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Highlights
●●	 Metabolic and transcriptional dynamics during potato tuber development are revealed.
●●	 Stage and genotype-specific metabolic patterns are identified in two genotypes.
●●	 Novel genes involved in steroidal glycoalkaloid (SGA) and phenylpropanoid biosynthesis are discovered.
●●	 MYB113 positively regulates phenolic acid biosynthesis in tuber flesh.

Abstract
Potato is a vital global food source, yet the metabolic and transcriptional regulation governing tuber development and quality 
remains poorly understood.  Here, we performed integrated metabolomic and transcriptomic analyses in wild and cultivated 
potato tubers, revealing dynamic and distinct metabolic accumulation patterns.  The 849 metabolites exhibited 10 distinct 
temporal accumulation patterns, including six shared patterns between accessions and four genotype-specific patterns.  
The wild genotype exhibited an early decrease in lipids, followed by an increase in phenolic acids, whereas the cultivated 
genotype displayed an early increase in phenolic acids, accompanied by a decrease in some phenolic acids, amino acids, 
and flavonoids.  A comparative analysis highlighted the cultivated genotype exhibited significantly lower levels of bitter 
steroidal glycoalkaloids (SGAs) but higher levels of beneficial flavonoids compared with its wild relative.  Co-expression 
network analysis revealed 35 SGA-related and 57 phenylpropanoid-related genes that underlie metabolite dynamics.  
Notably, we functionally validated that the transcription factor StMYB113 plays a previously unknown role in positively 
regulating phenolic acid biosynthesis in tuber flesh.  Our work provides a comprehensive map of tuber metabolism and a 
valuable resource for accelerating the genetic improvement of key potato quality traits.
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1. Introduction
Potato (Solanum tuberosum L.) is a vital global food crop, 
serving as an essential source of carbohydrates and a 
diverse array of secondary metabolites, including steroidal 
glycoalkaloids (SGAs), flavonoids, and phenolic acids.  These 
compounds, synthesized through complex biosynthetic 
pathways, are integral to plant defense and environmental 
adaptation.  For instance, SGAs such as leptinine, 

commersonine, and demissine confer resistance to pathogens 
and herbivores in wild potato species (Tai et  al. 2014; 
Cárdenas et al. 2019; Wolters et al. 2023), while glycosylated 
flavonoids enhance cold tolerance in S. commersonii under 
low-temperature stress (Zhu et al. 2023; Bao et al. 2024).  
Furthermore, many of these tuber metabolites exhibit bioactive 
properties, including antioxidant, anti-inflammatory, and 
anticancer effects, underscoring their potential to improve 
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human health (Mattioli et  al. 2020; Afnan et  al. 2022; 
Al-Khayri et al. 2022; Lucier et al. 2024).  Therefore, a deeper 
understanding of the biosynthesis and regulation of these 
metabolites is critical for enhancing tuber quality.

Significant progress has been made in identifying the key 
genes involved in these pathways.  The biosynthesis of SGAs 
involves cholesterol synthesis, its conversion to solanidine, 
and subsequent glycosylation, mediated by glycoalkaloid 
metabolism enzyme 1 (GAME1), GAME2, GAME4, GAME6, 
GAME8, GAME11, GAME12, GAME15, and others (Akiyama 
et al. 2023; Kang and Wang 2024).  This process is governed 
by transcription factors (TFs) such as GAME9, DELAY OF 
GERMINATION 1 (DOG), ELONGATED HYPOCOTYL 5 
(SlHY5), and PHYTOCHROME INTERACTING FACTOR3 
(SlPIF3) (Cárdenas et al. 2016; Wang et al. 2018; Zhao X et al. 
2023b).  Concurrently, phenylpropanoids — predominantly, 
flavonoids and phenolic acids — are synthesized via a 
cascade, involving phenylalanine ammonia lyase (PAL), 
4-coumarate:CoA ligase (4CL), cinnamate 4-hydroxylase 
(C4H), chalcone synthase (CHS), chalcone isomerase (CHI), 
flavanone 3-hydroxylase (F3H), dihydroflavonol 4-reductase 
(DFR), anthocyanidin synthase (ANS), p-coumarate-3-
hydroxylase (C3H), and hydroxycinnamoyl transferase (HCT) 
(Deng and Lu 2017).  The regulation of flavonoid metabolism 
is centrally controlled by myeloblastosis (MYB) TFs, which 
often interact with basic helix-loop-helix (bHLH) partners; for 
example, StMYBA1 activates anthocyanin accumulation, a 
process enhanced by the StAN1-StbHLH1-StJAF13 complex 
(D’Amelia et al. 2014; Zhao X et al. 2023a; Du et al. 2025).  
However, despite these advancements, the dynamic metabolic 
shifts and the underlying transcriptional regulation networks 
during tuber development remain poorly understood.

To address this knowledge gap, recent studies have 
emphasized the utility of integrative metabolomic and 
transcriptomic analyses in unraveling plant biosynthetic 
pathways (Xu et al. 2020; Liu et al. 2023; Zhao L et al. 2023; 
Jia et al. 2024).  Such multi-omics approaches have elucidated 
the mechanisms underlying the formation of flavors, pigments, 
and textures in various crops (Wang et al. 2022; Luo et al. 
2024; Mao et al. 2024; Song et al. 2024).  For instance, a pan-
tissue metabolomic profile of tomatoes revealed systemic 
coordination between gene expression and metabolic activity 
across different developmental stages (Li et al. 2020).   In 
potatoes, this strategy has already elucidated the chemical 
basis and regulatory mechanism of anthocyanin and 
carotenoid accumulation (Zhang et al. 2023), demonstrating its 
efficacy in uncovering novel metabolic networks.

In this study, we employed a multi-omics approach to 
systematically characterize the metabolic and transcriptional 
dynamics throughout potato tuber development.  By tracking 
the temporal patterns of metabolite accumulation, we 
constructed a co-expression network that linked metabolites 
to gene expression, enabling the identification of key 
structural and regulatory genes.  Notably, this integrative 
analysis uncovered a novel role for the transcription factor 
StMYB113 in regulating phenolic acid biosynthesis in the 
tuber flesh.  Our work illuminates the dynamic alterations in 
metabolic pathways during tuber development and reveals 
the underlying regulatory mechanisms.  These findings 

provide critical metabolic and molecular insights for targeted 
improvements in tuber quality through potato breeding.

2. Materials and methods
2.1. Plant materials
Potato tubers sourced from a wild genotype, S. candolleanum 
PI458403, and a cultivated genotype, S.  tuberosum 01-58 
were grown in 35 cm×35 cm plots in an artificial climate 
chamber (Jiupo, Fujian, China) under conditions of 16 h light, 
20°C, and 60% relative humidity (RH) during the vegetative 
growth, and 8 h light, 20°C, and 60% RH during tuberization.  
Tubers were sampled at seven time points (S1–S7) with an 
8-day interval between each, starting approximately 70 days 
after planting.  For metabolomic and transcriptomic profiling, 
the central pith of tubers from stages S3, S5, and S7 was 
excised, immediately frozen in liquid nitrogen, and stored.  
Three biological replicates were prepared for each sample to 
ensure data reliability.

2.2. Metabolome detection for tuber flesh
Lyophilized potato tissues were ground in a Mixer Mill 
(MM400; Retsch GmbH, Haan, Germany) at 30 Hz for 
1.5 min.  Approximately 100 mg of the resulting powder 
was extracted overnight at 4°C with 1.2 mL of 70% 
aqueous methanol.  The extract was then filtered through 
a 0.22 µm membrane, and the filtrate was analyzed using 
an ultra-performance liquid chromatography-tandem mass 
spectrometry (UPLC-ESI-MS/MS) system (UPLC: Shimadzu, 
Tokyo, Japan; MS: Applied Biosystems, Waltham, USA), as 
previously described (Zhang et al. 2022).  Separation was 
performed on Agilent SB-C18 (1.8 µm, 2.1 mm×100 mm).  
The mobile phase consisted of solvent A (0.1% formic acid 
in water) and solvent B (0.1% formic acid in acetonitrile) at 
a flow rate of 0.35 mL min–1 and a column temperature of 
40°C.  The elution gradient was: 95% A, 5% B at 0 min; a 
linear gradient to 5% A, 95% B over 9 min; held for 1 min; 
and returned to 95% A, 5% B in 0.1 min, followed by a 2.9 min 
re-equilibration.  The injection volume was 4 µL.  MS/MS 
conditions were: electrospray ionization temperature, 550°C; 
ion spray voltage, +5,500 V (positive mode) and –4,500 V 
(negative mode); and ion source gas I, gas II, and curtain 
gas pressures of 50, 60, and 25 psi, respectively.  Each ion 
pair was scanned in the triple-quadrupole instrument using 
optimized collision energy and declustering potential values.  

2.3. Metabolomics data analysis
Mass spectrometry data were qualitatively analyzed against 
the MWDB database.  The Analyst 1.6.3 software was used to 
quantify the metabolite content for each chromatographic peak.  
For statistical analysis, principal component analysis (PCA) was 
performed using the prcomp package in R, with visualization 
by the factoextra package.  K-means clustering was performed 
using the stats package (v4.2.0) in R.  Differentially accumulated 
metabolites (DAMs) were identified using partial least squares 
discriminant analysis (PLS-DA), with significance defined as 
a fold change (FC)≥2 or ≤0.5, a P-value<0.05, and a variable 
importance in projection (VIP) score≥1.  
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2.4. RNA extraction and transcriptome sequencing 
Total RNA was extracted from PI458403 and 01-58 
tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA).  Sequencing was conducted on the MGISeq500 
platform.  Clean reads were aligned to the DM8.1 reference 
genome (http://www.bioinformaticslab.cn/pubs/dm8) using 
HISAT2 (Kim et al. 2019; Yang et al. 2023).  Differentially 
expressed genes (DEGs) were identified from readcounts 
using DESeq2, based on a false discovery rate (FDR)≤0.05 
and an absolute value of log2(FC)≥1.  Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway analysis was 
performed using OmicShare (https://www.omicshare.com/
tools/).  Transcriptome sequencing data are available in the 
SRA database under the accession number PRJNA1155134 
(https://www.ncbi.nlm.nih.gov/sra/PRJNA1155134).

2.5. Weighted gene co-expression network analysis 
(WGCNA)
The gene co-expression network was constructed using 
the standard WGCNA procedure (Shannon et  al. 2003; 
Langfelder and Horvath 2008).  Genes with zero variance 
were removed, and only the top 50% of the remaining 
genes, ranked by median absolute deviation, were used 
for the analysis.  A soft threshold of 18 was selected.  The 
resulting weighted adjacency matrix was transformed 
into a topological overlap matrix to evaluate network 
connectivity.  Genes were then grouped into modules based 
on their weighted correlation coefficients using hierarchical 
clustering.

2.6. Construction of expression vector and transfor-
mation into potato
The coding sequence of StMYB113 was cloned from 
CIP705468 using primers, 5´-ATGAATATTGCCAAGTC 
ATTGGG-3´ (forward) and 5´-CTAATTAAATAGATTCCATAG 

GTCAATATCA-3´ (reverse).  An overexpression (OE) 
vector, pCAMBIA2300-35S-StMYB113, was constructed 
and introduced into Agrobacterium tumefaciens strain 
GV3101.  This vector was then transformed into CIP705468 
stem segments, a genotype chosen for its low endogenous 
StMYB113 expression and lack of pigment accumulation, as 
previously described (Ye et al. 2018).  Transgenic plantlets 
harboring the target gene were selected on Murashige and 
Skoog (MS) medium containing 50 μg mL–1 kanamycin and 
200 μg mL–1 Timentin.  Positive transformants were confirmed 
using NPT II primers and fluorescence microscopy.  Reverse-
transcription quantitative PCR (RT-qPCR) was performed to 
quantify the expression levels of target genes.  Transgenic 
and wild-type (WT) lines were grown in triplicate under 
greenhouse conditions.  Tubers were harvested 110 days 
post-transplantation, and five similarly-sized tubers per line 
were selected for subsequent metabolomic and transcriptomic 
analyses.

3. Results
3.1. Dynamic development of potato tubers
To characterize tuber development, we investigated 
morphological changes in the wild (PI458403) and cultivated 
genotype (01-58) at seven time points (S1–S7) during 
tuber swelling development.  The cultivated genotype, 01-
58, exhibited substantial pigment accumulation in its tuber 
flesh from S2 onward, contrasting with the light-yellow flesh 
of PI458403 (Fig. 1-A).  Both accessions showed a notable 
increase in tuber weight and width from S4 to S7 indicating 
a period of rapid tuber expansion (Fig. 1-B and C).  Based 
on these observations, we defined three stages: early 
emergence (S1–S3), rapid growth (S4–S6), and ripening (S7), 
which corresponds to foliage senescence.  Samples from 
the S3, S5, and S7 stages were subsequently selected for 
metabolic and transcriptomic profiling.

01-58

01-58

01-58

S1 S2 S3 S4 S5 S6 S7

2 cm

PI458403

PI458403

S1 S2 S3 S4 S5 S6 S7
0

10

20

30

40

50

60

Sampling time point

Tu
be

r w
ei

gh
t (

g)

S1 S2 S3 S4 S5 S6 S7
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Tu
be

r w
id

th
 (c

m
)

B

C

A

PI458403

Sampling time point

Fig. 1  Morphological change during tuber development in PI458403 and 01-58.  A, 
photographs of tuber sampled at each sampling time point (S).  S1, 70 d after planting; 
S2, 78 d after planting; S3, 86 d after planting; S4, 94 d after planting; S5, 102 d after 
planting; S6, 110 d after planting; S7, 118 d after planting.  B, changes in tuber weight 
during development.  C, changes in tuber width during development.
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3.2.  Multi-omics dataset construction
Metabolomic profiling of 18 samples (three stages×two 
accessions×three replicates), identified 849 metabolites 
(Appendix A).  The composition was dominated by flavonoid 
(20.14%), phenolic acid (18.26%), lipid (14.61%), amino 
acid and derivative (10.72%), organic acid (9.07%), 
nucleotide (8.01%), SGA (7.18%), saccharide and alcohol 
(7.07%), phenolamide (3.30%), and vitamin (1.65%) 
(Fig.  2-A).  A comparative heatmap analysis revealed 
notable differences in metabolite abundance across 
stages and genotypes; specifically, PI458403 accumulated 
significantly more SGAs and fewer flavonoids than 01-
58 throughout development (Fig.  2-B).   Correlat ion 
analys is  conf i rmed st rong consis tency among the 
b io logical  repl icates ( r>0.9,  P<0.05;  Appendix B), 

and PCA further validated the distinct metabolite profiles 
across developmental stages and genotypes (Appendix B).  

For the transcriptome, sequencing generated 93.83 Gb of 
high-quality data, with 94.29% of the reads mapping to the 
reference genome (Appendix C).  One biological replicate 
PI458403_S5_2 was excluded from the downstream analysis 
due to lower correlation coefficient relative to other replicates 
(Appendix B).  Following this exclusion, PCA of the remaining 
samples confirmed high consistency (Appendix B).

3.3. Overview of metabolite accumulation patterns 
during tuber development
K-means clustering resolved metabolite accumulation 
into ten temporal patterns, six of which were common to 
both genotypes (Fig.  2-C; Appendix D).  Classes 1 and 
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2, which increased from S3 to S5 before declining at S7, 
included 141 metabolites in PI458403 (predominantly amino 
acids, organic acids, and phenolic acids) and 241 in 01-58 
(primarily phenolic acids, flavonoids, lipids, nucleotides, and 
amino acids).  Among these, 21 metabolites were shared 
between the accessions, including six flavonoids, four 
alkaloids, and four organic acids.  Classes 3 and 4 showed 
continuous decreases, encompassing 300 metabolites in 
PI458403 (phenolic acids, lipids, organic acids, amino acids, 
nucleotides, saccharides, alcohols, and flavonoids) and 
227 metabolites in 01-58 (phenolic acids, lipids, organic 
acids, amino acids, nucleotides, saccharides, alcohols, 
and flavonoids).  The metabolites shared between the 
accessions (n=83) included 18 lipids, 15 phenolic acids, 
15 amino acids, and 14 nucleotides.  Classes 5 and 6 
showed a decrease from S3 to S5, followed by an increase 
at S7, comprising 195 metabolites in PI458403 (flavonoids, 
phenolic acids, and alkaloids) and 119 metabolites in 01-58 
(lipids and flavonoids), with 16 flavonoids shared between 
the accessions.

Genotype-specific patterns were also observed.   In 
PI458403, Class 7 (lipids, phenolic acids) declined then 
slightly increased, while Class 8 (flavonoids, phenolic 
acids) showed gradual accumulation.   In 01-58, Class 9, 
rich in SGAs and amino acids, was stable before declining 
at S7.  Class 10 (flavonoids, phenolic acids) progressively 
accumulated until S5 and then stabilized.  Collectively, 
636 metabolites in PI458403 and 587 metabolites in 01-58 
demonstrated similar accumulation patterns, whereas 159 
(PI458403) and 208 (01-58) metabolites exhibited genotype-
specific template patterns.  These results highlight dynamic 
and distinct metabolic changes in the wild and cultivated 
genotypes during tuber development.

3.4. Metabolic dynamics in potato tubers
We used PLS-DA to identify stage- and genotype-specific 
differentially accumulated metabolites (DAMs).  Within 
PI458403, we identified 29 DAMs in the S5/S3 comparison 
and 25 in the S7/S5 comparison, with no DAMs common to 
both (Fig. 3-A and B).  Notably, 13 lipids were downregulated 
in S5/S3, whereas 11 phenolic acids were upregulated in S7/
S5 (Fig. 3-C).  In contrast, 01-58 exhibited more pronounced 
changes, with 54 DAMs in S5/S3 and 60 in S7/S5, including 
21 metabolites shared between the two comparisons (Fig. 3-A 
and B).  Here, 15 phenolic acids were upregulated in S5/S3, 
while 12 phenolic acids and 8 flavonoids were downregulated 
in S7/S5 (Fig. 3-D).  

A direct comparison between the genotypes identified 
271 DAMs that distinguished 01-58 from PI458403, with 51 
metabolites shared across all three stages (Fig. 3-A and E).  
These core DAMs included 21 SGAs, 21 flavonoids, and 6 
phenolic acids.  At all stages, 01-58 showed upregulated 
flavonoids and phenolic acids but downregulated SGAs 
compared to PI458403 (Fig.  3-F).  This pattern reflects 
their distinct backgrounds whereas PI458403 maintained 
high levels of defensive SGAs, while the cultivated 01-58 
accumulated flavonoids such as pelargonidin derivatives, 
consistent with its red flesh.

3.5. Transcriptional dynamics in potato tubers
Comparative transcriptomics revealed stage- and genotype-
specific differences that correlated with the observed 
metabolite dynamics.   In PI458403, we identified 333 DEGs 
at S5/S3 and 74 at S7/S5 (Appendix E), with 22 genes 
common to both comparisons (Appendices E and F).  The 
S5/S3 DEGs were enriched in lipid metabolism pathways, 
consistent with downregulated lipid profiles, while S7/S5 
DEGs were enriched in phenylpropanoid biosynthesis, 
aligning with the dynamics of phenolic acids (Appendix E).  
For 01-58, we identified 505 DEGs in S5/S3 and 1,147 in S7/
S5 (Appendix E).  KEGG analysis of S5/S3 DEGs showed 
enrichment of amino acid biosynthesis and downregulation of 
flavonoid pathways.  By S7/S5, transcriptional activity shifted 
toward upregulated flavone/flavonol biosynthesis, mirroring 
the corresponding metabolite dynamics (Fig. 3-D).

Direct comparison between genotypes identified 4,114 
(S3), 1,629 (S5), and 1,297 (S7) DEGs, with 537 DEGs 
shared across all stages (Appendix E).   In all comparisons, 
KEGG analysis revealed that the steroid biosynthesis 
pathway was consistent ly downregulated in 01-58, 
while flavonoid biosynthesis was markedly upregulated, 
highlighting the distinct transcriptional programs governing 
the metabolism of the two accessions.

3.6. WGCNA reveals transcriptional modules govern-
ing metabolic biosynthesis
WGCNA of 21,585 genes identified 12 distinct co-expression 
modules (Appendix G).  We correlated module expression 
with metabolite abundance, finding 225 metabolites strongly 
correlated (r 2≥0.8, P<0.05) with at least one module (Fig. 4-A; 
Appendix H).  Two significant clusters emerged: module M7 
showed strong correlations with 39 SGAs, while modules 
M1 and M3 were associated with 48 phenylpropanoids 
(45 flavonoids and 3 phenolic acids) (Fig.  4-A).  Given 
their association with the primary metabolic differences 
observed, these modules were selected for further analysis.  
Overlapping module genes with DEGs from the stage/
genotype comparisons yielded 353 candidate genes for M7 
and a combined 2,529 for M1 and M3 (Fig. 4-B; Appendix I).

3.7. Transcriptional dynamics of SGA biosynthesis be-
tween accessions
Metabolomic analysis revealed a pronounced reduction 
in SGA levels in 01-58 compared to PI458403 at all 
developmental stages (Appendix J).  To understand the 
underlying transcriptional mechanisms, we examined 
the expression of known structural genes involved in 
SGA biosynthesis.  A total of 14 genes in the cholesterol 
biosynthesis pathway, including acetyl-CoA acetyltransferase 
1 (ACAT1), 3-hydroxy-3-methylglutaryl-CoA synthase 1 
(HMGS1), 3-hydroxy-3-methylglutaryl-CoA reductase 5 
(HMGR5), mevalonate kinase (MVK), farnesyl diphosphate 
synthase 2 (FPPS2), squalene synthase 1 (SQS1), squalene 
epoxidase 1 (SQO1), SQO2, cycloartenol synthase 2 (CAS2), 
sterol side chain reductase 2 (SSR2), C-4 sterol methyl 
oxidase 3 (SMO3), SMO4, C5-sterol dehydrogenase 2 (C5-
SD2), and 7-dehydrocholesterol reductase 2 (DWF5-2), 



3287Jiangyue Long et al.  Journal of Integrative Agriculture  2026, 25(8): 3282–3294

and 11 genes in the subsequent conversion to solanidanes, 
GAME1, GAME2, GAME6, GAME11, GAME15, GAME12, 
GAME4, GAME5, and three 2-oxoglutarate-dependent 
dioxygenases-3/4/6 (2ODD-3/4/6), exhibited significantly 
higher expression in PI458403 than in 01-58 in at least two 
stages (FC≥2 and FDR<0.05) (Fig. 5-A) The coordinated 
downregulation of these structural genes in 01-58 aligns with 
its lower SGA accumulation and may reflect selection against 

a core transcriptional regulator during domestication.
To identify novel regulators, we analyzed the 35 candidate 

genes from module M7 (Fig.  5-B).  These genes were 
identified based on their putative functional annotations for 
oxidation, reduction, acetylation, and glycosylation, which 
were acquired for biosynthesis/modification (Sonawane 
et al. 2022).  Among these, 11 genes with putative roles 
in biosynthesis or modification, including GAME12-like, 
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2ODD7, sterol 3-beta-glucosyltransferase (3βSD-UGT), 
cytochrome P450 71A (CYP71A1), CYP72A1/2/3, zeatin-
O-glucosyltransferase  1/2/3  (ZOG1 /2/3), and BAHD 
acyltransferase (BAHD), were substantially downregulated in 
01-58  (Fig. 5-C; Appendix K).  Additionally, the key regulator 
GAME9 was significantly downregulated in 01-58 at S5 and 
S7, confirming its crucial role.

3.8. Transcriptional dynamics of phenylpropanoid 
metabolism
Metabo lom ic  da ta  revea led  dynamic  changes  i n 
phenylpropanoids in 01-58 during development and clear 
differences between the two accessions.   Therefore, 
structural genes were identified based on their homology to 
the tomato phenylpropanoid biosynthesis genes (Appendix L).  
During the development of 01-58, flavonoid 3´,5´-hydroxylase 
(F3´5´H) exhibited marked downregulation from S3 to 

S5 (FC≤0.5 and FDR<0.05, Fig. 6-A), while PAL1 was 
upregulated at S7 (FC≥2 and FDR<0.05; Fig. 6-A).  However, 
other genes showed slight changes in expression, which 
aligned with the minimal metabolic flux alterations during 
tuber development at 01-58.  Further comparison revealed 
that the pronounced accumulation of anthocyanins in 01-58 
correlated with the sustained upregulation of 11 structural 
genes relative to PI458403 in at least two stages (FC≥2 
and FDR<0.05; Fig.  6-A).  These genes included PAL9, 
CHS1/2/3, CHI3, F3H, F3´5´H, DFR, ANS, UDP-glycose 
flavonoid glycosyltransferase 1 (UFGT1), and glutathione 
S-transferase (GST).  Upregulation of these genes enhanced 
the accumulation of pelargonidin derivatives, consistent with 
the higher levels of flavonoids in 01-58 compared with in 
PI458403.  Conversely, PAL2/3, C4H2, 4CL2, and CHS4/5 
were significantly suppressed in 01-58 relative to PI458403 
(FC≤0.5 and FDR<0.05).
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stage-specific and genotype-specific comparisons.



3289Jiangyue Long et al.  Journal of Integrative Agriculture  2026, 25(8): 3282–3294

To identify candidate regulators, we characterized 39 TFs 
enriched in modules M1 and M3, spanning families, including 

AP2-like ethylene-responsive transcription factor (AP2), B3 
domain-containing protein (B3), basic helix loop helix domain 
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protein (bHLH), basic region leucine zipper (bZIP), ethylene-
responsive factor (ERF), GATA type zinc finger (GATA), 
Gibberellic Acid Insensitive-Repressor of GAI-Scarecrow 
(GRAS), homeobox-leucine zipper protein (HB), MADS, MYB, 
NAC domain-containing protein (NAC), nuclear transcription 
factor Y (NF-Y), plant AT-rich sequence and zinc-binding 
protein (PLATZ), teosinte branched 1/cycloidea/proliferating 

cell factor (TCP), and WRKY (Fig. 6-B).  Consistent with 
the known MYB-bHLH-WD40 regulatory model (Liu et al. 
2016, 2023; Strygina et al. 2019), we confirmed that TFs 
AN2 and bHLH42 had higher expression in 01-58 (FC≥2 
and FDR<0.05) (Appendix L; Fig. 6-C).  We also identified 
10 additional TFs, including MYB7, MYB113, bHLH1, 
bZIP1/3, ERF2, NAC78, NFY3/4, and TCP, with significant 
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Fig. 7  Functional identification of StMYB113 in regulating phenolic acid metabolism in tuber flesh.  A, morphological character of 
tubers from wild type (WT) and MYB113 overexpressed (MYB113OE) line.  B, overlap of DAMs between WT and MYB113OE lines.  C, 
heatmap cluster of DAMs induced by MYB113 overexpression in tuber flesh.  D, overlap of DEGs between WT and MYB113OE lines.  E, 
changes in the expression of genes involved in phenylpropanoids metabolism pathway between WT and MYB113OE lines.

upregulation in 01-58 across at least two stages (Fig. 6-C).  
These TFs represent novel candidate regulators of the 
phenylpropanoid pathway warranting further investigation.

3.9. Functional validation of the candidate TF StMYB113
To functionally test a candidate gene, we selected StMYB113, 
a homolog of known anthocyanin regulators (Appendix 
M), for overexpression in potato (MYB113OE) (Fig. 7-A).  
Metabolomic profiling of two independent MYB113OE 
lines revealed 13 commonly upregulated DAMs compared 
to WT tubers (Fig.  7-B).  Eight of these were phenolic 
acids, including hydroxycinnamic, hydroxybenzoic, and 
p-coumaroyl quinic acid derivatives (Fig. 7-C; Appendix N).  
Transcriptomic analysis identified 541 commonly upregulated 
DEGs in both transgenic lines (Fig. 7-D; Appendix O).  KEGG 
enrichment of these DEGs showed a marked activation of 
the phenylpropanoid biosynthesis pathway (P=5.3×10−19; 
Appendix P).  Specifically, we identified five phenylpropanoid-

related genes - PAL1, PAL2, PAL4, HCT, and C3H-like, 
- that were significantly induced in the MYB113OE lines 
(Fig. 7-E).  Since HCT and C3H-like catalyze the redirection 
of metabolic flux toward phenolic acids, these transcriptional 
changes are consistent with the observed metabolite 
accumulation.  These results demonstrate that StMYB113 
positively regulates phenolic acid biosynthesis by activating 
key genes in the phenylpropanoid pathway.

4. Discussion
In this study, we addressed the dynamic metabolic and 
transcriptional shifts during tuber swelling by profiling two 
distinct potato accessions.  We successfully identified 
six stage-specific and four genotype-specific metabolite 
accumulation patterns, revealing the complex and dynamic 
nature of the tuber metabolome.  By focusing on SGAs and 
phenylpropanoids, which showed the most conspicuous 
differences, we pinpointed a suite of novel candidate 
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biosynthetic genes and transcriptional regulators.  These 
findings provide crucial insights into the mechanisms 
governing metabolic synthesis and regulation in developing 
tubers, directly addressing a key knowledge gap in potato 
biology.

The two accessions exhibited distinct temporal metabolic 
strategies.   In the wild genotype PI458403, lipid metabolism 
dominated early development, reflecting the critical role of 
lipids in membrane remodeling and stress signaling during 
tuber early swelling (Okazaki and Saito 2014).  For instance, 
phospholipid degradation may facilitate energy mobilization 
during tuber early swelling, whereas sphingolipid fluctuations 
can modulate pathogen defence (Cenzano et  al. 2008; 
Ali et  al. 2018).  The subsequent shift to phenolic acid 
accumulation in later stages suggests a phased activation 
of defense mechanisms (Mandal et al. 2010; Sharma et al. 
2019; González-Moreno et  al. 2022).   In contrast, the 
cultivated genotype 01-58 showed dynamic shifts in phenolic 
acid, flavonoids, and amino acids throughout development.  
Amino acids and their derivatives are essential for plant signal 
transduction and stress resistance enhancement, and serve 
as precursors for various secondary metabolites (Häusler 
et al. 2014; Cai and Aharoni 2022).  Secondary metabolites, 
such as flavonoids and phenolic acids, also play roles as 
antioxidants, UV protection, and disease resistance, and 
they contribute to plant growth regulation and anthocyanin 
synthesis (Mandal et al. 2010; Shen et al. 2022; Rao and 
Zheng 2025).   These divergent metabolic trajectories 
underscore the complex adaptations of wild and cultivated 
potatoes to their respective environmental and developmental 
pressures.

Despite developmental fluctuations, the metabolic 
di fferences between the accessions were far more 
pronounced.  Consistent with selection during domestication, 
01-58 showed significantly reduced SGA levels compared to 
PI458403 (Johns and Alonso 1990; Peng et al. 2019).  Our 
expression analysis confirmed that this reduction was linked 
to the coordinated downregulation of SGA biosynthesis 
genes.  Notably, the expression of the key transcription factor 
StGAME9 was significantly suppressed in 01-58.  A previous 
study showed that it could directly bind to or form a complex 
with StMYC2 to regulate SGA biosynthesis genes such as 
C5-SD, thereby affecting SGA biosynthesis (Cárdenas et al. 
2016).  As GAME9 is a known domestication target that 
regulates SGA biosynthesis genes (Hardigan et al. 2017), 
we propose its suppressed expression is a primary driver 
for the reduced SGA pathway activity observed in cultivated 
potatoes.  

Beyond known regulators, our WGCNA identified novel 
candidate genes for SGA biosynthesis and modification.  We 
identified four differentially expressed cytochrome P450s 
(CYP71A1, CYP72A1/2/3), likely catalyze key oxidation 
reactions.  Among them, CYP72 was homologous to GAME6 
(Umemoto et al. 2016), and may play a role in modifying 
SGA structures.  Similarly, we identified a candidate BAHD 
acyltransferase, a family known for structural modification 
(Sonawane et al. 2023; Xie et al. 2024) and five new zeatin-
O-glucosyltransferases (ZOGs) co-expressed with SGA 
biosynthetic genes (Wolters et  al. 2023).  These newly 

identified candidates, homologous to genes with established 
roles in SGA chemistry, represent promising targets for 
understanding the full complexity of this pathway.

In the phenylpropanoid pathway, the higher accumulation 
of pelargonidin derivatives in 01-58, which confers its red 
flesh (Zhang et al. 2023) was correlated with the significant 
upregulation of downstream genes like DFR, ANS, and 
UFGT1.  This confirms their positive regulatory role in tuber 
pigmentation.  Interestingly, several upstream genes (PAL2/3, 
C4H2, CHS4/5) were downregulated in 01-58, suggesting 
their metabolic flux may be preferentially directed toward 
other branch pathways, such as different phenolic acids.  Our 
network analysis also identified 39 TFs potentially regulating 
the phenylpropanoid pathway.  While we confirmed the 
upregulation of known regulators like AN2 and bHLH42 in 
01-58, which has been reported as a positive core regulatory 
complex of anthocyanins in potatoes (Liu et al. 2016; Du et al. 
2025).  Our study uncovered a novel function for StMYB113.  
We demonstrated that it positively regulates phenolic acid 
biosynthesis in tuber flesh, a distinct role from its previously 
reported light-induced regulation of anthocyanins in the 
skin of a different potato cultivar (Zhang et al. 2024).  Other 
transcription factors, including bZIP, ERF, NAC, NFY, and 
TCP were also notably upregulated in 01-58.  The bZIP1 is 
homologous to VvibZIPC22, and a previous study has shown 
that overexpression of VvibZIPC22 in tobacco significantly 
increases the levels of kaempferol, quercetin 3-rutinoside, 
and cyanidin 3-rutinoside (Malacarne et al. 2016).  ERFs 
have also been shown to influence flavonoid content by 
directly activating structural genes or interacting with MYB 
or MBW complexes.  For instance, ERF2 is homologous 
to DcERF2, which can upregulate the activity of DcPAL3 
promoter to enhance anthocyanin synthesis (Kimura et al. 
2008).  Moreover, NAC78 is homologous to ANAC078, 
and overexpression or knockout of ANAC078 increases or 
decreases the transcription of genes related to flavonoid 
biosynthesis, respectively (Morishita et al. 2009).  These 
findings not only validate our multi-omics approach but also 
provide a rich list of novel, functionally supported candidates 
for future research into the intricate regulation of tuber quality 
traits.  

5. Conclusion
This study integrated multi-omics datasets to construct a 
map of the metabolic and transcriptional changes governing 
potato tuber development.  We elucidated the core genetic 
and regulatory networks controlling the biosynthesis of 
SGAs and phenylpropanoids, thereby explaining the key 
metabolic differences between wild and cultivated potatoes.  
The identification of numerous novel candidate genes, 
underscored by the functional validation of StMYB113’s 
previously unknown role in phenolic acid metabolism, 
represents a significant contribution to the field.  These 
findings provide a valuable toolkit of high-confidence targets 
for the genetic improvement of potato, enabling breeders 
to precisely enhance nutritional value while reducing anti-
nutritional compounds.  Future studies should focus on the 
functional characterization of the other promising candidate 



3293Jiangyue Long et al.  Journal of Integrative Agriculture  2026, 25(8): 3282–3294

regulators identified here to fully harness their potential for 
improving tuber quality in breeding programs.
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