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Abstract 18 

Sex chromosomes have evolved independently in many different plant lineages. Here, we de-19 

scribe new reference genomes for spinach (Spinacia oleracea) X and Y haplotypes by se-20 

quencing homozygous XX females and YY males. The long arm of the 185 Mb chromosome 21 

4 carries a 13 Mb X-linked region (XLR) and 24.1 Mb Y-linked region (YLR), of which 10 22 

Mb is Y-specific. We describe evidence that this reflects insertions of autosomal sequences 23 

creating a “Y duplication region” or “YDR” whose presence probably directly reduces genet-24 

ic recombination in the immediately flanking regions, although both the X and Y SLRs are 25 

within a large pericentromeric region of chromosome 4 that recombines rarely in meiosis of 26 

both sexes. Sequence divergence estimates using synonymous sites indicate that YDR genes 27 

started diverging from their likely autosomal progenitors at roughly the same time as the 28 

flanking YLR stopped recombining with the XLR, about 3 MYA. These flanking regions 29 

have a higher density of repetitive sequences in the YY than the XX assembly, and include 30 

slightly more pseudogenes, compared with the XLR, and the YLR has lost about 11% of the 31 

ancestral genes, suggesting some degeneration. Insertion of a male-determining factor would 32 

have caused Y-linkage across the entire pericentromeric region, creating physically small, 33 

highly recombining, terminal pseudo-autosomal regions. 34 

Key words: inversion, recombination, sex-linked region, gene duplication, pericentromeric 35 

region, sex chromosome turnover 36 

37 
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Introduction 38 

Genome regions controlling individuals’ genders have originated separately multiple times in 39 

different groups of organisms, including flowering plants (Charlesworth, 1996), and some-40 

times these have evolved into sex chromosomes (Westergaard, 1958). The evolution of ex-41 

tensive fully sex-linked regions (such as the familiar mammalian XY chromosome pair (Lahn 42 

and Page, 1999) is not yet well understood, and the large non-recombining regions in plants, 43 

including Silene latifolia and Cannabis sativa, are especially puzzling because the main hy-44 

pothesis to explain such regions, involving sexual selection, or other situations creating con-45 

flicts between the sexes, is less likely to apply to plants than animals. 46 

Some sex-linked regions in flowering plants probably evolved de novo from functional-47 

ly hermaphroditic species, which requires at least two mutations, and generates selection for 48 

their closer linkage (Charlesworth and Charlesworth, 1978). Two-gene systems must exist in 49 

species in which Y-linked mutations (or deletions) can convert males into functional her-50 

maphrodites, as has been observed in species from five different angiosperm families, Silene 51 

latifolia, Vitis vinifera, Carica papaya, Asparagus officinalis and Actinidia chinensis 52 

(Westergaard, 1958; Liu et al., 2004; Picq et al., 2014; Kazama et al., 2016; Akagi et al., 53 

2019). In Diospyros species (the persimmon, family Ebenaceae), however, the Y-linked fac-54 

tor is a duplicated copy of a gene with a female-promoting allele, whose activity the duplica-55 

tion suppresses, so that presence/absence of the Y-linked factor controls male versus female 56 

development; the Y-linked region recombines, except close to the duplication (Akagi et al., 57 

2014). Y-linked duplications are also found in the genus Populus, in the family Salicaceae 58 
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(Müller et al., 2020; Xue et al., 2020). However, these may involve “turnovers” like those in 59 

animals, in which an autosomal sequence duplicates, creating a new Y-linked region (Pan et 60 

al., 2021), or in Fragaria species (family Rosaceae), in which small female-determining re-61 

gions have moved between different genomic locations (reviewed by Cauret et al. 2022). Du-62 

plications in any of the scenarios just outlined can prevent chromosome pairing, creating 63 

small non-recombining regions (Charlesworth, 2019). 64 

Here, we describe new results from spinach, a diploid plant with 2n = 12 chromosomes, 65 

has genetic sex-determination, and a homomorphic X and Y chromosome pair (Lizuka and 66 

Janick, 1962; Deng et al., 2013). Self-fertilization of occasional monoecious XY plants 67 

(males with some female flowers), can produce viable homozygous YY progeny. Therefore 68 

spinach has no extensive completely Y-linked region that has undergone genetic degeneration 69 

leading to loss of gene functions and deletions of genes, making males hemizygous for 70 

X-linked genes (as reviewed by Bachtrog 2008). Interestingly, YY males are sterile 71 

(Wadlington and Ming, 2018), so the Y must lack at least one essential male function gene 72 

carried on the X. Sequencing YY and XY plants allows reliable assembly of both the Y and X 73 

chromosomes, whereas relying on a reference genome from XX plants risks errors. Im-74 

portantly, reads from Y-linked regions that are missing from the female genome will map er-75 

roneously to homologous sequences elsewhere in the genome, and duplications will often be 76 

missed. PacBio sequencing and assemblies of the spinach Y and X sex-linked regions (SLRs) 77 

were recently reported, indeed revealing a duplication, which they concluded reflects an in-78 

serted region (Ma et al., 2022). 79 
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We obtained further new information using a different long-read sequencing technology 80 

(Oxford Nanopore, ONT) and different spinach material. Our results confirm the duplication 81 

in the spinach sex-linked region, but show that it is larger than that previously detected (Ma et 82 

al., 2022), and our analyses clarify understanding of the evolution of the extensive region 83 

showing sex-linkage, supporting the recent suggestion that a duplication can instantaneously 84 

create such a region (Charlesworth, 2019), initiating evolution of the unusual properties of Y 85 

chromosomes, including accumulation of repetitive sequences and genetic degeneration. 86 

Results 87 

Female (XX) and male (YY) genome assembly and annotation 88 

As described in our Supplementary Methods section, we generated high-quality assemblies 89 

for the XX and YY genomes, named Sp_XX_v1 and Sp_YY_v1 (Supplementary Table 1, 90 

Table 2, Table 3 and Table 4), with estimated assembly sizes 978 and 952 Mb, respectively 91 

(Supplementary Fig. 1, Fig. 2, Fig. 3, Fig. 4, Fig. 5, Table 5 and Table 6). Integrated assembly, 92 

including Hi-C analysis, anchored 142 contigs to the expected six chromosomes (Supple-93 

mentary Fig. 6). As expected, the two genomes had high sequence identity and aligned well, 94 

apart from several inversions on the largest chromosome in both the Sp_XX_v1 and 95 

Sp_YY_v1 assemblies, which we term chromosome 4 (Supplementary Table 6, Supplemen-96 

tary Fig. 7). As the sex chromosome pair is the largest in the karyotype (Lizuka and Janick, 97 

1962; Deng et al., 2013), chromosome 4 is probably the sex chromosome pair. In the XX and 98 

YY assemblies of the strains sequenced by Ma et al. (2022), this is called chromosome 1. Re-99 

arrangements between the genomes affect about 14% of the genes across all chromosome as-100 

semblies of Ma et al. (2022); such differences are unexpected for autosomes, and suggest 101 
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lower accuracy of the PacBio than ONT assemblies (see Supplementary Fig. 8B), consistent 102 

with our higher BUSCO value (97%, versus the previous value of 94.8%; Supplementary Ta-103 

ble 2). Both our XX and YY assemblies include similar numbers of predicted protein-coding 104 

genes, 28,359 and 26,573 in our female and male genomes, respectively, approximately 90% 105 

of which were annotated (Supplementary Table 5, Table 7 and Table 8), as well as tRNAs, 106 

rRNAs, and miRNAs in similar numbers in our XX and YY assemblies. Repetitive sequence 107 

densities average about 73%, in all assemblies, including many long terminal repeat (LTR) 108 

retrotransposons (Fig. 1, Supplementary Table 9). 109 

 110 

Figure 1. Genomic landscape and flowers between female and male spinach. (A) Ideo-111 

gram of the chromosomes from the female (left) and male genomes (Mb scale). (B) Tran-112 

scription levels estimated from read counts per million mapped reads in 1 Mb windows. (C) 113 

Gene density in 1 Mb windows. (D) Transposable element densities (TEs per 1 Mb). (E) 114 

Genes found in both the female and male assemblies. Blue lines represent the sex determining 115 

region. (F) and (G) show male (YY) flowers, and (H) and (I) show female flowers. White 116 

arrows indicate sepals, blue arrows stamens, and red arrows stigmas. 117 

Identification of the spinach sex-determining region and evidence that it is within a 118 

large rarely recombining pericentromeric region 119 
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Aligning the X and Y chromosome sequences revealed three large inversions between 120 

the two assemblies (Supplementary Fig. 9, Fig. 10 and Fig. 11), in agreement with Ma et al. 121 

(2022), who number this chromosome 1 (Supplementary Fig. 8B, C). Both assemblies de-122 

tected a Y-specific region interrupting the second inverted region (IV2), which corresponds to 123 

a contiguous X chromosome region from 85.8–98.8 Mb. As this seems likely to have been 124 

created by duplication events (as explained below), we termed it the Y-duplication region, or 125 

“YDR”. It separates two Y segments, IV2-1 from 86.5 to 95.8 Mb (9.3 Mb), and IV2-2, from 126 

105.9 to 110.6 Mb (4.7 Mb). In our assembly, the YDR occupies 10-Mb (95,894,781–127 

105.947,428 Mb), considerably larger than the total of 2.2 Mb inserted sequences detected by 128 

Ma et al. 2022. The large amount of sequence missing from the previous assembly, including 129 

many genes compromises efforts to infer the male-determining factor(s), and, as shown in 130 

Supplementary Fig. 8C, some genes assigned to the inversion region are within the YDR in 131 

our assembly, making them better candidates than appears from the assembly of Ma et al. 132 

(2022). 49 inferred YDR genes are not present on the X. Deletion of such a large X-linked 133 

region is implausible, because it would reduce fitness in homozygotes (Manna et al., 2012); 134 

duplications into regions that rarely recombine are, however, very common, including in 135 

sex-linked regions, for example in Silene latifolia (Kejnovsky et al., 2006). 136 

Dense genetic maps show that all spinach chromosomes have large rarely recombining 137 

regions at one end, probably representing the centromeres, except for the sex chromosome 138 

pair, in which it is in the middle (in both male and female meiosis, Fig. 4A, B below; Sup-139 

plementary Fig. 4 and Fig. 12). Repeat density analysis (Fig. 1, see Supplementary Methods, 140 

Fig. 13, Fig. 14, and Table 14) supports these candidate centromeric regions on all autosomes, 141 
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as high densities are expected in low recombination regions, including centromeres 142 

(Charlesworth et al., 1994); this probably accounts for the uncertain assemblies at the chro-143 

mosome ends (Supplementary Fig. 4). The extremely large gene-poor/TE-rich region at one 144 

end of each autosome in both the female and male assemblies (Figure 1) are probably peri-145 

centromeric regions in which recombination is rare. We further confirmed the autosomes’ 146 

inferred acrocentric or submetacentric morphology by using FISH analysis (Supplementary 147 

Methods, Fig. 15, Fig. 16 and Table 14). 148 

Our X and Y chromosome assemblies both also have very extensive gene-poor/TE-rich 149 

regions, again suggesting that these recombine rarely and have accumulated repetitive se-150 

quences. These are in the middle regions (Fig. 1A–D), consistent with FISH experiments (Fig. 151 

2) supporting this chromosome pair’s metacentric morphology. FISH analysis using seven 152 

single-copy sequences from the YDR, four from IV2-1, and three from the IV2-2 region as 153 

probes further confirmed our assembly, with the IV regions flanking the YDR and the coun-154 

terpart X chromosome position. The YDR does not coincide with the centromere, but is 155 

within the pericentromeric rarely recombining region of chromosome 4’s long arm (Supple-156 

mentary Fig. 15 and Fig. 16). 157 
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 158 

Figure 2. FISH mapping of IV2 and YDR on the metacentric sex chromosomes in spin-159 

ach metaphase preparations. (A–D) show FISH mapping of IV2 in (A) XX female, (B) XY 160 

male, and (C) YY male individuals. White arrows represent the centromere position . The 161 

single-copy sequences of IV2-1 and IV2-2 are labeled with red and green signal, respectively. 162 

(D) Ideogram showing the physical position of the IV2 probes. Based on repeat densities, we 163 

identified a candidate centromeric repeat sequence, following Su et al. (2021), which identi-164 

fied that rnd-4_family-324 is enriched near all the centromeres but absent elsewhere in the 165 

genome, see Supplementary Fig. 13 and Fig. 14. (E–H) FISH mapping of the YDR in indi-166 
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viduals of known sexes, as follows: (E) XX female, (F) XY male, and (G) YY male individ-167 

uals. White and red arrows represent the centromere and the YDR signal, respectively. Un-168 

expected red signal at the top of the chromosome is due to the fact that the probe sequences 169 

within the YDR are not all single-copy sequences. (H) Ideogram showing the physical posi-170 

tion of the YDR probes. Bars = 5 µm. PAR: pseudoautosomal region; rPAR: recombining 171 

PAR; pPAR: pericentromeric PAR. rPAR and pPAR were inferred based on relationship be-172 

tween genetic map and the sex chromosomes (see Supplementary Fig. 12) 173 

The rarity of recombination makes it difficult to define the spinach completely 174 

sex-linked region, or SLR, precisely, and the inference of its location by Ma et al. (2022) is 175 

imprecise (Supplementary Fig. 8). We therefore took advantage of four markers used in spin-176 

ach breeding, T11A, V20A, S5.7, and S9.5, that have been reliably male-specific for many 177 

years in more than 10,000 individuals genotyped annually. We mapped these and 9 previous-178 

ly reported sex-linked markers or variants in male-associated BAC sequences (Akamatus et 179 

al., 1998; Liu et al., 2015; Kudoh et al., 2017) to our new XX female and YY male assemblies 180 

(Supplementary Table 10). All four male-specific markers, and all five male-associated BAC 181 

markers, map in the YDR, and the other markers in the IV2-1 and IV2-2 regions, except for 182 

SO4 to the right of IV2 (Fig. 3A and an expanded version in Supplementary Fig. 17). 183 
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184 

Figure 3. Identification and validation of the fully sex-linked region. (A) Sequence align-185 

ment of the X and Y chromosomes. The grey and red lines between the two chromosome as-186 

semblies indicate non-inverted and inverted alignments, respectively. Previously reported 187 

markers were mapped to the sex chromosome assemblies, as shown above the X chromosome 188 

and below the Y. Four genes whose sequences include Y-specific markers are present only in 189 

the Y assembly, and are indicated with asterisks. IV: inversion; YDR: Y-duplication region. 190 

(B) Manhattan plot based on the GWAS results using 20 female and 41 male individuals. The 191 
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vertical axis represents the -log10(P value) from the test of association with sex for each SNP. 192 

The red line indicates the α < 0.05 value. (C) Quantile-quantile (QQ) plot from the GWAS 193 

analysis. (D) The percentages of homozygous and heterozygous SNPs that are significantly 194 

associated with sex (E) Mapping of male-specific reads to the Sp_YY_v1 genome. (F) En-195 

richment of contigs containing sex-associated markers on the Y chromosome. 196 

Two independent approaches using multiple individuals, GWAS (Klein et al., 2005) and 197 

a reference-blind approach using k-mers (Akagi et al., 2018) independently identified the 198 

same SLR. 1,100 SNPs associated with sex in our GWAS were all located within IV2-1 or 199 

IV2-2 (Fig. 3B, C; Supplementary Table 11). 99.6% were homozygous in females, while ap-200 

proximately 96.0% were heterozygous in males, consistent with spinach’s known male het-201 

erogamety (Fig. 3D; Supplementary Table 11, Fig. S12). Furthermore, reads including 202 

male-specific k-mers were enriched in the 24.6 Mb YY chromosome 4 region from 86–110.6 203 

Mb (Fig. 3E), similar to the 17 Mb chromosome 1 region in the PacBio assembly previously 204 

identified as sex-linked, from 145 to 162 Mb (Ma et al., 2022), although this lacks much of 205 

the YDR (see above). These reads assembled into 4,659 initial contigs, of which 1,362 206 

showed sex-linkage and 304 were Y-specific (see Supplementary Methods); 70.9% of the 207 

sex-linked ones mapped to the IV2-1 and -2 regions, and 93.4% of those specific to the YY 208 

assembly mapped to the YDR (Fig. 3F; Supplementary Table 12 and Table 13). The bounda-209 

ries defined by sequences containing these k-mers coincide with those of a region within 210 

which genes present in both the X and Y assemblies show higher divergence than the rest of 211 

the chromosome (Fig. 6A below). 212 
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Validation of the YDR 213 

Together, these findings show that only the part of chromosome 4 including the YDR 214 

and IV2 region is a completely Y-linked region (YLR), which must include the 215 

male-determining factor. Coverage of the YDR confirmed its presence in all males, but at half 216 

the coverage values of the other regions (Supplementary Fig. 18 and Fig. 19). All the rest of 217 

chromosome 4 had equal coverage in 20 male and 20 female accessions, like the autosomes 218 

(Supplementary Fig. 18). Other than the IV2 region, chromosome 4 consists of vast genet-219 

ically pseudo-autosomal regions (PARs) that recombine rarely, which we term “pericentro-220 

meric PARs” (denoted by pPAR in Fig. 2), and physically small terminal PARs with high 221 

recombination rates. 222 

Analysis of linkage disequilibrium (LD) on the X and Y chromosomes using 20 female 223 

and 41 male accessions confirms that the region physically close to the SLR recombines even 224 

less than the rest of the pericentromeric region, and that LD extends across a wider region of 225 

the Y than the X, consistent with recombination being especially infrequent in males (Fig. 4C, 226 

D). 227 
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 228 

Figure 4. Sex chromosomes exhibited large pericentromeric region. Alignment of the (A) 229 

X and (B) Y chromosomes with the SLAF marker linkage genetic map (Qian et al., 2017). 230 

The horizontal axis shows physical positions in the sex chromosome assemblies, with the blue 231 

and brown bars indicating the SLR and centromere positions, respectively, and the estimated 232 

genetic map positions are shown on the vertical axis. LG: linkage group. (C and D) Linkage 233 

disequilibrium (LD, measured as r2) analysis of one thousand random SNPs on the Y and X 234 

chromosomes using our 61 accessions. SNPs are depicted as pink and green lines. Boxplot of 235 

(E) repetitive sequences coverage in 200-Kb sliding windows with 20-Kb steps, and (F) gene 236 
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density. XLR: X-linked region; YLR: Y-linked region. Auto: autosomes. PAR: pseudoauto-237 

somal region. the letters above the boxplots indicate significance in Kruskal-Wallis tests. 238 

Repetitive sequence accumulation in the YLR and XLR 239 

Within the YLR, 14 Mb is syntenic with the X-linked region (XLR), but the YDR insertion 240 

adds 10 Mb. A higher repetitive sequence content (Fig. 4E) also increases the YLR size (yel-241 

low region in Fig. 2H), as 88.9% of its sequence consists of repetitive sequences (of many 242 

types), versus 85.0% of the XLR. Even though the autosomes and the PARs also include large 243 

pericentromeric repeat-rich portions (the large blue regions in Fig. 2D and H), only 73.2% of 244 

the autosomes and 74.1% of the PARs are repetitive (Supplementary Table 15 and Table 16). 245 

In the terminal recombining portions of the PARs the repeat density averages only 56.6%, 246 

much lower than the pericentromeric PARs (82.22%; Supplementary Table 16). The high 247 

XLR repeat density may therefore simply reflect its location entirely within the pericentro-248 

meric region whose recombination rate is low enough for repeats to have accumulated (Fig. 249 

4A; Supplementary Fig. 4). The YLR’s higher repeat content, and higher LD (see above), 250 

show that recombination is lower than in the pericentromeric PARs, allowing Y-specific var-251 

iants to be maintained. 252 

Genes in the SLRs and their expression 253 

Having defined the completely Y-linked region, and shown that it is larger than previ-254 

ously inferred by Ma et al. (2022), we sought to identify candidate male-determining genes 255 

and their origins. We identified 211 protein-coding genes in the XLR (Supplementary Table 256 

17, Fig. 20), and 245 in the YLR, 182 in the IV2 regions of synteny with the X, and 49 in the 257 
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YDR and absent from the X, of which 18 represent parts of TEs (red font in Supplementary 258 

Table 18). 259 

The YDR could represent either a duplication, or a deletion from the X. Under the de-260 

letion hypothesis, Y-specific genes should mostly be single-copy genes whose only copy is in 261 

the YDR, whereas the duplication hypothesis predicts that they should often have autosomal 262 

copies (paralogs) that might include progenitors of the YDR genes. 16 of the 49 YDR genes 263 

have paralogs (half with multiple autosomal copies), while 33 are single-copy male-specific 264 

genes without candidate autosomal progenitors (Supplementary Fig. 21). Although this test 265 

appears to favour the deletion hypothesis, it does not do so unambiguously. The Discussion 266 

section evaluates the duplication hypothesis, using further results which we describe next. 267 

A single event that duplicated all 49 genes, or even all 16 with likely autosomal pro-268 

genitors, is unlikely, and indeed the paralogs are scattered on all spinach autosomes, with no 269 

autosome carrying multiple candidate progenitor genes located close to one another (Supple-270 

mentary Table 20, which excludes TE sequences). It is more likely that multiple independent 271 

duplications occurred into this region. This probably did not involve individual genes dupli-272 

cating into the region by retrotransposition of mRNAs, since 44 of the 49 have at least one 273 

intron (Supplementary Table 18); the autosomal putative progenitors of four of the five in-274 

tronless YDR genes are also intronless. 275 

Because the male determining factor is within the completely Y-linked region identi-276 

fied above, candidate genes cannot be evaluated by finer genetic mapping. We therefore 277 

compared gene expression in males and females, using RNA-seq (Fig. 5A). Excluding 27 278 

pseudogenes, there are 218 YLR genes, of which 19 were differentially expressed in males, 279 
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including 10 YDR genes absent in females and thus completely male-specific (Fig. 5B, C). 280 

Four of the 16 YDR genes with autosomal paralogs (red font in Supplementary Table 21) are 281 

highly expressed in both sexes. Other YDR genes were not expressed, suggesting that they 282 

are non-functional, the commonest fate of duplicated genes (Walsh, 1995). 283 

 284 

Figure 5. Expression patterns of genes within the sex-linked region on the Y chromo-285 

some. (A) Venn diagram of the DEGs in two groups, each comparing males and females to 286 

test for DEGs using mRNA-Seq: group 1 includes a set of three XX females and three XY 287 

males, while group 2 compared the same three females with three YY individuals. (B) Plot 288 

showing whether the YLR DEGs were detected in just one of the groups just defined, or in 289 

both groups. (C) Heat map of the DEGs found in both groups, shown separately for the three 290 

genotypes in the SLR. The colors denote gene the expression levels (log2(TPM+1)). Red dots 291 

indicate genes expressed only in males. Seven and five genes are DEGs in one comparison 292 

but not the other, probably reflecting the male sterility of the YY genotype, which implies 293 

different expression of some genes between XY and YY males. 294 
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Among 182 genes in the IV2 XLR and YLR regions with expression high enough for 295 

reliable conclusions about differences between individuals with and without a Y chromosome, 296 

4 IV2-1 and 2 IV2-2 genes showed higher expression in the XY and YY males than in XX 297 

females (Supplementary Table 21) and are also candidate male-determining genes, or possible 298 

masculinized genes (genes that evolved higher expression in males after the region became 299 

Y-linked, or ones affecting male functions that duplicated into the region). Five genes with 300 

inconsistent results in the two comparisons are less promising male-determination candidates, 301 

as are the three IV2 genes with consistently lower expression in males in both comparisons, 302 

and 7 in only one of them. 303 

We also tested whether the IV2 region has evolved changes predicted after a 304 

male-determining factor appears on a chromosome. We have described evidence that the 305 

10-Mb YDR does reflects an insertion on the Y chromosome, rather than deletion of part of the 306 

X chromosome (see also the Discussion section). This created a completely Y-linked region, 307 

consistent with 14 non-TE genes being found only in the Y sequence. In non-recombining 308 

regions, insertions and deletions are predicted to occur much more often than in other genome 309 

regions. Consistent with this, 27 genes were found only in the X sequence, suggesting possi-310 

ble losses from the Y-linked region. Also as expected, the Y sequence included more 311 

pseudogenes (27 genes, or 11%) than the X (only eight pseudogenes, or 3%; Supplementary 312 

Fig. 20) (Fisher’s exact test, p =0.006). However, the ratio of nonsynonymous to synonymous 313 

site divergence (Ka/Ks) between homologous sequences in the XX and YY assemblies is sim-314 

ilar for the IV2 region and the PARs (Supplementary Fig. 22). Either recombination stopped 315 
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too recently, or Y-linkage in IV2 is incomplete, and rare recombination has prevented degen-316 

eration. 317 

The YDR evolved at about the time the X- and Y-linked inversion 2 sequences started 318 

diverging 319 

Synonymous site divergence (Ks) values between the YLR and XLR sequences in the IV2 320 

region flanking the YDR reflects the number of generations since recombination between 321 

them stopped. The weighted mean for these 182 XY gene pairs is 0.035, much higher than the 322 

value of 0.003 between genes in the large XX and YY chromosome 4 pericentromeric region 323 

sequences (Fig. 2A, Fig. 6A, Supplementary Table 22 and Table 23). The higher diversity is 324 

therefore evidence that (despite their low recombination rate in our mapping families) the re-325 

gions flanking the YDR must undergo recombination, at least occasionally, supporting the 326 

conclusion above. 327 

Divergence between the YDR genes and their autosomal paralogs averages 0.043, sug-328 

gesting recent appearance. However, several YDR sequences have much higher divergence, 329 

and some much lower, so that some duplication events are probably independent, and 330 

occurred at different times, and involve progenitors in different genome regions (Fig. 331 

7b below). Four adjacent YDR genes may have duplicated more recently than the others 332 

(based on no synonymous differences and high identity values based on all site types in their 333 

coding regions, see Supplementary Table 20). The mean divergence is slightly higher than the 334 

Y-X Ks estimate, whose median is 0.034 (Fig. 6B). This is consistent with a duplication that 335 

created the YDR and caused a lack of pairing, preventing Y-X recombination (excluding the 336 
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four low values just mentioned, the YDR-paralog Ks value is very similar to the Y-X Ks). A 337 

molecular clock rate of 7.0 × 10-9  (Xu et al., 2017), suggests YDR and IV2 divergence be-338 

tween 2.56 and 3.10 MYA. 339 

Despite this Y-linked region’s lack of major degeneration, it has accumulated repetitive 340 

sequences. TE densities within IV2 are 83.5% for the X sequence, and 84.9% for the Y, ver-341 

sus 70.8% and 71.9% in the XX and YY chromosome PAR sequences, respectively. The 342 

YLR density of 10 genes per Mb is lower than the density of 16 in the XLR, or that in the 343 

autosomes or the rest of chromosome 4 (19 and 28 genes/Mb, respectively; Fig. 4F; Supple-344 

mentary Table 19). When Y-X recombination stopped, heterozygous insertions could drift to 345 

high frequencies within the IV2 Y population, even if they reduce fitness (unlike recombining 346 

regions, which can become homozygous and eliminate TE insertions with deleterious effects), 347 

explaining these density differences. The insertion ages, estimated using 348 

LTR-retrotransposons within the YDR, IV2 region, and the rest of chromosome 4 (40 and 56 349 

intact LTR elements, respectively, mostly LTR/Copia elements, especially in the YDR; Fig. 350 

6C) are 3.15 and 2.97 MYA, respectively in the YDR and IV2 regions, supporting the time of 351 

the YDR creation estimated above. Insertions in the flanking regions are younger (2.28 MYA, 352 

based on 869 elements; Fig. 6D, E), as expected. 353 
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 354 

Figure 6. Divergence estimates of IV2 and YDR genes. (A) The Ks values between X/Y 355 

gene pairs in the XX and YY assemblies (red) and in the PARs (teal), and blue indicates di-356 

vergence between YDR genes and their paralogs. Each dot represents one gene pair. The hor-357 

izontal lines show mean values for the three regions, weighted by the sequence lengths. (B) 358 

Wilcoxon test comparing Ks values of genes in the IV2 and the YDR regions; ns indicates no 359 

significant difference. (C) Number of intact LTR-RTs in IV2, YDR and PAR. (D) Boxplot of 360 

insertion times in the same three regions, the two YLR portions of chromosome 4, IV2, YDR, 361 
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and the PAR, showing significant differences between the PAR and both YLR portions, by 362 

Kruskal-Wallis tests. (E) Distribution of estimated LTR insertion times in the three regions 363 

indicated in the figure. The dotted lines indicate the median insertion times MYA: million 364 

years ago. 365 

Origin of sequences within the spinach SLR 366 

To understand the evolution of the SLR, we searched for regions of synteny in three 367 

outgroup species in the Amaranthaceae with genome assemblies. Spinach is more closely re-368 

lated to Chenopodium quinoa than Beta vulgaris (see Supplementary Fig. 23A and Supple-369 

mentary Table 24). These three species differ by inter- and intra-chromosome rearrangements 370 

(Supplementary Fig. 23B). A diploid outgroup species, Amaranthus hypochondriacus, had 371 

regions corresponding to the entire IV2-1 region (but not the smaller IV2-2), scattered on 372 

multiple chromosomes (Fig. 7A), but parts of both were found on a single C. quinoa chro-373 

mosome, as expected if YDR sequences inserted into an ancestral genome region like the 374 

spinach X with adjacent IV2-1 and -2 regions (Fig. 7A). 12 out of 16 spinach YDR genes 375 

have putative paralogs with sequences much closer than any possible C. quinoa orthologs 376 

(Supplementary Fig. 24), consistent with duplications since these lineages split. Duplications 377 

appear to have brought three non-TE genes into the YDR (Supplementary Table S25). How-378 

ever, the matches cover only 565 kb, in 73 sequences ranging from 5 to 16.9 kb, scattered 379 

across the spinach genome, while 45 YDR sequences match transposable elements, and the 380 

origins of the other genes are currently unknown (Fig. 7B; Supplementary Table 25). 381 
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 382 

Figure 7. Origin of the SD region in spinach. (A) Syntenic relationships of the 383 

sex-determining region between S. oleracea and the outgroup species, A. hypochondriacus, B. 384 

vulgaris and C. quinoa. Corresponding syntenic regions are drawn. (B) Segmental duplica-385 

tions into the YDR originating from progenitor sequences scattered throughout the whole ge-386 

nome. Each line within the circle connects sequences of lengths ≥5 kb and showing ≥97% 387 

identity. 388 

Discussion 389 

Possible origins of the spinach male-determining region: duplication or X deletion 390 

The YDR probably arose by duplication of a male-determining gene into the Y chromosome 391 

(or a gene that evolved and became a male-determining gene). The spinach YDR’s small size 392 

is consistent with a lack of major sex chromosome heteromorphism, as the pericentromeric 393 

PARs have accumulated repetitive sequences and become very large, so that the extra size 394 

contributed by the YDR is cytologically undetectable. The spinach sex-determining system 395 

may have evolved from an ancestor that was already dioecious, with a single 396 

male-determining factor and femaleness the default state in its absence. Then, as described in 397 

the Introduction section, a turnover event could have occurred, in which the maleness factor 398 

moved or duplicated to its present location, or a different gene took over control of 399 

sex-determination. Alternatively, a femaleness factor elsewhere in the genome (analogous to 400 
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the persimmon MeGI gene) could have duplicated to form the maleness factor, like the per-401 

simmon OGI gene (Akagi et al., 2014). 402 

A deletion of X-linked genes is less plausible. If the ancestral population was cosexual 403 

(hermaphroditic or monoecious), a deletion could abolish an essential male function, creating 404 

females, but the non-deleted chromosome would determine cosexuality, and another closely 405 

linked mutation would be required to produce males. This conclusion is supported by the ob-406 

servation that the YDR of the spinach relative, S. tetrandra is smaller than those of S. turke-407 

stanica and S. oleracea (She et al., 2021). The single copy YDR gene, YY_141140.1, is 408 

male-specific in all three species (She et al., 2021), and is therefore a candidate for the 409 

male-determining factor, while another YDR gene, YY_140950.1, was not detected in S. 410 

tetrandra, eliminating it as a candidate. The YY_141140.1 is a bZIP transcription factor re-411 

quired for positive regulation of flowering in Arabidopsis thaliana (Li et al., 2019), though its 412 

function in spinach has not yet been tested.t 413 

The YDR could have evolved by movement of a pre-existing male-determining region 414 

with several genes, as in Fragaria (Cauret et al., 2022) and Actinidia (Akagi et al., 2023). 415 

However, the results from S. tetrandra suggest that the current spinach YDR has probably 416 

expanded recently, consistent with being larger than the largest Fragaria translocation (about 417 

31 kb in F. chiloensis, including sequences flanking the pre-translocation progenitor regions). 418 

Indeed, there is no unique autosomal progenitor for the spinach YDR, whose genes either di-419 

verged from their paralogs recently, or have no evident paralog. Ks of the S. oleracea/S. tur-420 

kestanica YY_141140.1 from its S. tetrandra ortholog is 0.079, suggesting an origin of the 421 

male-determining gene before the split of most YDR genes and their paralogs (Supplementary 422 
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Fig. S25). This suggests that the male-determining factor may pre-date the split of the differ-423 

ent spinach lineages, as inferred in Mercurialis (Gerchen et al., 2021). An initial small inser-424 

tion that moved or created a male-determining factor/gene could have been followed by du-425 

plications of further sequences from other autosomes into the region (as is known to occur in 426 

completely non-recombining plant genome regions, Gisby and Catoni, 2022). 427 

Effects of a turnover on recombination 428 

Because the YDR is hemizygous, it cannot recombine with the X, and the insertion 429 

probably also prevents pairing in the flanking regions, stopping recombination within the ad-430 

jacent IV-2 regions, with nearly 200 X-linked counterpart genes in the wider SLR. This SLR 431 

is within the very large pericentromeric region, occupying most of each spinach chromosome, 432 

in which genetic mapping does not detect crossovers (Qian et al., 2017). Interestingly, given 433 

the lack of available data on recombination in such pericentromeric regions, these regions of 434 

spinach chromosome 4 must sometimes recombine, as we detect sharp changes in Y-X di-435 

vergence between the SLR and its flanking pericentromeric regions, defining the latter as ge-436 

netically pseudo-autosomal (Fig. 2, Fig. 3, Fig. 4 and Fig. 6). Thus the spinach XY pair has 437 

two kinds of pseudo-autosomal regions, the very large rarely recombining pericentromeric 438 

region with high repetitive sequence densities, and physically small terminal regions with very 439 

high recombination rates in males, as in mammalian PARs. Although a low recombination rate 440 

probably pre-dates the presence of the male-determining factor that created Y linkage on 441 

spinach Chr4, the IV regions have evolved higher repetitive sequence densities, as expected 442 

after recombination with their X-linked counterparts stopped, creating an isolated and per-443 

manently heterozygous YLR. 444 
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SLRs within regions with ancestrally low recombination have been reported in other 445 

plant species (Wang et al., 2012; Pilkington et al., 2019; He et al., 2021; Rifkin et al., 2021; 446 

Xue et al., 2021) and fish (Bergero et al., 2019). Unlike papaya, whose SLR has undergone 447 

subsequent recombination suppression (Wang et al., 2012), the spinach SLR is about 20 Mb 448 

from the chromosome 4 centromere, and there is no definitive evidence for subsequent re-449 

combination suppression. The duplication may have directly reduced recombination in the 450 

region. The inversion may also contribute, and may already have been present in the ancestral 451 

rarely recombining region into which the YDR sequences inserted; high repeat densities and 452 

some linkage disequilibrium are also seen in females’ XLR (Figs. 4D and E), and the inver-453 

sion might even still be segregating among spinach X chromosomes as the selective disad-454 

vantage of rearrangement heterozygosity is small in such regions, and rearrangements are 455 

common. The female studied in our FISH experiment was not heterozygous for this inversion, 456 

but larger samples are needed. It is often speculated that inversions are the cause of recombi-457 

nation suppression between Y and X chromosomes (e.g. (Lahn and Page, 1999), as is theo-458 

retically possible (Charlesworth and Charlesworth, 1978). However, inversions have only 459 

rarely been shown to have contributed to suppressing recombination (Lemaitre et al., 2009; 460 

Peichel et al., 2020), and many observed inversions evolved after recombination became sup-461 

pressed. 462 

Candidates for the spinach male-determining factor 463 

We detected many genes in the spinach pericentromeric regions, which are often viewed 464 

as gene deserts. However, it is now recognized that genes exist in such regions, in organisms 465 

including Drosophila melanogaster (Corradini et al., 2007) and plants, including the 466 
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well-studied case of barley (Baker et al., 2014). Sex differences in expression would be pre-467 

dicted to evolve at some of the many genes in the rarely recombining PARs, but this has not yet 468 

been tested. However, if the duplication on spinach chromosome 4 created a Y-linked region 469 

by bringing in a male-determining factor, the YDR should contain it. As this region includes 470 

few genes, it may be possible to identify this factor in spinach. The YDR genes here named 471 

YY_140960.1 (EIF3A) and YY_141020.1 (FCF1) are potential candidates, based on expression 472 

in male but not female flowers (Ma et al., 2022), and this is confirmed by our expression results 473 

(Supplementary Table 21, Fig. S8C); their third candidate was not found in our study, but 474 

YY_141140.1 was identified above as a new candidate. YY_141020.1 has no autosomal or 475 

X-linked copies, but YY_140960.1 has autosomal copies and an X copy (Supplementary Table 476 

20). Synonymous site divergence of YY_140960.1 from its closest autosomal copy is 3.1%, 477 

based on a 665 bp sequence (Supplementary Table 18 and Table 20), is similar to the diver-478 

gence of Y-linked non-YDR sequences from their X-linked alleles, but considerably lower 479 

than the new candidate male-determiner, YY_141140.1, which is male-specific in the out-480 

group species, S. tetrandra. As mentioned above, the less diverged sequences could reflect 481 

translocations after a male-determining factor inserted. 482 

Methods 483 

Plant materials 484 

A male from an inbred spinach line bearing some hermaphrodite flowers (10S15) was 485 

self-pollinated to produce XX females, XY males, and YY male individuals (Fig. 1F–I), to 486 

lower the frequency of heterozygous sites in the genome, to aid assembly. Low frequencies of 487 
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heterozygous sites were indeed achieved, as estimated by Illumina data (0.076% for female, 488 

and 0.119% for male individuals, see Supplementary Fig. 1). A single XX female and YY 489 

male identified in our previous study (She et al., 2021) were used for ONT Nanopore se-490 

quencing and de novo assembly. Sixty-one spinach accessions from different inbred lines 491 

(Supplementary Table 26) cultivated by our team were used for new resequencing and 492 

GWAS analyses to test which variants in the long-read sequences are consistent Y-X differ-493 

ences, as described below. Subsets of 15 female and 16 male individuals were used to identify 494 

male-specific k-mers (MSKs). All these plants were grown in the field at the Institute of Veg-495 

etables and Flowers (IVF) of the Chinese Academy of Agricultural Sciences (CAAS) in 496 

spring 2018. Each plant’s floral morphology was inspected visually to determine its sex phe-497 

notype. 498 

Library construction and sequencing 499 

Fresh leaves from each individual were collected and frozen in liquid nitrogen prior to 500 

high-quality genomic DNA extraction following (Murray and Thompson, 1980). The DNA 501 

quality and concentration were assessed using electrophoresis on 1.0% agarose gels and an 502 

ND-2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). The ge-503 

nomic DNA was used for Illumina and ONT library construction and sequencing. 504 

ONT libraries were constructed with the Ligation Sequencing Kit 1D (SQK-LSK109) 505 

protocol. First, DNA fragments were repaired using NEBNext FFPE Repair Mix. Then, after 506 

end-repair and 3’-adenylation with the NEBNext End repair/dA-tailing Module reagents, the 507 

adapters were ligated using the NEBNext Quick Ligation Module (E6056). Finally, the ONT 508 
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library was sequenced using a Nanopore PromethlON P48 instrument by BioMarker (Beijing, 509 

China). 510 

To correct possible errors in the ONT long reads, Illumina genomic libraries were se-511 

quenced from the same XX and YY individuals. These libraries, with insert sizes of 300 bp, 512 

were constructed using the Illumina Genomic DNA Sample Preparation kit according to the 513 

manufacturer’s instructions (Illumina, San Diego, CA, USA) and were sequenced using a 514 

HiSeq 2500 instrument (Illumina) to generate 150-bp paired-end reads by BioMarker (Beijing, 515 

China). 516 

In order to use Hi-C sequencing data to validate the ordering and orientation of the con-517 

tigs, we created a male (XY) individual Hi-C library from the inbred line 12S4 (different from 518 

the 10S15 line used for ONT and Illumina sequencing) using the method of Xie et al. (2015), 519 

which was sequenced on the Illumina HiSeq X Ten platform. 520 

For RNA sequencing, flower buds from female (XX), XY male, and YY male individu-521 

als from the inbred line 10S15 were sampled at the early inflorescence stage (60 days after 522 

sowing) on June 5, 2018. Three biological replicates were sequenced from each individual. 523 

Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific Inc.) and purified 524 

by phenol/chloroform extraction. cDNA was synthesized using a TranScript One-Step gDNA 525 

Removal and cDNA Synthesis Kit (TransGen Biotech, Beijing, China). The mRNA libraries 526 

were constructed using the protocol of Zhong et al. (Zhong et al., 2011) and sequenced on a 527 

HiSeq 2500 (150-bp paired-end reads) by BerryGenomics (Beijing, China). 528 

Genome assembly of both female (XX) and male (YY) individuals 529 
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First, a genome survey was performed based on ~50× Illumina reads from the chosen YY 530 

male and XX female individuals, using Genome Characteristics Estimation (GCE v1.0.0) (Liu 531 

et al., 2013). Then, Nextdenovo (v2.2.0; https://github.com/Nextomics/NextDenovo) was 532 

used to assemble these genomes. Specifically, the raw ONT long reads of the female (~58×) 533 

and male (~42×) were assembled using Nextdenovo (parameters “read_cutoff = 1k, min-534 

imap2_options_raw = -x ava-ont –minlen 1000, random_round = 20”); three rounds of pol-535 

ishing were applied using Racon (v1.3.3) (Vaser et al., 2002) with the XX or YY ONT long 536 

reads, and two rounds of polishing using NextPolish (v1.2.2) (Hu et al., 2019) with the Illu-537 

mina reads (~50×). Additionally, NECAT (v0.01) (Chen et al., 2021) was used with default 538 

parameters to assemble the two individuals and correct and extend the contigs. The assembled 539 

contigs were further polished using Medaka (v0.11.5; 540 

https://github.com/nanoporetech/medaka) and NextPolish. 541 

A high-density genetic linkage map (Qian et al., 2017) was used to orient and order the 542 

contigs, and adjacent contigs were separated by 100 Ns. The female (XX) and YY male as-543 

semblies are termed Sp_XX_v1 and Sp_YY_v1, and those of each chromosome are desig-544 

nated with prefixes XX and YY, respectively, followed by the chromosome number used in 545 

the linkage map. 546 

The Benchmarking Universal Single-Copy Orthologs (BUSCO) program was used to 547 

perform a preliminary assessment of the assembly results, using the embryophyta_odb10 da-548 

tabase (Waterhouse et al., 2017). Analysis of synteny between the female (Sp_XX_v1) and 549 

male (Sp_YY_v1) assemblies was performed using NUCmer (v3.1, parameters “-c 100”) 550 

(Kurtz et al., 2004). The alignment blocks were then filtered to remove mapping noise, and 551 

https://github.com/Nextomics/NextDenovo
https://github.com/nanoporetech/medaka
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one-to-one alignments were identified by delta-filter with parameter settings “-r -q”. A 552 

dot-plot of aligned regions >2000 bp was generated by D-GENIES (Cabanettes and Klopp, 553 

2018). To assess the female and male genome quality, we filtered the Hi-C reads using fastp 554 

(v0.20.0) (Chen et al., 2018), and then aligned the clean reads to the two assemblies using 555 

BWA (v0.7.17, (Li, 2013) with the parameters “-SP5M –F 256”. We then filtered the align-556 

ment file as described in ALLHIC (v0.9.13, (Zhang et al., 2019) with default parameters. Fi-557 

nally, the ALLHIC_plot was used to show the contact map for the entire genome in 500 kb 558 

windows. 559 

Annotation of repetitive sequences 560 

A de novo repetitive-element library was constructed using RepeatModeler (v.1.0.11; 561 

http://www.repeatmasker.org/RepeatModeler.html). The repetitive elements in the female 562 

(XX) and male (YY) genomes were annotated using RepeatMasker (v.4.0.7, (Zhang et al., 563 

2012). We identified LTR-RTs using LTR_Finder (v1.07, Zhao and Hao, 2007) with the pa-564 

rameters “-D 15000 –d 1000 –L 7000 –l 100 –p 20 –C –M 0.85.” LAT assembly index (LAI) 565 

scores were then calculated using the LAI program (Ou and Jiang, 2018) of the LTR retriever 566 

package, with 3-Mb sliding windows and 300-Kb steps (Ou et al., 2018). The insertion times 567 

of elements with intact LTR sequences were estimated using LTR_retriever, using the substi-568 

tution rate per base of 7.0 × 10−9  estimated by Xu et al. (2017). We predicted whether the 569 

centromere regions were at the ends of chromosomes, or in the middle (for the sex chromo-570 

some pair) based on the distribution of the transposable element densities on each chromo-571 

some, and narrowed down the region using the top 10 transposable elements subfamilies as 572 

described by Su et al. (2021). 573 

http://www.repeatmasker.org/RepeatModeler.html
http://www.repeatmasker.org/RepeatModeler.html)
http://www.repeatmasker.org/RepeatModeler.html)
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Protein-coding gene prediction 574 

The female (XX) and YY male genome sequences were used for gene prediction using 575 

MAKER v2.31.6 (Cantarel et al., 2008), which combines evidence from ab initio, transcript 576 

mapping, and protein homology-based predictions. Ab initio gene predictions were also pro-577 

duced using SNAP v2006-07-28 (Korf, 2004), AUGUSTUS v3.3.2 (Stanke et al., 2006), and 578 

GeneMark v4.57_lic (Besemer and Borodovsky, 2005). To map transcripts, 18 spinach 579 

RNA-Seq data sets from NCBI (accession number SRP076521), and three from each of our 580 

XX female and YY male sequenced individuals, plus an XY male, also from the 10S15 581 

progeny (see above) were combined, and then filtered using fastp v0.20.0 (Chen et al., 2018) 582 

(Supplementary Table 7). The RNA-Seq data were then aligned to the XX and YY genomes 583 

using STAR v1.5.2 (Dobin et al., 2012) and assembled using Stringtie v2.1.2 (Kovaka et al., 584 

2019) and gffread (Pertea and Pertea, 2020). Protein sequences from sugar beet (also in the 585 

family Amaranthaceae), and the more distantly related Arabidopsis thaliana (Brassicaceae), 586 

and from the Swiss-Prot database, were used for protein homology-based prediction. Predict-587 

ed genes without start codons, stop codons, or with a length less than 50 bp were filtered out 588 

from further analyses. 589 

Analysis of the sex chromosomes 590 

We performed an initial comparison of our reference X and Y chromosome sequences using 591 

minimap2 (v2.15-r915-dirty; https://github.com/lh3/minimap2) with default parameters (Li, 592 

2018). A total of 24 previously inferred spinach sex-linked sequences (Arumuganathan and 593 

Earle, 1991; Groben and Wricke, 1998; Kudoh et al., 2017; Wadlington and Ming, 2018; 594 

Okazaki et al., 2019) were used in this study. Specifically, 15 sex-linked sequences that are 595 

https://github.com/lh3/minimap2
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present on both chromosomes but exhibit SNP or simple sequences repeats (SSR) differences, 596 

and four sequences found only in the Y chromosome sequence or in five bacterial artificial 597 

chromosome (BAC) sequences believed to be in the male-determining (as described in the 598 

Results section, these suggest the presence of a duplication into the Y-linked region, named 599 

“YDR”, see below). To identify the sex-linked region (SLR), we used BLASTN (“-evalue 600 

1e-10”) to align these sequences to the female and male assemblies. To validate the presence 601 

of a male-specific region, the XX female ONT long reads were also mapped to the Y chro-602 

mosome, using minimap2 (v2.15-r915-dirty). 603 

Identification of sex-related contigs using reference-free k-mer analysis 604 

A total of 15 female and 16 male individuals from the different inbred lines (Supplementary 605 

Table 26) were used to identify sex-related sequences through a comparison of the specific 606 

lengths of sequence numbers between the female and male sequences as described by Akagi 607 

et al. (Akagi et al., 2018). Details are in the Supplementary Methods file. 608 

Genome-wide association studies 609 

All 61 cultivated spinach accessions mentioned above (20 females and 41 males) were used 610 

for resequencing and GWAS analysis based on the Sp_YY_v1 assembly. High-quality SNPs 611 

were identified using PopSeq2Geno (Cheng et al., 2016), and GWAS was performed using 612 

the compressed mixed linear model within the GAPIT package of R. The details are in the 613 

Supplementary Methods. To analyze linkage disequilibrium (LD) on the Y chromosome, we 614 

randomly selected 1,000 high-quality SNPs from those that the GWAS analysis inferred to be 615 

in sequences on the chromosome that carries the Y-linked region. LD was estimated for the Y 616 

using LDBlockShow (v1.40) (Dong et al., 2020). Similarly, we identified high-quality SNPs 617 
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on the Sp_XX_v1 assembly, and randomly selected 1,000 SNPs to analyze X chromosome 618 

LD. 619 

Inversion analysis 620 

Based on the alignment of the reference X and Y chromosome assemblies, three large inver-621 

sions were detected between the X and Y (named “IV” regions below). To validate the inver-622 

sions, the XX and YY corrected ONT reads generated from NECAT were aligned to the 623 

Sp_XX_v1 and Sp_YY_v1 genome assemblies using minimap2 (v2.15-r915-dirty) with pa-624 

rameter “-x asm5”. The mapped reads with the highest mapping quality (60) and coverage in 625 

the aligned sequences on both sides of the inferred inversions >= 98% were used to confirm 626 

the inversion borders. Specifically, to infer an inversion on the Y chromosome, three criteria 627 

were required (i) at least 10 YY ONT corrected reads were required to map to the candidate 628 

inversion border, (ii) the border outside the inversion was required to share a homologous 629 

region on the X, while, (iii) inside the border, the X counterpart sequence was inverted. 630 

FISH analysis 631 

The YDR and IV2 regions just mentioned (and described in detail in the Results section be-632 

low) were confirmed using FISH analysis in female, and male (XY and YY) individuals from 633 

the inbred line 10S15. Seven YDR fragments, and seven IV2 sub-regions, four in IV2-1, and 634 

three in the IV2-2 region (see Results) were tested using PCR amplifications with the primer 635 

sequences summarized in Supplementary Table 27. Mitotic metaphase spreads from the root 636 

tips were prepared as described by Li et al. (Li et al., 2019), see detailed information in the 637 

Supplementary Methods. 638 

Synteny and divergence analysis 639 
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Synteny blocks between the female and YY male assemblies were identified and visualized 640 

using the Python version of MCscan 641 

(https://github.com/tanghaibao/jcvi/wiki/MCscan-(Python-version)) (Tang et al., 2008) with 642 

the parameter “--minspan=30”. Images of repetitive sequences, gene density, and synteny 643 

blocks of the two genomes (from the female and YY male) were drawn using Circos 644 

(Krzywinski et al., 2009). Paralogous genes within the YDR were detected by mapping genes 645 

within the YDR to the Sp_YY_v1 and Sp_XX_v1 assemblies using BLASTN (cutoff identity 646 

<92%, and coverage <75%). We then identified homologs in C. quinoa for each of the 16 647 

genes, using TBtools (Chen et al., 2020). Phylogenetic trees of homologs and paralogs were 648 

estimated using IQ-TREE (v2.0.3, Lam-Tung et al., 2015). 649 

Synteny analysis between Sp_YY_v1 and Monoe_Viroflay (Cai et al., 2021), Cor-650 

nell-No.9 (Ma et al., 2022) was performed using NUCmer (v3.1, Kurtz et al., 2004) with pa-651 

rameters “-c 100”. A dot-plot of aligned regions >2000 bp was generated by D-GENIES 652 

(Cabanettes and Klopp, 2018). Gene synteny analysis was performed using the Python ver-653 

sion of MCscan (Tang et al., 2008). 654 

The yn00 program of PAML (v4.9j, Yang, 2007) was used to estimate synonymous site 655 

divergence (Ks) and non-synonymous site divergence (Ka) between X/Y gene pairs in the IV2 656 

region (see Results section). Ks estimates were also used to relate the time of Y-X divergence 657 

to that between 16 genes in the YDR region and their putative autosomal paralogs. The di-658 

vergence times in years were calculated based on the substitution rate of 7.0 × 10−9 for Ara-659 

bidopsis thaliana, following Xu et al. (2017). 660 

Identification of pseudogenes in the sex-linked region 661 

https://github.com/tanghaibao/jcvi/wiki/MCscan-(Python-version))
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We identified pseudogenes within the sex-liked region using liftoff (v1.6.3, Shumate and 662 

Salzberg, 2020). Specifically, we anchored genes on the X (Y) to the Y (X) chromosomes, 663 

and then classified coding sequences with premature stop codons or frame shift as 664 

pseudogenes. 665 

RNA-Seq Analysis 666 

mRNA-Seq reads from three XX females, three XY males and three YY males from inbred 667 

line 10S15 were used to identify genes expressed at high levels in flowers, and find genes 668 

with expression differences between the sexes (termed “DEGs”). The experiment included 669 

two comparisons: group1 compared three XX females and three XY males, and group2 com-670 

pared three XX females and three YY males. These mRNA-Seq reads were aligned to the 671 

Sp_YY_v1 sequence using HISAT2 (v4.8.2) with default parameters (Kim et al., 2015). Read 672 

counts per gene were generated using featureCounts (v2.0.1, Yang et al., 2014), and convert-673 

ed to transcripts per million (TPM) using a custom Python script 674 

(https://github.com/Spinach-lab/Sp_YY_v1-Sp_XX_v1). Expression levels were compared 675 

between male (XY)/YY and female individuals using the R package DESeq (v1.14, Anders 676 

and Huber, 2010). P < 0.05 and fold change (FC) > 2 were used to identify DEGs. Venn dia-677 

grams of the DEGs in the three groups were generated using BMKCloud 678 

(http://www.biocloud.net/). 679 

Data and code availability 680 

The genome assemblies of male and female, resequencing reads, and transcriptome sequenc-681 

ing reads used in the study have been deposited in the Genome Warehouse in the BIG Data 682 

Center (BIGDataCenterMembers, 2017), Beijing Institute of Genomics (BIG), Chinese 683 
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