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Abstract: Wizened buds are frequently observed in pear (Pyrus spp.) trees, which greatly reduces
the yield. However, little is known about the mechanism of wizened bud formation. Here, we
analyzed physiological and transcriptomic differences between normal buds and wizened buds
of ‘710" pear trees. The results indicated that the sorbitol and boron (B) contents, during bud
differentiation, were significantly reduced in wizened buds. The microscopic observation and
transcriptome analysis revealed that the collapse of the organ structure and cell wall loosening
process may have a close relation with wizened bud formation. Moreover, reduced transcript
levels of PpyMYB39.1 and its downstream genes (PpyHT1, PpyHT2, PpyPMEI1 and PpyPMEI2) were
found in wizened buds. However, the transcript levels of pentose and glucuronate interconversion
pathway genes (PpyPME3, PpyPL18.1, PpyPL18.2, PpyPG1 and PpyPG2) and the concentration of
pectin-degradation-related enzymes were increased in wizened buds. Correspondingly, the pectin
concentration was significantly reduced in wizened buds. Taken together, PpyMYB39.1 may promote
pectin degradation and decrease carbohydrate transport by regulating its downstream genes and is
supposed to play a vital role in the wizened bud formation resulting from the cell wall loosening
process. Our study provides fundamental insights into wizened bud formation and strategies to
reduce the wizened bud occurrence in pear trees.

Keywords: pear; wizened bud; cell wall loosening; pectin degradation; carbohydrate transport

1. Introduction

Pear (Pyrus spp.) is one of the major temperate fruit crops [1], which has grown widely
with the global production of over 23.1 million tons in the year 2020 [2]. In China, pear is
an economical fruit crop, and its yield is affected by developmental processes, especially
bud germination [3,4]. However, the bud differentiation is frequently hindered in many
traditional pear species, such as “Yuluxiang’ (P. bretschneideri.), showing the occurrence of
wizened bud, and results in a great loss of pear production [5,6]. Moreover, previous studies
demonstrated that wizened bud formation is closely related to management practices and
the nutritional status of buds [6,7].

The occurrence of wizened buds has been reported in many Rosaceae fruit trees,
including pear [5], apple [8] and peach [9]. Typically, wizened buds have external scales
loosening, internal bud organs browning and bud bursting and the presence of wizened
buds at the later stage of bud differentiation [5]. Hence, the wizened bud formation is due
to the impediment of bud differentiation. Mineral nutrients and carbohydrate utilization in
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buds are essential for the differentiation process [10,11]. For example, boron (B) is involved
in the cell wall development of bud meristem, and sugar alcohols act as the carbon source
for the cell division of bud organs during bud differentiation [12-14]. Sugar alcohols serve
as major photo-assimilates and can be distributed to various tissues [15,16]. In pear, sorbitol
is the dominant photosynthetic product that is synthesized in leaves [17]. Once the sorbitol
is transported from the leaves to sink tissues, it is primarily converted into fructose by
sorbitol dehydrogenase (SDH) for plant utilization [18,19]. Therefore, sorbitol, in addition
to the energy source, plays an important role in reproductive development by regulating
the expression of SDH genes [20,21].

Several genes are involved in the bud differentiation process, among which transcrip-
tion factors play regulatory roles in the interaction with downstream target genes [22,23].
The MYB subfamily, which consists of MYB genes with conserved DNA-binding domains,
play a vital role in bud development. For example, CmMYB2 determines the bud differenti-
ation time in chrysanthemum by regulating the gibberellin metabolism [24]. From Japanese
morning glory (Ipomoea nil), InMYB1 is active in the floral bud developmental stage and
functions from young flower buds to bloomed flowers [25]. The triple knockdown mutant
of Arabidopsis (AtMYB37, AtMYB38 and AtMYB84) displayed a defect in axillary bud
formation, showing the importance of MYBs in meristem bud formation [26]. DhMYBI1 is
involved in the morphogenesis of epidermal cells in Dendrobium hybrida and is therefore
supposed to be required for floral bud development [27]. In addition to MYB transcrip-
tion factors, the pectin methylesterase (PME) and pectin methylesterase inhibitor (PMEI)
encoded genes have also been reported to play key roles in the bud growth of different
species [28-30]. However, little is known about the molecular mechanisms of wizened bud
formation in pears.

Here, we chose ‘710" sand pear plants, with typical wizened occurrence in the bud, as
research material. Microscopic observations and metabolite quantification analyses were
conducted to determine the physiological changes during the wizened bud formation.
Moreover, RNA-seq analyses were used to conduct the transcriptomic profiling of normal
buds and wizened buds. The aim of this study was to investigate the possible mechanisms
of wizened bud formation and provide new insights to overcome wizened bud occurrence
in pear.

2. Materials and Methods
2.1. Plant Materials and Sampling

The experiment was conducted from May 2021 to November 2021 in the Wuchang
Sand Pear Germplasm Collection, Wuhan, China. For this experiment, 7-year-old ‘710’ sand
pear (Pyrus Pyrifolia, “An Nong No. 1 x Cui Guan’) grafted on Callery pear (P. calleryana)
plants were selected. There were a total of 30 representative trees with 10 individual trees
as a replication. The samples of wizened buds, normal buds and leaves were collected
from the 1-year-old stem of selected trees in September 2020. Each bud sample consisted
of more than 20 buds and the leaf sample consisted of more than 10 leaves, which were
randomly collected from stems. Rhizosphere soil samples were collected from a depth of
30 cm around the selected trees.

2.2. Phloem Sap Extraction

Phloem sap was collected as described by Du et al. [31]. Briefly, wizened bud stems
were washed with ultra-pure water twice. The bark was peeled off, and the xylem residues
were removed by scalpel. Subsequently, the clean epidermis was cut into small pieces of
1 cm? and transferred into a 0.5 mL centrifuge tube punctured at the bottom. Then, a 0.5 mL
centrifuged tube was inserted into a 2 mL centrifuge tube for centrifugation (12,000 rpm,
15 min, 20 °C), and about 200 pL phloem sap of each tube was collected for further analysis.
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2.3. Determination of Nutrient Concentration

A fresh bud sample weighing around 0.1 g was used to measure the N concentration,
by using the Vario MACRO Cube Analyzer (Elementar, Germany), following the protocol
of Tian et al. [32]. Moreover, the concentrations of P, K, Ca, Mg, S, Fe, Mn, B, Cu and
Zn were determined by taking a 0.3 g dried bud sample. The dried sample was ashed
in a muffle furnace at 500 °C for 6 h; afterwards, the sample was dissolved in 30 mL of
HNOj3 (1%) solution. The solution was used to determine the above-mentioned nutrient
concentration by an inductively coupled plasma-optical emission spectrometer (ICP-OES,
Finnigan MAT, Element I, Germany).

2.4. X-ray Micro-Computed (uCT) Tomography

X-ray micro-computed (uCT) tomography was performed as described by Buss et al. [33]
with some modifications. Virtual image stacks of all bud specimens were detected by uCT
(Versa 510, Carl Zeiss, Germany). Briefly, the samples were stored in dry tubes during the
uCT-scanning process. Then, the samples were scanned with a Versa 510 X-ray microscope
with the following parameters: 3040 kV, 5-8 W, 2001 projections, 10-22 s acquisition time,
objective: x0.4, and voxel size: 5.0 pm.

2.5. RNA-seq, Data Processing and Gene Annotation

Transcriptome libraries were constructed from samples of normal buds and wizened
buds in the early stage of wizened bud occurrence (September 2020) with 3 biological
replications. Total RNA was isolated by using a TaKaRa Plant RNA Extraction Kit (TaKaRa,
Dalian, China), and the transcriptome profiles were obtained by using NR604-VAHTS®
Fast RNA-seq Library Prep Kit for Illumina (Vazyme, Nanjing, China), following the
manufacturer’s protocol. The original data have been submitted to NCBI (BioProject ID:
PRJNA804671). Clean reads (high-quality reads) of 6 transcriptome libraries were filtered
from raw reads by removing low-quality reads with ambiguous nucleotides (read length:
300 bp, total reads: 72,777,662 to 84,315,630) and adaptor sequences, and Tophat2 was
used to map clean reads to the reference genome Pyrus pyrifolia in GDR (https:/ /www.
rosaceae.org/Analysis /9597119, 1 May 2021). Gene expression levels were calculated
by the FPKM (Fragments Per Kilobase of transcript per Million mapped reads) method
using the RSEM tool. A differential expression analysis was performed using the DESeq R
package (1.10.1). The resulting p values were adjusted using Benjamini and Hochberg’s
approach for controlling the false discovery rate. Genes with a p-value < 0.05 found by
DESeq were assigned as differentially expressed genes. The overview of RNA-seq statistics
and the FPKM of differentially expressed genes (DEGs) are mentioned in Tables S3 and S4.

Gene annotation was conducted using the Blastp search against the nr database
in NCBI, Swiss-Prot database and Pfam database. BlastKOALA was used to annotate
the KOs of the KEGG ORTHOLOGY database. The protein sequences of genes were
aligned against the GO database and KEGG pathway database using KOBAS 3.0 (http:
/ /kobas.cbi.pku.edu.cn/, 1 May 2021) to perform the enrichment analysis. A corrected
p-value < 0.01 was set as a cut-off for GO enrichment 2.6. Quantitative Real-Time PCR
(qRT-PCR) Analysis

The gRT-PCR experiment was conducted following the previous protocol [34]. Briefly,
the total RNA of each sample was extracted by an OminiPlant RNA Kit (CWBIO, Beijing,
China). One microgram of high-quality total RNA was used for the first-strand cDNA
synthesis by TransScript One-step gDNA Removal and cDNA Synthesis SuperMix (Trans-
Gen Biotech, Beijing, China). The qRT-PCR was conducted by 3 biological replicates, and
each biological replicate had 3 technical replicates. qRT-PCR was performed in a 10 pL
reaction volume using Luna® Universal qPCR Master Mix (NEB) on a qRT-PCR system
(CFX real-time PCR system, BioRad, Hercules, CA, USA) following the manufacturer’s
protocol. The reaction was started by an initial incubation at 94 °C for 2 min and then
subjected to 34 cycles of 94 °C for 30 s, 57 °C for 30 s and 72 °C for 80 s, and then ended
with 72 °C for 3 min. The primers used in this study are listed in Table S2. PpyPP2A


https://www.rosaceae.org/Analysis/9597119
https://www.rosaceae.org/Analysis/9597119
http://kobas.cbi.pku.edu.cn/
http://kobas.cbi.pku.edu.cn/

Agronomy 2022, 12, 484

40f 15

(sequence ID: Pbr020268.1) was used as an internal control to normalize the expression
level of the target genes between samples. The Livak method was employed to calculate
relative expression values [35].

2.6. Determination of Pectin, Lignin, Cellulose, Pectin Methylesterase, Pectate Lyase,
Polygalacturonase and Sorbitol Concentration

Two decigrams of fine powder of each bud sample were used to determine the pectin
(by a plant pectin ELISA Kit), lignin (by a plant lignin ELISA Kit), cellulose (by a plant
cellulose ELISA Kit), pectin methylesterase (by a plant PME ELISA Kit), pectate lyase (by
a plant PL ELISA Kit) and polygalacturonase (by a plant PG ELISA Kit) concentration
following the instructions of the kits (Comin Biotechnology Co., Ltd., Suzhou, China).
Moreover, 1 g of fine powder of leaves, 1 g of buds and 0.5 mL of phloem sap were used to
determine the sorbitol concentration using a gas chromatography-mass spectrometer. The
detailed method for sorbitol detection was mentioned in the Supplementary Methods.

2.7. Statistical Analysis

Unless specially stated, each value was expressed as the means =+ standard deviation
(SD) of three replications. Data analysis was performed by using an independent-samples
t-test (p < 0.05) in SPSS Statistics 19.0 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Phenotype and Structure Comparison between Normal Buds and Wizened Buds

At the time of flower bud differentiation, wizened buds were observed on ‘710" sand
pear plants. Phenotypically, the bud scales were wrapped tightly around normal buds
with a hub shape; however, the bud scales were loosely surrounded by wizened buds with
irregular shape and appeared like the bud burst from the inside to the outside (Figure 1A).
Compared with normal buds, more than half of the total buds were wizened buds with
significantly lower fresh weight (Figure 1B). Moreover, the ratio of leaf to bud in normal
bud stems was 139:114, which was 2.5 times that of the wizened bud stems (54:112).
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Figure 1. Phenotypic differences between normal buds and wizened buds, and their characteristics.
The phenotypic illustration of normal buds and wizened buds (A). The proportion of wizened buds
and normal buds and the comparison of fresh weight between normal buds and wizened buds (B).
The comparison of leaf to bud ratio between normal bud stems and wizened bud stems (C). Values
are the mean =+ SD. The asterisk indicates a significant difference between normal bud and wizened
bud (t-test, p < 0.05). In Figure 1A, the side length of each square indicates 1 cm.
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According to the microscopic observations, the shape of inflorescence in the normal
buds was trigonal pyramidal with a tight arrangement above the bud axis (Figure 2A);
however, the inflorescence of wizened buds presented an irregular shape with a loose
arrangement on the bud axis (Figure 2D). Internally, all inflorescences in normal buds were
healthy with an integral structure (Figure 2B); by contrast, all inflorescences in the wizened
bud were abnormal or even dead, with a collapsed structure and a shriveled and cracked
appearance (Figure 2E). Furthermore, the structure of the flower parts in the normal bud
was distinct and can be completely differentiated (Figure 2C); on the contrary, the structure
of the wizened bud was indistinct, with an incomplete differentiation of stamen and pistil,
and a lack of petal differentiation (Figure 2F).

Normal bud

™~

Inflorescence

Budiaxis

AN

Inflorescence

Wizened bud

Bud axis

Figure 2. Microscopic illustration of normal buds and wizened buds. Appearance and inflores-
cence (A,D); longitudinal section (B,E); floral components (C,F) of normal buds and wizened
buds, respectively.

3.2. Comparison of B Concentration between Normal Buds and Wizened Buds

Leaf nutrient analysis indicated that the concentration of K, Mg and B was significantly
lower in wizened buds than in normal buds (Table S1). Moreover, the Mg concentration in
orchard soil was higher than the normal threshold, while the B concentration in orchard
soil was lower than the normal threshold (Table S1). According to Figure 3, wizened bud
occurrence was started after 22 July and, before that, the B concentration in both types
of bud tissues was the same. After 22 July, the B concentration started to reduce quickly
in the wizened bud, but normal bud presented an increasing profile of B concentration;
moreover, the B concentration of wizened buds was significantly lower than that of normal
buds (Figure 3).
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Figure 3. Changes of B concentration profile during flower bud differentiation starting from 27 May
to 19 October. Values are the mean + SD. The asterisk indicates a significant difference between
normal buds and wizened buds at a given time point (t-test, p < 0.05).

3.3. Functional Enrichment and Coexpression Network of Differentially Expressed Genes

To further explore the differences in the molecular regulation of wizened bud for-
mation, a comparative transcriptome analysis was performed between normal buds and
wizened buds. In total, 546 differentially expressed genes (DEGs) were identified; of them,
462 genes were down-regulated in wizened bud samples (Figure S1). The DEGs were
enriched in ‘response to wounding’, ‘suberin biosynthetic process’, ‘regulation of defense
response’, ‘syncytium formation’, ‘nitrate transport” and “plant-type cell wall loosening’
processes (Figure 4A). Subsequently, a KEGG enrichment analysis revealed 10 typical
pathways, and the ‘pentose and glucuronate interconversions’ pathway was related to the
‘plant-type cell wall loosening’ process (Figure 4B). To identify the key regulatory genes,
we constructed gene networks via WGCNA and Cytoscape. Among all DEGs, 54 DEGs
encoded transcription factors (TFs) and the highest edges of PpyMYB39 were observed in
the network analysis (Figure 4C).

3.4. Expression Levels of Differentially Expressed Genes and Candidate Target Genes
of PpyMYB39

To verify the authenticity of RNA-seq data, the DEGs belonging to the ‘pentose and
glucuronate interconversions’ pathway and key TFs of the coexpression network were
selected. The qRT-PCR results showed strong coherence with the finding of the RNA-
seq results. Briefly, the expression level of PpyPME3, PpyPL18.1, PpyPL18.2, PpyPG1 and
PpyPG2 were significantly higher in wizened buds than those of normal buds (Figure 5A).
However, the expression level of PpySDH and all selected TFs were significantly lower in
wizened buds than in normal buds (Figure 5A,B).
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Figure 4. Go term enrichment analysis (A), KEGG pathway enrichment analysis (B) and correlation
network of differentially transcription factors (C) between normal buds and wizened buds. Each
rectangle of graph A is a single cluster, joined into ‘superclusters’ of loosely related terms, and the
size of the rectangles is adjusted to reflect the P-value. The term logFC means log2 (FPKM_Wizened
bud/FPKM_Normal bud) and the color of a bar from dark blue to light blue represents a hint
regarding the pathway that is more likely to be decreased or increased in graph B. The transcription
factors are shown by large circles in graph C, and the color from green to red represented the number
of edge genes related to the transcription factor.
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Figure 5. Transcript analysis of differential genes between normal buds and wizened buds. (A) refers
to the transcript analysis of the pentose and glucuronate interconversions pathway-related genes,
and (B) refers to the expression analysis of transcription factors. Values are the mean + SD. PME:
Pectin methylesterase. SDH: Sorbitol dehydrogenase, PL: Pectate lyase. PG: Polygalacturonase. The
asterisk indicates a significant difference between normal bud and wizened bud (t-test, p < 0.05).

MdMYB39L plays a key role in sorbitol-modulated stamen development by regulating
its downstream target genes, which are involved in hexose uptake, cell wall formation
and modification, and microsporogenesis [21]. Based on the findings of this research,
8 candidate target genes of PpyMYB39 were screened for qRT-PCR analysis between normal
buds and wizened buds. These genes were related to bud development and derived from
2 functional categories, including hexose transporters (PpyHT1 to PpyHT4) and pectin
methylesterase inhibitors (PpyPMEI1 to PpyPMEI4) (Figure 6A,B). The expression levels of
PpyHT1, PpyHT2, PpyPMEI1 and PpyPMEI2 in wizened buds were significantly lower than
those in normal buds; however, no significant difference was observed in the expression
levels of PpyHT3, PpyHT4, PpyPMEI3 and PpyPMEI4 between normal buds and wizened
buds (Figure 6A,B).
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Figure 6. Transcript analysis of the comparison of PpyMYB39 mRNA responsive genes between
normal buds and wizened buds. (A) refers to the expression analysis of PpyHT-encoded genes,
and (B) refers to the expression analysis of PpyPMEl-encoded genes. HT: hexose transporters.
PMELI: pectin methylesterase inhibitors. Values are the mean =+ SD. The asterisk indicates a significant
difference between normal buds and wizened buds (t-test, p < 0.05).

3.5. Comparison of Pectin, Lignin, Cellulose and Pectin Methylesterase, Pectate Lyase
Polygalacturonase Content Related to Pectin Degradation

According to the KEGG enrichment analysis, the pectin degradation process was
mainly induced after wizened bud occurrence. The quantitative analysis further confirmed
that the pectin concentration in wizened buds was significantly lower than in normal buds
(Figure 7A). However, no significant change was observed for the lignin and cellulose
concentration between the normal buds and wizened buds (Figure 7B,C). Moreover, the
content of pectin methylesterase, pectate lyase and polygalacturonase were all significantly
higher in wizened buds than in normal buds (Figure 7D-F).

3.6. Changes in Sorbitol Content in the Buds, Leaves and Phloem Sap

The determination of sorbitol content in different parts of the plant was conducted to
compare the translocation and utilization of sorbitol content between normal bud stems
and wizened bus stems. The results indicated that the sorbitol concentration in wizened
buds and stem phloem sap was significantly lower than that in normal buds and stem
phloem sap (Figure 8A,C); however, no difference was observed in leaf samples taken from
normal bud stems and wizened bud stems (Figure 8B).
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Figure 8. Comparison of sorbitol concentration in the buds (A), leaves (B), phloem sap (C) between
normal bud stems and wizened bud stems. Values are the mean & SD. The asterisk indicates a
significant difference between normal bud stems and wizened bud stems (t-test, p < 0.05).

4. Discussion

In pear orchards, wizened bud occurrence is frequently observed, which impedes
flower bud growth, resulting in a great loss of yield [6]. According to the present study,
more than 60% of buds presented a wizened performance in ‘710" sand pear trees at the
time of flower bud differentiation (Figure 1A,B), indicating that ‘710" sand pear trees have
a typical character of wizened bud formation and could be used as interesting material
to investigate the underlying mechanism. Mineral nutrients and carbohydrates play key
roles in floral bud differentiation [36,37], and these are dominantly supplied from leaves
by the source-sink transport mechanism [38,39]. In pear, sorbitol is the main transportable
photo-assimilate, which was confirmed to contribute to flower bud differentiation [40,41].
The present study found that the number of source organs or the sorbitol concentration of
buds and phloem sap was significantly lower in wizened bud stems than in normal bud
stems (Figures 1C and 8A,C), thereby suggesting that wizened bud occurrence is related to
the insufficient supply of sorbitol from source (leaves) to sink (bud) organs, and sorbitol
may play a key role in the process of wizened bud formation.
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According to the previous reports, B is crucial for floral bud differentiation by par-
ticipating in cell wall development and membrane maintenance [42,43]; furthermore, its
translocation via phloem is assisted with the presence of sorbitol in Rosaceae family plants,
including pear [12,44]. Our results also found that B was typically decreased in wizened
buds than in normal buds (Table S1). Temporal analysis indicated that the B concentration
was the same in all buds during the early stages of floral bud differentiation; however,
when buds showed wizened performance, the B concentration was rapidly decreased and
was significantly lower than that of normal buds (Figure 3). These results supposed that the
decrease of sorbitol transport from the leaves reduced the B concentration in buds, leading
to abnormal bud differentiation.

A microscopic study showed that wizened buds might occur at or before the sepal
differentiation phase in pear [5]. However, little is known about the inner structure of
wizened buds and the microstructure of inflorescence in wizened buds. In the present study,
the wizened buds showed loose and collapsed structures when compared with normal
buds (Figure 2A,B,D,E). Moreover, the differentiation of stamen and pistil was initiated, but
the formation of stamen and pistil was incomplete with indistinct structures in wizened
buds (Figure 2C,F), indicating that the occurrence of wizened buds is likely due to the
collapse of the organ structure, resulting in burst bud appearance.

To understand the molecular mechanism of wizened bud occurrence in pear, the sam-
ples with typical wizened bud occurrence (during the wizening process) were collected, and
an RNA-seq experiment was conducted between normal buds and wizened buds. From
546 DEGs, many function-specific genes were identified between normal buds and wizened
buds, which may contribute to the wizened bud formation process. It has been reported
that cell wall modification can affect the bud formation process in woody plants [45,46]. In
our study, the DEGs were enriched in different biological processes (Figure 4A); among
them, the “plant-type cell wall loosening’ process was considered to be directly related
to the collapse of the organ structure in buds (Figure 2). Then, the top 10 most enriched
pathways and the DEGs enriched in these pathways were visualized using the GO plot
package [47] (Figure 4B). Among these pathways, the ‘pentose and glucuronate intercon-
versions’ pathway, which contained 5 DEGs associated with the pectin degradation process,
was particularly focused on (Figure 4A,B). The expression levels of these genes, PpyPME3
related to pectin methyl esterification, PpyPL18.1 and PpyPL18.2 related to pectin lysis, and
PpyPG1 and PpyPG?2 related to polygalacturonate were significantly higher in wizened
buds than in normal buds (Figure 4A). Moreover, the concentration of pectin (except for
lignin and cellulose) and the enzymes corresponding to these genes were significantly
lower in wizened buds than in normal buds (Figure 7). These results suggested that the
pectin degradation process was initiated after wizened bud occurrence. Previous studies
demonstrated that pectin is one of the major components of the cell wall [48,49], and the
degradation of pectin can trigger the cell wall loosening process either in reproductive or
vegetative organs [50-52]. Taken together, we supposed that the occurrence of wizened
buds has resulted from the cell wall loosening process induced by pectin degradation.

Gene network analyses identified some TFs, which were supposed to play vital roles
in the regulation of wizened bud formation (Figure 4C). The qRT-PCR analysis indicated
that 10 TFs genes related to the wizened bud formation process had a down-regulated
expression in the wizened bud when compared with those of normal buds (Figure 5B).
Most importantly, one MYB39-like transcription factor, PpyMYB39.1, showed a significantly
lower expression in wizened buds (Figure 5B). As MYB39 genes can negatively regulate
the flower bud growth either during the differentiation or the blooming stage [21,53,54],
the lower expression of PpyMYB39.1 in wizened buds suggested that the function of
PpyMYB39.1 is closely related to wizened bud occurrence. Moreover, its putative target
genes based on the previous study [21], PpyHT1, PpyHT2 and PpyPMEI1, and PpyPMEI2
genes presented the same expression trend as PpyMYB39.1 in wizened buds relative to
normal buds (Figures 5B and 6). Taken together, PpyMYB39.1 could be a key regulator of
the wizened bud formation process.
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Previous studies revealed that pectin methylesterases (PMEs) were involved in bud
development by modifying cell wall stability [55-57], and PMEIs were able to inhibit PME
activities [58,59]. In this study, lower expression levels of PpyPMEI1 and PpyPMEI2 genes
and the higher expression level of PpyPME3 suggested that both PpyPMEI genes were
involved in bud development in pear by mediating PMEs that induced wizened bud oc-
currence (Figure 6B). On the other hand, PpyHT1 and PpyHT2 showed lower expression
levels in wizened buds (Figure 6A). It has been reported that the hexose transporters con-
tribute to bud formation and development by taking up hexoses for adequate carbohydrate
utilization in the bud [60,61]. Our findings suggested that the lower expression levels of
PpyHT1 and PpyHT?2 in wizened buds suppressed the transport of hexose sugars into buds,
thereby hindering bud formation and leading to wizened bud occurrence in pear plants
(Figures 5A, 6A and 8A).

5. Conclusions

At the time of wizened bud occurrence, wizened buds were found to be deficient in
sorbitol and B as compared to normal buds. The RNA-seq and metabolic analysis revealed
that the cell wall loosening process induced by pectin degradation might be the main
factor of wizened bud occurrence. The co-expression network of TFs further suggested
that PpyMYB39.1 might play a vital role in bud differentiation by regulating the pectin
degradation and carbohydrate transport-related genes (PpyPMEI1, PpyPMEI2, PpyHT1
and PpyHT?2).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /agronomy12020484/s1, Figure S1: The number of differential
expression genes by comparison of normal buds and wizened buds, Table S1: Comparison of nutrient
concentration between normal bud and wizened bud or orchard soil and normal range, Table S2: The
list of gene names, their IDs and primers used in this study. Table S3: The overview of RNA-seq
statistics. Table S4: The FPKM of differentially expressed genes (DEGs) of RNA-seq data.
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