Pre prints.org

Article Not peer-reviewed version

Whole Discrimination of RNA Editing
Sites in Chloroplast Transcripts of
Chelidonium majus: Implications for
Analysis of Functional Protein and
Chemicals

%gm* , Ruixi Liao, Kexin Lu , Baoxiang Xue , Lihui Chen
Posted Date: 3 June 2025
doi: 10.20944/preprints202506.0179.v1

Keywords: Chelidonium majus, chloroplast RNA editing; transmembrane zone; conserved domains; signal
peptide; ORFs; homologous proteins; tertiary structure; biological functions and pathway; alkaloids

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/2140737
https://sciprofiles.com/profile/4499769

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 June 2025 d0i:10.20944/preprints202506.0179.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Whole Discrimination of RNA Editing Sites in
Chloroplast Transcripts of Chelidonium majus:
Implications for Analysis of Functional
Protein and Chemicals

Qing Du 12*, Ruixi Liao 3, Kexin Lu 3, Baoxiang Xue ¢ and Lihui Chen 3

1 College of Pharmacy, Qinghai Minzu University, Key Laboratory of Plant Chemistry on Qinghai Tibet Plateau, Key
Laboratory of High-value Utilization of Characteristic Economic Plants, Xining, Qinghai Province

2 Fresh sky (Beijing) International Technology Co., LTD. Beijing 101205, China

3 Department of Resources Science of Traditional Chinese Medicines, College of Traditional Chinese Pharmacy, and State
Key Laboratory of Natural Medicines, China Pharmaceutical University, Nanjing, Jiangsu Province 211198, China

4 College of Traditional Chinese Pharmacy, JiLin Agricultural Science and Technology University, Jilin City, Jilin Province

5 Pingtan Comprehensive Experimental Area Hospital, Fuzhou City, Fujian Province

Correspondence: DU Qing, email: duging@stu.cpu.edu.cn.

Abstract: RNA editing sites and functional analysis were firstly predicted and verified in the
chloroplast genes of Chelidonium majus. The results found that nine genes have the same number of
editing sites, while 40 genes have different numbers of editing sites. There are 28 types of codons and
13 types of amino acid mutations in the chloroplast genes of C. majus, among which serine mutations
to leucine (S—L) have the highest number. All the molecular weight, extinction coefficients, and
hydropathicity are increasing, while the value of theoretical isoelectric points (PI) are 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 they have the most conserved domains and
open reading frames (ORFs). The number of ORFs by each gene is decreasing, whereas the length of
OREFs is becoming more longer. The signal peptide was found within one protein of the petA gene.
The rpoB protein had the approximate three-dimensional domain of Ricin-type beta-trefoil lectin
with one more increase of conserved domain through mutation. After experiment validation, the two
new mutated proteins were found within the rpoB protein. These results provide a solid basis for
exploring functional expression regulation and the origin of evolution.

Keywords: chelidonium majus; chloroplast RNA editing; transmembrane zone; conserved domains;
signal peptide; ORFs; homologous proteins; tertiary structure; biological functions and pathway;
alkaloids

1. Introduction

Plant gene editing technologies mainly include the first-generation Zinc-finger nucleases (ZFN)
technology [1], the second-generation TALENSs gene editing technology [2], and the third-generation
CRISPR/Cas9 technology [3]. RNA editing is a phenomenon of base differences in the process of DNA
transcription in organisms, which can cause changes in codons and the function of encoding proteins
before and after editing, thereby changing the genetic information, regulatory functions of growth,
and development of species [4]. RNA editing in organelles is common in chloroplasts and
mitochondrial transcripts, with the presence of common cytosine to uracil conversion and the reverse
uracil to cytosine conversion form in horns and ferns [5], mainly at the first and second bases of
codons, which alters the physicochemical properties of amino acids [6], so variation in the intrinsic
function of biological organisms affects the extrinsic traits and reproductive characteristics of
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biological organisms. RNA editing in the plant chloroplast genome has been observed in a variety of
plants, including maize [7], Arabidopsis thaliana[8], tobacco [9], Hordeum vulgare var. Coeleste [10],
barley [11], and Aegilops tauschii [12], etc. A standard method for studying RNA editing is rRNA-
depleted total RNA-seq sequencing analysis, which is compared using commercial Ribo-off-seq and
standard mRNA-seq [13]. The main tools for plant RNA editing research are JACUSA, SPRINT, and
REDO. The central databases are REDIdb, PED, and dbRES, which elucidate the mechanisms and
roles in RNA editing by studying RNA editing sites, pentapeptide repeat proteins (PPRs) involved
in RNA editing, and RNA editing factors [14]. It was reported that the expression level of CsSMORF
9.2 in the “Huabiao albino 1” tea cultivar was significantly down-regulated, which provided a basis
for the role of chloroplast RNA editing in the process of tea albinism [15].

The species of Chelidonium majus, in appearance and historic names, it is similar to the plants
from the species of Stylophorum lasiocarpum, Hylomecon japonica, and Coptis genus, which is a perennial
dry whole grass of the Papaveraceae family. The distribution of C. majus L. is located in the most
areas of China [16]. Fresh plants have a strong orange-yellow emulsion that contains a variety of
alkaloids, including Chelidonine, fumarine, stylopine, allocryptopine, berberine, chelerythrine,
sanguinarine, and sparteine [17]. In addition, it also contains chlorogenic acid, malic acid, citric acid,
succinic acid, choline, methylamine, histamine, tyramine, saponin, flavonol, chlorogenic alcohol, and
cardiac glycoside, especially in the whole flowering period, and the content of various components
in roots, stems and leaves is higher. The fruit mainly contains flavonoids and volatile oils [18]. The
whole herb of C. majus is used in medicine, with a bitter taste, a cool nature, and poisonous. It exhibits
anti-tumor, antiviral, anti-inflammatory, antibacterial, and analgesic pharmacological effects and is
used for gastric pain, cough, asthma, and whooping cough [19]. At present, the basic information,
main contents, simple repeats, various repeats, and evolutionary and developmental relationships
within the chloroplast genome of C. majus have been reported in many research papers, which
showed that the species of C. majus had a close relationship to the plants of Coreanomecon genus,
Meconopsis genus, and Papaver genus in the Papaveraceae family [20,21]. In a study on the chloroplast
genome and developmental relationship of Eomecon chionantha, it was found that it also has a close
evolutionary relationship with C. majus, Cordyceps cicadae, Macleaya microcarpa, and H. japonica [22].
Moreover, the root and leaf transcriptomes in C. majus were comparatively analyzed, revealing that
the main transcript factor originated from the bHLH family, five unigenes encoding enzymes within
10 SSRs in the pathway of benzylisoquinoline alkaloids, and the new 10 identified conserved miRNAs
[23]. In the transcriptome database of leaf in C. majus, more than 23,004 CDS should be further
analyzed the proteomic types, together with the 334 different putative proteins identified in milky
sap and 1155 in whole plant extract [24]. In addition, previous studies have also identified the
cytostreptovirus CheYMaV identified in the chloroplast genome of C. majus using high-throughput
sequencing and reverse transcription-polymerase chain reaction (RT-PCR) method. Phylogenetic
analysis showed that CheYMaV was most closely related to TpVA andGIIV1 [25].

In this study, the RNA editing sites and function application of chloroplast genomes in C. majus
were predicted and compared by using the bioinformatics methods to those of different plants,
hoping to lay a foundation for studying the biological function of chloroplast RNA editing influenced
the structures and functions of proteins and RNAs in C. majus, which provides scientific data for
further revealing the molecular mechanism of gene and protein on plant appearance, chemicals,
functional regulation, and development.

2. Results
2.1. Plant Appearance Characteristics of the C. majus

The plant appearance of C. majus was identified from different tissues on the left of Figure 1 in
Xiangshan Park in Beijing (photo credit: Ou Chonglie), Hebei North University in Zhangjiakou, Hebei
Province (photo credit: Fan Yingxin), and Shenyang Wetland in Liaoning Province (photo credit:
Zhao Yan) (photo credit: Zhao Yan) (photo credit). As can be seen from Figure 1, a herbaceous plant
of C. majus develops into phytobiocoenose with a stout, conical, dense fibrous roots showing earthy
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yellow or dark brown (Figure 1la and 1g). The stems are erect, cylindrical, hollow, easily broken,
clustered umbel-like and multi-branched. The branches are often pubescent with white elongated
pubescence (Figure 1b). 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, white
powder on the back, and sparsely pubescent (Figure 1c). The umbel-shaped inflorescence is ovate,
yellow, 4-lobed petals with numerous stamens of filamentous filigree, oblong anthers, pistil
composed of two carpels, and green, glabrous, linear ovary of 2-lobed stigma (Figure 1d). The capsule
is narrowly cylindrical with a stalk shorter than the fruit (Figure 1e). There are numerous small, dark
brown or black, ovate seeds with shiny, honeycomb-like lattices (Figure 1f).

(g)Phocoense

Figure 1. Plant characteristics of C. majus. (a) Root (b) Stem (c)Leaf (d) Flower (e) Fruit (f) Seed (g)
Phytobiocoenose.

2.2. 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 that of chloroplast
genome in database of A. thaliana (Table S1), as 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 (Table 52), 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 (Table S3). 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), ndh] (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 (Table S4). No RNA editing sites were found in the
genes at 21 established positions in the chloroplast genome of C. majus (Table S5), namely psbA (base
range 1558-497), psbl (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, psb], psbF, psbE, and
psa], rps12 (two positions), psbT, ndhH, and ycf1 (two positions, Table S5).
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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 with the same number of RNA editing sites.(b) The 40 genes with a
different number of RNA editing sites. (c) Mutation types of the 13 amino acids.

Table 1. Genes, codon types and amino acid mutation types (base conversion from cytosine C to uracil U)

predicted for RNA editing in chloroplast genome of C. majus.

The genes and numbers of RNA editing

1(18) 2(11) 3(7) 4(8) 54) 7(2) 8(2) 9(2) 12(1) 13(1)14(1)24(1) 27(1) 28(1) 62(1)78(1)
atpl,
ndhl, petB, petD, atpF, ndhC, atpB, ndhE,
petG, psaB, psal, ndhH,
psaA, psbC, petA,  cemA, ndhA
psal, psbE, psbE, psb], rps12 ndhl, petL clpP, atpA,accD ndh rpoC
psbN, psbT, psbZ, rps15, rpsl6, ndhK, pl2,  ndhG, rpoA ccsA rpoC ndhF D rpoB ndhB matK 5 yefl ycf2
rpll4, rpll6, psbK,
sl rpsld rps4, rps8, 120 rpl22,  ycfd 1
Pt TPS™% ycf3 TPLe rpl23
rpsl9, rps3 rps18 rps2
Codon types and number
ACA—AUA, ACC—AUC, ACG—AUG, ACU—-AUU, CAA—-UAA, CAC-UAC, CAU-UALU,
28 CCA—CUA, CCA—UCA, CCC—CUC, CCC—-UCC, CCG—CUG, CCG—UCG, CCU—CUL,
CCU—-UCU, CGG—-UGG, CGU-UGU, CUA—UUA, CUC—-UUC, CUU-UUU, GCA—-GUA,
GCC—-GUC, GCG—GUG, GCU—-~GUU, UCA—UUA, UCC—UUC, UCG—-UUG, UCuU—UUU
Types and number of amino acid mutations
29 36 64 1 57 36 1 8 8 38 79 46 17
R
A—-V H-Y L—F L—-L P-L P-SQ->*R—-C =~ S—FS—»LT-IT-M

\

2.3. 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 S3). 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
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pair transitions in the chloroplast genome of each plant, such as the conversion of four codon pairs
in the chloroplast genome RNA editing of 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 were special in the chloroplast genome of A. fauschii. Only the one-
pair conversion of codons UAA to CAA was especially predicated in the chloroplast genome of G. x
gandavensis (Table S6). 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. majuss 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 S7).

2.4. 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 S7).

2.5. Effects on Physicochemical Properties and Conserved Domain of Sixteen Mutant Proteins by Chloroplast
RNA Editing

Although the chloroplast ycf gene has the most RNA editing sites in the chloroplast of C. majus,
its functions are not well understood. From the predicted results, sixteen genes with more than five
well-defined editing sites of chloroplast RNA 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 the constant for the other eight proteins (Table S8). RNA
editing can result in the replacement of specific amino acids with those 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 result in
changes in amino acids may lead to changes in the three-dimensional conformation of proteins. In
turn, it affects the distribution of surface charge and the overall charge state of the protein, which
lowers the isoelectric point and influences other performance.

Regarding the conserved domains of 16 types protein structures before and after mutation
influenced by RNA editing (Table S8), 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 rpoB protein sequences were predicated during RNA
editing, the conserved domain is belong to CHLO0001 members of the protein superfamily CL47023,
which is approximately 137 amino acids. Its structure is similar to that of the ricin-type beta-trefoil
lectin domain, which present in the database of PEAMO00652 and IPR000772, which structural proteins
of AQ0A5J4LQ17 (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 active domain, providing a scientific basis
for their good symbiosis to effectively promote the regulation of plant growth and development. In
addition, the two proteins, ndhD and ndhF, have the most conserved domains, including the
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transmembrane region, which remains unchanged. Furthermore, the conserved domains of
remaining nine proteins still keep inalterability during RNA editing.

@ i ;
500 600 700 800 900

0 100 200 300 400 1000
()

KIO —pr2_1 (E
0 100 200 300 400 500

Figure 3. The conserved domain of rpoB protein during the RNA editing. (a) original protein (b) protein after
RNA editing (c) pfam00652 protein (No. AOA5J4LQ17, Streptomyces hyphurium) (d) IPR000772 protein (No.
(Q8X123, Amanita phalloides/Marasmius oreades).

2.6. Transmembrane Proteins and Signal Peptides by the 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 (Figure S1), 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 (Table S9). 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 S10). 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 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 regarding the
homologous protein was 3rkoM and 14 without variation, similar to that by the SCAMPI method
(Figure S2). 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). 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 the homologous protein was 3rkoL.
Three transmembrane regions of rpoC2 proteins were only identified by 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 510). As can be seen from the results,
the stability and functional diversity of the protein increased due to the augmentation of
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hydrophilicity and transmembrane regions within the proteins, thereby prolonging the action time
of its functionality.

(a)
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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 mutation in the ndhB encoding protein. (b) After 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 ndhB gene.

Specifically, only one or two transmembrane regions and one signal peptide were found to
exhibit noticeable differences within the proteins of petA due to mutations in the CDS proteins of C.
majus chloroplast genome resulting from RNA editing (Table 2, Table 510, and Figure 5a). The
number of two transmembrane regions within petA protein were diversely predicated by the way of
PolyPhobius and SCAMPI. with the position of from 14 to 34, including signal peptide and one
mutation protein at 32 sites marked by blue frame, and from 285 to 305 from the starting sequence of
petA protein. The type of signal peptides (SPs) is 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, center hydrophobic region, and c-terminal
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region from the n-terminal region of 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 S3).

Table 2. RNA editing impact on protein transmembrane, RNA secondary structures, protein
structures, signal peptide in the cp genome of C. majus.

. Signal Peptide
Genes RNA Protein structure (Sec/SPI)
COI‘ltalII.II:lg secondar transmem‘brane transmembr Homolog Tertiary  Before After
RNA editing y domain . affecte a- B- . .
sites structure number(before/a ane domain ous. d  helix strand structure - mutatio mutatio
affected  protein (best model) n n
fter)
atpA + - - - + + - c6fkfA - -
ccsA + 8 - - + +1 -1 c7s9yA - -
ycfd + 2 - - + + +1 c8keiD - -
cemA + 4 - - + -1 +1 coynyB - -
matK + - - - + -2 + c8h2hC - -
ndhA + 8 - 4heaH + +1 - C7eU311:/C7Wff - -
ndhB + 8~14/11~14 + 3rkoA + +1 -2 c7wifB - -
ndhD + 11~14/11~15 + 3rkoM + +4 +2 c7wifD - -
ndhF + 14~16 - 3rkoL + +2 -2 c7witF - -
ndhG + 5 + 3rko] + + -1 c7witG - -
rpoA + - - - + + + c8w9zB - -
rpoB + - - - + +2 -2 c8w9zC - -
rpoCl1 + - - - + - -2 c8w9zD - -
rpoC2 + 3 + - + + +1 clgprA - -
petA + 1 - 4h44C + - -2 c7zyvK 0.9434 0.9179
accD + - - - + -2 +2 c2f9iB - -

",
-+

representative the structures were affected by RNA editing.
representative the structures were not affected by RNA editing or "No existing".

“_m
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Figure 5. Transmembrane proteins and signal peptides within petA protein by RNA editing. (a)Before and after
RNA editing by the software of DeepTMHMM (b) Signal peptides before RNA editing by the online platform
SignalP 6.0 (c) Signal peptides after RNA editing by the online platform SignalP 6.0. The blue frames show the
mutation of one paris protein.SP (Sec/SPI): Signal peptide sequence; CS: Cleavage site; OTHER: No signal
peptide sequence.

2.7. Comparative Analysis of RNA Editing Results Between Prediction and Experimental Validation

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 S11). After
that, nucleotide amplification of the five genes was executed using DNA and cDNA templates, and
the resulting products were identified with the primer pairs by the PCR and RT-PCR method (Table
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512 and Figure S4). From the detection and verification results (Table S13), 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 S14), 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 S14 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 structure variation in the protein within five areas, designed as A, B, C, D, and E
(Figure 6c¢). The increasing of hydrophilic residues tends to form hydrogen bonds with water
molecules, making the protein more soluble 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.

(a)
A B
rpoB-1 ATGCTCCGGGATGGAAATGAGGGAATGTCTACAATACCTGGGTTTAGTCAGATACAATTTGAGGGGTTTTGTAGG TRATTGATCAGGGTTTGATGARABAACTTTATAAGTTTCCAAAAATT 123
DNA1L ATGCTCCGGGATGGAAMTGAGGGAATGTCTACAATACCTGGGTTTAGTCAGATACAATTTGAGGGGTTTTGTAGG FATTGATCAGGGTTTGATGRG GAACTTTATAAGTTTCCAAMAATT 122
DNA2  ATGCTCCGGGATGGAAATGAGGGAATGTCTACAATACCTGGGTTTAGTCAGATACAATTTGAGGGGTTTTG TAGG WTEATTGATCAGGGT TTGATGAAGAACTTTATAAGTTTCCAAAMTT 123
DNA3 ATGCTCCGGGATGGAATGAGGGAATGTCTACAATACCTGGGTTTAGTCAGATACAATTTGAGGGGTTTTGTAGG R ATTGATCAGGGTTTGATGRGGAACTTTATAAGTTTCCAAMATT 122
eDNAL  ATGCTOCGGGATGGAAATGAGGGAATGTCTACAATACCTGGGTTTAGTCAGATACAATTTGAGGGGTTTTGTAGG ATTGATCAGGGTTTGATG
€DNA2  ATGCTCCGGGATGGAAATGAGGGAATGTCTACAATACCTGGGTTTAGTCAGATACAATT TGAGGGGTTTTGTAGGTEEATTGATCAGGGT TTGATGA.
e€DNA3  ATGCTOCGGGATGGAMTGAGGGAATGTCTACAATACCTGGGTTTAGTCAGATACAATTTGAGGGGTTTTGTAGG ATTGATCAGGGTTTGATGHG

SACTTTATAAGTTTCCAAMATT 123
SAACTTTATAAGTTTCCAAAMMATT 123
BAACTTTATAAGTTTCOCAAMATT 122

c
rpoB-1 GAAGATATAGATCAAGAAATTGAATTTCAATTATTTC 1 FGAAACATATCAATTGGTAGAACCCTTGATAAMAGAAAGAGATGCTGTGTATGAATCACTCACACATTCTTCTGAATTATATGTA 246
DNA1L GAAGATATAGATCAAGAAMTTGAATTTCAATTATTTYRGGAACATATCAATTGGTAGAACCCTTGATAAMAGAAAGAGATGCTGTGTATGAATCACTCACACATTCTTCTGAATTATATGTA. 245
DNA2  GAAGATATAGATCAAGAATTGAATTTCAATTATTTUIGGAAACATATCAATTGG TAGAACCCTTGATAAAAGAAGAGATGCTG TG TATGAATCACTCACACATTCTTCTGAATTATATGTA b
DNA3  GAAGATATAGATCAAGAMTTGAATTTCAATTATTTQUEGAAACATATCAATTGGTAGAACCCTTGATAAAAGAAGAGATGCTGTGTATGAATCACTCACACATTCTTCTGAATTATATGTA 245
€DNAL  GAAGATATAGATCAAGAAATTGAATTTCAATTATTTIGGAAACATATCAATTGGTAGAACCCTTGATAAAAGAAAGAGATGCTGTGTATGAATCACTCACACATTCTTCTGAATTATATGTA. 246
€DNA2 GAAGATATAGAT
€DNA3  GAAGATATAGATCAAGAAATTGAATTTCAATTATTTGIEGAAACATATCAATTGGTAGAACCCTTGATAAAAGAAAGAGATGCTGTGTATGAATCACTCACACATTCTTCTGAATTATATGTA 245

AGAAMTTGAATTTCAATTATTTIEGAAACATATCAATTGGTAGAACCCTTGATAAAAGAAAGAGATGCTGTGTATGAATCACTCACACATTCTTCTGAATTATATGTA 246

rpoB-1 CCTGCGGGATTAATTTGGAAACCGGTAGGGATATACAAGAACAAACCATATTTATTGGAAACATTCCTTTAATGAATTCOCTGGGAACCTOT MRGTAAATGGAATATACAGAATTGTGATC 369
DNA1 CCTGOGGGATTAATTTGGAAACCGG
DNA2  CCTGOGGGATTAATTTGGAAAACCGGTAGGGATATACAAGAACAAACCATATTTATTGGAAACATTCCTTTAATGAATTCCCTGGGAACCTG
DNA3  CCTGOGGGATTAATTTGGAAACCGGTAGGGATATACAAGAACAAACCATATTTATTGGAAACATTCCTTTAATGAATTCCCTGGGAACCT
€DNA1  CCTGOGGGATTAATTTGGAAACCGGTAGGGATATACAAGAACAAACCATATTTATTGGAAACATTCCTTTAATGAATTCCCTGGGAACCT
€DNA2 CCTGOGGGATTAATTTGGAAAACCGGTAGGGATATACAAGAACAAACCATATTTATTGGAAACATTCCTTTAATGAATTCCCTGGGAACCT
€DNA3  CCTGCGGGATTAATTTGGAAAMCCGGTAGGGATATACAAGAACAAACCATATTTATTGGAAACATTCCT TTAATGAATTCCCTGGGAACCT

HGGATATACAAGAACAAACCATATTTATTGGAAACATTCCTTTAATGAATTCOCTGGGAACCTY AGTAAATGGAATATACAGAATTGTGATC 368
AGTAAATGGAATATACAGAATTGTGATC 369
AGTAMTGGAATATACAGAATTGTGATC 368
NGTAAMTGGAATATACAGAATTGTGATC 369
NGTAAATGGAATATACAGAATTGTGATC 369

NCTAAATGGAATATACAGAATTGTGATC 368

rpoB-1 AATCAATATTGCAAAGCCOCGGTATTTATTACCGTTCAGAATTGGACCATAACGGAATTTCGGTCTATACCGCCACCATAATATCCGATTGGGGAGGAAGATCAGAATTAGAGATTGATCG 491

DNA1  AATCAAATATTGCAAAGCCCCGGTATTTATTACCGTTCAGAATTGGACCATAACGGAATTTCGGTCTATACCGCCACCATAATATCCGATTGGGGAGGAAGATCAGAATTAGAGATTGATCG 490
DNA2  AATCAMTATTGCAAGOCCOGGTATTTATTACCGTTCAGAATTGGACCATAACGGAATTTCGGTCTATACCGCCACCATAATATCCGATTGGGGAGGAAGATCAGAATTAGAG
DNA3 AATCAMTATTGCAAAGCCCOGGTATTTATTACCGTTCAGAATTGGACCATAACGGAATTTOGGTCTATACCGCCACCATAATATCCGATTGGGGAGGAAGATCAGAATTAGAGATTGATCG 490
€DNA1  AATCAMATATTGCAAAGCCCCGGTATTTATTACCGTTCAGAATTGGACCATAACGGAATTTCGGTCTATACCGCCACCATAATATCCGATTGGGGAGGAAGATCAGAATTAGAGATTGATCG 491
€DNA2 AATCAMTATTGCAAAGCCCOGGTATTTATTACCGTTCAGAATTGGACCATAACGGAATTTCGGTCTATACCGOCACCATAATATCCGATTGGGGAGGAAGATCAGAATTAC TGATCG 491
€DNA3  AATCAMTATTGCAAAGCCCOGGTATTTATTACCGTTCAGAATTGGACCATAACGGAATTTCGGTCTATACCGOCCACCATAATATCCGATTGGGGAGGAAGATCAGAATTAGAGATTGATCG 490

(b)

TGATCG 491

A B

rpoB-1 MLRDGEGEST | s 1 GO e e KFPK 1B DGE TEFQLEFVETTGL VEPL INERDAY YESL THSSEL YVPAGL INKTGRDIQEGT NP SLGTIING YRV INQTLGSIG 1Y YRSELDION 'Hm
DNA  WEDOWGHSTIRGFSQIQRFCr CRERIOG! WFF) YKFPE 1FDIDGH TFFQEFYFTYGH VP! TRERDAYYFS! TRSSFI YWPAGH TRRTGRD TGRQTTFTGN TP WNST GG TYRTY TNGT| GSPG T YYRSET IHING TSVYT ! )
CDNA W RDCNFCUST IRGTSQIQFFS NG TYRIY ® WIATIISD 15

(©)

QUL MEF] YRFPK TFDTOQE TRFQEFVETYGE VEPL TRFRDAVYESI TRSSFL YVPAGL TWETCRD [QEQTTFIGN TP MR

A 3 C )
ARseq ML TIPGF SQIQFEGFCH MEFL YKFPK QLFVE TYQLVEPL IKERDAY YESLHISELYF PAGLIWKTGRD IQEQT IF TGN IPLMN: 5
(> i C CEEE]
% EEHTTTT CCHHHT 194 TITIEE 'CCEEET
N COCCOeCeeeee cc ccece cC CCEEEC CEEEC
Joint CCCCCCCCEEECCCCCCCCCCCCCChCCOnnmece 'CEE PCCHEEE CCCCC CCCEEEEE CCCCCC CCC
Rhseq M. TIPGE SQIQFEGE MEEL YKFPK QLEVE TYQLVEPLIKERDA! SELYY'S TQEQT IFTGNIPL FIVNGIYR
F  cceeece C « CCCCEENC4 CEEE}CERFEE CCC
GOR  EEMTTITTEEECCCCCCC T TTERT CCCCCT
-
Joint €CCCC cececceccccdepe cece cece <
Rhseq ML TIPGE SQIQFEGE MEELYKF PKIED IDQETEFQLE VETYQLVEPL Y$sELYYS] TQEQT IFIGHIPL FRVNGEYR
cF cecc C
GOR  EEMTTTT COCeTT TT TTERT TCEEET
i cced ceeee ceece CEFECCCCCCCCCQCCECCT
Joint €CCCC ccccccdepe cce CCC
ARseq ML TIPGE SQIQFEGF MEELYKF PKIED IDQETEFQLF VETYQLVEPL. {SEL TQEQT IFIGHIPL SKVNGIYR
@* o ccEdece
G0R  EEHTTIT CCCCCTT TT TTERT TCC
M COCCOCCECCCCCCCCCECCCCCOfCE COCHHHHOC COCCCCC CCCCCC CHHHMHC IEEECCC CCCCC CEEEC CCCCCECCe Ceeeed
Joint CCC ceeccececcceqepe CCCCEHCY pEES cece ceeeeecedeed

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
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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 rpoB protein. The marked letters A, B, C, D, and E with blue frames indicate the variation sites.

2.8. Structure Variety of RNA and Proteins Before and After RNA Editing

Comparing the structural mutations of the sixteen proteins before and after RNA editing, it was
found that all the secondary structure of 16 proteins and RNA are influenced by the variation (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 RN A editing, the secondary structure of the matK protein increases by three
B folds (Figure 7b, A1, C1 and F1), decreases by two {3 folds (Figure 7b, D1), increases one a helix
(Figure 7b, E1), decreases one a helix (Figure 7b, B1), and shortens the a helix region of G1 (Figure
7b). The secondary structure of the rpoC2 protein adds two a helix regions (Figure 7d, A2 and B2),
reduces one « helix region (Figure 7d, D2) and extends the C2 region o helix region (Figure 7d),
adding two {3 fold regions (Figure 7d, D2). The secondary structure of the ndhB protein adds three a
helix regions (Figure 7f, B3, and C3), reduces one a helix region (Figure 7f, D3) and the A3 region
extends « helix region (Figure 7f), reducing two (3 pleated regions (Figure 7f, B3, and C3) while the 3
pleated region of E7 (Figure 3f, E3). The secondary structure of the ndhF protein adds two a-helix
regions (Figures 7h, A4, and C4) and decreases two [3-folded regions (Figures 7h, A4, and B4). The
secondary structure of the ndhD protein adds four a-helix regions (Figure 7j, C5, D5, E5, and F5),
reduces one a-helix region (Figure 7j, A5), and extends the F5 region «a helix region, adds three f3-
folded regions (Figure 7j, A5, B5, and E5), and reduces one {-folded region (Figure 7j, F5). The
secondary structure of rpoB protein was increased by two o helix regions (Figure 71, B6) and the 3
fold extension of the A6 region (Figure 71, A6).

The tertiary structures of the 16 proteins have been predicted the best model, diversified from
the variation of secondary structures influenced by RNA editing (Table 2). Regarding the three
proteins, ndhB, ndhD, and rpoB, we investigated their diverse tertiary structures due to the
numerous mutation sites identified during RNA editing through experimental verification. The best
models of tertiary structure for ndhB and ndhD proteins, before and after mutation, are closely
related to the proteins of POCC94.1.A (99.22%, Nandina domestica) and POCC99.1.A (98.43%,
Nicotiana tabacum); AOA6G7MZ33.1.A (100%, Chelidonium majus) and AQA6BI9PH19.1.A (91%,
Actaea biternata), while the three types of rpoB proteins are all similar to the temple protein of
8xzv.1.B (Table S515). 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 (Figure 8 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.
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Figure 8. Comparisons of tertiary structures in three proteins of the best model by RNA editing. (a)ndhB
(green) and ndhB mutation (pink) (b) 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.

2.9. Prediction and Identification of Open Reading Frame (ORF) and Transcription Factors (TFs)

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 much more than eight
variation sites, the number of ORFs within all of the analyzed genes are decreased through RNA
editing. On the contrary, the ORF length increases and becomes longer because of the short ORF
merging into the long bigger ORFs (Table 516) within these genes. For instance, the most number of
ORFs is 54 within rpoC2 protein before RNA editing, while that of reduces to 10 after RNA editing.
Similarly, in comparison within the rest 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 the verification of rpoB gene, the results of ORF prediction and experimental
verification only affected the extension of the position of the 8th ORF endpoint. Three more
nucleotides were added to the 8th ORF, and one more protein was expressed (Table 516). Therefore,
the length and position of ORFs may cause for the sequences that are not in the reading frame to be
included or excluded, or remove stop codons and extend protein translation.

(b)

e From To Length Frame  From To Length
1 1533 1533

+ 3315
o s 8 _ kil ; Gl
518 643 126 *l

1352 1471120 S| 1 1395 1395

1007 1114 108
1 84 84 9

864 o038 75 12

633 707 75 ¢

1458 1532 75

2 1071 na2 72 ")
I.]:l:-] 3 s 5 & DJ:I:I:‘
+ 647 75 69
+

809 874 66

&
3
g

048 986 39 I |

& & s s & o
| E W N W E E =
2 =

‘
b
SO ENENDEDENOEODEED
%
o
S
&

882 917 36 | | =

3 32 30 3

Figure 9. The number and length of ORFs within ndhB gene in the chloroplast genome of Chelidonium majus.(a)
Predicted ORFs before RNA editing (b) Predicted ORFs after RNA editing.

The transcription factors within 85 CDS genes in the chloroplast genome of C. majus were
performed by homology searches against PlantTFDB, which controls the synthesis of active
components, particularly secondary metabolism and regulation of gene expression. The results
showed that the five TF encoding transcripts existed in the five genes (rpoB, accD, petA, rps19, and
ndhD) in the CDS genes of C. majus chloroplast genome were identified and further classified into
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five different families (B3, C3H, GRAS, AP2, and bZIP) for the species of Brassica rapa, Vitis vinifera,
Medicago truncatula, Malus domestica, and Medicago truncatula as the reference genomes,
respectively (Table S17). Among the transcription factor families, the primary function of the B3 and
bZIP domains in transcription factors is to activate or inhibit the transcription and regulation of target
genes by binding to DNA sequences; C3H transcription factors, a kind of zinc finger (ZnF)
transcription factors, regulate gene expression by binding to the mRNA of genes; 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.

2.10. GO, KOG, and KEGG Pathway

The genes in the chloroplast genome of each plant play a crucial role in regulating biological
processes and pathways due to their unique sequence and position differences. 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 (Table S18 and
Figure S6). Especially the functions of these genes are mainly concentrated on translation, ribosomal
structure and biogenesis, energy production, and conversion (Table S19 and Figure S7). 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 (Table 520 and Figure S8).

3. Discussion

As a herbaceous plant of C. majus in the Papaveraceae family, it has bright yellow four petals
and yellow milk as its characteristics during the flowering and ripening season, as well as S.
lasiocarpum and Oreomecon radicata, but the diversified features of S. lasiocarpum have a blood-red sap,
4-7 flowers, and the leaves are broadly ovate; while the species of O. radicata grows in a limited area
and is a wild plant with yellowish-white or yellowish cup-shaped flowers to adequately absorb and
use sunlight through adapting to the cold Arctic environment. Although plants can be identified to a
certain extent through their appearance, it is still necessary to explore the reasons for the changes that
occur from the inside out in the growth and development of plants, driven by internal factors.

3.1. Significance of RNA Editing Occurring Within the CDS Genes in the Chloroplast Genome

Among the induced factors for plant mutations, RNA editing is a crucial post-transcriptional
gene processing and modification that produces different functional proteins in plant organelles, such
as mitochondria and chloroplasts, thereby affecting the function of plant organs and tissues and
influencing plant growth and development. In this study, six proteins encoded by chloroplast RNA
editing in C. majus were found in more than eight mutation sites. The performance and biochemical
function of the encoded proteins changed due to different structure-activity effects after mutation. As
a highly conserved protein kinase, matK plays a crucial role in intracellular signaling. More than 20
matK genes have been identified, which are distributed across plants with diverse characteristics. This
is because matK genes encode mature enzymes related to plant chloroplast class II intron splicing,
and their evolution rate is relatively fast. It is often used to study the phylogenetic profile of plants
and species identification. For example, the sequence data of the transcriptional spacer region (nrITS),
trnH-psbA, and matK in the nucleosome were comprehensively used to analyze the phylogenetic
relationships of associated plants, such as Bupleurum, within the Apiaceae family. It was found that
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the species of Bupleurum were divided into two main lineages, which should be classified into the
Bupleurum subgenera of Neves and Watson. The grades of the three species, including Bupleurum
parviflora, were also changed [26]. The antimalarial alkaloid quinine can usually be acquired from the
plants of Cinchona pubescens and Cinchona calisaya in Brazil. The two genes, matK, and rbcL, were
detected in the regions of these samples to distinguish and identify the 23 samples among the 28
collected bark samples [27]. In addition, all nine matK proteins had a conserved domain X functional
region, and there were three differential amino acids in this region, but the amino acid variation did
not cause changes in the molecular force of the corresponding amino acid residues [28]. Although
there are multiple amino acid variations in the secondary structure of proteins, these variations have
not led to the discovery or change of protein transmembrane segments and signal peptides, indicating
that the protein sequence is highly conserved in terms of both the evolutionary process and specific
functions. The plant chloroplast rpoC2 gene encodes a subunit of RNA polymerase, which is
responsible for transcribing approximately 80% of chloroplast genes and is a key enzyme in the
process of photosynthesis, essential for plant growth and development. Previous studies have shown
that the deletion-mutated rpoC2 gene interferes with chloroplast biogenesis and the development of
thylakoid membranes by downregulating the transcription of 28 chloroplast genes, resulting in the
yellow streaks of Clivia miniata variety, which suggests its role in plant hybrid breeding [29]. The
protein encoded by the ndh gene in plant chloroplasts is part of the NDH complex and plays a crucial
role in photosynthesis, primarily involved in the electron transport process of photosystem I (PSI).
For instance, in the case of the deletion of the quantitative trait locus gKW9 in maize, the C-U editing
of ndhB in maize chloroplasts was also significantly reduced, which reduced photosynthesis and led
to the reduction of maternal photosynthetic products in maize at the grain-filling stage[30].
Compared with the comparative verification results of chloroplast RNA editing of A. tauschii, it was
found that the chloroplast of C. majus also had two more transmembrane protein structures between
amino acids 200~300 [12]. It was also predicted to have two more transmembrane protein structures
than the chloroplast RNA editing of A. tauschii before and after amino acids 100 and 500. The ndhD
and ndhF genes are mainly involved in the complex NDH and electron transport processes in the
photosynthetic electron transport chain, and the complex NDH-mediated CEF1 plays a positive role
in improving the salt tolerance of soybeans [31]. The protein encoded by the chloroplast rpoB gene is
the 3 subunit of RNA polymerase (RpoB), which recognizes promoters, binds nucleotides, and
catalyzes the synthesis of RNA strands. It was reported that OsPPR16 was responsible for a single
editing event at position 545 of chloroplast rpoB messenger RNA (mRNA), resulting in the change of
amino acids in the PEPP subunit from serine to leucine. The knockout of OsPPR16 resulted in
impaired RpoB accumulation, decreased PEP-dependent gene expression, and an early phenotype
characterized by pallor, which affected normal plant development [32]. The rpoB protein identified
in this study contains a ricin-type Trifolium lectin domain [33] that may play a role in cytotoxicity,
cell recognition, and signaling. This domain can be utilized in cell biology research and drug
development to explore cell recognition and signaling mechanisms.

Different software for predicting the transmembrane region of proteins yielded different results,
and the accuracy of the methods for predicting protein topology in the study varied [34]. Therefore,
it is necessary to combine various methods to verify the effects of RNA editing before and after
editing. From the results of ORF predication in the cp genome of C. majus, the significance of RNA
editing cannot be ignored. After RNA editing, the longer open reading frames (ORFs) are more likely
to encode complete proteins, which can help better understand the expression regulation mechanism
of genes, and this is of great significance in the study of gene expression and protein function. The
identified TFs differ from those in the transcriptome of leaves in C. majus, which will facilitate the
further development and verification of their functions and distinctive significance.

3.2. RNA Editing of Chloroplast Genes Influenced the Alkaloid Chemicals

Alkaloids are a large class of secondary metabolites produced by plants to adapt to their long-
term ecological environment, and they play an active role in regulating the functions of organisms
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and facilitating ecological adaptation. Alkaloids are synthesized and stored in specific tissues, organs,
and cell types. During different developmental stages of plants, they may be transported, converted,
accumulated, and metabolized in various tissues [35]. Many alkaloids are found in the leaves of
plants. From a subcellular structure perspective, alkaloids may be synthesized in organelles such as
chloroplasts. For example, the alkaloids of vindoline and catharanthine found in Vinca rosea are
primarily distributed in the tender leaves [36]. Research has shown that these compounds are mainly
synthesized and metabolized in this area, and the synthesis process is light-induced [37]. The
quinolizidine synthase and its precursor, lysine (lysine decarboxylase and 17-oxosparteine synthase),
are present in chloroplasts [38,39]. The activity and formation of alkaloid synthase are regulated by
light and accumulate in the leaves to synthesize alkaloids. Alkaloids are found in all parts of tobacco,
with the highest content in leaves [40]. Therefore, genes in the chloroplast genome play a crucial role
in the synthesis and utilization of alkaloids. Previous research has shown that the genes encoding
ndhA and ndhB catalyze the oxidation of nicotine to 6-hydroxy-nicotine in a novel degradation
pathway for the alkaloid nicotine [41]. Moreover, chloroplasts can also be utilized in genetic
transformation and other gene engineering techniques, offering advantages such as efficient
expression of foreign genes, precise integration, no position effect, and genetic stability [42]. The
technology has been successfully applied to a variety of plants, including A. thaliana, potato, tomato,
rice, and carrot. Thus, through chloroplast-based gene editing technologies, including RNA editing,
various issues can be addressed, such as the transformation and expression of chemical components,
as well as the sterility of regenerated plants [43]. The interaction between chloroplast genes and
chemical components is also bidirectional. The study reported that benzylisoquinoline alkaloids
could inhibit photosynthetic metabolism by downregulating ndhF expression during the dark-light
transition (DLT) [44].

Materials and Methods
4.1. Plant Photo and Materials

Three photographs of the original plant of C. majus were bought from the China Plant Image
Library (https://ppbc.iplant.cn/) of Botanical Intelligence. After that, the fresh plant and photo were
collected and taken in the Zuojia Town, Changyi District, Jilin City, Jilin Province (44.054°N,
126.108°E, 2166889875@qq.com). 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 species. The fresh leaves of the three C. majus plantlets were collected,
rinsed with RO water in a pot, dried the surface with absorbent paper, and ground in liquid nitrogen
for the experiments of PCR and RT-PCR technology. The samples and specimens were stored at the
Qinghai-Tibetan Plateau Museum of Biology in the Xining Botanical Garden of Qinghai Province,
with voucher numbers DQbqc2025-1, DQbqc2025-2, and DQbqc2025-3.

4.2. Sources of Chloroplast Genomes

The chloroplast genome reference sequences of Chelidonium majus, A. thaliana, G. gandavensis,
and A. tauschii are downloaded from NCBI with the serial numbers MN518846.1, NC_000932.1,
0Q351928.1, and KJ614412.1.

4.3. Prediction of RNA Editing Sites and Protein Variation

Through the PREPACT [45] computational tools online platform for RNA editing, prediction,
and analysis calculation of plants (http://www.prepact.de/prepact-main.php), using chloroplast
genome of A. thaliana as the reference genome, RNA editing sites and protein variation were
compared and predicted by BLASTX alignment within the plant chloroplast genomes of C. majus, G.
gandavensis, and A. tauschii. The RNA editing sites, specifically from base C to U and reverse U to C,
were predicted and statistically analyzed through the calculated parameters: E-value > 0.001 and a
result extension and filtration threshold of 2 amino acids (30%).
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4.4. Protein Feature and Structure, RNA Structure, and Functional Changes

The CPGAVAS?2 [46] online platform was used to annotate and extract the original sequence of
the encoded protein in the chloroplast genome of the research species of proteins were predicted
through . The physicochemical properties, secondary structures, conserved domains, signal peptides,
transmembrane topology, and tertiary structures of proteins were predicated by the server platforms
of Expasy (https://web.expasy.org/protparam/) [47], CFSSP (https://cfpred.sourceforge.net/)[48],
NCBI conserved domain database (CDD, https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)
[49] , SignalP 6.0 (https://services.healthtech.dtu.dk/services/SignalP-6.0/) [50], DeepTMHMM
(v.1.0.13) (https://services.healthtech.dtu.dk/services/DeepTMHMM-1.0/) [51], and SWISS-MODEL
(https://swissmodel.expasy.org/) [52]. The bound membrane proteins of chloroplast CDS genes
before and after chloroplast RNA editing were analyzed by using diverse platforms of TOPCONS,
OCTOPUS ., PHILIUS. PolyPhobius. SCAMPI, and SPOCTOPUS (https://topcons.net/pred/,
https://phobius.sbc.su.se/index.html) [53,54]. The protein mutations resulting from three pairs of
RNA editing were compared and visualized using PyMOL software.

4.5. Validation of RNA Editing by Using PCR and RT-PCR Experiment

Total genomic DNA and RNA of C. majus were solely extracted from fresh young leaves of three
plantlets by using SteadyPure Plant Genomic DNA Extraction Kit (CTAB) and RNA Extraction Kit
(Vazyme, Nanjing, China). The cDNA Synthesis from RNA solution was performed using the
Reverse transcription kit (PrimeScript IV 1st strand cDNA Synthesis Mix) with the Following Reverse
transcription PCR reaction conditions: 30.0°C, 10 s; 42.0°C, 20 s; 70.0°C, 15 s; and stored at 4.0°C
indefinitely. The purity of DNA, RNA, cDNA, and amplification products were detected by 1.0%
agarose gel electrophoresis stained with ethidium bromide alongside a 100 bp ladder (Vazyme,
Nanjing, China) by using the DNA marker as the reference (Vazyme, Nanjing, China). The
concentrations of DNA, RNA, and cDNA were determined using a Nanodrop spectrophotometer
2000 (Thermo Fisher Scientific, Waltham, MA, USA). The primer pairs for PCR amplification were
designed using BioXM software (v 2.7.1), and the cloning fragments of the target sequences were
performed using forward and reverse primers (Table 513). The PCR mixture consisted of 25.0 puL
PowerPol 2x PCR Mix with Dye V2, 0.5 pL template DNA or cDNA, 1.0 pL forward primer and
reverse primer, and ddH2O to a total volume of 50 pL. The PCR program consisted of a
predenaturation step (98°C, 3 min), followed by 30 cycles of denaturation (98°C, 10 sec), primer
annealing (60°C, 30 sec) and extension (72°C, 1 min), followed by a final extension step (72°C, 5 min).
The amplification products were saved 4°C. A negative control (Milli-Q water in place of the DNA
template) was included in each PCR to ensure there was no contamination. The presence of
amplification products was confirmed by analyzing 5.0 uL of the PCR product with agarose gel
electrophoresis and staining with ethidium bromide. The DNA amplification for sequence analysis
positions was sequenced through the platform (www.generalbiol.com) on the ABI Prism 3730
Genetic Analyzer (Applied Biosystems, USA) by at least one forward and one reverse sequence read
using the primers given (Table S12). The peak graph and sequence comparison were analyzed
separately using Chromas and BioXM software.

4.6. Analysis of ORF and Transcription Factor

The nucleotide sequences of six mutation proteins with more RNA editing sites in the
chloropalst genomes of C. majus were translated by the EMBOSS Backtranseq server
(https://www.ebi.ac.uk/jdispatcher/st/emboss_backtranseq) [55]. Moreover, the open reading frames
(ORFs) of the seven genes before and after the mutation were predicted through the ORF finder
within the NCBI database (https://www.ncbi.nlm.nih.gov/orffinder/) [56] by using the Standard
genetic code and Blast Database (UniProtKB/Swiss-Prot(SwissProt) [57]. The heatmap comparison of
ORF mutation by each gene was visualized by using the Weishengxin online platform
(https://www .bioinformatics.com.cn) and Adobe Photoshop (Adobe Systems, San Jose, Calif)). The
identification of transcription factors in the chloroplast genome of C. majus was predicted using the
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CDS sequences through the PlantTFDB database (https://planttfdb.gao-lab.org/) [58], which links to
the A. thaliana database.

4.7. GO, KOG, and KEGG Analysis

The annotations and classification of Gene Ontology (GO) [59], Eukaryotic Orthologous Groups
of protein (KOG) [60], and Kyoto Encyclopedia of Genes and Genomes (KEGG) [61] were treated,
visualized, and analyzed by using Genepioneer information platform
(http://cloud.genepioneer.com:9929/), KEGG  database (https://www.kegg.jp/kegg/), and
Weishengxin online platform (https://www .bioinformatics.com.cn).

5. Conclusions

RNA editing has a significant impact on the functional and performance differences of proteins.
The mechanism of protein functional variations needs to be continuously discovered through RNA
editing, as it will play a non-negligible role in the synthesis and metabolism of chemicals, plant
breeding, and systematic evolution in the species of C. majus from the Papaveraceae family.

Supplemental materials: Supplementary materials(Figures S1-S8 and Table S1-520) can be downloaded at:
figshare. Dataset. https://doi.org/10.6084/m9.figshare.29161274.
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