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Abstract

The durian fruit has high nutritional value attributed to enriched bioactive

compounds, including phenolics, carotenoids, and vitamins. While various transcription factors

(TFs) govern phenylpropanoid biosynthesis, MYB TFs emerge as pivotal players in regulating key

genes within this pathway. This study delves into the identification of additional candidate MYB TFs
from the transcriptome database of the Monthong cultivar at five developmental/postharvest ripening
stages. Candidate transcriptional activators were discerned among MYBs upregulated during the ripe
stage, based on the positive correlation observed between flavonoid biosynthetic genes and flavonoid
contents in ripe durian pulps. Conversely, MYBs downregulated during the ripe stage were considered
candidate repressors. The study focused on a candidate MYB activator (DzMYB2) and a candidate MYB
repressor (DzMYB3) for functional characterization. LC-MS/MS analysis in Nicotiana

benthamiana leaves transiently expressing DzMYB2 revealed increased phenolic compound

contents compared to those expressing green fluorescence protein controls, while transiently expressed
DzMYB3 led to a decrease in phenolic compounds. Furthermore, it was demonstrated that DzMYB2
controls phenylpropanoid biosynthesis in durian by regulating the promoters of various biosynthetic
genes, including phenylalanine ammonia-lyase (PAL), chalcone synthase (CHS), chalcone isomerase
(CHI), and dihydroflavonol reductase (DFR). Simultaneously, DzMYB3 regulates the promoters of PAL, 4-
coumaroyl-CoA ligase (4CL), CHS, and CHI, resulting in the activation and repression of gene expression,
respectively. Additionally, it was discovered that DzMYB2 and DzMYB3 could bind to another TF,
DzbHLHT1, in the regulation of flavonoid biosynthesis. These findings enhance our understanding of the
pivotal role of MYB proteins in regulating the phenylpropanoid pathway in durian pulps.

Key Message

DzMYB2 functions as an activator, while DzZMYB3 acts as a repressor. They bind to promoters, interact
with DzbHLH1, and influence phenolic contents, revealing roles in phenylpropanoid regulation in durian

pulps.

1. Introduction

Phenylpropanoids, one of the largest classes of natural plant compounds, are synthesized from primary
metabolites, phenylalanine or tyrosine, through a series of enzymatic reactions. They can be categorized
into five groups based on their chemical structures: flavonoids (including anthocyanins,
proanthocyanidins, flavonols, flavones, flavanones, and isoflavonoids), monolignols, phenolic acids,
stilbenes, and coumarins (Liu et al., 2015). These compounds are ubiquitous in the plant world and play
vital roles in plant growth. They are integral to cell walls, protect against intense light and ultraviolet (UV)
radiation, serve as phytoalexins against herbivores and pathogens, and act as floral pigments to
facilitate plant-pollinator interactions. Additionally, phenylpropanoids have a wide range of biological
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properties that are beneficial to human health (Deng & Lu, 2017). Enzymes such as phenylalanine
ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-Coumarate: CoA ligase (4CL) are involved
in the general phenylpropanoid pathway. The metabolic intermediates produced in this pathway are
channeled into the synthesis of flavonoids (Pratyusha & Sarada, 2022).

Phenolic acids, a type of phenolic compound, are aromatic acid molecules characterized by a benzene
ring attached to one or more hydroxyl or methoxy groups. They can be divided into two primary groups
based on their carbon structures: hydroxycinnamic acids (C6—C3), which include p-hydroxybenzoic,
vanillic, and protocatechuic acids, and hydroxybenzoic acids (C6—C1), which include chlorogenic, ferulic,
rosmarinic, and sinapic acids. These compounds have medicinal significance, exhibiting antioxidant
properties and effects such as antibacterial, antiviral, anticarcinogenic, anti-inflammatory, and
vasodilatory effects (Mattila and Hellstrom, 2007).

Another category of phenolic compounds, flavonoids, have biological effects including anti-allergic,
antiviral, and anti-inflammatory properties (David et al., 2016). They can be classified into six main
subclasses based on their chemical structures: flavones, flavanones, flavanols, flavonols, isoflavones,
and anthocyanins/anthocyanidins (Li et al., 2018). In plants, most flavonoids are present as glycosides,
enhancing their solubility and reducing their toxicity (Brodowska, 2017). The initial enzyme in this
pathway, chalcone synthase, produces chalcone scaffolds that serve as the basis for all flavonoid
compounds. A set of enzymes modify the basic flavonoid structure, leading to various subclasses
depending on the plant species (Falcone Ferreyra et al., 2012).

MYB transcription factors (TFs) play a pivotal role in a variety of crucial processes in higher plants,
including development, differentiation, secondary metabolism, signal transduction, and mechanisms to
withstand biotic and abiotic stresses (Pratyusha & Sarada, 2022). Characterized by a highly conserved
MYB domain with the ability to bind DNA, MYB proteins include 1R (R1/2, R3-MYB), 2R (R2R3-MYB), 3R
(R1R2R3-MYB), and 4R (R1/R2-like repeats) (Dubos et al., 2010). The first identified MYB gene was the
oncogene (v-myb) found in the avian myeloblastosis virus (Klempnauer et al., 1982). In plants, the first
characterized MYB gene encoded the anthocyanin regulatory colorless 1 (C1) protein in Zea mays (Paz-
Ares et al., 1987). MYBs are known to be widespread in various organisms, including animals, fungi, and
plants, with the N-terminal region being highly conserved and the C-terminal region exhibiting greater
variability (Dubos et al., 2010).

MYB proteins function by either directly or indirectly interacting with specific DNA sequences, leading to
the activation or suppression of genes. The genes responsible for producing flavonoids are differentially
regulated by a complex comprising R2R3 MYB TFs, basic helix-loop-helix (bHLH) proteins, and WDR
proteins (Xu et al., 2015). This collaboration, collectively referred to as the MBW complex, determines the
expression of structural genes involved in flavonoid biosynthesis. Numerous studies have confirmed the
role of MYB TFs in overseeing genes associated with phenylpropanoid biosynthesis, acting as activators
and repressors (Liu et al., 2015; Ma & Constabel, 2019). Research on the MYB family in diverse plant
species has identified that the C-terminal portion of MYB repressors encompasses conserved motifs
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referred to as the TLLLFR motif and C2/EAR motif (LxLxL or DLNxxP) (Ma and Constabel, 2019). The
regulation of the phenylpropanoid pathway varies across species, involving either a MYB acting alone or
the formation of an MYB-bHLH dimer or an MBW complex. In Arabidopsis thaliana, AAMYB11, AtMYB12,
and AtMYB111 can individually activate genes like chalcone synthase (CHS), chalcone isomerase (CHI),
flavanone 3-hydroxylase (F3H), and flavonol synthase (FLS), collectively influencing flavonoid content
(Mehrtens et al., 2005; Stracke et al., 2007; Pandey et al., 2012, 2014). In maize, the R2R3-MYB; C1 and
bHLH; LC form an MYB-bHLH dimer that enhances flavonol synthesis (Bovy et al., 2002). Conversely,
heterologous expression of the R2R3-MYB repressor FaMYB1 in transgenic tobacco leads to a reduction
in flavonoid accumulation (Aharoni et al., 2001). Regarding phenolic acid regulation, the heterologous
expression of snapdragon ROSEAT in Salvia miltiorrhiza boosts the levels of both rosmarinic and
salvianolic acids (Wang et al., 2013). Additionally, constitutive expression of potato genes StAN1 and
StMTF1 increases chlorogenic acid content, similar to the effect observed with the expression of
AtMYB12 in tobacco (Luo et al., 2008; Rommens et al., 2008; Payyavula et al., 2013). Overexpressing
SmMYB39 inverts the synthesis of rosmarinic acid by acting as a repressor of both C4H and a gene
encoding tyrosine aminotransferase, leading to a reduction in 4-coumaric acid, rosmarinic acid,
salvianolic acid, and total phenolic content. (Zhang et al., 2013).

Durian (Durio zibethinus L.) is a tropical fruit that grows seasonally in several Southeast Asian nations,
including Thailand, Malaysia, and Indonesia, and is often referred to as the “king of fruits.” This fruit holds
significant economic importance in Thailand and is nutritionally valuable due to its abundance of
bioactive compounds, such as phenolics, carotenoids, and vitamins (Gorinstein et al., 2011). Flavonoid
concentrations may vary across different durian varieties and stages of ripeness. Among these, the Mon
Thong cultivar demonstrated the highest flavonoid content, surpassing Chanee, Kan Yao, Puang Manee,
and Kradum varieties (Toledo et al., 2018; A. Aziz and Mhd Jalil, 2019). Additionally, it was observed that
ripe durians generally exhibited the highest levels of flavonoids (Arancibia-Avila et al., 2008).

DzMYB1, identified and characterized as the first durian MYB activator by Weerawanich et al. (2024),
operates as a homodimer and interacts with homodimerized DzbHLHT1, controlling flavonoid production
in durian by influencing the promoters of multiple biosynthetic genes, including CHI, CHS, and F3H.
However, the characterization of a DzMYB repressor remains outstanding.

In this study, we utilized the transcriptome database of the Monthong durian cultivar to identify specific
candidate MYB activators and repressors responsible for regulating phenylpropanoid biosynthesis.
These identified MYB TFs were subsequently subjected to detailed characterization. Acknowledging that
phenylpropanoid biosynthesis is influenced by various TFs, MYB proteins emerge as pivotal in governing
the target genes in this pathway (Anwar et al., 2019). Thus, our objective in this study is to gain a deeper
understanding of the interplay between MYB activators and repressors in the biosynthesis of
phenylpropanoid during durian fruit ripening.

2. Method
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2.1 Plant materials

Durian fruit of the cv. Monthong (D. zibethinus L. “Monthong”) variety were harvested at different
developmental stages from a commercial orchard in Trat, Thailand. These stages encompassed
immature1 (85 days after anthesis (DAA)), immature2 (98 DAA), and mature stages (105 DAA),
representing on-tree developmental stages. Postharvest ripening stages included midripe (3 days after
harvest (DAH)) and ripe stages (5 DAH). The peel was meticulously removed to obtain pulp samples,
which were then extracted as per the method outlined by Suntichaikamolkul et al. (2021) for gene
expression analysis and transcriptome database creation (Suntichaikamolkul et al., 2021).

Seeds of A. thaliana and Nicotiana benthamiana were sown in small pots filled with peat moss and
nurtured under controlled conditions: a temperature of 25°C, a light intensity of 4000 lux, and a 16-h
photoperiod. After two weeks, the plants were individually relocated to separate pots and continued to
be cultivated under the same conditions for a month.

Tomato seeds (Solanum lycopersicum cv Micro Tom) were soaked in water for three days, then sown in
small pots filled with peat moss and placed under controlled environmental conditions, maintaining a
temperature of 25°C, a light intensity of 4000 lux, and a 16-h photoperiod. After three weeks, the saplings
were transferred to individual pots and continued to grow under these specified conditions for 1.5
months, until the fruit emerged and reached the breaker stage.

2.2 Transcriptome analysis

The transcriptome data for the durian fruit cv. Monthong at the five stages was processed using
OmicsBox (v1.4.1.1). This data was sourced from the study by Suntichaikamolkul et al. (2021), with the
project accession numbers being PRINA683229 (for the mature and ripe stages) and PRUNA732556 (for
the immature 1, immature 2, and midripe stages).

2.3 Transcriptome identification and expression pattern

MYB TFs, phenylpropanoid biosynthetic genes, and basic helix-loop-helix proteins (bHLHs) were
extracted from the transcriptome data sourced from Weerawanich et al. (2024). The expression levels of
these elements were represented using reads per kilobase of transcript per million reads mapped
(RPKM) values, which provide a standardized measure of transcript expression. The gene expression
across the five stages of the Monthong cultivar, as well as the tissue-specific expression pattern of
ripening-associated DzMYBs in the Musang King cultivar at the ripe stage (obtained from MaGenDB;
Wang et al., 2020), were visualized in a heatmap. This visualization was created using the Euclidean
distance method through MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/; Pang et al., 2021).

2.4 Phylogenetic analysis

Candidate genes encoding MYB TFs from the transcriptome dataset were translated into amino acid
sequences using an online tool (https://web.expasy.org/translate/). These amino acid sequences of
MYB proteins from durian, along with those of reported TFs involved in phenylpropanoid biosynthesis
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(Liu et al., 2015), were aligned using ClustalW in MEGA X software with default settings. A phylogenetic
tree was then generated using the neighbor-joining method with 1000 bootstrap replicates in the MEGA
X program (Kumar et al., 2018).

2.5 Total RNA isolation and quantitative reverse
transcription PCR (RT-qPCR) analysis

Total RNA was isolated from durian frozen pulp powder using the PureLink Plant RNA reagent
(Invitrogen, USA) as per the manufacturer’s instructions. Any genomic DNA was eliminated using DNase
| (Thermo Scientific, USA). For reverse transcription, 1 pg of total RNA was used to generate cDNA with
the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, USA) as per the provided instructions.
Specific primer sets for RT-qPCR were designed using the PrimerQuest tool
(https://www.idtdna.com/pages/tools/primerquest) (Table S1). RT-gPCR was performed on the CFX96
Real-Time PCR System (Bio-Rad, USA) using Luna® Universal qPCR Master Mix (New England Biolabs,
USA) and twenty-fold diluted cDNA samples. The PCR reaction mixture consisted of 1 pL of diluted
cDNA, 5 pL of Luna Universal gPCR Master Mix, and 250 nM of each gene-specific primer, totaling a
reaction volume of 10 pyL. The PCR conditions were set as follows: 1 minute at 95°C, followed by 40
cycles of 15 sec at 95°C and 30 sec at 60°C. A melting curve was generated by heating from 65 to 95°C
with increments of 0.5°C. The relative expression of each gene, normalized to the reference gene
(elongation factor-1 alpha, EF-1a), was determined using the 2722t method (Livak and Schmittgen,
2001).

2.6 Genomic DNA extraction

Genomic DNA was extracted from durian leaves using a NaCl/CTAB solution, as per the method
described by Porebski et al. (1997). In brief, 50 mg of freshly ground leaf tissues were combined with 1.3
mL of CTAB solution. This mixture was heated at 60°C for 30 min and then centrifuged at 13,000x g for
30 min. DNA purification was achieved using a mixture of phenol/ chloroform/isoamyl alcohol (25/24/1,
v/v/v). DNA precipitation was facilitated by adding an equal volume of 100% ethanol and centrifuging the
solution at 13,000x g for 5 min. The resulting DNA pellet was dried and re-suspended in nuclease-free
water.

2.7 Transient expression in plants

The coding sequences (CDS) of DzMYB2 (XM_022901835.1) and DzMYB3 (XM_022907326.1) were
amplified from durian cDNA. After PCR, the products were purified and inserted into the pDONOR207
vector using BP Clonase Il (Invitrogen, USA) per instructions. Subsequently, the CDS of DzMYB2 and
DzMYB3 were transferred into the binary vector pGWB2 (Nakagawa et al., 2007) with LR Clonase I
(Invitrogen, USA). The resulting construct was transformed into A. tumefaciens GV3101 via
electroporation. A single recombinant A. tumefaciens colony, containing the gene of interest, was
cultured in lysogeny broth supplemented with kanamycin (50 pg.mL™ "), rifampicin (50 pg.mL™ "), and

gentamycin (50 pg.mL™ ). The culture grew for two nights at 30°C with agitation at 250 rpm, and cells
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were harvested by centrifugation at 5000x g for 15 min. The pellet was re-suspended in 10 mM MMA
buffer (MES—MgCI2-acetosyringone) to achieve an ODg, of 0.5, followed by incubation at room
temperature for 3 h. These cells were used for co-infiltration with A. tumefaciens carrying the p19 gene
(Lindbo, 2007) in a 1:1 ratio. Agrobacterium cells were injected into the interior of tomato fruit at the
breaker stage and infiltrated into N. benthamiana |leaves. Fruit

were harvested once red, typically within 3 to 5 days, and leaves after 5 days. The green fluorescence
protein (GFP) gene served as a control. The fruit and leaves were promptly frozen in liquid nitrogen and
stored at - 80°C for subsequent analysis.

2.8 LC-MS/MS analysis

The process commenced by subjecting frozen tomato fruit and N. benthamiana leaves to a two-step
procedure involving freeze-drying followed by grinding. Subsequently, 20 mg of the resulting dried
samples underwent extraction using a 1 ml extraction solvent composed of diethyl
ether/methanol/water (2/5/2, v/v/v). This extraction solvent included 0.5 ppm of puerarin (for positive
mode) and 0.5 ppm of camphor (for negative mode) as meticulously chosen internal standards. The
samples were subjected to agitation at 1000 rpm for a precisely timed 15 min at 15°C using a shaking
incubator from Eppendorf, Germany. Following this initial step, 400 yL of water was judiciously added
and vortexed for an exact 30 sec. The resulting mixture underwent a carefully timed centrifugation at
12,000x g for precisely 1 min. The upper phase, carefully measured to total 200 pL, underwent a
meticulous concentration process using a centrivap concentrator at a controlled temperature of 25°C for
an exact 3 h until achieving complete solvent evaporation. Subsequently, the dried samples were
reconstituted with a precisely formulated 10% methanol solution and meticulously filtered through a
0.22-um microfilter before being meticulously transferred to a specially prepared vial. The subsequent
analysis employed a high-quality C18(2) Luna column (100 mm x 2 mm x 2.5 ym) sourced from
Phenomenex, Torrance, CA, USA. The column temperature was meticulously maintained at a controlled
40°C throughout the analytical process. A precisely formulated mixture of solvents A (water and 0.1%
formic acid) and B (acetonitrile and 0.1% formic acid) was employed with an optimized flow rate of 0.3
mL.min~'. The gradient elution method commenced with an exact 0% B for a carefully timed 5 min,
followed by a systematic increase to 20% B over a precise 3 min (held for 4 min), further raised to 25% B
over an exact 1 min (held for 4 min), and then elevated to 50% B over a systematically timed 5 min.
Subsequently, a linear gradient to 95% B was meticulously applied over an exact 1 min and held for a
precisely timed 7 min. The entire analytical process was meticulously controlled, with a 2 pL injection
volume employed, and the column temperature meticulously maintained at a controlled 35°C throughout
the process. Compound detection was executed using a top-notch gTOF/MS LC-MS 9030 system from
Shimadzu Corp., Kyoto, Japan, equipped with a highly efficient electrospray ionization source. The MS
conditions were systematically fine-tuned for both positive and negative-ion modes, with a collision
energy precisely set at 35 eV, DL temperature maintained at 250°C, and a drying gas (N,) flow rate of

10.0 L.min~'. The oven temperature was set at a controlled 40°C, and mass spectra were meticulously
acquired within the m/z range of 50-3000.
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For the critical phase of data analysis, the raw data obtained from mass spectrometry underwent a
rigorous conversion process to the .mzml format using the LabSolution software. Initial metabolite
annotation was executed using MS-DIAL (version 4.60) from RIKEN, meticulously comparing it with an
extensive public metabolomics library available at
(https://prime.psc.riken.jp/compms/msdial/main.htmI#MSP). Subsequently, tentative peaks underwent
an exhaustive annotation process, including determination of their elemental formulas and
comprehensive mass spectral fragmentation, using MS-FINDER 3.5 (https://prime.psc.riken.jp/) (Lai et
al., 2018). The intensity of phenolic compounds underwent a meticulous normalization process using the
peak area of puerarin and camphor, deliberately added as internal standards.

2.9 Dual-luciferase reporter assay

To perform the dual-luciferase assay, a 2000-base pair segment upstream of the biosynthetic gene
promoter was integrated and fused with the firefly luciferase (LUC) gene from Photinus pyralis within the
pGreenll-0800-Luc vector. This integration was accomplished using the In-fusion HD Cloning Kit (Takara
Bio Inc., Otsu, Japan) through the Hindlll site. Both the DzMYBZ2 and DzMYB3 genes from durian cDNA
were inserted into the pGreenll-62-SK vector, operating under the 35S promoter, employing the In-fusion
HD Cloning Kit (Takara Bio Inc., Otsu, Japan) through the BamHI and Hindlll sites.

To explore interactions between MYB TFs and the promoters of biosynthetic genes, the dual-luciferase
reporter assay was implemented, following the protocol outlined by Hellens et al. (2005). This assay
involved the co-transfection of a combination of vectors. Specifically, the pGreenll-0800-Luc vector
containing each promoter (10 pg) and the pGreenll-62-SK vector containing either DzMYB2 or DzMYB3
(10 ug) were introduced into Arabidopsis protoplasts (5 x 10* cells) isolated from leaves. This
introduction followed the procedure described by Yoo et al. (2007). To observe the combined activity of
both DzMYB2 and DzMYB3 in the cells, DzMYBZ2 and DzMYB3 in the pGreenll-62-SK vector were co-
transfected. The vector used in this assay encompasses the firefly luciferase gene under the control of
the promoter of interest, while the Renilla gene (REN), driven by the constitutive 35s promoter, serves as
the internal control (Hellens et al., 2005). The transfection reaction was allowed to incubate overnight, for
approximately 16 h. Subsequently, the dual-luciferase activities were quantified using a Synergy H1 Plate
Reader (Bio Tek, USA) equipped with luminescent detectors. Each co-transfection was replicated three
times.

2.10 Yeast two hybrid (Y2H)

To unravel the protein interactions involving DzMYB2, DzMYB3, the previously documented DzMYB
(DzMYB1), and the reported DzbHLH (DzbHLH1) implicated in flavonoid biosynthesis (Weerawanich et
al., 2024), DzMYB1 and DzbHLH1 were strategically cloned into pGBKT7 as the bait protein. This cloning
process involved fusion with the Gal4 DNA-binding domain (DNA-BD) and was executed through the In-
fusion HD Cloning Kit (Takara Bio Inc., Otsu, Japan), utilizing the EcoRI and BamHI sites. Simultaneously,
DzMYBZ2 and DzMYB3 were cloned into pGADT7, housing the Gal4 activation domain through the Smal
site. The cotransformation method was employed to validate the protein interactions. For the
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transformation, the yeast strain Y2HGold was utilized, and the recombinant plasmid was introduced via
the LiAc method. Transformants underwent selection on SD/-Leu/-Trp medium (DDO), SD/-Ade/-
His/-Leu/-Trp (QDO), and SD/-Ade/—-His/-Leu/-Trp supplemented with X-alpha-Gal and Aureobasidin
A (QDO/X/A), following the detailed procedures outlined in the Matchmaker Gold Yeast Two-Hybrid
System manual (Takara, Japan).

3. Results

3.1 DzMYB2 exhibited relatively high expression during the ripening stage, while DzMYB3 decreased
expression at ripening stage

The first MYB identified in durian, DzMYB1, was reported by Weerawanich et al. (2024). This study builds
upon that work by identifying additional novel MYBs potentially involved in phenylpropanoids
biosynthesis. These MYB TFs were identified using transcriptome data from durian fruit cv. Monthong
across five distinct stages: immature1 (IM1), immature2 (IM2), mature (M), midripe (MR), and ripe (R).
From this data, 117 MYBs were found in durian pulp (Weerawanich et al., 2024). Among these, seven
candidate MYB activators and repressors were randomly screened. Changes in phenolic profiles were
assessed by transiently expressing these MYB genes in N. benthamiana leaves and comparing them to
the GFP control using HPLC at 320 nm. Two MYBs were selected for further study: one that showed a
significant increase (DzMYB2) and one that showed a significant decrease (DzMYB3) in expression
during the ripening stage. A heat map analysis of DzMYB2 and DzMYB3 was conducted using the RPKM
values (Fig. S1a). Previous studies (Arancibia-Avila et al., 2008) have shown that the ripe stage exhibited
the highest concentration of flavonoids in durian fruit and that the high expression of the durian MYB
during the ripening stage is consistent with its role as an activator (Weerawanich et al., 2024). Given this,
it is suggested that DzMYB2, which exhibits high expression in durian pulp during ripening, may
potentially act as a candidate activator. Conversely, DzMYB3, which has low expression during the
ripening stage, may potentially function as a candidate repressor.

Furthermore, through the examination of publicly accessible transcriptomic data encompassing various
durian cv. Musang King tissues (stem, root, leaf, and pulp) sourced from MaGenDB, Weerawanich et al.
(2024) conducted an assessment of the expression levels of ripening-associated DzMYBs across these
tissue types. It was found that DzMYB2 and DzMYB3 showed increased expression in durian pulp, while
their expression was relatively low in other tissue (Fig. S1b).

The expression patterns of DzMYB2 and DzMYB3 were then validated using RT-qPCR. This confirmed
their consistency with the transcriptome data, as reflected by the RPKM values (Fig. 1). This RT-qPCR
validation provides strong evidence for the reliability and accuracy of the transcriptome data.

3.2 DzMYB2 was clustered with phenylpropanoid -related
activators, whereas DzMYB3 grouped with
phenylpropanoid-related repressors-like
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In many plant species, MYB TFs have been found to act as both activators and suppressors in processes
related to phenylpropanoid (Liu et al., 2015). A phylogenetic analysis was carried out on 16 plant R2R3-
MYB proteins, which are associated with various functions in phenylpropanoid biosynthesis, to
understand the potential roles of DzZMYB2 and DzMYB3. The analysis showed that DzMYB2 is part of the
MYB activator group, while DzMYB3 is closely related to the MYB repressor group (Fig. 2a). This
indicates that DzMYB2 and DzMYB3 could function as an activator and repressor, respectively, in
phenylpropanoid biosynthesis.

Furthermore, DzMYB2 and DzMYB3 proteins showed alignment with previously identified R2R3-MYB TFs.
DzMYB2, which has an 870 bp coding sequence, encodes 290 amino acid residues. However, DzMYB3,
with a 750 bp coding sequence, codes for 249 amino acid residues. As shown in Fig. 2b, both DzMYB2
and DzMYB3 have a complete and characteristic R2R3 domain, which is crucial for DNA sequence
binding, and a bHLH-interacting motif for interaction with bHLH binding sites. In addition, DzMYB3
includes a C2/EAR motif (LxLxL or DLNxxP), a conserved motif linked with MYB repression, as well as a
Zing finger and C4 motif located at the C-terminus.

3.3 DzMYB2 enhanced phenolic compounds in both tomato and N. benthamiana while DzMYB3 reduced
phenolic level in N. benthamiana

We conducted transient overexpression experiments to characterize DzMYB2 and DzMYB3. DzMYB2
was overexpressed in tomato fruit and N. benthamiana leaves, while DzMYB3 was overexpressed only in
N. benthamiana leaves. We then analyzed the changes in phenolic compounds in the tomato and N.
benthamiana samples that were transiently overexpressed with either DzMYBZ2 or DzMYBS3. This was
compared to the GFP control using liquid chromatography-mass spectrometry (LC-MS/MS). Among all
annotated metabolites in tomato fruit and N. benthamiana leaves identified by MS-DIAL and MS-FINDER,
we observed the top four compounds with the highest intensity of phenolic compounds. In tomato fruit,
we found that chlorogenic acid, kaempferol-3-O-rutinoside, and quercetin-3-O-rutinoside (rutin)
accumulated to higher levels in DzMYBZ2 transiently overexpressed fruit compared to the control GFP.
However, naringenin-7-0-glucoside (prunin) showed no significant difference (Fig. S2). In N. benthamiana
leaves, DzMYBZ2 transiently overexpressed plants showed an increase in chlorogenic acid and
feruloylquinic acid. Interestingly, naringenin-7-O-glucoside (prunin) and kaempferol-3-O-rutinoside, which
were not detected in the control, were found in DzMYBZ-infiltrated leaves. Additionally, transient
overexpression of DzMYB3 led to a decrease in chlorogenic acid (Fig. 3). The mass-to-charge ratio (m/z),
retention time, and mass fragments are detailed in Table S2. These results confirm the roles of DzMYB2
and DzMYB3 in controlling phenylpropanoid biosynthesis, with DzMYB2 acting as an activator and
DzMYB3 as a repressor, respectively.

3.4 DzMYB2 and DzMYB3 bind promoters of
phenylpropanoid biosynthetic genes
DzMYB2 and DzMYB3 have shown the ability to increase and decrease certain phenolic acids and

flavonoids, respectively, in transient plants. However, our main interest is in understanding
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phenylpropanoid regulation in durian. As we are unable to conduct transient expression experiments in
durian fruit, we decided to investigate the interaction between either DzMYB2 or DzMYB3 and the
promoters of phenylpropanoid biosynthetic genes in durian. Our goal was to determine if our TFs,
DzMYB2 and DzMYB3, could effectively bind to these promoters. The phenylpropanoid biosynthetic
genes in durian were identified by Weerawanich et al. (2024), including DzPAL7 (XM_022890420.1),
Dz4CL1 (XM_022873869.1), DzCHS1 (XM_022905317.1), DzCHIT (XM_022908829.1), DzF3H1
(XM_022910592.1), DzDFR1 (XM_022913282.1), and DzUFGT1 (XM_022916049.1). We examined these
selected paralogs for binding activity using the luciferase reporter assay (Fig. 4a). By calculating the
firefly luciferase (LUC) to Renilla luciferase (REN) signal ratio, we were able to determine the binding
activity between DzMYB2 or DzMYB3 and the promoters of phenylpropanoid biosynthetic genes.
According to the results from the dual-luciferase activity assay of DzMYB2, the relative LUC/REN ratio of
PPAL, pDzCHS, pDzCHI, and pDzDFR was significantly higher compared to the control group without
DzMYB2 TF (Fig. 4b). Conversely, for DzMYB3, the relative LUC/REN ratio of pPAL, pDz4CL, pDzCHS, and
pDzCHI was significantly lower compared to the control (Fig. 4c). These findings strongly suggest that
DzMYB2 could activate pPAL, pDzCHS, pDzCHI, and pDzDFR, while DzMYB3 could repress pPAL, pDz4CL,
pDzCHS, and pDzCHI.

To examine the combined effect of DzMYB2 and DzMYB3, we selected the promoters of PAL and CHI.
The results showed that when both the MYB activator, DzMYB2, and the MYB repressor, DzMYB3, were
co-transformed, the repressor reduced the binding activity of the activator (Fig. 4d).

Figure 4. Dual-luciferase activity assay conducted in Arabidopsis protoplasts. a Schematic
representation of the effector and reporter constructs employed in the dual-luciferase experiment. b
DzMYB2 demonstrates binding affinity to the promoters of DzPAL, DzCHI, DzCHS, and DzDFR. ¢ DzMYB3
exhibits binding affinity to the promoters of pPAL, pDz4CL, pDzCHS, and pDzCHI. d The cumulative effect
of DzMYB2 and DzMYB3 on the PAL and CH/ promoters. The relative LUC/REN ratio indicates the
interaction between the promoter of each phenylpropanoid biosynthetic gene and DzMYB TFs. The
LUC/REN ratio was normalized to the control, consisting of each phenylpropanoid biosynthetic gene
promoter and the vector without a transcription factor (LUC/REN ratio = 1.0). An asterisk above the bars
denotes a significant difference between samples (student’s t-test, **: P < 0.05, ***: P<0.01). The
promoters regulated by either DzMYB2 or DzMYB3 are highlighted within purple circles. Distinct letters
signify statistically significant differences between stages (p < 0.05, one-way ANOVA, Tukey's multiple
comparisons test).

3.5 Y2H assay confirmed the interaction between DzMYB2
and DzMYB3 with DzBHLH1

MYB TFs typically do not function in isolation; instead, they often form complexes with other proteins (Xu
et al., 2015; Nemesio-Gorriz et al., 2017). Among the various groups of TFs capable of interacting with
MYB TFs, bHLHs have been identified (Yue et al., 2023). Within the DzbHLHs, DzbHLH1 has been
recognized for its potential to bind with the previously reported DzMYB1, a crucial contributor to
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flavonoid biosynthesis (Weerawanich et al., 2024). The cotransformation method was employed to
investigate the interaction with DzbHLH1. Results from Y2H demonstrated that both DzMYB2 and
DzMYB3 could interact with DzbHLH1 (Fig. 5). Additionally, considering that MYBs can form
heterodimers or interact with other MYBs (Wei et al., 2018), the interaction of either DzMYB2 or DzMYB3
with the reported DzMYB, DzMYB1, was observed. The findings revealed that DzMYB2 and DzMYB3 were
unable to bind with DzMYB1 (Fig. 5).

Figure 5. Yeast two-hybrid assay on selective media, which includes double dropout (DDO) medium:
SD/-Leu/-Trp, QDO (quadruple dropout medium: SD/—-Ade/—His/-Leu/-Trp), and QDO/X/A (quadruple
dropout medium: SD/-Ade/—His/-Leu/-Trp supplemented with X-alpha-Gal and Aureobasidin A). The
yeast cultures that were transformed were spotted in 10-fold serial dilutions. After a 3-day incubation
period, a photograph of the yeast colonies was taken. For the positive control, recombinant yeast
containing both pGBKT-53 and pGADT7-T was used, while yeast containing pGBKT-Lam and pGADT7-T
served as the negative control.

4. Discussion

While MYB TFs have been extensively identified and characterized in various plant species (Liu et al.,
2015), only one durian MYB activator has been reported so far (Weerawanich et al., 2024). To better
understand the regulation of phenylpropanoid biosynthesis in durian, it is important to explore additional
activators and repressors. In this study, transcriptome data from the Monthong variety was used to
identify a novel activator and the first repressor durian MYB, designated as DzMYB2 and DzMYB3,
respectively. Both of these showed significant differences from the GFP control when transiently
expressed in N. benthamiana leaves, making them stand out among other candidates. DzMYBZ2 showed
its highest expression during the ripening stage (Fig. 1), exceeding the mature stage by more than
tenfold. This strongly suggests that DzMYB2 plays a crucial role in the durian ripening process. This
observation aligns with the findings of Arancibia-Avila et al. (2008), which highlighted the ripe stage as
the period of highest flavonoid concentration in durian pulps. The results from Weerawanich et al. (2024)
also confirmed that the increased flavonoid levels are consistent with the increased expression of
biosynthetic genes and TFs during ripening. Also, DzMYB3 showed expression in the opposite direction
(Fig. 1), suggesting its potential role as a candidate repressor. This is similar to other plants like apples,
where the expression levels of R2R3-MYB repressors have been found to be negatively correlated with
anthocyanin levels (Xu et al., 2017).

The expression profiles of both DzMYB2 and DzMYB3 showed high levels in the ripe pulp while
displaying lower expression in other tissues (Fig. S1b). This suggests their primary role in this tissue.
However, some level of expression of DzMYB2 and DzMYB3 was observed in other tissues, indicating
their potential involvement in functions beyond fruit-related processes. Factors such as UV light
exposure and abiotic stresses like cold, salinity, and drought have been shown to influence flavonoid
production in leaves (Ma et al., 2014). This expression pattern suggests that MYBs are likely involved in a
wide range of physiological processes across various tissues.
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The phylogenetic analysis placed DzMYB2 in a clade with phenylpropanoid activators, closely related to
VVMYBPA1 and DkMYBA4, which are known for their involvement in proanthocyanidin synthesis.
Conversely, DzMYB3 clustered with phenylpropanoid repressors, closely associated with SmMMYB39 and
AmMYB308, which are associated with phenolic repression (Fig. 2a). This suggests a potential role for
both DzMYB2 and DzMYB3 in phenylpropanoid biosynthesis. The alignment of the sequences of
DzMYB2 and DzMYB3 with reported MYB activators and MYB repressors indicated that both DzMYB2
and DzMYB3 belong to the R2R3 MYB subclass (Fig. 2b). In the R3 domain, both DzMYB2 and DzMYB3,
along with their homologous proteins, showcase a bHLH-interacting motif for bHLH binding sites, a
feature that Zimmermann et al. (2004) had previously pointed out.

Repressor proteins, exemplified by DzMYB3, are distinguished by the presence of the C2 motif at the C-
terminal end. This C2 motif, recognized by consensus sequences like DLNxxP or LxLxL, stands out as a
prevalent transcriptional repression motif identified in plants. Its wide conservation extends to
transcriptional regulators known for acting as negative regulators in diverse developmental and
physiological processes across a broad spectrum of plant species (Kagale and Rozwadowski, 2011).
Moreover, DzMYB3 also harbors the C4 motif and zing finger. The C4 motif, characterized by the
conserved dFLGL and LDF/YRXLEMK sequences, is identified in the petunia MYB4 homolog, primarily
responsible for the negative control of floral volatile benzoid/phenylpropanoid compounds (Colquhoun et
al., 2011). This motif is also found in switchgrass (Panicum virgatum) PvMYB4, as well as in maize
ZmMYB3, acting as negative regulators of the early phenylpropanoid and lignin pathways (Fornalé et al.,
2010; Shen et al., 2012). Notably, despite its close relation, the snapdragon AmMMYB308 does not contain
the C4 motif (Tamagnone et al., 1998). Conversely, it appears that the zinc finger motif does not exhibit
repressive activity. The role of the zinc finger in the regulatory region at the C-terminal end remains
unclear for the R2R3-MYB subfamily four proteins (Shen et al., 2012).

Given the available data, there is a reasonable likelihood that DzMYB2 serves as a transcriptional
activator for phenylpropanoid biosynthesis, while DzMYB3 is likely a transcriptional repressor.
Nevertheless, additional comprehensive characterization is essential for confirmation.

The transient expression of DzMYBZ2in N. benthamiana leaves resulted in an elevation in the levels of
phenolic acids and flavonoids, while the expression of DzMYB3 led to a decrease in phenolic acids,
consistent with our initial hypothesis (Fig. 3). Notably, not all phenolic compounds are repressed by
DzMYB3, indicating its potential specificity in controlling the promoter of phenylpropanoid biosynthetic
genes, resulting in the accumulation of specific compounds. We further validated this outcome in
tomato fruit, our target tissue of interest, by transiently expressing DzMYBZ2. The results demonstrated
an increase in phenolic compounds as well (Fig. S2), providing robust evidence that DzMYB2 functions
as an activator for the phenylpropanoid pathway in both plant species and across different tissues.

As we were unable to conduct transient expression experiments in durian fruit to assess whether
DzMYBs can activate phenolic compounds, our focus shifted to investigating the interaction between
MYBs and phenylpropanoid biosynthetic genes in durian, as reported by Weerawanich et al. (2024). The
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results revealed that DzMYB2 regulates the promoters of various biosynthetic genes, including pDzPAL,
pDzCHS, pDzCHI, and pDzDFR. Concurrently, DzMYB3 regulates pDzPAL, pDzC4L, pDzCHS, and pDzCH|,
highlighting the capacity of a single MYB to regulate multiple promoters (Fig. 4). This aligns with the
findings for DzMYB1, which has been demonstrated to activate pDzCHI, pDzCHS, and pDzF3H, all of
which are early biosynthetic genes in the flavonoid pathway (Weerawanich et al., 2024). These results
indicated functional redundancy among durian MYB activators in controlling phenylpropanoid
biosynthesis. The findings strongly support the roles of DzZMYB2 as an activator and DzMYB3 as a
repressor in the regulation of phenolic compounds in durian. Since both DzMYB2 and DzMYB3 regulate
the same genes, we then observed their combined effect in the cell, focusing on pDzPAL and pDzCHI,
key genes in the phenylpropanoid pathway. Notably, the results demonstrated that DzMYB3 could
suppress the activity of DzMYB2. In other words, DzMYB2, an activator, can partially counteract the
repression effect of DzMYB3, a repressor. This cooperative interaction between an activator and a
repressor is a common regulatory mechanism observed in other plants, helping to maintain phenolic
accumulation at an appropriate level within the cell (Zhang, 2020).

The regulation of phenylpropanoid biosynthesis is not solely dependent on MYB but also involves other
TFs from three TF families: R2R3-MYB, bHLH, and WDR. R2R3-MYB TFs can function independently or as
part of MBW complexes with bHLHs and WDRs. WDR proteins primarily serve as stable frameworks for
interactions between proteins and DNA (Miller and Clay, 2016). The first 200 amino acids at the N-
terminus of the bHLH protein are essential for interaction with the MYB TF, while the subsequent 200
amino acids enable binding with a WDR protein (Fan et al., 2021). In terms of function, the basic region is
crucial for making DNA contacts, while the HLH region facilitates dimerization among bHLH proteins
(Massari and Murre, 2000). However, MYB proteins play a central role in controlling the expression of
target genes involved in the phenylpropanoid biosynthetic pathway (Anwar et al., 2019).

Given the potential of MYB proteins to interact with various partners, we investigated protein-protein
interactions. The previously reported DzMYB1 functions as a homodimer and forms a complex with
homodimerized DzbHLH1, regulating flavonoid biosynthesis in durian (Weerawanich et al., 2024).
DzbHLH1 was selected for interaction studies with both DzMYB2 and DzMYB3. It was observed that
both DzMYB2 and DzMYB3 have the capability to bind with DzbHLH1(Fig. 5), mirroring the interaction
observed with DzMYB1. This indicates a relatively low specificity of bHLH proteins, consistent with a
study by Hichri et al. (2010) where VVMYC1 interacted with MYB5a, MYB5b, MYBA1/A2, and MYBPAT1 to
activate flavonoid pathway gene promoters. Moreover, MYBs can form homodimers or heterodimers by
interacting with another MYB (Persak and Pitzschke, 2013; Wei et al., 2018). Unfortunately, auto-
activation issues with DzMYB2 and DzMYB3 in yeast prevented the observation of their dimerization.
Attention was then directed to observing the heterodimerization of either DzMYB2 or DzMYB3 with
DzMYB1. Results indicated that these two MYBs were unable to interact with DzMYB1 (Fig. 5),
suggesting that their primary roles may not involve direct interaction with each other.

The interplay between a transcriptional activator and a repressor may involve interactions with bHLH
TFs. MYB repressors within the flavonoid biosynthesis pathway have the ability to disrupt the MBW
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complex by binding to bHLH co-activators. Studies with PAMYB27 in yeast three-hybrid assays have
shown that MYB activators and repressors can simultaneously bind to the same bHLH cofactor (Albert
et al., 2014). This suggests that the activation or repression at a promoter could depend primarily on the
relative abundance of MYB activator and repressor proteins within the cells, with MYB repressors
influencing gene expression directly by competing for binding sites with MYB activators (Ma et al., 2019).

Taking into account all the findings, a proposed molecular mechanism for how DzMYB2 and DzMYB3
control the presence of phenolic compounds in durian can be outlined. During various stages of fruit
development, including immature and mature stages, durian pulp does not require high levels of phenolic
content, unlike during ripening. At this point, the repressor, DzMYB3, is expressed and forms the MBW
complex with bHLH1. Together, they bind to pDzPAL and pDzCHI, suppressing the expression of
phenylpropanoid biosynthesis. As the durian fruit ripens, signals may trigger the expression of the
activator, DzMYB2. DzMYB2 competes with DzMYB3 to bind with bHLHT1, activating the expression of
pDzPAL and pDzCH)I, resulting in a high level of phenolic compounds at the ripe stage. To prevent
excessive accumulation of phenolic compounds after the ripe stage, DzMYB3 may be activated by
DzMYB?2, providing delicate fine-tuning for balancing secondary metabolite accumulation in pulp cells

(Fig. 6).

It is crucial to acknowledge the potential involvement of unidentified TFs in regulating the expression of
phenylpropanoid biosynthetic genes in durian pulp. Additionally, DzMYB2 and DzMYB3 may have roles
beyond their function in phenylpropanoid biosynthesis, potentially impacting other aspects of plant
development. Further exploration in this area is warranted for a deeper understanding.

Conclusion

In this study, we identified DzMYBZ2 with elevated expression levels during postharvest ripening and
DzMYB3 with low expression levels during postharvest ripening from the transcriptome database of
Monthong as the candidate MYB activator and candidate MYB repressor, respectively. DzMYB2
demonstrated the ability to enhance the expression of specific phenolic compounds, such as
chlorogenic acid, kaempferol-3-O-rutinoside, and quercetin-3-O-rutinoside (rutin), transiently in tomato
fruit. Additionally, it increased the levels of chlorogenic acid and feruloylquinic acid, as well as
naringenin-7-O-glucoside (prunin) and kaempferol-3-O-rutinoside in N. benthamiana leaves. Conversely,
DzMYB3 reduced chlorogenic acid and feruloylquinic acid in N. benthamiana leaves.

We observed that DzMYB2 plays a crucial role in regulating phenylpropanoid biosynthesis in durian by
modulating the promoters of various biosynthetic genes, including PAL, CHS, CHI, and DFR, leading to
their activation. Simultaneously, DzMYB3 regulates PAL, C4L, CHS, and CHI. Furthermore, we
demonstrated the impact of the MYB repressor, DzMYB3, on the MYB activator, DzMYBZ2, in terms of
binding activity to PAL and CHI promoters. Additionally, our findings revealed that both DzMYB2 and
DzMYB3 form complexes with homodimerized DzbHLH1 in the regulation of phenylpropanoid
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biosynthesis. This study represents the first exploration of a MYB repressor responsible for regulating
phenylpropanoid biosynthesis in durian.

Abbreviations

CDS Coding sequences

CHI Chalcone isomerase

CHS Chalcone synthase

DFR Dihydroflavonol reductase
EBG Early biosynthetic genes

FLS Flavonol synthase

GFP Green fluorescence protein
HLH Helix-loop-helix

MYB v-myb avian myeloblastosis viral oncogene homolog
PAL Phenylalanine ammonia-lyase
TF Transcription factor

We have not used generative artificial intelligence in the writing of this manuscript.

Declarations

Author contributions

KW and SS jointly conceived and designed the research. SS provided supervision throughout the study.
KW conducted the experiments, analyzed the data, and prepared the initial draft of the manuscript. SS
conducted a thorough review and contributed to the revision of the manuscript.

Funding

This research project received support from the National Research Council of Thailand (NRCT) [grant
numbers N41A640186 and NRCT5-RSA63001-15]. It was also supported by the 90™ anniversary of
Chulalongkorn University (Ratchadaphisek Somphot Endowment Fund) and by Chulalongkorn University
[grant number GCE 6509523014-1]. It's important to clarify that the funders had no role in the design of
the study, data collection, and interpretation, or the decision to submit the work for publication.

Page 16/26



Acknowledgements

KW and SS acknowledge the support of the Second Century Fund (C2F), Chulalongkorn University, for the
PhD Scholarship. Special thanks are extended to Tsuyoshi Nakagawa of Shimane University, Japan, for
generously providing the Gateway® expression vector pGWB2 and Sophien Kamoun of Sainsbury
Laboratory, UK, for providing A. tumefaciens GV3101 carrying pJL3:p19. The authors express their
gratitude to Miss Putthamas Pewlong and Miss Nattaya Pattarapipatkul for their valuable assistance
with the LC-MS/MS operation.

Declaration of competing interest
The authors have no conflicts of interest to declare.
Declaration of Generative Al and Al-assisted technologies in the writing process

We have not used generative artificial intelligence in the writing of this manuscript.

References

1. Aharoni A, De Vos CR, Wein M, Sun Z, Greco R, Kroon A, Mol JN, O'Connell AP (2001) The strawberry
FaMYB1 transcription factor suppresses anthocyanin and flavonol accumulation in transgenic
tobacco. Plant J 28:319-332. https://doi.org/10.1046/j.1365-313X.2001.01154.x

2. Albert NW, Davies KM, Lewis DH, Zhang H, Montefiori M, Brendolise C, Boase MR, Ngo H, Jameson
PE, Schwinn KE (2014) A conserved network of transcriptional activators and repressors regulates
anthocyanin pigmentation in eudicots. Plant Cell 26:962-980.
https://doi.org/10.1105/tpc.113.122069

3. Anand David A, Arulmoli R, Parasuraman S (2016) Overviews of biological importance of quercetin:
a bioactive flavonoid. Pharmacogn Rev 10:84. https://doi.org/10.4103/0973-7847.194044

4. Anwar M, Yu W, Yao H, Zhou P, Allan AC, Zeng L (2019) NtMYB3, an R2R3-MYB from narcissus,
regulates flavonoid biosynthesis. Int J Mol Sci 20:5456. https://doi.org/10.3390/ijms20215456

5. Arancibia-Avila P, Toledo F, Park YS, Jung ST, Kang SG, Heo BG, Lee SH, Sajewicz M, Kowalska T,

Gorinstein S (2008) Antioxidant properties of durian fruit as influenced by ripening. LWT-food Sci
and Technol 41:2118-2125. https://doi.org/10.1016/j.Iwt.2007.12.001

6. Aziz NAA, Jalil AM (2019) Bioactive compounds, nutritional value, and potential health benefits of
indigenous durian (Durio zibethinus Murr.): A review. Foods of Plant Ori 5.
https://doi.org/10.3390/foods8030096

7. Bovy A, de Vos R, Kemper M, Schijlen E, Almenar PM, Muir S, Collins G, Robinson S, Verhoeyen M,
Hughes S (2002) High-flavonol tomatoes resulting from the heterologous expression of the maize
transcription factor genes LC and C1. Plant Cell 14:2509-2526. https://doi.org/10.1105/tpc.004218

8. Brodowska KM (2017) Natural flavonoids: classification, potential role, and application of flavonoid
analogues. Eur J Biol Res 7:108-123. https://doi.org/10.4161/psb.5.6.11570

Page 17/26



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Colguhoun TA, Kim JY, Wedde AE, Levin LA, Schmitt KC, Schuurink RC, Clark DG (2011) PhMYB4

fine-tunes the floral volatile signature of Petuniax hybrida through PhC4H. J Exp Bot 62:1133-1143.
https://doi.org/10.1093/jxb/erq342

Deng Y, Lu S (2017) Biosynthesis and regulation of phenylpropanoids in plants. Crit Rev Plant Sci
36:257-290. https://doi.org/10.1080/07352689.2017.1402852

Dubos C, Stracke R, Grotewold E, Weisshaar B, Martin C, Lepiniec L (2010) MYB transcription factors
in Arabidopsis. Trends Plant Sci 15:573—-581. https://doi.org/10.1016/j.tplants.2010.06.005

Falcone Ferreyra ML, Rius SP, Casati P (2012) Flavonoids: biosynthesis, biological functions, and
biotechnological applications. Front Plant Sci 3:222. https://doi.org/10.3389/fpls.2012.00222

FanY, Peng J, Wu J, Zhou P, He R, Allan AC, Zeng L (2021) NtbHLH1, a JAF13-like bHLH, interacts
with NtMYB6 to enhance proanthocyanidin accumulation in Chinese Narcissus. BMC Plant Biol
21:1-14. https://doi.org/10.1186/s12870-021-03050-1

Fornalé S, Shi X, Chai C, Encina A, Irar S, Capellades M, Fuguet E, Torres JL, Rovira P, Puigdomenech
P (2010) ZmMYB31 directly represses maize lignin genes and redirects the phenylpropanoid
metabolic flux. Plant J 64:633-644. https://doi.org/10.1111/j.1365-313X.2010.04363.x

Gorinstein S, Poovarodom S, Leontowicz H, Leontowicz M, Namiesnik J, Vearasilp S, Haruenkit R,
Ruamsuke P, Katrich E, Tashma Z (2011) Antioxidant properties and bioactive constituents of some
rare exotic Thai fruits and comparison with conventional fruits: /n vitro and in vivo studies. Food Res
Int 44:2222-2232. https://doi.org/10.1016/j.foodres.2010.10.009

Hellens RP, Allan AC, Friel EN, Bolitho K, Grafton K, Templeton MD, Karunairetnam S, Gleave AP, Laing
WA (2005) Transient expression vectors for functional genomics, quantification of promoter activity
and RNA silencing in plants. Plant Methods 1:1-14. https://doi.org/10.1186/1746-4811-1-13

Hichri I, Heppel SC, Pillet J, Léon C, Czemmel S, Delrot S, Lauvergeat V, Bogs J (2010) The basic
helix-loop-helix transcription factor MYC1 is involved in the regulation of the flavonoid biosynthesis
pathway in grapevine. Mol Plant 3:509-523. https://doi.org/10.1093/mp/ssp118

Kagale S, Rozwadowski K (2011) EAR motif-mediated transcriptional repression in plants: an
underlying mechanism for epigenetic regulation of gene expression. Epigenetics 6:141-146.
https://doi.org/10.4161/epi.6.2.13627

Klempnauer KH, Gonda TJ, Bishop JM (1982) Nucleotide sequence of the retroviral leukemia gene v-
myb and its cellular progenitor c-myb: the architecture of a transduced oncogene. Cell 31:453-463.
https://doi.org/10.1016/0092-8674(82)90138-6

Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA X: molecular evolutionary genetics
analysis across computing platforms. Mol Biol Evol 35:1547.
https://doi.org/10.1093/molbev/msy096

Lai Z, Tsugawa H, Wohlgemuth G, Mehta S, Mueller M, Zheng Y, Ogiwara A, Meissen J, Showalter M,
Takeuchi K (2018) Identifying metabolites by integrating metabolome databases with mass
spectrometry cheminformatics. Nat Methods 15:53—-56. https://doi.org/10.1038/nmeth.4512

Page 18/26



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Li Y, Zhang T, Chen GY (2018) Flavonoids and colorectal cancer prevention. Antioxidants 7:187.
https://doi.org/10.3390/antiox7120187

Lindbo JA (2007) High-efficiency protein expression in plants from agroinfection-compatible
Tobacco mosaic virus expression vectors. BMC Biotechnol 7:1-11. https://doi.org/10.1186/1472-
6750-7-52

Liu J, Osbourn A, Ma P (2015) MYB transcription factors as regulators of phenylpropanoid
metabolism in plants. Mol Plant 8:689-708. https://doi.org/10.1016/j.molp.2015.03.012

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time
quantitative PCR and the 27 2A¢T method. Methods 25:402-408.
https://doi.org/10.1006/meth.2001.1262

Luo J, Butelli E, Hill L, Parr A, Niggeweg R, Bailey P, Weisshaar B, Martin C (2008) AtMYB12 regulates
caffeoyl quinic acid and flavonol synthesis in tomato: expression in fruit results in very high levels of
both types of polyphenol. Plant J 56:316—-326. https://doi.org/10.1111/j.1365-313X.2008.03597.x

Ma D, Constabel CP (2019) MYB repressors as regulators of phenylpropanoid metabolism in plants.
Trends Plant Sci 24:275-289. https://doi.org/10.1016/j.tplants.2018.12.003

Ma D, Sun D, Wang C, Li Y, Guo T (2014) Expression of flavonoid biosynthesis genes and
accumulation of flavonoid in wheat leaves in response to drought stress. Plant Physiol Biochem
80:60-66. https://doi.org/10.1016/j.plaphy.2014.03.024

Massari ME, Murre C (2000) Helix-loop-helix proteins: regulators of transcription in eucaryotic
organisms. Mol Cell Biol 20:429-440. https://doi.org/10.1128/MCB.20.2.429-440.2000

Mattila P, Hellstrom J (2007) Phenolic acids in potatoes, vegetables, and some of their products. J
Food Compost Anal 20:152-160. https://doi.org/10.1016/j.jfca.2006.05.007

Mehrtens F, Kranz H, Bednarek P, Weisshaar B (2005) The Arabidopsis transcription factor MYB12 is
a flavonol-specific regulator of phenylpropanoid biosynthesis. Plant Physiol 138:1083-1096.
https://doi.org/10.1104/pp.104.058032

Miller JC, Chezem WR, Clay NK (2016) Ternary WD40 repeat-containing protein complexes:
evolution, composition and roles in plant immunity. Front Plant Sci 6:1108.
https://doi.org/10.3389/fpls.2015.01108

Nakagawa T, Kurose T, Hino T, Tanaka K, Kawamukai M, Niwa Y, Toyooka K, Matsuoka K, Jinbo T,
Kimura (2007) Development of series of gateway binary vectors, pGWBSs, for realizing efficient
construction of fusion genes for plant transformation. J Biosci Bioeng 104:34-41.
https://doi.org/10.1263/jbb.104.34

Nemesio-Gorriz M, Blair PB, Dalman K, Hammerbacher A, Arnerup J, Stenlid J, Mukhtar SM, Elfstrand
M (2017) Identification of Norway spruce MYB-bHLH-WDR transcription factor complex members
linked to regulation of the flavonoid pathway. Front Plant Sci 8:305.
https://doi.org/10.3389/fpls.2017.00305

Pandey A, Misra P, Chandrashekar K, Trivedi PK (2012) Development of AtMYB12-expressing
transgenic tobacco callus culture for production of rutin with biopesticidal potential. Plant Cell Rep

Page 19/26



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

31:1867-1876. https://doi.org/10.1007/s00299-012-1300-6

Pandey A, Misra P, Khan MP, Swarnkar G, Tewari MC, Bhambhani S, Trivedi R, Chattopadhyay N,
Trivedi PK (2014) Co-expression of Arabidopsis transcription factor, At MYB12, and soybean
isoflavone synthase, Gm IFS1, genes in tobacco leads to enhanced biosynthesis of isoflavones and
flavonols resulting in osteoprotective activity. Plant Biotechnol J 12:69-80.
https://doi.org/10.1111/pbi. 12118

Pang Z, Chong J, Zhou G, de Lima Morais DA, Chang L, Barrette M, Gauthier C, Jacques PE, Li S, Xia
J (2021) MetaboAnalyst 5.0: narrowing the gap between raw spectra and functional insights.
Nucleic Acids Res 49:W388-W396. https://doi.org/10.1093/nar/gkab382

Payyavula RS, Singh RK, Navarre DA (2013) Transcription factors, sucrose, and sucrose metabolic
genes interact to regulate potato phenylpropanoid metabolism. J Exp Bot 64:5115-5131.
https://doi.org/10.1093/jxb/ert303

Paz-Ares J, Ghosal D, Wienand U, Peterson P, Saedler H (1987) The regulatory c1 locus of Zea mays
encodes a protein with homology to myb proto-oncogene products and with structural similarities to
transcriptional activators. EMBO J 6:3553-3558. https://doi.org/10.1002/j.1460-
2075.1987.tb02684.x

Persak H, Pitzschke A (2013) Tight interconnection and multi-level control of Arabidopsis MYB44 in
MAPK cascade signalling. PLoS ONE 8:e57547. https://doi.org/10.1371/journal.pone.0057547

Porebski S, Bailey LG, Baum BR (1997) Modification of a CTAB DNA extraction protocol for plants
containing high polysaccharide and polyphenol components. Plant Mol Biol Rep 15:8-15.
https://doi.org/10.1007/BF02772108

Pratyusha DS, Sarada DV (2022) MYB transcription factors—master regulators of phenylpropanoid
biosynthesis and diverse developmental and stress responses. Plant Cell Rep 41:2245-2260.
https://doi.org/10.1007/s00299-022-02927-1

Rommens CM, Richael CM, Yan H, Navarre DA, Ye J, Krucker M, Swords K (2008) Engineered native
pathways for high kaempferol and caffeoylquinate production in potato. Plant Biotechnol J 6:870—
886. https://doi.org/10.1111/j.1467-7652.2008.00362.x

Shen H, He X, Poovaiah CR, Wuddineh WA, Ma J, Mann DG, Wang H, Jackson L, Tang Y, Neal Stewart
CJr (2012) Functional characterization of the switchgrass (Panicum virgatum) R2R3-MYB
transcription factor PvMYB4 for improvement of lignocellulosic feedstocks. New Phytol 193:121-
136. https://doi.org/10.1111/j.1469-8137.2011.03922.x

Stracke R, Ishihara H, Huep G, Barsch A, Mehrtens F, Niehaus K, Weisshaar B (2007) Differential
regulation of closely related R2R3-MYB transcription factors controls flavonol accumulation in
different parts of the Arabidopsis thaliana seedling. Plant J 50:660-677.
https://doi.org/10.1111/j.1365-313X.2007.03078.x

Suntichaikamolkul N, Sangpong L, Schaller H, Sirikantaramas S (2021) Genome-wide identification
and expression profiling of durian CYPome related to fruit ripening. PLoS ONE 16:e0260665.
https://doi.org/10.1371/journal.pone.0260665

Page 20/26



47.

48

49.

50.

51.

92.

53.

54.

99.

56.

o7.

58.

Tamagnone L, Merida A, Parr A, Mackay S, Culianez-Macia FA, Roberts K, Martin C (1998) The
AmMYB308 and AmMYB330 transcription factors from Antirrhinum regulate phenylpropanoid and
lignin biosynthesis in transgenic tobacco. Plant Cell 10:135-154.
https://doi.org/10.1105/tpc.10.2.135

. Toledo F, Arancibia-Avila P, Park YS, Jung ST, Kang SG, Gu HB, Drzewiecki J, Zachwieja Z, Zagrodzki

P, Pasko P (2008) Screening of the antioxidant and nutritional properties, phenolic contents and
proteins of five durian cultivars. Int J Food Sci Nutr INT J FOOD SCI NUTR 59:415-427.
https://doi.org/10.1080/09637480701603082

Wang D, Fan W, Guo X, Wu K, Zhou S, Chen Z, Li D, Wang K, Zhu Y, Zhou Y (2020) MaGenDB: a
functional genomics hub for Malvaceae plants. Nucleic Acids Res 48:D1076—D1084.
https://doi.org/10.1093/nar/gkz953

Wang D, Song Y, Chen Y, Yao W, Li Z, Liu W, Yue S, Wang Z (2013) Metabolic pools of phenolic acids
in Salvia miltiorrhiza are enhanced by co-expression of Antirrhinum majus Delila and Rosea
transcription factors. Biochem Eng J 74:115-120. https://doi.org/10.1016/j.bej.2013.02.014

Weerawanich K, Halbwirth H, Sirikantaramas S (2024) Unraveling the molecular control of flavonoid
biosynthesis in durian (Durio zibethinus) fruit by a novel DzMYB1 transcription factor. Manuscript
submitted for publication. https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4687053

Wei L, Mao W, Jia M, Xing S, Ali U, Zhao Y, Chen Y, Cao M, Dai Z, Zhang K (2018) FaMYB44. 2, a
transcriptional repressor, negatively regulates sucrose accumulation in strawberry receptacles
through interplay with FAMYB10. J Exp Bot 69:4805-4820. https://doi.org/10.1093/jxb/ery249

Xu H, Wang N, Liu J, Qu C, Wang Y, Jiang S, Lu N, Wang D, Zhang Z, Chen X (2017) The molecular
mechanism underlying anthocyanin metabolism in apple using the MdMYB16 and MdbHLH33
genes. Plant Mol Biol 94:149-165. https://doi.org/10.1007/s11103-017-0601-0

Xu W, Dubos C, Lepiniec L (2015) Transcriptional control of flavonoid biosynthesis by MYB—bHLH-
WDR complexes. Trends Plant Sci 20:176-185. https://doi.org/10.1016/j.tplants.2014.12.001

Yoo SD, Cho YH, Sheen J (2007) Arabidopsis mesophyll protoplasts: a versatile cell system for
transient gene expression analysis. Nat Protoc 2:1565-1572.
https://doi.org/10.1038/nprot.2007.199

Yue M, Jiang L, Zhang N, Zhang L, Liu Y, Lin Y, Zhang Y, Luo Y, Zhang Y, Wang Y (2023) Regulation of
flavonoids in strawberry fruits by FaMYB5/FaMYB10 dominated MYB-bHLH-WD40 ternary
complexes. Front Plant Sci 14:1145670. https://doi.org/10.3389/fpls.2023.1145670

Zhang H, Gong J, Chen K, Yao W, Zhang B, Wang J, Tian S, Liu H, Wang Y, Liu Y (2020) A novel R3
MYB transcriptional repressor, MaMYBY, finely regulates anthocyanin biosynthesis in grape hyacinth.
Plant Sci 298:110588. https://doi.org/10.1016/j.plantsci.2020.110588

Zhang S, Ma P, Yang D, Li W, Liang Z, Liu Y, Liu F (2013) Cloning and characterization of a putative
R2R3 MYB transcriptional repressor of the rosmarinic acid biosynthetic pathway from Salvia
miltiorrhiza. PLoS ONE 8:€73259. https://doi.org/10.1371/journal.pone.0073259

Page 21/26



59. Zimmermann IM, Heim MA, Weisshaar B, Uhrig JF (2004) Comprehensive identification of
Arabidopsis thaliana MYB transcription factors interacting with R/B-like BHLH proteins. Plant J
40:22-34. https://doi.org/10.1111/j.1365-313X.2004.02183.x

Figures
DzMYB2 DzMYB3
200

% -175 %

5 - 150 ‘g'

g 125 ﬁ

a 100 = RPKM 3

o 75 o

S 50 g

© [ G

a - 25 o

IM1 IM2 M MR R

Figure 1

Fold changes in expression levels of candidate DzMYBs (DzMYBZ2 and DzMYB?3) determined by RT-qPCR
and RPKM values from transcriptome data at five stages (immature 1; IM1, immature 2; IM2, mature; M,
midripe; MR, and ripe; R) of durian fruit (Monthong cultivar). The relative gene expression levels of
DzMYB2 and DzMYB3 were calculated using the 2"22%t method and normalized against the EF1a
transcript, with the immature 1 stage as the control for DzMYBZ2 and the ripe stage as the control for
DzMYB3. Three independent biological replicates were used. Different letters denote statistically
significant differences between stages (p < 0.05, one-way ANOVA, Tukey’s multiple comparisons test).
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Figure 2

aPhylogenetic tree illustrating the amino acid sequences of DzMYB2 (XP_022757570.1) and DzMYB3
(XP_022763061.1). The full-length amino acid sequences were aligned with previously characterized
MYBs from Arabidopsis (AtMYB4; NP_195574.1, AtMYB11; NP_191820, AtMYB12; NP_182268,
AtMYB111; NP_199744, AtMYB113; NP_176811), grapevine (VVvMYB5a; AAS68190, VVMYBAT;
BAD18977, VWVMYBF1; ACV81697, VWMYBPA1; CAJ90831), apple (MdMYB3; AEX08668, MdMYB6;
AAZ20429, MdMYB10; ACQ45201; MdMYB111; ADL36754), strawberry (FaMYB1; AF401220), Japanese
gentian (GtMYBP3; AB733016, GtMYBP4; BAF96934), kiwi (DkMYB4; BAI49721), potato (StMYB44;
MK410942.1), lotus (LjMYB14; XP_057425335.1), petunia (PhMYB27, KF985023) Mexican cotton
(GhMYB6; AAN28286), barrel medic (MtMYB2; XP_003616388), Maize (ZmMYB31; NP_001105949),
Snapdragon (AmMYB308; P81393), red sage (SmMMYB39; AGS55356), Chinese bayberry (MrMYB1;
GQ340767), and durian (DzMYB1; XP_022757570.1). The phylogenetic tree was constructed using MEGA
X software and the neighbor-joining method with 1000 bootstrap replicates. bMultiple sequence
alignment of DzMYB2 and DzMYB3 with reported activator and repressor MYBs from other plant species,
including VVMYBPAT; CAJ90831, AtMYB12; NP_182268, ZmMYB31; NP_001105949, and SmMYB39;
AGS55356. The R2 and R3 conserved domains are marked in orange and pink, respectively. The bHLH
interaction motif of R3, C2 repressor motif, Zing finger, and C4 motif are indicated in gray.
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Figure 3

The intensity of phenolic compounds in transient protein expression in Nicotiana benthamiana leaves
compared to the GFP control. The intensity was normalized using the peak areas of puerarin (for positive
mode) and camphor (for negative mode) as internal standards. Distinct letters signify statistically
significant differences between stages (p < 0.05, one-way ANOVA, Tukey’s multiple comparisons test).
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Figure 4

Dual-luciferase activity assay conducted in Arabidopsis protoplasts. a Schematic representation of the
effector and reporter constructs employed in the dual-luciferase experiment. b DzZMYB2 demonstrates
binding affinity to the promoters of DzPAL, DzCHI, DzCHS, and DzDFR. ¢ DzMYB3 exhibits binding affinity
to the promoters of pPAL, pDz4CL, pDzCHS, and pDzCHI. d The cumulative effect of DzMYB2 and
DzMYB3 on the PAL and CHIpromoters. The relative LUC/REN ratio indicates the interaction between the
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promoter of each phenylpropanoid biosynthetic gene and DzMYB TFs. The LUC/REN ratio was
normalized to the control, consisting of each phenylpropanoid biosynthetic gene promoter and the vector
without a transcription factor (LUC/REN ratio = 1.0). An asterisk above the bars denotes a significant
difference between samples (student’s t-test, **: P < 0.05, ***: P < 0.01). The promoters regulated by
either DzMYB2 or DzMYB3 are highlighted within purple circles. Distinct letters signify statistically
significant differences between stages (p < 0.05, one-way ANOVA, Tukey’s multiple comparisons test).
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Figure 5

Yeast two-hybrid assay on selective media, which includes double dropout (DDO) medium: SD/-Leu/-
Trp, QDO (quadruple dropout medium: SD/-Ade/—His/—-Leu/-Trp), and QDO/X/A (quadruple dropout
medium: SD/-Ade/—His/—-Leu/-Trp supplemented with X-alpha-Gal and Aureobasidin A). The yeast
cultures that were transformed were spotted in 10-fold serial dilutions. After a 3-day incubation period, a
photograph of the yeast colonies was taken. For the positive control, recombinant yeast containing both
pGBKT-53 and pGADT7-T was used, while yeast containing pGBKT-Lam and pGADT7-T served as the
negative control.
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