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Highlights
●●	 PuMYB93 was identified as a positive regulator of anthocyanin biosynthesis in pear fruit.
●●	 PuMYB93 directly binds to the promoter of the transporter gene PuGSTF12  to activate its expression, promoting 

anthocyanin transport and accumulation.
●●	 The PuMYB93–PuGSTF12 regulatory module is essential for red coloration in the ‘Nanhong’ pear mutant.

Abstract
Anthocyanins are important flavonoid pigments in the coloration of fruits.  To identify candidate genes involved in 
anthocyanin accumulation, metabolic and transcriptome analyses were conducted in ‘Nanguo’ pear and its red sport 
cultivar ‘Nanhong’ pear.  The results showed that ‘Nanhong’ pear had significantly higher anthocyanin and flavonol 
contents.  Additionally, transcriptomic analysis showed that there were significant differences in the expression of genes 
involved in phenylpropanoid and flavonoid biosynthesis pathways between the two cultivars, with PuGSTF12 being the 
most upregulated gene in the ‘Nanhong’ cultivar.  Further analysis identified a novel MYB transcription factor (PuMYB93), 
and its silencing repressed PuGSTF12 expression and anthocyanin accumulation, suggesting it plays an essential role 
in the regulation of anthocyanin biosynthesis.  Moreover, yeast one-hybrid analysis, electrophoretic mobility shift assay, 
and β-glucuronidase assay indicated that PuMYB93 can directly bind to the PuGSTF12 promoter to positively regulate 
its expression.  Additionally, PuGSTF12 silencing suppressed the coloration of PuMYB93-OE peels, suggesting that 
PuGSTF12 act downstream of PuMYB93.  Overall, the findings of this study show that PuMYB93 promotes anthocyanin 
transport in pears by regulating PuGSTF12 expression to further enhance anthocyanin accumulation.  
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1. Introduction
Over the years, the skin color of pears has been greatly 
diversified through long-term natural hybridization and human 
selection (Feng et al. 2015).  Generally, pear cultivars can 
be divided into three main types based on their skin color: 
green, russet, and red (Yang et al. 2013).  Recently, red 
pear cultivars have become more popular because of their 
attractive skin color and potential nutritional value (Wang 
et al. 2020).  ‘Nanguo’ is an important pear cultivar (Pyrus 
ussuriensis Maxim.) cultivated in the cold areas of northern 
China.  ‘Nanhong’ is a red-skinned mutant of ‘Nanguo’ 
pear that appeals to consumers because of its attractive 

appearance.  Anthocyanin accumulation results in red 
coloration in pear peels.  Red skin color is mainly determined 
by the composition and concentration of anthocyanins (Gao 
et al. 2021); therefore, it is necessary to explore the molecular 
mechanisms of anthocyanin synthesis in pear fruit and its bud 
sport mutants.  

Anthocyanins are synthesized via phenylalanine metabolic 
pathway through the actions of several catalytic enzymes 
(Deng and Lu 2017), including phenylalanine ammonia 
lyase (PAL), chalcone synthase (CHS), chalcone isomerase 
(CHI), flavanone 3-hydroxylase (F3H), dihydroflavonol 
4-reductase (DFR), anthocyanidin synthase (ANS), and 

Managing Editor  Han Zhang



672 Huili Sun et al.  Journal of Integrative Agriculture  2026, 25(2): 671–681

glycosyltransferase (UFGT).  Once anthocyanins are 
synthesized, they are transported from the cytoplasm to the 
vacuole for accumulation through the activities of glutathione 
S-transferase (GST), ATP binding cassette (ABC) proteins, 
and multidrug and toxic extrusion (MATE) transporters (Zhao 
and Dixon 2010).  PcGSTF12 has been reported to be 
involved in anthocyanin and proanthocyanidin accumulation 
in pears (Zhang et al. 2020).

The MYB family of transcription factors (TFs) have 
been shown to regulate the expression of genes involved 
in flavonoid biosynthesis (Xu et al. 2015).  MYB proteins 
enhance the expression of structural genes by forming 
MYB-bHLH-WD40 (MBW) complexes with WD-repeat and 
bHLH (basic helix-loop-helix) proteins, which in turn regulate 
anthocyanin biosynthesis (Chen et al. 2021).  Several MYB 
TFs have been identified and characterized as regulators 
of flavonoid biosynthesis.  In Arabidopsis, AtMYB75/PAP1, 
AtMYB90/PAP2, AtMYB113, and AtMYB114 are involved 
in regulating anthocyanin biosynthesis (Teng et al. 2005).  
Additionally, several studies have shown that anthocyanin 
biosynthesis genes are regulated by R2R3-MYB members 
in pear fruits.  For instance, PpMYB10 and PpMYB114, 
homologs of Arabidopsis PAP1 and PAP2, are involved in 
anthocyanin biosynthesis (Feng et al. 2010; Yao et al. 2017; 
Li et al. 2025).  Moreover, MYB TFs, such as PbMYB10b, 
PbMYB9, and PpMYB17, regulate anthocyanin biosynthesis 
by activating anthocyanin-related genes (Zhai et al. 2016; 
Premathilake et al. 2020).  Recently, another MYB family 
TF named PbMYB140 was identified as a repressor of 
anthocyanin accumulation in pears (Ni et al. 2021).

Bud mutation is an important method of selecting new 
red pear varieties.  Red mutations are ideal materials used 
for studying the molecular mechanism of anthocyanin 
accumulation because of their highly similar genetic 
backgrounds (Zhang et al. 2020).  In the present study, our 
primary goal was to elucidate the molecular and metabolic 
mechanisms underlying the different pigmentations in the 
‘Nanguo’ pear fruit and its red mutant ‘Nanhong’.  Metabolic 
and transcriptome analyses were conducted to elucidate 
the variations in the colors of the two pear cultivars.  
Transcription analyses showed that PuGSTF12 was the most 
upregulated gene in the ‘Nanhong’ cultivar and it affected 
anthocyanin transport.  Furthermore, the expression of an 
MYB gene, PuMYB93, correlated with anthocyanin content 
and PuGSTF12 expression, suggesting that this gene may 
be involved in anthocyanin accumulation in pear fruits.  
The findings of this study provide fresh perspectives and 
understanding of the colors of ‘Nanguo’ pear and its mutants 
‘Nanhong’.

2. Materials and methods
2.1. Plant materials
The experimental materials used for this study were the 
‘Nanguo’ pear and its bud sport variety, the ‘Nanhong’ pear.  
These varieties were grafted on the same rootstock and 
grown in the same orchard in Haicheng, Liaoning, China, and 
standard horticultural practices were followed in the orchard 
management.  The fruits were collected 140 days after full 

bloom (DAFB) and immediately transported to the laboratory 
for sampling and transcriptome data analysis.  Fruits bagged 
in double-layered paper bags were used for candidate MYB 
gene expression analysis.  Fruit samples were randomly 
collected at 0, 1, 4, and 7 d after bag removal.  Bagged fruits 
were sampled simultaneously and used as the control.  

Mature fruits of eight pear cultivars, including ‘Nanguo’, 
‘Huangguan’, ‘Xuehua’, ‘Pingguo’, ‘Hongxiangsu’, ‘Zaosu’, 
‘Hongzaosu’, and ‘Nanhong’, were used for PuMYB93 
expression analysis.  Moreover, transient expression 
validation tests were performed using ripe bagged ‘Pingguo’ 
pear (Pyrus bretschneideri) fruits.  Three biological 
replicates were used for each sample.  All fruits were peeled, 
immediately frozen in liquid nitrogen, and stored at –80°C for 
subsequent experiments.

Pear calli were induced from the ‘Nanguo’ pear flesh and 
were used for the GUS assay.  The calli were grown on MS 
medium containing 2.0 mg L–1 2,4-dichlorophenoxyacetic acid 
(2,4-D) and 1.5 mg L–1 6-BA and at 25°C in the dark.  

2.2. Phenolic extraction and analysis
Phenolic compounds were extracted according to the method 
described by Wang et al. (2015).  Briefly, frozen peel samples 
weighting 0.5 g were firstly grinded with liquid nitrogen, and 
then extracted with 10 mL of 70% methanol containing 2% 
formic acid.  After being shaken in a thermomixer at 30°C 
for 30 min at 1,000 r min–1, this combined homogenate was 
centrifuged at 10,000 g for 10 min.  The supernatant was then 
filtered through a 0.45-μm syringe filter prior to subsequent 
analysis.

The phenolic compounds were determined using an 
ACQUITY UPLC H-Class Waters instrument (Waters, Milford, 
MA, USA) coupled to a XEVO TQD mass spectrometer 
(Waters, Milford, MA, USA).  Samples were separated on a 
BEH C18 column (2.1 mm×50 mm, 1.7 mm) (Waters, Milford, 
MA, USA) with the following settings: column temperature, 
45°C, flow rate, 0.35 mL min–1, and injection volume, 10 µL.  
Mobile phase A was distilled water containing 0.1% formic 
acid, and B was methanol.  The gradient conditions were: 
0 min, 2% B, 10 min, 30% B, and 12 min, 95% B.  The 
capillary voltage of Waters XEVO TQD was set to 2.5 kV.  
The source temperature was set at 150°C and desolvation 
gas temperature at 500°C to a flow of 1,000 L h–1.  The data 
was analyzed by Masslynx software (Waters).

2.3. RNA extraction and transcriptome sequencing
The peels of ‘Nanhong’ and ‘Nanguo’ fruits were used for 
transcriptome analysis.  Total RNA was extracted from each 
sample by the CTAB method, using Sangon Total RNA 
Purification Kit (Sangon Biotech, Shanghai, China).  RNA 
sequencing and assembly were conducted by Biomarker 
Technologies Corporation (Beij ing, China).  Library 
construction and sequencing were performed using Illumina 
HiSeq 2500 platform (Illumina, CA, USA).  Differential 
expression analysis was performed using DESeq2, and 
cluster profiles with P≤0.01 and fold change≥2 were 
considered differentially expressed genes (DEGs).  Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and 
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Genomes (KEGG) enrichment analyses of DEGs were 
performed using the GOseq R language package and the 
KEGG pathway database, respectively (Young et al. 2010).

2.4. Gene expression profiles
First-strand cDNA synthesis was performed using a 
PrimeScript RT Reagent Kit, and qRT-PCR was performed 
using a SYBR Green kit (Takara, Tokyo, Japan) on a 7500 
real-time PCR system (Applied Biosystems, Foster City, CA).  
PuActin served as the internal control.  The primers used for 
qRT-PCR are listed in Appendix A.

2.5. Subcellular localization 
Vector construction and experimental procedures for 
determining the subcellular localization of PuMYB93 were 
performed, according to the methods described by Wang 
et al. (2021).  The coding region of PuMYB93 was fused in 
frame to the N-terminus of green fluorescent protein (GFP) to 
form the fusion vector 35S-PuMYB93-GFP, which was then 
transiently expressed in tobacco leaves by Agrobacterium 
infiltration (GV3101).  The GFP florescence of the transiently 
infected leaves was measured by a TCS SP8 confocal 
microscope (Leica, Germany).

2.6. Transient transformation analysis in pear fruit
The full-length coding sequence (CDS) of PuMYB93 gene 
was independently cloned into pCAMBIA1301S vector 
containing CaMV35S promoter and GFP gene, resulting in 
a fusion gene driven by 35S promoter.  A 300 bp fragment 
within the PuMYB93 and PuGSTF12 gene was forward and 
reverse amplified and cloned into the pFGC5941 vector to 
construct a silent fusion vector.  Mature bagged ‘Pingguo’ 
pear fruits were used for the transient expression assay.  The 
fruits were infiltrated with transformed Agrobacterium cells 
using needleless syringes, stored overnight in the dark and 
then under continuous white light provided by overhead LEDs 
in a light incubator for 5 d (day/night=16 h/8 h, temperature 
20°C, and relative humidity 70%).  Peels from the injection 
periphery was collected for anthocyanin extraction and gene 
expression analysis.

2.7. β-Glucuronidase (GUS) assay
The promoters of PuANS, PuUFGT and PuGSTF12 were 
fused to the transformed pBI101-GUS vector to activate the 
GUS reporter gene.  The primers are listed in Appendix B.
Agrobacterium tumefaciens strain GV3101 containing the 
vector was independently infiltrated into the PuMYB93-OE 
pear calli.  The transgenic calli carrying the empty vector 
were used as the control.  Histochemical GUS staining 
was performed as per He et al. (2012).  GUS activity was 
measured as per Jefferson et al. (1987).

2.8. Yeast one-hybrid (Y1H) assay
The CDS of PuMYB93 and the cloned promoter of PuGSTF12 
were ligated into the pGADT7 and pAbAi vectors, respectively, 
and Y1H assays were performed as described by Li et al. 
(2016).  All the primers used are listed in Appendix B.

2.9. Electrophoretic mobility shift assay (EMSA)
EMSA was performed using the LightShift Chemiluminescent 
EMSA Kit  as previously described (Li  et  al .  2016).  
Oligonucleotide probes were synthesized and labeled with 
biotin.  The biotin-labeled PuGSTF12 promoter sequences 
were as shown in Appendix B.  For the EMSA assay, 
recombinant His-tagged PuMYB93 were expressed in E. coli 
BL21 and purified using nuclear protein and cytoplasmic 
protein extraction kit (Beyotime, Shanghai, China).  

2.10. Data analysis
All data were analyzed using SPSS 17.0.  Student’s two-tailed 
t-test (P<0.05) was used to determine differences between 
the two groups.  Phylogenetic analysis was conducted using 
MEGA 5.0.  Transcriptome data statistics and some figures 
were prepared on biomarker cloud platform (Biomarker 
Biotechnology Co., Bingjing, China).

3. Results
3.1. Phenolic profiles of ‘Nanguo’ and ‘Nanhong’ pear 
fruit peels
The phenotypes of mature fruits of ‘Nanguo’ and its red mutant 
‘Nanhong’ are presented in Fig. 1-A.  The phenolic profiles of 
the cultivars were determined by ultra-high performance liquid 
chromatography-mass spectrometry (UPLC-MS) (Appendix C).  
A total of four flavanols were detected, including two monomers 
(catechin and epicatechin) and two dimers (procyanidins B1 
and B2).  Additionally, the ‘Nanhong’ cultivar had significantly 
lower flavanol content than the ‘Nanguo’ cultivar.  Moreover, 
the flavonol metabolites included four types of quercetin and 
three types of isorhamnetin glycosides, and the anthocyanins 
included cyanidin and peonidin glycosides.  Furthermore, the 
flavonol and anthocyanin contents of ‘Nanhong’ fruits were 
significantly higher than those of ‘Nanguo’ fruits (Fig. 1-B).  In 
particular, the contents of anthocyanins in ‘Nanhong’ (58.76 mg 
kg–1) were significantly higher than those in ‘Nanguo’ (1.67 mg 
kg–1), indicating the differential metabolism of anthocyanin in 
the two cultivars.

3.2. Transcriptome analysis
Transcriptome analysis was performed on ‘Nanguo’ (control) 
and ‘Nanhong’ to elucidate the mechanism of anthocyanin 
biosynthesis (Appendix D).  Differential expression analysis 
identified a total 507 DEGs between the two cultivars, among 
which 275 were upregulated and 232 were downregulated 
(Fig. 2-A).  Gene ontology analysis showed that the 507 DEGs 
were enriched in 36 functional terms belonging to biological 
process, cellular component, and molecular function categories 
(Fig. 2-B).  Additionally, KEGG pathway analysis showed 
that the top 20 enriched pathways included biosynthesis of 
secondary metabolites, such as phenylpropanoid biosynthesis 
and flavonoid biosynthesis (Fig. 2-C).  Notably, 12 DEGs 
were enriched in phenylpropanoid biosynthesis, making it the 
dominant pathway.  

3.3. DEGs related to anthocyanin synthesis and trans-
port
KEGG enrichment analysis of the DEGs showed that four 
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UFGT genes were significantly upregulated in ‘Nanhong’ 
than in ‘Nanguo’ (Fig. 3).  However, no significant differences 
were found in the expression levels of other structural genes 
involved in anthocyanin biosynthetic pathway.  Studies have 
shown that anthocyanins are synthesized in the cytoplasm 
and transported to the vacuole for accumulation (Gomez 
et al. 2009; Sun et al. 2012; Francisco et al. 2013).  A total 
of seven putative genes encoding proteins involved in 
anthocyanin transport, including three GST genes, three 
ABC genes, and one MATE, were identified.  Additionally, 
the expression profiles of the seven genes were significantly 
higher in the ‘Nanhong’ cultivar than those in the ‘Nanguo’ 
cultivar, among which one GST transporter gene (PuGSTF12, 
LOC103959931) was upregulated by 167.67-fold in the 
‘Nanhong’ cultivar when compared with that in the ‘Nanguo’ 
cultivar.  These results suggest that PuGSTF12 is the most 
likely transport gene involved in anthocyanin accumulation.

3.4. qPCR analysis of candidate MYBs related to an-
thocyanin accumulation
The TFs are able to regulate the expression of anthocyanin 
biosynthesis-related genes, and we identified 33 TFs among 
the DEGs (Appendix D).  The most enriched TFs included 
MYB, ERF, bHLH, and WRKY, among which MYB genes 
were the most important involved in secondary metabolism.  
Among the DEGs, nine members of the MYB family were 
filtered, among which six were upregulated (Fig. 3).  The MYB 
family members included PuMYB110a (LOC103959467), 
which is highly homologous to PpMYB10 (Pbr016661.1), 
and PuMYB114  (LOC103952399),  which encodes a 
homolog of PpMYB114 (Pbr042132.1).  To identify candidate 
MYB TFs responsible for pigmentation in ‘Nanhong’, the 

expression profiles of TFs were investigated by qRT-PCR 
during light exposure stages in ‘Nanhong’ peel (Fig.  4).  
After bag removal, the fruits gradually began to turn red and 
accumulated considerably higher levels of anthocyanins.  
Additionally, there was a rapid increase in the expression 
levels of and transporter gene (PuGSTF12) and regulator 
genes (PuMYB110a and PuMYB114), which peaked 1 d after 
bag removal prior to anthocyanin accumulation.  Compared 
with the control group (bagged fruits), the peel of debagged 
fruits exhibited lower expression levels of LOC103929184, 
LOC103938767, and LOC103947165, 4 d after bag removal, 
indicating that the genes do not participate in the regulation 
of anthocyanin biosynthesis in pears.  However, exposed 
peels had higher expression levels of LOC103930480 than 
that of the bagged peels, with similar expression trends 
as PuMYB110a and PuGSTF12.  This result indicated 
that LOC103930480 may be involved in the regulation of 
anthocyanin biosynthesis in ‘Nanhong’ peel.

3.5. Expression pattern of PuMYB93
Phylogenetic analysis was performed to determine the 
evolutionary relationship between LOC103930480 and other 
known R2R3-MYB anthocyanin regulating genes in Malus 
and Arabidopsis (Teng et al. 2005; Chen et al. 2021).  The 
results showed that it was clustered into subgroup C2, 
homologous to MdMYB93 (MDP0000320772) and AtMYB93 
(AT1G12630.1); therefore, it was designated as PuMYB93 
(Fig. 5-A).  The 2,000-bp upstream sequence of PuMYB93 
was analyzed using tools at the PlantCARE (Appendix E).  
Regarding tissue specificity, PuMYB93 was predominantly 
expressed in the roots, stems, and peels of ‘Nanhong’ 
plants (Fig. 5-B).  Subcellular localization analysis revealed 
that PuMYB93 was localized in the nucleus (Fig.  5-C).  
Additionally, correlation analysis between anthocyanin content 
and PuMYB93 expression using the peel of mature fruits 
from eight pear cultivars showed that PuMYB93 expression 
was positively correlated with anthocyanin content (Fig. 5-D).  
Particularly, PuMYB93 expression levels were higher in red 
pear cultivars than the other cultivars.  These results suggest 
that PuMYB93 is involved in anthocyanin accumulation.

3.6. PuMYB93 silencing influences pear fruit color-
ation
To investigate whether PuMYB93 is essential for anthocyanin 
accumulation, transient expression analyses was conducted 
using PuMYB93-RNAi.  A partial CDS of PuMYB93 gene 
was similarly ligated into the pFGC5941 vector to generate 
a silent fusion vector, which was transiently infiltrated into 
bagged pear fruits.  Compared with fruits injected with the 
control vector, the site of fruits injected with the silenced 
vector remained pale after being illuminated (Fig. 6-A and B).
Additionally, silencing PuMYB93 significantly reduced the 
expression of PuANS, PuUFGT, and PuGSTF12 (Fig. 6-C 
and D).  Overall, these results showed that the silencing of 
PuMYB93 affected anthocyanin biosynthesis in pear fruit.

3.7. PuMYB93 activates PuGSTF12
To investigate the mechanism through which PuMYB93 

Fig.  1  Visual appearances and flavonoid contents of the 
‘Nanguo’ and ‘Nanhong’ fruits.  A, two pear cultivars with different 
peel colors.  B, contents of flavanols, flavonols and anthocyanins 
in peel of two pear cultivars.  Error bars: standard deviations (three 
replications).  *, P<0.05.
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regulates anthocyanin accumulation, a Y1H assay was 
performed using the PuMYB93-pGADT7 and PuGSTF12-
pAbAi vectors.  The Y1H assay showed that PuMYB93 binds 
to PuGSTF12 promoter (Fig. 7-A).  To confirm this result, an 
EMSA was further conducted and a MYB-core type element 
within an 1,107-bp region upstream of the start codon was 

found in the PuGSTF12 promoter.  The results showed 
that PuMYB93 could interact with DNA probes containing 
this MYB-binding sites (TAACCA) (Fig. 7-B).  Furthermore, 
the GUS assay showed that PuMYB93 directly activated 
PuGSTF12 (Fig. 7-C).  Therefore, it could be concluded 
that PuMYB93 binds directly to PuGSTF12 and positively 

Fig. 2  The number and general bioinformatics analysis of differentially expressed genes (DEGs).  A, numbers of DEGs between 
‘Nanguo’ and ‘Nanhong’ fruits.  B, gene ontology (GO) classifications of the annotated unigenes.  C, Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analyses of DEGs.  
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regulates its activity.  We also investigated the role of 
PuMYB93 in the regulation of PuANS and PuUFGT promoter 
in pear calli using a GUS assay.  The results revealed that 
PuMYB93 could not increase PuANS and PuUFGT promoter 
activity (Appendix F).

3.8. PuMYB93 functions upstream of PuGSTF12
Given that PuMYB93 directly binds the PuGSTF12 promoter, 
and PuGSTF12 was reduced in PuMYB93-RNAi peels, 
we hypothesized that PuGSTF12 is a direct downstream 
target of PuMYB93.  To test this hypothesis, we crossed 
the 35S-PuMYB93-GFP construct into the PuGSTF12-
RNAi peels.  The results clearly showed that the silencing 
of PuGSTF12 significantly suppressed the coloration of 
PuMYB93-OE peels (Fig. 8-A).  The anthocyanin contents of 
PuMYB93-OE peels was largely reduced in the PuGSTF12-
RNAi background (Fig. 8-B).  qRT-PCR analysis showed 
that the expression of PuMYB93 in the PuMYB93-OE/
PuGSTF12-RNAi peels were indeed markedly upregulated.  
Additionally, the expression of PuGSTF12 and PuUFGT was 
significantly increased in the PuMYB93-OE peels.  However, 
after silencing of PuGSTF12, PuMYB93-OE peels showed 
significantly lower expression of PuANS and PuUFGT 
compared to before silencing (Fig.  8-C).  These results 
suggest that PuGSTF12 act downstream of PuMYB93, and 
the coloration of PuMYB93-OE peels is partially dependent 
on the PuMYB93 promoted transcription of PuGSTF12.

4. Discussion 
Fruit peel color is an important visible parameter of fruit 
quality and plays an important role in consumer appeal 
(Yang et  al. 2013; Ding et al. 2025).  Previous studies 
have shown that red skin pear color is caused by the 
accumulation of anthocyanins.  Similarly, the present study 

demonstrated that the peels of ‘Nanhong’ pear exhibited 
higher anthocyanin and flavonol contents than that of 
‘Nanguo’ pear, which is in agreement with findings in green 
‘Anjou’ pear and its red bud mutation (Li et al. 2014).  These 
results suggest that anthocyanin content causes differences 
in pigmentation between green- and red-peeled pears.  
Additionally, transcriptomic analysis identified a total of 
275 upregulated and 235 downregulated DEGs between 
‘Nanguo’ and ‘Nanhong’ pear varieties, which were annotated 
in GO and KEGG databases.  Among the enriched KEGG 
pathways, phenylpropanoid biosynthesis and flavonoid 
biosynthesis, were related to anthocyanin biosynthesis, and 
the upregulation of these pathways contributes to increase in 
anthocyanin content in ‘Nanhong’ peel.

The anthocyanin biosynthetic pathway has been extensively 
studied in many plants, and most genes in pear have been 
isolated (Fischer et al. 2007).  In the present study, transcriptome 
analysis showed that among anthocyanin biosynthesis genes, 
only UFGT genes were significantly upregulated in ‘Nanhong’ 
when compared with ‘Nanguo’.  Similar results were recently 
reported by Liu et al. (2023), who found that, except for UFGT, 
most structural genes of the anthocyanin synthesis pathway 
were not associated with the anthocyanin accumulation 
patterns in ‘Nanguo’ and ‘Nanhong’ at the different stages of 
fruit development.  Thus, UFGT, as the final enzyme in the 
anthocyanin synthesis pathway, may play more significant role 
in anthocyanin biosynthesis in red pear peels.

Anthocyanins are synthesized in the cytoplasm and 
transported into acidic vacuoles, which gives the plants a 
rich color (Liu et al. 2019a).  Previous studies have shown 
that anthocyanin transporter GSTs play critical roles in 
anthocyanin accumulation, such as FvRAP in strawberry (Luo 
et al. 2018), MdGSTF6 in apple (Jiang et al. 2019), AcGST1 
in kiwifruit (Liu et al. 2019b), and PpGST1 in peach (Zhao 
et al. 2020).  Zhang et al. (2020) confirmed that PcGSTF12 
gene is transcriptionally related to both anthocyanin and 
proanthocyanidin biosynthesis in pear.  Similarly, the findings 
of the present study showed that PuGSTF12 was significantly 
upregulated in ‘Nanhong’ pear compared to that in the green-
peeled ‘Nanguo’ pear, indicating that PuGSTF12 may be 
involved in anthocyanin transport in ‘Nanhong’ plants.

The R2R3-MYB TF regulates anthocyanin accumulation 
in Rosaceae plants mainly by modulating the expression of 
structural genes involved in the anthocyanin biosynthetic 
pathway (Wang et  a l .  2010).   In ‘Nanhong’ pears, 
PuMYB110a was highly expressed and could positively 
regulate the transcription of PuUFGT and PuGSTF6, finally 
leading to anthocyanin accumulation (Liu et  al. 2023).  
Similarly, three highly upregulated MYB genes were identified 
in the red skinned samples in the present study, including 
PuMYB110a and PuMYB114.  However, phylogenetic 
analysis of a putative gene identified in the present study 
against Arabidopsis R2R3-MYBs identified another R2R3-
MYB protein, PuMYB93.  Further analysis showed that the 
expression of PuMYB93 is similar to those of PuMYB110a 
and PuGSTF12  during the l ight exposure stages in 
‘Nanhong’ peel.  AtMYB93 is specifically expressed in root 
endodermal cells in Arabidopsis and negatively regulates 
lateral root development (Gibbs et al. 2014).  In apple fruit 

Fig. 3  Heat map diagram of the relative expression levels of 
anthocyanin biosynthesis-related genes.  The expression level 
of genes is indicated using filled circles of different sizes and colors.  
The larger the circle, the higher the expression.
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skin, MdMYB93 has been identified as a regulator of suberin 
deposition (Legay et al. 2016).  Gene expression profiling 
of MdMYB93 agro-infiltrated leaves revealed concomitant 
alterations in lipid and phenylpropanoid metabolism, suberin 
deposition, and extracellular transport.  However, MYB93 is 
yet to be implicated in anthocyanin biosynthesis.

In the present study, there was a significant increase 
in PuMYB93 expression in exposed peels compared with 
bagged peels.  Tissue specificity analysis showed that 
PuMYB93 was predominantly expressed in the roots, stems, 
and peels.  Additionally, there was a positive correlation 
between PuMYB93 expression levels and the anthocyanin 
content of the peels of different pear cultivars.  Therefore, we 
speculated that PuMYB93 may be involved in anthocyanin 
accumulation in pear fruits.  Moreover, transient expression 
validation experiments in pear peels showed that PuMYB93 

silencing repressed anthocyanin accumulation.  These 
findings suggested that PuMYB93 plays an essential role in 
the regulation of anthocyanin biosynthesis.

In pears, MYB114 can bind to the promoters of ANS, 
UFGT, and GSTF12 to regulate anthocyanin synthesis 
(Yao et al. 2017; Zhang et al. 2020).  Similarly, the results 
of the present study showed that PuMYB93 overexpression 
or silencing altered the expression of PuGSTF12 in the 
fruits.  Additionally, Y1H, EMSA and GUS assays showed 
that PuMYB93 interacted with the promoter PuGSTF12, 
enhancing its activity.  Moreover, several studies have 
suggested that GSTs are regulated by MYBs.  For instance, 
MdGSTF6 is directly regulated by MdMYB1 in apples (Jiang 
et al. 2019).  Additionally, PpMYB10.1 binds to the promoter 
PpGST1 and activates its transcription in peach (Zhao et al. 
2020).  The present study demonstrated that PuMYB93 
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Fig. 4  Anthocyanin contents and transcript levels of candidate genes in peel from ‘Nanhong’ fruits at 0, 1, 4, and 7 d after bag 
removal.  A, changes in total anthocyanin content in the peel.  B and C, expression analysis of PuGSTF12 (B) and candidate MYB genes 
(C) related to anthocyanin biosynthesis using qRT-PCR.  Error bars: standard deviations (three replications).
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Fig. 5  Phylogenetic analysis and relative expression levels of PuMYB93.  A, phylogenetic relationships among PuMYB93 and 
other known anthocyanin-regulating MYB transcription factors in Malus and Arabidopsis.  B, PuMYB93 expression in various tissues.  C, 
subcellular localization analysis of PuMYB93.  D, anthocyanin content and relative expression of PuMYB93 in the peel of fully ripe fruit 
among eight pear cultivars.  Error bars: standard deviations (three replications).

Fig. 6  Effects of PuMYB93 silencing in bagged ‘Pingguo’ pear fruit.  A, phenotypes of ‘Pingguo’ fruits after silencing PuMYB93.  B–D, 
anthocyanin contents (B), transcript analysis of PuMYB93 (C) and anthocyanin related genes (D) in PuMYB93-silenced fruits and control.  
An empty vector was used as the control.  Error bars: standard deviations (three replications).  *, P<0.05.
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Fig.  7  Analyses of the interaction between PuMYB93 and the PuGSTF12 promoter.  A, yeast one-hybrid assays showing the 
interaction between PuMYB93 and the PuGSTF12 promoter.  B, electrophoretic mobility shift assay showing that PuMYB93 directly binds 
the PuGSTF12 promoter.  C, validation of the activation of the PuGSTF12 promoters by PuMYB93 based on a β-glucuronidase assay 
activity assay in pear calli.  An empty vector was used as the control.  Error bars: standard deviations (three replications).  *, P<0.05.

regulates PuGSTF12 in pear fruit.  Similarly, there was an 
increase in the expression of several phenolic metabolism 
genes and transmembrane transporters in tobacco leaves 
overexpressing MdMYB93, suggesting a potential link 
between MYB93 and phenylpropanoid metabolism and their 
transporters (Legay et al. 2016).  

Except for PuGSTF12, overexpression or silencing of 
PuMYB93 could also affect the expression of anthocyanin 
biosynthesis-related genes (PuANS and PuUFGT).  However, 
PuMYB93 cannot increase PuANS and PuUFGT promoter 
activity directly.  Further transient expression analysis revealed 
that PuMYB93-OE peels showed significantly lower expression 

Fig.  8  Silencing of PuGSTF12 suppressed the coloration of PuMYB93-OE peels.  A, phenotypes of PuMYB93-OE peels after 
silencing of PuGSTF12.  B and C, anthocyanin contents (B) and transcript analysis of PuMYB93 and anthocyanin biosynthesis-related 
genes (PuGSTF12, PuANS and PuUFGT) (C) in fruit peels around the injection sites.  An empty vector was used as the control.  Error 
bars: standard deviations (three replications).  *, P<0.05.  NS, not significant.
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of PuANS and PuUFGT after silencing of PuGSTF12 than 
before slilencing, indicating that the silencing of PuGSTF12 
inhibited the response of anthocyanin biosynthetic genes to 
show overexpression of PuMYB93 in pear peels.  Consistent 
with this result, MdGSTU12 overexpression promoted the 
expression of anthocyanin biosynthesis-related genes in 
transgenic calli and apple fruits (Zhao et al. 2021).  This may 
be due to the negative feedback regulation induced by GST 
overexpression, which stimulated the expression of upstream 
synthesis-related genes to produce more anthocyanins and 
ultimately promote the accumulation of anthocyanin.  Shao 
et al. (2021) corroborated these findings by reporting that 
the overexpression of GhGSTF12 accelerated anthocyanin 
accumulation in cotton leaf.  Additionally, genes involved in 
anthocyanin biosynthesis, regulation, and transport were 
considerably affected by PcGSTF12 gene, suggesting 
that it may not only be a transporter of anthocyanins, but 
may also be involved in several other steps of anthocyanin 
accumulation (Zhang et al. 2020).  Thus, this result obtained 
showed that PuMYB93 functions in anthocyanin transport in 
pears by regulating PuGSTF12 activity, which further affects 
anthocyanin accumulation.  

5. Conclusion 
In this study, a combined metabolome and transcriptome 
approach was used to compare the anthocyanin content and 
biosynthetic pathways in the peels of green ‘Nanguo’ pear 
and its red mutant ‘Nanhong’ pear.  The results showed that 
most DEGs were associated with secondary metabolites, 
such as phenylpropanoids and flavonoids.  Among the 
DEGs, seven genes involved in anthocyanin transport were 
identified, with PuGSTF12 being the most upregulated gene 
in the red-peeled ‘Nanhong’.  Additionally, a novel MYB TF, 
PuMYB93, was shown to promote anthocyanin accumulation 
in a transient transformation assay.  Further analysis revealed 
that PuMYB93 promotes the expression of PuGSTF12 
by activating its promoter, thereby inducing anthocyanin 
accumulation in pears.  Overall, the findings of the present 
study contributes to the understanding of the molecular 
mechanisms of anthocyanin biosynthesis in pear, which could 
facilitate breeding pears of desirable peel color.
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