
J. AMER. SOC. HORT. SCI. 146(2):109–117. 2021. https://doi.org/10.21273/JASHS05015-20

Transcriptome Analysis Reveals the Procyanidin
Treatment-responsive Genes Involved in Regulating
Procyanidin Accumulation during Banana Ripening
and Senescence
Chao Zhou and Haide Zhang
College of Food Science and Engineering, Hainan University, Haikou 570228, China

Yixing Li, Fenfang Li, Jiao Chen, and Debao Yuan
Key Laboratory of Banana Genetic Improvement, Haikou Experimental Station, Chinese Academy of
Tropical Agricultural Sciences, Haikou 571101, China

Keqian Hong
Key Laboratory for Postharvest Physiology and Technology of Tropical Horticultural Products of
Hainan Province, South Subtropical Crop Research Institute, Chinese Academy of Tropical
Agricultural Sciences, Zhanjiang 524088, China

ADDITIONAL INDEX WORDS. biosynthetic enzymes, procyanidin biosynthesis, regulatory factors

ABSTRACT. The mechanism regulating procyanidin (PA) accumulation in banana (Musa acuminata) fruit is not
understood. During this study, the effects of PA treatment on the activities of banana PA biosynthetic enzymes and
transcriptomic profiles were investigated. The results showed that PA treatment delayed the decreases in
leucoanthocyanidin reductase and anthocyanidin reductase activities, which affected the accumulation of PA.
Furthermore, the peel samples of the control fruit and the PA-treated fruit on day 1 were selected for transcriptomic
analysis. The results revealed that PA treatment induced 1086 differentially expressed genes. Twenty-one key genes,
including those encoding biosynthetic enzymes and regulatory factors involved in PA biosynthesis, were validated
using a quantitative real-time polymerase chain reaction. The results showed that these genes were upregulated by PA
treatment during banana storage. Taken together, our study improves current understanding of the mechanism
underlying PA-regulated banana senescence and provide new clues for investigating specific gene functions.

Banana (Musa acuminata) is a commercially valuable cli-
macteric fruit with ethylene peak. Once ripening is initiated,
senescence is irreversible and rapid, as manifested by softening,
peel spotting, and fungal decay, and leads to a short shelf (Yun
et al., 2019). Therefore, knowledge of banana fruit ripening and
senescence may assist in developing strategies that can improve
the sensorial quality and reduce postharvest fruit losses. Previ-
ous studies have investigated the mechanisms involved in
banana fruit ripening and senescence at physiological, bio-
chemical, and molecular levels (Elitzur et al., 2016). However,
considering the complexity of the ripening and senescence
processes, most of the mechanisms regulating ripening and
senescence in banana remain unidentified.

Polyphenols and flavonoids are the most abundant second-
ary metabolites that are widely distributed in the plant kingdom
(Chibane et al., 2019). Furthermore, they can be applied safely

and conveniently; therefore, they are used as exogenous anti-
oxidants for reducing oxidative stress. Reports have shown that
the treatment of postharvest fruit with plant phenolic extracts,
such as apple (Malus pumila) polyphenols (Zhang et al., 2015),
tea (Camellia sinensis) polyphenols (Chen et al., 2014), and
chlorogenic acid (Xi et al., 2017), could maintain the redox
balance of fruit, delay senescence, and prolong the shelf life of
fruit. As one of the most consumed polyphenols in the human
diet, procyanidins (PAs), or condensed tannins, are derived
from the condensation of the widely distributed flavan-3-ol in
the plant (Yang et al., 2019). Until now, PAs have been reported
to possess antioxidant, antimicrobial, antiviral, anti-inflamma-
tory, and anticancer properties (Xiao et al., 2018). Furthermore,
PAs, as natural food-borne preservatives, have been mainly
used in meat and other food products alone or in combination
with other technologies (Jing et al., 2019). However, the
application of exogenous PA in fruit preservation is limited.
Previously, we observed that the decrease in the PA content was
delayed by exogenous PA treatment, thereby improving the
antioxidant capacity of fruit tissue and delaying senescence of
harvested banana fruit (Chen et al., 2019). Therefore, biosyn-
thesis and accumulation of PA are important for delaying
banana fruit senescence, although the relevant regulatory
mechanism still warrants investigations.

The biosynthesis of PA is a part of the flavonoid pathway
that has been well-characterized over the past several decades
with the identification of numerous structural, regulatory, and
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transport-related genes (Yang et al., 2019). The enzyme genes,
including phenylalanineammonia-lyase (PAL), cinnamic
acid4-hydroxylase (C4H), chalconesynthase (CHS), chalconei-
somerase (CHI), flavanone3-hydroxylase (F3H), flavonoid
3#-hydroxylase (F3#H), dihydroflavonol4-reductase (DFR),
anthocyanidin synthase (ANS), leucoanthocyanidin reductase
(LAR), and anthocyanidin reductase (ANR), encode the corre-
sponding structural enzymes responsible for the biochemical
reactions of PA synthesis (Winkel-Shirley, 2001). In addition,
numerous studies have demonstrated that three types of tran-
scription factors (TFs) tryptophan-aspartate (WD)-repeat-con-
taining proteins consisting of four or more copies of the WD
repeat (WD40), basic helix-loop-helix (bHLH), and myelo-
blastosis (MYB), form MYB-bHLH-WD40 (MBW) ternary
complexes to regulate the biosynthesis of anthocyanin and PA
in all investigated plants (Deluc et al., 2006; Liu et al., 2018).
For example, in Arabidopsis thaliana, four MBW complexes,
PAP1(MYB75)–TT8/GL3–TTG1(WD40), PAP2(MYB90)–
TT8/GL3–TTG1, MYB113(PAP3)–TT8/GL3–TTG1, and
PAP4(MYB114)–TT8/GL3–TTG1, have been shown to acti-
vate the expression of late anthocyanin biosynthetic genes, such
as AtDFR, AtANS/LDOX, andUF3GT (Shi and Xie, 2014). The
MBW complex TT2 (MYB123)–TT8/GL3–TTG1 regulates the
expression of PA biosynthetic genes AtDFR, AtANS/LDOX, and
AtANR/BANYULS (BAN) (Xu et al., 2014). However, knowledge
regarding the regulation of PA biosynthesis in banana fruit by
structural and regulatory genes is currently limited.

In this study, the mechanism of PA treatment involved in in
vivo PA accumulation in banana fruit during storage was
investigated. The effects of PA treatment on activities of PA
biosynthetic enzymes LAR and ANR during storage were
assessed. Furthermore, PA-induced differentially expressed
genes (DEGs) in banana fruit were analyzed using transcrip-
tome analysis. Then, genes encoding the key biosynthetic
enzymes and regulatory factors controlling PA biosynthesis
were screened and validated during banana storage. This study
provides an important theoretical basis for understanding the
molecular mechanism of PA-mediated regulation of ripening
and senescence of banana fruit, and the results may be helpful
for improving banana storage technology.

Materials and Methods

PLANT MATERIAL AND TREATMENTS. Banana fruit (AAA
group, cv. Cavendish) fingers of the same shape and weight
from the middle hands on the bunches with no visual defects
were collected at the green mature stage (75% to 85%maturity)
from a farm near Haikou, China. All the fruit fingers were
cleaned and soaked in 0.1% (w/v) fungicide (SporGon; Bayer,
Leverkusen, Germany) for 1 min to eliminate potential mi-
crobes. The fruit were air-dried. Then, the selected banana fruit
were randomly divided into two groups of 150 fingers each for
the following treatments: 8 min in 10 L distilled water
containing 0 (control) or 1% PA (Jianfeng, Tianjin, China)
solution under reduced pressure of�0.05 MPa, as described by
Chen et al. (2019). Both control and PA-treated fruit were
subsequently treated with 100 mL�L–1 ethylene for 24 h, placed
in 10 individual unsealed polyethylene plastic bags (thickness,
0.01 mm), and stored at 25 �C in the presence of 85% relative
humidity for 7 d. Samples were obtained after 0, 1, 3, 5, and 7 d,
the banana peel and pulp were collected separately. All samples
were frozen in liquid nitrogen immediately after sampling and

stored at –80 �C for further use. All assessments were conduct-
ed in three biological replicates.

ENZYME ASSAYS. LAR and ANR activities were assayed
following previously described protocols (Gagn�e et al., 2009).
Powdered flesh samples (1 g) were extracted in 3 mL borate
buffer (pH 8.8) containing 5 mmol�L–1 vitamin C, 0.15%
polyvinylpolypyrrolidone (PVPP), and 14 mmol�L–1 b-mercap-
toethanol. The samples were vortexed before centrifuging at
12,000 gn for 20 min to obtain supernatant containing crude
enzymes. The LAR assay mixture consisted of 0.5 mL crude
LAR, 0.5 mL 0.1 mol�L–1 Tris–HCl buffer (pH 7.5), 0.5 mL 1.0
mol�L–1 dihydroquercetin, and 0.5 mL 1.0 mmol�L–1 reduced
form of nicotinamide-adenine dinucleotide phosphate
(NADPH). The mixture was incubated for 60 min at 37 �C,
combined with 2 mL HCl/methanol (8%) and 2 mL vanillin/
methanol (6%), and then incubated again for 60 min at 37 �C.
Absorbance was measured at 500 nm with a spectrophotometer
(ultraviolet-1800; Shimadzu, Kyoto, Japan). We presented
LAR activity as milligrams catechin per gram per hour. Pow-
dered flesh samples (1 g) were extracted in 3 mL phosphate
buffer (pH 7.4) with 1.0 g PVPP. Samples were vortexed before
centrifuging at 12,000 gn for 20 min to obtain supernatant
containing crude enzymes. The ANRmixture contained 0.4 mL
crude ANR, 1.0 mmol�L–1 NADPH, 0.5 mmol�L–1 vitamin C,
and 0.1 mmol�L–1 phosphate buffer (pH 6.5). The mixture was
incubated for 25 min at 45 �C. Absorbance was measured at 340
nm with a spectrophotometer (ultraviolet-1800). We presented
ANR activity as milligrams epicatechin per gram per hour.

RNA SEQUENCING AND DATA ANALYSIS. Samples of peel from
the control fruit (CF1) and the PA-treated fruit (PF1) on day 1
were selected for RNA sequencing. Three biological replicates
were used. The mRNA was enriched using oligo dT beads and
reverse-transcribed into cDNA using random primers. The
cDNAwas sequenced using the Illumina HiSeq 2500 (Illumina,
San Diego, CA) instrument by Sangon Biotech Co. (Shanghai,
China). Raw reads from each library were filtered separately.
The adaptor sequences and reads with unknown sequences (N)
> 5% were removed. Furthermore, low-quality reads that
contained more than 20% N [Phred quality score (Q) < 20
bases] were discarded. After filtering, the quality of all clean
reads was assessed using FastQC (Andrews, 2014). The reads
were mapped to the banana reference genome, and gene
expression levels were estimated with reads per kilobase per
million mapped reads (Kim et al., 2013). DEGs between the
different comparison groups were analyzed using DEGseq, and
the statistical tests were revised for multiple testing using the
Benjamini-Hochberg false discovery rate (FDR < 0.05) (Wang
et al., 2010). DEGs were selected based on fold change$ 2 and
adjusted to Q-value# 0.05. Gene ontology (GO) analyses were
used to perform GO functional classification of DEGs and
predict possible functions (Young et al., 2010). The Kyoto
Encyclopedia of Genes and Genomes (KEGG) database was
used to annotate the pathways involving DEGs with an E-value
threshold of 10–5 (Kanehisa et al., 2008).

QUANTITATIVE REVERSE-TRANSCRIPTION POLYMERASE CHAIN

REACTION (QRT-PCR). Total RNA was extracted using the
RNA Plant Plus reagent following the manufacturer’s instruc-
tions (DP437; Tiangen, Beijing, China). cDNA was synthe-
sized using a PrimeScript RT reagent kit with gDNA eraser
(Takara, Otsu, Japan). The PCR was performed with initial
denaturation at 95 �C for 3 min, and then 40 cycles of 15 s at
95 �C, 15 s at 55 �C, and 30 s at 72 �C.MaACT1was selected as
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the reference gene (Chen et al.,
2011). Primer 5.0 (version 5.0;
PREMIER Biosoft., San Francisco,
CA) was used for primer design. All
primer sequences are listed in Sup-
plemental Table 1.

STATISTICAL ANALYSIS. Statistical
analysis was conducted with statis-
tical software (SPSS version 7.5;
IBM Corp., Armonk, NY). Experi-
ments were performed in a com-
pletely randomized manner with
three replicates. All values are de-
scribed as mean ± standard error
(SE). The least significant differ-
ences at the 5% level were analyzed
using DPS software (version 3.11;
Zhejiang University, Hangzhou,
China).

Results

ANR AND LAR ACTIVITIES. LAR
and ANR are the last two principal
enzymes that provide the cisflavan-
3-ol and transflavan-3-ol precursors
needed for PA synthesis (Constabel,
2018). To study the effects of PA
treatment on the activities of these
two enzymes, we first measured the
activities of these two enzymes. The
results showed that both the peel and pulp of the banana fruit
showed reduced ANR and LAR activities, but that PA treatment
delayed the decrease in ANR and LAR activities; the activities
of PA-treated fruit were always higher than those of the control
fruit (Fig. 1). These results suggested that PA treatment might
promote the accumulation of PA in banana fruit by affecting the
ANR and LAR activities.

OVERVIEW OF SEQUENCING. To further investigate the regu-
lation mechanism by which PA regulates banana fruit ripening
and senescence, the CF1 and PF1 samples were used for
transcriptome sequencing; 49,228,172 and 58,787,540 raw
reads were generated from the CF1 and PF1 libraries, respec-
tively. A summary of these sequencing results is presented in
Table 1. After removing low-quality short sequences,
46,630,720 and 55,837,892 clean reads for CF1 and PF1,
respectively, remained and were used for assembly. The Q20
percentages (sequencing error rate <1%) and guanine-cytosine
(GC) percentages obtained from the CF1 and PF1 libraries were
98.07% and 54.61% and 98.02% and 54.44%, respectively.
These results suggested that the sequencing data had sufficient
quantity and quality to ensure accurate sequence assembly and
adequate transcriptome coverage. In addition, more than 92%
of the clean reads that mapped to the banana genome comprised
�90% uniquely mapped and 2% multiple-mapped clean reads.
The uniquely mapped clean reads were used for analyzing gene
expression levels, and results showed that 26,685 and 27,435
genes were expressed in CF1 and PF1, respectively.

NUMBER AND GO FUNCTIONAL CLASSIFICATION OF DEGS. To
screen DEGs, DESeq software was used; 1086 DEGs were
identified between CF1 and PF1 samples based on the threshold
q-value of 0.05 and log2-fold change of 2, of which 872 DEGs

were upregulated and 214 DEGs were downregulated (Fig. 2A).
GOseq was used to analyze the distribution of DEGs in GO,
which revealed the functions of the DEGs. Among the 1086
DEGs, 906 genes were successfully assigned to three categories
(biological process, cellular component, and molecular func-
tion) with 50 groups (Fig. 2B). In the biological process
category, the major DEGs were assigned to biological regula-
tion, metabolic process, cellular process, and response to
stimulus. Within the cellular component category, many DEGs
were classified as cell, cell part, organelle, membrane, and
membrane part. In the molecular function category, the sub-
categories of catalytic activity, transporter activity, and binding
were mostly related (Fig. 2B).

KEGG PATHWAY ANALYSIS OF DEGS. To analyze the bio-
chemical pathways affected by PA, we mapped DEGs to the
KEGG database for further analysis. A total of 206 DEGs

Fig. 1. Effects of procyanidin treatment on the anthocyanidin reductase and leucoanthocyanidin reductase
activities in the peel and pulp of banana fruit during 7 d of storage at 25 �C. Vertical bars represent the SE of three
replicate assays. *P < 0.05 compared with the control at the same time.

Table 1. Overview of the sequencing and assembly of the day 1 control
fruit sample (CF1) and day 1 procyanidin-treated fruit sample
(PF1).

CF1 PF1

Total raw reads (no.) 49,228,172 58,787,540
Total clean reads (no.) 46,630,720 55,837,892
Total clean nucleotides (bp) 6,637,406,199 7,924,401,131
Phred quality score 20 (%) 98.07 98.02
Guanine-cytosine (%) 54.61 54.44
Uniquely mapped [no. (%)] 39,371,980 (89.84) 45,280,615 (89.23)
Multiple mapped [no. (%)] 1,080,498 (2.47) 1,458,669 (2.87)
Total expressed genes (no.) 26,685 27,435
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were assigned to 30 KEGG pathways, the majority of which
were related to metabolic pathways (Fig. 3A). Furthermore,
PA treatment altered the KEGG pathway enrichment. As
shown in Fig. 3B, the KEGG enrichment analysis revealed
that the majority of the genes were involved in biosynthesis of
amino acids, plant hormone signal transduction, MAPK signal-
ing pathway, phenylalanine metabolism, and flavonoid biosyn-
thesis. According to the results, the genes in the phenylalanine
metabolism group and flavonoid biosynthesis group attracted
our attention.

VALIDATION OF CANDIDATE GENES INVOLVED IN PA
BIOSYNTHESIS AND REGULATION. Based on GO and KEGG ana-
lyses, the genes encoding key biosynthetic enzymes and TFs
controlling PA biosynthesis among the upregulated DEGs
mainly from the biological regulation, metabolic process,
response to stimulus, binding, phenylalanine metabolism, and
flavonoid biosynthesis groups were screened. Finally, 6 genes
encoding PA biosynthetic enzymes and 48 genes encoding
WD40 (8), bHLH (15), and MYB (25) were found (Table 2). In
addition, the expression levels of these genes in banana fruit
during storage were detected using qRT-PCR. Among them, 21
genes (6 enzyme genes, 4 WD40 genes, 5 bHLH genes, and 6

MYB genes) were induced by PA treatment during banana
storage. The temporary names and gene identifications of these
genes are shown in Supplemental Table 1. As shown in Fig. 4,
during storage, the transcript levels of the biosynthetic enzyme-
coding genes in the control fruit changed little or decreased
gradually. However, the expression levels of these genes in the
PA-treated fruit increased in different degrees during 1 to 3 d of
storage and then decreased gradually; the whole storage period
was higher than that of the control fruit. Similarly, the results
showed that the expression levels of the related WD40, MYB,
and bHLH regulators in the peel and pulp of banana fruit
increased at different degrees after PA treatment during storage
(Fig. 5). Among them, the MYB4, MYB5, bHLH4, bHLH5,
WD401, and WD402 genes were significantly induced by PA
treatment (Fig. 5). These results indicated that PA treatment
induced the expression of PA synthesis-related genes, which was
conducive to the accumulation of PA in banana fruit.

Discussion

As a class of flavonoids, PA possesses antiaging and
antioxidant properties; furthermore, it has been shown to

Fig. 2. Differentially expressed genes (DEGs) numbers and gene ontology (GO) functional classifications of banana peel samples of control fruit (CF1) and
procyanidin-treated fruit (PF1) on day 1. (A) DEGs numbers between CF1 and PF1. (B) GO analysis of all genes and DEGs in banana. ALL gene indicates the
gene number based on all banana genes. DEG gene indicates the gene number based on the DEGs of PF1 vs. CF1.
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improve fruit quality and delay senescence in banana during
storage and inhibit the decrease of in vivo PA content (Chen
et al., 2019). Hence, in this study, we aimed to determine the
mechanism of PA treatment regulating PA accumulation in
banana fruit during storage. PAs are biosynthesized through
the phenylpropanoid and flavonoid pathways containing a
variety of enzymes (He et al., 2008). LAR and ANR are the
most important enzymes of PA biosynthesis; the formation of

flavan-3-ols [2,3-cis-(–)-flavan-3-ols and 2,3-trans-(+)-flavan-
3-ols] is achieved by LAR and ANR (Bogs et al., 2005). LAR
and ANR activities have been observed in several plants, and
their activities are usually positively correlated with the accu-
mulation of PA (Cantin et al., 2009; Hassanpour, 2015; Marles
et al., 2003). In the present study, the activities of ANR and
LAR in PA-treated banana fruit were higher than those in the
control (P < 0.05) (Fig. 1), indicating that PA treatment

Fig. 3. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of banana peel samples of control fruit (CF1) and procyanidin-treated fruit (PF1)
on day 1. (A) The KEGG pathway classification of all genes and differentially expressed genes (DEGs) in banana. (B) The KEGG pathway enrichment of DEGs.
ALL gene indicates the gene number based on all banana genes. DEG gene indicates the gene number based on the DEGs of PF1 vs. CF1.

Table 2. Numbers and log2 ratios of the genes involved in procyanidin biosynthesis in the differentially expressed genes of banana fruit
transcriptome.

Gene
family

Annotated
sequences (no.) Gene (log2 ratio)

PAL 2 Ma09_g15390 (2.47), Ma02_g00760 (2.18)
DFR 1 Ma04_g10620 (2.51)
F3H 1 Ma06_g17160 (6.89)
LAR 1 Ma05_g16480 (2.63)
ANR 1 Ma08_g01380 (2.11)
WD40 8 Ma00_g04180 (2.42), Ma01_g05340 (8.22), Ma01_g05340 (1.89), Ma00_g00980 (2.16), Ma01_g04190 (15.77),

Ma01_g04720 (3.12), Ma01_g08850 (2.47), Ma01_g10940 (2.88)
MYB 25 Ma01_g02850 (4.62), Ma02_g05880 (2.09), Ma03_g29510 (3.11), Ma04_g28510 (1.96), Ma04_g31800 (4.01),

Ma04_g34660 (2.34), Ma05_g03690 (2.13), Ma05_g08960 (2.62), Ma05_g25680 (1.95), Ma05_g30120
(2.93), Ma06_g00910 (2.09), Ma06_g14470 (2.19), Ma06_g33100 (2.34), Ma07_g02470 (2.63),
Ma07_g08110 (2.55), Ma07_g17600 (3.12), Ma07_g22540 (3.56), Ma08_g01300 (2.74), Ma08_g32760
(2.22), Ma09_g04930 (5.13), Ma09_g23100 (1.98), Ma09_g24640 (2.45), Ma11_g03860 (2.66),
Ma11_g04680 (3.33), Ma00_g01590 (3.23)

bHLH 15 Ma03_g18060 (3.35), Ma01_g00720 (3.93), Ma01_g10120 (2.17), Ma01_g12390 (3.88), Ma03_g04500 (2.05),
Ma03_g10360 (2.26), Ma04_g01920 (3.21), Ma05_g24730 (2.28), Ma07_g04810 (9.11), Ma09_g28720
(2.04), Ma10_g22250 (2.49), Ma11_g16400 (4.32), Ma11_g21710 (3.37), Ma02_g19840 (2.09),
Ma07_g02820 (2.15)
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triggers the key enzymes of the PA biosynthetic pathway in
banana fruit. More importantly, the biosynthesis of PA is
regulated primarily at the gene expression level (Constabel,
2018). Therefore, the expression levels of the PA biosynthetic
and regulatory genes are important.

RNA-seq analysis is an important tool for obtaining infor-
mation regarding genes involved in the physiological and
metabolic processes associated with fruit development and
ripening in nonmodel fruit species (Travisany et al., 2019). In
this study, cDNA libraries from PA-treated and control fruit
were constructed and sequenced. As a result, 1086 DEGs were
identified in PA-treated and control samples (Fig. 2A). Six
genes encoding PA biosynthetic enzymes and 48 genes
encoding WD40 (8 genes), bHLH (15 genes) and MYB
(25 genes) were found during the RNA-seq analysis (Table
2). The main biosynthetic genes encoding enzymes involved
in flavonoid and PA biosynthetic pathways have been studied
in many species. For instance, the expression of salicylic acid-
induced PAL triggered flavonoid accumulation in broccoli
[Brassica oleracea var. italica (P�erez-Balibrea et al., 2011)].
Exogenous melatonin pretreatment improved anthocyanin
accumulation by regulating F3H and DFR gene expression
in cabbage [Brassica pekinensis (Zhang et al., 2016)]. Ma-
nipulation of DFR was successfully performed in rose (Rosa
rugosa) petals to generate blue hues with anthocyanin accu-
mulation (Dixon et al., 2013). Moreover, Ghag et al. (2015)
reported that silencing of MusaANR1 reduced the PA content
in transgenic banana plants (Ghag et al., 2015). Ectopic
expression of LAR genes fromMedicago or cacao (Theobroma
cacao) and ANR genes from apple or grape (Vitis vinifera) in
tobacco (Nicotiana tabacum) petals resulted in the accumu-
lation of PA (Bogs et al., 2005; Han et al., 2012; Liu et al.,
2013; Pang et al., 2007). In the present study, the transcript
levels of the PA biosynthetic enzyme genes PAL1, PAL2,
F3H, DFR, ANR, and LAR in the PA-treated fruit were higher

than those in the control fruit during storage (Fig. 4), which
may cause the accumulation of PA in banana fruit and is
consistent with the results of our previous studies (Chen et al.,
2019). Moreover, the flavonoid and PA biosynthetic pathways
are regulated by different MBW complexes (Feller et al.,
2011; Zhang et al., 2018). The A. thaliana MYB123 protein
interacted with specific bHLH (TT8) and WD40 (TTG1)
proteins to determine PA synthesis in the seedcoat (Xu
et al., 2015). In grape, the bHLH partner of the PA–MBW
complex, VvMYC1, can interact with the PA-specific
VvMYBPA1 to form a functional complex for the PA syn-
thesis pathway (Hichri et al., 2010). In apple, MdMYB11
activated flavonoid structural genes through the MBW ternary
complex, which promoted anthocyanin and PA biosynthesis
(An et al., 2015). Wang et al. (2017) found that MdMYB12
interacted with MdbHLH3 and MdbHLH33 to regulate PA
synthesis. Many WD40, MYB, and bHLH TFs have been
shown to form a functional complex and regulate flavonoid
and PA biosynthesis by acting on promoters of biosynthetic
enzyme genes (Liu et al., 2018; Mehrtens et al., 2005; Stracke
et al., 2007). In the present study, PA treatment upregulated
the expression of MBW-related TFs, including four WD40,
five bHLH, and six MYB genes (Fig. 5). Therefore, whether
and how the WD40, MYB, and bHLH TFs identified in this
study regulate the biosynthetic enzyme-coding genes should
be investigated in the future.

In summary, in this study, the activities of key PA synthesis
enzymes such as ANR and LAR were higher in PA-treated
banana fruit than those in the control fruit during storage. The
PA treatment also induced the expression of the structural and
regulatory genes involved in PA biosynthesis, leading to higher
transcript levels of these genes in PA-treated banana fruit
during storage. These results may induce the accumulation of
PA in banana fruit and provide a theoretical basis for the effects
of PA on banana senescence.

Fig. 4. The real-time quantitative polymerase chain reaction analysis showing the expressions of selected biosynthetic enzyme-coding genes, including PAL
(Ma09_g15390), PAL (Ma02_g00760), DFR (Ma04_g10620), F3H (Ma06_g17160), LAR (Ma05_g16480), and ANR (Ma08_g01380), in the peel and pulp of
banana fruit treated with or without procyanidin during 7 d of storage at 25 �C. The expression levels at different time points were expressed as ratios relative to the
harvest time (day 0 for the control), which was set at 1. Vertical bars represent the SE of three replicate assays. *P < 0.05 compared with the control at the same
time.
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Fig. 5. The real-time quantitative polymerase chain reaction analysis showing the expression of selected transcription factors in the peel and pulp of banana fruit
treated with or without procyanidin during 7 d of storage at 25 �C. (A) Expressions of MYB1 (Ma00_g01590), MYB2 (Ma07_g22540), MYB3 (Ma09_g23100),
MYB4 (Ma01_g02850), MYB5 (Ma09_g04930), and MYB6 (Ma11_g03860). (B) Expressions of bHLH1 (Ma03_g18060), bHLH2 (Ma07_g02820), bHLH3
(Ma01_g12390), bHLH4 (Ma07_g04810), and bHLH5 (Ma11_g16400). (C) Expressions of WD40-1 (Ma01_g05340), WD40-2 (Ma01_g04190), WD40-3
(Ma01_g04720), andWD40-4 (Ma01_g10940). The expression levels at different time points were expressed as ratios relative to the harvest time (day 0 for the
control), which was set at 1. Vertical bars represent the SE of three replicate assays. *P < 0.05 compared with the control at the same time.
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Supplemental Table 1. Names, gene identifications (ID), and primers of the selected genes used for real-time quantitative polymerase chain
reaction analysis

Gene name Gene Forward primer (5#-3#) Reverse primer (5#-3#) Product (bp)

PAL1 Ma09_g15390 CGTTGACGAAGCCGAAGC CGTGCGGATCACCTCTATTT 83
PAL2 Ma02_g00760 CAACGGTGAGAAGGAGAAGG GGGTACGATCTGCATTCCTTG 168
DFR Ma04_g10620 CAGAATGGATACATCGTCAGGG AACACTCCTTCACATCCCTTG 167
F3H Ma06_g17160 CTCCCCTTGTGCCTGATG TAGAAGTTGACCCTCATGCAG 200
LAR Ma05_g16480 ACAGTCGCACCGTGAATAGA AACAACGCTGGCTGGAAT 176
ANR Ma08_g01380 GCACTTTCTGCGTCGTAT TGACAGCGTAGCCCTTCT 186
MYB1 Ma00_g01590 CCTATAAGCAAGTCCATCCCG ATGATTTCGTCCTCTTCCGC 119
MYB2 Ma07_g22540 CTTTTCCAACGCCAGATCAAG GTTTCGTCAAAGAGCCATGTC 80
MYB3 Ma09_g23100 ATTTACCGTCCAATCCCCAG GTAGGAAGATGGTGACGCAG 135
MYB4 Ma01_g02850 GACAACGAGATTAAGAACCACTG TGTAATGTTAGATGGCGGACG 114
MYB5 Ma09_g04930 AAGATGTGTCGGGAGGTTTG AGGTCATTGCTCATGTGGTAG 147
MYB6 Ma11_g03860 GATCTTGGTCGACTACATCCAG ATGGCGTGGAGTTGGATG 183
bHLH1 Ma03_g18060 AGAAGGACAGGATGGGAGAG CCTCCGAAAGAACAGATGCT 90
bHLH2 Ma07_g02820 ATCCGATATCTGCGAGCAAC AATCCTCTTCATCTGCCACC 116
bHLH3 Ma01_g12390 TCCTAGCTTGCCTCATTTCC TTGTCACCAGTCATACTCAGC 195
bHLH4 Ma07_g04810 GCAAGGTCAGATTACTCTTCGG GAGGTTAGGGTTTTCGGTGAG 197
bHLH5 Ma11_g16400 TGCGGTCTCATACATCAACG CTTCACTTCCATCTCCACCC 178
WD40-1 Ma01_g05340 CGTCTAGCTACCTCGTCATTTG TTTCTCCATCGCCATCACAG 163
WD40-2 Ma01_g04190 TGAAGGGAAACTCTTGGGATG AAGAGCATAGGGAGCAATGAG 88
WD40-3 Ma01_g04720 GAAGGACAATCGACACCAGAG CAGCTATACCTAACCCAATCGG 196
WD40-4 Ma01_g10940 TTGACCTAGCATCCAAGTGTG AAGCCACAGAATCCAGATCG 147
MaACT1 HQ853237 TGGTATGGAAGCCGCTGGTA TCTGCTGGAATGTGCTGAGG 236
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