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Abstract: 12 
 13 
During meiosis, interhomolog recombination produces crossovers and non-crossovers to 14 
create genetic diversity. Meiotic recombination frequency varies at multiple scales, with high 15 
sub-telomeric recombination and suppressed centromeric recombination typical in many 16 
eukaryotes. During recombination, sister chromatids are tethered as loops to a polymerized 17 
chromosome axis, which in plants includes the ASY1 HORMA domain protein and REC8-18 
cohesin complexes. Using chromatin immunoprecipitation, we show an ascending telomere-19 
to-centromere gradient of ASY1 enrichment, which correlates strongly with REC8-cohesin 20 
ChIP-seq data. We mapped crossovers genome wide in the absence of ASY1 and observe 21 
that telomere-led recombination becomes dominant. Surprisingly, asy1/+ heterozygotes 22 
also remodel crossovers toward sub-telomeric regions, at the expense of the 23 
pericentromeres. Telomeric recombination increases in asy1/+ occur in distal regions where 24 
ASY1 and REC8 ChIP enrichment are lowest in wild type. In wild type, the majority of 25 
crossovers show interference, meaning that they are more widely spaced along the 26 
chromosomes than expected by chance. To measure interference we analysed double 27 
crossover distances, MLH1 foci and fluorescent pollen tetrads. Interestingly, while crossover 28 
interference is normal in asy1/+, it is undetectable in asy1 mutants, indicating that ASY1 is 29 
required to mediate crossover interference. Together, this is consistent with ASY1 30 
antagonizing telomere-led recombination and promoting spaced crossover formation along 31 
the chromosomes via interference. These findings provide new insight into the role of the 32 
meiotic axis in patterning recombination frequency within plant genomes.  33 
 34 
Significance statement:  35 
 36 
Meiosis is fundamental to eukaryotic reproduction and shapes patterns of genetic variation. 37 
Meiotic recombination is also a vital tool during crop improvement, which allows 38 
introgression of wild variation into agricultural strains. Despite this, the levels and 39 
distributions of crossovers along chromosomes can limit breeding. For example, many 40 
crops show highly skewed crossover distributions towards the telomeres. This can lead to 41 
the problem of linkage drag when variation within non-recombining regions is selected. Our 42 
findings demonstrate how gene dosage of key components of the meiotic chromosome axis 43 
can be used to remodel the recombination landscape. Therefore, modifying ASY1 and 44 
ASY3 gene dosage in crop species may provide a strategy to change recombination 45 
patterns or levels, in order to accelerate strain improvement. 46 
 47 
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Introduction: 55 
 56 
Meiosis is a specialized cell division that increases genetic diversity in populations (1, 2). 57 
Meiosis halves the chromosome number to produce haploid gametes, via a single round of 58 
DNA replication and two rounds of chromosome segregation (1, 3). During prophase I of 59 
meiosis, homologous chromosomes undergo DNA double-strand breaks (DSBs) that can be 60 
repaired using an interhomolog pathway, which may result in crossovers or non-crossovers 61 
(1, 3). In plants, meiotic DSBs are formed via a topoisomerase-VI-like complex containing 62 
SPO11-1, SPO11-2 and MTOPVIB (4). Meiotic DSBs are resected to form 3′-overhanging 63 
single-stranded DNA (ssDNA), which is bound by the RecA homologs RAD51 and DMC1 64 
that promote strand invasion of a homolog (1, 3). A set of pro-crossover factors, termed the 65 
ZMM pathway, act to protect interhomolog strand invasion events from anti-recombination 66 
pathways (3). Class I crossover events generated via the ZMM pathway are more widely 67 
spaced along the chromosomes than expected by chance, which is known as interference 68 
(5). A minority of crossovers are generated by the Class II repair pathways in wild type, 69 
which do not show interference (3). 70 
 71 
Homologous chromosomes associate with a specialized axis structure during meiosis, 72 
which is conserved across eukaryotes and is required for efficient and accurate 73 
interhomolog recombination (6). Following S-phase, replicated sister chromatids are 74 
associated via cohesin complexes containing the meiosis-specific kleisin REC8 (7, 8). 75 
Immunostaining of REC8 during prophase I reveals a linear axis, to which the chromatin is 76 
attached (6). In addition to REC8-cohesin, major components of the plant meiotic 77 
chromosome axis include the HORMA domain protein ASY1 and the coiled-coil proteins 78 
ASY3 and ASY4 (9–12). In this configuration, co-aligned chromatin loops project laterally 79 
from the axis, resembling mitotic lampbrush configurations, although with a juxtaposed 80 
homolog (6). The tethered-loop axis model proposes that meiotic DSBs are generated on 81 
the chromatin loops that become tethered to the axis during interhomolog repair (6, 13). 82 
Axis-localized HORMA domain proteins are required during meiosis to promote homolog 83 
pairing, DSB repair and synaptonemal complex (SC) assembly (14–19). However, there are 84 
also important differences in the function of meiotic HORMA proteins between species. For 85 
example, mouse HORMAD1, budding yeast Hop1 and Caenorhabditis elegans HTP-3, but 86 
not Arabidopsis ASY1, are required for meiotic DSB formation (9, 15, 20–22). In late 87 
prophase I the axis is remodeled, which is associated with depletion of HORMA proteins 88 
and loading of transverse filament SC proteins, including ZYP1a and ZYP1b (18, 23). 89 
 90 
Genome-wide analyses have revealed that meiotic DSB and crossover frequency are highly 91 
variable between the telomeres and centromeres of plant chromosomes (24–29). For 92 
example, the centromeres and surrounding repetitive sequences (pericentromeric 93 
heterochromatin) are frequently suppressed for meiotic recombination (24–29). High meiotic 94 
crossover levels are typically observed in distal sub-telomeric regions, which also tend to 95 
have higher gene-density (24–29). However, the factors and mechanisms that shape the 96 
meiotic recombination landscape along chromosomes remain incompletely understood. To 97 
investigate the role of the axis during meiosis, we mapped ASY1 enrichment throughout the 98 
Arabidopsis genome using chromatin immunoprecipitation sequencing (ChIP-seq). We 99 
observe an ascending ASY1 gradient from the telomere to the centromere, which correlates 100 
positively with REC8 ChIP-seq data (30). We mapped crossovers genome wide in asy1 101 
mutants and observe that recombination becomes telomere-led, likely reflecting telomere 102 
pairing observed early in prophase I (31). We show that asy1/+ heterozygotes maintain 103 
crossover numbers but remodel recombination frequency toward the telomeres, at the 104 
expense of the pericentromeres. The zone of telomere-led recombination in asy1 and 105 
asy1/+ corresponds to distal regions of the chromosomes with lowest ASY1 and REC8 106 
ChIP-seq enrichment in wild type. Through analysis of double crossover distances, 107 
fluorescent pollen tetrads and MLH1 foci we show that crossover interference is normal in 108 
asy1/+ heterozygotes, but is undetectable in asy1 homozygotes. Together, our data show 109 
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that ASY1 exerts a major effect on the crossover landscape via mediating interference and 110 
acting as a gene dosage-dependent antagonist of telomere-led recombination.  111 
 112 
Results: 113 
 114 
Telomere–centromere gradients of ASY1 and REC8 ChIP-seq enrichment 115 
 116 
To investigate the genome-wide localization of ASY1, we performed ChIP-seq using a 117 
polyclonal rabbit α-ASY1 antibody, raised against full-length recombinant protein (12). 118 
Immunostaining of anther spreads using the α-ASY1 antibody shows specific detection in 119 
meiocytes, and not in adjacent somatic cells (Fig. 1A). Co-immunostaining of ASY1 and 120 
REC8-HA showed highly correlated signals during early prophase I (signal intensity 121 
correlation r=0.76-0.85, n=10) (Fig. 1B). We performed ChIP-seq using the α-ASY1 122 
antibody on meiotic-stage floral buds and obtained two independent biological replicate 123 
libraries, with 26,488,565 and 39,593,737 mapping read pairs (17.5× and 28.2× genome 124 
coverage, respectively) (Table S1). The ChIP-seq replicates are highly correlated at the 125 
genome scale (rs=0.91 using 10 kb adjacent windows) (Table S2). To determine the 126 
specificity of ASY1 ChIP-seq enrichment, two controls were performed. First, the α-ASY1 127 
antibody was used for ChIP-seq from leaf tissue, where ASY1 is not expressed (12). 128 
Second, pre-immune serum was used for ChIP-seq from floral tissue. After de-duplication, 129 
only 0.29% and 0.39% of reads in these libraries mapped to the Arabidopsis genome (Table 130 
S1). In contrast, 90.1% and 93.2% of de-duplicated ASY1 ChIP-seq reads were mapped 131 
(Table S1). This demonstrates the low background of reads that map to the Arabidopsis 132 
genome obtained from our ChIP protocol, in the absence of the epitope or the α-ASY1 133 
antibody. For further analysis ASY1 ChIP-seq libraries were normalized using an input 134 
chromatin library to generate log2(ChIP/input) enrichment values across the genome (Fig. 135 
1C). 136 
 137 
At the genome scale, we observed highest ASY1 ChIP-seq enrichment over the 138 
centromeric and pericentromeric regions (Fig. 1C and S1). An ascending gradient of ASY1 139 
ChIP-seq enrichment was observed from telomeres to centromeres, with the sharpest 140 
increase observed as the centromeres are approached (Fig. 1D). We observed a striking 141 
positive correlation between ASY1 and REC8-HA ChIP-seq enrichment (e.g. rs=0.88–0.93 142 
at 10 kb scale) (Fig. 1C, S1 and Table S2) (30), which is consistent with their highly 143 
correlated immunostaining patterns (Fig. 1B). We compared ASY1 ChIP-seq enrichment to 144 
DSBs, using SPO11-1-oligos as a marker (Fig. 1C) (25). At the chromosome scale, the 145 
regions in proximity to the centromere where ASY1 is highest have the lowest DSBs (Fig. 146 
1C). However, when considering the chromosome arms alone, ASY1 and SPO11-1-oligos 147 
show a weak positive correlation (rs=0.48 at 10 kb scale) (Fig. 1C–1D and S1). At the fine 148 
scale, SPO11-1-oligos are highest within nucleosome-depleted gene promoters and 149 
terminators (Fig. 1E) (25). In contrast, ASY1 and REC8 are highest within nucleosome-150 
enriched gene bodies (Fig. 1E) (30). Variation in ASY1 enrichment within genes correlates 151 
positively with REC8 and nucleosome occupancy (MNase-seq), but does not correlate with 152 
SPO11-1-oligos in gene promoters or terminators (Fig. 1F). Equally, variation between 153 
genes in promoter SPO11-1-oligo levels does not correlate with ASY1 or REC8 ChIP-seq 154 
enrichment within gene bodies (Fig. 1F). 155 
 156 
Telomere-led recombination dominates in asy1 mutants 157 
 158 
As we observed a gradient of ASY1 ChIP-seq enrichment between the telomeres and 159 
centromeres, we sought to investigate crossover patterning along chromosomes in asy1 160 
mutants. Homozygous asy1 mutants have low fertility due to reduced chiasmata and a high 161 
incidence of univalent chromosomes at metaphase I, which leads to aneuploid gametes (9, 162 
15). Despite this, low numbers of viable progeny can be obtained from asy1 homozygotes. 163 
Therefore, we crossed asy1/+ individuals in Col (asy1-4 (15)) and Ws-4 (hereafter Ws) 164 
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(asy1-3/+ (32)) backgrounds to generate wild type or asy1 Col×Ws F1 plants. The F1 plants 165 
were self-fertilized and 187 wild type and 169 asy1 F2 progeny were generated and used for 166 
DNA sequencing. The TIGER pipeline was used to identify crossover locations from the 167 
sequencing data (Table S3) (33). 168 
 169 
As expected, a significant decrease in crossovers per F2 was observed in asy1 (mean=4.6), 170 
compared to wild type (mean=7.9) (Mann-Whitney-Wilcoxon (MWW) test P=4.37×10-37) 171 
(Fig. 2A and Table S3). However, the number of crossovers observed per asy1 F2 individual 172 
was higher than predicted from bivalent counts per meiosis in asy1-3 (mean=1.5 (32)) and 173 
asy1-4 (mean=1.9 (9)) (Fig. 2A and Table S3). This may reflect generation of viable F2 174 
plants selecting for gametes with at least one crossover per chromosome, in order to 175 
balance segregation at metaphase I. Alternatively, as chiasmata measurements are made 176 
from male meiosis, whereas F2 crossover data reflects both male and female meiosis, this 177 
could indicate sex differences in crossover reduction in asy1. A further possibility is that 178 
closely spaced crossovers may be counted as single chiasmata in asy1, causing an 179 
underestimation of recombination. In wild type, crossover number per chromosome is 180 
positively correlated with physical length (r=0.98, P=3.4×10-3), whereas no significant 181 
correlation exists in asy1 (Fig. 2B). Exceptionally, chromosome 2 shows a crossover 182 
frequency close to wild type in asy1, with a striking increase on the short, nucleolar 183 
organizing region (NOR)-bearing arm (Fig. 2B, 2D and Table S3). This is consistent with 184 
chiasmata and fluorescent in situ hybridization (FISH) analysis in asy1 mutants in the Ws 185 
accession, where the short arm of chromosome 2 also showed high chiasmata frequency 186 
(34). Interestingly, in Col×Ws F1 hybrids NOR2 rDNA gene clusters are transcriptionally 187 
silenced, whereas NOR4 on chromosome 4 are expressed (35). Nucleolar silencing is 188 
known to involve formation of heterochromatin at the transcriptionally repressed NOR (36). 189 
Hence, heterochromatin formation at NOR2 could contribute to closer alignment of 190 
homologs and thereby promote crossover formation on chromosome 2 in asy1. 191 
 192 
When recombination was analyzed along scaled telomere–centromere axes, we observed a 193 
strong bias of asy1 crossover formation towards the sub-telomeric regions (Fig. 2C–2E). 194 
Analysis of chiasmata in asy1, asy3 and asy4 axis mutants has shown a high incidence of 195 
rod bivalent configurations (Fig. 2F) (9, 10, 34), which may reflect distal crossover locations. 196 
To investigate recombination in relation to telomere position, we assigned each crossover a 197 
distance to its nearest telomere and plotted events on a common axis (Fig. 2G and S2). The 198 
crossover counts observed were analysed in windows relative to the telomere in wild type 199 
and asy1 and used to perform chi-square tests, with correction for multiple testing (Table 200 
S4). We observed that windows in the first megabase of chromosomes show significantly 201 
greater crossovers in asy1 (Fig. 2G, S2, S3 and Table S4), which we term the telomere-led 202 
zone (TLZ). Interestingly, the TLZ corresponds to distal regions that have relatively low 203 
ASY1 and REC8 ChIP-seq enrichment in wild type (Fig. 2G). At the fine scale, we observed 204 
that asy1 crossovers show a preference to form in nucleosome-depleted, AT-rich regions 205 
with higher–than–average SPO11-1-oligos, which were similar to wild type crossovers (Fig. 206 
S4) (25). Hence, although crossovers are highly distalized in asy1 mutants, they retain a 207 
local bias toward chromatin and sequence features related to elevated DSB levels (25).  208 
 209 
Crossovers remodel toward telomeric regions in asy1/+ heterozygotes 210 
 211 
We next sought to investigate whether asy1/+ heterozygotes associate with remodeled 212 
crossover frequency. We self-fertilized asy1-4/+ Col×Ler F1 hybrids to generate 191 F2 213 
plants, which were then sequenced (Table S3). These data were compared to crossovers 214 
previously mapped in a control Col×Ler wild type F2 population (37). Crossovers per F2 215 
were not significantly different between wild type (mean=7.54) and asy1-4/+ (mean=7.92) 216 
populations (MWW test, P=0.059) (Fig. 3A and Table S3). A positive correlation exists 217 
between number of crossovers per chromosome and physical chromosome length in both 218 
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asy1/+ (r=0.97 P=6.17×10-3) and wild type (r=0.97 P=4.83×10-3) Col×Ler (Fig. 3B). Hence, 219 
global crossover numbers are maintained in asy1/+ heterozygotes, relative to wild type.  220 
 221 
At the chromosome scale, despite crossover numbers being maintained, we observed that 222 
the asy1/+ recombination landscape was remodeled (Fig. 3C–3D). Specifically, crossovers 223 
increased in the distal sub-telomeric regions in asy1/+ compared to wild type, at the 224 
expense of the pericentromeric regions (Fig. 3C–3D). The centromeres remained 225 
crossover-suppressed in both wild type and asy1/+ populations (Fig. 3C–3D). We repeated 226 
analysis of crossover positions relative to the nearest telomere, and compared crossover 227 
counts between wild type and asy1/+ using chi-square tests (Fig. 3E and Table S4). This 228 
identified the first megabase within the sub-telomeric regions as showing significantly 229 
elevated crossovers in asy1/+ compared to wild type (Fig. 3E, S3 and Table S4), which 230 
overlaps with the TLZ observed in asy1 (Fig. 2G). As noted, the TLZ contains regions of 231 
relatively low ASY1 and REC8 ChIP-seq enrichment in wild type, which may explain the 232 
sensitivity of crossovers in these regions to reduced ASY1 gene dosage (Fig 3E). These 233 
findings demonstrate that asy1/+ heterozygotes maintain crossover numbers, but show 234 
remodeling of recombination toward distal regions. 235 
 236 
Crossovers are sensitive to ASY1 and ASY3 gene dosage, but not REC8 237 
 238 
To further investigate changes to crossover frequency associated with meiotic axis gene 239 
dosage, we used fluorescent tagged lines (FTLs) (38, 39). FTL intervals are defined by T-240 
DNA insertions that express different colors of fluorescent protein (green, red or blue) in 241 
pollen (LAT52 promoter) or seed (NapA promoter) (38, 39). When an individual is 242 
hemizygous for linked T-DNAs, patterns of fluorescence in pollen or seed can be used to 243 
quantify crossover frequency within the intervals flanked by the T-DNAs (40, 41). We 244 
crossed the sub-telomeric FTL interval 420 on chromosome 3 to asy1/+, asy3/+ and rec8/+, 245 
using two independent alleles in each case (Fig. 3F and Table S5). We observed that all 246 
asy1/+ and asy3/+ heterozygotes showed significantly increased 420 crossover frequency 247 
compared to wild type (t-test P range=2.39×10-7–2.00×10-9) (Fig. 3G and Table S5). In 248 
contrast, rec8/+ heterozygotes showed no significant difference (t-test P=0.26) (Fig. 3G and 249 
Table S5). As 420 is located distally, we observed a relatively high genetic distance in asy1 250 
and asy3 (~10 cM) (Fig. 3F and Table S5), despite these backgrounds having reduced 251 
crossovers genome wide (Fig. 2) (9, 11). It is not possible to measure FTLs in rec8 252 
homozygotes, as they are completely sterile (7, 42, 43).  253 
 254 
Due to the remodeling of crossovers along the chromosomes observed in asy1/+ (Fig. 3C), 255 
we also measured recombination using the CEN3 FTL, which spans the DNA methylated 256 
centromere and pericentromere of chromosome 3 (Fig. 3F and Table S6). CEN3 showed a 257 
significant decrease in crossover frequency in asy1/+ and asy3/+ heterozygotes, compared 258 
to wild type (t-test P=4.60×10-9 and 2.05×10-6) (Fig. 3G and Table S6). No significant 259 
difference in CEN3 crossover frequency was observed between rec8/+ and wild type (t-test 260 
P=0.11) (Fig. 3G and Table S6). In asy1 and asy3 homozygotes, CEN3 crossovers were 261 
virtually eliminated compared to wild type (t-test P=5.85×10-11 and 1.40×10-8) (Fig. 3G and 262 
Table S6), consistent with telomere-led recombination dominating in these backgrounds. 263 
These experiments demonstrate remodeling of the crossover landscape toward the 264 
telomeres via reduced gene dosage of ASY1 and ASY3, but not REC8. 265 
 266 
Cytogenetic analysis of meiosis in asy1/+ and asy3/+ heterozygotes 267 
 268 
We next analyzed meiotic progression of asy1/+ and asy3/+ heterozygotes using 269 
chromosome spreads of pollen mother cells and DAPI staining of chromatin (Fig. 4A). 270 
Chromosomes paired normally at pachytene in the asy1/+ and asy3/+ heterozygotes and 271 
heterochromatic regions of dense DAPI staining were visible during prophase I (Fig. 4A). 272 
Five bivalents were detected at diakinesis and no mis-segregation of chromosomes was 273 
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observed at anaphase I or meiosis II in asy1/+ and asy3/+ (Fig. 4A). Consistently, no 274 
significant decrease in asy1/+ or asy3/+ seed count or pollen viability was observed (Tables 275 
S7-S8). To further assess chromatin organisation we immunostained male meiocytes for 276 
ASY1 and the heterochromatic histone modification H3K9me2 in wild type, asy1/+, asy1, 277 
asy3/+ and asy3 (Fig. 4B) (26, 44). H3K9me2 staining on chromosomes was observed in all 278 
genotypes, consistent with normal heterochromatin formation (Fig. 4B). ASY1 was 279 
undetectable in asy1, and showed an altered punctate staining pattern in asy3, as reported 280 
(Fig. 4B) (9). 281 
 282 
To cytologically analyze Class I crossovers we immunostained diakinesis-stage male 283 
meiocytes using α-MLH1 antibodies and stained chromatin with DAPI (Fig. 4C, S5 and 284 
Table S9). We did not observe significant differences in total MLH1 foci between asy1/+ and 285 
wild type (MWW test P=0.128), but a small yet significant decrease occurred in asy3/+ 286 
(MWW test P=2.26×10-7) (Fig. 4C-4D and Table S9). We quantified MLH1 foci overlapping 287 
pericentromeric heterochromatin, defined by DAPI-dense regions, and observed a 288 
significant decrease in asy1/+ and asy3/+ compared to wild type (MWW test P=4.53×10-5 289 
and P=8.94×10-4) (Fig. 4C-D, S5 and Table S9). This is further consistent with distalization 290 
of crossovers away from centromere-proximal regions in asy1/+ and asy3/+ heterozygotes.  291 
 292 
To investigate the effect of asy1/+ heterozygosity on axis loading of ASY1, we quantified α-293 
ASY1 immunostained signal intensity during early prophase I and observed a 21% 294 
reduction in asy1/+ compared to wild type (MWW test P=0.019) (Fig. 4D–4E and Table 295 
S10). As ASY3 is required for polymerization of ASY1 during meiosis (Fig. 4B) (9), we also 296 
quantified α-ASY1 signal intensity in asy3/+ and observed a 25% reduction compared to 297 
wild type (MWW test P=1.6×10-3) (Fig. 4D, 4E and Table S10). We immunostained 298 
pachytene-stage cells for the synaptonemal complex (SC) transverse filament ZYP1 (45). 299 
Continuous ZYP1 signal was observed along chromosomes in asy1/+ and asy3/+ 300 
compared to wild type and no significant differences in SC length were observed (MWW 301 
tests P=0.74 and P=0.27) (Fig. 4D, 4E and Table S11). Hence, although we detect a 302 
reduction in ASY1 loading in asy1/+ and asy3/+ heterozygotes, full pairing and synapsis 303 
occurs in these backgrounds. 304 
 305 
Crossover interference is maintained in asy1/+ but is absent in asy1 306 
 307 
We next investigated crossover interference in asy1/+ and asy1 using analysis of double 308 
crossover (DCO) events. As we sequenced F2 individuals, which derive from two 309 
independent meioses, in some cases there is uncertainty about whether an observed DCO 310 
occurs in cis or trans (Fig. S6) (46). Importantly, only cis DCOs, which occurred in the same 311 
meiosis, are relevant for measurement of crossover interference (46). In our F2 data, a 312 
subset of cis DCOs can be identified from Col–Het–Col, Ler–Het–Ler or Ws–Het–Ws 313 
genotype blocks (Fig. S6) (46, 47). Therefore, we filtered for DCOs following this genotype 314 
pattern, which resulted in 118, 86, 98 and 73 DCOs in the Col×Ler wild type and asy1/+ and 315 
Col×Ws wild type and asy1 populations, respectively (Table S12). For each population, a 316 
matched set of randomly positioned ‘DCOs’ of the same widths was generated as a control 317 
comparison. We analyzed recq4a recq4b crossover data in the same way (37), where the 318 
interference-insensitive Class II crossover repair pathway is greatly increased (37, 48). In 319 
asy1 the majority of the remaining crossovers have been shown to be dependent on the 320 
Class I pathway (9, 15). 321 
 322 
Consistent with the action of crossover interference, distances between observed DCOs 323 
were significantly greater than random in both wild type Col×Ler (MWW P=5.67×10-4) and 324 
Col×Ws (MWW test P=3.79×10-4) (Fig. 5A, 5B and Table S12). The asy1/+ DCOs were also 325 
more widely spaced than random (MWW P=4.94×10-9), which is consistent with normal 326 
crossover interference in this background (Fig. 5A, 5B and Table S12). In contrast, the 327 
spacing of DCOs in asy1 was not significantly different from random (MWW P=0.842) (Fig. 328 
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5A, 5B and Table S12), showing an absence of detectable crossover interference. Using 329 
the same analysis method, DCOs observed in recq4a recq4b were not significantly different 330 
from random (P=0.187), as expected due to greatly elevated non-interfering crossover 331 
repair (37, 48). 332 
 333 
To independently measure crossover interference in wild type, asy1/+ and asy1, we used 334 
the distally located three-color FTL interval I3bc, which overlaps the 420 FTL interval on 335 
chromosome 3 (Fig. 5C, Fig. S7 and Table 1). We measured crossover frequency between 336 
the I3bc T-DNAs in a qrt1 background, where the four sister haploid cells produced from 337 
each male meiosis remain physically attached, allowing tetrad pollen analysis (Table 1) 338 
(38). To estimate crossover interference we calculated I3b crossover frequency, with and 339 
without a crossover in the adjacent I3c interval (Table 1). These measurements are used to 340 
calculate an interference ratio, where values closer to zero indicate stronger interference 341 
and values close to 1 indicate an absence of interference (38).  342 
 343 
In wild type, the more distal interval I3b shows higher crossover frequency than I3c and an 344 
interference ratio of 0.34 (Fig. 5D and Table 1). In asy1/+ a significant increase in I3b 345 
crossover frequency occurred, compared to wild type (Perkins P=5.20×10-9), whereas I3c 346 
was not significantly changed (Fig. 5D and Table 1). Consistent with our previous 347 
observations, no significant difference was observed in the interference ratio between wild 348 
type and asy1/+ (Perkins P=0.895) (Fig. 5D and Table 1). In asy1 both genetic intervals 349 
showed a significant reduction in crossover frequency compared to wild type (I3b Perkins 350 
P=3.95×10-49 and I3c Perkins P=1.06×10-5), although the more distal I3b interval maintains 351 
a higher level of crossovers than I3c (Fig. 5D and Table 1). In contrast to asy1/+, the asy1 352 
homozygotes showed an interference ratio of 1.24 that was significantly different to wild 353 
type (Perkins P=7.20×10-6) (Fig. 5D and Table 1), further consistent with an absence of 354 
crossover interference.  355 
 356 
Finally, to investigate Class I crossovers in wild type and asy1, we immunostained MLH1 at 357 
diakinesis stage and stained DNA with DAPI (Fig. 5E,Tables S9 and S13). In wild type 358 
(Col), no univalent chromosomes are observed and on average 10.4 MLH1 foci occurred on 359 
the bivalents (Fig. 5E, Tables S9 and S13). In asy1 we observed a higher incidence of 360 
univalent chromosomes per cell (mean=5.6), compared to bivalents (mean=2.6) (Fig. 5E 361 
and Table S13). Interestingly, we observed MLH1 foci on both univalents (mean=5.3) and 362 
bivalents (mean=5) in asy1 (Fig. 5E and Table S13). The presence of MLH1 foci on asy1 363 
bivalents is consistent with crossover formation via the Class I pathway. MLH1 foci have 364 
been reported on univalent chromosomes in dmc1 and in haploid meiosis and may 365 
represent sites of intersister repair (49). In order to estimate crossover interference, we 366 
measured MLH1 inter-foci distances on bivalents in wild type and asy1 (Table S14). We 367 
observed that MLH1 foci were significantly closer in asy1 compared to wild type (MWW test 368 
P=2.19×10-6) (Table S14), which is further consistent with a loss of crossover interference. 369 
Therefore, our combined analysis of DCO spacing from sequencing data, fluorescent pollen 370 
tetrads and MLH1 foci show that crossover interference is absent in asy1. 371 
 372 
Discussion: 373 
 374 
Our data inform a new model for how ASY1 and the meiotic axis pattern crossover 375 
frequency along plant chromosomes (Fig. 6). Previous work has shown that asy1 mutants 376 
undergo normal telomere clustering, formation of meiotic DSB foci during early leptotene 377 
and polymerization of an axial structure marked by REC8 and ASY3 (Fig. 6A) (9, 15, 31). 378 
However, DMC1 foci dynamics are altered in asy1, resulting in a failure of interhomolog 379 
recombination and depletion of crossovers (9, 15). Using high-resolution mapping of 380 
crossovers via sequencing F2 plants, we show that recombination becomes largely 381 
restricted to a telomere-led zone (TLZ) in asy1 homozygotes (Fig. 6B). We propose that the 382 
proximity of telomeres during early prophase in asy1 is responsible for telomere-led 383 
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recombination (Fig. 6A) (31). Telomere-led recombination is active in wild type, but ASY1 384 
antagonizes this activity to promote crossover formation in interstitial and centromere-385 
proximal chromosome regions (Fig. 6B). Using ChIP-seq, we observe a gradient of ASY1 386 
enrichment from the telomeres to the centromeres, which is paralleled by REC8 cohesin 387 
enrichment (30). We propose that differential ASY1 enrichment represents a mechanism to 388 
distribute recombination more evenly along the chromosome arms. However, as 389 
heterochromatin increases in proximity to the centromere, this causes suppression of 390 
meiotic DSBs and crossovers, despite high levels of ASY1 and REC8 (25, 26, 50). 391 
 392 
We show that plants heterozygous for asy1/+ and asy3/+ mutations undergo remodeling of 393 
the crossover landscape, with a shift towards the distal sub-telomeres, at the expense of 394 
interstitial and pericentromeric regions. Interestingly, the distal regions that undergo 395 
crossover increases in asy1/+ overlap the TLZ observed in asy1 and have relatively low 396 
levels of ASY1 and REC8 ChIP-seq enrichment in wild type. Using meiotic immunocytology, 397 
we quantified a ~21% reduction in ASY1 loading on chromatin in asy1/+. This could indicate 398 
a threshold effect over which ASY1 antagonizes telomere-led recombination and promotes 399 
crossovers in the chromosome arms, towards the centromere. In asy1/+ heterozygotes, the 400 
distal regions would drop below this putative threshold and the strength of telomere-led 401 
recombination would increase. As interference remains operational in asy1/+, this would 402 
lead to a relative loss of crossovers in the interstitial and pericentromeric regions (Fig. 6B). 403 
Alternatively, this may reflect a non-linear effect of decreased ASY1 expression on 404 
recombination along the chromosomes. It is notable that genetic variation in axis 405 
components, including ASY1 and ASY3, has been strongly associated with adaptation to 406 
tetraploidy in Arabidopsis arenosa, which may include distalization of crossovers (51, 52). 407 
Our results show that gene dosage of ASY1 and ASY3 may contribute to these effects, in 408 
addition to the influence of specific variants on protein function (51, 52). 409 
 410 
Crossover interference is mediated by topoisomerase II and the axis protein Red1 in 411 
budding yeast (53), while the SC component SYP-1 has been implicated in C. elegans (54, 412 
55). Using analysis of double crossover distances, MLH1 foci and fluorescent pollen tetrads, 413 
we show that ASY1 is required for detectable crossover interference in Arabidopsis. 414 
Interestingly, crossovers in axis mutants are largely dependent on the Class I interfering 415 
repair pathway (9, 15). For example, chiasma are eliminated in asy3 msh4 double mutants 416 
and we show that MLH1 foci form on asy1 bivalents (9, 15). Therefore, despite the Class I 417 
pathway mediating the majority of crossover formation in asy1, interference signaling 418 
between recombination sites is inactive. Crossover interference has been proposed to occur 419 
via mechanical stress acting across paired homologous chromosomes, which is transmitted 420 
along the axis and relieved at crossover designated sites (13, 53). In this respect ASY1 may 421 
mediate crossover interference via transmission of mechanical stress, when chromatin 422 
loops connected to the axis undergo cycles of expansion and contraction during early 423 
prophase I (13). In the absence of ASY1, the mechanical properties of the axis may be 424 
altered, meaning force can no longer be transmitted and crossover interference is not 425 
detected. Alternatively, ASY1 may control sensitivity of interhomolog repair sites to the 426 
interference signal, or mediate transmission of a biochemical signal along the chromosome 427 
axis (56). Our work indicates that axis HORMA domain proteins can play a critical role in 428 
mediating crossover interference along chromosomes during meiosis. 429 
 430 
 431 
 432 
 433 
 434 
 435 
 436 
 437 
 438 
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Materials and Methods: 439 
 440 
Plant materials 441 
 442 
Arabidopsis plants were grown under long day conditions (16 hours light/8 hours dark) at 443 
20°C. The following mutant alleles in the Col-0 background were used: rec8-1 444 
(Salk_091193) (9), rec8-3 (SAIL_807_B08) (49), asy1-1 (Salk_144182) (15), asy1-4 445 
(Salk_046272) (23), asy3-1 (Salk_143676) (9) and asy3-2 (SAIL_423_H01) (9). The asy1-3 446 
allele is in the Ws-4 background (32). The REC8-HA rec8 line was as reported (30). 447 
 448 
ASY1 chromatin immunoprecipitation and sequencing 449 
 450 
ASY1 ChIP was performed using 8 grams of floral buds or leaf tissue. Nuclei isolation and 451 
chromatin recovery were performed as described (25, 57). Chromatin was sheared using a 452 
Bioruptor instrument (Diagenode) for 15 minutes at high power alternating 30 seconds on 453 
and 30 seconds off, followed by 15 minutes at high power alternating 30 seconds on and 1 454 
minute off. Chromatin immunoprecipitation was performed using an α-ASY1 antibody (12), 455 
or the the pre-immune serum, at a dilution of 1/160. DNA purification, DNA library 456 
preparation and sequencing were performed as described (25). 457 
 458 
ChIP-seq data analysis 459 
 460 
Deduplicated paired-end ASY1, REC8-HA, H3K9me2, H3K4me1, H3K4me2, H3K4me3, 461 
H3K27me1, and H3K27me3 ChIP-seq reads, paired-end MNase-seq reads, and single-end 462 
SPO11-1-oligo, H2A.Z and H2A.W reads (25, 30, 58–60) were aligned to the TAIR10 463 
reference genome using Bowtie2 (Version 2.2.9) (61), with the following settings: --very 464 
sensitive -p 4 -k 10. For paired-end reads, the Bowtie2 options --no-discordant and --no-465 
mixed were also applied. Prior to alignment, single-end SPO11-1-oligo reads were 466 
processed as described (25). Up to 10 valid alignments were reported for each read or read 467 
pair. Aligned reads with more than 2 mismatches were discarded using the SAM optional 468 
field “XM:i”. Uniquely aligning reads were extracted by removing alignments with the SAM 469 
optional field “XS:i” and with Bowtie2-assigned MAPQ scores lower than 42. Alignments 470 
consisting of reads that mapped to multiple loci were filtered such that only those with 471 
MAPQ scores higher than or equal to 10 remained, from which the alignment with the 472 
highest MAPQ score was retained. Where MAPQ scores for multiple valid alignments were 473 
equal, one alignment was randomly selected. Alignments consisting of only one read in a 474 
pair were discarded. Unique and multiple alignments in BAM format were combined and 475 
coverage was calculated for each coordinate in the genome using Rsamtools (Version 476 
1.26.1). Coverage was normalized by the sum of coverage for each library. The log2 ratio of 477 
ChIP:input coverage was calculated to control for background and variation in mappability 478 
across genomic loci. A library for Columbia genomic DNA (gDNA) that had been extracted 479 
using CTAB, fragmented using dsDNA shearase, and subjected to paired-end sequencing 480 
on an Illumina NextSeq 500 instrument, as described (25, 58), was aligned to TAIR10 and 481 
used to calculate log2(MNase/gDNA) ratios. Additionally, the first gDNA read in each pair 482 
was trimmed to 50 bp, aligned and used to calculate log2(SPO11-1-oligo/gDNA) ratios. 483 
 484 
To generate chromosome-scale profiles, mean coverage values within adjacent 10 kb 485 
windows were calculated. Log2 ratios of windowed ChIP:input coverage were then 486 
calculated and smoothed by applying a moving average. Additionally, DNA methylation 487 
proportions derived from published bisulfite sequencing reads were used to profile DNA 488 
methylation levels at the chromosome scale (62). Spearman’s rank-order correlation 489 
coefficients were calculated for each pair of profiled data sets, and presented in correlation 490 
matrices separately for the chromosome arms and pericentromeres. The pericentromeres 491 
are defined as the regions surrounding the centromeres with higher-than-average DNA 492 
methylation (26). For analysis along telomere-centromere axes, data values were first 493 
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calculated in 10 kb windows along the chromosomes. Chromosome arms were then 494 
orientated such that each began at the telomere and ended at the centromere, and divided 495 
into windows along their proportional lengths. Data values were then averaged across all 496 
chromosome arms and plotted. 497 
 498 
Fine-scale coverage profiles around TAIR10 representative gene transcription start and 499 
termination sites (TSSs and TTSs) were generated using the normalizeToMatrix function 500 
from the Bioconductor package EnrichedHeatmap (Version 1.11.1) (63). Each feature was 501 
divided into proportionally scaled windows between start and end coordinates, and 2 kb 502 
flanking regions were divided into 20 bp windows. For each window along each feature and 503 
its flanking regions, an average value was calculated using the “w0” method for ChIP-seq 504 
data. The default profile-smoothing method implemented in the normalizeToMatrix function 505 
was applied. The resulting matrix of windowed coverage values was used to generate a 506 
mean profile, or a heat map in which each row represents a single feature. Mean profiles 507 
and heat maps were plotted such that the distance between feature start and end 508 
coordinates along the x-axis represents the mean feature length. 509 
 510 
Crossover mapping via genotyping by sequencing 511 
 512 
Wild type and asy1 Col×Ws and asy1/+ Col×Ler F2 plants were grown and genomic DNA 513 
was extracted from leaf tissue using a CTAB protocol, as described (37, 50, 64). 150 ng of 514 
DNA was used to generate each sequencing library, as described (37, 50, 64). 96 libraries 515 
were pooled and sequenced on one lane of an Illumina NextSeq500 instrument, using a 516 
300-cycle Mid-Output kit (Illumina). Sequencing data analysis and mapping of crossovers 517 
were carried out using the TIGER pipeline, as described (33, 37, 50, 64). 518 
 519 
Measuring crossover frequency using fluorescent FTL pollen and seed 520 
 521 
Scoring of fluorescent seeds and measurement of crossover frequency within the 420 522 
genetic interval were performed by microscopy and using CellProfiler, as described (39, 65, 523 
66). Scoring of fluorescent pollen grains and measurement of crossover frequency within 524 
the CEN3 FTL genetic interval were performed using an Accuri C2 (BD Biosciences) flow 525 
cytometer, as described (67). For measurement of crossover interference within the I3bc 526 
FTL intervals, qrt1 pollen tetrads were scored using a Leica SP8 confocal microscope. 527 
Calculation of crossover frequency and the interference ratio were performed as described 528 
(38). 529 
 530 
Cytological analysis of meiosis 531 
 532 
Fixation of Arabidopsis inflorescences and chromosome spreads of pollen mother cells 533 
(PMCs) were performed as described (68). Immunostaining of ASY1, ZYP1 and MLH1 were 534 
prepared on acetic acid chromosome spreads using fixed inflorescences. After 535 
chromosome spreading, the slides were incubated in boiling 10 mM Tris-sodium citrate pH 536 
7.0 for 45 seconds, followed by incubation in 1×phosphate-buffered saline with 0.1% Triton 537 
X-100 (PBST) for 5 minutes. Primary antibodies were diluted in a solution of 1% BSA 538 
diluted in PBST that was added onto the slides, followed by incubation for 20 hours at 4oC 539 
for ASY1 and ZYP1 immunostaining, or 40 hours at 40C for MLH1 immunostaining. The 540 
slides were washed in PBST 3 times for 5 minutes each at room temperature. Following 541 
this, a solution of secondary antibodies diluted in PBST were added and the slides were 542 
incubated for 30 minutes at 37oC. The slides were washed in PBST 3 times for 5 minutes 543 
each at room temperature and a solution of DAPI/vectashield was added and a coverslip 544 
added to the slide before imaging. The following antibodies were used for immunostaining: 545 
α-ASY1 (rat, 1/500 dilution) (11), α-ZYP1 (rabbit, 1/500 dilution) (45) and α-MLH1 (rabbit, 546 
1/200 dilution) (69). Coimmunostaining of ASY1 and H3K9me2 was performed using fresh 547 
floral buds. Inflorescences were dissected on damp filter paper under a stereo microscope 548 
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and 6 buds at floral stages 8–9 (70) were isolated and transferred to 5 µl of enzyme 549 
digestion solution (0.4% cytohelicase, 1.5% sucrose, 1% polyvinylpyrrolidone) on a 550 
microscope slide. The buds were dissected to recover the anthers, while the rest of the bud 551 
tissue was discarded. The slide was then incubated in a moist box at 37°C for 1 minute and 552 
the anthers were gently opened with a brass rod to release the meiocytes. 5 µl of enzyme 553 
digestion solution was added and the slide was incubated in a moist box at 37°C for 2 554 
minutes. After this, 10 µl of 1% Lipsol was added and the solution was gently mixed with a 555 
needle for 1 minute before adding 20 µl of 4% paraformaldehyde. The slides were then left 556 
to dry for 4 hours. Incubation of slides with antibodies for immunostaining of proteins was 557 
performed, as described above. The following antibodies were used: α-ASY1 (rabbit, 1/500 558 
dilution), H3K9me2 (mouse, 1/100 dilution, Abcam ab1220). 559 
 560 
Microscopy was conducted using a DeltaVision Personal DV microscope (Applied 561 
precision/GE Healthcare) equipped with a CDD Coolsnap HQ2 camera (Photometrics). 562 
Image capture was performed using SoftWoRx software version 5.5 (Applied precision/GE 563 
Healthcare). To analyze colocalization of ASY1 and REC8 immunostaining signal on 564 
meiotic cells, the contour of chromatin (stained with DAPI) was marked and signal intensity 565 
was quantified for every pixel within the marked area using the package coloc2 from Fiji. 566 
Following MLH1 immunostaining of diakinesis cells, heterochromatin was identified and 567 
marked based on brighter DAPI signal using Fiji (Fig. S5). MLH1 foci were then compared 568 
with the marked heterochromatic regions to score overlaps. Synapsed chromosomes 569 
immunostained for ZYP1 were marked and their length measured using Fiji. Pixel length 570 
was recorded on the microscope and reported to the Setting Measurement Scale of Fiji. 571 
Chromosomes immunostained for ZYP1 were marked along their length using the Line 572 
Selection Tool and axis length measured as pixels, which was then converted into µM. For 573 
quantification of ASY1 signal intensity, all slides were prepared alongside one another and 574 
images were captured using the same exposure time. The contour of each cell was marked 575 
and the intensity within this region measured. Each cell was captured as a Z-stack of 10 576 
optical sections of 0.2 µM each and the maximum intensity projection was reconstructed 577 
using ImageJ, as described (23, 26). A region adjacent to the cell was also marked and the 578 
intensity was measured and used as mean background intensity to subtract from the within- 579 
cell intensity.  580 
 581 
Data Access 582 
 583 
ASY1 ChIP-seq library data have been deposited in the ArrayExpress database at EMBL-584 
EBI (www.ebi.ac.uk/arrayexpress), under accession number E-MTAB-8705. Sequencing 585 
data for wild type and asy1 Col×Ws GBS libraries have been deposited under ArrayExpress 586 
accession E-MTAB-8715, and data for asy1/+ Col×Ler GBS libraries has been deposited 587 
under ArrayExpress accession E-MTAB-8725. 588 
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 776 
 777 
Table 1. Pollen tetrad analysis of crossover frequency and interference within the 778 
I3bc FTL intervals in wild type (Col), asy1-4/+ and asy1-4. Fluorescent pollen tetrads 779 
were classified into one of 12 color patterns: non-crossover (A – NCO), single I3c crossover 780 
(B – SCO I3c), single I3b crossover (C – SCO I3b), two-strand I3bc double crossovers (D – 781 
SCO I3b and SCO I3c), three-strand double crossovers type 1 (E – SCO I3b and SCO I3c), 782 
three-strand double crossovers type 2 (F – SCO I3b and SCO I3c), four-strand double 783 
crossovers (G – SCO I3b and SCO I3c), four-strand double crossovers within interval I3c (H 784 
– DCO I3c), four-strand double crossovers within interval I3b (I – DCO I3b), double I3c 785 
crossovers and single I3b crossover (J – DCO I3c and SCO I3b), single I3c crossover and 786 
double I3b crossovers (K – SCO I3c and DCO I3b), double I3c crossovers and double I3b 787 
crossovers (L – DCO I3c and DCO I3b). Recombination frequency was measured using the 788 
Perkins’s method (38). Interference ratios and statistical tests were calculated using the 789 
Malkova method, as described (38). The locations of the I3bc FTL T-DNAs are 498,916 790 
(CFP), 3,126,994 (YFP) and 4,319,513 (dsRed2) bp on chromosome 3 (40). 791 
 792 

Tetrad class Wild type (Col)  asy1-4/+  asy1-4 
A – NCO 2,338 2,092 913 

B – SCO I3c 328 317 46 
C – SCO I3b 1,313 1,574 113 

D – SCO I3b and SCO I3c 12 16 6 
E – SCO I3b and SCO I3c 8 17 1 
F – SCO I3b and SCO I3c 13 10 0 
G – SCO I3b and SCO I3c 14 13 1 

H – DCO I3c 3 2 2 
I – DCO I3b 5 8 5 

J – DCO I3c and SCO I3b 0 0 1 
K – SCO I3c and DCO I3b 0 0 1 
L – DCO I3c and DCO I3b 0 0 0 

Total 4,034 4,049 1,089 
    

Genetic distance Wild type (Col)  asy1-4/+  asy1-4 
I3b cM  

(P value) 
17.23 20.72  

(5.20×10-9) 
7.02  

(3.95×10-49) 
I3c cM  

(P value) 
4.87 4.75  

(0.895) 
3.35  

(1.06×10-5) 
    

I3b cM without adjacent I3c CO  18.37 22.07 6.94 
I3b cM with adjacent I3c CO 6.22 7.47 8.26 

Interference ratio  0.34 0.34 1.24 
P value  0.997 7.20×10-6 

 793 
 794 
 795 

 796 
 797 
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 798 
Figure 1. The landscape of ASY1 ChIP-seq enrichment throughout the Arabidopsis 799 
genome. A. Meiotic cells in early prophase I or adjacent somatic cells immunostained for 800 
ASY1 (green) and stained for chromatin (DAPI, blue). B. Male meiocytes in early prophase I 801 
immunostained for ASY1 (green) and REC8-HA (red) and stained for chromatin (DAPI, 802 
blue). A correlation plot of ASY1 and REC8-HA signal intensity is inset (n=10 cells). Scale 803 
bars=10 µM. C. ASY1 (blue) and REC8-HA (pink) ChIP-seq enrichment (log2(ChIP/input)) 804 
and SPO11-1-oligos (log2(SPO11-1-oligos/gDNA) red) along the Arabidopsis genome in 805 
adjacent 10 kb windows, smoothed using a moving average (25, 30). Vertical solid and 806 
dotted lines indicate the telomeres and centromeres, respectively. The pericentromere 807 
boundaries are indicated by vertical grey lines. D. Data as in C, but analyzing proportionally 808 
scaled chromosome arms from telomeres to centromeres. E. Data as in C, but showing 809 
mean coverage profiles for ASY1 (blue), REC8-HA (pink), nucleosomes (log2(MNase-810 
seq/gDNA) green), and SPO11-1-oligos (red) over proportionally scaled windows between 811 
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gene transcriptional start (TSS) and termination (TTS) sites, and 2 kb flanking regions. The 812 
same number of randomly positioned windows of the same widths were analyzed as a 813 
control. F. Data as from C, but analyzed as heat maps within genes and 2 kb flanking 814 
regions. Genes were ranked by ASY1 levels in gene bodies (TSS–TTS) (upper), or by 815 
promoter SPO11-1-oligos (lower). Shading is equal to defined quantiles of coverage values 816 
mapped linearly to a vector of six colors. 817 
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 867 
Figure 2. Telomere-led recombination predominates in asy1. A. Histograms of 868 
crossovers per F2 individual for wild type and asy1. Red dashed lines indicate mean values. 869 
B. Crossovers per chromosome per F2 for wild type (blue) and asy1 (red) plotted against 870 
chromosome length in megabases. C. Crossover frequency in wild type (blue) and asy1 871 
(red), and ASY1 ChIP-seq enrichment (log2(ChIP/input), black) analyzed along 872 
proportionally scaled chromosome arms, orientated from telomeres to centromeres. 873 
Col×Ws SNP density is shown by green shading. D. Crossover frequency (crossovers/150 874 
kb per F2) plotted along the Arabidopsis genome for wild type (blue) and asy1 (red), with 875 
Col×Ws SNP density (green) shaded. Telomere and centromere positions are indicated by 876 
vertical solid and dotted lines, respectively. E. Comparison of F2 genetic map lengths 877 
(centiMorgans, cM) in wild type (blue) and asy1 (red). F. Spreads of male meiocytes at 878 
metaphase I in wild type (Col) and in asy1 and asy3 mutants with DAPI-stained chromatin. 879 
Arrows indicate potentially distal chiasmata locations. Scale bars=10 µM. G. Crossover 880 
positions analysed relative to the closest telomere in wild type (blue) and asy1 (red). The 881 
lower plot shows ASY1 (green) and REC8-HA (pink) ChIP-seq enrichment (log2(ChIP/input) 882 
analyzed over the same regions. 883 
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 884 
Figure 3. Distal increases in crossover frequency in asy1/+ and asy3/+ axis 885 
heterozygotes. A. Histograms of crossovers per F2 individual for wild type and asy1/+. Red 886 
dashed lines indicate mean values. B. Crossovers per chromosome per F2 for wild type 887 
(blue) and asy1/+ (red) plotted against chromosome length in megabases. C. Crosssover 888 
frequency in wild type (blue) and asy1/+ (red) and ASY1 ChIP-seq enrichment 889 
(log2(ChIP/input), black) analyzed along proportionally scaled chromosome arms, orientated 890 
from telomeres to centromeres. Col×Ler SNP density is shown by green shading. D. 891 
Crossover frequency (crossovers/150 kb per F2) plotted along the Arabidopsis genome for 892 
wild type (blue) and asy1/+ (red), with Col×Ler SNP density (green) shaded. Telomere and 893 
centromere positions are indicated by vertical solid and dotted lines, respectively. E. 894 
Crossovers analyzed relative to the closest telomere in wild type (blue) and asy1/+ (red). 895 
The lower plot shows ASY1 (green) and REC8-HA (pink) ChIP-seq enrichment 896 
(log2(ChIP/input)) analysed over the same regions. F. DNA methylation (CG, CHG, CHH) in 897 
wild type (Col) is plotted along chromosome 3 and the positions of the 420 and CEN3 FTL 898 
intervals are indicated. G. Crossover frequency (cM) within the 420 and CEN3 FTL intervals 899 
in the indicated genotypes. Black dots represent replicate measurements and red dots 900 
represent mean values. To assess significant differences, t-tests were performed (n.s. = not 901 
significant, *** = <0.01). 902 
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 903 
Figure 4. Cytological analysis of meiosis in asy1/+ and asy3/+ heterozygotes. A. 904 
Spreads of wild type, asy1-4/+ and asy3-1/+ male meiocytes at the labelled stages of 905 
meiosis, with chromatin stained by DAPI. B. Male meiocytes immunostained for ASY1 (red) 906 
and H3K9me2 (green) and stained for DNA (DAPI, blue), in the indicated genotypes. C. 907 
Pollen mother cells immunostained for MLH1 (red) at diakinesis stage in wild type, asy1-4/+ 908 
and asy3-1/+. Chromatin was stained with DAPI (blue). The mean number of MLH1 foci, 909 
and the subset of foci overlapping heterochromatin are printed inset for each genotype. D. 910 
Quantification of MLH1 foci per meiocyte, ASY1 immunostaining signal and ZYP1 911 
immunostaining-derived synaptonemal complex (SC) length (µM) per cell in the indicated 912 
genotypes. Statistical significance was assessed using MWW tests. E. Male meiocytes 913 
immunostained for ASY1 (green) and ZYP1 (red) at early and late prophase I in wild type, 914 
asy1-4/+ and asy3-1/+. All scale bars=10 µM. 915 
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 916 
Figure 5. Crossover interference is maintained in asy1/+ but is absent in asy1. A. 917 
Histograms showing the distribution of observed double crossover distances (DCOs, red) in 918 
megabases in wild type, recq4a recq4b (37), and asy1/+ Col×Ler F2 individuals, or wild type 919 
and asy1 Col×Ws F2 individuals. Alongside are identical histograms showing the distribution 920 
of matched randomly generated distances (blue). Mann-Whitney-Wilcoxon (MWW) tests 921 
were performed to assess significant differences between observed DCOs and random, 922 
with P values indicated. B. Diagrams showing spacing of identified DCOs along the 923 
proportional physical length of chromosomes (%). DCOs are connected via arcs and color-924 
coded proportional to the distance between them (red=greatest, blue=smallest). C. DNA 925 
methylation (CG, CHG, CHH) in wild type plotted along chromosome 3 with the positions of 926 
the I3bc FTL T-DNAs indicated by vertical lines and colored triangles. D. Crossover 927 
frequency (cM) within I3b, contingent on crossover in the adjacent interval I3c, in wild type, 928 
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asy1/+ and asy1. Interference ratios calculated from the I3bc data is plotted for the same 929 
genotypes. E. Representative images of pollen mother cells immunostained for MLH1 (red) 930 
at diakinesis stage in wild type and asy1. Chromatin was stained with DAPI (blue). White 931 
and orange arrows in the merged images indicate MLH1 foci located on bivalents or 932 
univalents, respectively. Scale bars=10 µM. 933 
 934 
 935 

 936 
 937 
Figure 6. ASY1 acts as a gene dosage-sensitive antagonist of telomere-led 938 
recombination and mediates crossover interference. A. A single pair of homologs is 939 
represented at the G2, leptotene and pachytene stages of meiosis in wild type, asy1/+ and 940 
asy1. Centromeres are represented as red dots, telomeres as blue dots, the nucleolus is a 941 
pale blue circle and crossover positions are indicated by black triangles. Telomere-led 942 
alignment of homologs is shown with black bars connecting two chromosomes at leptotene 943 
stage. B. A single aligned pair of homologs are shown with the positions of crossovers 944 
indicated by crosses in wild type, asy1/+ and asy1. Crossovers are promoted in proximity to 945 
the telomere-led zone (TLZ, blue). ASY1 (purple) loading antagonizes the TLZ and 946 
promotes interstitial and proximal crossovers via interference. Note that this model 947 
represents metacentric chromosomes such as chromosomes 1, 3 and 5. The acrocentric 948 
chromosomes 2 and 4, which bear nucleolar organizing regions (NORs) on their short arms, 949 
may differ in crossover patterning.   950 
 951 
 952 
 953 


