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ABSTRACT

The Changbai Mountains comprise one of the main distribution areas of A. victorialis in China, and this
species is endangered owing to habitat changes and overexploitation. However, A. victorialis germ-
plasms have not been systematically collected and studied. The aims of this study were to obtain
some detailed genetic information, analyze the genetic diversity, and further promote the protection of
A. victorialis germplasms from the Changbai Mountains. Transcriptomic analysis was performed with six
A. victorialis samples collected from the Changbai Mountains. At least 146,759 genes for each sample
were obtained after performing de novo assembly of the RNA-seq data, and at least 92% of these
genes were found to have only one mRNA isoform. These sequences and their functional annotations
provided a large-scale genetic resource of this species. Phylogenetic analysis showed that A. victorialis
was genetically distant from some related species, e.g. Allium sativum, Allium fistulosum, and Allium
cepa, but genetically close to Allium tuberosum. The two A. victorialis var. listera samples were phylo-
genetically separated from the other four samples, and these two samples should be regarded as
Allium listera. In addition, two KASP markers for discriminating the Dongfeng samples from the other
four A. victorialis samples were successfully developed. This study lays the foundation for future studies
on the genetic diversity and evolution of Allium species, as well as for the conservation of A. victorialis
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germplasms from the Changbai Mountains and other populations of this species.

1. Introduction

Allium victorialis, a perennial herb in the section Anguinum of
the genus Allium, is widely distributed in the northern hemi-
sphere. In China, it is mainly distributed in Northeast China,
Inner Mongolia, and Hebei Province. Allium victorialis has
great economic potential, with a long history of usage as
both a functional food and a traditional medicine. Recently,
this species has been of increasing interest, particularly in
regard to its nutritional quality and active ingredients (Lee et
al. 2001; Khan et al. 2013; Woo and Lee 2013). Moreover, A.
victorialis has a wide geographical distribution and a rela-
tively old evolutionary geographical history in the section
Anguinum and therefore can be considered a primitive spe-
cies in the section Anguinum, making it crucial to genetic
and evolutionary research of Allium species (Jing et al. 1999).
However, there are many subspecies and varieties of A. vic-
torialis (Yang et al. 2014; Herden et al. 2016), which hinders
the genetic studies and further utilization of A. victorialis.
Therefore, more research is needed to further elucidate the
genetics, evolution, and taxonomy of this species. To date,
few studies have explored the genetic diversity of A. victoria-
lis. Previous studies focused mainly on the analysis of the
intraspecific genetic relationships of A. victorialis or the

genetic relationships between A. victorialis and other Allium
species based on external morphology (Yoo et al. 1998),
karyotype analysis (Jing et al. 1999), random amplified poly-
morphic DNA (RAPD) molecular markers (Lim et al. 1998),
sequencing of the internal transcribed spacer (ITS) region
from the nuclear ribosomal DNA (Herden et al. 2016), and
sequencing of the chloroplast DNA (Li et al. 2010; Herden et
al. 2016). However, these previous studies could not fully
explain the intraspecific genetic diversity of A. victorialis or
the genetic diversity between A. victorialis and other
Allium species.

As eukaryotes, many Allium species have large and com-
plex genome sizes of 10-20 Gbp, which leads to difficulties
in genetic research of Allium species (Kamenetsky et al. 2015;
Barboza et al. 2018). Recently, next-generation sequencing
(NGS) technology has been widely used as an important tool
in the research of plant genetics. Unlike genome analysis,
transcriptome analysis by NGS technology is rapid, inexpen-
sive, and unconstrained by genomic complexity (Zhu et al.
2017). Additionally, this technique has been effectively
applied to several Allium species, including onion (Rajkumar
et al. 2015; Han et al. 2016), garlic (Sun et al. 2012; Chen et
al. 2018), and Chinese chive (Zhou et al. 2015). Transcriptome
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sequencing can provide a wealth of biological information
and is an effective method for gene functional annotation
(Sun et al. 2012), gene expression analysis (Khosa et al. 2016),
molecular marker development (Liu et al. 2015), and interspe-
cific genetic diversity analysis (Zhu et al. 2017). However,
studies that apply transcriptome analysis to improve the
understanding of the interspecific genetic relationships of A.
victorialis are still lacking.

Recently, researchers have attempted to understand the
genetic structures and variations in plant genomes. Various
molecular markers, such as amplified fragment length poly-
morphism (AFLP), simple sequence repeats (SSRs), and single
nucleotide polymorphisms (SNPs), have been applied to
investigate the genetic diversity of plant species (Li et al.
2019). SNPs have become the preferred markers for numer-
ous genetics and genomics applications (Li et al. 2019). In
particular, the revolutionary advances in genome sequencing
(Ryu et al. 2018; Han et al. 2020) have made the SNP-based
genotyping technology an effective method for large-scale
genotyping, genetic diversity analyses, and genetic map con-
struction in many plant species (Li et al. 2019). Kompetitive
allele-specific PCR (KASP) is a novel and extensively used
genotyping technology that enables bi-allelic scoring of SNPs
(Han et al. 2019). This method has been successfully applied
in the genotyping and identification of different varieties or
materials within species or among related species (Fang et al.
2020; Ma et al. 2021). However, this technology has still not
been extensively applied in Allium species, especially in A.
victorialis.

The Changbai Mountains in Jilin Province comprise one of
the main distribution areas of A. victorialis in Northeast
China, where this is an important species. In recent years,
considerable habitat changes and human overexploitation
have posed serious threats to A. victorialis germplasms from
this region, resulting in a population decline and endanger-
ment of this species. Thus, the Changbai Mountain popula-
tions of this species are in urgent need of effective
conservation. However, A. victorialis germplasms from this
region have not been systematically collected and studied;
therefore, their current population dynamics and germplasms
are unclear. The purposes of this study were to obtain
detailed genetic information and to analyze the genetic
diversity of A. victorialis germplasms from the Changbai
Mountains using transcriptomic methods, as well as to
develop SNP markers for discriminating A. victorialis germ-
plasms from the Changbai Mountains and those of other
Allium species. The results of this study would not only aid in
enacting conservation policies for A. victorialis germplasms
from this region but also provide a reference for the study of
other populations of this species.

2. Materials and methods
2.1. Plant material

Six A. victorialis samples were collected from the Changbai
Mountains, Jilin Province, China. Two samples were collected
from Dunhua (43°1027” N, 128°02/17” E), one from
Wangqing (43°50'49” N, 130°10'36” E), one from Antu

(42°58’11” N, 128°33'57” E), and two from Dongfeng
(43°04/24” N, 125°32'58" E). All samples were deposited in
the herbarium of the lJilin Provincial Academy of Forestry
Sciences and identified with reference to Tang and Wang
(1980). The two Dongfeng samples were identified as Allium
victorialis var. listera, while the other four were identified as
A. victorialis (Table 1, Figure 1).

Eight to ten healthy plants were collected for each sample
during the leaf development period and cleaned with water.
Then, leaf length and width were measured to calculate the
length-to-width ratio as a leaf index. The leaf length, leaf
width, and leaf index were measured in three replications.
Next, the plants were immediately frozen in liquid nitrogen
in the laboratory, and the healthy leaf tissues of each plant
were stored at —80 °C until RNA extraction.

2.2. RNA extraction, library construction, and
transcriptome analysis

RNA was extracted from the leaf tissues using an RNA Easy
Fast Plant Tissue Kit (TIANGEN Biotech, Beijing, China). After
the RNA samples passed the RNA purity and integrity tests,
they were randomly fragmented and then reverse-transcribed
into cDNA using a random hexamer primer, followed by end
repairing, polyA tailing, sequencing adapter ligation, and PCR
amplification to construct a transcriptome library. The con-
structed transcriptome library was sequenced on an lllumina
NovaSeq 6000 platform at Novogene (Beijing, China). Low-
quality reads and adapters were removed from the original
sequencing data to obtain clean reads, which were de novo
assembled using rnaSPAdes v3.13.1 (Bushmanova et al. 2019).
As full-length mRNA sequences may not be generated using
the de novo assembly method, each scaffold was considered
a transcript fragment, and transcripts with the same gene
number were identified from the rnaSPAdes output FASTA
file. Then, the transcript number and the longest transcript
for each gene were determined. Transcriptome assembly a
completeness was assessed by benchmarking universal sin-
gle-copy ortholog (BUSCO) analysis with the Eukaryota sets
of BUSCO v3 (Waterhouse et al. 2018).

2.3. Open reading frame (ORF) prediction and protein
domain annotation

For each sample, the ORFs of each assembled transcript were
predicted using the script transcript_fasta_to_ORF_pics.pl in
Trinity v2.8.5 (Grabherr et al. 2011), and the longest ORF was
selected to represent the transcript. In addition, as genes
may have multiple isoforms, we also selected the ORF of the
longest isoform of each gene for the gene-level analysis.
Protein domains were searched against the Pfam v31.0 data-
base based on the ORF-encoded amino acid sequences using
HMMER v3.1b1 (Finn et al. 2016).

2.4. Phylogenetic tree construction

The ORFs of A. victorialis and other species were subjected to
gene family analysis using OrthoFinder (Emms and Kelly



Table 1. Leaf morphology of six Allium victorialis samples.
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Sample Scientific name Leaf morphology LL (cm) LW (cm) LI

Dongfeng1 A. victorialis var. listera Elliptic to ovate, base cordate to rounded 18.4 7.9 235
Dongfeng2 A. victorialis var. listera Elliptic to ovate, base cordate to rounded 19.1 8.5 2.24
Antu A. victorialis Oblanceolate-elliptic to elliptic, base cuneate to broad 15.1 2.9 5.27
Dunhua1 A. victorialis Oblanceolate-elliptic to elliptic, base cuneate to broad, with curling and folds 16.0 6.2 257
Dunhua2 A. victorialis Oblanceolate-elliptic to elliptic, base cuneate to broad, with curling and folds 16.5 58 2.84
Wanggqing A. victorialis Oblanceolate-elliptic to elliptic, base cuneate to broad 14.2 4.1 347

LL: leaf length; LW: leaf width; LI: leaf index.

Figure 1. Six Allium victorialis samples from the Changbai Mountains, Jilin Province, China. (A) Dongfeng1, (B) Dongfeng2, (C) Dunhua1, (D) Dunhua2, (E) Antu, and

(F) Wanggqing.

2019). Based on gene family analysis, Asparagus officinalis
and Arabidopsis thaliana were used as the outgroups, and a
total of 103 single-copy genes that were present in the six
samples, related Allium species (A. cepa, A. fistulosum, A. asca-
lonicum, A. macrostemon, A. ampeloprasum, A. chinense, A.
sativum, and A. tuberosum), and the outgroups were selected
to construct the phylogenetic tree (Harkess et al. 2017; Zhu
et al. 2017; Chen et al. 2018; Emms and Kelly 2019; http://
www.arabidopsis.org/).

The selected single-copy gene sequences were aligned
using MUSCLE v3.8.31 (Edgar 2004) and then concatenated
to perform ProTest v3.4 (Darriba et al. 2011) analysis. This
analysis determined the optimal model for phylogenetic tree
construction, i.e. JT+F+G+1, namely the
Jones-Taylor-Thornton (JTT; Jones et al. 1992) model incor-
porating empirical frequencies (+F) and invariant sites (+I)
along with discrete gamma rate categories (4+G), according
to two model selection criteria: Akaike information criterion
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(Akaike 1973) and Bayesian information criterion (Schwarz
1978). A maximume-likelihood phylogenetic tree with 500
bootstrap replicates was constructed using Mega v7 (Kumar
et al. 2018) and RAxML (Stamatakis 2014), with both present-
ing similar results.

2.5. Development and validation of KASP markers

The SNPs detected from sequence alignments of 103 single-
copy genes from A. victorialis germplasms and other eight
Allium species were used to develop KASP markers. A total of
14 SNPs, which satisfied the requirement of no other poly-
morphic site within 30-bp regions away from the SNPs, were
used to design KASP markers. Sequences of 200 bp upstream
and downstream of the distinctive SNPs were extracted and
used for primer design using both DNAMAN v6.0 (https://
www.lynnon.com/dnaman.html) and  Primer3Plus v2.4.2
(http://www.primer3plus.com/). PCR products were
70-120 bp long.

Primer Mix was set up as recommended by the Laboratory
of the Government Chemist (LGC, http://www.lgcgenomics.
com/), from which the KASP Master Mix Kit was purchased.
The assay was tested in a 384-well format and set up as a 5-
pL reaction containing 37.5ng of template DNA (2.5puL
15ng/pL template DNA), 2.5uL 2x KASP Master Mix, and
0.07 pL specific Primer Mix. PCR was performed under the fol-
lowing conditions: the template was denatured at 94°C for
15 min, with 10 cycles of denaturation, annealing, and elong-
ation (94°C for 20s, 61-55°C for 60s; decreasing by 0.6°C
per cycle), followed by 32 cycles of denaturation, annealing,
and elongation (94°C for 20s and 55°C for 605s).
Fluorescence was detected using a 7900HT Fast Real-Time
PCR System (Applied Biosystems, Foster City, CA). Data ana-
lysis was performed manually using the inbuilt SDS v2.3 soft-
ware (option of Allelic Discrimination).

3. Results
3.1. Morphological characteristics of A. victorialis

The morphological characteristics such as the bulbs, pedicels,
perianths, filaments, and ovaries were all similar among the
six samples. The bulbs of these six samples were all cylin-
drical to conical, solitary, or clustered. The pedicels of these
six samples were almost identical and 2-3 times longer than
the perianth. The perianths were yellowish-white, and some
perianths of the two Dunhua samples were tinged with pur-
ple. The outer perianths of these six samples were boat-
shaped, whereas the inner perianths were elliptic to ovate.
The filaments of these six samples were from 0.25 to 1 times
longer than the perianth, connate at the base, and adnate to
perianth segments. The ovaries of these six samples were all
constricted at the base into a short stipe and had three
round edges, with one ovule per locule. However, the mor-
phological differences in leaves among the six samples were
more apparent. The leaf length of Dongfeng and Dunhua
samples was 2-3 times their leaf width, with leaf indices of
2.35 (Dongfeng1), 2.24 (Dongfeng2), 2.57 (Dunhual), and
2.84 (Dunhua2; Table 1). The leaves of the two Dongfeng

samples were elliptic to ovate and bases were cordate to
rounded, while the leaves of the two Dunhua samples were
oblanceolate-elliptic to elliptic and bases were cuneate to
broad, with curling and folds. Furthermore, the leaf length
was different from the leaf width in the Wangqging sample
(leaf index, 3.47), and this difference was especially evident in
the Antu sample, wherein the leaves were relatively long and
narrow with a leaf index of 5.27, the leaves of these two
samples were all oblanceolate-elliptic to elliptic, and bases
were cuneate to broad (Table 1).

3.2. Transcript assembly

A total of 752.37 x 10° raw reads were generated from the
six A. victorialis samples. The raw sequencing data used in
the study are available at the NCBI SRA database with the
accession numbers SRR11818586-SRR11818591. After filtering
adapters and low-quality reads, 730.63 x 10° clean reads of
1095.94 x 108 bases remained, accounting for 97.11% of total
raw reads (Table S1).

Based on these clean reads, de novo assembly was per-
formed to obtain the transcripts for each sample. Among the
six samples, transcript fragments that ranged from 159,228
(belonging to 146,759 gene fragments; Antu) to 314,196
(belonging to 291,564 gene fragments; Dunhua2) were
obtained (Table S2). At least 92.86% of the gene fragments
had only one isoform (Table S2). The longest transcripts in
these samples ranged from 10,496 (Dongfeng1) to 15,950 bp
(Dunhua1) (Table S3). The number of transcripts with a
length of more than 1000 bp ranged from 28,684 (Antu) to
53,702 (Wangqing) (Table S3). The large number of long tran-
scripts suggested that the analysis comprised a large number
of full-length mRNAs. Moreover, the N50 values of the assem-
blies were 738-1429bp, and the GC contents were
36.7-38.7% (Table S3).

We also assessed the quality of the assemblies by per-
forming a BUSCO assessment. As shown in Table S4, the
complete BUSCO ratios of the gene fragments and transcript
fragments of A. victorialis were all higher than 84.8%, which
suggested that high-quality ¢cDNA sequences of this species
were identified.

3.3. ORF prediction and Pfam-based domain annotation

For the six samples, ORFs of all transcript fragments were
annotated, and as genes may have multiple isoforms, the
ORF of the longest isoform of each gene was selected for the
gene-level analysis. In each sample, at least 64% of tran-
scripts and 61% of genes had ORFs (Table S5). The transcript-
level ORF numbers ranged from 115,540 (Antu) to 201,996
(Dunhua2), and the gene-level ORF numbers ranged from
103,426 (Antu) to 180,504 (Dunhua2) (Table S5).

Based on the ORF sequences, the functional domains were
annotated. The analysis showed that 28,184 (Antu) to 47,604
(Dunhua1) transcripts and 22,419 (Antu) to 29,731 (Dunhual)
genes had functional domains, accounting for less than
16.15% of the genes and 18.67% of the transcripts (Table S5).
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This result indicates that the functions of many important
genes (or transcripts) from A. victorialis remain to be clarified.

We also compared the domain annotations of six A. victor-
ialis samples with that of the other eight Allium species,
including A. tuberosum, A. sativum, A. ampeloprasum, A. mac-
rostemon, A. chinense, A. ascalonicum, A. cepa, and A. fistulo-
sum (Zhu et al. 2017; Chen et al. 2018). A total of 3765 Pfam
families were conserved among the nine species. Among
these families, the protein kinase domain and protein tyro-
sine kinase domain were most prominently represented in
the Pfam database. In addition, the protein domains that
were also well-represented in A. victorialis were those for
reverse transcriptase (RNA-dependent DNA polymerase), PPR
repeat family, PPR repeat, RNA recognition motif (a.k.a. RRM,
RBD, or RNP domain), and cytochrome P450 (Table S6).

3.4. Phylogenetic relationships of Allium species

Phylogenetic analysis revealed that the six A. victorialis sam-
ples were grouped into one clade with A. tuberosum, with a
relatively close genetic relationship (bootstrap value, BS =
99), but they were on different branches (Figure 2). The
related Allium species, A. sativum, A. ampeloprasum, A. macro-
stemon, A. chinense, A. ascalonicum, A. cepa, and A. fistulosum,
were phylogenetically distant from A. victorialis based on
their position in a different clade.

Among the six A. victorialis samples, the two Dongfeng
samples were grouped into one sub-clade, while the other
four samples were grouped into another sub-clade. The four
samples were further clustered into three clades, namely, two
separate sub-clades containing Dunhual and Dunhua2
(Figure 2, BS = 100), and one other sub-clade containing
both Antu and Wangqing (Figure 2, BS = 100). Despite the
close genetic relationship among A. victorialis samples from
the Changbai Mountains, the results also indicated that there
was a certain genetic distance among these A. victorialis sam-
ples, indicating a certain level of genetic diversity
among them.

3.5. Development of KASP markers for A. victorialis

A total of 14 KASP markers were developed to further iden-
tify the relationships among A. victorialis germplasms. Ten of
the 14 markers successfully distinguished the six A. victorialis
samples and the other eight Allium species selected in this
study (Table S7). As shown in Figures S1-S10, the A_SNP5A1
and A_SNP6AT markers were successfully used to differenti-
ate between the two Dongfeng samples and the other four
A. victorialis samples from the Changbai Mountains, and the
two Dongfeng samples were more related with the other
Allium species analyzed in this study. The A_SNP8A1 and
A_SNP9A1 markers were used to distinguish A. victorialis
samples and some other Allium species used in this study
(excluding A. tuberosum). However, the other markers pro-
duced unexpected results in distinguishing the six A. victoria-
lis samples and the other Allium species in this study,
suggesting that these polymorphic nucleotides identified
from RNA-seq might not be species-specific. These results
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showed that KASP technology can be used for distinguishing
A. victorialis germplasms from the Changbai Mountains and
other Allium species.

4. Discussion
4.1. Transcriptome analysis

It is a challenge to investigate the genetics of Allium species
because most Allium species have large and complex gen-
ome sizes of 10-20 Gbp (Kamenetsky et al. 2015; Barboza et
al. 2018). Recently, NGS technology has been applied to the
genetic research of Allium species as a strategy to effectively
obtain the whole-genome mRNA data, although a large num-
ber of incomplete or redundant transcripts in Allium species
may exist (Zhu et al. 2019). In our study, the annotation rates
of the obtained transcriptome were 15.30-18.67% in the six
A. victorialis samples. However, the annotation rates were
higher than 20% in the Pfam database for some other Allium
species, such as onion (>21.0%) (Zheng et al. 2016; Zhu et al.
2017; Zhang et al. 2018) and garlic (>24.9%) (Liu et al. 2015;
Zhu et al. 2017). In addition, there were some protein
domains in the Pfam database that were conserved in A. vic-
torialis and the other related Allium species used in this
study, such as the protein kinase domain and protein tyro-
sine kinase domain. This might be due to the difficulties in
whole-genome transcriptome assembly, considering the large
genome size of Allium species.

4.2. Phylogenetic tree-based analysis of genetic
relationship and diversity of A. victorialis germplasms

Although previous molecular genetics studies have investi-
gated the intraspecific genetic diversity of A. victorialis or
interspecific genetic diversity between A. victorialis and other
Allium species, the focus of these studies was mainly on A.
victorialis in regions such as Japan, Korea, Europe, and North
America (Lim et al. 1998; Inatomi et al. 2004; Herden et al.
2016). Thus far, studies on the molecular genetics of A. victor-
ialis from the Changbai Mountains have not yet been
reported. Furthermore, there are many subspecies and vari-
eties of A. victorialis (Yang et al. 2014; Herden et al. 2016),
leading to some difficulties in the identification of A. victoria-
lis germplasms. For example, the two Dongfeng samples
were identified as A. victorialis var. listera based on the simi-
larity of their floral organ morphology to that of A. victorialis,
but their leaf shape was different from the leaf shape of A.
victorialis. Therefore, no consensus has been reached on the
identification of A. victorialis var. listera. Some morphological
studies have proposed that A. victorialis var. listera should be
regarded as a variety of A. victorialis (Tolgor 1991; Tolgor et
al. 1993), but some other studies based on karyotype analysis
(Jing et al. 1999) and molecular systematics (Li et al. 2010)
have suggested that this taxon should be renamed as Allium
listera, as a separate species closely related to A. victorialis. To
our knowledge, the present study is the first to systematically
analyze the genetic diversity of A. victorialis germplasms from
the Changbai Mountains, in particular, the diversity between
the Dongfeng samples and those from other habitats in this


https://doi.org/10.1080/23802359.2021.1972857
https://doi.org/10.1080/23802359.2021.1972857
https://doi.org/10.1080/23802359.2021.1972857

2920 (&) B.FENG ET AL.

Allium victorialis Wangqing
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98 Allium victorialis Antu

Allium victorialis Dunhua1
Allium victorialis Dunhua2
Allium victorialis var. listera Dongfeng1
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100 | Afium victorialis var. listera Dongfeng2
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Figure 2. Phylogenetic tree of Allium victorialis and other Allium species. The value above each clade is the bootstrap value (BS) of the maximum-likelihood estima-
tion. The gene sequence information of other Allium species was adapted from Harkess et al. (2017), Zhu et al. (2017), Chen et al. (2018), and TAIR10 (https://www.

arabidopsis.org/).

region, by constructing a phylogenetic tree derived from
transcriptome analysis. The two A. victorialis var. listera sam-
ples from Dongfeng were clustered together, whereas the
other four samples were clustered separately, indicating a
certain genetic distance between the so-called A. victorialis
var. listera and A. victorialis. Thus, A. victorialis var. listera
should be regarded as A. listera, consistent with some previ-
ously reported findings (Jing et al. 1999; Li et al. 2010). This
divergence may be because A. victorialis, as a species in the
section Anguinum, differentiated early with a high phylogen-
etic position, and there are three types (diploid, triploid, and
tetraploid) in this species. The original population of A. victor-
ialis is diploid (Jing et al. 1999; Li et al. 2010). Allium listera is
in the section Anguinum and is endemic to China. Allium lis-
tera has the same origin as A. victorialis but is diploid only.
The distribution area of A. listera is at the outer edge of the
distribution area of the diploid A. victorialis and is homolo-
gous to the tetraploid A. victorialis (Herden et al. 2016; Lu et
al. 2017).

In the Changbai Mountains, A. listera is mainly distributed
in Hancongding in Dongfeng County, which is at the south-
ern edge of the distribution area of A. victorialis in Jilin
Province. Similar to the tetraploid A. victorialis in Dunhua, A.
listera derived from the original diploid A. victorialis. During
evolution, some diploid A. victorialis populations underwent
polyploidization and asexual reproduction. Then, these dip-
loid populations finally evolved into the tetraploid popula-
tions, probably due to an enhanced adaption to more
stressful environmental conditions (Jing et al. 1999; Lu et al.
2017). In contrast, some diploid plants did not change their
number of chromosomes over their long-term evolutionary
process and maintained their own genetic characteristics in
reproductive isolation from the tetraploid A. victorialis,

evolving independently into A. listera, which has a wider eco-
logical amplitude.

Among the other four A. victorialis samples, Dunhual and
Dunhua2 were clustered separately, and their leaf morpholo-
gies were similar, with a leaf index of 2.0-3.0. The sample
Dunhua2 was introduced from the more northern
Heilongjiang Province and had wide leaves, whereas the sam-
ple Dunhual was collected from the Changbai Mountains
and had wide leaves with a large plant type. However, the
other two samples (from Wangqing and Antu) were clustered
together. They were both A. victorialis germplasms from the
Changbai Mountains, bearing narrow lanceolate leaves with a
large leaf index. The habitat of the Wangging sample was at
higher latitudes and in greater proximity to Heilongjiang
Province. Therefore, the Wangqging sample may represent a
transitional type of A. victorialis from the Changbai
Mountains to Heilongjiang Province, whereas the habitat of
the Antu sample was closer to the traditional distribution
area of A. victorialis in the Changbai Mountains. This demon-
strates that the genetic diversity, origin, and habitat of A. vic-
torialis affected its growth, reflecting a correlation between
the growth conditions, genetic background, and habitats of
this species.

Among the other reported Allium species, we found that
the genetic relationship between A. victorialis and A. tubero-
sum was relatively close, but they were genetically distant
from the other related Allium species discussed in the present
study. This corroborates some previous studies on the gen-
etic relationship between A. victorialis and other Allium spe-
cies by DNA sequencing (Friesen et al. 2006; Li et al. 2010;
Abugalieva et al. 2017). Allium victorialis belongs to the sec-
tion Anguinum, a monophyletic group with an ancient origin
and a wide distribution (Jing et al. 1999; Li et al. 2010), which
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evolved along the second evolutionary line of the three evo-
lutionary lines of the genus Allium (Friesen et al. 2006; Li et
al. 2010). In contrast, A. tuberosum, A. macrostemon, A. sati-
vum, A. ampeloprasum, A. chinense, A. fistulosum, and A. cepa
separately belong to one of the four Allium sections, namely
Butomissa, Sacculiferum, Allium, and Cepa, all of which have
certain genetic distances from the section Anguinum. The dis-
tance between the sections Anguinum and Butomissa was
smaller than the distance between the section Anguinum and
the other three sections, which suggests that the sections
Butomissa and Anguinum may have a common ancestor
(Friesen et al. 2006; Li et al. 2010; Abugalieva et al. 2017). All
the above seven species belong to the third evolutionary line
of the genus Allium, and their evolutionary sequence was
more recent than the sequence of the section Anguinum
(Friesen et al. 2006; Li et al. 2010).

Regarding morphological and growth characteristics, the
seeds of A. victorialis have hypogeal germination and epicotyl
dormancy (Kawano and Nagai 2005; Friesen et al. 2006). This
species has reticulate-fibrous bulb tunics, prominent rhi-
zomes, and narrow, branched, and lengthwise twisted septal
nectaries (Friesen et al. 2006), with many of these characteris-
tics being unique to the section Anguinum. However, the
leaves of A. sativum and A. tuberosum are flat and solid; the
leaves of A. fistulosum, A. ascalonicum, A. cepa, A. macroste-
mon, A. ampeloprasum, and A. chinense are hollow and fistu-
lar, and A. sativum, A. cepa, A. macrostemon, and A.
ampeloprasum have swollen bulbs with membranous, papery,
or leathery tunics, all of which are distinctly different from
those of A. victorialis, indicating that the species evolved
along different evolutionary lines.

4.3. Identification of A. victorialis germplasms by
KASP assays

KASP technology is an effective and widely used genotyping
method that determines the alleles at a specific locus within
genomic DNA (Han et al. 2019; Li et al. 2019). This method
has facilitated plant genetic diversity studies, for example, in
the genotyping of Rubus (Ryu et al. 2018), non-heading
Chinese cabbage (Li et al. 2019), and persimmon (Ma et al.
2021). However, it has not been previously applied in the
analysis of A. victorialis germplasms. In this study, a KASP
assay was used to further distinguish A. victorialis samples
from the Changbai Mountains and some other Allium species.
Four KASP markers failed to show polymorphisms among dif-
ferent Allium species. This was probably due to the relatively
large differences between A. victorialis and the other Allium
species, the presence of duplicated loci, unsuccessful primer
design near the SNP regions, or the need to optimize PCR
conditions (Ryu et al. 2018; Ma et al. 2021). Two successful
markers (A_SNP5A1 and A_SNP6A1) could be used to dis-
criminate the two Dongfeng samples and the other four A.
victorialis samples, although they did not adequately distin-
guish genetical differences among the samples from Dunhua,
Antu, and Wangqing. The KASP assay results indicated that
the Dongfeng samples were clearly separated from the other
four samples from the Changbai Mountains, which is
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consistent with the results based on the phylogenetic tree
analysis. To our knowledge, this is the first report on the
development of KASP markers in A. victorialis. With the
emerging advancements in genomic technologies and assem-
bly methods, the sequences of the very large A. victorialis
genomes can be obtained in future studies, which would
benefit the development of KASP markers to effectively dis-
criminate A. victorialis germplasms.

5. Conclusions

A transcriptomic analysis of six different A. victorialis samples
from the Changbai Mountains, China, was performed. Based
on transcriptome libraries, we constructed a phylogenetic
tree containing A. victorialis and other related Allium species,
such as A. tuberosum, A. sativum, A. fistulosum, and A. cepa.
The six A. victorialis samples were clustered into two clades -
one containing the two Dongfeng samples and the other
containing the other four samples. Allium victorialis exhibited
certain genetic distances from the related Allium species and
was relatively close to A. tuberosum, which suggests that
they may have a common ancestor. Furthermore, Allium spe-
cies could be distinguished using KASP markers, including
two KASP markers that could distinguish the Dongfeng sam-
ples and the other four A. victorialis samples. This is the first
study to apply transcriptome analysis to explore the genetic
diversity of A. victorialis. Therefore, these findings not only
provide a large-scale genetic resource for future genetic
diversity and evolutionary research on A. victorialis from the
Changbai Mountains but also lay the foundation for the con-
servation of this species.
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