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ABSTRACT

Hundreds of plant lineages have independently evolved dioecy, i.e., separation of female and male
flowers on different individuals. In all dioecious plants investigated at the molecular level to date, sex
is determined genetically through a sex-determining region (SDR). SDRs have mostly been studied in
angiosperms, although dioecy is relatively more common among gymnosperms. Here, we investigate
sex determination in the gymnosperm Taxus baccata. We assembled four haplotype-resolved
chromosome-level genomes for one female and one male tree, with an average size of 10.04 Gb, and
generated resequencing data for 100 phenotypically sexed individuals. Strikingly, k-mer analyses,
genome-wide association studies and differential coverage analyses demonstrate the absence of an
SDRin the T. baccata genome. This indicates a non-genetic mechanism of sex determination, most
likely via a sex-specific epiallele. Given that T. baccata is the first species studied among a large group
of conifers, our findings suggest that such a mechanism might be widespread.

MAIN
> Introduction

Dioecious plants have evolved a variety of sex-determining systems¥?. These range from the well-
known X/Y or Z/W systems, also found, for example in mammals and birds, respectively, to X/A
balance (e.g., Rumex hastatulus®, Humulus and Cannabis*), or U/V systems (e.g., Marchantia
polymorpha®). Dioecy has evolved many times independently in plants®®, and reversions from a
dioecious to a monoecious or hermaphroditic system have also been reported®°. New genomic
methods finally allow the identification and characterization of the underlying sex-determining
region (SDR), that is, the genomic region in which the sex-determining genes are located!. Notably,
most studies on SDRs so far were conducted in angiosperms. While dioecy is present only in 6% of
angiosperms??, it is common among gymnosperms, where about 65% of species are dioecious®.
Within the gymnosperms, the SDRs have been studied at a molecular level in Ginkgo biloba, Cycas
panzhihuaensis and Welwitschia mirabilis, with all three species exhibiting an X/Y sex-determining
system®315, Beyond this, several dioecious gymnosperms have been studied by karyotyping
(reviewed in Ohri and Rastogi®).

According to the WFO Plant List (http://www.worldfloraonline.org/taxon/wfo-4000037650%) the
gymnosperm genus Taxus consists of 13 accepted species, of which 12 are dioecious and only

T. canadensis is monoecious®®. While cosexual individuals were reported in T. brevifolia, where
DiFazio'® found female reproductive structures on 29.3% of predominantly male trees (see also Hogg
et al.?°), cosexuals appear to be exceedingly rare in most cases. In T. cuspidata, for example, Allison
et al.?! found no cosexual individual in three studied populations. For T. baccata, Iszkuto and
Jasinska®? reported a fraction of 0.13% cosexual individuals in seven Central European populations, in
which singular branches of male trees formed female strobili in addition to male strobili. Moreover,
populations of T. baccata appear to generally have an even sex ratio®,

While Taxus has received attention from numerous researchers in recent years, mainly due to its
capacity to produce the anticancer drug paclitaxel (e.g., 2%), the sex-determining systems in this
genus remain elusive. Recently, Li et al.?® published a reference genome for T. wallichiana and
proposed an Z/W system, with a putative sex-determining region located on chromosome 12.
However, this assumption is based on indirect evidence such as length differences between the two
reference haplotypes. For T. baccata, a karyotype analysis by Tomasino et al.?’ showed the absence
of heteromorphic sex chromosomes and Zarek?® found no sex-specific marker.
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In this study, we aimed to elucidate the sex-determining system of T. baccata by taking advantage of
technological advancements in genome sequencing. Specifically, we generated high-quality long-read
(PacBio HiFi) sequence data and chromatin conformation (Hi-C) data to assemble chromosome-level
haplotype-resolved genome assemblies for a female and a male individual of T. baccata. Using
whole-genome short-read sequencing data from 100 individuals of known sex, we analyzed potential
sex-specific sequences. Strikingly, our analyses demonstrate the absence of any sex-linked sequence
in the T. baccata genome, indicating sex determination by a non-genetic molecular mechanism.

> Results
Taxus baccata genome assemblies

To construct female and male haplotype-resolved chromosome-level genome assemblies of T.
baccata, we generated PacBio HiFi sequencing data with a coverage of ~36x and ~41x (359.32 and
410.02 Gb), and short reads from Hi-C libraries with a coverage of ~63x and ~50x (632.11 and 499.10
Gb) for a female and a male individual, respectively.

The total sizes of the four final haplotype assemblies range from 9.87 to 10.19 Gb. Merqury®® k-mer
completeness values range from 98.6% to 99.3% for the combined female and male haplotypes,
respectively, or from 75.7% to 76.6% for the individual assemblies (QVs 65.5 — 66.2) (Table 1,
Supplementary Table 1). In each assembly, 12 chromosomes contain 99.5% to 99.9% of the
haplotype-assigned sequences, and N50 values range from 903.6 to 928.7 Mb. The four assemblies
contained between 89.4% and 90.7% of embryophyte BUSCOs (odb10), and the GC content ranged
from 36.58% to 36.70% (Table 1, Supplementary Table 1). Telomeric repeats were identified in the
terminal regions of 40 out of the 48 chromosomes across the four assemblies. The Hi-C heatmap of
the four haplotypes shows the successful scaffolding into complete chromosomes (Extended Data
Fig. 1).

Table 1. Overview of the four genome assemblies and their annotation. B236 is the female individual and
B346 the male (IDs TXBAC_17_1 and TXBAC_7_1 in Supplementary Table 2, respectively).

Assembly B236-h1 B236-h2 B346-h1 B346-h2
Genome size [Gb] 10.19 10.11 9.87 9.98
GC content [%] 36.70 36.66 36.58 36.59
number of scaffolds 408 266 100 87
number of gaps 1667 1593 1558 1586
N50 [Mb] 928.74 921.31 903.58 924.79
auN [mio.] 873.60 870.15 856.89 863.82
anchored [%] 99.55 99.76 99.96 99.95
Merqury k-mer completeness [%] 76.59 76.36 75.68 76.51
Merqury QV 65.57 65.64 66.20 66.23
combined Merqury k-mer completeness [%)] 99.29 98.59

combined Merqury QV 65.60 66.21

complete (C) BUSCOs [%] 90.7 90.2 89.4 90.1
single-copy (S) [%] 85.1 84.8 84.0 84.5
duplicate (D) [%] 5.6 5.4 5.5 5.6
fragmented (F) [%] 3.8 4.3 4.5 4.1
missing (M) [%] 5.5 5.5 6.1 5.8
complete with internal stop codon (E) [%] 4.5 5.4 4.7 4.7
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total gene count 35,060 39,283 33,907 36,096
total transcript count 44,597 48,657 42,568 45,383
mono:multi-exonic transcript ratio 0.48 0.66 0.46 0.52
functional annotations [%] 80.29 74.98 82.04 79.71

103

104  The four haplotype assemblies exhibit considerable structural variation, with the largest inversion on
105 chromosome 8, which is heterozygous in both reference individuals, spanning almost 100 Mb (Fig.
106 1a, Extended Data Fig. 2, Supplementary Table 3). Syntenic regions cover between 85.5% and 86.9%
107 of the genome sequences for all pairs of genome assemblies.
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110 Fig. 1: Four haplotype-resolved genome assemblies of Taxus baccata reveal high levels of genomic
111 variation and haplotype-specific genes. a, Pairwise sequence alignments highlight large structural
112  variants between the four haplotype-resolved assemblies. b, Circos plot for assembly B236-h1

113 (female individual). Gene density, repeat element fraction (RE) and SNP density are shown based on
114  sliding windows (size: 5 Mb, step: 2.5 Mb). ¢, Comparisons of the gene sequences annotated in the
115 B236-h1 assembly with the sequences of the other three assemblies, as determined by lift-over,

116 reveal haplotype-specific presence—absence variation of genes. Each bar refers to one combination
117 indicated below the bar (present in the marked assemblies and absent in the unmarked assemblies).
118 Set size refers to the total number of sequences found (or annotated sequences, in case of B236-h1)
119 inthe respective assembly.

120 Using both short-read and long-read RNA sequencing data, we generated annotations for each of the
121  four haplotypes. Across the four assemblies, structural annotations with BRAKER3 yielded between


https://doi.org/10.64898/2026.02.27.708407
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.02.27.708407; this version posted February 27, 2026. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

122 33,907 and 39,283 gene models (Table 1, Supplementary Table 1), excluding transposable elements,
123 which were soft-masked prior to annotation. The ratio of monoexonic to multiexonic gene models
124  varied between 0.456 and 0.664. Functional annotations were achieved for 74.98% to 82.04% of the
125 transcripts in these gene models. While the gene density in the centromeric regions decreases as
126 expected, the density of the repeat elements appears to be relatively evenly distributed across the
127 chromosomes (Fig. 1b, Extended Data Fig. 3).

128 By transferring the sequences corresponding to the gene annotations of the B236-h1 assembly to the
129 other three assemblies using lift-over, we identified genes shared among the four haplotypes but
130 also genes specific to certain assemblies (Fig. 1c). We applied the same approach to each of the other
131 three haplotypes (Supplementary Fig. 1). As expected, the majority of genes were identified in all

132  four haplotypes. Nevertheless, more than 2,000 genes were missing in at least one haplotype,

133  highlighting the potential relevance of gene presence-absence variation. A list of all haplotype-

134  specific genes is given in Supplementary Table 4.

135
136  No evidence of a sex-determining region in the Taxus baccata genome

137 To identify the sex-determining region, we generated whole-genome sequencing (WGS) data for 103
138 T. baccata samples for which the phenotypic sex was assessed before sample collection. From these
139 103 sequenced samples (Supplementary Table 2), species identity was confirmed with molecular
140 markers® for 101, while two samples were identified as T. x media hybrids and excluded from

141  further analysis. One additional sample was excluded due to a monoecious phenotype detected in
142  the year after sampling. This resulted in a final set of 50 female and 50 male T. baccata samples, with
143 62 samples originating from seven putatively autochthonous populations and 38 samples from

144  botanical gardens and various other sources (Extended Data Fig. 4). A microsatellite analysis

145 confirmed that no samples were clonal duplicates prior to sequencing (Supplementary Table 5).

146  Mappings these WGS reads to the four haplotype assemblies showed an average coverage of 20.8x
147  per sample. Variant calling detected between 969 million and 971 million SNPs before filtering. The
148 population structure of the dataset was explored by selecting a random subset of SNPs and

149 generating a principal component analysis (PCA) (Fig. 2a, Supplementary Fig. 2). In general, the

150 samples from autochthonous populations in Germany formed partially overlapping clusters adjacent
151 to (and overlapping with) the samples from unknown provenances, while samples originating from
152  Poland clustered separately (Fig. 2a). Non-metric multidimensional scaling (NMDS) based on the

153 same dataset showed a similar result, but with a high stress value (Supplementary Fig. 3). In a PCA
154  with all of the original 103 samples, the two T. x media samples were placed distant from all other
155 samples as expected (Extended Data Fig. 5).
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Fig. 2: No sex-determining region can be detected in the Taxus baccata genome using k-mer
analyses or GWAS. a, Population structure of the WGS dataset comprising 50 female and 50 male
T. baccata individuals depicted as a PCA based on SNPs from mappings to haplotype B236-h1.
Unknown provenances include all samples from non-autochthonous areas, e.g., botanical gardens. b,
Number of distinct sex-specific k-mers is not significantly different between sexes in 12 random
subsets (6 females versus 6 males in each set) or 6 subsets of samples from autochthonous
populations (the two polish populations were considered as one). Black crossbars show means. c,d,
Consistency of sex-specific k-mers across the 12 random (c) or 6 population (d) subsets e, p-values
from the genome-wide association study (GWAS) show no notable deviation from a uniform
distribution in a Q—Q plot. f, GWAS in B236-h1 shows no significant association with sex. Dashed
horizontal line indicates Bonferroni-corrected significance threshold.

To determine the heterogametic sex in T. baccata, we applied a reference-free approach by
analyzing sex-specific k-mers (i.e., k-mers that occur in all samples of a given sex and in none of the
other) based on the short reads from the 100 sexed individuals described above. First, we tested for
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171 an enrichment of either male-specific k-mers (MSKs) or female-specific k-mers (FSKs). For this, we
172 generated 12 sets, each containing six randomly chosen female individuals and six randomly chosen
173 male individuals (“random sets”), as well as six population-specific sets, containing four to six female
174  and male individuals from autochthonous populations, to minimize neutral differences in the genetic
175 background (“population sets”). For both random and population sets, we did not detect any

176 significant differences between the total numbers of FSKs and MSKs (Fig. 2b). Furthermore, nearly all
177 MSKs and FSKs occurred only once across replicate sets. In the random sets, 99.9% of FSKs and MSKs
178 were observed in a single replicate, while only 0.1% recurred in two replicates and fewer than

179 0.001% appeared in three replicates. No k-mer was detected in more than three of the replicates
180 (Fig. 2c). In the population sets, 99.9% of FSKs and MSKs were detected in only one replicate, 0.02%
181 intwo replicates, and one FSK in three (Fig. 2d). None of the recurring k-mers showed statistically
182 significant association with sex after false discovery rate correction in a permutation test.

183 To further investigate possible genomic differences between female and male individuals and

184 potentially identify genomic regions quantitatively associated with sex, we performed a genome-
185 wide association study (GWAS) based on the generated SNP dataset. Remarkably, the GWAS showed
186 no significant SNP after Bonferroni or Benjamini—Hochberg correction for multiple testing, and the
187 Q-Qplot confirmed the absence of SNPs deviating from the uniform p-value distribution expected by
188 chance (Fig. 2e,f). This result was not influenced by the choice of the reference genome used for

189 mapping and variant calling (Extended Data Fig. 6). Furthermore, no sex-specific region with

190 significantly reduced mapping coverage was identified for any of the four haplotype assemblies

191 (Supplementary Fig. 4).

192 Together, these results demonstrate the absence of a genetic sex-determining system in T. baccata.
193  While the terminology to categorize sex-determining systems is not fully consistent across scientific
194 fields, non-genetic sex determination can be defined as environmental sex determination (ESD) in
195 the broad sense. This not only includes cues like temperature, as reported in various gonochoric

196 reptiles (e.g., 1), but also the cellular environment. ESD in the narrow sense appears unlikely in a tree
197 species, since low predictability of environmental variables could easily lead to distorted sex ratios.
198 Instead, the cellular environment during gamete formation could be controlling sex determination in
199 T. baccata. For example, random (stochastic) epigenetic modification of one allele, similar to the sex
200 ratio distorter in persimmon or X chromosome inactivation in placental mammals®32, could lead to
201 epigenetic formation of heterogamety. This situation stands in stark contrast to sexual plasticity,

202  which, in plants, can be controlled by the environment and is thus often classified as ESD (e.g., #33%).
203 Instead, T. baccata appears to feature stable dioecy and ESD.

204
205 Sex-specific gene expression reveals potential epiX/Y and epiZ/W candidates

206 If sexin T. baccata is in fact determined by an epigenetic modification, we would expect differential
207 expression of the sex-determining gene between female and male trees (see different potential epi-
208 systems for sex determination in Supplementary Table 6). Additionally, the (epi)heterogametic sex
209 should exhibit monoallelic expression. To explore this possibility, we sampled flower buds at an early
210 stage of their development from three female and three male trees and performed RNA sequencing.
211 We mapped these RNA sequencing data to our genome assemblies and analyzed differential gene
212  expression (Supplementary Table 7). First, we searched for female- and male-specific expression, as
213 expected for an active X/Y or Z/W system, which highlighted 14 genes (Supplementary Figs. 5 and 6).
214 Second, we searched for genes with expression patterns consistent with an X/A or Z/A balance

215 system, which identified 74 genes (Supplementary Figs. 7 and 8). Of the 88 candidate genes, 74

216 exhibited heterozygous DNA sequence variants and thus allowed the assessment of allele-specific
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217 expression. Only 9 exhibited monoallelic expression patterns (Supplementary Table 8). Interestingly,
218 two of them also showed sex-specific methylation differences between our two reference individuals
219 for 5mCsites called from the PacBio sequencing data (a carboxylesterase 15 (g4483) and an

220 uncharacterized transcript (g16126), see Supplementary Fig. 9). While these analyses provide an

221 exciting starting point, extensive RNA expression analyses, including non-coding transcripts, and

222  exploration of DNA methylation patterns will be necessary to unambiguously identify the possible
223  epiSDR and provide further insights into the underlying molecular mechanism.

224
225 DISCUSSION

226  Our haplotype-resolved chromosome-level genome assemblies for a female and a male T. baccata
227 individual represent the fourth publicly available Taxus reference genome, besides assemblies of
228 T. wallichiana®®3®, T. yunnanensis® and T. chinensis®, although T. yunnanensis is often considered a
229 synonym of T. wallichiana®. Our assemblies appear to be of comparable quality to the most recent
230 genome of T. wallichiana®, with a slightly higher anchoring rate, higher Merqury QV values, but
231 some incomplete telomeres.

232  Sex-specific k-mers have proven powerful for locating SDRs in a range of plants, e.g., the large SDRs
233 of Ginkgo biloba® or Amborella trichopoda®. Grayson et al.*! detected the SDR of Takifugu rubripes,
234 where a single SNP is considered responsible for sex determination, by analyzing k-mers. Hence, a
235 small size of the SDR does not appear to limit the approach in general. Given that we analyzed

236 multiple random sets as well as population-specific sets of females and males in T. baccata (Fig. 2b),
237 it seems unlikely that potential phenotyping errors, insufficient local coverage of sex-specific

238 sequences or population structure could have obscured sex-specific signals. However, the binary
239 nature of the applied presence—absence k-mer analysis might miss sex-associated loci that are not
240 completely sex-linked. GWAS on the other hand should identify such sequences with quantitative
241 effect. Also, since SDRs often exhibit suppressed recombination?>*3, SNPs in these regions co-

242  segregate with the sex-determining sequences and can thus be used to detect the presence of the
243  SDR. However, our GWAS results considering four haplotypes of a male and a female reference

244  individual indicate that sex-linked SNPs do not exist in our dataset (Fig. 2e-f, Extended Data Fig. 6).
245  Finally, the absence of genomic regions in which the mapping coverage in samples of one sex was
246  consistently reduced (Supplementary Fig. 4) complements the results of our k-mer and GWAS

247  analyses.

248 The stable sex expression of T. baccata and the karyological similarities between the sexes?” match
249 the expected outcome of an X/Y (or Z/W) sex-determining system with homomorphic sex

250 chromosomes. However, our results show that the heritable sex-determining information does not
251 appear to reside in the genetic sequence. The absence of GSD in turn infers ESD. Knowledge about
252 the molecular mechanism determining sex is rare for dioecious plants (e.g., 1), and the combination
253  of ESD and dioecy appears to be a novel observation in a dioecious plant species. The species

254  showing dioecy or ESD listed in Renner® do not include examples exhibiting both. Pannell* notes that
255 “angiosperms do not seem to have evolved fully environmental sex determination (ESD) that might
256 parallel, for example, temperature-dependent sex determination in some reptiles”.

257 Given the generally stable sex expression in T. baccata, it seems likely that sex is determined only
258 oncein an individual’s lifetime. In the absence of a genetic factor, a haplotype-specific epigenetic
259 modification could be responsible, with the downstream pathway promoting either female or male
260 function. Specifically, an allele-specific demethylation of a single gene switch (male factor) at the epi-
261 Y-chromosome and stable hypermethylation of the X-chromosomal alleles could result in a

262 monoallelic paternal expression of a gene sex switch, similar to the situation reported in the fish
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263 Ictalurus punctatus®. This molecular mechanism would be just as feasible for an epiZ/W system. It is
264 also possible that sex is controlled by an epigenetically regulated X/A (or Z/A) balance system. In a
265 classic genetic X/A model, the sex-determining factor resides solely on the X chromosome and the
266  X/A ratio dictates sex (e.g., ). For example, if the same factor were present on both X and Y but

267 silenced via methylation on the Y chromosome, males would show monoallelic expression for the
268 gene while the other sex would retain biallelic expression. It should be noted that the causal epiallele
269 s probably not stable in the case of T. baccata, since any fixed (epi-)allele would lead to sex-linked
270 SNPs over evolutionary times, but no such SNPs were detected in our GWAS. Instead, it seems more
271 likely that the underlying epiallele is randomly formed during meiosis of the epi-heterogametic sex,
272  with a mechanism similar to X-chromosome inactivation®. An example of such sex-linked random
273 inactivation in plants would be the HaMSter gene in Diospyros lotus®.

274  In conclusion, our data provides exciting evidence for a novel sex-determination mechanism in a

275 dioecious plant species without sex-specific DNA sequence variation. Taken together with past

276  observations of balanced sex ratios and stable expression of dioecy, this highlights the possibility of a
277 dioecious plant with environmental sex determination (sensu lato). Given that T. baccata is the first
278  conifer studied from a large group of almost 400 dioecious species of the “conifer 1I” clade®, such a
279 mechanism may be widespread and thus relevant for conservation genetics and breeding of many
280 species. Future work in T. baccata should focus on the identification of epigenetic marks and

281 transcriptional signatures that differentiate females from males. The genome assemblies of both a
282 female and a male T. baccata individual presented here provide a solid foundation for these

283 investigations.

284
285 MATERIAL AND METHODS
286 Sample collection

287 T. baccata samples used for high molecular weight (HMW) DNA extraction and subsequent PacBio
288  HiFi sequencing or for Hi-C Illumina sequencing were collected in the arboretum of the Thiinen

289 Institute of Forest Genetics (GroRhansdorf, Germany). Specifically, needles were collected in October
290 2022 from one male (TXBAC_7_1, Supplementary Table 2) and one female reference individual

291 (TXBAC_17_1, Supplementary Table 2) whose phenotypic sexes were repeatedly assessed over the
292  course of the two previous years. These samples were frozen directly after collection in liquid

293 nitrogen, and stored at -70 °C.

294  For whole genome (short-read) sequencing, T. baccata needle samples were collected or acquired
295 from various sources, including arboreta, botanical gardens and natural reserves (Supplementary
296 Table 2) and stored at -20 °C. Needle samples from Poland were collected with permission of the
297 Regional Directorate for Environmental Protection, Bydgoszcz, Poland (WOP.6400.37.2022,

298 WOP.6205.72.2022.KLD, WOP.6205.73.2022.KLD, WOP.6400.36.2022.MKW).

299 Tissue samples of the male and female reference individual destined for RNA extraction and

300 subsequent PacBio Iso-Seq were collected in the arboretum of the Thiinen Institute of Forest

301 Genetics in GroRhansdorf, Germany. Needle samples were collected in May 2023 and frozen in liquid
302 nitrogen directly after collection. Cambium samples were collected in June 2023 near the base of the
303 trunk, using a 16 mm diameter hollow punch to remove a part of the bark and scraping cambium
304 tissue off the removed bark piece with a sharp knife. Root samples were collected in June 2023 by
305 digging up thin roots near the tree trunk. Roots were cut off, briefly washed in tap water and dried
306 with paper towels. Strobili were collected in November 2022.
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307 T. baccata samples destined for RNA extraction and subsequent short-read RNA sequencing were
308 collected from three male and three female individuals, including the two reference individuals, in
309 the arboretum of the Thiinen Institute of Forest Genetics in GroRhansdorf, Germany. For this, buds in
310 early stages of development were collected in June 2023 by either plucking them off directly or

311 scraping off the buds from shoots with a knife. Brachyblast buds were targeted as far as the bud

312 identity could be asserted.

313 Species identity of all samples was confirmed using the species markers TA_ITS, TA_InDel1,

314 TA_InDel2, TA_cox13? and trnL-F¥’. In the case of root samples, sample identity was further tested via
315 microsatellite analysis to confirm the association between root sample and the respective reference
316 tree. The phenotypic sex of a sample was assigned based on observed strobili and/or arils. When

317 needed, cone buds were assessed under a binocular to avoid confusion with vegetative buds.

318
319 Miicrosatellite analysis

320 To ensure genetic distinctiveness among the sampled individuals, all samples destined for WGS were
321 genotyped with the microsatellite markers Tax36, Tax92 (both: Dubreuil et al.*®), TS09 (Huang et
322  al*®), Ma-14186-166D (Ueno et al.*?), as well as two novel SSR markers named TABACO1 (for: 5’-
323 TATGTGCCTAGGCGTTAGTC-3/, rev: 5’-TTGTAGGTTGATAGACAAATGGA-3’; gSSR (TCC); at chr2 of T.
324  chinensis 38) and TABACO2 (for: 5’-TTTGGCACTAAACTAAACACATG-3/, rev: 5'-

325 TAATTGTGTTCTCCCTAATAAGG-3’; gSSR (CTT)1; at chr6 of T. chinensis®® (Supplementary Table 5).

326 Genotyping was performed by PCR and subsequent fragment size analysis. Forward primers were
327 tailed at their 5’-end and dye-labeled DNA fragments with complementary sequences to the tails
328 were added to the PCR mix (Supplementary Table 9, Supplementary Table 10). Forward primers of
329 markers Tax36, TS09, TABACO1 and TABACO2 were tailed with the adapter sequence 5’-

330 CAGGACCAGGCTACCGTG-3’, marker Tax92 with 5’- GCCTTGCCAGCCCGC-3’ and marker Ma-14186-
331 166D with 5’- CAGGACCAGGCTACCGTG-3’. The PCR reaction setups and PCR programs are given in
332 Tables S6 and S7, respectively. PCR products were analyzed on a CEQ 8000 Genetic Analysis System
333  (Beckmann Coulter) and evaluated using GeneMarker v3.0.1 (SoftGenetics). When fragment length
334  signals showed stutter bands, the highest peak was chosen. When only one peak was visible, the
335 sample was considered to be homozygous for this marker. Potential clones were identified by pair-
336  wise comparison of fragment sizes using Excel (Microsoft), as they correspond to the alleles. For

337 heterozygous alleles, the fragments were sorted by size. Each fragment was then compared with the
338 respective fragments of all other samples.

339
340 PacBio HiFi sequencing and Hi-C of the male and the female Taxus baccata reference tree

341 Nuclei preparation from sample tissue, high molecular weight genomic DNA extraction, Pacific

342 Biosciences (PacBio) HiFi library preparation and sequencing for the samples used in the construction
343 of the reference genomes in this study were previously described in Krautwurst et al.>?,

344  corresponding to sample IDs 2,6 and 12 in Table 7 of that publication. In short, at total of 2.3 g (over
345 two extractions) and 1.6 g of snap-frozen T. baccata needles of the male and female sample,

346 respectively, were used as described in Krautwurst et al.>! to retrieve a total of 26.45 pg (from male
347 sample) and 21.2 pg (female sample) of HMW gDNA. Yield and quality of the extracted gDNA was
348 assessed via NanoDrop and Qubit (BR assay) measurements (Thermo Fisher Scientific) and the

349 fragment lengths was determined on the Femto Pulse (Agilent). HMW gDNA was then sheared to
350 approximately 20 kbp with the MegaRuptor™ (Diagenode). Using 3 ug of high-molecular weight DNA
351 asinput, PacBio HiFi libraries were prepared according to the protocol “Preparing whole genome and
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352 metagenome libraries using SMRTbell® prep kit 3.0” (Pacific Biosciences) and size selected for

353 fragments larger than 8 kbp with the BluePippin Instrument (SAGE) or larger than 5 kbp with AMPure
354 beads (Beckman Coulter) according to the library preparation protocol. Sequencing was performed
355 on atotal of 24 SEQUEL Il SMRT™ Cells with 30-hour movies (10 for the female sample, 14 for the
356 male sample), using the Sequel Il Binding Kits 3.2 and the Sequel Il sequencing kit 2.0 (Pacific

357 Biosciences). Raw reads were processed using ccs v6.4.0 (https://github.com/PacificBiosciences/ccs),
358 actc v0.6.0 (https://github.com/PacificBiosciences/actc) and deepconsensus v1.2.0°2. Sequencing
359 resulted in 410.02 Gb and 359.32 Gb circular consensus sequence reads for the male and female

360 individual, respectively.

361 For Hi-C data, nuclei from sample tissue were extracted as described in Krautwurst et al.>*. Hi-C

362 libraries were prepared for each sample using the Arima-HiC Kit (Arima Genomics, Material Nr.

363 A510008) and KAPA HyperPlus Kit (Kapa Biosystems) according to the manufacturer’s protocols. For
364 the female sample, a 0.78X AMPure bead (Beckman Coulter) size selection was performed to

365 eliminate < 200 bp fragments. Both libraries have been sequenced to approximately 80x genome
366 coverage with 200 cycles on an Illumina NovaSeq 6000 platform.

367
368 Whole genome sequencing of 103 Taxus samples

369 DNA extraction for whole genome sequencing (WGS) were performed as described in Bruegmann et
370 al.*3, or Ziegenhagen et al.>* for difficult samples (see Supplementary Table 2). DNA was checked via

371 NanoDrop and Qubit (BR Assay) measurements (both: Thermo Fisher Scientific). DNA was sheared to
372 400 bp fragments (on average) using a Covaris LE220 ultrasonicator (Covaris), and 250 ng of sheared

373 DNA was used as input for the KAPA HyperPlus Kit (Kapa Biosystems) to construct paired-end

374 lllumina libraries, using 5 amplification cycles. Sequencing to approximately 20X coverage as

375 2x150 bp paired-end reads was performed with NovaSeq S4 flowcells and v1.5 reagents on an

376 Illumina NovaSeq 6000 platform (Illumina).

377
378 RNA extraction and sequencing

379 Frozen sample material was ground using mortar and pestle and RNA was extracted following the
380 Spectrum™ Plant Total RNA-Kit (Sigma-Aldrich) protocol B instructions (including the optional DNase
381 digestion step) with the addition of adding 30 mg Polyclar (SERVA) to the lysis buffer for each sample.
382 RNA quality was assessed via NanoDrop, Qubit (BR assay) measurements (both: Thermo Fisher

383 Scientific) and Bioanalyzer, using a Plant RNA Nano assay (Agilent).

384  For PacBio Iso-Seq sequencing, Iso-Seq libraries of total RNA of different tissues of the male and
385 female reference sample were generated according to the PacBio protocol ‘Preparing Iso-Seq®

386 libraries using SMRTbell® prep kit 3.0 (PN 102-396-000 REV02 APR2022). In brief, 300 ng total RNA
387 was reversely transcribed with the NEBNext® Single Cell / Low input cDNA synthesis and

388 amplification module, with barcoded cDNA primers in the cDNA amplification step. Barcoded cDNAs
389 were pooled for each individual, with the exception of libraries from cambium samples, which were
390 pooled separately, for a total of 3 pools and PacBio sequencing adapters have been ligated to these
391 pools. The libraries were pooled for each individual, with the exception of libraries from cambium
392 samples, which were pooled separately, for a total of 3 pools. The pools were sequenced on three
393 PacBio Sequel2 SMRT cells for 30 hours with the Sequel Il Binding Kits 3.2 and the Sequel Il

394 sequencing kit 2.0). After circular consensus calling of the raw sequencing reads, high-quality

395 isoforms have been called and clustered with the default SMRTIlink Iso-Seq pipeline (v11 and v13).
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396 For short-read RNA sequencing, libraries with an average insert size of 335 bp were constructed

397 using the NEBNext® Ultra™ Il Directional RNA Library Prep Kit for lllumina® (poly-dT enrichment

398 workflow) (New England Biolabs). Sequencing to approximately 60 million reads as 2x150 bp paired-
399 end reads was performed with NovaSeq S4 flowcells and v1.5 reagents on an lllumina NovaSeq 6000
400 platform (lllumina).

401
402 Genome assembly

403 The assembly procedures of the female and male individuals differed slightly: For the reference

404 assembly of the female sample, assemblies were generated with Hifiasm>>°¢ v0.18.9-r527. Remaining
405 haplotype duplications were manually removed, guided by purge_dups v1.2.6

406 (https://github.com/dfguan/purge_dups), to avoid over-purging in repetitive regions. Scaffolding of
407 the contigs was performed by YaHS®” v1.2a.1. Chloroplast and mitochondrial contigs were identified
408 with Tiara®® v1.0.3 and MitoHifi*® v3.2.1, respectively, and manually removed. Blobtools® v4.4.5 was
409 used to identify and remove contaminations. The male reference assemblies were generated with
410 Hifiasm®°>°¢ v0.19.8-r603, duplications were removed with purge_dups v1.2.5

411  (https://github.com/dfguan/purge_dups) and scaffolded with YaHS> v1.2.

412  All scaffolds were then manually curated in PretextView v1.0.3 (https://github.com/sanger-

413  tol/PretextView), GRIT_Rapid (https://gitlab.com/wtsi-grit/rapid-curation, commit 1a3d79a8),

414  HiGlass®! v0.10.4, and the DAmar pipeline (https://github.com/MartinPippel/DAmar; branch: master-
415 v1, commit 1e428cddaa79fee04edbcbcdlbccalal2a014bll).

416
417  Assembly structural analysis

418 To compare the haplotype assemblies and identify large structural variants, alignments between the
419 assembly sequences were generated with mm2plus® v1.1 using the parameters “-x asm5 -k 28 -1 50G
420 -c--eqx“. The mappings were then processed with SyRI®3 v1.7.0 and visualized with Plotsr® v1.1.1. A
421 complementary approach using protein orthologs (generated by structural genome annotation, see
422  below) was conducted with GENESPACE®® v1.3.1.

423
424  Structural genome annotation

425 To generate structural annotations of the female and male reference assemblies (two haplotypes
426 each), the TETools container v1.90 (https://github.com/Dfam-consortium/TETools) and BRAKER®%67
427  container v3.0.7.6 (https://github.com/Gaius-Augustus/BRAKER) were utilized. First, a library of
428 transposable elements was generated de novo by RepeatModeler® v2.0.6 and contained software,
429 including RepeatScout®® v1.0.7, Tandem Repeats Finder” v4.09, RECON’! v1.08, LTR_retriever’?
430 v2.9.0, NINJA” v1.00-cluster_only, CD-HIT”* v4.8.1, MAFFT’> v7.471, HMMER v3.4

431  (http://hmmer.org/), GenomeTools” v1.6.4, and a selection of UCSC utilities (see

432  https://github.com/Dfam-consortium/TETools). For this step, the LTR Structural Analysis option (“-
433  LTRStruct”) was enabled, apart from this default options were used. Based on this library, the

434  reference assemblies were soft-masked with RepeatMasker v4.1.7-p1 (http://repeatmasker.org)
435 using default parameters (except for the soft-mask setting “-xsmall”). Subsequently, the assemblies
436 were soft-masked further with Tandem Repeats Finder v4.097°, using the parameters “2 7 7 80 10 50
437 500 -d-m -h".
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438 Iso-Seq transcript data for usage in BRAKER was prepared separately to account for large introns in
439 the target species. To estimate the maximum intron size of the Taxus genome while avoiding false
440 positives (i.e., wrong alignments that erroneously indicate very large introns), Iso-Seq transcripts

441 were mapped to the female reference assembly haplotype 1 using minimap27”78 v2.28 multiple times
442  with the parameters “-uf -a -x splice:hq” and varying “-G” parameter settings. Mappings were then
443 filtered to exclude alignments with the “secondary” or “supplemental” flag, and alignments with a
444  mapping quality < 40. From each mapping, the longest N-operation in the CIGAR string (indicating a
445  skip in the reference compared to the read, i.e., possibly an intron) was determined and plotted

446 against the used -G parameters. The resulting plot showed a region in which the maximum N-

447 operation length stagnated even under increasing “-G” parameter settings while at even higher “-G”,
448 maximum N-operation length rose quickly again (i.e., the plot formed a plateau). The “-G” parameter
449  which corresponded to the middle of this region was then used for the mappings in BRAKER.

450 The soft-masked reference assemblies were each used as genome data input for two BRAKER"®82
451  workflows: (1) BRAKER3 and (2) BRAKER3 with long-read RNA input®. For (1), RNA data input

452  consisted of the short-read RNA sequencing data generated for this study, and a public dataset of a
453 T. baccata transcriptome by 8 (SRA accessions SRX2999991, SRX2999990). For this workflow,

454  v3.0.7.6 of BRAKER was used. For (2), PacBio Iso-Seq transcripts that were generated for this study
455 were mapped to the respective reference genome with minimap27® v2.28 using the parameters “-G
456 500k -uf -a -x splice:hq”. The resulting mapping dataset was used as RNA input. In both workflows,
457 protein input data consisted of the publicly available OrthoDB (https://www.orthodb.org/) partition
458  Viridiplantae_v12% and a UniProt®® (https://www.uniprot.org/) dataset of 10991 peptide sequences
459  (using the filters “(taxonomy_id:25628) AND (existence:3)”, downloaded on 2024-11-27). For this
460 version of the workflow, the modified BRAKER docker container for Iso-Seq input

461 (docker://teambraker/braker3:isoseq) was used. In addition to BRAKER itself, the following software
462  was used in the pipeline: AUGUSTUS®%%7 v3.5.0, HISAT2% v2.2.1, GeneMark-ETP® v1.0.2, DIAMOND?®’
463 v2.0.15, Spaln2°°1 v2.3.3f, StringTie2%% v2.2.1, GFF utilities®® v0.12.7, TESBRA** v1.1.2.5, SAMtools®
464 v1.13, BamTools®® v2.5.1 and BEDTools” v2.30.0. Merging of the output of the two workflows was
465 performed using TSEBRA% v1.1.2.5 with the “~filter_single_exon_genes” option. The two workflows
466 each used new separate species profiles for AUGUSTUS.

467 Descriptive statistics of the predicted gene sets were generated with a custom awk script (see Code
468  Availability). BUSCO scores of the gene sets were generated via BUSCO®® v5.8.2 in conjunction with
469 the embryophyta_odbv10 lineage dataset. Gene predictions were visually inspected in CLC Genomics
470 Workbench v24.0.2 (QIAGEN) by importing the reference genome FASTA file, annotation GTF and the
471 intermediate “hintsfile” GTF (containing extrinsic evidence from RNA and protein data, i.e., intron,
472  CDS, start and stop codon hints) files, and RNA mapping BAM files, converting these files into

473  “tracks” and overlaying these datasets as “track list” in CLC.

474  To assess annotation consistency across haplotypes and identify unique and shared genes, we used
475  Liftoff*® v1.6.3. Liftoff transfers annotations by aligning gene sequences from the annotated query
476 genome to the target genome. We applied sequence identity and alignment coverage thresholds of
477  0.5. The resulting gene-presence sets were visualized using UpSetR* v1.4.0.

478
479
480 Functional genome annotation

481 Protein-coding sequences were further annotated using the EnTAP!® container v2.2.0. EnTAP was
482 used in conjunction with the frame selection step with TransDecoder!®! v5.7.1
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483  (https://github.com/TransDecoder/TransDecoder/), the similarity searching step with DIAMOND?*°
484  v2.1.8 and the NCBI RefSeq databases (https://www.ncbi.nlm.nih.gov/refseq/) for plant, fungi and
485  bacteria, and the ontology analysis step with EggNOG%, using the eggnog-mapper®v2.1.12.

486
487  K-mer analysis

488 To identify sex-specific sequence regions, a binary presence—absence k-mer analysis adapted from
489 Carey et al.*® was applied. Symmetric female/male groups with six individuals per sex were

490 assembled into 12 random replicate pairs, and six additional replicate pairs were constructed, each
491 restricted to one autochthonous population. The samples from Jelenia Géra and Wierzchlas were
492 considered as one autochthonous population in this analysis due to low geographical distance of
493 about 10 km. For each individual, k-mers were counted from trimmed paired end reads with KMC
494  v3.2.4 using canonicalization and a k-mer length of 31. The minimum count threshold was set to one
495 (-ci 1) to retain low coverage signals, and no upper threshold was applied by setting -cs and -cx
496 tothe maximum 32 bit unsigned value. Sex-specific candidates were defined by two set operations.
497  First, within the target sex, only k-mers observed in every target individual were retained using

498 kmc tools intersect. Second, from this intersection, any k-mer observed in at least one

499 individual of the comparison sex was removed by iterative kmc tools simple subtract

500 across all comparison individuals. Running the procedure with female as target yielded female-

501 specific k-mers (FSKs), and with male as target yielded male-specific k-mers (MSKs). Final lists were
502 exported with kmc tools transform dump.

3 104

503 Group level differences were quantified by comparing the sizes of FSK and MSK sets between female
504 and male replicates using a paired Wilcoxon signed rank test. Replicate wise consistency of individual
505 k-mers was assessed by counting for each k-mer in how many replicate-specific difference sets it

506 recurred, and empirical significance was evaluated by a permutation test with 10° randomizations
507 and seed 42, followed by Benjamini-Hochberg correction at o = 0.05. Only k-mers recurring in at
508 least two replicates were tested.

509

510 Mapping of WGS data

511 WGS paired-end reads were trimmed with Trimmomatic'® v0.39 using the settings

512  “ILLUMINACLIP:Sadapter:2:30:10:1:true”, “SLIDINGWINDOW:4:15” and “MINLEN:60”. The adapter
513 sequence file (Sadapter) corresponds to the TruSeq3-PE-2.fa file in the trimmomatic github

514 repository (https://github.com/usadellab/Trimmomatic/blob/main/adapters/TruSeq3-PE-2.fa).

515 Before and after trimming, the reads were assessed using Fastqc!® v0.12.1 and Multigc!®’ v1.27.1.
516 Unpaired trimmed reads were excluded from further analysis. The remaining trimmed reads were
517 mapped onto reference genome assemblies (four haplotypes in total) using bwa-mem2%v2.2.1.
518 Mapping quality was assessed with Qualimap!® v2.3. Read mappings corresponding to the same
519 biological sample were then merged using the SAMtools®® v2.12 function “merge” with the options “-
520 r-tSQ”. Potential duplication artifacts (i.e., reads originating from the same DNA fragment) in the
521 merged files were marked with MarkDuplicates v3.1.0 of the Picard tool suite!’, using the option “--
522 OPTICAL_DUPLICATE_PIXEL_DISTANCE 2500”.

523

524  Variant calling
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525 Variant calling was performed on the read mappings using the bcftools®® v1.21 functions “mpileup”
526  with the options “-a AD,DP,INFO/FS,INFO/AD” and “call” with the options “--ploidy 2 -m -v”. From
527 the resulting VCF files, indels were excluded from all further analyses.

528
529  Population structure analysis

530 For PCAs (intended to correct for population structure during GWAS), subsets of SNPs were

531 generated, containing 140853, 101647, 128570 and 134459 SNPs in the sets of B236-h1, B236-h2,
532 B346-h1 and B346-h2, respectively. For these sets, descriptive statistics for the filtered VCF files were
533 generated and visualized using bcftools®® v1.21 and the ggplot2'!! package v3.5.1 in R1*2v4.4.2.

534 Based on these visualizations and the GATK recommendations for hard-filtering of germline variants
535 (https://gatk.broadinstitute.org/hc/en-us/articles/360035890471-Hard-filtering-germline-short-

536 variants), the VCF files were filtered to exclude variant sites as follows: (1) ‘INFO/FS < 0.000001 | |
537 INFO/MQ< 40 || INFO/MQBZ < -12.5 || RPBZ < -4 || COUNT(GT="mis") > 0.1 * N_SAMPLES’, (2)

538 Quality-by-depth metric less than 5 (these were calculated according the documentation for GATK's
539 QualByDepth). Descriptive statistics were then generated again, and the modes of the sequencing
540 depth distributions (based in the INFO/DP field in the VCF) was determined. A depth filter was

541 applied to exclude variants with an average depth of less than 75% or more than 150% of the most
542 common per-sample variant depth (determined as the depth at the distribution mode divided by the
543 number of individuals). Filtered VCF files were then imported into PLINK!'® v1.9b7 and further

544 filtered to exclude variants that deviated from Hardy-Weinberg-Equilibrium at p < 1e-8. Fully filtered
545 variant sets were then subjected to variant pruning by linkage distance. For this, pairwise LD statistics
546 were generated in PLINK v1.9b7'" and visualized with the ggplot2 package!!! v3.5.1 in R112v4.4.2,
547 Based on an LD decay plot, a cutoff was determined and variants were pruned to exclude variants
548  with a correlation of r? > 0.2 in 500kbp windows with PLINK!3 v1.9b7.

549
550 GWAS

551 For GWAS, subsets of SNPs were generated from the original VCF file (without InDels) with bcftools®
552 v1.21toinclude only biallelic SNPs with a minor allele frequency of more than 0.05. A GWAS was

553 performed with GEMMA? v0.98.5, using phenotypic sex as a binary variable and the first 6 axes of
554  the previously generated PCA as covariates (option -c). To visualize GWAS results as Manhattan plots,
555 the ggplot2!! v4.0.0 package in R'2 v4.5.0 was used.

556
557  Analysis of differential mapping coverage

558 The coverage of each set of read mappings (one for each haplotype) was computed in a sliding-

559  window approach using the SAMtools® v1.22.1 function bedcov with default parameters, with

560 windows that are 1000 bp long and a step size of 500 bp. Sex-specific coverage differences were

561 filtered depending on the reference assembly that was used during the mapping process (e.g., for
562 datasets based on mappings with a male reference assembly, only windows in which the average
563 coverage of female samples was lower than the average coverage of male samples were retained).
564 We checked the distribution of coverages in the remaining windows for adherence to a normal

565 distribution and subsequently performed a one-sided Wilcoxon signed-rank test for each of the

566 remaining windows using the wilcox.test() function in R2v4.5.0 to detect windows with significantly
567 less coverage in samples of the non-reference sex, at a significance threshold of a = 0.05. For all such
568 windows, a volcano plot was generated using ggplot2!'! v4.0.0.
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569
570 Differential gene expression

571 Read mapping and quantification of read counts were done with the STAR aligner'*® v2.7.11a against
572 all scaffolds of the B236-h1 assembly. Differential gene expression analysis was done in R'*2v4.4.0
573  with the bioconductor package DESeq2''® v1.44.0 with the significance cutoff value alpha set to 0.05.
574  For the purpose of determining candidate genes for different sex-determining systems, we required
575 the RNA read counts between the sexes to fulfil the following conditions (see also Supplementary
576 Table 6). For possible epiX/Y and epiZ/W systems: (1) The lowest individual read count in the group
577  with expression must be greater than 20 and also (2) greater than 20 times the mean of the group
578 without expression. (3) The highest individual read count in the group without expression must be
579 lower than 1/20 of the mean count in the group with expression. For possible epiX/A or epiZ/A

580 systems: (1) the expression ratio between the lower-expressed and higher-expressed group was 1:2
581 (1:1.5to 1:3) and (2) the lowest individual read count was greater than 10.

582

583 Screen candidate genes for heterozygous DNA sequence variants and monoallelic RNA expression

584 Duplicate reads were marked with Picard Tools'*® markDuplicates v3.1.0 and reads were split with

585 GATK!Y SplitNCigarReads v4.4.0.0 followed by variant calling and filtering with bcftools® v1.22. All
586 SNPs with QUAL > 20 and DP > 5 were kept. For each candidate gene based on differential gene

587 expression, the number of heterozygous SNPs (defined as SNPs with allele frequencies between 25%
588 and 75%) in the gene region was determined in the RNA and DNA (based on WGS, see above).

589 Candidate genes were filtered out if any heterozygous SNPs were found in the RNA of female

590 samples (epiW/A candidates), male samples (epiZ/A candidates) or either sex (epiZ/W and epiX/Y
591 candidates). From the remaining candidates, those with only homozygous SNPs in the DNA were
592  excluded.

593
594  Genome-wide analysis of differential DNA methylation

595 To generate methylation data, the raw subreads from PacBio sequencing (see above) were processed
596 via ccst®® v6.4.0 with the --hifi-kinetics flag enabled. HiFi CCS reads were then further processed with
597 jasmine!'®v2.4.0 (https://github.com/PacificBiosciences/jasmine) to detect 5-Methylcytosine at CpG
598 sites. The HiFi reads were mapped to the B236-h1 assembly with ppmm?2'°v1.17.0

599 (https://github.com/PacificBiosciences/pbmm2) and methylation rates were determined with pb-
600 CpG-tools?! v3.0.0 (https://github.com/PacificBiosciences/pb-cpg-tools). Using R'? v4.5.0, the count
601 information of methylated and unmethylated cytosines at a given position for the female and male
602 individual were used in a Fisher’s exact test to determine differential methylation (FDR controlled at
603  0.05) for each site that was analyzed in both individuals. Methylation rates in genomic space were
604 visualized with the R package ggplot2!!! v4.0.1.
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649 Extended Data Figure 1. Hi-C contact heatmap of all four sequenced haplotypes show successful
650 scaffolding of both haplotypes of the female and male individuals into chromosome-level

651 assemblies. Assembled chromosomes are shown in order of size and corresponding chromosomes
652 are placed next to each other: B236-h1, B236-h2, B346-h1 and B346-h2. The plot was generated with
653 HiGlass.

654

655 Extended Data Figure 2. Riparian plot of synteny between the four assemblies based on orthologs
656 in the structural annotation with GENESPACE shows similar results to the alignment-based synteny
657 analysis with SyRl in Fig. 1a.

658

659 Extended Data Figure 3. Overview of gene density, repeat element (RE) fraction and SNP density in
660 the remaining three assemblies. Circos plots of assemblies B236-h2 (a), B346-h1 (b) and B346-h2 (c)
661 show similar patterns across 12 chromosomes in regards to gene density, RE fraction and SNP

662 density.

663

664 Extended Data Figure 4. Sampling locations of T. baccata individuals used in this study.
665 Autochthonous populations are marked with orange points, while all other locations are marked with
666 pink points. Numbers in the points indicate the number of samples taken from that population.

667

668 Extended Data Figure 5. PCA of the unfiltered dataset show extreme distance between two
669 T. x media individuals (on the left) and all other T. baccata individuals.

670

671 Extended Data Figure 6. GWAS results are consistent across haplotypes, showing no sex-associated
672 SNPs. The pairs of Manhattan plot and Q—Q plot were generated from variants in B236-h2 (a,b),
673 B346-h1 (c,d) B346-h2 (e,f).

674
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