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Abstract
Background  Fritillaria taipaiensis is a commercially important medicinal herb, the bulbs of which are a valued source 
of steroidal alkaloids with potent antitussive and expectorant properties. However, the mechanisms underlying the 
tissue-specific biosynthesis of these bioactive compounds remain poorly understood, limiting strategies for their 
enhanced production.

Results  This study, we integrated UPLC-MS/MS-based metabolomics with multi-tissue transcriptomics to 
elucidate the steroidal alkaloid biosynthetic pathway in F. taipaiensis. Comparative metabolomic profiling revealed 
distinct tissue-specific accumulation patterns, with bulbs serving as the primary site for therapeutically relevant 
steroidal alkaloids such as peimisine, edpetiline, and delafrine. Transcriptomic analysis unveiled metabolic 
compartmentalization, characterized by the bulb-specific upregulation of mevalonate (MVA) pathway genes, 
contrasting with leaf-predominant expression of methylerythritol phosphate (MEP) pathway components. This 
indicates a tissue-specific partitioning of precursor supply. Of note, we identified bulb-specific isoforms FrtSSR1 
(encoding a Δ²⁴(²⁵)-reductase) and FrtSMO1-1 (encoding a C-4 demethylase), which were highly expressed and are 
proposed to pivotal roles in redirecting metabolic flux toward cholesterol biosynthesis. Furthermore, the coordinated 
induction of cytochrome P450 enzymes in bulbs suggests their involvement in mediating structural diversification of 
the steroidal skeleton.

Conclusions  Our findings systematically unravel the molecular basis of bulb-specific steroidal alkaloid accumulation, 
highlighting pathway specialization, enzyme subfunctionalization, and CYP450-mediated modification. This study 
provides a genetic foundation and key candidate genes for future metabolic engineering and molecular breeding 
strategies aimed at improving the yield of high-value steroidal alkaloids in Fritillaria species.
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Introduction
For over two millennia, the bulbs from Fritillaria spe-
cies (Liliaceae), particularly Fritillaria cirrhosa D. Don, 
have been integral to traditional Chinese medicine for 
treating respiratory ailments, pulmonary fibrosis, and 
throat infections [1, 2]. Their medicinal properties are 
largely attributed to steroidal alkaloids such as peimine, 
peiminine, and sipeimine, which demonstrate antitus-
sive, expectorant, and anti-inflammatory activities [3–5]. 
F. taipaiensis P.Y. Li serve as a critical genetic resource 
for F. cirrhosa and has been traditionally used to address 
lung-heat syndrome and dry cough [1, 6, 7]. This species 
exhibits broad ecological adaptability, thriving in alpine 
environments at elevations between 1800 and 3150 m [8].

The growing commercial demand for Fritillaria bulbs, 
driven by their extensive use in traditional medicine and 
pharmaceutical industries, has led to overharvesting and 
severe depletion of wild populations [8, 9]. Conventional 
cultivation methods are often slow and insufficient to 
meet market needs, highlighting an urgent necessity for 
developing innovative biotechnological strategies, such 
as metabolic engineering or in vitro biosynthesis, for 
sustainable and efficient production of these high-value 
compounds [10, 11]. Nevertheless, progress in this area 
remains constrained by an incomplete understanding of 
the steroidal alkaloid biosynthetic pathways and their 
regulation [12, 13].

Structurally, steroidal alkaloids are characterized by 
a cyclopentanoperhydrophenanthrene core modified 
by the incorporation of a basic nitrogen atom into het-
erocyclic rings or alkylamine side chains [13, 14]. Their 
biosynthesis begins with isoprenoid precursors from 
the mevalonate (MVA) and methylerythritol phosphate 
(MEP) pathways, which converge at farnesyl diphos-
phate (FPP) [13, 15]. FPP is subsequently converted to 
squalene and cyclized by cycloartenol synthase (CAS) to 
form cycloartenol—a key precursor for both cholesterol 
and C-24 alkyl phytosterols [16, 17]. Cholesterol serves as 
the central precursor for diverse specialized metabolites, 
including steroidal alkaloids and glycoalkaloids [18–20], 
with metabolic flux through cholesterol biosynthesis 
directly influencing alkaloid production [21, 22].

Cholesterol biosynthesis in plants involves approxi-
mately 12 enzymes catalyzing 10 steps, including both 
lineage-specific enzymes and multifunctional enzymes 
shared with phytosterol biosynthesis. It is widely 
accepted that several cholesterol-specific enzymes 
evolved from phytosterol biosynthetic enzymes via gene 
duplication and functional divergence [21]. Key regula-
tory nodes include sterol side chain reductases (SSRs)—
where SSR1 functions primarily in phytosterol synthesis 
and SSR2 directs metabolic flux toward cholesterol [23]—
and distinct sterol C-4 methyloxidases (SMOs): SMO1/
SMO2 for phytosterol biosynthesis and SMO3/SMO4 for 

cholesterol formation [21]. Silencing SMO3 and SMO4 
in tomato significantly reduced cholesterol and steroidal 
alkaloid levels while causing intermediates to accumulate 
[21]. Other enzymes, including CYP51, C14-sterol reduc-
tase (C14-R), and Δ8-Δ7-sterol isomerase (8,7-SI), func-
tion in both cholesterol and phytosterol pathways [21, 
24].

The structural diversification of steroidal alkaloids 
occurs through post-cholesterol modifications, although 
these mechanisms remain poorly understood [25–27]. 
Cytochrome P450 monooxygenases (CYP450s) play a 
pivotal role in generating structural diversity through 
various reactions including hydroxylation, epoxidation, 
and carbon-carbon bond cleavage [28, 29]. The CYP71 
family, for example, contributes to the diversification of 
monoterpenoid indole alkaloids through hydroxylation 
and epoxidation, as seen with tabersonine oxidation by 
CYP71D12 and CYP71D1 in Catharanthus roseus [30]. 
The CYP72 family catalyzes key ring-opening steps; 
CYP72A1 converts loganin to secologanin in C. roseus 
[31], while CYP72A565 and CYP72A610 in Camptotheca 
acuminata perform hydroxylation and subsequent ring 
cleavage to form secologanic acid [32]. Other CYP450s 
demonstrate remarkable functional diversity: CYP96T1 
from Narcissus sp. aff. pseudonarcissus catalyzes phenolic 
coupling of 4′-O-methylnorbelladine [33], and CYP76AH 
subfamily members in Isodon lophanthoides mediate site-
specific hydroxylations in diterpenoid biosynthesis [34]. 
Despite their established roles in alkaloid diversification 
across species, the specific CYP450 isoforms involved 
in steroidal alkaloid biosynthesis in Fritillaria remain 
largely uncharacterized.

A major unresolved question concerns the tissue-spe-
cific accumulation of steroidal alkaloids and the regu-
latory mechanisms controlling their biosynthesis. To 
address this knowledge gap and identify key genetic com-
ponents for future pathway engineering, we combined 
UPLC-MS/MS-based metabolomics and full-length tran-
scriptome sequencing to analyze F. taipaiensis bulbs and 
leaves. This integrated multi-omics approach is powerful 
for candidate gene identification and metabolic mapping 
in non-model species [35, 36]. Our specific objectives 
were to: (1) characterize the tissue-specific distribution 
and composition of alkaloids in F. taipaiensis; (2) iden-
tify bulb-enriched genes involved in steroidal alkaloid 
biosynthesis, with emphasis on the MVA/MEP path-
ways, SSRs, SMOs, and CYP450s; and (3) investigate the 
evolutionary divergence and functional specialization of 
these enzymes via phylogenetic analysis. This study not 
only provides critical insights into the metabolic basis of 
steroidal alkaloid accumulation but also offers a genetic 
toolkit and foundational knowledge for the quality 
improvement and biotechnological production of Fritil-
laria-based medicinal compounds.
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Materials and methods
Plant materials
Bulbs and leaves of F. taipaiensis were collected in May 
2023 from Taibai County, Baoji City, Shaanxi Province 
(107.38281°E, 34.04°N, altitude 1607.52  m). The plant 
materials were formally identified by Dr. Yi Qiang of 
Shaanxi Normal University. A voucher specimen (Speci-
men Number: GUO20230516001) has been deposited at 
the Herbarium of Shaanxi Normal University (SANU) for 
public access. The plant tissues were stored at -80 °C fol-
lowing collection. A total of six independent biological 
replicates were collected, with each replicate represent-
ing an entire individual plant. Bulb and leaf tissues were 
sampled from each replicate. For transcriptome library 
construction, RNA was extracted separately from the 
bulb and leaf tissues of three biological replicates. For 
metabolomic analysis, six replicates were utilized.Addi-
tionally, to acquire a comprehensive full-length tran-
scriptome that covers the transcriptional information of 
different plant organs, roots, stems, leaves, flowers, and 
bulbs were collected from a single representative plant 
individual for full-length transcriptome sequencing. 
Nicotiana benthamiana plants were grown in a growth 
chamber with the temperature maintained at 23 ± 2  °C, 
under light intensity meeting the experimental require-
ments, and a photoperiod of 16 h light/8 h dark.

Metabolite extraction
Biological samples were freeze-dried using a vacuum 
lyophilizer (Scientz-100  F) and subsequently ground to 
powder by using a grinder (MM 400, Retsch) at 30  Hz 
for 1.5 min. Exactly 50 mg of the powdered sample was 
weighed using an analytical balance (MS105DΜ) and 
extracted with 1200 µL of -20  °C pre-cooled 70% meth-
anolic aqueous internal standard extract. The mixture 
was vortexed for 30  s at 30-minute intervals, for a total 
of 6 times. After centrifugation at 12,000 rpm for 3 min, 
the sample was filtered through a 0.22 μm microporous 
membrane and stored in the injection vial for UPLC-MS/
MS analysis.

UPLC conditions
The sample extracts were analyzed using an UPLC-ESI-
MS/MS system (UPLC, ExionLC™ ADˈ ​h​t​t​p​s​:​/​/​s​c​i​e​x​.​c​o​
m​.​c​n​/​​​​​) and Tandem mass spectrometry ​(​​​h​t​t​p​:​/​/​s​c​i​e​x​.​c​o​
m​.​c​n​/​​​​​)​. Separation was performed on an Agilent SB-C18 
column (100 mm × 2.1 mm, 1.8 μm) maintained at 40 °C. 
The mobile phase consisted of solvent A (0.1% formic 
acid in water) and solvent B (0.1% formic acid in aceto-
nitrile), with a gradient elution program as follows: 95% 
A and 5% B initially, ramped linearly to 5% A and 95% B 
over 9 min, held for 1 min, then returned to 95% A and 
5% B in 1.1 min and held for 2.9 min for re-equilibration. 
The flow rate was 0.35 mL/min and the injection volume 

was 2 µL. The column effluent was directed into an ESI-
triple quadrupole-linear ion trap (QTRAP) mass spec-
trometer for detection.

ESI-Q TRAP-MS/MS
The operational parameters for the electrospray ioniza-
tion (ESI) source were set as follows: source tempera-
ture, 500  °C; ion spray voltage (IS), 5500  V in positive 
ion mode and − 4500 V in negative ion mode; ion source 
gas I (GSI), 50 psi; ion source gas II (GSII), 60 psi; cur-
tain gas (CUR), 25 psi; and collision-activated dissocia-
tion (CAD), high. Multiple reaction monitoring (MRM) 
scans were performed using nitrogen as the collision gas 
at medium pressure. Declustering potential (DP) and col-
lision energy (CE) were individually optimized for each 
MRM transition. To ensure specific detection, a dedi-
cated set of MRM transitions was monitored in each 
time segment based on the elution profile of the target 
metabolites.

Metabolite qualitative annotation and quantification
Metabolite profiling was performed using an integrated 
approach combining untargeted and targeted metabo-
lomics strategies. Qualitative analysis of mixed samples 
was carried out on an AB Sciex TripleTOF 6600 mass 
spectrometer, while quantitative analysis was conducted 
using an AB Sciex 4500 QTRAP system [37]. Metabo-
lite identification were based on the MetWare database 
(MWDB, MetWare Biotechnology Co., Ltd., Wuhan, 
China). MWDB was constructed using authentic stan-
dards analyzed under consistent chromatographic and 
mass spectrometric conditions to obtain reference MS/
MS spectra and RT values. For metabolites without com-
mercial standards, public databases and literature were 
referenced, and in some cases, fragmentation patterns 
were inferred based on structural analogies and empirical 
rules.

To ensure high-confidence annotation, metabolite 
identification was performed by matching multiple 
parameters, including precursor mass (mass error ≤ 20 
ppm), MS/MS spectral fragments, retention time (RT 
error ≤ 0.2 min), and isotopic distribution. The confidence 
of identification was classified into three levels according 
to the following criteria: Level 1: Confident identification, 
based on a high spectral similarity score (≥ 0.7) between 
the experimental and reference MS/MS spectra, as well 
as concordant retention time with an authentic standard. 
Level 2: Probable identification, supported by a moder-
ate spectral match score (between 0.5 and 0.7) and con-
sistent retention time with database records. Level 3: 
Putative identification based solely on matching MRM 
parameters (precursor ion, product ion, RT, declustering 
potential, and collision energy) without MS/MS spectral 
evidence; this level is considered to have lower reliability.

https://sciex.com.cn/
https://sciex.com.cn/
http://sciex.com.cn/
http://sciex.com.cn/
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Quantitative analysis was conducted using a triple 
quadrupole mass spectrometer (AB Sciex 4500 QTRAP) 
in MRM mode. Characteristic ion pairs were selectively 
monitored for each metabolite, and signal intensities (in 
CPS) were recorded. Chromatographic peak integration 
and correction were performed using MultiQuant soft-
ware (v3.0.3), and peak areas were used for relative quan-
tification. To improve data quality, missing values were 
filled with one-fifth of the minimum value per metabolic 
row. Metabolites with a coefficient of variation (CV) ≥ 0.5 
in quality control (QC) samples were excluded from fur-
ther analysis.

cDNA library construction
Total RNA was extracted from plant tissues using the 
Polysaccharide Polyphenol Plant Total RNA Extraction 
Kit (Tiangen Biochemical, Beijing, China). RNA integrity 
was assessed using the Bioanalyzer 2100 (Agilent Tech-
nologies, CA, USA). mRNA was purified from total RNA 
using Oligo(dT) magnetic beads. Using the SMARTer 
PCR cDNA Synthesis Kit (Takara Bio, Kusatsu, Japan), 
cDNA was synthesized with random hexamer primers. 
A sequencing library was constructed through sequential 
steps including end repair, A-tailing, adapter ligation, size 
selection, PCR amplification, and purification. The qual-
ity of the library was assessed by quantifying with Qubit 
and real-time PCR, and size distribution was analyzed 
using the Bioanalyzer. Finally, the library was sequenced 
on the PacBio Sequel platform (Pacific Biosciences, 
Menlo Park, CA, USA) at Novogene Bioinformatics Insti-
tute (Beijing, China).

Transcriptome assembly and quantification
Full-length transcriptome sequencing was performed 
on the PacBio Sequel platform. Raw subreads were pro-
cessed using the SMRTlink 11.0 software package to 
generate circular consensus sequences (CCS). CCS reads 
were classified as full-length non-chimeric (FLNC) tran-
scripts based on the presence of 5’ and 3’ primers and 
poly(A) tails. FLNC transcripts were then clustered using 
the ICE algorithm to produce consensus isoforms. These 
consensus isoforms were subsequently polished with 
hq_quiver_min_accuracy 0.99, bin_by_primer false, bin_
size_kb 1, qv_trim_5p 100, qv_trim_3p 30 [38].

For gene expression quantification, Illumina RNA-seq 
reads from each sample were independently mapped to 
this PacBio-derived reference transcriptome using Bow-
tie2 [39]. The abundance of each transcript was estimated 
and normalized to Fragments Per Kilobase of transcript 
per Million mapped reads (FPKM) values using RSEM 
software.

Bioinformatics analysis
The processed full-length transcriptome data and RNA-
seq assembled transcript were subjected to redundancy 
removal using CD-HIT software. These sequences were 
compared against seven databases: NR [40], Nt, Pfam, 
KOG/COG [41], Swiss-prot [42], KEGG [43], and GO 
[44], to conduct gene functions. The ANGEL software 
[45] was utilized for CDS prediction analysis. Transcripts 
were quantified and further transformed into FPKM val-
ues, which served as the expression levels across different 
samples.

Identification, sequence analyses and phylogenetic of 
differential gene expression
Differential expression analysis was performed using the 
DESeq2 package (1.20.0) in R. DESeq2 employs statistical 
methods based on a negative binomial generalized linear 
model to determine differential expression in digital gene 
expression data [46]. The resulting P-value were adjusted 
for multiple testing using the Benjamini-Hochberg 
method to control the false discovery rate (FDR). Genes 
with |log₂(fold change)| ≥ 1 and an adjusted P-value 
(padj) < 0.05 were considered significantly differentially 
expressed.

Gene sequences of interest were retrieved from the 
full-length transcriptome annotation table. Multiple 
sequence alignment was performed using MEGA Ⅶ, and 
the longest sequence for each gene was selected. Recip-
rocal BLAST analysis was conducted between the full-
length gene sequences and RNA-seq transcripts using 
BLAST 2.2.31 to confirm sequence homology and ensure 
sequence accuracy.

Phylogenetic relationships within the SSR and SMO 
gene families were reconstructed using the neighbor-
joining (NJ) algorithm in MEGA Ⅶ (version 7.0.26). 
Bootstrap support values were calculated based on 1,000 
replicates to assess the reliability of the phylogenetic tree.

CYP450 Gene family identification and phylogenetic 
analysis
Transcripts annotated to CYP450 families were identi-
fied from the PFAM annotation file of the F. taipaiensis 
full-length transcriptome. The corresponding nucleotide 
sequences were retrieved from the polished high-qual-
ity consensus FASTA file using SeqKit. Open reading 
frames (ORFs) were predicted from these non-redundant 
sequences using ORFfinder, and any predicted amino 
acid amino acid sequences shorter than 300 residues 
were excluded. The resulting amino acid sequences were 
subsequently used as queries to perform a local BLASTP 
search against the reference cytochrome P450 database 
(​h​t​t​p​​:​/​/​​w​w​w​.​​p​4​​5​0​.​​k​v​l​​.​d​k​/​​b​l​​a​s​t​.​s​h​t​m​l). For each query, 
the top significant hit (E-value <1e-10) was retained for 
subsequent analysis. Based on the sequence similarity to 

http://www.p450.kvl.dk/blast.shtml
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these top hits, the amino acid sequences were renamed 
according to the standard CYP450 nomenclature and 
deduplicated. A maximum-likelihood phylogenetic tree 
was constructed from the final dataset using TreeBest 
(v1.9.2) under the JTT substitution model, with branch 
support assessed from 1000 bootstrap replicates. The 
resulting tree was visualized and annotated using iTOL 
(v6.7).

RT-qPCR validation of differentially expressed
cDNA was synthesized from total RNA for RT-qPCR 
analysis. Gene-specific primers (designed using Primer 
Premier 5.0, Palo Alto, CA, USA) were used with the 
CFX96™ Real-Time PCR System (Bio-Rad, USA). Reac-
tions (10 µl total volume) contained ChamQ SYBR qPCR 
Master Mix (Vazyme, Q311) according to manufacturer’s 
instructions, along with primers and cDNA template. 
FrtActin1 served as the reference gene for normalization. 
The thermal cycling protocol consisted of an initial dena-
turation at 94 °C for 3 min, followed by 40 cycles of 94 °C 
for 15 s, 55 °C for 15 s, and 72 °C for 20 s. Relative tran-
script levels of target genes were calculated using the 2^(-
ΔΔCt) method. Primer sequences are listed in Table S1.

Agrobacterium-mediated transient transformation of 
tobacco
The candidate gene-containing binary vector p35S-
Cambia 1300-GFP was transformed into A. tumefaciens 
GV3101, and the engineered strain was resuspended to 
OD₆₀₀=0.6 with infiltration buffer (10 mmol・L⁻¹ MgCl₂, 
10 mmol・L⁻¹ MES, 200 µmol・L⁻¹ acetosyringone) after 
culture, then statically incubated at 28 °C in the dark for 
3  h. Thirty-day-old uniform tobacco plants were sub-
jected to whole-plant vacuum infiltration (-0.1  MPa, 
5 min) with the bacterial suspension, and leaves were col-
lected at 7 dpi, freeze-dried and stored at -80 °C for fur-
ther analysis.

Extraction and detection of sterols
Sterol extraction and derivatization were performed as 
follows. Approximately 10 mg of vacuum-dried leaf pow-
der was saponified with 1 mL of methanolic KOH (con-
taining coprostanol as internal standard) at 75 °C for 1 h. 
After ethanol evaporation, the mixture was extracted 
with ethyl acetate, and the organic layer was collected 
and dried. The residue was derivatized with BSTFA-
TMCS (99:1) at 70 °C for 30–40 min.

GC‑MS analysis was carried out on a Thermo ISQ‑LT 
system equipped with an HP‑5MS column. Separation 
used a temperature program (170 °C for 2 min, 5 °C/min 
ramp to 290 °C, hold 5 min) with helium as carrier gas 
(1.2 mL/min). Full-scan MS (m/z 60–650, 14 min solvent 
delay) was applied for detection. Sterols were quanti-
fied via the internal standard method and identified by 

matching retention times/mass spectra with authentic 
standards (isofucosterol was tentatively identified using 
published spectral data). A QC sample was analyzed 
every 10 injections to ensure data reliability [47–49].

Results
Morphological characteristics and alkaloid profiling
The bulb, which is the primary medicinal organ of F. 
taipaiensis (Fig.  1), has an oblate morphology and con-
sists of two scales measuring 1–1.5  cm in diameter 
(Fig.  1; Fig. S1). To characterize alkaloid accumulation 
patterns, untargeted UPLC-MS/MS-based metabolomics 
was performed across bulb and leaf tissues, revealing dis-
tinct tissue-specific profiles.

Among the 242 annotated alkaloid features, 21 were 
significantly upregulated in bulbs (fold change [FC] ≥ 2, 
variable importance in projection [VIP] > 1, false discov-
ery rate [FDR] < 0.05; Files S1, S2). Of which, three steroi-
dal alkaloids—peimisine, edpetiline, and delafrine—were 
identified with level 1 or 2 confidence (Fig. 2A, B). Spe-
cifically, peimisine, a principal bioactive steroidal alka-
loid linked to the well-documented medicinal properties 
of Fritillaria species, exhibited high abundance in bulb 
tissue. Conversely, 146 alkaloids were downregulated in 
bulbs, 47 of which were confidently identified (Level 1 or 
2) (Fig. 2A; File S1). This downregulated subset included 
diverse structural classes, such as quinoline alkaloids, 
plumerane-type alkaloids, and pyridine alkaloids (Fig. 
2C)

Transcriptomic landscape of bulb-specific gene expression
Total RNA was extracted from bulb and leaf tissues 
of four-year-old F. taipaiensis plants (three biological 
replicates per group; n = 3) and sequenced. High inter-
replicate correlations (Pearson’s r² > 0.88; Fig. S3A) and 
substantial gene expression overlap (73–78%; Fig. S3B) 
confirmed the robustness of the data. Differential expres-
sion analysis identified 11,750 differentially expressed 
genes (DEGs) between tissues, comprising 5,879 bulb-
upregulated and 5,871 bulb-downregulated genes 
(Fig. 3A, Fig. S3C).

Gene Ontology (GO) enrichment analysis categorized 
differentially expressed genes (DEGs) into 12 functional 
classes, with molecular functions dominating, including 
“catalytic activity,” “oxidoreductase activity,” “transferase 
activity,” and “hydrolase activity” (Fig.  3B). KEGG path-
way analysis revealed that bulb-upregulated DEGs were 
significantly enriched in “phenylpropanoid biosynthesis,” 
“starch/sucrose metabolism,” “terpenoid backbone bio-
synthesis,” and “steroid biosynthesis” (Fig.  3C; File S4). 
Notably, genes involved in the phenylpropanoid pathway, 
including cinnamate-4-hydroxylase (CYP73A), cinnamyl 
alcohol dehydrogenase (CAD), 4-coumarate-CoA ligase 
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(4CL), and phenylalanine ammonia-lyase (PAL), were 
coordinately upregulated (Fig. S4).

Molecular basis of steroidal alkaloid biosynthesis
The biosynthetic network of cycloartenol, a key interme-
diate in steroidal alkaloid formation, is likely subject to 
intricate tissue-specific regulation in F. taipaiensis. Tran-
scriptomic analysis revealed a significantly higher expres-
sion of MVA pathway genes in bulbs relative to leaves 
(Fig.  4A, Fig. S5). In contrast, genes involved in MEP 
pathway were predominantly expressed in leaves.​ Differ-
ential expression of isomerase genes was also observed: 
IDI1 transcripts were predominantly detected in bulbs, 
whereas IDI2 showed higher expression in leaves, sug-
gesting tissue-specific utilization of isoprenoid precur-
sors. Consistent with this pattern, genes encoding FPS 
and CAS were upregulated in bulbs. Conversely, SQS 
and SQE exhibited higher expression in leaves. Notably, 
key downstream modification enzymes were markedly 
upregulated in bulbs. These included SMO1-1, SMT1, 
and CYP51 (Fig.  4B; File S5). These findings indicate a 
pronounced divergence in metabolic flux after cyclo-
artenol formation between the two tissues.

To further investigate how these DEGs relate to ste-
roidal alkaloid accumulation, we conducted an inte-
grated transcriptome-metabolome correlation analysis. 
The results revealed significant correlations between 
the expression of MVA pathway genes and key choles-
terol biosynthetic enzymes (including FPS, CAS, CYP51, 
SMO1-1, and SSR1) and the levels of final steroidal alka-
loid metabolites, suggesting their critical roles in the bio-
synthetic pathway (Fig. S6).

Functional diversification of sterol C-4 demethylase (SMO) 
in F. taipaiensis
Functional diversification of SMO was investigated in F. 
taipaiensis. Full-length sequencing identified four SMO 
isoforms, including two SMO1 and two SMO2 variants, 
indicating lineage-specific gene duplication. Phyloge-
netic analysis revealed distinct evolutionary pathways. 
FrtSMO1-2 clustered with monocot SMO1 homologs, 
whereas FrtSMO1-1 was placed outside the well-defined 
SMO1/SMO3 clade. Similarly, FrtSMO2-2 grouped with 
eudicot SMO2/SMO4 homologs, while FrtSMO2-1 was 
placed outside the well-defined SMO2/SMO4 clade, sug-
gesting potential functional divergence (Fig. 5A).

Fig. 1  Morphological phenotypes of the medicinal bulb in F. taipaiensis. A. Whole plant morphology of 4-year-old F. taipaiensis. Bulb development of 
F. taipaiensis during consecutive growth years: B. 1-year-old bulb; C. 2-year-old bulb; D. 3-year-old bulb; E. 4-year-old bulb (used as medicinal material). 
Scale bars: A = 5 cm; B–E = 1 cm
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Quantitative RT-PCR (qPCR) analysis revealed signifi-
cant tissue-specific expression differences. FrtSMO1-1 
exhibited a striking higher expression in bulbs compared 
to leaves (Fig. 5C), consistent with the tissue-specific 
enrichment of SMO3/SMO4 isoforms in alkaloid-accu-
mulating tissues of solanaceous species [21]. In contrast, 
FrtSMO1-2 displayed only a slightly enrichment in leaves. 
FrtSMO2-2 expression was highly induced in bulbs rela-
tive to leaves, while FrtSMO2-1 showed a slightly accu-
mulation in leaf enrichment (Fig. 5C).

These divergent expression patterns suggest func-
tional specialization among SMO isoforms. FrtSMO1-1 
likely facilitates C-4 demethylation to support alkaloid-
specialized cholesterol flux, whereas FrtSMO1-2 may 

sustain constitutive phytosterol biosynthesis. Conversely, 
FrtSMO2-2 is hypothesized to enhance the production of 
cholesterol precursors, and FrtSMO2-1 likely contributes 
to basal sterol metabolism.

Evolutionary divergence of sterol reductases in F. 
taipaiensis
Full-length transcriptome sequencing also resolved 
two 24-dehydrocholesterol reductase homologs in F. 
taipaiensis, designated FrtSSR1 and FrtSSR2. Phyloge-
netic analysis placed FrtSSR2 within a clade of monocot 
DWF1 homologs, suggesting a conserved role in ste-
rol biosynthesis among monocots. In contrast, FrtSSR1 
formed a distinct clade sister to the canonical plant SSRs 

Fig. 2  Analysis of differently accumulated alkaloids in various tissues of F. taipaiensis. A. Heatmap of identified steroidal alkaloid metabolites, with color 
intensity reflecting relative expression levels. B. Enriched steroidal alkaloid in bulb. C. Pie chart illustrating the compositional ratio of down regulated 
alkaloid species in root tissues
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(Fig. 5B), indicating early divergence from canonical ste-
rol reductases.

qPCR revealed that FrtSSR1 expression in bulbs was 
striking higher than in leaves (Fig. 5C), a pattern reminis-
cent of SlSSR2 in Solanaceae, which is involved in choles-
terol-dependent alkaloid biosynthesis [23]. This strongly 

implies a functional role for FrtSSR1 in catalyzing Δ²⁴(²⁵)-
sterol reduction—a key step in bulb-specific steroidal 
alkaloid production. In contrast, FrtSSR2 exhibited only 
minimal expression variation between tissues (1.2-fold), 
supporting the hypothesis that it contributes primarily to 
basal sterol homeostasis through Δ²⁴(²⁸)-bond reduction, 
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Fig. 4  DEGs in sterol skeleton biosynthesis in F. taipaiensis. A. Expression profiles of DEGs in bulb and leaf tissues within cycloartenol biosynthetic path-
way. Horizontal rows represent individual UniGenes, and vertical columns represent each sampled point. Gene expression data were normalized using 
the Z-score method, with color intensity reflecting relative expression levels, red indicates high expressed genes and blue indicates low expressed genes. 
B. Expression profiles of additional genes involved in sterol skeleton biosynthesis. Genes are listed from top to bottom: FrtSMO1 (sterol methyltransferase 
1), FrtSMO1-1, FrtSMO2, FrtSMO2-2, FrtCPI (cyclopropane fatty acid synthase), FrtSMT1 (sterol methyltransferase 1), FrtSMT1-1, FrtCYP51 (cytochrome P450 
51), FrtC14R (farnesyl kinase), Frt8,7-SI (Δ8-Δ7 isomerase), FrtDWF7 (de-etiolated 2), FrtDWF5 (brassinosteroid synthase), FrtSSR1 (sterol side-chain reductase 
1 isoform 1), Frt SSR2
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Fig. 5 (See legend on next page.)
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consistent with its phylogenetically conserved function. 
To experimentally validate these functional predictions, 
we performed transient expression assays of FrtSSR1 and 
FrtSSR2 in Nicotiana benthamiana. Gas chromatogra-
phy-mass spectrometry (GC-MS) analysis showed that 
transient expression of FrtSSR1 significantly increased 
cholesterol levels—the direct precursor of steroidal 
alkaloids—whereas FrtSSR2 expression elevated levels 
of campesterol and stigmasterol, which are essential for 
membrane sterol homeostasis. These finding confirm the 
functional divergence of the two paralogs (Fig. 6). While 
final steroidal alkaloids were not detected in this heter-
ologous expression system, the distinct sterol precursor 
profiles further validate the proposed subfunctionaliza-
tion of FrtSSR1 and FrtSSR2 following gene duplication. 

Functional diversification of cytochrome P450 
monooxygenases in F. taipaiensis
Our transcriptome analysis revealed distinct tissue-spe-
cific induction patterns of P450 genes, suggesting their 
functional involvement in compartmentalized meta-
bolic accumulation (Fig. 7, S7). For instance, CYP51 was 
upregulated 7.8-fold in bulbs, consistent with its con-
served role in sterol biosynthesis, potentially serving as 
a scaffold for steroidal alkaloid diversification. Within 
Clan 71, multiple families showed bulb induction, includ-
ing CYP71 (CYP71B4/34/35 and CYP71A22/24/25/26), 
CYP81 (CYP81D3/8 and CYP81G1), and CYP76 
(CYP76C4). Based on homology to characterized P450s 
from other alkaloid-producing plants such as Cathar-
anthus roseus and Papaver somniferum, these enzymes 
are putative candidates for catalyzing oxidative modifi-
cations—such as hydroxylation, epoxidation, or skeletal 
rearrangements—on the steroidal skeleton.

In Clan 86, induced isoforms including CYP94C1-4, 
CYP94D1/2, and CYP86A2, often associated with fatty 
acid ω-hydroxylation, suggests a possible role in generat-
ing lipid-derived precursors or signaling molecules that 
could indirectly influence alkaloid biosynthesis pathways. 
Similarly, elevated expression of CYP96 family members 
might modulate jasmonic acid signaling, potentially cre-
ating a transcriptional environment conducive to alka-
loid accumulation, as observed in other medicinal plants. 
Within Clan 85, the induction of CYP707A1/2 a link 
between abscisic acid catabolism and bulb development, 
potentially connecting stress responses to alkaloid syn-
thesis. The upregulation of CYP90B1/2 and CYP90D1, 

known for their role in brassinosteroid biosynthesis via 
C-22/C-23 hydroxylation, raises the intriguing possibility 
that these enzymes might also exhibit catalytic versatility 
towards steroidal alkaloid precursors.

Integrated transcriptome‑metabolome correlation 
analysis further supported the functional relevance of 
these P450s, revealing significant associations between 
their expression profiles and the accumulation of specific 
steroidal alkaloids (Fig. S6), suggesting their critical and 
diversified roles in the biosynthetic pathway.

Discussion
The biosynthesis and accumulation of alkaloids in F. 
taipaiensis exhibit organ-specific patterns
Our integrated metabolomic and transcriptomic analy-
ses definitively identify the bulb as the primary site for 
the accumulation of pharmacologically relevant steroidal 
alkaloids, including peimisine, edpetiline, and delafrine. 
In contrast, leaves accumulate a distinct set of alkaloids, 
likely serving ecological defense roles. This organ-specific 
metabolic division is underpinned by complementary 
transcriptional programs. The bulb-specific commitment 
to steroidal alkaloid biosynthesis is evidenced by the 
coordinated upregulation of the MVA pathway and key 
downstream enzyme genes (e.g., FPS, CAS). This is cou-
pled with a pronounced enhancement in cholesterol flux, 
facilitated by the specific induction of SMO1-1 and SSR1. 
This functional specialization between organs enables 
efficient precursor partitioning: the cytosolic MVA 
pathway in bulbs utilizes acetyl-CoA from carbohydrate 
metabolism, while the plastidial MEP pathway in leaves 
relies on photosynthetic metabolites [50, 51]. Such com-
partmentalization likely reflects an evolutionary optimi-
zation for resource allocation, positioning the bulb as a 
dedicated sink for the synthesis and storage of high-value 
medicinal compounds [52, 53].

Evolutionary divergence of key enzymes orchestrates 
biosynthetic specialization
The functional specialization between bulb and leaf tis-
sues is further elucidated by evolutionary innovations 
in key sterol-modifying enzymes. Gene duplication and 
subsequent neofunctionalization within the SMO and 
SSR families have enabled tissue-specific regulation of 
cholesterol precursor flux [21, 23]. we observed lineage-
specific expansion resulting in four SMO isoforms and 
two SSR homologs. Crucially, FrtSMO1-1 and FrtSSR1 

(See figure on previous page.)
Fig. 5  Phylogenetic analysis of SMO and SSR, and validation of gene expression levels. A-B. Phylogenetic relationships of SMO (A) and SSR (B) proteins 
across diverse plant species. Tobacco (Nt), N.Benthamiana (Nb), Capsicum annuum (Ca), tomato (Sl), potato(St), Arabidopsis thaliana (At), Physcomitrella 
patens (Pp), rice (Os), Brachypodium distachyon (Bd), Sorghum bicolor (Sb), Vitis vinifera (Vv), Maize (Zm), Medicago truncatula (Mt), Selaginella moellendorf-
fii (S.moellendorffii), Eggplant (Sm), Saccharomyces cerevisiae (S.cerevisiae). The evolutionary history was inferred using the Neighbor-Joining method in 
MEGA7. C. qRT-PCR validation of gene expression level in the transcriptome. The bar chart represents the qRT-PCR, and the line chart represents the FPKM. 
ns means no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, (t-test)
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exhibit pronounced bulb-specific expression, suggesting 
their dedicated roles in channeling metabolic flux toward 
steroidal alkaloid biosynthesis. Phylogenetic analyses 
indicate that these bulb-specific isoforms occupy early-
diverging positions, implying subfunctionalization events 
that fine-tune sterol metabolism in a tissue-specific man-
ner. Our functional validation via transient expression in 
Nicotiana benthamiana directly supports this specializa-
tion: FrtSSR1 expression significantly increased choles-
terol, whereas FrtSSR2 elevated core membrane sterols. 
Even in the absence of detectable final steroidal alkaloids 
in this heterologous system, the distinct sterol precur-
sor profiles further validate the subfunctionalization of 
these paralogs following gene duplication. These find-
ings collectively exemplify how gene family evolution can 
orchestrate metabolic compartmentalization, enabling 
the optimization of specialized metabolite production in 

target tissues, which is a key consideration for targeted 
metabolic engineering efforts.

P450-mediated structural diversification and metabolic 
pathway crosstalk
The tissue-specific induction of numerous P450 genes 
in bulbs may suggest a potential role in generating alka-
loid structural diversity and facilitating metabolic coor-
dination, though this remains unconfirmed by direct 
experimental evidence. The upregulation of Clan 71 
P450s could implies their possible involvement in oxida-
tive modifications of the steroidal skeleton, an inference 
tentatively supported by homologs in other medicinal 
plants like Catharanthus roseus [54]. The concurrent 
upregulation of phenylpropanoid pathway genes may 
hint at potential metabolic crosstalk, which might poten-
tially supply essential cofactors or energy to support 
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P450-catalyzed reactions,, though this crosstalk has not 
been experimentally validated [55]. The induction of 
Clan 86 P450s, often associated with fatty acid metabo-
lism, raises the possibility that these isoforms could play 
a role in generating lipid-derived intermediates for ste-
roidal side-chain modification [56]. Furthermore, the co-
upregulation of brassinosteroid-related CYP90B1/2 and 
CYP90D1 suggest a potential catalytic versatility towards 
steroidal alkaloid precursors [57–59]. While these func-
tional assignments remain speculative in the absence of 
direct functional validation, however, they may provide 
a preliminary foundation for future hypothesis-driven 
research. The identification of these candidate CYP450s 
is a significant step forward, as they represent high-value 
targets for engineering the production of specific, poten-
tially more potent or novel, steroidal alkaloid derivatives.

Conclusions
In summary, this study elucidates the molecular and 
metabolic basis of steroidal alkaloid biosynthesis in F. 
taipaiensis through integrated multi-omics analysis. 
Three major conclusions emerge: (1) Tissue-specific 
metabolic specialization is suggested to underlie alkaloid 
accumulation, with bulbs tentatively inferred to activate 
the MVA pathway and candidate key cholesterol bio-
synthetic genes (FPS, CAS, CYP51, SMO1-1, FrtSSR1), 
which may facilitate the production of steroidal precur-
sors. (2) Gene duplication and subfunctionalization may 
drive functional divergence, with bulb-preferentially gene 
expressed isoforms (e.g., FrtSSR1, FrtSMO1-1) potentially 
involved in alkaloid biosynthesis, while their paralogs 
likely responsible for core sterol homeostasis. (3) Mul-
tiple P450 families are suggested to be implicated in the 
structural diversification and metabolic coordination of 

Fig. 7   Phylogenetic relationship and expression profiles of differentially expressed CYP450 genes in F. taipaiensis. The circular phylogenetic tree illustrates 
the evolutionary relationships of CYP450 genes that are differentially expressed between bulbs and leaves of F. taipaiensis, inferred based on sequence 
homology. Genes are classified into five major clans (Clan 51, 71, 72, 85, and 86) according to the Nelson classification system, with each clan color-coded 
as follows: Clan 71, light blue; Clan 86, lavender; Clan 72, light pink; Clan 51, magenta; Clan 85, green. The inner ring adjacent to gene labels indicates 
family-level classification within each clan, distinguished by distinct colors. The outermost ring displays normalized expression levels of these CYP450 
genes in bulbs and leaves, with each column representing a tissue type and each row corresponding to an individual gene. Expression values are visual-
ized using a color gradient ranging from blue (low expression, 0) to pink (high expression, 1)
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steroid alkaloids, which may present a potential genetic 
resource for further exploring alkaloid diversification.
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