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Abstract: Sweet potatoes (Ipomoea batatas (L.) Lam.) are a widely cultivated member of the Convolvu-
laceae family. Despite intensive agricultural interest, the metabolic determinants of sweet potato
quality remain poorly understood owing to a lack of reliable or systematic sweet potato metabolite
analyses. This study aimed to reveal the mechanism of flavonoid biosynthesis using widely targeted
metabolomics and qRT-PCR analysis of white (S19) and yellow (BS) sweet potatoes. We found
that the PAL, C4H, 4CL, CHS, CHI, IFS, F3H, F3’'H, DFR, ANS, and ANR genes were differentially
expressed in BS. Upregulation of PAL, C4H, 4CL, and CHS led to the accumulation of large amounts
of chalcone, which is highly expressed in yellow flesh, resulting in the yellow color of BS. In 519, the
high expression of FLS and the low expression of DFR inhibited pigment accumulation, while the
low expression of CHS also inhibited flavonoid synthesis, ultimately leading to the white color. In
conclusion, this study identified the main differentially expressed genes and their metabolites in the
flavonoid biosynthesis pathway, and preliminarily elucidated the mechanism underlying the different
flesh colors in sweet potato, thus providing new insights into the composition and abundance of
metabolites in sweet potatoes with different-colored flesh.
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1. Introduction

Sweet potato (Ipomoea batatas (L.) Lam.) is a dicotyledonous vegetable belonging to
the Convolvulaceae family. It ranks seventh in the list of the most produced crops in the
world following wheat, rice, maize, potato, barley, and cassava [1]. Previous studies have
shown that sweet potato is rich in anthocyanins, carotene, flavonoids, and other active
ingredients, with the advantages of being tasty and healthy, together with having medicinal
functions [2,3]. Therefore, the study of flavonoid biosynthesis in sweet potato is of great
significance for quality improvement.

Flavonoids are major secondary metabolites, and consist of two benzene rings and
pyran rings. Flavonoids can be classified into seven categories based on the structure
of the pyran rings, namely, flavonoids, flavonols, flavanones, anthocyanins, isoflavones,
and proanthocyanidins [4]. Several different structural genes have been identified as
regulators of flavonoid biosynthesis in species including Arabidopsis [5], rice [6], and
maize [7]. This complex biosynthetic process incorporates the general phenylpropane
pathway [8], with phenylalanine ammonia lyase (PAL), cinnamic acid 4-hydroxylase (C4H),
and 4-Coumariinyl-CoA ligase(4CL), converting phenylalanine into p-Coumaroyl-CoA,
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whereafter chalcone synthase (CHS) and chalcone isomerase (CHI) can, respectively, pro-
duce naringenin chalcone and flavanone [9]. Next, Flavanone 3-/flavone 3'-/flavone
3'5'-hydroxylase (F3H/F3'H/F3'5'H) generate dihydroflavonol, which is processed by
flavonol synthase (FLS) in the context of flavonol biosynthesis [10]. Dihydroflavonol re-
ductase (DFR) and anthocyanin synthase (ANS) can also, respectively, reduce and oxidize
dihydroflavonol to yield leucoanthocyanins and anthocyanins, with NADPH participating
in the former process [11]. Proanthocyanidins are additionally generated from leucoantho-
cyanins and anthocyanins through the activity of leucoanthocyanidin reductase (LAR) and
anthocyanin reductase (ANR) [12].

Flavonoids are commonly found in plants, where they play vital roles in many biologi-
cal processes such as plant growth and development, resistance to biotic and abiotic stresses,
and interactions with other organisms [13]. The expression levels of the flavonoid-related
genes F3H, DFR, ANS, and F3'H were found to be significantly increased in corn grains
under light conditions, thus improving the corn quality [14]. In addition, flavonoids play
important roles in drought tolerance, and the expression of CHS, CHI, F3H, FLS, and DFR
has been found to differ significantly in conditions of drought stress [15]. The antioxidant
capacities of red and black rice are significantly higher than that of white rice, which is
caused by the higher contents of total flavonoids [16].

Plants produce abundant quantities of metabolites that vary in both structure and
function. These metabolites play important roles in plant growth and development and in
coping with environmental stress, and also form chemical basis variations in crop yield
and quality [17]. Continuous advances in technology have seen the gradual development
of targeted metabolomics into widely targeted metabolomics. Metabolomics strategies are
widely used in the analysis of spatiotemporal metabolism during plant development [18].
Yang et al. [19] used widely targeted metabolomics to evaluate the metabolites of golden
buckwheat and identified the key metabolites. Using widely targeted metabolomics and
transcriptomics, the effects of NOR-likel transcription factors on the accumulation of
alkaloids, phenolic acids, and flavonoids in tomato at different maturation stages were
preliminarily determined, laying a foundation for extending the shelf life of the fruit and
the cultivation of resistant plants [20]. Wang A [21] et al. used Liquid Chromatography—
Electrospray Ionization-Mass Spectrometry to analyze the metabolic profiles of five sweet
potato cultivars exhibiting different flesh colors, providing new insights into the differences
in metabolite profiles among sweet potatoes with different flesh colors.

There have been few metabolic or molecular studies conducted to date focused
on the characterization of sweet potato flavonoid profiles. As such, a widely targeted
metabolomics approach was herein used to quantify and compare the abundance of
flavonoid metabolites and flavor-related compounds in sweet potato storage roots from
the white-fleshed 519 and yellow-fleshed BS cultivars. Molecular analyses of metabolite
biosynthesis-associated genes were also performed with the goal of better clarifying the
molecular drivers of sweet potato flavonoid biosynthesis

2. Materials and Methods
2.1. Plant Materials

This study utilized the white-fleshed Shangshu 19 (S19) and yellow-fleshed Baishu
(BS) sweet potato cultivars, which were planted on 30 May 2021 in a Shanxi Agricultural
University experimental farm (112.58' E, 37.42" N). Fresh root samples were harvested on
day 90 (S1), day 100 (52), day 110 (S3) and day 120 (S4) after planting. Storage roots of
similar size with a smooth epidermis were utilized for further characterization and stored
at —80 °C.

2.2. Sample Preparation and Extraction

Sweet potato storage root samples were freeze-dried using a Scientz-100F vacuum
freeze-dryer (Ningbo, China) and ground (30 Hz, 1.5 min) to produce a lyophilized powder
using zirconium beads (MM 400, Retsch, Haan, Germany). Then, 100 mg of the lyophilized
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samples were lysed in a 1.2 mL volume of 70% methanol, centrifuging the samples for 30 s
every 30 min and repeating this process six times in total. The resultant samples were then
stored overnight at 4 °C, centrifuged (12,000 rpm, 10 min), and used for UPLC-MS/MS
analyses. To prepare quality control (QC) samples, aliquots of each sample were mixed
together. To ensure measurement reproducibility, these QC samples were analyzed after
every six samples during UPLC analyses [22-27].

2.3. Measurement of Flavonoid Levels in Sweet Potato Storage Roots
2.3.1. Rutin Standard Curve Preparation

Referring to Yang et al.’s method [28], initially, 20 mg of the rutin standard was mixed
with 60% ethanol, and dissolved in a water bath at a temperature lower than 60 °C. The
above mixture was then added to a 100 mL volumetric flask, allowed to cool, and set
aside while preparing a 0.2 g/L rutin standard solution. Then, 10 mL volumetric flasks
were filled with a range of rutin standard volumes (0, 0.4, 0.8, 1.2, 1.6, 2.0, or 2.4 mL).
The aluminum nitrate method was used to establish a linear regression equation for these
standard samples.

Briefly, 7.4 mL of the appropriate rutin standard solution was added to a 10 mL flask.
Then, 0.3 mL of 5% sodium nitrite was added. These samples were shaken thoroughly for
4 min, and 0.3 mL of 10% aluminum nitrate was added. After shaking for an additional
4 min, 2 mL of 4% sodium hydroxide was mixed into the solution. Sample volumes were
then adjusted to 10 mL using 60% ethanol, and these solutions were shaken thoroughly
before being left to stand for 12 min. A blank control sample was also prepared in parallel.
Within 3 min of this step, 300 pL of each sample was aliquoted to a 96-well plate, and
absorbance at 510 nm was measured using a microplate reader (Figure 1).

y =9.0482x-0.0173
R*=0.9943 -

Absorbance A(510nm)
{=]

0.05 0.008 0.016 0.024 0.032 0.04 0.048
Solubility of rutin standard solution (mg/ml)

Figure 1. Rutin standard curve.

2.3.2. Analysis of Flavonoid Content

After removing samples (51-54) from storage at —80 °C, they were freeze-dried for
48 h, followed by storage at —20 °C. Then, 0.25 g of lyophilized powder from each sample
was added into a 50 mL tube and mixed thoroughly with 60% ethanol. Following ultrason-
ication for 20 min, samples were ultrasonicated for 40 min and centrifuged (12,000 rpm,
10 min), and 7.4 mL of the supernatant was placed in a 10 mL flask followed by the drop-
wise addition of 5% sodium nitrite (0.3 mL). After thoroughly mixing these samples, they
were allowed to stand for 4 min. Next, 0.3 mL of 10% aluminum nitrite was added, and
they were allowed to stand for 4 min after mixing, with subsequent 4% sodium hydroxide
addition (2 mL). These samples were then mixed via repeated inversion and allowed to
stand for 12 min. Finally, 300 pL of the liquid fraction was collected and absorbance at
510 nm was measured, with the total flavonoid contents in the 10 mL samples then being
computed as follows:

E=CNV/m =(0.1105X +0.0019) x N x V/m
= (0.1105X 4 0.0019) x (10/7.4) x 10/0.25
= (0.1105X + 0.0019) x 54.0541 = 5.9730 x A + 0.1027
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E: Extraction rate (mg/g).

N: The dilution factor for the extraction solution.
C: Corrected flavonoid concentration (mg/mL).
V: Extract volume (mL).

M: Sample mass (g).

2.4. UPLC Analyses

Fresh root samples (52 and S4) were selected for widely targeted metabolomics analy-
ses and the recording of phenotypic characteristics. Extracted samples were analyzed using
a UPLC-ESI-MS/MS system (UPLC: SHIMADZU Nexera X2; MS: Applied Biosystems
4500 Q TRAP) with an Agilent SB-C18 (1.8 um, 2.1 mm X 100 mm) column and a mobile
phase consisting of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B).
The linear gradient settings were as follows: the concentration was gradually increased
to 5% A and 95% B over 9 min, followed by the maintenance of this 5% A and 95% B
concentration for 1 min, with a gradual shift to 95% A and 5% B over a 1.10 min interval,
followed by the maintenance of this latter combination for 2.9 min. A 0.35 mL/min flow
rate and a 40 °C column temperature were used throughout this process, and the sample
injection volume was 4 uL. The effluent was used for ESI-triple quadrupole-linear ion trap
(Q-TRAP)-mass spectrometer analyses, as detailed previously [22-27].

2.5. ESI-Q TRAP-MS/MS

Linear ion trap (LIT) and triple quadrupole (QQQ) scanning were performed via a
Q-TRAP approach under the control of Analyst 1.6.3 (AB Sciex). An AB4500 Q TRAP
UPLC/MS/MS system with an ESI turbo ionization source was operated in positive/negative
ion modes (ESI+/ESI—) using the following settings: turbojet ion source; source tempera-
ture = 550 °C; ion injection voltage (IS) = 5500 V (ESI+)/—4500 V (ESI—); ion source gas
I (GSI), gas II (GSII), and respective curtain gas (CUR) pressures of 50 psi, 60 psi, and
25.0 psi. The optimization of these settings and QC analyses were performed in LIT and
QQQ modes with polypropylene glycol (PLG) solution (10 and 100 uM). QQQ scan results
were obtained through multiple reaction monitoring (MRM), adjusting the use of nitrogen
as the collision gas. Additional Declustering Potential (DP) and Collision Energy (CE)
optimization were used for individual MRM conversions, with unique MRM conversions
being monitored based on the metabolites eluted during different points in time [22-27].

2.6. Metabolite Quantification and Characterization

When analytical standards were available for purchase (Sigma-Aldrich, St. Louis,
MI, USA), preliminary and complementary MS data analyses were performed based on
comparisons of the precursor ion (Q1) and product ion (Q3) values, retention times, and
fractionation modes to those of the control samples. When standards were unavailable, data
were analyzed using the MWDB database produced by MetWare Biological Science and
Technology Co., Ltd. (Wuhan, China), and other metabolite database resources available
for analysis. K*, Na*, NH4", and other high-molecular-weight ions were excluded during
the identification process, and duplicate signatures were avoided.

Quantitative analyses were conducted in MRM mode. Briefly, the signal intensity
for each metabolite was assessed through the selective identification of QQQ MS signa-
ture ions. MultiQuant v3.0.2 (AB Sciex, Concord, ON, Canada) was used for calibration
and chromatographic peak integration. Metabolite abundance was quantified through
chromatographic peak area integration [22-27].

2.7. qRT-PCR

Before further processing, all samples were treated using Solid RNase Scavenger
(1 part per thousand; Coolaber, Beijing, China). A mortar and pestle were then used
to grind storage root samples to a powder in liquid nitrogen, after which RNaiso Plus
(Takara Biotechnology, Beijing, China) was employed for RNA extraction. The sample
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concentrations were then measured based on A260/A280 ratios using an ultra-low-volume
spectrometer (Bio Drop, Cambridge, UK), and a Prime Script™ RT reagent Kit with gDNA
Eraser (Takara Biotechnology, Beijing, China) was employed for cDNA preparation using
only those samples with an A260/A280 ratio of 1.8-21. After diluting the resultant cDNA
samples 5-fold, they were used for gPCR analyses, performed using a Bio-Rad CFX96 Real-
Time PCR instrument and TB Green® Premix Ex Taq™ II (Takara Biotechnology, Dalian,
China) as follows: 95 °C for 30 s; 40 cycles at 95 °C for 5 s; 60 °C for 30 s. Melt curves
(60-95 °C; 0.5 °C increments for 5 s) were used to confirm specificity. Relative gene
expression was measured in Bio-Rad Manager 3.1 via the AACq approach [29], and
actin served as the normalization control. Primer Premier 5.0 (Table S1) was utilized for
primer design.

2.8. Statistical Analyses

To better standardize the data and improve normality, metabolite data were subjected
to logarithmic transformation. PCA (Principal Component Analysis), HCA (hierarchical
cluster analysis), and OPLS-DA (Partial Least Squares-Discriminant Analysis analysis) were
employed to assess the metabolite profiles using R [22-27]. Unique metabolites present in
different sample groups were identified using Venn diagrams. The functions of metabolites
that were differentially abundant between the BS and 519 sweet potato cultivars were
explored using the KEGG (Kyoto Encyclopedia of Genes and Genomes) database, with
p < 0.01 as the cut-off for significance. GraphPad Prism v6.01 (GraphPad Software, Inc.,
San Diego, CA, USA) was used to plot all experimental data. And qRT-PCR was used to
analyze gene expression trends between different varieties and to analyze the correlation
between gene expression and metabolite content.

3. Results
3.1. Analyses of Total Flavonoid Levels in Sweet Potato Storage Roots

Initially, the phenotypic characteristics of sweet potato storage roots were assessed,
revealing no significant changes in the coloration of the yellow-fleshed BS and white-fleshed
519 cultivars over the course of maturation (Figure 2a). Consistently, the total flavonoid
content in the BS samples remained 2-3-fold higher than that in the 519 samples throughout
the maturation process (S1-54). For further analyses, samples from the S2 and 54 time
points were utilized, with significant differences in total flavonoid content being evident
between the BS and S19 cultivars at each of these time points with respect to the total
flavonoid content (Figure 2b).
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Figure 2. (a) Phenotypic characteristics of 519-S2, S19-54, BS-S2, and BS-54 storage root samples.
(b) Total flavonoid content in prepared samples from BS and S19 cultivars. *** p < 0.001, ** p < 0.01.

3.2. Widely Targeted Metabolomic Analysis of Differential Metabolites

Next, a widely targeted UPLC-MS/MS metabolomics approach was used to character-
ize the metabolite profiles in the 519-52, 519-54, BS-S2, and BS-54 samples. After filtering,
578 total metabolites were identified, including 71 amino acids and amino acid deriva-
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tives, 54 organic acids, 46 nucleotides and nucleotide derivatives, 114 lipids, 28 flavonoids,
1 quinone, 28 lignans and coumarins, 108 phenolic acids, 3 tannins, 48 alkaloids,
9 terpenoids, 1 steroid, and 67 other compounds (Table S2).

Principal Component Analysis (PCA) is a statistical technique that uses several princi-
pal components to reveal the overall metabolic differences between groups, as well as the
variability between the samples within each group. In this study, two principal components,
PC1 and PC2, were extracted, accounting for 32.78% and 16.11% of the total variance, re-
spectively. There was clear separation of the two samples in the PCA score plot (Figure 3a).
Cluster heatmaps were further employed to assess the metabolite profiles in these samples,
revealing clear clustering among these biological replicates consistent with a high degree
of reliability. Flavonoid metabolite analyses additionally revealed higher overall levels of
these metabolites in the BS samples compared to the 519 samples, in line with the total
flavonoid content results shown above (Figure 3b). OPLS-DA models were next used to
further examine metabolite abundance variations among samples based on the filtering of
any orthogonal metabolite changes not related to variable classification, thereby maximiz-
ing the differences between sample groups to better detect divergent metabolites. Pairwise
comparisons between the S19-52, BS-52, S19-54, and BS-54 samples were performed using
the OPLS-DA model to detect differing metabolites among groups (Figure S1), yielding
the following model quality parameters indicative of successful modeling: R*X = 0.738,
Q? = 0.953, RZY = 0.996; RZX = 0.0.688, Q2 = 0.955, RZY = 0.996. These results were also
validated through 200 permutation analyses (Figure 52). Overall, these analyses collectively
demonstrated the substantial differences between the samples, together with the strong
similarity of the biological replicates and overall good sample repeatability within the study.
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Figure 3. Preliminary analysis of metabolomics data. Principal Component Analysis of metabolites
(a); Cluster analysis of metabolites (b).

3.3. Identification of Differential Flavonoid Metabolites and Their Functional Annotation and Enrichment

A volcano plot provides a quick way to see differences in the levels of metabo-
lites in two samples, as well as the statistical significance of these differences. In total,
214 significantly differentially abundant metabolites were detected for the 519-52 vs. BS-52
comparison (156 upregulated, 58 downregulated), while 188 were detected for the 519-54
vs. BS-54 comparison (120 upregulated, 68 downregulated) (Figure 4a,b). Differential
flavonoid metabolites were identified in the comparison group by combining the fold
change and variable importance in projection (VIP) values of the OPLS-DA model. When
using VIP > 1.0 and | Log2FC | > 1 as the threshold to define significant differences, for the
519-S2 vs. BS-52 comparison, 14 significantly differentially abundant flavonoid metabolites
were detected, including one isoflavone, one flavonoid carbonoside, five flavonols, two
flavonoids, one anthocyanin, one dihydroflavonol, one dihydroflavone, and two chal-
cones. Similarly, when comparing the 519-54 and BS-54 samples, 10 significantly different
abundant flavonoid metabolites were identified, including one isoflavone, one flavonoid
carbonoside, four flavonols, two flavonoids, one anthocyanin, and one chalcone. (Table S3).
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In addition, the KEGG enrichment analysis showed that the S19-52 vs. BS-52 and 519-54
vs. BS-54 groups were enriched in the flavone and flavonol biosynthesis pathway and the
flavone biosynthesis pathway (Figure 4c,d, Table S4).

Statistics of KEGG Enrichment d Statistics of KEGG Enrichment
L 1 L
. T - — 1 @

Rich factor Rich factor

Figure 4. Volcano plots for S19-S2 vs. BS-S2 and S19-54 vs. BS-54 (a,b), KEGG pathway enrichment
for S19-S2 vs. BS-S2 and S19-54 vs. BS-54 (c,d).

3.4. gRT-PCR

Flavonoid biosynthesis is an extremely complex pathway that entails the phenyl-
propane synthesis pathway and a range of secondary pathways including the flavonoid
and anthocyanin metabolic pathways. To more fully explore the molecular basis for the
observed differences in flavonoid- and flavor-related metabolites in these samples, qPCR
analysis was next used to profile the expression of key flavonoid metabolism-related genes
(Figure 5). The expression of PAL, C4H, 4CL, CHS, CHI, IFS, F3H, F3'H, DFR, ANS, ANR,
FLS, UTG, and FNS in BS was higher than that in 519, and the difference between PAL
and F3'H levels was the most significant. In BS-S2 and BS-54, the PAL expression levels
were 10.98 and 4.15 times that of 519, and F3’H expression levels were 3.38 and 6.93 times
that of 519, respectively, while the expression of both PAL and F3’H decreased with the
expansion of sweet potato root, which was consistent with the phenotypic data. However,
the expression level of FLS was completely opposite to the phenotype (Figure 2a). The
expression level of S19 in 52 and S4 was higher than that of BS, which was increased by
4.76 times and 20.66 times, respectively.

3.5. Flavonoid Biosynthesis Regulatory Network

To better understand the relationships between metabolites and genes in flavonoid
biosynthesis, the combination of metabolites and genes in a network can more intu-
itively show the relationship between gene expression and metabolite content (Figure 6).
IbPAL, IbF3'H, and IbFNS, which showed significant expression differences, were highly
expressed in BS, and IDFLS was highly expressed in 519. The BS and S19 metabolites
associated with flavonoid biosynthesis are flavonoid carbonoside, flavonols, flavonoids,
anthocyanins, dihydroflavonol, dihydroflavone, chalcones, and isoflavones. Of these, the
most marked difference in flavonoids was between naringenin and IbFNS catalysis, which
was 7.90 times the level of flavonoid expression of 519 in 54, compared with BS. It was
also observed that during this period, the kaempferol-4’-o-glucoside, 5,2’,5"-trihydroxy-
3,74 -trimethoxyflavone-2’-o-glucoside, luteolin-6-C-glucoside-7-O-(6"-fer arabinoside,
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and eriodictyol-7-O-glucoside contents of uloyl were also higher than those in S19. How-
ever, the content of eriodictyol-7-O-glucoside was significantly higher in BS than that
in S19. The expression level and metabolite content of IDFLS in S19-54 was higher than
that in BS. The main metabolites were kaempferol-3-O-galactoside (Trifolin), Kaempferol-
3-O-glucoside (Astragalin), Quercetin-7-O-glucoside*, Kaempferol-3-O-(2”-o0-acetyl) glu-
curonide, and kaempferol-7-O-glucoside*. It is worth noting that only one metabolite,
amoenin, was extremely abundant in BS-54. However, while the expression levels of IbPAL
and IbF3'H in BS were significantly higher than those in 519, no corresponding metabo-
lites were detected. This may be due to the accumulation of more substrates upstream of
Flavonoid synthesis for the synthesis of kaempferol and quercetin, which also indicates
that S19 is white in flesh.
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Figure 5. Flavonoid biosynthesis-related gene expression. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05.
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4. Discussion

Sweet potatoes are widely cultivated owing to the high nutritional value of both the
aboveground and storage root portions of these plants [30]. Flavonoids are key antioxidants
and nutritional compounds present within sweet potatoes, offering a range of health
benefits [30]. Total flavonoid content is also closely associated with the color of the flesh
of sweet potato storage roots, which are rich in pigments, including carotenoids [31] and
flavonoids [32]. In prior studies of carotenoids, the most abundantly detected within BS
storage roots was p-cryptoxanthin [33]. In contrast, less is known regarding the flavonoid
content in sweet potato roots, with most studies to date instead having examined sweet
potato leaves [34-36]. To address this knowledge gap, the flavonoid content in the storage
roots of the yellow-fleshed BS and white-fleshed S19 sweet potato varieties was assessed,
revealing significantly increased flavonoid levels in the BS storage roots compared to the
519 storage roots.

Genes associated with flavonoid biosynthesis have previously been characterized
in species including rice [6], maize [7], and ginkgo [37]. The mechanisms underlying
flavonoid biosynthesis in sweet potato plants, however, remain to be fully clarified. Here,
a combination of widely targeted metabolomics and qPCR analyses was conducted in an
effort to more fully understand this biosynthetic process. PAL, C4H, and 4CL generate
p-coumaroyl-CoA through a series of catalytic reactions, known as the general phenyl-
propane pathway [8]. In this process, the gene expression levels in BS were significantly
higher than those in 519, indicating that BS accumulated a large number of substrates
for subsequent reactions. Similarly, the expression of CHS was higher in BS and as its
catalytic product chalcone is an important yellow pigment in plants, the phenotype of BS
was yellow. However, the product of F3H, dihydroflavonol, acts as an important branching
point in the flavonoid synthesis pathway [38]. It is reported that FLS and DFR compete
for the common substrate dihydroflavonol to regulate the accumulation of flavonols and
anthocyanins [39]. Combining the analysis of gene expression and metabolite contents, it
was found that FLS was highly expressed in 519, and the detected metabolites were all
catalytic products of FLS. It can be seen that in 519, when dihydroflavonols were used as
substrates, the formation of flavonol branches was more likely. Flavonol synthase (FLS), a
key enzyme in flavonol biosynthesis, catalyzes the production of kaempferol and myricetin
by dihydrokaempferol and dihydromyricetin, respectively. The loss or altered expression
of FLS can affect the color of plant organs [40,41]. Interestingly, F3’H was significantly
upregulated in BS storage roots, whereas FLS expression was diametrically opposed to
that of F3'H. The heterologous overexpression of FLS in tobacco promotes flavonol biosyn-
thesis [42]. The high FLS expression in 519 resulted in increased levels of kaempferol and
quercetin derivatives. FLS is more active in catalyzing dihydrokaempferol than F3'H [42],
leading to the accumulation of kaempferol and quercetin derivatives in S19. The content
of dihydroflavonol products detected in 519 was significantly higher than that in BS. In
addition, studies have shown that the metabolites synthesized by IbFLS and IbFNS range
from colorless to light yellow [13], which also explains the high expression levels of IbFLS
and IbFNS in S19.

5. Conclusions

In summary, the dynamics of flavonoid biosynthesis and flavor-related compound
production were herein characterized over the course of maturation in the BS and S19
sweet potato cultivars through a widely targeted metabolomics approach. Metabolomics
analysis resulted in the identification of 16 flavonoid metabolites in BS and S19, among
which 519 accumulated large amounts of kaempferol and quercetin derivatives, indicating
that IbFLS was strongly expressed in 519 and participated in the formation of the white 519
flesh. The qRT-PCR results showed that the expression levels of 15 key genes related to
flavonoid synthesis, apart from IbFLS and IbFNS, were upregulated in BS, contributing to
the yellow color of BS. However, the high expression of IbFLS and IbFNS in S19 was found
to be interdependent with the corresponding metabolite content, which is consistent with



Agriculture 2023, 13, 1955 10 of 12

the metabolite group results, and is also the reason why S19 appears white. Overall, these
findings have important implications for the biosynthesis of flavonoids in sweet potatoes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture13101955/s1, Figure S1: Grouped principal component
analysis diagram. S19-S2vsBS-S2 (a), S19-S4vs BS-54 (b). Figure S2: OPLS-DA verification dia-
gram. S19-S2vsBS-S2 (a), S19-S4vs BS-54 (b). Table S1 qRT-PCR primer design. Table S2 Targeted
metabolites in the taproot of sweet potato. Table S3 Significantly different flavonoid metabolites.
Table S4 Metabolite statistics of different comparison groups.
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