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ARTICLE INFO ABSTRACT

Sweet potato [Ipomoea batatas (L.) Lam.] (2n = 6x = 90) is an economic important autopolyploid species and
its varieties differ regarding storage root skin and flesh colors. Two sweet potato genetic lines, Sushu8 (with red
skin) and its mutant Zhengshu20, which produced different colored storage roots, were used in this study. The
total flavonoid, carotenoid, and anthocyanin contents of the two lines were analyzed and revealed that antho-
cyanin was primarily responsible for the skin color difference. In addition, the early storage root expanding stage
was the key period for anthocyanin accumulation in Sushu8. A total of 24 samples, including the skins of the
fibrous root and the storage root at the early and middle expanding stages as well as the flesh of the storage root
at the middle expanding stage, were analyzed based on differentially expressed genes identified by transcriptome
sequencing and a weighted gene co-expression network analysis. Two gene modules highly related with the regu-
lation of sweet potato skin color through stress responses as well as starch synthesis and glucose metabolism were
identified. Furthermore, the WRKY75 transcription factor gene, fructose-bisphosphate aldolase 2 gene, and other
DEGs highly related to the regulation of anthocyanin metabolism were enriched in the brown and green modules.
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1. Introduction

Sweet potato [Ipomoea batatas (L.) Lam.], a dicotyledonous hexa-
ploid Convolvulaceae plant species (2n = 6x = 90), is an economically
important crop worldwide, mainly used as food, fodder, industrial ma-
terial, and an energy source (Katayama et al., 2017; Liu, 2011; Ora-
cion et al., 1990; Yang et al., 2018). In addition to being rich in
nutrients, such as starches, vitamins, and minerals, sweet potato also
contains functional components in its storage roots and leaves, includ-
ing carotenoids, anthocyanins, dietary fiber, and caffeoylquinic acids
(Tanaka et al., 2017). Sweet potato is generally regarded as a self-in-
compatible crop, with varietal differences in self- and cross-incompat-
ibilities among different genotypes (Fekadu et al., 2013). The poly-

ploidy, large number of chromosomes, outcrossing, and vegetative prop-
agation of sweet potato have resulted in the high heterozygosity and
variability in its genetic background (Katayama et al., 2017; Liu,
2017). Because sweet potato is a clonally propagated crop, mutation
breeding is effective for improving various sweet potato characteristics (
Wang et al., 2007).

There are many sweet potato varieties worldwide that vary regard-
ing storage root taste, size, shape, and skin and flesh colors. The main
skin and flesh colors are white, cream, yellow, orange, pink, red, and
purple (Ingabire and Hilda, 2011). Consumer acceptance of sweet
potato is primarily related to the storage root appearance and taste,
which are mainly influenced by biochemical components (Endrias et
al., 2016; Wang et al., 2018a). Sweet potato storage root col-
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ors ranging from white to orange to purple are determined based on the
pigments that are produced. The two main pigments in sweet potato are
carotenoids and anthocyanins, both of which are known for their antiox-
idant properties (Drapal et al., 2019; Teow et al., 2007; Yoshinaga
et al., 1999).

In plants, anthocyanins are responsible for the red, purple, and blue
coloration of tissues, but they are also important for seed dispersal and
pollination, while also functioning as a feeding deterrent and protect-
ing tissues from UV damage (Harborne and Williams, 2000; Timothy
and Edwina, 1995). The anthocyanins, flavonoids, and carotenoids are
the major pigments responsible for flower colors in ornamental plants
(Noman et al., 2017). Anthocyanins are initially synthesized in the
cytoplasm and transported to vacuoles, where they are sequestered to
form colors in different plant organs (Kou et al., 2019; Zhao and
Dixon, 2010). The three mechanisms proposed for the transport of
anthocyanins and flavonoids involve vesicles, glutathione S-transferase,
and membrane transporters (Kou et al., 2019; Zhao, 2015). More-
over, anthocyanin biosynthesis genes are regulated by the MBW com-
plex comprising transcription factors (i.e., MYB and bHLH) and the
WD40 protein (Feller et al., 2011; Gonzalez et al., 2008). The
biosynthesis and accumulation of anthocyanins in plants are affected by
diverse stress factors (Mahmood et al., 2016; Zhang et al., 2016).
For example, previous studies confirmed that eliminating reactive oxy-
gen species promotes anthocyanin biosynthesis and enhances drought
resistance (Castellarin et al., 2007; Nakabayashi et al., 2014). Un-
der intense light conditions, anthocyanin production is positively regu-
lated by the NAC transcription factor ANAC078, but is negatively reg-
ulated by JUB1/ANAC042, AtNAC032, and BoNAC019 (Mahmood et
al., 2016; Morishita et al., 2009; Wang et al., 2018b; Wu et al.,
2012).

The skin color of purple sweet potato is due to anthocyanin accu-
mulation. The molecular mechanism underlying the coloration of purple
sweet potato has been studied by several research groups, but less at-
tention has focused on the development of other sweet potato skin col-
ors (Kou et al., 2019; Wang et al., 2016a, 2018a). In this study,
two Chinese sweet potato genetic lines, namely Sushu8 and its mu-
tant, Zhengshu20 were thoroughly investigated. The Sushu8 and Zheng-
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shu20 storage root skin colors are red and yellow, respectively, but these
two lines are otherwise highly similar. Group clustering based on sim-
ple sequence repeat markers verified the similarity of their genetic back-
grounds (Yang et al., 2017).

Transcriptome investigation based on next-generation sequencing
technology is an efficient method for gene mining, especially for crops
such as sweet potato with no available reference genome. This method
may also be useful for identifying differentially expressed genes (DEGs)
and revealing the molecular mechanisms of sweet potato (Kou et al.,
2019; Ma et al., 2016; Yang et al., 2018). In this study, RNA se-
quencing and a weighted gene co-expression network analysis (WGCNA)
were used to examine 24 samples (four tissues or growth stages) of two
sweet potato genetic lines to identify the key candidate DEGs mediating
storage root skin color differences.

2. Materials and methods
2.1. Plant materials and sampling

Two Chinese sweet potato genetic lines with high yields and good
qualities were used in this study, namely Sushu8 (with red skin) and
its natural mutant, Zhengshu20 (with yellow skin) which obtained dur-
ing field breeding (Fig. 1). The two lines were planted in greenhouse
of Modern Agricultural Science and Technology Experiment Demon-
stration Base in Henan Academy of Agricultural Sciences, started with
sweet potato vines. After rinsing in clean water to remove any ad-
hering soil, the following four sample groups were collected in paral-
lel for each of the two lines at 50 days after planting: (1 and 2) the
skin of the fibrous root and of the storage root at the early expand-
ing stage (storage root diameter about 0.5 cm; collected skin approxi-
mately 1 mm thick); (3) the skin of the storage root at the middle ex-
panding stage (storage root diameter about 3 cm; collected skin approx-
imately 1 mm thick); and (4) the flesh of the storage root at the middle
expanding stage (storage root diameter about 3 cm; collected the cen-
tral part of the flesh). Three biological replicates were prepared for each
line and each replicate was bulked collected from five plants with equal
amounts of root tissues. A total of 24 samples (2 lines x 4 sampling tis-
sues x 3 replicates) were collected, and quickly frozen in liquid nitro-

Fig. 1. Morphological characteristics of Sushu8 and Zhengshu20. (A) Appearance of Sushu8 (Left) and Zhengshu20 (Right) plants grown in the field. (B) Shape of Sushu8 (Left) and
Zhengshu20 (Right) leaves. (C) Samples of Sushu8 (Left) and Zhengshu20 (Right). (D) Colors of storage root skin and flesh of Zhengshu20 (Top) and Sushu8 (Bottom). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)



Y. Yang et al.

gen for 5 min and then stored at —80 °C until analyzed (Table S1).
Samples were similarly prepared for analyses of the total flavonoid,
carotenoid, and anthocyanin contents of eight sample groups for the two
genetic lines, with four biological replicates for each group.

2.2. Sequencing and raw data quality control

Total RNA was extracted with TRIzol (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA) according to the manufactures’ protocol.
High-quality RNA samples were used for cDNA library construction and
sequencing by Genergy Biotech (Shanghai) Co., Ltd, with the Illumina
HiSeq 3000 platform (Illumina Inc., San Diego, California, USA) to gen-
erate paired-end 150-bp reads. Adapter sequences and low-quality frag-
ments were removed with the following parameters of the Skewer pro-
gram (Jiang et al., 2014) (version 0.2.2): m pe, -f sanger, -1 30, -q
35, -k 8, and -Q 35. The quality of the data before and after the qual-
ity control step was assessed with the default parameters of the FastQC
program (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
(version 0.11.5).

2.3. De novo transcript assembly

The fastq sequences for the data after the quality control step were
used for a de novo sequence assembly with the Trinity program (Grab-
herr et al., 2011) (version 2.6.5). The multi-sample mode was applied
so that all 24 samples were tab-delimited in a text file indicating the
relationships among biological replicates. The following program para-
meters were used: -seqType fq, —SS_lib_type FR, and —min_contig length
200. The final sequence assembly was output as a Trinity.fasta file.

2.4. Analysis of differentially expressed genes

The transcripts based on the Trinity sequence assembly were trans-
lated to proteins with the TransDecoder program (https://github.com/
TransDecoder/TransDecoder/releases) (version 5.5.0). A total of
321,357 protein sequences were obtained, but after removing redundant
sequences with the CD-HIT program (Li and Godzik, 2006) (version
4.7) (parameters: ¢ 0.98 and -n 5), 96,208 protein sequences remained.
The transcript sequences corresponding to the 96,208 protein sequences
were selected for a subsequent gene expression analysis. After determin-
ing the transcript index with the Salmon program (Patro et al., 2017)
(version 0.12.0), the gene expression levels of 24 samples were analyzed
with the Salmon quant function module, with the following parameters:
-libType IU and --validateMappings. Finally, the transcripts per kilobase
of exon model per million mapped reads (TPM) and the number of reads
mapped to each transcript (NumReads) for each gene were calculated.

The NumReads values of 24 samples were combined to screen for
DEGs. The NumReads data were analyzed with the DESeq2 package
(Love et al., 2014) (version 1.22.2) of the R program (version 3.5.1).
Normalized NumReads values were converted with the rlog function,
and the Pearson correlation coefficient was calculated with the as.ma-
trix function. Heat maps were plotted with the heatmap.2 function
of the pheatmap package (https://cran.r-project.org/web/packages/
pheatmap/index.html) (version 1.0.12). A principal component analysis
(PCA) was performed with the plotPCA function of DESeq2 and plot-
ted with R. The DEGs were screened according to the following criteria:
false discovery rate (i.e., adjusted p-value after multiple checks) < 0.05
and |log, fold-change| > 1. The screened DEGs were compared with vol-
cano plots and Venn diagrams that were plotted with the VennDiagram
package (Chen and Boutros, 2011) (version 1.6.20) of R.
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2.5. Weighted gene co-expression network analysis

The DEGs detected with DESeq2 were combined and the TPM values
for the 24 samples were determined. Each TPM value was increased by
0.01 and further transformed by a log;q calculation. The converted data
were analyzed with the R package WGCNA (Langfelder and Horvath,
2008; Zhang and Horvath, 2005) (version 1.66), with a power value
of 9.

2.6. Determination of total flavonoid, carotenoid, and anthocyanin contents

The 24 samples were ground in liquid nitrogen for extraction of
pigments, and spectrophotometric analysis on Multiscan GO instrument
(Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) by Shang-
hai Sanshu Biotechnology Co., Ltd. Flavonoids were extracted with
methanol as previously described method (Tian et al., 2005). An alu-
minum trichloride reagent was added to the extract for the complexation
of the 3-hydroxyl, 4-hydroxyl, 5-hydroxyl, 4-carbonyl, or the ortho-po-
sition phenolic hydroxyl group with AI3*. The resulting complex turned
red under alkaline conditions, and the absorbance of the solution was
measured at 510 nm. Carotenoids were extracted from ground samples
with an ethanol solution containing 0.1% butylated hydroxytoluene, af-
ter which the absorbance was measured at 440 nm (Rodrigues-Amaya
and Kimura, 2004). Anthocyanins were extracted from ground sam-
ples with formic acid according to Tian et al. (2005). The antho-
cyanins in the extract appeared red under acidic conditions, and the ab-
sorbance of the solution was measured at 520 nm.

2.7. Analysis of correlation between DEGs and total flavonoid, carotenoid,
and anthocyanin contents

The correlation coefficient between TPM values of all DEGs and total
flavonoid, carotenoid, and anthocyanin contents were calculated by us-
ing CORREL function in Excel to screen the DEGs underlying the differ-
ences of flavonoid, carotenoid, and anthocyanin contents. Both the top
50 positively correlated DEGs and the top 50 negatively correlated DEGs
related with each pigment were screened respectively. Then, their corre-
sponding gene connectivity ranking in the modules of WGCNA, and an-
notation by Arabidopsis Araportl1 database according to a blastx align-
ment (BLAST, version 2.6.0 +; set to -evalue 1le-5) were integrated for
comparison.

3. Results
3.1. Quality control of sequencing data and de novo transcript assembly

An average of 56.98 M raw reads were obtained per sample, with
55.36 M clean reads obtained per sample (on average) after the quality
control step. The clean reads had an average read length of 138.37 nu-
cleotides (nt) (Table S2). An analysis of the Trinity.fasta file with the
TrinityStats.pl script of the Trinity program revealed 919,584 transcripts
with a GC content of 42.57%, an N50 of 1493 nt, and an average length
of 832.65 nt after assembly. These transcripts corresponded to 242,218
unigenes (Table S3, Figs. S1A and B). The number of transcripts and
unigenes decreased with increasing length, and the most common length
was 200-500 nt. (Table S4, Figs. S1A and B). All clean data were
uploaded in the NCBI Sequence Read Archive database under the Bio-
Project PRINA562409 with SRA accession number SRR10034756-SR-
R10034764.
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3.2. Pearson sample clustering and principal component analysis

The calculated Pearson correlation coefficient, which reflects the lin-
ear correlation between variables, indicated there was a high correla-
tion between the storage root skin color in the early and middle expand-
ing stages and the storage root flesh in the middle expanding stage, but
a low correlation with fibrous roots (Table S5; Fig. S1C). The PCA
transforms multiple indicators into a few comprehensive indicators by
decreasing dimensionality, which simplifies complex factors to more ef-
fectively reflect data characteristics. According to the PCA results, the
three biological replicates within the same group were relatively closely
clustered, reflecting the high consistency among the biological replicates
(Fig. S1D).

3.3. Screening for differentially expressed genes

A pairwise comparison of the gene expression levels of samples re-
vealed relatively few DEGs between the storage root skin and flesh of
each genetic line at the middle expanding stage (Table S6; Figs. S2F
and H). Compared with Z4, there were 3265 DEGs in Z3. Compared
with S4, there were 4591 DEGs in S3 (Table S6). A comparison with
the fibrous root uncovered considerably more DEGs in each genetic line.
Compared with Z1, there were 13,453 DEGs in Z3 (Table S6). Com-
pared with S1, there were 14,368 DEGs in S3. There were substan-
tially more downregulated DEGs than upregulated DEGs in the com-
parison between the storage root skin in the early or middle expand-
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ing stage and the fibrous root in the two genetic lines (e.g., Z2 versus
71, Z3 versus Z1, S2 versus S1, and S3 versus S1) (Table S6; Figs. S2
and S3). S1, S2, S3, and S4 respectively represent the fibrous root skin,
storage root skin at the early expanding stage, storage root skin at the
middle expanding stage, and storage root flesh at the middle expanding
stage of Sushu8; Z1, Z2, Z3, and Z4 respectively represent the fibrous
root skin, storage root skin at the early expanding stage, storage root
skin at the middle expanding stage, and storage root flesh at the middle
expanding stage of Zhengshu20.

3.4. Weighted gene co-expression network analysis

After combining the DEGs detected with DESeq2 and removing du-
plicate DEGs, 29,282 DEGs were obtained. The TPM values correspond-
ing to these DEGs for the 24 samples were used for WGCNA. On the basis
of the subsequent WGCNA, the seven modules (i.e., blue, brown, green,
light cyan, light green, saddle brown, and white) highly correlated with
either the storage root skin and flesh or the Sushu8 and Zhengshu20 ma-
terials were selected for subsequent analyses (Fig. 2; Table 1). In each
module, the DEGs based on both Cytoscape network connectivity and
functions related to the regulation of sweet potato skin color in the top
20 DEGs within module were selected, and DEGs were annotated with
the Araportl1 Arabidopsis thaliana database (https://www.arabidopsis.
org) according to a blastx alignment (BLAST, version 2.6.0+; set to
-evalue 1e-5).

The annotations indicated that the DEGs within modules had re-
lated functions. The brown module contained some DEGs associ-
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Fig. 2. WGCNA of DEGs. (A) Scale-free topology model and mean connectivity. (B) Cluster dendrogram. (C) Module-trait relationships. Variables on the x-axis are genotypes (Sushu8 and
Zhengshu20), Skin, Flesh, Flavonoids, Carotenoids, and Anthocyanins. Variables on the y-axis are different modules.
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Table 1
Gene Modules highly correlated with the skin color of the storage root.

Module Skin

blue —0.63 (0.001)
brown 0.77 (1e-0.5)
green —0.66 (4e-04)
lightcyan —-0.28 (0.2)
lightgreen 0.71 (4e-04)
saddlebrown 0.62 (0.001)
white —0.71 (9e-05)

ated with stress responses (Table 2). For example, AT1G16670 (Ranks
1 and 2) encodes a cold-activated plasma membrane protein kinase 1
that may phosphorylate 14-3-3 proteins (Liu et al., 2017). Addition-
ally, AT5G14040 (Rank 3) encodes a mitochondrial phosphate trans-
porter that regulates plant responses to salt stress. Both AT5G13080
(Rank 4) and AT1G62300 (Rank 6) encode WRKY family transcription
factors. Specifically, AT5G13080 encodes the WRKY75 transcription fac-
tor, which is reportedly involved in regulating the accumulation of inor-
ganic phosphate (Pi) and anthocyanins in plants (Lei et al., 2014). The
AT1G62300 gene encodes the WRKY6 transcription factor, which con-
tributes to the A. thaliana response to low-Pi stress by regulating PHO1
expression (Chen et al., 2009). Furthermore, AT1G22180 (Rank 7) en-
codes a Secl4p-like phosphatidylinositol transfer family protein, which
regulates the dynamic balance of phosphoinositol and intracellular pro-
tein and lipid transport in yeast (Mousley et al., 2006).

The green module included DEGs related to starch synthesis and
glucose metabolism (Table 3). For example, AT4G39210 (Rank 1) en-

Table 2
Some highly related DEGs enriched in brown module.
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codes a glucose-1-adenosine phosphate adenylyltransferase family pro-
tein that forms the large subunit of ADP-glucose pyrophosphorylase and
catalyzes the first rate-limiting step of the starch biosynthetic pathway.
Moreover, AT5G48300 (Rank 2) encodes ADP-glucose pyrophosphory-
lase 1, which represents the small subunit of ADP-glucose pyrophos-
phorylase (Crevillén et al., 2005). The AT3G01180 gene (Ranks 3
and 11) encodes starch synthase 2, which affects the amylose: amy-
lopectin ratio (Zhang et al., 2008; Patterson et al., 2018). Further-
more, AT4G38970 (Rank 4) encodes fructose-bisphosphate aldolase 2
(FBA2), which is important for plant growth (Lu et al., 2012), whereas
AT5G03650 (Rank 8) encodes starch branching enzyme 2.2 (SBE 2.2),
which influences amylopectin branching, thereby affecting the compo-
sition, structure, and gelatinization properties of starch (Brummell et
al., 2015). The AT4G15210 gene (Rank 12) encodes the starch-degrad-
ing beta-amylase 5.

Some of the DEGs in the blue module were associated with trans-
membrane transport (Table 4). For example, AT4G13010 (Rank 2) en-
codes an oxidoreductase 2C zinc-binding dehydrogenase family protein
that participates in chloroplast transmembrane transport (Curien et
al., 2016). The AT1G08820 gene (Rank 5) encodes the vamp/synapto-
brevin-associated protein 27-2, which may be involved in normal ER-cy-
toskeleton interactions and plant development (Wang et al., 2016b).
Additionally, AT5G41620 (Rank 12) helps mediate the transport of vesi-
cles from the endoplasmic reticulum to the Golgi apparatus (Noda et
al., 2007). In contrast, AT5G57140 (Rank 7) encodes a purple acid
phosphatase (PAP) gene. A previous study revealed that the overexpres-
sion of AtPAP23 results in considerable increases in Fe and Mn contents
(Zhu et al., 2005).

The heat map clustering of the hubgenes (i.e., genes with the most
connections with the other genes in a module), expression barplot

Arabidopsis

Gene Rank  Connectivity = Flavonoids  Carotinoids  Anthocyanins  gene Araport11 annotation e-value
TR139396|c1_g15_i1 1 34.92273 0.32921 —-0.60831 0.385298 AT1G16670.1 Protein kinase superfamily protein 1.41E-163
TR139396|c1_g16_il 2 34.42297 0.327384 -0.62172 0.368762 AT1G16670.1 Protein kinase superfamily protein 9.64E-123
TR102589|c1_g10_il 3 33.64602 0.397355 —0.59242 0.601572 AT5G14040.1 phosphate transporter 3%3B1 9.90E-175
TR156288|c2_g2 i1 4 33.56723 0.385639 -0.60519 0.483593 AT5G13080.1 WRKY DNA-binding protein 75 1.04E-56
TR97258|c7_g14.i1 6 32.01261 0.338974 —0.56529 0.430169 AT1G62300.1 WRKY family transcription factor 2.61E-122
TR84256|c4_g11_i1 7 32.00228 0.495953 —-0.69947 0.466891 AT1G22180.4 Sec14p-like phosphatidylinositol transfer family 4.48E-135

protein

These DEGs were selected based on both Cytoscape network connectivity and functions related to the regulation of sweet potato skin color in the top 20 DEGs within module.

Table 3
Some highly related DEGs enriched in green module.

Arabidopsis
Gene Rank  Connectivity  Flavonoids  Carotinoids  Anthocyanins  gene Araport11 annotation e-value
TR123792|c0_g3.il 1 36.99565 —0.54006 0.739076 —0.38402 AT4G39210.2 Glucose-1-phosphate adenylyltransferase family 0
protein

TR131292|c13 g2 i2 2 36.00515 —0.53334 0.768119 —0.36353 AT5G48300.1 ADP glucose pyrophosphorylase 1 0
TR157756|c5_g4.i2 3 35.9626 —-0.625 0.722598 —0.4216 AT3G01180.1 starch synthase 2 0
TR115321|c2 g2 il 4 35.61248 —-0.63019 0.417875 —0.32768 AT4G38970.1 fructose-bisphosphate aldolase 2 0
TR115420|c6_g10_il 8 34.42375 —0.68871 0.809792 —0.35372 AT5G03650.1 starch branching enzyme 2.2 0
TR157756|c5_g5_i4 11 33.88138 —-0.61143 0.713405 —0.39885 AT3G01180.1 starch synthase 2 3.13E-06
TR97098|c4_g2 i2 12 33.31581 —0.58131 0.359368 —0.32008 AT4G15210.1 beta-amylase 5 0

These DEGs were selected based on both Cytoscape network connectivity and functions related to the regulation of sweet potato skin color in the top 20 DEGs within module.
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Table 4
Some highly related DEGs enriched in blue module.
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Arabidopsis
Gene Rank Connectivity Flavonoids Carotinoids ~ Anthocyanins gene Araportl1 annotation e-value
TR156862|c7_g15_il 2 36.01948 -0.11311 0.296728 —0.4434 AT4G13010.1 Oxidoreductase%2C zinc-binding dehydrogenase 1.01E-149
family protein
TR156237|c0_g1_i1 5 35.12084 —-0.10682 0.440621 —0.34988 AT1G08820.5  vamp/synaptobrevin-associated protein 27-2 2.81E-26
TR150361|c0_g1 i1 7 35.03601 —-0.1813 0.496543 —0.45321 AT5G57140.1  purple acid phosphatase 28 2.49E-104
TR176997|c1_g8_i1 12 34.33284 —-0.27324 0.537024 —0.41783 AT5G41620.4  intracellular protein transporter USO1-like 2.43E-130

protein

These DEGs were selected based on both Cytoscape network connectivity and functions related to the regulation of sweet potato skin color in the top 20 DEGs within module.

of eigengene (i.e., a representative of an entire gene co-expression mod-
ule) and the TPM histogram indicated that in the brown module, gene
expression levels were relatively high in the fibrous root of Sushu8, but
decreased in the storage root skin in the early and middle expanding
stages and in the flesh during the middle expanding stage (Fig. 3A and
B). The gene expression levels in the brown module exhibited similar
trends in Zhengshu20 and Sushu8, but the expression levels in each tis-
sue were lower in Zhengshu20 than in Sushu8 (Fig. 3A, B and S4
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Fig. 3. Heat map clustering of hubgenes and expression barplot of eigengene enriched in
the brown module (A, B) and green module (C, D). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

). The hub gene expression levels in the green module exhibited the op-
posite trend to those in the brown module, with low expression levels in
the fibrous root, but increased expression levels in the storage root skin
in the early and middle expanding stages as well as in the flesh during
the middle expanding stage (Fig. 3C and D). A comparison of the tissue
types between Zhengshu20 and Sushu8 proved that the gene expression
levels were higher in Zhengshu20 (Fig. 3C, D and S5).

3.5. Determination of total flavonoid, carotenoid, and anthocyanin contents

Small differences were detected in the total flavonoid and carotenoid
contents in the fibrous root and the storage root skin in the early ex-
panding stage of Sushu8 and Zhengshu20 (Fig. 4A and B; Table 5).
There was a significant difference in the total flavonoid content between
Sushu8 and Zhengshu20 in the storage root skin during the middle ex-
panding stage (Fig. 4A; Table 5). Additionally, Zhengshu20 accumu-
lated more total carotenoids than Sushu8 in the flesh during the mid-
dle expanding stage (Fig. 4B; Table 5). An analysis of the total an-
thocyanin content revealed significant differences between Sushu8 and
Zhengshu20 in the fibrous root, and even larger differences between the
two genetic lines in the storage root skin during the early expanding
stage (Fig. 4C; Table 5). There was a significant difference between
Sushu8 and Zhengshu20 regarding the total anthocyanin content in the
storage root skin during the middle expanding stage, but the trend was
lower than that during the early expanding stage (Fig. 4C). In the stor-
age root flesh during the middle expanding stage, there was no signif-
icant difference in the total anthocyanin content between Sushu8 and
Zhengshu20 (Fig. 4C; Table 5).

3.6. Analysis of correlation between DEGs and total flavonoid, carotenoid,
and anthocyanin contents

The integrated results of top 50 DEGs with high correlation coeffi-
cient with each pigment, gene connectivity ranking in the modules of
WGCNA, and annotation by Arabidopsis Araportl1 database were com-
pared. Within the top 50 positively correlated DEGs with flavonoids, 9
DEGs are enriched in brown module by WGCNA (Table S7). Within
the top 50 negatively correlated DEGs with flavonoids, 28 and 2 DEGs
are respectively enriched in green and blue modules by WGCNA (Table
S$8). Within the top 50 positively correlated DEGs with carotenoids, 19
and 4 DEGs are respectively enriched in green and blue modules by
WGCNA (Table S9). Within the top 50 negatively correlated DEGs with
carotenoids, 22 DEGs are enriched in brown module by WGCNA (Table
S$10). Within the top 50 positively correlated DEGs with anthocyanins,
30 DEGs are enriched in brown module by WGCNA (Table S11). Within
the top 50 negatively correlated DEGs with anthocyanins, 29 and 8
DEGs are respectively enriched in blue and green modules by WGCNA
(Table S12).
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Fig. 4. Histogram of the total flavonoid (A), carotenoid (B), and anthocyanin (C) contents. Asterisks indicate a significant difference compared with Zhengshu20 contents at
*P < 0.05 or **P < 0.01 (t-test). 1, 2, 3, and 4 respectively represent the fibrous root skin, storage root skin at the early expanding stage, storage root skin at the middle expanding stage,

and storage root flesh at the middle expanding stage.

Table 5
Total flavonoid, carotenoid and anthocyanin contents (mg/100 g fresh weight).

Sample Total flavonoids Total carotenoids Total anthocyanins

S1 2.58 + 0.30 2.65 + 0.28 13.70 = 2.92
(9.67E-02) (2.58E-02 *) (5.10E-04 **)

S2 3.38 + 0.43 5.00 + 0.28 62.85 + 15.03
(9.27E-01) (4.82E-02 *) (9.59E-04 **)

S3 2.44 * 0.27 5.52 + 0.41 5.90 = 2.68 (3.52E-02
(1.32E-03 **) (1.61E-01) *)

S4 1.09 + 0.16 6.36 + 0.06 0.78 + 0.26
(1.44E-02 *) (1.18E-05 **) (2.19E-01)

71 3.11 * 0.35 3.15 + 0.10 2.17 + 0.42

72 3.41 £ 0.43 543 + 0.14 1.22 = 0.24

Z3 1.16 + 0.28 4.61 * 0.89 1.66 = 0.43

zZ4 1.91 + 0.35 11.04 + 0.61 1.04 = 0.20

S1, S2, S3, and S4 respectively represent the fibrous root skin, storage root skin at the early
expanding stage, storage root skin at the middle expanding stage, and storage root flesh
at the middle expanding stage of Sushu8. Z1, Z2, Z3, and Z4 respectively represent the
fibrous root skin, storage root skin at the early expanding stage, storage root skin at the
middle expanding stage, and storage root flesh at the middle expanding stage of Zheng-
shu20. Asterisks indicate a significant difference compared with Zhengshu20 contents at
*P < 0.05 or **P < 0.01 (t-test).

4. Discussion

There are many sweet potato varieties worldwide, which vary in
terms of storage root skin and flesh colors. The two main pigments re-
sponsible for these color differences in sweet potato are carotenoids
and anthocyanins (Drapal et al., 2019; Wang et al., 2018a). The
total flavonoid, carotenoid, and anthocyanin contents of Sushu8 and
Zhengshu20 were measured and the results showed that the antho-
cyanin was the main pigment causing the storage root skin color dif-
ferences (Fig. 4; Table 5). A previous study of potato flesh color in-
dicated that anthocyanin contents were as high as 78 mg/100 g fresh
weight in growing tubers, but only 10-39 mg/100 g fresh weight in
fully mature tubers (Sulc et al., 2017). Similarly, our data revealed
that the early storage root expanding stage was the key period for
anthocyanin accumulation. The accumulation and stability of antho-

cyanins are affected by various environmental conditions, including
light, temperature, water stress, and pH, as well as by mechanical in-
juries and pathogen infections (Lin-Wang et al., 2011; Liu et al.,
2019; Velu et al., 2016). In A. thaliana, high temperatures decrease
anthocyanin accumulation and the expression of the genes in the antho-
cyanin biosynthetic pathway (Kim et al., 2017), whereas low temper-
atures increase the anthocyanin content (Leyva et al., 1995). In ap-
ple, anthocyanin biosynthesis is inhibited at high temperatures, which
is accompanied by the downregulated expression of the genes in the an-
thocyanin biosynthetic pathway (Lin-Wang et al., 2011). In tomato,
transcription factors SIAN2, S1AN1, and S1JAF13 mediate anthocyanin
biosynthesis at low temperatures (Kiferle et al., 2015; Qiu et al.,
2016). In potato, high temperatures significantly decrease the antho-
cyanin content in tubers. A study by Liu et al. (2019) proved that
StMYB44 regulates anthocyanin biosynthesis in potato flesh at high tem-
peratures.

In this study, 29,282 DEGs were detected by a pairwise comparison
of eight sample groups with the DESeq2 software. After a WGCNA of
the DEGs, seven modules with DEGs highly correlated with either the
storage root skin and flesh colors or the Sushu8 and Zhengshu20 ma-
terials were obtained (Fig. 2; Table 1). The DEGs related to the reg-
ulation of sweet potato skin color in top 20 DEGs based on Cytoscape
network connectivity in the brown, green, and blue modules were func-
tionally annotated (Tables 2—4). By comparision, we further found that
many of the highly correlated DEGs obtained by Excel CORREL func-
tion are highly coincident with the brown, green, and blue modules
obtained from WGCNA, suggesting the reliability of WGCNA. Although
most of the highly correlated DEGs obtained by Excel CORREL func-
tion are ranked lower in the modules, they showed some certain pat-
terns (Tables 2-4). For example, in the brown module, all the 6 DEGs
are positively correlated with flavonoids and anthocyanins, but nega-
tively correlated with carotenoids (Table 2). In contrast to the brown
module, the green module showed opposite trend that all the 7 DEGs
were negatively correlated with flavonoids and anthocyanins, but pos-
itively correlated with carotenoids (Table 3). The trend of the blue
module is similar to that of the green module, but the absolute value
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of correlation coefficient between the 4 DEGs and flavonoids are smaller
(Table 4).

In the brown module, AT1G16670 (Ranks 1 and 2) encodes a
cold-activated plasma membrane protein kinase that may phosphorylate
the 14-3-3 proteins. The phosphorylated 14-3-3 proteins are shuttled
from the cytosol to the nucleus, where they interact with and regulate
the stability of the key cold-response C-repeat-binding factor proteins,
thereby influencing the response to cold stress (Liu et al., 2017). Some
studies confirmed that temperature particularly affects anthocyanin me-
tabolism in diverse plant species (Kiferle et al., 2015; Kim et al.,
2017; Leyva et al., 1995;Lin-Wang et al., 2011; Liu et al., 2019;
Qiu et al., 2016). The AT5G13080 (Rank 4) and AT1G62300 (Rank
6) DEGs respectively encode important WRKY family transcription fac-
tors WRKY75 and WRKY®6, which is reportedly involved in regulating
root development and responses to insufficient nutrient availability. The
WRKY75 transcription factor is an important component of Pi stress re-
sponses and a positive regulator of many phosphate starvation-induced
genes. Anthocyanins accumulate under Pi starvation conditions, with
WRKY75 considerably mediating the accumulation and absorption of
anthocyanins in plants (Devaiah and Raghothama, 2007a; Devaiah
et al., 2007b). Additionally, WRKY6 is involved in the response of
A. thaliana to low-Pi stress by regulating PHO1 expression. The regula-
tion of PHO1 by WRKY6 is dependent on Pi, and an exposure to low
Pi conditions can release the inhibition of PHOI1 expression, possibly
via proteolysis mediated by the 26S proteasome (Chen et al., 2009).
Moreover, conserved WRKY-based regulatory mechanisms contribute to
the A. thaliana proanthocyanidin pathway and the petunia anthocyanin
pathway (Lloyd et al., 2017; Verweij et al., 2016). Verweij et al.
(2016) proposed a model in which the petunia MBW complex activates
PH3 expression. The PH3 WRKY factor then combines with the MBW
complex to target the expression of PHI and PHS5, resulting in the acid-
ification of vacuoles to modify flower colors. Our results suggest that
both cold response-related genes and WRKY transcription factors may
promote the anthocyanin accumulation in the sweet potato storage root
skin.

In the green module, AT4G39210 (Rank 1) and AT5G48300 (Rank
2) encode the large and small subunits of ADP-glucose pyrophosphory-
lase, respectively. The large subunit (ApL) plays a regulatory role, and
ApL3 is the major large subunit type in the inflorescence, fruit, and root.
The small subunit (ApS) has a catalytic role, and ApS1 is the main small
subunit type in plant tissues (Crevillén et al., 2005). The AT3G01180
gene (Ranks 3 and 11) encodes starch synthase 2, which is an important
enzyme for the starch synthesis in leaves because it extends the inter-
mediate-length glucan chains (Patterson et al., 2018; Zhang et al.,
2008). Moreover, AT5G03650 (Rank 8) encodes the SBE2.2. In cassava,
SBE2.2 is highly expressed in the leaves, stem cortex, and root stele, and
is increasingly expressed in growing storage roots, suggesting that it may
be important for the starch biosynthetic pathway (Pei et al., 2015).
Furthermore, AT4G38970 (Rank 4) encodes FBA2, which is a crucial en-
zyme in plants because of its functions associated with glycolysis and
gluconeogenesis in the cytoplasm and the Calvin cycle in plastids (Lu et
al., 2012).

Starch accumulates in chloroplasts during the day and is degraded
to sugars at night when photosynthesis is not active (Zeeman et al.,
2010). In plants, the regulation of sugar levels is not only due to sim-
ple metabolic effects or osmotic pressure because sugars also serve as
signaling molecules and exhibit hormone-like signal transduction func-
tions (Moore et al., 2003). In A. thaliana, the upregulation of the
anthocyanin biosynthetic pathway is dependent on sucrose. The ex-
pression levels of several genes, including C4H, CHS, CHI, F3H, F3'H,
FLS, DFR, LDOS, UF3GT, and MYB75/PAP1 (transcription factor genes),
are reportedly regulated by sucrose (Solfanelli et al., 2006; Teng
et al., 2005). Zheng et al. (2009) previously confirmed that grape
berries were most sensitive to sugars at 70 days after flowering, suggest-
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ing that sugar may induce anthocyanin accumulation in grape berries
through a hexokinase-dependent pathway. A proteome-level investiga-
tion by Wang et al. (2016a) proved that 40% of the identified differ-
entially expressed proteins were involved in the starch metabolism and
glycolysis related to the synthesis of anthocyanin precursors. Moreover,
the starch in purple sweet potato might be degraded to glucose-1-phos-
phate, which then enters the glycolytic and shikimate pathways to pro-
duce anthocyanin precursors. Our results suggest that glucose metab-
olism may be involved in the anthocyanin accumulation in the sweet
potato storage root.

5. Conclusions

The data presented herein revealed that anthocyanin was the main
pigment responsible for the color differences between Sushu8 and
Zhengshu20. Additionally, the early storage root expanding stage was
the key period for anthocyanin accumulation in Sushu8. Two gene
modules (i.e., brown and green modules) related to stress responses,
starch synthesis, and glucose metabolism were screened based on a DEG
analysis and WGCNA after a transcriptome sequencing step. Moreover,
WRKY75 (AT5G13080), FBA2 (AT4G38970), and other DEGs highly re-
lated to the regulation of anthocyanin metabolism were enriched in the
two modules.
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