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Abstract

Hippophae salicifolia, a dioecious shrub endemic to the Himalayan region, holds substantial ecological and
economic value. The lack of pre-flowering morphological traits for sex identification has long impeded efficient
germplasm management and breeding efforts. In this study, we utilized third-generation sequencing technology
to conduct whole-genome comparative analysis of known-sex individuals, identifying insertion/deletion loci
significantly associated with sex. Based on these loci, we designed a specific primer pair, Hsa09. PCR amplification
results demonstrated 100% accuracy in sex differentiation, with female individuals showing a single band and
male individuals exhibiting a double-band pattern. Cross-species validation revealed limited applicability of Hsa09
in closely related Hippophae species, suggesting notable divergence in sex determination mechanisms within the
genus. This study establishes the first molecular tool for early sex identification in H. salicifolia, overcoming the
dependence on reproductive organ development in traditional methods. It provides essential technical support for
understanding the evolutionary pathways of sex chromosomes and advancing sex-regulated breeding strategies

within the Hippophae genus.

Clinical trial number
Not applicable.

Keywords Hippophae salicifolia, Sex determination, Molecular markers, Sex chromosomes

*Correspondence:

JunweiWang

jwyx12240315@126.com

Wenju Zhang

wjzhang@fudan.edu.cn

La Qiong

lhagchong@163.com

'Key Laboratory of Biodiversity and Environment on the Qinghai-Tibetan
Plateau, School of Ecology and Environment, Ministry of Education, Tibet
University, Lhasa, China

2Yani Wetland Ecosystem Positioning Observation and Research Station,
Tibet, China

*Ministry of Education Key Laboratory of Biodiversity Sciences and
Ecological Engineering, State Key Laboratory of Genetic Engineering,
Institute of Biodiversity Sciences and Institute of Plant Biology, School of
Life Sciences, Fudan University, Shanghai, China

K BMC

Introduction

Hippophae salicifolia D. Don (Elaeagnaceae, genus Hip-
pophae) is a deciduous tree or shrub primarily distributed
along the southern slopes of the Himalayas, including
Gyirong County and Cuona County in southern Tibet,
China, as well as in regions of India, Nepal, and Bhutan
[1]. Known for its exceptional ecological adaptability, this
species can withstand harsh cold temperatures and nutri-
ent-poor soils. It is commonly found in riparian zones,
slopes, and shrublands, where it plays a critical role in
soil conservation and ecosystem protection [2]. As a non-
leguminous woody nitrogen-fixing plant, H. salicifolia
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forms root nodules in symbiosis with Frankia bacteria,
facilitating atmospheric nitrogen fixation. This process
significantly enhances soil fertility and overall ecosys-
tem productivity [3, 4]. In addition, its rapid growth and
strong clonal propagation capacity make it an important
species for ecological restoration, vegetation rehabilita-
tion, and desertification control. The roots, stems, leaves,
flowers, and fruits of H. salicifolia are rich in bioactive
compounds, such as flavonoids, vitamins, and superoxide
dismutase (SOD), which confer considerable nutritional
and medicinal value. These compounds are widely used
in pharmaceuticals and nutraceuticals for treating condi-
tions such as coronary heart disease and tumors [4, 5].

Despite its significant ecological and economic value,
research on the sex determination mechanisms of H. sal-
icifolia remains limited. In angiosperms, approximately
6% of species are dioecious [6, 7], a condition that is
widely distributed across various phylogenetic lineages.
The evolutionary origins and molecular mechanisms
underlying dioecy have long been important topics in
plant biology. Studies indicate that species of the genus
Hippophae are diploid and follow an XY-type sex deter-
mination system [4, 8]. However, natural populations
of Hippophae frequently display biased sex ratios. For
example, male individuals are significantly more preva-
lent than female individuals in populations of H. rham-
noides subsp. turkestanica and H. tibetana [8-10]. This
skewed sex ratio may be linked to differences in environ-
mental adaptability between the sexes: male plants tend
to exhibit greater resilience under environmental stress,
whereas female plants, with higher energy and resource
demands for reproduction, show comparatively weaker
adaptability [7, 11]. Nevertheless, the precise factors driv-
ing this sex ratio bias—whether genetic factors in seeds
or post-germination environmental adaptation—remain
unclear and warrant further investigation.

Currently, the understanding of the sex ratio bias and
sex determination mechanisms in H. salicifolia remains
unclear, partly due to the lack of effective sex identi-
fication methods. In species of the Hippophae genus,
male and female plants cannot be reliably distinguished
by morphological traits before flowering, and sexual
maturity typically requires 3-4 years from seedling
establishment [8, 12]. Moreover, the small size of their
inflorescences and short flowering periods make accurate
sex identification difficult, even during the reproductive
phase. These factors limit the ability to study the adap-
tive differences between male and female plants and the
mechanisms underlying sex determination in H. salici-
folia. Therefore, the development of rapid and accurate
molecular markers for early sex identification is of para-
mount importance.

In recent years, molecular marker technology has been
extensively applied for sex identification in dioecious
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plants, such as Actinidia chinensis [13], Carica papaya
[14], and Spinacia oleracea [15]. By detecting genetic
variations in sex-specific genomic regions, re-sequenc-
ing offers an effective approach for early sex determina-
tion [8, 16]. In the Hippophae genus, several sex-specific
molecular markers have been developed; however, their
applicability is often restricted to specific populations
or geographic regions, which limits their generalizabil-
ity and reliability [8, 16-21]. For instance, Zeng et al.
developed sex-specific markers for H. tibetana and H.
gyantsensis through whole-genome resequencing of dis-
tinct populations, enabling accurate sex differentiation
based on PCR amplification banding patterns [8, 16].
However, these markers are species-specific and fail to
cross-amplify in other Hippophae species, highlighting
the complexity of sex chromosome evolution within the
genus. This limitation may be attributed to the use of
second-generation sequencing data in previous studies,
where the short read lengths hindered the identification
of large insertions and deletions (InDels), thereby reduc-
ing the robustness of the markers.

For long-lived woody species such as H. salicifolia,
which require several years to reach sexual maturity,
molecular markers are particularly valuable. They allow
for sex identification at the seedling stage, thus optimiz-
ing cultivation strategies, improving breeding efficiency,
and reducing planting costs [8, 12]. With the develop-
ment of re-sequencing technologies, research on plant
sex determination has entered a new phase. Whole-
genome resequencing of male and female individuals
allows for the precise detection of single nucleotide poly-
morphisms (SNPs) and InDel variations, which facilitates
the development of more accurate sex-specific markers
[22]. Third-generation sequencing (TGS) technologies,
with their longer read lengths, lower costs, and higher
accuracy, provide excellent data support for the devel-
opment of sex markers in species like Hippophae. These
technologies enable the identification of larger InDels,
improving both the universality and accuracy of the
markers.

In this study, we analyzed TGS data from sex-con-
firmed H. salicifolia individuals to screen and develop
molecular markers capable of accurately distinguishing
between male and female plants. Additionally, we have
validated the cross-species applicability of these mark-
ers within the Hippophae genus, with the goal of creating
a genus-wide sex identification toolkit. Our findings are
expected to provide new insights into the sex determina-
tion mechanisms of H. salicifolia, advance breeding and
propagation research for Hippophae species, and offer
theoretical and technical support for ecological restora-
tion and the development of economically important
crops.
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Materials and methods

Sample collection and DNA extraction

Samples of Hippophae salicifolia were collected from two
natural populations in the Tibet Autonomous Region,
China. The Lebu Valley population is located in Cuona
County (CN; 27°55'25.98” N, 91°48'49.62" E; elevation:
3,265 m), and the Gyirong Valley population is situated in
Gyirong County (JL; 28°23'56.05” N, 85°21'52.09" E; ele-
vation: 2,875 m). Based on long-term field investigations
conducted by our research team, the regions where these
two populations are located represent the only confirmed
distribution areas of H. salicifolia within China. Geo-
graphical coordinates and elevation data were recorded
using a handheld GPS device. During fieldwork, the sex
of each plant was determined based on floral morphol-
ogy. To ensure genetic diversity among the samples, 18
female and 18 male individuals were randomly selected
from each population, yielding a total of 72 individuals. A
minimum horizontal distance of 100 m was maintained
between any two sampled individuals to avoid collecting
clonal ramets from the same maternal plant.

Fresh leaf tissues were rapidly desiccated in sealed con-
tainers using color-indicating silica gel and transported
to the laboratory, where they were stored at -20 °C for
preservation. Voucher specimens representing both sexes
have been deposited in the Herbarium of the College of
Ecology and Environment, Tibet University, under acces-
sion numbers LQ20240672 (female) and L.Q20240673
(male). Genomic DNA was extracted from dried leaf tis-
sues using a modified cetyltrimethylammonium bromide
(CTAB) protocol [23]. DNA concentration and purity
were assessed using a NanoDrop 2000 spectrophotom-
eter (NanoDrop Technologies, Wilmington, DE, USA).
Samples were considered of sufficient quality if the A260/
A280 ratio ranged between 1.8 and 2.0 and the A260/
A230 ratio exceeded 2.0. All qualified DNA samples
were stored at -20 °C for subsequent PCR amplification
experiments.

Sequencing data alignment

The third-generation HiFi sequencing data for both
female (SRR31560253) and male (SRR30829845) H. sal-
icifolia individuals were retrieved from the NCBI SRA
database (https://www.ncbinlm.nih.gov/), while the
female reference genome was obtained separately from
figshare (https://doi.org/10.6084/m9.figshare.27987659.
v2). The sequencing reads were aligned to the reference
genome using minimap2 v2.28 [24] with default param-
eters. The resulting alignments were converted to BAM
format using samtools v1.19 [25] for subsequent analysis.

Identification of sex-specific loci
We followed the strategy proposed by Zeng et al. [8, 16]
to identify sex-associated loci by comparing sequence
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alignments between male and female individuals, with
a focus on detecting sex-specific InDels. Given that H.
salicifolia follows a diploid XY sex determination system
and that the reference genome was derived from a female
plant, we examined alignment discrepancies between
male and female samples at homologous loci. To mini-
mize the impact of individual genetic variation—since
only two individuals were sequenced—and based on pre-
vious findings suggesting that chromosome 2 may func-
tion as the sex chromosome in Hippophae, we focused
our analysis on this chromosome. Alignment results were
manually verified using the Integrative Genomics Viewer
(IGV) [26], and male-specific long InDels on chromo-
some 2 were selected as candidate regions for primer
design.

Sex-specific primer design

Flanking sequences (1,000 bp upstream and downstream)
of the target variants were extracted from the reference
genome using SeqKit v2.6.1 [27]. Candidate sequences
were evaluated for their suitability for primer design
based on the criteria proposed by Zeng et al. [8], with a
focus on selecting fragments with balanced nucleotide
composition and no highly repetitive elements within
500 bp of the target region. Primers were batch-designed
using Primer3 v2.3.7 [28], with careful consideration to
avoid mismatches, dimers, and hairpin structures. Primer
specificity was confirmed by BLASTn v2.5.0 [29] against
the reference genome. High-specificity primers were syn-
thesized by Sangon Biotech (Shanghai) Co., Ltd.

Validation of primer specificity

To validate the specificity of the primers, we initially
tested them on six H. salicifolia individuals from two
populations, including three females and three males
(CN population: 2 females, 1 male; JL population: 1
female, 2 males). Primers that showed clear differen-
tiation between sexes in this preliminary screening were
subsequently tested on additional sex-confirmed indi-
viduals—specifically, six females and six males from each
population (CN and JL)—to assess their consistency
and applicability. Finally, primers that remained reli-
able in distinguishing sexes were further validated on an
expanded set of samples, comprising 12 females and 12
males from each population, resulting in a total of 48 H.
salicifolia individuals used for the final validation.

PCR reactions were performed in a 30 pL total volume,
containing 1x Taq Mix (Vazyme), 50-100 ng genomic
DNA, 0.3 uM of each primer, and nuclease-free water to
volume. The PCR program included an initial denatur-
ation at 95 °C for 3 min; followed by 35 cycles of 95 °C for
15 s, 58 °C for 15 s, and 72 °C for 30 s; and a final exten-
sion at 72 °C for 5 min. PCR products were separated on
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Table 1 Sex-specific marker information for H. salicifolia. The
deletion at the variant site corresponding to Hsa09 results in
two products being amplified in male samples, while only one
product is amplified in female samples. The product lengths,
highlighted in bold, represent those generated in both male and
female individuals

Marker Primer sequences (5’ to 3’) Tm Prod- Variant
(C) uct position
length
(bp)
Hsa09 F: CAAAATGCA- 55 650] Chr02:
CAACTCCCTTTTTCG 576 32,637,380
R: AACCACACAAGATTTTGAT-
GCCAT

a 2% regular agarose gel (Agarose, Regular; Sangon Bio-
tech, Order No. A620014).

Cross-species applicability testing

To evaluate primer universality within the Hippophae
genus, PCR amplification was performed on sex-vali-
dated individuals of four species: H. tibetana, H. neuro-
carpa, H. rhamnoides subsp. sinensis, and H. gyantsensis.
Detailed sampling information for each species is pre-
sented in Supplementary Table 1. A total of six male and
six female individuals were randomly selected for testing
in each species.
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Results

Screening and preliminary validation of sex-specific
markers

Through a detailed screening of long InDels variants
across the Hippophae salicifolia genome, 59 sex-specific
loci were identified on chromosome 2, exhibiting sig-
nificant divergence between female and male individu-
als. Based on these loci, 20 candidate primer pairs were
designed and subjected to preliminary screening through
PCR amplification and agarose gel electrophoresis. The
initial results demonstrated that two primer pairs, Hsa04
and Hsa09, showed potential for distinguishing between
the sexes (Supplementary Fig. 1).

To further validate the reliability of these primers,
testing was expanded to a larger cohort. The results
showed that Hsa09 consistently and accurately differen-
tiated sexes, while Hsa04 exhibited variable amplifica-
tion patterns under different PCR conditions and failed
to distinguish reliably between male and female plants
(Supplementary Fig. 2). Detailed information regarding
the design of Hsa09 is provided in Table 1. Visualization
of the Hsa09-associated locus revealed complete align-
ment of sequencing reads from female individuals with
the reference genome. In contrast, approximately 50% of
male reads showed a 74-bp deletion at this locus (Fig. 1),
strongly confirming the reliability of Hsa09 as a sex-spe-
cific molecular marker.

32,637,300 bp
1

259 bp

32,637,400 bp 32,637,500 bp
1 1 1
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Depth =

Female

-—— . - - - -
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10581
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Fig. 1 Visualization of the third-generation sequencing data alignment of male and female H. salicifolia individuals to the reference genome chromo-
some 2. In the region marked by the red dashed box, all reads from the female individual align completely in the Hsa09 primer amplification area, while
approximately 50% of the sequences from the male individual show a 74 bp deletion
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Fig. 2 PCR amplification results of Hsa09 for 48 H. salicifolia samples from two populations. The symbols @ and & represent female and male samples,
respectively. CN and JL represent samples collected from Cuona and Gyirong, respectively. The original gel electrophoresis images obtained using the

Hsa09 primers are presented in Supplementary Fig. 3
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Fig. 3 PCR amplification results of Hsa09 in four other Hippophae species. The symbols @ and @ represent female and male samples, respectively. The
original gel electrophoresis images obtained using the Hsa09 primers are presented in Supplementary Fig. 4

Validation of sex-specific marker accuracy

To comprehensively assess the applicability and accu-
racy of Hsa09 across two H. salicifolia populations, PCR
amplification was performed using an expanded set of
samples (24 females, 24 males), under the same condi-
tions as those used in the preliminary screening. The
results confirmed that Hsa09 could reliably distinguish
between male and female individuals. In males, the prim-
ers amplified both the X and Y alleles: the X allele gen-
erated a 650-bp product, while the Y allele produced a
shorter 576-bp fragment due to a 74-bp deletion. Con-
sequently, male samples exhibited two distinct bands
(650 bp and 576 bp), whereas female samples, possessing
only X alleles, showed a single 650-bp band (Fig. 2).

Cross-species applicability of sex-specific primers

The cross-species applicability of Hsa09 was evaluated in
four other Hippophae species: H. neurocarpa, H. tibet-
ana, H. rhamnoides subsp. sinensis, and H. gyantsensis.
Amplification succeeded only in H. neurocarpa, where
both sexes produced a single 650-bp band, making sex
differentiation impossible. No amplification occurred in
the other three species (Fig. 3). These results suggest that
the Hsa09 primer developed for H. salicifolia exhibits
limited cross-species applicability within the Hippophae
genus. This observation is consistent with the findings of
Zeng et al. (2024b), further supporting the high species

specificity of sex-linked markers in this group. It also
suggests that sex determination mechanisms may evolve
divergently among different Hippophae species.

Discussion

Hippophae salicifolia plays a vital ecological role in fragile
regions such as the Qinghai-Tibet Plateau, contributing
significantly to ecosystem protection while also holding
substantial economic value. Its remarkable environmen-
tal adaptability and efficient clonal propagation make it
a key species in ecological restoration, vegetation reha-
bilitation, and desertification control [2, 3]. Moreover, the
fruit of H. salicifolia is rich in bioactive compounds, such
as flavonoids and vitamins, highlighting its potential in
the development of pharmaceuticals and nutraceuticals
[4, 5]. However, as a dioecious woody species, sex iden-
tification in H. salicifolia presents significant challenges.
Pre-flowering morphological traits are insufficient for sex
differentiation, and the prolonged juvenile period (3—4
years from germination to flowering) substantially limits
its application in breeding programs and industrial devel-
opment [8, 12].

In this study, we utilized TGS data to identify long
InDel variants distinguishing male and female H. sal-
icifolia plants, leading to the development of a sex-spe-
cific molecular marker, Hsa09. Validated across a larger
sample cohort, Hsa09 enables accurate and rapid sex
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identification at various developmental stages. Com-
pared to traditional methods such as random ampli-
fied polymorphic DNA (RAPD) and amplified fragment
length polymorphism (AFLP), our approach of screen-
ing genome-wide variants offers a more efficient strategy
for developing sex-specific markers [6]. The advantage of
long-read sequencing provided by TGS data enables the
identification of larger insertions/deletions, presenting
the potential to develop sex-specific markers applicable
across the entire Hippophae genus. However, despite the
initial design of 20 candidate primers, only Hsa09 proved
reliable. This limitation is likely due to the small sample
size of sequenced individuals, where many identified sex-
specific loci may reflect inter-individual variation rather
than true sex-linked differences.

The successful development of a sex-specific marker on
chromosome 2 aligns with previous findings in H. tibet-
ana and H. gyantsensis [8, 16, 30], further supporting the
hypothesis that chromosome 2 harbors the sex-determin-
ing region in Hippophae. The evolution of plant sex chro-
mosomes typically involves the gradual accumulation of
sex-determining genes and differentiation of sex-linked
regions on specific chromosomes [6]. The role of chro-
mosome 2 in H. salicifolia sex determination suggests
that this chromosome likely contains key sex-regulatory
genes or regulatory regions. Thus, further investigation
of the genomic structure and functional annotations of
chromosome 2 in Hippophae would provide new insights
into the molecular mechanisms of sex determination and
contribute significantly to the study of plant sex chromo-
some evolution.

Despite the successful development of a reliable sex-
specific marker for H. salicifolia, the applicability of this
marker across other Hippophae species was limited. In
our tests on H. tibetana, H. rhamnoides subsp. sinensis,
H. neurocarpa, and H. gyantsensis, the developed primers
failed to distinguish male and female plants in these spe-
cies. This finding underscores the high complexity of sex
determination mechanisms within the Hippophae genus,
indicating that different species may possess distinct sex-
determining genes or regulatory regions. Similar pat-
terns have been observed in other dioecious plants. For
instance, sex-specific markers in Actinidia chinensis and
Diospyros kaki may work effectively in certain cultivars
or populations, but they do not exhibit cross-species
applicability [31, 32]. This discrepancy is likely due to dif-
ferences in the evolutionary rates of sex chromosomes
across species, with accelerated mutations and recombi-
nation in the sex-determining regions leading to varia-
tion in sex-specific loci. Therefore, the development of
universal sex-specific markers for the entire Hippophae
genus remains a significant challenge, requiring further
comparative genomics and functional studies across dif-
ferent species.
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The sex-specific molecular marker developed in this
study holds significant promise for applications in breed-
ing and ecological restoration. By enabling rapid and
precise sex identification at the seedling stage, breeders
can optimize the female-to-male ratio based on specific
objectives, such as enhancing fruit yield or improving
ecological resilience. For instance, increasing the pro-
portion of female plants in fruit production systems can
substantially boost yields, while prioritizing male plants
in ecological restoration efforts may enhance population
stress tolerance under challenging environmental condi-
tions. Moreover, this molecular marker reduces cultiva-
tion costs and accelerates breeding efficiency. Traditional
methods require years of waiting for flowering to deter-
mine sex, whereas molecular screening at the seedling
stage can identify the required male and female plants
early on, saving both time and resources and promoting
the rapid growth of the Hippophae industry.

However, this study also has certain limitations. First,
the species-specific nature of the developed sex-specific
marker restricts its applicability across the Hippophae
genus, limiting its potential use in genus-wide breed-
ing programs. Second, although sex-associated loci were
identified on chromosome 2, the absence of a male ref-
erence genome prevented fine mapping of the sex-deter-
mining region (SDR) and functional analysis of candidate
genes. Future research could leverage high-quality male
genome assemblies and transcriptomic data to further
elucidate the structure and function of the sex-regulatory
elements on chromosome 2. Additionally, expanding the
sample size of TGS data and integrating various molecu-
lar biology and genomics techniques, along with func-
tional gene analysis, will allow for further identification
and validation of sex-determining genes. These efforts
will provide new insights into the sex biology of Hippo-
phae and other dioecious plants.

Conclusion

This study successfully developed Hsa09, a molecular
marker for accurate sex identification in H. salicifolia
using third-generation sequencing data, addressing the
long-standing challenge of early sex identification. This
marker provides a powerful tool for its application in
breeding and ecological restoration. Our findings local-
ized the sex-specific loci to chromosome 2, support-
ing the hypothesis that chromosome 2 may function as
the sex chromosome in Hippophae, thereby laying the
groundwork for future mechanistic studies. However,
the limited cross-species applicability of this marker
highlights the complexity of sex determination mecha-
nisms within the Hippophae genus. The development of
universal sex-specific markers remains a significant chal-
lenge. Future research should focus on expanding the
sample size, incorporating multi-species genomic data,
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and utilizing advanced sequencing technologies to fur-
ther explore sex-determining genes or regulatory regions.
These efforts will contribute to refining the theoretical
understanding of sex chromosome evolution and drive
innovations in Hippophae cultivation and ecological
research.
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