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Russeting, a disorder of pear fruit skin, is mainly caused by suberin accumulation on the
inner part of the outer epidermal cell layers. ABA was identified as a crucial phytohormone
in suberification. Here, we demonstrated that the ABA content in russet pear skin was
higher than in green skin. Then, ABA was applied to explore the changes in phenotype
and suberin composition coupled with RNA-Seq and metabolomics to investigate the
probably regulatory pathway of ABA-mediated suberification. The results showed that
ABA treatment increased the expression of w-3 fatty acid desaturase (FAD) and the
content of a-linolenic acid. We identified 17 PbFADs in white pear, and the expression
of PbFAD3a was induced by ABA. In addition, the role of PbFAD3a in promoting
suberification has been demonstrated by overexpression in Arabidopsis and VIGS assays
in the fruitlets. GUS staining indicated that the promoter of PbFAD3a was activated
by ABA. Furthermore, MYC2 and MYB1R1 have been shown to bind to the PbFAD3a
promoter directly and this was induced by ABA via yeast one-hybrid (Y1H) screening and
gRT-PCR. In summary, our study found that ABA induces the expression of MYC2 and
MYB1R1 and activates the PbFAD3a promoter, contributing to the formation of russet
pear skin. Functional identification of key transcription factors will be the goal of future
research. These findings reveal the molecular mechanism of ABA-mediated suberization
in the russet skin and provide a good foundation for future studies on the formation of
russet skin.

Keywords: pear, russet skin, suberization, abscisic acid, fatty acid desaturase, transcription factor

INTRODUCTION

Pear (Pyrus spp.), one of the most economically important temperate tree fruit crops belonging to
the Rosaceae family, has been cultivated by humans for more than 3,000 years (Rom and Carlson,
1987). Fruit color is an especially important index to measure its appearance quality and is a critical
factor affecting its commercial value. Pear fruits can be classified into green, full russet, partial
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russet, and red groups based on their skin color (Inoue
et al, 2006; Charoenchongsuk et al, 2018). ‘Dangshansuli’
(Pyrus bretschneideri Rehd.) belongs to the green-skin groups,
accounting for the largest proportion of pear fruits in China.
A mutant of ‘Dangshansuli, showing a reddish-brown color
with full russeting, was investigated in 2001 and named
‘Dangshanjinsu’ (Heng et al, 2014). However, the gene
regulatory network of russet fruit skin formation remains
largely unknown.

So far, the molecular mechanisms of russet skin formation in
sand pear and apple have been investigated by excavating the key
pathways and genes specific to skin russeting (Legay et al., 2016;
Wang et al., 2020; Zhang et al., 2021). The tissue of pear fruit skin
is mainly comprised of the cuticle, epidermal cells, and suberin
meristem (Wang et al., 2020). The specialized epidermal tissues
of plants, which are covered by the cuticle, an extracellular layer,
play a crucial role in protecting against and resisting abiotic stress
(Petit et al., 2014).

Suberin and cutin are derivatives of fatty acid polymers
connected by ester bonds called polyester (Beisson et al., 2012),
which is a self-protection mechanism of plants that was gradually
formed during long term evolution in response to stress (Pollard
et al., 2008; Petit et al., 2014). In most species, cutin is mainly
comprised of C16 and C18 w-hydroxy fatty acids (Pollard et al.,
2008). Distinctively in suberin, it is constituted by C16 to C26
aliphatic monomers, including w-hydroxy acids, a,w-diacids,
primary fatty alcohols, and high levels of glycerol (Pollard et al.,
2008). Studies have shown that suberin contains two major
domains, suberin polyphenolics and polyaliphatics (Kolattukudy,
1984; Bernards, 2002; Dastmalchi et al., 2015). Polyphenolics
are synthesized via the phenylpropanoid biosynthesis pathway
(PPP) and mainly consist of cinnamic acid, p-coumaric acid,
ferulic acid, and their derivatives (Graa and Santos, 2007).
Polyaliphatics are comprised of fatty acids, a,w-diacids, long-
chain w-hydroxyacids, alcohols, alkanes, dimeric esters, and
glycerol (Rocha et al., 2001; Wang et al., 2010; Tao et al., 2016).
The polyphenolics synthesized from the PPP and polyaliphatics
produced by lipid metabolism have a certain connection and
together contribute to suberin formation (Bernards, 2002; Serra
et al,, 2010; Ranathunge et al., 2011).

Abscisic acid (ABA) is a hormone involved in major
plant responses to stress, such as pathogens, salt, temperature,
mechanical damage, and water scarcity (Mizrahi and Richmond,
1970; Savchenko et al., 2014). Barberon et al. found that suberin
development in plant roots are controlled by ABA (Barberon
et al, 2016). To date, ABA-mediated suberization has been
demonstrated in Arabidopsis (Efetova et al., 2007; Barberon et al.,
2016; Shukla et al., 2021), tomato (Leide et al., 2012; Tao et al,,
2016), kiwifruit (Han et al., 2018; Wei et al., 2020a), and potato
(Kumar et al., 2010; Pau et al., 2013). Russeting of pear exocarp
has been identified to be caused by the rupture of the outermost
cells on the fruit surface, forming microscopic cracks when the
tension exceeds the capacity of the epidermis and then forming a
membrane-like layer of suberin (Khanal et al., 2013; Kwon et al.,
2016). Hence, we can consider russet formation as a wound-
healing process. To date, the function of ABA in the formation
of russet pear skin has remained obscure. The purpose of this

study was to characterize the molecular mechanism of ABA-
mediated suberization and provide a novel elucidation of how
ABA stimulates russet skin formation.

MATERIALS AND METHODS

Plant Materials

The plant materials were obtained from the Horticulture Farm
of Dangshan County, Anhui Province during the growing season
in 2019. Typical ‘Dangshansuli’ and ‘Dangshanjinsu’ plants were
selected to ensure the rigor of the experiment and the consistency
of the fruit development background. A total of 120 fruits of
uniform size and growing positions were selected for treatments,
including deionized water control and ABA (100 M, Sigma
A1049) at 10, 25, 50, 75, 100, 125, 150, and 175 days after full
bloom (DAFB). The fruits were soaked in the reagent for 30s.
The sampling time was 25, 100, and 175 DAFB. The exocarp
was dissected with a double-sided blade from the fruit skin,
immediately placed in liquid nitrogen, and stored at —80 °C.

Determination of Endogenous ABA

Content

After grinding, 1g of fresh plant sample was mixed with 10ml
isopropanol/hydrochloric acid extraction buffer and shaken for
30min at 4 °C. Then, 20ml of dichloromethane was added
and it was shaken for 30min at 4 °C. The lower organic
phase was extracted after centrifugation at 13,000 rpm/min at
4 °C. After drying with nitrogen, the solution was dissolved in
400 pl methanol solution containing 0.1% formic acid. After
0.22m filtration, a preparation was made for HPLC-MS/MS
detection. A Qtrap6500 mass spectrometer (Applied Biosystems,
Foster City, California) was used in this experiment. A Methanol
solution containing 0.1% formic acid was used to prepare an ABA
standard solution with a concentration gradient (0.1, 0.2, 0.5, 2,
5,20, 50, and 200 ng/mL). The bad linear points were removed in
the actual drawing of the standard curve equation.

Paraffin Section Analysis of Pear Exocarp
After cleaning the pear fruit surface, a sample of the pear exocarp
measuring 0.5cm x 0.7 cm was removed using a double-sided
blade and fixed in FAA solution (acetic acid:formalin:water:95%
ethanol mixed at a volume ratio of 1:3:7:10) for more than 24 h.
It was then dehydrated with gradient alcohol. Then, the tissue
was embedded in paraffin wax. After cooling to —20 °C, the
tissue block was sliced to a thickness of approximately 4 pm
with a paraffin slicer. The tissue slices were baked in an oven at
60 °C. Safranin O staining solution was used for staining and
rapid dehydration with anhydrous ethanol. Then, the sections
were placed into plant solid green staining solution for 6~20s
and rapidly dehydrated with anhydrous ethanol. Finally, neutral
balsam was used to mount the tissue sections, which were
observed under a microscope, and images were taken.

Measurement of Suberin Monomers in the

Exocarp of Pear
Two grams of pear exocarp was subjected to cellulase and
pectinase for hydrolysis. The samples were dried at 50°C.
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After extraction, the solids were cleaned with acetone.
After drying, soluble lipids were removed with organic
solvent extraction, and a methanol solution containing 14%
BF; (trifluoro(methanol)boron, CH4BF;0) was used for
depolymerization for 2h to obtain the final lipid components.
The final lipid components were extracted with chloroform.
Then, triacontane (100 pg) was added as an internal standard.
The derivatization process was conducted by the addition of 150
nl N, O-bis-(trimethylsilyl) trifluoroacetamide (BSTFA) at 70°C
for 40 min. Residues were prepared for gas chromatography-mass
(GC-MS) analysis via an Agilent 7890A GC/5975C MS.

RNA Extraction and Sequencing

Total RNA was extracted from pear fruit skin via the CTAB
method (Jordon-Thaden et al., 2015). A BGISeq500 platform
(BGI-Shenzhen, China) was used to generate single-end 50-base
reads. Before data analysis, low-quality reads and connector
contamination, coupled with the proportion of N > 5%, were
removed to guarantee the dependability of the data. Then, the
clean reads were mapped to the reference genome of Pyrus
bretschneideri (Wu et al., 2013) using HISAT (Kim et al., 2015).
Clean reads were compared to the reference gene sequence
using Bowtie2 (Langmead and Salzberg, 2012), and then RSEM
(Dewey and Li, 2011) was used to calculate the gene expression
levels. Transcripts were assembled and annotated from the read
alignment results using Cufflinks v2.1.1 (Trapnell et al., 2012).

Differential Expression Analysis

The accession number for the transcriptome data was
PRJNA807059. The expression level of the genes was calculated
based on the fragments per kilobase of transcript per million
mapped reads (FPKM) (Likun et al., 2010). All successfully
mapped reads were subjected to differential expression analysis
using DESeq2 (Love et al., 2014). Transcripts with fold change
(FC) > —2 (upregulated) or < —2 (downregulated) and with an
adjusted p<0.001 were considered significant. Annotation and
enrichment analysis was based on the KEGG database (Kyoto
Encyclopedia of Genes and Genomes, http://www.genome.jp/
kegg/). The Phyper function in R software was used to classify
the differentially expressed genes into biological pathways based
on the KEGG annotation results and official classification.

Metabolite Extraction and Analysis

Data acquisition was performed using an advanced Xevo G2-
XS QTOF mass spectrometer (Waters, UK)(Pope et al., 2017).
The raw data were imported into Progenesis QI (Waters, UK)
for peak alignment, picking, and identification (Dunn et al.,
2011). Data preprocessing and filtering out ions with a relative
standard deviation (RSD) >30% were performed using metaX
(Wen et al.,, 2017). Identification and annotation were based on
the KEGG database (Kanehisa and Goto, 2000). This project used
variable importance in projection values of the first two principal
components in the multivariate PLS-DA model, combined with
fold change (FC) and g-values from a univariate analysis to
choose differential metabolites (variable importance in projection
values > 1 and FC > 1.2 or < 0.833 and with an adjusted q-value

< 0.05, all three must be met for an ion to be considered as a
differential ion).

Identification and Phylogenetic Analysis of

PbFADs

The PF00487 domain model files of PbFAD family members
were downloaded from the PFAM website (https://www.pfam.
org). The candidate genes containing PF00487 domains were
identified (E-value=e~10) using HMMER v.3.2 (Yap et al., 2016).
The FAD protein sequences of white pear and Arabidopsis
were extracted and aligned. The InterProScan program was
used on all of the candidate protein pairs and confirmed the
presence of the diagnostic domain using the Pfam and SMART
databases. MAFFT used default parameters to align the multiple
homologous FAD genes. A phylogenetic tree was constructed
using the maximum likelihood method [(bootstraps = 1,000) and
IQ-TREE 1.6.9 sofware (Yap et al., 2016)].

Gene Cloning and Arabidopsis

Transformation

The 1,362 bp coding sequence of PbFAD3a (Pbr021630.1)
was cloned via PCR using primer pairs containing restriction
sites Xbal and BamHI using a cloning kit provided by
KOD FX Neo (TOYOBO, Shanghai). The coding sequence
of PbFAD3a was inserted into the pCAMBIA1300 vector
by the homologous recombination method to generate the
fusion construct p35S-PbFAD3a. The plasmids were extracted
by the plasmid extraction kit provided by Vazyme Biotech
(Nanjing, China). Then, the fusion constructs p35S-PbFAD3a
was transferred to GV3101 cells via the freeze-thaw method
(Weigel and Glazebrook, 2006). Agrobacterium-mediated genetic
transformation of Arabidopsis was performed, and T0 generation
transgenic plants overexpressing PbFAD3a were obtained. Via
the use of antibiotics (hygromycin B, 25 mg/L) for three
generations of seed screening, T3 transgenic lines were obtained.

Subculture of Pear Calli

The flesh of European pear (Pyrus communis) fruitlets was used
to induce pear calli as previously described (Bai et al., 2019). The
subculture of pear calli was conducted as previously described
(Wang et al., 2022). In brief, the pear calli were cultured on solid
MS medium supplemented with 1 mg/L 2,4-D and 0.5 mg/L 6-
BA at 25 °C in the dark. For the ABA treatments, pear calli were
cut into 5-7 mm pieces, and 18 petri dishes of calli were used.
The pear calli of the same size were treated in the same petri dish
were considered as one biological replicate, and analyses were
completed with at least three biological replicates.

VIGS Assays

The “Xiangnan’ pear (Pyrus pyrifolia) fruitlets (35 DAFB)
obtained from the Fruit and Tea Research Institute, Hubei
Academy of Agricultural Sciences were used for the VIGS
assays. It can achieve a full russet at 50 DAFB, making it a
good material for the analysis of russet pear skin. A PbFAD3a
fragment (1-396 bp) was amplified using the primer pair pTRV2-
PbFAD3a-F/pTRV2-PbFAD3a-R and cloned into the pTRV2
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vector (pTRV2-PbFAD3a). Then, the fusion vector pTRV2-
PbFAD3a was imported into Agrobacterium strain GV3101 and
used for pear fruit skin infection. Agrobacterium cells were
resuspended in the infection solution (98 ml deionized water
+ Iml IM MgCl, + 1ml 1M MES + 200 pl 200 mM
acetosyringone, pH 5.6). The injection solution harboring
pTRV2-PbFAD3a, pTRV2-pTRV1 (negative control), and pure
water were coinfiltrated into the fruitlets exocarp of Xiangnan’
pear on the tree. The fruit exocarp was slowly injected until the
water stain was 2 cm in diameter. Then, 14 days after infiltration,
the samples were collected.

Promoter Activity Analysis

The expression vector comprised of the GUS (B-glucuronidase
reporter gene) coding sequence driven by the PbFAD3a
promoter was constructed by introducing the PbFAD3a
promoter into the BamHI and EcoRI cloning sites of the
pCAMBIA1391::GUS vector using the corresponding primers
(Supplementary Table S5). The fusion vector was introduced
into Agrobacterium strain GV3101 and then used for tobacco
leaf infiltration. Three days after injection, the injected leaves
were cut and soaked in GUS staining solution (10 mM EDTA+
100 mM Na3PO4.12H,0 + 0.5mM KyFe(CN)g-H,O + 2 mM
X-gluc 4+0.1% Triton X-100) for 36 h. Then, ethanol was used
for decolorization. GUS activity was measured using a GUS gene
quantitative detection kit (Coolaber, Beijing).

qRT-PCR Verification

A TRIzol kit provided by Tiangen Biotech (Beijing) was used to
extract total RNA from pear skin. A cDNA Reverse Transcription
Kit provided by Takara (Beijing) was used to synthesize
single-stranded cDNA. Quantitative real-time PCR (qQRT-PCR)
was performed using the SYBR® Green Premix kit (Toyobo,
Shanghai) in an ABI Step-one Plus PRISM 7300 System (Applied
Biosystems, Foster City, California). The reaction systems and
procedures were performed according to the methods described
by Heng et al. (2016). The 274A€T method was used to calculate
the relative expression levels (Livak and Schmittgen, 2001).

Yeast One-Hybrid Assays

The PbFAD3a promoter (1,875 bp) was inserted into a pAbAi
vector. Then, the fusion construct was introduced into yeast
strain YIH-GOLD. Self-activation was tested on SD medium
without Ura (SD-Ura) containing 0, 50, 100, 200, and 300 ng/mL
aureobasidin A (AbA). YIH screening was conducted using
pAbAi-pro-PbFAD3a cells as bait. The russet and green pear
exocarp cDNA library was transformed into bait yeast cells and
plated on freshly prepared SD-Trp + 300ng/ml AbA plates.
Positive clones were selected and transferred to SD-Trp +
300 ng/mL AbA plates twice and then sequenced.

In the interaction tests, the coding sequences of PbMYC2
(Pbr037113.1) and PbMYBIRI1 (Pbr011534.1) were cloned and
integrated into the pGADT7 (AD) prey vector (generating the
fusion constructions AD-PbMYC2 and AD- PbMYBI1R1) and
then transferred into individual bait-reporter yeast strains. The
transformed Y1HGold plants were cultivated in SD medium
with 300ng/ml AbA and without leucine (SD-Leu+AbA390)

at 28°C for 3 d to test the interactions. pGADT7-53 (AD-
53) was cotransformed with pAbAi-p53 as a positive control,
and AD-empty and pro-PbFAD3a-AbAi were transformed as
negative controls.

Dual Luciferase Assays

Full-length ~ PbMYC2  (Pbr037113.1) and  PbMYBIRI
(Pbr011534.1) were individually inserted into the pGreen
IT 0029 62-SK vector (SK), and 1,875 bp of the PbFAD3a
promoter was inserted into the pGreen II 0800-LUC vector.
All of the constructs were transformed into the GV3101 strain
via the freeze-thaw method (Weigel and Glazebrook, 2006).
Dual luciferase assays were conducted on N. benthamiana
grown for 5-6 weeks in a suitable environment. The infected
Agrobacterium liquid was prepared with 10 mM MgCl,, 10 mM
MES, and 200 pM acetosyringone (ODggo = 0.8). The mixtures
of infiltration buffer contained two TFs and the PbFAD3a
promoter at the volume ratio of 9:1. Then, needleless syringes
were used to inject the mixtures into the abaxial side of the
leaves. The leaves were sampled 2-3 d after injection, and Firefly
luciferase and Renilla luciferase were analyzed using a Dual-
Luciferase Reporter Assay System (Promega). Three independent
experiments with six replications each were conducted.

RESULTS

ABA Plays a Crucial Role in Russet Pear

Skin Formation

To analyze the role of endogenous ABA signaling characteristics
in the formation of russet fruit skin, the content of ABA
between ‘Dangshansuli’ and ‘Dangshanjinsu’ was determined by
ESI-HPLC-MS/MS. The results showed that the ABA content
of russet skin was significantly higher than that of green
skin (Figure 1A). The average concentrations of the three
biological replicates of endogenous ABA in green and russet
fruit skin were 25.48 and 110.63 ng/g, respectively (Figure 1B).
In addition, we found that the application of exogenous ABA
increased the suberification and russeting of ‘Dangshanjinsu’
exocarp (Figure 1C). The epidermal cells of pear exocarp began
to lignify at 100 days after full bloom (DAFB), and ABA
treatment increased the number of lignified layers through the
observation of paraffin sections (Figure 1D). Furthermore, the
‘Dangshanjinsu’ fruit surface is completely covered with rusts,
accompanied by a decrease in epidermal wax compared with
‘Dangshansuli’ at 175 DAFB. Application of ABA increased the
suberin layer of the ‘Dangshanjinsu’ epidermis. These results
indicate the crucial role of ABA in the formation of russet
pear skin.

In addition, to analyze the effect of ABA treatment on pear
exocarp components, we measured each component of pear
exocarp by GC-MS (Table 1). Suberin monomers, including
octanedioic acid, eicosanebioic acid, docosanedioic acid, and
dimethyl ester, were specific to ‘Dangshanjinsu, and were
upregulated after ABA treatment. The contents of nonanedioic
acid, eicosanoic acid, cinnamic acid, hexadecanedioic acid,
and linolenic acid in ‘Dangshanjinsu’ were higher than
those in ‘Dangshansuli, and they were all upregulated after
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FIGURE 1 | ABA is involved in russet pear skin formation. (A,B) ESI-HPLC-MS/MS analysis of ABA content in russet and green pear skin. (C) Phenotype of
‘Dangshansuli’, ‘Dangshanjinsu’ and ‘Dangshanjinsu’ treated with ABA at 175DAFB. (D) Paraffin slices observation of pear exocarp. Cross section stained with
Safranin O-Fast green. The suberized, lignified, and fibrotic cell walls are stained with reddish brown, red, and green, respectively. WT, ‘Dangshansuli’. MT,
‘Dangshanjinsu’. DAFB, days after full bloom. Bars = 100 um. The error bars are the means + SD of three biological repeats and lowercase letters indicate significant
differences by two-tailed Student’s t-test (p < 0.01).

ABA treatment. Conversely, the contents of m-anisic acid,
hexadecanoic acid, methyl ester, and 9-octadecenoic acid were
higher in green skin ‘Dangshansuli’ but there was no significant
difference after ABA treatment. These results indicate the positive
regulation of ABA in russet pear skin formation.

Transcriptome Profiles of Green and

Russet Pear Exocarp

RNA sequencing (RNA-Seq) was conducted using skin
tissues of ‘Dangsahnsuli’ (WT), ‘Dangshanjinsu’ (MT) and
‘Dangshanjinsu’ treated with ABA (MT_ABA) at 25, 100, and
175 DAFB, respectively. A total of 34,682 expressed genes
were identified, including 2,261 new genes. Reads successfully
mapped to the reference genome ranged between 71.21%
and 75.48%, 73.87% on average (Supplementary Table S1).
Density distribution profiles of FPKM were established to
reflect the gene expression pattern of each sample (Figure 2A).
Transcript analysis of the two comparison groups by RNA-Seq
identified 1,250, 1,189, and 6,735 DEGs at 25, 100, and 175

DAFB between WT and MT, respectively, and 4,910, 1,166, and
1,407 between MT and MT_ABA, respectively (Figure 2B). In
addition, we conducted time series analysis and grouped all
of the DEGs into 10 clusters (Supplementary Figure S1). We
observed that the genes in cluster 10 were highly expressed
at 100 DAFB and showed increased expression after ABA
treatment (Figure 2C). KEGG enrichment analysis of 2,870
genes in subcluster 10 showed that fatty acid biosynthesis,
cutin, suberin, and wax biosynthesis (CSW), and PPP were
significantly enriched (Figure 2D). This evidence suggests that
ABA treatment has an effect on the pathway related to russet
fruit skin formation.

In addition, a Venn diagram revealed that 582, 313, and
683 DEGs were upregulated or downregulated uniquely in the
WT-MT and MT-MT_ABA comparison groups, respectively
(Figure 2E). Furthermore, KEGG enrichment analysis of DEGs
in the three developmental stages showed that PPP, CSW, and
a-linolenic acid metabolism were significantly enriched at 100
DAFB and 175 DAFB, respectively (Supplementary Figure S2).
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TABLE 1 | Chemical compound composition of the pear exocarp.

Description Molecular formula Chemical compound content (ng/mg)

WT MT MT-ABA
Octanedioic acid C1oH1804 0 0.09b 0.23a
Docosanedioic acid, dimethyl ester Co4H4604 0 3.04b 4.80a
Eicosanebioic acid CooHyo04 0 1.46b 2.2%9a
Linolenic acid Co1Hzg0o 6.89b 7.17b 8.94a
Octadecanoic acid Co1H4402 0.45b 0.43b 0.66a
Eicosanoic acid Co1H4202 0.64c 1.07b 1.60a
Nonanedioic acid C11H2004 0.37¢c 0.83b 1.40a
Benzoic acid C14H2404 0.65b 0.61b 0.76a
m-Anisic acid C12H1804 2.02a 0.67b 0.64b
Methyl stearate C1gH3502 1.24a 1.01b 0.97b
Hexadecanoic acid, trimethylsilyl ester C19H4002 1.49a 1.18b 1.62a
Hexadecanoic acid, methyl ester C17H3402 3.20a 1.80b 2.03b
9-Octadecenoic acid C19Hz3602 9.68a 1.82b 1.41b
Hexadecanedioic acid C1gH3404 5.83¢c 17.95b 26.72a
Cinnamic acid C14H2004 0.73¢c 1.97b 3.27a

Lowercase letters indicate significant differences by two-tailed Student’s t-test (P < 0.05).

Interestingly, these pathways were also significantly enriched
between MT and MT_ABA. Overall, ABA promotes russet pear
skin formation by regulating the expression of genes involved in
these pathways.

DEGs Involved in Russet Pear Skin

Formation

DEGs in pathways involved in suberin biosynthesis were
investigated and showed that the expression of genes involved
in fatty acid elongation had downregulated expression,
including KCS11, KCS4, KCS9, KCS19, KCS10, and KCS6
(Supplementary Figure S3). Genes involved in the CSW
pathway, including CYP704Cl, FAR3, and CYP94A2 were
upregulated, while CERI and CYP86A22 were downregulated
(Supplementary Figure S4). The expression of key enzymes
involved in lignin biosynthesis was upregulated to varying
degrees during three developmental periods, including 4CL,
CAD, and POD (Supplementary Figure S5). In addition, G
subfamily proteins of the ABC transporter superfamily were
involved in the transport of suberin (Soler et al., 2007; Landgraf
et al,, 2014; Hou et al,, 2018) and were significantly upregulated
after ABA treatment, including ABCG5, ABCG11, and ABCG20
(Supplementary Figure S6). These results indicated that ABA
promotes the accumulation of suberin and lignin by regulating
the expression of genes at the transcript level.

Metabolomics Analysis of Pear Exocarp

We characterized the exocarp of WT, MT, and ABA-treated MT
metabolomic changes. A total of 10,236 and 10,148 ions were
detected in positive and negative ion modes, respectively. Among
them, we detected 2,138 and 1,977 differential metabolites (DMs)
in WT-MT, including 1,154 and 1,136 upregulated DMs and
984 and 841 downregulated DMs in positive and negative

ion modes, respectively. In addition, we detected 1,875 and
1,878 DMs, including 790 and 836 upregulated and 1,085 and
1,042 downregulated DMs, in positive and negative ion modes
after ABA treatment (Figure3A). Additionally, in the WT-
MT comparison group, 2,050 DMs were annotated into 94
KEGG pathways in positive ion mode, and 1,653 DMs were
annotated into 101 KEGG pathways in negative ion mode. In
the MT-MT_ABA comparison group, 1,929 and 1,527 DMs were
categorized into 97 and 92 KEGG pathways in positive and
negative ion modes, respectively (Supplementary Table S2).

In addition, the KEGG enrichment analysis of DMs (removing
the duplicated ions in positive and negative ion modes) showed
that a-linolenic acid metabolism, cutin suberin, and wax
biosynthesis, flavonoid biosynthesis, linoleic acid metabolism,
and PPP were significantly enriched (Figure 3B). These pathways
were also significantly enriched after ABA treatment. Then,
metabolomics analysis showed that the different metabolite
contents of these significantly enriched pathways. The different
metabolite contents of these pathways were significantly higher
in MT, suggesting that these pathways were the crucial
pathways for the formation of russet pear skin (Figures 3C-F).
Interestingly, ABA treatment significantly increased the DMs of
suberin-related pathways, especially a-linolenic acid metabolism
(Figure 3F). Furthermore, some DMs with high content in green
skin were downregulated after ABA treatment. These results
suggested that ABA could promote the formation of suberin in
russet fruit skin.

In summary, a regulatory network of the biological pathways
promoted by ABA in russet fruit skin formation was obtained
based on RNA-seq and metabolomics analysis (Figure 4). The
accumulation of suberin and lignin and the inhibition of wax
induced by the application of ABA promoted the russet pear
skin formation. According to the above results, we hypothesized
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that the increase in a-linolenic acid content induced by ABA
treatment resulted in the accumulation of suberin substances.

Identification, Phylogenetic and Expression
Analysis of Fatty Acid Desaturase Gene

Family Members in White Pear
Thus, we performed genome-wide identification analysis
to identify FAD family members in the P. bretschneideri

genome. A total of 17 FADs were identified in pear by
Pfam and confirmed by inter-ProScan and several manual
checks (Supplementary Table S3). A phylogenetic tree was
built to show the relationship of FAD genes in pear and
Arabidopsis (Figure 5A). Eight ®-3 FADs and four -6
FADs were identified. The chromosome location, gene length,
and isoelectric point (PI) of the PbFADs are provided in
Supplementary Table S3. Fifteen FAD genes were mapped
onto chromosomes 1, 2, 3, 4, 7, 11, 12, and 15, and the
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FIGURE 3 | Differential metabolite analysis of pear exocarp. (A) Quantity statistics of DMs. (B) KEGG enrichment analysis of significant DMs. (C) Heatmap of DMs
involved in phenylpropanoid biosynthesis. (D) Heatmap of DMs involved in linoleic acid metabolism. (E) Heatmap of DMs involved in cutin suberin and wax
biosynthesis. (F) Heatmap of DMs involved in a-linolenic acid metabolism. WT, ‘Dangshansuli’. MT, ‘Dangshanjinsu’. MT-ABA, ‘Dangshanijinsu’ treated with
exogenous ABA.

other two were located on scaffold contigs. Sequence analysis
showed that w-3 FADs contained three histidine boxes (H1-
H3) and four conserved transmembrane domains (TMDs;
Figure 5B). Four FAD3s (FAD3a-3d) homologous to AtFAD3
were detected in pears, and there was a high degree of
sequence similarity among them, indicating that there may
be functional redundancy among the PbFAD3s. Subcellular
localization showed that the PbFAD3a gene was localized in the
chloroplastid (Figure 5C).

In addition, the expression of the four PbFAD3s was
monitored by qRT-PCR (Figures 6A-D). We observed a
significant difference in the expression levels of PbFAD3a/3b
in two developmental stages between WT and MT, and their
expression was upregulated after treatment with ABA. To further
analyze the expression pattern of PbFAD3a in other tissues,
we evaluated its expression in flowers, leaves, carpopodium,
pulp and peel (Figure 6E). The results showed that PbFAD3a
specifically expressed in pear fruit exocarp. These results indicate
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that PbFAD3a may play a critical role in the formation of russet
pear skin.

Overexpression of PbFAD3a in Arabidopsis

Caused a Dwarf Phenotype

Based on the above results, we speculated that PbFAD3a
acts as an activator of russet pear skin formation. To
verify this hypothesis, overexpression (OE) positive lines
of PbFAD3a were obtained by Arabidopsis infection.
Homozygous plants were obtained by PCR identification
and screening (Supplementary Figure S7). We observed

a significant increase in the number and length of the
lateral roots of the transgenic lines (Figure7A). The
high expression level of PbFAD3a was further confirmed
in T3 generation homozygote plants using qRT-PCR
analysis (Figure 7D).

We used the T3 generation of three transgenic lines (OEl,
OE2, and OE3) to analyze the plant phenotypes. The wild-type
(WT) and PbFAD3a-OEl, OE2, and OE3 were planted in MS
medium, and the root length of 30 seedlings was monitored after
10 days. These results showed that the root length of the OE
lines was significantly shorter than that of WT (3.17 cm), with an
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FIGURE 5 | Phylogenetic, expression analysis, and subcellular localization of PoFADs. (A) Phylogenetic analysis of PbFADs in white pear and Arabidopsis. Alignments
were calculated with Clustal X, and the phylogenetic tree was constructed using Figtree v1.4.3 software with the maximum likelihood method (bootstraps = 1,000).
The position of PbFAD3a (Pbr021630.1) is indicated by an asterisk. (B) Sequence alignment of w-3 FADs in pear and Arabidopsis. The sequence was aligned using
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average reduction of 1.33 cm in the three transgenic Arabidopsis  that of the OE lines was 15.51 cm. After 8 weeks of growth,
strains (Figures 7A,E). Then, the OE lines and WT were grown  the plant height of the OE lines was still lower than that of
under long-day conditions, and it was found that the transgenic =~ WT (Figures 7C,G). Measurements of root length and plant
lines grew significantly slower after 5 weeks (Figures 7B,F).  height showed that the inflorescence stems of WT grew faster,
At this time, the plant height of the WT was 25.10 cm, while  and that of OE lines of PbFAD3a led to dwarfing phenotypes
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in transgenic Arabidopsis plants. These results demonstrate
phenotypic changes in Arabidopsis after overexpression
of PhFAD3a.

PbFAD3a in Response to ABA Involved in

Suberin Deposition

To verify that PbFAD3a is involved in the biosynthesis of
suberin in response to ABA signals, WT Arabidopsis and three
transgenic lines were planted in MS medium with 100 .M ABA
(Figure 8A). We observed that the root length of the transgenic
lines was significantly longer than that of the WT after 2 weeks
of growth (Figures 8A,B). Interfascicular fibers and xylem cells
are the main stem tissues supporting the upright growth of
Arabidopsis inflorescences.

To further observe the changes in the interfascicular fibers
and xylem vessel cells in the Arabidopsis stems, the paraffin
section staining of the stems was conducted (Figures 8C-L).
Cross-section staining of the Arabidopsis stems showed that
the xylem and intervascular fibers of the AtFAD3a mutant
were less stained than those of WT, indicating a decrease
in suberification and lignification (Figure 8C). However, the
xylem and intervascular fibers of the transgenic lines were
more stained than those of the WT, suggesting that PbOFAD3a
may promote cell suberification and lignification in transgenic
Arabidopsis stems (Figures 8G,H,},K). Furthermore, we treated
transgenic Arabidopsis with ABA during the growth period

and found that the xylem vessel cells and fiber cells were
stained deeply, indicating that ABA generated a higher degree
of suberification (Figures 8L,L). In addition, we statistically
analyzed the germination rate and found that the germination
rate of the transgenic lines was significantly higher than that of
the wild type after adding different concentrations of ABA to the
substrate (Supplementary Figure S8).

Furthermore, a VIGS assay was performed to verify the
function of PbFAD3a in russet skin formation. The accumulation
of russet peel was significantly inhibited after VIGS infiltration
(Figure 9A) and the expression of PhFAD3a was downregulated
(Figure 9B). The chromatic aberration was significantly different
from the negative control and water treatment (Figure 9C).
These results indicated that PbFAD3a plays a crucial role in russet
pear skin formation.

To further confirm that the positive regulation of PbFAD3a
induced by ABA contributes to russet skin formation,
we analyzed the promoter region of pre-PbFAD3a (~
2,000-bp upstream of PbFAD3a) using the PlantCARE
software. There were two ABA-responsive elements in the
PbFAD3a promoter, including ABRE and ABRE3a elements
(Supplementary Table S4), suggesting a regulatory relationship
between PbFAD3a and ABA. Histochemical analysis of GUS
expression driven by the PbFAD3a promoter in tobacco
leaves suggested that the PbFAD3a promoter could initiate
the expression of the GUS reporter gene and ABA treatment
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could promote the enhancement of its activity while fluridone
(an inhibitor of ABA synthesis) restrained it (Figures 10A,B).
Furthermore, the expression pattern of PbFAD3a treated with
ABA and fluridone was monitored in pear calli (Figure 10C).
ABA significantly increased the expression of PbFAD3a after
treatment for 4 and 12h, while fluridone inhibited it. These
results suggest that the positive regulation of PbFAD3a induced
by ABA contributes to the russet skin formation in the mutant
of ‘Dangshansuli’.

MYB1R1 and MYC2 Are Induced by ABA
and Bind to the PbFAD3a Promoter to

Activate Its Expression

To examine whether the expression of POFAD3a is regulated by
ABA, the 1,875 bp of the PbFAD3a promoter was cloned and
yeast one-hybrid (Y1H) screening was performed to indentify

the probable factors that respond to ABA and activate PbFAD3a
transcription. Linearized pAbAi-pro-PbFAD3a was inserted into
Y1HGold and the self-activation was tested on the SD-Ura with
AbA from 0 to 300 ng/mL. The results showed that the PbFAD3a
promoter was repressed by 300ng/mL AbA (Figure 11A).
Approximately 200 positive clones were screened from the pear
exocarp cDNA library and sequenced. Among the selected clones,
genes that appeared at least twice were selected for further
identification (Supplementary Table S6). Among them, MYC2
and MYBIRI appeared five times and were selected to verifiy
their interactions.

In the interaction tests, the expression of PbMYC2 and
PbMYBIRI separately induced the expression of the AbA-
resistance reporter gene driven by the PbFAD3a promoter,
indicating that PbMYC2 and PbMYBIRI could bind to the
PbFAD3a promoter directly (Figure 11B). Dual luciferase assays
showed that PbMYC2 and PbMYBIRI could significantly activate
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the PbFAD3a promoter (Figure 11C). In addition, the expression
of PbMYC2 and PbMYBIRI could be induced by ABA, indicating
that ABA induced the expression of PbMYC2 and PbMYBIRI to
activate the promoter of PbFAD3a and promote the biosynthesis
of suberin (Figures 11D,E).

DISCUSSION

Suberin, a fatty acid polymer linked by ester bonds, is a
secondary defensive tissue that is gradually formed in the

developmental process of plants against environmental stresses
and/or mechanical wounds (Franke and Schreiber, 2007;
Landgraf et al., 2014; Wang et al., 2016). Russeting in apples and
pears is a disorder of the fruit skin that results from microscopic
cracks in the cuticle and the subsequent formation of a periderm
(Khanal et al., 2013). ABA is a plant hormone associated with
stress resistance and it is involved in the regulation of wound
healing in response to ABA stress signals (Soliday et al., 1978;
Leide et al., 2012). The purpose of this study was to explore
how ABA affects suberin biosynthesis and russeting in pear skin.
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FIGURE 9 | The positive regulation of PbFAD3a in russet pear skin formation. (A) Virus-induced gene silencing (VIGS) of PbFADS3a in ‘Xiangnan’ pear peel at 35DAFB.
(B) Relative expression level of PbFAD3a after 14 days after infiltration. (C) Color difference of pear exocarp after silencing of PbFAD3a. Phenotype was observed 14
days after infiltration. The error bars are the means + SD of three biological repeats and lowercase letters indicate significant differences by two-tailed Student’s t-test
(o < 0.01).

We performed treatments with exogenous ABA and found that ~ damage, and drought (Finkelstein, 2013). Our study found that
it increased suberin accumulation and russeting in pear skin.  the content of ABA in russet pear skin was higher than that
Transcriptomics and metabolomics were used to identify the  in green skin (Figures 1A,B), and this result was opposite to
critical genes participating in russet pear skin formation. This  the findings of a study in sand pear (Wang et al., 2020). Then,
study provides conclusive evidence that ABA regulates suberin ~ we found that the deposition of russet pear skin was induced
deposition by inducing the transcription of PbFAD3s. by the application of exogenous ABA (Figures 1C,D). Similar

ABA is a hormone associated with major plant responses  studies have been reported in Arabidopsis (Efetova et al., 2007;
to stress, including pathogens, salt, temperature, mechanical =~ Barberon et al, 2016), tomato (Leide et al., 2012; Tao et al,
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FIGURE 10 | PbFADSa involved in russet pear skin formation in response to ABA. GUS staining (A) and GUS activity (B) in transient Nicotiana benthamiana leaves
after treatments of pure water, ABA and fluridone. (C) The expression pattern of PbFAD3a after ABA and fluridone treatments in pear calli. The error bars are the
means + SD of three biological repeats and lowercase letters indicate significant differences by two-tailed Student’s t-test (o < 0.01).

2016), kiwifruit (Han et al., 2017, 2018; Wei et al., 2020a), and
potato (Kumar et al., 2010; Pau et al., 2013). Exogenous ABA
treatment was able to enhance drought resistance by induceing
the expression of suberin-related genes in Arabidopsis roots
(Efetova et al, 2007). ABA supplementation in potato tissue
medium resulted in the formation of suberin (Kumar et al.,
2010). The suberin feruloyl transferase FHT, which accumulates
in phellogen, is induced by wounding and is regulated by ABA
in potato (Pau et al., 2013). In addition, suberin increased
dramatically in the wounded tomato fruit, accompanied by an
increase in ABA content (Tao et al, 2016). Similarly, ABA
also accelerated wound-healing in wounded kiwifruit (Han
et al, 2017; Wei et al, 2020b). Consequently, this evidence
indicates that the formation of russet pear skin is dependent
on ABA.

Genes and pathways involved in russet skin formation
identified RNA-Seq and  metabonomics

were via

(Supplementary Figures S1-S3). The regulation of the
transcription of key pathway genes induced by ABA was also
studied (Supplementary Figures S4-S7). Based on the RNA-Seq
database, a regulatory network of ABA promoting russet fruit
skin formation was constructed (Supplementary Figure S8).
In addition, DMs of suberin-related pathways were also
identified via metabolomics (Figure2). Interestingly, the
identification of differential metabolites and GC-MS analysis
of pear exocarp indicated that ABA treatment significantly
promoted the biosynthesis of linolenic acid, and it had a
higher content in the russet mutant ‘Dangshanjinsu’ than
that ‘Dangshansuli’ (Figure 2F, Table1). a-Linolenic
acid metabolism was also significantly enriched after ABA
treatment in the RNA-Seq data (Supplementary Figure S3).
Polyunsaturated fatty acids (PUFAs) are important components
of biological membranes and play a crucial role in regulating the
normal biological functions of cells (Kang, 2003). a-Linolenic

in
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acid (C18:3), a PUFA containing three double bonds, may  All of this evidence suggests that ABA may promote the
play a critical role in the formation of russet pear skin based  formation of russet pear skin by increasing the content of
on metabonomics and GC-MS analysis (Figure 2F, Table 1).  a-Linolenic acid.
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In Arabidopsis thaliana, the conversion from C18:1 to
C18:2 is catalyzed by w-6 FADs (AtFAD2, AtFAD6) and
the conversion from C18:2 to Cl18:3 is catalyzed by w-3
FADs (AtFAD3, AtFAD7, and AtFADS8). Desaturation reactions
catalyzed by FAD2 and FAD3 have been reported to occur
in the endoplasmic reticulum, while FAD6, FAD7, and FADS
are localized in chloroplasts (Wallis and Browse, 2002). In
this study, 17 FAD genes were identified in Chinese white
pear (Supplementary Table S3). Sequence analysis showed that
four FAD3s (FAD3a-3d) homologous to AfFAD3 were detected
in pears. The role of PbFAD3a in promoting suberification
was also demonstrated by overexpression in Arabidopsis and
VIGS assays in fruit skin. Similarly, in Camelina sativa,
enhancing the expression of microRNA167a decreases the a-
linolenic acid content and represses the expression of suberin-
and lignin-related genes (Na et al,, 2019). Furthermore, we
found that ABA could activate the promoter activity of
PbFAD3a by Agrobacterium-mediated transient injection of
tobacco leaves. Our results showed that ABA promotes russet
pear skin formation by inducing the expression of PbFAD3a,
thereby increasing the content of a-Linolenic acid. A recent
study demonstrated that PoFAD3 is induced by ABA and
regulates unsaturated fatty acid biosynthesis in Paeonia ostia
(Li et al., 2022). Then, we standing on the search for the
key transcriptional hubs that regulate ABA-induced suberin
biosynthesis, and YI1H screening was performed to search
for the possible factors responsive to ABA that activate
PbFAD3a transcription. MYC2 and MYBIRI have been shown
to bind to the PbFAD3a promoter and are induced by ABA
(Figures 11B-E).
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