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Introduction
Hippophae gyantsensis, belonging to the genus Hippo-
phae of the family Elaeagnaceae, is an endemic species of 
the Qinghai-Tibet Plateau. It is mainly distributed in riv-
erbed gravel lands and floodplains at elevations ranging 
from 3,500 to 5,000 m in the Yarlung Zangbo River Basin 
[1–3]. As a dioecious deciduous tree, H. gyantsensis 
exhibits remarkable environmental adaptability, capable 
of surviving extreme conditions, including cold, drought, 
and saline-alkali soils, and shows high adaptability to var-
ious soil types [4]. As a non-leguminous woody nitrogen-
fixing plant, H. gyantsensis forms a symbiotic relationship 
with Frankia bacteria, fixing atmospheric nitrogen 
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Abstract
Hippophae gyantsensis is a dioecious plant endemic to the Qinghai-Tibet Plateau and is significant for ecological 
restoration and sand stabilization. Its fruit is rich in bioactive compounds that offer economic potential. However, 
the inability to distinguish sexes before flowering and prolonged maturation hinder breeding and cultivation. We 
performed whole-genome resequencing on male and female plants, identified large insertion/deletion (InDel) 
variants, and developed two sex-specific primers (Higy_04 and Higy_06). These primers enable rapid, accurate PCR-
based sex identification. All sex-specific sites were located on chromosome 2, suggesting its potential role as the 
sex chromosome. Additionally, we found a 1:1 sex ratio among offspring from the same mother plant, consistent 
with Mendelian inheritance, indicating that sex segregation is mainly genetically controlled. This work lays the 
foundation for developing molecular markers applicable across the entire genus Hippophae and contributes to 
understanding sex chromosome formation and adaptive evolution within the genus.
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through root nodule formation, significantly improving 
soil fertility and enhancing ecosystem productivity [5]. 
Its rapid growth and strong asexual reproduction abili-
ties make it play an important role in ecological restora-
tion, vegetation reconstruction, and windbreak and sand 
fixation. In addition, the roots, stems, leaves, flowers, and 
fruits of H. gyantsensis are rich in flavonoids, vitamins, 
superoxide dismutase (SOD), and other bioactive sub-
stances. They have significant nutritional and medicinal 
value and can be used to treat diseases such as coronary 
heart disease and tumors, with broad applications in 
medicine and health products [6–8].

Although H. gyantsensis has outstanding ecological 
and economic value, research on its sex determination 
mechanisms is limited. Approximately 6% of angiosperm 
species are dioecious [9], and these species are widely 
distributed across different plant lineages [10, 11]. The 
evolution of dioecy and the mechanisms of sex deter-
mination in these plants have long been important top-
ics in botanical research. Studies indicate that plants in 
the genus Hippophae are all diploid, utilizing an XY-type 
sex determination mechanisms [6, 12]. However, in natu-
ral communities, plants of the genus Hippophae often 
exhibit sex ratio bias, especially in populations of H. 
tibetana and H. rhamnoides subsp. turkestanica, where 
the proportion of male plants is significantly higher than 
that of females [12, 13]. This sex ratio bias may be related 
to differences in environmental adaptability between 
male and female plants. Male plants usually exhibit 
stronger adaptability when facing environmental stress, 
while female plants have relatively weaker adaptabil-
ity due to higher energy and resource demands during 
the reproductive process [10, 11]. However, the specific 
causes of sex ratio bias remain unclear, necessitating fur-
ther research to determine whether it is influenced by 
genetic factors in the seeds or environmental adaptability 
after germination.

Currently, research on the sex ratio bias and sex deter-
mination mechanisms of H. gyantsensis remains unclear, 
partly due to a lack of effective methods for sex identifica-
tion. H. gyantsensis cannot be distinguished morphologi-
cally before flowering, typically requiring 3 to 4 years for 
seedlings to reach sexual maturity. Additionally, the small 
inflorescences and short flowering period make timely 
and accurate sex identification challenging, even during 
flowering [12, 14]. These factors hinder in-depth research 
into the adaptability differences and sex determination 
mechanisms between male and female H. gyantsensis. 
Thus, developing a rapid and accurate molecular marker 
technique for early sex identification in H. gyantsensis is 
crucial.

Recently, molecular marker technology has been widely 
applied for sex identification in dioecious plants, such 
as Actinidia chinensis [15], Spinacia oleracea [16], and 

Carica papaya [17]. By detecting genetic differences in 
sex-specific gene regions, molecular markers offer an 
effective means for early sex identification [12]. In plants 
of the genus Hippophae, some sex-specific molecular 
markers have been developed, but their applicability is 
often restricted to specific populations or geographi-
cal regions, lacking generality and reliability [12, 18–22]. 
Zeng et al. developed three pairs of sex-specific molecu-
lar markers via whole-genome resequencing of H. tibet-
ana individuals, allowing for accurate male and female 
plant distinction through PCR. However, preliminary 
experimental results (Fig. S1) showed that these mark-
ers are only effective in H. tibetana and cannot be used 
universally in other species of the genus Hippophae, 
highlighting the complexity of sex evolution within the 
genus. H. gyantsensis is considered a homoploid hybrid 
of H. neurocarpa and H. rhamnoides subsp. yunnanen-
sis [2], which provides a good basis for developing sex-
specific molecular markers applicable to the entire genus 
Hippophae.

Advancements in high-throughput sequencing tech-
nology offer new opportunities for studying plant sex 
determination mechanisms [12]. By conducting whole-
genome resequencing on male and female individuals and 
accurately detecting single nucleotide polymorphisms 
(SNPs) and insertion/deletion (InDel) variations, sex-
specific molecular markers can be developed [12, 23]. 
For woody plants such as H. gyantsensis, which require 
many years to reach sexual maturity, molecular marker 
technology is crucial for achieving sex identification at 
the seedling stage, thereby optimizing planting strategies, 
enhancing breeding efficiency, and reducing costs.

This study aims to conduct whole-genome resequenc-
ing on H. gyantsensis individuals of known sex, utilizing 
the published female H. gyantsensis reference genome 
[4], to screen and develop molecular markers capable 
of accurately distinguishing the sex of H. gyantsensis. 
We will also validate the universality of these molecular 
markers in other species within the genus Hippophae, 
aiming to develop a sex identification tool applicable 
across the entire genus. In addition, we analyzed the sex 
ratio among progeny from the same mother plant of H. 
gyantsensis to explore the relationship between sex ratio 
and genetic characteristics. This study aims to elucidate 
the sex determination mechanisms of H. gyantsensis, 
promote breeding and propagation research of plants 
in the genus Hippophae, and provide a theoretical basis 
and technical support for ecological restoration and eco-
nomic crop development.

Materials and methods
Sample collection and sequencing
Field sampling was conducted across three distinct 
natural populations of H. gyantsensis in Tibet, China: 
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Nyingchi (LZ; 29°27′31.10″ N, 94°34′39.28″ E), Lhasa 
(LS; 29°42′26.19″ N, 91°25′34.81″ E), and Qomolangma 
(CN; 28°18′11.27″ N, 91°48′49.88″ E) (sampling loca-
tions are detailed in Fig.  1). In each population, plants 
were first identified in the field by Dr. Wenju Zhan and 
Dr. La Qiong based on floral morphological characteris-
tics. To prevent sampling genetically identical individuals 
due to clonal reproduction, a minimum linear distance 
of 50 m was maintained between sampled plants. Young 
leaves were then randomly collected from eight identified 
female and eight identified male plants in each popula-
tion. The collected leaf samples were immediately dried 
in sealed containers with silica gel and stored at − 20  °C 
for future use. Voucher specimens of both female and 
male plants have been deposited at the Herbarium of 
the College of Ecology and Environmental Science, Tibet 
University (Voucher No.: Lq20230136).

Genomic DNA was extracted using a modified CTAB 
method [24], and DNA quality and concentration were 
assessed with a NanoDrop 2000 spectrophotometer 
(NanoDrop Technologies, Wilmington, DE, USA). Quali-
fied DNA samples were sent to Novogene Co., Ltd. (Bei-
jing, China) for library construction and sequenced on 

the Illumina NovaSeq X Plus PE150 platform, with a tar-
get sequencing depth of 30×.

Whole-genome population variant detection
We utilized Fastp v0.21 [25] for quality control and clean-
ing of the raw sequencing data with default parameters. 
The quality of the filtered data was assessed using FastQC 
v0.11.9 ​(​​​h​t​​t​p​s​​:​/​/​w​​w​w​​.​b​i​​o​i​n​​f​o​r​m​​a​t​​i​c​s​.​b​a​b​r​a​h​a​m​.​a​c​.​u​k​/​
p​r​o​j​e​c​t​s​/​f​a​s​t​q​c​/​​​​​)​. Next, we aligned the filtered reads to 
the H. gyantsensis reference genome using BWA v2.2.1 
[26], converting alignment results to BAM format with 
Samtools v1.19 [27]. We then employed GATK4 v4.2 
[28] for InDel identification and preliminary filtering, 
which included the removal of PCR duplicates, single-
sample variant detection, and population variant detec-
tion. InDel and low-quality sites were marked and filtered 
based on the following criteria: “QD < 2.0 || FS > 200.0 
|| SOR > 10.0 || MQRankSum < − 12.5 || ReadPosRank-
Sum < − 8.0.” Further filtering was done using Plink v1.9 
[29], excluding sites with a minor allele frequency less 
than 0.01 and sites with missing genotype data exceeding 
50%. Ultimately, from the initial 2,782,058 variant sites, 
1,919,234 were selected for subsequent analysis.

Fig. 1  Sampling locations of the three H. gyantsensis populations in Tibet. Generated using ggplot2 v. 3.3.5 and sf v. 1.0–3 packages in R v. 4.1.2. URL: 
https:/​/ggplot​2.tidyv​erse​.org/
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Identification of sex-specific sites
Following the methodology of Zeng et al. [12], we iden-
tified sex-associated specific sites in H. gyantsensis. 
Given that H. gyantsensis is a diploid species with an XY 
sex determination mechanisms and that the reference 
genome is derived from a female plant, we focused on 
alignment discrepancies at identical genomic positions 
between male and female samples. Specifically, using the 
Python scripts provided by Zeng et al. [12], we screened 
for large InDel variants greater than 20 base pairs (bp) 
that were present in male samples but fully aligned in 
female samples. Subsequently, we performed manual 
validation of these candidate sites using the Integrative 
Genomics Viewer (IGV) [30]. During this process, we 
ensured that the selected insertions or deletions were 
consistently observed across all male individuals and 
entirely absent in all female individuals, thus minimizing 
the potential for false positives due to individual variabil-
ity. The sex-specific sites confirmed through this rigorous 
validation were then used as candidate regions for subse-
quent primer design.

Design of sex-specific primers
We employed SeqKit v2.6.1 [31] to extract sequences 
of 1,000  bp upstream and downstream of the identi-
fied variant sites from the reference genome for primer 
design. Since the length differences between male and 
female individuals in the candidate variant regions were 
mostly 30–60 bp, the target PCR product length was set 
to 200–300  bp to facilitate the design of specific prim-
ers that could distinguish male and female plants. Fol-
lowing Zeng et al. [12], we evaluated the suitability of 
variant regions for primer development by checking the 
base distribution within approximately 200 bp on either 
side of the variant site, ensuring uniformity and avoiding 
excessive repetitive sequences that could impair primer 
design efficiency. We then used Primer3 v2.3.7 [32] for 
batch primer design, minimizing mismatches, dimers, 
and hairpin structures among primers during the design 
process. The designed primers were aligned to the refer-
ence genome using BLASTn v2.5.0 [33] to ensure speci-
ficity. Finally, primers with high specificity were selected 
and synthesized by Sangon Biotech (Shanghai) Co., Ltd.

Validation of sex-specific primer applicability
To verify primer specificity, we performed conventional 
PCR amplification using the synthesized primers on a 
small number of H. gyantsensis DNA samples (includ-
ing two females and two males) to preliminarily screen 
for specific primers that can accurately distinguish male 
and female plants. The PCR reaction system had a total 
volume of 30 µL, comprising 15 µL of Taq Mix, 1 µL of 
DNA template, 1 µL each of forward and reverse prim-
ers, and 12 µL of deionized water. The PCR amplification 

program followed Zeng et al. [12], with the following set-
tings: pre-denaturation at 95  °C for 3  min; 35 cycles of 
95 °C for 15 s, 58 °C for 15 s, and 72 °C for 30 s; exten-
sion at 72 °C for 5 min; and final hold at 4 °C. PCR prod-
ucts were analyzed by 2% agarose gel electrophoresis. 
Ultimately, two pairs of specific primers that effectively 
distinguished male and female plants based on product 
length were selected. These primers were then applied to 
additional H. gyantsensis samples with identified sex to 
validate their universality among different populations.

Analysis of sex ratio in offspring of H. Gyantsensis
To explore the sex ratio among offspring from the same 
mother plant of H. gyantsensis, we collected seeds from 
a single mother plant in Lhasa and Nyingchi, Tibet. After 
returning to the laboratory, the pericarps were manually 
removed, and the seeds were air-dried to eliminate sur-
face moisture, then stored at 4 °C. In the following spring, 
the seeds underwent moist sand stratification to promote 
germination before being sown in seedling trays for cul-
tivation. When the seedlings reached a suitable size for 
DNA extraction, they were uprooted, surface impurities 
were cleaned, dried with silica gel, and stored at − 20 °C. 
Genomic DNA of the seedlings was extracted using the 
modified CTAB method [24], and DNA quality and con-
centration were assessed using a NanoDrop 2000. DNA 
samples of qualified quality were subjected to sex identi-
fication using the sex-specific molecular markers, and the 
sex ratio among the offspring was further analyzed.

Applicability of sex-specific primers in the Genus 
Hippophae
To assess the applicability of the primers designed in this 
study to other species within the genus Hippophae, we 
selected H. salicifolia, H. tibetana, H. rhamnoides, and 
H. rhamnoides subsp. turkestanica for testing. Six female 
and six male plants of each species were selected, and 
PCR amplification was performed using the previously 
screened sex-specific primers to determine their univer-
sality among different species in the genus Hippophae.

Results
Distribution of sex-specific sites in H. gyantsensis
Through the screening of large InDel variant sites in 
the whole-genome sequencing data of H. gyantsensis, 
we identified a total of 59 sex-specific sites that differ 
between male and female plants (Table S1). Notably, all 
these sites were located on chromosome 2. This finding 
aligns with the results of Wang et al. [34]. and Zeng et al. 
[12] in H. tibetana, suggesting that chromosome 2 may 
function as the sex chromosome in H. gyantsensis. This 
provides important insights for further research into its 
sex determination mechanisms.
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Screening and preliminary validation of sex-specific 
markers
After further screening and validation of the sex-specific 
sites using IGV [30], we designed eight pairs of candidate 
molecular marker primers. We conducted preliminary 
screening of these primers through PCR amplification 
and gel electrophoresis analysis. The results showed that 
two pairs of primers (Higy_04 and Higy_06) were able to 
effectively distinguish between male and female individu-
als of H. gyantsensis (Table 1). The IGV [30] visualization 
results further confirmed the reliability of these vari-
ant sites: at the variant site corresponding to Higy_04, 
sequencing reads from female individuals aligned per-
fectly with the reference genome, whereas approximately 
50% of the reads from male individuals exhibited a 33 bp 
insertion at this site (Fig. 2). Similarly, at the variant site 
corresponding to Higy_06, sequencing reads from female 
individuals also matched the reference genome com-
pletely, while about 50% of the reads from male individu-
als showed a 40  bp deletion at this site (Fig. S2). These 
findings further validated the effectiveness of these two 
primers as reliable sex-specific molecular markers.

Accuracy test of sex-specific markers
To assess the applicability and accuracy of primers 
Higy_04 and Higy_06 across different populations of 
H. gyantsensis, we selected 48 samples (24 females and 
24 males) from three populations: Nyingchi, Lhasa, and 
Qomolangana in Tibet. PCR amplification was per-
formed under the same conditions as the preliminary 
screening. The results confirmed that both primers could 
accurately distinguish male and female plants: PCR prod-
ucts from male samples displayed two bands, while those 
from female samples exhibited a single band (Fig. 3). Spe-
cifically, in female plants, primers Higy_04 and Higy_06 
amplified single bands of 218 bp and 310 bp, respectively, 
aligning with design expectations; male plants presented 
an additional longer or shorter band, reflecting the male-
specific insertion or deletion. These results indicate 
that primers Higy_04 and Higy_06 have good efficacy 
for sex identification across different populations of H. 
gyantsensis.

Analysis of sex ratio in offspring of H. gyantsensis
To investigate whether the sex ratio among offspring 
from the same mother plant of H. gyantsensis conforms 

Table 1  Primer pairs for sex-linked markers of H. Gyantsensis. The presence of insertions and deletions at the variant sites 
corresponding to primers Higy_04 and Higy_06 resulted in two products being amplified in male samples, while female samples 
produced only one product; the actual product lengths are highlighted in bold
Marker Primer sequences (5′ to 3′) Tm/℃ Product length (bp) Variant position
higy_04 F: ​C​C​C​C​C​T​T​A​G​T​C​A​C​T​A​C​C​A​A​C​A​C 55 218 | 251 Chr02: 32,915,672

R: ​A​T​C​C​C​A​T​C​G​A​T​C​A​T​C​A​C​C​A​T​C​C
higy_06 F: ​T​A​A​T​C​T​G​G​T​G​C​C​T​C​T​C​G​A​T​C​A​A​T​T 55 310 | 270 Chr02: 33,487,840

R: ​T​C​T​G​T​A​C​A​A​T​T​T​A​T​G​C​A​G​C​A​C​C​A​C

Fig. 2  Alignment results of next-generation sequencing sequences on chromosome 2 for one male and one female individual of H. gyantsensis. In the 
region marked by the red dashed box, approximately 50% of the sequences in the male individual show a 33 bp insertion in the Higy_04 primer ampli-
fication area
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to genetic expectations, we employed primer Higy_06 to 
perform sex identification on seedlings germinated from 
seeds collected from the same mother plant in Lhasa (LS) 
and Nyingchi (LZ). The results indicated that among 45 
seedlings from LS, there were 20 females and 25 males; 
among 24 seedlings from LZ, there were 11 females and 
13 males (Fig. 4; Table 2). Statistical analysis showed that 
the sex ratios among offspring in both locations were 

approximately 1:1, with no significant difference (χ² test, 
p > 0.05). This result aligns with Mendelian inheritance 
laws [35], suggesting that sex segregation in H. gyant-
sensis follows a random distribution pattern, with poten-
tial influences from environmental factors rather than 
genetic factors within the seeds.

Fig. 4  Results of sex identification of H. gyantsensis seedlings using primer Higy_06. Female samples display one band, while male samples display two 
bands. Original gel images produced by primer Higy_06 can be found in Fig. S5 and S6

 

Fig. 3  PCR amplification results of 48 H. gyantsensis samples from different regions using the two pairs of primers (Higy_04 and Higy_06). The symbols 
♀ and ♂ represent female and male H. gyantsensis samples, respectively. Original gel images produced by primers Higy_04 and Higy_06 can be found in 
Figs. S3 and S4
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Applicability analysis of sex-specific primers in the Genus 
Hippophae
To evaluate the universality of primers Higy_04 and 
Higy_06 in other species of the genus Hippophae, we 
selected six female and six male plants from four spe-
cies: H. salicifolia, H. tibetana, H. rhamnoides, and H. 
rhamnoides subsp. turkestanica, for PCR amplification 
tests. The results showed that primer Higy_04 amplified 
a single band of approximately 200  bp in all samples of 
the four species, failing to distinguish between male and 
female plants (Fig.  5). Primer Higy_06 did not produce 
the expected amplification products in these species, pri-
marily resulting in primer dimers (Fig. S7). These findings 
indicate that the sex-specific primers developed based on 
H. gyantsensis are not applicable to other species within 
the genus Hippophae.

Discussion
H. gyantsensis is crucial for ecological conservation and 
economic development, particularly in fragile ecosystems 
like the Qinghai-Tibet Plateau. Its remarkable environ-
mental adaptability and clonal reproduction make it a key 
species for ecological restoration, vegetation reconstruc-
tion, and sand fixation [5]. Additionally, its fruits are rich 
in bioactive compounds, such as flavonoids and vitamins, 
which have significant potential for pharmaceutical and 
health product development [6, 7]. However, as a dioe-
cious woody plant, H. gyantsensis cannot be differenti-
ated by morphological characteristics before flowering, 
which typically takes 3 to 4 years [12, 14]. This challenge 
in sex identification limits its applications in breeding 
and cultivation.

In this study, we successfully identified long InDel vari-
ant sites between male and female plants through high-
throughput whole-genome resequencing and developed 
two pairs of sex-specific molecular markers (Higy_04 
and Higy_06). These markers showed high accuracy 
across samples from various H. gyantsensis populations, 

allowing for rapid and precise identification of plant sex 
at the seedling stage. Compared to traditional methods 
like Random Amplified Polymorphic DNA (RAPD) and 
Amplified Fragment Length Polymorphism (AFLP), our 
approach, which leverages whole-genome resequencing 
data to screen variant sites on the reference genome, is 
an effective strategy for developing sex-specific markers 
in dioecious plants Notably, all sex-specific sites were 
located on chromosome 2, consistent with previous find-
ings in H. tibetana [12], which suggests that chromosome 
2 may play a role as the sex chromosome in H. gyant-
sensis. The origin and evolution of sex chromosomes in 
plants often involve the accumulation of sex-determining 
genes on specific chromosomes, leading to differentiation 
of sex chromosome regions [36]. A detailed examina-
tion of chromosome 2’s genomic structure and function 
is anticipated to elucidate the molecular mechanisms of 
sex determination in H. gyantsensis, contributing new 
insights into the evolution of plant sex chromosomes.

In our analysis of offspring from the same mother 
plant of H. gyantsensis, the sex ratio was approximately 
1:1, consistent with Mendelian inheritance laws [35], 
indicating that sex segregation is primarily controlled 
by genetic factors. However, natural populations of the 
genus Hippophae often exhibit a male-biased sex ratio, 
with a higher proportion of male plants compared to 
female plants [12, 13]. This phenomenon may result 
from differential impacts of environmental factors on 
the survival and growth of male and female plants. Stud-
ies have shown that environmental stresses, such as cold, 
drought, and poor soil conditions, can affect the sex 
ratio distribution in plants [37, 38]. Male plants gener-
ally exhibit greater tolerance to environmental stresses, 
possibly because they invest fewer resources in reproduc-
tion, allowing them to allocate more energy to growth 
and maintenance [38]. In contrast, female plants require 
more energy and resources during reproduction, making 
them less adaptable to adverse environmental conditions, 

Table 2  Sex ratios among progeny from the same mother plant of H. Gyantsensis from different provenances
Sampling Location Total Seedlings Number of Female Plants Number of Male Plants Female-to-Male Ratio Chi-Square Value p Value
LS 45 20 25 0.8 0.56 > 0.05
LZ 24 11 13 0.85 0.17 > 0.05

Fig. 5  PCR amplification results of primer Higy_04 in other species of the genus Hippophae. In both female and male samples of all species, only a single 
band of approximately 200 bp appeared, preventing sex distinction
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which may reduce their survival rates [38]. For example, 
in dioecious species like Myrica esculenta [39] and Pis-
tacia lentiscus [40], research has found that unfavorable 
environmental conditions can lead to a decrease in the 
proportion of female plants, resulting in a male-biased 
sex ratio in the population. Therefore, although sex is 
genetically determined, environmental selection pres-
sures may cause deviations in the sex ratio in natural 
populations. Future research should investigate how envi-
ronmental factors influence the growth and reproductive 
success of male and female H. gyantsensis, exploring the 
relationship between environmental conditions and sex 
distribution to better understand the adaptation mecha-
nisms of Hippophae species in extreme environments.

Although we successfully developed sex-specific 
molecular markers for H. gyantsensis, these markers 
were not universally applicable to other species within 
the genus Hippophae. Experimental results showed that 
these primers could not effectively distinguish between 
male and female individuals of H. salicifolia, H. tibetana, 
H. rhamnoides, and H. rhamnoides subsp. Turkestanica. 
This finding highlights the complexity of sex determina-
tion mechanisms within the genus Hippophae, suggesting 
that different species may possess unique sex-determin-
ing genes or regulatory elements. The reasons for this 
discrepancy may include genetic divergence between 
species and differences in the rate of sex chromosome 
evolution. On one hand, different species within the 
genus Hippophae may have undergone distinct genetic 
variations and genome rearrangements during evolu-
tion, leading to changes in the sequence and structure of 
sex-determining genes [41]. Such genetic divergence may 
cause sex-specific loci to no longer be conserved among 
different species, thereby affecting the universality of the 
markers. On the other hand, the evolution of sex chro-
mosomes often exhibits rapid and dynamic character-
istics, including duplication, loss, and rearrangement of 
sex-determining genes, which may result in inconsis-
tencies of sex-specific markers among species [41, 42]. 
Additionally, different species may employ different sex 
determination mechanisms involving different genes and 
regulatory pathways [42, 43].

Similar phenomena have been reported in other dioe-
cious plants. For example, in kiwifruit and persimmon 
[44, 45], sex-specific markers are effective in certain 
cultivars or populations but are not universally appli-
cable. This may be due to independent evolution of sex 
determination mechanisms in these species, leading to 
diversification of sex-related genes. Therefore, develop-
ing universal sex-specific molecular markers applica-
ble to the entire genus Hippophae remains a significant 
challenge. Future research should focus on utilizing 
more conserved sex-determining genes or sequences, or 

integrating whole-genome data from multiple species to 
identify common sex-related loci.

The sex-specific molecular markers developed in this 
study have considerable potential for applications in 
breeding and ecological restoration. By enabling rapid 
and accurate identification of H. gyantsensis sex at the 
seedling stage, breeders can optimize the male-to-female 
ratio to enhance fruit yield or improve population adapt-
ability. For instance, increasing the proportion of female 
plants can boost yields in fruit production plantations, 
whereas in ecological restoration, enhancing the propor-
tion of male plants may improve the population’s resil-
ience to environmental stresses. Additionally, employing 
these markers can reduce planting costs and enhance 
breeding efficiency. Traditional methods for sex determi-
nation often require several years until flowering, making 
them time-consuming and costly. In contrast, molecular 
marker technology enables the selection of desired male 
and female plants at the seedling stage, thus saving time 
and resources and facilitating the development of indus-
tries related to H. gyantsensis.

While we successfully developed sex-specific molecu-
lar markers for early sex identification in H. gyantsensis, 
several limitations persist. First, the markers are only 
effective in H. gyantsensis and lack universality in other 
species of the genus Hippophae, limiting their broader 
application in breeding and research. This may stem 
from differences in sex-determining genes or regulatory 
regions among species. Second, the absence of a male 
H. gyantsensis reference genome assembly hampers our 
understanding of the precise locations and functions of 
the sex-determining genes. Although sex-specific sites 
were concentrated on chromosome 2, indicating its 
potential role in sex determination, comprehensive anal-
ysis requires high-quality male genome and transcrip-
tome data. Future research should expand the sample 
scope to include more species within the genus Hippo-
phae and utilize multi-omics data alongside molecular 
biology techniques and gene function analysis to further 
identify and characterize sex-determining genes, explore 
the structure and evolutionary mechanisms of sex chro-
mosomes, and provide new perspectives for studying 
sex determination in both H. gyantsensis and the genus 
Hippophae.

Conclusion
In this study, we utilized high-throughput whole-genome 
resequencing technology to develop two pairs of sex-
specific molecular markers capable of accurately distin-
guishing male and female individuals of H. gyantsensis. 
These markers demonstrated high accuracy across differ-
ent populations and enabled rapid and precise sex identi-
fication at the seedling stage, providing an effective tool 
for the breeding, cultivation, and ecological restoration 
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of H. gyantsensis. All sex-specific loci were located on 
chromosome 2, which supports the hypothesis that this 
chromosome may function as the sex chromosome in H. 
gyantsensis and suggests it may contain key sex-deter-
mining genes or regulatory regions. Additionally, the sex 
ratio among offspring was close to 1:1, indicating that 
sex segregation is primarily controlled by genetic factors. 
However, the developed sex-specific markers were not 
universally applicable to other species within the genus 
Hippophae, highlighting the complexity of sex deter-
mination mechanisms in these plants. Future research 
should focus on H. gyantsensis and other Hippophae spe-
cies, integrating high-quality male genome and transcrip-
tome data to precisely analyze the location and function 
of sex-determining genes, explore the structure and evo-
lutionary mechanisms of sex chromosomes, and provide 
new insights into the study of sex biology in dioecious 
plants.
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