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Genome-wide Identification and Expression Analysis of
Gibberellin Oxidase Gene in Ricinus communis L.

DAI Mengyuan, GAO Mei, LI Wenchang

( Industrial crops Institute, Yunnan Academy of Agricultural Sciences, Kunming 650205, China)

Abstract: Gibberellin oxidase gene( GAox) is a key enzyme in the synthesis and regulation of gibberellin,and
effect on plant height through regulating active GA level. To analyze the gene of gibberellin oxidase in castor, we
identified gibberellin oxidase gene( ReGAox) from the castor bean whole genome by bioinformatics, and analyzed
physicochemical properties, conserved domain, phylogeny , promoter cis-acting element. The ReGAox gene expression
pattern was analyzed by tissue specific expression of online database and apical tender stem transcriptome sequen—
cing. A total of 30 gibberellin oxidase genes were identified from the castor genome, including 7 ReGA20x,4 Re—
GA3ox,and 19 ReGA200x. The molecular weight was ranged from 26. 12 to 44.31 ku,and the isoelectric point was
ranged from 5.06 to 7. 82. Gene structure analysis showed that the number of introns was ranged from 1 to 2. Protein
conserved domain analysis showed that all the genes shared conserved Motif 1, Motif 2 and Motif 4. Phylogenetic a—
nalysis showed that ReGAox genes were clustered into five subfamilies [, II, lll, [Vand C20 GA2o0x,and subfamilies
I, II, Il correspond to GA20x,GA30x and GA200x respectively. Promoter cis-acting element prediction showed that
light—elated elements had largest number and uniform distribution in predicting region ,and 18 genes had 1 to 2 gib—
berellinrelated element. There were 7,2, and 1 ReGAox genes specifically expressed in endosperm, male flowers
and leaves respectively. Transcriptome sequencing showed that 5 genes were expressed in tender stems. It was sup—
posed that ReGA20x7 , ReGA200x1 and RcGA200x14 might be the main gene involved in gibberellin synthesis path—

way to regulate castor plant height. These results might provide theoretical basis for further studies on the ReGAox
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Dai M Y,Gao M ,Hu Z H,Hu X L, Yang J,Li W C. Transcription analysis of elongated and shortened stem node induced by exogenous gibberellin and pa-
clobutrazol in Ricinus communis[ J]. Southwest China Journal of Agricultural Sciences,2024,37(12) ;2669 —2682. DOI; 10. 16213/j. cnki. scjas. 2024.
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Transcription analysis of elongated and shortened stem node induced by
exogenous gibberellin and paclobutrazol in Ricinus communis

DAI Meng-yuan ,GAO Mei ,HU Zun-hong, HU Xue-li, YANG Jin, LI Wen-chang

(Industrial Crops Institute of Yunnan Academy of Agricultural Sciences, Kunming 650205 , China)

Abstract ; [Ohjeclive] The purpose of the study was to explore the key metabolic pathway and genes that regulated the castor plant height,
in order to provide genetic resources and theoretical basis for breeding new varieties of ideotype by molecular breeding technology. [ Method ]
The exogenous gibberellin (GA) inducing castor elongate stems and paclobutrazol (PAC) inducing curtate stems were used for RNA-seq and
the differentially expressed genes ( DEGs) between GA vs CK and PAC vs CK were analyzed respectively. [ Result] Our analysis yielded
1539 significant DEGs in the GA vs CK comparison, comprising 619 upregulated and 920 downregulated genes. Similarly, the PAC vs CK
comparison identified 786 significant DEGs , with 380 upregulated and 406 downregulated genes. Gene Ontology ( GO) enrichment analysis

underscored the significant enrichment of these DEGs in pathways related to cellular ¢ ent ization and bio is, signal transducer

F &

activity ,and transcription factor activity. Furthermore ,we observed that GA treatment upregulated the expression of gibberellin oxidase genes

ReGA20x7 and ReGA20x3 , whereas PAC treatment upregulated ReGA200x3 and ReGA20o0x4. These four gibberellin oxidase genes played a
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Effects of simulated nitrogen deposition on seed germination of
Schima superba and Acacia cincinnata

LI Chengjun? . LAI Huijie"* ,FAN Huihua®,LIN Zhirong'®, DAI Yuan"*,LIU Aigin"?
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Alstract ; [Objective] This study investigated the effects of nitrogen deposition on sesd germination of
2 tree species to provide reference for forest management in southern China. EMetbod ) Schima saperba and
Avacia cimcimmata seeds were selected for laboratory experiments with simulated nitrogen deposition of 2,
B and 12 gfl. nitrate nitrogen ( KNOy )y ammoniom nitrogen (0 NHy 33504} and mixed nitrogen
CMH, MO b Distilled water was vsed as conteol (K The germination rate. relative germination rate. ger-
mination index, vitality index and germination inhibition rate of 5. sperba and A, corcinnata seals were
determined. Oin this basis. principal component analysis was used 1o comprehensively evaluate the ellects ol
dil ferent treatments on seed germination [Result] With the increase of nitrate nitogen (KNO, 3, ammoe

mium nitrogen CONH 50000 and mixed nitrogen (MH, MOG P amount s.the germination rate.relative ger-
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Abstract
The color of coffee fruits is influenced by several factors, including cultivar, ripening stage, and metabolite
composition. However, the metabolic accumulation of pigments and the molecular mechanisms underlying peel
Article Views 665 coloration during the ripening process of Coffea arabica L. remain relatively understudied. In this study, UPLC-
MS/MS-based metabolomics and RNA sequencing (RNA-seq)-based transcriptomics were integrated fo investigate
the accumulation of anthocyanins and carotenoids in the peel of Coffea arabica at different ripening stages: green
peel (GP), green-yellow peel (GYRP), red peel (RP), and red-purple peel (RPP). This infegration aimed at elucidating
the molecular mechanisms associated with these changes. A total of ten anthocyanins, six carotenoids, and thirty-five
Table of Contents A xanthophylls were identified throughout the ripening process. The results demonstrated a gradual decrease in the
Abstact total carotenoid content in the peel with fruit maturation, while anthocyanin content increased significantly. Notably,
. the accumulation of specific anthocyanins was closely associated with the transition of peel colors from green to red.
nlroducton Integrated metabolomics and transcriptomics analyses identified the GYRP stage as crifical for this color fransition. A
Results weighted gene co-expression network analysis (WGCNA) revealed that enzyme-coding genes such as 3AT, BZ1, and
Discussion leyE, along with transcription factors including MYB, NAC, and bHLH, which interact with PHD and SET TR, may
Materials and Methods requlate the biosynthesis of anthocyanins and carotenoids, thereby influencing peel pigmentation. These findings
Conclusions provide valuable insights into the molecular mechanisms underlying the accumulation of anthocyanins and
Supplementary Materials carotenoids in Coffea arabica peel during fruit maturation.
Author Contributions Keywords: Coffea arabica; fruit peel coloration; ripening process; anthocyanins; carotenoids; metabolomics;
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Abstract

The color of coffee fruits is influenced by several factors, including cultivar, ripening stage, and metabolite
composition. However, the metabolic accumulation of pigments and the molecular mechanisms underlying peel
Article Views 665 coloration during the ripening process of Coffea arabica L. remain relatively understudied. In this study, UPLC-
MS/MS-based metabolomics and RNA sequencing (RNA-seq)-based transcriptomics were integrated to investigate
the accumulation of anthocyanins and carotencids in the peel of Coffea arabica at different ripening stages: green
peel (GP), green-yellow peel (GYRP), red peel (RP), and red-purple peel (RPP). This infegration aimed at elucidating
the molecular mechanisms associated with these changes. A total of ten anthocyanins, six carotenoids, and thirty-five

Table of Contents A yanthophylls were identified throughout the ripening process. The results demonstrated a gradual decrease in the
total carotencid content in the peel with fruit maturation, while anthocyanin content increased significantly. Notably,
Rostact . the accumulation of specific anthocyanins was closely associated with the transition of peel colors from green to red.
iroducton Integrated metabolomics and transcriptomics analyses identified the GYRP stage as critical for this color transition. A
Results weighted gene co-expression network analysis (WGCNA) revealed that enzyme-coding genes such as 3AT, BZ1, and
Discussion IcyE, along with transcription factors including MYB, NAC, and bHLH, which interact with PHD and SET TR, may
Materials and Methods requlate the biosynthesis of anthocyanins and carotencids, thereby influencing peel pigmentation. These findings
Conclusions provide valuable insights info the molecular mechanisms underlying the accumulation of anthocyanins and
Supplementary Materials carotenoids in Coffea arabica peel during fruit maturation.
Author Contributions

Keywords: Coffea arabica; fruit peel coloration; ripening process; anthocyanins; carotenoids; metabolomics;
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Metabolomic Analysis Reveals Differences in Flavonoids and Carotenoids
in the Peel of Coffea arabica L. before and after Ripeness

WANG Zuquan'?, TAN Yulong'*', GUO Yinnan'?, XIE Chun'?, LI Xuejun'?, DU Huabo'?,
YU Siying'?, ZHANG Chuanli'*’
(1.College of Tropical Crops, Yunnan Agricultural University, Pu'er 665099, China;
2.Yunnan Provincal Key Laboratory of Coffee, Pu'er 665099, China)

Abstract: This study examined the changes in flavonoid and carotenoid metabolites in the peel of Coffea arabica L. in
mature and immature stages and their roles in coloration. Ultra-performance liquid chromatography coupled with tandem
mass spectrometry (UPLC-MS/MS) was employed to analyze the metabolite profiles, in combination with principal
component analysis (PCA), orthogonal partial least squares discriminant analysis (OPLS-DA), and clustering analysis. A
total of 234 flavonoid metabolites and 40 carotenoid metabolites were detected, with flavonols (81 species) and lutein (34
species) being the most abundant. The total carotenoid content in the peel decreased significantly after ripening, while the
total flavonoid content remained relatively stable, although anthocyanin accumulation showed the opposite pattern. Lutein

and f-carotene accumulation in unripe peels were linked to green coloration, while cyanidin derivatives contributed to red
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ABSTRACT

Keywords:
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Orah mandarin is a late-ripening citrus variety that is popular with consumers because of its red peel when ripe.
However, the Orah mandarin from the Yunnan production area has difficulty reddening its peel. In this study, we
applied different bagging treatments to Orah mandarin at the end of fruit expansion, and by analyzing the fruits
for color difference values and intrinsic qualities, we found that the white bagging (W) treatment had the best
color effect and contributed to the TSS, TA, SAR of the fruits. To further investigate the reasons for the changes in
the skin color of Orah mandarin, we conducted a comprehensive analysis of W treatment and unbagging fruits
via transcriptomic and metabolomic techniques. Forty-nine carotenoid metabolites, in which violaxanthin lau-
rate, apocarotenal, and B-citraurin were the main substances responsible for the red color of Orah mandarin
peels, were detected via UPLC-APCI-MS/MS targeted metabolomics analysis. Eighty-one structural genes related
to carotenoid biosynthesis were screened via RITA-Seq, and the transcript levels of LYCB2, LUT5-6, ZEP9, ZEPS,
and NXS2 were positively correlated with the red carotenoid content. Correlation analysis revealed that the
expression levels of HSF2, MYB2, and WRKY2 were positively correlated with those of genes and metabolites (R”
> 0.95). The qRT-PCR results also verified the expression of some of the genes and transcription factors. In
addition, we identified a regulatory mechanism that promotes the red color trait in the peel of Orah mandarin,
where bagging treatment increased the transcript levels of genes such as LYCB2, LUT5-6, ZEP9, ZEPS5, and NXS52,
which, in turn, increased the content of apocarotencids and carotenoids in the peel, and HSF2, MYB2, WRKY2,
and other wanscription factors (TFs) interact with the above genes and metabolites, which further positively
regulate carotenoid biosynthesis. The present study provides new insights into the effects of bagging on Orah
mandarin fruits to offer valuable guidance for research on fruit color and carotenoid regulation.

1. Introduction

in the development of the national economy and rural revitalization.
Owing to its characteristics such as late maturity and high sugar content,

Citrus is one of the most popular commercially available fruits on
international markets because of its multiple nutritional and health
benefits to humans as well as its significant economic value (Huang
et al,, 2023a, 2023b; Sun et al, (2024)), Data from the National Bureau
of Statistics (http://www.stats.gov.cn/) show that in 2022, China’s
citrus planting area was 2995.81 thousand hectares, with an output of
more than 60 million tons, and that the citrus industry played a vital role

* Corresponding authors.

Orah mandarin (Citrus reticulata Blanco) has become one of the
fastest-growing citrus varieties in China in recent years; it is also the
prime source of income for farmers in the main producing areas (e
etal, 2022; Liu et al,, 2023), Citrus fruits are rich in vitamin C, phenolic
compounds, minerals, essential oils, pectin, carotenoids, flavonoids, and
dietary fiber, which are crucial for preventing and treating a variety of
diseases, including cancer, inflammation, diabetes, and cardiovascular

E-mnail addresses: lyfzhouxianyan@163.com (X. Zhou), 15198729095@swfu.edu.cn (X. Liu), zhanghanyao@swfu.edu.cn (H. Zhang).

https://doi.org/10.1016/j.postharvbio.2024,113336

Received 11 September 2024; Received in revised form 18 November 2024; Accepted 20 November 2024

Available online 26 November 2024

0925-5214/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.

_10_



SN

% KA AL

Postharvest Biology and Technology 221 {2025) 113336

Contents lists available at ScienceDirect
Postharvest Biology and Technology

journal homepage: www .elsevier.com/locate/postharvbio

Integrated transcriptome and metabolome analyses reveal the mechanism

by which bagging treatment affects peel reddening in Orah mandarin

Ke Wen “, Xulin Li®, Tuo Yin", Chaoying Chen", Yinqiang Zi", Ke Zhao", Jinan Pu ",
Wenxiu Yan ©, Xuemei Wang°, Xianyan Zhou ", Xiaozhen Liu™", Hanyao Zhang """

* Key Laboratory for Forest Resources Coniservation and Utilization i the Southwest Mountains of China, Ministry of Education, Southwest Forestry University, Kurining

650224, China

® Key Laboratory of Biodiversity Conservation in

650224, China

China, ional Forest and Grassland Administration,

Forestry University, Kunming Yuwman

© Planting Industry Development Service Center of Xinping Yi and Dai Autoniomous County, Y, Yurnnan 653499, China
4 mstitute of Tropical and Subtropical Economic Crops, Institute of Tropical and Subtropical Economic Crops, Yurman Academy of Agriculwral Scierices, Baoshan,

Yurman 678000, China

ARTICLEINFO

ABSTRACT

Keywords:

Orah mandarin
Peel reddening
Bagging treatment
Transcriptome
Metabolome

Orah mandarin is a late-ripening citrus variety that is popular with consumers because of its red peel when ripe.
However, the Orah mandarin from the Yunnan production area has difficulty reddening its peel. In this study, we
applied different bagging treatments to Orah mandarin at the end of fruit expansion, and by analyzing the fruits
for color difference values and intrinsic qualities, we found that the white bagging (W) treatment had the best
color effect and contributed to the TSS, TA, SAR of the fruits. To further investigate the reasons for the changes in
the skin color of Orah mandarin, we conducted a comprehensive analysis of W treatment and unbagging fruits
via transcriptomic and metabolomic techniques. Forty-nine carotenoid metabolites, in which violaxanthin lau-
rate, apocarotenal, and B-citraurin were the main substances responsible for the red color of Orah mandarin
peels, were detected via UPLC-APCI-MS/MS targeted metabolomics analysis. Eighty-one structural genes related
to carotenoid biosynthesis were screened via RITA-Seq, and the transcript levels of LYCB2, LUT5-6, ZEP9, ZEPS,
and NXS2 were positively correlated with the red carotenoid content. Correlation analysis revealed that the
expression levels of HSF2, MYB2, and WRKY2 were positively correlated with those of genes and metabolites (R”
> 0.95). The qRT-PCR results also verified the expression of some of the genes and transcription factors. In
addition, we identified a regulatory mechanism that promotes the red color trait in the peel of Orah mandarin,
where bagging treatment increased the transcript levels of genes such as LYCB2, LUT5-6, ZEP9, ZEPS5, and NXS52,
which, in turn, increased the content of apocarotencids and carotenoids in the peel, and HSF2, MYB2, WRKY2,
and other wanscription factors (TFs) interact with the above genes and metabolites, which further positively
regulate carotenoid biosynthesis. The present study provides new insights into the effects of bagging on Orah
mandarin fruits to offer valuable guidance for research on fruit color and carotenoid regulation.

1. Introduction

in the development of the national economy and rural revitalization.
Owing to its characteristics such as late maturity and high sugar content,

Citrus is one of the most popular commercially available fruits on
international markets because of its multiple nutritional and health
benefits to humans as well as its significant economic value (Huang
et al,, 2023a, 2023b; Sun et al, (2024)), Data from the National Bureau
of Statistics (http://www.stats.gov.cn/) show that in 2022, China’s
citrus planting area was 2995.81 thousand hectares, with an output of
more than 60 million tons, and that the citrus industry played a vital role

* Corresponding authors.

Orah mandarin (Citrus reticulata Blanco) has become one of the
fastest-growing citrus varieties in China in recent years; it is also the
prime source of income for farmers in the main producing areas (e
etal, 2022; Liu et al,, 2023), Citrus fruits are rich in vitamin C, phenolic
compounds, minerals, essential oils, pectin, carotenoids, flavonoids, and
dietary fiber, which are crucial for preventing and treating a variety of
diseases, including cancer, inflammation, diabetes, and cardiovascular

E-mnail addresses: lyfzhouxianyan@163.com (X. Zhou), 15198729095@swfu.edu.cn (X. Liu), zhanghanyao@swfu.edu.cn (H. Zhang).

https://doi.org/10.1016/j.postharvbio.2024,113336

Received 11 September 2024; Received in revised form 18 November 2024; Accepted 20 November 2024

Available online 26 November 2024

0925-5214/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.

_12_



Scientia Horticulturae 338 (2024) 113652

S

Sienm 5
HORTIgUL TURAE

ol o~

Contents lists available at ScienceDirect

Scientia Horticulturae

A -

ELSEVIER

journal homepage: www.elsevier.com/locate/scihorti

Research Paper

Genome-wide identification of carotenoid cleavage oxygenase genes in
Orah mandarin and the mechanism by which CrCCD4b1 affects peel color

Ke Wen ™', Xulin Li ™, Tuo Yin", Chaoying Chen ", Ling Zhu", Yingiang Zi ", Ke Zhao",
Xianyan Zhou®, Xiaozhen Liu ™", Hanyao Zhang

* Key Laboratory for Forest Resowrces Coniservation and Utilization in the Southwest Mountains of China, Ministry of Education, Southwest Forestry University, Kurining
650224, China

Y Key Laboratory of Biodiversity Conservation in
Province 650224, China

 Institute of Tropical and Subtropical Economic Crops, Yurman Academy of Agricultural Sciences, Ruili, China

if China, National Forest and Grassland A ation, Southwest Forestry University, Kunming Ywman

ARTICLE INFO ABSTRACTS

Keywords:
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Carotenoid cleavage oxygenase

Color is a crucial component of the commercial value of citrus fruits. Carotenoid cleavage oxygenases (CCOs) can
affect fruit color by oxidative cleavage of different carotenoid sites, resulting in various colors. This study pro-
posed a genome-wide analysis of the Orah mandarin CCO gene family using bioinformatics methods and com-

g::tce:gird bined physiological, transcriptomic, and metabolomic data to analyze the gene expression levels and carotenoid
crecpabl accumulation mechanisms of different colored peel. A total of 14 CCOs were identified in the Orah mandarin

genome. Phylogenetic analysis revealed that CrCCOs can be classified into six subfamilies, and the gene structure
and conserved motifs support the above classification. GO and KEGG functional annotation revealed that Orah
mandarin CCO genes play crucial roles in carotencid synthesis and catabolism. Transcriptomic data showed that
the expression level of CrCCD4b1 was positively correlated with the current status of Orah mandarin red flavedo.
Physiological and merabolomic studies further revealed that apocarotenal and p-citraurin were identified as the
key metabolites controlling the change in flavedo color from yellow to red. Correlation analysis revealed
CrCcCb4b1 as a crucial gene in the apocarotenal and p-citraurin expression network. For the first time, we pro-
posed GrGCD4bi as a potential model for increasing red carotenoid accumulation in the flavedo by promoting the
biosynthesis of C30 carotenoids (apocarotenal, p-citraurin) in Orah mandarin. This study will lay the foundation
for further research on the causes of differences in peel color and the mining of crucial genes regulating the red
trait.

1. Introduction be the main influencing factor (Jia et al., 2021).

The development of cittus fruit color is physiologically related to

Citrus is one of the world’s four main fruits, In 2022, China had a
citrus planting area of more than three million hectares, an output of
more than 60 million tons, and a peel color as a crucial indicator of the
quality of the consumer’s most intuitive sensory experience, which
directly determines the economic benefits of the fruit (M.J. Rodrigo
et al,, 2013; Sun et al.,, 2023). The peels of mature citrus fruits are
sometimes red and sometimes yellow or orange, which affects the
market popularity of the fruits. In the production process, researchers
have found significant differences in fruit appearance and coloration
between different fruiting parts of trees, in which light conditions may

* Corresponding authors,

chlorophyll, carotenoid, and anthocyanin metabolism, of which the
content and composition of carotenoids are the main factors affecting
coloration in most citrus (Huang et al., 2022). Carotenoids are formed
with 40 carbon atoms as the fundamental skeleton and isoprene as the
basic unit connected by multiple conjugated double bonds, and the
number of conjugated double bonds is closely related to the color of
carotenoids (Sun et al., 2022), Carotenoid cleavage oxygenase (CCO)
genes are widely involved in fruit color regulation (MNiet al., 2023). CCOs
are vital enzyme-encoding genes in the carotenoid degradation process
that can oxidatively cleave carotenoids at different sites, thereby

E-mail addresses: 15198729095@swfu.edu.cn (X. Liu), zhanghanyao@swfu.edu.cn (H. Zhang).

! These authors contributed equally to this work.
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ABSTRACT

Keywords:
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Organellar gene regulation
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Seed development

Pentatricopeptide repeat (PPR) proteins, defined by tandem 35 amino acids helical motifs, are pivotal regulators
of RNA recognition and processing in plant organelles, especially plastids and mitochondria, thereby shaping
plant development. However, their structural diversity and functional roles remain poorly understood, partic-
ularly in non-model oilseed crops. Castor (Ricinus communis L.), a non-edible yet industrially important oilseed
species, provides an ideal system to explore PPR gene family characteristics. In this study, we identified 434
RcPPR genes and comprehensively analyzed their motif composition, RNA-binding site preferences, and sub-
cellular localization. Although conserved amino acid patterns were observed across different PPR subclasses, the
canonical residues at positions 5 (N) and 35 (D/N), previously considered critical for nucleotide recognition,
showed notable variation, implying flexibility in RNA-binding specificity. Chromosomal mapping revealed that
RcPPR were frequedtly clustered in transposon-rich regions, suggesting transposable element-mediated gene
family expansion. Phylogenetic and evolutionary analyses indicated that RcPPR are conserved across angio-
sperms but have experienced rapid evolution, as evidenced by elevated Ks values, likely driven by functional
diversification. Subcellular localization predictions and experimental validation in castor leaf protoplasts
confirmed predominant targeting of RcPPR proteins to mitochondria and plastids. Expression profiling revealed
strong tissue specificity, with 116 RcPPRs exhibiting seed-specific expression and co-expression with genes
involved in seed development and oil biosynthesis. Collectively, this study provides new insights into the
structure, evolution, and functional relevance of PPR proteins in castor, enriching our understanding of organelle
RNA regulation in developing oilseed crops.

1. Introduction

each approximately 35 amino acids (AAs) in length, typically occurring
in 2-27 times per protein. These motifs adopt an antiparallel a-helical
fold structure that forms a helix-turn-helix architecture, which collec-

Pentatricopeptide repeat (PPR) proteins represent one of the largest
families of RNA-binding proteins and play essential crucial roles in
divers developmental processes in plants (Kwok van der Giezen et al.,
2024). These proteins primarily regulate gene expression in plant
organelles—namely ~ plastids and  mitochondria—at  the
post-transcriptional level, involving RNA stabilization, splicing, cleav-
age, editing, and translation (Prikryl et al., 2011; Small et al., 2020;
Huynh et al., 2023; Chen et al., 2019; Wang et al., 2022).

PPR proteins are characterized by tandem arrays of helical motifs,

* Corresponding author.

tively generates a superhelical conformation with a central groove for
RNA-binding (Hayes et al., 2012). Each motif recognizes specific nu-
cleotides through key AAs at positions 5 and 35 (Wang and Tan, 2024),
Based on structural differences, PPR proteins are classified into two
major subfamilies: P and PLS (Kwok van der Giezen et al., 2024). The P
subfamily comprises canonical tandem P motifs, whereas the PLS sub-
family contains additional L (longer) and S (shorter) variants of PPR
motifs. Based on their C-terminal domains, PLS proteins are further

** Corresponding author at: Key Laboratory for Forest Resources Conservation and Utilization in the Southwest Mountains of China, Ministry of Education,

Southwest Forestry University, Kunming 650224, China.

E-mail addresses: zhouzekun@swfu.edu.cn (Z. Zhou), sunjing010830@swfu.edu.cn (J. Sun), mengyunwen5917@swfu.edu.cn (M. Wen), liuaizhong@mail kib.ac.

cn (A, Liu), anminyu@swfu.edu.cn (A. Yu).
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