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The transcription factor StMYB113 regulates 
light-induced greening by modulating steroidal 
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Abstract 

During harvesting, storage, transportation, and processing, potato (Solanum tuberosum L.) tubers undergo green-
ing after exposure to light, leading to the accumulation of toxic glycoside alkaloids, resulting in quality deterioration 
and economic losses. However, the underlying mechanisms are unclear. This study compared the transcriptome 
and proteome differences among four potato cultivars during the light-induced greening process, identifying 3,751 
unique proteins (high confidence; ≥91.7%). The levels of enzymes involved in steroidal glycoalkaloid biosynthesis var-
ied among the cultivars. In addition, coexpression network analysis of the transcriptomic data identified the transcrip-
tion factor MYB113 (Soltu.DM.10G020780.1) as a potential positive regulator of steroidal glycoalkaloid biosynthesis. 
The dual-luciferase assay revealed that StMYB113 could bind to the promoters of steroidal glycoalkaloid biosynthesis-
related genes and activate them. The transgenic lines overexpressing Solanum tuberosum L. Myb domain protein 
(StMYB113) exhibited greater mRNA abundance of these genes and elevated levels of steroidal glycoalkaloids. This 
study provided a theoretical basis for exploring the impact of light on the synthesis of solanine in potatoes.
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Introduction
Potatoes (Solanum tuberosum L.) are the fourth most 
important food crop, following maize, rice, and wheat, 
with a harvest area of 5.78 × 10^6 ha and a yield of 94.4 
million tons in China (FAO 2021). As modified organs 
that develop from underground stolons, potato tubers 
are naturally incapable of performing photosynthesis 
due to the lack of exposure to direct sunlight. However, 
upon exposure to light, the amyloplasts located in the 
peripheral regions of the tubers transform into chloro-
plasts, leading to the accumulation of chlorophyll, the 
key pigment involved in photosynthesis; a process known 
as potato greening (Anstis et  al. 1973; Zhu et  al. 1984). 
However, the development of green tints on potato skin 
under field conditions prior to harvesting, attributable to 
chlorophyll formation upon sunlight exposure, is known 
as sunburn (Hardenburg 1964). Potatoes affected by 
sunburn are generally not retailed, as they are removed 
during grading. Typically, greening in potatoes refers to 
postharvest quality alterations (Dhalsamant et  al. 2022) 
during storage, transportation, and processing (Tanios 
et  al. 2018). Chlorophyll content in greening potatoes 
can reach 10 nm below the tuber periderm (Edwards 
et  al. 1997). Chlorophyll is harmless, but the accumula-
tion of bitter and toxic steroidal glycoalkaloids (SGAs) 
accompanies the greening process (Dhalsamant et  al. 
2022; Grunenfelder et  al. 2006). Additionally, a green 
tuber is typically considered a defect since this hue is not 
the natural color of potatoes and is rejected by consum-
ers (Mekapogu et al. 2016). Overall, greening is an unfa-
vorable characteristic that reduces the marketability of 
potatoes, leads to increased waste at retail outlets, and 
ultimately impacts the pricing over time. According to 
the ‘United States Standards for Grades of Potatoes’ set 
by the US Department of Agriculture, an entire batch is 
subject to removal if it fails to meet the criteria for US 
grade #1, which includes instances where >5% of the 
potatoes in a batch exhibit greening (Dhalsamant et  al. 
2022). It is estimated that >10% of potatoes are wasted 
annually in Canada, partly due to greening (USDA 2018). 
The greening of potato tubers has been one of the crucial 
causes of potato quality deterioration and economic loss.

The biosynthesis pathway of glycoside alkaloids (Cárde-
nas et al. 2016; Itkin et al. 2013; Sawai et al. 2014), and the 
mechanism (Zhang et  al. 2020) with  influencing factors 
(Dhalsamant et  al. 2022; Tanios et  al. 2018) of  potato 
tuber greening were studied. The accumulation of chloro-
phyll and glycoside alkaloids during greening is affected 
by various factors, such as the cultivar, temperature, and 
lighting during storage (Chang 2013; Edwards et al. 1997; 
Griffiths et al. 1994; Sabine. Tanios et al. 2020a, b, c). The 
maximum response wavelengths for chlorophyll synthe-
sis were 475 and 625 nm, and those for SGAs were 430 

and 650 nm (Petermann et al. 1985). Furthermore, green-
ing is an enzymatic response that can be accelerated by 
temperature (Dhalsamant et al. 2022), and SGA content 
was enhanced with increasing temperatures from 5 to 
23℃ (Rosenfeld et  al. 1995). In addition, the synthesis 
of chlorophyll and glycoside alkaloids is believed to be 
independent (Edwards et al. 1998). Although chlorophyll 
and greening levels were significantly impacted by light 
sources, SGA accumulation was not markedly different 
during the greening of ‘Russet Burbank’ potato tubers 
(Olsen et al. 2017). Remarkable variations in SGA accu-
mulation were identified between cultivars (Dale et  al. 
1993; Edwards et  al. 1997). Therefore, it is essential to 
investigate the mechanisms of SGA biosynthesis during 
the tuber greening process. The genes related to stress 
response in potato tubers were conspicuously upregu-
lated after exposure to light (Zhang et  al. 2019). The 
accumulation rates of SGAs varied under different wave-
lengths of light (Okamoto et al. 2020). SGA biosynthesis 
can be induced by blue and red/far-red light exposure, 
suggesting the involvement of phytochrome. However, 
the effect of light on the accumulation of SGAs during 
greening has not been determined.

Transcription factors (TFs) regulate many physiologi-
cal activities in plants, including photo-signaling, stress 
response, and synthesis of secondary metabolites (Chen 
et al. 2019; Li et al. 2021; Mahjoub et al. 2009; Xu et al. 
2015). HY5 was involved in germination and photo-
morphogenesis in Arabidopsis (Zhang et  al. 2011) and 
regulated the synthesis of glycoside alkaloids in tomato 
plants (Zhang et  al. 2022). In potato plants, the expres-
sion of StMYBA1 was induced by light, which promoted 
the accumulation of anthocyanins in leaves (Zhao et  al. 
2023). This study used comparative transcriptome and 
proteome analyses to identify the differences among vari-
ous potato materials during greening. The potential light-
induced TF MYB113 was selected by dual-luciferase 
assay. The role of StMYB113 in the synthesis of solanine 
was verified by its overexpression and to further explore 
the regulatory mechanism of light on the synthesis of gly-
coside alkaloids in potatoes.

Materials and methods
Plant materials
The seeds of the cultivars ‘Innovator’, ‘11FF35-2’, ‘Stirling’, 
and ‘Huaen No. 2’ were sourced from the Key Laboratory 
of Potato Biology and Biotechnology, Ministry of Agri-
culture and Rural Affairs, Huazhong Agricultural Uni-
versity, Wuhan, China. The tubers were germinated in 
the dark at 28°C, planted in a 24 cm diameter bowl, and 
were grown under natural light conditions at 18–25°C in 
the greenhouse of the University. The planting was done 
on February 3, 2021, and harvesting on May 20 and June 
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9, 2021. Immediately after harvesting, the tubers were 
covered with a black shading cloth and stored at room 
temperature for two weeks before light treatment. Nico-
tiana benthamiana plants were subsequently grown in 
a growth chamber  under 16 h light/8 h darkness con-
ditions at 22℃. The transgenic strains were obtained 
from the College of Horticulture and Plant Protection, 
Henan University of Science and Technology, Luoyang, 
China (Zhang et  al. 2023). The ‘Atlantic’ cultivar used 
for genomic DNA extraction was sourced from the Key 
Laboratory of Potato Biology and Biotechnology, Depart-
ment of Agriculture and Rural Affairs, Huazhong Agri-
cultural University.

Artificial induction of greening
Tubers of similar size and shape with no visible sprout-
ing of the periderm, greening, or mechanical damage 
were selected for light treatment. They were weighed, 
those weighing 100±15 g were washed with clean water, 
and allowed to dry naturally in the dark. Then, half of the 
periderm area was wrapped with tin foil, and the sections 
covered were used as a control. The tubers were placed 
under a light intensity of 6000 lx at 25°C, uninterrupted, 
to induce greening. The tuber periderm was sampled at 0, 
24, 48, 72, 96, and 120 h for follow-up tests. For sampling, 
potato tuber periderm and tissues 1.5–2.0 mm below the 
surface were removed, flash-frozen in liquid  N2, ground 
into powder, and stored at -80°C for later use. Each tuber 
was a biological replicate, and random triplicate of sam-
ples were collected at each time point.

Measurement of chlorophyll and SAGs
The chlorophyll content was determined using a previous 
method (Wassie et  al. 2019) with modifications. Briefly, 
0.1 g of frozen powdered tissue sample was taken in a 2 
mL centrifuge tube, 1.5 mL of 95% ethanol was added, 
the tube was sealed, and stored at room temperature 
under protection from light for 24 to 36 h to extract chlo-
rophyll. Next, the  OD665 and  OD649 of the extract were 
measured. The following formula was used for calculat-
ing the total chlorophyll content [C] (mg/L):

Where W denotes the sample mass (g), and V repre-
sents the extract volume (mL).

The α-solanine and α-chaconine contents were deter-
mined employing a previous method (Itkin et  al. 2011) 
with modifications. Briefly, 0.1 g of the sample powder 
was taken in a 1.5 mL centrifuge tube, 1.0 mL of extrac-
tion buffer (80% aqueous methanol containing 0.1% 
formic acid; v/v) was added, and vortexed for 30 s. The 
samples were extracted by ultrasonication for 60 min, 
vortexed for 30 s, and centrifuged at 12,000 rpm and 20°C 

C = (6.63× D665+ 18.08× D649)× V × 1, 000/W,

for 10 min. Next, 25 μL of the supernatant was collected, 
added to a fresh centrifuge tube, diluted with 475 μL of 
ultrapure water containing 0.1% formic acid, and centri-
fuged at 14,000 rpm and 20°C for 15 min. Then, 150 μL 
of the supernatant was used for Liquid Chromatography-
Mass Spectrometry (LC-MS) analysis. A Q Exactive Plus 
(Thermo Fisher Scientific, Waltham, USA) mass spec-
trometer and a 100 × 2.1 mm, 3 μm, Hypersil GOLD™ 
column (Thermo Fisher Scientific, USA) were used. The 
mobile phase A was an aqueous 0.1% formic acid solu-
tion, while the mobile phase B was an acetonitrile solu-
tion with 0.1% formic acid. The injection volume was 2 
μL. The glycoside alkaloid content was calculated as the 
total α-solanine and α-chaconine contents. The sam-
ples were analyzed qualitatively based on the retention 
time and mass-to-charge ratio of the α-solanine and 
α-chaconine standards and analyzed quantitatively using 
the standard curve. The results are shown in the supple-
mental material (Fig. S1).

Extraction and preparation of periderm tissue proteins
Proteins were extracted and digested using the method of 
Isaacson et al. (2006) with modifications. All steps were 
conducted at 4°C or on ice. For extraction, 1 g of sample 
powder was resuspended in 10 × volume of TCA–ace-
tone and precipitated overnight at -20°C. The precipitate 
was centrifuged at 12,000 rpm. The supernatant was dis-
carded, and the pellet was washed thrice with precooled 
acetone until it turned white. The pellet was then dried 
in a fume hood overnight and resuspended in 500 μL 
lysis buffer (1% SDS, 100 mM Tris-HCl, 100 mM DTT; 
pH ± 8.0). The mixture was sonicated and incubated for 
30 min. Before processing, the lysate was clarified by cen-
trifugation at 12000 rpm for 10 min. The supernatant was 
transferred to a 1.5 mL microcentrifuge tube, after which 
the protein concentration was measured by Nano drop.

For trypsin digestion, 200 μg of protein from each tuber 
tissue sample was added in a 10 kD filter using the FASP 
method described previously (Wisniewski et  al. 2009). 
After digestion, the samples were desalted with a Mono-
Spin C18 column (Shimadzu, Japan) and dried under a 
vacuum. The peptides were reconstituted in 0.1% formic 
acid aqueous solution.

Nonlabeled quantitative proteome and data analysis
Peptides were separated using nanoliter liquid chroma-
tography with an Easy nLC1200™ System (Thermo Fisher 
Scientific, Waltham, USA). The loading volume of each 
peptide sample was 500 ng. The mobile phase A was 
a 0.1% formic acid aqueous solution, while the mobile 
phase B was an 80% acetonitrile solution containing 0.1% 
formic acid. The linear gradient was as follows: from 0 
to 1 min, phase B increased from 3% to 8%; from 1 to 47 
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min, phase B increased from 8% to 22%; from 47 to 51 
min, phase B increased from 22% to 26%; from 51 to 54 
min, phase B increased from 26% to 35%; from 54 to 55 
min, phase B increased from 35% to 100%, and the col-
umn was finally flushed at 100% for 5 min. The flow rate 
was 300 nL/min.

Protein profiling was performed using Q Exactive 
Plus high-resolution mass spectrometry (MS) (Thermo 
Fisher Scientific, Waltham, USA) with an electrospray 
ion source. The conditions were as follows: primary MS 
resolution, 70,000; ACG Target, 3e6; scanning range, 
350–1,700; secondary MS resolution, 17,500; ACG Tar-
get, 1e5; and maximum IT, 50 ms. Twenty ions with the 
highest trigger intensities were selected for secondary 
MS (top 20), and the normalized collision energy (NCE) 
was 27.

The raw MS data files were exported to Proteome Dis-
coverer v2.4 (Thermo Fisher Scientific, Waltham, USA) 
for analysis. They were searched using SEQUEST HT 
search engine built-in  Thermo Scientific Proteome Dis-
coverer (2.4) with a potato nucleocoding protein database 
containing 32,917 protein sequences and a chloroplast-
coding protein database containing 86 protein sequences. 
The search range was set to phosphorylation of Thr, Ser, 
and Lys and N-terminal acetylation of the peptides. The 
precursor mass tolerance was 10 ppm, and the peptide 
mass tolerance was set to 0.05 Da. Only peptides with 
|q|<0.05 were accepted.

RNA extraction, cDNA synthesis and qRT‑PCR
RNA from the sample powder was extracted using an 
RN33 Plant Total RNA Extraction Kit (Aidlab Biotech-
nologies Ltd., Beijing, China), following the instructions. 
The cDNA of the extracted RNA was obtained using 
G492 5 × All-In-One RT MasterMix Kit (Applied Bio-
logical Materials Inc., BC, Canada) by reverse transcrip-
tion. The primers used for quantification were designed 
using the Primer-BLAST tool of NCBI (https:// www. 
ncbi. nlm. nih. gov/), and the primer sequences are shown 
in Table S1. G891 2 × qPCR Master Mix (Applied Bio-
logical Materials) was used for qRT-PCR, performed as 
described in the kit instructions. The relative expression 
of the genes was calculated using EfIα as the internal ref-
erence gene by the  2-ΔΔCT method.

Bioinformatic analysis
RNAseq library preparation and sequencing were carried 
out by the Novogene Co. Ltd. (Beijing, China). Transcript 
quantification was performed using the Salmon soft-
ware, and the transcripts were aligned with the updated 
DM1-3 v6.1 transcriptome (http:// spuddb. uga. edu/ dm_ 
v6_1_ downl oad. shtml). Differentially expressed genes 
(DEGs) were identified using the DESeq2 tool. Specific 

benchmarks were established for identifying the signifi-
cant DEGs, encompassing a false discovery rate (FDR) 
<0.05 and an absolute log2 (fold change) >1. Genes with 
increased expression were subjected to heatmap analysis, 
and the TFs were detected utilizing the ComplexHeat-
map package in R. TBtools software was used to extract 
the promoter sequences of structural genes and analyze 
the cis-acting elements (Chen et al. 2020).

Dual‑luciferase reporter assay
The sequences 2,000 bp upstream of the Coding 
sequences (CDSs) of the Cycloartenol synthase-like 
protein (CAS-like), CAS, Glycoalkaloid metabolism 
6 (GAME6), GAME11, Hydroxy methylglutaryl CoA 
reductase (HMGR), steroidal alkaloid glycosyltrans-
ferase 3 (SGT3), sterol side chain reductase 2 (SSR2), and 
MYB113 genes were cloned from the ‘Atlantic’ gDNA 
and inserted into the reporter vector pGREEN0800II. 
The recombinant plasmids were used to transform the 
Agrobacterium tumefaciens strain GV3101 (pSoup) cells. 
Moreover, using ‘Huaen No. 2’ cDNA as a template, the 
CDSs (retaining the stop codon) of the candidate TFs 
were cloned and inserted into the linearized ph7lic-C-HA 
vector, which was subsequently employed to transform 
the GV3101 cells. The primers used for the promoter and 
CDS cloning are shown in Table S1. The injected tobacco 
leaves were sampled 60 h after injection, ground into 
powder in liquid nitrogen, and stored at -80°C.

Statistical analysis
The data were subjected to analysis of variance (ANOVA) 
using GraphPad Prism 8.4.2. Significant differences were 
detected using Dunnett’s multiple range test at the level 
of 5%.

Results
Phenotypic differences in tubers with different genetic 
backgrounds after light exposure
Alterations in the skin and metabolite contents of the 
tubers of the potato cultivars ‘Stirling’, ‘Huaen No. 2’, 
‘Innovator’, and ‘11FF35-2’ were examined under alter-
nating light and dark conditions over a 120 h span. 
Notably, the phenotypes differed among the cultivars. 
Specifically, ‘Stirling’ and ‘Huaen No. 2’ exhibited a 
greening of the epidermis, with the green tissue extend-
ing from the surface to the inner flesh as the period of 
light exposure extended. In contrast, ‘Innovator’ and 
‘11FF35-2’ showed no notable greening (Fig.  1a). This 
distinct behavior underscores the former as varieties 
with heightened sensitivity to light-induced greening 
and termed greening-sensitive, while the latter emerges 
as the greening-resistant varieties. To elucidate the vari-
ations post-greening, the contents of chlorophyll and 

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://spuddb.uga.edu/dm_v6_1_download.shtml
http://spuddb.uga.edu/dm_v6_1_download.shtml
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SGAs were assessed at 0, 24, 48, 72, and 120 h intervals 
(Fig.  1b). The chlorophyll content increased noticeably 
after 48 h of light exposure in all the samples. However, 

SGA accumulation varied, with that of ‘Stirling’ and 
‘Huaen No.2’ increasing significantly and consist-
ently post 72 h. However, SGA levels of ‘Innovator’ and 

Fig. 1 Changes in phenotypes and metabolites content of four cultivars potato tubers under light conditions. (a) Changes in tubers of the four 
potato cultivars under light and dark conditions. Photographs of the phenotypes of tubers were collected daily to record changes continuously. 
(b) Light induction of chlorophyll and glycoalkaloid accumulation in the different cultivars. All the cultivars were exposed to light under 6,000 
lx or darkness at 25°C for 0, 24, 48, 72, and 120 h. The data are the average of three replicates ± SD, and the various letters indicate the statistical 
significance of the differences between groups at P<0.05. DW, dryweight
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‘11FF35-2’ remained stable beyond this time point. These 
findings highlight the inherent phenotypic variability 
among tubers of different genotypes in response to light-
induced greening.

Changes in the abundance of proteins related to SGAs 
and chlorophyll biosynthesis under light
Proteomic changes were analyzed during light-induced 
greening in the tubers of the four varieties to determine 
the variances in the greening process across the four 
genotypes. Samples were collected from the tubers of the 
four varieties subjected to light exposure at 0, 24, 48, 72, 
and 120 h. Total proteins were extracted from the green 
tuber tissues and subjected to laboratory-free quanti-
tative proteomics. Using PD 2.4, the raw MS data were 
processed, and 3,751 unique proteins were identified 
by searching against the potato protein database, with 
3,440 proteins having high confidence. Cluster analysis 
revealed remarkable alterations in protein abundance 
among the varieties (Fig. 2a and b).

For a rigorous evaluation, differentially abundant pro-
teins (DAPs) were assessed based on the following crite-
ria: fold change (FC) >1.2 and P <0.05 at the time points 
studied (Fig. 2c). Differential protein expression patterns 
were observed throughout light exposure across the four 
potato varieties. Specifically, in ‘Stirling’, 639 DAPs com-
prising 519 up- and 120 down-regulated, while in ‘Huaen 
No. 2’, 616 DAPs, with 532 up- and 84 down-regulated, 
were identified. In contrast, ‘Innovator’ and ‘11FF35-2’ 
revealed fewer DAPs, with 458 and 529 DAPs, respec-
tively; and varying numbers of up- and down-regulated 
proteins. The variations in protein expression patterns 
among the four potato varieties highlight the inher-
ent genetic variability and underscore the complexities 
involved in the response of these plants to light-induced 
greening.

Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis was conducted to delineate the 
potential metabolic pathways associated with these 
DAPs. As shown in Fig. 3, employing a P value <0.01, the 
DAPs from the four varieties were enriched in 23, 38, 27, 
and 23 metabolic pathways, respectively. The DAPs of all 
the cultivars were significantly enriched in ‘energy metab-
olism’, ‘photosynthesis’, ‘metabolism’, ‘photosynthesis pro-
teins’, and ‘carbon fixation in photosynthetic organisms’. 
Notably, in the greening-sensitive varieties, a specific 
enrichment was observed in the steroid biosynthesis 
pathway (Fig. 3a, b), which is significant as steroids serve 
as vital precursors in the SGA metabolic pathway, imply-
ing that they may have a unique metabolic response con-
tributing to their heightened sensitivity to light-induced 
greening. However, the metabolic pathways enriched by 

the DAPs after light exposure exhibited certain similari-
ties among the potato varieties.

Tuber greening occurs when amyloplasts in the paren-
chyma cells beneath the epidermis turn into chloro-
plasts. This process involves the concurrent synthesis of 
chlorophyll and toxic SGAs. BLASTp alignment of the 
DAPs revealed 11 enzymes essential in the chlorophyll 
synthesis pathway and 10 critical enzymes in the glyco-
side alkaloid biosynthesis pathway (Fig. 4). Subsequently, 
quantitative real-time PCR (qRT-PCR) was performed to 
validate the proteomic results (Fig. S2). The heat maps 
illustrated that, during the greening process, the abun-
dance of enzymes related to chlorophyll biosynthesis was 
consistent across the four plant varieties. However, there 
were notable disparities in the levels of enzymes associ-
ated with SGA biosynthesis in ‘Stirling’ and ‘Huaen No. 
2’ after 48 h of light exposure, but not in ‘Innovator’ and 
‘11FF35-2’. The expression levels of the genes encoding 
these enzymes after 0, 24, 48, and 72 h of light expo-
sure evaluated by qRT-PCR (Fig. S2) indicated that the 
changes in the mRNA levels were consistent with the 
corresponding alterations in protein abundance (Fig.  4 
and Fig. S2). These findings suggested that the variations 
in the enzyme abundance may be primarily attributed to 
differences in gene transcription, which in the genes for 
SGA synthesis could be the fundamental reason for the 
disparities in SGA accumulation across the four varieties 
post-light exposure.

TFs related to the synthesis of SGAs detected by RNA‑seq
Due to a limitation in the throughput of the proteome, 
RNA-seq was conducted on the samples after 0 and 72 h 
of light exposure to further characterize the differences 
in gene expression and protein levels among these sam-
ples (Fig. S3). A scatter plot visualizing the distribution 
of mRNA and protein levels suggested a weak correla-
tion, which was further confirmed by the remarkably low 
Pearson correlation coefficient of 0.236–0.342, suggesting 
that gene expression was not always positively associated 
with protein abundance in the periderm tissue of green-
ing potato tubers. The DEGs were filtered to select those 
with similar trends of protein abundance and transcript 
expression. However, the number of such DEGs was 
meager and insufficient for further coexpression analysis. 
Weighted gene coexpression network analysis (WGCNA) 
was used to identify the highly correlated gene modules 
and hub genes related to SGA biosynthesis (Fig. S4). The 
samples were classified based on the duration of light 
exposure and genotype; nine gene coexpression modules 
were obtained (Fig. S4a). The dimgrey module contained 
5,247 DEGs strongly positively correlated with light 
exposure duration and involved in SGA biosynthesis (Fig. 
S4b, c). The first 20 hub genes identified in this module 
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were related mainly to photosystem formation or chlo-
rophyll synthesis but not master regulators of SGAs (Fig. 
S4d).

Clustering analysis was subsequently employed to 
elucidate further the master regulators of SGAs. The 
heatmap constructed revealed that the genes associated 
with SGAs biosynthesis were exclusive to clusters 1 and 

6 (Fig. 5a). After 72 h of light exposure, the expression 
of these genes was markedly elevated in all the varieties 
but was more pronounced in ‘Stirling’ and ‘Huaen No. 
2’ than in ‘Innovator’ and ‘11FF35-2’. The genes related 
to chlorophyll biosynthesis were mainly in cluster 2. 
The transcriptomic analysis further confirmed the pro-
teomic results, suggesting that chlorophyll and SGAs 

Fig. 2 Cluster diagram of the differentially accumulated proteins (DAPs) in the four potato cultivars. (a) Results of the principal component analysis 
(PCA) obtained using Proteome Discoverer 2.4; (b) Heatmap of the Label-free quantification analysis (LFQ) intensities of the DAPs in the treatment 
and control groups generated using Proteome Discoverer 2.4. (c) Statistical analysis of the DAPs in the four potato cultivars after light treatment. The 
up- and down-regulated proteins exhibited > 1.2-fold change and P <0.05
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Fig. 3 KEGG pathway analysis of the differentially abundant proteins identified in the four cultivars. (a) Stirling, (b) Huaen No. 2, (c) Innovator, 
and (d) 11FF35-2
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Fig. 4 Differences in protein abundances are represented as groups. (a) Trends of change in the levels of several key enzymes involved 
in the biosynthesis pathway of chlorophyll (b) and steroidal glycoalkaloids
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Fig. 5 Co-expression analysis of structural genes and transcription factors in differential expression genes (DEGs). (a) Coexpression analyses 
of RNA-seq data. The red or green titles are the structural genes involved in synthesizing SGAs or chlorophyll. Those with pink, purple, or brown 
titles were consistently expressed in the same cluster. (b) Expression levels of structural and relevant TF-encoding genes in the four potato cultivars 
determined via RNA-seq/TPM
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were synthesized independently in tubers during light 
exposure.

TFs are vital players in controlling the biosynthetic 
pathways of secondary metabolites, including SGAs, in 
potato plants (Cárdenas et  al. 2016). Understanding the 
expression and activity of these TFs can provide insights 
into the molecular mechanisms that drive SGA accumu-
lation, particularly under environmental conditions such 
as light exposure, which influence this process. There-
fore, the relevant TF-encoding and structural genes in 
clusters 1 and 6 were coexpressed to determine in depth 
the mechanisms by which light orchestrates the synthe-
sis of SGAs in potato tubers (Fig. 5b). These TFs belong 
to multiple families, such as the v-Myb myeloblastosis 
viral oncogene homolog (MYB) and Ethylene Response 
Factors (ERF), which are involved in photoresponse or 
alkaloid biosynthesis. However, candidate TFs need to be 
screened further.

Regulation of the structural genes by the candidate TFs
The promoter sequences of seven structural genes in 
the SGA biosynthesis pathway were cloned to ascer-
tain whether the candidate TFs screened in the previ-
ous section could directly activate them. The promoter 
sequences possessed elements related to the exter-
nal stimulus-response, such as the GATA motif (GAT 
AGG G), the MYB binding site MRE (AAC CTA A), and 
the MBS (CAA CTG ) (Fig.  6a). Based on the analysis of 
the cis-acting elements of the structural genes and the 
expression levels of candidate TFs (Fig.  5b), seven TFs 
from four different families: Soltu.DM.05G003170.1 
| CO-like, Soltu.DM.04G002000.1 | CO-like, Soltu.
DM.08G002010.1 | CO-like, Soltu.DM.12G001590.1 
| GATA, Soltu.DM.10G023760.1 | WRKY, Soltu.
DM.11G026620.2 | MYB, and Soltu.DM.10G020780.1 | 
MYB, were selected as potential candidates for regulat-
ing SGA synthesis and subjected to additional validation. 
The CDSs of the seven candidate TFs and the promoters 
of the seven structural genes related to SGA biosynthe-
sis were subsequently cloned and inserted into the linear 
pH7li-C-HA or pGREENII 0800 vectors. The activation 
effects of the candidate TFs by binding to the promoters 
of the structural genes were analyzed using dual-lucif-
erase reporter assays. The results indicated that, except 
for CO-like, all the other TFs bound to the promoters 
of the structural genes and activated them to varying 
degrees. Notably, StMYB113 (Soltu.DM.10G020780.1) 
bound to all the promoters except GAME6 (Soltu.
DM.07G014190.1), which exhibited a particularly robust 
activation of the CAS-like (Soltu.DM.07G013460.1), 
CAS (Soltu.DM.04G026280.1), GAME11 (Soltu.
DM.07G014170.1), and HMGR (Soltu.DM.02G022190.1)  
promoters. These results suggest that StMYB113 might 

be a critical TF regulating light-induced SGA accumula-
tion (Fig. 6b).

Overexpression of StMYB113 led to SGA accumulation 
in potato tubers
Considering the potentially crucial role of StMYB113 in 
light-induced SGAs accumulation, this study explored 
its functions by employing two previously obtained 
StMYB113-overexpressing lines (OE-14 and OE-15). 
Tubers of the transgenic and wild-type (WT) plants 
were harvested, stored in the dark, and sampled. qRT-
PCR revealed that the expression levels of StMYB113 
were remarkably greater in the tubers of the transgenic 
lines than in the WT plants. Similar were the expres-
sion patterns of StGAME11 (Soltu.DM.07G014170.1) 
and StGAME9 (Soltu.DM.01G031000.1) related to SGA 
biosynthesis (Fig.  7a). However, the expression of other 
SGA biosynthesis-related genes, such as CAS, GAME6, 
HMGR, SGT3, and SSR2, was not significantly higher in 
the transgenics (Fig. S5). Further analysis indicated that 
the SGA content in the flesh of tubers was considerably 
greater in those from the transgenic lines than the WT 
plants (Fig.  7b), although the periderm color was simi-
lar. However, the chlorophyll content was not conspicu-
ously different between the transgenic lines and ‘Desiree’ 
plants (Fig.  7c and Fig. S5b). The variations in gene 
expression levels and metabolite contents between the 
transgenic and WT lines, coupled with the results of the 
transcriptional activation assays, suggest that StMYB113 
may influence SGA biosynthesis in potatoes by modulat-
ing the expression of StGAME11 and other related genes.

Discussion
Light-induced tuber greening characterized by the accu-
mulation of chlorophyll and SGAs is a major cause of 
postharvest losses in potatoes. Studies over the past 
several decades have focused primarily on the intensity, 
duration, and spectral characteristics of light that induce 
tuber greening across different cultivars. Researchers 
have recently started elucidating the molecular mecha-
nisms underlying the light-induced chlorophyll and SGAs 
accumulation in potatoes. For instance, an investigation 
of the effects of monochromatic light on the regulation 
of chlorophyll and glycoalkaloid accumulation in potato 
tubers reported that cryptochrome and phytochrome 
photoreceptors may play essential roles in this process 
(Okamoto et al. 2020). The variations in potato periderm 
and tuber maturity among different genotypes, along 
with their relationship with greening propensity, were 
analyzed, revealing that greening resistance was primar-
ily associated with suberin content (Tanios et  al. 2020a, 
b, c). Analysis of quantitative trait loci (QTLs) revealed 
that specific loci on chromosomes VII and X significantly 
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contributed to the observed variations in potato tuber 
greening (Plich et  al. 2020). Although these studies elu-
cidated the molecular mechanisms underlying potato 
greening, the functional genes regulating the accumula-
tion of SGAs during the greening process have not yet 
been identified.

Light-induced greening refers to the surface discol-
oration of potato tubers due to chlorophyll accumula-
tion when potatoes are exposed to light during storage or 

processing (Dhalsamant et  al. 2022; Sabine Tanios et  al. 
2020a, b, c). The greening process is often accompanied 
by the accumulation of toxic SGAs (Grunenfelder et  al. 
2006; Jadhav 1975; Zhang et  al. 2020). The aggregation 
of chlorophyll and SGAs is not considered an interre-
lated phenomenon (Edwards et al. 1998), and the levels of 
SGAs in tubers after light exposure varied across potato 
varieties (Edwards et al. 1997; Griffiths et al. 1994). The 
results obtained in the present study are consistent with 

Fig. 6 Promoter analysis of structural genes and their transcriptional activities regulated by potential TFs. (a) Prediction of the presence of cis-acting 
elements in the promoters of genes involved in the biosynthesis of steroidal glycoalkaloids. (b) A transient dual-luciferase reporter assay confirmed 
the potential influence of the TFs on the expression of genes involved in the biosynthesis of steroidal glycoalkaloids. n ≥3, *P <0.05 determined 
by one-way analysis of variance (ANOVA), corrected for multiple comparisons using the Dunnett method. Pro-CAS-like, promoter sequence 
of cycloartenol synthase-like protein (Soltu.DM.07G013460.1); Pro-CAS, promoter sequence of cycloartenol synthase (Soltu.DM.04G026280.1); 
Pro-GAME6, promoter sequence of Cytochrome P450 (Soltu.DM.07G014190.1); Pro-HMGR, promoter sequence of hydroxy methylglutaryl CoA 
reductase (Soltu.DM.02G022190.1); Pro-SGT3, promoter sequence of steroidal alkaloid glycosyltransferase 3 (Soltu.DM.07G014160.1); Pro-SSR2, 
promoter sequence of sterol side chain reductase 2 (Soltu.DM.02G012480.1)
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these conclusions (Fig.  1). Clustering analysis of 3440 
high-confidence proteins revealed significant variations 
in abundance profiles across cultivars (Fig.  2). Notably, 
an unexpected clustering pattern emerged: the abun-
dance groups of ‘Huaen No. 2’ at 0 clustered alongside 
‘11FF35-2’ (Fig.  2b). This observation might be attrib-
uted to limitations inherent in the proteomic analysis 
method, specifically the throughput-related constraints 
of label-free quantification in the data-dependent 
acquisition (DDA) mode used in this study. Therefore, 

transcriptomic analysis was conducted, and the DEGs 
in each group were clustered individually (Fig. S6). The 
changes in protein abundance in the four varieties tested 
in this study demonstrated that the two pathways were 
independent of each other at the protein level (Fig. 4 and 
Fig. S2). These findings provide theoretical support for 
further efforts to analyze the mechanism of potato tuber 
greening after exposure to light.

Transcriptional regulation plays a vital role in the 
anabolism of secondary metabolites in plants. Previous 

Fig. 7 Regulation of Solanum tuberosum L. Myb domain protein (StMYB113) gene on steroidal glycoalkaloids biosynthesis in potato tuber. (a) Gene 
expression analysis by qRT-PCR and (b) changes in the metabolite contents of potato tubers from two transgenic lines and Desiree plants. (c) The 
phenotype of the tubers from the transgenic lines or Desiree plants after harvest and storage in the dark. n = 3, *P <0.05, **P <0.01; one-way analysis 
of variance (ANOVA) was used, corrected for multiple comparisons using the Dunnett method
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studies on SGAs have focused mainly on their biosyn-
thetic pathways (Cárdenas et  al. 2019; Itkin et  al. 2013; 
Itkin et al. 2011; Sonawane et al. 2022). In tomato, PIF3 
from the bHLH TF family and HY5 from the bZIP TF 
family, which are involved in photomorphogenesis, reg-
ulated SGA biosynthesis (Wang et al. 2018; Zhang et al. 
2022). The SGA contents changed, and proteomic data 
indicated that SGA accumulation during light-induced 
greening was a slow process that might be mediated 
by transcriptional regulation involved in the photo-
response. The DEGs identified in this study by RNA-seq 
were clustered using WGCNA, and the TFs identified 
were annotated. In addition, trait association analysis of 
the differentially expressed TFs identified StPIF3 (Soltu.
DM.01G041140.1) and StHY5 (Soltu.DM.08G011730.1) 
(Table S3 and Fig. S7), which are homologs of PIF3 and 
HY5 in potato, respectively, and were significantly cor-
related with SGA accumulation. HY5 was previously 
reported to be a positive regulator of the biosynthesis of 
SGAs. The transcript levels of GAMEs were reduced in 
HY5-silenced lines (Wang et  al. 2018). However, in the 
present study, after exposure to light, the expression lev-
els of Solanum tuberosum L. HY5 (StHY5) were down-
regulated in ‘Innovator’ and ‘11FF35-2’, which presented 
a low accumulation of SGAs but remained stable in 
‘Stirling’ and ‘Huaen No. 2’, which exhibited a high accu-
mulation (Fig. 1 and Table S3), exhibiting a negative cor-
relation with SGA accumulation (Table S3 and Fig. S7). 
This phenomenon might be attributed to the fact that 
greening is not a typical growth and development process 
in plants. However, further research is needed to explore 
the regulatory mechanism behind the differential expres-
sion of StHY5 among varieties.

TFs enhance or inhibit gene expression by binding to 
specific sequences upstream of the gene (Dubos et  al. 
2010). In potato and tomato, the ethylene-responsive fac-
tor AP2/ERF co-regulated SGAs’ biosynthesis along with 
MYC2???, and MYC2 played a regulatory role by binding 
to the G-box elements in the promoters of the down-
stream target genes (Cárdenas et  al. 2016; Dombrecht 
et al. 2007). In this study, genomic DNA from the potato 
cultivar ‘Atlantic’ was used to amplify the promoter 
sequences of genes involved in the biosynthesis of SGAs. 
The cis-element analysis indicated the presence of other 
elements, such as MYB binding sites and G-box ele-
ments (Fig. 6a). A dual-luciferase reporter assay showed 
that StMYB113 remarkably activated the transcription 
of CAS-like, CAS, GAME11, HMGR, SGT3, and SSR2, 
which are involved in the biosynthesis of SGAs (Fig. 6b). 
In addition, the difference in metabolite contents in the 
tubers of the transgenic lines confirmed the involvement 
of StMYB113 in the biosynthesis of SGAs during tuber 
greening (Fig. 7b). The promoter of StMYB113 contains 

many cis-acting elements involved in light response, 
which indicated that StMYB113 regulated anthocyanin 
synthesis by responding to light in the potato cultivar 
‘Desiree’ (Zhang et al. 2023). These results suggested that 
StMYB113 responds to light to regulate SGA biosynthe-
sis during light-induced greening.

Conclusions
In summary, this study demonstrated that during potato 
tuber greening after light exposure, StMYB113 regulates 
the biosynthesis of SGAs by binding to the promoters of 
genes involved and activating their transcription. This 
research provides a new theory for studying the accumu-
lation of SGAs during potato tuber greening. In addition, 
the biosynthesis of SGAs is a complex biochemical pro-
cess regulated by several TFs. However, further efforts 
are required to investigate the mechanisms of transcrip-
tional activation in this process.
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