
GigaScience , 2025, 14 , 1–15 

DOI: 10.1093/gigascience/giaf046 

Research 

The genome of Hippophae salicifolia provides new 

insights into the sexual differentiation of sea buckthorn 

Mingyue Chen 

1 , 2 , 3 , Xingyu Yang 1 ,2 , Lan Xun 

1 ,4 , Zhenlin Qu 

5 , Shihai Y ang 6 , Y unqiang Y ang 1 ,2 , * , and Yongping Yang 1 ,2 , * 

1 CAS Key Laboratory of Tropical Plant Resources and Sustainable Use, Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, Mengla, Yunnan 
666303, China 
2 Yunnan International Joint Laboratory for the Conservation and Utilization of Tropical Timber Tree Species, Xishuangbanna Tropical Botanical Garden, Chinese 
Academy of Sciences, Mengla, Yunnan 666303, China 
3 School of Ecology and Environment, Yunnan University, Kunming 650091, China 
4 College of Agriculture and Biotechnology, Yunnan Agricultural University, Kunming 650500, China 
5 Beijing Jiu Tian International Education, Beijing 100080, China 
6 Xizang Ecological Harmony Seed Industry Co, Ltd, Shigatse, Xizang 857000, China 
∗Corr espondence addr ess. Y unqiang Y ang. Southwest Division, Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, Kunming 650091, China. 
E-mail: yangyunqiang@xtbg.ac.cn ; Yongping Yang. Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, Yunnan 666303, China. E-mail: 
yangyp@xtbg.ac.cn 

Abstract 

Bac kgr ound: Dioecy, a common r e pr oducti v e str ate gy in angiosperms, has ev olv ed inde pendentl y in v arious plant linea ges, and this 
has resulted in the evolution of diverse sex chromosome systems and sex determination mechanisms. Hippophae is a genus of dioe- 
cious plants with an XY sex determination system, but the molecular underpinnings of this process have not yet been clarified. Most 
pr eviousl y pub lished sea buckthorn genome data have been deri v ed fr om females, yet genomic data on males are critically important 
for clarifying our understanding of sex determination in this gen us. Comparati v e genomic analyses of male and female sea buck- 
thorn plants can shed light on the origins and evolution of sex. These studies can also enhance our understanding of the molecular 
mechanisms underlying sexual differentiation and provide novel insights and data for future resear c h on sexual reproduction in 

plants. 

Results: We conducted an in-depth analysis of the genomes of 2 sea buckthorn species, including a male Hippophae gyantsensis , a 
female Hippophae salicifolia , and 2 haplotypes of male H. salicifolia . The genome size of H. gyantsensis was 704.35 Mb, and that of the 
female H. salicifolia was 788.28 Mb. The sizes of the 2 haplotype genomes were 1,139.99 Mb and 1,097.34 Mb. The sex-determining 
region (SDR) of H. salicifolia was 29.71 Mb and contained 249 genes. A comparati v e anal ysis of the haplotypes of Chr02 of H. salicifolia 
r ev ealed that the Y chromosome was shorter than the X c hromosome . Chromosomal evolution analysis indicated that Hippophae has 
experienced significant chromosomal rearrangements following 2 whole-genome duplication events, and the fusion of 2 chromo- 
somes has potentially led to the early formation of sex chromosomes in sea buckthorn. Multiple structural variations between Y and 

X sex-linked regions might have facilitated the rapid evolution of sex chromosomes in H. salicifolia . Comparison of the transcriptome 
data of male and female flower buds fr om H. g y antsensis and H. salicif olia r ev ealed 11 genes specificall y expr essed in males. Three of 
these were identified as candidate genes involved in the sex determination of sea buckthorn. These findings will aid future studies 
of the sex determination mechanisms in sea buckthorn. 

Conclusion: A comparati v e genomic anal ysis w as performed to identify the SDR in H. salicifolia . The origins and ev olutionar y trajecto- 
ries of sex chromosomes within Hippophae were also determined. Three potential candidate genes associated with sea buckthorn sex 
determination wer e identified. Ov erall, our findings will aid future studies aimed at clarifying the mechanisms of sex determination. 

Ke yw or ds: Hippophae , c hr omosomal assemb l y, sex chr omosomes, sex determination 
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Introduction 

Clarifying the genetic mec hanisms underl ying sexual differ entia- 
tion, as well as the origins and evolution of sex c hr omosomes, is a 
major goal of e volutionary biology. Conv entional theories suggest 
that sex c hr omosomes e volv e fr om autosomes thr ough a series of 
genetic and evolutionary changes, which ultimately become de- 
terminants of sex. This evolutionary trajectory is often initiated 

with 2 closely linked mutations on an autosome: a dominant mu- 
tation that inhibits female de v elopment and a r ecessiv e m utation 

inducing male sterility [ 1 , 2 ]. Due to the genetic conflict associ- 
ated with sex differences in re producti ve strategies, sexually an- 
ta gonistic genes accum ulate ar ound these m utant genes, whic h 

suppr esses r ecombination [ 3 ]. As time pr ogr esses, the inhibition 
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f recombination can extend along the c hr omosome, leading to
he establishment of sex-linked regions, and eventually may lead 

o the emergence of heteromorphic sex chromosomes [ 4 , 5 ]. How-
 v er, pr e vious studies hav e shown that the evolution of sex c hr o-
osomes does not always result in heteromorphic pairs. For ex- 

mple, the sex c hr omosomes in scallops have remained highly un-
iffer entiated for ov er 350 million years . In these species , homo-
or phic sex c hr omosomes ar e notabl y enric hed with numer ous

idir ectionall y r e v ersible sex-biased genes, whic h might be crit-
cally important for maintaining their undifferentiated state [ 6 ].
hese findings indicate that sex c hr omosome e v olution can follo w
 arious patterns. Man y aspects of sex c hr omosomes hav e not yet
een clarified, including the origin of sex and recombination sup-
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ression [ 7 ]. In contrast to the pronounced differentiation in hu-
an and animal sex c hr omosomes, plant sex c hr omosomes hav e

risen and e volv ed independentl y acr oss div erse dioecious plant
ineages, and they exhibit high diversity and complexity in their
v olutionary pathw a ys [ 8 ]. In vestigation of the sex determination
echanisms in these plants can provide novel insights and data

rucial for elucidating the genetic basis of sexual differentiation. 
Dioecious plants account for 5% to 6% of angiosperms; sexual

ifferentiation in dioecious plants provides them with unique re-
r oductiv e adv anta ges [ 9 ]. Dioecious plants can optimize the allo-
ation of r epr oductiv e r esources and enhance br eeding efficiency
hrough sexual differentiation [ 10 ]. Furthermore, sexual differ-
ntiation can affect their ecological niche [ 11 , 12 ]. Some dioe-
ious plants may reduce self-fertilization and increase gene flow
hr ough sexual differ entiation, whic h enhances the genetic div er-
ity of the population. The differentiation of sex c hr omosomes
lays a k e y role in the molecular mechanism underlying sexual
ifferentiation in dioecious plants. Sex c hr omosomes, suc h as the
Y and ZW systems, are typically derived from autosomes and
 volv e into sex-determining c hr omosomes via a series of genetic
nd evolutionary processes [ 2 ]. The expression patterns of genes
n the sex c hr omosomes, the formation of recombination sup-
r ession r egions, and the mor phological and functional differ en-
iation of sex c hr omosomes ar e all k e y factors affecting these pro-
esses [ 13 , 14 ]. Sex-specific gene expression patterns play a k e y
ole in sex determination. In dioecious plants, certain genes may
e expressed in only 1 sex, and these differences in gene expres-
ion dir ectl y affect sex-specific traits [ 15 ]. The formation of re-
ions with suppressed recombination is another critical factor af-
ecting sex c hr omosome differ entiation. The r ecombination fr e-
uency in certain r egions significantl y decr eases during sex c hr o-
osome evolution, and this phenomenon is known as recom-

ination suppression [ 14 ]. Recombination suppression aids the
ccumulation of sex-specific genes and the stabilization of sex-
etermining mechanisms. In these regions, gene flow is restricted,
hic h pr omotes the differ entiation of sex-specific genes and the
or phological differ entiation of sex c hr omosomes [ 16 ]. 
The identification and functional analysis of sex-determining

enes are critically important in studies of sexual differentiation
n dioecious plants [ 8 ]. Dioecious plants hav e e volv ed indepen-
entl y in differ ent linea ges and possess distinct sex-determining
enes. Ho w e v er, these genes ar e pr oducts of conv er gent e volution
nd have similar characteristics that can facilitate their identi-
cation. Ho w e v er, the identification of sex-determining genes is
xtr emel y c hallenging because of v arious factors, suc h as hete-
 oc hr omatinization and structural variation; the sex-determining
enes of only a few species have been successfully character-
zed to date. Diospyros lotus is the first plant from which sex-
etermining genes were successfully isolated and identified [ 17 ].
llumina sequencing data from the F1 generation of both female
nd male plants have been used for the assembly of the male-
pecific region (MSY) of the Y c hr omosome . T hey were then in-
egrated into bud transcriptome data, and 22 differentially ex-
ressed genes were identified within the MSY. Phylogenetic anal-
sis r e v ealed that OGI is the only gene that predates the specia-
ion e v ent within Diospyr os. Evolutionary anal yses indicated that
GI is a best candidate for a sex-determining gene, and this hy-
othesis was confirmed in subsequent experiments. Similarly, the
SY region was assembled in kiwifruit using Illumina sequenc-

ng data from the F1 generation, and differential expression anal-
sis was performed using transcriptome data from flo w er buds at
 arious de v elopmental sta ges . T his a ppr oac h led to the identifica-
ion of 2 male-specific genes , SyGI and F rBy , whic h ar e conserv ed
cross all kiwifruit and lack homologous counterparts in females.
r ansgenic studies hav e shown that SyGI is a dominant inhibitor
f carpel development, and FrBy knockout results in pollen in-
ctivation and self-incompatibility [ 18 , 19 ]. Despite advances in
equencing tec hnology, whic h has enabled the identification of
ome plant sex-determining genes, only a few such genes have
een isolated and c har acterized. 

Sea buckthorn ( Hippophae ), which belongs to the family Elaeag-
aceae, is a shrub or small tree with distinct dioecious c har ac-
eristics and simple and delicate flo w ers . T he berries of sea buck-
horn are renowned for their medicinal properties and nutritional
ichness; they thus play a k e y role in the pharmaceutical, cos-
etic, and food industries [ 20 , 21 ]. This species has been used for

cological r estor ation because of its high str ess toler ance and vig-
r ous gr owth; it also can r epr oduce pr olificall y and shows signifi-
ant nitrogen-fixation activity, which makes it ideal for wind pro-
ection, sand stabilization, and r efor estation in arid r egions [ 22 ].
ea buckthorn has an XY sex chromosome system and shows
lear sexual dimorphism; males typically bear cone-like inflo-
escences that bloom before the females, whereas females have
 aceme inflor escences that ar e compar ativ el y smaller [ 23 ]. In con-
rast, the Elaeagnus genus, which belongs to the same family, has
ndergone 2 whole-genome duplication events but remains mo-
oecious. Ho w e v er, sea buc kthorn tr ansitioned fr om monoecy to
ioecy after these e v ents [ 24 , 25 ]. The genomic sequences of Hip-
ophae tibetana [ 26 , 27 ], Hippophae rhamnoides subsp. sinensis [ 28 ],
ippophae rhamnoides subsp. mongolica [ 24 ], and Hippophae gyantsen-

is [ 29 ] have all been published. The sex c hr omosome of H. ti-
etana was identified as the second c hr omosome thr ough simpli-
ed genome-wide association studies [ 26 ]; ho w e v er, detailed r e-
earch on its sex c hr omosome has not yet been conducted. More-
ver, no studies hav e compar ed the genomic differences between
ea buckthorn and Elaeagnus . T herefore , studies of the sex c hr o-
osomes of male sea buckthorn at the genomic level can pro-

ide important insights into sexual differentiation in dioecious
lants and genetic resources that could aid the breeding of sea
uckthorn. These findings will aid future molecular studies of the
ex determination mechanisms of sea buckthorn, as well as ongo-
ng efforts to impr ov e v arieties and their a pplications in medicine,
cology, and other fields. 

Here, we assembled the genomes of a male H. gyantsensis
NCBI:txid193515), a female Hippophae salicifolia (NCBI:txid48234),
nd 2 male H. salicifolia with ha plotype r esolution. Specificall y, we
onducted a compar ativ e genomic anal ysis to identify the sex-
etermining regions (SDRs) in both species and examined their ge-
omic distribution and c har acteristics, along with the origin and
volution of the sex chromosomes of sea buckthorn. Analysis of
r anscriptomic data fr om male and female flo w ers r e v ealed 3 can-
idate genes. Our findings pr ovide ne w insights into sexual differ-
ntiation in sea buckthorn and will aid ongoing efforts to enhance
ex-r elated tr aits and molecular br eeding in the futur e. 

esults 

enome estimation, sequencing, and assembly 

o e v aluate the genome size and heter ozygosity of the 3 sea
uckthorn species, we conducted genomic studies using clean
 eads obtained fr om the Illumina next-gener ation sequencing
NGS) platform: male H. salicifolia (57.60 Gb), male H. gyantsen-
is (51.95 Gb), and female H. salicifolia (62.31 Gb) ( Supplementary
able S1 ). The k -mer ( k = 21) analysis ( Supplementary Fig. S1 )
ndicated that the genome size of male H. gyantsensis was ap-
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Figure 1: Genomic features of male H. salicifolia . (a) Pseudochromosome. (b) Gene density. (c) Repeat sequences density. (d) Ty3 density. (e) Copia 
density. (f) GC content. (g) Interspecies collinearity. Feature density and GC percentage were calculated with a 5-Mb window size. H. salicifolia is diploid, 
so the haploid genome was used as the reference genome. 
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pr oximatel y 1,031.76 Mb, with a heter ozygosity r ate of a ppr oxi- 
mately 1.39%; the genome size of male H. salicifolia was approxi- 
mately 1,101.85 Mb, with a heterozygosity rate of approximately 
0.744%; and the genome size of female H. salicifolia was a ppr oxi- 
mately 1,134.93 Mb, with a heterozygosity rate of approximately 
0.728%. 

We obtained clean reads from Oxford Nanopore Technologies 
(ONT) sequencing for female H. salicifolia (112.31 Gb) and male 
H. gyantsensis (99.03 Gb) to assemble the genomes of the 3 sea 
buckthorn species; HiFi reads were obtained for male H. salicifolia 
(142.55 Gb) ( Supplementary Table S1 ). Hi-C sequencing generated 

79.47 Gb of clean reads for male H. salicifolia , 82.52 Gb for female H.
salicifolia , and 136.13 Gb for male H. g yantsensis , whic h wer e used 

for c hr omosome anc horing ( Supplementary Table S2 ). The con- 
tigs of the 3 genomes were anchored to 12 pseudochromosomes 
( Supplementary Fig. S2 ). The genome size of male H. gyantsensis 
was 704.35 Mb, with a contig N50 of 18.11 Mb ( Supplementary Fig. 
S3 ); the genome size of female H. salicifolia was 788.28 Mb, with a 
contig N50 of 30.83 Mb ( Supplementary Fig. S4 ). Male H. salicifo- 
lia was assembled into 2 ha plotypes, Ha p1 and Hap2. The genome 
size of Hap1 was 1,139.99 Mb, with a contig N50 of 53.61 Mb; the 
genome size of Hap2 was 1,097.34 Mb, with a contig N50 of 64.70 
Mb ( Supplementary Table S3 ) (Fig. 1 ). The genomic BUSCO com- 
pleteness r ates scor es wer e 97.4% for male H. gyantsensis , 97.6% for 
emale H. salicifolia , 97.6% for male H. salicifolia Hap1, and 97.7% for
ale H. salicifolia Hap2 ( Supplementary Table S4 ). 

enome annotation 

he re petiti ve sequence content of the male H. gyantsensis genome
as 56.42%, and long terminal repeat (LTR) sequences accounted 

or 35.06% of the re petiti ve sequences . T he re petiti ve sequence
ontent of the female H. salicifolia genome was 60.41%, and LTRs
omprised 37.68% of the re petiti ve sequences. For Hap1, the repet-
tive sequence content was 70.88%, of which LTRs comprised 

6.96% of the re petiti ve sequences; for Hap2, the re petiti ve se-
uence content was 70.90%, and LTRs comprised 36.14% of the
e petiti ve sequences ( Supplementary Table S5 ). 

In the male H. gyantsensis genome, 36,482 genes were anno-
ated, and 33,238 wer e pr esent in at least 1 database: Swis-
prot, Ky oto Enc yclopedia of Genes and Genomes (KEGG), TrEMBL,
onr edundant (nr), InterPr o, and Gene Ontology (GO). In the fe-
ale H. salicifolia genome, 39,501 genes were annotated, and 

4,811 wer e pr esent in at least 1 of the aforementioned databases.
n the Hap1 genome, 45,937 genes were annotated, including
8,287 in at least 1 database. In the Hap2 genome, 39,854
enes were annotated, including 34,460 in at least 1 database 
 Supplementary Table S6 ). The BUSCO completeness scores for
ene sets in the male H. gyantsensis , female H. salicifolia , male H.
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https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
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Figure 2: Compar ativ e genomics anal ysis . (A) T he div er gence time tr ee of 13 species . T he n umber of expanded gene families (red) and the n umber of 
contracted gene families (blue) are indicated to the right of each species branch. (B) Synonymous substitution rate per site (Ks) distribution for H. 
salicifolia , H. gyantsensis , H. rhamnoides , H. tibetana , E. moorcroftii , and Z. jujuba . Two r ecent WGD e v ents occurr ed in both Hippophae and Elaeagnus . (C) 
Macr o-synten y plot of H. salicifolia , E. mollis , and Z. jujuba . Syntenic comparison between H. salicifolia and Z. jujuba or between E. mollis and Z. jujuba 
r e v ealed a 4:1 ratio that suggests 2 lineage-specific WGDs in Elaeagnaceae. 
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alicifolia Hap1, and male H. salicifolia Hap2 genomes were 98.9%,
8.8%, 98.7%, and 98.7%, r espectiv el y ( Supplementary Table S7 ).
hese findings confirm the high quality of the 4 sea buckthorn
enomes sequenced. 

ompar a ti v e genomics analysis 

o investigate the phylogenetic relationships of sea buckthorn,
e conducted a gene family analysis of 13 species, includ-

ng sea buckthorn and other plants from the order Rosales
 Supplementary Fig. S5 ). A phylogenetic tree was constructed
sing 1,272 single-copy genes from these genomes. Our results

Fig. 2 A) indicate that the genera Hippophae and Elaeagnus di-
 er ged a ppr oximatel y 19.89 million years a go (MYA), and ther e
as a notable expansion of gene families preceding their diver-
ence . Within Hippopha e , H. tibetana , H. rhamnoides , and Fructus
ippophae were grouped in clade 1, whereas H. salicifolia and H.
yantsensis comprised clade 2. H. salicifolia has r ecentl y experi-
nced 2 whole-genome duplication (WGD) e v ents (Fig. 2 B), which
s consistent with the results of previous studies of sea buck-
horn [ 24 , 26–29 ]. Synteny analysis (Fig. 2 C) revealed one-to-one
omology relationships between chromosomal segments of Hip-
ophae and Elaeagnus species [ 24 , 25 , 30 ], which indicates that
hey have a shared history of 2 WGD e v ents. Ho w e v er, the syn-
en y bloc ks within Hippophae wer e shorter than those in Elaeag-
us ( Supplementary Fig. S6 ), indicating that the sea buckthorn
enome has undergone a higher frequency of chromosomal re-
rrangements. 

DR characteristics of H. gyantsensis and H. 
alicifolia 

o identify sex-linked regions (SLRs) in H. salicifolia , we conducted
hole-genome resequencing on 2 mixed pools: one consisting of
4 female individuals and the other 14 male individuals . T his gen-
rated 138.68 Gb and 129.15 Gb of sequencing data for the female
nd male pools, r espectiv el y. Thr ough a compar ativ e anal ysis of
enome cov er a ge depth, we identified a distinct SLR on Chr02 in
ap2 (Fig. 3 A, B). Males exhibited a cov er a ge depth of a ppr oxi-
ately 50% of the genome-wide a verage , whereas females had

egligible cov er a ge in this r egion; this r egion was designated as
-SLR. Using a similar a ppr oac h for Hap1, we identified an X-SLR

Fig. 3 C, D), wherein females displayed av er a ge cov er a ge depths,
nd males sho w ed r educed cov er a ge depths. The Y-SLR in H. sali-
ifolia spanned 29.71 Mb and was positioned between 25.85 Mb
nd 55.55 Mb on Chr02, which comprised 32.88% of the c hr omo-

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
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Figure 3: Identification of the H. salicifolia 2X- and 2Y-SLRs. (A) The resequencing data of male and female H. salicifolia were visualized in the coverage 
depth of Chr02 of Hap2. The red line represents the depth of female co verage . T he blue line represents the depth of male co verage . Y indicates the 
position of the Y-SLR. (B) Gene distribution in 2Y-SLR. (C) The resequencing data of male and female H. salicifolia were visualized in the coverage depth 
of Chr02 of Hap1. The red line represents the depth of female co verage . T he blue line represents the depth of male co verage . X indicates the position of 
the X-SLR. (D) Gene distribution in 2X-SLR. 
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some’s length and encompassed 249 genes . T he c hr omosome was 
bookended by undifferentiated pseudoautosomal regions (PARs), 
totaling 60.64 Mb. Conv ersel y, the X-SLR extended 68.02 Mb from 

25.83 Mb to 93.86 Mb on Chr02, comprising 52.96% of the c hr o- 
mosome’s length; this region included 334 genes and contained a 
PAR measuring 60.41 Mb, which was similar to the length of the 
Y-PAR ( Supplementary Fig. S7 ). 

During sex c hr omosome e volution, genes within SLRs often 

become degraded and show reduced recombination, which af- 
fects the expression and functions of genes [ 31 ]. The results of 
this study provide an in-depth classification and analysis of the 
genes within the X- and Y-SLRs in the genus Hippophae to clarify 
the evolutionary mechanisms of the sex chromosomes. Genes in 

the SLRs were classified into 4 categories based on homology and 

origin: “ancestr al” genes, “acquir ed” genes , duplicated genes , and 

unique genes . T he Y-SLR contained 249 genes , which comprised 

99 ancestral, 73 duplicated, 53 acquired, and 24 unique genes; 
the X-SLR contained 101 ancestral, 82 duplicated, 120 acquired,
and 31 unique genes ( Supplementary Table S8 ). The similarity 
in ancestral gene numbers between the X- and Y-SLRs indicates 
that there was no significant difference in the degree of degrada- 
tion of these regions. Ho w ever, the greater number of genes in X- 
SLR was attributed to a greater number of insertions of acquired 

genes. Further analysis indicated that the SLRs of H. salicifolia were 
close to the centr omer e, whic h is an area enriched with repet- 
itive sequences. In the Y-SLR, these re petiti ve sequences com- 
rised 90.58% of the 26.91 Mb region; in the PAR, they comprised
5.32% of this region. The content of re petiti ve sequences was
igher in the X-SLR (94.74%) than in the Y-SLR within the 64.44
b region, including 54.86% in the PAR ( Supplementary Fig. S8 ).
lthough the re petiti ve sequence content was similar in the PAR

egions of both sex chromosomes, the content of re petiti ve se-
uences was significantly higher in the X-SLR than in the Y-SLR.
hese findings indicate that the higher number of acquired genes
nd re petiti ve sequences in the X-SLR is likely the main cause
f the pronounced morphological divergence between the X and 

 c hr omosomes. 

volution of the sex determination region in H. 
alicifolia 

o elucidate the origin of the sex c hr omosomes in the genus
ippophae , we compared Chr02 in H. salicifolia with the genomes
f H. gyantsensis , H. rhamnoides , Elaeagnus moorcroftii , and Elaeag-
us mollis (Fig. 4 A) ( Supplementary Fig. S9 ). The synteny analy-
is identified 2 major collinear blocks adjacent to the SLRs on
hr02 of H. salicifolia , whic h wer e designated as L and R. Four
opies of each of these 2 blocks were present within Hippophae
nd Elaeagnus , likely resulting from 2 WGD events shared by both
enera. This suggests that these blocks predate the divergence 
f the 2 genera. On Chr02 of sea buckthorn, the L and R blocks
er e mer ged (L–R), a configur ation that was not observ ed on

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
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Figure 4: Sex c hr omosome e volution of H. salicifolia. (A) The local syntenic blocks identified between the Hap2 Chr02 and the genomes of H. rhamnoides 
and E. mollis . (B) The order and dir ection of Y-SLR in homologous bloc ks in the orthologous r egion of Hippophae and Elaeagnus . “+ ” indicates that the 
internal gene order is consistent, “–” indicates that the internal gene order is opposite, and the absence of a mark suggests that the direction of the 
internal genes is variable. (C) The distribution of Ks values across different strata, with ∗ indicating the mean value. (D) Phylogenetic structure 
statistics of single-copy genes within different strata. Structure 1 represents the “ancestral” pattern, structure 2 represents the “recent” pattern, and 
structure 3 represents the “chaotic” pattern. 
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ther c hr omosomes or within the closel y r elated Elaeagnus . To
etermine whether a br eaka ge or fusion e v ent occurr ed, we used
iziphus jujuba and Rhamnella rubrinervis as outgroups for com-
arison. In both Z. jujube and R. rubrinervis , the L and R blocks
 emain separ ate ( Supplementary Fig. S10 ), indicating that these
loc ks wer e likel y independent in the ancestr al c hr omosomes of
oth gener a. Integr ating these findings with the r esults of prior
ynten y anal yses (in the compar ativ e genomics section), we infer
hat following the WGD e v ents, the Hippophae genus underwent

or e fr equent c hr omosomal br eaka ge and fusion e v ents during
iploidization. Specificall y, a linea ge-specific c hr omosomal fusion
 v ent occurr ed, r esulting in the mer ging of 2 ancestr al c hr omo-
omes to form Chr02. This fusion might have had a profound ef-
ect on the sex determination and r epr oductiv e str ategies of Hip-
ophae . 

We performed a micr osynten y anal ysis in whic h the Y-SLR of
. salicifolia was compared with homologous regions in the Y-SLR
f other Hippophae species and Elaeagnus to clarify the evolution
f these regions following the formation of sex c hr omosomes.
he collinear regions were categorized into 9 distinct blocks (A–
) through the comparison of chromosomal segment synteny
 Supplementary Fig. S11 and Supplementary Table S9 ). Discrepan-
ies in the positions of blocks A and B between Elaeagnus and Hip-
ophae were noted (Fig. 4 B). Howe v er, the ancestr al configur ation
f these bloc ks r emains uncertain because of a lack of systenic in-
ormation fr om outgr oup comparisons; we hypothesize that Hip-
ophae and Elaeagnus hav e structur all y div er ged. A compar ativ e
nalysis of the block arrangement and orientation across closely
elated species has revealed that the Y-SLR in H. salicifolia is more
tructur all y conserv ed than the X-SLR. Specificall y, in the X-SLR,
locks A2, G, F, and E1 hav e been tr anslocated, and bloc k A1 has
een inverted. In contrast, only a single translocation involving
lock E2 was identified in the Y-SLR, while block D is reversed in
-SLR, Y-SLR, or both. We computed the Ks values for homolo-
ous gene pairs within these blocks to infer the sequences for the
iffer ent structur al v ariations ( Supplementary Table S10 ). Bloc k D
ad the highest Ks value (Ks = 0.1266), follo w ed b y block F (Ks =
.082), block E1 (Ks = 0.0442), block E2 (Ks = 0.0409), block A2 (Ks
 0.03854), block A1 (Ks = 0.01429), and block G (Ks = 0.0037). The
le v ated Ks v alue of bloc k D indicates that its structur al c hanges
ccurred earlier than those of other blocks, and the lo w er Ks val-
es for A1 and G suggest that their structural changes occurred
 ecentl y. 

Chr omosomal r earr angement e v ents ar e the main drivers of
 ecombination suppr ession and sex c hr omosome differ entiation
 14 ]. Recombination suppression can promote increased sequence
iv er gence in differ ent r egions of the sex c hr omosomes, form-

ng so-called “evolutionary strata,” which reflect the history and
 hr onological order of structural variations in the evolution of sex
 hr omosomes [ 32 ]. The synonymous substitution rate (Ks) is em-
lo y ed as a metric to quantify the degree of sequence divergence
etween homologous gene pairs. 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
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A higher Ks value generally indicates an earlier divergence 
e v ent. We anal yzed the e volutionary r ates of genes within the Y- 
SLR of H. salicifolia by calculating the Ks values of XY homologous 
gene pairs and mapping these values onto their corresponding 
e volutionary str ata. The distribution of Ks values ( Supplementary 
Table S10 ) did not exhibit clear clustering of high or low Ks val- 
ues across specific genomic blocks, a phenomenon potentially at- 
tributable to the influence of structural variations on Ks values.
Structur al v ariations, suc h as inv ersions, may lead to localized in- 
creases in Ks values, necessitating a comprehensive consideration 

of their impact in our anal ysis. Accordingl y, we adjusted the Ks 
values for certain blocks affected by structural variations. Never- 
theless, it is highly probable that block D belongs to an ancient 
str atum. Furthermor e, considering that the sex c hr omosomes of 
Hippophae originated from the fusion of 2 c hr omosomes, collinear- 
ity alignment results identified the region between blocks C and 

D as the fusion point. Chromosomal fusion, by juxtaposing previ- 
ously independent gene regions, promotes the formation of link- 
a ge gr oups associated with sex differ entiation, ther eby potentiall y 
driving the evolution of sex determination. 

T hus , we propose that both blocks D and C likely belong to 
an ancient stratum. The abundance of re petiti ve sequences be- 
tween blocks C and D may result from recombination suppres- 
sion during sex c hr omosome e volution, and their accum ulation 

likely contributes to the stability of the sex-determining region,
a hallmark of sex c hr omosome e volution. Based on the distri- 
bution of Ks values, the influence of structural variations, chro- 
mosomal fusion e v ents, and the distribution of re petiti ve se- 
quences, we divided the Y-SLR into 2 putative evolutionary strata 
( Supplementary Fig. S12 ). Stratum 1 (including blocks C and D) 
was located from 33.13 to 49.72 Mb, and the average Ks value was 
0.1041 for the 43 homologous gene pairs in this r egion. Str atum 

2–1 (including blocks A and B) was located from 25.88 to 33.08 Mb 
and contained 19 homologous gene pairs with an av er a ge Ks value 
of 0.0574. Stratum 2–2 (including blocks E, F, and G) was located 

from 50.19 to 55.61 Mb and contained 48 homologous gene pairs 
with an av er a ge Ks value of 0.0418 (Fig. 4 C). 

Genes from different evolutionary strata exhibit distinct phylo- 
genetic patterns. In dioecious gener a, wher e all species are dioe- 
cious, sexual differentiation likely predates species divergence. 
In such cases, genes within the ancient strata of the SDR would 

hav e div er ged prior to species differ entiation. Consequentl y, ho- 
mologous genes originating from the same gametophyte tend to 
cluster together. In contrast, genes from more recent strata may 
hav e div er ged after species differentiation, leading to a tendency 
for homologous genes from the same species to cluster together 
[ 7 , 17 ]. To further validate the proposed strata, we constructed a 
phylogenetic tree for single-copy genes within the SLRs and ana- 
lyzed its topology. In stratum 1, 17 of 34 single-copy genes exhib- 
ited an ancient origin, while in strata 2–1 and 2–2, only 1 and 3 
genes, r espectiv el y, exhibited an ancient origin (Fig. 4 D). These re- 
sults indicate that stratum 1 r epr esents a more ancient partition 

of the sex c hr omosomes in H. salicifolia , and str ata 2–1 and 2–2 are 
mor e r ecent. Integr ating the Ks anal ysis of structur al v ariations,
we hypothesize that the inversion event in block D may have facil- 
itated the differentiation of stratum 1 by suppressing recombina- 
tion, ther eby acceler ating the functional specialization of the sex 
c hr omosomes . Con v ersel y, the inv ersions in bloc ks F, E, and A2 are 
closely associated with the formation of stratum 2. These findings 
suggest that c hr omosomal structur al v ariations between X- and 

Y-SLRs might have played a k e y role in promoting the spread of re- 
combination suppression and the evolution of sex c hr omosomes.
 i  
ea buckthorn sex determination candidate 

enes 

o identify candidate genes involved in sex determination in sea
uc kthorn, we anal yzed the tr anscriptional pr ofiles of male and
emale mixed flo w er buds at various developmental stages of H.
yantsensis and H. salicifolia ( Supplementary Table S11 ). We utilized
r anscriptome data, compar ed these data with the Y-SLR of H. sali-
ifolia , and calculated the transcripts per million (TPM) values of
he transcripts ( Supplementary Table S12 ). This analysis identified
1 genes that are specifically expressed in males (Fig. 5 ). We con-
ucted further analysis on the 11 male-specific expressed genes 
nd found that 5 of them lacked homologous counterparts in male
. gyantsensis , leading to their preliminary exclusion. 
As pr e viousl y mentioned, if all species within a genus are dioe-

ious, sexual differentiation likely predates species divergence.
onsequently, sex-determining genes typically exhibit phyloge- 
etic similarities with genes from ancient evolutionary strata,
eaning that homologous genes originating from the same game- 

ophyte tend to cluster together. This is because the div er gence of
ex-determining genes between males and females occurred be- 
ore species differentiation [ 7 , 17 ]. T herefore , we analyzed the phy-
ogenetic tree topology of the remaining 6 genes . T he r esults r e-
ealed that 2 of these genes displayed a topology inconsistent with
ur expectations ( Supplementary Fig. S13 ), showing a cluster-
ng pattern where homologous genes from males and females of
he same species gr ouped together. Thr ee genes ( Hsam2h02g1262 ,
sam2h02g1315 , and Hsam2h02g1436 ) did not have correspond- 

ng homologous genes identified within the X-SLR of H. salicifo-
ia and H. gyantsensis ( Supplementary Fig. S14 ). Ho w e v er, homolo-
ous genes were found on autosomes, suggesting that these genes
er e likel y duplicated fr om autosomal r egions and inserted into

he Y-SLR, where they may function as male-specific genes poten-
iall y involv ed in sea buc kthorn sex determination. The gene tree
tructure of Hsam2h02g1248 largely aligned with our expectations 
 Supplementary Fig. S15 ), with homologous genes from the Y-SLR
f different sea buckthorn species clustering together and those 
rom the X-SLR forming a separate cluster. Although the ideal
hylogenetic tree structure would have shown Hsam2h02g1248 
nd Hg yam02g1367 gr ouping together r ather than exhibiting a se-
uential div er gence pattern, minor v ariations can easil y influence
ene tree topology. T hus , Hsam2h02g1248 remains a strong candi-
ate for a sex-determining gene. Among the 4 selected genes, 3
enes ( Hsam2h02g1248 , Hsam2h02g1262 , and Hsam2h02g1314 ) are
ocated within the ancient evolutionary stratum we previously 
dentified ( Supplementary Fig. S16 ). These genes are considered
he most promising candidates for sea buckthorn sex determina- 
ion. 

The gene Hsam2h02g1248 , a homolog of FAR , was highly and
pecificall y expr essed (TPM > 100) during the male flo w er bud
e v elopment phase in H. gyantsensis , and it was minimally ex-
ressed in stems or lea ves . T his expression profile resembles
hat of AtFAR2 in Arabidopsis thaliana , which is thought to be in-
olved in male sterility [ 33 ]. Furthermore, the homologous gene of
sam2h02g1248 within the X-SLRs has undergone fragmentation 

 Supplementary Fig. 17 ). By comparing resequencing data from
ale and female H. salicifolia ( Supplementary Fig. 18 ), we iden-

ified an insertion in the X-SLR homologous gene, which likely
aused its disruption. Additionall y, compar ed to Hsam2h02g1248 ,
he X-SLR homologous gene lacks several sequences, potentially 
eading to the loss of its original function. The role of this gene and
ts pattern of expr ession ar e intimatel y linked to the masculin-
zation of sea buc kthorn, whic h makes it a male-stimulating fac-

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
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Figure 5: Within the Y-SLR of H. salicifolia , ther e ar e male-specific expr ession genes in both H. salicifolia and H. gyantsensis . “F” represents female, and 
“M” r epr esents male. 
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or (M). Hsam2h02g1315 and Hsam2h02g1262 are male-specific and
ack X-SLR homologs in sea buckthorn ( Supplementary Figs. S19
nd S20 ). Hsam2h02g1315 is a homologous gene of Flowering Locus
 ( FD ) , and the homologous gene of Hsam2h02g1262 in A. thaliana

s AtRRP44A . Both of them are closely related to flo w er develop-
ent [ 34 , 35 ]. One of these 2 genes might be a female suppressor

actor in sea buckthorn, yet additional experiments are needed to
erify this possibility. 

iscussion 

exual differentiation is a critically important component of the
 epr oductiv e str ategy of members of the genus Hippophae , and
tudies of sexual differentiation can provide insights into the
hysiological and molecular mechanisms by which sea buckthorn
da pts to differ ent envir onments, whic h hav e implications for on-
oing efforts to geneticall y impr ov e sea buckthorn and regulate
he sex determination process. Ho w ever, the lack of complete ge-
omic information for male sea buckthorn species limits studies
f sexual differentiation. The absence of male genomic data has
lso impeded studies of the molecular mechanisms of sex deter-
ination in sea buckthorn, the gene expression regulatory net-
orks during sexual differentiation, and the genetic basis of sex-

pecific tr aits. A r ecent study of H. tibetana has indicated that its
ex c hr omosomes ar e located on Chr02; ho w e v er, the SDR interv al
as not determined in this study [ 26 ]. We sequenced the genomes
f male H. gyantsensis and both male and female H. salicifolia ; we
btained 4 sets of genomic data (including 2 haplotype datasets
or male H. salicifolia ). 

H. salicifolia and H. gyantsensis have recently undergone 2 WGD
 v ents, and this finding is consistent with that observed in other
pecies within the family Elaeagnaceae [ 24 , 25 ]. The recent WGD
 v ents ar e specific to Elaea gnaceae. Chr omosomal br eaka ge and
usion e v ents following WGD e v ents hav e been mor e common in
ippophae than in Elaeagnus , which has also experienced 2 WGD
 v ents [ 24 , 25 ]. Pr e vious studies hav e indicated that c hr omoso-
al br eaka ge and fusion play a major r ole in the formation of sex

 hr omosomes [ 36 ]. These e v ents can lead to substantial changes
n genome structur e, whic h affects gene expression and function
nd can sometimes e v en r esult in the formation of new species
 37 ]. In our study, the sex c hr omosomes of both H. salicifolia and
. g yantsensis wer e located on c hr omosome Chr02. Chr02 in Hip-
ophae species was deriv ed fr om the fusion of 2 distinct ances-
r al c hr omosomes (A and B). One end of the fusion fr a gment of
 hr omosome A was located near the centromeric region of the
 hr omosome. When it fused with c hr omosome B, it intr oduced a
arge number of re petiti ve sequences, which facilitated the sub-
equent cessation of recombination in this region to form the SLR
 38 ]. Sex c hr omosomes ar e known to hav e independentl y e volv ed
hr ough similar mec hanisms in other linea ges, suc h as the SLRs
f papaya and kiwifruit, which have evolved from the pericen-
r omeric r egions [ 39–41 ]. Thr oughout the e volutionary pr ocess,

GD e v ents, c hr omosomal r earr angements, and the lac k of r e-
ombination around the centromeric regions have facilitated the
rigin of sex c hr omosomes in Hippophae species. 

Plant sex c hr omosomes ar e deriv ed fr om a pair of autosomes,
nd r ecombination suppr ession is essential for the evolution of
ex c hr omosomes. Chr omosomal r earr angements, heter oc hr o-
atinization, the accumulation of re petiti ve sequences, and DNA
ethylation can all lead to recombination suppression [ 42 , 43 ],

nd c hr omosomal r earr angements ar e the main cause of r ecom-
ination suppression [ 2 , 44 ]. In papaya, 2 large inversions on the
 c hr omosome hav e pr omoted the differ entiation of XY, whic h is

he main cause of recombination suppression in the XY chromo-
omes [ 40 ]. In our study, the evolution of the sex c hr omosomes in
. salicifolia appears to be related to the frequent chromosomal re-
rrangements in the X- and Y-SLRs. Analysis of the arrangement
nd orientation of homologous blocks within the SLRs r e v ealed
hat the Y-SLR structure of H. salicifolia was more conserved, with
 ultiple bloc ks in the X-SLR under going c hr omosomal inv ersions

r translocations and 1 block in the Y-SLR undergoing transloca-
ion. These structur al v ariations ar e closel y r elated to the spr ead
f recombination suppression. 

Based on the structural variations and the Ks values of the evo-
utionary strata, we simulated the evolution of the sex c hr omo-
omes in H. salicifolia : the oldest structur al v ariations occurr ed
v er a narr ow r ange near the centr omer e, whic h pr omoted the
pread of recombination suppression and the formation of an-
ient str ata. Subsequentl y, lar ge-scale structur al v ariations oc-
urr ed ar ound the ancient str ata, whic h pr omoted the spr ead
f recombination suppression and the formation of new strata.
-linked structural variations do not frequently drive the evolu-

ion of sex c hr omosomes; r earr angements in the Y-SLR have been
dentified in most sex c hr omosomes studied to date, such as inver-
ions in papaya and willows in the Y c hr omosome [ 45 , 46 ]. How-
 v er, r ecent studies of Silene latifolia have shown that recombina-
ion suppression may stem from an inversion in the X-SLR [ 47 ].
an y curr ent theories of sex c hr omosome e volution ar e based

n the premise of Y-linked inversions [ 48 ]; ho w ever, the results
f our study indicate that X-linked structur al v ariations might be
elected and fixed to suppr ess r ecombination between XY c hr o-
osomes. 
Sex-determining genes are the main drivers of re producti ve or-

an differentiation in dioecious plants. Ho w ever, these genes have

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf046#supplementary-data
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been isolated and identified in only a handful of species, includ- 
ing kiwifruit, persimmon, aspar a gus, and poplar [ 18 , 19 , 48 , 49 ]. We 
were unable to identify homologs of these known sex-determining 
genes in the SDRs of sea buckthorn, indicating that a unique 
mec hanism pr omotes maleness and inhibits femaleness in this 
genus. Typicall y, sex-determining genes ar e specificall y expr essed 

in male flo w ers and exhibit a phylogenetic pattern in which ho- 
mologs fr om v arious species cluster together. Within the sea buck- 
thorn’s MSY region, we identified 3 genes that appear consistent 
with these criteria. Notably, Hsam2h02g1248 is a candidate male- 
promoting factor, and its Arabidopsis homolog, FAR2 , is a known 

male sterility factor [ 33 ]. This gene also shares significant evo- 
lutionary similarity with the kiwifruit sex-determining gene [ 19 ],
FrBy , whic h is pr esent during the andr omonoecious phase and 

is differ entiall y maintained in males after sexual differentiation.
Our findings are consistent with this pattern, with Hsam2h02g1248 
persisting in males and losing functionality in females after sex- 
ual differentiation. Under normal circumstances, the sex deter- 
mination region has 2 genes that jointly determine sexual dif- 
ferentiation. Based on the characteristics of SLRs, we speculate 
that sea buckthorn should belong to a species with dual-gene 
sex determination—that is, in addition to a male-promoting fac- 
tor, there is also a female-suppressing factor. Hsam2h02g1315 
and Hsam2h02g1262 are our inferred female-suppressing candi- 
date genes . T hese 2 genes lack homologs in the X-SLR but ha ve 
homologs on the autosomes, suggesting they ma y ha ve origi- 
nated from autosomal gene duplication. Gene duplication plays 
a k e y role in the formation of female-inhibiting factors; for ex- 
ample, the female-inhibiting factor SyGl in kiwifruit is derived 

from an autosomal gene duplication that changes its expression 

pattern to inhibit carpel development [ 18 ]. The sex-determining 
genes FERR-R and ARR17 in poplar species also arise from dupli- 
cation [ 48 , 50 ]. Hsam2h02g1315 and Hsam2h02g1262 are both re- 
lated to flo w er de v elopment. Additional experiments ar e needed 

to determine whether they have acquired new functions after 
duplication. 

Methods 

Sample collection 

All samples r equir ed for this study of H. g yantsensis wer e obtained 

from Jiangzi County , Shigatse City , Tibet Autonomous Region,
China. All samples of H. salicifolia were collected from Gyirong 
County, Tibet Autonomous Region, China. For genomic sequenc- 
ing, we collected leaf samples from 1 male H. gyantsensis , 1 fe- 
male H. gyantsensis , and 1 male H. salicifolia . Additionally, to as- 
sist with genome annotation, we collected leaf and stem samples 
from 3 male and 3 female individuals of H. salicifolia and 2 male 
and 2 female individuals of H. gyantsensis for transcriptome se- 
quencing, with 2 replicates for each sample. To identify the SLRs 
in H. gyantsensis and H. salicifolia , we performed whole-genome re- 
sequencing on 2 mixed pools: 1 of 14 female H. salicifolia individu- 
als and 1 of 14 male H. salicifolia indi viduals. Ad ditionally, to eluci- 
date the differential gene expression patterns between male and 

female individuals, we collected mixed floral bud samples from 

both H. gyantsensis and H. salicifolia for transcriptome sequencing 
analysis. 

Genome sequencing 

Genomic DNA samples for short-read sequencing were extracted 

from the leaves using the CTAB method [ 51 ]. Libraries were con- 
structed using the MGIEasy Universal DNA Library Prep Kit V1.0 
CAT#1000005250, MGI) per the standard protocol. The qualified 

ibr aries wer e sequenced on the DNBSEQ-T7RS platform. Total
N A w as extracted by grinding tissue using the CTAB-LiCl method

Plant) on dry ice and processed per the manufacturer’s proto-
ol. After meeting the quality control standards, an a ppr opriate
mount of total RN A w as used to construct a library for sequenc-
ng using the DNBSEQ-T7RS platform ( RRID:SCR _ 017981 ). 

ONT regular DNA was extracted using the Grandomics Ge- 
omic DNA Kit per the manufacturer’s protocol. DNA samples 
er e accur atel y quantified using a Qubit 3.0 Fluorometer (Invit-
 ogen). Long, size-selected DNA fr a gments wer e then extr acted
sing the PippinHT system (Sage Science). DN A w as r epair ed
nd ada pters wer e attac hed to the ends using an SQK-LSK110
it. The concentrations of library fragments were quantified us- 
ng a Qubit 3.0 Fluor ometer. The DNA libr ary was loaded into
he primed Nanopore PromethION sequencer (Oxford Nanopore 
echnologies) flow cell. After DNA extraction, the SMRTbell target 
ize library was constructed using the 15-kb preparation solution 

ccording to PacBio’s standard protocol (Pacific Biosciences) for 
iFi sequencing. Sequencing was conducted on the Grandomics 
acBio Sequel II instrument. Genomic DNA was extracted for the
i-C libr ary fr om leav es. Next, we constructed the Hi-C library and
btained sequencing data using the DNBSEQ-T7RS platform. 

enome size assessment and genome assembly 

he k -mer ( k = 21) frequency table of clean NGS reads was gen-
rated using the Jellyfish ( RRID:SCR _ 005491 ) v2.3.0 [ 52 ] program,
nd the genome size and heterozygosity of the 3 sea buckthorn
pecies were assessed using GenomeScope ( RRID:SCR _ 017014 ) 
2.0 [ 53 ]. NextDenovo ( RRID:SCR _ 025033 ) v2.4.0 was used to gen-
r ate the pr eliminary assembl y fr om the ONT clean sequenc-
ng data for male H. gyantsensis and female H. salicifolia . NextPol-
sh ( RRID:SCR _ 025232 ) v1.3.1 [ 54 ] was used to perform 3 rounds
f ONT and NGS iter ativ e err or corr ection on the initiall y as-
embled genomes. For male H. salicifolia sequenced using HiFi 
equencing, raw BAM files obtained from sequencing were con- 
erted into gz format using SAMTOOLS ( RRID:SCR _ 002105 ) v1.18
 55 ], and Hifiasm ( RRID:SCR _ 021069 ) v0.19.9-r616 [ 56 ] was used to
ssemble contigs by integrating HiFi and HiC reads. After obtain-
ng the preliminary assemblies of the 3 sea buckthorn genomes,

inimap2 ( RRID:SCR _ 018550 ) v2.28-r1209 [ 57 ] was used to com-
ar e the third-gener ation sequencing data with the genome, and
he read coverage depth and coverage breadth for each contig
ere calculated. Redundant sequences and small genome se- 
uences were identified and removed based on read coverage us-

ng Purge_Dups ( RRID:SCR _ 021173 ) v1.2.5 [ 58 ] software. Cleaned
i-C r eads wer e input into Juicer ( RRID:SCR _ 017226 ) v1.6 software

 59 ] for ALLHiC ( RRID:SCR _ 022750 ) v210623 [ 60 ] c hr omosome con-
truction. Manual adjustments for inversions and shifts in the as-
embl y wer e made using Juicebox ( RRID:SCR _ 021172 ) [ 61 ] to ob-
ain 3 c hr omosome-le v el sea buc kthorn genomes . T he final Hi-C
ontact map was visualized using HiCExplorer ( RRID:SCR _ 022111 )
3.7.3 [ 62 ]. To impr ov e the quality of the c hr omosome assem-
ly, the male H. salicifolia genome was corrected using NextPol- 

sh2 [ 63 ], using clean HiFi and NGS data as input. The complete-
ess of the genome assembly was e v aluated using B USCO ( RRID:
CR _ 015008 ) v5.7.0 [ 64 ] and the embryophyta-odb10 dataset. 

enome annotation 

e petiti ve sequences of the 3 sea buckthorn genomes were anno-
ated using the Extensive de novo TE Annotator (EDTA ( RRID:SCR _
22063 ) v2.1.2 [ 65 ]). After obtaining the EDTA-annotated transpos-
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ble element (TE) library, TEsorter v1.4.6 [ 66 ] was used to reclas-
ify the “LTR-unkno wn,” follo w ed b y deepTE [ 67 ] classification for
he “TEsorter-unknown.” Finally, the 3 obtained TE databases were

er ged, and the r e petiti v e sequences wer e mask ed using Re peat-
asker ( RRID:SCR _ 012954 ) v4.1.2-p1 [ 68 ]. 
Homology-based protein alignment, de novo prediction, and

r anscriptome pr ediction wer e used for gene structur e annota-
ion. HISAT2 ( RRID:SCR _ 015530 ) v2.2.1 [ 69 ] was used to align clean
 eads fr om the tr anscriptome to the genome, and the r esulting
lignment files were used as input for Braker3 [ 70 , 71 ]. GeneMark-
T [ 72 ] was used for gene structure identification, and Augus-
us was used for model training to obtain high-confidence gene
tructures based on the transcript and de novo prediction re-
ults. H. rhamnoides protein sequences were input into Braker3,
nd GeneMark-EP [ 73 ] combined with ProtHint was used for se-
uence alignment. Augustus was used for model training to ob-
ain high-confidence gene structures based on the known proteins
nd de novo prediction results . T he results obtained via Braker3
er e then integr ated using TSEBRA [ 74 ] (default par ameters);

his was followed by quality filtering and normalization using
cripts from the MAKER ( RRID:SCR _ 005309 ) package v3.01.04 [ 75 ],
hic h ultimatel y gener ated a gff annotation file that describes ge-
etic structural information. TBtools ( RRID:SCR _ 023018 ) [ 76 ] was
sed to extract the longest transcript, gffread ( RRID:SCR _ 018965 )
0.12.8 [ 77 ] was used to extract the corresponding cds sequence,
nd then SeqKit ( RRID:SCR _ 018926 ) [ 78 ] was used to translate it
nto a protein sequence. BUSCO ( RRID:SCR _ 015008 ) v5.7.0 [ 64 ] was
sed to assess the integrated annotation proteins. 

InterProScan ( RRID:SCR _ 005829 ) v5 [ 79 ] was used to conduct a
earch of the annotated genes with the parameters set to “-appl
fam, CDD.” The predicted genes were functionally annotated by
canning the NCBI nr, TrEMBL, and Swiss-Prot [ 80 ] databases us-
ng DIAMOND ( RRID:SCR _ 009457 ) v2.0.15 [ 81 ] with default param-
ters. eggNOG-mapper ( RRID:SCR _ 021165 ) [ 82 ] with default pa-
ameters was used to obtain KEGG ( RRID:SCR _ 012773 ) [ 83 ] and GO
 RRID:SCR _ 017505 ) [ 84 ] annotations. 

ompar a ti v e genomics analysis 

rotein sequences of H. rhamnoides , H. salicifolia , H. gyantsensis ,
ructus Hippophae, H. tibetana , E. moorcroftii , E. mollis , Ziziphus
ujuba , Fragaria daltoniana , Vitis vinifera , Morus notabilis , Cannabis
ativa , and Rhamnella rubrinervis were selected for gene family
nalysis. OrthoFinder ( RRID:SCR _ 017118 ) v2.5.5 [ 85 ] was used to
dentify orthologous groups with the parameters set as “-M msa,”
nd single-copy genes were used to construct a phylogenetic tree.
he SeqKit ( RRID:SCR _ 018926 ) [ 78 ] tool was used to extract the
oding sequences of single-copy orthologous genes, and they were
ligned using MUSCLE ( RRID:SCR _ 011812 ) v3.8.31 [ 86 ]. The Se-
Kit ( RRID:SCR _ 018926 ) [ 78 ] tool was used to concatenate the se-
uences into super genes, whic h wer e then trimmed using trimAl
 RRID:SCR _ 017334 ) v1.4 [ 87 ] (-gt 0.6 -cons 60). The trimmed se-
uences were used to construct a phylogenetic tree using the
aximum likelihood method in RAxML ( RRID:SCR _ 006086 ) v1.1.0

oftwar e [ 88 ]. Thr ee fossil calibr ation time points wer e obtained
rom the TimeTree ( RRID:SCR _ 021162 ) database [ 89 ]: V. vinifera
nd Z. jujuba (109.8 to 122.4 MYA), Z. jujuba and C. sativa (68.5
o 85.2 MYA), and C. sativa and M. notabilis (48.9 to 70.9 MYA).
he MCMCtree program in the PAML ( RRID:SCR _ 014932 ) v.4.10.0
oftwar e pac ka ge [ 90 ] was used to estimate the div er gence times
f each node in the phylogenetic tree obtained in the previ-
us step. The phylogenetic tree with div er gence times and the
orted gene family results (i.e., gene families with significant dif-
erences in copy number were removed) were used to construct a
hylogenetic tree containing information on gene family expan-
ions and contractions using the CAFE ( RRID:SCR _ 005983 ) V5 [ 91 ]
r ogr am. 

We used WGDI v0.6.5 [ 92 ] to detect whole-genome duplica-
ion e v ents. DIAMOND ( RRID:SCR _ 009457 ) v2.0.15 [ 81 ] was used
o identify homologous genes with an e-value that did not exceed
e-5. WGDI was used to identify collinear genes with the param-
ter “-icl.” Next, the “ks” parameter in WGDI was modified to cal-
ulate Ks values, and the “bi” and “c” parameters were modified to
lter the collinear r esults. Finall y, the “kp” par ameter was modi-
ed to calculate the Ks peak, and the “kf” parameter was used to
t and visualize the results. JCVI ( RRID:SCR _ 021641 ) [ 93 ] (MCscan
ython version) was used for whole-genome collinearity analysis
etween Hippophae and Elaeagnus plants. 

ex determination interval and characteristics 

he H. salicifolia resequencing data were compared with the
ap1 and Hap2 reference genomes using BWA-MEM2 ( RRID:SCR _
22192 ) v2.2.1 [ 94 ] software. Based on the comparison results, a
indo w w as established within an interval of 50 kb, with a slid-

ng window of 5 kb for stepwise pr ogr ession. BEDTools ( RRID:
CR _ 006646 ) v2.30.0 [ 95 ] was used to calculate the cov er a ge depth
f each window, and the R pac ka ge ggplot2 ( RRID:SCR _ 014601 ) [ 96 ]
as used to visualize the results . T he c hr omosomes and intervals
f the SDR were located assuming that male-specific regions have
o female read co verage , and male read coverage was half that
f other regions. After obtaining the initial SLRs, Integr ativ e Ge-
omics Viewer (IGV) ( RRID:SCR _ 011793 ) software [ 97 ] was used to
iew the precise SLR range by comparing different regions. 

We mainly used JCVI ( RRID:SCR _ 021641 ) [ 93 ] and BLASTP
 RRID:SCR _ 001010 ) v2.14.0 + [ 98 ] to analyze the origin of genes
ithin the X- and Y-SLRs of H. salicifolia . To begin, we conducted
 collinearity analysis by comparing the X-SLR and Y-SLR regions
ith each other and with 2 species of the genus Elaeagnus . Given

hat both Hippophae and Elaeagnus belong to the family Elaeag-
aceae and div er ged after experiencing 2 WGD e v ents, we desig-
ated the copies of Chr02 in Elaeagnus and Hippophae as the puta-
iv e ancestr al c hr omosome. Genes within the SLRs that exhibited
omology with those in the putativ e ancestr al c hr omosomes of
ippophae and Elaeagnus were classified as “ancestral” genes. For

he remaining genes, we performed a BLASTP ( RRID:SCR _ 001010 )
2.14.0 + [ 98 ] search to identify homologous sequences. Genes
ith homologous sequences on autosomes (nonputative ances-

r al c hr omosomes) wer e categorized as “acquir ed” genes, whic h
a y ha v e been gained thr ough duplication and insertion e v ents

f autosomal genes. Genes without homologous sequences were
lassified as “specific” genes, with those exclusiv el y pr esent in the
-SLR termed X-SLR-specific genes and those exclusiv el y pr esent

n the Y -SLR termed Y -SLR-specific genes. Finally, genes with du-
licated copies within the SLRs were categorized as “duplicated”
enes. Specifically, if 2 duplicated copies were identified among
he “ancestral” genes: one was assigned to the “duplicated” gene
ategory, and the same classification method was applied to other
ene categories. 

ex chromosome evolution of H. salicifolia and H. 
yantsensis 
or evolutionary analysis, we first used JCVI ( RRID:SCR _ 021641 )
 93 ] to analyze the collinearity Chr02 of H. salicifolia with H.
yantsensis , H. rhamnoides , E. moorcroftii , E. mollis , R. rubrinervis , and
. jujuba . JCVI ( RRID:SCR _ 021641 ) [ 93 ] was also used to analyze the
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micr osynten y of the SLR regions in H. salicifolia with H. gyantsen- 
sis , H. rhamnoides , Fructus Hippophae, E. moorcroftii , and E. mollis .
Based on the identified homologous bloc ks, we anal yzed bloc k r e- 
arrangements in Hippophae and Elaeagnus plants. To analyze the 
substitution rates of X- and Y-linked genes, we created pairwise 
alignments including X-linked and Y-linked homologous genes 
and then used P ar aAT.pl v2.0 [ 99 ] and KaKs_Caculater v3.0 [ 100 ] 
to calculate synonymous and nonsynonymous substitution rates. 
Then, based on the block coor dinate, w e calculated the av er a ge 
Ks value of homologous genes within each block. Different phy- 
logenetic patterns were observed for genes in the “ancient” and 

“r ecent” r egions of the sex c hr omosomes . T her efor e, OrthoFinder 
( RRID:SCR _ 017118 ) v2.5.5 [ 85 ] was used to identify single-copy 
orthologous genes within the sea buckthorn SLRs, and MAFFT 

( RRID:SCR _ 011811 ) v7.520 [ 101 ] was used to align the sequences 
in each set of single-copy orthologs. We also conducted searches 
of the corresponding chromosomes of E. moorcroftii and E. mollis 
using BLASTP [ 98 ] to identify corresponding homologous genes.
Finally, we used IQ-TREE2 v2.2.0 [ 102 ] to generate the gene trees 
with 1,000 bootstr a p r eplicates. 

Screening of sex-determining candidate genes 

To identify candidate genes involved in sex determination, we 
first conducted an analysis of differentially expressed genes be- 
tween males and females. Fastp ( RRID:SCR _ 016962 ) [ 103 ] software 
was used to filter the transcriptome data of male and female 
flo w er buds of H. gyantsensis and H. salicifolia , and STAR ( RRID: 
SCR _ 004463 ) [ 104 ] was used to align them with the male H. sali- 
cifolia Hap2 genome; RSEM ( RRID:SCR _ 000262 ) [ 105 ] software was 
used to calculate expression levels. Finally, we utilized the R pack- 
age ggplot2 [ 96 ] to generate a heatmap by plotting the logarithm- 
tr ansformed TPM v alues. Using the same method, we also cal- 
culated the expression levels of the stem and leaf transcriptome 
data from both female and male individuals of H. gyantsensis and 

H. salicifolia (the transcriptome data used were the same as those 
used for assisting genome annotation, including the published 

data for the stem and leaf transcriptome of the female H. gyantsen- 
sis [PRJNA997223]) [ 28 ]. 

After identifying genes specifically expressed in males, we fur- 
ther screened them based on their phylogenetic positions r elativ e 
to those of homologous genes. First, we extracted the protein se- 
quences of genes specifically expressed in males in the SDR region 

of H. salicifolia as queries and used data from H. rhamnoides , H. ti- 
betana , male H. gyantsensis , female H. gyantsensis , male H. salicifolia ,
female H. salicifolia , and Fructus Hippophae as protein databases; 
E. moorcroftii and E. mollis wer e used as outgr oups in homologous 
gene searches. Based on the obtained BLASTP ( RRID:SCR _ 001010 ) 
v2.14.0 + [ 98 ] alignment results, we retained sequences with iden- 
tity greater than 70 and performed sequence alignment using 
MAFFT ( RRID:SCR _ 011811 ) v7.520 [ 101 ] software. Gene trees were 
constructed using IQ-TREE2 v2.2.0 [ 102 ], and Figtree was used to 
visualize the trees. 

Additional Files 

Supplementary Fig. S1. Distribution of k -mer ( k = 21) frequency in 

sequencing reads of the 3 sea buckthorn plants. (a) Distribution of 
k -mer frequency for male H. salicifolia from Illumina sequencing.
(b) Distribution of k -mer frequency for female H. salicifolia from 

Illumina sequencing. (c) Distribution of k -mer frequency for male 
H. g yantsensis fr om Illumina sequencing. 
a
upplementary Fig. S2. Hi-C heatma p of c hr omosomes for male
. gyantsensis (a), female H. salicifolia (b), Hap1 (c), and Hap2 (d) of
ale H. salicifolia . 

upplementary Fig. S3. Circos plot of the genomic landscape of
ale H. g yantsensis . (a) Pseudoc hr omosome. (b) Gene density. (c)

epeat sequences density. (d) Ty3 density. (e) Copia density. (f) GC
ontent. 
upplementary Fig. S4. Circos plot of the genomic landscape of
emale H. salifolia . (a) Pseudoc hr omosome. (b) Gene density. (c) Re-
eat sequences density. (d) Ty3 density. (e) Copia density. (f) GC
ontent. 
upplementary Fig. S5. Statistics of orthogroups in different 
lants defined by OrthoFinder. 
upplementary Fig. S6. The synteny dot plot within the genome 
f E. mollis and H. salicifolia . (a) E. mollis . (b) H. salicifolia . 
upplementary Fig. S7. Hi-C sc hematic dia gr am of the sex c hr o-
osomes in H. salicifolia . (a) Hap1 Chr02. (b) Hap2 Chr02. (c) The

chematic of Chr02 in Hap1, with the y ello w region highlighting
he X-SLR. (d) The schematic of the sex chromosome in Hap2,
here the y ello w region denotes the Y-SLR. 
upplementary Fig. S8. Density plot of re petiti ve sequences on
hr02 for Hap1 (a) and Hap2 (b). Pink dots represent the density
f pseudoautosomal repeats, and blue dots represent the density 
f repeats in sex-linked regions. 
upplementary Fig. S9. Synten y r elationship between Chr02 of
ap2 and its closely related species. (a) Syntenic point map of
ap2 Chr02 and whole genome of H. gyantsensis . (b) Syntenic point
ap of Hap2 Chr02 and whole genome of E. moorcroftii . 

upplementary Fig. S10. Synten y r elationship between c hr omo-
ome 2 of Hap2 and its closely related species. (a) Synteny rela-
ionship between Chr02 of Hap2 and Z. jujuba . (b) Synteny rela-
ionship between Chr02 of Hap2 and R. rubrinervis . 
upplementary Fig. S11. Micr osynten y of homologous blocks be-
ween the Y-SLR of Hap2 and its closely related species. (a) E. mollis.
b) E. moorcroftii . (c) H. rhamnoides. (d) Fructus Hippophae. (e) Fe-

ale H. gyantsensis . (f) Male H. gyantsensis. (g) Hap1. The y ello w
ollinearity blocks correspond to the pseudoautosomal regions 
PARs) of the c hr omosomes. 
upplementary Fig. S12. The Ks values of XY homologous gene
airs within the Y-SLR are mapped to the positional coordinates
f the Y c hr omosome. Blue r epr esents gene pairs within str atum
, r ed r epr esents gene pairs within stratum 2–1, and y ello w r epr e-
ents gene pairs within stratum 2–2. 
upplementary Fig. S13. Among the 11 male specifically ex- 
ressed genes, the phylogenetic trees of 2 genes are not consistent
ith the expected phylogenetic structur e. 2Y-SLR r epr esents the

enes within the Y-SLR, and 2X-SLR r epr esents the genes within
he X-SLR. Furthermore, the genes within the Y-SLR are marked 

n red. (a) Hsam2h02g1340. (b) Hsam2h02g1384 . 
upplementary Fig. S14. Among the 11 male specifically ex- 
ressed genes, 3 are male-specific genes that lack correspond- 

ng homologous genes within the X-SLR. The genes within the
-SLR are marked in red, and the genes within the X-SLR
re marked in blue. (a) Hsam2h02g1262 . (b) Hsam2h02g1315. (c)
sam2h02g1436 . 
upplementary Fig. S15. Gene tree constructed by 
sam2h02g1248 and its homologous genes . T he genes within

he Y-SLR are marked in red, and the genes within the X-SLR are
arked in blue. 

upplementary Fig. S16. The distribution of the 4 candidate genes
ithin the SLR; 3 genes are located in the presumed ancient strata,
nd 1 gene ( Hsam02g1436 ) is close to the PAR region. 
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upplementary Fig. S17. The sequence alignment of
sam2h02g1248 with its homologous genes in the female-
nd male-specific linkage regions of H. salicifolia and H. gyantsensis
 e v eals that gene fr a gmentation has occurred in the homologous
enes of females. 
upplementary Fig. S18. Alignments of the resequencing
 eads fr om male and female individuals to the genes. (a)
sam2h02g1248 . (b) The homologous genes of Hsam2h02g1248

n X-SLR were Hsam1h02g1337 , Hsam1h02g1338 , and
sam1h02g1339 . 
upplementary Fig. S19. Alignments of the resequencing reads
rom male and female individuals to the gene Hsam2h02g1262 . 
upplementary Fig. S20. Alignments of the resequencing reads
rom male and female individuals to the gene Hsam2h02g1315 . 
upplementary Table S1. Sequencing statistics of male H.
yantsensis , female H. salicifolia , and male H. salicifolia. 
upplementary Table S2. Statistics of Hi-C read mapping for male
. gyantsensis , female H. salicifolia , and male H. salicifolia. 
upplementary Table S3. Summary of male and female sea buck-
horn genome assemblies. 
upplementary Table S4. Quality assessment of the complete-
ess of female and male genome assemblies using the BUSCO
ool. 
upplementary Table S5. Repeat sequence annotation statistics. 
upplementary Table S6. Functional annotation of predicted
rotein-coding genes of the male and female sea buckthorn
enomes. 
upplementary Table S7. Quality assessment of the complete-
ess of female and male gene sets with the BUSCO tool. 
upplementary Table S8. The classification of gene origins within
he X- and Y-SLR. 
upplementary Table S9. The collinearity relationship between
he X-SLR of H. salicifolia and the homologous regions of closely
elated species. 
upplementary Table S10. The Ks values of homologous genes in
iffer ent bloc ks within the SLRs of H. salicifolia . 
upplementary Table S11. Statistics of transcriptome sequencing
f female and male mixed flo w er buds in H. gyantsensis and H.
alicifolia . 
upplementary Table S12. TPM values of genes in the SLR of H.
alicifolia across different tissues in males and females. 
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