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dynamic transcriptome pro ling
of the DYW-type PPR family
across greening of chlorotic
leaves in pear (Pyrus pyrifolia)

Liging Lu', Haigi Zhang', Zixian Zha, Xuegian Wang, Na Ma,
Chunyan Liu, Yiliu Xu, Zhenghui Gao* and Yongjie Qi*

Key Laboratory of Horticultural Crop Germplasm Innovation and Utilization (Co-Construction by
Ministry and Province), Institute of Horticulture Anhui Academy of Agricultural Sciences, Hefei, China

Introduction: Pear (Pyrus pyrifolia) chlorotic leaves severely impair
photosynthesis and the accumulation of photosynthetic products, primarily
due to abnormal chloroplast development. DYW-type PPR proteins play a
crucial role in regulating chloroplast development and maintaining
structural integrity.

Methods: To comprehensively characterize the involvement of DYW-type PPR
proteins in pear leaf and chloroplast development, we performed a genome-
wide identi cation of 129 DYW-type PPR proteins in pears and systematically
analyzed their sequence diversity, protein domain architecture, and
evolutionary relationships.

Results: Compared with the wild-type ‘Chuxialv’, the ‘Chuxialv’ bud mutant
exhibits reduced chlorophyll and ferrous ion content, along with disrupted
chloroplast ultrastructure in leaves. Using this paired material, we conducted
high-depth whole-genome resequencing to identify structural variations within
the DYW-type PPR gene family. Furthermore, RNA-seq was performed on leaf
samples from yellow to green, spanning ve distinct developmental stages to
construct a temporal expression pro le of DYW-type PPR genes. Six DYW-type
PPR genes exhibiting differential expression were identi ed, and protein-protein
interaction network analysis of them, coupled with functional enrichment
analysis, provided the underlying regulatory mechanism in chloroplast
development and photosynthesis. Coexpression and functional regulatory
networks of DYW-type PPR genes were constructed by integrating weighted
gene co-expression network analysis with gene ontology enrichment analysis.
Notably, only the coexpression module centered on PpPPR115 was enriched in
photosynthesis-related biological processes. Furthermore, the MYB transcription
factor binding motif was identi ed in the promoter region of PpPPR115. Six MYB
transcription factors down-regulated in the CM1 compared with CL1 were
excavated. Dual-luciferase reporter assays and yeast one-hybrid assays
con rmed that PpMYB102 may act as a key upstream regulator of PpPPR115.
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Discussion: In conclusion, this study elucidated the structural variations and
dynamic expression patterns of the DYW-type PPR gene associated with
chlorotic leaves in pears, offering novel insights and potential regulatory
pathways relevant to chloroplast development and the transformation of
chlorotic leaves to green in pears.
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1 Introduction

The pentatricopeptide repeat (PPR) protein family is one of the
largest protein families in plants, and its members play fundamental
roles in the post-transcriptional regulation of mitochondria and
chloroplast genes (Lurin et al.,, 2004), in uencing photosynthesis,
respiration, and response processes to environmental stress. PPR
proteins typically contain 2—30 tandem repetitive domains, each
composed of 31-36 amino acid residues. Based on the composition
of these residues, the domains are classi ed into P, L, and S models.
PPR proteins composed entirely of P models are categorized as P-
type PPR proteins. In contrast, those with alternating P, L, and S
models are categorized as typical PLS-type PPR proteins.
Additionally, the C-terminal region of the PLS subfamily
members includes E, E+, and DYW domains. Among them,
proteins with the DYW domain are further subdivided into
DYW-type PPR proteins (Cheng et al., 2016).

Owing to the unique catalytic activity of the DYW domain,
DYW-type PPR family genes tend to exhibit more diverse and
specialized biological functions, particularly in C-to-U editing. C-
to-U editing is an error correction approach which critical for the
normal translation of organelle proteins and plant growth.
Typically, the C-to-U editing process involves collaborative efforts
of multiple protein editing factors. The PPR proteins bind to RNA
with high speci city, while the DYW domain in these proteins
exerts deaminase activity to mediate C-to-U editing (Zhang et al.,
2023). Required for accD RNA editing 1 (RARE), a DYW-type PPR
protein, stabilizes plastid membrane development under heat stress
by participating in C-to-U editing at the C749 site of chloroplast
accD transcripts in Arabidopsis (Huang et al., 2023). Previously,
based on big data analysis of 2.25 million PPR motifs, a DYW
domain model for catalytic editing of C-to-U was constructed
(Gutmann et al., 2020). This model provided valuable insights
into the relationship between various DYW-type PPR domains
and the C-to-U editing ef ciency. Notably, truncation or deletion of
the DYW domain has been shown not to affect the editing ef ciency
of PPR proteins in some species. For example, cabbage yellow-green
leaf 2 (BoYgl-2), which encodes P-type PPR proteins without the
DYW domain, is involved in the C-to-U editing events in
chloroplasts. Mutants of this gene exhibited chlorotic leaves and
reduced chlorophyll content (Zhang et al., 2024). However, the
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DYW domains of quintuple editing factor 1 (QED1) and RARE1
have been proven essential for their C-to-U editing abilities (Liu
et al., 2023; Wagoner et al., 2015). These ndings indicated that the
functional conservation of the DYW domain across different species
warrants further investigation. Furthermore, the editing of other
sites is also within the scope of DYW-type PPR proteins. For
instance, OsPGL3A, which contains typical DYW domains, is
located in chloroplasts and participates in the editing of rps8-182
and rpoC2-4106 loci as well as the splicing of ycf3—1 in rice (Xu
et al., 2024). AtECB2, belonging to the DYW-type PPR family, is
responsible for editing plastid accD and ndhF transcripts and
collaborates with the hydroxymethylbilane synthase (HEMC) and
multiple organelle RNA editing factor (MORF) family genes for
plastid RNA editing. Mutations in this gene lead to delayed
greening of Arabidopsis thaliana leaves (Cao et al., 2011; Huang
et al., 2017), revealing the close association of DYW-type PPR
proteins with chloroplast development and chlorotic leaves.

In addition to the DYW-type PPR proteins, other subtypes of PPR
proteins are also necessary for the growth and development of plants.
Chloroplasts possess small, independent genomes, and the post-
transcriptional RNA editing process is crucial for chloroplast
development and the expression of their genes, which serve as
important regulatory factors for chlorotic leaves. In rice, the PLS-
type PPR protein OsASL, which contains 12 PPR repeat domains,
participates in the intron splicing and RNA editing of plastid-encoded
RNA polymerase (PEP)-coding genes, including atpF, ndhA, rpl2,
rps12, and ndhB (Li et al, 2024). In plants containing the ylws
mutation of P-type PPR proteins, chloroplasts show developmental
defects attributed to abnormal intron cleavage of atpF, ndhA, rpl2, and
rps12 (Lan et al,, 2023). The P-type PPR protein ECD2 is involved in
the splicing of type Il introns, and its down-regulation impacts
ribosome accumulation in the chloroplast, resulting in cotyledon
albinism (Wang et al., 2021). Similarly, OSWAL3, a gene encoding a
PLS-type PPR protein, is also involved in type Il intron splicing, and its
deletion induces the albinism phenotype in rice leaves (Lv et al., 2022).
Regulation factor of chloroplast development 1 (RFCD1) knockout
mutants are lethal, and the related interference lines exhibit
downregulation of PEP-encoding genes, resulting in chlorotic leaves
and abnormal chloroplast development (Tan et al,, 2025). GhCTF1,
which contains only two PPR motifs, also plays a pivotal role in
chloroplast development and is involved in the intron splicing of

frontiersin.org


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Lu et al.

YCF2-3 and PEP subunit rpoC1 in cotton (Huo et al., 2024). The
knockout of GhCTEF2, a PLS-type PPR protein in cotton, leads to
macular formation in leaves and abnormal chloroplast structure, which
correlates with the decreased transcriptional levels of PEP-dependent
genes and light-harvesting complex (LHC) II-T complex protein (He
et al., 2025). These studies highlighted the intimate relationship
between PPR proteins and chlorotic leaves.

PPR proteins are also involved in RNA editing, processing and
translation in mitochondria. In maize, PPR proteins DEK2 and DEK56
are responsible for transcript editing in mitochondria and mediate
embryo and endosperm development (Qi et al., 2017; Zang et al., 2024).
The small PPR protein SPR2 is essential for intron cleavage in maize
mitochondria, and its mutation hinders embryo and endosperm
development (Cao et al., 2022). This nding indicated that SPR2, a
core subunit of the splicing complex, might exert its biological
functions by interacting with the substrate recognized by the PPR
protein. Some PPR proteins lacking typical DYW domains, such as the
E+ type CWML, can still perform RNA editing on mitochondria nad5
transcripts by recruiting DYW domains to form editing complexes
(Oldenkott et al., 2020). The functions of DYW-type PPR proteins
across different species exhibit varying degrees of conservation, which is
likely attributable to differences in structural features and the in uence
of natural selection.

Chlorotic leaf is a common and challenging problem in pear
production, and the mechanisms underlying the regulation of pear
chlorotic leaves and chloroplast development by DYW-type PPR
proteins remain elusive. In this study, we identi ed 129 DYW-type
PPR genes in pear and analyzed their evolutionary relationships and
domain characteristics. The ‘Chuxialv’ pear and its bud mutation
material were subjected to whole-genome resequencing and RNA-
seq. Several DYW-type PPR structural variation sites related to
chlorotic leaves were identi ed through whole-genome
resequencing. The expression pro les and protein—protein
interaction networks of the DYW-type PPR genes across ve
distinct developmental stages spanning the yellowing-greening
transition were revealed via RNA-seq. Coexpression and functional
enrichment networks of the DYW-type PPR genes were constructed
through weighted gene co-expression network analysis (WGCNA).
The strong correlation between PpPPR115 expression and pear
chlorotic leaves was further validated, and the upstream regulatory
factor PpMYB102 was shown to positively regulate the expression of
PpPPR115. In summary, the DYW-type PPR protein family in pear
was characterized, and the relationship between DYW-type PPR and
pear chlorotic leaves was elucidated on the basis of both structural
variations and expression changes. Notably, the PpMYB102-
PpPPR115 module might play an underlying regulatory role in the
transformation of pear chlorotic leaves to green.

2 Materials and methods
2.1 Plant materials

The sample morphologies at different developmental stages are
shown in Figure 1A. The leaves of ‘Chuxialv’ pear (Pyrus pyrifolia,
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CL, as a control) are green throughout the entire developmental
stage. The leaves of its bud mutant (P. pyrifolia, CM) pear are yellow
in the early development stage, but naturally turn green in the later
stage. The leaf expansion stage was de ned as 0 days, while the
sampling times of CL1/CM1 (S1), CL2/CM2 (S2), CL3/CM3 (S3),
CL4/CM4 (S4) and CL5/CM5 (S5) were 6, 12, 18, 24 and 30 days,
respectively. All plant materials were collected from the
experimental base located in Lu'an city, Anhui Province, China,
and the composition of the cultivation soil and fertilizer was exactly
the same. The pear cultivar ‘Chuxialv’ was developed by Prof. Zebin
Shi from the Institute of Horticulture, Zhejiang Academy of
Agricultural Sciences. The bud mutant of ‘Chuxialv’ pear was
identi ed by Yongjie Qi from the Institute of Horticulture, Anhui
Academy of Agricultural Sciences.

2.2 ldenti cation of DYW-type PPR
subfamily genes

The P. pyrifolia genome sequences were downloaded from
https://download.cnch.ac.cn/gwh/Plants/Pyrus_pyrifolia_
Pyrus_pyrifolia_cultivar_Cuiguan_GWHBAOS00000000. The
hidden Markov model (HMM) le of the DYW-type PPR
subfamily (PF14432) was downloaded from InterPro and scanned
for the conserved domain of the DYW-type PPR family to obtain
candidate family members. The integrity of the DYW-type PPR
functional domains was determined using SMART (http://
smart.embl-heidelberg.de/) (Letunic et al., 2020) and CDD
(https://www.ncbi.nlm.nih.gov/cdd/) (Wang et al., 2023).

2.3 Phylogenetic tree construction, gene
structure analysis, and biochemical
characterization

A phylogenetic tree of the DYW-type PPR family members was
constructed using the MEGA7 (v7.0.26) maximum likelihood method
with 1000 bootstrap replicates. The “Motif Discovery module” on the
MEME website was used for protein domain identi cation, with
“Advanced options” as the default parameter (Bailey et al., 2015).
The 2-kb sequence upstream of the 5° UTR was selected as the
promoter sequence, with the binding motifs predicted using the
PlantCARE website and visualized using the “Gene Structure View”
of the TBtools plugin (Chen et al., 2020; Lescot et al., 2002). Cell-PLoc
2.0 (http://www.cshio.sjtu.edu.cn/bioinf/Cell-PLoc-2/) was used to
predict the subcellular localization states of the DYW-type PPR
gene family members (Chou and Shen, 2008). ExPASy (http://
web.expasy.org/compute_pi/) was used to analyze the isoelectric
points and molecular weights of the proteins (Bjellqvist et al., 1993).

2.4 Intraspeci c collinearity analysis

The intraspeci ¢ collinearity analysis of the DYW-type PPR
family was performed using “MCScanX”, “Text Merge for
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FIGURE 1
Leaf physiological characteristics of ‘Chuxialv’ pear (CL) and its bud mutation (CM). (A) Leaf morphology of CLs and CMs across ve developmental
stages. Bar: 5 cm. (B) Chlorophyll A and chlorophyll B contents of CLs and CMs across ve developmental stages. Statistical signi cance was
determined by an independent samples t-test (*P < 0.05; **P < 0.01). (C) Content of ferrous ion in leaves at different developmental stages.
Statistical signi cance was determined by an independent samples t-test (*P < 0.05; **P < 0.01). (D) Chloroplast ultrastructure of CLs and CMs. The
yellow asterisks indicate structurally abnormal chloroplasts; the blue arrows indicate starch grains. Bar: 2 mm.

MCScanX” and “Text Transformat for micro-synteny view” plugin
of TBtools. The “advanced circos” module was applied for the
visualization of collinearity events. The Ka/Ks values of collinear
events were calculated using Thtools (Chen et al., 2020).

2.5 Determination of chlorophyll content

The pear leaves (0.2 g) were chopped and soaked in 95% ethanol
for 24 hours. Subsequently, the Itrate was centrifuged at low speed
for 5 minutes to remove the sediment, and the absorbance at 663
nm and 645 nm was measured using a microplate reader (Tecan
In nte E Plex). The Arnon formula was used to calculate the
content of chlorophyll a and chlorophyll b, respectively.

2.6 Transmission electron microscope

The pear leaves from three developmental stages (S1, S3, S5) were
collected and xed with glutaraldehyde xative for 4 hours at 4 C.
Fixed for another 2 hours in 1% osmium acid-0.1M PBS buffer. The
tissue was dehydrated in gradient ethanol for 15 minutes each. Then,
embedding overnight and polymerizing at 60 C for 48 hours were
carried out. The embedded tissues were subjected to ultrathin sections
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and then stained with uranium-lead double staining (2% uranium
acetate saturated aqueous solution and lead citrate for 15 minutes each)
and observed under a transmission electron microscope.

2.7 Whole-genome resequencing

The leaves of CL and CM were subjected to genomic DNA
extraction with the CTAB method. Library construction and
quanti cation were performed after fragmenting high-quality
genomic DNA. The 50x high-depth sequencing was performed
using Combinatorial Probe-Anchor Synthesis to obtain the raw
data. Clean data was obtained after data Itering and aligned to the
reference genome using bwa mem (v0.7.17) (Vasimuddin et al,
2019), followed by Itering out low-quality and duplicate reads.
SNPs/InDels were detected using GATK, and ANNOVAR was used
to annotate the obtained variant sites.

2.8 RNA-sequencing
The leaf expansion stage was de ned as 0 days, while the sampling

times of CL1/CM1, CL2/CM2, CL3/CM3, CL4/CM4 and CL5/CM5
were 6, 12, 18, 24 and 30 days, respectively. High-quality RNAs from
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CL and CM leaves across ve developmental stages (from yellowing to
greening) were extracted, fragmented, and reverse-transcribed into
cDNA with adapters for library construction and sequencing. The
whole-genome raw data of the corresponding samples were obtained.
After ltering, the clean data were generated and mapped to the P.
pyrifolia (‘Cuiguan’) genome. The expression levels were normalized as
fragments per kilobase of exon model per million mapped fragments
(FPKM) value. Finally, the DESeq2 package (Love et al., 2014) was used
to identify differential gene expression.

2.9 Construction and visualization of the
protein-protein interaction network

A PPI regulatory network of DYW-type PPR proteins was
constructed using STRING (Szklarczyk et al., 2023), with a
screening threshold for binding strength set as 0.9. Cytoscape
(Shannon et al., 2003) was used to visualize the PPI regulatory
network. The node size re ects the degree number, and the edge
width re ects the combined score between two nodes.

2.10 Functional enrichment analysis

The GO enrichment analysis was performed using the default
parameters of KOBAS 3.0 (http://bioinfo.org/kobas/) (Bu et al,
2021) to obtain the functional annotations of the target gene sets.
The two columns of data, GO term and corresponding P value, were
input into the REVIGO website (http://revigo.irb.hr/) (Supek et al.,
2011). The redundant GO terms were eliminated according to the
default parameters (0.7). Finally, the non-redundant GO terms in
the biological process category were retained. Cytoscape was used to
visualize the data, with the log;o (number of enriched genes/total
genes) and -log;o P values re ected in the circle size and color
depth, respectively. The R package “upsetR” was used to visualize
the intersection of genes among different biological processes
(Gehlenborg, Nils, 2015).

2.11 Weighted gene co-expression network
analysis

A total of 31,237 genes with a maximum FPKM value of no less
than 0.3 across the ten samples were used to construct the WGCNA
network using the WGCNA package (Langfelder and Horvath, 2008).
Since the power curve did not meet expectations, the power value was
set to 16 according to the of cial recommendation and the network
was constructed accordingly. The minModuleSize and
mergeCutHeight were set to 30 and 0.25, respectively.

2.12 Yeast one-hybrid

The yeast one-hybrid system and vectors were derived from a
previous study (Lu et al, 2023). PpPPR115 promoter sequence was
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ligated to the pAbAi plasmid digested by Hind Il and Kpn |
through homologous recombination. After being digested by Bbs
I, the recombination plasmid was transferred to the Y1HGold
strain, and the self-activation concentration of aureobasidin A
(AbA) was screened. Subsequently, the GADT7 plasmid
containing the PpMYB102 sequence and the empty GADT7?
plasmid were respectively transferred to the Y1HGold strain as
the experimental group and the control group. The strains of the
experimental and control groups were added to Leu-defective plates
containing the corresponding AbA concentrations for self-
activation. The interaction relationship between PpPPR115 and
PpMYB102 was determined based on the growth status of yeast.

2.13 Dual-luciferase assay

The PpPPR115 promoter was ligated to the pGreenll-0800
vector, cleaved by Hind 11l and BamH |. The complete CDS of
PpMYB102 was ligated to the 62SK vector cleaved by Hind Il and
Kpn I. After veri cation by Sanger sequencing, these two vectors were
transferred into Agrobacterium tumefaciens GV3101. Subsequently, it
was mixed at a ratio of pGreenll 0800: pGreenll 62SK = 3: 1 and
injected into tobacco leaves. After two days of incubation in the dark,
the leaves were treated with the dual one step luciferase reporter gene
assay kit (Yeasen, 11405ES60) followed by uorescence reading using
a microplate reader (Tecan In nite E Plex) with default settings. The
pGreenll 62SK empty vector was used as a negative control.

2.14 Quantitative RT-PCR

The pear leaves were frozen in liquid nitrogen immediately after
collection and subjected to RNA extraction with an RNA extraction
kit (Tiangen, DP452) as instructed. Power SYBR Green PCR Master
Mix (Thermo Fisher) was used to construct the PCR mixture. Gene
expression analysis was performed using a CFX Connect Real-Time
System (BIO-RAD) with three replicates. The relative expression
levels of the genes were calculated using the 27°°CT formula.

2.15 Data processing

Statistical signi cance was determined by an independent samples
t-test (*P < 0.05; **P < 0.01). Statistical signi cance of Letter Notation
was determined by Fisher’s LSD test and Duncan test (*P < 0.05; **P <
0.01). Three replicates are applied to each sample.

3 Results

3.1 Pro ling analyses of the physiological
morphology and indicators of ‘Chuxialv’
pear and its bud mutation

To investigate the physiological characteristics associated with
the yellowing-greening transition in CM leaves (Figure 1A), we
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performed chlorophyll quanti cation, determination of the ferrous
ion (Fe ™) content, and ultrastructural observation of chloroplasts.
The chlorophyll A levels in CM were signi cantly lower than those
in CL across all ve developmental stages (Figure 1B). However, a
gradual increase in chlorophyll A was observed in CM during S4
and S5, indicating a greening trend. The chlorophyll B levels
differed only slightly between CL and CM, suggesting a secondary
role in leaf development and greening (Figure 1B). The content of
Fe " in CM remained consistently lower than that in CL throughout
the developmental stages, but also exhibited a progressive increase,
implying a strong correlation between Fe ™ availability and
chlorophyll accumulation (Figure 1C). Furthermore,
ultrastructural analysis revealed that CL exhibited normal and
well-organized chloroplasts at S1, S3, and S5, with visible starch
granules indicative of active photosynthesis (Figure 1D). In
contrast, CM leaves displayed underdeveloped chloroplasts at S1
and S3, with starch granules absent until S5. These structural
observations suggest impaired photosynthetic capacity in CM
during early development, which progressively recovers as the
leaves mature (S5).

3.2 Identi cation of DYW-type PPR gene
family in Pyrus pyrifolia

An HMM search was employed with PF14432 to systematically
identify DYW-type PPR family members in the pear genome. A
total of 129 genes encoding proteins containing typical DYW-type
PPR domains were identi ed (Figure 2A). These genes are
distributed across 17 chromosomes in pear. Several family
members, such as PpPPR6/PpPPR7 and PpPPR35/PpPPR36,
formed gene clusters in adjacent loci, which might be attributed
to tandem gene replication events and similar functions. The DYW-
type PPR genes also exhibited inconsistent distribution patterns
across different chromosomes (Supplementary Figure S1). For
instance, chrl5, chrl and chr3 harbor 22, two and one DYW-type
PPR genes, respectively. A phylogenetic tree of the 129 DYW-type
PPR genes was constructed using the maximum likelihood method
to gain insights into the evolutionary landscape (Figure 2B). These
genes were grouped into several subclusters based on their
evolutionary distances. The bootstrap values ranged from 0.001 to
0.91, among which the bootstrap values of 19 branches were greater
than 0.5, and 10 branches were greater than 0.7 (Figure 2B). The
overall low bootstrap values indicate that the DYW-type gene
family may have undergone rapid expansion and formed
potential redundant genes. Gene pairs located adjacent to each
other and clustered together on the chromosome, such as PpPPR64-
PpPPR65 and PpPPR102-PpPPR103, represent potential sites of
gene replicate events. Some gene pairs, such as PpPPR35/
PpPPR36, PpPPR110/PpPPR111 and PpPPR49/PpPPR50, exhibit
extremely high bootstrap values in the phylogenetic tree,
suggesting that these gene pairs may have originated from a
common gene evolution process and possess similar biological
functions. In addition, the physicochemical properties and
subcellular localization of these genes were characterized
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(Supplementary Table S1). The isoelectric point (pl) and
molecular weight (MW) of the proteins encoded by these 129
genes ranged from 5.57 to 9.04 (average: 7.26) and 24987 to
174574 Da (average: 76326.76 Da), respectively. Most DYW-type
PPR genes were located in chloroplasts (91, 70.54%), indicating that
this gene family mainly exerts biological functions in the
chloroplasts of pears. Other genes were located in the cytoplasm
(21), mitochondria (10), nucleus (5), vacuole (1) and plasma
membrane (1).

3.3 Characterization of gene structure,
conserved domains and promoter motifs

All 129 DYW-type PPR genes were subjected to structure
classi cation and identi cation (Figure 3). A total of 27 members
contained typical untranslated regions (UTRs). Most members had
no or short introns, while a few members, such as PpPPR71 and
PpPPR78, harbored long introns. The average length of coding
sequences (CDSs) was 2044.17 bp, with maximum and minimum
being 4764 and 657 bp, respectively. To investigate the homogeneity
of protein sequence within the DYW-type PPR family, the MEME
tool was used to predict the top ten conserved domains ordered by
E-values (Figure 3). Motif 10, comprising 11 amino acids and
containing the ‘DYW’ conserved domain, was detected across all
family members. Adjacent motifs, motifs 8 and 9, exhibited
coverage rates of 96.12% and 93.02%, respectively, underscoring
their role as core sequences of the DYW-type PPR family. The
diverse conserved sequences were not classi ed as complete
domains due to their short length; however, they are necessary
for the DYW-type PPR genes to accomplish their functions. These
conserved sequences, composed of 3-5 amino acid residues, were
the main structural feature of the DYW-type PPR proteins
(Supplementary Figure S2). To identify the potential regulatory
factors, a total of 129 promoter sequences derived from the DYW-
type PPR genes were extracted and subjected to functional motif
scanning based on sequence conservation (Figure 4). Based on the
weighting of transcription factor binding preferences, nine
functional motifs distributed across distinct promoter regions
were retrieved, representing the diverse transcriptional regulatory
landscape of DYW-type PPR proteins. Notably, motifs related to
abscisic acid (ABA) and methyl jasmonate (MeJA) signalings
pathways were overwhelmingly enriched in 93.8% of the DYW-
type PPR members, with 261 and 222 occurrences, respectively.
This nding suggested that ABA and jasmonic acid (JA) play critical
roles as upstream regulators of DYW-type PPR gene expression.

3.4 Intraspeci c collinearity and
evolutionary analyses

We conducted intraspeci c collinearity analyses and found 25
collinear events involving 47 DYW-type PPR genes (Figure 5).
These collinear events are unevenly distributed across 16
chromosomes, except for chr7. Among them, 92% were
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FIGURE 2

Chromosome distribution of DYW-type PPR genes and phylogenetic tree of corresponding proteins in pear. (A) Distribution of 129 DYW-type PPR genes
on different chromosomes. The depth of blue represents the gene density on chromosomes. (B) Phylogenetic analysis of 129 DYW-type PPR proteins
based on the maximum likelihood method (bootstrap = 1000). The bootstrap value of each sub-branch is re ected on the size of the pink dots.

interchromosomal collinear events. Intrachromosomal collinearity
was observed on chr 12 (PpPPR64 and PpPPR65), chr 15
(PpPPR102 and PpPPR103) and chr 17 (PpPPR121 and
PpPPR122). These collinear events are associated with gene
duplication and contribute to the expansion of the DYW-type
PPR gene family. Remarkably, clusters of multiple genes are
present on chr2, chrl5, and chrl?, indicating tandem traces of
gene replication and functional co-evolution. In addition, selection
pressure analysis was performed to characterize the evolutionary
state of intraspeci c collinear events (Supplementary Table S2). For
this purpose, we calculated the Ka/Ks ratio, representing the
frequency of non-synonymous substitutions relative to
synonymous substitutions. A total of 24 collinear gene pairs were
obtained with corresponding Ka/Ks values ranging from 0.12 to
0.64, indicating the absence of positive selection signals and a
tendency to undergo purifying selection.
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3.5 Structural variation analysis of DYW-
type PPR genes associated with chlorotic
leaves in pears

To identify the structural variation in DYW-type PPR genes
associated with pear chlorotic leaves, we conducted high-depth
resequencing (50x) using the P. pyrifolia (‘Cuiguan’) genome as a
reference. A total of 14,402 single nucleotide polymorphisms (SNPs)
and 2196 insertions/deletions (InDels) were identi ed (Supplementary
Figure S3). These variants were distributed across various gene
structures, including intergenic regions, untranslated regions (UTRs),
introns, and exons. According to their different characteristics and
functional changes, variations in exons were further classi ed into
synonymous mutations, non-synonymous mutations, and frameshift
insertions and deletions. Given that CM originates from natural bud
mutation, variation sites consistent between ‘Cuiguan’ and CL but
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