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Abstract
To better understand anthocyanin biosynthesis in mulberry fruit, we analyzed the transcriptome of Da 10
(Morus atropurpurea Roxb, black fruit) and Baisang (Morus alba L., white fruit). Although Da 10 had high
levels of cyanidin 3-O-glucoside (Cy) and pelargonidin 3-O-glucoside (Pg), Baisang contained only Cy, at
low levels. Comparative transcriptome analysis resulted in the annotation of more than 27,085 genes
(including 1,735 new genes). Differentially expressed genes (DEGs) were detected at three developmental
stages—S1 (4,256 genes, 10 DPA), S2 (5,612 genes, 19 DPA), and S3 (5,226 genes, 28 DPA)—when
comparing Da 10 and Baisang. Anthocyanin biosynthesis was associated with the expression of 15 core
genes and 5 transcription factors. Relative to Baisang, Da 10 showed signi�cant upregulation of the
genes involved in the early stages (production of the intermediate compounds, chalcone and
dihydro�avonol) and late stages (production of Cy and Pg) of anthocyanin biosynthesis. Baisang
showed signi�cant downregulation of the genes involved in the early stages of anthocyanin biosynthesis,
and overexpression of �avanone 3-hydroxylase, resulting in the generation of quercetin and/or myricetin
but not anthocyanins. Anthocyanin biosynthesis in mulberry fruit was fueled by the precursor,
phenylalanine, the intermediates, chalcone and dihydro�avonol, and the products, Cy and Pg, involving
the anthocyanin biosynthesis pathways.

Introduction
Anthocyanins are water-soluble natural pigments that belong to the class of �avonoids. More than 635
anthocyanins have been identi�ed to date, and this versatile group of phenolic molecules is responsible
for the vivid blue, purple, and red colors of many fruits, seeds, leaves, and �owers (Andersen and
Jordheim, 2006). However, approximately 95% of all anthocyanins in nature are derived from six major
anthocyanidins (aglycones): cyanidin (Cy), peonidin (Pn), pelargonidin (Pg), malvidin (Mv), delphinidin
(Dp), and petunidin (Pt) (Kong et al. 2003). The presence and concentration of these molecules contribute
to the appearance of plant tissues. For example, different blue shades in �owers are attributable to Dp,
whereas reddish hues are attributable to cyanidin Cy (Qi et al., 2013). In addition to their roles as
colorants, certain anthocyanins exert antiviral, antibacterial, and fungicidal activities (Konczak and Zhang
2004; Wrolstad 2004). They have the potential, therefore, to protect plants from infections by pathogenic
microorganisms.

Anthocyanins present low toxicity to mammals and other vertebrates (Lee et al. 1987), and numerous
studies indicate that anthocyanins have health-promoting effects, such as anti-in�ammatory,
anticarcinogenic, and cardioprotective activity, as well as obesity controlling and diabetes alleviating
properties. The bene�cial effects of anthocyanins, observed in cell-line assays, animal studies, and
clinical trials, are associated with their strong antioxidant capacity (He and Giusti, 2010). These
bioactivities have motivated research on anthocyanins, which are now among the most studied and best
understood compounds in plant science. The anthocyanin biosynthesis pathway and regulatory
mechanisms at the transcriptional level have been thoroughly investigated in many plant species (Dixon
et al., 2013; Albert et al., 2014). Although the anthocyanin biosynthesis pathways in maize, snapdragon,
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and petunia share many common reactions, the mechanisms that control anthocyanin in different plant
species are still unclear (Holton and Cornish, 1995). These mechanisms ultimately affect the total
anthocyanin content, which varies substantially across plant species and even cultivars (Wu et al. 2006).

The mulberry tree (Morus spp.) is not only a plant source for feeding Bombyx mori, but also a long-used
medicinal plant in countries in eastern Asia. In China, mulberry fruit is used as an herbal medicine to
protect against liver and kidney damage, strengthen the joints, and improve eyesight; it is used for its anti-
aging effects, and to treat sore throats, fever, hypertension, and anemia (Li, 1982). Anthocyanins are a
chemically diverse class of secondary metabolites that provide the color in most �owers and fruits. They
are essential antioxidants, and are therefore commonly found in human foods. Mulberry fruit contain
high amounts of anthocyanins, whose levels are associated with the different fruit colors (Kang et al.,
2006). At least 11 anthocyanins have been identi�ed in mulberries, and their main components are
cyanidin-3-O-glucoside and cyanidin-3-O-rutinoside (Du et al., 2008; Lee et al., 2004). Studies on the
biosynthesis of mulberry anthocyanins have mainly focused on the characterization and expression of
few selected genes involved in their synthesis (Li et al., 2014; Qi et al., 2014). However, the available
information is limited and does not allow a full understanding of anthocyanin biosynthesis in mulberries.
There are about 15 mulberry species (M. alba, M. nigra, M. multicaulis, M. atropurpurea, M. bombycis, M.
mizubo, M. wittiorum, M. laevigata, M. cathayana, M. serrata, M. mongolica, M. notabilis, M. nigriformis,
M. yunnanensis, and M. australis), and more than 100 mulberry fruit varieties around the world, and one
of the most prominent differences between varieties is their color, which can be black, pink, red, or white.
Such natural variation among mulberry types provides opportunities for elucidating anthocyanin
biosynthesis pathways.

Therefore, we characterized and compared the transcriptional activity of two mulberry varieties, Da 10
(black fruit) and Baisang (white fruit), at different developmental stages (days post-anthesis, DPA), S1
(10 DPA), S2 (19 DPA), and S3 (28 DPA), using the Illumina sequencing technique. Then, the differentially
expressed genes (DEGs) determined by RNA-Seq were carried out using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases. Transcriptome data were validated comparing
RNA-Seq results with quantitative real-time PCR (qPCR) results. We also explored the regulatory role of
transcription factors in anthocyanin synthesis to form a better view of the mechanism of mulberry fruit
color development.

Materials And Methods

Plants and reagents
Fruit samples from two mulberry genotypes, black fruit (the Da 10 variety) and white fruit (the Baisang
variety) (Fig. 1), were collected from the mulberry garden of the Sericultural Research Institute, Sichuan
Academy of Agricultural Sciences, China. Fruit samples at de�ned developmental stages, S1 (green, 10
DPA), S2 (half-mature, 19 DPA), and S3 (mature, 28 DPA), were harvested, frozen by liquid nitrogen and
immediately stored under − 80 °C for anthocyanin determination and transcriptome analysis.
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Anthocyanin analytical standards (for delphinidin, cyanidin, pelargonidin, peonidin, and malvidin) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Iodomethane, dimethyl carbonate, dimethyl
phosphate, and acetonitrile were purchased from Sangon Biotech (Shanghai, China). The other reagents
were of analytical grade.

Determination of mulberry anthocyanin levels
The extraction and determination of anthocyanins from mulberry fruit were performed using our
previously described method (Ajaykrishna et al., 2018). Anthocyanins extraction were carried out with
acidi�ed methanol (methanol and 1.0 N HCl, 85:15, v/v), assisted by ultrasound. The extracts were
concentrated by evaporation at 50 °C, using a rotating evaporator, and were re-dissolved in acidi�ed
methanol. Individual anthocyanins were separated and quanti�ed using a high-performance liquid
chromatography (HPLC) system (1260 In�nity II LC; Agilent Technologies Inc., CA, USA), coupled to a dual
wavelength ultraviolet–visible detector and a data acquisition system (Millennium Chromatography
Manager version 2.15.01, Waters Corporation, MA, USA). A reversed-phase chromatography column
(Supelcosil LC-18-DB, 25 cm × 4.6 mm i.d., Agilent) was used at room temperature.

RNA extraction and sequencing
Total RNA isolation was performed using an RN09-EASY spin plus Plant Kit (Aidlab Biotech, Beijing,
China) using our previously described method (Yin et al., 2017). Brie�y, the integrity of RNA was veri�ed
by agarose gel electrophoresis, and the concentration was measured using a 2100 Bioanalyzer (Agilent
Technologies, CA, USA). The cDNA library for each sample was constructed using enriched mRNA. High-
quality RNA of each sample was used for the subsequent RNA sequencing. RNA-Seq data were obtained
using the HiSeq™ 2500 platform (Illumina, San Diego, CA, USA) at Guangzhou Gene Denovo
Biotechnology Co. Ltd (Guangzhou, China).

Normalization and identi�cation of DEG
Sequencing reads were mapped to reference sequences of M. notabilis using SOAPaligner/SOAP2 (Li et
al., 2009). Gene expression levels were measured as fragments per kilobase of exon model per million
reads mapped (FPKM). The longest transcript was used to calculate the FPKM.

DEGs were identi�ed by comparing the expression levels of transcripts of Da 10 and Baisang at the same
developmental stage. The false discovery rate (FDR) was analyzed to adjust the p-value threshold
(Rajkumar et al., 2015) for the correction of multiple testing. To assess changes in gene expression
patterns during fruit ripening within the two genotypes, expression pattern analysis was performed using
Short Time-series Expression Miner (STEM, version 1.3.8) (Ernst and Bar-Joseph, 2006) based on all the
DEGs of Da 10 and Baisang mulberries.

Annotation and functional classi�cation of GO and KEGG
All expressed genes were functionally annotated using following databases, NCBI nonredundant protein
database (Nr), Kyoto Encyclopedia of Genes and Genomes (KEGG), Clusters of Orthologous Groups of



Page 5/17

proteins database (COG), and the Swiss-Prot database. To do so, BLASTX with an e-value cutoff of 1e-5
in Blast2GO (Yin et al., 2017) were used. For transcript sequences, the matched protein with the highest
similarity rate was calculated as the optimal annotation.

Gene Ontology (GO) classi�cation was performed for the upregulated genes in Da 10 and Baisang using
Web Gene Ontology Annotation Plot (WEGO) (Yin et al., 2017), and a χ2 test was used to identify GO
terms over-represented (or under-represented) in one variety compared with the other. To identify KEGG
pathways, the numbers of up- and downregulated genes in each genotype to those in reference set were
compared .

Validation and expression analysis
A set of genes predicted by RNA sequencing to be related to color development were selected for qPCR
assays. First-strand cDNA was synthesized using the FastQuant RT Kit (TIANGEN Biotech, KR106, Beijing,
China). Gene-speci�c primers for qPCR were designed by Primer Premier software (Table S3). The
Morus010170 gene was used as internal control to normalize gene expression. The qPCR assays were
performed using SYBR Premix Ex TaqII (Tli RNaseH Plus; Takara Bio, Shiga, Japan) in a LightCycler 480
(Roche, Basel, Switzerland) according to the manufacturer’s instructions. Three independent biological
replicates were carried out for each gene to ensure reproducibility and reliability. A regression analysis
was generated between qPCR and RNA sequencing data, including 20 genes of the two genotypes at the
three fruit ripening stages, using R version 3.1.3 (http://cran.r-project.org/).

Results And Discussion

Major classes of color compounds in mulberry fruit
To examine the biochemical information of the lack of color phenotype of white mulberry fruit, we
compared the anthocyanin content of the two mulberry varieties, Da 10 and Baisang, at different
developmental stages. In Da 10, fruit color changed from green, to purple, and then to black at the S1, S2,
and S3 stages, respectively (Fig. 1). For the Baisang variety, mulberries changed from green, to light
green, and then to white at the S1, S2, and S3 stages, respectively (Fig. 1). The anthocyanin content in Da
10 comprised Cy and Pg. At S1, none of the measured anthocyanins were detected, whereas Cy and Pg
levels were 23.533 ∝g/g 4.197 µg/g, respectively, at S2. Cy and Pg levels increased during the ripening of
Da 10, reaching 375.29 and 24.423 µg/g, respectively, at stage S3. In Baisang, Cy was the only
anthocyanin detected; its levels ranged from 4.87 ∝g/g at S2 to 10.957 ∝g/g at S3 (Table 1). The other
anthocyanins, Dp, Pn, and Mv, were not detected in either variety at any developmental stage. Although
the Baisang fruit appear white, they contain Cy at a low level. The two anthocyanins detected in this
experiment, Cy and Pg, are cyanidin derivatives, which is consistent with earlier reports (Dugo et al. 2001;
Qi., 2104). These results con�rm, at the metabolite level, the genotype-dependent difference in the
accumulation of anthocyanins in mulberry varieties, and the association between color and anthocyanin
levels. In that regard, Cy and Pg seem to be the main anthocyanins determining the color of mulberry
fruit. Lou et al. reported that Cy is present in the white �owers of grape hyacinth with a very short time
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(Lou et al., 2014). Once it is formed, the unstable Cy would be transferred to the colorless epicatechin,
which would permanently prevent the formation of stable color pigments by later glycosylation and other
reactions.

Transcriptome sequencing, clustering, and functional
enrichment of DEGs
After quality �ltering, 33.77–74.56 million high-quality pair-end reads of 150 bp were obtained. Next, rRNA
reads were removed and sequencing reads were mapped to the Morus notabilis Schneid. genome
(https://morus.swu.edu.cn/morusdb/), resulting in the annotation of more than 27,085 genes, including
1,735 new genes (Table S1).

DEGs were identi�ed using the edgeR package (http://www.rproject.org/). Comparing the sequenced
transcripts at the S1 and S2 stages, 5,513 and 3,973 DEGs were detected in the fruit of Da 10 and
Baisang, respectively. Comparing S2 and S3, more DEGs were identi�ed: 7,204 and 5,359, for Da 10 and
Baisang, respectively. The comparison between the varieties detected 4,256, 5,612, and 5,226 DEGs at the
S1, S2, and S3 developmental stages, respectively (Fig. 2a).

To analyze DEG expression patterns, the expression data at each stage were normalized to 0, log2(v1/v0),
log2(v2/v0), and then clustered using Short Time-series Expression Miner software (STEM). The DEGs in
the fruit of Da 10 and Baisang were clustered into eight pro�les based on the gene expression patterns.
Pro�les 0, 1, and 3 were signi�cantly enriched in Da 10, whereas pro�les 0, 3, and 7 were signi�cantly
enriched in Baisang (Fig. 2b). The DEGs in pro�les 0 and 3 were downregulated in both genotypes. To
understand the relationship between the enriched genes and metabolite accumulation, the DEGs in
pro�les 0, 3, and 7 were annotated for both varieties. Pro�le 7 contained 25 genes in Da 10 and 10 genes
in Baisang that were related to biosynthesis of secondary metabolites. In pro�le 7, more of the genes
involved in carbohydrate metabolism, lipid metabolism, and energy metabolism were from Baisang than
from Da 10 (Fig. 2c). Pathway enrichment analysis showed that phenylalanine, tyrosine, and tryptophan
biosynthesis, phenylpropanoid biosynthesis, �avonoid biosynthesis, and anthocyanin biosynthesis were
signi�cantly enriched in pro�le 7 for Da 10. This indicates that anthocyanins were synthesized from the
precursor, phenylalanine, followed by phenylpropanoid, �avonoid, and anthocyanin biosynthesis. In
Baisang, pro�le 7 contained genes involved in fructose and mannose metabolism, fatty acid metabolism,
glycolysis/gluconeogenesis, and fatty acid biosynthesis, which may cause the higher sugar content in
Baisang than in Da 10 (Fig. 2d).

Anthocyanin biosynthesis pathway in mulberry fruit
Anthocyanin synthesis in leaves, fruits, and �owers of Arabidopsis thaliana, grape, and hyacinth is related
to three secondary metabolic pathways: the phenylpropanoid, �avonoid, and anthocyanin biosynthesis
pathways (Lou et al., 2014; Xie et al., 2016; Savoi et al., 2016). The lack of color development in white
mulberries would require a complete blockage of the anthocyanin biosynthesis pathway, which probably
occurs before Dp and Cy are formed (Lou et al., 2014). Therefore, we compared the abundance of the
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anthocyanin biosynthesis pathway candidate genes between the Da 10 and Baisang transcriptomes to
identify the key transcripts involved in anthocyanin metabolism. Three genes involved in phenylalanine,
tyrosine, and tryptophan biosynthesis, chorismate mutase (CM), arogenate dehydratase (PDT), and
aspartate-prephenate aminotransferase (PAT), were upregulated in Da 10 but not upregulated in Baisang
(Table S2). Other genes overexpressed in Da 10 relative to Baisang include those related to
phenylpropanoid biosynthesis, �avonoid biosynthesis, and anthocyanin biosynthesis (Table S2, Fig. S1).
Therefore, the pathways involved in phenylalanine, tyrosine, tryptophan, phenylpropanoid, �avonoid, and
anthocyanin biosynthesis are key for the development of the Da 10 phenotype.

To obtain a global picture of the anthocyanin biosynthesis pathway in mulberry fruit, we compared the
transcript levels of genes involved in anthocyanin synthesis, and the main metabolic branches
associated with it, in Da 10 and Baisang. The schematic representation of anthocyanin metabolism with
its core metabolites and enzymes in mulberry fruit (Fig. 3) highlights the key steps that differ between the
two mulberry varieties. Chalcone synthase (CHS) expression levels were more than 40 times higher in
black mulberries than in white fruit (Figs. 4 and 5). Such overexpression would lead to a large production
of the intermediate metabolite, naringenin chalcone, in black mulberry. CHS catalyzes the �rst reaction for
anthocyanin biosynthesis, and subsequently helps to form chalcone (intermediate), which is the primary
precursor of �avonoids (Koes et al., 1989). Therefore, when chalcone synthesis is constrained, both
anthocyanin production and that of nearly all other �avonoids, is affected (Clark et al., 2011). Another
gene upregulated in Da 10 is naringenin, 2-oxoglutarate 3-dioxygenase (F3H, M026681), whose
expression levels in black mulberries were about 12 times higher than in white fruit (Figs. 4 and 5). Such
a high expression is expected to produce large amounts of the other intermediate metabolite,
dihydrokaempferol. The upregulation of these two pathways would boost the supply of naringenin
chalcone and dihydrokaempferol, thereby promoting the synthesis of anthocyanins in black mulberries
(Fig. 3).

At the early developmental stage, both black and white mulberries shared the same levels of
anthocyanins and patterns of gene expression. The presence of both Cy and Pg in black mulberries later
in development indicates that the anthocyanin biosynthesis pathway must be induced fairly far
downstream, in one of the late reactions catalyzed by enzymes such as dihydro�avonol 4-reductase
(DFR), anthocyanidin synthase (ANS), or anthocyanidin 3-O-glucosyltransferase (UFGT). In contrary, the
presence of myricetin in the white fruit indicates that the �avonol synthase/�avanone 3-hydroxylase
(FLS) was signi�cantly expressed in upregulation (Figs. 3 and 4). These hydroxylation reactions are
essential to the formation of different kinds of anthocyanins, and eventually produce various colors.
Indeed, anthocyanin accumulation are associated with the expression of the genes encoding the
enzymes that participate in these reactions (Castellarin and Gaspero, 2007; Wang et al., 2010; Yuan et al.,
2013).

Genes related to anthocyanin biosynthesis
Genes that regulate the anthocyanin biosynthesis pathway are generally classi�ed as early and late
genes (Deroles 2009). The early genes include CM, Arogenate dehydratase/prephenate dehydratase 6
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(PDA), phenylalanine ammonia-lyase (PAL), 4-coumarate-CoA ligase (4CL), CHS, chalcone-�avonone
isomerase (CHI), and F3H, which lead to the formation of dihydro�avonols. The late genes, DFR, ANS,
UFGT, and cyanidin-3-O-glucoside 2-O-glucuronosyltransferase (UGAT), lead to the generation of
anthocyanins (Table S2, Fig. 3). We identi�ed 15 core genes and 5 transcription factors related to
anthocyanin biosynthesis (Table S2). Eighteen of these were upregulated; only FLS and the MYB
transcription factor (M011278) were downregulated in black mulberries relative to white fruit (Fig. 4).
Notably, both the early gene (CM, PAT, PAL, CYP, 4CL, and CHS) and late genes (DFR, ANS, UFGT, and
UGAT) were signi�cantly downregulated in white mulberries relative to black mulberries (Fig. 4). The
outcome of the downregulation of UFGT would be synthesis of lower levels of Mv and Pg, whereas the
downregulation of UGAT would lead to lower levels of Cy. Chalcone synthase is a plant-speci�c
polyketide synthase that plays a key role in �avonoid biosynthesis. In strawberries, CHS is expressed not
only in the petals but also in the fruit, where its transcripts are abundant (Almeida et al., 2007). During
strawberry ripening, upregulation of the CHS, F3′H, DFR, and UFGT genes corresponds to an increase in
enzymatic activity in the fruit (Halbwirth et al., 2006), which results in anthocyanin accumulation at the
ripe red stage. Similar results were observed for ANS expression and anthocyanin accumulation in Allium
cepa (Kim et al., 2005), Duchesnea indica (Debes et al., 2011), and Morus alba (Li et al., 2014; Qi et al.,
2014).

The formation of �avonols from dihydro�avonols is catalyzed by FLS. It can act on dihydrokaempferol to
produce kaempferol, on dihydroquercetin to produce quercetin, and on dihydromyricetin to produce
myricetin. Compared with the black mulberry, FLS expression was upregulated in the white mulberry
(Fig. 4). In the white variety, the low levels of anthocyanin intermediates might have contributed to the
downregulation of core the anthocyanin biosynthesis pathway genes, inhibiting the synthesis of cyanidin,
whereas the upregulation of FLS gene expression would block the synthesis of anthocyanins.

The analysis of the transcriptome data resulted in the annotation of 1,217 transcription factors. Among
these, 899 transcription factors were differentially expressed, including 78 MYB transcription factors, 83
bHLH (basic helix-loop-helix) transcription factors, and 31 MYB-related transcription factors. Most
transcription factors involved in the regulation of genes related to the anthocyanin biosynthesis pathway
belong to the MYB and bHLH transcription factor families. The functions of MYB transcription factors in
the regulation of genes associated with anthocyanin accumulation have been investigated in numerous
plant species, such as rice (Oryza sativa), Arabidopsis thaliana, maize (Zea mays), petunia (Petunia
hybrida), grapevine (Vitis vinifera L.), snapdragon (Antirrhinum majus), apple (Malus domestica), and
poplar (Populus tremuloides), using the genetic and molecular analyses (Dubos et al., 2010). The bHLH
proteins form the second largest family of transcription factors in plants, where they play an important
role of metabolic, physiological, and developmental processes (Pires and Dolan, 2010). Here, we found
that the expression of such transcription factors differed greatly between Da 10 and Baisang.
Transcription factors of the MYB (M022975 and M019093) and bHLH (M026077 and M022662) families
involved in anthocyanin biosynthesis were upregulated in black mulberries relative to white mulberries,
whereas MYB (M011278) showed an inconsistent expression pattern.
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Expression validation of core genes and transcription
factors using qPCR
In order to verify the expression levels of core genes and transcription factors related to mulberry
anthocyanin synthesis, we selected the Morus010170 gene as a reference gene, because it had stable
expression in all stages in both genotypes in the transcriptome data. We then validated the expression of
19 genes using qPCR (Fig. 5). According to the qPCR results, the expression levels of these genes at
different developmental stages were consistent with those obtained using RNA-SEq. The expression
levels of all 19 genes (and particularly of CHS, F3′H, F3H, DFR, and ANS) were much higher in Da 10 than
in Baisang. Gene expression was signi�cantly higher at stages S2 and S3 than at stage S1, in all
samples. These results suggest that these 19 genes are involved in the biosynthesis of Cy and Pg
through the mulberry anthocyanin biosynthesis pathway.

In conclusion, these biochemical and molecular �ndings provide deeper insight into the mechanisms of
synthesis and accumulation of anthocyanins in different mulberry genotypes. The levels of two
anthocyanins, Cy and Pg, increased sharply at late ripening in Da 10, whereas in Baisang, only Cy was
detected, and only at the late developmental stage, at low levels. The high content of anthocyanin in
black mulberries was associated with the upregulation of genes associated with the initial steps of
anthocyanin synthesis (CM, CHS, and CHI), which produce the intermediates, chalcone and
dihydro�avonol. The genes that ultimately produce Cy, Pg, and Mv in the later steps of anthocyanin
synthesis (DFR, ANS, UFGT, and UGAT) were also upregulated in black mulberries. In contrast, the low
anthocyanin content in white mulberries was mainly the result of the downregulation of the early genes
(MYB, bHLH, CHS, and CHI), and the upregulation of FLS expression, leading to the generation of
quercetin and/or myricetin.
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Supplementary Information
Table S1. Transcriptome sequence numbers of mapped reads from the two mulberry genotypes at three
developmental stages.

Table S2. Core genes related to anthocyanin biosynthesis in mulberry fruit.

https://doi.org/10.1371/journal.pone.0186279


Page 13/17

Table S3. Primers used for qPCR.

Figure S1. Biosynthesis pathway in mulberry fruit. a. Phenylalanine, tyrosine, and tryptophan
biosynthesis. b. Phenylpropanoid biosynthesis. c. Flavonoid biosynthesis. d. Anthocyanin biosynthesis.
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http://www.nature.com/hortres.

 

Table
Due to technical limitations, table 1 is only available as a download in the supplemental �les section.

Figures

Figure 1

Representative images of mulberries from the two varieties, Da 10 (upper row) and Baisang (lower row),
at different developmental stages, S1 (10 days post-anthesis, DPA), S2 (19 DPA), and S3 (28 DPA).
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Figure 2

Gene expression patterns and KEGG enrichment analyses of the two mulberry genotypes during fruit
ripening. (a) Differentially expressed gene analysis of the two mulberry genotypes. (b) Short Time-series
Expression Miner (STEM) analysis of gene expression patterns in Da 10 (top) and Baisang (bottom). (c)
KEGG annotation of Da10 (top) and Baisang (bottom) at three developmental stages S1 (10 days post-
anthesis, DPA), S2 (19 DPA), and S3 (28 DPA). (d) Pathway enrichment analysis of pro�le 7 (see text for
details) in Da 10 (left) and Baisang (right).
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Figure 3

Schematic representation of the anthocyanin biosynthesis pathway in mulberry fruit. Genes in green were
involved in the all anthocyanin biosynthesis pathways, whereas those in red control myricetin synthesis.
Abbreviations: CM, Chorismate mutase; PAT, Bifunctional aspartate aminotransferase and
glutamate/aspartate-prephenate aminotransferase; PDT, Arogenate dehydratase/prephenate dehydratase
6; PAL, Phenylalanine ammonia-lyase; 4CL, 4-coumarate-CoA ligase 2; CYP, Trans-cinnamate 4-
monooxygenase; CHS, Chalcone synthase; CHI, Chalcone-�avonone isomerase; F3′H, Flavonoid 3'-
monooxygenase; F3H, Naringenin,2-oxoglutarate 3-dioxygenase; DFR, Bifunctional dihydro�avonol 4-
reductase/�avanone 4-reductase; ANS, Leucoanthocyanidin dioxygenase; FLS, Flavonol
synthase/�avanone 3-hydroxylase; UFGT, Anthocyanidin 3-O-glucosyltransferase 2; UGAT, Cyanidin-3-O-
glucoside 2-O-glucuronosyltransferase.
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Figure 4

Expression levels of the 15 core genes and 5 transcription factors involved in anthocyanin biosynthesis in
mulberry fruit. Each square represents the transcription level in the two mulberry varieties (Da 10 and
Baisang) at different developmental stages, S1 (10 days post-anthesis, DPA), S2 (19 DPA), and S3 (28
DPA). The color indicates the gene expression level, from high expression (red) to low expression (blue).
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Figure 5

Expression levels of the core genes and transcription factors involved in anthocyanin biosynthesis in
mulberry fruit, measured by qPCR.
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