, during the critical period
of CO formation, the X chromosome is replete with histone post-translational modifications
(HPTMs) indicative of heterochromatin. Although recombination can occur in
heterochromatin, closed chromatin generally presents an unfavorable environment for DSB
formation. This unique configuration of an entire chromosome provides an advantage of the
nematode system for understanding the relationship between higher order DNA structure
and CO regulation9.

To identify meiotic recombination regulatory proteins, we screened over 350 known and
putative chromatin binding proteins by RNA interference (RNAI) for segregation of triply
marked chromosomes (see Methods). RNAI against C05D2.5 resulted in a dramatic increase
in recombinant Dpy progeny (Figure 1a, i). A second triply marked chromosome confirmed
these results (Figure 1a, ii), indicating that C05D2.5 affected recombination rather than
expression of the genetic markers. C05D2.5 was renamed xnd-1 (X chromosome
nondisjunction-1) based on its primary phenotypes. Further analysis was performed on two
deletion mutations, ok708 and ok709 (Supplementary Figure 1).

Single nucleotide polymorphism (SNP) analysis was used to confirm a role for xnd-1 in CO
regulation. In wild-type (wt), COs occurred in more gene-poor regions towards the
autosome ends11(Figure 1b and Supplementary Table 1). In xnd-1 mutants, the global
crossover landscape on autosomes was inverted; most COs occurred abnormally in the gene-
rich region of chromosome | (Figure 1b and Supplementary Table 1). This dramatic shift in
CO placement occurred without a change in the overall map size (i.e. total number of
crossovers per chromosome) (Figure 1b and Supplementary Table 1). These data therefore
indicate that xnd-1 is required for the normal distribution of meiotic crossovers on
autosomes in C. elegans.

Because the X has a different chromatin state than autosomes, we also mapped COs on X.
Like on autosomes, CO distribution is altered and occurs preferentially in the central region
in xnd-1 mutants (Figure 1c). In contrast to autosomes, loss of xnd-1 reduced the genetic
map of the X to half that observed in wt (24.4 m.u. versus 51.1 m.u. respectively; Figure 1c
and Supplementary Table 2), indicating a two-fold decrease in recombination frequency.
Thus, xnd-1 is required for CO distribution genome-wide, but is selectively required for the
normal CO frequency on the X.

The increase in non-recombinant X’s was accompanied by an increase in the percentage of
male progeny (XO genotype) arising from nondisjunction in XX hermaphrodites (~20%
males versus <0.2% in wt; Supplementary Table 4), consistent with defects in meiotic CO
formation14. Autosomal aneuploidy manifests as embryonic lethality, and on average, 35%
of xnd-1 embryos do not hatch (Supplementary Table 4). To determine if both the X and
autosomes were defective in CO formation, we analyzed diakinesis oocytes when
homologues are held together at the CO and revealed as 6 DAPI staining bivalents in wt
(Figure 2a). In xnd-1, 7 DAPI-staining bodies were evident in ~ 50% of oocytes: 5 bivalents
and 2 smaller univalents are observed (Figure 2b), revealing that a single chromosome pair
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had frequently not received a CO. FISH confirmed that the achiasmate chromosome was the
X in all instances (Figures 2a-c) demonstrating that xnd-1 is required for wt levels of X
chromosome COs. Since no achiasmate autosomes were observed, the embryonic lethality
associated with xnd-1 appears to be independent of its role in CO formation (see Methods).

The ability of xnd-1 to affect CO formation and distribution raised the possibility that xnd-1
might be involved in regulating DSBs. Meiotic DSBs are catalyzed by SPO-1115 and the
failure to form bivalents in spo-11 mutants can be rescued by exogenous breaks induced by
ionizing radiation16 (IR, Figure 2d). IR significantly reduces the number of nuclei with 7
DAPI staining bodies at diakinesis in xnd-1 (Figure 2d) indicating that the deficit in X COs
is either the result of a failure to make DSBs or a failure to make CO-competent DSBs.

To determine whether xnd-1 is required for DSB formation, we assayed recruitment of the
DSB repair protein RAD-51 to the X chromosome9. By co-labeling for the autosomal-
associated HTZ-1 proteinl7 (Supplementary Figure 2), we assessed the frequency that
RAD-51 associated with the (unlabeled) X. RAD-51 foci were detected on X in ~95% of wt
nuclei (Figure 2e and Supplementary Movie 1). In contrast, only ~50% of xnd-1 mutant
nuclei had detecTable RAD-51 foci on X (Figure 2e, and Supplementary Movie 2)
indicating that xnd-1 has a crucial role in recruiting DSBs to the X.

In C. elegans, pairing and synapsis are independent of DSB formation16. Therefore we
reasoned these processes should be unaffected by xnd-1 loss. FISH and immunofluorescence
revealed that the kinetics and extent of pairing and synapsis did not differ between xnd-1and
wt (Supplementary Figure 3a, b). Thus, the SC was fully polymerized between all
homologues upon entry into pachytene (Supplementary Figure 3b and data not shown).
Nevertheless, by late pachytene, SYP-1 and SYP-2 were no longer visible on the X in half
of the nuclei (Supplementary Figure 3b, c) and a subset of X’s prematurely separated
(Supplementary Figure 3a). Irradiation prevented desynapsis and separation (Supplementary
Figure 3d, e), indicating that these phenotypes are a consequence of insufficient DSB
formation. These observations suggest that the formation of DSBs is communicated to the
SC, allowing for its stabilization. These results compliment our understanding that DSBs
influence SC polymerization in C. elegansl18, revealing an additional role for DSBs in SC
maintenance.

To further understand xnd-1 function, we investigated its subcellular localization. Labeling
with anti-XND-1 antibodies revealed nuclear staining from the most distal region of the
gonad through mid- to late pachytene (Figure 3a). XND-1 was not detected in somatic
tissues or in xnd-1 mutant gonads (Supplementary Figure 4). Close examination of germline
nuclei revealed that a single chromosome pair lacked XND-1 labeling (Figure 3b and
Supplementary Figure 5). Remarkably, co-staining germline nuclei with autosome-specific
HPTMs indicated that the unstained chromosome was the X (Figure 3c, Supplementary
Movie 3). Thus, XND-1 is an autosomally-enriched protein required for efficient DSB
formation on the X.

The localization of XND-1 is strikingly similar to MES-4 and MRG-1, which together with
the X-enriched proteins, MES-2, -3, -6, regulate X chromosome gene silencing19. These
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factors could function to exclude XND-1 from the X. However, in mes-2 (M~Z~) germlines,
XND-1 protein did not relocalize to the X (Figure 3d and Methods). XND-1 localization was
also not altered in other mutants affecting gene silencing, meiotic DNA structure or X-
specific behaviors, nor in mutants that affect pairing, axis and SC formation, DSB formation
and repair (Supplementary Table 6). Thus, XND-1 localization appears to be independent of
factors required for X chromosome silencing and vice versa: HPTMs associated with
transcriptional repression remain on the X and those associated with activation are not
recruited to the X (Figure 3e and data not shown). Furthermore, xnd-1 is not required for the
similar process of transgene silencing20 (Supplementary Table 7). Thus, while XND-1
enrichment on autosomes is similar to MES-4 and MRG-1, it confers a novel and
independent level of sex chromosome-specific behavior.

One possibility for the deficit in COs on the X is the establishment of a more closed,
inaccessible chromatin environment. If this were the case, mutations that lead to more open
chromatin on the X, such as mes-2, -3, -4, and -6, might counteract the effect of xnd-1
mutation. We observed that mes-2 or mes-3 partially suppressed the HIM phenotype of
xnd-1 (Figure 3f) suggesting that xnd-1 and the mes genes have opposing effects on X
chromosome COs: xnd-1 ensuring that it receives COs and the mes genes inhibiting CO
formation through the imposition of heterochromatic gene silencing. These results suggest
that xnd-1 acts at the level of chromatin structure to control recombination.

To determine whether xnd-1 has a direct effect on germline chromatin, we examined
HPTMs in mutant gonads. In xnd-1 mutants, a striking increase in H2A Lysine5 acetylation
(H2AK5AC) was observed (Figures 4a, 4b). In wt, H2AK5ACc appeared faint and punctate
whereas in xnd-1, H2AK5Ac labeling was more intense and uniform (Figure 4b). No
differences were observed for related HPTMs, including H4K8Ac, H4K12Ac, H2BK5AC
and H3K4me2 or me3. Our data suggest that the H2AK5Ac mark may be critical for the
regulation of meiotic crossovers in C. elegans.

In vitro, the human Tip60 protein can acetylate H2AK521. We reasoned that if H2ZAK5AC is
responsible for the CO defects in xnd-1, then mutating the C. elegans homologue of Tip60,
mys-122 might suppress the mutant. No meiotic defects were observed in mys-1(RNAI)
treated or wt controls as assessed by analyzing diakinesis Figures. As compared to xnd-1;
GFP(RNAI) or untreated xnd-1 animals, which each reveals ~50% of nuclei with 7 foci, the
xnd-1; mys-1(RNAI) treated worms showed only ~12% of oocytes in this class (Figure 4c).
mys-1(RNAI) also decreased the amount of the H2AK5Ac mark observed in these animals
(Supplementary Figure 6). These data strongly support the conclusion that xnd-1 is
influencing meiotic crossover formation in C. elegans through modulation of germline
chromatin.

Characterization of xnd-1 suggests that chromatin structure is a major determinant of
chromosome-specific meiotic behaviors and may explain why chromosomes have different
propensities to missegregate10. We identified XND-1 as an autosome-associated factor
required for regulation of X chromosome recombination in C. elegans. Since xnd-1 and mes
appear to act antagonistically with regards to X COs, we suggest xnd-1 may have evolved to
ensure the proper disjunction of the nearly heterochromatic X, and in so doing, altered the
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distribution of COs genome-wide. xnd-1 may limit association (or action) of the DSB
machinery with the most permissive sites in the genome, thereby increasing the pool of DSB
machinery available to interact with the X chromosome and the gene-sparse regions on
autosome arms (Figure 4i).

xnd-1 expands our understanding of genes involved in CO control. In C. elegans, the (as yet
uncloned) rec-1 mutant shows a similar redistribution of CO into the gene cluster23, but
does not affect the frequency of COs on the X. Thus, redistribution of COs to the gene
clusters, per se, does not cause a deficit in COs on the X. Double mutant analysis with xnd-1
will likely inform how these gene products collaborate to regulate global chromatin
organization and CO distribution. In humans, a significant fraction of hotspot usage can be
explained by variants of Prdm9, a zinc-finger containing histone methyltransferase24-26,
and divergent 13mer motifs to which it binds27. Although Prdm9 promotes H3K4
trimethylation28, it alone cannot explain hotspot choice since this modification localizes to a
majority of transcriptionally active loci. Our work implicates another HPTM, H2AK5AC, as
a critical determinant of DSB distribution in C. elegans. Little is known about the in vivo
role of H2AK5AC; our study provides the first functional evidence that H2AKS5Ac plays a
deterministic role in the meiotic DSB landscape. Our data suggests that Tip60/MYS-1
modulates H2ZAK5AC levels and thereby functions in CO control. In mammals, Tip60 is
recruited to sites of DSB repair by phosphorylated H2AX and leads to acetylation of histone
H4, a hallmark of recombinational repair7. In C. elegans, however, H2AX is not conserved.
This raises the possibility that DSB initiation and repair may be coupled through the
recruitment or regulation of MY'S-1 and/or H2AKS5 acetylation.

FULL METHODS

Worm Strains and Culture Conditions

All strains were grown and maintained under standard conditions at 20°C29.
xnd-1(ok708)111 and xnd-1(ok709)I11 were obtained from the C. elegans Gene Knockout
Consortium, outcrossed at least 6 times, and maintained balanced over hT2::GFP. The
mutations display maternal rescue (10% HIM in M*Z~ animals (M, maternal load; Z,
zygotic synthesis) compared to ~20% in M~Z"~) and maternally deposited XND-1 protein
can be seen in M*Z germ cells. Therefore, our analyses of xnd-1 were restricted to M~Z~

progeny.

xnd-1(ok708) and (0k709) gave equivalent percentages of males as compared to
cosuppression lines, suggesting that they are loss of function alleles (Supplementary Table
1). We present analysis of 0k709, but similar results have been obtained with ok708.
Approximately 40% of the xnd-1 population is “clear” steriles, which are easily
distinguished from fertile animals on adult day 1. These animals were separately analyzed
for meiotic defects and show no differences in pairing, SC formation, or DSB formation as
compared to wt. However, these animals have a cellularization defect in which multiple
pachytene nuclei are aberrantly packaged into a single oocytes creating a disorganized
diakinesis region (e.g. Supplementary Figure 7). These defects result in oocytes and eggs
with an increased mass of DAPI staining material and massive aneuploidy and likely
explains the increase in embryonic lethality.
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Strains used for these analyses are listed in Supplemental Table 6 and below:
LGII: mes-2(bnl1l) unc-4(e120)/mnC1 dpy-10(e128)unc-52(e444).

LGIII CB185 lon-1(e185). CB364 dpy-18(e364). QP224 unc-45(e286), dpy-18(e364),
unc-64(e246). QP231 dpy-1(el), lon-1(e185), dpy-18(e364) I11. RB868 xnd-1(ok708).
RB869 xnd-1(ok709).

LGIV: AV106 spo-11(0k79) IVInT1[unc-?(n754) let-?](1V;V). AV157 spo-11(med4)/
nT1[unc-?(n754) let-? qls50](1V;V). CA257 him-8(tm611)

LG V: JK2663 dpy-11(e224) mes-4(bn67) V/nT1[unc-?(n754) let-? qls50](1V;V);
zuls178 [his-72(1kb)::HIS-72::GFP); unc-119(ed3)]

LG X: CB678 lon-2(e678).

Extrachromosomal array: let-868::GFP20

Recombination Screen

Triply marked mutant hermaphrodites, either unc-45, dpy-18, unc-64 111 or dpy-1, lon-1,
dpy-18 I11, were crossed to N2 males to produce F1 progeny heterozygous for each of the 3
markers. Approximately five L4 hermaphrodite F1 progeny per plate fed dsRNA for gfp
(control) or chromatin-associated genes according to established protocols31. Plates were
scored 3-5 days later for F2 progeny that were either Dpy non-Unc or Lon non-Dpy,
respectively, indicating they were homozygous for the middle marker and heterozygous or
wild type for flanking markers. Because distinguishing the flanking Unc or Dpy mutant
phenotypes from each other was not possible, the assessment of recombination rates was
expressed as a fraction of the total progeny. Three to ten plates per genotype were scored,
with a minimum of two trials per genotype.

Characterization of xnd-1 gene and transcripts

To confirm the endpoints of the deletion alleles ok708 and ok709, primers flanking the
putative breakpoints were used to amplify the genomic region from homozygous animals.
PCR products were sequenced using primers spanning the region. ok708 is a simple deletion
and ok709 a more complex deletion/inversion. Breakpoints of both deletions are shown in
Supplemental Figure 1. Additional sequence information is available from WormBase.

Seven cDNA clones were obtained from Y. Kohara, National Institute of Genetics, Japan
and were sequenced using standard procedures. Five of the seven cDNAs matched the
reported gene structure, according to WormBase. Two cDNAs revealed the presence of a
novel splice variant (Supplemental Figure 1).

XND-1 Antibody Production

A GST fusion protein to the XND-1 N-terminus (amino acids 1-329) was expressed from
pGex-6P-1 (GE Healthcare) in BL21 DES3 cells. Protein was induced with 100uM IPTG for
2 hrs at room temp prior to cell lysis and protein purification. The protein was run over a
glutathione-agarose column and cleaved with PreScission protease (GE Healthcare) to
isolate untagged protein for inoculation. A GST-tagged construct of the XND-1 C-terminus,
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amino acids 530-702, was also made and protein purification was performed and both sets of
proteins were inoculated into animals for antibody production by the Proteintech Group Inc
(Chicago, IL). The XND-1N protein was inoculated into guinea pigs; XND-1C protein into
rabbits.

Immunostaining

Fixation and treatment of gonads for XND-1N staining was performed according to
established procedures30 using 1% paraformaldehyde fix for five minutes prior to freeze
cracking and ethanol treatment. For XND-1C, gonads were dissected in PBS, immediately
freeze-cracked, and fixed in methanol (20 minutes) and acetone (10 minutes). Antibody
concentrations are provided in Methods.

XND-1 antibodies were preabsorbed against xnd-1(ok708) animals32. XND-1N was used at
a final concentration of 1:600; XND-1C at 1:200. Antibodies were generously provided to
us by numerous labs and were used at the following concentrations: guinea pig (gp) anti-
HTP-3(1:500) and gp anti-HIM-8 (1:500) from A. Dernburg; rabbit anti-HIM-3 (1:200)
from A. Villeneuve; and gp anti-SYP-1N (1:200), rabbit anti-SYP-1C (1:200), and rabbit
anti-SYP2 (1:200) antibodies from M. Colaiacovo; rabbit anti-RAD-51 from A. la VVolpe; rat
anti-HTZ-1 (1:2000) antibody from G. Csankovszki. Rabbit anti-RAD-51 (1:10000) and
anti-REC-8 (1:10000) antibodies were purchased from SDI (Newark, DE); rabbit anti-
Histone H4 (Ac12) (1:1000) from AbD Serotec (Oxford, UK); rabbit anti-dimethyl histone
H3 (Lys4) (1:1000) from Upstate (Lake Placid, NY); rabbit anti-acetyl H2A (Lys 5) (1:500;
1:2500) from Cell Signaling/Millipore (Billerica, MA) and Serotec (Kidlington, UK).
Secondary antibodies were Alexa-conjugated guinea pig 488 or 561, rabbit 561; or rat 488
(Invitrogen Molecular Probes, Eugene, OR).

For staining mes M~Z~ germlines, the first F1 daughters of heterozygous mes mothers were
individually plated and their first daughters were analyzed. By this method, we selected for
granddaughters with the greatest deposition of (grand)maternal product which enhanced our
ability to isolate F2 progeny with germ cells. We excluded from our analysis, animals in
which germ cell morphology became indistinct.

FISH analysis

Imaging

FISH XR, XL, and 5S probes were synthesized and labeled as previously described33. FISH
gonad preparation, fixation, and hybridization of were performed according to published
protocols16. FISH in combination with antibody staining (SYP1C, 1:200; XND-1, 1:600)
was performed as described34.

Except where noted, all studies were analyzed by confocal microscopy on either Leica TCS
SP2 or SP5 microscope followed by 3-D analysis using Imaris software (Bitplane, St. Paul,
MN).
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Irradiation

L4 larvae aged for 20 hours and exposed to 2krad of ionizing radiation using a 137Cs source
(MARK I irradiator, J.L. Shepard and Associates). Animals were further aged for 8-24 hours
prior to fixation and staining. To determine if IR suppressed desynapsis, samples were
analyzed 8-16hrs post-IR; for analysis of DAPI staining bodies, 24 hrs post-IR.

Analysis of Break Formation on the X chromosome

rad-54 or gfp RNAI were performed as described9. L4 larval progeny were dissected, fixed
and stained with DAPI, rat anti-HTZ-1, and rabbit anti-RAD-51 antibodies. Quantification
of for X chromosomal RAD-51 foci was performed using Imaris 3-D software and only
mid- to late pachytene nuclei with 8 or more foci were evaluated.

Analysis of Pairing and Synapsis
xnd-1 and wild type germlines were dissected and co-labeled with 5S and XL FISH probes
(described above) followed by labeling with anti-SYP-1 antibody and DAPI. Confocal
images of full germlines were analyzed by dividing the transition zone to end of pachytene
region into four approximately equal part and assessing the presence or absence of apposed
FISH probes (indicative of pairing chromosomes) and the staining of SYP-1 along the length
of a DNA fragment adjacent to the marked chromosome.

SNP mapping

xnd-1(ok708) was introgressed 6 times into the CB4658 Hawaiian background and the
presence of Hawaiian-specific polymorphisms was confirmed by genotyping. Spontaneous
males from this stock were crossed to lon-2(e678); xnd-1(ok709) hermaphrodites and non-
Lon, xnd-1transheterozygous hermaphrodites were subsequently crossed to GFP+ males.
GFP+ L4 hermaphrodites were individually plated and genotyped as described for Chr X35
and Chr 136. Chr | primers are:PM 1/2, PM 3/4, PM 7/8, PM 9/10, PM 11/12, PM 15/1636.
To map sperm recombination, the Lon, transheterozygous males from the above cross were
mated to dpy-18 hermaphrodites and non-Dpy cross progeny were individually plated and
their progeny were genotyped as described above for chr | markers. Wild type controls for
both sperm and egg were prepared simultaneously and X chromosome mapping was
described in Lim et al35. Chr | mapping was performed as described above.

Hatching Rates

Individual L4 larvae were plated onto to freshly seeded NGM plates and transferred every
12 hours until the cessation of egg-laying. Eggs were counted immediately after transferring
and adult animals were counted by picking worms off the plates 60-96 hours later. The
number of wild type hermaphrodite (XX), male (XO), and DPY hermaphrodites (XXX)
progeny were counted.

RNA interference

RNAI was performed according to established protocols9. For mys-1(RNAI), xnd-1 or wild
type L4 larvae were placed on bacteria expressing the dsRNA for 48 hours and allowed to
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recover for 48 hours prior fixation and DAPI staining. Diakinesis stage oocytes were
assayed as described above for the number and appearance of the DAPI-staining bodies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
xnd-1 is needed for the normal recombination landscape in C. elegans. (a) C05D2.5 was

identified by its increase in the number of recombinant progeny with the phenotype of the
middle of three genetic markers, either unc-45 dpy-18 unc-64 (wt, n=8750, std. dev= 0.06;
xnd-1, n=3980, std. dev= 0.15) (i) or dpy-1 lon-1 dpy-18 (wt, n=2229, std. dev= 0; xnd-1,
n=1863, std dev=0.21) (ii) Error bars represent the standard deviation from three or two
independent experiments, respectively. (b) Chromosome | recombination maps for wt and
xnd-1 oocytes (top) and sperm (bottom). (c) X chromosome recombination maps for wt and
xnd-1 oocytes (data for b,c are found in Supplementary Tables 1-3). Genetic and physical
markers are shown above and below the graphic representation of each chromosome,
respectively. Boxes represent the relative map size for each interval as determined by SNP
analysis (see Methods). Significant differences between wt and xnd-1 are marked (*p<0.05;
**p<0.001).
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Figure2.
xnd-1 is required for efficient DSB formation on the X chromosome. (a-c) Achiasmate

chromosomes are observed at diakinesis in xnd-1. FISH probes mark Chromosomes V
(yellow) and X (magenta); DNA is stained with DAPI, (green). (a) Six DAPI-staining bodies
indicate that all chromosomes have recombined, (b) seven reveal the achiasmate X’s in
xnd-1 oocytes. (¢) Quantification of achiasmate X frequency. Chromosome V was never
achiasmate in wt or xnd-1. (d) lonizing radiation (IR) rescues the CO defects of xnd-1.
Quantification of IR rescue as assessed by the number of DAPI staining bodies at diakinesis
24 hrs post-irradiation. (wt —=/+ IR, N=91, 82; spo-11 —/+ IR, N=73, 100; xnd-1 —/+ IR, N=
190, 157; him-8 —/+ IR, N=83, 65). (e) Fewer RAD-51 foci are observed on the X
chromosome (white circles) in xnd-1. rad-54(RNAI) treated animals9 were dissected and
germlines co-stained for DNA (green), HTZ-1 (which marks autosomes17, yellow), and the
DNA repair protein, RAD-51 (magenta), which acts as a marker of DSBs9). The percentage
of nuclei in which RAD-51 foci were observed on the X was quantified (wt, N=369; xnd-1,
N=391).
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Figure 3.
XND-1 is an autosomal protein that regulates X chromosome crossing over. (a) Anti-XND-1

antibody staining of a wt hermaphrodite germline. (b) Close-up of wt nuclei reveals the
absence of staining on one chromosome (yellow arrowheads). (c) Co-staining of wt
pachytene nuclei with anti-XND-1 and anti-H4K12Ac reveals that these proteins are
coincident, indicating that XND-1 is enriched on autosomes. A yellow arrowhead indicates
the unstained X. (d) Localization of XND-1 is independent of the X chromosome silencing
gene mes-2. XND-1 antibody staining in mes-2 (M-Z-) mutants with rare pachytene nuclei
reveals normal XND-1 localization (X marked by white arrowhead). (e) Activating HPTMs
remain excluded from the X in xnd-1mutants (yellow arrowheads). Histone H4K12Ac
(magenta) is enriched on autosomes in wt (top) and xnd-1 (bottom). (f) Suppression of xnd-1
HIM phenotype by mes-2(bn11) and mes-3(RNAi ) (xnd-1, n = >8000; mes-2= >2000;
mes-2; xnd-1, n=733; GFP(RNAI), n=192; mes-3RNAI), n= 283). Error bars represent
standard deviation from at least three experiments.
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Figure4.
Germline chromatin is altered in xnd-1 mutants. (a) Histone H2A lysine 5 acetylation is

increased in the xnd-1 mutant. wt (upper) and xnd-1 (lower) mutant gonads were stained on
one slide and imaged identically revealing the more intense anti-histone H2A K5Ac staining
in the xnd-1 gonad. (b) Mid-pachytene nuclei from wt and xnd-1 gonads (DNA, green; anti-
H2A K5Ac, magenta) showing the more intense and uniformly distributed staining in the
mutant. The gain in the wt image has been increased to reveal the modification in these
nuclei. (c) mys-1(RNAI) suppresses the X chromosome CO defect of xnd-1 mutants.
Quantification of DAPI staining bodies at diakinesis: 6 foci, gray; 7 foci, red (untreated, n=
94 nuclei; GFP(RNAI), n=124; mys-1(RNAI), n=288). (d) Proposed model for XND-1
function. The presence of XND-1 on autosomes allows for SPO-11 to gain access to the
transcriptionally silent, heterochromatin-like X chromosomes. In the absence of XND-1,
SPO-11 targets the gene-rich clusters (more transcriptionally active regions) on autosomes
and titrates DSBs away from the silent X chromosomes and the less transcriptionally active
autosomal arms.
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