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Abstract

Eomecon chionantha Hance (EC) is a unique species in China with high medicinal value. Ethnic minorities in China, such as the
Miao and Tujia ethnic groups, have a long history of using blood herbs for treatment, and EC has been used for this purpose for
centuries. However, despite its long history of use, we have no knowledge of the chloroplast genome of EC Therefore, this study
reports EC's complete chloroplast genome information to better develop and protect this unique plant species in China. The
complete chloroplast genomic information indicates that £C's chloroplast DNA (CPDNA) (178,808 bp) contains 99 protein-coding
genes, including 8 rRNAs, 37 tRNAs. We have discovered 54 SSRs, most of which are single nucleotide adenine-thymidine (A-T)
repeats. Comparative analysis of codons, repeats, and genomic sequences have found that the CPDNA of ECis highly conserved.
According to our phylogenetic tree results, ECis closely related to four species. Through K2-P analysis, we have identified five
hypervariable regions, including ycfAd-cemA, ycf3-trnS-GGA, trnC-GCA-petN, rp/32-trnL-UAG, and psbl-trnS-UGA. In summary, this
study has reported, for the first time, the complete chloroplast genome of the unique single genus plant ECin China. This provides
a more scientific basis for further development and utilization of this species and is conducive to an in-depth understanding of
plant species diversity from a genomic perspective.

1. Introduction

Eomecon chionantha Hance (EC) (GenBank 0Q737801)is a perennial herb of the poppy family, unique to China as the only species
in Eomecon genus. In ethnic minorities such as the Tujia and Miao nationalities in China, ECis commonly used as a whole herb
medicine, with therapeutic effects for throat swelling and pain, traumatic injuries, and hemostasis, as well as insecticidal
properties(Lu et al. 2020). Modern pharmacological studies have found that ECis rich in alkaloids, triterpenes, and lipids, which
have anti-inflammatory, antibacterial, enzyme-inhibitory, and anticancer effects. EC grows at an altitude of 1,400-1,800m and is
widely distributed in southern China, including Guangxi, Sichuan, Guizhou, and other regions(Peng et al. 2011; Yang et al. 2023c;
Yang et al. 2023d).

The chloroplast (CP) is an essential organelle for green plants and plays a crucial role in photosynthesis. Research into the
complete CP genome of cyanobacteria and Arabidopsis indicates that plant CPs originated from cyanobacteria via endo
symbiogenesis(Raven and Allen 2003). CPDNA is usually double-stranded in higher plants, although recent studies have found
that a portion of the CPDNA is circular. CPDNA comprises four typical regions: two inverted repeats (IRA and IRB) separated by a
large and small single-copy region (LSC and SSC)(Boltenkov and Artyukova 2023; Wonok et al. 2023; Yang et al. 20233; Yang et al.
2023b). An in-depth understanding of the CP genome can aid in comprehending and safeguarding valuable medicinal plants.
Variations in the sequence and structure of CP genomes indicate significant differences among the species. The research of the
genus level can help us better understand each plant's role in phylogeny. The variation in CP gene sequences provides substantial
evidence for understanding the relationship between different species(Ahmed et al. 2021; Bhaskar et al. 2021; Habib et al. 2021;
Toshino et al. 2022).

We sequenced, assembled, and annotated the complete CP genome in order to gain a deeper understanding of this Chinese
endemic species of plant, EC By conducting sequence difference analysis, repeat analysis, and codon analysis, we identified the
genomic connections and differences between this genus and related species. This study enriches plant genome research,
provides a more comprehensive reference for analyzing plant diversity, and fills the gap in the CP genome of EC.

2. Materials and methods
2.1 Plant material and DNA extraction

The EC samples were collected from Leigong Mountain(26°37' N, 108°15'E), Guizhou Province, China. It was identified by Huang
Linfang, a researcher at the Institute of Medicinal Plants, Chinese Academy of Medical Sciences, as EC and stored in an ultra-low
temperature freezer (-80 °C). The CTAB method extracts total DNA from the EC (Arseneau et al. 2017).

2.2 Sequencing, assembly and annotation
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Genomic DNA sequencing was carried out using the lllumina Hiseq 2500 platform (Novogene Technologies, Inc., Beijing, China).
We selected NOVOPIasty v.3.8.3 to assemble high-quality reads(Chen et al. 2022a; Chen et al. 2022b; Giorgashvili et al. 2022;
Godeiro and Zhang 2021), annotated the genome using CpGAVAS2(Miao et al. 2022; Shi et al. 2019), and finally drew the genome
map with OGDRAW.

2.3 Codon Usage and Repeat Sequences

The ECfasta file and the Codon W1.4.2 program were in the same folder, obtain the usage frequency of the codon through Codon
W1.4.2 and output the usage of the codon based on the RSCU value in the form of a picture through Rstudio(Bi et al. 2023). The
RSCU value serves as a measure of the disparity between observed and expected usage of codons. A value of RSCU greater than 1
suggests that the frequency of codon usage exceeds the predicted level(Desingu et al. 2022; Li et al. 2023b; Tang et al. 2022; Wang
et al. 2023b). VMATCH was used to find dispersed repeat sequences, and PREPuter was used to predict the four kinds of repeat
sequences: the forward (F), palindromic (P), reverse (R), and complement (C).

2.4 Genome comparison

The gb files were imported to the IRscope(https://irscope.shinyapps.io/irapp/), downloaded from NCBI, of the 15 most closely
related species based on the maximum likelihood tree (ML) results constructed from phylogenetic relationships(Kamra et al. 2023;
Shi et al. 2023; Xiao et al. 2022; Xie et al. 2023), Analyzed the quadripartite junction sites of chloroplast genes and obtain a
comparison.(Amiryousefi et al. 2018; Zheng et al. 2020).

Since ECis an endemic plant of a single genus and single species endemic to China, four species were selected for plastid
comparative analysis with ECin order to explore the differences between EC and the genomes of neighboring species according to
the results of phylogenetic analysis (Macleaya microcarpa, Coreanomecon hylomeconoides, Hylomecon japonica, Chelidonium
majus), five species fasta files were imported into Mega11 and then aligned using MAFFT, available at
https://mafft.cbrc.jp/alignment/server/index.html. The resulting alignment file was imported into DNAsp5.0 (set the parameters
Window Length to 600 sites, Step size to 200 sites)(Celik et al. 2022; Jin et al. 2023; Wang et al. 2022; Yang et al. 2022).

2.5 Phylogenetic analysis and intergenic spacer regions (IGS) analysis

In order to better understand the phylogenetic process of EC, we selected all species of the poppy family. Nigella
damascene(NC041537) is an outgroup that reconstructs a phylogenetic tree. Except for EC, information for other species was
downloaded from NCBI. After extracting 80 CDSs, they were aligned and linked with Phylsuite and MAFFT (v 7.450). The maximum
likelihood (ML) method of RAXML v8.2.8 was utilized to construct a phylogenetic tree, with 1,000 bootstrap analyses
performed(Zhang et al. 2023).

The intergenic spacer regions (IGS) in these species were analyzed by calculating pairwise distances using the Kimura two-
parameter (K2-p) model, which was included in the EMBOSS 6.5.7 package.

2.6 Non-synonymous (Ka) and synonymous (Ks) substitution rate analysis

To investigate the evolution of protein-coding genes in five species, we used PhyloSuite to extract a total of 80 protein genes. We
processed these genes through paml4.9 to obtain the Ka/Ks value for each protein (Kuang et al. 2022; Li et al. 2022; Pavan-Kumar
et al. 2022). We then displayed these values in the form of a box graph using Rstudio. Finally, we ranked the proteins by their
Ka/Ks value and displayed the top-ranked proteins.

3. Restlts
3.1 The chloroplast genomes features of EC.

After the chloroplast sequencing, assembly, and annotation, we obtained complete information about the chloroplast of EC. The
total length of the CPDNA of ECis 178,808 bp. The CP region of a plant is generally divided into four parts. The LSC of ECis the
longest, with a length of 88,300 bp. The SSC region is the shortest, with a length of 148 bp(Fig. 1). The IRa and IRb regions are
45,180 bp in length.
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The cp genome of EC contains 99 protein-coding genes (PCG), 37 transfer RNA (tRNA) genes, and 8 ribosomal RNA (rRNA) genes.
Among them, 4 rRNAs(rm16s, rm23s, rrn4.5s, and rmb5s), 6 tRNAs (tmL-CAA, trV-GAC, trnA-UGC, trnR-ACG, trnN-GUU, trnlL-UAG),
and 19 encoding-proteins (ndhA, ndhB, ndhD, ndhE, ndhF, ndhG, ndhH, ndhl, psaC, rpl2, pR23, rpl32, rps15, rps7, ccsA, yefl, ycf15,
ycf2) contain two repeating units, the tRNA (#rnE-UUC) contains three repeating units, and trnM-CAU contains four repeating units
(Table 2). For introns and exons of genes, 21 genes contain an intron, including 7 tRNAs (trnK-UUU, trnS-CGA, trnL-UAA, trnE-
UUCx2 trnA-UGCx2) and 14 protein-coding genes (rps16, atpF, rpoC1, petB, petD, rpoA, o6, rpl22, rpf2x2 ndhBx2. ndhAx2), one
protein-coding gene (ycf3) contain two introns.

Table 1
Starting and ending sites of the EC cp genome
Species Name Start(bp) End(bp)
Eomecon chionantha IR 88,301 133,480
Eomecon chionantha IR 133,629 178,808

Eomecon chionantha  SSC 133,481 133,628
Eomecon chionantha LSC 1 88,300
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Table 2
Gene composition of EC chloroplast genome

Category of
genes

RNA

photosynthesis

Self replication

Other genes

Unkown

Group of genes

rRNA
tRNA

Subunits of
ATP synthase

Subunits of
photosystem I

Subunits of
NADH-
dehydrogenase

Subunits of
cytochrome
b/f complex

Subunits of
photosystem |

Subunit of
rubisco

Large subunit
of ribosome

DNA
dependent
RNA
polymerase

Small subunit
of ribosome

Subunit of
Acetyl-CoA-
carboxylase

ctype
cytochrom
synthesis gene

Envelop
membrane
protein
Protease

Translational
initiation factor

Maturase
Conserved

open reading
frames

Name of genes

1 6sx2,rrn23sx2,rm4.5sx2,rmm5sx2

trnH-GUG, trnK-UUU, trnQ-UUG, trnS-GCU, trnS-CGA, trnR-UCU, trnC-GCA, trnD-GUC, trn Y-GUA,
trnTGGU,trnSUGA, trnG-GCC, trnS-GGA, trn TUGU, trnL-UAA, trn F-GAA, trn W-CCA, trnPUGG,
trnL-CAAx2,trnV-GACx2,trnAUGCx2,trnR-ACG x2,trnN-GUUx2,trnL UAG x2, trnEUUCx3,
trnM-CAU x4

atpA, atpB, atpE, atpF, atpH, atpl

psbA, psbB, psbC, psbD, psbE, psbF, psbl, psbJ, psbK, psbL, psbM, psbN, psbT, psbZ, ycf3

ndhAx2, ndhBx2, ndhC, ndhDx2, ndhEx2, ndhFx2, ndhGx2, ndhHx2, ndhlx2, ndhJ, ndhK

petA, petB, petD, petG, petl, petN

psaA, psaB, psaCx2, psal, psaJ

rbeL

N4, oph6, m2x2, R0, 22, mi23x2, l32x2, rpl33, pl36

oA, rpoB, poC1, rpoC2

ps11, ps12x2, ps14, rps15x2, ps16, ps18, rps19, rps2, rps3, rpsa, s7x2, ms8

accDh

CcCSAx2

cemA

clpP
infA

matK

ycf1x2, ycf15x2, ycf2x2, ycfa
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Table 3
Genes with intron in the EC chloroplast genome and length of exons and introns.

Gene
trnK-UUU
ps16
trnS-CGA
atpF
poC1
yef3
trnL-UAA
petB
petD
poA
mhé
pl22
pl2
ndhB
trnE-UUC
trnA-UGC
ndhA
ndhA
trnA-UGC
trnE-UUC
ndhB

ol

Strand  Start

+

+

1,932
5,620
10,755
13,432
22,693
45,437
50,394
78,844
80,468
81,916
85,248
87,456
88,439
98,609
106,423
107,499
120,586
144,426
158,737
159,675
166,268
177,190

End
4,471
6,624
11,522
14,728
25,507
47,386
50,984
80,274
81,692
82,981
86,652
88,034
89,919
100,841
107,434
108,372
122,683
146,523
159,610
160,686
168,500
178,670

Exonl
37
40

31
145
453
124
35

939

431
385
775
32
37
553
553
37
32
775
385

Intronl
2,468
840
675
742
754
690
506
783
721
40
997
57
662
700
940
801
1,006
1,006
801
940
700
662

Exonll
35
225
62
410
1,608
230
50
642
496
87
399
91
434
758
40
36
539
539
36
40
758
434

Intronll

753

Exonll

153

3.2 Repetitive sequence and codon usage analysis

By studying the CP genome of EC, it was revealed that a total of 54 SSRs were detected. Out of these SSRs, only one was a
dinucleotide and trinucleotide, while the largest number was a single nucleotide (A/T)(Luo et al. 2023; Nemati et al. 2023; Pei et al.
2023; Savoia et al. 2023). Repeat sequences were detected, and it was found that £Chad only three types of repeat sequences:
Palindromic (P), Forward (F), and Reverse (R). No Complex (C) sequences were detected. The number of repetitions for each repeat
sequence type was as follows: Forward (F) had the highest number of repetitions with 25, followed by Palindromic (P) with 24, and
Reverse (R) with the lowest at 7(Fig. 2).

Based on codonW's processing of ECfiles, we obtained the codon usage times and RSCU values for 20 amino acids in EC. In order
to better describe the ratio of actual and expected codon usage(Fig. 3), we selected the RSCU value to study and describe the
usage pattern of 20 amino acids. If the RSCU value is greater than 1, the frequency of a specific codon is higher than that of other
synonymous codons, and the frequency of codons is higher than expected. Through analysis of the use of the RSCU value of the
EC (Li et al. 2023b; Tang et al. 2022; Zhang et al. 2022b), it was found that in the cp genome, there are three amino acids with the
highest RSCU value of 6, namely Leu, Ser, and Arg, and each of the three amino acids contains six codons. In Leu, there are three
codons with RSCU > 1, namely UUA, UUG, and CUU; In Ser, there are also three codons with RSCU > 1, namely UCU, UCC, and UCA; In
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Arg, there are four codons with RSCU > 1, namely AGA, AGG, GGA, and GGG. We found that the EC contains 59,602 common
codons encoding protein genes, with the top three appearing times being Phe-UUU (2,300), Lys-AAA (2,179), and Asn-AAU (2,109).

3.3 Nucleotide polymorphism

We studied nucleotide polymorphisms between EC and different genera. To do this, we aligned the sequences of five species using
the MAFFT website and exported them in Fas format. Next, we imported the output file into DnaSP v5.0 for nucleotide
polymorphism analysis(Fig. 4). Our analysis revealed that the genetic sequence of ECis relatively conserved, with only two loci
showing a Pi>0.1(Wonok et al. 2023). These loci correspond to the regions of psbN-petB and ndhH-ndhD, respectively.
Additionally, we used the online platform mVISTA to compare the sequences of the five species(Li et al. 2021; Liu et al. 2022; Wu et
al. 2022). By using EC as a reference, we identified a highly specific sequence between 115K-134K that did not match any of the
neighboring species(Supplement Fig. 1).

3.4 Inverted repeats contraction and expansion

Studying the variation in the IR region can be useful in elucidating the phylogenetic relationships between species, as the
contraction and expansion of the inverted repeat (IR) can alter the length of the CPDNA(Yang et al. 2023b).

ECis a species that belongs to the genus Eomecon and is found only in China. In order to investigate its genetic relationships with
other species, we conducted a study of the cp genome(Fig. 5). We selected 15 other species based on phylogenetic clustering and
analyzed them together with EC. Using IR analysis, we compared the genomes of EC and its neighboring species in four regions of
the genome: the large single copy (LSC) and inverted repeat (IR) regions, as well as the junctions between them (JLB, JSB, JSA,
and JLA). Our results showed that £C shares some similarities with other species in the LSC and IRb regions, including the
presence of genes such as rpl22, rpf2, and rps19 at the JLB locus. However, we also found differences between £C and its
neighbors, particularly in the IRa region, where genes such as trnH, psbA, and rpl2 were present. Interestingly, we observed that the
length of the SSC region was significantly shorter in all four regions of the genome, at 148 bp. Further analysis revealed that this
was due to an expansion of the IR region, which caused multiple copies of genes to be inserted into the SSC region, leading to its
contraction. This finding sheds new light on the evolution of the chloroplast genome in this region and provides a potential
explanation for the unique features of EC's genome.

3.5 Phylogenetic analysis

PhyloSuite was used to extract proteins from 31 species and establish a maximum likelihood tree (ML)(Yi et al. 2023). ECis an
endemic species of a single genus and a single species unique to China, so on the ML tree, ECis grouped into a single category(Li
et al. 2023a; Wang et al. 2023a). Although ECis a separate category within the poppy family, it is closely related to four species
(Macleaya microcarpa, Coreanomecon haloconoids, Hylomecon japonica, Chelidonium majus). All nodes have high boot
support(Fig. 6).

3.6 Kimura's two-parameter (K2-P) analysis

We chose five species for the k2-p model based on phylogenetic analysis, which revealed that the genus Eomecon is closely related
to four other genera(Fig. 7). Highly variable regions were utilized to distinguish species with close phylogenetic
relationships(Toshino et al. 2022). Analysis of the genetic distance of the five selected species identified potential molecular
markers in certain regions. From screening 82 intergenic regions in the five species using the K2-p model, we identified five gene
regions (ycfd-cemA, ycf3-trnS-GGA, trnC-GCA-petN, rpl32-trnL-UAG, and psbl-trnS-UGA) with the highest genetic distance. These
regions can serve as potential markers for future molecular marker development.

3.7 Selective pressures analysis

Changes in the DNA sequence are influenced by natural selection and can be assessed by the ratio of non-synonymous (amino
acid substitution, Ka) to synonymous (Ks) substitutions (Ka/Ks)(Zhang et al. 2022a)(Fig. 8). A Ka/Ks value of less than 1
indicates a high synonymous substitution rate, suggesting that the amino acid at this site remains unchanged and the probability
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of mutation in this fragment is low. Conversely, a Ka/Ks value of greater than 1 suggests a high rate of non-synonymous
substitution, indicating changes in amino acids and a higher possibility of mutation in this fragment. In this study, most of the
Ka/Ks values obtained were less than 1, implying that synonymous nucleotide substitution is more common in the protein-coding
region during natural selection. Out of the 80 protein-coding genes examined, only ¢clpP, psbK, and ycf2 had a Ka/Ks value greater
than 1, indicating that these three genes have the highest non-synonymous substitution and are under positive selection
pressure(Lin et al. 2023). Mutations in these sites may lead to the future accelerated development of this species.

4. Discussion

Papaveraceae plants have high ornamental value, with a global distribution of 38 genera and over 700 species, mainly distributed
in the northern temperate zone and in West Asia, Central Asia, East Asia, and other regions.

In this research, we focused on EC, a unique plant species in China. We sequenced, assembled, and annotated £C CP data and
downloaded complete plastid data from NCBI for 30 species. We aligned them through the MAFFT website and conducted in-depth
research on the sequencing results using various software and models such as cpjavas2, mega11, DNAspv5.0 and so on. The
genetic differences, high variation regions, variation sites, and phylogenetic relationships of £EC were analyzed. The results showed
that the plastid size of ECwas 178,808 bp, with a typical tetrad structure of angiosperms.

In SSR testing, we found that among the 54 SSRs of EC, most of them are single nucleotides (A/T). Most of the SSRs are located
in non-coding genes, and few are located in protein-coding genes. The CP structure of ECis the same as ordinary green plants,
divided into four partitions (LSC, SSC, IRa, and IRb). The length of the LSC region is the longest of the four partitions, and due to
the expansion of the IR region, the original gene on the SSC has multiple copies, resulting in extremely short SSCs and long IR The
CP genome size of species from the same part or genus is extremely uniform, but ECis unique to China and belongs to a single
genus and single species, giving the CP genome of EC its own unique characteristics.

IGS and nucleotide polymorphism analysis have provided us with a study of regions and sites with high variability potential in EC.
Using the K-2p model, we selected five regions with high variability, which can provide a reference for future molecular markers and
species identification. The analysis of nucleotide polymorphisms has helped us gain a deeper understanding of the possible
selection pressures in the EC protein genome, providing a prediction of the future direction of EC species and aiding in our
understanding of this unique plant species in China.

5. Conclusion

In order to deeply understand the CP structure of £C, an endemic plant in China, we sequenced, assembled, and annotated the
complete chloroplasts of ECand reported the genetic characteristics of the Eomecon species in this study. We have discovered the
connections and differences between this particular plant and its neighboring genera through various analyses. The expansion of
ECs IR region leads to multiple copies of genes on SSC. Therefore, the longer IR and the shorter SSC regions of EC are unique
characteristics of EC. We identified areas and sites that may have high variability in the CPDNA of EC through high variation
analysis, mVISTA, and IGS analysis, providing reference markers for future molecular recognition and phylogenetic research. This
study is the first to report the complete CP genome of a single genus and single species, EC, endemic to China, providing more data
for the study of species in the poppy family. Through the structural analysis of the chloroplast of EC, we gained an in-depth
understanding of the characteristics of the Eomecon species, which is of great significance for future research on the evolution
and variation of the Eomecon species.
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Figure 1

Chloroplast Genome Map of EC The genes located outside the circle undergo transcription in a counterclockwise direction, whereas
those inside the circle are transcribed in a clockwise direction. Additionally, the colored bars indicate various functional groups.
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Detection of repetitive sequences and SSRs in the CP genome of EC a: Types and numbers of interspersed repeat sequences in EC
b: Types and quantities of SSRs in EC.
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Codon content and stop codon of 20 amino acids in protein-coding genes.
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Nucleotide polymorphism distribution of EC.
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Figure 5
The borders of the IR, SSC, and LSC regions were compared among 16 chloroplast genomes. The JLB indicates the junction of

LSC and IRb, JSB denotes the junction of SSC and IRb, JSA represents the junction of SSC and IRa, and JLA signifies the junction
of LSC and IRa.
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Figure 6

A phylogenetic analysis was performed, and a maximum likelihood tree (ML) was constructed using 31 species of Papaveraceae.
Nigella damascena was selected as an outgroup, and all nodes in the tree exhibited high bootstrap support.
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