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Abstract

Lotus (Nelumbo Adans.) is a versatile plant with ornamental, edible, medicinal, water purification, and cultural sig-
nificance. The wide variation in petal numbers, particularly the double-petal cultivars, contributes to its ornamental
value. However, traditional breeding methods, which require growing seedlings to maturity to identify single or dou-
ble flowers, are time-consuming (ranging from one to three years) and costly. This study mapped the quantitative
trait locus (QTL) for single/double-petal traits to the 0.90-4.40 Mb region on chromosome 5 using the F, generation
of the traditional cultivar'Dan Sajin’ Within this region, 78 single nucleotide polymorphism (SNP) and insertion-dele-
tion (InDel) loci were identified, showing significant genotypic differences between single- and double-petal traits.

A C/T SNP locus at Chr.5: 1,400,097 bp (marker H8) was selected from 42 single-petal and 35 double-petal lotus sam-
ples, demonstrating the highest resolution for distinguishing between the two flower types. In three hybrid combina-
tions of Asian lotus (excluding single-petal lotus from south of the Yangtze River), seedlings with CC or CT genotypes
consistently produced single-petal flowers (100% at maturity), while those with the TT genotype yielded double-petal
flowers with an 85.7% probability. The H8 marker promises to significantly reduce production costs in lotus breeding,

offering a simple, rapid, low-cost, and highly efficient method.
Keywords Asian lotus, Double flower, Molecular marker, Nelumbo, QTL mapping, Seedling stage identification

Introduction

The lotus (Nelumbo Adans.) is one of China’s top ten tra-
ditional ornamental flowers, also valued for its culinary
(Guo et al. 2009) and medicinal uses (Chen et al. 2019;
Sharma et al. 2017). Furthermore, it plays a vital role
in the purification and restoration of aquatic ecosys-
tems (Liu et al. 2016a; Zhang 2019). The Nelumbo genus
includes only two species: the Asian lotus (N. nucifera
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Gaertn.) and the American lotus (N. lutea Willd.). Asian
lotus cultivars are highly diverse, with flower colors rang-
ing from pink and red to variegated and white, and flower
forms spanning single-, semi-double, double-, and thou-
sand-petal types. In contrast, the American lotus remains
predominantly wild, with yellow flowers and fewer culti-
vars (Liu et al. 2019). To date, 2,080 lotus cultivars have
been officially recorded globally. Among these, 40.3%
are single-petal cultivars, typically with 20-30 petals
per flower, while 56.1% are double-petal cultivars, each
containing more than 30 petals (Liu et al. 2019). Despite
differing breeding objectives—whether enhancing
ornamental traits through double-petal improvement,
increasing seed yield with single- or semi-double-petal
cultivars (Li et al. 2013; Liu et al. 2021a), or developing
varieties for both ornamental and edible purposes (Lu
2022; Yang et al. 2021)—flower phenotype identification
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still depends on traditional methods, which require
growing seedlings to maturity. However, extensive culti-
vation and breeding practices (Liu et al. 2021a, b) reveal
that approximately two-thirds of seedlings from hybrid-
ized or self-pollinated lotus seeds take one to three years
to bloom, significantly increasing the time and cost asso-
ciated with developing new lotus cultivars. Therefore, the
development of molecular markers for early identifica-
tion of single- or double-petal traits in seedlings could
streamline decisions on whether to select single-petal
seedlings for seed production or retain double-petal
plants for ornamental lotus breeding.

Research on the single/double flower trait has been
conducted across various plant species, including petu-
nia, carnation, lily, camellia, cyclamen, hollyhock,
hydrangea, rose, domestic apple, gentian, peach, cra-
bapple, peony, dianthus, plum, and lotus. These studies
have investigated aspects such as morphological anat-
omy (Dadpour et al. 2011; Maclntyre and Lacroix 1996;
Naghiloo et al. 2014; Zhang et al. 2019), genetic patterns
(Guan et al. 2024; Sink 1973; Suyama et al. 2015), gene
mapping (Meng et al. 2019; Roman et al. 2015; Wang
et al. 2020; Yu et al. 2021), genome/transcriptome analy-
sis (Huo et al. 2023; Wang et al. 2022; Zhang et al. 2024),
and gene function validation (Akita et al. 2011; Gatto-
lin et al. 2020; Liu et al. 2024; Ma et al. 2015; Noor et al.
2014; Sharifi et al. 2015). Notably, molecular markers
linked to the double-flower trait have been developed,
including one restriction fragment length polymorphism
(RFLP) and two simple sequence repeat (SSR) mark-
ers for carnation (Dianthus caryophyllus) (Scovel et al.
1998; Yagi et al. 2014), one sequence-related amplified
polymorphism (SRAP) and one SSR marker for petunia
(Petunia hybrida) (Liu et al. 2016b), a retrotransposable
element (7gsI) insertion into GsAG1 in Japanese gentian
(Gentiana scabra) (Tasaki et al. 2017), one SSR marker
for hydrangea (Hydrangea macrophylla) (Waki et al.
2018), and one SSR and five insertion-deletion (InDel)
markers for Mei (Prunus mume) (Shi et al. 2023). These
findings indicate that the single/double-petal trait is
likely controlled by a few major-effect genes, with poten-
tial contributions from minor-effect genes, and can be
roughly mapped to chromosomes. Consequently, with
an appropriate mapping population, the use of high-
density genome-wide single nucleotide polymorphism
(SNP) and InDel markers, rather than low-density SSRs
and SRAPs, offers promise for identifying markers tightly
linked to petal number in lotus. In lotus, studies on the
double-flower trait or flower shape formation (Sun et al.
2025) have focused on anatomy (Huang et al. 2014;
Jiang et al. 2009), gene expression and function (Kashi-
wamura et al. 2020; Liu et al. 2012), stamen and carpel
petaloidy (Lin et al. 2018, 2021), methylation (Lin et al.
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2019), and genome-wide association studies (GWAS)
(Gao et al. 2022). However, no molecular markers have
been developed for identifying single/double-petal traits
at the seedling stage, which limits breeding efficiency for
single- and double-flower cultivars in the lotus industry.
Over the past decade, bulked segregant analysis (BSA)
combined with next-generation sequencing (BSA-seq)
has greatly enhanced the efficiency and accuracy of quan-
titative trait locus (QTL) mapping while reducing costs.
BSA-seq also extends its applicability and facilitates
multi-omics integration, making it particularly effective
for the rapid identification of major-effect QTLs and the
development of molecular markers (Li and Xu 2022; Qu
et al. 2023). In this study, BSA and whole-genome rese-
quencing were first used to conduct preliminary QTL
mapping of the petal number trait in lotus. Within the
identified chromosomal regions, SNP and InDel sites
closely associated with the single- and double-petal
traits were detected and screened using whole-genome
sequencing (WGS) technology. After verification with
typical single- and double-petal lotus as well as segre-
gating populations from three hybrid combinations, a
molecular marker was identified. This SNP/InDel marker
enables the prediction of whether a lotus seedling will
produce single or double flowers at maturity, based on
SNP/InDel genotype detection at the seedling stage. This
approach facilitates the cost-effective and efficient breed-
ing of superior lotus cultivars.

Material and methods

Plant materials

A total of 180 lotus accessions were tested, including 42
single-petal cultivars (species), 35 double-petal cultivars,
89 single- and double-petal segregating progeny from
three artificial hybrid combinations, and 14 progenies
derived from the self-pollination of two single-petal F,
individuals (Fig. 1; Table S1). The 42 and 35 samples con-
sisted of wild types, classic cultivars, and self-produced
individuals, representing antique lotus, traditional culti-
vars, and modern hybrids. These samples included both
temperate and tropical lotus from various geographic
regions, ensuring their broad representation. In this
study, lotus individuals with 20—30 petals per flower were
classified as single-petal samples, while those with more
than 35 petals, showing significant petalization of the
stamens (and pistils), were classified as double-petal sam-
ples (Fig. 1).

All plant materials were cultivated at the ’Interna-
tional Nelumbo Collection’ (certified by the International
Waterlily and Water Gardening Society in 2016) at Chen-
shan Botanical Garden in Shanghai. Species authenticity
was confirmed by Dr. Fengluan Liu and Senior Engineer
Naifeng Fu, with single- and double-petal traits recorded
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Fig. 1 Morphology of single- and double-petal flowers in lotus. Upper panels: single-petal flowers, with no petalization occurring in the stamens;
lower panels: double-petal flowers, characterized by the significant petalization of the stamens and pistils

for at least five flowers per sample during the blooming
period. For various analytical purposes, the lotus acces-
sions were categorized into five groups: (a) Initial QTL
mapping for single- and double-petal traits using BSA,
(b) SNP/InDel detection within the mapped chromo-
somal regions via WGS, (c) Screening for closely linked
SNP/InDel markers by PCR, (d) Validation of candidate
SNP/InDel markers in three hybrid combinations, and
(e) Flowering phenotype observation of self-fertilized off-
spring with the CC genotype in the F, population.

Initial QTL mapping for single- and double-petal traits

in lotus by BSA

The BSA method was employed for QTL mapping of
petal number in lotus. The traditional single-flower culti-
var 'Dan Sajin’ (No. 18) was used as the parent (Table S1).
This cultivar exhibits a single-petal phenotype with
23-27 petals, yet carries a heterozygous genotype for the
single/double-flower trait, and has likely existed for over
430 years (Liu et al. 2020a). Extensive self-pollination
of 'Dan Sajin’ generated F, progeny, from which 30 sin-
gle-petal and 21 double-petal individuals were selected
to prepare separate DNA bulks, followed by WGS at
30x depth. Using the MutMap + strategy (Fekih et al
2013), heterozygous SNPs from all eight chromosomes of
‘Dan Sajin’ served as a reference. The A(SNP-index) was
calculated between the two DNA bulks, with a sliding
window of 1000 kb and a step size of 100 kb used to fit
the curve. The initial QTL region on the lotus chromo-
somes associated with the petal number trait was identi-
fied, based on 95% and 99% confidence intervals of the
curve. Additionally, the Euclidean distance (ED) algo-
rithm (Hill et al. 2013) and the G-statistic method (Mag-
wene et al. 2011) were also applied for QTL localization.

Initial detection via WGS and primer design for SNP/In Del
markers linked to petal number

In plant QTL mapping studies, initial mapping regions for
specific traits typically span 3—5 Mb and contain numer-
ous candidate molecular markers, necessitating further
refinement. In this study, WGS was conducted to iden-
tify significantly differentiated and homozygous SNP/
InDel loci between representative single- and double-
petal lotus within the chromosomal intervals of the initial
QTL mapping for petal number. These SNP/InDel loci
were subsequently screened to identify molecular mark-
ers closely linked to the single- and double-petal traits in
two lotus groups. The single-petal group consisted of 10
wild types, six cultivars, and three DNA bulks, totaling 21
samples (including three samples of American lotus). The
double-petal group included six representative cultivars
and five DNA bulks, totaling 15 samples (Tables S1, S2).
Clonal replicates of certain species (e.g. No.02, 10) were
included in both single- and double-petal groups, with
the single-petal group also containing seven samples with
heterozygous genotypes for petal-number-regulating
genes (Tables S1, S2). Linkage disequilibrium (LD) decay
within the QTL region was calculated using PopLDdecay
v3.31, with MaxDist set to 1,000, based on the correlation
coefficient (r*) (Zhang et al. 2019).

Sequencing depth was 10x for individuals and 20x for
DNA bulks. Data filtering and SNP/InDel calling fol-
lowed previously established protocols (Liu et al. 2021a).
The molecular marker screening process consisted of
two steps. First, within the chromosomal interval where
the QTL for petal number was mapped, loci where the
proportion of shared genotypes in 21 single-petal and 15
double-petal samples was greater than or equal to 80%
were excluded. Second, from the remaining loci, those
meeting the following criteria were manually selected as
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target molecular markers linked to petal number:>90%
genotype consistency within either the wild single-petal
or double-petal groups and distinct genotypes between
the two groups, preferably homozygous for both. For-
ward and reverse primers for each target SNP/InDel
locus were designed using online tools from the National
Center for Biotechnology Information (NCBI) website
(https://www.ncbi.nlm.nih.gov/).

Screening of SNP/InDel markers linked to single/
double-petal traits via PCR

The manually selected SNP/InDel markers were validated
and filtered through PCR amplification in 42 single-petal
(No.01-42) and 35 double-petal (No.43-77) cultivars.
The PCR products were sequenced bidirectionally using
forward and reverse primers by Sangon Biotech (Shang-
hai) Co., Ltd., and the resulting DNA sequences were
aligned using BioEdit software. The molecular markers
were evaluated based on their genotyping accuracy in
distinguishing between single- and double-petal indi-
viduals. The SNP/InDel marker exhibiting the highest
consistency between the genotypes derived from bidirec-
tional sequencing and the single- or double-petal pheno-
types across the tested samples was considered the most
closely linked marker for petal number in lotus.

Validation of candidate SNP/InDel markers linked to single
and double flowers

To validate the predictive value of the candidate SNP/
InDel markers for petal number, 89 flowering individuals
(No.78-166) from F, and F, generations of three hybrid
combinations were selected as test subjects (Table S1).
DNA was extracted from leaf tissue, and the candidate
molecular markers were amplified by PCR, followed by
sequencing and sequence alignment. The accuracy of
predicting single- or double-petal traits was calculated to
evaluate the applicability of these SNP/InDel markers for
predicting flowering petal number during the seedling
stage in lotus hybrid breeding.

DNA extraction, PCR amplification, and SNP/InDel
detection
DNA extraction: Genomic DNA was extracted using
the cetyltrimethyl ammonium bromide (CTAB) proto-
col (Doyle J] and Doyle JL. 1987), with the sugar removal
step repeated three times. The DNA was then diluted to
50 ng-uL~! and stored at 4°C. For DNA bulks, genomic
DNA was extracted from individual samples and pooled
in equal volumes to a concentration of 50 ng-pL~".
SNP/InDel calling: Library construction, WGS, and
data filtration followed the methods outlined in a previ-
ous study (Liu et al. 2021a). Clean reads were mapped
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to the eight chromosomes of ‘China Antique’ (https://
www.ncbi.nlm.nih.gov/datasets/genome/?taxon=4430,
Assembly number: GCA_014319735.1) using Burrows-
Wheeler Aligner-maximum exact matches (BWA-mem,
version 0.7.17) (Li 2013) and sequence alignment/map
(SAM, version 1.10) tools (Li et al. 2009). PCR duplicates
were marked using Picard (https://github.com/metab
rainz/picard, version 2.23.4), and SNPs and InDels were
detected with the Genome Analysis Toolkit (GATK, ver-
sion 4.1.8.1) (Poplin et al. 2017).

PCR amplification: The total PCR reaction volume was
10 pL, containing 5 pL 2X ES Taq mix (Kangwei Biotech,
Beijing, China), 1.5 pL DNA template (50 ng/uL), 0.5 pL
of each forward and reverse primer (10 uM), and 2.5 pL
ddH,O. The PCR program was as follows: pre-denatur-
ation at 94°C for 3 min, followed by 28 cycles of dena-
turation at 94°C for 30 s, annealing at 56°C for 30 s, and
extension at 72°C for 30—40 s, with a final extension at
72°C for 7-10 min.

Results

Chromosomal intervals of QTLs for single- and double-petal
traits in lotus

Self-pollination was performed on the ‘Dan Sajin’ lotus,
which exhibits a single-petal phenotype but carries het-
erozygous loci for the single/double-petal traits. After
sowing and cultivating 210 offspring, 95 plants flowered
in the first year: 71 with single petals, 21 with double pet-
als, and three with ambiguous traits, displaying 25-35
petals per flower. The ratio of single-petal to double-petal
individuals was approximately 3:1, indicating that the sin-
gle/double-petal trait in ‘Dan Sajin’ is governed by a major
gene allele, with single-petal being dominant and double-
petal recessive. BSA results from the A(SNP-index) and
ED algorithms identified a significant QTL region on
chromosome 5, spanning 900,000—4,400,000 bp, within
the 99% confidence level (Fig. 2a, b). This region con-
tains 204 genes (Nn5g26733—-Nn5g26940). In contrast,
the G-statistic algorithm did not identify a QTL interval
at the 95% confidence level (Fig. 2c). These findings align
with those of Gao et al. (2022), who identified a similar
region using a GWAS approach, thus confirming the reli-
ability of the results. Furthermore, LD analysis of 1,072
SNPs across the QTL interval revealed consistently high
1 values (0.6-0.7) with minimal fluctuations (Fig. S1),
indicating strong linkage between genetic variations
across the entire region.

SNP/InDel markers closely linked to single- and double-petal
traits

Within the 0.90-4.40 Mb region of chromosome 5,
57 SNP and 21 InDel loci were identified that met the
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Fig. 2 Quantitative trait locus (QTL) mapping petal numbers in lotus. Mapping was performed using the A(SNP-index) (a), Euclidean distance (ED)
(b), and G-statistic algorithm (c). The scatter plot represents raw values, and the black curve depicts fitted values. The blue and red lines indicate
the 95% and 99% confidence interval boundaries, respectively. No significant QTLs were detected using the G-statistic method. Chr, chromosome

primary screening criteria based on WGS data from 21
single-petal and 15 double-petal samples (Table S2).
After further manual selection, six SNP, four InDel, and
three SNP + InDel markers were chosen for validation
with expanded samples (Table 1). Each marker con-
tained one to six loci, displaying two distinct genotypes
between the majority of single-petal and double-petal
samples (Table S2). For instance, the H8 marker, located
at Chr.5: 1,400,097 bp and 1,400,289 bp, showed a CC
genotype in 88.9% of nine single-petal samples from
seven wild Asian lotus, and a TT genotype in 96.7%
of 15 double-petal samples. This suggests that seed-
lings with a CC genotype at these two SNPs are likely
to produce single-petal flowers, while those with a TT

genotype are more likely to bloom with double petals.
Notably, three samples of American lotus (N. lutea),
although phenotypically single-petal, predominantly
exhibited genotypes more consistent with double-petal
samples (Table S2), indicating a different genetic mech-
anism regulating petal number compared to ‘Dan Sajin’

Primers were designed for the 13 SNP/InDel markers
(Table 1), and PCR amplification followed by genotyp-
ing was performed on a representative global collection
of 42 single-petal and 35 double-petal lotus. Molecular
markers with poor genotype—phenotype consistency
were eliminated, leaving only those with higher detec-
tion accuracy. DNA sequence alignment revealed that
the SNP locus at Chr.5: 1,400,097 bp in marker H8
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Table 1 Main characteristics and primers of 13 SNP/InDel markers linked to lotus petal numbers
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No Marker code Genomic Reference base Alternate base Forward/Reverse primer Marker Product size
position of (5'-3) start/end
marker position
1 H8 1,400,097 C T F: GGCCAATGAATGAACAGA 1,400,028 363
ATCCAT
1,400,289 C T R: GATCCAGTCCCAGTTACA 1,400,390
CACT
2 J10 1,439,767 G C F: CACTCCCTTCCTCACCAA 1,439,546 783
AGAT
1,440,107 G C R: ATCCGTCCATAAATGCTG 1,440,328
ACAAAC
3 Z11 1,444,687 T C F: AGAAACGCCATTCAACCT 1,444,596 810
1,445,009 T C AGCAT 1,445,405
R: G'CACGTATTGTCAGTTAGC
1,445,345 A G TCTTT
4 M13 1,532,453 CAATCCAACACCTAGTGCGGT  C F: GCCTCAACATACCCAAGT 1,532,391
ACCATAATCAAGTCTAGGGGT TTGAC
TATGTGTAACTTTCCAGTTTT R: TGCCCAACCTATCTCCCA
GCCCATT TTTC
M13 1,532,467 G A 791
M13 1,532,476 C TF 1,533,181
5 D4 1,604,287 A T F: TGCTCCACACAAAGCACA 1,604,029 590
CTAT
R: CGAATCCTGCTAACTGCA 1,604,618
AGTGAT
6 Q7 2,577,017 AT ATTA FTGACTCCCACCACCAGA 2576757 673
ACTAAT
R: TGGTTAGCATCTCAATAC 2,577,429
GCTTGT
7 733 3,359,140 C CA,CAAAAA F: TATCGTGGCTGGAAGTTA 3,358,876 569
3,359,374 T C AAGGAT 3,359,444
R: GGATAAAGCTATGGAACC
CAGTGTAT
8 /37 3,700,603 A G* F: CGTCATACCGAGCCATG 3,700,348 629
TCAG
3,700,610 T G R: CGATTCTGAGCCAAGCAAG 3,700,976
CTAT
9 P16 3,704,917 A T F: CTACGTCTACCTTGTTCTTGT 3,704,782 740
3,705,073 C T GATTT 3,705,521
R: CACCCTAACCAACTGCCA
3,705,001 T A ATGT
3,705,173 G A
3,705,271 C T
3,705,327 A G
10 V22 3,940,693 G GGAAGAA F: AGCATTTGGTCCCTGAAC 3,940,465 774
3,940,858 A G TT1GT 3941238
R: CCAGATTCGCAGTTTGGA
GTAGT
11 Ze6 4,064,693 A G F: CGGTTGGCTGAGACTG 4,064,451 689
AGATAG
R: AGTCGGTCGGGTTTTCAT 4,065,139
CTGT
12 X4 4,130,861 T TC F: GGTACCTACTACACCCCTC 4,130,263 755
AAC
R: CGTCGATGGGAAGCTAAAA 4,131,017

GGT
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Table 1 (continued)
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No Marker code Genomic Reference base Alternate base Forward/Reverse primer Marker Product size
position of (5'-3") start/end
marker position
13” R18a 4,374,883 G A F: CGAATGGGAGGAAGGG 4,374,639 No DNA bands
CATTT
4,374,980 TGA T R: AGGCTACTGGCTTTCGTGT 4,375,227
AAT
R18b 4,374,883 G A F: GGCGGACCAGCGTAGTTA 4,374,468
AT
4,374,980 TGA T R: CCTGTAATTGAGGATTCG 4375213

GGTCTT

a) The replaced nucleotide is highlighted in font, with factors such as primer hairpin formation or primer dimer minimized or eliminated. b) No DNA bands were
amplified from the R18 marker, despite the development of two primer pairs for it. SNP/InDel refers to single nucleotide polymorphism/insertion-deletion. * indicates

that the base cannot be determined

exhibited the highest concordance between genotype
and flowering phenotype, distinguishing single- and
double-petal traits (Table S1).

In 42 single-petal lotus samples, the H8 marker’s
1,400,097-SNP detected 24 CC, 3 CT, and 15 TT geno-
types (Fig. 3), with a prediction accuracy of 64.3% (27/42)
for CC/CT genotypes correlating with the single-petal
phenotype (Table S1; Fas. S1). Excluding 11 samples from
south of the Yangtze River (No. 30-40) and two Ameri-
can lotus (No. 41-42), the prediction accuracy increased
to 93.1% for the 13 northern Asian lotus (No. 01-13) and

"No.01 F"

"No.18 F"

"No.40 F"

"X = SNP"
Double flower "No.46 F"

"No.49 F"

"No.76 F"

CAATCTGCTTATCAGCGCATTCAATTGTACCTAG
"No.0OlIR" CAAATCTGCTTATCAGCGCATTCAATTGTACCTAG
CAATCTGCTTATCAGCGCATTTAATTGTACCTAG
"No.I8R" CAAATCTGCTTATCAGCGCATTCAATTGTACCTAG
CAATCTGCTTATCAGCGCATTTAATTGTACCTAG
Single flower "No.40R" CAAATCTGCTTATCAGCGCATTTAATTGTACCTAG

CAATCTGCTTATCAGCGCATTTAATTGTACCTAG
"No.46R" CAAATCTGCTTATCAGCGCATTTAATTGTACCTAG
CAATCTGCTTATCAGCGCATTTAATTGTACCTAG
"No.49R" CAAATCTGCTTATCAGCGCATTTAATTGTACCTAG
CAATTTGCTTATCAGCGCATTTAATTGTACCTAG
"No.76 R"" CAAATTTGCTTATCAGCGCATTTAATTGTACCTAG

16 cultivars of unknown origin (No. 14-29), with only
two samples (No. 28-29) from the latter showing the TT
genotype. In 35 representative double-petal lotus, only
one sample (No. 74) displayed the CC genotype, while
the remaining samples were TT (Table S1; Fas. S2; Fig. 3),
resulting in a prediction accuracy of 97.1% (34/35) for the
TT genotype correlating with the double-petal pheno-
type. The chi-square test indicated a strong association
between the CC/CT and TT genotypes and the single/
double-petal phenotypes (x*=52.5, p<0.001, Cramer’s
V=0.906).

X

b X X

GCATTCAATTG GCATTTAATTG CAATTGAATGC GCATTTAATTG

o Dl

X X

No.01 F No.18 F

No.18 R No.46 F

Fig. 3 Genotyping of the H8 marker in single- and double-petal lotus. Bidirectional DNA sequence alignments (a) and electropherograms (b)
for representative individuals. Sample No. 01 has the CC genotype, No. 18 displays a heterozygous TC genotype, and No. 40, 46, 49, and 76 show
the TT genotype. X indicates the single nucleotide polymorphism (SNP) locus at Chr.5: 1,400,097 bp in the H8 marker. DNA sequence alignments
and electropherograms for all samples are presented in Fas. S1, S2, and Zip. S1
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The remaining 12 molecular markers, such as J10 and
X24, were ineffective in distinguishing between single-
and double-petal phenotypes when tested with a small
number of lotus samples and were subsequently dis-
carded. Therefore, the H8 SNP site is identified as the
molecular marker most tightly linked to the single/dou-
ble-petal traits in northern Chinese lotus.

Application of SNP marker H8 to northern Chinese lotus
Using molecular markers to predict single- or double-
petal flowering at the seedling stage can significantly
reduce labor and resource costs in lotus breeding by
enabling the selective retention of the desired type.
Among 89 flowering offspring from three hybrid com-
binations (crosses I, II, and III), the 1,400,097 bp SNP
of the H8 marker demonstrated 100% accuracy in iden-
tifying single-petal individuals and an 85.7% accuracy
rate for double-petal individuals (Table 2; Table S1; Fas.
S3-S5; Zip. S1). Specifically, offspring seedlings from
crosses of northern Chinese lotus, when tested for the
H8-1,400,097-SNP genotype as CC or CT, will inevitably
develop single-petal flowers at maturity, while those with
the TT genotype will likely bloom with double petals
with an 85.7% probability.

Discussion

Genetic pattern of petal number trait in lotus
Double-petal flowers in most plants arise from single-
petal flowers through the petalization of pistils and sta-
mens. The genetic regulation of this trait involves various
models, such as major genes, minor genes, polygenes,
or ploidy variations. Guozhen Huang, a renowned lotus
researcher, proposed that double petals in lotus are a
recessive trait. In a cross between the single-petal ‘Baihua
Jian’ lotus and the double-petal ‘Hong Qianye; the F; gen-
eration all displayed single-petal traits, with the F, gener-
ation segregating into both single- and double-petal types
(Huang et al. 1983). Jiang et al. (2009b) obtained double-
petal individuals in the F, generation by using single-
petal parents without American lotus genes. After more
than a decade of breeding over 700 cultivars (species)

Table 2 Accuracy analysis of H8 marker in identifying single/
double-flowering during the seedling stage

Genotype and Cross| Crossll Crosslll Identification
phenotype accuracy @
CC+CT 21 20 13 54/54
Single-flower plant 21 20 13 100.09%

T 13 15 7 30/35
Double-flower plant 11 13 6 85.7%

a) DNA sequence alignment and single nucleotide polymorphism (SNP)
genotype data for the three crosses are provided in Table S1 and Fas. S3-S5
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collected from the ‘International Nelumbo Collection,
our team observed that most hybrid combinations follow
a genetic pattern where the single-petal trait is dominant
and the double-petal trait is recessive (unpublished data).

However, some exceptions were noted in our breed-
ing and cultivation, such as certain tropical double-petal
lotus producing single-petal progeny when crossed.
Additionally, double-petal individuals sometimes appear
in F, offspring from crosses between Asian lotus and
purely single-petaled American lotus (unpublished data).
In this study, three single-petal lotus frequently exhibited
the TT genotype associated with double petals, rather
than the expected CC genotype for single petals, at 78
SNP/InDel loci within the Chr.5: 0.90-4.40 Mb region.
This unexpected pattern was consistently observed in
subsequent validation of the H8 marker using samples
No. 01-77 (Tables S1, S2). These samples included sin-
gle-petal germplasms from south of the Yangtze River in
China (No. 30-35), single-petal tropical lotus from Thai-
land, Vietnam, and India (No. 36—40), and the American
lotus (No. 41-42), which only possesses the single-petal
trait. Thus, the molecular markers within the Chr.5:
0.90-4.40 Mb interval for petal number in ‘Dan Sajin’
cannot effectively distinguish between single-petal and
double-petal samples from southern China or American
lotus. For lotus from regions south of the Yangtze River,
particularly tropical varieties, this phenomenon may be
attributed to their complex genetic backgrounds (Liu
et al. 2020b, 2023). Liu et al. (2020b) revealed through
WGS of 296 lotus accessions that wild lotus from central
(e.g. the Yangtze River Basin) and northern China share
close genetic relationships and a uniform genetic back-
ground, which is distinct from lotus found in southern
China (Yunnan) and Southeast Asia. This genetic diver-
sity could contribute to the observed genotypic patterns.
As for American lotus, due to limited germplasm avail-
ability with well-characterized genetic backgrounds over
a short period, extensive future work will be required
to validate unique genotypes within the QTL interval.
Therefore, through long-term artificial selection and
natural evolution, particularly in Asia, lotus in different
regions may have evolved distinct mechanisms for regu-
lating the single- and double-petal traits.

Our previous breeding work (Liu et al. 2021b) indi-
cated that the single-petaled ‘Dan Sajin, used as the
self-pollinating parent for BSA analysis, is a classic hor-
ticultural cultivar with a heterozygous allele controlling
the single/double-petal traits. Due to the non-heritable
nature of variegated flower color, which only propagates
vegetatively through rhizomes, it is speculated that ‘Dan
Sajin’ has existed for approximately 430 years (Liu et al.
2020a). This suggests that ‘Dan Sajin’ may not have par-
ticipated in the hybridization process or gene flow of
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modern lotus, potentially preserving a relatively pure
genetic background. Such a background is advantageous
for the precise mapping and isolation of genes control-
ling the single/double-petal traits. In this study, the 3:1
segregation ratio of single- to double-petal individuals in
the self-cross progeny of ‘Dan Sajin’ provided the initial
Chr.5: 0.90-4.40 Mb interval, which overlaps with the
chromosomal region for the petal number trait identified
by Gao et al. (2022) using GWAS analysis of 88 lotus sam-
ples. Additionally, within the 3.5 Mb interval of the petal-
number QTL, LD r? values remained stable between 0.6
and 0.7, approximately 0.1 higher than those observed in
rhizome lotus and wild lotus from tropical, central, and
northern Asia (Liu et al. 2020b). This suggests that this
QTL region may represent a low-recombination zone
or be under strong selection pressure, implying that the
QTL effect may stem from one or a few major-effect vari-
ations. These results indicate that the single/double-petal
traits in most lotus resources from China, particularly
those from north of the Yangtze River, may be regulated
by a major gene in a dominant-recessive manner.

Regarding the failure of the G-statistic method to
detect any significant QTL interval, this study attributes
this to the inherent calculation principles and sensitiv-
ity of the method (Magwene et al. 2011). The G-statistic
approach requires a large sample size, sufficient sequenc-
ing depth, and accurate genotyping. Thus, increasing the
BSA analysis with 10 additional double-petaled individ-
uals from the self-pollination of ‘Dan Sajin’ (totaling 30
plants) may improve the likelihood of identifying signifi-
cant QTL regions.

Sample selection for screening SNP/InDel marker
associated with petal numbers

In this study, when selecting lotus samples for screen-
ing SNP/InDel markers within the Chr.5: 0.90-4.40 Mb
interval, both horizontal geographical distribution and
vertical chronological differences were considered. Addi-
tionally, two clonal individuals of the same species were
included as replicate samples to minimize errors in WGS
and reduce individual developmental variations induced
by environmental factors. Separate DNA bulks from sin-
gle-petal and double-petal F, individuals were also pre-
pared as test samples, expanding the genotypic diversity
of many SNP/InDel loci within the initial QTL mapping
interval. This approach facilitated the exclusion of SNP/
InDel loci inconsistent with the single/double-petal phe-
notype, thereby narrowing down the number of target
molecular markers. Furthermore, four heterozygous sam-
ples (No. 14-16, No. 18), derived from selfing or cross-
ing and verified by test crosses, were selected (Tables
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S1, S2). Their SNP (InDel) genotypes, matching those of
the three single-petal DNA bulks (No. 17, 119-123, and
147-151), were predominantly 0|1 in the WGS data, con-
firming their heterozygosity for the single/double-petal
gene. This provided an important reference for filtering
molecular markers closely linked to the lotus petal num-
ber trait.

Strategy for screening molecular markers linked to petal
number trait in lotus

SNPs and InDels, when combined with high-throughput
sequencing technologies such as WGS, exhibit extremely
high density and allow for precise chromosomal locali-
zation. These advantages make them indispensable for
identifying molecular markers closely linked to target
traits and for further mining of functional genes. In this
study, a total of 57 SNPs and 21 InDels within the Chr.5:
0.90-4.40 Mb interval were identified, capable of distin-
guishing between certain single-petal and double-petal
samples. A strategy involving PCR amplification, Sanger
sequencing, and sequence alignment validation was then
employed to screen these markers. However, this strategy
has certain limitations, particularly with heterozygous
InDel markers. While Sanger sequencing can typically
detect heterozygous SNP sites, characterized by clear
double peaks at the corresponding base on the electro-
pherogram, the detection of heterozygous InDels—espe-
cially large insertions or deletions (>10 bp) or complex
variations—presents a greater challenge. In these cases,
Sanger sequencing often results in noisy or unreadable
electropherograms following the InDel sites, necessitat-
ing additional confirmation methods such as determin-
ing molecular weight via the fluorescently labeled primer
method (Schuelke 2000; Liu et al. 2025) or polyacryla-
mide gel electrophoresis (PAGE). However, these meth-
ods are technically demanding, costly, and procedurally
complex, which conflicts with the practical requirements
of breeding for "ease of operation," "low cost," and "rapid
processing.” Consequently, the current study ultimately
adopted a strategy based on PCR amplification, Sanger
sequencing, and sequence alignment to screen and vali-
date the 13 SNP/InDel markers.

Potential application of the H8 marker for marker-assisted
breeding in lotus

In this study, DNA sequences and electropherograms
for the 166 lotus samples (Zip. S1) revealed that the
H8-1,400,097-SNP locus exhibited high stability and
accuracy in genotyping when sequenced bidirectionally
(Fig. 3). This approach eliminates the need for labor-
intensive methods such as kompetitive allele-specific
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PCR (KASP), cleaved amplified polymorphic sequences
(CAPS), or dCAPS markers, and is simpler than detect-
ing InDels using complex methods like PAGE or
fluorescently labeled primers. Furthermore, the electro-
pherograms allow for the detection of heterozygous sam-
ples for the single/double-petal genes, greatly facilitating
research that requires these individuals as intermediates
or for other specific applications.

The H8 marker offers three key advantages for molec-
ular-assisted breeding of lotus: (a) Simplicity: Plant DNA
extraction and PCR amplification are routine molecular
biology techniques that can be performed in most labora-
tories. (b) Rapidity: The entire process, from DNA extrac-
tion to PCR amplification, sequencing, and sequence
alignment, can be completed within 1.5 days in China.
(c) Cost Reduction: By using the H8 marker to determine
whether to select for single- or double-petal traits at the
seedling stage, production costs per plant can be reduced
by approximately 50%.

The H8 marker was identified within a relatively large
QTL region (approximately 3.5 Mb) on chromosome 5 of
lotus, which may explain its tight linkage with the petal
number trait. However, it was not sufficient to distin-
guish between single- and double-petal individuals in
tropical lotus. Fine mapping using backcross populations
or recombinant inbred lines (RILs) would be beneficial
for narrowing down the QTL interval, thus improving the
precision of the H8 marker or identifying more closely
linked molecular markers. However, such efforts require
considerable time and extensive experimental validation.

Additionally, the petal number trait—whether single or
double—is a key ornamental characteristic and a crucial
breeding target in many horticultural species, includ-
ing rose, peony, carnation, and chrysanthemum. Breed-
ing efforts for this trait in these species have traditionally
relied on phenotype-based selection at flowering, which
is inefficient, time-consuming, and costly. Although the
genes controlling petal number may vary among spe-
cies, the successful identification of the H8 marker in this
study provides a promising methodological reference for
the development of molecular markers for petal number
in other ornamental plants.

Conclusions

Predicting flower phenotype—single or double petal—
during the seedling stage of lotus enables breeders to
select the desired flower form, significantly reduc-
ing breeding costs. In this study, the QTL associated
with single- and double-petal traits in Asian lotus was
mapped to the 0.90-4.40 Mb region on chromosome
5. Within this region, an SNP at Chr.5: 1,400,097 bp
(marker H8) was identified, which is tightly linked
to petal number traits. In hybrid combinations using
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Asian lotus, excluding single-petal types from south of
the Yangtze River, seedlings with CC or CT genotypes
at the H8 marker exhibited a 100% probability of pro-
ducing single-petal flowers at maturity, while those
with the TT genotype showed an 85.7% probability of
blooming with double petals. This molecular marker,
distinguished by its simplicity, rapidity, low cost, and
high efficiency, holds significant promise for applica-
tion in the lotus breeding industry.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1007/544281-025-00086-3.

Supplementary Material 1. Table S1. Basic information of test lotus, acces-
sions used for each molecular marker, and genotypes for marker H8

Supplementary Material 2. Table S2. Single nucleotide polymorphism
(SNP) and insertion-deletion (InDel) loci with significant genotypic differ-
ences between single- and double-flowered lotus

Supplementary Material 3. Figure S1. Linkage disequilibrium (LD) decay
curve of single nucleotide polymorphisms (SNPs) within the quantitative
trait locus (QTL) interval

Supplementary Material 4. Fas. S1. Sequence alignment of 42 single-flower
accessions for marker H8 (viewable using the software provided in Sup-
plementary Material 10; applies to Supplementary Materials 4-9)

Supplementary Material 5. Fas. S2. Sequence alignment of 35 double-
flower accessions for marker H8

Supplementary Material 6. Fas. S3. Sequence alignment of Cross | for
marker H8

Supplementary Material 7. Fas. S4. Sequence alignment of Cross Il for
marker H8

Supplementary Material 8. Fas. S5. Sequence alignment of Cross Il for
marker H8

Supplementary Material 9. Supplementary Zip. S1. Sequencing signal
maps of 166 lotus accessions for marker H8

Supplementary Material 10. Supplementary Software S1. BioEdit software
used for viewing

Acknowledgements
Not applicable.

Authors’ contributions

All authors contributed to the study conception and design. Material prepara-
tion, data collection and analysis were performed by JXH, YNM, GHH, SY, and
ZNG. The first draft of the manuscript was written by JXH, YNM, and GHH. The
final draft of the manuscript was reviewed and edited by TMAS and FLL. FLL
conceived and supervised the project. All authors read and approved the final
manuscript.

Funding
This work was supported by the National Natural Science Foundation of China
(Grant Number 32071821).

Data availability

All data generated or analyzed in the study are available within the paper and
its supplementary files.

Declarations

Ethics approval and consent to participate
Not applicable.


https://doi.org/10.1007/s44281-025-00086-3
https://doi.org/10.1007/s44281-025-00086-3

He et al. Horticulture Advances (2025) 3:33

Consent for publication
Not applicable.

Competing interests
Authors declare that they have no competing interests.

Received: 1 May 2025 Revised: 25 August 2025 Accepted: 28 August 2025
Published online: 10 December 2025

References

Akita Y, Nakada M, Kanno A. Effect of the expression level of an AGAMOUS-like
gene on the petaloidy of stamens in the double-flowered lily, ‘Elodie! Sci
Hortic. 2011;128(1):48-53. https://doi.org/10.1016/j.scienta.2010.12.012.

Chen G, Zhu M, Guo M. Research advances in traditional and modern use
of Nelumbo nucifera: phytochemicals, health promoting activities and
beyond. Crit Rev Food Sci Nutr. 2019;59(sup1):5189-209. https://doi.org/
10.1080/10408398.2018.1553846.

Dadpour MR, Naghiloo S, Peighambardoust SH, Panahirad S, Aliakbari M,
Movafeghi A. Comparison of floral ontogeny in wild-type and double-
flowered phenotypes of Syringa vulgaris L. (Oleaceae). Sci Hortic.
2011;127(4):535-41. https://doi.org/10.1016/j.scienta.2010.12.004.

Doyle JJ, Doyle JL. A rapid DNA isolation procedure for small quantities of fresh
leaf tissue. Phytochem Bull. 1987;19:11e15.

Fekih R, Takagi H, Tamiru M, Abe A, Natsume S, Yaegashi H, et al. Mutmap+:
Genetic mapping and mutant identification without crossing in rice. PLoS
ONE. 2013;8(7):68529. https://doi.org/10.1371/journal. pone.0068529.

Gao Z, Liang Y, Wang Y, Xiao Y, Chen J, Yang X, et al. Genome-wide associa-
tion study of traits in sacred lotus uncovers MITE-associated variants
underlying stamen petaloid and petal number variations. Front Plant Sci.
2022;13:973347. https://doi.org/10.3389/fpls.2022.973347.

Gattolin S, Cirilli M, Chessa S, Stella A, Bassi D, Rossini L. Mutations in ortholo-
gous PETALOSA TOE-type genes cause a dominant double-flower pheno-
type in phylogenetically distant eudicots. J Exp Bot. 2020;71(9):2585-95.
https://doi.org/10.1093/jxb/eraa032.

Guan H, Huang B, Yan X, Zhao J, Yang S, Wu Q, et al. Identification of distinct
roses suitable for future breeding by phenotypic and genotypic evalua-
tions of 192 rose germplasms. Hortic Adv. 2024;2(1):5. https://doi.org/10.
1007/544281-023-00024-1.

Guo HB. Cultivation of lotus (Nelumbo nucifera Gaertn. ssp. nucifera) and its
utilization in China. Genet Resour Crop Evol. 2009;56(3):323-30. https://
doi.org/10.1007/510722-008-9366-2.

Hill JT, Demarest BL, Bisgrove BW, Gorsi B, Su YC, Yost HJ. MMAPPR: muta-
tion mapping analysis pipeline for pooled RNA-seq. Genome Res.
2013;23(4):687-97. https://doi.org/10.1101/gr.146936.112.

Huang G. A preliminary study of perianth multiplization and their hereditary
basis in lotus. Wuhan Bot Res. 1983;1(2):139-42.

Huang X, Tian D, Zhang W, Zeng S, Mo H. Comparison of floral organ morpho-
logical development between single and double flowers in Nelumbo
nucifera. Plant Diver Resour. 2014;36(03):303-9.

HuoY,Yang H, Ding W, Yuan Z, Zhu Z. Exploring the relationship between
genomic variation and phenotype in ornamental pomegranate: a study
of single and double-petal varieties. Horticulturae. 2023;9(3):361. https://
doi.org/10.3390/horticulturae9030361.

Jiang L, Chen F, Teng N, Chen S, Cui N, Gu J. Heredity performance of several
morphological characters in Nelumbo nucifera. J Nanjing Agric Univ.
2009;32(03):36-41.

Jiang L, Chen F, Teng N, Chen S, Cui N, Gu J. Comparison of flower anatomical
structure of double flower and proliferation flower cultivars in Nelumbo
nucifera during flower bud differentiation processes. Acta Hortic Sinica.
2009;36(8):1233-8. https://doi.org/10.16420/j.issn.0513-353%.2009.08.023.

Kashiwamura Y, Matsuzawa R, Ishikawa Y, Shibata M, Higuchi Y. Reduced
expression of C-class genes is associated with the multiple-petal pheno-
type in Nelumbo nucifera. Hort J. 2020;89(5):619-27. https://doi.org/10.
2503/hortj.UTD-214.

Li Z, Xu Y. Bulk segregation analysis in the NGS era: a review of its teenage
years. Plant J. 2022;109(6):1355-74. https://doi.org/10.1111/tpj.15646.

Page 11 of 12

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The sequence
alignment/map format and SAMtools. Bioinformatics. 2009,25(16):2078-
9. https://doi.org/10.1093/bioinformatics/btp352.

Li X, Jiang H, Liu J, Li J, Jiang H, Xu J. Study on hybridization, open pollination,
selfing fecundity and emergence rate of different types of lotus. Acta
Agric Jiangxi. 2013;25(04):43-8. https://doi.org/10.19386/j.cnki.jxnyxb.
2013.04.013.

Li H. Aligning sequence reads, clone sequences and assembly contigs with
BWA-MEM. arXiv: 1303.3997v2 [Preprint]. 2013 [cited 2025 Aug 19]: [3 p.].
Available from: https://doi.org/10.48550/arXiv.1303.3997.

Lin Z, Damaris RN, Shi T, Li J, Yang P. Transcriptomic analysis identifies the key
genes involved in stamen petaloid in lotus (Nelumbo nucifera). BMC
Genomics. 2018;19(1):554. https://doi.org/10.1186/512864-018-4950-0.

Lin Z, Liu M, Damaris RN, Nyong'a TM, Cao D, Ou K, et al. Genome-wide DNA
methylation profiling in the lotus (Nelumbo nucifera) flower showing its
contribution to the stamen petaloid. Plants. 2019;8(5):135. https://doi.
0rg/10.3390/plants8050135.

Lin Z, Cao D, Damaris RN, Yang P. Comparative transcriptomic analysis
provides insight into carpel petaloidy in lotus (Nelumbo nucifera). Peer).
2021;9:212322. https://doi.org/10.7717/peer}.12322.

LiuZ Gu C, ChenF, Jiang J, Yang Y, Li P, et al. Identification and expression of
an APETALA2-like gene from Nelumbo nucifera. Appl Biochem Biotechnol.
2012;168(2):383-91. https://doi.org/10.1007/512010-012-9782-9.

Liu A, Tian D, Xiang Y, Mo H. Effects of biochar on growth of Asian lotus
(Nelumbo nucifera Gaertn.) and cadmium uptake in artificially cadmium-
polluted water. Sci Hortic. 2016a;198:311-7. https://doi.org/10.1016/].
scienta.2015.11.030.

Liu C, He Y, GouT, Li X, Ning G, Bao M. Identification of molecular markers
associated with the double flower trait in Petunia hybrida. Sci Hortic.
2016b,206:43-50. https://doi.org/10.1016/j.scienta.2016.04.032.

Liu F, Fei'Y, Yu J. An exploration in characteristics of the variegated flower color
and origins of the 'Sajin’lotus. China Flowers Hortic. 2020a;18:38-40.

Liu Z, Zhu H, Zhou J, Jiang S, Wang Y, Kuang J, et al. Resequencing of 296
cultivated and wild lotus accessions unravels its evolution and breeding
history. Plant J. 2020b;104(6):1673-84. https://doi.org/10.1111/tpj.15029.

LiuF, Qin M, Li S, Zhang D, Liu Q, Yan M, et al. Characterization of genomic
variation from lotus (Nelumboadans.) mutants with wide and narrow
tepals. Horticulturae. 2021a;7(12):593. https://doi.org/10.3390/horticultu
rae7120593.

Liu F, Qin M, Min J, Liu Q, Zhang D, Chen Q, et al. Effects of parent species type,
flower color, and stamen petaloidy on the fruit-setting rate of hybridiza-
tion and selfing in lotus (Nelumbo). Aquat Bot. 2021b;172:103396. https://
doi.org/10.1016/j.aquabot.2021.103396.

Liu FL, Dai YL, Hoang TN, Puripunyavanich V, Chukiatman PW, Qin M, et al.
Genetic diversity and inferred ancestry of Asian lotus (Nelumbo nucifera)
germplasms in Thailand and Vietnam. Plant Divers. 2023;45(1):69-79.
https://doi.org/10.1016/j.pld.2022.05.004.

LiuW, Zheng T, Qiu L, Guo X, Li P, Yong X, et al. A 49-bp deletion of PmAP2L
results in a double flower phenotype in Prunus mume. Hortic Res.
2024;11(2):.uhad278. https://doi.org/10.1093/hr/uhad278.

Liu F, Xi L, Fu N. Genome-wide development of simple sequence repeat (SSR)
markers at 2-Mb intervals in lotus (NelumboAdans.). BMC Genomics.
2025;26(1):4. https://doi.org/10.1186/512864-024-11191-4.

Liu L, Li'Y, Min J, Xiang Y, Tian D. Analysis of the cultivar names and characteris-
tics of global lotus (Nelumbo). Hans J Agric Sci. 2019;9(3):163-81. https://
doi.org/10.12677/HJAS.2019.93026.

Lu X. Evaluation of double-petalled lotus germplasm resources and analysis of
seed setting characteristics [Master’s thesis]. Nanjing: Nanjing Agricultural
University; 2022.

Ma N, Chen W, FanT, Tian Y, Zhang S, Zeng D, et al. Low temperature-induced
DNA hypermethylation attenuates expression of RhAG, an AGAMOUS
homolog, and increases petal number in rose (Rosa hybrida). BMC Plant
Biol. 2015;15:237. https://doi.org/10.1186/512870-015-0623-1.

MaclIntyre JP, Lacroix CR. Comparative development of perianth and androe-
cial primordia of the single flower and the homeotic double-flowered
mutant in Hibiscus rosa-sinensis (Malvaceae). Can J Bot. 1996;74(12):1871-
82. https://doi.org/10.1139/b96-224.

Magwene PM, Willis JH, Kelly JK. The statistics of bulk segregant analysis using
next generation sequencing. PLoS Comput Biol. 2011;7(11):e1002255.
https://doi.org/10.1371/journal. pcbi.1002255.


https://doi.org/10.1016/j.scienta.2010.12.012
https://doi.org/10.1080/10408398.2018.1553846
https://doi.org/10.1080/10408398.2018.1553846
https://doi.org/10.1016/j.scienta.2010.12.004
https://doi.org/10.1371/journal.pone.0068529
https://doi.org/10.3389/fpls.2022.973347
https://doi.org/10.1093/jxb/eraa032
https://doi.org/10.1007/s44281-023-00024-1
https://doi.org/10.1007/s44281-023-00024-1
https://doi.org/10.1007/s10722-008-9366-2
https://doi.org/10.1007/s10722-008-9366-2
https://doi.org/10.1101/gr.146936.112
https://doi.org/10.3390/horticulturae9030361
https://doi.org/10.3390/horticulturae9030361
https://doi.org/10.16420/j.issn.0513-353x.2009.08.023
https://doi.org/10.2503/hortj.UTD-214
https://doi.org/10.2503/hortj.UTD-214
https://doi.org/10.1111/tpj.15646
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.19386/j.cnki.jxnyxb.2013.04.013
https://doi.org/10.19386/j.cnki.jxnyxb.2013.04.013
https://doi.org/10.48550/arXiv.1303.3997
https://doi.org/10.1186/s12864-018-4950-0
https://doi.org/10.3390/plants8050135
https://doi.org/10.3390/plants8050135
https://doi.org/10.7717/peerj.12322
https://doi.org/10.1007/s12010-012-9782-9
https://doi.org/10.1016/j.scienta.2015.11.030
https://doi.org/10.1016/j.scienta.2015.11.030
https://doi.org/10.1016/j.scienta.2016.04.032
https://doi.org/10.1111/tpj.15029
https://doi.org/10.3390/horticulturae7120593
https://doi.org/10.3390/horticulturae7120593
https://doi.org/10.1016/j.aquabot.2021.103396
https://doi.org/10.1016/j.aquabot.2021.103396
https://doi.org/10.1016/j.pld.2022.05.004
https://doi.org/10.1093/hr/uhad278
https://doi.org/10.1186/s12864-024-11191-4
https://doi.org/10.12677/HJAS.2019.93026
https://doi.org/10.12677/HJAS.2019.93026
https://doi.org/10.1186/s12870-015-0623-1
https://doi.org/10.1139/b96-224
https://doi.org/10.1371/journal.pcbi.1002255

He et al. Horticulture Advances (2025) 3:33

Meng G, Zhu G, Fang W, Chen C, Wang X, Wang L, et al. Identification of loci
for single/double flower trait by combining genome-wide association
analysis and bulked segregant analysis in peach (Prunus persica). Plant
Breed. 2019;138(3):360-7. https://doi.org/10.1111/pbr.12673.

Naghiloo S, Esmaillou Z, Dadpour MR. Comparative floral ontogeny of single-
flowered and double-flowered phenotypes of Alcea rosea (Malvaceae).
Aust J Bot. 2014;62(3):217-28. https://doi.org/10.1071/BT14070.

Noor SH, Ushijima K, Murata A, Yoshida K, Tanabe M, Tanigawa T, et al. Double
flower formation induced by silencing of C-class MADS-box genes and
its variation among petunia cultivars. Sci Hortic. 2014;178:1-7. https://doi.
org/10.1016/j.scienta.2014.07.029.

Poplin R, Ruano-Rubio V, DePristo MA, Fennell TJ, Carneiro MO, Van der Auwera
GA, et al. Scaling accurate genetic variant discovery to tens of thousands
of samples. bioRxiv: 201178v1 [Preprint]. 2017[Cited 2025 Aug 19]: [22 p].
Available from: https://doi.org/10.1101/201178v1.

Qu C, Zhu M, Hu R, Niu'Y, Chen S, Zhao H, et al. Comparative genomic analyses
reveal the genetic basis of the yellow-seed trait in Brassica napus. Nat
Commun. 2023;14:5194. https://doi.org/10.1038/541467-023-40838-1.

Roman H, Rapicault M, Miclot AS, Larenaudie M, Kawamura K, Thouroude
T, et al. Genetic analysis of the flowering date and number of petals
in rose. Tree Genet Genomes. 2015;11(4):85. https://doi.org/10.1007/
$11295-015-0906-6.

Schuelke M. An economic method for the fluorescent labeling of PCR frag-
ments. Nat Biotechnol. 2000;18(2):233-4. https://doi.org/10.1038/72708.

Scovel G, Ben-Meir H, Ovadis M, Itzhaki H, Vainstein A. RAPD and RFLP markers
tightly linked to the locus controlling carnation (Dianthus caryophylius)
flower type. Theor Appl Genet. 1998,96(1):117-22. https://doi.org/10.
1007/5001220050717.

Sharifi A, Oizumi K, Kubota S, Bagheri A, Shafaroudi SM, Nakano M, et al. Dou-
ble flower formation in Tricyrtis macranthopsis is related to low expression
of AGAMOUS ortholog gene. Sci Hortic. 2015;193:337-45. https://doi.org/
10.1016/j.scienta.2015.06.050.

Sharma BR, Gautam LNS, Adhikari D, Karki R. A comprehensive review on
chemical profiling of Nelumbo nucifera: potential for drug development.
Phytother Res. 2017;31(1):3-26. https://doi.org/10.1002/ptr.5732.

ShiY, Zhu H, Zhang J, Bao M, Zhang J. Development and validation of
molecular markers for double flower of Prunus mume. Sci Hortic.
2023;310:111761. https://doi.org/10.1016/j.scienta.2022.111761.

Sink KC. The inheritance of apetalous flower type in Petunia hybrida Vilm. and
linkage tests with the genes for flower doubleness and grandiflora char-
acters and its use in hybrid seed production. Euphytica. 1973;22:520-6.
https://doi.org/10.1007/BF00036650.

Sun H, Xin J, Song H, Chen L, Yang D, Yang H, et al. Harnessing genomic and
molecular biology resources for genetic improvement of lotus: current
achievements and future directions. Horticulture Advances. 2025;3(1):1.
https://doi.org/10.1007/544281-024-00055-2.

Suyama T, Tanigawa T, Yamada A, Matsuno T, Kunitake T, Saeki K, et al. Inherit-
ance of the double-flowered trait in decorative Hydrangea flowers. Hortic
1.2015;84(3):253-60. https://doi.org/10.2503/hortj.MI-018.

Tasaki K, Higuchi A, Fujita K, Watanabe A, Sasaki N, Fujiwara K, et al. Devel-
opment of molecular markers for breeding of double flowers in
Japanese gentian. Mol Breed. 2017;37(3):33. https://doi.org/10.1007/
$11032-017-0633-9.

Waki T, Kodama M, Akutsu M, Namai K, ligo M, Kurokura T, et al. Development
of DNA markers linked to double-flower and hortensia traits in Hydrangea
macrophylla (Thunb.) Ser. Hortic J. 2018;87(2):264-73. https://doi.org/10.
2503/hortj.OKD-096.

Wang Q, Zhang X, Lin S, Yang S, Yan X, Bendahmane M, et al. Mapping a
double flower phenotype-associated gene DcAP2L in Dianthus chinensis.
J Exp Bot. 2020;71(6):1915-27. https://doi.org/10.1093/jxb/erz558.

Wang P, Fang J, Lin H, Yang W, Yu J, Hong Y, et al. Genomes of single- and
double-petal jasmines (Jasminum sambac) provide insights into
their divergence time and structural variations. Plant Biotechnol J.
2022;20(7):1232-4. https://doi.org/10.1111/pbi.13820.

Yagi M, Yamamoto T, Isobe S, Tabata S, Hirakawa H, Yamaguchi H, et al. Identifi-
cation of tightly linked SSR markers for flower type in carnation (Dianthus
caryophyllus L.). Euphytica. 2014;198(2):175-83. https://doi.org/10.1007/
510681-014-1090-8.

Yang D, Liu Y, Deng X, Xu L, Yang M. A new flower- and seed-productional
dual-usage lotus cultivar'WBG S2' Acta Hortic Sin. 2021;48:2955-6.
https://doi.org/10.16420/j.issn.0513-353x.2020-1067.

Page 12 of 12

Yu C, Wan HH, Bourke PM, Cheng BX, Luo L, Pan HT, et al. High density
genetic map and quantitative trait loci (QTLs) associated with petal
number and flower diameter identified in tetraploid rose. J Integr Agric.
2021;20(5):1287-301. https://doi.org/10.1016/52095-3119(20)63416-5.

Zhang C, Dong SS, Xu JY, He WM, Yang TL. PopLDdecay: a fast and effective
tool for linkage disequilibrium decay analysis based on variant call format
files. Bioinformatics. 2019;35(10):1786-8. https://doi.org/10.1093/bioin
formatics/bty875.

Zhang X, Lin S, Wu Q Wang Q, Shi C, Bao M, et al. Transcriptome and morpho-
logical analyses of double flower formation in Dianthus chinensis. Hortic
Plant J. 2024;10(1):181-93. https://doi.org/10.1016/j.hp;}.2023.01.007.

Zhang J, Zhu W, da Silva JAT, Fan Y, Yu X. Comprehensive application of differ-
ent methods of observation provides new insight into flower bud dif-
ferentiation of double-flowered Paeonia lactiflora'Dafugui’ HortScience.
2019;54(1):28-37. https://doi.org/10.21273/hortsci13229-18.

Zhang QN, Chen YH, Yang HR, Chen ML, Liu J. Study on the purification abil-
ity of 29 aquatic plants to rural domestic sewage. J Agric Res Environ.
2019;36(03):392-402. https://doi.org/10.13254/j jare.2018.0235.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1111/pbr.12673
https://doi.org/10.1071/BT14070
https://doi.org/10.1016/j.scienta.2014.07.029
https://doi.org/10.1016/j.scienta.2014.07.029
https://doi.org/10.1101/201178v1.
https://doi.org/10.1038/S41467-023-40838-1
https://doi.org/10.1007/s11295-015-0906-6
https://doi.org/10.1007/s11295-015-0906-6
https://doi.org/10.1038/72708
https://doi.org/10.1007/s001220050717
https://doi.org/10.1007/s001220050717
https://doi.org/10.1016/j.scienta.2015.06.050
https://doi.org/10.1016/j.scienta.2015.06.050
https://doi.org/10.1002/ptr.5732
https://doi.org/10.1016/j.scienta.2022.111761
https://doi.org/10.1007/BF00036650
https://doi.org/10.1007/s44281-024-00055-2
https://doi.org/10.2503/hortj.MI-018
https://doi.org/10.1007/s11032-017-0633-9
https://doi.org/10.1007/s11032-017-0633-9
https://doi.org/10.2503/hortj.OKD-096
https://doi.org/10.2503/hortj.OKD-096
https://doi.org/10.1093/jxb/erz558
https://doi.org/10.1111/pbi.13820
https://doi.org/10.1007/s10681-014-1090-8
https://doi.org/10.1007/s10681-014-1090-8
https://doi.org/10.16420/j.issn.0513-353x.2020-1067
https://doi.org/10.1016/S2095-3119(20)63416-5
https://doi.org/10.1093/bioinformatics/bty875
https://doi.org/10.1093/bioinformatics/bty875
https://doi.org/10.1016/j.hpj.2023.01.007
https://doi.org/10.21273/hortsci13229-18
https://doi.org/10.13254/j.jare.2018.0235

	Development and application of molecular markers linked to single and double flowers in northern Chinese lotus (Nelumbo nucifera)
	Abstract 
	Introduction
	Material and methods
	Plant materials
	Initial QTL mapping for single- and double-petal traits in lotus by BSA
	Initial detection via WGS and primer design for SNPIn Del markers linked to petal number
	Screening of SNPInDel markers linked to singledouble-petal traits via PCR
	Validation of candidate SNPInDel markers linked to single and double flowers
	DNA extraction, PCR amplification, and SNPInDel detection

	Results
	Chromosomal intervals of QTLs for single- and double-petal traits in lotus
	SNPInDel markers closely linked to single- and double-petal traits
	Application of SNP marker H8 to northern Chinese lotus

	Discussion
	Genetic pattern of petal number trait in lotus
	Sample selection for screening SNPInDel marker associated with petal numbers
	Strategy for screening molecular markers linked to petal number trait in lotus
	Potential application of the H8 marker for marker-assisted breeding in lotus

	Conclusions
	Acknowledgements
	References


