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It is not clear that the genes involved with flavonoids synthesis, regulation and transport in Ilex 
asprella. Transcriptome analysis of leaf, stem and root has uncovered 28,478 differentially expressed 
genes (DEGs) that are involved in various biological processes. Among these, the expression 
of 31 candidate synthetase genes, 19 transcription factors, and 5 transporters associated with 
flavonoid biosynthesis varies across tissues, encompassing seven complete biosynthetic pathways 
(stilbene, aurone, flavone, isoflavone, flavonol, phlobaphene, and anthocyanin) and one partial 
pathway (proanthocyanidin). Tissue-specific expression patterns suggest that the stilbenes, 
aurones, flavones and anthocyanin branches are more prominent in roots, as indicated by key 
genes such as STS(Ilex_044726), CH4ʹGT(Ilex_047989), FNS(Ilex_043640) and UFGT(Ilex_014720). In 
leaves, the phlobaphenes and flavonols branches are dominant, determined by CHI(Ilex_005941), 
FNR(Ilex_039777) and FLS(Ilex_046424). The isoflavone pathway appears to be more active in 
stems due to the presence of IFS(Ilex_029360), mirroring the accumulation of the intermediate 
metabolite chalcone, which is regulated by CHS(Ilex_047537). The absence of LAR genes implies that 
gallocatechin, and catechin liked proanthocyanidins cannot be synthesized in I. asprella. Meanwhile, 
the general phenylpropanoid pathway is more active in roots, stems than in leaves, as evidenced by 
the expression of PAL(Ilex_042231, Ilex_014816), C4H(Ilex_017598), and 4CL(Ilex_042033). Flavanone, 
dihydroflavonol and leucoanthocyanidin, key intermediates, accumulate more rapidly in stem, stem 
and root, respectively, regulated by CHI(Ilex_005941), F3H(Ilex_004635) and DFR(Ilex_004771). 
Correlation and network analyses reveal that candidate regulators and transporters are closely 
associated with the synthesis genes. The study provides profound snoop into flavonoids metabolism in 
I. asprella and offers valuable refer for medicinal plant.
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Ilex asprella Champ. ex Benth. (Aquifoliaceae) is a deciduous shrub reaching heights of 1–2 m. It thrives in sparse 
forests on sloping barren land or in thickets, predominantly across the southern Chinese provinces, including 
Guangdong, Hunan and the Guangxi Zhuang Autonomous Region. Its roots and leaves, known as “Gangmei” 
in China, are well known and often used in Chinese folk medicine, either alone or in combination with other 
plants, to treat influenza, tonsillitis, sphagitis, trachitis, and pertussis1.

Previous chemical investigations on I. asprella have led to the identification of a plethora of bioactive 
compounds, including triterpenoids, flavonoids, phenolic acids, glycosides and steroids1–3. While contemporary 
research has primarily focused on the structural elucidation and bioactive constituents of triterpenoids in roots, 
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flavonoids have received comparatively less attention4,5. Researchers from Hong Kong, China, assembled a high-
quality reference genome of I. asprella at the chromosomal level using next-generation sequencing technology6. 
These groups were subsequently subjected to biosynthetic gene profiling of triterpenoid pathway through 
transcriptomic comparison of two closely related Ilex species6–8. Up to date, the molecular basis of flavonoid 
biosynthesis and regulation in I. asprella remains largely unexplored9.

Flavonoids are an important class of secondary compounds that are widely found in plants. They are 
involved in plant growth process and those products are often applied in food and medicine. Flavonoids, 
including anthocyanins (red, orange, blue, and purple pigments), chalcones and aurones (yellow pigments), 
and flavonols and flavones (white and pale-yellow pigments), which give plants a wide range of colors, are 
among the main pigments in plants. They are derived from the phenylpropanoid biosynthesis pathway and 
have a basic structure consisting of a C15 benzene ring structure of C6–C3–C6. Recent studies have shown 
that flavonoid biosynthesis in plants involves eight branches (stilbene, aurone, flavone, isoflavone, flavonol, 
phlobaphene, proanthocyanidin, and anthocyanin biosynthesis) and four important intermediate metabolites 
(chalcone, flavanone, dihydroflavonol, and leucoanthocyanidin)10. The biosynthesis of phenylpropanoid 
needs catalytic cascade of the structural genes, including phenylalanine ammonia lyase (PAL), cinnamic acid 
4-hydroxylase (C4H), and 4-coumarate:CoA ligase (4CL)11–13. The product of this pathway p-coumaroyl-CoA 
diverges into chalcone and stilbene synthesis pathway, catalyzed by chalcone synthase (CHS) and stilbene 
synthase (STS), respectively. The synthetic chalcone is further processed by chalcone reductase (CHR), chalcone 
isomerase (CHI), and chalcone 2ʹ-glucosyltransferase (CH2ʹGT) to synthesize various flavonoids. Additionally, 
chalcone 4ʹ-O-glucosyltransferase (CH4ʹGT) and aureusidin synthase (AS) utilize chalcone to produce aurone. 
Meanwhile, CHI, in conjunction with flavanone 3ʹ-hydroxylase (F3ʹH) and flavanone 3ʹ,5ʹ-hydroxylase (F3ʹ5ʹH), 
catalyzes the conversion of chalcone into flavanones. These flavanones are then transformed into flavones 
by flavone synthase (FNS), flavonoid 6-hydroxylase (F6H), cinnamate-CoA ligase (CLL-7), CHS, CHI, and 
flavonoid 8-hydroxylase (F8H) in distinct pathways. Flavanones can also be converted into the isoflavone, 
phlobaphenes and dihydroflavonol by the action of isoflavone synthase (IFS), flavanone 4-reductase (FNR) and 
flavanone 3-hydroxylase (F3H) respectively. Further biosynthesis of isoflavone and dihydroflavonol requires the 
participation of hydroxyisoflavanone dehydratase (HID), isoflavanone O-methyltransferase (IOMT), F3ʹH and 
F3ʹ5ʹH. The dihydroflavonol products are then converted into corresponding flavonols and leucoanthocyanidin 
by flavonol synthase (FLS) and dihydroflavonol 4-reductase (DFR). Anthocyanidin synthase (ANS) and UDP-
glucose flavonoid 3-glucosyltransferase (UFGT) are also involved in the synthesis of leucoanthocyanidin, 
anthocyanin, which can be further converted into proanthocyanidins through the catalytic action of 
leucoanthocyanidin reductase (LAR) and anthocyanidin reductase (ANR). It is noteworthy that the role of all 
the aforementioned genes in I. asprella remains to be elucidated.

Transcriptional regulation plays a central role in flavonoid biosynthesis. One of the main transcriptional 
regulators is the MBW complex, which is composed of MYB, bHLH, and WD40 proteins. The MBW complex 
can act as a promoter or repressor in flavonoid regulation. For example, the R2R3-MYB transcription 
factor CsMYB60 in Cucumis sativus and MdMYB15L in Malus domestica have been identified as important 
regulators14,15. In addition to the MBW complex, the NF-Y protein complex, which includes the NF-YA, NF-YB, 
and NF-YC subunit, also plays a role in flavonoid regulation. The NF-Y protein complex binds the promoter 
of CHS to regulate flavonoid synthesis16. Additionally, the ethylene response factors ERF, UV-B irradiation-
mediated bZIP1, PIF, NAC, SPL, WRKY, BT2, GRF11, BBX20, CSN5, ARF19, LOB52, and BES1 selectively 
interact with MYB, its promoter, bHLH or flavonoid synthesis genes to modulate flavonoid synthesis17–24. 
Synthetic flavonoids are subsequently transported into vacuoles for storage or to other destinations and this 
process are reportedly involved in vesicle trafficking, membrane transport, and glutathione S-transferase (GST) 
activity. The mechanisms by which ATP-binding cassette (ABC) transporters, GSTs, GREEN FLUORESCENT 
SEED9 (GFS9) and H+-ATPase function in flavonoid transport have been partly addressed25.

In this work, the gene transcripts of flavonoid synthesis, regulation, and transport in various tissues of I. 
asprella was investigated. Specifically, the correlation analysis of genes between flavonoid biosynthesis, regulation 
and transport revealed the gene pairs and regulatory network in flavonoid metabolic pathway. Our findings 
provided new basis into the production improvement of bioactive compound in different I. asprella tissues and 
offered a piece of valuable evidence for why roots and leaves were usually used in folk medicine.

Results
Transcriptome sequencing and assembly
For the medicinal plant I. asprella, a comprehensive de novo transcriptome assembly was executed utilizing 
DNBSEQ-T7 sequencing technology. This approach targeted mRNA from leaf, stem, and root tissues, yielding 
a substantial dataset (Fig. 1). The sequencing process generated a robust range of 43.69 to 45.44 million raw 
reads per tissue. Post-quality control, approximately 42.44 million high-quality reads, equating to an average of 
6.39 Gb of clean nucleotides, was retained (Table 1). These reads were assembled into 40,129 unigenes (Table S1). 
The subsequent alignment of samples to the reference genome revealed an average match rate of 93.12%, while 
the gene set alignment averaged at 72.27%. The analysis predicted 914 novel genes. A total of 28,602 expressed 
genes were detected, comprising 27,691 annotated genes and 911 predicted new genes. Additionally, 18,536 new 
transcripts were detected, with 17,622 being novel alternative splicing variants of known protein-coding genes 
and 914 corresponding to new protein-coding genes (Table 1; Table S1).

Functional annotation
Annotation of the assembled transcriptome was performed using the Basic Local Alignment Search Tool 
(BLAST), employing a stringent e-value threshold of less than 10−5, to align with the NCBI nonredundant 
(Nr), Gene Ontology (GO), and Encyclopedia of Genes and Genomes (KEGG) databases. The outcomes of 
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this annotation effort were delineated in Table 2, indicating that 36,683 unigenes (91.41% of the total 40,129) 
were annotated with information from these databases. Specifically, 36,631 (91.28%), 28,454 (70.91%), and 
26,599 (66.28%) unigenes were successfully annotated against the Nr, GO, and KEGG databases, respectively 
(Tables S2–S4). Functional predictions were based on the most closely related annotated sequences within these 
databases. The observed lower annotation rates may be attributed to the scarcity of genomic information for the 
Asprella genus in the public databases.

Gene expression
A total of 28,603 genes were detected with expressed levels quantified using fragments per kilobase of transcript 
per million mapped reads (FPKM), with values spanning from 0.000 to 22,959.99, which underscored high 
sensitivity of detection (Table S5). A correlation heatmap was employed to visually evaluate the variability in 
global gene expression across distinct tissue samples. The Pearson correlation coefficients indicated strong 

Sample Leaf Root Stem

Total raw reads (M) 45.44 43.69 43.69

Total clean reads (M) 42.82 42.35 42.62

Total clean bases (Gb) 6.42 6.35 6.39

Total mapping (%) (refer to genome) 94.01 91.75 93.60

Uniquely mapping (%) (refer to genome) 92.16 89.63 91.57

Total mapping (%) (refer to gene) 73.34 71.30 72.17

Uniquely mapping (%) (refer to gene) 64.09 59.16 62.53

Total alternative splicing 15,959 18,028 17,502

Table 1.  Summary of the transcriptome assembly of Ilex asprella.

 

Fig. 1.  Plant samples of Ilex asprella used in the study. (a) Whole plant. (b) Leaves. The upper represents the 
pressure side of blade and the lower represents opposite side. (c) Stem. (d) Root samples.
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positive correlations among tissues of the same type, while weak correlations were observed between stem, 
leaf, and root tissues (Fig. 2a). Principal component analysis, conducted on the FPKM values of the samples, 
demonstrated that the biological replicates grouped closely together, affirming the robustness of our RNA-
sequencing data (Fig. 2b). To further verify the quality of our dataset, 25 differentially expressed genes across 
leaf, stem, and root tissues were subjected for quantitative real-time RT-qPCR. The relative expression levels of 
these 25 genes, as determined by transcriptome analysis, closely mirrored those derived from qPCR. The positive 
correlations observed (R2 = 0.8086 for Leaf/stem and 0.9257 for Leaf/root) further substantiated the accuracy of 
gene expression estimates based on RNA sequencing (Fig. 2c). Consequently, RNA sequencing data was deemed 
reliable for subsequent gene expression analyses in various tissues.

Differentially expressed genes (DEGs)
Comprehensive gene expression analyses across different tissues revealed a multitude of DEGs, offering a 
comparative overview of gene regulation. Employing stringent criteria of an FPKM value > 1, a false discovery 
rate (FDR) < 0.01, and an absolute log2 fold change (|log2 (FC)|) ≥ 1, a total of 28,478 DEGs were identified 
among leaf, root, and stem samples. Pairwise comparisons of leaf versus stem, leaf versus root, and stem versus 

Fig. 2.  Validity analysis of transcriptome in leaf1-3, root1-3 and stem1-3 samples. (a) Correlation heatmap 
of leaf1-3, root1-3 and stem1-3 samples. (b) Principal component analysis of leaf1-3, root1-3 and stem1-3 
samples. (c) Correlation analysis of gene expression levels between real-time quantitative PCR (RT-qPCR) 
and transcriptome data for selected Ilex asprella genes. Each colored dot represents an expression level-based 
log(fold-change, 5) value from the expression ratio of two tissues.

 

Databases Annotated number Ratio

Annotated with Nr 36,631 91.28%

Annotated with GO 28,454 70.91%

Annotated with KEGG 26,599 66.28%

All annotated unigenes 36,683 91.41%

Table 2.  Functional annotation statistics of Ilex asprella unigenes.
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root uncovered 7264 (3589 downregulated and 3675 upregulated), 11,747 (5284 downregulated and 6463 
upregulated), and 9467 (4354 downregulated and 5113 upregulated) DEGs, respectively (Fig. 3). Additionally, 
32,865, 28,382, and 30,662 consistently expressed genes were identified in the comparisons of leaf to stem, leaf 
to root, and stem to root, respectively (Fig.  3). Venn diagrams were utilized to depict the distributions and 
potential interrelations of DEGs across paired comparisons, highlighting 2355 DEGs that were commonly 
altered (Fig. 3d). Furthermore, 720, 1857, and 1418 DEGs were uniquely identified in the leaf versus stem, leaf 
versus root, and stem versus root comparisons, respectively.

To elucidate the biological roles of these DEGs, GO and KEGG classification and enrichment analyses were 
conducted. The GO categories “biological process”, “cellular component”, and “molecular function”, which 
pertained to fundamental plant functions, were found to be significantly enriched in the pairwise comparisons. 
The DEGs across the three tissues were also notably enriched for the terms “cellular anatomical entity”, and 
“catalytic activity” as per the GO classification analysis (Fig. S1). DEGs in leaf versus stem, leaf versus root and 
stem versus root were enriched in GO terms associated with “chloroplast” and “plastid” terms. Additionally, 
leaf versus root and stem versus root DEGs were also enriched in “tetrapyrrole binding” and “DNA-binding 
transcription factor activity”, respectively, underscoring the intricate relationships among these tissues (Fig. S2). 

Fig. 3.  MA plots of transcriptome differences and Venn diagram of DEGs between different Ilex asprella 
tissues. (a) Leaf vs Stem, (b) Leaf vs Root, and (c) Stem vs Root. Differentially expressed genes (DEGs) of Ilex 
asprella were identified using the criteria FDR ≤ 0.01 and |log 2 (FC)| ≥ 1. Grey dots represent gene expression 
that was not significantly different in the comparisons, red dots represent up-regulated genes, and blue dots 
represent down-regulated genes. (d) Venn diagram of DEGs identified in different Ilex asprella tissues. The 
common gene numbers are in overlapping regions by different comparisons.
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KEGG pathway classification indicated DEGs were enriched in “Global and overview maps”, “Carbohydrate 
metabolism”, “Signal transduction”, and “Folding, sorting and degradation” reflecting the metabolism, 
environmental information processing and genetic information functions of the leaf, stem and root (Fig. S3).

The DEGs were found to be enriched in 140 KEGG pathways, with the top 20 significant pathways in each 
pairwise comparison depicted in Fig. 4. The global maps of “plant hormone signaling” and “MAPK signaling 
pathway—plant” were consistently enriched across the three tissue comparisons suggesting that genes related 
to these pathways were expressed in all three tissues, albeit at varying levels. The leaf-root comparison uniquely 
identified more DEGs than the other two comparisons, such as those involved in “plant‒pathogen interaction” 
(Fig.  4b). Moreover, the plant‒pathogen interaction pathway was also enriched in the stem versus root 
comparison (Fig. 4c).

Flavonoid biosynthesis genes in I. asprella
In the canonical phenylpropanoid pathway, the aromatic amino acid phenylalanine, is converted to p-coumaroyl-
CoA by the sequential action of PAL, C4H, and 4CL (Fig. 5a). Our study identified five PALs, 13 C4Hs, and 13 
4CLs as unigenes, which were further validated by phylogenetic tree analysis (Table S6; Fig. S4). Except for PAL 
(Ilex_030935), C4H (Ilex_024374, Ilex_042319) and 4CL (Ilex_019705, Ilex_026016), all identified PALs, C4Hs, 
and 4CLs were expressed across the three tissues examined. Notably, certain genes, including PAL (Ilex_042231), 
C4H (Ilex_017598) and 4CL (Ilex_042033), exhibited at high expression levels specifically in the roots (Table 
S6; Fig. 5bc). Additionally, among their respective isoforms, PAL (Ilex_014816), C4H (Ilex_017598) and 4CL 
(Ilex_023165) were found to be the most highly expressed in leaves (Fig. 5; Table S6).

Chalcone, the initial key intermediate in flavonoid biosynthesis, is synthesized through the action of 
acetyl-CoA carboxylase (ACCase), which produces malonyl-CoA, and CHS, responsible for the formation 
of naringenin chalcone (4,20,40,60-tetrahydroxychalcone [THC] [chalcone]). CHR further processes a CHS 
reaction intermediate to form isoliquiritigenin, while CHI converts THC into colorless naringenin or isomerizes 
it to isosalipurposide (ISP) through the action of chalcone 2ʹ-glucosyltransferase (CH2ʹGT) (Fig. 5a). Eleven 
ACCases and three CHSs were annotated and confirmed, with the latter being expressed at very low levels across 
the tissues examined (Fig. 5bc; Fig. S5; Table S6). The majority of ACCases showed intermediate expression levels, 
with the exception of ACCases (Ilex_042981, Ilex_047561, and Ilex_008769), which were either expressed at low 
levels or undetected in the samples (Fig. 5b; Fig. S6; Table S6). Furthermore, ten CHR, two CHI, and fifty-one 
CH2ʹGT genes were detected. Notably, CHR (Ilex_020521) exhibited higher expression in roots compared to the 
other CHRs, while CHR (Ilex_046608 and Ilex_020514) seemed to be specifically expressed in leaves. Among the 
CHI genes, only one CHI(Ilex_005941) showed high expression in leaves, whereas the other CHI(Ilex_021868) 
was barely detectable except in the stem. The majority of CH2ʹGTs were expressed at low levels or undetected in 
the tissues, with the exception of CH2ʹGTs (Ilex_012606, Ilex_049682, etc.), which were more highly expressed 
in roots than in stems and leaves (Fig. 5b; Fig. S6; Table S6).

STS, which also utilizes p-coumaroyl-CoA and malonyl-CoA as substrates, catalyzes the formation of the 
stilbene backbone, exemplified by resveratrol, marking the initial divergence of the flavonoid biosynthesis 
pathway (Fig. 5a). Only two STSs (Ilex_044726 and Ilex_048273) were detected, with low expression was across 
all tissues (Fig. 5b; Fig. S5; Table S6). In the aurone biosynthesis pathway, which yields a vibrant yellow pigment, 
CH4ʹGT catalyzes the formation of THC 4ʹ-O-glucoside from THC, and AS transforms THC 4ʹ-O-glucoside 
into aureusidin 6-O-glucoside (aurone) (Fig. 5a). Nine ASs and fourteen CH4ʹGTs were annotated, exhibiting 
differential expression in tissues (Fig. 5b; Fig. S7; Table S6). A majority of these genes exhibited preferential 
expression in roots, such as AS (Ilex_009329) and CH4ʹGT (Ilex_047989). Flavanone, the central node in 
the flavonoid biosynthetic cascade, is formed through the action of CHI, which catalyzes the intramolecular 
cyclization of chalcones to produce flavanones; these can be converted to eriodictyol and pentahydroxyflavanone 
(two types of flavanones) based on activity of F3ʹH and F3ʹ5ʹH (Fig.  5a). A single F3ʹH (Ilex_006685) was 
identified, with higher expression in the stem compared to the other two tissues. However, 31 F3ʹ5ʹHs were 
annotated, with most showing differential expression across the three tissues; notably, F3ʹ5ʹH (Ilex_011771) 
exhibited an average 45-fold increase in expression in roots compared to leaves (Fig. 5b; Fig. S8; Table S6).

Flavones, such as naringenin, are derived from flavanones through the action of FNS. An alternative flavone 
synthesis pathway, commencing from cinnamic acid and leading to baicalein/norwogonin, involves CLL-7, 
CHS, CHI, FNS, F6H and F8H (Fig. 5a). Four FNSs, eight CLL-7s, fifty-two F6Hs, and four F8Hs were detected, 
with FNS (Ilex_043640) showing significantly higher expression in roots compared to leaves and stems. The 
expression of nearly all CLL-7 genes was consistent across tissues, with the exception of CLL-7 (Ilex_028327, 
Ilex_031706). Furthermore, most F6H genes displayed differential expression in all three tissues, particularly 
F6H (Ilex_045743) and F6H (Ilex_036389), which were highly expressed in the roots and leaves, respectively. 
Similar patterns were observed for F8H (Ilex_044784) and F8H (Ilex_037622) (Fig. 5b; Fig. S9; Table S6).

IFS directs flavanone towards the isoflavone pathway, producing 2-hydroxy-2,3-dihydrogenistein and 
2,7,40-trihydroxyisoflavanone, a process that requires the participation of F6H, IFS, HID, and IOMT (Fig. 5a). 
Transcripts for four IFSs, eight HIDs, and six IOMTs were identified, with IFS (Ilex_029360) and IOMT 
(Ilex_015111) showing higher expression in stems compared to leaves and roots. However, HID (Ilex_044559) 
exhibited greater expression in roots than in leaves or stems (Fig. 5b; Fig. S10; Table S6). FNR acts on flavanones 
(naringenin and eriodictyol) to produce the corresponding flanvan-4-ols (apiforol and luteoforol), which can 
then be further polymerized to form phlobaphenes (Fig. 5a). Only one FNR (Ilex_039777) was detected, with 
low transcript across all three tissues. Phylogenetic analysis revealed that FNR shared functions similarities 
with ANR, which converted anthocyanidins, pelargonidin, cyanidin, and delphinidin to the corresponding cis-
flavan-3-ols, epiafzelechin, epicatechin, and epigallocatechin (Fig. 5b; Fig. S11; Table S6).

F3H converts naringenin, eriodictyol, and pentahydroxyflavanone into their respective dihydroflavonols: 
dihydrokaempferol (DHK), dihydroquercetin (DHQ), and dihydromyricetin (DHM). This metabolic cascade 
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Fig. 4.  Scatterplot of differentially expressed Ilex asprella genes in the top 20 enriched KEGG pathways. (a) 
Leaf vs Stem, (b) Leaf vs Root, and (c) Stem vs Root. The y-axis shows the KEGG pathways, and the x-axis 
shows the enrichment factor. The enrichment factor is the ratio of the numbers of DEGs annotated in a certain 
pathway to the total number of genes mapped to this pathway. The q-value represents the corrected P value. 
A higher enrichment factor value correlates with a more intensive pathway, and a lower q-value with a more 
reliable one.
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Fig. 5.  The expression of key biosynthesis genes involved in flavonoid biosynthetic pathway in Ilex asprella 
tissues. (a) The possible flavonoid biosynthetic pathway in Ilex asprella. (b) Expression analysis of flavonoid 
biosynthetic pathway in leaves, roots, and stems tissues of Ilex asprella. Expression values are presented 
as log2 (FPKM). (c) qRT-PCR based expression analysis of a few biosynthesis genes. Data are shown as 
representative means ± SD from three independent experiments. The enzyme names and flavonoid compounds 
are abbreviated as follows: PAL phenylalanine ammonia lyase, C4H cinnamic acid 4-hydroxylase, 4CL 
4-coumarate: CoA ligase, CHS chalcone synthase, STS stilbene synthase, ACCase acetyl-CoA carboxylase, 
CLL cinnamate–CoA ligase, CHI chalcone isomerase, FNS flavone synthase, F6H flavonoid 6-hydroxylase, 
F8H flavonoid 8-hydroxylase, CH4ʹGT chalcone 4ʹ-O-glucosyltransferase, AS aureusidin synthase, CHR 
chalcone reductase, IFS isoflavone synthase, HID 2-hydroxyisoflavanone dehydratase, CH2ʹGT chalcone 
2ʹ-glucosyltransferase, FNR flavanone 4-reductase, F3ʹ5ʹH flavanone 3ʹ,5ʹ-hydroxylase, F3ʹH flavanone 
3ʹ-hydroxylase, F3H flavanone 3-hydroxylase, FLS flavonol synthase, DFR dihydroflavonol 4-reductase, ANS 
anthocyanidin synthase, UFGT UDP-glucose flavonoid 3-O-glucosyltransferase, OMT O-methyl transferases, 
LAR leucoanthocyanidin reductase, ANR anthocyanidin reductase.
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is further advanced by the action of flavanone 3ʹ-hydroxylase (F3ʹH) and flavanone 3ʹ,5ʹ-hydroxylase (F3ʹ5ʹH), 
which facilitate the transformation of DHK into DHQ and DHQ into DHM, respectively. The dihydroflavonols 
are then synthesized into the flavonols kaempferol, quercetin, and myricetin by the catalytic activity of FLS, 
coupling with F3ʹH/F3ʹ5ʹH (Fig.  5a). A transcript of F3H (Ilex_004635), which exhibited modestly elevated 
expression in leaves, was identified. Among the four FLS transcripts detected, FLS (Ilex_046424) was found 
to have increased expression in leaves and stems relative to roots or other forms (Fig. 5b; Figs. S12, S13; Table 
S6). DFR is pivotal in the reduction of dihydroflavonols to leucoanthocyanidins including leucopelargonidin, 
leucocyanidin, and leucodelphinidin. These colorless leucoanthocyanidins are converted into anthocyanidins—
pigments responsible for the colorful hues observed in plants—by ANS. The stability of anthocyanidins is 
enhanced through glucosylation by UFGT, yielding stable anthocyanins such as pelargonidin-3-glucoside, 
cyanidin-3-glucoside, and delphinidin-3-glucoside. OMT further modifies these anthocyanins, converting 
cyanidin-3-glucoside into peonidin glycoside and delpinidin-3-glucoside into petunidin glycoside or malvidin 
glycoside (Fig. 5a). Transcripts for DFR, ANS, UFGT, and OMT were quantified, with eight, one, thirty-three, and 
thirteen copies detected, respectively. Notably, DFR (Ilex_004771) and UFGT (Ilex_014720) exhibited heightened 
expression in roots, whereas OMT (Ilex_022488) was predominantly expressed in the stem. Conversely, ANS 
(Ilex_019116) demonstrated minimal expression across all three tissues (Fig.  5b; Fig. S14; Table S6). LAR is 
tasked with conversion of leucoanthocyanidins, leucopelargonidin, leucocyanidin, and leucodelphinidin to 
trans-flavan-3-ols, afzelechin, catechin, and gallocatechin, respectively (Fig. 6a). However, our analysis identified 
only one LAR (Ilex_020124), which was not expressed in the tissues examined (Fig. S15; Table S6). Collectively, 
these findings underscored the diversity of flavonoid biosynthesis genes, many of which exhibited tissue-specific 
expression patterns and significant differential expression levels.

Transcriptional regulation genes of flavonoid biosynthesis in I. asprella
Our analysis revealed the presence of 93 MYB, 36 bHLH, and 240 WD40 transcripts, which constituted the 
multifaceted MBW complex. The majority of these transcripts were detected at low expression levels across 
the tissues examined. However, selected genes, including MYB (Ilex_004399), bHLH (Ilex_001378), and WD40 
(Ilex_046093), demonstrated notably higher expression in the three tissues. Furthermore, A subset of MBW 
genes, such as MYB (Ilex_036220, Ilex_001714), bHLH (Ilex_011586), and WD40 (Ilex_012309), exhibited 
enhanced expression in roots compared to leaves and stems (Fig.  6; Table S6). Additionally, 4, 11, and 6 
transcripts of NF-YA, NF-YB, and NF-YC, respectively, were annotated. While most were expressed at low levels, 
NF-YA (Ilex_012157), NF-YB (Ilex_038767), and NF-YC (Ilex_012555) stood out with high expression levels in 
roots, leaves, and leaves, respectively (Fig. 6; Table S6). In addition, 21 BBX transcripts and 1 CSN transcript were 
detected, and most BBXs, especially BBX (Ilex_050110, Ilex_010644, Ilex_018168), were differentially expressed 
in the three tissues. Moreover, CSN (Ilex_010585) was generally highly expressed, particularly in stems (Fig. 6; 
Table S6). A total of 36 ERF and 93 WRKY transcripts were detected, with their expression levels generally 
surpassing those of CSN or BBX in the tissues analyzed. Notably, ERF (Ilex_028143, Ilex_005549) and WRKY 
(Ilex_023201), exhibited exceptionally expression high in roots (Fig. 6; Table S6). Four bZIP, 12 NAC, and 9 SPL 
transcripts were detected across all tissues, with bZIP (Ilex_016445), NAC (Ilex_030072), and SPL (Ilex_045464) 
showing increased expression in roots relative to stems and leaves (Fig. 6; Table S6). Two PIFs transcripts were 
detected, with PIF (Ilex_036297) in leaves showing an average fivefold higher expression compared to stems 
(Fig. 6; Table S6). Our predictions identified 26 ARF, 7 LOB, 2 BES, 14 GRF, and 4 BT transcripts, with most 
exhibiting differential expression across the three tissues. ARF (Ilex_021746), GRF (Ilex_002291), and BT 
(Ilex_007791) were particularly more highly expressed in roots. The two genes in the BES (Ilex_033872 and 
Ilex_029033) were consistently and highly expressed, while all LOBs showed extremely low expression across 
tissues but a preference for higher transcript levels in roots (Fig. 6; Table S6). Furthermore, the transcript levels 
of the suppressor genes were generally lower compared to those of the promoter genes for the transcriptional 
regulation of flavonoid biosynthesis (Fig. 6; Table S6).

Flavonoid transport genes in I. asprella
A total of two GFSs, 36 Mates, 20 GSTs, 52 ABCCs, and 15 H+-ATPases were identified, potentially playing roles 
in flavonoid transport. Notably, GFS (Ilex_042069, Ilex_050992) exhibited no significant differential expression 
across the three tissues examined (Fig. 6d; Table S6). In contrast, the expression levels of Mate (Ilex_038263, 
Ilex_029131), GST (Ilex_036047, Ilex_023908) and ABCC (Ilex_037010) were markedly higher in roots compared 
to other tissues. Additionally, H+-ATPase genes, including H+-ATPase (Ilex_034304), generally showed lower 
expression levels than GST or ABCC in the tissues analyzed (Fig. 6d; Table S6). The remaining flavonoid transport 
genes were found to be either minimally expressed or not significantly differentially expressed.

Coexpression network analysis of flavonoid biosynthesis, regulation and transport
To elucidate the interplay between genes involved in flavonoid biosynthesis and those regulating transport, a 
Pearson correlation analysis was constructed. The analysis revealed significant positive or negative correlations 
among related genes (Fig. 7a; Figs. S16, S17). By filtering the data for Pearson correlation coefficient ≤ 0.001, 
several gene pairs were highly significant correlated, such as 4CL (Ilex_006117)/NF-Yb (Ilex_033014). In general, 
transporters, including ABC, GST, and Mate, along with regulators like BBX, bHLH, ERF, LOB, MYB, NAC, NF-
Yb, NF-Yc, WD40, and WRKY, all demonstrated close associations with biosynthetic synthesis genes (Fig. 7a). 
Furthermore, flavonoid biosynthesis genes, such as CHR (Ilex_005521) with MYB (Ilex_019318), WD40 
(Ilex_023245), and ABC (Ilex_026902), exhibited multiple highly significant correlations with regulatory genes 
(Fig. 7a). It was evident that a single regulator or transporter could be closely linked to one or more flavonoid 
biosynthesis genes, exemplified by Mate (Ilex_009191) correlating with I2H (Ilex_042316); F6H (Ilex_038159) 
and MYB (Ilex_008490) correlating with UFGT (Ilex_051679); STS (Ilex_048273); HID (Ilex_015631); F6H 
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Fig. 6.  The expression of transcriptional regulator genes possibly involved in the regulation of flavonoid 
biosynthetic pathway in Ilex asprella tissues. (a) The possible transcriptional regulation of flavonoid 
biosynthesis in Ilex asprella. (b) The expression of possible genes promoting flavonoid synthesis. (c) The 
expression of possible genes suppressing flavonoid synthesis. (d) The expression of possible genes involved in 
flavonoid transport. MYBv-myb avian myeloblastosis viral oncogene homolog, bHLH basic helix–loop–helix, 
NF-Y nuclear factor Y, ERF ethylene responsefactor, NAC (NAM, ATAF, CUC), SPL squamosa promoter 
binding protein-like, GRF growth regulating factor, BT BTB/TAZ, BBX b-box protein, ARF auxin response 
factor, LOB lateral organ boundaries, BES1 BRI1-EMS-SUPPRESSOR 1, BR brassinosteroid, ABC ATP-binding 
cassette transporters, GFS9 GREEN FLUORESCENT SEED9, GST glutathione S-transferase, MATE toxin 
extrusion. The blue dashed box represents the protein complex: MBW complex is constituted of three class of 
transcription factors (TFs), MYB, bHLH and WD40, while NF-Y complex is composed of TFs NF-YA, NF-YB, 
and NF-YC. TFs next to each other represent interaction of proteins.
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(Ilex_004615); F3ʹ5ʹH (Ilex_014636); and CH2ʹGT (Ilex_000073) (Fig.  7a). Further transcriptional regulatory 
network analysis indicated that 74, 575, 7220, and 221,891 of the transporter–gene pairs were highly significant, 
significant, different and not different, respectively (Fig.  7b; Fig. S18). Notably, some transporter-gene pairs, 
such as MYB (Ilex_038368)-CHS (Ilex_027959), had a correlation coefficient equal to one, and p_adjust ≤ 0.001 
(Table S7; Fig. S18).

Discussion
Functional annotation of the transcriptome data indicated that 8.59% of the unigenes remained unannotated, 
suggesting their potential uniqueness to Ilex asprella and highlighting their value for novel gene discovery. These 
unannotated sequences might also represent untranslated regions or noncoding RNAs, a phenomenon observed 
in other plant transcriptomes such as those of tomato during flowering reversion and Sorghum bicolor in response 
to Sporisorium reilianum colonization26,27. KEGG analysis of Ilex asprella tissues revealed an enrichment 
of DEGs related to “plant hormone signal transduction” and “MAPK signaling pathway”. This contrasted 
with the enrichment of flavonoid synthesis DEGs in the leaves, stems, and roots of Scutellaria viscidula, and 
carotenoid biosynthesis DEGs in the leaves and roots of Daucus carota. These findings underscored the tissue-
specific biosynthesis of secondary metabolites and reflected metabolic diversification during plant evolution, 
highlighting the distinctiveness of medicinal plants28,29.

Our analysis identified a variety of flavonoid biosynthetic pathways in I. asprella, leading to the production 
of 12 flavonoids subgroups: chalcones, stilbenes, aurones, flavanones, flavones, isoflavones, phlobaphenes, 
dihydroflavonols, flavonols, leucoanthocyanidins, proanthocyanidins, and anthocyanins. Similar pathways have 
been reported in other plant species, such as legumes, sorghum, maize, Gloxinia, grape, peanut, and pine10,30,31. 
The expression patterns of these biosynthetic genes varied across leaf, stem, and root tissues (Fig.  6). The 
phenylpropanoid pathway genes in I. asprella formed a multigene family, as seen in other plants32–34. Tissue-
specific expression differences were observed for PAL, C4H, and 4CL transcripts, as reported in Allium sativum 
and Polygonum minus35,36. The first key intermediate metabolite, chalcone, and the initial step of stilbene 
biosynthesis were characterized by the identification of three CHS, two STS, and ten CHR genes, showing high 
similarity to published sequences37–39. The low expression of CHS in I. asprella tissues suggested its role as rate-
limiting enzyme in flavonoid biosynthesis. STS, competing with CHS for substrates, showed minimal differences 
in phylogenetic analysis and low tissue expression, distinct from that observed in Polygonum cuspidatum40. The 
bright yellow pigment aurone is synthesized by a limited number of species, such as snapdragon, sunflowers, 
and coreopsis, including those with 14 CH4ʹGTs, and 9 ASs in I. asprella41,42. CH4ʹGTs and ASs exhibited higher 
expression than CHS or STS, confirming the rate-limiting function. Two CHIs, pivotal for flavanone synthesis 
and central to the flavonoid pathway I. asprella, were the second key rate-limiting enzyme in the flavonoid 
biosynthetic pathway. Both showed low expression except for CHI (Ilex_005941) in leaves, potentially correlating 
with the flavonoid content43. The conversion of naringenin to eriodictyol and pentahydroxyflavanone showed 
marked differences based on F3ʹH and F3ʹ5ʹH tissue expression patterns. In flavone biosynthesis, FNSs from 
I. asprella were likely of the FNSI type, with greater expression in roots, suggesting higher flavone synthesis, 
which was also found to be a root-specific flavone pathway in other medicinal plants44,45. The isoflavone 
pathway, primarily found in legumes, involved IFS, HID, IOMT and other enzymes, such as isoflavone 
2ʹ-hydroxylase (I2ʹH), isoflavone 3ʹ-hydroxylase (I3ʹH), vestitone reductase (VR), pterocarpan synthase (PTS), 
and 7,20-dihydroxy-40-methoxyisoflavanol dehydratase (DMID)10,46,47. IFS transcripts accumulated more in 
stems, with HIDs showing higher root expression, suggesting higher levels of genistein and daidzein in roots. 
Phlobaphene biosynthesis, a minor flavanone pathway, required FNR, which shared Ilex_039777 with ANR, 
likely functioning as ANR rather than FNR. However, DFR and FNR shared the same enzyme in maize48. The 
low expression of Ilex_039777 resulted in low levels of reddish insoluble pigments in I. asprella. F3H expression 
was higher in leaves, suggesting greater flavanonol synthesis, consistent with AgF3H correlation with DHM 
content in Ampelopsis grossedentata49. Conversely, FLS transcripts accumulated more in stems, suggesting higher 
flavonol synthesis, aligning with observations in Fagopyrum tataricum50. Leucoanthocyanidin and anthocyanin 
biosynthesis seem to occur in roots and stems due to high DFR expression, while DFR and FLS may inhibit each 
other’s transcription51. Although LAR was associated with proanthocyanidin biosynthesis, its expression, along 
with ANR and ANS, was extremely low in the tissues tested. This is consistent with LAR and ANR being key and 
rate-limiting enzymes in proanthocyanidin biosynthesis52.

Emerging evidence underscores the pivotal roles of various transcription factor (TF) families in the 
biosynthesis of flavonoids within the plant kingdom53. In the case of Ilex asprella, a comprehensive annotation 
identified a plethora of TF families, with MYB being the most prevalent, encompassing 93 genes, trailed by 
bHLH (36 genes), WD40 (240 genes), and a suite of others including NF-Ya (4 genes), NF-Yb (11 genes), NF-
Yc (6 genes), BBX (21 genes), CSN (1 gene), NAC (12 genes), bZIP (4 genes), WRKY (93 genes), ERF (36 
genes), PIF (2 genes), LBD (6 genes), ARF (26 genes), BES (2 genes), BT (4 genes), GRF (14 genes), SPL (9 
genes), ABC (52 genes), GST (20 genes), H+-ATPase (15 genes), Mate (36 genes), and GF9 (2 genes). These 
TFs exhibited differential expression across various tissues. Correlation analyses, employing Pearson’s method, 
discerned significant positive or negative correlations between key flavonoid biosynthetic genes, exemplified by 
MYB (Ilex_022011) and CHI (Ilex_021868), and the aforementioned TFs. Extensive research has delineated that 
MYB, either singularly or in concert with the bHLH-MYB-WD40 complex, can orchestrate the expression of 
CHS, CHI, F3H, FLS, LAR, and DFR by engaging their promoter regions10,54. In Ilex asprella, individual MYB 
TF could closely connected numerous synthesized genes and homologous genes. For instance, the MYB TF 
(Ilex_002396) was associated with STS (Ilex_048273), CHI (Ilex_005941), and F6H (Ilex_012665), as well as 
with a cluster of F6H genes including Ilex_012665, Ilex_031189, and Ilex_004614. Additionally, a single synthetic 
gene might be regulated by multiple components of the MBW complex, such as CHI(Ilex_005941) gene, which 
was regulated by a combination of MYB(Ilex_002396), WD40(Ilex_036068, and bHLH(Ilex_030822). Parallel 
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findings have highlighted the regulatory impact of the NF-Y protein complex on flavonoid synthesis through 
its binding to the CHS1 promoter, thereby influencing the coloration of tomato skin16. However, no significant 
connection was observed between CHS and NF-Ya/b/c homologous genes. Furthermore, a cadre of TFs, such 
as ERF, bZIP1, PIF3, and NAC1, have been implicated in modulating MYB activity or its promoter, potentially 
influencing anthocyanin accumulation. Intriguingly, WRKY TFs have been shown to synergize with bHLH 
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to enhance MYB activity, thereby propelling anthocyanin biosynthesis. Advanced studies have also indicated 
that certain TFs, like GRF, exert long-distance control over anthocyanin biosynthesis by negatively modulating 
BT, consequently augmenting MYB levels in apple10,18,24. TFs such as ERF (Ilex_012123), NAC (Ilex_030072), 
WRKY (Ilex_045823), and the MYB/bHLH/WD40 complex (Ilex_002396/Ilex_039504/Ilex_036068) were all 
positively associated with key enzymes, 4CL (Ilex_006117) and AS (Ilex_024910), in flavonoid biosynthesis. 
This suggested that these TFs could potentially cooperate with the MBW complex to regulate flavonoid synthesis 
in response to various environmental conditions. However, a similar association was not observed for GRF, 
BT, and MBW complexes, possibly indicating that they required a more extended pathway to interact with 
flavonoid biosynthesis. The multitude of transporters and synthesized genes involved in flavonoid biosynthesis 
have evolved intricate strategies to finely tune their responses to stimuli, thereby maintaining balanced flavonoid 
levels. Also, it is axiomatic that a thorough elucidation of the intricate transcriptional regulatory networks at 
play necessitates both data mining and empirical validation. The TFs characterized in I. asprella are poised to be 
instrumental in the modulation of flavonoid levels and the orchestration of their biosynthesis. These TF-gene 
associations present promising avenues for future investigations into the biology of I. asprella.

Materials and methods
Plant materials
Ilex asprella plants were cultivated in soil under environmental conditions, specifically at a temperature range of 
24–26 °C and a relative humidity of 60–70%. On May 30, 2021, a systematic sampling procedure was conducted 
to collect three replicate samples from each of the plant’s organs—roots, stems, and leaves—from two-year-old I. 
asprella seedlings. The samples were designated as root 1, root 2, root 3, stem 1, stem 2, stem 3, leaf 1, leaf 2, and 
leaf 3 (Fig. 1). For each tissue type, three individual plants were harvested, and approximately 1 g of material was 
excised using scissors. These samples were destined for both transcriptome analysis and real-time quantitative 
polymerase chain reaction (qRT-PCR) assays. The samples were immediately frozen in liquid nitrogen and then 
stored at − 80 °C for subsequent molecular studies.

RNA extraction and quality assessment
The extraction of total RNA from the plant samples was conducted using a kit specifically designed for RNA 
analysis, as provided by Takara, located in Dalian, Liaoning, China. The protocol supplied by the manufacturer 
was followed meticulously. The assessment of RNA purity and its integrity was carried out with precision 
instruments: a NanoDrop 2000 spectrophotometer from Thermo Fisher Scientific, based in Waltham, MA, USA, 
and a Bioanalyzer 2100 system from Agilent Technologies, headquartered in Palo Alto, CA, USA. To ensure the 
RNA’s quality, any signs of degradation or contamination were carefully examined by agarose gel electrophoresis 
using a 1% (w/v) gel. The RNA concentration was determined with a Qubit® RNA Assay Kit using a Qubit® 2.0 
fluorometer from Life Technologies (Carlsbad, CA, USA). All RNA samples met the required specifications 
and were transported to the BGI Corporation (Shenzhen, China) for cDNA library construction and RNA 
sequencing while being stored on dry ice.

cDNA library construction and sequencing
Nine distinct RNA libraries were meticulously constructed using the NEBNext® Ultra™ RNA Library Prep Kit for 
Illumina®. Each library represented a unique tissue type, with triplicate samples ensuring biological redundancy. 
The preparation process adhered to the guidelines provided by New England Biolabs, located in Ipswich, MA, 
USA. The transcriptome assembly was facilitated by the Illumina NovaSeq 6000 sequencing platform, a product of 
Illumina Inc., based in San Diego, CA, USA. The quality of the libraries was rigorously evaluated with an Agilent 
Bioanalyzer 2100 system. The cDNA libraries underwent paired-end sequencing on an Illumina HiSeqX-10 
instrument, yielding 150 bp reads. Post-sequencing, reads of low quality—those with adapter contamination, 
ambiguous nucleotides, or more than 50% of bases with a Phred quality score (Q score) ≤ 20—were meticulously 
filtered out to ensure the integrity of the clean reads. These clean reads were then subjected to quality metrics 
assessment, including the calculation of Q20, Q30, and GC content, prior to further analytical procedures. The 
sequencing reads were deposited at the National Center for Biotechnology Information under SRA accession 
number PRJNA1168255 (https://www.​ncbi.nlm.nih​.gov/bioproj​ect/PRJNA11​68255).

De novo assembly and unigene annotation
Transcriptome assembly was performed using Trinity v2.8 software (https://trinitysoft.net/) with, ​m​i​n​i​u​m​_​k​-​m​
e​r​_​c​o​v​e​r​a​g​e (min_kmer_cov) parameter set to 3 by default, and all other settings maintained at their default 
values55. To elucidate the potential functions of the assembled unigenes, a comprehensive similarity search was 
conducted. This involved BLAST queries against a suite of publicly accessible nucleotide and protein databases. 

Fig. 7.  Correlation analysis and transcriptional regulatory network between flavonoid biosynthesis, regulation 
and transport in Ilex asprella tissues. (a) Correlation analysis of genes between flavonoid biosynthesis, 
regulation and transport in Ilex asprella tissues. *Correlation is significant between 0.01 and 0.05, **Correlation 
is significant between 0.001 and 0.01, and ***correlation is significant at the 0.001 level for Pearson correlation 
coefficient. (b) Transcriptional regulatory network among pathway genes and TFs in Ilex asprella tissues. 
Orange circle of outer ring represents the TF, yellow circle of inner ring represents the genes of flavonoid 
biosynthesis. The red, green and blue line are designated as significance level of p-adjust ≤ 0.001, 0.001 < p_
adjust ≤ 0.01, and 0.01 < p-adjust ≤ 0.05 between TFs and genes. The image was created by the protocol of user 
manual provided Cytoscape_3.9.1 (https://cytoscape.org/) software.
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Specifically, the NCBI nonredundant protein database (Nr) was searched using diamond v0.8.22 with an e-value 
threshold of 10^-5, the NCBI nonredundant nucleotide database (Nt) was queried using BLAST 2.2.28 with 
an e-value of 10^-5, the protein family (Pfam) database was explored using the HMMER 3.0 package with an 
e-value of 10−2, the Swiss-Prot database was investigated using diamond v0.8.22 with an e-value of 10−5, the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) was accessed through KAAS with an e-value of 10−10, and 
the Gene Ontology (GO) database was queried using Blast2GO v2.5 with an e-value of 10−656. Furthermore, the 
analysis of differential gene expression (DGE) was executed following a methodology akin to that detailed in a 
preceding study57.

Expression levels
Gene expression levels across all samples were determined by aligning clean reads to the assembled transcriptome 
using the Bowtie v2.4.5 software (https://bowtiemaster.com/). The expression levels were quantified using 
the fragments per kilobase of the exon model per million mapped reads (FPKM) metric, which provided a 
normalized measure of transcript abundance58,59. To identify the DEGs between samples, the DESeq2 and 
EBSeq R packages were employed. Genes were classified as DEGs if they exhibited an adjusted p-value of less 
than 0.05 and a log2-fold change magnitude greater than 1, as indicated by DESeq. The average FPKM values 
from the samples were subjected to log transformation and normalization to facilitate heatmap analysis. For 
functional annotation, GO enrichment analysis of the DEGs was performed using the GOseq R package, which 
employed the Wallenius noncentral hypergeometric distribution. Additionally, the KOBAS v2.0 software ​(​​​h​t​t​p​:​/​
/​b​i​o​i​n​f​o​.​o​r​g​/​k​o​b​a​s​/​​​​​) was utilized to evaluate the enrichment of DEGs in KEGG pathways60.

Identification of synthase and regulatory genes involved in flavonoid biosynthetic pathways
In order to pinpoint candidate synthase and regulatory genes within I. asprella, a BLAST search was conducted 
using the transcriptome as a reference. For this purpose, genes that have been published and identified from other 
plant species served as the query sequence. Each sequence of interest was further authenticated by conducting 
a BLAST search against the NCBI nonredundant (Nr) database. Following this, a phylogenetic analysis was 
performed to infer evolutionary relationships. A neighbor-joining tree was constructed using Clustal X 2.0 
for alignment and MEGA 7.0 for visualization, based on the inferred amino acid sequences derived from the 
transcriptomes of Ilex asprella and other species.

cDNA synthesis and RT-qPCR
Beyond its application in transcriptome sequencing, the residual RNA was allocated for complementary DNA 
(cDNA) synthesis. This was achieved using the First Strand cDNA Synthesis Kit from Thermo Fisher Scientific, 
Shanghai, China, strictly following the manufacturer’s protocol. Quantitative real-time polymerase chain 
reaction (qRT-PCR) was conducted on the Applied Biosystems QuantStudio™ Real-Time PCR System, Waltham, 
MA, USA, utilizing Hieff™ qPCR SYBR® Green Master Mix from Yeasten, Shanghai, China. The qRT-PCR was 
performed in triplicate for each of the three independent biological samples, with each sample being subjected 
to three technical replicates. The reaction mixture, totaling 20 μL, comprised 10.0 μL of 2 × Hieff™ qPCR SYBR® 
Green Master Mix, 0.6 μL of each primer at a concentration of 10 μM, 1.0 μL of a 1:5 diluted cDNA template, 
and 7.8 μL of RNase-free water. The thermal cycling conditions were initiated with a hot start at 95  °C for 
5 min, followed by 40 cycles of denaturation at 95 °C for 10 s, annealing at 58 °C for 20 s, and extension at 72 °C 
for 20 s. For each sample, three replicates were analyzed using real-time PCR. Data analysis was conducted in 
accordance with previous methods57. The correlation between qPCR and RNA sequencing data was evaluated 
using OriginPro 2017 software (https://www.originlab.com/2017). The primers for all the target genes and three 
ubiquitin (UBIs) used as internal references were detailed in Table S8.

Statistical analysis
All the data were analyzed using SPSS 20.0 software (https://www.ibm.com/spss), and the values were expressed 
as the means ± standard errors of three independent samples. Significant differences (p < 0.05, p < 0.01) were 
analyzed using one-way analysis of variance (ANOVA) and Duncan’s multiple range test.

Conclusions
In this study, we systematically identified and analyzed genes involved in flavonoid biosynthesis, regulation, 
and transport across the leaf, stem, and root tissues of I. asprella through transcriptome sequencing. Our 
analysis revealed 28,478 DEGs were implicated in a spectrum of biological processes, including “carbohydrate 
metabolism”, “signal transduction”, and “folding, sorting and degradation”, as annotated by multiple databases. 
The metabolic flux of flavonoids varied significantly among the tissues. The expression patterns of key enzymes 
such as PAL (Ilex_042231, Ilex_014816), C4H (Ilex_017598), and 4CL (Ilex_042033) indicated that the general 
phenylpropanoid pathway was more active in roots and stems compared to leaves. Chalcone and isoflavone 
biosynthesis, driven by CHS (Ilex_047537) and IFS (Ilex_029360), appeared to be more pronounced in 
stems. Conversely, the synthesis of stilbenes, aurones, and flavones, governed by STS (Ilex_044726), CH4ʹGT 
(Ilex_047989), and FNS (Ilex_043640), respectively, was predicted to be higher in roots. Flavanones and 
phlobaphenes were likely more abundant in leaves, as indicated by the expression of CHI (Ilex_005941) and FNR 
(Ilex_039777). The synthesis of flavanonol in roots or stems was primarily influenced by F3H (Ilex_004635), and 
its downstream conversion to flavonols in leaves and stems was regulated by FLS (Ilex_046424). The biosynthesis 
of leucoanthocyanidin and anthocyanin was potentially controlled by DFR (Ilex_004771, Ilex_023203) in leaves 
and stems. Notably, the absence of LAR transcripts suggested that proanthocyanidins, such as gallocatechin, 
afzelechin, and catechin, were not synthesized in I. asprella. Furthermore, the correlation analysis of transporter-
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gene pairs provided a theoretical foundation for the genetic enhancement of flavonoid metabolism and deepened 
our understanding of their roles and potential applications.

Data availability
Sequence data that support the findings of this study have been deposited in the European Nucleotide Archive 
with the primary accession code PRJNA1168255 (https://www.​ncbi.nlm.nih​.gov/bioproj​ect/PRJNA11​68255).
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