horticulturae

Article

Identification of Flavonoid 3’-Hydroxylase Genes from Red
Chinese Sand Pear (Pyrus pyrifolia Nakai) and Their
Regulation of Anthocyanin Accumulation in Fruit Peel

Yi Zhou ', Ruiyan Tao ?, Junbei Ni !, Minjie Qian >* and Yuanwen Teng *

Citation: Zhou, Y.; Tao, R.; Nj, J.;
Qian, M.; Teng, Y. Identification of
Flavonoid 3’-Hydroxylase Genes from
Red Chinese Sand Pear (Pyrus
pyrifolia Nakai) and Their Regulation
of Anthocyanin Accumulation in
Fruit Peel. Horticulturae 2024, 10, 535.
https://doi.org/10.3390/
horticulturae10060535

Academic Editors: Amit Dhingra

and Adriana F. Sestras

Received: 2 April 2024
Revised: 11 May 2024
Accepted: 20 May 2024
Published: 21 May 2024

[ONCH

Copyright: © 2024 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 College of Agriculture and Biotechnology, Zhejiang University, Hangzhou 310058, China;
yiiizhou@163.com (Y.Z.); taoruiyan93@gmail.com (R.T.); nijunbei@zju.edu.cn (J.N.)

2 School of Breeding and Multiplication (Sanya Institute of Breeding and Multiplication),

Hainan University, Sanya 572025, China

Correspondence: minjie.qian@hainanu.edu.cn (M.Q.); ywteng@zju.edu.cn (Y.T.)

Abstract: The red Chinese sand pear (Pyrus pyrifolia Nakai) is native to China and exhibits a unique
fruit coloration pattern. Flavonoid 3'-hydroxylase (F3'H) catalyzes the hydroxylation of flavonoids,
which subsequently determines the components of anthocyanins and the color of plant organs. Two
genes encoding flavonoid 3'-hydroxylase (F3'H), PpF3 HI and PpF3 HII, have been identified in red
Chinese sand pears. The coding regions for PpF3’HI and PpF3 'HII were 1542 and 1536 bp in length,
respectively. PpF3'HI shared 95% of its amino acid sequence identity with PpF3'HII, and a highly
conserved P450 superfamily domain was found both in PpF3'HI and in PpF3'HII. Phylogenetic anal-
ysis showed that PpF3'HI and PpF3'HII clustered with MdF3'HI and MdF3'HII, respectively.
PpF3’H genes were highly expressed in anthocyanin-enriched tissues such as young leaves, and
transcription of PpF3'H genes corresponded to anthocyanin biosynthesis during the developmental
stages, bagging treatment, and postharvest UV-B/visible irradiation treatment. A Y1H assay showed
that PpMYB10 and PpHY5 could interact with the —419 bp to 0 bp and -746 bp to =396 bp fragments
of the PpF3’HI promoter region, respectively. Understanding the mechanism of flavonoid hydrox-
ylation patterns will, in turn, promote the development of new technologies for modifying flavo-
noid and anthocyanin composition in fruits.

Keywords: red Chinese sand pear; flavonoid 3"-hydroxylase; anthocyanin; flavonoid hydroxylation
pattern

1. Introduction

Pears are common, temperate fruits grown throughout the world. Fruit color is one
of the most important commercial traits of pear fruit, and red-skinned fruits are generally
preferred. The red color of pear fruit skin is known to be caused by the deposition of
anthocyanins [1].

The accumulation of anthocyanins in pears differs notably from that observed in
other prominent fruit species such as grapes and apples. In grapes, anthocyanin accumu-
lation initiates post-veraison, leading to a transition in skin color from green to red [2].
Conversely, apples exhibit dual peaks in anthocyanin concentration during development;
initially, the fruitlet displays a red hue followed by a loss of red coloration before antho-
cyanin levels rise again and reach a peak at maturity [3]. Divergent pigmentation patterns
characterize the fruit of the following two primary commercial pear varieties: Chinese
sand pears and European pears (Pyrus communis L.). Unlike red Chinese sand pears,
where anthocyanin accumulation peaks in mature fruit, European pears reach their high-
est anthocyanin levels approximately midway between anthesis and harvest [3]. Further-
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more, Chinese sand pears and European pears exhibit differential responses to light ex-
posure. Chinese sand pears develop a red coloration (indicative of anthocyanin accumu-
lation) upon removal from fruit bags or 10 days after postharvest irradiation commences,
whereas European pears show a minimal anthocyanin presence [4]. This distinctive pig-
mentation pattern renders Chinese sand pears as well-suited for studies of the molecular
mechanisms underlying anthocyanin accumulation in fruits.

The biosynthetic pathway of anthocyanins has been well-established in diverse plant
species such as petunia, snapdragon, and maize [5-7]. The pathway starts with the con-
densation of malonyl-CoA and 4-coumaroyl-CoA, catalyzed by the enzyme chalcone syn-
thase (CHS). The resulting naringenin chalcone is then isomerized by chalcone favanone
isomerase (CHI) to naringenin, which is hydroxylated at the 3’ position of the central ring
to dihydrokaempferol (DHK) in the presence of flavanone 3-hydroxylase (F3H). The fur-
ther hydroxylation pattern of DHK is mainly responsible for skin color. The B-ring of DHK
can be hydroxylated either at the 3’ position or at both the 3" and 5’ positions to form
dihydroquercetin (DHQ) and dihydromyricetin (DHM), which ultimately lead to the pro-
duction of cyanidin-based and delphinidin-based pigments, respectively [5].

Flavonoid 3"-hydroxylase (F3'H) and flavonoid 3',5"-hydroxylase (F3'5'H) represent
the two enzymes accountable for determining the hydroxylation pattern. These microso-
mal cytochrome P450-dependent monooxygenases utilize NADPH as a co-factor [8]. F3'H
and F3'5'H enable hydroxylation at the 3’ position or both the 3’ and 5’ positions of the B-
ring of the flavonoid molecule. As a result, this process yields 3',4’- and 3',4’,5"-hydrox-
ylated flavonoids, respectively. Certain plant species, like grapevine [9] and Asteraceae
[10], possess both F3'H and F3'5'H enzymes, while others, such as Arabidopsis, apple, and
rose [8], exclusively feature functional F3'H enzymes.

Genes responsible for encoding F3'H and/or F3'5'H have been discovered in various
plant species, including Arabidopsis [11], petunia [12], grapevine [9], and apple [13]. In
the grapevine species, the expression of VVE3'H and VvF3'5'H increased post-veraison,
correlating with the accumulation of 3'- and 3',5"-hydroxylated anthocyanins. Addition-
ally, ectopic expression of VvF3'H and VvF3'5'H in petunia resulted in altered flower color
and flavonoid composition [9]. The ectopic expression of apple F3’'H genes in the Ara-
bidopsis tt7 mutant contributed to anthocyanin accumulation in plants grown under ni-
trogen stress conditions [13]. Flavonoid hydroxylase determines the orientation of the fla-
vonoid pathway and the anthocyanin component, as apple F3'H and grape F3'H and
F3'5'H distinguish both the anthocyanin component and fruit coloration pattern in these
two species [9,13]. However, the cloning and identification of pear F3'H and F3'5'H genes
have not been reported despite the good understanding of the other structural and regu-
latory genes involved in anthocyanin biosynthesis [14]. It needs to be clarified whether
both functional F3'H and F3'5'H exist in pears, and whether F3'H and/or F3'5'H are in-
volved in the distinctive coloration pattern of the red Chinese sand pear.

The transcription of the structural genes involved in anthocyanin biosynthesis is reg-
ulated by several transcription factors, such as MYB10 and HY5. MYB10 is a key transcrip-
tion factor in controlling anthocyanin biosynthesis in various fruit species, including ap-
ple [15,16], grape [17,18], pear [14,19], strawberry [20], lychee [21], and Chinese bayberry
[22], mainly by regulating the expression of structural genes of anthocyanin biosynthesis,
including CHS [23], DFR [22,24], and UFGT [19]. ELONGATED HYPOCOTYL 5 (HY5) is
a light-responsive transcription factor that mediates light-induced photomorphogenesis,
as well as light-induced anthocyanin accumulation, by binding to the G-box of the gene
promoter region and regulating the expression of genes such as CHS [25,26], DFR [25],
and MYBI10 [27]. Little is known about whether MYB10 and HY5 can bind to the promoter
region of F3'H or F3'5'H, and such a finding could be used as evidence that these two
transcription factors also regulate anthocyanin biosynthesis through the hydroxylation
step.

Two pear F3'H genes (no F3'5'H genes were found from the pear genome database)
were isolated in the present study in order to understand the hydroxylation pattern of
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flavonoids in pears, as well as the regulatory roles of F3'H or F3'5'H genes during antho-
cyanin biosynthesis in fruit. More importantly, the relevance of these genes to the distinc-
tive coloration pattern of pears was investigated. The expression patterns of these genes
were also analyzed in different tissues, during different developmental stages, and during
red peel coloration in response to light treatment. In addition, to study the transcriptional
regulation of F3’H by transcription factors (TFs), the yeast one-hybrid (Y1H) assay and
dual-luciferase assay were used to analyze the interaction between F3'H and PpMYB10
and PpHYS5. For future endeavors aiming to engineer flavonoid composition in fruit and
manipulate anthocyanin biosynthesis in pears, along with other plant species, could hold
significant relevance.

2. Materials and Methods
2.1. Plant Materials and Experimental Treatments

The cultivar ‘Mantianhong’ of the red Chinese sand pear and the early-maturing cul-
tivar ‘Zaobaimi” of the white pear were both sourced from the Zhengzhou Fruit Research
Institute, which is located in Zhengzhou City, Henan Province, China, and is affiliated
with the Chinese Academy of Agricultural Sciences.

To evaluate the tissue-specific expression patterns of cloned genes, samples were col-
lected from various tissues at different stages of plant growth. We chose three specimens
of both the ‘Mantianhong’ and ‘Zaobaimi’ cultivars. Specifically, young leaves and young
stems as well as older leaves were harvested at the time of anthesis. Three biological rep-
licates were set up, and each biological replicate included one tree, with three young
leaves, three old leaves, and three young stems taken at the four points on each tree. Each
biological replicate contained twelve samples. Additionally, flesh was excised from fully
mature fruits for further analysis. Three fully ripe fruits were taken at each of the four
points of each tree. Three biological replicates were set up, and each biological replicate
contained twelve fruits.

To investigate gene expression patterns across developmental stages, we chose three
mature specimens of both the ‘Mantianhong’ and ‘Zaobaimi” cultivars. These trees exhib-
ited comparable sizes and fruit yields, and have consistent exposure to sunlight. Samples
of fruit peel exposed to sunlight were collected from ‘Zaobaimi’ trees at 5, 10, 15, and 18
weeks after full bloom (WAFB). Similarly, samples from ‘Mantianhong’ trees were gath-
ered at 5, 10, 15, 18, and 22 WAFB. In each period, three different large branches were
selected for each tree, three fruits were selected on each large branch, and three biological
replicates were set up, each including nine fruits. By comparing these samples, we aimed
to gain insights into the temporal regulation of gene expression in these cultivars.

Three mature ‘Mantianhong’ trees were chosen for the fruit bagging experiment.
Ninety fruitlets from each tree were enclosed in double layers of yellow-black paper bags
sourced from Kobayashi (Qingdao) Co., Ltd., Qingdao, China, 20 days following full
bloom. Subsequently, 20 days prior to harvest, the bags were removed, allowing the fruits
to be re-exposed to sunlight. The remaining unbagged fruits served as the control group.
Samples of fruit peel were collected at 0, 2, 7, 14, and 20 days after bag removal (DABR)
for analysis. Six bagged and unbagged fruits were taken from each tree at each time point.
Three biological replicates were set up for each group, and each biological replicate in-
cluded six fruits.

Briefly, three comparable “‘Mantianhong’ trees were selected for the postharvest irra-
diation experiment. Each tree contributed ninety mature fruits to the bagging treatment
discussed earlier, which were subsequently shielded from light. Following this, two hun-
dred fruits, uniform in size and free from defects, were randomly assigned from each va-
riety to two groups. The subsequent illumination treatment is consistent with the pub-
lished method [4]. Briefly, one set is used for UV-B/visible light irradiation and the other
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set is kept in a dark environment as a control. Samples were gathered for analysis at in-
tervals of 0, 2, 5, 8, and 10 days following the initiation of irradiation (DI). Three replicates
were set up for each sampling group, and each replicate included fifteen fruits.

Immediately after sampling, all plant tissues were promptly frozen in liquid nitrogen
and subsequently stored at =80 °C for the purposes of anthocyanin extraction, gene clon-
ing, and gene expression analysis. The weight of each collected sample was approximately
10 g. This procedure ensures the preservation of tissue integrity and enables accurate sci-
entific analysis.

2.2. Research Methodology
2.2.1. Extraction of RNA and Synthesis of Complementary DNA (cDNA)

The total RNA was isolated following a modified CTAB protocol [4]. After removing
genomic DNA from the RNA sample through DNase I treatment, we assessed RNA purity
and integrity. This assessment involved examining the A260/A280 absorbance ratio and
visually inspecting a 1.0% agarose gel. Subsequently, we measured the purified RNA con-
centration using A260 absorbance. For first-strand cDNA synthesis, we utilized 4 pg of
DNA-free RNA alongside the Revert AidTM First-Strand cDNA Synthesis Kit (Fermentas,
Glen Burnie, MD, USA). The resulting cDNA was diluted 10-fold, with 2 uL aliquots serv-
ing as templates for both gene cloning and real-time quantitative PCR analysis.

2.2.2. Isolation and Analysis of Gene Sequences

Degenerate primers, aligned with plant sequences sourced from public databases
(http://www.ncbinlm.nih.gov/Genbank/index.html, (accessed on 21 March 2024)), were
employed to isolate concise and conserved fragments of F3'H genes via PCR from the peel
of ‘Mantianhong’ pears. Following this, the 3’ untranslated regions (UTRs) of potential
sequences were acquired using rapid amplification of cDNA ends (RACE) with the
SMARTTM RACE cDNA amplification Kit (Takara, Dalian, China). Amplification of the
5" ends of the genes was performed according to the 5'-RACE kit (Takara, Japan) protocol.
After acquiring sequence data through RACE, new primer sets tailored to these data were
utilized to amplify full-length cDNAs. Detailed information regarding all primers em-
ployed in this investigation is provided in Supplementary Table S1. Nucleotide and de-
duced amino acid sequence comparisons were performed utilizing online alignment
search programs (BLAST), accessible at http://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed
on 21 March 2024). Alignment of sequences was executed using the DNAman software
package (Version 5.2.2, Lynnon Biosoft, San Ramon, CA, USA). Conserved domain
searches were conducted using the conserved domain database available at the National
Center for Biotechnology Information (http://www .ncbinlm.nih.gov/Struc-
ture/cdd/wrpsb.cgi, (accessed on 21 March 2024)). The construction of phylogenetic trees
was accomplished utilizing the neighbor-joining method implemented in the MEGA 11
program [28]. The bootstrap test was replicated 1000 times to ensure the robustness of the
tree topology. Neighbor-joining trees were employed with the joining method. The re-
placement model was the Poisson model.

2.2.3. Extraction and Measurement of Total Anthocyanin

The experiments were conducted using previously published methods [23]. Briefly,
one gram of fruit peel was mixed with methanol containing 0.01% HCl, followed by cen-
trifugation at 12,000 revolutions per minute for 20 min at 4 °C. Spectrophotometric analy-
sis was performed using a DU800 spectrophotometer (Beckman Coulter, Fullerton, CA,
USA) to measure absorbance at 510 nm and 700 nm in buffers kept at pH 1.0 and 4.5,
correspondingly.
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2.2.4. Real-Time Quantitative PCR (Q-PCR)

The experiments were conducted using previously published methods [23]. The Q-
PCR primers detailed in Supplementary Table S1 were designed utilizing the primer 3
software (http://bioinfo.ut.ee/primer3-0.4.0/, (accessed on 21 March 2024)). Normalization
of all Q-PCR reactions was achieved using the Ct value corresponding to the actin gene
(PpActin, JN684184). To ensure reproducibility and accuracy, three biological replicates
were employed, and each replicate was subjected to three independent measurements.

2.2.5. Yeast One-Hybrid (Y1H) Assay

For the Y1H assays, we employed the Matchmaker Gold Yeast One-Hybrid System
Kit from Clontech, following the manufacturer’s instructions meticulously. The promoter
fragments of PpF3'HI and the entire coding sequences of PpMYB10 and PpHY5 were in-
serted into the pAbAi and pGADT7 vectors, respectively, resulting in the creation of the
pADbAi-bait plasmid and the AD-PpMYB10 and AD-PpHYS5 constructs. The primers em-
ployed for cloning the PpF3’HI promoter and the coding regions of PpMYB10 and PpHY5
are detailed in Supplementary Table S1.

2.2.6. Dual-Luciferase Assay

The pGreenlI 0029 62-SK vector (gene-SK) housed the full-length CDSs of PpPMYB10
and PpHY5, while the pGreenll 0800-LUC vector (promoter-LUC) hosted the promoter
sequence of PpF3'HI. These constructs underwent transformation into A. tumefaciens
strain GV3101 cells containing the pSoup vector. Analysis of firefly luciferase and Renilla
luciferase activities occurred 60 hours post-infiltration, utilizing the Dual-Luciferase Re-
porter Assay System (Promega, Madison, WI, USA) and the GloMax96 Microplate Lumi-
nometer (Promega). Three independent experiments, each with six biological replicates,
were conducted to assess relative luciferase activities.

2.2.7. Statistical Analysis

The mean separations were analyzed using the Data Processing System (DPS, version
3.01, Zhejiang University, Hangzhou, China), and the least significant differences (LSDs)
were computed at a significance level of a = 0.05.

3. Results
3.1. Isolation and Sequence Analysis of Pear PpF3'H Genes

Two cDNAs containing the complete coding region, PpF3'HI (GenBank accession no.
MF614141) and PpF3'HII (GenBank accession no. MF614142), were isolated from the red
Chinese sand pear cv. ‘Mantianhong’. The coding sequence of PpF3'HI spans 1542 bp,
while PpF3’HII measures 1536 bp in length. These coding regions encode proteins com-
prising 514 amino acids for PpF3'HI, and 512 amino acids for PpF3 HII. PpF3'HI shares
95% of its amino acid sequence identity with PpF3'HII, and PpF3'HI and PpF3'HII share
98% of their amino acid sequence identity with MdF3'HI and MdF3'HII in apples, respec-
tively. A highly conserved P450 superfamily domain (accession no. cl12078) was found
both in PpF3'HI and in PpF3'HII (Figure 1). Phylogenetic analysis was conducted utilizing
the amino acid sequences deduced from genes encoding flavonoid hydroxylase in pears
and diverse plant species. This analysis yielded two distinct clades, labeled as the F3'H
and F3'5'H clades. Notably, PpF3'HI and PpF3'HII were grouped together with their re-
spective counterparts, MdF3'HI and MdF3'HII, within these clades (Figure 2).
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Figure 1. Isolation and sequence analysis of pear PpF3'H genes.

98 - ACR14868.1 Malus domestica F3’Hlla
ACR14869.1 Malus domestica F3’HIIb
MF614142.1 Pyrus pyrifolia F3’HII
MF614141.1 Pyrus pyrifolia F3'HI

ACR14867.1 Malus domestica F3"HI
BAL63027.1 Fragaria x ananassa F3'H

XP 007037548.1 Theobroma cacao F3’'H
ALP48438.1 Vitis vinifera F3’H

ACB29666.1 Ipomoea batatas F3’H
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XP 015164908.1 Solanum tuberosum F3’5’H
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Figure 2. Phylogenetic analysis of amino acid sequences of flavonoid hydroxylase coding genes in
pears and other plants. The protein sequences of flavonoid hydroxylase coding genes from pear
(Pyrus pyrifolia), apple (Malus domestica), grape (Vitis vinifera), cacao (Theobroma cacao), Arabidopsis
(Arabidopsis thaliana), strawberry (Fragaria x ananassa), sweet potato (Ipomoea batatas), soybean (Gly-
cine max), lotus (Nelumbo nucifera), rubber tree (Hevea brasiliensis), and potato (Solanum tuberosum)
were used to construct a maximum likelihood tree with 1000 bootstrap replicates. Neighbor-joining
trees were employed with the joining method. The replacement model was the Poisson model.
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3.2. Anthocyanin Concentration and Expression of PpF3'HI and PpF3 HII in Different Pear
Tissues

Anthocyanin accumulation in different pear tissues showed a similar pattern in the
white-skinned pear cultivar “Zaobaimi’ and the red pear cultivar ‘Mantianhong’ (Figure
3A). The highest anthocyanin content was detected in young leaves, with about 2 mg Cy-
3-gal/100 g FW both in ‘Zaobaimi’ and in ‘Mantianhong’, followed by old leaves and
young stems, where a low amount (<0.5 mg 100 g') of anthocyanin was detected (Figure
3A). However, no anthocyanin accumulation was found in mature pear fruit flesh (Figure
3A).

A higher expression level of PpF3'HI was detected in young tissues of two cultivars,
including young leaves and stems, than in old tissues (Figure 3B). PpF3'HII was most ex-
pressed in old and young leaves of ‘Zaobaimi’, and in young leaves of ‘Mantianhong’
(Figure 3B). Additionally, both PpF3'HI and PpF3’HII showed a low expression level in
mature flesh of two cultivars (Figure 3B).

20 | [l Zaobaimi'[_] 'Mantianhong'| 70} [l Zaobaimi' | 'Mantianhong'| PpF3'HI | 18| [l Zaobaimi'[__| 'Mantianhong'| PyF3'HII
H e LSDg,95=0.20 2 0r  LSDgs=10.83 %als_ LSDg g5=3.21
S E, 50 g
-] £ £ 12r I
£ S 12F ) %
2 3
g & 2 2 ol
ad B ]
£% 2y b
< EM
T 104 3
00 | | ol 0
Flesh Old leaf  Youngstem Young leaf Flesh Oldleaf  Youngstem Young leaf Flesh Oldleaf  Youngstem Young leaf
Different tissues Different tissues Different tissues

Figure 3. Anthocyanin concentration (A) and expression of PpF3’HI and PpF3 HII (B) in different
pear tissues. Data are presented as the mean + standard error of three biological replicates.

3.3. Anthocyanin Concentration and Expression of PpF3'HI and PpF3’HII in Different Develop-
ment Stages of Pear Fruit

Anthocyanin accumulation started at 15 WAFB in ‘Mantianhong’, and peaked until
harvest (22 WAFB), with 4 mg 100 g, while no anthocyanin was detected in ‘Zaobaimi’
throughout the development stage (Figure 4A). Regarding gene expression, both PpF3’HI
and PpF3'HII showed two peaks in ‘Mantianhong’; one was detected in fruitlets (5
WAFB), and the other one occurred in the middle of the period of red coloration (Figure
4B). In the white-skinned cultivar ‘Zaobaimi’, the expression of PpF3'HI and PpF3'HII
peaked in fruitlets and subsequently decreased during development (Figure 4B).

>
=

4L === "Zaobaimi' —e— 'Mantianhong]] 7 [—=—'Zaobaimi' —e— 'Mantianhong| PpF3'HI | [ [—=— '"Zaobaimi'—e— 'Mantianhong'] PpF3'HII|
= B & 180}
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< \é E 15+ g
1r 60 -
<= w0l
5 o
ok
4 6 8 10 12 14 16 18 20 22 4 6 8 10 1 W4 16 18 0 2 4 6 8 10 1 M4 16 18 20 2
‘Weeks after full bloom ‘Weeks after full bloom Weeks after full bloom

Figure 4. Anthocyanin concentration (A) and expression of PpF3’HI and PpF3 HII (B) in different
development stages of pear fruit. Data are presented as the mean + standard error of three biological
replicates.
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3.4. Anthocyanin Accumulation and Expression of PpF3'HI and PpF3'HII under Bagging
Treatment Conditions in ‘Mantianhong’

After bag removal and re-exposure of the fruit to sunlight, anthocyanin started accu-
mulating at 2 days after bag removal (DABR) and dramatically increased in quantity,
reaching the amount of 5 mg 100 g at 14 DABR. Anthocyanin content remained stable
afterwards (Figure 5A). In contrast, no anthocyanin was detected in the control fruit,
which remained bagged (Figure 5A).

The expression of PpF3’HI and PpF3’HII was induced by light and peaked at 2 DABR,
with 4- and 6-fold up-regulation for PpF3’HI and PpF3’HII, respectively, and subsequently
decreased gradually, still maintaining a higher transcription level than the control fruit
(Figure 5B). The expression of these two genes in the bagged control fruit remained at a
low level throughout the process of the bagging treatment (Figure 5B).
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Figure 5. Anthocyanin accumulation (A) and expression of PpF3'HI and PpF3'HII (B) under bagging
treatment conditions in ‘Mantianhong’. Data are presented as the mean + standard error of three
biological replicates.

3.5. Anthocyanin Accumulation and Expression of PpF3'HI and PpF3'HII under Postharvest
UV-B/Visible Irradiation Conditions in "Mantianhong’

Previous studies showed that postharvest UV-B/visible irradiation significantly in-
duced anthocyanin accumulation in “Mantianhong’ pear fruit [4]. We therefore analyzed
the expression of PpF3’HI and PpF3’HII in the ‘Mantianhong’ pear fruit. Expression of
both PpF3’HI and PpF3’HII was raised under postharvest UV-B/visible irradiation condi-
tions, which peaked at 5 DI, with about 5-fold and more than 60-fold up-regulation for
PpF3’HI and PpF3'HII, respectively (Figure 6). The expression of these two genes de-
creased gradually after 5 DI, but a higher transcription level was still detected in the irra-
diated fruit than in the control fruit, which remained in the darkness (Figure 6).
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Figure 6. Expression of PpF3'HI (A) and PpF3'HII (B) under postharvest UV-B/visible irradiation
conditions for ‘Mantianhong’. Data are presented as the mean + standard error of three biological
replicates.
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3.6. PpMYB10 and PpHY5 Promote PpF3'HI Transcription

The region upstream of PpF3'HI spanning 1000 base pairs was identified as the pro-
moter region. Subsequently, it was subjected to analysis utilizing the PlantCARE online
tool, accessible at http://bioinformatics.psb.ugent.be/webtools/plantcare/html/ (accessed
on 21 March 2024)). One MYB binding site (MBS) and two G-boxes, which have been re-
ported to be bound by HY5, were identified (Supplementary Table S2). In addition, light-
responsive elements, including Box 4, Box I, GT1-motif, I-box, Sp1, and the TCT-motif; the
ethylene-responsive element (ERE); and the auxin-responsive element, the TGA-element,
were identified (Supplementary Table S2).

A Y1H assay was performed to test the interaction between the PpF3'HI promoter
and PpMYB10 and PpHY5 proteins. The PpF3’HI promoter was divided into the following
three fragments: ~1000 bp to —699 bp; -746 bp to =396 bp (containing one G-box at —691
bp); and —419 bp to 0 bp (containing one MBS at —131 bp and one G-box at -106 bp) (Figure
7). PPMYB10 and PpHY5 were able to bind to the —419 bp to -0 bp and -746 bp to -396 bp
fragments, respectively (Figure 7A). A dual-luciferase assay involving Nicotiana bentham-
iana leaves provided evidence that PpPMYB10 and PpHY5 induce PpF3'HI promoter activ-
ity (Figure 7B). Thus, the Y1H assay and the dual-luciferase assay verified that PpMYB10
and PpHY5 directly bind to the promoter of PpF3’HI and activate its expression.

A B ProPpF3'HI-LUC
+,—>1 PpF3’HI 207 - -
PpF3’HI promoter - Li =
1000 bp TR
-1000 bp ————— 699 bp e
(8]
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=
i =]
j ©
419 bp - 0bp 14
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& . & & &
& &
&
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Figure 7. PpMYB10 and PpHY5 promote PpF3’HI transcription. (A) Y1H analysis showing that
PpMYB10 and PpHY5 bind to the PpF3’HI promoter fragment (ProPpF3’HI) containing the MBS at
-131 bp and G-box at -691 bp. The promoter of PpF3’'HI was divided into three fragments. The
empty vector was used as a negative control. (B) A dual-luciferase assay indicated that PpMYB10
and PpHY5 activates the PpF3"HI promoter in vivo. The promoter of PpF3’HI was cloned into the
pGreenll 0800-LUC (firefly luciferase) vector, and the full-length CDSs of PpMYB10 and PpHY5
were cloned into the pGreenlII 0029 62-SK vector. The empty vector of pGreenlI 0029 62-SK was used
as a control. The relative luciferase activity was analyzed. Error bars represent the standard devia-
tion of three biological replicates. Asterisks indicate significantly different values (** p <0.01).

4. Discussion

The pear shows a very distinct coloration pattern. Due to the importance of anthocy-
anin hydroxylation in determining flower and fruit coloration, genes encoding F3'H
and/or F3'5'H have been well-investigated in various plant species, including Arabidopsis
[11], petunia [12], grapevine [9], apple [13], and Asteraceae [10]. In the present study, two
PpF3'H genes were isolated from pears. Similar to the apple, a closely related species, the
pear does not have functional F3'5'H, while the grapevine, another important fruit crop,
has both F3'H and F3'5'H enzymes [9,13]. Thus, the results found in this study are helpful
in understanding the F3'H genes and anthocyanin hydroxylation patterns in different fruit
crops.

The PpF3'HI and PpF3'HII cloned in this study share a P450 superfamily domain
(Figure 1) and belong to the cytochrome P450 protein (P450) superfamily, a huge class of



Horticulturae 2024, 10, 535

10 of 13

heme-containing oxidases catalyzing NADPH- or NADH-dependent oxygenation reac-
tions on a wide range of substrates [29-31]. The F3'H is grouped into the CYP75 family,
which is part of the CYP71 clan of P450s that participates in the synthesis of phenylpro-
panoids, flavonoids, isoflavonoids, alkaloids, and other secondary compounds [32]. Phy-
logenetic analysis revealed distinct clustering of all F3'Hs and F3'5'Hs into two separate
clades, as follows: the CYB75B gene subfamily, encoding F3'Hs, and the CYB75A subfam-
ily, encoding F3'5'Hs (Figure 2). Catalyzing hydroxylation at different positions of the B-
ring of the flavonoid molecule, F3'H and F3'5'H generate 3',4'- and 3',4’,5"-hydroxylated
flavonoids, respectively. Compared to 3',4-hydroxylated flavonoids, 3',4',5"-hydroxylated
flavonoids are not ubiquitous in either lower or higher plants, indicating that the F3'5'H
gene was inactivated or lost several times during evolution [10]. According to the analysis
of components and contents of anthocyanin in 37 cultivars of red-skinned pear fruit, de-
rivatives of the 3',4"-hydroxylated cyanidin are the major components of anthocyanin in
red-skinned pear, while derivatives of 3',4',5'-hydroxylated delphinidin were not detected
[33]. Therefore, the existence of F3'H and the loss of the F3'5'H gene in pears, found in this
study, revealed in a genetic context that the B-ring of DHK in pears can only be hydrox-
ylated at the 3’ position but not at both the 3" and 5’ positions, finally leading to the pro-
duction of only cyanidin-based, but not delphinidin-based, pigments in pears.

The highest anthocyanin concentration was detected in the young leaves of both the
‘Zaobaimi’ pear and the ‘Mantianhong’ pear (Figure 3A), in conjunction with the high
expression of PpF3 HI and PpF3 HII in young leaves (Figure 3B). A high transcription level
of F3'H could also be detected in other anthocyanin-enriched tissues, such as petunia pet-
als [12] and Chinese bayberry fruits [22], indicating that F3'H activity is necessary for an-
thocyanin biosynthesis. The expression peaks of PpF3’'HI and PpF3'HII were detected at
the early developmental stage (5 weeks after full bloom) in two cultivars, with an addi-
tional peak in the red-skinned “‘Mantianhong’ pear cultivar when anthocyanin accumula-
tion began (Figure 4). In grapes, F3'H was expressed highly in fruitlets; the expression was
decreased until veraison and was increased again during anthocyanin accumulation [9].
In apples, a higher transcription level of F3'H was found in the red-colored apple cultivar,
‘Red Delicious’, than the yellow-colored cultivar, ‘Golden Delicious’, during all of the de-
velopmental stages [13]. In Chinese bayberries, anthocyanin accumulated gradually dur-
ing the development of fruit, which was correlated with the expression of the structural
and regulatory genes of anthocyanin biosynthesis, including F3'H [22]. These results sug-
gested that anthocyanin accumulation in mature fruit is quite common among red Chi-
nese sand pear cultivars, including "Meirensu” and “Yunhongli No. 1’ [34], as well as ‘Man-
tianhong’ in the present study, and that the F3'H gene family is one of the important de-
terminant factors regulating the anthocyanin biosynthesis in pears.

Fruit bagging and postharvest UV-B/visible light irradiation are regarded as methods
for inducing anthocyanin accumulation and improving fruit color. Fruit bagging has been
used for apples [35,36] and Asian pears [4,23], while postharvest irradiation has been
widely applied to apples [37], Asian pears [4,38], grapes [39], blackberries [40], and cher-
ries [41]. Previous studies showed that most structural and regulatory genes of anthocya-
nin biosynthesis were up-regulated during the light-induced anthocyanin accumulation
in pears [23]. Thus, together with the results obtained in the current study, we hypothesize
that anthocyanin accumulation in pears is light-dependent, and that bag treatment and
postharvest UV-B/visible light irradiation induce the expression of genes related to antho-
cyanin biosynthesis, subsequently promoting the anthocyanin accumulation and peel col-
oration in pears.

Since the up-regulation of F3'H was detected during the light-induced anthocyanin
biosynthesis in pears, the Y1H assay was employed to determine whether the transcrip-
tion of F3'H was regulated by MYB10 and HY5. The results showed that MYB10 and HY5
could bind to the —419 bp to 0 bp and —746 bp to -396 bp fragments of the PpF3'HI pro-
moter regions (Figure 7A). This process probably occurred via binding to the MBS at 131
bp and G-box at —691 bp, respectively. A dual-luciferase assay further showed that
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PpMYB10 and PpHY5 induce PpF3 'HI promoter activity (Figure 7B). MYB10 has been re-
ported to interact with not only early anthocyanin biosynthetic genes, including CHS [23],
which is also involved in the biosynthesis of other flavonoids, but also late anthocyanin
biosynthetic genes, including DFR, ANS, and UFGT [19,23]. All of these results suggest
that MYB10 is a key transcription factor regulating flavonoid and anthocyanin biosynthe-
sis in plants. Light is a dominant environmental factor in anthocyanin biosynthesis, and
HY5 has been shown to regulate the transcription of CHS [25,26], DER [25], and MYB10
[27]. As demonstrated by the results in this study, HY5 acts as a bridge connecting the
upstream light transduction pathway and the downstream flavonoid and anthocyanin bi-
osynthetic pathways.

In conclusion, two pear PpF3'H genes, PpF3’HI and PpF3'HII, were isolated. These
genes encode proteins of 514 and 512 amino acids, respectively, with a 95% amino acid
sequence identity. The PpF3’'H genes were highly expressed in anthocyanin-enriched tis-
sues such as young leaves, and the transcription of the PpF3'H genes corresponded to
anthocyanin biosynthesis during the developmental stages, bagging treatment, and post-
harvest UV-B/visible irradiation. MYB10 and HY5 could bind to the promoter region of
PpF3'HI, probably via binding to the MBS and G-box, respectively, subsequently activat-
ing the expression of PpF3’HI. The findings in this study will be of use in fine-tuning the
molecular mechanisms of the biosynthesis of anthocyanin in pears (Figure 8).
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Figure 8. The proposed model for PpHY5/PpMYB10-induced PpF3’H involved in anthocyanin ac-
cumulation.
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