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Hippophae tibetana, one of the highest-altitude woody plants endemic to the Qinghai-Tibet
Plateau, primarily thrives on riverbanks formed by glacial meltwater. As a dioecious species, it
demonstrates significant ecological and economic value in extreme alpine environments. However,
the lack of sex identification techniques outside of the flowering period severely limits research

on sex ratio, differentiation, and breeding. There is an urgent need to develop effective sex-linked
molecular markers that are independent of developmental stages, but current research in this

area remains limited. This study developed a set of accurate sex-linked molecular markers for

the rapid identification of male and female individuals of H. tibetana. Through whole-genome
resequencing of 32 sexually differentiated H. tibetana samples, this study offers strong evidence
supporting chromosome 2 as the sex chromosome and successfully identified key loci related to
sex determination on this chromosome. Utilizing these loci, we, for the first time, developed three
reliable pairs of sex-specific molecular markers, which exhibited high accuracy during validation
across various geographic populations, offering an effective tool for the sex identification of H.
tibetana. Additionally, this study lays the groundwork for further research into the mechanisms of sex
determination and the evolution of sex chromosomes in H. tibetana.

Keywords Hippophae tibetana, Sex determination, Molecular markers, Whole-genome resequencing, Sex
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Hippophae tibetana Schltdl, belonging to the family Elaeagnaceae and the genus Hippophae, is endemic to the
Qinghai-Tibet Plateau'. This species naturally occurs in high-altitude regions of Gansu, Qinghai, Tibet, and
Sichuan provinces in China?. Its altitude range spans from 2800 to 5200 m, making it the highest-altitude spe-
cies within the genus Hippophae>. H. tibetana is dioecious, reproducing primarily through seeds and clonal
propagation®. This species is noted for its exceptional clonal propagation ability and nitrogen-fixing capacity,
playing a significant role as a pioneer plant in ecological restoration of riverbanks, grasslands, and bare lands
following glacier retreat*. Moreover, H. tibetana is a dual-purpose plant, valuable for its medicinal, edible, and
oil extraction properties®”’.

As the ecological and economic value of H. tibetana becomes increasingly recognized, this plant is attracting
more attention. However, existing research primarily focuses on its chemical composition®, pharmacological
effects™, phylogeography™'’, and genomics>'!, with relatively few studies on its sex differentiation. Studying
the adaptive evolution of male and female plants of H. tibetana, a dioecious and clonal species distributed in
the high-altitude regions of the Qinghai-Tibet Plateau, is of great significance. Nevertheless, before flowering,
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it is challenging to distinguish male and female individuals of H. tibetana based on phenotypic characteristics.
Additionally, due to the small inflorescences and short flowering period, it is not easy to quickly identify the sex
even during the flowering phase'. This poses a challenge to studying the adaptive evolution of male and female
plants, highlighting the urgent need for a method that can accurately identify the sex of H. tibetana without being
constrained by time. In recent years, molecular marker technology has been widely used for sex identification in
various dioecious plants, such as Actinidia arguta (Siebold & Zucc.) Planch. ex Miq"?, Spinacia oleracea L**, and
Carica papaya L. Although some sex-specific molecular markers have been developed for different species of
Hippophae's°, their applicability is often limited to specific geographic regions or varieties, lacking universal
applicability and reliability?'. This not only poses challenges for sex identification but also hinders the progress
of in-depth research on the mechanisms of sex determination in Hippophae.

Although H. tibetana is diploid?, its sex determination system has not been accurately defined. Wang et al.?
aligned the RAD-seq data of male and female H. tibetana to the high-quality reference genome of the species.
They identified that the 100 kb interval at positions 52,850,000-52,950,000 on chromosome 2 might be related
to sex regulation or differentiation. However, because of the limitations of sequencing data, they could not
identify reliable sex determination loci. With the advancement of high-throughput sequencing technology,
whole-genome data analysis has become a commonly employed means for examining sex chromosomes and
determining sex in nonmodel organisms'>**. This technology is particularly important for woody plants that
require a long time to reach sexual maturity and flower for sex differentiation. It allows for the identification of
sex before flowering, thereby optimizing the male-to-female ratio in breeding programs and reducing cultivation
costs. Obtaining individual genome sequence information through high-throughput sequencing and aligning it
with the reference genome can reveal single-nucleotide polymorphisms (SNPs) and insertions/deletions (InDels)
in the whole-genome?*, potentially allowing for the precise identification of genetic differences between male
and female individuals.

In this study, utilizing the whole-genome data of H. tibetana published by Wang et al.%, we conducted whole-
genome resequencing of 32 sexually differentiated H. tibetana individuals. We confirmed the sex chromosomes
of H. tibetana and identified sex-linked molecular markers that can aid in differentiating between male and
female plants.

Materials and methods

Sample collection and sequencing

In June 2023, we collected samples from male and female H. tibetana plants in the field from six populations.
The sex of the plants was determined on the basis of the morphological characteristics of their flowers. From
each population, four female and four male plants were randomly selected for fresh leaf sampling (refer to Fig. 1
for sampling locations). To represent a broader genetic diversity and avoid collecting samples from plants of the
same maternal line, we ensured a minimum distance of 100 m between sampled individuals of the same sex. The
voucher specimens of male and female H. tibetana plants are preserved in the Key Laboratory of Biodiversity
and Environment on the Qinghai-Tibetan Plateau, Ministry of Education, School of Ecology and Environment,
Tibet University, Lhasa 850,000, China, under the voucher number LQ202306013. We extracted total DNA from
the samples by using the modified CTAB method® and assessed DNA quality and concentration through 1.0%
agarose gel electrophoresis and the NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA). DNA samples that met the quality criteria were sent to Novogene Co., Ltd. (Beijing, China) for DNA
library construction and then sequenced on the Illumina NovaSeq X Plus with PE150 at a sequencing depth of
30 x. Each sample generated approximately 47 GB of raw data (Supplementary Table S1).

Whole-genome population variation detection

The raw sequencing data were first subjected to quality control and cleaning using Fastp v.0.21% with default
parameters, and then assessed for quality with FastQC v.0.11.9 (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). The cleaned data were aligned to the H. tibetana reference genome by using BWA
v.2.2.1*” and converted to BAM format with samtools v.1.19%. InDel identification and filtering were con-
ducted using GATK4 v. 4.2%. This process included removing PCR duplicates, detecting single-sample and
population variants, and marking and filtering InDels and low-quality sites using the following criteria:
“QD <2.0||FS >200.0||SOR > 10.0||MQRankSum < — 12.5||[ReadPosRankSum < — 8.0.” Further filtering was per-
formed using Plink v.1.9%, excluding sites with a minor allele frequency of < 0.01 and missing genotype data
exceeding 50%. Finally, 6,554,748 sites were selected from the initial 7,706,351 variant sites for further analysis.

Sex-determining region screening

We used the EMMAX (v intel64-20,120,205) software package®! to conduct a genome-wide association study
(GWAS) on the filtered dataset using a mixed linear model (MLM). In this study, we treated male and female
sexes as two independent traits to identify gene regions associated with sex determination. To ensure the accuracy
of our analysis, we first calculated the kinship matrix using emmax-kin-intel64 and removed samples with a
relatedness threshold greater than 0.125 (DX08, RD02, YBJ04, and YBJ14). The GWAS then focused particularly
on regions with densely clustered significant variant sites and corresponding site information. Given that the
reference genome was derived from a female plant, we focused on the alignment of sequencing reads from both
female and male plants to the same site on the reference genome. A Python script (https://github.com/zengzhefei/
MaleSpecificIndelFilter.git) was used to identify variant sites with InDels > 20 bp in the male samples. Finally, the
selected sites were manually inspected using IGV v.2.16%, and sequences with long InDels in the male samples
were identified as candidate regions for subsequent primer design.
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Figure 1. Sampling locations of the six H. tibetana populations in Tibet. DR: Dingri County, Tibet; DX:
Dangxiong County, Tibet; MZGK: Mozhugongka County, Tibet; BS: Basu County, Tibet. Generated using
ggplot2 v. 3.3.5 and sf v. 1.0-3 packages in R v. 4.1.2. URL: https://ggplot2.tidyverse.org/.

Male-specific primer design

We used seqkit v.2.6.1°* to extract sequence information corresponding to the identified variant sites from the
reference genome for primer design. Initially, we focused on variant regions primarily 30-60 bp in length. To
facilitate distinguishing male-specific bands, we aimed to design PCR products between 200 and 300 bp in length.
The suitability of a variant region for primer development was determined by examining the distribution of
nucleotide bases within approximately 200 bp flanking the variant site, ensuring an even distribution, as regions
with excessive repeats hinder effective primer design. We then used primer3 v.2.3.7* to batch design the prim-
ers. During the designing of primers, we carefully avoided mismatches, dimers, hairpin structures, and primer
dimers. The designed primers were subsequently aligned with the reference genome by using blastn v.2.5.0% to
ensure their specificity. After this screening step, primers that demonstrated high specificity were selected and
synthesized by Sangon Biotech (Shanghai) Co. Ltd.

Primer universality validation

To validate the specificity of the primers, we conducted conventional PCR amplification on a small set of H.
tibetana DNA samples, including two females and two males, by using batch-synthesized primers. The PCR
reaction comprised a total volume of 30 pL, including 15 pL of Taq Mix, 1 uL of DNA template, 1 pL each of
forward and reverse primer, and 12 uL of deionized water. The PCR program started with an initial denaturation
at 95 °C for 3 min, followed by 35 cycles of 95 °C for 15 s, 58 °C for 15 s, 72 °C for 30 s, and concluded with a
final extension at 72 °C for 5 min before storage at 4 °C. The PCR products were analyzed using 2% agarose gel
electrophoresis. Primers that effectively differentiated between the female and male samples based on product
length were selected. These selected primers were then used to validate the accuracy on 48 samples (24 females
and 24 males) collected from six H. tibetana populations in Dingri, Basu, Dangxiong, and Mozhugongka, Tibet.

Permission for sample collection

H. tibetana is not listed on the [IUCN Red List of Threatened Species, and the collection area is not within a
protected zone. Consequently, no specific permissions or licenses were required for sample collection from
authorities.
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Results

Sex-linked regions of H. tibetana

A GWAS was conducted using an MLM, treating male and female as contrasting traits to explore the correlation
between sex traits and InDel sites. The analysis revealed that sex-related variations were primarily concentrated
on chromosome 2, although a few loci differentially present in males and females were also found on other
chromosomes (Fig. 2). Further screening identified 30 regions related to sex determination, with one specific
region each on chromosomes 1 and 8, whereas the remaining specific regions were located on chromosome 2
(Supplementary Table S2).

Selection of sex-specific markers

After initial screening for long InDel sites within the sequencing reads of male H. tibetana, we identified 106
variant loci. Based on these findings, we designed 24 pairs of male-specific primers in bulk. After preliminary
PCR amplification screening, three primer pairs were successfully obtained, enabling effective differentiation
between male and female samples of H. tibetana (Table 1). The coordinates of the variant sites for these three
primer pairs were visualized using IGV v.2.16%, which allowed us to observe the alignment of sequencing data
with the reference genome. For instance, using the Hiti_05 primer pair, we determined that nearly half of the
reads mapping to this site in male individuals included a 53 bp deletion. Both forward and reverse primers were
situated in conserved sequences, enhancing the accuracy of amplification (Fig. 3).

Specificity marker accuracy test

To further verify the accuracy of three primer pairs in distinguishing between male and female plants of H.
tibetana, we employed the same PCR reaction system used for primer specificity validation. We tested 48 H.
tibetana samples (24 female and 24 male) from six populations in Dingri, Basu, Muzhugongka, and Dangxiong,
Tibet. The results confirmed that all three primer pairs could accurately differentiate between the tested male and
female samples: two bands were produced in all male samples, whereas only one band appeared in female samples
(Fig. 4). However, weak bands were observed in some female samples from the Dingri, Basu, Mozhugongka, and
Dangxiong-3 populations when using the Hiti_05 primer (Fig. 4). To determine if this phenomenon was related
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Figure 2. Manhattan plot of InDels associated with sex determination in H. tibetana based on resequencing
data across 12 chromosomes. The line represents the threshold obtained after Bonferroni correction (P>0.05),
and loci above the threshold are deemed to be associated with sex.

Marker | Primer sequences (5’ to 3') Tm/°C | Product length (bp) | Variant position

F: TTAAAAGAAGTTCAATTTTGGCCGC
Hiti_05 55 219|164 Chr02: 120,176,736
R: AATGTATCTTTGCGTCCTTGGAAAG

F: TTAGGTCACCTCCTCATGTGTTTAAT
Hiti_08 55 213|164 Chr02: 66,073,760
R: GACTAAAAACACCCTTATCAAACGGT

F: GCACATCTTCCACAGATACATCATC
Hiti_17 55 224(177 Chr02: 52,834,451
R: GGCTAAAGAATTGTCTACATGACCA

Table 1. Primer pairs of H. tibetana sex-linked markers. In the design of three primer pairs, the amplified
fragments included variant loci that are absent only in males. Consequently, in the PCR product bands, the
longer bands could be amplified in both female and male samples of H. tibetana, while the shorter bands are
male-specific fragments.
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Figure 3. Mapping of second-generation sequencing reads from one male and one female individual of H.
tibetana on chromosome 2. Within the region outlined by the black dashed box, approximately 50% of reads
from the male individual show a 53 bp deletion in the Hiti_05 primer-amplified region. The Sequences section
displays the base sequence of the reference genome in the amplified region, with red, green, blue, and orange
colors denoting the T, A, C, and G bases, respectively.

DR BS MZGK DX-3 DX-2 DX-1  Marker

Figure 4. PCR amplification results of 48 H. tibetana samples from different regions using the three pairs of
primers (Hiti-05, Hiti-08, Hiti-17). The symbols @ and & represent the female and male samples of H. tibetana,
respectively. The original gel images generated by the three pairs of primers Hiti-05, Hiti-08, and Hiti-17 can be
found in Supplementary Figs. S1, S2, and S3.

to the annealing temperature, a gradient PCR experiment was conducted with a temperature range of 55-65 °C.
The results indicated that male and female individuals could be clearly differentiated at temperatures between
58.8 and 61.1 °C. Outside this range, some female samples also produced faint bands, which could interfere with
the differentiation between males and females (Supplementary Fig. S4).
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Discussion

H. tibetana plays a pivotal role in both ecological and economic sectors, especially in the ecologically sensitive
region of the Tibetan Plateau. The plant is useful for ecological restoration and soil conservation. The fruits of H.
tibetana are substantially enriched in nutritional components and bioactive compounds, making them valuable
to the food, pharmaceutical, and cosmetic industries**'. However, as a dioecious woody plant, identifying the
sex of H. tibetana through phenotypes before flowering is challenging. It takes 3—4 years for the seeds to flower
after germination, and the flowering period is brief, which complicates the development of related industries'*?'.
The sex determination system of H. tibetana remains unclear, limiting our understanding of its sex determination
mechanism and hindering the advancement of sex identification techniques. Therefore, developing an accurate
and efficient sex identification method is essential for advancing the H. tibetana industry and facilitating in-depth
studies on its sex determination mechanism.

Puterova et al.*® studied the transposable elements and satellites in H. rhamnoides genome, concluding that
its sex determination system is of the XY type, with the Y chromosome being shorter than the X chromosome.
This raises the question of whether H. tibetana also follows a similar XY sex determination system. Based on the
resequencing data analysis that clearly distinguishes male and female H. tibetana, this study found a significant
number of variant sites in the sequencing reads of male samples aligned to the reference genome, further con-
firming that the sex determination mechanism of H. tibetana is of the XY type. To date, no efficient molecular
marker exists for distinguishing between male and female plants of H. tibetana. Earlier studies, including the
one by Korekar et al.'’, identified specific RAPD primers that could amplify female samples of H. rhamnoides,
but not male samples, leading to the development of SCAR markers, HrX1 and HrX2. However, subsequent
studies, including the study by Chawla et al.'$, have indicated that HrX1 could help differentiate between the
male and female samples of H. tibetana, but our preliminary tests found that this marker did not produce specific
amplification in the H. tibetana samples used in this study (Supplementary Fig. S5). Furthermore, we evaluated
the sex-specific molecular markers developed by Das et al.' for H. rhamnoides ssp. turkestanica to determine
their applicability to H. tibetana. The results indicated that no bands were amplified, thus precluding sex dif-
ferentiation (Supplementary Fig. S6). This finding indicates the complexity of sex chromosomes in H. tibetana
and suggests that the effectiveness of designed markers may be limited to specific populations. Similar issues
have been observed in other species, such as kiwifruit and persimmon®”*%, where DNA markers sometimes did
not co-segregate with sex-determining genes during meiosis, potentially leading to false positives or negatives.

In recent years, the rapid advancement of sequencing technologies and the assembly of high-quality reference
genomes for numerous nonmodel species have opened new avenues for developing molecular markers for sex
differentiation in dioecious plants®**. Several studies have successfully designed molecular markers that can
help distinguish between the sex of animals and plants using resequencing data combined with various analysis
methods. For instance, She et al.'* analyzed the resequencing data of 10 individuals of S. oleracea (5 females and
5 males), identified potential male-specific regions, and designed primers accordingly. Guo et al.’* conducted
pooled sequencing on 15 male and 15 female A. arguta, assembled male-specific kmers, and designed molecular
markers. Luo et al.*! analyzed resequencing data from 15 male and 15 female Leiocassis longirostris Giinther, iden-
tified regions associated with sex based on sex-specific SNPs, and developed highly accurate molecular markers.

This study involved sampling male and female individuals from six populations of H. tibetana to develop
molecular markers for accurately identifying the male and female plants of this species. Our sampling strategy
was influenced by the chloroplast trnT-trnF phylogeographic study conducted by Wang et al.® and covered three
genetic lineages across the eastern, central, and western regions. This approach was chosen to comprehensively
reflect the genetic structure of H. tibetana and ensure the universality of the molecular markers developed. In
terms of primer design, we adopted and enhanced the method proposed by Luo et al.*!, utilizing next-generation
sequencing, to focus on homologous fragments between male and female individuals that contained significant
long fragment InDel sites in the male samples. This strategy facilitated the development of sex-specific markers.
We successfully designed and validated three pairs of male-specific markers in H. tibetana, which demonstrated
effective differentiation in 48 samples (24 females and 24 males) from various origins, providing a useful tool for
studying the adaptive evolution of male and female H. tibetana.

Wang et al.> suggested that chromosome 2 of H. tibetana might be its sex chromosome. Our study showed
that loci associated with sex are primarily concentrated on chromosome 2, which aligns with the hypothesis
that this chromosome serves as the sex chromosome for H. tibetana. Previous research has indicated that the
evolution of dioecy in Hippophae species (seabuckthorn) is relatively recent. For example, H. rhamnoides subsp.
turkestanica may exhibit characteristics of subdioecy in its transition to complete dioecy, reflecting a high simi-
larity between the male and female genomes of seabuckthorn, along with functional dynamic partitioning*?.
Our analysis also revealed multiple regions related to sex determination on chromosome 2 of H. tibetana, and
a few sex-differentiating loci on other chromosomes, suggesting a complex evolutionary history of its sex chro-
mosomes. These characteristics position seabuckthorn, particularly H. tibetana, as an ideal subject for studying
plant sex differentiation and evolution. Researching these mechanisms in the extreme environments where H.
tibetana thrives is particularly significant for understanding the adaptive evolution of male and female plants.

This study introduces a simpler and more efficient method for designing molecular markers by rapidly
screening long fragment InDel variations in male individuals. Verification across the male and female samples
of H. tibetana from various sources suggests that all three pairs of primers possess significant sex-differentiating
capabilities, highlighting their specificity and potential for application. This method is theoretically applicable
to other species with XY/ZW sex determination systems, especially those that already have high-quality refer-
ence genomes. The methodology presented in this study not only facilitates the development of sex-specific
molecular markers but also enhances our understanding of sex evolution mechanisms. We aim to apply this
method for developing universal primers applicable across the entire genus of seabuckthorn, further exploring
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the mechanisms of sex evolution in seabuckthorn. Such research will offer valuable insights into the mechanisms
of sex differentiation and adaptive evolution of plants in extreme environments and provide scientific support
for the large-scale breeding and precise management of economically useful plants such as seabuckthorn.

Conclusion

In this study, we performed whole-genome resequencing on 32 sexually differentiated individuals of H. tibetana.
The results revealed that sex-related loci are predominantly concentrated on chromosome 2, providing robust
evidence for its role as the sex chromosome in H. tibetana. Based on this insight, we developed a more efficient
method to derive three pairs of accurate sex-linked molecular markers, effectively addressing the challenge of
sex identification in this species. These markers were proven highly accurate and reliable for rapid sex identi-
fication in H. tibetana, and thus can serve as promising tools for this purpose. This study not only delivers an
efficient approach for sex identification in H. tibetana, which can aid in optimizing commercial cultivation and
minimizing resource waste, but also lays the groundwork for in-depth investigations into the sex determination
mechanism and adaptive evolution of male and female plants in H. tibetana.

Data availability

The raw resequencing data and population genetic variation data generated in this study have been deposited in
the China National Center for Bioinformation, with accession numbers CRA017060 (https://ngdc.cncb.ac.cn/
gsa) and GVM000732 (http://bigd.big.ac.cn/gvm), respectively.
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