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SUMMARY:
[bookmark: OLE_LINK1]A analysis protocol of RNA editing was comprehensively predicted, analyzed, and experimentally verified in the chloroplast genome of Chelidonium majus. The results show that RNA editing increases hydrophilicity, lowers theoretical isoelectric point, alters transmembrane regions and conserved domains, influences structural variations of ORFs, and protein structure of genes and proteins.

ABSTRACT: 
The species of Chelidonium majus is a characteristic plant of the Chelidonium genus in the Papaveraceae family, which has the action of relieving the spasm, the pain, the cough, and the  asthma. In the study, RNA editing sites and their functional implications were first predicted and experimentally validated in the chloroplast genes of C. majus. Diverse platforms or databases of protocol, for instance, the PREPACT online computational platform, BLASTX alignment, Expasy ProtParam, CFSSP, NCBI’s Conserved Domain Database, SignalP 6.0, DeepTMHMM v.1.0, and SWISS-MODEL, were used for analysis of genes and proteins in the cp genome of C. majus influenced by RNA editing. The results showed that 9 genes have the same number of editing sites, while that of 40 have different numbers. All the molecular weight, extinction coefficients, hydropathicity, and ORF length are increasing, while the value of theoretical isoelectric points (PI) and number of ORFs is decreasing or constant after RNA editing. The five types of proteins, including ndhF, ndhD, ndhB, psaA, and psaB, have more than 11 transmembrane regions, as well as the most conserved domains and open reading frames (ORFs). The signal peptide was found in a single protein, petA. The rpoB protein had an approximate three-dimensional domain structure similar to that of a Ricin-type beta-trefoil lectin, with an additional conserved domain identified by mutation. After experimental validation, the two new mutated proteins were identified within the rpoB gene. These results provide a solid basis for exploring the regulation of functional expression and the origin of evolution.

INTRODUCTION:
Plant gene editing technologies primarily include first-generation Zinc-Finger Nucleases (ZFNs)1, second-generation Transcription Activator-Like Effector Nucleases (TALENs)2, and third-generation CRISPR/Cas9 systems3. RNA editing is a naturally occurring phenomenon in which nucleotide modifications occur in RNA transcripts after transcription, resulting in differences from the original DNA template. Such editing events can alter codons and, consequently, modify the structure and function of the encoded proteins, influencing genetic information and regulatory functions governing organismal growth and development4. In plant organelles, particularly chloroplasts and mitochondria, RNA editing is widespread and typically involves cytosine-to-uracil (C-to-U) conversions, though the reverse uracil-to-cytosine (U-to-C) editing has also been observed in bryophytes and ferns5. Most chloroplast RNA editing occurs at the first or second nucleotide positions of codons, thereby altering the physicochemical properties of amino acids and subsequently affecting both intrinsic functions and extrinsic traits, including reproductive characteristics6. Chloroplast RNA editing has been documented in various plant species, including maize7, Arabidopsis thaliana8, tobacco9, Hordeum vulgare var. Coeleste10, barley11, and Aegilops tauschii12. Common methodologies for studying RNA editing include rRNA-depleted total RNA sequencing (RNA-seq), commercial Ribo-off-seq, and standard mRNA-seq13. Prominent computational tools in plant RNA editing research include JACUSA, SPRINT, and REDO, while significant databases such as REDIdb, PED, and dbRES provide comprehensive resources for elucidating editing mechanisms, editing site identification, pentatricopeptide repeat (PPR) proteins, and RNA editing factors14. For instance, reduced expression of the chloroplast RNA editing factor CsMORF 9.2 has been associated with the albino phenotype in the tea cultivar “Huabiao albino 1,” highlighting the functional relevance of RNA editing in chloroplast-mediated physiological changes15.

[bookmark: OLE_LINK18]The species Chelidonium majus L. (Papaveraceae), known as greater celandine, is morphologically similar to, and often confused with, related species such as Stylophorum lasiocarpum, Hylomecon japonica, and members of the Coptis genus. It is widely distributed in most regions of China16. Fresh C. majus plants secrete a distinctive orange-yellow latex with numerous bioactive alkaloids, such as chelidonine, fumarine, stylopine, allocryptopine, berberine, chelerythrine, sanguinarine, and sparteine17. The plant also produces other phytochemicals, including chlorogenic acid, malic acid, citric acid, succinic acid, choline, methylamine, histamine, tyramine, saponins, flavonols, chlorogenic alcohol, and cardiac glycosides. These secondary metabolites are most concentrated during flowering, particularly in roots, stems, and leaves. The fruit mainly accumulates flavonoids and volatile oils18. Traditionally, the whole herb is used medicinally for its bitter taste, cooling properties, and toxicity. Pharmacological studies have shown anti-tumor, antiviral, anti-inflammatory, antibacterial, and analgesic effects. The herb treats gastric pain, cough, asthma, and whooping cough19.

The extraction methods for RNA vary depending on the research objectives, but all require ensuring the quality of RNA extraction and preventing contamination or degradation. For example, selecting methods for extraction, purification, preconcentration, and RNA labeling that are made for specific sample matrices and RNA types20. Recent genomic studies of the chloroplast of C. majus have described its basic genetic information, sequence composition, and repetitive sequences including simple sequence repeats (SSRs), as well as its evolutionary and developmental relationships. These analyses indicate close phylogenetic relationships between C. majus and other Papaveraceae genera, such as Coreanomecon, Meconopsis, and Papaver21,22. 

Comparative studies of the chloroplast genome and the evolutionary relationships of Eomecon chionantha revealed close phylogenetic connections with C. majus, Cordyceps cicadae, Macleaya microcarpa, and Hylomecon japonica23. Transcriptomic analysis of root and leaf tissues of C. majus showed that the primary transcription factors are from the bHLH family, identified five unigenes that encode enzymes in benzylisoquinoline alkaloid biosynthesis pathways with 10 SSR motifs, and discovered 10 novel conserved miRNAs24. Transcriptomic data from leaf tissues also identified over 23,004 coding sequences (CDS), indicating extensive proteomic diversity that requires further characterization. This complements findings of 334 putative proteins present in the plant’s milky latex and 1,155 proteins detected in the whole plant extract25. Additionally, previous research employing high-throughput sequencing and RT-PCR identified the novel cytorhabdovirus CheYMaV within the chloroplast genome of C. majus. Phylogenetic analysis showed CheYMaV is closely related to TpVA and GllV1 viruses26.

This study predicted and compared RNA editing sites and their functional impacts in the chloroplast genome of C. majus via bioinformatics approaches. Extending this analysis to comparisons across multiple plant species, the research aims to establish a robust foundation for understanding how chloroplast RNA editing influences RNA and protein structure and function in C. majus. The resulting insights provide essential scientific data for unraveling the molecular mechanisms underlying the genetic and proteomic regulation of plant morphology, chemical biosynthesis, physiological function, and developmental processes.

PROTOCOL
This study proposes a research workflow for RNA editing in the chloroplast genome of C. majus. First, by aligning with the reference cp genome of model plant Arabidopsis thaliana, we identify and validate genes with RNA editing characteristics and their loci in the cp genomes of C. majus  and other plant species. Next, we predict differences properties, structures, and functions in the gene, RNA, and protein before and after RNA editing. Subsequently, we investigate frameshift phenomena in gene open reading frames (ORFs). Finally, we predict transcription factor binding sites, biological functions, and metabolic pathways of genes and proteins in the cp genomes of C. majus (Figure 1).

1. Plant photo and preparation
1.1 Eight photographs of the original plant of C. majus were taken and identified by Ou Chonglie, Zhao Su, Fan Yingxin, and Xue Baoxiang at the places of Beijing, Liaoning, Hebei, and Jilin, which have been preserved within the China Plant Image Library (https://ppbc.iplant.cn/, Figure S1) of Botanical Intelligence. 
1.2 The fresh plants for PCR experiment were collected at the Zuojia Town, Changyi District, Jilin City, Jilin Province by Mr. Xue Baoxiang (44.054 °N, 126.108 °E, 2166889875@qq.com). 
1.3 The characteristics of C. majus were described from different tissues of the roots, stems, leaves, flowers, fruits, and seeds of the original C. majus plant to determine the specificity and authenticity of the species (Figure S1).
1.4 The fresh leaves of the three C. majus plantlets were collected, rinsed with RO water in a pot, dried on absorbent paper, and ground in liquid nitrogen for PCR and RT-PCR experiments. 
1.5 The samples and specimens of C. majus were stored at the Plant Specimen Museum, Kunming Institute of Botany, Chinese Academy of Sciences, with voucher numbers DuQ2025001-1 and  DuQ2025001-2 (barcode 1716228 and 1716229, liuqun1@mail.kib.ac.cn).

2. The identification and experimental verification of RNA editing size
2.1 Source and download of studied chloroplast genomes
[bookmark: OLE_LINK5]Open the website of NCBI (https://www.ncbi.nlm.nih.gov/), successively enter the species name (C. majus, A. thaliana, G. gandavensis, and A. tauschii) in the search box, and select the “Nucleotide” item, going to search. Then from the results, selecting the list of chloroplast genomes and finding the correct sequences with the  accession numbers (MN518846.1, NC_000932.1, OQ351928.1, and KJ614412.1) were downloaded, respectively.
2.2 Prediction and experimental verification of RNA editing sites
[bookmark: OLE_LINK2]2.2.1 Logon on the PREPACT online computational platform (http://www.prepact.de/prepact-main.php), write the project name as “RNA editing”, select the analysis type as BLASTX alignmentprediction (https://blast.ncbi.nlm.nih.gov/Blast.cgi) with both edits of forward editing (C→U) and reverse editing (U→C), within the selected protein reference of the plastid: chloroplast with NC_000932.1 Arabidopsis thaliana, and upload the DNA prediction sequences (C. majus, G. gandavensis, and A. tauschii), respectively. The optional contents are as follows: an E-value cutoff is below 0.001, meaning the maximum number of matches expected by chance, and a minimum amino acid extension and filtration threshold of 2 amino acids, requiring at least two consecutive amino acids with 30% or greater similarity. BLAST options was used to predict RNA editing sites—locations in RNA where the nucleotide sequence changes after transcription—and their associated protein variations. The screen output is statistics and editing sites. The file output is the form of editing matrix and editing sites.
2.2.2 Total genomic DNA and RNA of C. majus were extracted from fresh young leaves of three plantlets using SteadyPure Plant Genomic DNA Extraction Kit (CTAB) and RNA Extraction Kit. 2.2.3 cDNA synthesis from RNA solution was performed using the PrimeScript IV 1st strand cDNA Synthesis Mix with reverse transcription PCR (RT-PCR) reaction conditions: 30.0 ℃, 10 s; 42.0℃, 20 s; 70.0℃, 15 s; stored at 4.0 ℃ forever. 
2.2.4 Purity and concentrations of DNA, RNA, and cDNA were determined using agarose gel electrophoresis and a Nanodrop spectrophotometer 2000. The quality of DNA, RNA, and cDNA is conform with the detection standard for continuing study.
2.2.5 Primer pairs for PCR amplification were designed using BioXM software (v 2.7.1), and target sequences were amplified using specified forward and reverse primers. 
2.2.6 The PCR mixture consisted of 25.0 µL PowerPol 2× PCR Mix with Dye V2, 0.5 µL template DNA or cDNA, 1.0 µL forward primer and reverse primer, and ddH2O to a total volume of 50 µL. 
2.2.7 The PCR program consisted of a predenaturation step (98℃, 3 min), followed by 30 cycles of denaturation (98℃, 10 sec), primer annealing (60℃, 30 sec) and extension (72℃, 1 min), followed by a final extension step (72℃, 5 min).
2.2.8 The amplification products were saved 4℃. A negative control (Milli-Q water in place of the DNA template) was included in each PCR to ensure there was no contamination.
2.2.9 The presence of amplification products was confirmed by analyzing 5.0 µL of the PCR product with agarose gel electrophoresis and staining with ethidium bromide.
2.2.10 The DNA amplification for sequence analysis positions was sequenced through the platform (www.generalbiol.com) on the ABI Prism 3730 Genetic Analyzer by at least one forward and one reverse sequence read using the primers given.
2.2.11 The peak graphs and sequence comparisons were analyzed using Chromas and BioXM software.

[bookmark: OLE_LINK20]3. Protein feature and structure, RNA structure, and functional changes
3.1 Login on the CPGAVAS2 online platform (http://47.96.249.172:16019) and select the annotation. Then the first method with fasta file format of cp genomes was submitted to extract and analyze the protein-coding sequences from the studied chloroplast genomes 27. 
[bookmark: OLE_LINK6]3.2 Login on the Expasy ProtParam website (https://web.expasy.org/protparam/) and enter the studied protein sequences to explore the protein physicochemical properties, including number of amino acids, theoretical pI, molecular weight, extinction coefficients, and grand average of hydropathicity. 
[bookmark: OLE_LINK19]3.3 Login into the SOPMA website (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html) and enter the protein name and sequence to predict the secondary structures of proteins. The parameters are as follows: the output width is 70, number of conformational states is four (helix, sheet, turn, and coil), similarity threshold is 8, and window width is 17.
3.4 Login into the NCBI’s Conserved Domain Database (CDD, https://www.ncbi.nlm.nih.gov/cdd) for prediction of conserved domains. Click the item of CD-search, enter the accession, GI or FASTA sequence of nucleotide (length is below 50000 bases) to submit with the parameters as follows: the search against database is Pfam - 19638 PSSMs, the expect value cutoff is below 0.01, the maximum number of hits is 500, and the result mode is concise.
[bookmark: OLE_LINK7]3.5 Login on the website of SignalP 6.0 (https://services.healthtech.dtu.dk/services/SignalP-6.0/) for the search of signal peptides within the protein. Select the organism is eukarya, the output format  is long output, and the model mode is fast to click the submit key for the results.
[bookmark: OLE_LINK8][bookmark: OLE_LINK11][bookmark: OLE_LINK10]3.6 Login on the website of DeepTMHMM (v1.0, https://services.healthtech.dtu.dk/services/DeepTMHMM-1.0/) and Transmembrane Prediction Server (https://sbcb.bioch.ox.ac.uk/TM_noj/TM_noj.html) for the prediction of transmembrane topology and transmembrane regions within the chloroplast proteins. Enter the protein sequence in FASTA format and click the submit key to acquire the results for the diverse methods of TOPCONS, OCTOPUS, PHILIUS, PolyPhobius, SCAMPI, and SPOCTOPUS (https://topcons.net/pred/，https://phobius.sbc.su.se/index.html).
3.7 Login into the website of SWISS-MODEL (https://swissmodel.expasy.org/) for the tertiary structures of proteins before and after RNA editing. Click on the key of start modeling and paste the protein sequence in FASTA format to build model with the information of project title and email filing. 
3.8 Visualization and comparative analysis of protein mutations from RNA editing were conducted using PyMOL software 15,28.

[bookmark: OLE_LINK21]4. Analysis of ORF region
[bookmark: OLE_LINK12]4.1 Click on the EMBOSS Backtranseq server (https://www.ebi.ac.uk/jdispatcher/st/emboss_backtranseq) and enter the protein sequence in FASTA format with the codon table TABLE of homo sapiens and the title of job to submit for the reverse-translation of nucleotide. 
4.2 Login into the NCBI ORF Finder tool (https://www.ncbi.nlm.nih.gov/orffinder/) and enter accession number, gi, or nucleotide sequence in FASTA format to submit for the results with the parameters as follows: the minimal ORF length (nt) is 30, the genetic code is standard within  UniProtKB/Swiss-Prot database, and the ORF start codon to use is "ATG" only.  
4.3 The sequences for eight pairs nucleotides with multiple RNA editing sites in the C. majus chloroplast genome were submitted in order for the prediction of ORFs before and after RNA editing.
4.4 Login on the weishengxin online platform (https://www.bioinformatics.com.cn) and enter the ORFs results in the table format to visualize ORF variations per gene with heatmap comparisons.
4.5 The heatmap results of each pair ORFs were assembled using  and Adobe Photoshop (Adobe Systems, San Jose, CA, USA). 

5. TF binding site prediction
[bookmark: OLE_LINK13][bookmark: OLE_LINK22]5.1 Login on the website of PlantTFDB database (https://planttfdb.gao-lab.org/) and click the item of prediction to open the page of  TF binding site prediction (https://plantregmap.gao-lab.org/binding_site_prediction.php).
5.2 Input DNA sequences from cp genomes of C. majus in FASTA format with the Threshold p-value under the 1e-4 and the species of Arabidopsis thaliana as reference to click the key of  prediction 28.
6. [bookmark: OLE_LINK23][bookmark: OLE_LINK24]Functional Annotation via GO, KOG, and KEGG Analyses
6.1 [bookmark: OLE_LINK14]Login on the Genepioneer information platform (http://cloud.genepioneer.com:9929/) and registration for entering. 
6.2 Click on the tool center and search the Gene Ontology (GO) and Eukaryotic Orthologous Groups (KOG) to submit after uploading the CDS sequence files from the chloroplast genomes of C. majus in the nucleotide or protein format with the species of plants and comparison e-value of 0.00001. 
6.3 [bookmark: OLE_LINK17]The functional annotations and classifications for chloroplast CDS genes of C. majus were selectively performed from the results.
6.4 [bookmark: OLE_LINK16]Login into the Kyoto Encyclopedia of Genes and Genomes (KEGG) database 29 (https://www.kegg.jp/kegg/) and click the item of auto annotation for BlastKOALA.
6.5 Upload query amino acid sequences of chloroplast CDS genes of C. majus in FASTA format with eukaryotes reference GENES dataset and enter the email address to confirm and click on the link in the email to initiate the job.
6.6 When the job is finished, the another email will be given for browsing the result and performing KEGG Mapper analysis.
6.7 Subsequently, data were processed, visualized, and analyzed using the Weishengxin online platform (https://www.bioinformatics.com.cn).

RESULTS:
1. Plant appearance characteristics of the studied C. majus
The plant appearance of C. majus was identified from different tissues on the left of Figure S1.  As shown in Figure S1, a herbaceous plant of C. majus develops into a phytobiocoenose with stout, conical, dense, fibrous roots that are earthy yellow or dark brown (Figure S1A and S1G). The stems are erect, cylindrical, hollow, easily broken, clustered, umbel-like, and multi-branched. The branches are often pubescent with white elongated pubescence (Fig. S1B). The leaves are fully lobed, all lobes 2-4 pairs, obovate-oblong, having irregular deep or shallow lobes with rounded toothed margins, green on the surface, glabrous, with white powder on the back, and sparsely pubescent (Figure S1C). The umbel-shaped inflorescence is ovate, yellow, 4-lobed petals with numerous stamens of filamentous filigree, oblong anthers, a pistil composed of two carpels, and a green, glabrous, linear ovary of 2-lobed stigma (Figure S1D). The capsule is narrowly cylindrical with a stalk shorter than the fruit (Figure S1E). There are numerous small, dark brown or black, ovate seeds with shiny, honeycomb-like lattices (Figure S1F).

2. Prediction and comparative analysis of RNA editing sites
The similarities and differences among the chloroplast genomic RNA editing sites of C. majus, A. tauschii, and G. x gandavensis were found by reference comparison with the chloroplast genome in the database of A. thaliana shown in Figure 2. The number of 590, 560 and 505 RNA editing sites in the whole chloroplast genomes of C. majus, G. x gandavensis, and A. tauschii, respectively within 62 genes, in which the most number of 420, 272, and 408 RNA editing sites were found in the conversion of base C to base U, respectively. From Table 1 and Figure 2, in the chloroplasts of three species, nine genes had the same number of RNA editing sites, namely atpF (2), ndhJ (3), atpB (3), petB (1), petG (1), psaB (1), psbN (1), psbZ (1), and rpl16 (1) (Figure 2A); forty genes had different RNA editing sites (Figure 2B), and in particular, four genes ycf2, matK, rpoC2, and ndhB had more than 19 editing sites. No RNA editing sites were found in the genes at 21 established positions in the chloroplast genome of C. majus (Table S1), namely psbA (base range 1558-497), psbI (base range 8183-8293), atpH (base range 14025-13780), petN (base range 29381-29470), psbM (base range 30748-30644), psbD (base range 34723-35784), ycf3 (base range 45422-45195), atpE (base range 55885-55487), rbcL (base range 58111-59535), psbL (base range 67435-67319), rpl33 (base range 70890-71090), rps12 (base range 73044-72931), clpP (base range 75283-75215), psbB (base range 77872-78093), psbH (base range 77872-78093), rpl36 (base range 83042-82929), rps19 (base range 159661-159729), rps7 (base range 101540-101073 and 145891-146358), rpl32 (base range 117874-118023), and psaC (122205-121960). By comparison, in the chloroplast genome of A. tauschii, no RNA editing sites were found within the other 11 genes at 18 position areas, including ycf3, psbJ, psbF, psbE, and psaJ, rps12 (two positions), psbT, ndhH, and ycf1 (two positions, Table S1).
3. Codon changes caused by RNA editing
Among the sites of conversion of RNA-editing base C to base U in the chloroplast genome of C. majus, 266 editing sites (63.33%) occurred at the second base of the codon, 154 editing sites (36.67%) occurred at the first base of the codon, and no editing site was found at the third base, i.e., no synonymous editing was found (Table S2). In the two-way conversion of base C and U in the chloroplast genomes of C. majus and A. tauschii, 54 codon pair types were found, while 55 codon pair types were detected in the cp genomes of G. x gandavensis. Moreover, there are specific types of codon-pair transitions in the chloroplast genome of each plant, such as RNA editing in C. majus, including UGU to CGU, CAA to UAA, CUA to UUA, and UUG to CUG. Conversion of four pairs of codons containing UUA to CUA, CUG to UUG, UGC to CGC, and UGA to CGA was special in the chloroplast genome of A. tauschii. Only the one-pair conversion of codons UAA to CAA was especially predicated in the chloroplast genome of G. x gandavensis. After the one-way conversion of RNA editing bases C and U, the specific two types of codon conversion were screened in the cp genome of C. majus, consisting of CAA to UAA and CUA→UUA (Table 1). Comparatively, the conversion of one pair of codons CAA to UAA was found in the chloroplast genome of G. x gandavensis. In contrast, that of codon conversion of CUG→UUG was found in the chloroplast genome of A. tauschii (Table S2).

4. Types of mutations in proteins induced by RNA editing
The RNA editing in the chloroplast genomes of the three comparison plants, there were 24 and 13 types of amino acid transitions in the bidirectional conversion of bases C and U and unidirectional conversion of C and U, respectively (Figure 2C and Table 1), of which the 13 types of protein mutations in the unidirectional conversion of bases were found, including Alanine (A)‌ to Valine (V), Histidine (H) to Tyrosine (Y), Leucine(L) to Phenylalanine (F), Leucine (L) to Leucine (L, C. majus and A. tauschii), Proline (P) to Leucine (L), Proline (P) to Serine (S), Glutamine(Q) to Terminator (*, C. majus and G. gandavensis), Arginine (R) to C, Arginine (R) to Tryptophan (W), Serine (S) to Phenylalanine (F), Serine (S) to Leucine (L), Threonine (T) to Isoleucine (I), and Threonine (T) to‌ Methionine (M) (Table S3).
5. Effects on physicochemical properties and conserved domain
Although the chloroplast ycf gene has the most RNA editing sites in the chloroplast of C. majus, its functions are not well understood. Based on the predicted results, 16 genes with more than 5 well-defined chloroplast RNA editing sites were identified in C. majus and further studied. The molecular weight and average hydrophilicity (Grand average of hydropathicity, GRAVY) of the 16 proteins are increasing, while the isoelectric point is decreasing, indicating that they were more stable in an acidic environment and unstable in an alkaline environment, and the extinction coefficient is increasing within nine proteins except for the constant for the other eight proteins (Table S4). RNA editing can replace specific amino acids with others that carry different charges. In this study, replacing a positively charged amino acid (such as histidine) with an uncharged amino acid (such as tyrosine) or replacing a polar amino acid with a nonpolar amino acid can change amino acid sequences and, in turn, the three-dimensional conformation of proteins. In turn, it affects the distribution of surface charge and the protein's overall charge state, lowering the isoelectric point and influencing other properties.
Regarding the conserved domains of 16 types protein structures before and after mutation influenced by RNA editing (Table S4), among the five proteins of ccsA, ndhB, rpoC2, accD, and rpoB, the former four kinds of proteins have notable transformation within the two positions, especially the two former proteins containing the transmembrane region, and a new domain (RNA_pol_Rpb2_1) has been added within the latter (rpoB) one protein after RNA editing (Figure 3A and 3B). The 14 protein mutations within the rpoB protein sequences were predicted during RNA editing. The conserved domain belongs to the CHL00001 members of the protein superfamily CL47023, which is approximately 137 amino acids long. Its structure is similar to that of the ricin-type beta-trefoil lectin domain, which is present in the Pfam (PFAM00652) and IPR (IPR000772) databases. The structural proteins A0A5J4LQ17 (Streptomyces angustmyceticus, Figure 3C) and Q8X123 (Amanita phalloides/Marasmius oreades, Figure 3D) were predicted by AlphaFold. The coincident domain indicates that plants and fungi share a common protein domain, to some extent, it illustrates the symbiotic model of plant and fungal propagation. In addition, the two proteins, ndhD and ndhF, have the most conserved domains, including the transmembrane region, which remains unchanged. Furthermore, the conserved domains of the remaining nine proteins remain unchanged during RNA editing.

6. Transmembrane proteins and signal peptides are edited by RNA editing.
Through comparative analysis of the transmembrane performance of the 85 CDS proteins in the chloroplast genome of C. majus by RNA-editing, the results showed forty-four (51.8%) proteins have 1 to 16 transmembrane proteins, the seven types of proteins including ndhF, ndhD, ndhB (two positions), psaA, psaB, ndhA, and ccsA have above eight transmembrane proteins, among which 34 proteins were found the homologous proteins. The transmembrane proteins of five proteins, consisting of ndhD, ndhB, petA, ndhG, and rpoC2, were influenced by RNA editing; in particular, each of the two proteins (ndhD and rpoC2) has a new transmembrane protein after RNA editing (Figure 4 and Table S4). There were similarities and differences in the number and location of transmembrane segments among protein structures identified using different  methods. Being predicted by TOPCONS and PHILIUS methods, the transmembrane segments of the ndhD protein increased by one after mutation (TM12:359-379), and by way of OCTOPUS, PolyPhobius, SCAMPI, and SPOCTOPUS, the number of transmembrane segments before and after the mutation was 11, 14, 14, and 11, respectively. The position and number of the transmembrane segment relative to the homologous protein were 3rkoM and 14, without variation, similar to those by the SCAMPI method (Figure S3). For the ndhB protein with the homologous protein of 3rkoA, by the methods of TOPCONS, OCTOPUS, PHILIUS, SCAMPI, and SPOCTOPUS, the number of transmembrane segments were increased by 3 (11/14, TM5: 149-169, TM8: 264-284, and TM10: 322-342), 3 (8/11, TM5: 180-200, TM6: 226-246, and TM11: 483-503), 1 (13/14, TM5: 149-168), 3 (11/14, TM5: 146-166, TM8: 264-284, and TM10: 323-343), 4 (8/11, TM4: 149-169, TM5: 180-200, TM6: 226-246, and TM11: 483-503), while by the PolyPhobius method that of keeps constant 14 (Figure 4). protein was 3rkoL. Three transmembrane regions of rpoC2 proteins were only identified by the SCAMPI method(TM1:238-258/TM1:234-254,TM2:1177-1197/TM2:1173-1193,TM3:1261-1281/TM3: 1257-1277) before and after mutation, and no homologous proteins were predicted (Table S4). As shown in the results, the stability and functional diversity of the proteins increased due to the augmentation of hydrophilicity and transmembrane regions, thereby prolonging their functional duration. The number and position of transmembrane regions within ndhD remained unchanged at 16, 14, 16, 16, 16, 16, and 14, respectively, indicating that the protein was conserved and homologous.
Specifically, only one or two transmembrane regions and one signal peptide were found to exhibit noticeable differences in the petA proteins due to mutations in the CDSs of the C. majus chloroplast genome resulting from RNA editing (Table 2, Table S5, and Figure 5A). The number of two transmembrane regions within the petA protein was diversely predicted by the methods of PolyPhobius and SCAMPI. with the position of from 14 to 34, including signal peptide and one mutant protein at 32 sites marked by a blue frame, and from 285 to 305 from the starting sequence of the petA protein. The type of signal peptides (SPs) is the standard secretion signal peptide of Sec/SPI (transported by Sec translocation, cleaved by signal peptidase I (Leptin, Lep), with the value of 0.9434 and 0.9179 before and after RNA editing. The signal peptide sliding cleavage sites are between 35 and 36 amino acids, including the N-terminal region, the center hydrophobic region, and the C-terminal region from the N-terminal region of the beginning protein, with the possibility of 0.887037 (Figure 5B and 5C). No sequence of signal peptide was found within the other 84 CDS proteins, although the proteins of cemA and atpH are other possibilities, as shown in the forecast figure (Figure S4).
7. Experimental validation and comparison of RNA editing results  
In order to verify the accuracy of the prediction results, the RNA editing sites of five selected protein-coding genes of matK, ndhB, ndhD, rpoB, and accD, with most variation in the chloroplast genome of C. majus were analyzed by sequencing. The DNA and RNA from the leaves of C. majus were extracted and detected by the electrophoretic gel and Nanospectrophotometer (Table S6). After that, nucleotide amplification of the five genes was performed using DNA and cDNA templates, and the resulting products were identified using the primer pairs by PCR and RT-PCR (Table S7 and Figure S5). The sequencing data have been deposited openly in the GenBank database with accession numbers PV707905-PV707934. From the detection and verification results (Table S7), the RNA editing sites within the four genes tested, including matK, ndhB, ndhD, and accD were entirely consistent with the predicted variant sites through the comparison of nucleotide sequences from the method of PCR and RT-PCR amplification (Table S8), whereas within the gene of rpoB, editing sites of the new five variation sites within the nucleotide sequence and the new two variations within the protein sequence were identified (Table S9 and Figure 6A and 6B). The RNA editing sites resulted in the mutation of amino acids, and the two pairs of mutation proteins, from Phenylalanine (F) to Cysteine (C) and Isoleucine (I) to Lysine (K), involved the transformation from non-polar hydrophobic to polar hydrophilic amino acids with positive charge and alkalinity. The mutation of the rpoB protein induced secondary structural variation in four regions, designated a, b, c, and d (Figure 6C). The increase in hydrophilic residues tends to form hydrogen bonds with water molecules, thereby increasing the protein's solubility in water. This facilitates its diffusion and distribution in the cell, cytoplasm, or nucleus and enables it to participate in gene expression regulation, playing a crucial role in maintaining the overall conformational stability of proteins.‌
8. Structure variety of RNA and proteins before and after RNA editing
Comparing the structural mutations of the 16 proteins before and after RNA editing, it was found that the secondary structures of all 16 proteins and RNA are influenced by these mutations (Table 2). Among them, the detailed secondary structures of six proteins, matK, rpoC2, ndhB, ndhD, ndhF,  and rpoB, were comparatively analyzed before and after RNA editing. Compared to before RNA editing, undergoing after RNA editing, the secondary structure of the matK protein increases by three β folds (Figure 7B, A1, C1 and F1), decreases by two β folds (Figure 7B, D1), increases one α helix (Figure 7B, E1), decreases one α helix (Figure 7b, B1), and shortens the α helix region of G1 (Figure 7B). The secondary structure of the rpoC2 protein adds two α helix regions (Figure 7D, A2 and B2), reduces one α helix region (Figure 7D, D2) and extends the C2 region α helix region (Figure 7d), adding two β fold regions (Figure 7D, D2). The secondary structure of the ndhB protein adds three α helix regions (Figure 7F, B3, and C3), reduces one α helix region (Figure 7F, D3), and the A3 region extends an α helix region (Figure 7F), reducing two β pleated regions (Figure 7F, B3, and C3) while the β pleated region of E7 (Figure 3F, E3). The secondary structure of the ndhF protein adds two α-helix regions (Figures 7H, A4, and C4) and decreases two β-folded regions (Figures 7H, A4, and B4). The secondary structure of the ndhD protein adds four α-helix regions (Figure 7J, C5, D5, E5, and F5), reduces one α-helix region (Figure 7J, A5), and extends the F5 region α-helix region, adds three β-folded regions (Figure 7J, A5, B5, and E5), and reduces one β-folded region (Figure 7J, F5). The secondary structure of the rpoB protein was increased by two α-helix regions (Figure 7L, B6) and the β-fold extension of the A6 region (Figure 7L, A6).
The tertiary structures of the 16 proteins have been predicted using the best model, which accounts for variation in secondary structures influenced by RNA editing (Table 2). Regarding the three proteins, ndhB, ndhD, and rpoB, their diverse tertiary structures were investigated  based on numerous mutation sites identified during RNA editing, as verified experimentally. The best tertiary structure models for ndhB and ndhD proteins, before and after mutation, are closely related to those of P0CC94.1.A (99.22%, Nandina domestica) and P0CC99.1.A (98.43%, Nicotiana tabacum); A0A6G7MZ33.1.A (100%, Chelidonium majus) and A0A6B9PH19.1.A (91%, Actaea biternata), while the three types of rpoB proteins are all similar to the template protein of 8xzv.1.B (Table S10). The Root mean square deviation (RMSD) of the tertiary structures within the three proteins of ndhB (Figure 8A), ndhD (Figure 8B), and rpoB (Figure 8C) between original and mutation structures is 0.176, 0.166, and 0.098 at the super alignment method, which indicated that the mutation sites marked blue and rose colors)of each pair protein may adapt to different environments and exerted active functions by influencing the formation of its functional domain, subcellular localization, and interaction.
9. Prediction of open reading frame (ORF)
After the functional annotation of ORFs within seven genes in the chloroplast genome of C. majus, which includes matK, rpoC2, ndhB, ndhD, ndhF, accD, and rpoB with more than eight variation sites, the number of ORFs within all of the analyzed genes is decreased through RNA editing (Figure S6 and Dataset Table S4). On the contrary, the ORF length increases and becomes longer because of the short ORF merging into the longer ORFs within these genes. For instance, the largest number of ORFs is 54 within the rpoC2 protein before RNA editing, while that of reduces to 10 after RNA editing. Similarly, in comparison with the remaining six of the proteins during the course of RNA editing, the number of ORFs varied from 18 to 5 (matK and ndhD), from 31 to 13 (ndhB, Figure 9), from 20 to 6 (ndhF), from 44 to 12 (ropB), and from 17 to 4 (accD). Although new nucleotide sequence differences were identified after verification of the rpoB gene, the results of ORF prediction and experimental verification affected only the extension of the 8th ORF endpoint. Three more nucleotides were added to the 8th ORF, and one more protein was expressed. Therefore, the length and position of ORFs may cause the sequences that are not in the reading frame to be included or excluded, or remove stop codons and extend protein translation.
10. Identification of transcription factor binding sites
[bookmark: OLE_LINK34][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK33]The transcription factor binding sites in the cp genome of C. majus were identified by homology searches against PlantTFDB with the Arabidopsis thaliana as the reference genome, which controls the synthesis of active components, particularly those involved in secondary metabolism and gene expression regulation. The results showed that 30921 transcript factor binding sites were found with the matched sequences within 43 different families (Dataset Table S5). Among these families, the first 11 transcription factor binding sites mainly include DNA-binding one zinc finger (Dof), APETALA2 (AP2), NAM-ATAF-CUC (NAC), Mikc type Mads Box gene (MIKC_MADS), Barley B Recombinant/Basic Pentacysteine (BBR/BPC), Teosinte Branched1,Cycloidea,Proliferating Cell Factors (TCP), Shi Related Sequence (SRS), Gibberellic acid insensitive(GAI),repressor of GAI(RGA),and scarecrow(SCR) (GRAS), v-myb avian myeloblastosis viral (MYB), Fatty Acyl-CoA Reductase 1 (FAR1), and W-box binding transcription factor (WRKY). The Dof protein contains a C2-C2 zinc finger motif in its domain, which proteins are involved in various biological processes, including plant development and stress resistance 30.  GRAS transcription factors are plant-specific, while AP2/ERF transcription factors are also involved in hormone regulation in plants, all of which play crucial roles in plant growth, development, and stress resistance.
11. GO, KOG, and KEGG pathways
The genes in the chloroplast genome of each plant play a crucial role in regulating biological processes and pathways, owing to their unique sequences and positions within the genome. After annotation of CDS genes in the chloroplast genome of C. majus from the functional database of Gene Oncology (GO), eukaryotic Orthologous Groups (KOG), and Kyoto Encyclopedia of Genes and Genomes (KEGG), all these genes can make actions for the cellular component of cell, membrane, protein-containing complex, and organelle part; molecular function of catalytic activity, structural molecule activity, transporter activity, and binding; biological process of metabolism, response to stimulus, localization, biological regulation, and cellular component organization or biogenesis (Figure S7). In particular, the functions of these genes are mainly focused on translation, ribosomal structure and biogenesis, energy production, and conversion (Figure S8). They can mainly influence the pathway of plants during the biological metabolism of carbon, carbohydrate, glyoxylate and dicarboxylate, propanoate, pyruvate, and microorganism in diverse environments; fatty acid biosynthesis of secondary metabolites; the course of oxidative phosphorylation and photosynthesis, transcription of RNA polymerase and translation of ribosome; cell growth and death of cell cycle, and longevity regulating pathway (Figure S9).

FIGURE AND TABLE with LEGENDS: 
Figure 1: Workflow map for analysis and function of RNA editing within the cp genome of Chelidonium majus.
Figure 2. RNA editing sites and amino acid mutation types in the chloroplast genome of C. majus, G. X gandavensis, and A. tauschii. (A) Nine genes have the same number of RNA editing sites. (B) The 40 genes have a different number of RNA editing sites. (C) The mutation types of the 13 amino acids.
Figure 3. The conserved domain of the rpoB protein during RNA editing. (A)original protein (B) protein after RNA editing (C) pfam00652 protein (No. A0A5J4LQ17, Streptomyces hyphurium) (D) IPR000772 protein (No. Q8X123, Amanita phalloides/Marasmius oreades).
Figure 4. Effect of RNA editing from the ndhB gene on the transmembrane region of the protein-encoding in the chloroplast genome of C. majus. (A) Before the mutation in the ndhB encoding protein. (B) After a mutation in the ndhB encoding protein. The red pentagon star  represents differential sites in the transmembrane region before and after mutation in the protein encoding the ndhB gene.
Figure 5. Transmembrane proteins and signal peptides within the petA protein are modified by RNA editing. (A) Before and after RNA editing by the software of DeepTMHMM. (B) Signal peptides are predicted before RNA editing by the online platform SignalP 6.0. (C) Signal peptides are predicted after RNA editing by the online platform SignalP 6.0. The blue frames show the mutation of one protein.SP (Sec/SPI): Signal peptide sequence; CS: Cleavage site; OTHER: No signal peptide sequence.
Figure 6: The sequences and structures of the rpoB gene and protein between prediction and verification by experiment for the RNA editing in the chloroplast genome of C. majus. (A) The comparative mutation nucleotide sequences of predicted DNA and cDNA amplification for the rpoB gene. (B) The comparative mutation protein sequences of predicted, DNA, and cDNA amplification for the rpoB gene. (C) The secondary structure variation of the rpoB protein. The letters A, B, C, D, and E, with blue frames, indicate the variation sites.
Figure 7. Effect of chloroplast RNA editing on the secondary structure of six gene-encoded proteins in the chloroplast genome of C. majus. Marked the letters A, C, E, G, I, and K as the secondary structures of the proteins encoded by the matK, rpoC2, ndhB, ndhD, ndhF, and rpoB genes before RNA editing, respectively; Marked the letters B, D, F, H, J, and L as the secondary structures of the proteins encoded by the matK, rpoC2, ndhB, ndhD, ndhF, and rpoB genes after RNA editing, respectively.
Figure 8. Comparisons of the tertiary structures of three proteins in the best RNA editing model. (A)ndhB (green) and ndhB mutation (pink). (B) rpoB (green), rpoB mutation (pink), and rpoB experiment (orange). The blue stick represents the comparative mutation sites of the proteins resulting from RNA editing by each pair. The two rose spheres within rpoB (C) represent the new mutation sites identified after the experiment.
Figure 9: The number and length of ORFs within the ndhB gene in the chloroplast genome of Chelidonium majus. (A) Predicted ORFs before RNA editing (B) Predicted ORFs after RNA editing.
Table 1 Genes, codon types, and amino acid mutation types (base conversion from cytosine C to uracil U) predicted for RNA editing in the chloroplast genome of C. majus.
Table 2. RNA editing impacts protein transmembrane domains, RNA secondary structures, protein structures, and signal peptides in the cp genome of C. majus.
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	Kunming Institute of Botany, Chinese Academy of Sciences
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	DNA Extraction Kit (CTAB)
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	RNA Extraction Kit
	Accurate Biotechnology(Human)Co.,Ltd
	SteadyPure
	

	Nanodrop spectrophotometer 2000
	Beijing Kai'ao Technology Development Co., Ltd.
	
	

	Primer synthesis
	general biology (Anhui) Co., LTD
	
	

	ABI Prism 3730 Genetic Analyzer
	Applied Biosystems, USA
	
	

	Primer synthesis
	geeneral biology (Anhui) Co., LTD
	
	

	absorbent paper
	China pharmaceutical university
	
	Self-prepared

	liquid nitrogen
	China pharmaceutical university
	
	bought

	Pipette tips
	eppendorf
	1.0uL, 100uL, 1000mL
	

	super-clean bench
	China pharmaceutical university
	
	bought

	Biowest Agarose
	spanish
	G-10
	bought


SUPPLEMENTARY FILES:
Supplementary materials (Figures S1–S9 and Tables S1–S10) are available at figshare: Dataset: https://doi.org/10.6084/m9.figshare.31933368.
Figures S1-S9 with captions:
Figure S1. Plant characteristics of studied C. majus. (A) Root (B) Stem (C)Leaf (D) Flower (E) Fruit (F) Seed (G) Phytobiocoenose.
Figure S2. The number of transmembrane proteins in the 44 CDS proteins of Chelidonium majus chloroplast genome.
Figure S3. Effect of RNA editing from the ndhD gene on the transmembrane region of the protein-encoding in the chloroplast genome of C. majus. (A) Before mutation in the ndhD encoding proteins. (B) After mutation in the ndhD encoding proteins. The red pentagon star represents differential sites in the transmembrane region before and after mutation in the protein encoding ndhD genes.
Figure S4. The signal peptides within cemA protein by RNA editing in the chloroplast genome of Chelidonium majus. (A) Signal peptides before RNA editing by the online platform SignalP 6.0 (B) Signal peptides after RNA editing by the online platform SignalP 6.0. The greeen frames show the mutation of three paris proteins.
Figure S5. The gel diagram about the three times of nucleotide amplification products by each of the five genes (matK, ndhB, ndhD, rpoB, and accD) in the chloroplast genome of Chelidonium majus. (A) Amplicons band by the PCR method.(B) Amplicons band by the RT-PCR method. The left band of the figure is the Markers.
Figure S6. The number and length of ORFs within two genes of matK and rpoC2 gene in the chloroplast genome of Chelidonium majus. (a) and (b) Predicted ORFs of matK before and after RNA editing; (c) and (d) Predicted ORFs of ndhD before and after RNA editing.
Figure S7. Analysis of Gene Oncology in the chloroplast genome of Chelidonium majus. The horizontal ordinate represents cellular component(blue strips), molecular function (red strips), and biological process (green strips). The longitudinal coordinates represent the percentage and number of genes.
Figure S8. KOG function classification of consensus sequence in the chloroplast genome of Chelidonium majus. The horizontal ordinate represents function class. The longitudinal coordinate represents the frequency of genes.
Figure S9. KEGG pathway annotation of genes in the chloroplast genome of Chelidonium majus. The horizontal ordinate represents the number of genes. The longitudinal coordinate represents the involved pathway of genes.
Table S1-S10 with captions:
Table S1. No RNA editing sites of genes have been predicted in the complete chloroplast genomes of the two species.
Table S2. The number statistics of the predicted RNA editing codon and amino acid mutation types in the cp genomes of the three species.				
Table S3. The number statistics of the predicted RNA editing codon and amino acid mutation types in the chloroplast genomes of the three species (Bases from C to U).	
Table S4. Physicochemical properties and conserved domain of sixteen mutant proteins by chloroplast RNA editing in the chloroplast of Chelidonium majus.
Table S5. The number of transmembrane and homologous proteins in the chloroplast genome of Chelidonium majus.
Table S6. The DNA and cDNA concentration and quality of leaf samples of Chelidonium majus.
Table S7. The primers used for RT-PCR of five genes having more RNA editing sites in the chloroplast genomes of Chelidonium majus.				
Table S8. Sequence results of DNA and cDNA alimplication clones of five more RNA editing genes from chloroplast genome of Chelidonium majus.			
Table S9. The predication and verification of RNA editing sites from six genes in chloroplast genome of Chelidonium majus.					
Table S10. The tertiary structures of three proteins predicted and verified best model by RNA editing in the chloroplast of Chelidonium majus.

Datasets in figshare linkage.
Table S1. The predicted RNA editing sites in the complete chloroplast genomes of the Chelidonium majus and Aegilops tauschii.	
Table S2. The predicted RNA editing sites in the complete chloroplast genomes of the Chelidonium majus and Aegilops tauschii (Bases from C to U).	
Table S3. Chloroplast RNA editing of transmembrane regions and homologous proteins in the chloroplast of Chelidonium majus.						
Table S4. The ORF situation of seven more mutation sites within RNA editing genes from chloroplast genome of Chelidonium majus. 						
Table S5. The prediction results of transcript factor binding sites in the chloroplast genome of Chelidonium majus.
Table S6. The type and number of gene functions annotated in the database of Gene Oncology from the chloroplast genome of Chelidonium majus.
Table S7. The type and number of gene and protein functions annotated in the database of Orthologous Groups of protein from the chloroplast genome of Chelidonium majus.		
Table S8. The type and number of gene and protein function annotated in the KEGG pathway database from the chloroplast genome of Chelidonium majus.  	
 
DISCUSSION: 
As an herbaceous plant in the Papaveraceae family, Chelidonium majus is characterized by bright yellow, four-petaled flowers and yellow milky sap during its flowering and ripening seasons, similar to Stylophorum lasiocarpum and Oreomecon radicata. However, Stylophorum lasiocarpum differs in having blood-red sap, 4–7 flowers, and broadly ovate leaves, whereas Oreomecon radicata grows in restricted areas and exhibits yellowish-white or yellowish cup-shaped flowers adapted to cold Arctic environments. While plant identification can rely on external characteristics, internal biological changes driven by genetic factors during growth and development warrant further investigation.

Critical steps in the protocol
In this study, several key technical steps and procedures were implemented in bioinformatics prediction and experimentation. First, the accuracy of chloroplast genome assembly and annotation for each selected species was ensured. Second, reference genomes were selected for RNA editing screening, with data from model plants and their research species—those with clear, stable studies and established reference databases—serving as references. These datasets can be utilized as methods for identifying dynamic RNA editing sites in plants. Third, when validating editing sites using DNA and RNA extraction methods, consistency in plant origin and condition, along with high quality, was maintained. Finally, the consistency of bioinformatics analysis parameters and screening criteria was ensured to preliminarily screen and validate a subset of data with reference value.

Significance of RNA editing within CDS genes in the chloroplast genome
RNA editing is a crucial post-transcriptional modification that influences protein function in plant organelles, such as chloroplasts and mitochondria, thereby impacting plant growth and development. In this study, six proteins encoded by chloroplast RNA editing in C. majus had more than eight mutation sites, altering their biochemical and structural properties. matK, a conserved protein kinase gene, plays an essential role in intracellular signaling and chloroplast class II intron splicing. Due to its rapid evolutionary rate, matK is commonly used in phylogenetic studies, including plant species identification within Apiaceae, as exemplified by research on the genus Bupleurum 31. Similarly, matK and rbcL genes have been utilized to identify and authenticate samples of Cinchona bark used for quinine extraction 31. Although matK proteins possess conserved domains and amino acid variations, these changes do not significantly alter their structural properties 33. The chloroplast rpoC2 gene, crucial for photosynthetic gene transcription, influences chloroplast biogenesis and development, as observed in Clivia miniata hybrids 34. The NDH complex, involving the ndh genes, is significant for photosynthesis, with editing sites in genes such as ndhB and ndhF affecting photosynthetic efficiency and stress responses, as demonstrated in maize and soybean 35, 36. Furthermore, the rpoB protein, essential for RNA polymerase activity, undergoes amino acid substitutions via RNA editing, which influences plant growth, as evidenced by rice mutant 37. This study also identified a ricin-type beta-trefoil lectin domain in rpoB, relevant to cell signaling and recognition 38.
RNA editing also has implications for predicting protein structures and functions. Accurate prediction methods vary in effectiveness, emphasizing the need for integrated bioinformatics approaches 39. RNA editing significantly affects open reading frames (ORFs), enhancing gene expression regulation and protein functionality.
RNA editing of chloroplast genes influencing alkaloid biosynthesis
Alkaloids are critical secondary metabolites synthesized by plants for ecological adaptation. Chloroplasts play a significant role in alkaloid biosynthesis 40, as demonstrated in Vinca rosea, where alkaloid synthesis is light-induced and primarily occurs in leaf chloroplasts 41, 42. Similarly, quinolizidine alkaloids are synthesized in chloroplasts and regulated by light 43, 44. Alkaloid synthesis in tobacco, catalyzed by genes such as ndhA and ndhB, highlights the importance of chloroplast genes in alkaloid metabolism 45, 46. Chloroplast genetic engineering techniques, including RNA editing, have been successfully applied to efficiently express and stably integrate foreign genes in various plants 47, 48. Interestingly, benzylisoquinoline alkaloids also negatively regulate photosynthetic gene expression, as exemplified by downregulation of ndhF during dark-light transitions (DLT) 49.
Realistic future applications of the method and results
In this study, several key technical steps and procedures were implemented in bioinformatics prediction and experimentation. First, the accuracy of chloroplast genome assembly and annotation for each selected species was ensured. Second, reference genomes were selected for RNA editing screening, with data from model plants and their research species—those with clear, stable studies and established reference databases—serving as references. These datasets can be utilized as methods for identifying dynamic RNA editing sites in plants. Third, when validating editing sites using DNA and RNA extraction methods, consistency in plant origin and condition, along with high quality, was maintained. Finally, the consistency of bioinformatics analysis parameters and screening criteria was ensured to preliminarily screen and validate a subset of data with reference value.
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