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Purple sweet potato is considered as a healthy food because of its high anthocyanins. To
understand the coloring mechanism and quality change between purple-fleshed sweet
potato (cv. Xuzi201) and its cream fleshed mutant (M1001), a combined metabolomic
and transcriptomic analysis was performed. The metabolome data showed that 4
anthocyanins, 19 flavones, 6 flavanones, and 4 flavonols dramatically decreased
in M1001, while the contents of 3 isoflavones, 3 flavonols, 4 catechins, and 2
proanthocyanins increased. Transcriptomic analyses indicated that the expression of 49
structural genes in the flavonoid pathway and transcription factors (TFs) (e.g., bHLH2,
R2R3-MYB, MYBT) inducting anthocyanin biosynthesis were downregulated, but the
repressor MYB44 was upregulated. The IbMYB17-2 gene was detected as a mutation
gene in M1001, which is responsible for anthocyanin accumulation in the storage roots.
Thus, the deficiency of purple color in the mutant is due to the lack of anthocyanin
accumulation which was regulated by IbMYB1. Moreover, the accumulation of starch
and aromatic volatiles was significantly different between Xuzi201 and M1001. These
results not only revealed the mechanism of color mutation but also uncovered certain
health-promoting compounds in sweet potato.

Keywords: sweet potato, flesh color, roots quality, anthocyanin biosynthesis, phenylalanine metabolism, volatile
compounds

INTRODUCTION

Sweet potato (Ipomoea batatas L.), a member of Convolvulaceae family, is the fifth most essential
food crop on a fresh weight basis (Zhu et al., 2022). The annual global production of sweet potato
is ~90 million tons of fresh storage roots (FAOSTAT, 2021). Sweet potato has been used for a
wide range of applications, such as table use, processed foods, starch production, and animal feed
(Wang et al,, 2016; de Albuquerque et al., 2019). The tuberous roots of sweet potato accumulated
natural pigments and exhibited different flesh colors, such as white, cream, yellow, orange, and
purple. Sweet potato is a rich source of carbohydrates, dietary fiber, B-carotene, minerals, and
bioactive compounds; the content and the composition of sweet potato depend on cultivars with

Frontiers in Plant Science | www.frontiersin.org 1

May 2022 | Volume 13 | Article 877695


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.877695
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.877695&domain=pdf&date_stamp=2022-05-04
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:wangzhangying@gdaas.cn
https://doi.org/10.3389/fpls.2022.877695
https://www.frontiersin.org/articles/10.3389/fpls.2022.877695/full

Zhang et al.

Purple Sweet Potato Color Formation

different flesh colors (Wang et al., 2018a). Purple-fleshed sweet
potato (PFSP) not only contains the nutrients of ordinary sweet
potatoes but also possesses an attractive purple color and a
high antioxidant activity since it accumulated large amounts of
anthocyanins (Bovell Benjamin, 2007; Steed and Truong, 2008).
Several studies have reported that anthocyanins isolated from
PESP have hypoglycemic effects (Jang et al., 2019), anti-cancer
activity (Asadi et al., 2017), anti-obesity effects (Kim et al., 2020),
cardioprotective effect, and anti-atherogenic potential (Alam,
2021). Anthocyanins extracted from PFSP are widely used as
dietary supplements and additives in the food industry. However,
the consumer surveys showed that PFSPs were characterized
by dense and firm texture, significant fibrous visual and
lack of moistness, sweet taste, brown sugar or floral flavor,
and aroma compared with orange and yellow sweet potatoes
(Leksrisompong et al., 2012). The taste texture and flavor were
directly related to the tuberous roots’ quality characters such as
dry matter content, starch content and structure, soluble sugar
content, and aroma volatile compounds. Therefore, identifying
the chemical and genetic composition of sweet potato is crucial
for understanding the color formation and the tuberous root
quality, and for uncovering the nutritional value and increasing
the commercial benefit of sweet potato.

For a long time, a wide variety of studies have been
focused on anthocyanin chemical structure and biosynthesis. The
main anthocyanins in sweet potato were mono- and diacylated
derivatives of cyanidins and peonidins (Montilla et al., 2010)
that were synthesized via the flavonoid pathway, which has been
widely studied in a variety of plants like Arabidopsis (Lepiniec
et al., 2006), strawberry (Aharoni et al., 2001), Passiflora edulis
Sims (Qiu et al., 2020), and purple wheat (Wang et al., 2021).
In sweet potato, the key structural genes related to the flavonoid
biosynthetic pathway, such as phenylalanine ammonia lyase
(IbPAL) (Yu et al., 2021), chalcone isomerase (IbCHI) (Guo
et al,, 2015), dihydrokaempferol reductase (IbDHKR) (Liu et al.,
2017), dihydroflavonol 4 reductase (IbDFR) (Wang et al., 2013),
anthocyanidin synthase (IbANS) (Zhou et al., 2009), flavonoid
3’-hydroxylase (IbF3’H) (Zhou et al., 2012), anthocyanidin 3-
O-glucoside-2"-O-glucosyltransferase (Ib3GGT) (Wang et al,
2018b), and UDP-glucose: flavonoid 3-O-glucosyltransferase
(IbUF3GT) (Hu et al, 2016), have been isolated and verified
with gene function illustration. In addition to structural genes,
many transcription factors (TFs) have also been reported
to regulating the expression of flavonoid biosynthetic genes.
IbMYBI1 belongs to the R2R3-MYB that are involved in
anthocyanin biosynthesis and was isolated and specifically
expressed in the PESP roots. Expression of IbMYBI alone was
sufficient for the induction of all structural anthocyanin genes
and anthocyanin accumulation in the flesh of tuberous roots
(Mano et al., 2007; Park et al, 2015; Zhang D. et al, 2021).
IbMYBI-2a/b was identified as a mutation site in the white
flesh mutation of purple sweet potato, which is responsible
for anthocyanin accumulation in the storage roots (Tanaka
et al.,, 2012), but the expression of IbMYBI in all varieties is
not necessary (Kim et al., 2010; Li et al., 2019; Zhang et al,,
2020). Recently, an anthocyanin biosynthesis repressor IbMYB44
was cloned in sweet potato, and it competitively inhibited

the formation of IbMYB340-IbbHLH2-IbNAC56a/b regulatory
complex (Wei et al., 2020).

Although some structural and regulatory genes have been
identified affecting the coloration of PFSP, the chemical
compositions, especially the non-anthocyanin flavonoids
components and volatile compounds related to the nutrition
and flavor quality and the underlying potential regulatory
mechanism remain unclear. Liquid chromatography-tandem
mass spectrometry (LC-MS/MS)-based widely targeted
metabolomics analysis is a rapid and highly sensitive
method for detecting as many metabolites as possible and
is widely used in different areas (Chen et al., 2013). Headspace
solid-phase microextraction (HP-SPME) coupled with gas
chromatography-mass spectrometry (GC-MS) has been widely
used to investigate the volatile compounds in plants including
sweet potato (Zhang et al,, 2021; Zhang R. et al, 2021). In
recent years, combined analysis of transcriptomics (RNA-
Seq) and metabolomics has been widely used to identify
and screen metabolites and related genes underlying the
coloration and quality formation in plants, such as Longan
(Yi et al, 2021), Ziziphus jujuba Mill. (Zhang Q. et al,
2020), and apricot fruit (Zhou et al., 2021). However, the
metabolites and genes related to sweet potato coloration and
quality formation were not clear. In this study, one PFSP
cultivar Xuzi201 and its cream flesh mutant were thoroughly
investigated by using transcriptomics and metabolomics to
identify and quantify non-volatile and volatile metabolites and
gene expression changes in the tuberous roots. These results
greatly extend our understanding of the molecular mechanism
of anthocyanin accumulation in sweet potato and provide a
reference for evaluating the nutritive value to inform future
breeding strategies.

MATERIALS AND METHODS

Plant Materials

Two sweet potato cultivars, namely, Xuzi201 and M1001, were
selected for the study (Figure 1). Xuzi201 was a PFSP cultivar,
which was bred by Xuzhou Sweet Potato Research Center, China.
M1001 was its mutant with cream root skin and cream flesh
color, which was selected by the Institute of Biotechnology and
Nuclear Technology, Sichuan Academy of Agricultural Sciences,
Chengdu, Sichuan, China, and obtained by a total dose of 5 Gy
60 Co y-ray radiation treatment with 1 Gy/min. The agronomic
characteristics of M1001 in the field were uniform, and the
genetic characteristics were stable and consistent for more than
10 years.

Xuzi201 and M1001 were cultivated in a randomized field plot
according to the standard agricultural practices at the Baiyun
Experimental Station (23°23’N, 113°26’E; 20 m above sea level)
of Guangdong Academy of Agricultural Sciences, Guangzhou,
China. They were planted in May, transplanted in July, and
harvested after 120 days. Ten medium-sized tuberous roots
were collected, washed with distilled water, air-dried, cut into
shreds, combined and blended thoroughly, then frozen in liquid
nitrogen, and stored at —80°C for subsequent analysis.
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Xuzi201

FIGURE 1 | Overview of aboveground parts, tuberous roots, and root fleshes from Xuzi201 and M1001.

Analysis of Physiological Parameters

Total starch content and amylose content were measured
using a Total Starch Assay Kit (Megazyme, Ireland) and an
Amylose/Amylopectin Assay Kit (Megazyme, Ireland) according
to the manufacturer’s instructions, respectively.

Total flavonoids content was determined using the
colorimetric method as described by Shekhar et al. (2015)
with modifications. Briefly, 0.1g of freeze-dried sample was
extracted with 10 ml of 70% aqueous ethanol on ultrasonic wave
treatment for 30 min. The extract was centrifuged at 5,000 r/min
for 10 min at 4°C. The alcoholic tuber extract was diluted to a
final volume of 25 ml with 70% aqueous ethanol. Then, 5ml of
the extract solution was mixed with 0.3 ml of 5% sodium nitrite
and stood for 5min at room temperature (26°C). Subsequently,
0.3ml of 10% aluminum nitrate was added and allowed to
stand for 6 min. Furthermore, 4ml of 1M sodium hydroxide
was added, and the solution was finally added up to 10ml
with 70% aqueous ethanol. The absorbance was determined by
spectrophotometer at 510 nm, and the results were expressed as
mg/g rutin equivalents on a dry weight basis (mg RE per g DW).

Total anthocyanin content was measured using the pH-
differential method described by Steed and Truong (2008) and
calculated as cyanidin 3-glucoside using an extinction coefficient

(€) of 26,900 L per cm-mol and molecular weight of 449.2. The
total anthocyanins were reported as milligrams anthocyanins per
100 g fresh weight (mg cyanidin-3-glucoside per 100 g FW).

Metabolome Analysis

A widely targeted metabolomics strategy was used to determine
the metabolites in the roots of sweet potatoes. Metabolite
extraction, detection, identification, and quantification were
carried out according to the LC-MS methods described by Chen
et al. (2013). Briefly, the freeze-dried tuber samples were used
for LC-MS analysis and crushed using a mixer mill (MM 400,
Retsch) with a zirconia bead for 1.5 min at 30 Hz; 100 mg powder
was weighed and extracted overnight with 1.0 ml 70% aqueous
methanol at 4°C. Following centrifugation at 10,000 g for 10 min,
the extracts were absorbed (CNWBOND Carbon-GCB SPE
Cartridge, 250 mg, 3 ml; ANPEL, Shanghai, China) and filtrated
(SCAA-104, 0.22 um pore size; ANPEL, Shanghai, China) before
LC-MS analysis. The sample extracts were analyzed using an
LC-ESI-MS/MS system [HPLC, Shim-pack UFLC SHIMADZU
CBM30A system, Kyoto, Japan; MS, Applied Biosystems 4500 Q
TRAP, equipped with an Agilent SB-C18 column (1.8 pm, 2.1 X
100 mm, Foster City, CA)]. The mobile phase consisted of pure
water containing 0.04% acetic acid (solvent A) and acetonitrile
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containing 0.04% acetic acid (solvent B). Sample measurements
were performed using the following gradient program: 0 min,
5% B; 0-11 min, linear gradient increase to 95% B, 11-12 min,
95% B; 12.0-12.10 min, decrease to 5% B; 12.10-15min, 5% B.
The column oven was set to 40°C, and the injection volume
was 5 pl. The effluent was alternatively connected to an ESI-
triple quadrupole-linear ion trap (QTRAP). The mixture of all
the sample extracts was used as the quality control to monitor the
technical reproducibility. Metware database (MWDB) together
with the public databases was used to annotate the metabolites.
Quantifications of metabolites were conducted using multiple
reaction monitoring. The differentially accumulated metabolites
(DAMs) between Xuzi201 and M1001 were determined based on
the variable importance in projection (VIP) > 1 and Log,FC >1
or Log, FC <-1.

Identification and Quantification of Volatile

Compounds

Volatile compounds were determined in a similar way as
described in Zhang R. et al. (2021) with modifications. The stored
samples of two cultivars were separately grounded in a liquid
nitrogen grinder (A10 basic, IKA, Staufen, Germany); 1g of
powder was stored in a 20 ml headspace vial with 1 ml saturated
NaCl solution added. Then, 1 pl of decanoic acid, ethyl ester
solution (100 pg/ml, CAS: 110-38-3) was also added, and the
mixture was gently homogenized.

The headspace vial was incubated for 30 min at 80°C, and
then, the volatile compounds were extracted by an SPME
device with DVB/CAR/PDMS fiber (Supelco, Bellefonte, PA)
for 30min at the same temperature. The fiber head was
inserted into the GC-MS inlet and desorbed at 250°C for 5 min.
Each sample was analyzed three times using headspace solid-
phase microextraction.

For GC-MS/MS analysis, an 8890-5977B system (Agilent
Technologies, Santa Clara, CA) equipped with a DB-5ms ultra-
inert capillary column (60 m x 0.32 mm x 0.25 jum) was used in
the splitless injection mode with high-purity helium (99.999%)
flow at 1.0 ml/min. The temperature of the GC injector was
maintained at 250°C, and the following column temperature
program was employed: initial temperature, 35°C (hold for
2 min); increased to 190°C at a rate of 5°C/min (held for 1 min);
and increased to 250°C at a rate of 20°C/min (held for 2 min),
solvents delay 7 min.

Chromatograms and mass spectra were analyzed using the
Enhanced ChemStation software (Agilent Technologies, CA,
USA). Identification of volatile compound tentative was achieved
by matching the mass spectra with the data system library
(NIST 2017) and linear retention index (RI) sourced from
NIST Standard Reference Database. Quantitative data for each
identified compound were obtained by comparing to the internal
standard. All the analyses were repeated three times.

RNA Extraction, Sequencing, and RNA-Seq
Analysis

For transcriptome sequencing, six libraries representing the
collected tuberous root samples of Xuzi201 and M1001 (three

replicates of each) were constructed. Total RNA was extracted
using TaKaRa MiniBEST Plant Extraction Kit (TaKaRa, Beijing,
China) according to the manufacturer’s instructions. RNA
contamination and RNA integrity number (RIN) were monitored
on 1% agarose gels and the Agilent 2100 Bioanalyzer system
(Agilent Technologies, CA, USA), respectively. A total amount
of 3 pg RNA per sample was used as input material for the
RNA sample preparations. Sequencing libraries were generated
using NEBNext® Ultra™ RNA Library Prep Kit for llumina®
(NEB, USA) following the manufacturer’s recommendations, and
index codes were added to attribute sequences to each sample.
The libraries were then sequenced on an Illumina Novaseq
platform, and paired-end reads were generated. Clean reads were
extracted with base-pair qualities in the Q >10 using Perl scripts
and sequentially assembled to obtain the Unigene library using
Trinity. Then, the clean reads of samples were mapped with the
Unigene library. The unigene function was annotated according
to the following databases: Nr (NCBI non-redundant protein
sequences); Nt (NCBI non-redundant nucleotide sequences);
Pfam (Protein family); KOG/COG (Clusters of Orthologous
Groups of proteins); Swiss-Prot; KO (Kyoto Encyclopedia of
Genes and Genomes (KEGG) Ortholog database); and GO
(Gene Ontology). Fragments per kilobase of transcript per
million mapped reads (FPKM) were used for transcription or
quantification of gene expression levels. An absolute Log, (fold
change) >1 and a false discovery rate (FDR) < 0.05 were used
as thresholds for the identification of differentially expressed
genes (DEGs) using DESeq2 R package (v1.34.0) (Love et al,
2014). GO enrichment analysis was performed using the GOSeq
R package (v1.46.0, corrected p < 0.05). Pathway analysis was
performed to elucidate the significant pathways of DEGs using
KEGG (www.genome.jp/kegg). The raw transcriptomic data have
been uploaded to the National Genomics Data Center [Home -
National Genomics Data Center (cncb.ac.cn)], and the BioProject
ID is PRJCA008065.

Amplification of IbMYB1-2 Maker

Fragment

IbMYBI-2a/2b fragments were amplified in the 20 pl mixture
containing 2 x Taq PCR MasterMix II (TTANGEN BIOTECH,
Beijing, China), 5 uM foreword primer, 5 WM reverse primer, and
50 ng cDNA under the following program: 94°C for 3 min; 35
cycles of 94°C for 15s, 54°C for 30s, and 72°C for 45s; and
72°C for 5min. The primers were used according to the study
by Tanaka et al. (2012) and Zhang D. et al. (2021) and are shown
in Supplementary Table S1.

qRT-PCR Analysis

Total RNA was isolated as described for RNA-sequencing
analysis. First-strand ¢cDNA was synthesized using FastKing
gDNA Dispelling RT SuperMix (TIANGEN, Beijing China). All
reactions were performed using the SsoFast Eva Green Supermix
kit (Bio-Rad) in a total sample volume of 10 1 (5 pul of SsoFast
EvaGreen supermix, 1 pl of Forward primer, 1 pl of Reverse
primer, 3 pl of cDNA template). Quantitative real-time PCR
(RT-qPCR) analysis was carried out using the Bio-Rad CFX96™
Real-Time System (Hercules, CA, United States). The program
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of two-step real-time RT-PCR was 95°C for 30s, followed by
40 cycles of 95°C for 55, and 60°C for 10s (Pfaffl, 2001). Each
sample was analyzed in three technical replicates. The relative
expression level of mRNAs was normalized to that of internal
control Ibactin (AY905538) by using the 244" cycle threshold
method. The primers are shown in Supplementary Table S1.

Statistical Analysis

Each cultivar was tested in triplicate to ensure the reliability
of the experimental results. All data were analyzed using SPSS
statistics 24 and expressed as mean =+ SD. One-way ANOVA was
implemented and followed by Tukey’s significant difference test
with significance set at P < 0.05. The unsupervised principal
component analysis (PCA) score plot, Volcano plots, KEGG
enrichment plot, OPLS-DA model plots, and heatmap were
carried out using the prcomp, ggplot2 (v3.3.5), and pheatmap
(v1.0.12) packages of R.

RESULTS

Phenotypic Characterization of Purple and
Cream Mutant of Sweet Potato

A total of 24 morphological descriptor characteristics, namely,
2 vine tips, 2 immature leaf, 10 leaves, 8 vine, and 2 roots
characteristics, of Xuzi201 and M1001 were characterized
according to the study by Zhang and Fang (2006). No significant
morphological difference was identified between Xuzi201 and
its mutant M1001, except for skin and flesh color (Figure 1,
Supplementary Table S2). To further define whether there is
a quality difference between them, five major quality-related
parameters (i.e., dry rate, starch, amylose, flavonoids, and
anthocyanin) were detected in the wild type and the mutant.
As shown in Table 1, the dry matter content of Xuzi201 was
32.65% = 0.40, while that of M1001 significantly decreased, with
the dry matter content 27.86% = 0.60. The starch content also
decreased in M1001 than in Xuzi201, with the starch content
value of 12.73% = 0.12 and 19.64% =+ 0.9, respectively. Among
the total starch, the percentage of amylose content of Xuzi201
was similar to M1001, with the amylose content of 11.78% =+ 1.68
and 10.90% = 0.39, respectively. The contents of flavonoids and
anthocyanins were closely related to the color of sweet potato.
The flavonoids content of Xuzi201 was 6.7 = 0.26 mg/g DW,
which was significantly higher than that of M1001 0.4 £ 0.22
mg/g DW. The anthocyanins content of Xuzi201 was 26.21 +
1.41 mg/100 g FW, while no anthocyanins was detected in M1001
using the pH-differential method.

Non-volatile Metabolome Profiles of Purple

and Cream Mutant of Sweet Potato

A systematic metabolic profiling of roots of two cultivars was
carried out using a widely targeted metabolomics strategy.
The Pearson’s correlation coefficient among the three biological
replicates of each cultivar was all >0.98, indicating a high
repeatability of the generated metabolome data. Based on the
PCA of the metabolites (Figure 2A), two cultivars were evidently
separated. The first two principal components, namely, PC1
and PC2, took 81.07 and 8.43%, respectively. A total of 437

TABLE 1 | Contents of quality parameters of Xuzi201 and M1001.

Xuzi201 M1001 P-value
Dry matter (%) 32.65 £+ 0.40 27.86 + 0.60 <0.001
Starch (%, FW) 19.64 +£ 0.79 12.73 £ 0.12 0.002
Amylose (%) 11.78 + 1.68 10.90 + 0.39 0.051
Flavonoid (mg/g, DW) 6.7 + 0.26 0.4 £0.22 <0.001
Anthocyanin (mg/100+g, FW) 26.21 + 1.41 —

Data were expressed as average + standard variation.
The ANOVA was performed, and p < 0.05 was considered a significant difference.

metabolites that were classified into 29 known classes were
detected in the roots of these two sweet potato cultivars
(Supplementary Table S3), among which, the most abundant
metabolites were flavonoids, followed by organic acids, amino
acids and their derivatives, and lipids.

The differentially accumulated metabolites (DAMs) screening
results were presented in a volcano-shaped plot (Figure 2B).
In total, 107 DAMs were detected between the two cultivars
(Supplementary Table S4). In comparison with Xuzi201, M1001
had 35 upregulated and 72 downregulated metabolites. The
top enriched KEGG terms among the DAMs were flavonoid
biosynthesis, biosynthesis of phenylpropanoids, isoflavonoid
biosynthesis, and anthocyanin biosynthesis (Figure 2C). Given
the roles of flavonoids and anthocyanins in plant coloration, we
deduced that the DAMs from the flavonoid biosynthesis and
anthocyanin biosynthesis pathway are likely to be key metabolites
underlying the color mutation of sweet potato flesh.

Phenylalanine (Phe) is a product of the shikimic acid
pathway, which converts simple precursors derived from
carbohydrate metabolism into aromatic amino acids, and
acts as an important precursor for flavonoids biosynthesis.
In this study, Phe accumulated more in M1001 than Xuzi201
(Supplementary Table S4). Apart from Phe, 45 other DAMs in
the flavonoid biosynthesis pathway were identified, including 4
anthocyanins, 19 flavones, 6 flavanones,7 flavonols, 3 isoflavones,
4 catechin derivatives, and 2 proanthocyanidins (Figures 3A,B).
Seven quinate and its derivatives, 6 hydroxycinnamoyl
derivatives, and 5 coumarins and their derivatives that were
synthesized from the phenylpropanoid biosynthesis pathway
were also identified as DAMs (Figure 3C). Anthocyanins are
the most important flavonoid colorants in plants. Four types of
anthocyanins were identified as DAMs in this study, including
two cyanidin derivatives (cyanidin 3,5-O-diglucoside and
peonidin O-malonylhexoside) and two delphinidin derivatives
(delphinidin  3-O-glucoside and petunidin 3-O-glucoside).
All of them were present in Xuzi201 and absent in M1001,
which indicates that the missing of purple color in M1001 is
probably due to the inhibition of anthocyanins biosynthesis.
Except anthocyanins, almost all flavones and flavanones were
downregulated in M1001, and among them, 15 flavones and
4 flavanones like apigenin, chrysin, and naringenin were
identified only in Xuzi201, while no accumulation was found
in M1001. Dihydromyricetin and kaempferol, two important
flavonols, were abundantly accumulated in M1001 but not
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FIGURE 2 | Metabolome analyses of tuberous roots of Xuzi201 and M1001. (A) PCA analyses of metabolites identified in Xuzi201 and M1001. X-axis represents the
first principal component. Y-axis represents the second principal component. (B) Volcano plots displaying the upregulated, downregulated, and no regulated
metabolites between Xuzi201 and M1001. Horizontal coordinates are Log,FC of metabolites, and vertical coordinates are variable important in projection (VIP) values
of metabolites. The red, green, and black dots represent upregulated, downregulated, and unchanged metabolites. (C) Top ten KEGG enrichment terms of
differentially expressed metabolites. The horizontal coordinate indicates the rich factor of each pathway, the vertical coordinate is the name of the pathway, and the
color of the dot is the P-value; the redder it is, the more significant the enrichment. The size of the dots represents the number of differential metabolites enriched.

detected in Xuzi201. Other flavonols were downregulated in  in Xuzi201 (Figures 3A,B). Besides, the DAMs synthesized
M1001. All isoflavones (calycosin, formononetin, and glycitein), ~ from the phenylpropanoid biosynthesis pathway were nearly
catechins (except gallocatechin), and procyanidins (B2 and  all downregulated except chlorogenic acid methyl ester, 1-
B3) were upregulated in M1001 and were not identified  O-beta-D-glucopyranosyl sinapate, coniferyl alcohol, and
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6-methoxy-7,8-dihydroxycoumarin (Figure 3C). In addition, the
accumulation of all identified lipids in DAMs was also reduced
in M1001, including 9 glycerophospholipids and glycerolipids
(Figure 3D).

Volatile Metabolome Profiles of Purple and

Cream Mutant of Sweet Potato

Many phenylpropanoid compounds originating from Phe, such
as benzeneacetaldehyde and benzaldehyde, providing honey and
sweet odor, are important volatile compounds for sweet potato
(Dudareva et al, 2013). In order to deeply understand the
aromatic differences between these two cultivars, we profiled
the volatiles from the tuberous roots of Xuzi201 and M1001

using HP-SPME GC-MS. A total of 53 volatile compounds
were identified in the two cultivars. The detected volatile
compounds included 21 aldehydes, 11 alcohols, 6 ketones, 9
alkenes, and 6 other compounds (Supplementary Table S5).
Orthogonal projections to latent structures discriminant analysis
(OPLS-DA) was performed on all samples. The OPLS-DA results
(Figure 4A) showed that the value of Q*Y was 0.991, indicating
the reliability of the volatile profile, and the two cultivars
were evidently separated, which indicated significant aromatic
differences between them.

A cluster heatmap was made based on the relative amount of
all the volatiles (Figure 4B). Compared with Xuzi201, only five
compounds were reduced in M1001, while most of the volatile
compounds increased. The differentially accumulated volatile
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compounds between the two cultivars were determined based
on the VIP>1 and Log,FC >1 or Log,FC <-1. It could be
seen from the volcano-shaped plot that the relative contents
of 9 volatiles showed a significant difference and the other 44
volatiles had no clear change between these two cultivars. Among
the 9 differentially accumulated volatiles, 8 compounds were
upregulated, while the camphor, a monoterpenoid with a strong
mothball-like odor, was the only compound downregulated
in M1001 (Figure 4C). Among the 8 upregulated volatiles in
M1001, one was guaiacol, a common volatile presenting smoke
odor in sweet potato. The other seven volatiles [(E,E)-2,4-
decadienal, (E,Z)-2,4-decadienal, (E)-2-heptenal, (E)-2-octenal,
(E)-2-nonenal, hexanal, (E,E)-2,4-nonadienal] were produced
from the linolenic acid degradation. These results indicated that
the coloration of purple flesh color had no significant effect

on the aromatic compounds derived from phenylalanine in
sweet potato.

Transcriptome Profiling of Purple and

Cream Mutant of Sweet Potato

To understand the molecular basis of the metabolic differences
between Xuzi201 and its mutant M1001, transcriptome
sequencing of the roots of these two cultivars was carried out.
A total of 50G clean base was obtained, with the number of
7.65-8.8 G clean base achieved for each sample after filtration.
The average Q30 for Xuzi201 and M1001 was 92.8 and 92.77%,
respectively. After assembling the clean reads, a total of 101,536
unigenes were obtained with a maximum length of 16,845
bp, an average length of 524 bp, and an average GC% ratio of
42.72%. Overall, the data indicated that the sequencing was
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of high quality and met the requirements for further analysis. =~ and NR database, respectively, and totally, 61,093 unigenes
Among them, 42,303, 19,060, 34,163, 32,416, 43,336, and 60,277  were annotated (Supplementary Table S6). Pearson correlation
unigenes corresponded to GO, KEGG, KOG, Pfam, Swissport,  coefficients were calculated between samples based on the
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number of FPKM values. The correlation coefficients between
the biological replicates of the same genotype were >0.95,
indicating good reproducibility of the biological repeats. These
results suggested that the quantity and quality of the sequencing
data were suitable for the downstream analysis.

The differentially expressed genes (DEGs) between the
two sweet potato cultivars were analyzed with DESeq2 and
determined based on the FDR < 0.01 and Log,FC >1 or Log,FC
<-1. A total of 1,593 DEGs were identified between Xuzi201
and M1001: 554 upregulated genes and 1,039 downregulated
genes in M1001 (Figure 5A, Supplementary Table S7). To
analyze the functions of the DEGs between Xuzi201 and
M1001, a GO analysis was performed using GOseq. GO
enrichment showed that the DEGs were enriched in the
terms “oxidation reduction process,” “anthocyanin-containing
compounds biosynthetic process,” “oxidoreductase activity,’
“alcohol dehydrogenase (NAD) activity,” and “trans-cinnamate
4-monooxygenase activity” (Supplementary Figure S1).
Then, KEGG analysis was performed to examine the DEGs-
associated pathways. The top 12 enriched pathways were shown
in Figure 5B. “Flavonoid biosynthesis,” “Phe metabolism,”
“phenylpropanoid biosynthesis,” and “anthocyanin biosynthesis”
were intensively enriched. Altogether, the GO and KEGG
analysis results indicated that the DEGs enriched significantly
in phenylpropanoid biosynthesis, flavonoid biosynthesis, and
anthocyanin biosynthesis pathway.

Association Metabolic and Transcriptomic
Analysis of Purple and Cream Mutant of

Sweet Potato

Both metabolic analysis and transcriptomic analysis results
highlighted that the flavonoid and anthocyanin biosynthesis
and related upstream pathways were enriched. In order to
further analyze the relationship between those enriched DAMs
and DEGs, an association analysis between metabolome and
transcriptome was performed. The flavonoid biosynthesis
pathway was the most significantly enriched pathway
(Supplementary Figure S2). Then, the correlation coeflicients
between DAMs and DEGs were calculated, and the correlations
with the coefficient of R?> > 0.8 were selected as significant.
In total, 300 significant correlations between 93 transcripts
and 35 metabolites were identified, each metabolite correlated
with one or more transcripts. Among 35 metabolites, 3
anthocyanins and 20 flavones and flavanols were included
(Supplementary Table S8). Two flavones, selgin 5-O-hexoside
and 8-C-hexosyl-hesperetin  O-hexoside, correlated with
the highest number of transcripts: 34 and 33 transcripts,
respectively. Similarly, each transcript also correlated with one
or several metabolites.

The 93 transcripts were annotated, and the flavonoid and
anthocyanin biosynthesis and regulation-related transcripts were
selected. Totally, 49 differentially expressed genes and TFs were
identified (Supplementary Table §9), containing most of the
key enzyme-encoding genes in the flavonoid and anthocyanin
biosynthesis pathway. Based on the changes in the content
of DAMs and DEGs identified in our study, the colorless

formation mechanism in the mutant was analyzed (Figure 6A).
In the mutant, due to the expression of phenylalanine lyases
(PALs) was substantially reduced, the anthocyanin biosynthesis
precursor Phe was more accumulated, and cinnamic acid was
downregulated. Subsequently, a series of structural genes in the
flavonoids containing cinnamate 4-hydroxylase gene (C4H), 4-
coumarate CoA ligase gene (4CL), chalcone synthase gene (CHS),
chalcone isomerase gene (CHI), and flavanone 3 -hydroxylase
gene (F3H) presented significant low expression level in
M1001. Thus, some important intermediates like naringenin
chalcone, naringeni,n and eriodictyol, which were produced by
these structural genes-encoded enzymes, were only accumulated
in Xuzi201 and were not identified in M1001. Finally, all
genes related to anthocyanins biosynthesis, such as flavanone
3-hydroxylase gene (F3H), dihydroflavonol 4-reductase gene
(DFR), anthocyanidin synthase gene (ANS), anthocyanidin
3-O-glucosyltransferase gene (BZI), and anthocyanidin 3-O-
glucoside 2”-O-glucosyltransferase (3GGT), showed significant
downregulation in M1001, and thus, anthocyanins cannot be
accumulated, which formed the cream flesh. But the colorless
metabolites catechins and proanthocyanidins were synthesized
from the same precursor (Phe). In this study, three catechins and
two proanthocyanidins were indeed more enriched in M1001.

Moreover, certain TFs, such as bHLH2, MYBI1, MYB44, and
R2R3 MYB(AB576766.1), related to the biosynthesis of flavonoid
and anthocyanin, were identified in this study. The expression
levels of MYBI, MYB44, and R2R3 MYB were verified by RT-
qPCR (Figure 6B). The TFs were almost all downregulated in
M1001 except MYB44, which is a repressor of anthocyanin in
sweet potato. Otherwise, the aspartate aminotransferase (GOT2)
gene, which is related to Phe biosynthesis, was upregulated in
M1001, and two genes [glutathione S-transferase (GST) and
multidrug and toxic compound extrusion (MATE)] related to
anthocyanins transportation from the endoplasmic reticulum to
vacuole were downregulated. The expression of these DEGs was
consistent with the metabolite accumulation pattern in sweet
potato root.

In view of the IbMYBI gene has been reported as a mutate
location in some purple sweet potato and responsible for
anthocyanin accumulation in the storage roots (Tanaka et al.,
2012; Zhang D. et al., 2021), we amplified the gene IbMYBI-2a/b
with the specific makers. The result showed that IbMYB1-2a/b
was only amplified in Xuzi201 and lost in M1001 (Figure 7). This
result indicated that the M1001 has a mutation in IbMYBI gene.

Verification of RNA Sequencing Results by
qRT-PCR

To verify the accuracy of the transcriptome data from the RNA
sequencing analysis, 20 unigenes (17 structural genes and 3
TFs) involved in the coloration and quality of sweet potato
roots were selected for qRT-PCR expression analysis. The genes
expression level results were presented as a histogram in Figure 6.
The results showed that the RNA-seq and qRT-PCR data were
positively correlated (Supplementary Figure S3), and the genes’
expression level of qRT-PCR was consistent with the FPKM value
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FIGURE 6 | sweet potato and its mutant. Metabolites in red and blue indicate up-accumulated and down-accumulated in M1001, respectively. The histogram
presents the expression level of corresponding structural genes in two varieties, green bar means downregulated in M1001. Enzymes in this pathway are shown as
follows: GOT2, aspartate aminotransferase; PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarateCoA ligase; CHS, chalcone
synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3'H, flavonoid 3'-hydroxylase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase;
BZ1: anthocyanidin 3-O-glucosyltransferase gene; 3GGT: anthocyanidin 3-O-glucoside 2”-O-glucosyltransferase. (B) Differentially expressed transcript factors

involved in the pathway. The histogram presents the expression level of corresponding transcript factors in two varieties, red and green bar means up and
downregulated in M1001, respectively. All the genes expression data presented in the figure were from gRT-PCR expression analysis.

Maker M1001 Xuzi201 M1001 Xuzi201

FIGURE 7 | Genotype of IbMYB1-2a/b in Xuzi201 and M1001. X201 and M1001 presented Xuzi201 and M1001, respectively.

of RNA-seq results (R% = 0.78). Overall, our results indicated that
the RNA sequencing data were valid and reliable in the study.

DISCUSSION

As sweet potato is recognized as a healthy food, the consumers’
demand has been increasing in recent years, especially those of
PESPs, which contain high levels of anthocyanins (Wang et al.,
2018a). In this study, a cream flesh mutant M1001 was obtained
through ®Co y-ray radiation of a PFSP cultivar Xuzi201. The
phenotype between Xuzi201 and M1001 is highly consistent,
except for root skin and flesh color. Thus, we used them as
plant materials to explore the potential regulatory mechanism
responsible for anthocyanins accumulation and the effect of
different flesh colors on the quality of sweet potato storage roots
through an integrated metabolome and transcriptome analysis.
Preliminary quality analyses were carried out for the storage
roots of these two varieties. The results showed that the
flavonoids and total anthocyanin content of the cream mutant

were all lower than Xuzi201. This result is consistent with wide-
targets metabolome analyses. In total, 106 flavonoids including
8 anthocyanins were identified in these two cultivars; among
them, 86 flavonoids containing 8 anthocyanins were identified in
Xuzi201, and 70 flavonoids and 4 anthocyanins were identified
in M1001, and the relative content of flavonoids in Xuzi201 was
about 100 times than that in M1001. Meanwhile, we noticed
that 4 anthocyanins (i.e., cyanidin 3,5-O-diglucoside, delphinidin
3-O-glucoside, petunidin 3-O-glucoside, and peonidin O-
malonylhexoside) were absent in M1001, and the other 4
anthocyanins (i.e., Malvidin 3-O-galactoside, Malvidin 3-O-
glucoside, Cyanidin, and Peonidin) detected in all samples had
no significant differences between these two varieties. Thus,
these 4 anthocyanins absent in M1001 were speculated as the
key anthocyanin derivatives responsible for the pigmentation
of Xuzi201, and the other 4 anthocyanins were not the main
colorant pigments in sweet potato. This result is consistent with
previous reports that more than 30 individual anthocyanins have
been identified in different PFSPs, and 3,5-diglucoside derivatives
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of cyanidin or derivatives of peonidin are the dominant pigments
(Kim et al., 2012).

Anthocyanins, the final production of the flavonoid
biosynthesis pathway, were strongly associated with the
composition and the content of its upstream flavonoids. Phe
is an important precursor for flavonoids biosynthesis, and it
was synthesized from shikimate pathway, and tryptophan and
tyrosine were also produced from this pathway. In this study, Phe
and its derivative phenethylamine (phe-phe), and tryptophan’s
derivative acetyl tryptophan were more enriched in M1001.
In addition, the transcriptome analysis result showed that the
expression of GOT2 gene, which is involved in the biosynthesis
and metabolism of Phe, was significantly higher in M1001 than
in Xuzi201. It has been reported that the Phe biosynthesis-related
enzyme is feedback regulated by Phe in Arabidopsis and rice
(Yamada et al., 2008; Huang et al., 2010). Therefore, we suspected
that the higher amount of Phe in M1001 did not flow in the
downstream flavonoid synthesis pathway but promoted the
production of phe-phe and acetyl tryptophan in a feedback
regulation way. The flavonoid biosynthesis in M1001 was
inhibited from the starting point Phe, and then, the downstream
flavonoids in the biosynthesis pathway of anthocyanins were
all downregulated. However, the amount of Phe in Xuzi201
flowed to anthocyanin biosynthesis and produced abundant
intermediate flavonoids and anthocyanins.

A previous study has proven that the genes involved in
the anthocyanin accumulation are categorized into two parts,
namely, structural genes, and regulatory genes (Wang et al.,
2021). The structural genes include the early biosynthesis
genes (PAL, C4H, 4CL, CHS, CHI, F3H) and anthocyanin-
specific biosynthesis genes (F3 H, F3'5 H, DFR, ANS, BZI, and
3GGT) (Jaakola et al., 2002). In our study, except F3'5'H,
the other structural genes were identified, and all of them
were downregulated in M1001. The low transcriptional level
of structural genes led to the decreased content of flavonoids
and anthocyanins. Nevertheless, considering that the structural
genes could be expressed in a low level and synthesized some
anthocyanins in M1001, we postulate that the structural genes
were not the primary cause of the flesh color mutant, and the
low expression level of them was caused by the regulation of
TFs. Four important TFs (i.e., bPHLH2, R2R3-MYB, MYBI, and
MYB44) were identified as DEGs. MYBI, a member of R2R3-
MYB TE, previously reported as specifically expressed in sweet
potato roots, has been identified as an activator for the promoters
of a number of anthocyanin pathway genes in several crops
including sweet potato (Mano et al., 2007; Park et al., 2015).
bHLH TFs, the partner of MYBs, can interact with MYBs to
regulate anthocyanin biosynthesis (Liu et al, 2016). In this
study, the expression levels of bHLH2, R2R3-MYB, and MYBI
were significantly lower in M1001 than in Xuzi201. Moreover,
MYB44, an anthocyanin biosynthesis repressor, was upregulated
in M1001. We hypothesize that the differential regulation of
bHLH2, R2R3-MYB, MYBI, and MYB44 might be responsible
for the lack of anthocyanins in M1001. Since the previous study
showed that the absence of the IbMYBI-2 sequences in the white
flesh mutant of purple sweet potato caused a lack of anthocyanin
accumulation in the storage roots (Tanaka et al, 2012), we

detected this gene in Xuzi201 and M1001 and confirmed that it
was absent in M1001. Thus, the absence of IbMYB1-2a/b was an
important reason for the lack of anthocyanins in M1001.

In addition to the anthocyanin synthesis-related genes, a
few genes involved in anthocyanin transport were identified.
Anthocyanin pigments are synthesized at the cytoplasmic surface
of the endoplasmic reticulum and are finally transported into
the vacuole. GSTs attach glutathione to individual anthocyanin,
which tags them for MATE transporters at tonoplast (Alfenito
et al., 1998; Edwards et al., 2000). Both GSTs and MATE were
downregulated in M1001. Meanwhile, the genes encoding a
24 kDa vacuolar protein VP24 were downregulated, and this
protein was involved in vacuolar transport and/or accumulation
of anthocyanin synthesized in the cytosol (Xu et al., 2001). This
result reveals that as anthocyanin biosynthesis was reduced, the
proteins corresponding to anthocyanin pigments transport to
and storage in vacuole were also downregulated.

Furthermore, we would like to evaluate whether there is
a correlation between flesh coloration and quality attributes
in sweet potato. Considering that Phe was the origin for
phenylpropanoid compounds, which is the second largest class
of plant volatile compounds (Dudareva et al., 2013), the volatile
compounds of two varieties were detected, and no differentially
accumulated volatile compounds synthesized from Phe were
identified. Nevertheless, the volatile compounds [(E,E)-2,4-
decadienal, (E,Z)-2,4-decadienal, (E)-2-heptenal, (E)-2-octenal,
(E)-2-nonenal, hexanal, (E,E)-2,4-nonadienal] produced from
linolenic acid degradation had more accumulation in M1001.
The lipids in M1001 had a relatively low concentration;
these lipids probably formed linolenic acid, and the decreased
amount of lipids finally produced (E,E)-2,4-decadienal, (E,Z)-
2,4-decadienal, (E)-2-heptenal, (E)-2-octenal, (E)-2-nonenal,
hexanal, and (E,E)-2,4-nonadienal. However, the connection
between lipids and these volatile compounds is still unclear,
and it will be a starting point for further study. Moreover, the
starch content was a significant difference in M1001 and Xuzi201.
The expression level of genes related to starch biosynthesis and
metabolic rate were checked, and no DEGs were identified.
Thus, we considered that differences in starch content are
caused by differences in protein levels, and we will verify it in
further study.

In this study, the colorless formation mechanism and chemical
composition were revealed through a combination analysis of
metabolome and transcriptome using the PFSP and its cream
fleshed mutant as plant materials. What's more, the quality
differences caused by flesh color mutation were also analyzed.
These results not only enable us to identify genes for targeted
genetic engineering to improve the nutritional value of sweet
potato but also highlight the potential usage of sweet potato
as a functional food and provide direction for the breeding of
high-quality sweet potato.
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