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Abstract 

Background Diosgenin is an important steroidal precursor renowned for its diverse medicinal uses. It is predomi-
nantly sourced from Dioscorea species, particularly Dioscorea zingiberensis. Dioscorea zingiberensis has an ability 
to accumulate 2–16% diosgenin in its rhizomes. In this study, a diverse population of 180 D. zingiberensis accessions 
was used to evaluate the genomic regions associated with diosgenin biosynthesis by the genome wide association 
study approach (GWAS).

Results The whole population was characterized for diosgenin contents from tubers by gas chromatography mass 
spectrometry. The individuals were genotyped by the genotyping-by-sequencing approach and 10,000 high-quality 
SNP markers were extracted for the GWAS. The highest significant marker-trait-association was observed as an SNP 
transversion (G to T) on chromosome 10, with 64% phenotypic variance explained. The SNP was located in the pro-
moter region of CYP94D144 which is a member of P450 gene family involved in the independent biosynthesis 
of diosgenin from cholesterol. The transcription factor (TF) binding site enrichment analysis of the promoter region 
of CYP94D144 revealed NAC TF as a potential regulator. The results were further validated through expression pro-
filing by qRT-PCR, and the comparison of high and low diosgenin producing hybrids obtained from a bi-parental 
population.

Conclusions This study not only enhanced the understanding of the genetic basis of diosgenin biosynthesis 
but also serves as a valuable reference for future genomic investigations on CYP94D144, with the aim of augmenting 
diosgenin production in yam tubers.
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Background
Diosgenin stands as a pivotal steroidal precursor [1] 
widely employed in initiating the synthesis of various 
compounds including androgens, antioxidants, oestro-
gens [2], and contraceptives [3–8]. Its potential in anti-
cancer therapy has drawn significant attention from 
medicinal and synthetic chemists [9]. Various bioactivi-
ties of diosgenin as anti-tumor [10], and bone-protecting 
[11] properties have been reported [12]. In recent years, 
it has emerged as an efficient and increasingly sought-
after oral contraceptive [12]. Due to its importance and 
involvement in the production of more than 300 types 
of steroid hormones, including anabolic hormones, cor-
ticosteroids, sexual hormones, and proteins, the annual 
market demand for diosgenin continues to surge at an 
approximate rate of 8% [13, 14]. Consequently, there is 
an imperative need to explore new genetic resources 
and enhance existing germplasms to meet the escalating 
demand for high-quality diosgenin materials.

The Dioscorea species are well-known for their dios-
genin content. There are over 600 reported Dioscorea 
species, of which 41 contain more than 1% diosgenin in 
their tubers [15]. The booming market demands leads to 
the worldwide cultivation of Dioscorea species. Dioscorea 
zingiberensis C. H. Wright commonly known as “yellow 
ginger” holds significance as an essential medicinal herb 
and a crucial genetic resource of diosgenin in China. It 
is widely distributed in the southern China from Hubei 
to Shaanxi, Hunan, Sichuan provinces [16]. China ranks 
among the top diosgenin-producing countries [17]. 
Dioscorea zingiberensis is well-recognized in Traditional 
Chinese Medicine for its efficacy in treating various ail-
ments, including anthrax, cough, sprains, arthritis, and 
cardiac diseases [18, 19]. Notably, it can accumulate dios-
genin ranging from 2 to 16% in its rhizomes [20]. While 
various extraction processes of diosgenin from D. zin-
giberensis and its industrial applications have been stud-
ied, the lack of high-quality germplasm and genomic 
information for diosgenin production hampers overall 
yield and synthetic biosynthesis efforts. The complete list 
of genes involved in diosgenin biosynthesis are still not 
available. A transcriptome study revealed the differen-
tially expressed genes in rhizomes of high and low dios-
genin producing plants [8]. Previously, the labeling-based 
studies have suggested the cholesterol as a precursor of 
diosgenin biosynthesis [21–23]. In plants, the genes con-
tributing to the conversion of cycloartenol to cholesterol 
have been identified [24]. Cholesterol can be trans-
formed into diosgenin through oxidative modifications 
at the C-16, C-22, and C-26 positions by P450-dependent 
enzymes such as, dioxygenases, monooxygenases and 
other catalysts, followed by the addition of rhamnose 
and glucose to the C-3 position of diosgenin molecules 

by UDP- glycosyltransferases (UGTs) [12]. The specific 
steps in diosgenin biosynthesis have previously been pro-
posed [25], but the genes associated to these steps have 
not been reported [12].

Genetic mapping and gene manipulation of metabolic 
pathways represent promising strategies for develop-
ing varieties of pharmaceutically important plants with 
enhanced medicinal compounds. Nonetheless, only 
a few genomic regions (QTLs/genes) associated with 
diosgenin biosynthesis have been reported and cloned 
[26]. Conventional gene mapping procedures are expen-
sive, time-consuming, and provide a limited genetic 
information, which limits the understanding of dios-
genin biosynthesis pathway [8]. The development of 
Genotyping-By-Sequencing (GBS) technology [27] and 
the advancements in bioinformatics tools have opened 
new opportunities to unveil the genetic background 
and genomic regions associated to diosgenin produc-
tion. GBS is a high-throughput genotyping method that 
simultaneously identifies and scores genetic variations 
across the genome. GBS involves sequencing a reduced 
representation of the genome, typically achieved through 
restriction enzyme digestion followed by sequencing of 
the resulting fragments [27]. The genome-wide associa-
tion study (GWAS) is a method used to identify genetic 
variations associated with a particular trait or disease 
in a population. It scans the entire genome of individu-
als to pinpoint genetic variants that are more common in 
individuals with the trait of interest compared to those 
without it. Taking advantage from GBS, GWAS has been 
implemented to detect the QTLs and candidate genes 
controlling important traits in plants [28]. No GWAS has 
been reported in D. zingiberensis and no genetic study 
has been conducted on diosgenin variation.

To identify the QTLs and candidate genes associated 
with diosgenin variation in D. zingiberensis tuber, we 
performed a GWAS. It enabled us to locate the major 
genetic variants in the D. zingiberensis genome control-
ling diosgenin content. Additionally, we established 
a bi-parental population, segregating into high and 
low diosgenin-producing pools, to validate the results 
obtained from GWAS. This study will pave a way for the 
development of D. zingiberensis cultivars with enhanced 
diosgenin content.

Methods
Plant materials and experimental conditions
A diverse population of 180 accessions was designed to 
find the genomic regions associated with the diosgenin 
contents in D. zingiberensis (Supplementary Table  1). 
The accessions were originally collected from three prov-
inces located in the southwestern part of China (Yunnan, 
Sichuan, and Guangxi) but no detailed passport data are 
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available. The plant materials were formally identified by 
Prof Yunpeng Luan and all germplasms are conserved as 
vitroplant at the Genebank of Southwest Forestry Univer-
sity. No permission is required to work on this species. 
The genotypes were planted at two different agro-eco-
logical conditions at Luohe in 2021  (33o 34’ 18’’ North 
and 114 o 2’ 7’’ East) and Hainan in 2022  (18o 56’ 22’’ 
North and 109 o 29’ 3’’ East), two cities of China. Luohe 
and Hainan exhibit distinct differences in climate, soil 
types, and vegetation due to their geographical locations 
within China. While Luohe has a temperate continen-
tal climate and is dominated by agricultural landscapes, 
Hainan experiences a tropical climate and boasts diverse 
tropical vegetation, including rainforests and mangroves. 
Hainan Island, located in the southern part of China, has 
a tropical climate influenced by its proximity to the equa-
tor and the surrounding ocean. It experiences high tem-
peratures year-round, with average temperatures ranging 
from 24 °C to 28 °C. The climate is characterized by high 
humidity and abundant rainfall, particularly during the 
wet season from May to October. Hainan Island has a 
diverse range of soil types, including red soil, laterite soil, 
and tropical forest soil. Luohe, located in Henan Prov-
ince, is situated in the central part of China. It typically 
experiences a temperate continental climate with distinct 
seasons. Summers are hot and humid, with temperatures 
often exceeding 30  °C, while winters are cold and dry, 
with temperatures dropping below freezing. Spring and 
autumn are relatively mild. The predominant soil types in 
the Luohe area are those associated with the North China 
Plain, such as various types of loam, silt, and clay soils. 
These soils are fertile and suitable for agriculture.

Due to the significant intra-varietal variability in yam, 
it is crucial to plant multiple tuber fragments. We planted 
5 tuber fragments per variety, resulting in 5 plants. To 
address spatial heterogeneity, we distributed the plant-
ing across 3 distinct ridges according to the randomized 
complete block design. Therefore, each accession was 
represented by a total of 15 plants (5 plants * 3 ridges). 
All the standard cultural practices were kept constant as 
per local requirements [29]. The plants were harvested at 
the time of senescence (ranging from 9 to 10 months).

Sample preparation and evaluation of diosgenin content
The fresh tubers obtained from D. zingiberensis plants 
harvested in November-January were peeled and used 
to determine the diosgenin contents. For each accession, 
slices (~ 3 cm thickness per tuber) from the middle of 3 
tubers randomly selected per ridge (biological replicate) 
were finely cut and mixed. It is worth noting that a single 
plant can yield up to 10 tubers. We collected 1 g of air-
dried samples, placed them in twice volume of distilled 
water in a conical flask. These were further hydrolyzed 

with 50 ml of 2.0 N  H2SO4 at 1.15 Pa pressure and 100 °C 
temperature for 6  h in a pressure cooker. The contents 
were then cooled and filtered by using Whatman filter 
paper No. 1. To achieve a neutral pH (7.0), the filtered 
residue was then washed with distilled water. The neu-
tralized and filtered residue was dried and then extracted 
with 50  ml petroleum ether for 6  h at 80  °C using the 
Soxhlet extraction method [20]. The extract was dried 
in rotary evaporator and the recrystallization was per-
formed using ethanol as solvent [20, 30]. The final crystal 
was re-dissolved in 25 ml ethanol for high performance 
liquid chromatography (HPLC) analysis. The chromatog-
raphy was performed using the MeOH:  H2O (95:5; v/v) as 
elution solvent at 0.5 ml  min−1 flow rate, Econobase C18 
column was 4.6  mm × 150  mm, 5  μm. The absorbance 
was recorded at wavelength of 203 nm.

Statistical analysis for phenotypes
The R-program was used to estimate and visualize the 
frequency distribution, descriptive statistical, and Q-Q 
plots for diosgenin contents. The significance of avail-
able phenotypic diversity in the population and across 
locations was also estimated by analysis of variance in 
R-program.

Variance estimates were used to estimate broad–
sense heritability (h2) according to the formula: h2 = σ2g/
(σ2g + σ2ge + σ2e), where σ2g, σ2ge and σ2e are the vari-
ance components for genotypes, genotypes × location_
replicate and residual variation, respectively.

The best linear unbiased prediction (BLUP) was esti-
mated with the package lme4 (R.2.15) with the following 
model:

Phenotype~(1|Genotype) + (1|Location) + 
(1|REP%in%Location) + (1| Genotype: Location).

Genotyping and population clustering analysis
The fresh leaf samples were collected from different 
plants (3-month-old) of each accession and mixed. The 
whole genome DNA was extracted by extraction kit 
(Imagene, China) as per manufacturer’s protocol. The 
quality of the DNA was checked using a Nanodrop 8000 
spectrophotometer (Thermo Fisher Scientific, Waltham, 
MA, USA). All of the DNA samples were subject to GBS 
a 96-plex Pst I GBS protocol [31]. Briefly, the DNA of 
each accession was digested with the restriction enzyme 
PstI (New England Biolabs, Beijing, China). Restriction 
cutting sites were ligated with adapters (barcodes) with 
the T4 ligase. The ligated products were then pooled 
together. Single-end sequencing was performed using an 
Illumina HiSeq2500 instrument (Illumina Inc. San Diego, 
CA, USA). The generated raw reads were processed (sort-
ing, demultiplexing and trimming) using the TASSEL-
GBS v2 pipeline [32]. The mapping onto the reference 
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genome [33] was performed using the Burrows–Wheeler 
alignment (BWA) v0.7.17, and the SNPs were called with 
DiscoverySNPCallerPluginV2. The average sequencing-
error-rate per base was set to 0.01, while the threshold 
quality score value for a marker position was set to zero. 
The missing data was determined by TASSEL 5.0 soft-
ware [34] and the minimum count was set to 75%. The 
SNPs with the minor allele frequency (MAF) less than 
0.05 were filtered. The population relatedness (kinship, 
k-matrix) based on the VanRaden method [35] was con-
ducted in the GAPIT program (http:// www. maize genet 
ics. net/ GAPIT) [36] while the principal component anal-
ysis (PCA) was performed based on FactoMineR package 
[37].

Population structure analysis
The population genetic structure of the 180 accessions 
was inferred by using a Bayesian model-based method in 
STRU CTU RE v2.3.4. The number of population clusters 
was predetermined as k ranging from 1 to 10. We applied 
five independent runs for each k. Each run involved a 
total of 100,000 Markov chain Monte Carlo iterations 
after a burn-in period of 100,000 iterations. We deter-
mined the best k population following the Evanno ΔK 
method [38].

Genome wide association analysis
The top 10,000 high quality SNPs were saved in vcf file 
format. The genotypic data along with diosgenin contents 
were used to perform the genome wide association study 
(GWAS) in GAPIT [36]. The mixed linear model (MLM) 
with kinship matrix was used for marker trait association 
using the following equation:

where y was the vector of observations, β and µ were 
vectors of fixed and random effects, respectively, G 
denoted the genotypic (SNP markers) matrix, P was the 
phenotypic data matrix, the kinship matrix (K) was used 
as covariate, and e was a random residual vector. The 
BLUP values [37] were used to identify the loci control-
ling the diosgenin content. It is worth noting that recent 
GWAS models such as FarmCPU and BLINK were also 
tested, producing results identical to those obtained with 
the MLM. Consequently, only the results from the MLM 
are presented in this manuscript.

The significant association and QTL regions were 
defined at a threshold of –log10 (P) ≥ 5 (0.05/n, n = 10,000 
SNPs). The significant SNPs locations were searched in 
the genome GFF file to find out the candidate genes. To 
predict the potential transcription factors controlling 
the candidate gene, the Plant Transcriptional Regulatory 

y = Gβ + Pµ+ K+ e

Map (PlantRegMap) platform (http:// plant regmap. gao- 
lab. org/ tf_ enric hment. php) was used.

External validation of the candidate QTL
The identified loci which were significantly associated 
with diosgenin contents were further validated by com-
paring the low and high pools of genotypes in a separate 
bi-parental population. Parent A (G0XT12) character-
ized with 2.62% diosgenin content was crossed to Par-
ent B (G0XT422) known for high (13.55%) diosgenin 
content. Five hybrids with low diosgenin content (< 3%) 
were compared with five hybrids containing high dios-
genin content (> 10%). DNA were extracted from the leaf 
samples using the CTAB method. With the SnapGene 6.1 
software (www. snapg ene. com), we designed PCR primers 
(5’-TGA GGG GTT TCT GGG AGG -3’; 5’-ATA GGT GTT 
GAG TTG GCG G-3’) to amplify 300  bp in the promoter 
region of the candidate gene around the peak SNP. PCR 
sequences were aligned in MEGA10 software [39]. Next, 
the total RNA was extracted from tubers and expression 
pattern of the candidate gene was further evaluated by 
qRT-PCR in both high and low hybrid pools based on 
previous reported descriptions [40]. Briefly, the qRT-PCR 
experiment was conducted in an Applied Biosystems™ 
7500 Real-Time PCR machine (Thermo Fisher Scien-
tific, Waltham, Massachusetts, USA) with a SYBR Green 
PCR Master Mix (Tiangen Biotech, Beijing, China). 
Total RNA was extracted with RNAprep Pure Plant Kit 
(Tiangen Biotech, Beijing, China), and the RNA was 
transcribed with Quantscript Reverse Transcriptase Kit 
(Tiangen Biotech, Beijing, China). We pooled equal vol-
umes of cDNA from each male individual into one tube 
and equal volumes of cDNA from each female individual 
into another tube. This creates separate male and female 
cDNA pools. A primer pair (5’- TGC AAA ACT CAC CAG 
GTT CA − 3’; 5’- AAG GAT GAG CTT ATG CGG AA − 3’) 
was designed using PrimerPremier5. The relative expres-
sion of the candidate gene was quantified following the 
comparative CT method [41]. Three technical and three 
biological replicates were applied, and the expression 
data were normalized against D. zingiberensis actin gene 
sequence (NCBI GenBank accession: JN693499).

Results
Diversity and heritability for diosgenin in D. zingiberensis
A diverse population of 180 selected D. zingiberensis 
genotypes was evaluated for the diosgenin contents. 
The extent of variation among the genotypes was esti-
mated in two environmental conditions at Hainan and 
Luohe (China). A significant variability among genotypes 
was observed for diosgenin contents at both locations 
(Table  1). A consistent normal frequency distribution 
was observed for diosgenin contents at both locations 

http://www.maizegenetics.net/GAPIT
http://www.maizegenetics.net/GAPIT
http://plantregmap.gao-lab.org/tf_enrichment.php
http://plantregmap.gao-lab.org/tf_enrichment.php
http://www.snapgene.com
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(Fig.  1; Table  1). It showed that diosgenin content is a 
typical quantitative trait that is governed by the contri-
bution of several genes. Moreover, the phenotypic data is 
suitable for genome wide association study (GWAS). We 
observed a relatively higher average value of diosgenin 
contents at Luohe while a wider range was observed at 
Hainan (Table  1). A genetic and environmental varia-
tions among the genotypes were observed by the analy-
sis of variance and coefficient of variation (Table 1). The 
genotypic variations along with significant broad sense 
heritability (h2) demonstrated the genotypes as the main 
source of variation for diosgenin contents in the popula-
tion which could be inherited to next generations. There 
was no effect of environmental factors on diosgenin pro-
duction. However, the genotype by environment interac-
tion was significant.

Genotyping and population structure analysis
 The genotyping-by-sequencing approach was used to 
genotype the whole population, and the top 10,000 SNP 
markers were obtained after strict screening criteria. 
The SNPs were well-distributed in the D. zingiberen-
sis genome with a marker density of 9.6 SNPs/kb. The 
population structure and principal component analysis 
(PCA) were conducted. Both PCA and Structure analy-
sis showed four (K = 4) main groups genotypes (Fig. 2A, 
B). The PC1 only explained 10.96% of the total variation, 
confirming that the diversity is so broad that many com-
ponents are required to explain it.

Genome wide association study and the mining 
the candidate genomic region
 The GWAS was performed to identify the genomic 
regions associated with diosgenin production in D. zin-
giberensis. The mixed linear model was adopted for the 
regression analysis with population structure data as 
covariate. The threshold –log10 (p) ≥ 5 was considered 
for the identification of significant marker-trait associa-
tions. A total, 93 SNPs mainly on chromosome 10 were 

observed to be significantly associated with the target 
trait (Fig.  3A, Supplementary Table  2). All the associ-
ated SNPs were clustered in a 1,150 bp genomic region. 
Hence, we defined this region as a QTL. The peak SNP at 
the 12,542 bp position on physical map of chromosome 
10 showed a very strong association (–log10(p) = 20.63) 
with diosgenin production. The SNP could explain 64% 
of the diosgenin variation in the D. zingiberensis tuber, 
showing that it is a major QTL. The deviation from 
expected values of SNP markers was estimated by Q-Q 
plot by GAPIT in R-program, and a significant deviation 
of SNPs was observed (Fig. 3B).

Detecting genes in the QTL region
 Based on the genome GFF file, we located the peak SNP 
at 202 bp distance within the promoter region of the can-
didate gene annotated as CYP94D144 (Fig. 4A). The top 
associated SNP markers had two alleles (G/T) (Fig. 4B), 
hence, the allelic performance was estimated. The allele 
G was observed to be responsible for the higher dios-
genin contents in D. zingiberensis tuber. We speculated 
that the peak SNP alters the binding of a regulator gene 
(such as a transcription factor (TF)) controlling the 
expression of CYP94D144. To predict the potential TF 
controlling CYP94D144, the Plant Transcriptional Regu-
latory Map (PlantRegMap) platform (http:// plant regmap. 
gao- lab. org/ tf_ enric hment. php) was used for in-silico TF 
binding site enrichment analysis in the promoter region 
of CYP94D144. Seven TF families were predicted but 
the NAC TF binding domain was the more enriched, 
hence could be involved in the regulation of CYP94D144 
(Fig. 4C).

Validation of GWAS results in an external panel
 To validate the detected marker trait association, an 
external panel of bi-parental hybrids (a group of five 
hybrids plants with low diosgenin content and a group 

Fig. 1 Variation of diosgenin content among the association panel 
at two planting sites (A) Hainan and (B) Luohe

Table 1 Descriptive statistics for diosgenin content in the GWAS 
panel

***significance P <0.001, **significance P <0.01

ns non-significant

Parameters Luohe Hainan

Mean (% contents) 4.7 4.4

Min (% contents) 1.23 1.12

Max (% contents) 11.55 13.31

Coefficient of variation (%) 64.59 49.12

Heritability (h2) 0.86

Genotypic variance ***

Environmental variance ns

Genotype to Environment interaction **

http://plantregmap.gao-lab.org/tf_enrichment.php
http://plantregmap.gao-lab.org/tf_enrichment.php
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of five hybrids plants with high diosgenin content) was 
used (Fig.  5A). The sequencing PCR product (300  bp 
promoter region of CYP94D144) and alignment showed 
that both parents possess different alleles at the identi-
fied peak SNP through GWAS. Similarly, all hybrids with 

low and high diosgenin content possess the correspond-
ing alleles (Fig. 5A). Individuals with high diosgenin con-
tent harbored the G allele of, while individuals with the 
T allele had low diosgenin content (Fig.  5B). The qRT-
PCR expression profiling of CYP94D144 in the two pools 

Fig. 2 Population structure (A) and principal component (B) analyses of the D. zingiberensis accessions

Fig. 3 Genome-wide association mapping for diosgenin content in D. zingiberensis. Manhattan plot for diosgenin content (A). Quantile-quantile 
plot for diosgenin content (B)
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was conducted. A very low expression level (40X lower) 
of CYP94D144 was observed in the pool of hybrids with 
the T allele as compared to the pool of hybrids harboring 
the G allele (Fig. 5C). This result indicates that a natural 
variation in the promoter region of CYP94D144 poten-
tially alters the binding of a regulatory gene leading to its 
differential expression and impacting the biosynthesis of 
diosgenin in the tuber.

Discussion
Phenotypic assessment of association panel
Diosgenin, a steroidal sapogenin, serves as a funda-
mental precursor in the production of various steroidal 
medicines, underpinning its significant pharmaceutical 
relevance. The Dioscorea species are the main sources of 
diosgenin [42]. In yam, a recent study identified and vali-
dated various genes linked to diosgenin biosynthesis [43]. 
In this study, we used a diverse panel of D. zingiberensis 
to evaluate the diosgenin contents. The range of dios-
genin production was wider in Hainan than Luohe, which 
is due to significant genotype by environmental interac-
tions (Table  1). A similar effect has also been reported 
for starch production in other crops like Tobacco [44]. 

However, the genotypes with high diosgenin contents in 
Hainan also showed high contents in Luohe. It revealed 
that the genetic differences were the main source of vari-
ation. The 86% heritability also supported the genotypic 
effect in the population. Hence, it can be concluded 
that diosgenin content variation is mainly governed by 
genetic factors. The wider phenotypic range and normal 
frequency distribution of genotypes in population sug-
gest the suitability of this population for GWAS to evalu-
ate the genomic associations with diosgenin contents.

Population structure assessment of association panel
GWAS is a powerful approach to reveal the genomic 
regions associated with complex quantitative traits. 
However, the relatedness among genotypes caused by 
population structure may result in false positive identifi-
cations [44]. In this study, the SNP marker-based popula-
tion structure revealed four sub-populations by PCA and 
K-matrix. Unfortunately, there is no information on the 
geographical origins or breeding status of the accessions 
to clarify the underlying patterns of the clustered sub-
populations. The Type-I errors (false positives) in GWAS 
were controlled by involvement of covariates based on 

Fig. 4 Characterization of the structure of D. zingiberensis CYP94D144 gene showing the location of the SNP Chr10:12542 (T/G) in the promoter 
region (A). Comparative quantification of diosgenin content for accessions exhibiting T and G alleles (B). Analysis of the transcription binding factors 
in the promoter region of CYP94D144 gene (C). *** means significant difference at p < 0.001
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population structure, kinship matrix, and the principal 
components. The same strategy has been adopted by 
various researchers for precise GWAS evaluation [28, 44, 
45].

Genome wide association study for diosgenin contents
The diosgenin biosynthesis in D. zingiberensis is a com-
plex trait [42, 43, 46]. Based on transcriptome study, 
various genes involved in diosgenin metabolic pathways 
have been reported [43]. In this study, we performed the 
GWAS using the mix linear model and estimated the 
BLUP values. Hence, we found 93 SNP markers over the 
threshold. All of these SNPs were clustered on chromo-
some 10 with well-fitted Q-Q plot. Similar results have 
been reported on starch contents in potato [47]. The clus-
tering of most significant SNPs at a single locus on chro-
mosome 10 indicates the availability of a single locus with 
a major contribution to diosgenin biosynthesis. Nonethe-
less, we believe that many minor effect loci controlling 
diosgenin content were not detected in this study. Two 
key explanations for this result: (1) the size or diversity of 
the population is not enough to detect these loci; (2) The 

SNP density from the GBS approach is low. Dossa et al. 
[48] recently demonstrated that a high marker density is 
crucial for genuinely deciphering the genetic architecture 
of complex traits in yams.

Candidate gene regulating the diosgenin biosynthesis
The expression analysis and/or allelic performance have 
been widely reported to understand the molecular func-
tion of candidate genes and specific loci [44]. It has been 
reported that the allelic polymorphisms within the gene 
region or in promoter region are able to control the gene 
expression pattern [49]. Hence, the expression analysis 
for candidate gene (CYP94D144) was performed and the 
results were validated. The allelic performance of signifi-
cantly associated marker was also tested and validated by 
two-tailed paired Students’ T-test. These speculate the 
candidate gene (CYP94D144) as a major contributor in 
diosgenin biosynthesis pathway.

The candidate gene belongs to the P450 gene family. In 
a previous study, it has been discovered that the devel-
opment of CpG islands control the carbon flux between 
starch and diosgenin production [43]. This is a result of 

Fig. 5 Validation of the SNP Chr10:12542 in contrasting hybrids derived from a mapping population (A). Comparative quantification of diosgenin 
content in two contrasting pools of hybrids for SNP alleles and diosgenin content (B). Relative expression of the both versions of the gene 
via qRT-PCR experiment (C)
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duplication and neo-functionalization of P450 genes in 
diosgenin biosynthesis pathways [42, 43]. The diosgenin 
biosynthesis is a result of continuous metabolic-oxidative 
reactions on steroidal skeleton compound cholesterol 
at C-16, C-22, and C-26 [50]. The cholesterol molecules 
hydroxylation is known to be catalyzed by cytochrome 
P450 (CYP) enzymes [51].

While Dioscorea species yield a significant amount of 
diosgenin, the mechanisms governing its biosynthesis, 
emergence, or evolution in plants remain unexplored 
[42]. . Various metabolic engineering approaches have 
been employed to understand and improve the produc-
tion of diosgenin in yeast [52]. The diosgenin biosynthetic 
pathway has evolved from the modification of the com-
peting starch-biosynthesis pathway [43, 51]. Many CYP 
related genes in these pathways were revealed by tran-
scriptome analysis of D. zingiberensis [8, 51]. However, 
no study has been designed to investigate the genetic 
variants associated with variation of diosgenin content in 
D. zingiberensis tuber.

The CYP genes are categorized into subfamilies of 
P450 (i.e., CYP71D55, CYP75A, CYP76, CYP77A, 
CYP78A5, CYP93E, CYP701, CYP707, CYP716A, 
CYP73A, CYP74A), which are known to contribute to 
various metabolic pathways, including fatty acid, flavo-
noid, indole alkaloid, gibberellin, Abscisic acid (ABA) 
and sesquiterpenoid, metabolisms [51]. The CYP-
encoding genes are reported for diosgenin biosynthe-
sis [51]. Previously, a total 485 CYP encoding genes 
were annotated in D. zingiberensis genome as potential 
candidates for diosgenin biosynthesis and accumula-
tion [51]. The CYP94D144 is an ortholog of two P450 
genes i.e., CYP90G4 in Paris polyphylla and CYP90B50 
in Trigonella foenum–graecum [43]. These genes are 
involved in the independent biosynthesis of diosgenin 
in Dioscorea from cholesterol corresponding to the 
C-26 hydroxylase steroids, and C-16, 22-dihydroxylase 
[43, 53]. Cholesterol is a precursor molecule for dios-
genin biosynthesis [8, 50, 51, 53]. The steroidal saponins 
could be biosynthesized from C5 units, isopentenyl 
diphosphate (IPP). These IPP may derived either from 
the plastidic methylerythritol phosphate pathway or 
the cytosolic mevalonate pathway. The CYP94D144 
along with CYP90B71, and CYP90G6 constitute a gene 
cluster that governs the diosgenin biosynthesis and 
has been commonly reported in diosgenin producing 
plant species [43]. Hence, we can conclude that the 
CYP94D144 along with other P450 genes (CYP90B71, 
and CYP90G6) play a major role in diosgenin bio-
synthesis in D. zingiberensis. In another experiment, 
CYP94D144 was expressed in the cholesterol-produc-
ing-yeast (DG-Cho) [43, 52]. It resulted in a new yeast 

strain (DG002) that can successfully convert the choles-
terol to diosgenin. A deeper in-vivo investigation on D. 
zingiberensis by gene knockout experiment is required 
to reveal the role of CYP94D144.

Conclusions
The current study revealed the gene CYP94D144 as a 
major contributor of diosgenin content in D. zingiber-
ensis. The identification of the associated marker and 
the allele responsible for high diosgenin content will be 
useful for future breeding projects aiming at develop-
ing materials with increased diosgenin content. This 
study can be a reference to isolate and to further char-
acterize the gene CYP94D144 for deeper insights into 
its function. It will open new horizons of ectopic dios-
genin biosynthesis in order to satisfy its high demand 
for medicinal purposes.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12870- 024- 05133-1.

Supplementary Material 1.

Supplementary Material 2.

Acknowledgements
Not applicable.

Authors’ contributions
Conceptualization, S.S., Yanmei L. and Yunpeng L.; methodology, S.S., Yanmei 
L., L.J., S.L.; software, S.S.; validation, S.S., Yanmei L., L.J., S.L.; formal analysis, S.S., 
Yanmei L., L.J., S.L.; investigation, S.S., Yanmei L., L.J., S.L.; resources, Yunpeng L.; 
data curation, S.S.; writing—original draft preparation, S.S., Yanmei L.; writing—
review and editing, Yunpeng L.; visualization, S.S., Yanmei L.; supervision, Yun-
peng L.; project ad-ministration, Yunpeng L.; funding acquisition, Yunpeng L. 
All authors have read and agreed to the published version of the manuscript.

Funding
This work was supported by the Reserve Talents Project for Young and Middle-
aged Academic and Technical Leaders of Yunnan Provincial Department of 
Science and Technology (202105AC160047).

Availability of data and materials
The raw sequencing data are available at NCBI SRA under the project number: 
716093 (https://www.ncbi.nlm.nih.gov/bioproject/716093).

Declarations

Ethics approval and consent to participate
All relevant institutional, national, and international guidelines and legislations 
were followed while conducting this experiment. The plant materials were 
formally identified by Prof Yunpeng Luan and all germplasms are conserved as 
vitroplant at the Genebank of Southwest Forestry University.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

https://doi.org/10.1186/s12870-024-05133-1
https://doi.org/10.1186/s12870-024-05133-1


Page 10 of 11Sun et al. BMC Plant Biology          (2024) 24:540 

Received: 27 November 2023   Accepted: 10 May 2024

References
 1. Sonawane PD, Pollier J, Panda S, Szymanski J. Plant cholesterol bio-

synthetic pathway overlaps with phytosterol metabolism. Nat Plants. 
2016;3(1):16205. https:// doi. org/ 10. 1038/ nplan ts. 2016. 205.

 2. Chaturvedi HC, Kidwai MJNR. Cloning of medicinal plants through tissue 
culture–a review. Indian J Exp Biol. 2007;45(11):937–48.

 3. Wang Y, Zhang Y, Zhu Z, Zhu S. Exploration of the correlation between 
the structure, hemolytic activity, and cytotoxicity of steroid saponins. 
Bioorg Med Chem. 2007;15(7):2528–32.

 4. Bertrand J, Liagre B, Bégaud-Grimaud G, Jauberteau MO. Analysis 
of relationship between cell cycle stage and apoptosis induction in 
K562 cells by sedimentation field-flow fractionation. J Chromatogr B. 
2009;877(11):1155–61.

 5. Zhang R, Li P, Xu L, Chen Y. Enhancement of diosgenin production in 
Dioscorea zingiberensis cell culture by oligosaccharide elicitor from 
its endophytic fungus fusarium oxysporum Dzf17. Nat Prod Commun. 
2009;4(11):1459–62.

 6. He Z, Tian Y, Zhang X, Bing B. Anti-tumour and immunomodulating 
activities of diosgenin, a naturally occurring steroidal saponin. Nat Prod 
Res. 2012;26(23):2243–6. https:// doi. org/ 10. 1080/ 14786 419. 2011. 648192.

 7. Liu L, Dong YS, Xiu ZL. three-liquid-phase extraction of diosgenin and ste-
roidal saponins from fermentation of Dioscorea Zingibernsis CH Wright. 
Process Biochem. 2010;45(5):752–6.

 8. Hua W, Kong W, Cao X, Chen C. Transcriptome analysis of Dioscorea 
zingiberensis identifies genes involved in diosgenin biosynthe-
sis. Genes Genomics. 2017;39(5):509–20. https:// doi. org/ 10. 1007/ 
s13258- 017- 0516-9.

 9. Minato D, Li B, Zhou D, Shigeta Y. Synthesis and antitumor activ-
ity of des-AB analogue of steroidal saponin OSW-1. Tetrahedron. 
2013;69(37):8019–24.

 10. Yi T, Fan LL, Chen HL, Zhu GY. Comparative analysis of diosgenin in 
Dioscorea species and related medicinal plants by UPLC-DAD-MS. BMC 
Biochem. 2014;15:19.

 11. Sautour M, Mitaine-OfferM A-C, Lacaille-Dubois A. The Dioscorea genus: a 
review of bioactive steroid saponins. J Nat Med. 2007;61(2):91–101.

 12. Shen L, Xu J, Luo L, Hu H. Predicting the potential global distribution of 
diosgenin-contained Dioscorea species. Chin Med. 2018;13(1):58. https:// 
doi. org/ 10. 1186/ s13020- 018- 0215-8.

 13. Zhang X, Liang J, Liu J, Zhao Y. Quality control and identification of steroid 
saponins from Dioscorea Zingiberensis C. H. Wright by fingerprint with 
HPLC-ELSD and HPLC-ESI-Quadrupole/Time-of-fight tandem mass spec-
trometry. J Pharm Biomed Anal. 2014;91:46–59 (PMID: PMC3924326).

 14. Bai Y, Zhang L, Jin W, Wei M. in situ high-valued utilization and trans-
formation of sugars from Dioscorea Zingiberensis C.H. Wright for clean 
production of diosgenin. Bioresour Technol. 2015;196:642–7. https:// 
www. scien cedir ect. com/ scien ce/ artic le/ pii/ S0960 85241 50111 41.

 15. Jinreng W, ZhiZunQ D, Huizhen Q. A phytogeographical study on 
the family Dioscoreaceae. Acta Botanica Boreali-occidentalia Sinica. 
1994;14(2):128–35.

 16. Xu DP, Hu CY, Pang LWZJ. [Isolation and structure determination of 
steroidal saponin from Dioscorea Zingiberensis]. Yao Xue Xue Bao. 
2007;42(11):1162–5.

 17. Li X, Shi JMY. Research progress and prospects of dioscorea and dios-
genin. Chem Ind for Prod. 2010;30(2):107–12.

 18. Li H, Huang W, Wen Y, Gong G. Anti-thrombotic activity and chemical 
characterization of steroidal saponins from Dioscorea Zingiberensis C.H. 
Wright. Fitoterapia. 2010;81(8):1147–56.

 19. Qin Y, Wu X, Huang W, Gong G. Acute toxicity and sub-chronic toxicity of 
steroidal saponins from Dioscorea Zingiberensis C.H.Wright in rodents. J 
Ethnopharmacol. 2009;126(3):543–50.

 20. Heping H, Shanlin G, Lanlan C, Xiaoke J. In vitro induction and identifica-
tion of autotetraploids of Dioscorea zingiberensis. In Vitro Cellular & 
Developmental Biology - Plant. 2008;44(5):448–55. https:// doi. org/ 10. 
1007/ s11627- 008- 9177-3.

 21. Dansi A, Mignouna HD, Zoundjihékpon J, Sangare A. morphological 
diversity, cultivar groups and possible descent in the cultivated yams 
(Dioscorea cayenensis/D. rotundata) complex in Benin Republic. Genet 
Resour Crop Evol. 1999;46(4):371–88. https:// doi. org/ 10. 1023/A: 10086 
98123 887.

 22. Viruel J, Segarra-Moragues PCatalánJG. Latitudinal Environmental 
Niches and Riverine barriers shaped the phylogeography of the 
central Chilean endemic Dioscorea Humilis (Dioscoreaceae). PLoS One. 
2014;9(10):e110029. https:// doi. org/ 10. 1371/ journ al. pone. 01100 29.

 23. Ondo Ovono P, Dommes CKJ. Effects of planting methods and tuber 
weights on growth and yield of yam cultivars (Dioscorea rotundata 
Poir.) in Gabon. Int Res J Agri Sci Soil Sci. 2016;6:32.

 24. Wang Z, Li B, XiaoD JL, Jiang C. [Regionalization study of Dioscorea 
Nipponica in Jilin province based on MaxEnt and ArcGIS]. Zhongguo 
Zhong Yao Za Zhi. 2017;42(22):4373–7.

 25. Mehrafarin A, Ghaderi A, Rezazadeh S. Bioengineering of important 
secondary metabolites and metabolic pathways in fenugreek (Trigo-
nella foenum-graecum L). J Med Plants. 2010;9:1–18.

 26. Ye Y, Wang R, Jin L, Shen J. Molecular cloning and differential 
expression analysis of a squalene synthase gene from Dioscorea 
zingiberensis, an important pharmaceutical plant. Mol Biol Rep. 
2014;41(9):6097–104.

 27. lshire RJ, Glaubitz JC, Sun Q, Poland JA, Kawamoto K, Buckler ES, et al. 
A robust, simple genotyping-by-sequencing (GBS) approach for high 
diversity species. PLoS One. 2011;6(5). https:// doi. org/ 10. 1371/ journ al. 
pone. 00193 79.

 28. Thakral V, Yadav H, Padalkar G, Kumawat S, Raturi G, Kumar V, Mandlik 
R, Rajora N, Singh M. Recent Advances and Applicability of GBS, GWAS, 
and GS in Polyploid Crops. In Genotyping by Sequencing for Crop 
Improvement (eds H. Sonah, V. Goyal, S.M. Shivaraj and R.K. Desh-
mukh). 2022. https:// doi. org/ 10. 1002/ 97811 19745 686. ch15.

 29. Chen Y, Zhou X, Ma L, Lin Y, Huang X. Chinese yam yield is affected by 
soil nutrient levels and interactions among N P K Fertilizers. Chin Herb 
Med. 2023;15(4):588–93. https:// doi. org/ 10. 1016/j. chmed. 2022. 11. 006.

 30. Huang C, Hang Y, Zhou Y, Guo K. Analysis on quality of some main 
populations of Dioscorea zingiberensis in China. Chem Indus for Prod. 
2003;23(2):68–72.

 31. Deschamps S, May VLGD. Genotyping-by-sequencing in plants. Biol-
ogy. 2012;1(3):460–83.

 32. Glaubitz JC, Casstevens TM, Lu F, Harriman J. A high capacity genotyp-
ing by sequencing analysis Pipeline. PLoS One. 2014;9(2):e90346. 
https:// doi. org/ 10. 1371/ journ al. pone. 00903 46.

 33. Li Y, Tan C, Li Z, Guo J, et al. The genome of Dioscorea zingiberensis 
sheds light on the biosynthesis, origin and evolution of the medicinally 
important diosgenin saponins. Hortic Res. 2022;9:uhac165. https:// doi. 
org/ 10. 1093/ hr/ uhac1 65. (Haut du formulaire Bas du formulaire).

 34. Bradbury PJ, Zhang Z, Kroon DE, Casstevens TM. TASSEL: software for 
association mapping of complex traits in diverse samples. Bioinfor-
matics. 2007;23(19):2633–5. https:// doi. org/ 10. 1093/ bioin forma tics/ 
btm308.

 35. VanRaden PM. Efficient methods to compute genomic predictions. J 
Dairy Sci. 2008;91(11):4414–23. https:// doi. org/ 10. 3168/ jds. 2007- 0980.

 36. Lipka AE, Tian F, Wang Q, Peiffer J. GAPIT: genome association and predic-
tion integrated tool. Bioinformatics. 2012;28(18):2397–9. https:// doi. org/ 
10. 1093/ bioin forma tics/ bts444.

 37. Husson F, Josse J, Le S, Mazet J. 2017. FactoMineR: Multivariate Explora-
tory Data Analysis and Data Mining. https:// CRAN.R- proje ct. org/ packa 
ge= Facto MineR. https:// www. scien cedir ect. com/ scien ce/ artic le/ pii/ 
S0167 71529 60008 92.

 38. Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of 
individuals using the software STRU CTU RE: a simulation study. Mol Ecol. 
2005;14:2611–20. https:// doi. org/ 10. 1111/j. 1365- 294X. 2005. 02553.x.

 39. Kumar S, Stecher G, Li M, Knyaz C. Molecular evolutionary genetics analy-
sis across computing platforms. Mol Biol Evol. 2018;35(6):1547–9 (PMID: 
PMC5967553).

 40. Rashid MAR, Zhao Y, Azeem F, Zhao Y. Unveiling the genetic architecture 
for lodging resistance in rice (Oryza sativa L) by genome-wide association 
analyses. Front Genet. 2022;13:960007.

 41. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the compara-
tive CT method. Nat Protoc. 2008;3:1101–8. https:// doi. org/ 10. 1038/ 
nprot. 2008. 73.

https://doi.org/10.1038/nplants.2016.205
https://doi.org/10.1080/14786419.2011.648192
https://doi.org/10.1007/s13258-017-0516-9
https://doi.org/10.1007/s13258-017-0516-9
https://doi.org/10.1186/s13020-018-0215-8
https://doi.org/10.1186/s13020-018-0215-8
https://www.sciencedirect.com/science/article/pii/S0960852415011141
https://www.sciencedirect.com/science/article/pii/S0960852415011141
https://doi.org/10.1007/s11627-008-9177-3
https://doi.org/10.1007/s11627-008-9177-3
https://doi.org/10.1023/A:1008698123887
https://doi.org/10.1023/A:1008698123887
https://doi.org/10.1371/journal.pone.0110029
https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.1002/9781119745686.ch15
https://doi.org/10.1016/j.chmed.2022.11.006
https://doi.org/10.1371/journal.pone.0090346
https://doi.org/10.1093/hr/uhac165
https://doi.org/10.1093/hr/uhac165
https://doi.org/10.1093/bioinformatics/btm308
https://doi.org/10.1093/bioinformatics/btm308
https://doi.org/10.3168/jds.2007-0980
https://doi.org/10.1093/bioinformatics/bts444
https://doi.org/10.1093/bioinformatics/bts444
https://CRAN.R-project.org/package=FactoMineR
https://CRAN.R-project.org/package=FactoMineR
https://www.sciencedirect.com/science/article/pii/S0167715296000892
https://www.sciencedirect.com/science/article/pii/S0167715296000892
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73


Page 11 of 11Sun et al. BMC Plant Biology          (2024) 24:540  

 42. Semwal P, Painuli S, Abu-Izneid T, Rauf A. Diosgenin: an updated phar-
macological review and therapeutic perspectives. Oxidative Med Cell 
Longev. 2022;2022(1035441):1.

 43. Cheng J, Chen J, Liu X, Li X. The origin and evolution of the diosgenin 
biosynthetic pathway in yam. Plant Commun. 2021;2(1):100079 (https:// 
www. scien cedir ect. com/ scien ce/ artic le/ pii/ S2590 34622 03010 24).

 44. Xu X, Wang Z, Xu S, Xu M. Identifying loci controlling total starch content 
of leaf in Nicotiana tabacum through genome-wide association study. 
Funct Integr Genom. 2022;22(4):537–52. https:// doi. org/ 10. 1007/ 
s10142- 022- 00851-x.

 45. Zhao Y, Zhang H, Xu J, Jiang C. Loci and natural alleles underlying robust 
roots and adaptive domestication of upland ecotype rice in aerobic 
conditions. PLoS Genet. 2018;14(8):e1007521. https:// doi. org/ 10. 1371/ 
journ al. pgen. 10075 21

 46. Bredeson JV, Lyons JB, Oniyinde IO, Okereke NR. Chromosome 
evolution and the genetic basis of agronomically important traits in 
greater yam. Nat Commun. 2022;13(1):2001. https:// doi. org/ 10. 1038/ 
s41467- 022- 29114-w.

 47. Schönhals EM, Ding J, Ritter E, Paulo MJ. Physical mapping of QTL for 
tuber yield, starch content and starch yield in tetraploid potato (Solanum 
tuberosum L.) by means of genome wide genotyping by sequencing 
and the 8.3 K SolCAP SNP array. BMC Genomics. 2017;18(1):642. https:// 
doi. org/ 10. 1186/ s12864- 017- 3979-9.

 48. Dossa K, Morel A, Houngbo ME, Mota AZ, Malédon E, Irep J-L, Diman J-L, 
Mournet P, Causse S, Van KN, Cornet D, Chair H. Genome-wide associa-
tion studies reveal novel loci controlling tuber flesh color and oxidative 
browning in Dioscorea alata. J Sci Food Agric. 2024. https:// doi. org/ 10. 
1002/ jsfa. 12721.

 49. Yano K, Yamamoto E, Aya K, Takeuchi H. Genome-wide association study 
using whole-genome sequencing rapidly identifies new genes influenc-
ing agronomic traits in rice. Nat Genet. 2016;48(8):927–34. https:// doi. 
org/ 10. 1038/ ng. 3596.

 50. Vaidya K, Ghosh A, Kumar V, Chaudhary S. De Novo Transcriptome 
sequencing in Trigonella foenum-graecum L. to identify genes involved 
in the biosynthesis of Diosgenin. Plant Genome. 2013;6(2):plant-
genome2012.08.0021. https:// doi. org/ 10. 3835/ plant genom e2012. 08. 
0021.

 51. Li J, Liang Q, Li C, Liu M. Comparative transcriptome analysis identifies 
putative genes involved in Dioscin Biosynthesis in Dioscorea zingiberen-
sis. Molecules. 2018;23(2):454.

 52. Souza CM, Schwabe TME, Pichler H, Ploier B. A stable yeast strain 
efficiently producing cholesterol instead of ergosterol is functional for 
tryptophan uptake, but not weak organic acid resistance. Metab Eng. 
2011;13(5):555–69.

 53. Christ B, Xu C, Xu M, Li F-S. Repeated evolution of cytochrome 
P450-mediated spiroketal steroid biosynthesis in plants. Nat Commun. 
2019;10(1):3206. https:// doi. org/ 10. 1038/ s41467- 019- 11286-7.

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

https://www.sciencedirect.com/science/article/pii/S2590346220301024
https://www.sciencedirect.com/science/article/pii/S2590346220301024
https://doi.org/10.1007/s10142-022-00851-x
https://doi.org/10.1007/s10142-022-00851-x
https://doi.org/10.1371/journal.pgen.1007521
https://doi.org/10.1371/journal.pgen.1007521
https://doi.org/10.1038/s41467-022-29114-w
https://doi.org/10.1038/s41467-022-29114-w
https://doi.org/10.1186/s12864-017-3979-9
https://doi.org/10.1186/s12864-017-3979-9
https://doi.org/10.1002/jsfa.12721
https://doi.org/10.1002/jsfa.12721
https://doi.org/10.1038/ng.3596
https://doi.org/10.1038/ng.3596
https://doi.org/10.3835/plantgenome2012.08.0021
https://doi.org/10.3835/plantgenome2012.08.0021
https://doi.org/10.1038/s41467-019-11286-7

	Identification of genetic variants controlling diosgenin content in Dioscorea zingiberensis tuber by genome-wide association study
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Plant materials and experimental conditions
	Sample preparation and evaluation of diosgenin content
	Statistical analysis for phenotypes
	Genotyping and population clustering analysis
	Population structure analysis
	Genome wide association analysis
	External validation of the candidate QTL

	Results
	Diversity and heritability for diosgenin in D. zingiberensis
	Genotyping and population structure analysis
	Genome wide association study and the mining the candidate genomic region
	Detecting genes in the QTL region
	Validation of GWAS results in an external panel

	Discussion
	Phenotypic assessment of association panel
	Population structure assessment of association panel
	Genome wide association study for diosgenin contents
	Candidate gene regulating the diosgenin biosynthesis

	Conclusions
	Acknowledgements
	References


