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Introduction: The bulb of Fritillaria hupehensis, a traditional cough and
expectorant medicine, is usually harvested from June to September according
to traditional cultivation experience, without practical scientific guidance.
Although steroidal alkaloid metabolites have been identified in F. hupehensis,
the dynamic changes in their levels during bulb development and their molecular
regulatory mechanisms are poorly understood.

Methods: In this study, integrative analyses of the bulbus phenotype, bioactive
chemical investigations, and metabolome and transcriptome profiles were
performed to systematically explore the variations in steroidal alkaloid
metabolite levels and identify the genes modulating their accumulation and
the corresponding regulatory mechanisms.

Results: The results showed that weight, size, and total alkaloid content of the
regenerated bulbs reached a maximum at IMO3 (post-withering stage, early July),
whereas peiminine content reached a maximum at IM02 (withering stage, early
June). There were no significant differences between IM02 and IM03, indicating
that regenerated bulbs could be harvested appropriately in early June or July.
Peiminine, peimine, tortifoline, hupehenine, korseveramine, delafrine,
hericenone N-oxide, korseveridine, puqgiedinone, pingbeinone, pugienine B,
pugienine E, pingbeimine A, jervine, and ussuriedine levels were upregulated in
IMO2 and IM03, compared with IMO1 (vigorous growth stage, early April). The
Kyoto Encyclopedia of Genes and Genomes enrichment analysis indicated that
the accumulation of steroidal alkaloid metabolites mainly occurred prior to IMO2.
HMGR1, DXR, CAS1, CYP 90A1, and DET2 may play a positive role in peiminine,
peimine, hupehenine, korseveramine, korseveridine, hericenone N-oxide,
pugiedinone, delafrine, tortifoline, pingbeinone, pugienine B, pugienine E,
pingbeimine A, jervine, and ussuriedine biosynthesis, whereas the
downregulation of FPS1, SQE and 17-DHCR may lead to a reduction in
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peimisine levels. Weighted gene correlation network analysis showed that CYP
74A2-1, CYP 74A2-2, CYP 71A26-1, CYP 71A26-2, and CYP74A were negatively
correlated with peiminine and pingbeimine A, whereas CYP R and CYP707A1
were positively correlated.. CYP 74A2-1 and CYP 74A2-2 may play a negative role
in peimine and korseveridine biosynthesis, whereas CYP R plays a positive role. In
addition, the highly expressed C2H2, HSF, AP2/ERF, HB, GRAS, C3H, NAC, MYB-
related transcription factors (TFs), GARP-G2-like TFs, and WRKY may play
positive roles in the accumulation of peiminine, peimine, korseveridine, and
pingbeimine A.

Discussion: These results provide new insights into scientific harvesting of

F. hupehensis.
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1 Introduction

Fritillaria hupehensis Hsiao et K.C. Hsia, a member of the
Liliaceae family, is a well-known bulbus medicinal plant (Zhang
et al., 2007). Dried bulbs have been clinically used as antitussives
and expectorants for thousands of years (Wang et al., 2007; Zhang
et al., 2008). As key Chinese medicinal materials, F. hupehensis
bulbs have been widely cultivated in central China and increasingly
exported in recent decades (Wang et al., 2021a). Despite its wide
range of applications and long history of use, there have been few
systematic studies on the growth and development of F. hupehensis.
It is generally acknowledged that each herbal medicine has an
appropriate harvest period (Shan et al., 2019). Based on thousands
of years of traditional planting experience, the bulbs of F.
hupehensis are often harvested from June (when the plant has
fallen) to September. However, is this time an appropriate harvest
period and why is this period selected? Unfortunately, these studies
have not yet been conducted, and cogent scientific evidence
remains limited.

The development of medicinal herbs is a complex process
involving numerous physiological and structural alterations, and
secondary metabolism (Huang et al, 2019; Li et al,, 2020b).
Secondary metabolites are crucial sources of natural medicines and
form the material basis for their clinical curative effects (Li et al.,
2020b; Tang et al., 2021). Moreover, steroidal alkaloids, a major class
of important secondary metabolites, have been reported to be the
dominant chemical constituents in F. hupehensis (Guo et al., 2021;
Duan et al,, 2022). To date, increasing attempts have been made to
identify the chemical composition of F. hupehensis, with a particular
focus on steroidal alkaloids such as peiminine, peimine, hupehenine,
and peimisine (Kumar et al., 2020; Liu et al., 2021). Many clinical
biochemical activity studies have been conducted in recent years
(Wu et al.,, 2018; Zhang et al., 2021; Xiang et al., 2022). However,
variations in the bioactive phytochemicals during bulb development
in F. hupehensis remain poorly understood.

In recent years, integrative analyses of metabolic and
transcriptome data have been performed to investigate secondary
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metabolic compositions, identify gene functions, and elucidate
metabolic pathways during plant development (Li et al., 2020a;
Bai et al., 2021; Zheng et al., 2021). Notably, integration efforts have
been successfully conducted for the fruit development of model
plants (Li et al., 2020a), fruits (Wang et al., 2016; Li et al., 2019), and
nuts (Wang, H. et al., 2021; Zhao et al,, 2022). Furthermore, the
effective application of multiple omics analyses has been witnessed
in investigating the mechanism of medicinal plant secondary
metabolite biosynthesis and identifying gene functions (Xu et al,
2020; Sietal., 2022; Wu et al,, 2022). Notably, the genes involved in
regulating the steroidal alkaloids have not been characterized
during bulb development in F. hupehensis, and their molecular
mechanisms have not yet been elucidated.

In this study, the bulbus phenotype and bioactive chemical
investigations were performed during bulb development to identify
the appropriate time for harvesting F. hupehensis. Ultra-
performance liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS) and RNA sequencing (RNA-Seq) analyses were
used to investigate the differences in alkaloids and genes in
regenerated bulbs at different stages. Co-expression analysis
integrated with metabolomics and transcriptomics was conducted
to systematically explore the molecular mechanisms of steroidal
alkaloid biosynthesis during regenerated bulb development in F.
hupehensis. The results provide an overview of the appropriate
harvest period of F. hupehensis and improve our understanding of
steroidal alkaloid biosynthesis mechanisms in regenerated
bulb development.

2 Methods and materials
2.1 Plant materials

Phenotypic and biochemical variations in the regenerated fresh
bulbs of F. hupehensis were investigated at five developmental stages:

IMOa (seedling stage, early March), IMO1 (vigorous growth stage, early
April), IMOb (early withering stage, early May), IM02 (withering stage,
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early June), and IMO3 (post-withering stage, early July). Healthy
regenerated fresh bulbs were collected from F. hupehensis-M.
officinalis intercropping systems. The test sample site and cropping
pattern were described in detail in our previous study (Duan et al,
2022). Row spacings of M. officinalis trees were 1.50 m x 2.00 m. Bulbs
of F. hupehensis were sown under M. officinalis trees, and their row
spacings were 10 cm x 15 cm. The experimental plot size was 6.67 m*
with three replicates. Fresh bulbs were used immediately for
phenotypic and biochemical measurements. Thereafter, bulbs
collected from stages IMO1, IMO02, and IM03 were frozen in liquid
nitrogen and stored at -80°C for further analysis.

2.2 Phenotypic and
biochemical measurements

Bulb weight was measured using an electronic balance and bulb
size (length, width, and thickness) was measured using a Vernier
caliper with nine replicates. The total alkaloid content was
measured using an ultraviolet spectrophotometer (UV-1800,
Shimadzu, Japan) according to the method described by Zhou
et al. (2022). The peiminine content was analyzed using a high-
performance liquid chromatography system (Agilent 1260, Agilent,
USA) according to the Pharmacopoeia of the People’s Republic of
China (Version 2020). The total alkaloid and peiminine contents
were measured using three biological replicates.

2.3 Alkaloid metabolomic analysis

Alkaloid extract preparation, identification, and metabolite
quantification were conducted as previously described (Duan
et al., 2022). Three biological replicates (three bulbs per replicate)
were analyzed. Alkaloids with variable importance in projection
(VIP) >1 and [log, (fold change) |>1 were defined as differentially
expressed alkaloids (DEAs).

2.4 Transcriptomic analysis

Total RNA extraction, RNA integrity, and concentration
determination were performed as described in our previous study
(Duan et al,, 2022). Subsequently, high-quality RNA was used to
construct a ¢cDNA library, which was then sequenced using an
Mumina HiSeq 2500. After removing contaminating reads, invalid
reads with N ratios greater than 10%, and low-quality reads, 60.18-
Gb of clean reads were obtained. Clean reads were assembled de
novo using Trinity (v2.11.0) to obtain high-quality transcript
sequences (Grabherr et al, 2011). Alkaloid metabolite detection
and sequencing profiles were obtained from Wuhan MetWare
Biotechnology Co., Ltd. (Wuhan, China).

Gene expression levels were estimated as fragments per kilobase
million (FPKM). Differentially expressed genes (DEGs) were
identified using a threshold of |Log, (fold change) |>1, false
discovery rate, and adjusted p<0.05. The Kyoto Encyclopedia of
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Genes and Genomes (KEGG) enrichment analysis was performed
using the KEGG database.

2.5 Weighted gene co-expression
network analysis

Weighted gene co-expression network analysis (WGCNA) was
performed using R (version 1.66), based on gene expression levels
(FPKM>5). Nine differentially expressed steroidal alkaloids were
used as trait files to generate co-expression networks and modules.
Soft-threshold Pearson’s correlations between traits and modules
were calculated. KEGG enrichment analysis was performed using
the Metware cloud tools (https://cloud.metware.cn/#/tools).
Cystoscope (version 3.8.1) was used to visualize the co-
expression network.

2.6 Quantitative real-time PCR analysis

Ten target genes with higher expression were randomly selected
for quantitative real-time PCR (qQRT-PCR) analysis, and 18S rRNA
was selected as the internal reference gene. qQRT-PCR was
performed as described previously (Duan et al, 2022). The relative
expression levels of the test genes in the three biological replicates
were calculated using 27", Primer sequences are listed in
Table S1.

2.7 Statistical analysis

Statistical data were analyzed using Microsoft Excel (2019).
Significant differences among the samples (p<0.05) were examined
using SPSS 19.0. Principal component analysis (PCA) and
orthogonal partial least-squares discriminant analysis (OPLS-DA)
were performed using R-models. Origin Pro 2021 software was used
to plot graphs and analyze Pearson’s correlations among DEGs and
steroidal alkaloids. Heatmaps of DEGs and DEAs were generated
using the TBTools software (version 1.068). The analysis pipeline is
shown in Figure 1.

3 Results

3.1 Characterization of dynamic
variations in regenerated bulb
development of F. hupehensis

Phenotypic and biochemical changes, including fresh bulb
weight, bulb size, peiminine content, and total alkaloid content,
were investigated in the regenerated bulbs at five different stages
(IM0a, IM01, IMOb, IM02, and IM03) (Figure 2A). The fresh bulb
weight of F. hupehensis sharply increased from IM0Ola to IM01b, but
slightly increased from IMOb to IM03, reaching 9.10 g at IM03
(Figure 2B). The length, width, and thickness of bulbs enormously
increased from IMOa (12.13 mm, 10.47 mm, and 10.72 mm,
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FIGURE 1

Schematic diagram of the analysis pipeline in this study.

respectively) to IMO1 (21.91 mm, 20.18 mm, and 16.55 mm,
respectively), and then gradually increased from IMO1 to IMO3,
reaching their maximum at IM03 (27.49 mm, 22.71 mm, and
22.08 mm, respectively) (Figure 2C). The peiminine and total
alkaloid contents significantly increased from IMOa (0.17 mg/g
and 1.03 mg/g, respectively) to IM01 (0.25 mg/g and 1.33 mg/g,
respectively) (p<0.05), reaching their maximum at IM03 (0.33 mg/
g) and IMO02 (1.76 mg/g), respectively. Moreover, their contents
were not significantly different between IMO01 and IMOb, or between
IMO02 and IMO03 (Figures 2D, E). The results showed that the size
and weight of fresh bulbs increased significantly from IMOa to
IMOb, whereas the alkaloids increased significantly from IMOa to
IMO1 and IMOb to IMO02, respectively.

3.2 Changes in alkaloid metabolites
with regenerated bulb development
of F. hupehensis

To investigate the alkaloid metabolites in regenerated bulb
development of F. hupehensis, we performed targeted
metabolomic identification using UPLC-MS at three stages
(IMO1, IMO02, and IMO03). Pearson’s correlation analysis
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confirmed the authenticity of the metabolomic data (Figure S1).
PCA revealed that the samples within the IMO01 stage group
clustered together, whereas the IM02 and IMO03 stage samples
failed to separate (Figure 3A). The alkaloid metabolites are listed
in Table S2, and steroidal alkaloids were the most common DEAs in
the regenerated bulb development of F. hupehensis (Table S3). In
total, 17 significantly differentially expressed steroidal alkaloids
were identified (Figure 3B). Interestingly, compared with IMOI,
the levels of peiminine, peimine, hupehenine, korseveramine,
korseveridine, hericenone N-oxide, puqiedinone, delafrine,
tortifoline, pingbeinone, pugienine B, pugqienine E, pingbeimine
A, jervine, and ussuriedine significantly increased in IM02 and
IMO03, whereas peimisine and shinonomenine decreased. The
upregulated differentially expressed steroidal alkaloids accounted
for 88.24%, indicating that steroidal alkaloids accumulated during
the development of regenerated bulbs. Moreover, the DEAs in the
“IMO1_vs_IM02”, “IMO01_vs_IM03”, and “IM02_vs_IM03” groups
were analyzed, and there were 16, 22, and 8 DEAs in each of these
groups, respectively (Figure 3C). Three alkaloid metabolites (4-
hydroxymandelonitrile, p-coumaroylputrescine, and N-
feruloylputrescine) were common among these groups (Tables
54-56). Compared to IMO02, the levels of five DEAs (indole, N-
benzylformamide, 4-hydroxymandelonitrile, 3-indolepropionic

frontiersin.org


https://doi.org/10.3389/fpls.2023.1132936
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

10.3389/fpls.2023.1132936

Duan et al.
A
IMOa IMO1 M02
B2 C 35
a
% I 1 . 28 a8
= 8 = ~
3 £ e
: g e
= b Rz ab a
= -]
= ¢ z
54
= 144
—=— Length
¢ *— Width
0 5 —a— Thickness
D IM0a MO1 IMOb M02 M03 E IM0a IMO1 IMOb IM02 IMO03
0.4 2.0
= a
- a i Ed a -
2 — £ —
£03 5 1.6
s z
: b % E bt
g — B —
2 el
=1 =
£ 0.2 = 1.2
go29 | / E
& " 2 2
0.1 T T T T T 0.8 T T T T T
IM0a IMO1 IMOb IM02 IM03 IM0a IMO1 IMOb M02 MO03
FIGURE 2

Dynamic phenotypic and biochemical variations in regenerated bulb development of F. hupehensis. (A). Phenotypic changes in (F) hupehensis at five
developmental stages. (B). Bulb size (length, width, and thickness) changes. (C). Details of changes in fresh bulb weight. (D). Details of changes in
peiminine content. (E). Details of changes in total alkaloid content. All data in the Figure are represented as mean + standard error. Different letters in

each system represent significant differences at p<0.05

acid, and 1-methoxy-indole-3-acetamide) were upregulated in
IMO03, whereas those of three DEAs (p-coumaroylputrescine, N-
feruloylputrescine, and peimisine) were downregulated in IMO03
( ;
one was a steroidal alkaloid (peimisine), were altered significantly in
IMO03 compared to IMO02, suggesting that the accumulation of
steroidal alkaloids occurred before IM02.

). Twenty percent of alkaloids, of which only

3.3 Changes in gene expression with
regenerated bulb development
of F. hupehensis

RNA-Seq analysis was performed on the IM01, IM02, and IM03

samples, and the results are listed in . In general, 473.71,
473.22, and 476.88 million raw reads with 433.04, 445.39, and

Frontiers in

458.73 million clean reads were obtained from IMO01, IM02, and
IMO3 groups, respectively. The average GC content of IM01, IM02,
and IMO03 was 51.30%, 50.33%, and 50.69%, respectively. Moreover,
the Q20 values were 97.18%, 97.22%, and 97.22%, and the Q30
values were 92.33%, 92.35%, and 92.94% for the IMO01, IM02, and
IMO3 groups, respectively, indicating good quality transcriptome
sequencing. A total of 103,545 transcripts and 90,032 unigenes were
generated ( ) with mean lengths of 839 and 928 bp,
respectively. The N50 and N90 values of these transcripts were
1336 and 331 bp, respectively, whereas the unigene N50 and N90
values were 1359 and 390 bp, respectively. Thus, the quality of
transcriptome assembly was satisfactory.

The differential expression of unigenes was analyzed during
regenerated bulb development in F. hupehensis. Comparing
“IMO01_vs_IM02”, “IMO1_vs_IMO03”, and “IM02_vs_IMO03”, 8,583
(4,279 upregulated and 4,304 downregulated), 12,013 (5,817
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upregulated and 6,196 downregulated), and 5,562 (2,684
upregulated and 2,878 downregulated) significant DEGs were
identified, respectively (Figures 4A, B). The number of
upregulated and downregulated DEGs for “IMO01_vs_IMO03” was
the largest, followed by “IMO01_vs_IM02”. Notably, the number of
up- and downregulated DEGs for “IM02_vs_IM03” was the lowest
compared with the other groups. The results showed that gene
expression levels at these three stages in the regenerated bulb
development of F. hupehensis were significantly different.

To validate the RNA-Seq results, DEGs were randomly selected
for qRT-PCR analysis (Table 59). As expected, the expression levels
of these genes determined using qRT-PCR were consistent with the
RNA-Seq results (Table S10). Pearson’s correlation analysis
confirmed the reliability of RNA-Seq data (Figure S2). Moreover,
the correlation coefficient (R*= 0.9543, p<0.001) validated that the
RNA-Seq data were duplicable and reliable (Figure 4C; Table S11).

Based on KEGG enrichment analysis, the top 20 enriched
pathways are shown in the bubble diagram (Figure S3).
Comparing “IM01_vs_IM02”, the DEGs were mainly enriched in

» o«

“metabolic pathways”, “biosynthesis of secondary metabolites”,
“protein processing in endoplasmic reticulum”, “endocytosis”,
and “fatty acid biosynthesis”. For “IMO01_vs_IM03”, “metabolic

pathways” and “protein processing in the endoplasmic reticulum”
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were the two main enriched pathways. In the case of
“IMO02_vs_IM03”, the DEGs were mainly enriched in “protein
processing in endoplasmic reticulum”. Notably, the biosynthesis
of secondary metabolites was significantly enriched for
“IMO01_vs_IM02” (p<0.05), indicating that the accumulation of
secondary metabolites mainly occurred before IMO02.

3.4 Differentially expressed genes in the
steroidal alkaloid biosynthesis pathway

A possible steroidal alkaloid biosynthesis pathway diagram was
constructed according to previous reports (Kumar et al, 2021;
Sharma et al., 2021), and DEGs in this pathway were identified
(Figure 5; Table S12). In total, eight DEGs were mapped to this
pathway. Compared to IMO01, five genes (HMGRI, DXR, CASI1, CYP
90A1, and DET2) were significantly upregulated in IM02 and IM03,
whereas the SQE and 7-DHCR were downregulated. FPSI was
expressed at a higher level in IM02, whereas it was expressed at a
lower level in IM03 than in IMO1. Notably, compared with IMO01,
six out of eight genes were expressed at higher levels in IM02 and
IMO03, similar to the changes in the majority of differential
steroidal alkaloids.
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3.5 Co-expression network analysis of
genes associated with steroidal
alkaloid biosynthesis

To uncover the gene regulatory network of steroidal alkaloid
biosynthesis in F. hupehensis, WGCNA was conducted using 8,985
genes with FPKM>5. In total, six distinct gene expression modules,
labeled with different colors, were identified (Figure 6A).
Furthermore, the correlation coefficients between the modules and
nine steroidal alkaloids (peiminine, peimisine, hupehenine, peimine,
pingbeimine A, korseveridine, pingbeinone, tortifoline, and delafrine)
were calculated, and the heatmaps are shown in Figure 6B. Among the
six modules, 1,238 genes in the MEbrown module were significantly
positively correlated with hupehenine (r=0.80, p<0.05), peimine
(r=0.76, p<0.05), korseveridine (r=0.80, p<0.05), pingbeinone
(r=0.70, p<0.05), tortifoline (r=0.70, p<0.01), and delafrine (r=0.80,
p<0.05). However, 2,256 genes in the MEblue module were
significantly negatively correlated with peiminine (r=-0.77, p<0.05),
hupehenine (r=-0.73, p<0.05), peimisine (r=-0.80, p<0.01),
korseveridine (r=-0.83, p<0.01), pingbeimine A (r=-0.71, p<0.05),
tortifoline (r=-0.81, p<0.01), and delafrine (r=-0.63, p<0.05).
Interestingly, the MEturquoise module with the highest number of
genes (4,268) was significantly positively correlated with peiminine
(r=0.87, p<0.01), peimine (r=0.73, p<0.05), korseveridine (r=0.70,
p<0.05), and pingbeimine A (r=0.87, p<0.01), and negatively
correlated with peimisine (r=-0.74, p<0.05). According to the top 20
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KEGG pathways, DEGs were associated with the biosynthesis of
steroidal alkaloids in the MEturquoise module (Figure 6C). Moreover,
the “RNA transporter”, “C5 branched dibasic acid metabolism”, and
“basal transcription factors” were involved, indicating that DEGs
enriched in these three pathways may regulated the biosynthesis of
peiminine, peimine, korseveridine and pingbeimine A.

In the MEturquoise module, ten CYP and five ABC transporter
genes expressed at high levels (FPKM=>10) were identified. Five
(50.0%), two (20.0%), and three (30.0%) genes encoding CYPs were
maximally expressed in IMO01, IM02, and IMO03, respectively
(Figure 7A; Table S13). One (20.0%) and four (80.0%) genes
encoding ABC transporters were maximally expressed in IMO1
and IMO3, respectively (Figure 7C; Table S13). The potential
interaction network diagram of the DET2, CYP, and ABC
transporter genes in the MEturquoise module is plotted and
visualized in Figure 6B. In this network diagram, nine CYP genes
(CYP 74A2-1, CYP 74A2-2, CYP 71A26-1, CYP 71A26-2, CYP
707A1, CYP 74A, CYP R2, CYP R, and CYP 709B2) and four
ABC transporter genes (RPBS8A, ABCB25, ABCE2, and ABCIKS)
were highly correlated with CAS1, 7-DHCR, HMGR1, DXR, FPS1,
SQE, CYP90A1, and DET2 identified in steroidal alkaloid
biosynthesis (Figure 7B; Table S14). Subsequently, Pearson’s r
values between these highly expressed genes and the four
steroidal alkaloids related to the MEturquoise module (peiminine,
peimine, korseveridine, and pingbeimine A) were calculated
(Figure 7D). CYP 74A2-1 and CYP 74A2-2 were significantly
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DEGs in proposed steroidal alkaloid pathway.

negatively correlated with peiminine, peimine, korseveridine, and
pingbeimine A (|R|>0.8, p<0.01), whereas CYP R was positively
correlated (R>0.85, p<0.01). CYP 71A26-1, CYP 71A26-2, and
CYP74A were negatively correlated with peiminine and
pingbeimine A (|R|>0.7, p<0.05), whereas CYP707A1 was
positively correlated (R>0.8, p<0.01). ABCIKS8, RPB8A, and
ABCB25 were strongly and positively correlated with peiminine,
peimine, korseveridine, and pingbeimine A (R>0.8, p<0.05). ABCE2
strongly and positively correlated with peiminine, peimine, and
pingbeimine A (R>0.8, p<0.05). The results showed that the
expression of CYP 74A2-1, CYP 74A2-2, CYP R, CYP 71A26-1,
CYP 71A26-2, CYP74A, and CYP707A1 genes may play a complex
role in the accumulation of steroidal alkaloids. ABCIKS, RPBS8A,
and ABCB25 may positively regulate steroidal alkaloid biosynthesis.
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3.6 Transcription factors involved in
steroidal alkaloid biosynthesis

Based on the WGCNA, 15, 59, and 30 transcription factors
(TFs) were identified in the MEbrown, MEturquoise, and MEblue
modules, respectively (Figure 8A). Furthermore, a heatmap of TFs
in the MEturquoise module was constructed (Figure 8B). In the
MEturquoise module, 7 (11.86%) and 52 (88.14%) TF genes were
maximally expressed in IM01 and IMO03, respectively, suggesting
that the bulk of highly expressed TFs may positively regulate the
biosynthesis of steroidal alkaloids in the ripening stage (Figure 7B;
Table S15). A total of 59 TF genes were classified into 22 families
(Table S16), including 10 (16.90%) C2H2s, 7 (11.90%) HSFs, 5
(8.50%) AP2/ERFs, 4 (6.80%) HBs, 4 (6.80%) GRASs, 4 (6.80%)
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C3Hs, 3 (5.10%) NACs, 3 (5.10%) MYB-related TFs, 3 (5.10%)
GARP-G2-like TFs, 2 (3.40%) WRKYs, and 14 (23.7%) other TFs.

4 Discussion

The phenotype and predominant biochemical ingredients in F.
hupehensis usually change during regenerated-bulb development.
Investigating changes in phenotype and predominant biochemical
ingredients is beneficial for determining the appropriate harvest
period for regenerated bulbs. In this study, fresh bulb weight and
size were measured during regenerated bulb development of F.
hupehensis. The regenerated bulbs enlarged sharply from IM0a to
IMOb, reaching a maximum at IM03 (Figures 2B, C). Peiminine is
the main biochemical component determining the quality of F.
hupehensis. In this study, peiminine and total alkaloid contents were
measured during the development of regenerated bulbs. The results
showed that the peiminine and total alkaloid contents accumulated
rapidly from IMOa to IMO1 and from IMOb to IM02, reaching a
maximum at IM02 and IMO3, respectively (Figures 2D, E). In
particular, the phenotype and predominant biochemical
ingredients were not significantly different between IMO02 and
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IMO3, indicating that regenerated bulbs of F. hupehensis could be
harvested in early June or July.

Previous studies on the detection of alkaloids in F. hupehensis
have been limited to a few alkaloids (Zhang et al., 2007; Zhang et al.,
2008; Che et al.,, 2020). Widely targeted metabolomics has been
effectively applied to metabolite identification (Wang, H. et al,
2021; Hu et al, 2022a). In the present study, a targeted alkaloid
metabolomics approach was used to provide more comprehensive
insight into alkaloid variations during regenerated bulb
development. Similar to our previous report (Duan et al., 2022),
40 alkaloids were identified at different stages in the present study,
with steroidal alkaloids being the largest alkaloid class. Previous
studies have shown that steroidal alkaloids are the most effective
chemical substances in F. hupehensis (Liu et al., 2021). In this study,
the steroidal alkaloids were the most common DEAs in the
regenerated bulb development of F. hupehensis. The majority of
differentially expressed steroidal alkaloids were upregulated in IM02
and IMO3, indicating that steroidal alkaloids were accumulated
during the development of regenerated bulbs. However, only one
steroidal alkaloid (peimisine) was significantly altered in IMO03
compared with IM02, whereas other steroidal alkaloid metabolites
did not differ significantly, suggesting that the accumulation of
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steroidal alkaloids occurred before IM02. The steroidal alkaloids
identified during the ripening stages (IM02 and IMO03) reflect the
chemical basis of F. hupehensis medicinal composition to a certain
degree. In addition, indole, N-benzylformamide, 4-
hydroxymandelonitrile, 3-indolepropionic acid, and 1-methoxy-
indole-3-acetamide were upregulated in IM03 compared with
IMO02, whereas p-coumaroylputrescine, and N-feruloylputrescine
were downregulated, and these significantly altered alkaloid
metabolites with significantly altered levels in IM03 need to be
further explored.

The regenerated bulb development process involves a series of
gene expressions and biological and metabolic pathways.
Transcriptome sequencing has been widely used to identify the
key genes regulating the accumulation of steroidal alkaloids in
Fritillaria and to explore the molecular mechanisms of fruit
ripening in plants (Onik et al., 2018; Wang, H. et al,, 2021; Duan
etal, 2022). To dissect the developmental mechanism of regenerated
bulbs, transcriptomic analysis of regenerated bulbs of F. hupehensis
from three stages (IMO1, IM02, and IM03) was conducted. KEGG
enrichment analysis indicated that the accumulation of secondary
metabolites mainly occurred prior to IMO02. It is widely known that
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alkaloids are important secondary metabolites (Kaur and Arora,
2015). The KEGG analysis results were consistent with those of the
metabolome analysis, further validating that the accumulation of
steroidal alkaloids occurred before IM02. However, the steroidal
alkaloid pathway and the functional characterization of its
regulatory genes remain limited (Zhao et al, 2018). As described
in our previous study (Duan et al, 2022), the 2-C-methyl-d-
erythritol 4-phosphate (MEP) and Mevalonate (MVA) pathways
could be the main pathways for the accumulation of isopentenyl
diphosphate (IPP) to biosynthesize steroidal alkaloids (Figure 5).
HMG-CoA reductase (HMGR) and 1-deoxy-D-xylulose-5-
phosphate reductoisomerase (DXR) have been reported to be the
key enzyme MVA and MEP pathways, respectively (Valitova et al.,
2016; Zolfaghari et al., 2020). In this study, one HMGRI and one
DXR gene were identified in the process of steroidal backbone
biosynthesis (Figure 5), and they were upregulated in IM02 and
IMO3. Farnesyl diphosphate synthase (FPS) supplies sesquiterpene
precursors for farnesylation and geranylgeranylation of proteins in
isoprenoid biosynthesis (Szkopinska and Plochocka, 2005). In the
current study, one FPSI gene was expressed maximally in IM02
compared with IM01 and IMO03. Squalene epoxidase (SQE) is an
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essential enzyme to convert squalene to 2,3-oxidosqualene (Kumar
et al, 2021), and 2, 3-oxidosqualene is cyclized by cycloartenol
synthase (CAS) to produce cycloartenol, which serves as an
important precursor of steroidal alkaloids (Wang et al., 2019; Lu
et al, 2022). Subsequently, steroidal alkaloids are produced by
modification reactions (Duan et al., 2022). In the present study,
one CASI gene, one CYP 90 Al gene, and one DET gene were
expressed at higher levels in IM02 and IM03 than in IMO01, which
might lead to the production of peiminine, peimine, hupehenine,
korseveramine, korseveridine, hericenones N-oxide, puqiedinone,
delafrine, tortifoline, pingbeinone, puqienine B, pugqienine E,
pingbeimine A, jervine, and ussuriedine in the bulb development
of F. hupehensis. In addition, 7-dehydrocholesterol reductase (7-
DHCR) is a key enzyme that catalyzes the production of another
cholesterol precursor (Wang et al., 2021b). In our study, one SQE
gene and one 7-DHCR gene were downregulated in IM02 and IM03
compared with IMO01. Thus, we hypothesized that the
downregulation of FPSI, SQE and 17-DHCR may play an essential
role in peimisine biosynthesis in F. hupehensis. Remarkably, five out
of eight genes were highly expressed in IM02 and IMO03, which was
largely consistent with the changes in the majority of differential
steroidal alkaloids.

WGCNA is an effective tool for identifying key genes involved
in a particular process and exploring metabolic mechanisms (Xu
et al,, 2020; Wu et al.,, 2022). It has been proved meaningfully in
petal band-specific coloration mechanism (Hao et al., 2020), sugar
and hormone accumulation mechanisms under low-temperature-
stress (Wu et al., 2022), and flavonoid and amino acid synthesis
mechanisms (Hu et al., 2022a; Hu et al., 2022b). In the present
study, WGCNA was performed to elucidate steroidal alkaloid
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biosynthesis in F. hupehensis. Finally, three modules were
identified to be significantly correlated with steroidal alkaloids,
and the MEturquoise module was significantly positively
correlated with peiminine, peimine, korseveridine, and
pingbeimine A, but negatively correlated with peimisine
(Figure 6B). Moreover, the DEGs in the MEturquoise module
were enriched in “RNA transporter”, “C5 branched dibasic acid
metabolism”, and “basal transcription factors”, indicating that
DEGs enriched in these three pathways may regulate the
biosynthesis of peiminine, peimine, korseveridine, and
pingbeimine A (Figure 6C).

As the largest monooxygenases in plants, CYPs play an essential
role in steroidal alkaloid biosynthesis (Sun et al., 2011; Sharma et al.,
2021). Kumar et al. (2021) reported that ABC transporters
participate in steroidal sipeimine biosynthesis. In the present
study, ten genes encoding CYPs and five genes encoding ABC
transporters expressed at high levels (FPKM=>10) were identified in
the MEturquoise module. Furthermore, nine CYP genes (CYP
74A2-1, CYP 74A2-2, CYP 71A26-1, CYP 71A26-2, CYP 707Al,
CYP 74A, CYP R2, CYP R, and CYP 709B2) and four ABC
transporter genes (RPBS8A, ABCB25, ABCE2, and ABCIKS) were
highly correlated with CAS1, 7-DHCR, HMGR1, DXR, FPS1, SQE,
CYP90AI, and DET2 genes identified in steroidal alkaloid
biosynthesis, indicating that these genes may play an essential
role in steroidal alkaloid biosynthesis in F. hupehensis. Moreover,
the significant correlation between the expression of these nine CYP
and four ABC transporter genes and the accumulation of
peiminine, peimine, korseveridine, and pingbeimine A further
validated their important role in the synthesis of peiminine,
peimine, korseveridine, and pingbeimine A. Notably, CYP 74A2-1
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and CYP 74A2-2 may play a negative role in the biosynthesis of
peiminine, peimine, korseveridine, and pingbeimine A, whereas
CYP R plays a positive role. CYP 71A26-1, CYP 71A26-2, and
CYP74A were negatively correlated with peiminine and
pingbeimine A levels, whereas CYP707A1 levels were positively
correlated. ABCIKS, RPB8A, and ABCB25 were strongly positively
correlated with peiminine, peimine, korseveridine and pingbeimine
A levels, whereas ABCE2 was strongly and positively correlated with
peiminine, peimine, and pingbeimine A levels. These results show
that CYPs perform a distinct and complicated function, and ABC
transporters play a positive role in the steroidal alkaloid
accumulation. Further verification is required to determine their
functions in the biosynthesis of peiminine, peimine, korseveridine,
and pingbeimine A.

Prominent regulators of TFs play crucial roles in the
transcriptional regulation of secondary metabolite biosynthesis
(Meraj et al., 2020; Prakash et al, 2023). Increasing evidence has
shown that TFs, including AP2/ERF, bHLH, WRKY, and MYB
families, are involved in the biosynthesis of alkaloids (Chen et al,
2019; Godbole et al., 2022). Recently, Lu et al. (2022) identified several
AP2/ERF, bHLH, MYB, C2H2, and bHLH TFs that directly or
indirectly regulate steroidal alkaloids in Fritillariae cirrhosae. In this
study, TFs identified in the MEbrown, MEturquoise, and MEblue
modules were counted and TFs in the MEturquoise module were
analyzed. The results showed that the bulk of highly expressed C2H2,
HSF, AP2/ERF, HB, GRAS, C3H, NAC, MYB-related TFs, GARP-
G2-like TFs, and WRKY may positively regulate steroidal alkaloid
biosynthesis during bulb development in F. hupehensis. However,
TFs are comprehensive, complex, and multiplex, and their functional
characterizations should be identified using yeast one-hybrid, dual-
luciferase, and biochemical assays in future studies.

5 Conclusion

This study found that regenerated bulbs of F. hupehensis could
be harvested in early June or July. Metabolomic analysis showed
that steroidal alkaloids accumulated before IMO02 (early June).
Simultaneously, KEGG enrichment analysis further validated the
biosynthesis of secondary metabolites (steroidal alkaloids) that
occurred before early June. Eight genes that were differentially
expressed in the steroidal alkaloid biosynthesis pathway were
identified. WGCNA identified four ABC transporter genes
(RPB8A, ABCB25, ABCE2, and ABCIKS8) that might play a
positive role in the accumulation of peiminine, peimine,
korseveridine, and pingbeimine A and nine CYP genes (CYP
74A2-1, CYP 74A2-2, CYP 71A26-1, CYP 71A26-2, CYP 707Al,
CYP 74A, CYP R2, CYP R, and CYP 709B2). Moreover, high
expression of C2H2, HSF, AP2/ERF, HB, GRAS, C3H, NAC,
MYB-related TFs, GARP-G2-like TFs, and WRKY may play a
positive role in the accumulation of peiminine, peimine,
korseveridine, and pingbeimine A. This study may be beneficial
for unraveling steroidal alkaloid biosynthesis mechanisms in the
regenerated bulb development of F. hupehensis. These findings
provide a theoretical foundation and technical support for the
sustainable cultivation and clinical application of F. hupehensis.

Frontiers in Plant Science

12

10.3389/fpls.2023.1132936

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found here: https://ngdc.cncb.ac.cn/gsa/
browse/CRA009125.

Author contributions

JG framed the experimental design and approved the final version
of the manuscript. YD performed the experiments, analyzed
transcriptomic and metabolomic data, and wrote the manuscript. JY
analyzed metabolomic and transcriptomic data and revised the
manuscript. JW, FW, and KZ helped collect the experimental
samples and perform the experiments. XG and SM participated in
plot selection and guided the implementation of the field trials. TT
collected the experimental samples and revised the manuscript. All
authors contributed to the article and approved the submitted version.

Funding

This work was supported by the Key Research and
Development Plan Project of Hubei (2022BBA153), the Hubei
Technology Innovation Center for Agricultural Sciences - Key
Research and Development Project of Science and Technology
(2020-620-000-002-04), the Forestry Science and Technology
Project of Central Finance (2021TG16), the Hubei Central
Government Guided Local Science and Technology Development
Project (2022BGE256), and the China Agriculture Research System
(CARS-21).

Conflicts of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material
The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1132936/
full#supplementary-material

frontiersin.org


https://ngdc.cncb.ac.cn/gsa/browse/CRA009125
https://ngdc.cncb.ac.cn/gsa/browse/CRA009125
https://www.frontiersin.org/articles/10.3389/fpls.2023.1132936/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1132936/full#supplementary-material
https://doi.org/10.3389/fpls.2023.1132936
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Duan et al.

References

Bai, C. M., Wu, C. E,, Ma, L. L, Fu, A. Z,, Zheng, Y. Y., Han, J. W, et al. (2021).
Transcriptomics and metabolomics analyses provide insights into postharvest ripening
and senescence of tomato fruit under low temperature. Hortic. Plant J. 9 (1), 109-121.
doi: 10.1016/j.hpj.2021.09.001

Che, P, Liu, J. S, Qi, Y. D, Qiang, T. Y., Song, Y. C.,, Wei, X. P, et al. (2020).
Simultaneous determination of six major isosteroidal alkaloids in beimu by UPLC-
ELSD. China J. Chin. Materia Medica. 45 (6), 1393-1398. doi: 10.19540/
j.cnki.cjemm.20191223.201

Chen, Y., Wang, Y. Z, Lyu, P., Chen, L. P., Shen, C. J,, and Sun, C. B. (2019).
Comparative transcriptomic analysis reveal the regulation mechanism underlying
MeJA-induced accumulation of alkaloids in Dendrobium officinale. J. Plant Res. 132
(3), 419-429. doi: 10.1007/s10265-019-01099-6

Duan, Y. Y,, Liu, X. H,, Wu, . Q,, You, J. M, Wang, F. F,, Guo, X. L, et al. (2022).
Transcriptomic and metabolic analyses reveal the potential mechanism of increasing
steroidal alkaloids in Fritillaria hupehensis through intercropping with Magnolia
officinalis. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.997868

Godbole, R. C., Pable, A. A,, Singh, S., and Barvkar, V. T. (2022). Interplay of
transcription factors orchestrating the biosynthesis of plant alkaloids. 3 Biotech. 12 (10),
250. doi: 10.1007/s13205-022-03316-x

Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, L,
et al. (2011). Full-length transcriptome assembly from RNA-seq data without a
reference genome. Nat. Biotechnol. 29, 644-652. doi: 10.1038/nbt.1883

Guo, K. Y., Chen, J, Niu, Y., and Lin, X. M. (2021). Full-length transcriptome
sequencing provides insights into flavonoid biosynthesis in. Fritillaria hupehensis. Life
11 (4), 287. doi: 10.3390/1ife11040287

Hao, Z. D, Liu, S. Q, Hu, L. F,, Shi, J. S., and Chen, J. H. (2020). Transcriptome
analysis and metabolic profiling reveal the key role of carotenoids in the petal
coloration of Liriodendron tulipifera. Hortic. Res-england. 7, 70. doi: 10.1038/s41438-
020-0287-3

Huang, H. H,, Liu, R. E,, Niu, Q. F,, Tang, K., Zhang, B., Zhang, H,, et al. (2019).
Global increase in DNA methylation during orange fruit development and ripening.
Proc. Natl. Acad. Sci. 116 (4), 1430-1436. doi: 10.1073/pnas.1815441116

Hu, H. C,, Fei, X. T., He, B. B, Chen, X, Ma, L., Han, P. L., et al. (2022a). UPLC-MS/
MS profile combined with RNA-seq reveals the amino acid metabolism in
Zanthoxylum bungeanum leaves under drought stress. Front. Nutr. 9. doi: 10.3389/
fnut.2022.921742

Hu, H. C,, Fei, X. T, He, B. B,, Luo, Y. L., Qi, Y. C., and Wei, A. Z. (2022b). Integrated
analysis of metabolome and transcriptome data for uncovering flavonoid components
of zanthoxylum bungeanum maxim. leaves under drought stress. Front. Nutr. 8.
doi: 10.3389/fnut.2021.801244

Kaur, R, and Arora, S. (2015). Alkaloids-important therapeutic secondary
metabolites of plant origin. J. Crit. Rev. 2 (3), 1-8.

Kumar, P., Acharya, V., and Warghat, A. R. (2021). Comparative transcriptome
analysis infers bulb derived in vitro cultures as a promising source for sipeimine
biosynthesis in Fritillaria cirrhosa d. don (Liliaceae, syn. Fritillaria roylei hook.)-high
value Himalayan medicinal herb. Phytochemistry.y 183, 112631. doi: 10.1016/
j.phytochem.2020.112631

Kumar, P., Partap, M., Rana, D., Ashrita,, Ranac, D., Kumar, P., et al. (2020).
Metabolite and expression profiling of steroidal alkaloids in wild tissues compared to
bulb derived in vitro cultures of Fritillaria roylei-high value critically endangered
Himalayan medicinal herb. Ind. Crop Prod. 145, 111945. doi: 10.1016/
j.indcrop.2019.111945

Li, Y., Chen, Y., Zhou, L, You, S. J., Deng, H., Chen, Y., et al. (2020a). MicroTom
metabolic network: rewiring tomato metabolic regulatory network throughout the
growth cycle. Mol. Plant 13 (8), 1203-1218. doi: 10.1016/j.molp.2020.06.005

Li, Y. Q, Kong, D. X,, Fu, Y., Sussman, M. R,, and Wu, H. (2020b). The effect of
developmental and environmental factors on secondary metabolites in medicinal
plants. Plant Physiol. Bioch. 148, 80-89. doi: 10.1016/j.plaphy.2020.01.006

Liu, X. H,, Zou, J., Li, Y. J., Liu, M., He, C. L., Liu, Y. R,, et al. (2021). Isosteroidal
alkaloids from Fritillaria hupehensis hsiao et KC hsia: Synthesis and biological
evaluation of alkaloid derivatives as potential cytotoxic agents. Steroids.y 176,
108929. doi: 10.1016/j.steroids.2021.108929

Li, T. T., Yun, Z., Wu, Q. X,, Qu, H. X,, Duan, X. W,, and Jiang, Y. M. (2019).
Combination of transcriptomic, proteomic, and metabolomic analysis reveals the
ripening mechanism of banana pulp. Biomolecules.,y 9 (10), 523. doi: 10.3390/
biom9100523

Lu, Q. X,, Li, R, Liao, J. Q, Hu, Y. Q,, Gao, Y. D., Wang, M. C,, et al. (2022).
Integrative analysis of the steroidal alkaloids distribution and biosynthesis of bulbs
Fritillariae cirrhosae through metabolome and transcriptome analyses. BMC Genomics
23 (1), 511. doi: 10.1186/s13059-014-0550-8

Meraj, T. A, Fu, J. Y., Raza, M. A,, Zhu, C. Y,, Shen, Q. Q., Xu, D. H,, et al. (2020).
Transcriptional factors regulate plant stress responses through mediating secondary
metabolism. Genes 11 (4), 346. doi: 10.3390/genes11040346

Onik, J. C., Hu, X. J,, Lin, Q., and Wang, Z. D. (2018). Comparative transcriptomic
profiling to understand pre-and post-ripening hormonal regulations and anthocyanin

Frontiers in Plant Science

13

10.3389/fpls.2023.1132936

biosynthesis in early ripening apple fruit. Molecules 23 (8), 1908. doi: 10.3390/
molecules23081908

Prakash, P., Kumar, R., and Gupta, V. (2023). The regulatory aspects of plant
transcription factors in alkaloids biosynthesis and pathway modulation. Plant
Transcription Factors 199-217. doi: 10.1016/B978-0-323-90613-5.00019-4

Shan, M. Q., Wang, T. ], Jiang, Y. L, Yu, S, Yan, H., Zhang, L, et al. (2019).
Comparative analysis of sixteen active compounds and antioxidant and anti-influenza
properties of Gardenia jasminoides fruits at different times and application to the
determination of the appropriate harvest period with hierarchical cluster analysis. J.
Ethnopharmacol. 233, 169-178. doi: 10.1016/j.jep.2019.01.004

Sharma, B., Seth, R., Thakur, S., Parmar, R., Masand, M., Devi, A., et al. (2021).
Genome-wide transcriptional analysis unveils the molecular basis of organ-specific
expression of isosteroidal alkaloids biosynthesis in critically endangered Fritillaria
roylei hook. Phytochemistry.y 187, 112772. doi: 10.1016/j.phytochem.2021.112772

Si, C, Zeng, D. Q,, Yu, Z. M,, Silva, J. A. T. D,, Duan, J., He, C. M,, et al. (2022).
Transcriptomic and metabolomic analyses reveal the main metabolites in Dendrobium
officinale leaves during the harvesting period. Plant Physiol. Bioch. 190, 24-34.
doi: 10.1016/j.plaphy.2022.08.026

Sun, C, Sun, Y. Q,, Song, J. Y., Li, X. W,, Li, Y., Hu, S. N, et al. (2011). Discovery of
genes related to steroidal alkaloid biosynthesis in Fritillaria cirrhosa by generating and
mining a dataset of expressed sequence tags (ESTs). J. Med. Plants Res. 5 (21), 5307—
5314.

Szkopinska, A., and Plochocka, D. (2005). Farnesyl diphosphate synthase; regulation
of product specificity. Acta Biochim. Pol. 52 (1), 45-55. doi: 10.18388/abp.2005_3485

Tang, Y. C, Liu, Y. ], He, G. R, Cao, Y. W,, Bi, M. M,, Song, M., et al. (2021).
Comprehensive analysis of secondary metabolites in the extracts from different lily
bulbs and their antioxidant ability. Antioxidants.y 10 (10), 1634. doi: 10.3390/
antiox10101634

Valitova, J. N., Sulkarnayeva, A. G., and Minibayeva, F. (2016). Plant sterols:
diversity, biosynthesis, and physiological functions. Biochem. (Moscow). 81 (8), 819—
834. doi: 10.1134/50006297916080046

Wang, H., Asker, K., Zhan, C., and Wang, N. (2021). Transcriptomic and metabolic
analysis of fruit development and identification of genes involved in raffinose and
hydrolysable tannin biosynthesis in walnuts. J. Agr. Food Chem. 69 (28), 8050-8062.
doi: 10.1021/acs.jafc.1c02434

Wang, Y., Hou, H. P, Ren, Q.,, Hu, H. Y,, Yang, T. C,, and Li, X. W. (2021a). Natural
drug sources for respiratory diseases from Fritillaria: chemical and biological analyses.
Chin. Med. 16 (1), 1-41. doi: 10.1186/s13020-021-00450-1

Wang, X. Y., Luo, H. M., Wei, X. M., Cao, P., Gao, Z. T., and Han, J. P. (2019).
Transcriptome analysis provides insights into key gene (s) involved in steroidal alkaloid
biosynthesis in the medicinally important herb fritillaria taipaiensis. Res. Sq. doi: 0000-
0003-3928-0997

Wang, J., Sun, L., Xie, L., He, Y. Z,, Luo, T., Sheng, L., et al. (2016). Regulation of
cuticle formation during fruit development and ripening in ‘Newhall’'navel orange
(Citrus sinensis osbeck) revealed by transcriptomic and metabolomic profiling. Plant
Sci. 243, 131-144. doi: 10.1016/j.plantsci.2015.12.010

Wang, Y., Xiong, W. B., Chen, Y. D., Zhu, M,, Liang, J. C,, Li, Y., et al. (2021b).
Transcriptomic investigation of the biochemical function of 7-dehydrocholesterol
reductase 1 from the traditional Chinese medicinal plant Anemarrhena asphodeloides
bunge. Phytochemistry 192, 112954. doi: 10.1016/j.phytochem.2021.112954

Wang, S. J., Yu, J. L, Gao, W. Y,, Pang, J. P,, Yu, J. G,, and Xiao, P. G. (2007).
Characterization of starch isolated from Fritillaria traditional Chinese medicine
(TCM). J. Food Eng. 80 (2), 727-734. doi: 10.1016/j.jfoodeng.2006.01.086

Wuy, X,, Chan, S. W., Ma, ], Li, P., Shaw, P. C,, and Lin, G. (2018). Investigation of
association of chemical profiles with the tracheobronchial relaxant activity of Chinese
medicinal herb beimu derived from various Fritillaria species. J. Ethnopharmacol. 210,
39-46. doi: 10.1016/j.jep.2017.08.027

Wu, L. L., Wang, Y. ., Guo, P. R, Li, Z,, Li, J. A., and Tan, X. F. (2022). Metabonomic
and transcriptomic analyses of Camellia oleifera flower buds treated with low-
temperature stress during the flowering stage. Ind. Crop Prod. 189, 115874.
doi: 10.1016/j.indcrop.2022.115874

Xiang, M. L., Zhao, Y. L., Liu, Y. Y., Yan, X. ], Chen, S., and Luo, X. D. (2022). The
phytochemical constituents and protective effect of Fritillaria hupehensis on acute lung
injury. Fitoterapia 162, 105283. doi: 10.1016/j.fitote.2022.10528

Xu, R, Zhang, J., You, J. M,, Gao, L. M,, Li, Y. C,, Zhang, S. P,, et al. (2020). Full-
length transcriptome sequencing and modular organization analysis of oleanolic acid-
and dammarane-type saponins related gene expression patterns in Panax japonicus.
Genomics 112 (6), 4137-4147. doi: 10.1016/j.ygeno.2020.06.045

Zhang, Q. Y., Li, D. G,, Ma, B. H,, Wang, X. Y, Yang, J. Y., Chen, D. L, et al. (2021).
Pharmacokinetics and tissue distribution study of hupehenenine in rats: A novel
isosteroid alkaloid isolated from bulbus. Hupehensis Fritillariae. Biomed. Chromatogr.
35 (8), €5122. doi: 10.1002/bmc.5122

Zhang, P., Li, J., Zhang, G. X,, Pi, H. F., Zhang, Y. H., Ruan, H. L., et al. (2008).
Analysis of hupehenine in the total alkaloids from Fritillaria hupehensis by HPLC-

frontiersin.org


https://doi.org/10.1016/j.hpj.2021.09.001
https://doi.org/10.19540/j.cnki.cjcmm.20191223.201
https://doi.org/10.19540/j.cnki.cjcmm.20191223.201
https://doi.org/10.1007/s10265-019-01099-6
https://doi.org/10.3389/fpls.2022.997868
https://doi.org/10.1007/s13205-022-03316-x
https://doi.org/10.1038/nbt.1883
https://doi.org/10.3390/life11040287
https://doi.org/10.1038/s41438-020-0287-3
https://doi.org/10.1038/s41438-020-0287-3
https://doi.org/10.1073/pnas.1815441116
https://doi.org/10.3389/fnut.2022.921742
https://doi.org/10.3389/fnut.2022.921742
https://doi.org/10.3389/fnut.2021.801244
https://doi.org/10.1016/j.phytochem.2020.112631
https://doi.org/10.1016/j.phytochem.2020.112631
https://doi.org/10.1016/j.indcrop.2019.111945
https://doi.org/10.1016/j.indcrop.2019.111945
https://doi.org/10.1016/j.molp.2020.06.005
https://doi.org/10.1016/j.plaphy.2020.01.006
https://doi.org/10.1016/j.steroids.2021.108929
https://doi.org/10.3390/biom9100523
https://doi.org/10.3390/biom9100523
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.3390/genes11040346
https://doi.org/10.3390/molecules23081908
https://doi.org/10.3390/molecules23081908
https://doi.org/10.1016/B978-0-323-90613-5.00019-4
https://doi.org/10.1016/j.jep.2019.01.004
https://doi.org/10.1016/j.phytochem.2021.112772
https://doi.org/10.1016/j.plaphy.2022.08.026
https://doi.org/10.18388/abp.2005_3485
https://doi.org/10.3390/antiox10101634
https://doi.org/10.3390/antiox10101634
https://doi.org/10.1134/S0006297916080046
https://doi.org/10.1021/acs.jafc.1c02434
https://doi.org/10.1186/s13020-021-00450-1
https://doi.org/0000-0003-3928-0997
https://doi.org/0000-0003-3928-0997
https://doi.org/10.1016/j.plantsci.2015.12.010
https://doi.org/10.1016/j.phytochem.2021.112954
https://doi.org/10.1016/j.jfoodeng.2006.01.086
https://doi.org/10.1016/j.jep.2017.08.027
https://doi.org/10.1016/j.indcrop.2022.115874
https://doi.org/10.1016/j.fitote.2022.10528
https://doi.org/10.1016/j.ygeno.2020.06.045
https://doi.org/10.1002/bmc.5122
https://doi.org/10.3389/fpls.2023.1132936
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Duan et al.

ELSD. J. Huazhong Univ. Sci. Technol. [Med. Sci.]. 28 (1), 118-120. doi: 10.1007/
511596-008-0130-9

Zhang, Y. H,, Yang, X. L., Zhou, X. F,, Ruan, H. L, Pi, H. F,, Wu, J. Z,, et al. (2007).
Alkaloids from Fritillaria hupehensis. Chin. J. Chem. 25 (11), 1728-1731. doi: 10.1002/
€joc.200790319

Zhao, Q., Li, R, Zhang, Y., Huang, K. J., Wang, W. G., and Li, J. (2018).
Transcriptome analysis reveals in vitro-cultured regeneration bulbs as a promising
source for targeted Fritillaria cirrhosa steroidal alkaloid biosynthesis. 3 Biotech. 8, 1-10.
doi: 10.1007/s13205-018-1218-y

Zhao, L., Zhang, B., Huang, H. J., Huang, W. J,, Zhang, Z. R,, Wang, Q. N, et al.
(2022). Metabolomic and transcriptomic analyses provide insights into metabolic
networks during cashew fruit development and ripening. Food Chem. 404, 134765.
doi: 10.1016/j.foodchem.2022.134765

Frontiers in Plant Science

14

10.3389/fpls.2023.1132936

Zheng, S. L., Hao, Y. L,, Fan, S. L, Cai, J. H,, Chen, W. X,, Li, X. P,, et al. (2021).
Metabolomic and transcriptomic profiling provide novel insights into fruit ripening
and ripening disorder caused by 1-MCP treatments in papaya. Int. J. Mol. Sci. 22 (2),
916. doi: 10.3390/ijms22020916

Zhou, W. X,, Li, M. G,, Tan, X. H,, Wang,, Y. Y., Wang, H,, Jiang, X. G,, et al. (2022).
Effects of sowing density on growth, nutritional quality and soil enzyme activity of
Pinellia ternata in different seasons. Crops 38 (4), 205-213. doi: 10.16035/.issn.1001-
7283.2022.04.029

Zolfaghari, F., Rashidi-Monfared, S., Moieni, A., Abedini, D., and Ebrahimi, A.
(2020). Improving diosgenin production and its biosynthesis in Trigonella foenum-
graecum 1. hairy root cultures. Ind. Crop Prod. 145, 112075. doi: 10.1016/
j.indcrop.2019.112075

frontiersin.org


https://doi.org/10.1007/s11596-008-0130-9
https://doi.org/10.1007/s11596-008-0130-9
https://doi.org/10.1002/cjoc.200790319
https://doi.org/10.1002/cjoc.200790319
https://doi.org/10.1007/s13205-018-1218-y
https://doi.org/10.1016/j.foodchem.2022.134765
https://doi.org/10.3390/ijms22020916
https://doi.org/10.16035/j.issn.1001-7283.2022.04.029
https://doi.org/10.16035/j.issn.1001-7283.2022.04.029
https://doi.org/10.1016/j.indcrop.2019.112075
https://doi.org/10.1016/j.indcrop.2019.112075
https://doi.org/10.3389/fpls.2023.1132936
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Transcriptomic and metabolomic analyses provide new insights into the appropriate harvest period in regenerated bulbs of Fritillaria hupehensis
	1 Introduction
	2 Methods and materials
	2.1 Plant materials
	2.2 Phenotypic and biochemical measurements
	2.3 Alkaloid metabolomic analysis
	2.4 Transcriptomic analysis
	2.5 Weighted gene co-expression network analysis
	2.6 Quantitative real-time PCR analysis
	2.7 Statistical analysis

	3 Results
	3.1 Characterization of dynamic variations in regenerated bulb development of F. hupehensis
	3.2 Changes in alkaloid metabolites with regenerated bulb development of F. hupehensis
	3.3 Changes in gene expression with regenerated bulb development of F. hupehensis
	3.4 Differentially expressed genes in the steroidal alkaloid biosynthesis pathway
	3.5 Co-expression network analysis of genes associated with steroidal alkaloid biosynthesis
	3.6 Transcription factors involved in steroidal alkaloid biosynthesis

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


