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and Huachun Guo*

Tuber-Root Crop Research Institute, College of Agronomy and Biotechnology, Yunnan Agricultural
University, Kunming, Yunnan, China

Introduction: Sweet potato is an important staple food crop in the world and
contains abundant secondary metabolites in its underground tuberous roots. The
large accumulation of several categories of secondary metabolites result in
colorful pigmentation of the roots. Anthocyanin, is a typical flavonoid compound
present in purple sweet potatoes and it contributes to the antioxidant activity.

Methods: In this study, we developed joint omics research via by combing the
transcriptomic and metabolomic analysis to explore the molecular mechanisms
underlying the anthocyanin biosynthesis in purple sweet potato. Four experimental
materials with different pigmentation phenotypes, 1143-1 (white root flesh), HS
(orange root flesh), Dianziganshu No.88 (DZ88, purple root flesh), and
Dianziganshu No.54 (DZ54, dark purple root flesh) were comparably studied.

Results and discussion: We identified 38 differentially accumulated pigment
metabolites and 1214 differentially expressed genes from a total of 418
metabolites and 50893 genes detected. There were 14 kinds of anthocyanin
detected in DZ88 and DZ54, with glycosylated cyanidin and peonidin as the
major components. The significantly enhanced expression levels of multiple
structural genes involved in the central anthocyanin metabolic network, such as
chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), dihydroflavonol 4-
reductase (DFR), anthocyanidin synthase/leucocyanidin oxygenase (ANS), and
glutathione S-transferase (GST) were manifested to be the primary reason why
the purple sweet potatoes had a much higher accumulation of anthocyanin.
Moreover, the competition or redistribution of the intermediate substrates (i.e.
dihydrokaempferol and dihydroquercetin) between the downstream production of
anthocyanin products and the flavonoid derivatization (i.e. quercetin and
kaempferol) under the regulation of the flavonol synthesis (FLS) gene, might play
a crucial role in the metabolite flux repartitioning, which further led to the
discrepant pigmentary performances in the purple and non-purple materials.
Furthermore, the substantial production of chlorogenic acid, another prominent
high-value antioxidant, in DZ88 and DZ54 seemed to be an interrelated but
independent pathway differentiated from the anthocyanin biosynthesis.
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Collectively, these data from the transcriptomic and metabolomic analysis of four
kinds of sweet potatoes provide insight to understand the molecular mechanisms
of the coloring mechanism in purple sweet potatoes.
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Introduction

Sweet potato [Ipomoea batatas (L.) Lam.] is viewed as the seventh
largest staple crop in the world China is the current biggest producer
accounting for 68% of the overall global sweet potato production (FAO
(Food and Agriculture Organization), 2013). Four sweet potato cultivars
are broadly cultivated in China and each contains distinct secondary
nutrients that cause different flesh colors, such as white, orange, yellow,
and purple (Tang et al, 2015). According to such metabolic
differentiation, the subsequent consumption, processing, and
development of sweet potato products are distinguished to a certain
extent (Ruttarattanamongkol et al., 2016). For example, the orange flesh
sweet potato enriched with trans-B-carotene (276.98 pg/g) could better
satisfy the daily requirement of vitamin A for preschool children and, as a
good source of provitamin A, could prevent night blindness (Low et al,,
2007; Tumuhimbise et al., 2009; Mitra, 2012; US Agency for International
Development, 2014). While the enrichment of flavonoids (i.e.
anthocyanin) in purple flesh sweet potato has more applicability in the
health-promoting (e.g. free-radical scavenging (Tsushida et al, 1994;
Zhang et al,, 2013), anti-cancer/inflammatory (Lim et al, 2013; Jiang
et al, 2020) etc.), and industrial developments (e.g. raw material of
natural pigment) (Sun et al, 2014; Wang et al,, 2014; Zhi et al,, 2019). In
addition, since sweet potato is also an excellent source of carbohydrates
and other nutrients, such as dietary fiber and minerals (Nurdjanah et al.,
2022), it has been more recognized as a functional food source than the
staple crop (Azeem et al., 2020).

In recent years, anthocyanin has attracted more and more attention
due to its notable value as an important subgroup of the pigmental
flavonoids that can be enormously accumulated in colorful tissues of
plants (Hatier et al, 2008; Sun et al, 2018; Wang S. et al, 2016).
Compared to other anthocyanin-rich plants like strawberry
(Fragariaxananassa), red cabbage (Brassica oleracea), and perilla
(Perilla frutescens), the anthocyanins in purple sweet potato are found
to be more promising for industrial usage. Specifically, since it is mainly
synthesized from the 3,5-diglucoside derivatives of the cyanidin or
peonidin, then mono/di-acylated with caffeic acid, ferulic acid, p-
coumaric, and p-hydroxybenzoic acid to form a more color-stable
structure attached with the glucose and sophorose glucosyl groups, it
harbors better oxidative resistance (Kim et al., 2012; He et al., 2016; Wei
et al, 2019). Besides, in terms of the anthocyanin content and
composition, it was revealed that the anthocyanin accumulation in
purple sweet potato had better performances in different germplasms.
Hu et al. analyzed the total anthocyanin contents of 30 purple flesh sweet
potato cultivars from Chongqing, China; a variable level range from 74.3
to 607 mg/100 g on a dry weight (DW) basis was reflected (Hu et al,
2016). Zhu et al. and Sun et al. reported that the major anthocyanin
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composition in purple sweet potato is either peonidin or cyaniding-based
anthocyanin, suggesting that despite the anthocyanin biosynthesis in
planta is generally conservative but it may still be differentiated in purple
sweet potato (Zhu et al., 2010; Sun et al,, 2018).

As a multi-enzymatic catalytic process, the flavonoid pathway is
responsible for the production of anthocyanin, which is highly
regulated by a suite of structural genes, such as dihydroflavonol 4-
reductase (DFR), anthocyanidin synthase (ANS), UDP glucose-
flavonoid 3-O-glcosyl-transferase (UFGT), and several transcription
factors synergistically (Li et al., 2019). The crucial transcription factors
(TF) controlling anthocyanin biosynthesis have been identified to be
the MYB, bHLH, and WD40 (Xie et al., 2012; Dixon et al., 2013). These
TFs usually form a protein complex (MBW complex) to induce the
expressions of the downstream structural genes (Xu et al, 2015;
Bulgakov et al,, 2017), of which the IbMYBI was found to be the key
regulator in the storage roots of purple sweet potato, and that it either
functions individually or can bound to the bHLH and WD40 (Mano
et al., 2007; Hichri et al., 2010; Li et al., 2016; Zhao et al., 2022). Hence,
the elucidation of the plant anthocyanin biosynthesis as well as the
relevant tissue-specific pigmentation is mostly concerned with the gene
expressions and interactions in this respect (Li et al., 2019).

Yunnan province is famous for its abundant biodiversity. The
promising collection of sweet potato germplasms in the province could
therefore provide more opportunities to breed superior varieties that
can better fit the ever-increasing social demand for healthy and
functional food, for instance, the purple sweet potato (Meng and
Guo, 2019). To support that, the given molecular mechanisms
underlying the anthocyanin anabolism in the purple sweet potato
root flesh, which is the primary economic organ for harvesting,
should be investigated in-depth, particularly in the regional
germplasms that have had more genetic variations relative to the
existing cultivars (Mano et al, 2007; Liu et al, 2017). The known
knowledge of other plants, such as Arabidopsis (Arabidopsis thaliana)
(He et al., 2020), apple (Malus domestica)(Zhang et al., 2019), tomato
(Solanum lycopersicum) (Sun et al, 2020), as well as the recently
reported studies in purple sweet potato (Zhang et al., 2022; Zhao et al.,
2022), would provide a solid reference foundation for relevant research.

In this study, a joint omics analysis combining transcriptomics
and metabolomics that aimed to reveal the differences in the
metabolic regulation of anthocyanin production in purple sweet
potatoes was conducted. Four sweet potato materials including two
purple sweet potato varieties named Dianziganshu No.88 (DZ88) and
Dianziganshu No.54 (DZ54), which were recently developed by the
Tuber-Root Crop Research Institute of Yunnan Agricultural
University, and two non-purple sweet potato materials, 1143-1 (a
self-bred white flesh line) and HS (a Chinese commercial cultivar with
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orange flesh), were selected for experimentation. By focusing on the
central anthocyanin metabolic network acting on the root flesh
pigmentation in the two unique Yunnan purple sweet potato
germplasms DZ88 and DZ54, insights on the anthocyanin
biogenesis in purple sweet potato as well as the production of high-
value bioactive compounds have been revealed. Our results may
provide useful information for genetic breeding improvements and
functional food development for the purple sweet potato industry.

Materials and methods
Plant materials
Four sweet potato materials, including the white-fleshed (1143-1),

orange-fleshed (HS), and two purple-fleshed (DZ88 and DZ54) lines
were grown under the same conditions (23.5 °C/15.5 °C, N: 15 P: 5 K:
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20). The mature roots of sweet potatoes were harvested at 120 days after
the germination (Figure 1A). Six fresh roots of one variety were then
immediately cut into tiny pieces and mixed into a duplicate, stored at
—80°C for the subsequent RNA and metabolites extractions as well as
other analyses. The process was repeated three times with each variety.

Determination of B-carotene content

The PB-carotene content was determined using the method of
Zhang and Fang (2006). In summary, sweet potato tiny cubes (2.0g)
were ground with a small amount of acetone and this was repeated 3-
5 times until they became colorless. All the extracts and residues
were collected in a 25mL volumetric flask, the volume was fixed
with acetone to the scale, and centrifuged at 3000r/min for 5min. The
supernatant was taken and the concentration of B-carotene
was measured at 454nm with acetone as blank control by
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General phenotypes of the four experimental sweet potato materials. (A) Morphology and flesh color of the four sweet potato materials 1143-1 (white
flesh), HS (orange flesh), DZ88 (purple flesh), and DZ54 (purple flesh), respectively. (B) Flesh B-carotene contents of the four sweet potato materials
(C) Flesh total phenolic contents (TPC) of the four sweet potato materials. (D) Flesh chlorogenic acid contents of the four sweet potato materials.

(E) Flesh total flavonoid contents (TFC) of the four sweet potato materials. (F) Flesh anthocyanin contents of the four sweet potato materials. Error bars
indicate standard errors (SEs) and the letters a, b, and ¢ above each bar represent the significant difference according to the LSD (least significant

difference) test
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spectrophotometer (UV-1201, Shimadzu, Kyoto, Japan). The
optical path was lcm. The B-carotene content was calculated as
the formula: y=13.1x-0.8 (te: 13.1 was the regression coefficient,
x was the absorbance of acetone extract, and 0.8 was the linear
regression intercept.)

Determination of total phenolic content

The total phenolic content (TPC) in the mature roots of the four
sweet potato materials was determined using the Folin-Ciocalteau
assay method described by Waterhouse (Waterhouse, 2003).
Absorbance was measured at a maximum wavelength of 760 nm,
and TPC was recorded as micrograms of gallic acid (GA) (Sigma-
Aldrich, St. Louis, MO, USA) per gram of the dry weight (ug GA/g
DW). The standard curve for the TPC content calculation was
prepared at five different concentrations of gallic acid ranging from
0.02 to 0.1 mg/mL(y=0.1708x-0.0025, R=0.9993).

Determination of chlorogenic acid content

The chlorogenic acid content was measured by UV spectroscopy.
Fresh sweet potato root samples were fully dried under - 80 °C and
ground into fine powders, then moved into the 70% ethanol solution
(1: 100, solid-liquid ratio) for the ultrasonic treatment for 10 min in
order to isolate the polyphenols. The extraction solution was
subsequently centrifuged at 5000 r for 10 min, followed by
transferring 0.5 mL of the supernatant into 70% ethanol to volume
10mL. After that, the OD value was detected at 327 nm wavelength
before the calculation of the content according to the standard curve
(y = 63.44x-0.0043, R = 0.9997). The standard curve of the
chlorogenic acid content was prepared via using the 0.05 mg/mL
chlorogenic acid standard (Sigma-Aldrich, St. Louis MO, USA)
dissolved in 70% ethanol (0 mL, 0.4 mL, 0.8 mL, 1.2 mL, 1.6 mL, 2
mL, 2.4 mL, 2.8 mL).

Quantification of total flavonoid content

Total flavonoid content (TFC) was measured by sodium nitrite
aluminum nitrate colorimetry following the method described in Do
Q et al. (Do et al, 2014), but with some slight modifications. An
extract sample with a 1% volume fraction of hydrochloric acid ethanol
solution was placed in an ultrasonic water bath (30° C) for 30 min and
then centrifuged for 30 min. After that, rutin was used as standard
(Sangon Biotech, Shanghai, China) for quantification under 510 nm
wavelength (y = 1.498x + 0.0079, R = 0.9994). The results were
displayed as mg/g dry weight (DW).

Determination of total anthocyanin content
The total anthocyanin content (TAC) was quantified using a
spectrophotometric pH-differential method illustrated by Lee et al.

(Lee et al., 2005) and Azeem M et al. (Azeem et al., 2020). TAC was
presented as cyanidin-3-glucoside equivalents (mg/g DW).
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Quantitative real-time PCR analysis of
anthocyanin biosynthetic structural genes
and transcription factors expressions

Total RNA was prepared from the freshly sampled sweet potato
roots using the RNA simple Total RNA Kit (Tiangen Biotech, Beijing,
China), then the cDNA was obtained via the reverse transcription
with the TransScript®—Uni One-Step gDNA Removal and ¢cDNA
Synthesis SuperMix kit (Tiangen Biotech, Beijing, China) by following
the manufacturer’s protocol. Real-time quantitative PCR (qRT-PCR)
was performed using an Applied Biosystems (CA, USA) 7500 real-
time PCR machine programmed at 95°C for 3 min, 39 cycles of 95°C
for 15 s, 60°C for 30 s, and 72°C for 30 s, with a two-step qPCR kit
(PrimeScriptTMRT Reagent Kit and SYBR Premix ExTaqTM,
TaKaRa, Japan). The Ibactin gene was selected as the reference
gene (Wang H. et al, 2016), with the targeting primers as sense:
F 5"-CTGGTGTTATGGTTGGGATGG- 3’; antisense: 5'-
GGGGTGCCTCGGTAAGAAG- 3’. Primers of the other genes are
listed in Supplementary Table S1. Gene expression was calculated by
2722 method afterward (Livak and Schmittgen, 2001).

Each biological replicate was followed by four technical replicates.

following the

Transcriptomic and metabolomic analysis

The total RNA of the sweet potato roots was extracted as described
above, then delivered to the Novogene Technology Co., Ltd. (Beijing,
China) for RNA-seq and bioinformatic analysis as described in Zhu et al.
(Zhu et al, 2018). The freeze-dried root samples were delivered to
Metware Biotechnology Co., Ltd. (Wuhan, China) for metabolite
isolation and analysis by the widely targeted metabolome (Chen et al.,
2013; Yang et al, 2019). The details were as follows: The freeze-dried
roots were crushed using a mixer mill (MM 400, Retsch) with a zirconia
bead for 1.5 min at 30 Hz. 100mg powder was weighted and extracted
overnight at 4°C with 0.6 ml 70% aqueous methanol. Following
centrifugation at 10, 000g for 10 min, the extracts were absorbed
(CNWBOND Carbon-GCB SPE Cartridge, 250mg, 3ml; ANPEL,
Shanghai, China, www.anpel.com.cn/cnw) and filtrated (SCAA-104,
0.22um pore size; ANPEL, Shanghai, China, http://www.anpel.com.cn/)
before UPLC-MS/MS analysis. The sample extracts were analyzed using a
UPLC-ESI-MS/MS system (UPLC, Shim-pack UFLC SHIMADZU
CBM30A system, www.shimadzu.com.cn/; MS, Applied Biosystems
4500 Q TRAP, www.appliedbiosystems.com.cn/). The analytical
conditions were as follows, UPLC: column, Waters ACQUITY UPLC
HSS T3 C18 (1.8 um, 2.1 mm*100 mm). The mobile phase consisted of
solvent A, pure water with 0.04% acetic acid, and solvent B, acetonitrile
with 0.04% acetic acid. Sample measurements were performed with a
gradient program that employed the starting conditions of 95% A and 5%
B. Within 10min, a linear gradient to 5% A and 95% B was programmed,
and a composition of 5% A and 95% B was kept for 1min. Subsequently,
a composition of 95% A and 5.0% B was adjusted within 0.10 min and
kept for 2.9 min. The column oven was set to 40°C; the injection volume
was 4ul. The effluent was alternatively connected to an ESI-triple
quadrupole-linear ion trap (QTRAP)-MS. LIT and triple quadrupole
(QQQ) scans were acquired on a triple quadrupole-linear ion trap mass
spectrometer (Q TRAP), API 4500 Q TRAP UPLC/MS/MS System,
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equipped with an ESI Turbo Ion-Spray interface, operating in positive
and negative jon mode and controlled by Analyst 1.6.3 software (AB
Sciex). The ESI source operation parameters were as follows: ion source,
turbo spray; source temperature 550°C; ion spray voltage (IS) 5500 V
(positive ion mode)/-4500 V (negative ion mode); ion source gas I (GSI),
gas II (GSII), and curtain gas (CUR) were set at 50, 60, and 30.0 psi,
respectively; the collision gas (CAD) was high. Instrument tuning and
mass calibration were performed with 10 and 100 umol/L polypropylene
glycol solutions in QQQ and LIT modes, respectively. QQQ scans were
acquired as MRM experiments with collision gas (nitrogen) set to 5 psi.
DP and CE for individual MRM transitions were done with further DP
and CE optimization. A specific set of MRM transitions were monitored
for each period according to the metabolites eluted within this period.

Statistical analysis

Excel 2019, SPSS 26.0, and TBtools 1.0 software were utilized for
the statistical analysis. A variety of analytical methods including the
ANOVA, Duncan’s multiple range test, Pearson correlation
coefficient, and Principal component analysis (PCA) were applied
to reveal the statistical significance, P <0.05 was regarded as
significant. The network visualization for the transcriptome and
metabolomic data was performed using the Cytoscape 3.9.1
software (Shannon et al., 2003) by following the methods described
online (http://www.cytoscape.org), which was also reported in a
similar study on potatoes (Cho et al., 2016).

Results

Phenotypic differentiation in terms of the
pigment distribution and accumulation in
the fleshes of the four experimental sweet
potato materials

The material 1143-1 showed white flesh while HS was orange-
fleshed. By comparison, the other two sweet potato materials, DZ88
and DZ54, both had purple fleshes but were much darker in DZ54. The
contents of B-carotene, total anthocyanins (TA), total flavonoids (TF),
total phenolic acids (TP), and chlorogenic acid in the sweet potato fleshes
were measured. Consistent with the flesh color phenotypes, the
accumulation of B-carotene in HS was the highest (5.99 mg/100g fresh
weight, FW) whereas DZ54 and DZ88 had almost 3-fold reductions
(Figure 1B). The production of anthocyanin in the two purple sweet
potato materials was the highest, peaking at 4.85 mg/g dried weight
(DW) in DZ54 but showed a lesser amount in DZ88 (1.09 mg/g DW)
(Figure 1F). As a result, levels of TF were correspondingly concordant
with the anthocyanin accumulation trend in the sweet potato fleshes,
except that 1143-1 demonstrated similar content (0.65 mg/g DW)
relative to HS (Figure 1E). Intriguingly, the biosynthesis of chlorogenic
acid in DZ88 was 1.6-fold higher than that in DZ54, and more than 2-
fold that in 1143-1 and HS, but still followed the phenolic compound
accumulation pattern among the four experimental materials
(Figure 1D). The pigment distribution in the white flesh material 1143-
1 remained at the minimum.

Frontiers in Plant Science

10.3389/fpls.2023.1030236

Metabolomic characterization of the
identifiable metabolites in sweet
potato fleshes

A total of 418 metabolites (98 flavonoids, 77 phenolic acids, 51
lipids, 48 amino acids and their derivatives, 31 nucleotides and
derivatives, 22 organic acids, 19 alkaloids, 11 lignans, and
coumarins) have been detected in the metabolomic analysis
(Supplementary Table S2). The distribution pattern of various
metabolites ranging from alkaloids to terpenoids showed discrepant
accumulation tendency in the four experimental sweet potato
materials (Figure 2A). Phenolic compounds, such as flavonoid and
phenolic acid, as well as other high carbon organics (i.e. lipid), were
more preferred by the purple sweet potatoes DZ54 and DZ88,
whereas other substances, such as organic acids, tannins, and
lignans, were relatively more enriched in 1143-1 and HS. The PCA
result reflected that the four materials could be generally divided into
four independent groups (Figure 2B), with two principal components
as PC1 (33.5%) and PC2 (20.0%), respectively, indicating that each
sample could be characteristically distinguished from each other.

The flavonoid and phenolic substances related to the pigment
metabolism in sweet potato flesh were thereafter specified (Table 1). In
particular, a series of flavonoids and their derivatives, including
anthocyanin (13 kinds), quercetin (16 kinds), kaempferol (5 kinds), and
luteolin (4 kinds), as well as nine chlorogenic acids, were found to be
differentially accumulated as the dominant metabolite fluxes affecting the
pigmentation in the sweet potato root fleshes among the four experimental
materials. Not surprisingly, the enrichment of anthocyanin in sweet
potatoes is consistent with the root flesh colors. Purple sweet potatoes
showed multiple folds of enhancement when compared to the non-purple
materials, not only in the total anthocyanin contents but also in some
specific components. For instance, DZ54 exhibited an almost 21-fold
increase of cyanidin 3-feruloyl-p-hydroxybenzoylsophorside-5-glucoside
relative to the 1143-1. The peonidin derivatives, such as peonidin 3-
caffeoyl-p-hydroxybenzoyl-sophoroside-5-glucoside, presented a distinct
difference between the two purple sweet potatoes (3.25-fold decrease in
DZ88). However, regarding flavonoid branching, the two purple sweet
potato materials presented an opposite trend compared to anthocyanin.
The drastically reduced quercetin, kaempferol, and luteolin derivatives
featured such differences. It was also interesting to find that the chlorogenic
acids, particularly the maleoyl-caffeoylquinic acid, were more abundantly
synthesized in purple sweet potatoes than in the non-purple ones. This
may suggest a potential correlation between chlorogenic acid and
anthocyanin accumulation.

Transcriptome analysis

A total of 50,893 genes have been identified in the RNAseq. Over
84.51% clean reads could be functionally annotated and 79.68%
(Supplementary Table S3) were mapped uniquely against the
Ipomoea batatas genome dataset(Yang et al., 2019). Six comparison
groups, 1143-1 vs DZ88, 1143-1 vs DZ54, HS vs DZ88, HS vs DZ54,
DZ88 vs DZ54, and 1143-1 vs HS, were divided to elucidate the gene
expression differences among the four experimental sweet potatoes
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TABLE 1 Differentially accumulated metabolites among the four experimental sweet potato materials.

Log, (Fold Change)

Metabolite names DZ54 vs

1143-1

DZ88 vs DZ54 vs DZ88 vs
1143-1 HS HS

DZ54 vs HS vs 1143-
DZ88 1

Anthocyanin (13)

Cyanidin 3-(6"'-caffeoylsophoroside)-5-glucoside 13.52 13.05 13.52 13.05 - -

yanu-im 3-caffeoyl-p-hydroxybenzoylsophoroside-5 18.58 1725 18.58 1725 133 B
glucoside
Cyanidin 3- p- ide-5-

yamc-hn 3-feruloyl-p-hydroxybenzoylsophorside-5 2092 1775 2092 1775 317 B
glucoside
Cyanidin 3-feruloylsophorside-5-glucoside 12.86 13.69 12.86 13.69 - -
Cyanidin 3-p-hydroxybenzoylsophoroside-5-glucoside 1591 15.49 1591 15.49 - -
Cyanidin-3-(sinapoyl)diglucoside-5-xyloside 12.82 13.58 12.82 13.58 - -
Peonidin -2.17 -4.97 - - 2.80 -1.57
Peonidin-3- - . N

eomqm 3-caffeoyl-p-hydroxybenzoyl-sophoroside-5 2039 1713 2039 1713 325 B
glucoside
Peonidin 3-feruloylsophoroside-5-glucoside 14.53 12.74 14.53 12.74 1.79 -
Peonidin-3-(6"-p-hydroxyb 1)-sophoroside-5-

conidin-3-(6'-p-hydroxybenzoyl)-sophoroside 14.63 12.82 14.63 1282 181 -
glucoside
Pel idin 3- -p- ide-5-

el argf)mdm 3-caffeoyl-p-hydroxybenzoylsophorside-5 15.23 1278 15.23 1278 246 B
glucoside
Petunidin 3-O-glucoside 13.64 11.98 13.64 11.98 1.66 -
Malvidin 1.86 - 2.49 1.11 1.38 -
Quercetin derivatives (16)
Quercetin 3-alpha-L-arabinofuranoside (Avicularin) -9.32 -9.32 -12.19 -12.19 - 2.87
Quercetin 3-O-glucoside(Tsotrifoliin) -2.99 -2.01 -4.19 -3.20 - 1.19

(Continued)
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TABLE 1 Continued

Metabolite names

Log, (Fold Change)

10.3389/fpls.2023.1030236

DZ54 vs DZ88 vs DZ54 vs DZ88 vs DZ54 vs HS vs 1143-

1143-1 1143-1 HS HS DZ88 1
Quercetin 3-O-B-D-xylopyranoside - - -11.71 -11.71 - 11.71
Quercetin O-acetylhexoside -11.51 -2.12 -13.65 -4.27 -9.39 4.75
Quercetin-3-O-0o.-L-rhamnopyranoside -19.38 -19.38 -17.33 -17.33 - -2.06
Quercetinn 3-O-(6"'-O-malonyl)-galactoside -12.45 -12.45 -14.05 -14.05 - 1.60
Quercetin-O-glucoside -3.36 -2.51 -4.46 -3.61 - -
methylQuercetin O-hexoside 1.96 - -2.79 - - 475
Isoquercitrin -3.47 -2.36 -4.54 -3.43 -1.10 -
Isorhamnetin-O-gallate - -1.10 - - 1.10 -
Isorhamnetin O-acetyl-hexoside - - -3.29 - -2.68 -
Isorhamnetin-3-O-B-D-glucoside 2.44 2.40 -2.50 -2.54 - 4.94
Isorhamnetin 3-O-B-(2”-O-acetyl-B-D-glucuronide) -13.56 -13.56 -11.90 -11.90 - -1.66
Hyperin -3.46 -2.39 -4.37 -3.30 -1.07 1.27
Spiraeoside -3.11 -2.20 -4.37 -3.46 - 1.24
Gossypitrin -2.99 -2.17 -4.23 -3.41 - -
Kaempferol derivatives (5)
6-Hydroxykaempferol-7-O-glucoside -2.78 -2.25 -4.08 -3.55 - 1.30
Astragalin -7.59 -5.94 - -3.26 - -2.68
Kaempferol 3-O-(6'"-O-malonyl)-galactoside -12.88 -12.88 -11.78 -11.78 - -
Kaempferol 7-O-glucosdie -18.74 -18.74 -16.25 -16.25 - -2.49
Trifolin -18.99 -6.27 -16.20 -3.48 -12.72 -2.79
Luteolin derivatives (4)
Luteolin-4’-O-B-D-glucoside -19.65 -19.65 -17.63 -17.63 - -2.03
Luteolin-7-O-glucoside -20.92 -5.36 -18.53 -2.97 -15.56 -2.39
Luteolin 3’-O-B-D-glucoside -19.50 -19.50 -17.67 -17.67 - -1.84
6-Hydroxyluteolin 5-glucoside -2.94 -2.13 -4.17 -3.36 - 1.23
Chlorogenic acids (9)
1-O-Caffeoylquinic acid (1-Caffeoylquinic acid) 222 1.35 1.99 1.12 - -
4-O-Caffeoylquinic acid (Cryptochlorogenic acid) 2.04 - 1.16 - 1.05 -
5-O-Caffeoylquinic acid (Neochlorogenic acid) 1.92 1.16 1.75 - - -
3,5-di-O-Caffeoylquinic acid (Isochlorogenic acid A) 2.00 1.08 - - - 1.02
3,4-di-O-caffeoylquinic acid (Isochlorogenic acid B) 1.99 - 1.09 - 1.21 -
4,5-di-O-caffeoylquinic acid (Isochlorogenic acid C) - 1.02 - - - -
Trihydroxycinnamoylquinic acid - - - 1.27 - -1.10
Maleoyl-caffeoylquinic acid 1.89 1.41 14.96 14.48 - -13.08
3-O-p-Coumaroyl quinic acid 2.48 231 2.17 2.00 - -

Differentially accumulated metabolites were identified by threshold VIP (variable importance in projection) 21, and fold change was revealed via the log, normalization. *-” indicates that the values in
the relevant comparison group were not significantly different from each other.
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(Figure 3A). However, in order to investigate the differentially
expressed genes (DEGs) specifically contributing to the anthocyanin

biosynthesis, four pairwise comparison groups aimed to separately
contrast the purple (DZ54 & DZ88) and non-purple (1143-1 & HS)
materials were chosen. There are 1214 mutual DEGs screened from

the four selected comparison groups, of which 782 were upregulated
and 432 downregulated (Figure 3B) (Supplementary Table S4). The
expression levels of the screened 1214 DEGs recorded as the FPKM
value were reflected in the heat map (Figure 3C), it was distinct that a

10.3389/fpls.2023.1030236

polarized expression trend appeared between the purple and non-
purple groups, resulting in the highly regulated DEG expressions.

The gene ontology (GO) and Kyoto encyclopedia of genes and

genomes (KEGG) enrichment analysis were simultaneously applied
to categorize the DEGs. The top 30 of GO analysis revealed that a
certain part of the 782 upregulated DEGs was enriched in the
flavonoid metabolic process and anthocyanin-containing compound
metabolic process (Figure 3D), whereas the plastidial, organelle, and
cytoplasmic processes were mostly enriched with the 432
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(A) Up/down-regulated DEG numbers. (B) Venn diagram display of the up/down-regulated DEGs. Four comparison groups were focused to reveal the
anthocyanin accumulation differences: DZ54 vs 1143-1, DZ88 vs 1143-1, DZ54 vs HS, and DZ88 vs HS. (C) Heat map visualization of the expression levels
of the DEGs. Colors ranging from red (high expression level) to blue (low expression level) represent the FPKM values. (D) Top 30 classifications of the
upregulated DEGs via the GO enrichment. (E) Top 20 classifications of the upregulated DEGs via the KEGG enrichment. (F) Top 30 classifications of the
downregulated DEGs via the GO enrichment. (G) Top 20 classifications of the downregulated DEGs via the KEGG enrichment.
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downregulated DEGs (Figure 3F). Likewise, the top 20 KEGG
enrichment showed a similar pathway classification. Flavonoid
biosynthesis, flavone and flavonol biosynthesis, and anthocyanin
biosynthesis occupied a certain percentage of the upregulated DEGs
(Figure 3E), with the downregulated pathways preferably focused on
the protein processing and catalysis, and partially enriched in other
pigments (i.e. carotenoid) and organic macromolecule (e.g. terpenoid,
isoquinoline alkaloid) biosynthesis (Figure 3G). Such an
interrelationship between the gene expression regulation and the
potential pathway competition suggests that the anthocyanin
biosynthesis in the purple sweet potato materials was not only
attributed to a suite of specific genes, but also the highly regulated
metabolite flux allocation and modification on the cellular level.

Highly differentiated anthocyanin
biosynthetic network implies the
orchestrated gene expression regulation and
metabolite flux redistribution

The joint transcriptomic and metabolomic analysis characterizing

the regulatory network of anthocyanin biosynthesis in the four

10.3389/fpls.2023.1030236

experimental sweet potato materials revealed the specific metabolic
nodes that possibly led to the pigmentation differentiation (Figure 4).
The significantly upregulated expression of the two transcriptional
factors bHLH2 (g9535) and MYBI (g17138), as well as the downstream
structural genes, such as 4CL (g60727), CHS (g8138), and CHI
(g20441), which were involved in the initial catalytic steps of the
anthocyanin production in the two PFSPs, had already determined
the overall orientation towards which the substrates would be
subsequentially converted. However, the biosynthetic pathways of
other flavonoid components, mainly kaempferol and quercetin, also
played a crucially competitive role in this respect. In particular, the
branching of kaempferol and quercetin from the dihydrokaempferol
and dihydroquercetin, under the catalysis of the FLS gene (g13825), was
found to be the core factor leading to the differentiated pigmentation of
the four sweet potato materials. Both of the two PFSPs demonstrated
decreased expression levels of the FLS compared to the other two non-
purple sweet potatoes, which had thereafter reduced the abundance of
the relevant flavonoid derivatives.

Such a generally consistent tendency with the phenotypic
performance (Figure 3) has thereby manifested that the substrate
concentration remains another critical factor impacting the
anthocyanin productivity, which largely corresponded to the

G C4H
===

)

Storage GST

FIGURE 4

Central metabolic network dominating the gene expression and metabolite fluxion differences in the overall flavonoid biosynthesis of the four sweet
potato materials. The pairwise comparison among the four sweet potato materials is divided into six groups, of which the yellow background represents
DZ54 vs 1143-1, the green background represents DZ88 vs 1143-1, the blue background represents DZ54 vs HS, the grey background represents DZ88
vs HS, the purple background represents DZ54 vs DZ88, and the blank background represents HS vs 1143-1. Key regulatory genes catalyzing each
enzymatic step are marked in red color, whose expression differences in the six pairwise comparison groups are reflected by the calibrated FPKM
comparison levels of each unigene. The positive values indicate that the unigene expression was upregulated whereas the negative values mean the
downregulated expression, which is the same as the metabolite abundance comparison of the products on the crucial metabolic nodes (values in the
box). Important derivatives of the chlorogenic acid, quercetin, and kaempferol (flavonoid) as well as the anthocyanin biosynthetic pathways are
collectively integrated into the three dashed boxes marked as green, yellow, and purple, respectively. PAL, phenylalanine ammonialyase; C4H, cinnamic
acid 4-hydroxylase; 4CL,4-coumarate CoA ligase; CHS, chalcone synthase; CH/, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3'H, flavanoid 3’-
hydroxylase; F3° 5 H, flavonoid 3°,5 -hydroxylase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase/leucocyanidin oxygenase; UFGT,
anthocyanidin 3-O-glucosyltransferase; FLS, flavonol synthesis; HCT, shikimate O-hydroxycinnamoyltransferase; MT, methylferase; AT, anthocyanidin 3-
O-glucoside 6"-O-acyltransferase; GST, glutathione S-transferase, MYB1, v-myb avian myeloblastosis viral oncogene homolog 1; bHLH2, basic Helix-

Loop-Helix 2.

Frontiers in Plant Science

09

frontiersin.org


https://doi.org/10.3389/fpls.2023.1030236
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Xiao et al.

enzymatic catalysis efficacy as a result of the gene expressions. For
example, the abundance of naringenin in the PFSPs was
approximately 2-fold higher than that in the colorless sweet potato.
In line with the elevated expression level of the F3H gene (g29398),
the subsequent conversion to dihydrokaempferol as a branching point
that resulted in the diversified derivatization of anthocyanin
compounds afterward, accordingly maintained a similar pattern.
Likewise, the bioproduction of chlorogenic acids, which was
diverted from the p-Counaryl-CoA through the catalysis of the
HCT gene (g31004) with the maximum 3.4-fold increased
expression level in DZ88 relative to HS, displayed significantly
enhanced accumulation in the PFSPs (Figure 3E), while the
relatively lower expression level of the HCT in HS when compared
to 1143-1 did not exhibit any significant difference in both OFSP and
WESP. Despite the abundance of p-Counaryl-CoA was not detected,
it still could be reflected that the abundant accumulation of
chlorogenic acids in the PFSPs was controlled by the intercorrelated
gene expression and substrate concentration, which regulate the
distribution of metabolic fluxes together.

Other than that, the dramatically enhanced expression of the GST
gene (g29615) in the PFSPs, which function as the key regulator in the
vacuolar storage of anthocyanins, also suggested that the
pigmentation of the four sweet potato materials could not only be
attributed to the sequential substrate conversion efficiency but also the
ultimate transportation of the final products into the
designated organelles.

Correlation analysis between the key
metabolites and transcripts in the
anthocyanin central metabolic network

Nine representative differentially accumulated metabolites that
reflected the most significant differences between the purple and non-

10.3389/fpls.2023.1030236

purple sweet potato groups, including six anthocyanin derivatives,
two quercetin and kaempferol derivatives, and dihydrokaempferol
(Table 1), were selected for the correlation analysis with the 16 key
regulatory genes dominating the anthocyanin biosynthesis (Figure 5)
(Supplementary Table S5). The two transcriptional factors MYBI and
bHLH2 not only had an intimate correlation coefficient (0.939)
reciprocally but showed highly orchestrated interactions with the
other 14 downstream structural genes. Likewise, the gene crosslinking
among the 14 structural genes was also distinct. For instance, the GST
gene regulating the final step of the vacuolar anthocyanin storage had
up to 0.969, 0.967, and 0.957 correlation coefficients with the DFR,
ANS, and UFGT, respectively, which are the three genes responsible
for the catalytic conversion and modification of anthocyanin end-
products, while its correlation with the further upstream genes such as
PAL (0.853) was relatively lower by contrast.

In terms of the correlation between gene regulation and
metabolite formation, it was presented that the gene expression had
a more straightforward effect on metabolite production as well as on
metabolite interactions. In particular, FLS was found to be the gene
with an exclusive function in controlling the biosynthesis of the two
flavonoid products, Isorhamnetin 3-O-B-(2”-O-acetyl-B-D-
glucuronide) (0.577) and Kaempferol 3-O-(6''-O-malonyl)-
galactoside (0.599), hence its correlation with other anthocyanin
products could not be revealed due to the pathway specificity.
Conversely, other metabolites enriched in the anthocyanin class
showed different levels of correlation with each other and the
relevant genes, regardless of the gene expression distance or
metabolite distribution in the whole pathway. Therefore, it could be
certified
anthocyanin biosynthesis were highly targeted on both the gene-

that the overall regulation and interaction of the

gene, gene-metabolite, and metabolite-metabolite dimensions. Other
pathways differentiated from this mechanism, i.e., chlorogenic acid
(HCT) and flavonoid (FLS), were relatively independent of such
correlative patterns.

Kaempferol
3-0-(6-O-malonyl)-galactoside

Isorhamnetin 3-O-B-
(2"-O-acetyl-8-D-glucuronide)

yanidi
3-(6"-caffeoylsophoroside)-5-glucoside ¢

3-0-p-Coumaryl
quinic acid

FIGURE 5

Correlation analysis of the nine representative differentially accumulated metabolites and 16 key differentially expressed regulatory genes enriched in the
central anthocyanin metabolic network. Red rhombuses represent the transcriptional factors, blue circles represent the structural genes, and yellow
rhomboids represent the metabolites. The larger the size of the graphics, the higher the relative expression or accumulation levels were. Full lines
indicate the positive correlation whereas the dotted lines indicate the negative correlation (p<0.05), of which the coefficient absolute values were all

above 0.5.

Frontiers in Plant Science

Malvidin

10

Dihydrokaempferol

Pelargonidin 3-caffeoyl-
hydroxybenzoylsophorside-5-glucoside

—/_Petunidin
3-O-glucoside

Peonidin-3-(6p-hydroxybenzoyl)-
sophoroside-5-glucoside

frontiersin.org


https://doi.org/10.3389/fpls.2023.1030236
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Xiao et al.

qRT-PCR analysis of the key regulatory
genes enriched in the anthocyanin
biosynthetic network

The 16 key structural genes enriched in the central metabolic
network controlling the anthocyanin biosynthesis were further
validated through the qRT-PCR analysis, including the two critical
transcriptional factors MYBI and bHLH2 (Figure 6). Generally, the
gene expression levels were consistent with the transcriptomic data
(R*>0.79) as well as the phenotypic performance. With several-fold
(e.g. PAL, C4H) to thousands-fold (e.g. 4CL, DFR, ANS, GST)
upregulation of the gene expressions, the metabolic fluxes were
substantially oriented to the anthocyanin anabolism in the PFSPs.
However, the expression of the FLS was found to be downregulated in
the PESPs, especially in DZ54 but had the highest expression level in
HS. This may partially explain why the abundance of kaempferol and
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quercetin derivatives in the HS material was multiple-fold higher than
that in the two purple sweet potato materials (Table 1).

Discussion

Colorful sweet potato is rich in secondary metabolites, which are
the dominant factors leading to the pigmentation in root flesh (Zhao
et al., 2022). Anthocyanin belongs to the flavonoid compound that
can present a purple or red color in plant tissue, whereas the high
accumulation of B-carotene results in an orange color (Hu et al., 2011;
Liu et al, 2017). In this study, we have conducted a joint omics
analysis by applying the comparative transcriptomic and
metabolomic methodology to reveal the coloring mechanism
differences among the four sweet potato materials 1143-1 (white
flesh), HS (orange flesh), DZ88, and DZ54 (purple flesh). There were
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38 differentially accumulated pigment metabolites (Table 1) and 1214
DEGs (Figure 3A) identified from the six pairwise comparison groups
of these four colored materials. This result was consistent with
previous reports that the composition of phenolic compounds in
white, yellow, blue, and black naked barley was very different, with the
black sample containing the most types of compounds and a higher
content of phenolic acid and flavonoids(Ge et al., 2021). Focusing on
the anthocyanin metabolic differentiation, it has been recognized that
glycosylated cyanidins and peonidins with caffeoyl, feruloyl, p-
hydroxybenzoyl, and sinapoyl residue modifications were the
primarily stable pigment components in purple sweet potatoes
compared to other components (Truong et al., 2010). It was found
thatl6 genes with significantly different transcriptional levels were
enriched as the key regulators impacting the central anthocyanin
biosynthesis in sweet potatoes (Figure 5). This is in agreement with
the study reported by Li et al. (Li et al., 2021).

Other than the anthocyanin, it was intriguing to discover that
chlorogenic acids were abundantly accumulated in purple sweet
potatoes (Figure 1D), particularly in the DZ88 material (1.15 mg/g
DW), which was almost 2-fold higher than what was observed in
1143-1 and HS. Nine differentially accumulated categories of
chlorogenic acids were identified in the metabolomic analysis. Of
which the maleoyl-caffeoylquinic acid displayed up to a 15-fold
increase in the purple materials (Table 1), implying an interrelated
but independent relationship with the metabolic conversions between
pigments and chlorogenic acids (Valinas et al., 2017). In specific, the
biosynthesis of chlorogenic acids initially originated from the p-
Coumaryl-CoA, which is an intermediate substrate localized on the
upstream catalytic steps of the general phenylpropanoid biosynthetic
pathway (Figure 4). Despite this potential competition, both the white
and orange-fleshed sweet potatoes had a certain level of chlorogenic
acids accumulation (Figure 1D), while the dramatically elevated
expressions of the HCT gene in purple sweet potatoes contributed
to the abundance of chlorogenic acids biosynthesis (Figure 6).
Nevertheless, even though the accumulation of anthocyanin was
coordinated by a suite of highly regulated structural genes (Zhao
etal,, 2022), such pathway differentiation did not seem to significantly
affect anthocyanin biosynthesis. We thereby hypothesized that the
redistribution of the p-Coumaryl-CoA into either the anthocyanin or
chlorogenic acid biosynthetic pathways in sweet potato could be a
sophisticatedly harmonized catalytic step in adjusting the reaction
rate of the anthocyanin production efficacy (Valinas et al., 2017).
However, it remains to be further investigated.

As illustrated in Figure 3, the competition or redistribution of
dihydrokaempferol and dihydroquercetin, between the downstream
production of anthocyanin products and the derivatization of flavonoid
compounds (i.e. kaempferol and quercetin), was also reflected to be a
critical metabolic node at which the purple and non-purple sweet
potatoes were distinguished in the central anthocyanin biosynthesis.
The upregulated expression of the FLS gene in HS, which had a higher
accumulation of kaempferol and quercetin derivatives relative to the
PFSWs (Table 1), could be the major contributor to such
differentiation. Davies et al. raised a similar theory concerning
pigmentation in petunia (Petunia hybrida) (Davies et al., 2003). It
was shown that the expression of the FLS gene had directly led to the
production of colorless flavonols, while the colored anthocyanin could
be significantly synthesized when the FLS was downregulated by the
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antisense RNA technology. It was the same as observed in the study
with Muscari armeniacum flowers, where the upregulation of the FLS
gene inhibited the DFR expression to a certain extent and induced the
whitening phenotype (Lou et al, 2014). This negative correlation
between the FLS and DFR genes, as well as the two intermediate
substrates dihydrokaempferol and dihydroquercetin, were also reflected
in the sweet potatoes (Figure 5). Hence, the reallocation of intermediate
substrates, which was largely determined by the expression of specific
genes (e.g. FLS), demonstrated that the transcriptional discrepancy in
the gene expressions and the gene-metabolite interactions might have
played a crucial role in the metabolite flux repartitioning, which
thereafter caused the distinct pigmentary performances in the purple
and non-purple sweet potatoes (Zhang et al., 2022).

Our study showed that the two transcriptional factors MYBI and
bHLH?2 not only had significantly upregulated expression in the two
PESPs but had highly orchestrated interactions with the other 14
downstream structural genes. However, we didn’t detect the
expression of WD40. In plants, the MYB either functions individually
or can bind to the bHLH and WD40 to form an MBW complex to
induce the expressions of the downstream structural genes. Previous
studies showed that the expression level of WD40 genes, for instance,
eggplant SmWD40, pepper CaWD40, and potato StANI1I, were
comparable between anthocyanin-pigmented and non-pigmented
tissues (Stommel et al., 2009; Liu et al., 2015; Stommel and Dumm,
2015). Their expression levels hardly changed with altered transcript
levels of structural genes or anthocyanin content (Stommel and Dumm,
2015). At present, the decisive role of WD40 protein in regulating
anthocyanin synthesis is still unclear, and the structural characteristics,
functional properties, interaction mechanism with other factors, and
target DNA binding sequence of the transcriptional regulatory complex
need to be further studied.

In addition, because of the activation of MYBI and bHLH?2, the
expression of structural genes, such as DFR, was upregulated, and
therefore the expression of the FLS gene decreased. Although DZ54
has more anthocyanins, the expression levels of its structural genes
were lower than that of DZ88. This was probably due to the specific
variation in the expression levels of these structural genes through
various and complex regulation mechanisms resulting in quantitative
and qualitative variations of anthocyanins, underlying the difference
of colorations observed between species, genotypes, organs, or even
between various positions on the same plant tissue (Qiao et al., 2019).

By contrast, other secondary metabolites, such as the total
phenols and B-carotene in the four experimental materials,
demonstrated a generally consistent fluctuation tendency in analogy
with other sweet potato germplasms, for example, the Turkey
cultivars Beniazuma, Koganesengan, and Kotobuki (Dincer et al,
2011), which seems to be a conservative mechanism in colorful and
colorless sweet potatoes (Wang et al., 2018). Nevertheless, the
significantly differentiated central anthocyanin metabolic network
between the purple and non-purple sweet potato materials still
sheds light on the anthocyanin component divergence. In our
study, 14 categories of anthocyanin, including one glycosylated
pelargonidin, one glycosylated petunidin, one malvidin, five
glycosylated peonidin, and six glycosylated cyanidin, were
recognized, whereas there were only seven or eight kinds identified
in a previous study (Wang A. et al., 2018; Zhang et al., 2022). Despite
the technical difficulty in accurately verifying the monomer of

frontiersin.org


https://doi.org/10.3389/fpls.2023.1030236
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Xiao et al.

anthocyanin (Li et al, 2012), we still detected more glycosylated
derivatives in the purple sweet potatoes DZ88 and DZ54 (Table 1),
which all displayed higher accumulation than the others. The non-
target metabolomics has served as a useful tool in the rapid
authentication of anthocyanin substances in the non-photosynthetic
tissue of plants (Chen et al., 2013), which also explained to a larger
extent the coloring mechanism, for example, the dark hue in purple
sweet potato.

Compared to other anthocyanin-rich plants, such as black hawk
raspberry (Gansch et al., 2009), black waxy rice, and grape (Khanal
et al,, 2010; Sutharut and Sudarat, 2012), the anthocyanin content of
purple sweet potato may not be that considerable in terms of the
industrial concern (Huang et al., 2006). However, advantages, such as
the much lower production cost, higher yield, and better
environmental adaptability relative to tree plants, have made the
colorful sweet potatoes a more economical and broader source for
commercial anthocyanin production (Odake et al., 1994; Chen et al.,
2019; Bennett et al., 2021). In this regard, the two purple sweet potato
materials DZ54 and DZ88 may have more potential in both scientific
research and industrial development. Besides the component
divergence of anthocyanin in these two materials, the higher
chlorogenic acid content as an important natural antioxidant would
also bring more application values, not just as experimental material
but as targeted breeding candidates (Torres et al., 2019).

To conclude, the white (1143-1), orange (HS), and purple-fleshed
(DZ54 and DZ88) sweet potatoes diversified but conserved regulatory
mechanisms in the secondary metabolism. The competition of
intermediate substrates in the central anthocyanin metabolic
network under the regulation of several specific genes was found to
be the major reason why such differentiation appeared (Davies et al.,
2003; Lou et al., 2014; Valifas et al.,, 2017). Our data obtained from
the joint omics analysis has provided useful information for the
further understanding of the molecular mechanisms underlying the
pigmentation difference in colorful sweet potatoes.
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