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Abstract

A comparative metabolomic analysis was performed using purple potato tubers and
derived red mutant tubers to investigate the regulation of anthocyanin biosynthe-
sis. The metabolome analysis revealed 19 key differential metabolites including 10
flavonoids and 4 nucleotides. As a differential metabolite, pelargonidin was respon-
sible for the mutant, and other metabolites had a correlation with it. To further ana-
lyse the regulatory mechanism of the differential metabolites, correlation analyses
of metabolome and transcriptome were done. Among the differential metabolites,
seven flavonoids and F3'5'H were in the flavonoid metabolic pathway. F3'5'H is
responsible for the anthocyanin biosynthesis branch in potato tubers. To further ana-
lyse the regulatory mechanism of F3'5'H, the transcriptome analysis identified 63
differentially expressed genes, which highly correlated with F3’5’H. Furthermore,
correlations among the key differential metabolites and the differentially expressed
genes indicated that 11 differential genes and 10 differential metabolites presented
76 significant correlations. These 11 genes mainly encoded serine/threonine protein
kinase, UMP-CMP kinase, MADS-box transcription factor, and WD repeat-contain-
ing protein. The 10 differential metabolites were involved in pelargonidin, luteolin,
kaempferol-3-O-rutinoside, eriodictyol-7-O-glucoside, and uridine monophosphate.
Through yeast one-hybrid experiments, the proteins interacting with the promoter of
F3°5’H were screened: ethylene-responsive transcription factor ERFO11, gibberel-
lin-regulated protein 9-like, and serine-threonine protein kinase, transcription factor
LHW bHLH. These results will provide valuable insights into the regulation mecha-
nism of the anthocyanin biosynthesis branch in potatoes.
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Introduction

Potato (Solanum tuberosum L.) is the fifth largest cultivated crop in the world
and has been regarded as one of the staple food crops. In red and purple tubers of
some potato cultivars, anthocyanins accumulate (Giusti et al. 2014; Brown et al.
2007; Han et al. 2006). Anthocyanins possess excellent antioxidant properties
(Galvano et al. 2004; Prior 2004; Beattie et al. 2005) and thus can protect human
beings from many chronic diseases, such as cancer, memory disorder, and diabe-
tes (Long et al. 2018; Chen et al. 2019; Yan et al. 2016; Saito et al. 2016). Owing
to the efficacy of anthocyanins and the important roles of the potatoes, studying
anthocyanin biosynthesis of potato has a significant meaning for the improvement
of public health.

Anthocyanins are flavonoid compounds and can be basically classified into six
types by the numbers of hydroxyl groups and methyl groups, namely, pelargoni-
din, cyanidin, delphinidin, peonidin, petunidin, and malvidin (Martin and Gerats
1993). The relative contents and types of anthocyanin determine the final colour
of fruits and other organs (Cutanda-Perez et al. 2009; Castellarin et al. 2006).

Anthocyanins are biosynthesised, starting from phenylalanine, by a so-called
anthocyanin biosynthesis pathway. In this pathway, dihydrokaempferol involves
in three branches of biosynthesis of anthocyanins, pelargonidin, cyanidin, and
delphinidin (Holton and Cornish 1995; Bogs et al. 2006), which also biosynthe-
sise their derivatives through glycosylation, methylation and acylation (Cavallini
et al. 2014). The branches are controlled by flavonoid 3°,5’-hydroxylase (F3’5°H)
and flavonoid 3'-hydroxylase (F3’H) (Jeong et al. 2006), respectively. F3’5’H is
responsible for biosynthesis of blue delphinidin-based anthocyanins (Lu and Yang
2006; Wessinger and Rausher 2015), while F3’H is responsible for biosynthesis
of purple cyanin-based anthocyanins (Momose et al. 2013). Without F3’5’H and
F3’H, red pelargonidin is biosynthesised (Holton and Cornish 1995; Liu et al.
2018). As the key enzyme controlling anthocyanins biosynthesis, F3'5'H cataly-
ses the oxidation of two hydroxyls at the 3’ and 5’ sites of dihydroflavonol, and
the reaction yields delphinidin-based anthocyanins (Olsen et al. 2010). Further-
more, the genes encoding the enzyme have been cloned in many species, such as
potato, grape, and Dendrobium moniliforme (Momose et al. 2013; Whang et al.
2011; Falginella et al. 2010). Although the mechanism of action of F3'5'H and
the genes encoding the enzyme have been studied, the genes and metabolites reg-
ulating the enzymes and the regulatory mechanism remain unknown.

With the development of omics technologies, anthocyanin biosynthesis has been
intensively studied in many plants by combining analyses of metabolome, transcrip-
tome, and proteome (Degu et al. 2014; Tohge et al. 2005; Wang et al. 2017a). In
grapevine, the regulation of anthocyanin accumulation relied on the grape varieties
through metabolic profile and transcript data (Degu et al. 2014). A comprehen-
sive analysis of the metabolome and transcriptome in Arabidopsis thaliana identi-
fied several novel genes involved in anthocyanin biosynthesis (Tohge et al. 2005).
The dynamics in transcriptome and metabolome of maize revealed the relationship
between primary metabolism and anthocyanin accumulation (Hu et al. 2016). An
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analysis of metabolome and proteome showed anthocyanin accumulation dynam-
ics in grape and fig (Wang et al. 2017a, b). Metabolites and transcriptional profiling
analysis revealed the molecular regulation of anthocyanin balance in tea plants (Mei
et al. 2021).

Previously, we extensively discussed the candidate genes of anthocyanin transfor-
mation through the comparative transcriptome analysis of a wild purple potato SD92
and its red mutant SD140 (Liu et al. 2018). SD140 was obtained through in vitro
regeneration of SD92 tuber slices. In the current study, the differential metabolites
between SD92 and SD 140 were identified and their relationships were further explored
to acquire the candidate metabolites regulating anthocyanin biosynthesis. Further-
more, the molecular mechanism of the anthocyanin biosynthesis branch regulated by
F3'5'H in potatoes was studied by correlation analyses among the differential metabo-
lites and differential genes. The results in this study will enrich the information about
the anthocyanin metabolic pathway and will be beneficial to breeding anthocyanin-
rich potato cultivars.

Materials and Methods
Plant Materials

The tetraploid SD92 with purple skin and purple flesh tuber and SD140, a red skin
and flesh mutant identified from in vitro regenerated SD92 tuber slices, were used
(Liu et al. 2018). SD92 and SD140 were planted in a greenhouse at the Institute of
Vegetables and Flowers, Shandong Academy of Agricultural Sciences at the normal
sowing time (August 10, 2016) in Jinan. Harvested fresh tubers (diameter 4-5 cm)
were sliced into small pieces before being frozen in liquid nitrogen. Each material
had 6 biological replicates, namely, SD92-1, SD92-2, SD92-3, SD92-4, SD92-5,
SD92-6, SD140-1, SD140-2, SD140-3, SD140-4, SD140-5, SD140-6.

Extraction of Metabolites

The frozen tubers were ground to powder in liquid nitrogen with a mortar, and 100
mg of the powder was transferred to a 5-mL centrifuge tube, mixed with precooled
(—=20°C) 1000 pL methanol (Thermo, USA), vortexed for 30 s, and then ultrasoni-
cated for 30 min. After ultrasonication, 750 pL chloroform (Sigma, USA), and 800
pL ddH20 (precooled at 4°C) were added to the tube which was then vortexed for
1 min. Mixture was centrifuged at 10000 rpm for 10 min at 4°C and 1000 pL super-
natant was collected and then concentrated in a vacuum centrifugal concentrator for
metabolome analysis.

Metabolite Profiling Analysis

The metabolite profiles of 12 samples were analysed via ultraperformance liquid
chromatography (UPLC) (UHPLC LC-30A, Shimadzu, Japan) and triple quadrupole
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time-of-flight tandem mass spectrometry (Triple-TOF-MS/MS) (Triple TOFTM
5600 System, AB, America). Before these experiments, all sample extracts with four
replicates were mixed for metabolite profiling analysis in the positive and negative
ESI modes for quality control. Chromatographic separation was performed on an
Acquity UPLC BEH C18 column (2.1 mm X 100 mm X 1.7 pm; Waters, America)
by using 0.1% formic acid (TCI, Japan) in ultrapure water as mobile phase A and
0.1% formic acid in acetonitrile (Thermo, USA) as mobile phase B. The gradient
conditions for sample elution were as follows: 2% of mobile phase B was maintained
for 0.5 min; mobile phase B was linearly increased from 2% at 0.5 min to 50% at 9
min and then to 98% at 12 min, and then it was held at 98% until 13 min; finally,
solvent B was decreased to 2% at 14 min. Flow rate was kept at 0.4 mL min~!, and
the column temperature was fixed at 40°C. The autosampler temperature was kept
at 4°C, and the volume for each injection was 2 pL. Mass data acquisition was per-
formed in both positive and negative ESI modes by using the following operation
process: ion spray voltage of 5.5 kV in the positive ESI mode and —4.0 kV in the
negative ESI mode; declustering potential of 80 V in the positive ESI mode and —80
V in the negative ESI mode; source temperature of 600 °C; curtain gas of 35 psi: gas
1 (nebuliser gas) of 60 psi and gas 2 (heater gas) of 65 psi. Mass spectrometry was
determined by full scan method with the range of 50-1000 m/z.

Multivariate Statistical Analysis

Mass spectra data (wiff files) were converted to mzXML files by MSConvert in
Proteowizard software (version 3.0.8789). The converted raw data were further pro-
cessed by XCMS software running under R (version 3.2.3) and outputted as a reten-
tion time and m/z dataset. The intensities of mass peaks for each sample were sum-
normalised and Pareto-scaled using the SIMCA-P software package (version 13.0).
Principal component analysis (PCA) and partial least squares-discriminant analysis
(PLS-DA) with data from the 12 samples were performed to observe differences in
metabolic compositions of the two potato materials. A total of 100 random permuta-
tion tests were performed to prevent overfitting of the PLS-DA model. The PLS-DA
model was evaluated by R2 and Q2. R2X and R2Y indicated the fraction of the
variance of x and y variable modeled in the components, whereas Q2Y denoted the
predictive performance.

Screening and Identification of Biomarkers

The [p (corr)] values of all the metabolites and the first component were calculated
through an S-plot of the PLS-DA model. The metabolites identified as potential markers
satisfied the following criteria: (i) high confidence [Ip(corr)l > 0.8] in discriminations
between SD92 and SD140; (ii) mean intensities in SD92 significantly different from
those in SD140 (p < 0.05); (iii) high impact intensity and explanatory ability [variable
importance on projection (VIP) > 1]. The p value was calculated by an independent
two-sample z-test.
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The metabolites were confirmed on the basis of their exact molecular weights,
and the possible empirical formulae of the metabolites were speculated (molecular
weight error < 20 ppm). The exact molecular weights were then used to identify
potential biomarkers by mapping them in the Human Metabolome Database (http://
www.hmdb.ca/), Metlin (http://metlin.scripps.edu/website), massbank (http://www.
massbank.jp/) and Lipid Maps (http://www.lipidmaps.org). The metabolites were
confirmed by comparing their mass spectra and retention indices to those found in
the databases at a cut-off value of 85%.

Metabolite Analysis

The raw data of differential metabolites, namely the intensities of mass peak, were sum-
normalised and scaled, and then a hierarchical cluster analysis (HCA) was done and
a pheatmap of differential metabolites was produced in R (version 3.2.3), respectively.
The intensities of mass peak of differential metabolites were sum-normalised, and then
the metabolite correlation analysis was performed using cor ( ) and cor.test ( ) in R
(version 3.2.3).

Kyoto Encyclopedia of Genes and Genomes (KEGG) Analysis of Differential
Metabolites

In KEGG analysis, the compound numbers of differential metabolites were obtained
and the differential metabolites were mapped to the corresponding KEGG pathways
on the internet (https://www.genome.jp/kegg/pathway.html).

Correlation Analysis of Metabolome and Transcriptome

Pearson correlation coefficients were calculated for the differential metabolites in
metabolome data of this experiment and the differentially expressed genes in tran-
scriptome data of previous study (Liu et al. 2018). A false-positive check was per-
formed, and the correlation was considered to be significant at a false discovery rate
of p £0.05 in R (version 3.2.3).

Real-Time qRT-PCR Validation of Differentially Expressed Genes

To validate the differential genes in the network composed of these differential
genes and differential metabolites, real-time qRT-PCR was conducted. Gene-spe-
cific primers are listed in Table S1. Two-microliter cDNA were used as templates
in a 20-pL reaction volume using 2XSYBR Green Pro Taq HS Premix (Accurate
Biotechnology, China) following the manufacturer’s instruction. The qPCR reaction
was performed using 7500 Real-Time PCR (ABI, USA). The gPCR conditions were
40 cycles of 5 s at 95 °C and 30 s at 60 °C, followed by 65 to 95°C melting curve
detection. Three biological replicates were analysed and 18S RNA was used as a
reference gene.
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Yeast One-Hybrid Assay

A yeast one-hybrid (Y1H) assay was performed using Matchmaker™ Gold Yeast
One-Hybrid Library Screening System (Takara, Japan). Two sequences (196 bp and
307 bp) in the promoter of F3’5’H were cloned into the pAbAi vector. A cDNA
primary library of SD92 and SD140 was constructed by use by CloneMiner II kit
(Invitrogen, USA), and the primary library was inserted into the pGADT7 vector
to construct a secondary library. The secondary library was transformed into the
Y 1H Gold strain. DNA-protein interaction was assessed based on the growth of the
co-transformants on synthetic dextrose plates lacking leucine, but containing 300
ng-mL"! aureobasidin A. Positive clones were selected by PCR, and the amplified
products were detected by agarose gel electrophoresis and sequenced.

Results
Global Metabolic Differences Between Purple Potato and Its Red Mutant

Datasets obtained via UPLC-Triple-TOF-MS were further processed by PCA to
compare the metabolite compositions of purple tuber and its red mutant. The results
of PCA displayed that the first two principal components (PCs) explained 39.3% of
the total variance in the positive ESI mode (Fig. S1a); the first two PCs explained
43.4% of the total variance in the negative ESI mode (Fig. S1b). These results indi-
cated that SD92 and SD140 were clearly separated in the PC1 x PC2 score plots.

Furthermore, the score plots of PLS-DA model were applied to investigate the
differences between SD92 and SD140 (Fig. 1a and b). The values of R?Y and Q2 in
both ESI modes (Table 1) indicated the goodness of the data fit and the predictive
ability of the model. The results of the PLS-DA permutation test demonstrated that
all permuted Q2 values were lower than the original point of the R? value (Fig. S2a
and S2b). These results indicated that the PLS-DA models in both ESI modes were
valid and reliable.

Screening and Identification of Biomarkers

In the positive ESI mode, a total of 259 mass ions were identified as the candidate
biomarkers, of which 105 ions upregulated in SD92 and 154 downregulated in
SD140 (Fig. 2a and b), respectively. From the negative ESI mode, there were a total
491 mass ions filtered, of which 152 and 339 ions were upregulated in SD92 and
down-regulated in SD140, respectively.

In order to further identify the chemical structures of these candidate biomark-
ers, the MS/MS analysis of their molecular ions was also conducted with both
ESI modes. The secondary mass spectra were obtained. Compared with those of
the above-mentioned databases, the chemical structures of these biomarkers were

@ Springer



Potato Research (2023) 66:831-850 837

(a) PLS-DA score plot M sp92
1 H sp140
20 4
10
° ( J
— e @ o \
& @
o ® /
@
-10 4
Py o
-20
-30 r T T T T - =
-40 -30 -20 -10 0 10 20 30
()
R2X[1] = 0.239 R2X[2] = 0.129 Ellipse: Hotelling's T2 (95%)
(b) PLS-DA score plot Il sD92
H spi40

201
15
o
10
o
5 ® ®
s { @ ¢
\
5
e
-10 4
()
154 o
20
25 : , - - — : . . -
50 40 30 20 -10 0 10 20 30 40
t[1]

R2X[1] = 0.284 R2X[2] = 0.106 Ellipse: Hotelling's T2 (95%)

Fig. 1 Score plots of the PLS-DA model obtained from purple potato and its red mutant. (a) Positive ESI
mode. (b) Negative ESI mode
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Table 1 Cumulative explanation Group Number of main ~ R2X R’Y 0’y
rate of the PLS-DA model .
components
Positive ion 3 0.368 0.998 0.852
Negative ion 2 0.390 0.995 0.923

Fig.2 Candidate biomarkers
responsible for the differences in
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identified, 10 metabolites were detected in positive ESI mode (Table 2) and 11 in
negative ESI mode (Table 3), respectively.

Metabolite Correlation Analysis

To research probable discrepancies in the metabolite profiles between SD92 and
SD140, HCA was performed in 12 samples. The results displayed that SD92 was
clustered into one class and SD140 was clustered into another class (Fig. 3), indicat-
ing that the differential metabolites detected could effectively distinguish the two
groups of samples. To further investigate the regulation mode of the anthocyanin
biosynthesis branch, the associations among 19 identified metabolites were evalu-
ated through HCA. The results showed that these metabolites could be clustered into
two groups. One group contained 11 metabolites, and the relative contents of them
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Table 2 List of ions identified as the biomarkers in the positive ESI mode

Metabolite Formula Rt (min) VIP P(corr) P Fold change
Luteolin C,5H, (04 5.82 440 089 0.000 3246
Apigenin C,sH,(Os 4.94 526  0.88 0.000 29.77
Kaempferol-3-O- rutinoside Cy;H300;5 5.82 1272 0.89  0.000 24.46
Pelargonidin C,,H3,0,5 5.82 1273 0.89 0.000 24.46
Kaempferol-7-O- glucoside C,HyOp4 5.82 4.05 0.88 0.000 2220
Nicotinamide adenine dinucleotide C,;H,;N;O0,,P, 2.06 1.59 081 0.016 3.95
Tyrosine CyH,NO; 2.26 1675 0.80 0.024 1.74
L-Glutathione (oxidised form) Cy0H3,NgO,S,  3.25 199 —-0.82 0.024 045
4-Aminobenzoic acid C,H,NO, 3.07 1.40 -0.83 0.002 041
Laricitrin 3-glucoside CyH,0,5 5.03 243 -0.83 0.000 0.09

Table 3 List of ions identified as the biomarkers in the negative ESI mode

Metabolite Formula Rt (min) VIP  P(corr) P Fold change
Eriodictyol-7-O-glucoside C,H5,0y, 4.92 30.34 097 0.000 32.79
Kaempferol-3-O- rutinoside CyH;3,0,5 5.83 14.60 094 0.000 26.35
Chlorogenic acid Ci6H 304 5.40 7.47 081 0.000 7.12
Phloridzin C, H,,0 4.66 1.12 082 0.004 5.76
Pelargonidin 3-O-glucoside C,H049 5.53 1.02 081 0.003 3.90
Xanthosine C;oH2N4Og 3.16 1.25 092 0.000 235
13-HpOTIE C,sH;,0, 10.84 6.18 —-0.82 0.005 0.40
Guanosine 5’-monophosphate CoH ,NsOgP  2.07 3.11 -0.82 0.002 0.23
Uridine monophosphate CoH3N,OP  1.46 1.77 —-0.89 0.000 0.20

Guanosine-3’,5’-cyclic monophosphate C,,H;,N;O,P  2.64 596 -0.80 0.004 0.17

in SD140 were higher than those in SD92. This group mainly contained flavonoids,
such as pelargonidin, kaempferol-3-O-rutinoside, apigenin, and luteolin (Table 2).
The other group consisted of L-glutathione, 13-HpOTrE, 4-aminobenzoic acid,
laricitrin 3-glucoside, and a set of nucleotides, whose contents were lower in SD140
than in SD92.

To investigate the associations among the differential metabolites, Pearson cor-
relation coefficient analysis was carried out. L-Glutathione, uridine monophos-
phate, guanosine 5’-monophosphate, and guanosine 3’,5’-cyclic monophosphate
were defined as Group I, and there were significantly positive correlations among
them. Group II consisted of chlorogenic acid, eriodictin-7-O-glucoside, apigenin,
kaempferol-7-O-glucoside, luteolin, pelargonidin, kaempferol-3-O-rutinoside, pel-
argonidin-3-O-glucoside, and xanthosine, and significantly positive correlations
were presented among them. All nucleotides in Group I were significantly and nega-
tively correlated with those in Group II. Pelargonidin showed a significantly posi-
tive correlation with phlorizin and nicotinamide adenine dinucleotide. Pelargonidin
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Fig. 3 Cluster analysis of differential metabolites in purple potato and red mutant

and pelargonidin-3-O-glucoside exhibited significantly negative correlations with
13-HpOTtE, 4-aminobenzoic acid, and laricitrin 3-glucoside. Kaempferol-3-O-
rutinoside or kaempferol-7-O-glucoside was significantly and positively correlated
with phlorizin, nicotinamide adenine dinucleotide, and tyrosine. Kaempferol-3-O-
rutinoside was significantly and negatively correlated with L-glutathione. Laricitrin
3-glucoside was significantly and negatively correlated with phlorizin and nicotina-
mide adenine dinucleotide.

Metabolic Pathways Involved in Differential Metabolites
The pathways of these differential metabolites and their related synthetic pre-

cursors were analysed via KEGG analysis. The results revealed that the upreg-
ulated metabolites in SD140 were mainly related to the pathways of flavonoid
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Table 4 Upregulated differential metabolites involved in metabolic pathways

Metabolite Compound ID  Metabolic pathway
Tyrosine C00082 Catecholamine biosynthesis
Phenylalanine, tyrosine, and tryptophan biosyn-
thesis
Kaempferol-3-O-rutinoside C12626 Flavone and flavonol biosynthesis
Kaempferol -7-O- glucoside Flavonoid biosynthesis
Pelargonidin C08725 Anthocyanin biosynthesis
Apigenin c01477 Flavonoid biosynthesis
Luteolin C01514 Flavonoid biosynthesis
Flavone and flavonol biosynthesis
Nicotinamide adenine dinucleotide ~ C00003 Oxidative phosphorylation
Thiamine metabolism
Xanthosine C01762 Biosynthesis of alkaloids derived from histidine
and purine
Purine metabolism
Chlorogenic acid C00852 Phenylpropanoid biosynthesis
Flavonoid biosynthesis
Pelargonidin 3-O-glucoside C12137 Anthocyanin biosynthesis
Phloridzin C01604 Flavonoid biosynthesis
Eriodictyol-7-O-glucoside C05631 Flavonoid biosynthesis

Table 5 Downregulated differential metabolites involved in metabolic pathways

Metabolite

Compound ID Metabolic pathway

Uridine monophosphate
Cyclic guanosine monophosphate

Guanosine 5’-monophosphate

4-Aminobenzoic acid

Laricitrin 3-glucoside
L-Glutathione (oxidised form)

C00105
C00942
C00144

C00568

C12633
C00127

Pyrimidine metabolism
Purine metabolism

Biosynthesis of plant secondary metabolites Purine
metabolism

Biosynthesis of alkaloids derived from histidine and
purine

Biosynthesis of phenylpropanoidsAminobenzoate
degradation

Folate biosynthesis
Flavone and flavonol biosynthesis
Glutathione metabolism

biosynthesis, catecholamine biosynthesis, oxidative phosphorylation, and amino
acid biosynthesis (Table 4). Flavonoid biosynthesis included flavone and flavonol
biosynthesis, anthocyanin biosynthesis, apigenin biosynthesis, luteolin biosyn-
thesis, and chlorogenic acid biosynthesis. Amino acids biosynthesis primarily
comprised biosynthesis of phenylalanine, tyrosine, and tryptophan. The downreg-
ulated differential metabolites in SD140 were chiefly involved in the pathways of
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pyrimidine metabolism, purine metabolism, glutathione metabolism, and biosyn-
thesis of alkaloids (Table 5).

Correlation Analysis of Metabolome and Transcriptome

In order to explore the origin of differential metabolites, a correlation analysis of
metabolic pathway between the differential metabolites and the differential genes
was performed. The results showed that F3’5’H and seven differential metabolites,
namely, pelargonidin, pelargonidin-3-O-glucoside, apigenin, chlorogenic acid, lute-
olin, kaempferol-7-O-glucoside, and laricitrin were in the flavonoid biosynthesis
pathway. In this metabolic pathway, the contents of pelargonidin, pelargonidin-3-O-
glucoside, luteolin, chlorogenic acid, apigenin, kaempferol-7-O-glucoside increased,
and laricitrin levels decreased. To investigate the genes and metabolites regulating
F3’5’H expression, differential genes highly correlated with F3’5’H (12 > 0.8) were
screened. The correlations between these screened differential genes and differential
metabolites were analysed and then a network was constructed.

The correlation analysis identified 63 differentially expressed genes highly cor-
related with F3°5’H (Table S2). These genes mainly encoded enzymes, transcription
factors, and unknown proteins. The enzymes primarily included synthetase, trans-
ferase, oxidase, and hydrolase (phosphatase). The transcription factors were com-
posed of leucine-rich repeat protein, WD repeat-containing protein, and MADS-box
transcription factor.

The network revealed that 11 genes and 10 metabolites presented 76 signifi-
cant correlations, including 17 positive correlations and 58 negative correlations
(Table S3, Fig. 4). These genes mainly encoded serine/threonine protein kinase,
fatty acid amide hydrolase, mitochondrial import receptor, UMP-CMP kinase,
MADS-box transcription factor, and WD repeat-containing protein. The func-
tion of PGSC0003DMG400008074 was unknown (Table S2). The expressions of
PGSC0003DMG400022867 encoding MADS-box transcription factor and BGI_
novel_G000694 encoding WD repeat-containing protein were downregulated in
SD140. The expression of gene encoding MADS-box transcription enhancer factor

Luteolin ol iclacidl K 3-O-rutinosi iodi -O-glucosid i Apigenin __— Pelargonin

N

Guanosine
5-monophosphate

Fig.4 Correlation analysis of differential metabolites and differential genes. Significant correlations have
R? > 0.8 and false discovery rate (FDR) < 0.05. Metabolites are represented by rectangles, and genes are
denoted by circles. Correlations are indicated by connected lines. Positive correlations are blue, whereas
negative correlations are red
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was negatively correlated with pelargonidin, luteolin, kaempferol-3-O-rutinoside,
and eriodictyol-7-O-glucoside and positively correlated with uridine monophos-
phate. The expression of gene encoding WD repeat-containing protein was posi-
tively correlated with uridine monophosphate.

Real-Time qRT-PCR Validation of the Genes Expression Difference

To validate the differential expressions of the genes in the network, real-time qRT-
PCR of 10 genes among them was performed. The qRT-PCR result indicated that all
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10 genes expressions in SD92 and SD140 were differential. And the expression pat-
tern was accordant with the data from transcriptome (Fig. 5).

Screening of Proteins Interacting with F3’5’H Promoter

The second library plasmids were co-transformed into pAbAi-F3’5’H-I and pAbAi-
F3°5’H-II yeast competent cells. After screening co-transformants, 61 and 30 posi-
tive colonies were confirmed, respectively (Fig. 6). The sequencing analysis showed
that the cDNA sequences of positive colonies encoded ethylene-responsive tran-
scription factor ERFO11, gibberellin-regulated protein 9-like, and serine threonine-
protein kinase, transcription factor LHW-like Bhlh, and so on.

Discussion

In this work, there are 19 differential metabolites between purple SD92 and red
mutant SD140, mainly including flavonoids and nucleotides. Due to the change of
colour in SD92 and SD140, we focused more on colour-related differential metab-
olites. Among these differential metabolites, pelargondinin is a kind of anthocya-
nin (Martin and Gerats 1993). In SD140, the content of pelargondinin increased.
According to the anthocyanin metabolic pathway, pelargondinin can make plant tis-
sues appear red (Holton and Cornish 1995). So the change of colour in SD92 and
SD140 resulted from increased pelargonidin content. In SD140, the content of pel-
argondinin increased, resulting in an inrease of pelargonidin-3-O-glucoside content.
In addition, in the metabolic pathway of flavonols and flavonoids, dihydrokaemp-
ferol is the upstream substrate of pelargonidin, and both kaempferol-7-O-glucoside
and apigenin are closely related to dihydrokaempferol (map00941), so the increased
contents of kaempferol-7-O-glucoside and apigenin led to the accumulation of pel-
argonidin in SD140. What is more, pelargondinin can be biosynthesised only when
F3’5’H function is lost (Liu et al. 2018), and the expression of F3’5’H in SD140
significantly decreased during transcriptome analysis, so the increase of pelargon-
dinin content in SD140 was related to the downregulated expression of F3’5’H.
Laricitrin is a downstream product of F3’5’H, and the decrease in laricitrin content
was related to the decrease in the expression of F3’5’H.

Pelargonidin is the key differential metabolite between SD92 and SD140. The
pelargonidin content was highly correlated with the expressions of genes encod-
ing CBL-interacting serine/threonine-protein kinase 11, UMP-CMP kinase 3-like,
mitochondrial import receptor subunit TOM40-1, mitochondrial-like isoform X1,
MADS-box transcription factor 2A, and MADS-box of the transcription enhancer
factor 2C.

CBL-interacting serine/threonine-protein kinase is a protein kinase that catal-
yses protein phosphorylation. Protein kinases have a correlation with anthocya-
nin biosynthesis. Mitogen-activated protein (MAP) kinase kinase 6, MAP kinase
kinase 9, and MAP KINASE4 are involved in regulating anthocyanin biosyn-
thesis by MYB 75 (Wersch et al. 2018; Li et al. 2016; Luo et al. 2017). Plant
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sucrose-nonfermenting 1 (SNF1)-related protein kinase 1 and SNFI1-related
kinase 2 improve anthocyanin accumulation by MdbHLH3 and ABA, respectively
(Shen et al. 2014, 2017; Liu et al. 2017). A plasma membrane-localised recep-
tor-like protein kinase, namely, botrytis-induced kinase 1, plays a critical role
in anthocyanin accumulation (Zhang et al. 2016). In this study, the gene encod-
ing CBL-interacting serine/threonine-protein kinase had a significantly positive
correlation with F3’5’H and a negative correlation with pelargonidin, and the
results of yeast single-hybrid experiments showed that serine/threonine-protein
kinase interacted with the promoter of F3’5’H, suggesting that CBL-interacting
serine/threonine-protein kinase regulated pelargonidin biosynthesis by decreasing
F3’5’H expression.

Transcription factor plays an important role in regulating anthocyanin biosyn-
thesis (Jung et al. 2009; Damelia et al. 2014). Among the differential genes highly
correlated with F3’5°H, two genes encoding MADS-box transcription enhancer
factor and WD repeat-containing protein were down-regulated in SD140. As a
SQUAMOSA-class MADS box transcription factor, VmTDR4 influences antho-
cyanin accumulation by upregulating R2R3MYB family (Jaakola et al. 2010).
R2R3MYB regulates anthocyanin biosynthesis through F3'5'H (Wessinger and
Rausher 2015). Therefore, MADS may regulate anthocyanin biosynthesis through
F3'5'H. The present study showed that F3'5'H was positively correlated with
MADS-box; hence, the decrease of F3'5'H expression in SD140 was caused by
the decrease in MADS-box content. In addition, F3°5’H dominates petunidin bio-
synthesis (Rommens et al. 2008; Brueggemann et al. 2010); thus, the petunidin
content in SD140 decreased. When neither F3’5’H nor F3’H is expressed, pelar-
gonidin is directly biosynthesised (Holton and Cornish 1995; Liu et al. 2018). As
expected, in the present study, the expression of gene encoding MADS was nega-
tively correlated with pelargonidin content. As a WD repeat-containing protein,
WDA40 is in plant cytoplasm. Several WD40 repeat proteins, such as TT1 of A.
thaliana, HvWDA40 of barley, and StAN11 of potato, have been identified; these
proteins regulate the expressions of structural genes in anthocyanin biosynthesis
pathway at the transcriptional level (Brueggemann et al. 2010; Ben-Simhon et al.
2011; Strygina et al. 2017; Li et al. 2014). In the present work, F3'5'H was posi-
tively correlated with WD repeat-containing proteins, illustrating that a decrease
in the content of WD repeat-containing proteins resulted in a decrease in F3'5'H
expression. Then, the decrease in F3'5'H expression further led to a decrease of
petunidin content and an increase of pelargonidin content in SD140. So WD40
repeat protein regulated anthocynin biosynthesis branch through F3'5'H. The
results of yeast single-hybrid experiments showed that LHW bHLH interacted
with the promoter of F3°5’H. bHLH can regulate the anthocyanin biosynthesis
(Damelia et al. 2014; Liu et al. 2016), and has a close relationship with WD40
(Fogelman et al. 2015), so both bHLH and WD40 regulated anthocyanine bio-
synthesis in SD92. Metabolome analysis revealed that the expression of gene
encoding WD repeat-containing proteins was positively correlated with uridine
monophosphate content. The function of uridine monophosphate in regulating
F3'5'H expression is worth investigating.
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Conclusion

In summary, the present study identified 19 key differential metabolites, including
10 flavonoids and 4 nucleotides, which were involved in the regulation of pelargond-
inin biosynthesis. Ten differential metabolites among them and 11 differential genes
construct a network regulating the anthocyanin biosynthesis branch. The differential
genes encoding CBL-interacting serine/threonine-protein kinase, MADS-box tran-
scription enhancer factor, and WD repeat-containing proteins negatively regulated
the anthocyanin biosynthesis branch from petunidin to pelargonidin by positively
regulating F3’5’H expression. The results provide the valuable insights into the reg-
ulatory mechanism of the anthocyanin biosynthesis branch in potatoes.
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