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Abstract

The evolution of separate sexes is hypothesized to occur through distinct pathways
involving few large-effect or many small-effect alleles. However, we lack empirical
evidence for how these different genetic architectures shape the transition from quan-
titative variation in sex expression to distinct male and female phenotypes. To explore
these processes, we leveraged the recent transition of Amaranthus tuberculatus

to dioecy within a predominantly monoecious genus, along with a sex-phenotyped
population genomic dataset, and six newly generated chromosome-level haplotype
phased assemblies. We identify a ~3Mb region strongly associated with sex through
complementary SNP genotype and sequence-depth-based analyses. Compara-

tive genomics of these proto-sex chromosomes within the species and across the
Amaranthus genus demonstrates remarkable variability in their structure and genic
content, including numerous polymorphic inversions. No such inversion underlies the
extended linkage we observe associated with sex determination. Instead, we iden-
tify a complex presence/absence polymorphism reflecting substantial Y-haplotype
variation—structured by ancestry, geography, and habitat—but only partially explain-
ing phenotyped sex. Just over 10% of sexed individuals show phenotype-genotype
mismatch in the sex-linked region, and along with observation of leakiness in the
phenotypic expression of sex, suggest additional modifiers of sex and dynamic gene
content within and between the proto-X and Y. Together, this work reveals a complex
genetic architecture of sex determination in A. tuberculatus characterized by the
maintenance of substantial haplotype diversity, and variation in the expression of sex.

PLOS Biology | https://doi.org/10.137 1/journal.pbio.3003254  June 30, 2025 1/24



http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3003254&domain=pdf&date_stamp=2025-07-08
https://doi.org/10.1371/journal.pbio.3003254
https://doi.org/10.1371/journal.pbio.3003254
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8593-1394
mailto:kreiner@uchicago.edu

PLON. Biology

available along with code to reproduce these
analyses at 10.5281/zenodo.15594570 and
https://github.com/jkreinz/SexChromPlosBio/.
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Introduction

Dioecy is thought to primarily evolve from cosexuality through two distinct path-
ways (gynodioecy and monoecy-paradioecy) that have contrasting predictions
about the importance of small- versus large-effect mutations [1]. In the gynodioecy
pathway, the intermediate stage is typically characterized by a single large-effect
male sterility mutation that invades a cosexual population and transitions it to poly-
morphic for females and hermaphrodites. This is eventually resolved to dioecy by
the invasion of a female sterility mutation tightly linked to a restorer of male fertility
[2]. Recombination suppression is thought to evolve to prevent fully sterile or her-
maphroditic genotypes, and may be further extended due to sexually antagonistic
selection that assembles male and/or female beneficial alleles on alternate hap-
lotypes [3]. This scenario describes the evolution of an XY system, but explains

a ZW system if sexes are switched. The lack of recombination in the sex-linked
region (SLR) is thought to drive the degeneration of the non-recombining Y/W
chromosomes, although contemporary work shows extensive variation in size and
the degree of degeneration, which is not a simple function of age [4-9]. Nonethe-
less, young sex determining systems in the early stages of this process more often
tend to demonstrate incomplete recombination suppression and leaky sex deter-
mination, despite multiple sexually antagonistic polymorphisms having evolved
[10,11].

In dioecious species that evolve through the monoecy-paradioecy pathway,
selection is thought to act on quantitative variation for sex allocation. Populations
transition from individuals which are equally invested in male and female function
to those alternately fixed for one or the other through gradual disruptive selection
on the proportion of male and female flowers produced [12—15]. Tests of this route
to separate sexes have been limited in part due to the relative infrequency of
dioecious species in predominantly monoecious plant genera and families (but see
Sagittaria [1], Urtica [16], and Populus [17]). However, a notable example of this
pathway is Mercurialis annua, where recent work [18] has resolved that inbreeding
avoidance drives disruptive selection on phenotypic sex allocation and the evo-
lution of dioecy. Accompanying models suggest that while polygenic variation for
sex allocation may be initially required for quantitative sex expression, resolution
of the monoecy-paradioecy pathway can result in the emergence of single-locus
sex determination [14], which in part, could result from shifts in the recombination
landscape.

While sexual intermediacy (e.g., subdioecy [19]) occurs during the evolution of
dioecy itself, selection subsequent to the evolution of separate sexes may also
act to maintain variation in sex expression [13,20-25]. Dioecious species are
prone to this “leakiness”, even ones with seemingly long-evolved sex-determining
regions [26]. While little is known about the genetic basis of leakiness, it is likely
that as for the paradioecy pathway, multiple genomic loci [27] and/or expression
modifiers [22] govern this phenotypic variation for sex, alongside environmental
factors. Therefore, recent transitions to dioecy from monoecy in particular, pro-
vide the opportunity to investigate the genetic architecture of sex determination,
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with implications for understanding the timescale and evolution of recombination suppression, sex allocation, and sex
expression.

The genus Amaranthus (Amaranthaceae) contains about 70 species, of which the vast majority are monoecious.
There have likely been multiple relatively recent transitions to dioecy, as two to three dioecious clades are spread
across two out of the three subgenera (Amaranthus and Acnida, but not Albersia) [28—31]. All dioecious species in
this genus are thought to result from a male heterogametic (XY) system, with homomorphic (lack of apparent mor-
phological differences) sex chromosomes [32,33]. The genus is economically important, as it contains both domes-
ticated pseudograin crops and invasive agricultural weeds, the latter encompassing the focal species for this study,
the wind-pollinated annual, A. tuberculatus (common waterhemp). Amaranthus tuberculatus can hybridize with mon-
oecious relatives at relatively high rates under field conditions, highlighting the recent evolution of dioecy in the clade
[32,34,35]. Interspecific hybrids between A. tuberculatus and monoecious species are also dioecious, suggesting
dominance of dioecy in the genus [36]. Understanding the genetic basis of sex is particularly important in the Amaran-
thus genus, with implications for optimizing artificial selection and improving crop breeding efficiency (e.g., through the
development of a male-sterile breeding system in domesticated species [37,38]), and informing evolutionary manage-
ment approaches such as gene drive or gene silencing to suppress females and accelerate local extirpation of inva-
sive weed populations [36,39].

Work on the causes and consequences of sex in A. tuberculatus illustrates sexual dimorphism, apparent at both the
phenotypic and genomic level, despite the likely recent origin of separate sexes. Phenotyped males and females are
differentiated in key life history traits, with males being faster growing and earlier flowering than females, and with sex
differences in genome size and content of particular repeat classes [40,41]. Furthermore, levels of sexual dimorphism
between males and females vary by habitat type (whether plants were collected from natural or agricultural habitats) [41],
suggesting that sexually antagonistic selection is heterogeneous across environments. Recent genomic work confirmed a
male heterogametic system, with a cumulative 4.6 Mb of male-specific sequence identified through sex-specific RAD-tags
[36] and loci spread across multiple contigs. Following this, Raiyemo and colleagues [42] produced a phased reference
genome identifying chromosome 1 as enriched for sex linked SNPs, although their assemblies lacked a contiguous SLR
based on genome-wide association (GWA) and F, analyses of RAD-seq data.

Here, we generate six new haplotype-phased assemblies from across the geographic range, and analyze them along
with considerable resequencing resources to investigate the diversity and evolution of proto-sex chromosomes in A.
tuberculatus. We first implement population genomic approaches to resolve the location of the SLR along the same
chromosome identified by [42]. Leveraging our multiple assemblies and comparative genomic approaches, we show
sex determination in A. tuberculatus to be linked to a polymorphic region ~3 Mb long, not found within an inversion, but
rather differentiated by presence/absence across the sexes. The lack of complete 1:1 mapping of phenotype onto any
genotype across the genome suggests that additional modifiers may be contributing to variation in sex expression in the
system, such as an individual we observe to possess both male and female flowers. We find that the substantial diversity
in sex-linked haplotypes are structured by ancestry, geography, and habitat, which may reflect the on-going generation of
presence/absence variation or gene exchange between the proto-X and -Y. Taken together, our results reveal the diversity
underlying sex in this recently evolved proto-sex chromosome system.

Results

Characterization of the copy number polymorphic sex-linked region

To identify the location of SLRs in our newly produced reference genomes, we performed a GWA using 186 sex-
phenotyped individuals (96 female, 92 male) from paired environmental collections [40] that we mapped to one randomly
chosen haplotype (haplotype 2) of the highest coverage (70x) assembly. This genome came from a male plant from Wal-
pole, Ontario, Canada, a population admixed for ancestry between the two varieties of A. tuberculatus, var. rudis and
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var. tuberculatus [43]. After mapping, calling, and filtering SNPs (see Methods), a GWA identified Chromosome 1, the
largest across the genome, as highly enriched for sex-linked alleles, consistent with recent work ([42]; S1 and S2 Figs).
Genotype-phenotype associations resolved a large SLR,~3.0Mb long, with a near continuous butte of extreme geno-
typic correlations with sex on Chromosome 1, haplotype 2 (but not haplotype 1 of the same genotype when a competitive
mapping approach was taken; Figs 1A and S3). This SLR, herein referred to as the primary SLR, contained 66 annotated
genes, including candidates with strong roles in sex-specific traits such as MADS8 [44] and FT/HD3 [45]. This primary
SLR is about 10 Mb downstream of the putative centromeric region according to RepeatOBserver (which uses a Fourier
transform of DNA walks to identify putative centromere locations [46]; S4 Fig). Apart from the centromere, this region
shows some of the highest patterns of non-synonymous diversity and lowest gene density across the chromosome
(S5 Fig). The primary SLR shows a strong signal of highly relaxed selection, with a median 1/t =0.993, relative to the
chromosome-wide median of 0.384.
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Fig 1. The sex-linked region (SLR) in A. tuberculatus on Chromosome 1. (A) A GWA resolved strongly sex-linked alleles along a 3 Mb stretch on
haplotype 2 of Chromosome 1, between 40.65 and 43.5 [33.5,44.5] Mb. Color of points depicts the absolute allelic effect size on sex from a mixed model
controlling for population structure. The horizontal dashed bar represents the Bonferroni a=0.05 threshold. (B) Individual profiles of scaled sequenced
depth across Chromosome 1 (reflecting 200 kb moving averages), illustrating sex-based differentiation in sequence presence/absence, fine-scale varia-
tion within sexes, and genotype-phenotype mismatch. (C) Genes falling within the primary SLR on the Y (haplotype 2 assembly) lack syntenic ortholo-
gous genes on the X (haplotype 1 assembly). Orange represents inverted orthologous sequence tracks. The data underlying this figure can be found in
https://zenodo.org/records/15594570.

https://doi.org/10.1371/journal.pbio.3003254.9001
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To identify whether the primary SLR was male- or female-specific, we calculated read depth across the region in each
sample. By scaling each individual’s median read-mapped depth in genomic windows within the SLR, by the median
read-mapped depth on Chromosome 1 outside of the SLR, we identify a clear signal of male-specific hemizygosity in the
region. While median male and female scaled-depth show complete overlap for most of Chromosome 1, there is clear
divergence among sexes in sequence presence/absence between 40.5 and 43.5 [and a smaller secondary peak around
44.5] Mb. Most males show a median scaled-depth around 0.75 on average across this region (light yellow in Fig 1B),
while most females (black in Fig 1B) show a median scaled-depth closer to 0.25. This is distinct from the expectation of
a fully hemizygous Y-specific region, for which the median scaled depth should hover around 0.5 and 0 for males and
females, respectively. This pattern may reflect the presence of duplicated regions within the putative Y-specific region, as
revealed through investigations of non-orthologous synteny in the proto-Y versus proto-X chromosome (S6 Fig), which
may enable mis-mapping of reads from elsewhere in the genome into this region. Regardless, coverage-based, GWA, F,
and heterozygosity analyses (S7 Fig) all identify the same region on chromosome 1 as the largest contiguous SLR. A syn-
teny comparison of haplotype 1 (the proto-X) and haplotype 2 (the proto-Y) of Chromosome 1 assemblies supports these
population-level inferences, revealing that the Y SLR lacks syntenic orthologous genes found on the proto-X (Fig 1C).

The sex GWA also showed several significant associations (surpassing a Bonferroni threshold of a=0.05) outside of
the primary SLR on and off of Chromosome 1 (Figs 1 and S1). Notably, a locus ~8 Mb upstream of the primary SLR shows
the strongest sex association genome-wide (S8 Fig), falling largely within the gene AP1 (Agamous-like MADS-box)). Four
SNPs in this peak are non-synonymous mutations, encoding an amino acid substitution in the protein. Analysis of Hi-C
contact data for this sex-associated locus, along with a second locus located ~1 Mb downstream of the primary SLR, sup-
ports their assignment to the proto-Y assembly (S9 and S10 Figs). Their association remains even when multi-mapping
reads are excluded (S2 Fig). We tested the redundancy/information value of these sex-linked loci outside of the primary
SLR and off of Chromosome 1 using a lasso regression approach after the exclusion of multi-mapping reads (S11 Fig).
For the 658 sex associated loci across the genome that pass a Bonferroni correction of g<0.05 and have no missing data,
allowing for the optimal shrinkage of predictors results in 42 loci with non-zero effects on sex, for which 27 are found on
Chromosome 1, and 16 are within the primary SLR. This suggests that reads mapping to these genome-wide regions
explain independent variation for sex. However, the r? of the lasso model still remains at 88%, suggesting remaining unex-
plained variation in sex phenotypes.

To determine whether sex-associated loci outside the primary SLR are artifacts of mapping biases due to alignment
against a single, linear reference genome, we compared male-to-female coverage ratios (indicative of hemizygosity) of
sex-associated SNPs genome-wide to those within the primary SLR. Among the 864 significant sex-linked SNPs found off
of Chromosome 1, male:female coverage was elevated (mean ratio=1.20, 95% empirical range: [1.01,1.52]), their distribu-
tion largely overlapping with that of sex-linked SNPs on primary SLR (mean=1.49, 95% empirical range: [0.99,2.59]) (S12
Fig). The 20% enrichment in male-to-female coverage of off-Chromosome hits suggests that this proportion of males may
possess sex-linked sequences on their Y haplotype that are absent from our focal Y reference, leading to mis-mapping
elsewhere (as in [47]). Together, these findings indicate that A. tuberculatus Y haplotypes may be quite diverse, challenging
single-reference approaches, and the prediction that Y chromosomes are degenerate and low in variation [48,49].

Structural variation across male waterhemp genomes and the sex-linked region

To investigate the scope for Y haplotype variation further, we generated between 34.7 and 45.7 Gbp of PacBio HiFi data
and between 19.6 and 21.9 Gbp of chromatin conformation capture (Hi-C) data for two additional male A. tuberculatus
plants from across its range. We used these data to generate haplotype-resolved genome assemblies for each plant.
The genome assemblies each contain 16 large scaffolds representing the 16 chromosomes of A. tuberculatus along
with many small scaffolds that could not be incorporated into the main assembly (S1 Table). The six haplotype-phased,
chromosome-level assemblies we generated provide the opportunity to further resolve the extent of structural variation
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within the Amaranthus genus (S1 Table). Consistent with recent reports [42], our analyses show that the largest chromo-
some in A. tuberculatus (1) was formed through a chromosomal fusion (i.e., Robertsonian translocation) since the split of
A. tuberculatus from A. tricolor, palmeri, and cruentus (Fig 2A).

Our data also illustrates widespread intraspecific structural variation in A. tuberculatus. Each genome shows signals of
an ancient whole genome duplication as suggested in [50], with ohnologues present on distinct chromosomes (e.g., S13
and S14 Figs). When comparing the 6 A. tuberculatus haplotype assemblies to each other, we find numerous inversions,
duplications, and translocations (Fig 2A). To quantify the extent of structural rearrangement, we calculated the number of
orthologous groups (contiguous tracks of syntenic sequence) within each chromosome between each pair of haplotype
assemblies. We found on average ~5-8 orthologous groups per chromosome depending on the paired comparison (Fig 2B).
The SLR containing Chromosome 1 shows a higher number of orthologous groups than nearly all other chromosomes in
a univariate regression (chromosome effect: F=2.9352, P=0.00157; pairwise t-tests: P<0.05 for all comparisons except
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Fig 2. Structural variation within A. tuberculatus is enriched on the chromosome containing the sex-linked region. (A) A synteny plot of orthol-
ogous genes within A. tuberculatus among haplotype-phased assemblies and between A. tuberculatus and three congeners (A. tricolor, A. palmeri,

and A. cruentus) with chromosome level assemblies. Inversions are highlighted in light gray, whereas translocations are apparent by their connections
between distinct chromosomes. (B) The count of orthologous groups between the focal Y-containing (“Admixed”) assembly and each other haplotype
assembly for each chromosome, along with box plot summaries. (C) A zoomed-in synteny plot of Chromosome 1, which contains the SLR, illustrates the
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sequenced male. The male-hemizygous primary SLR identified with population genomic data mapped to the focal Admixed Y assembly is highlighted in
yellow. The data underlying this figure can be found in https://zenodo.org/records/15594570.

https://doi.org/10.1371/journal.pbio.3003254.9002
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Chromosome 9). This effect seems to be driven in large part by the high number of inversions segregating across these
haplotypes (n=11, Fig 2C and 2D), where the number of orthologous groups observed in each pairwise comparison had
lower and upper quartiles of 13 and 20, respectively. When controlling for chromosome length in a multivariate regression,
Chromosome 1 no longer appears as an outlier for the number of orthologous groups. This suggests that the structural
complexity observed in Chromosome 1 may be a function of its size rather than solely its role in sex determination.

Given the number of structural rearrangements present on the chromosome containing the primary SLR, and the
well-documented role of structural variation in limiting recombination along SLRs [51-53], we investigated whether these
rearrangements could be sex-linked. This analysis is particularly relevant as Raiyemo and colleagues [42] recently
reported two large inversions within chromosome 1 in their study of sex determination in waterhemp, though the extent
of their sex-association remained unclear. To understand the role of inversions in sex determination, we asked whether
there was sequence consistently inverted between X- and Y-containing haplotypes of Chromosome 1 using genespace
[54]. To do so, we first assigned haplotypes as X or Y based on the expected excess of sequence content in the SLRin Y
compared to X haplotypes. While a number of private and low frequency inversions are present, segregating between just
X-containing assemblies (S15 Fig) and between just Y-containing assemblies (S16 Fig and S2 Table), we see no inversion
consistently inverted between the X and Y. One notable inversion is directly upstream and neighboring the SLR, but is
polymorphic in only % X-Y comparisons and lacks any notable signal of sex-linkage based on population genomic infer-
ence (i.e., GWAin Fig 1; F,, and Heterozygosity in S7 Fig).

We revisited our population genomic data to further test whether any of these inversions exhibited cryptic population
structure by sex or other variables, using PCA analyses of SNP genotypes within the boundaries of each inversion. Sex does
not predict PC1, PC2, or PC3 for any of the inversions on Chromosome 1 (S17 Fig). Other variables do: ancestry (proportion
of var. rudis ancestry based on K=2 grouping of a structure analysis) loads onto PC2 of Inversion 3 and PC1 of Inversion 12;
longitude onto PC1 of Inversion 11, PC1 and PC3 of Inversion 12; habitat type (Natural or Agricultural) onto PC3 of Inversion
8; and latitude onto PC2 of Inversion 8 (S2 Table). These results suggest that inversions are not facilitating population-level
recombination suppression in or around the sex-determining region, but that inversion frequency may relate to differences in
evolutionary history across ancestral lineages, geographic clines, and fine scale differences in habitat type.

In contrast to the broader patterns of structural variation observed across the genome, the SLRs on Chromosome 1 show
distinct differences in the conservation of genic content. When we compared the proportion of core genes (in this case, pres-
ent in all three Y-containing assemblies) across all sex-linked loci on Chromosome 1 to genome-wide loci, we found a strong
significant difference: 62% of genes were core in genome-wide comparisons (15,066/24,173), but only 8% of genes (6/71) were
core within Chromosome 1 SLRs (y2=87.36, df=1, p-value<107"%). Notably, AP1 was among these core sex-linked genes.
Gene-presence absence variation is also visually apparent in the pairwise comparisons of Y haplotypes, for which orthologous
synteny is variable within the SLR (S18 Fig). Some of this variation is likely due to gene gain on the Y or loss on the X, as 3/71
sex-linked genes on Chromosome 1 are present on the focal Y but absent on all other X assemblies. Much of this variation may
relate to the repeat structure of genes within the SLR, as numerous paralogues of sex-linked genes are found elsewhere in the
assembly (S5 Fig). However, since repeat-rich, low-gene-density regions are among the most challenging to assemble [55],
technical limitations in assembling the Y region may also contribute to the presence/absence variation we observe. This is espe-
cially a limitation for the var. tuberculatus haplotype assemblies, as we found that running HiFiasm without Hi-C data initially,
and only later using it for scaffolding, was necessary to avoid highly asymmetric haplotype sizes.

Genotype-phenotype mismatch and population structure in the sex-linked region

While in many systems, a single locus is sufficient to explain nearly all phenotypic variation in sex, this seems not to be
the case in A. tuberculatus. We see a strong notable exception to the excess of male: female coverage in the SLR for
~10% of individuals in this dataset, which show a mismatch between sex and their average scaled depth in the SLR (Figs
1B and 3). This genotype-phenotype mismatch is apparent not only in these depth profiles (Figs 1B and 3C) but also with
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PCA and phylogenetic reconstruction of unphased genotypes in this region, for 5/94 (5.3%) and 17/89 (19.1%) of individ-
uals phenotyped as females and males, respectively (Fig 3A and 3B). This proportional difference in genotype-phenotype
mismatch represents a significant sex-bias in the lability of sex-determination (y2=8.21, df=1, p-value =0.0042). We also
see such a signal of mismatch in sex-associated locus (AP1) upstream of the primarily SLR, with 6 females and 2 males
showing mismatch, notably, with the opposite sex-bias. To test whether the degree of genotype-phenotype mismatch (the
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linked region, with tips coloured by sex grouping and var. rudis ancestry proportion (legend as in B). (B) PCA of SNP genotypes the sex-linked region,
coloured by sex grouping and var. rudis ancestry composition. (C) The median scaled depth in the primary sex-linked region is predicted by the propor-
tion of var. rudis ancestry, and by the interaction of sex grouping x ancestry. (D) A male flower (emerging anthers in light yellow) atop a predominantly
female inflorescence (stigmas in brown emerging from female flowers) in a waterhemp individual. The data underlying this figure can be found in https://
zenodo.org/records/15594570.

https://doi.org/10.1371/journal.pbio.3003254.9003
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difference between an individual’s mean scaled depth in the SLR and the mean across respective sex-matched individ-
uals) showed differences among populations, we visualized its distribution on a map and looked to identify predictors of
variation in mismatch in multiple regression framework. The degree of mismatch shows a widespread geographic dis-
tribution, with mismatched individuals present in most populations (S19 Fig). While latitude, longitude, habitat type, and
ancestry do not predict the degree of mismatch, U.S. state is a significant predictor (F, ,,,=2.4607, p=0.047).

In response to the observation of genotype-phenotype mismatch, one might expect that individuals with a significant
portion of their SLR showing genotypes associated with the oppositely phenotyped sex would also show intermediate sex
expression. Alternatively, one might consider the possibility of whether sex was mis-phenotyped. To consider these two
possibilities, we first independently validated our findings of genotype-phenotype mismatch with a dataset of sexed her-
barium sequenced samples for which phenotypes can be reexamined, finding that again, nearly 10% of samples show a
genotype-phenotype mismatch (with the same sex-bias in lability; S20 Fig). Neither the digitized herbarium photos nor the
common garden population genomic datasets provided evidence of intermediate sex expression. We also tested whether
genotype-phenotype mismatched individuals were more likely to have life-history trait measures (biomass and flowering
time) more typical of the opposite sex, as might be expected if these individuals represent sex intermediates. Leveraging
common garden phenotypes from these same samples previously ascertained [40], we tested this in a mixed regression
framework (see Methods), but found no such pattern (S21 Fig).

However, careful observation of reproductive structures in other contexts revealed such intermediacy, which we revisit
and report here for the first time. As pictured in Fig 3D, we discovered an individual from a separate accession and grow-
out that was composed entirely of female flowers, except for one male flower atop an inflorescence. In separate instances,
we have observed other instances of leaky sex expression in A. tuberculatus, including entire branches with flowers of the
opposite sex compared to the rest of the plant, and even a predominantly female plant with several perfect (hermaphro-
ditic) flowers (though no photographs were taken at these times). This variation in sex expression supports the potential
involvement of sex modifiers (regulatory, epigenetic, or environmental) that may act in the system.

Multivariate regression analyses of two distinct sex-linked metrics reveal strong population structure in the SLR (Fig 3).
Mean scaled-depth in the SLR is structured not just by sex grouping (i.e., referring to phenotype by genotype status for
each individual [M-M=male, M-F =mismatched male, F-F =female, F-M =mismatched female]; F3’173= 1867, p-value<2 x
107'°), but also by var. rudis ancestry (F, ,,,=7.38, p-value=0.0073), the interaction between ancestry and sex grouping
(F;,,;=4.38, p-value =0.0054), and marginally by habitat type (agricultural or natural; F, ,,.=3.3849, p-value=0.067) (Fig_
3C). Genotypic structure in this region depicts an even stronger role of ancestry in shaping sex-linked haplotypes (ances-
try: F, ,;3=59.6, p-value=8 x 107" the interaction between ancestry and sex grouping: Fy.175=3.5, p-value=0.016), in
addition to a main effect of sex grouping (F, ,,,=33, p-value<2 x 107%), latitude (F, ,,,=15.75, p-value=0.0001), and hab-
itat type (agricultural or natural; F, ,..=4.17, p-value =0.043). Clearly, the SLR in A. tuberculatus retains plenty of diversity
that reflects both deep and recent evolutionary history.

Despite the average genotype in the SLR and upstream AP1 gene being commonly mismatched to phenotypic sex, we
sought out fine-scale locus-specific presence/absence variation that remained unique to one sex—a strong candidate for
a SDR. To do so, we performed a GWA for sex using the scaled sequence depth in 100 bp windows as predictors, which
further resolved heterogeneity in sex-linkage even within the primary SLR. While presence/absence variation at the edges
of the SLR tend to show the strongest fidelity between sexes, several windows within a 10kb tract around 42.32—42.33 Mb
show very strong associations with sex despite being surrounded by a valley of significance (Fig 4; r?, p-value for top pres-
ence/absence locus=0.73, 1.2 x 107%*). Just downstream of this locus lies the MADS-box transcription factor 8 (MADSS,
also known as SEP1T), necessary for petal, stamen, and carpel development in Arabidopsis [56]. The median scaled depth
at this upstream 100bp window is 4 in males and 0 in females, although males show considerable variation (between 0
and 8). The genotype to sex association at this locus is still imperfect, with 4 males and 7 females resembling the geno-
typic profile of the opposite sex (~5% mismatch)—similar to that of AP1.
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While multiple loci or modifiers may interact to determine sex, this architecture could also promote the maintenance
of diversity in the SLRs by allowing for gene exchange. To test this, we first performed LD-based inference of the effec-
tive recombination rate (p=4N._r; using LDhat [57]) along Chromosome 1 (S22 and S23 Figs). p shows a clear reduction
at the border of the SLR relative to the rest of the chromosome (Ratio of p,:p, ,=0.5855171). The smoothed moving
average does not go to zero, and further shows a peak in p in the center of the SLR. It is important to note, however, that
despite constraining our inference to males, that the excess mapping of reads to the Y (as observed above) will lead to
an overestimation of p due to recombination occurring in the X and autosomal regions. The relatively low between-sex F;
in the SLR might also support on-going gene exchange: while elevated compared to the genome-wide background, the
median F . of 0.04 across this 3Mb region could be maintained with rare but on-going gene exchange events (based on
the simplifying assumptions of F . ~1/1+4N_r, where N_~100,000). Along with the observation of sex-linked variation not
consistently aligning with its respective sex at fine scales—even within genotype-phenotype matched individuals (Fig 4)—
these results suggest gene exchange may contribute to observed variation in the SLR, though parallel sequence evolution
through local contraction/expansion events cannot be ruled out.

Discussion

This work demonstrates a proto-XY system in A. tuberculatus that retains considerable complexity and diversity despite
evidence of extended linkage of loci associated with sex. We find that a complex presence/absence polymorphism
between the proto-X and proto-Y is involved in sex determination. However, we find no locus that fully explains sex as
phenotyped. Nearly 10% of individuals phenotyped as male or female display the genotype of the alternate sex in the
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Fig 4. Coverage-based GWA resolves fine-scale variation in the association with sex within the primary sex-linked region. (A) A Manhattan plot
of the significance of the association of sex with mean scaled depth calculated in 100 bp windows across the sex-linked region. (B) Zooming in on the
region of the genome with strongest depth-based association with sex, [upper] the distribution of mean scaled depth in 100 bp windows for individuals
phenotyped as male (yellow) and female (black) [upper] and the significance profile of this depth-based variation with sex, implicates MADS8 as particu-
larly strong in its association with sex. (C) Sequence content variation at the 100bp window with the strongest association with sex, highlighted in red in
B. The data underlying this figure can be found in https://zenodo.org/records/15594570.

https://doi.org/10.1371/journal.pbio.3003254.9004
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SLR. Together with observations of leaky sex expression in the species, our results implicate the presence of additional
sex-modifying factors and the maintenance of diversity in primary SLR.

We used long-read sequencing technology in combination with Hi-C sequencing to generate haplotype-resolved genome
assemblies for three unrelated male waterhemp plants. Through GWAS, we identified a ~3Mb region strongly associated
with sex on the longest chromosome near a chromosomal fusion junction. We also found additional sex-associated loci both
upstream and downstream of this region on the same chromosome. Hi-C contacts confirmed the correct phasing and orien-
tation of sex-linked contigs placed within this region (S9 Fig), however, several gaps remain in the assembly of the primary
SLR (S10 Fig). In addition, we identified several much smaller sex-associated loci on other chromosomal scaffolds that
remained sex-associated even after stringent filtering for mapping quality and multi-mapping read status, although most are
collinear with SNPs within the SLR. One explanation for these signals may be that considerable structural variation across the
sex-determining region, and/or gaps in our assembly, have resulted in an incomprehensive reference of a canonical single
sex-determining region. Reads from the sex-determining region unrepresented in our primary assembly may have therefore
mapped best elsewhere in the genome. Given the complexity of structural and sequence-content variation associated with sex
in waterhemp, we believe that pangenomic approaches will be crucial for fully resolving sex-linked genomic diversity.

The evolution of dioecy from monoecy has classically contrasted pathways that rely on large or small effect mutations
[1]. Recent models on the gradual evolution of separate sexes through selection on sex allocation however outline how
polygenic variation for sex allocation can be concentrated to a single locus through ecological selection for sex spe-
cialization [14]. Under such a model, XY systems are more likely to evolve when fithess exponentially relates to female
allocation, which could result from the coupling of survival and seed production in highly fecund females. Such a scenario
is plausible in Amaranthus tuberculatus, as females are estimated to produce between 35,000 and 1,200,000 seeds
per plant [58], contributing to the challenge of managing waterhemp invasions in agricultural fields. While we identify
large-effect loci capable of explaining either 82 or 76% of the phenotypic variation in sex (depending on SNP or presence/
absence variation), no locus shows a perfect correlation with sex. Thus, despite A. tuberculatus exhibiting a significant
concentration of the genetic architecture of sex within a~3Mb region on the largest assembled chromosome, this work
implies the persistence of segregating variation. The integration of expression data with GWA studies (i.e. eQTL studies
[59]) holds significant promise for uncovering potential modifiers of sex expression in the species.

The evolutionary and genetic mechanisms underlying sexual intermediacy in dioecious species are thought to vary
from unstable (developmental plasticity—epigenetic), to transitory (paradioecy—polygenic) or selectively reinforced (leaki-
ness)—although genetic mechanisms are unknown in most systems (discussed in [22,26]). In Silene, which is known to
have evolved through the two-step pathway, variation in the expression of sex is influenced by epigenetic regulation [60].
Extensive phenotypic observation of herbarium samples in the Siparuna genus revealed “inconsistent” sex expression in
males and females, despite the lack of such observations in contemporary samples, providing support for the paradio-
ecy model [61-63]. In Mercurialus, recent experimental and theoretical work has demonstrated that disruptive selection
on sex allocation drove the evolution of dioecy [18], with subsequent selection on mate-limitation maintaining variation
in its expression [24,64]. For the primary SLR, we find lability in sex-determination to be greater in males as compared
to females in multiple datasets (also observed, albeit at a lower rate by [65]), which would be consistent with stronger
mate-limitation in males acting to maintain variation for sex-expression. While we document a single case of inconstant
sex expression, the scale of our phenotyping—nearly four thousand individuals assessed for sex and other traits in a
common garden [40]—suggests that subtle variation in sex expression may have gone undetected. Notably, the conge-
ner A. palmeri exhibits transient hermaphroditism, where staminate (male) flowers initially develop both male and female
reproductive organs [66], suggesting that the developmental pathways enabling hermaphroditism may still be segregating
in recently evolved dioecious Amaranthus species. Future work in A. tuberculatus will look to resolve the frequency of
inconstant sex within and across populations, and integrate regulatory and epigenetic investigations (as in [67]) to deci-
pher the genetic mechanisms maintaining this variation.
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Multiple mechanisms of sex determination might be selectively favored to prevent the degeneration of SLRs [68]. The
primary sex-linked locus shows evidence of substantial presence/absence heterogeneity both within and among sexes,
with sequencing depth in 1kb windows varying between 0 and 39.3X for males and 0 and 13.5X for females. When this
fine-scale variability is associated with sex, it displays a characteristic “suspension bridge” pattern typical of recombina-
tion suppressed regions, with divergence concentrated near the breakpoints and troughing at the center of the region
where selection counters recombination [52,69,70]. The peak of 4NeR in the center of the SLR, along with a 10% rate of
phenotype-genotype mismatch, could be interpreted as evidence for on-going gene exchange (i.e., “flux” through interlocus
gene conversion, double- or successive recombination events) countering sex-specific selection [71,72], similar to recent
observations for inversions encoding wing coloration in Heliconius [73]. Gene conversion among sex chromosomes has
been recognized as a mechanism maintaining variation in sex chromosomes in several species, such as Drosophila and
humans [74,71]. Alternatively, these patterns might result from independent sequence evolution through local contraction/
expansion events in repetitive regions of both X and Y chromosomes, creating parallel changes that mimic the signatures of
genetic exchange. If genotype-phenotype mismatches were primarily driven by gene exchange events, we might expect a
geographic clustering of mismatched individuals, reflecting the historical spread of recombinant haplotypes. We find mixed
evidence for a geographic pattern, with mismatched individuals distributed across nearly all populations but enrichment in
particular U.S. states (S19 Fig). Distinguishing between these alternatives will require fine-scale recombination rate maps
across the SLR and population-level haplotype reconstruction of Y chromosomes across the species range.

There is clear evidence for the maintenance of variation in sex-linked haplotypes across the native range of A. tubercu-
latus. These results parallel the remarkable diversity among Y haplotypes that has been recently observed in guppies and
fruit flies [47,71,72,74]. We find that diversity in sex-linked haplotypes is structured by ancestry, geography, and habitat.
On one hand, this pattern may reflect neutral divergence, with sex chromosomes diverging on either side of the Missis-
sippi River before the secondary contact between Amaranthus tuberculatus var. rudis and var. tuberculatus [58]. Alter-
natively, it could result from climatic selection. Our previous analyses demonstrated an interaction between sexual and
natural selection on flowering time, with males exhibiting stronger divergence from females at lower latitudes [40,41]. This
pattern suggests that divergent sex-linked haplotypes may play a role in local adaptation.

Our analyses reveal two key MADS-box transcription factors associated with sex determination in A. tuberculatus. The
narrow peak of sequence presence/absence association in the middle of the SLR corresponds to MADS8 (SEP1), where
the relative dearth of associations around it suggests particularly strong sex-specific effects [75—77]. Separately, the peak
with the strongest genotypic association with sex, located ~8 Mb upstream of the primary SLR, falls within an Agamous-like
MADS-box transcription factor, AP1. The presence of two MADS-box genes at these distinct sex-associated loci supports
their convergent function in regulating sex differentiation [78]. MADS box transcription factors play an exceptional role in
developmental novelties, with their duplication and neofunctionalization in plants resulting in sex-specific development,
flowers, fruits, and seeds ([79-82]), and in Populus, potentially even the transition from male to female [83]. MADSS8 in
particular has been characterized as a gene indispensable for female development in Rice (Oryza sativa) under high tem-
peratures [44]. Such an environmentally dependent pathway could explain the lack of complete phenotype-to-genotype
mapping we observe for MADS8. Previous work on the genetics of sex in A. tuberculatus identified Flowering Locus T (FT)
as a candidate for a sex-determining gene, having been shown to be sex-linked and differentially expressed across male and
female flowers throughout development [31,42]. While FT is present in our primary Y assembly, it shows presence/absence
variation across our three Y assemblies, which could reflect either true biological polymorphism among Y haplotypes or
technical artifacts from assembly challenges in this complex region. With genetic transformation protocols advancing in the
species [84], future work will look to distinguish whether these sex-linked genes play a functional role in sex determination.

These results provide support for the concentration of the genetic architecture of sex during the transition from monoecy to
dioecy. While large-effect alleles have accrued on the extended SLR on Chromosome 1, the genetic architecture of sex and
its expression is variable. This variability appears to be facilitated by either on-going gene exchange between the proto-X and
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Y or parallel sequence evolution through local contraction/expansion events. In either case, the absence of a fully sex-limited
locus suggests modifiers of sex facilitating lability in its expression. From an applied perspective, this complexity poses a sig-
nificant challenge for strategies such as gene drive targeting the sex-determining locus for weed control. Future work exploring
the genetic basis and fithess consequences of sex allocation in closely related monoecious species (as in [18]) will be key to
disentangling the ecological forces and genetic constraints that have shaped the evolution of dioecy in Amaranthus.

Methods
Data production

Based on previous analyses of population structure across populations of Amaranthus spanning Ontario and the Mid-
western United States [40,43], we selected three populations that spanned predominantly var. rudis (Nune), admixed
(Walpole), and predominantly var. tuberculatus (Nat) ancestry. Further, we selected a maternal line in the admixed popu-
lation from which an individual had previously been genotyped as segregating for high EPSPS copy number (~28 copies
[43]). For each population, seed from one to two maternal lines were sown into five pots each in growth chambers in the
Biodiversity Research Centre with day and night temperatures set to (15 °C/12h, 25 °C/8h). After germination, pots were
thinned to a single plant, and relocated to the greenhouse in early May where they would grow under lengthening days to
maximize tissue production and delay the time to flowering. From each line, we collected expanding leaf tissue from one
male numerous times over the summer to maximize material for high molecular weight DNA extractions and Hi-C.

Hi-C libraries were prepared using a protocol based on the protocol of Hirabayashi and colleagues [85]. In brief, young
leaves were collected and flash-frozen in liquid nitrogen. Approximately 0.75—-1 g of tissue were used as starting material.
Leaves were pulverized using a mortar and pestle, and nuclei were cross-linked in 1x PBS buffer+1.5% formaldehyde
for 15min at room temperature in a rotisserie oven. Cross-linking was halted by adding glycine at a final concentration of
250mM, and incubating the tissue for 5min at room temperature, with rotation. Tissue was washed once in ice-cold 1x PBS
buffer and resuspended in 10ml of cold Nuclei Isolation Buffer (20mM HEPES pH 8.0, 250 mM sucrose, 1mM MgCl,, 5mM
KCl, 40% glycerol v/v). It was then filtered, in successions, through two layers of cheesecloth and one layer of miracloth
(MilliporeSigma, Burlington, MA, USA). Nuclei were then washed in Nuclei Isolation Buffer and fractionated using a 95% Per-
coll (MilliporeSigma) gradient buffer. DNA in purified nuclei was then treated with Dpnll restriction enzyme, biotinylated, and
proximity-ligated. DNA was extracted from the nuclei using phenol:chloroform:isoamyl alcohol (Invitrogen, Waltham, MA, USA)
and quantified using a Broad Range kit on a Qubit fluorometer (Invitrogen). Biotinylated DNA fragments were isolated from 1
to 4 ug of the resulting DNA, and lllumina libraries were prepared following Todesco and colleagues [86]. Preliminary exper-
iments performed in sunflower and cannabis showed that, due to the abundance of repetitive sequences in plant genomes,
large fractions of read pairs in Hi-C libraries are not informative. Both proximally-ligated fragments in a read pair need to be
mapped uniquely to the genome to provide information about long-range interactions; if one of the fragments derives from a
repetitive region, and can therefore not be uniquely mapped, the read pair becomes uninformative. To reduce the abundance
of repetitive regions in the Hi-C libraries, and therefore increase the proportion of informative reads, we applied an enzymatic
repeat depletion treatment [86]. Hi-C libraries were sequenced by Novogene Corporation (Sacramento, CA, USA).

HMW DNA for PacBio sequencing was extracted using a CTAB-based protocol adapted from Stoffel and colleagues, 2012
[87] in the Rieseberg Lab at UBC. Briefly, 0.8 g of flash-frozen young leaves of Amaranthus tuberculatus were ground to thin
powder using mortar and pestle in liquid nitrogen. The powder was thoroughly resuspended in Extraction Buffer (100 mM
Tris-HCI pH 8.0, 1.4 M NaCl, 20mM EDTA pH 8.0, 2% w/v CTAB and 1% v/v b-mercaptoethanol) and incubated 1h at 55
°C. Eventually the tube was cooled down to RT and extracted with one volume of chloroform:isoamyl alcohol (24:1). The
aqueous phase was supplemented with NaCl up to a final concentration of 2.6 M and re-extracted with chloroform:isoamyl
alcohol. The new aqueous phase was transferred to two new tubes that were topped up with at least 6 volumes of Precipita-
tion Buffer (50 mM Tris-HCI pH8.0, 10mM EDTA pH 8.0 and 1% w/v CTAB). Tubes were centrifuged for 30 min at RT and the
combined pellets were washed with milliQ water. Eventually, the pellet was gently and fully resuspended in NaCl 1.5 M and
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incubated with RNAseA for two hours at 37°. After the RNAse treatment, a third chloroform extraction was followed by two
washes with 75% ethanol. Finally, the fully dried pellet was allowed to resuspend overnight in 10mM Tris-HCI pH 8.0 at 4 °C.
Pipetting was reduced to the minimum along the procedure, and if done was exclusively handled with wide-bore tips to avoid
damaging DNA. HiFi sequencing was performed at the Yale Genomics Centre. We decided to sequence one individual from
Walpole, Ontario, Canada, to high coverage (70x%), and the other two individuals to the minimum coverage recommended by
HiFIASM for haplotype-phased assembly + HiC (25x) to assess assembly quality at varying coverages [88].

Genome assembly and annotation

Hifiasm was used to produce haplotype-phased assembly, informed by Hi-C data for each sample. Default settings were
used, except for one sample (which happened to have the lower HiFi coverage; var. tuberculatus) which showed asymmetric
assembly sizes between haplotypes. As recommended in the HiFiasm documentation, the setting for heterozygosity was
adjusted to multiple values, however, with little effect. We found that removing the Hi-C data from the initial Hifiasm assembly
for this sample led to a much more symmetric haplotype size, and thus we proceeded with this approach. After the assembly
of each haplotype’s contigs, contigs were scaffolded using the Hi-C data with the program YaHS [89], and the resulting scaf-
folds were then manually curated with juicebox (using the ARIMA pipeline https://github.com/ArimaGenomics/mapping_pipe-
line) based on the contact map. Briefly, scaffolds were joined together that had overrepresentation of long-distance contacts,
and contigs were flipped in orientation that showed an excess of long-range compared to short-range contacts within the
scaffold. Finally, we performed pairwise mapping of each haplotype to each other, and to one haplotype of each other
individual, using the SynMap2 tool in Coge [90] to confirm the consistency of scaffold naming among assemblies for the 16
largest scaffolds that each represents a chromosome (such that Chromosome 1 is syntenic to Chromosome 1, and Chromo-
some_2 to Chromosome_2, etc., across all haplotypes). We further validated the phasing of haplotypes in particular regions
of interest in our focal assembily (i.e. the admixed individual from Walpole). To do so, we concatenated the two haplotypes
into one file and determined Hi-C contacts across the concatenated haplotypes with juicer to search for regions with contacts
between haplotypes but not within a single haplotype (i.e., regions that are misphased). Assemblies quality was quantified
using Quast (https://github.com/ablab/quast) and BUSCO with plants as the taxonomic grouping [91].

All six haplotype assemblies were then annotated with Maker [92], using ab-initio prediction, along with protein
sequence from a previous A. tuberculatus assembly [43], its congener A. hypochondriacus [93], and using transcriptomic
data we produced from leaf tissue from 24 individuals spanning two populations from southwestern Ontario found in a
Natural and Agricultural setting, with 12 males and 12 females sequenced. For these transcriptomes, RNA was extracted
using RNAeasy plant kits in the Wright Lab, and libraries were prepared and sequenced at the Sickkids, Toronto sequenc-
ing facility on lllumina single-end 100 bp technology.

Comparative genomics

To identify orthologous groupings among assemblies and visualize their synteny, we ran Genespace [54] on all six A.
tuberculatus assemblies along with three other congeners with recently produced chromosome-level reference genomes:
Amaranthus cruentus [94], Amaranthus tricolor [95], and Amaranthus palmeri [96]. We used the gghits and riparian_plot
functions to visualize pairwise and all versus all synteny. We also investigated the number of orthogroups (defined by the
presence of X-1 breaks in synteny) between each haplotype assembly and across each chromosome. To identify core
genes and pangenes, we queried genes for their presence/absence across assemblies both at the genome-wide level
and within particular chromosomes of interest (i.e., the proto-Y). We further limited these comparisons to assemblies we
expected to contain the male SLR, and used a test of equal proportions in R (function prop.test in R) to test for significant
differences in the proportion of core genes between the SLR and genome-wide genes. We also looked to understand syn-
teny between non-orthologous genes, using the SynMap2 function in CoGe [90]. This allowed us to compare the mapping
of focal X and Y haplotypes with respect to all annotated genes, as well as calculate dN/dS between them (S6 Fig).
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Centromere identification and repeat calling

Previous work generated de-novo TE libraries [41] for a previous draft A. tuberculatus reference genome [43].

We used repeat masker to locate these previously characterized repeats in all six of the new haplotype-phased
chromosome-level assemblies produced here. We also ran RepeatOBserver pipeline (https://github.com/celphin/
RepeatOBserverV1) to identify the putative centromeres in our assembly, as inferred from the Shannon diversity index
of Fourier transforms of DNA walks, with low diversity indicating highly repetitive low complexity regions as is typically
found in centromeric regions [46].

Population genomics

We leveraged 187 resequenced individuals from 17 pairs of neighboring natural-agricultural populations collected from
Michigan to Kansas (from [40]) to understand the population genomics of sex-determination. These resequenced samples
were grown as a part of a much larger common garden experiment, in which 6,000 individuals were grown, and ~4,000
sexed and phenotyped for numerous traits [40]. Important to this study, plants were sexed at the early to mid-stages of
flowering, and so were assigned a sex based on only a small proportion of flowers. Furthermore, due to the large-scale
nature of this study, and the sheer number of flowers produced by an individual, we did not make an effort to look for
variation in sex expression (nor did we know it existed at the time). As a result, we could not comment on whether any
individuals showed leakiness in their sex expression in this experiment. In the meantime, the Tranel lab at University of
lllinois Urbana-Champaign was performing a routine grow out of waterhemp to test for herbicide resistance, and noticed
the individual pictured in Fig 3D. In addition to the pictured female individual that harbors a male flower, the Tranel lab
has observed, rarely, other instances of leaky sex expression including: a predominantly female individual with an entire
branch of male flowers, and an individual that contained a perfect (hermaphroditic) flower.

We re-aligned the raw reads from this resequencing dataset from the common garden experiment using BWA-mem
[97] to haplotype 2 of the highest-coverage individual (70x% in total, 35% per haplotype; from the admixed population in
Ontario). After calling SNPs using freebayes (options —use-best-n-alleles 2 —report-monomorphic) and filtering SNPs
(using the following expressions in BCFtools [98]: QUAL >= 30, ‘AB>= 0.25 & AB <= 0.75 | AB <= 0.01’, SAF > 0 & SAR
>0, MQM>=30 & MQMR>= 30’, ((PAIRED > 0.05) & (PAIREDR > 0.05) & (PAIREDR/ PAIRED < 1.75) & (PAIREDR/
PAIRED > 0.25)) | ((PAIRED < 0.05) & (PAIREDR < 0.05))’) we performed a GWA study of the 11,040,109 SNPs genome-
wide with sex using gemma and a minor allele threshold of 5% [99].

As loci with significant associations with sex were found to be non-contiguous across Chromosome 1 as well as
found on other chromosomes, we performed a lasso regression analysis on them to determine their co-linearity in
explaining sex. To do so, we extracted the genotypes of loci with p-values <107 and no-missing data and analyzed
them in R with the glmnet package. We performed cross-validation to identify the value of the shrinkage penalty
(lambda) that minimizes the mean-square error, before refitting the data with the best lambda. We also tested whether
multi-mapping status could explain these associations outside of the primary SLR. To do so, we used samtools to
remove both secondary and multi mapping reads (samtools view -F 0x904) and forced freebayes to recall SNPs only
at loci with significant associations with sex in the initial sex GWA. After filtering SNPs and performing the GWA for sex
as above, we found no evidence that multi-mapping status could broadly explain these associations (S2 Fig). We also
investigated how competitive mapping influenced our discovery of sex-linked sites across the genome. To do so, we
modified the putative-Y containing haplotype assembly of the focal Walpole (admixed) individual to also contain the
X-containing haplotype of Chromosome 1. We mapped reads, called SNPs, and ran a GWAS for sex, as described
above. Degeneracy of SNP substitutions was inferred using the standalone python program degenotate (https://github.
com/harvardinformatics/degenotate).

We then implemented a number of population genetic investigations on the sex-linked and surrounding regions of inter-
est on Chromosome 1. PCAs were performed on putative structural variants of interest, including each of the inversions
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identified in genespace and the major SLR on Chromosome 1 using plink2 (--pca). Previous work inferred the ancestry
of each sample with faststructure at K=2 [40], and we used these estimates (equivalent to the proportion of var. rudis

or var. tuberculatus ancestry) in a multiple regression along with sex-grouping (i.e. female, male, mismatched female,
mismatched male), the ancestry x sex-grouping interaction, habitat (natural or agricultural), latitude, and longitude of a
sample to predict PC values of each inversion. We also extracted genotype calls from males and females across the
genome to test whether sex-linked alleles showed an excess of male heterozygosity, as would be consistent with an XY
system (S3 Fig). We did so using the --geno-count option in plink for separate runs that included either only males or
only females. For each sex, we then calculated the heterozygous proportion as the number of heterozygous genotypes
divided by the total number of genotypes called at that locus (i.e. accounting for missing data at each locus). We used
Pi,, [100] to calculate weir and cockerham’s Fand diversity between and within sexes, while accounting for missing
data as recommended. For both F. and the difference in the proportion of heterozygous genotypes between males and
females, we used R to calculate the 95% percentile of all autosomal chromosomes using quantile(probs=¢(0.025,0.975)
to provide context for their distributions along the SLR on Chromosome 1. We also inferred the phylogenetic tree of the
SLR using Igtree2 [101], on sequence representing both high quality variant and invariant sites after converting SNP calls
in VCF format to phylip using vcf2phylip (https://github.com/edgardomortiz/vcf2phylip). We used an iqgtree algorithm that
tests the best fit of 88 DNA models (options -st DNA -m TESTONLY). The best fit model was chosen according to BIC
(TVM+F+1+G4). All plotting was done with ggplot2 [102] and the cowplot [103] packages in R.

We calculated a scaled-depth estimator in 100 bp windows along the SLR to give insight on sequence presence/
absence. Specifically, we used mosdepth [104] to estimate coverage in 100 bp windows for each individual directly from
mapped reads. We calculated scaled-depth as the depth in a focal 100 bp window along Chromosome 1 (the SLR con-
taining chromosome) divided by the mean coverage outside of the SLR on Chromosome 1. To visualize fine-scale copy
number by sample in the SLR and reduce noise in these estimates, we plotted the smoothed means of copy number in
200kb windows. Mean scaled-depth was also calculated across the entire SLR.

We first used these values to identify the number and proportion of phenotype-genotype mismatch for each sex, as
well as perform a 2-sample test for equality (prop.test function in R) to examine whether there was sex bias in mismatch.
We then used an individual’'s scaled-depth in the SLR to test whether var. rudis ancestry, sex grouping , latitude, longi-
tude, and habitat (natural or agricultural) were significant predictors in a multiple linear regression framework, as we did
for genotypic structure inferred from the PCAs. Finally, we used scaled-depth estimates in 100 bp windows to perform a
GWAS for sex across Chromosome 1. This was done using a custom script, for which a linear regression of sex against
scaled-depth was run for each 100 bp window across Chromosome 1. The —log10(p-value) of these tests were plotted,
with significance assessed relative to a Bonferroni multiple test correction threshold of a = 0.05.

To validate the likelihood of sex mis-phenotyping, we investigated patterns of genotype-phenotype mismatch in an
independent dataset, inferred local recombination rate, and the distribution of genotype-phenotype mismatch across the
range. We mapped resequenced herbarium samples [105] for which the phenotype value for sex was verified and validated
based on deposited images, to our focal reference genome. Mapping was performed after merging and de-duplicated reads
with DeDup [106], and rescaling base-quality scores to account for DNA damage [107]. As for our contemporary samples,
we then inferred copy number based on scaled depth in the SLR. On contemporary samples, we inferred the effective
population recombination rate (rho) with Ldhat [57], using the Ldhat workflow (https://github.com/QuentinRougemont/
Ldhat_workflow). To do so, we used a precomputed look up table (theta=0.01) and a subsampled VCF with 100 genotypes
(50 males). Rho (p = 4N_r) was computed between each SNP. Each point estimate of rho was plotted in the SLR along
Chromosome 1, to which a loess curve was also fit, while the mean rho, and the cumulative mean rho, was calculated in
100kb windows and visualized across the genome. Since we also had phenotype data for these samples as measured in
a manipulaitve common garden experiment [40], we were able to perform a multiple linear regression analysis for two key
traits (biomass and flowering time) to test whether genotype-phenotype match status predicted trait values (while controlling
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for experimental treatment, habitat, geography, and sex of samples). Finally, we calculated the difference in an individual’s
copy number relative to the respective sex-matched mean value. We tested whether there was a strong geographic signal
in the distribution in the degree of this mismatch in a multiple regression framework, with latitude, longitude, habitat, and
state as predictors. We visualized this on a map using ggmap [108] and ggplot2 [102] in R.

Supporting information

S1 Fig. A Manhattan plot of the —log10(p-value) of the association of SNPs across the genome with sex. Analysis
was done on SNPs called from reads mapped only to haplotype 2. The data underlying this figure can be found in https://
zenodo.org/records/15594570.

(PNG)

S2 Fig. Mapping status does not bias sex-linked SNPs within or outside of the SLR. After retaining only primary
alignments (removing multi-mapping and secondary mapping reads---mapping just to haplotype 2), re-calling and
re-filtering previously ascertained sex-associated SNPs, loci around the primary SLR and off of Chromosome 1 remain
significantly associated with sex. The data underlying this figure can be found in https://zenodo.org/records/15594570.
(PDF)

S3 Fig. A Manhattan plot of the —log10(p-value) for the association of SNPs along haplotype_1 (the proto-X) and
haplotype_2 (the proto-Y) of Chromosome 1 with sex, when SNPs are called from reads competitively mapped to
haplotype 1 and 2. The data underlying this figure can be found in https://zenodo.org/records/15594570.

(PDF)

S4 Fig. RepeatOBserver inferred shannon-diversity index of sequence complexity across each chromosome for
our focal reference, where minimum values are predictive of centromere location. The sex-linked region is present
on Chromosome 1 around ~41 Mb (vertical dashed red line), and shows a tertiary minimization of Shannon diversity. The
data underlying this figure can be found in https://zenodo.org/records/15594570.

(PDF)

S5 Fig. Characterization of structure across Chromosome 1. The primary sex-linked region is shown between 40
and 43.5Mb (right vertical gray bar), where non-synonymous [0-fold] diversity and gene density reach their high-
est and lowest moving averages across the chromosome, respectively. Transposon element (TE) density is greatly
enriched at ~32Mb, just neighboring the inferred location of the centromeric region (left vertical bar; as inferred from
RepeatObserver). The data underlying this figure can be found in https://zenodo.org/records/15594570.

(PDF)

S6 Fig. Synteny analysis reveals gene duplications and divergence between X and Y chromosomes. (A) Genic

synteny analyses in CoGe [90] between the X haplotype and Y of our focal genome resolves the presence of duplicate

genes across the X mapping to the Y. (B) Genes with synteny in this highlighted SLR show signatures of paralogy, with

high levels of divergence (dN/dS). The data underlying this figure can be found in https://zenodo.org/records/15594570.
(PDF)

S7 Fig. (Upper) The difference in heterozygosity between males and females is heightened in the sex-linked
region, along with allelic differentiation (F,: Lower) between males and females, where points represent the
mean in 1kb genomic windows. In both plots, the 95% percentile of these summary statistics across autosomes is
delimited by the horizontal dashed white lines. Mean F_ in the SLR [40.5-43.5 Mb] is 0.07, whereas the mean ratio of
male:female heterozygosity is 0.037. The data underlying this figure can be found in https://zenodo.org/records/15594570.
(PDF)
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S8 Fig. Genotype distribution of the top sex-linked SNP from GWA in the peak upstream of the primary SLR. The
data underlying this figure can be found in https://zenodo.org/records/15594570.
(PDF)

S9 Fig. Evaluation of assembly quality near the sex-associated locus on Chromosome 1. (A) A GWAS of SNPs on
the sex-linked locus, highlighting an upstream peak at ~33.5Mb. (B, upper) Hi-C contacts between the Y chromosome
and the X chromosome support the correct phasing of the SLR, and despite an upstream region (not sex-linked) that
appears to have been phase switched. (B, lower) Contacts within the Y chromosome (lower) support the placement of the
highlighted sex-associated locus upstream [at ~33.5 Mb] of the primary SLR, and the correct phasing and placement of
sex linked contigs within the SLR. The data underlying this figure can be found in https://zenodo.org/records/15594570.
(PNG)

S$10 Fig. Evaluation of assembly quality near the sex-linked region (SLR) on chromosome 1 (A-C). Hi-C contacts
within the Y chromosome (D) support the placement and phasing of the sex-associated peak downstream [at ~44.5 Mb] of
the primary SLR. However, the right bound of the SLR does not have contacts with the downstream sequence, suggesting
a large gap in our assembly. Contacts between the Y chromosome and the X chromosome (E) show a region with incor-
rect phasing (highlighted in red) that is not sex-linked. Gaps between scaffolded contigs in the assembly are indicated by
vertical dashed lines. The data underlying this figure can be found in https://zenodo.org/records/15594570.

(PNG)

S$11 Fig. Results for the lasso regression of the sex-associated loci after Bonferroni correction, informing

on the predictive independence of loci genome-wide loci on sex. (Left) The minimization of MSE occurs when
lambda=0.016. (B) The distribution of effect sizes for the 42 loci with remaining non-zero effects on sex. The data under-
lying this figure can be found in https://zenodo.org/records/15594570.

(PDF)

S$12 Fig. Male versus female coverage for loci significantly associated with sex (FDR<0.05). Color indicates
whether loci are located on the sex-linked, “target” Chromosome 1, or on other scaffolds across the genome. The data
underlying this figure can be found in https://zenodo.org/records/15594570.

(PDF)

S$13 Fig. Dotplot of synteny between haplotype 2 and itself (our focal Y-containing assembly from the admixed
individual from Walpole [Atub_193_hap2], for which population genomic was aligned to). Dots are gene blast hits
with score>50 inferred from the genespace pipeline. Evidence of a past whole-genome duplication event is apparent
as every scaffold shows contiguous stretches of synteny with one or more scaffolds. The data underlying this figure can
be found in https://zenodo.org/records/15594570.

(PDF)

S14 Fig. Dotplot of synteny between haplotype 1 against itself [the X-containing assembly from the admixed
Walpole male, Atub_193]. Dots are gene blast hits with score>50 inferred from the genespace pipeline. Evidence
of a past whole-genome duplication event is apparent as every scaffold shows contiguous stretches of synteny with one or
more scaffolds. The data underlying this figure can be found in https://zenodo.org/records/15594570.

(PDF)

S$15 Fig. Dotplots of syntenic genes between X haplotype assemblies of the sex-linked region. Colors represent
orthologous grouping (i.e., tracts of contiguous syntenic sequence). The data underlying this figure can be found in https://
zenodo.org/records/15594570.

(PNG)
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S$16 Fig. Pairwise comparisons of synteny for our focal-Y (Atub_193_hap2, admixed type from Walpole) and the
X and Y haplotypes of the var. rudis type individual (Atub_Nune5, left) and the var. tuberculatus type individual
(Atub_Nat, right). The data underlying this figure can be found in https://zenodo.org/records/15594570.

(PNG)

S$17 Fig. Population structure inferred from genotype information within the inversion (S2 Table number 5% and
14*) just upstream of the sex-linked region. Points (individual resequenced plants) coloured by phenotypic sex assign-
ment (cream =male, black=female), illustrating the lack of sex-based structure in this inversion. The data underlying this
figure can be found in https://zenodo.org/records/15594570.

(PNG)

S18 Fig. Pairwise comparisons of the focal Y-containing assembly to the two other Y-containing assemblies
show enriched gene presence-absence variation in the sex-linked region, compared to genome-wide. The data
underlying this figure can be found in https://zenodo.org/records/15594570.

(PDF)

S$19 Fig. The geographic distribution of the difference in mean normalized read depth across the sex-linked
region between an individual and the mean across individuals of their respective sex-matched genotype. This
value repesents the degree of sequenced content mismatch based on an individual’'s phenotype. Negative numbers
indicate males who genotypically resemble most females, and who therefore have less sequence content in the SLR
than most males, whereas positive values indicate females who genotypically resemble most males (having an excess
of sequence content in the SLR). Administrative boundaries obtained from GADM (https://gadm.org/) and Natural Earth
(https://www.naturalearthdata.com/), while natural features (lakes, rivers, ocean) were obtained exclusively from Natural
Earth. Both datasets are freely available for academic use and compatible with CC BY 4.0 licensing. The data underlying
this figure can be found in https://zenodo.org/records/15594570.

(PDF)

S$20 Fig. Median scaled depth in sex linked region for an independent dataset [105], illustrating genotype-
phenotype mismatch. Ten males show depth profiles more similar to females than expected, and three females show
depth profiles more similar to females. The data underlying this figure can be found in https://zenodo.org/records/15594570.
(PDF)

S$21 Fig. The distribution of biomass and days to flowering for individuals with different phenotype-genotype
groupings for sex, based on a manipulative common garden experiment with three treatments (control, grown
with soy, and water supplement). We see no significant difference in phenotypes between mismatched individuals and
their respective matched sex. The data underlying this figure can be found in https://zenodo.org/records/15594570.
(PDF)

S22 Fig. Ldhat inferred effective recombination rate as it relates to the SLR. The sex linked region (illustrated by the
difference in mapping depth between males and females (top)), shows a reduction in effective recombination rate, as esti-
mated between SNPs along the sex linked region on haplotype 2 (the Y containing haplotype) of Chromosome 1.Vertical
black dashed lines delimit the SLR. The data underlying this figure can be found in https://zenodo.org/records/15594570.
(PDF)

$23 Fig. Cumulative rho (4N r) across the entire proto-Y chromosome (haplotype 2 of Chromosome 1), with
points illustrating the average value 100 kb windows. Vertical gray dashed lines represent the centromere, whereas
vertical black dashed lines represent the SLR.

(PDF)
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S1 Table. Statistics for 6 haplotype-phased chromosome-level assemblies, from 3 male A. tuberculatus. *indicates
that the initial HiFiasm assembly step was performed without Hi-C data. The data underlying this figure can be found in
https://zenodo.org/records/15594570.

(XLSX)

S2 Table. List of Inversions across assembilies relative to Atub_(19_3)Walpole_hap2. Note that letter code demar-
cates the same inversion present across multiple pairwise assembly comparisons (each referenced by the inversion num-
ber and alt_genome). Inversion C (5 and 14) represent the variant directly neighboring the SLR in Atub_Walpole_hap2.
Predictors of population structure within each inversion were tested in multiple linear regressions of the PC1, PC2, and
PC3 of genotypes within the genomic region (significance codes: 0 *** < 0.001 ** < 0.01 * < 0.05 ‘.’ < 0.1). The data
underlying this figure can be found in https://zenodo.org/records/15594570.

(XLSX)
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