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Abstract
The Taihangia is a native endangered cliff species that grows in the Taihang Mountains in China. The cp genomes
with a whole length of 155,558 bp and 155,479 bp for Taihangia rupestris and Taihangia rupestris var. rupestris.
They have 131 genes in total, covering 79 protein-coding genes, 29 tRNA, and 4 rRNA. Analyses of codon usage,
RNA-editing sites, repeat sequences, and comparison of cp genomes showed a high degree of conservation.
Phylogenetic analysis indicated that the Taihangia are closed to the Geum. Taihangia genus was inferred to have
originated at 0.2057 Mya, and Geum rupestre was inferred to have originated at 1.4431 Mya. Overall, the gene
contents, gene arrangements, the types, and frequency of codon usage, repeat sequences, and SSRs are similar and
highly conserved in the species of T. rupestris and T. rupestris var. ciliate. It is found that based on bioprospecting, T.
rupestris and T. rupestris var. rupestris are potential medicinal resources. This study provides a scienti�c basis for
the conservation and sustainable use of endangered medicinal resources..

1. Background
Taihangia genus, is an endangered and endemic genus of the Taihang Mountains, China [1, 2]. According to the
shape and base of the leaf, the type of serrated edge, the margin, and the presence or absence of hair on the petiole,
Taihangia genus was divided into two subspecies, namely Taihangia rupestris Yu et Li and Taihangia rupestris var.
rupestris Yu and Li [3, 4]. T. rupestris and T. rupestris var. rupestris is now at risk of extinction in the wild and has
been classi�ed as a national second-class protected plant in China. These species are often rooted in small cracks
in the surface of cliffs at an altitude of 600 to 1500 m above sea level, especially on U-shaped vertical cliffs, which
cannot accept direct sunlight [5–7]. T. rupestris is also a valuable medicinal plant whose leaves are rich in
�avonoids and are commonly used to treat tinea [8]. Our previous study [9] only reported that the neighbor-joining
tree based on the psbA-trnH sequence can discriminate the two subspecies of T. rupestris, and T. rupestris var.
rupestris. The cp genomes of T. rupestris and T. rupestris var. rupestris are used to further search for molecular
markers, reconstruct phylogeny, and also provide theoretical basis for bioprospecting.

Chloroplasts are the key organelles of green plants, which participate in the process of photosynthesis and provide
plants with the necessary energy [10]. The chloroplast genome (plastome) is a double-stranded molecule of 115 to
165 kb in most plants [11]. The chloroplast genome is usually a tetrad in structure, containing a single large copy
(LSC) and a single small copy (SSC) separated by a pair of the reverse repeat (IR) [12, 13]. Genome organization, it is
content and gene structure are highly conservative [14]. Because of its conservatism, cp genome content is widely
used by researchers as a tool to study phylogenetic relationships and genome research [15].

We analyzed the chloroplast genome characteristics of Taihangia cp genomes, conducted a comparative analysis
between the 2 cp genomes. This study aimed to phylogenetically reconstruct order Taihangia and determine the
taxonomic scheme, and further the current understanding of the evolution of the Taihangia genus.

2. Materials And Methods

2.1 Plant material and DNA extraction
Tender leaves were collected from adult T. rupestris and T. rupestris var. ciliate located in China (Guoliang Village,
Xinxiang City, Henan Province, 35°43' N, 113°36'E). Two newly sequenced species were sampled with the permission
of the Forestry Bureau of Wu'an City, Henan Province and the Chinese Academy of Medical Science & Peking Union
Medicinal College. The samples were identi�ed by Professor Yulin Lin, whose voucher specimens are CMPB13401
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and CMPB13402 deposited in the Herbarium of the Chinese Academy of Medical Science & Peking Union Medicinal
College. Tender leaves were sampled and frozen by nitrogen, transferred to the lab by drikold, and stored in an ultra-
cold storage freezer (-80℃) for the usage of DNA extraction. CTAB method was performed to extract total genomic
DNA from young leaves [16].

2.2 Library construction, sequencing, assembly, and annotation
The Illumina Hiseq 2500 platform (Novogene Technologies, Inc., Beijing, China) was applied to sequence the
Genomic DNA. PRINSEQ lite Ver0.20.4 was performed to �lter the raw data reads to get clean reads [17]. The
chloroplast genomes were assembled from the highest quality clean reads by using NOVOPlasty (v.2.7.2) [18] with
kmer 39 using the chloroplast genome of Rubus amabilis (NC_047211.1) as reference and rbcL as a seed.

Annotations were performed in CPGVAS (http://47.96.249.172:16019/analyzer/home) [19] using the Rubus amabilis
(NC_047211.1) as a reference chloroplast genome. First, CPGVASAS annotation results were utilized to obtain the
GFF3 format �le. Apollo Genome Annotation and Curation Tool (v1.11.8) to manually correct the abnormal features
based on the reference database of CpGAVAS and the tRNA genes annotated by tRNAscan-SE. Last,
OrganellarGenomeDRAW (https://chlorobox.mpimp-golm.mpg.de/geseq.html) [20] was used to directly generate a
corrected cp circular map [13]. The complete cp genome sequence of T. rupestris and T. rupestris var. ciliate and their
gene annotations were submitted to GenBank (MZ151697 and MZ151698).

2.3 Codon usage, RNA editing sites, and repeat sequences
The distribution of codon usage was investigated using CodonW software with the RSCU ratio [21]. PREP suite [22]
with a cutoff value of 8.0 was used to predict the RNA editing sites in the plastomes. The online REPuter database
[23] was used to identify repeat sequences, including the forward (F), palindromic (P), reverse (R), and
complementary repeats (C). According to the following parameters: (1) a repeat size over 30 bp; (2) more than 90%
sequence identity between two replicates; and (3) Hamming distance = 3. All overlapping repeat sequences were
removed. The Perl script MISA (http://pgrc.ipk-gatersleben.de/misa/) [24] was used to exploit simple sequence
repeats (SSRs). The minimum number of SSRs was set to 10, 5, 4, 3, 3, and 3, for mono-, di-, tri-, tetra-, penta-, and
hexanucleotides, respectively.

2.4 Phylogenetic analysis and estimation of divergence time
A total of 29 cp whole-genome sequences were used in cluster analysis, 27 of which belong to the Rosoideae Focke,
twenty-seven plastome sequences were downloaded from the NCBI. Ulmus parvifolia (NC_049883) and Barbeya
oleoides (NC_040984) genomes were included as outgroups.

The MAFFT v7.221 [25, 26] was applied to extract and aligned coding sequences and a total of 95 coding gene
sequences were presented in all of the 29 species, and the RAxML v8.2.8 [27] was used to construct the Maximum-
Likelihood (ML) phylogenetic tree, bootstrap probability values were calculated from 1000 replicates and
GTRGAMMA model as suggested. The MEGA X (Version 10.2.6) [28] was used to estimate divergence times.

To estimate the species divergence time, the Bayesian method implemented in BEAST (version 1.10.1) with
GTR+GAMMA substitution model was applied to analyze the molecular clock of T. rupestris and T. rupestris var.
ciliate. Two fossil datasets, genus Rosa (55.8-48.6 mya) [29] and genus Oligocene fossil of Potentilla sp. date to
(33.9–23.0 Ma) [30] were used to calibrate the nodes. The BEAST MCMC simulations were run for 10,000,000
generations (Whidden and Matsen, 2015). TreeAnnotator (version v1.6.1) software was used to annotate the
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phylogenetic results generated by BEAST and the FigTree (version v1.3.1) was used to visualize the BEAST
maximum clade credibility (MCC) tree.

2.5 Genomes comparison
Nucleotide diversity 172 (π) was calculated by sliding window analysis conducted in DnaSP v.6 [31]. The step size
was set to 200 bp and the window is 600 bp. Depending on the phylogenetic Analysis, four species of Trib.
Colurieae, T. rupestris, T. rupestris var. ciliate, Geum rupestre (NC_037392.1), and Geum macrophyllum (NC_053765)
were selected to perform the IR expansions and contractions analysis. The Kimura two-parameter distance model
[32] was used to determine pairwise sequence divergence, which was calculated using the distmat program from the
EMBOSS package [33].

2.6 Non-synonymous (Ka) and synonymous (Ks) substitution rate
analysis
The non-synonymous (Ka) and synonymous (Ks) substitution ratio (Ka/Ks) of each gene was calculated in the
background of different evolutionary clades by hyphy. Ulmus parvifolia (NC_049883) and Barbeya oleoides
(NC_040984) genomes were set as the outgroup. For each protein-coding gene, the relative substitution rates
between outgroup species and each ingroup species were assessed. To calculate the Ka/Ks ratio, protein-coding
sequences for all genes of each species pair were aligned using MAFFT v7.480 [34]. The phylogenetic tree was
constructed by RAxML [35]. The Hyphy was used to calculate the Ka, Ks, and the Ka/Ks ratio.

3. Results And Discussion

3.1 Chloroplast genomes features
The whole cp genome of T. rupestris and T. rupestris var. ciliate respectively had the length of 155,558 bp and
155,479 bp. T. rupestris and T. rupestris var. ciliate (Figure 2). T. rupestris and T. rupestris var. ciliate cp genomes
display a typical quadripartite circular structure containing one large single copy (LSC), one small single copy (SSC),
and two inverted repeats (IRB and IRA) regions. In T. rupestris, an LSC region of 18,543 bp and an SSC region of
85,857 bp were separated by a pair of IR regions of 25,579 bp. The overall GC content of the T. rupestris cp genome
was 36.79%, and the GC content of the SSC and LSC regions was 30.80% and 34.51%, respectively. Because each IR
region is relatively rich in GC-rich ribosomal RNA (rRNA) gene and transfer RNA (tRNA) gene, the GC content of the IR
region was 42.80%, which was much higher than that of the LSC and SSC regions. For T. rupestris var. ciliate, the
SSC region is 85,820 bp, the LSC region is 18,499 bp, and the IR region is 25,580 bp. The GC content of the above
regions is 34.50%, 30.94%, and 42.79%, and the GC content of the complete cp genome sequences is 36.80% (Table
1).
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Table 1
Summary of T. rupestris and T. rupestris var. ciliata chloroplast genome features.

Species Regions T(U)/% A/% C/% G/% GC/% Length
(bp)

Number
of
protein-
coding
genes

Number
of tRNA
genes

Number
of rRNA
genes

T.
rupestris

Total 31.95 31.25 18.78 18.02 36.79 155,558 84 36 8

IRA 28.57 28.63 22.16 20.64 42.80 25,579  

IRB 28.63 28.57 20.64 22.16 42.80 25,579  

SSC 33.38 32.11 17.79 16.72 30.80 18,543  

LSC 34.56 34.63 16.10 14.71 34.51 85,857  

T.
rupestris
var.
ciliate

Total 31.97 31.24 18.77 18.03 36.80 15,5479 84 36 8

IRA 28.57 28.64 22.16 20.63 42.79 25,580

IRB 28.64 28.57 20.63 22.16 42.79 25,580

SSC 34.56 34.51 16.17 14.76 30.94 18,499

LSC 33.39 32.11 17.77 16.73 34.50 85,820

The complete chloroplast genome of T. rupestris and T. rupestris var. ciliate contained 112 different genes out of
which 6 are duplicated in the IRA and IRB region, for a total of 131 genes. The number of rRNA genes, tRNA genes,
and protein-coding genes in the genome are 4, 29, and 79, respectively (Figure 2 and Table 2). Prediction of the T.
rupestris and T. rupestris var. ciliate cp gene function was based on homology. Because these genes encode a
variety of proteins, they are mainly involved in photosynthesis and other metabolic processes. Regarding
photosynthesis, a subset of genes synthesize large Rubisco subunits and vesicle-like proteins. In addition, other
genes encode subunits of a protein complex that mediates redox reactions to recycle electrons. Table 2 shows the
gene functions and groups in the T. rupestris and T. rupestris var. ciliate cp genome.
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Table 2
Genes present in the chloroplast genome of T. rupestris and T. rupestris var. ciliate

Category Group of genes Name of genes

rRNA rRNA genes rrn16S (×2), rrn23S (×2), rrn4.5S (×2), rrn5S (×2)

tRNA tRNA genes trnA-UGC (×2), trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnG-GCC, trnG-UCC,
trnH-GUG, trnI-CAU (×2), trnI-GAU (×2), trnK-UUU, trnL-CAA (×2), trnL-UAA,
trnL-UAG, trnM-CAU, trnN-GUU (×2), trnP-UGG, trnQ-UUG, trnR-ACG (×2),
trnR-UCU, trnS-GCU (×2), trnS-UGA, trnT-GGU, trnT-UGU, trnV-GAC, trnV-UAC,
trnW-CCA, trnY-GUA

Genes for
photosynthesis

Subunits of
ATP synthase

atpA, atpB, atpE, atpF, atpH, atpI

Subunits of
photosystem II

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

Subunits of
NADH-
dehydrogenase

ndhA, ndhB (×2), ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK

Subunits of
cytochrome
b/f complex

petA, petB, petD, petG, petL, petN

Subunits of
photosystem I

psaA, psaB, psaC, psaI, psaJ

Subunit of
rubisco

rbcL

Self replication Large subunit
of ribosome

rpl14, rpl16, rpl2 (×2), rpl20, rpl22, rpl23 (×2), rpl32, rpl33, rpl36

DNA
dependent
RNA
polymerase

rpoA, rpoB, rpoC1, rpoC2

Small subunit
of ribosome

rps11, rps12 (×2), rps14, rps15, rps16, rps18, rps19, rps2, rps3, rps4, rps7
(×2), rps8

Subunit of
Acetyl-CoA-
carboxylase

accD

c-type
cytochrom
synthesis gene

ccsA

Envelop
membrane
protein

cemA

Other genes Protease clpP

Translational
initiation factor

infA

Maturase matK
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Category Group of genes Name of genes

Unknown Conserved
open reading
frames

ycf1 (×2), ycf2 (×2), ycf4

The chloroplast genome of T. rupestris and T. rupestris var. ciliate are found to have intron in some of the genes. Out
of the 131 different genes, 15 of them contain intron (Table 3), �ve tRNAs (trnK-UUU, trnG-UCC, trnL-UAA, trnI-GAU,
and trnA-UGC) and ten protein-coding genes (rps16, rpoC1, ycf3, clpP, petB, petD, rpl16, rpl2, ndhB, ndhA). Four of the
genes with intron viz.: rpl2, ndhB, trnA-UGC, and trnI-GAU are situated in the inverted repeat region, the 10 genes are
in the large single-copy region (trnK-UUU, rps16, trnG-UCC, rpoC1, ycf3, trnL-UAA, clpP, petB, petD, and rpl16), and 1
gene (ndhA) is in the short single copy region. Ycf3 and clpP are the only genes with two introns, while the other 17
genes have one intron.
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Table 3
Genes with intron in the T. rupestris and T. rupestris var. ciliate chloroplast genome and length of exons and introns

  Gene Strand Start End ExonI IntronI ExonII IntronII ExonIII

T. rupestris trnK-
UUU

- 1634 4310 37 2605 35 / /

rps16 - 5444 6610 39 915 213 / /

trnG-
UCC

+ 9456 10258 32 711 60 / /

rpoC1 - 20984 23750 430 718 1619 / /

ycf3 - 43671 45654 129 721 228 753 153

trnL-
UAA

+ 48468 49099 35 547 50 / /

clpP - 71086 73219 71 852 291 694 226

petB + 76159 77590 6 784 642 / /

petD + 77784 78983 9 717 474 / /

rpl16 - 82669 84175 9 1093 405 / /

rpl2 - 85922 87412 391 627 473 / /

ndhB - 95935 98147 775 680 758 / /

trnI-GAU + 103619 104642 32 952 40 / /

trnA-
UGC

+ 104707 105592 37 813 36 / /

ndhA - 121204 123498 553 1203 539 / /

trnA-
UGC

- 135824 136709 37 813 36 / /

trnI-GAU - 136774 137797 32 952 40 / /

ndhB + 143269 145481 775 680 758 / /

rpl2 + 154004 155494 391 627 473 / /

T. rupestris var.
ciliata

trnK-
UUU

- 1628 4365 37 2666 35 / /

rps16 - 5494 6647 39 902 213 / /

trnG-
UCC

+ 9465 10267 32 711 60 / /

rpoC1 - 20991 23757 430 718 1619 / /

ycf3 - 43656 45639 129 721 228 753 153

trnL-
UAA

+ 48446 49077 35 547 50 / /

clpP - 71077 73209 71 853 291 692 226
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  Gene Strand Start End ExonI IntronI ExonII IntronII ExonIII

petB + 76141 77573 6 785 642 / /

petD + 77768 78967 9 717 474 / /

rpl16 - 82656 84137 9 1068 405 / /

rpl2 - 85885 87375 391 627 473 / /

ndhB - 95898 98110 775 680 758 / /

trnI-GAU + 103592 104615 32 952 40 / /

trnA-
UGC

+ 104680 105565 37 813 36 / /

ndhA - 121137 123436 553 1208 539 / /

ycf1 - 125368 131164 1058 151 4588 / /

trnA-
UGC

- 135901 136786 37 813 36 / /

trnI-GAU - 136851 137874 32 952 40 / /

ndhB + 143356 145568 775 680 758 / /

rpl2 + 154091 155581 391 627 473 / /

3.2 Codon usage, RNA editing sites, and repeat sequences

3.2.1 Codon usage
The codon usage frequency was calculated from the sequence of protein-coding genes, where the RSCU (relative
frequency of occurrence of synonymous codon usage for a speci�c amino acid) values are shown in Figure 3 and
Table S1. The T. rupestris and T. rupestris var. ciliate plastomes showed very similar frequencies of codon usage
despite morphological and evolutionary divergence among them. We found that all possible codons of amino acids
are used in their plasmids as speci�ed in Table S1. The protein-coding genes present a total of 26,628 codons in T.
rupestris to 26,632 in T. rupestris var. ciliate plastome (Figure 3, Table S1). Leucine (10.55 in T. rupestris, 9.98 in T.
rupestris var. ciliate), Serine (7.65 in, 9.26 in T. rupestris var. ciliate), and Arginine (5.98 in T. rupestris, 6.41 in T.
rupestris var. ciliate) are the most abundant in T. rupestris and T. rupestris var. ciliate. Methionine (2.34 in T. rupestris,
1.73 in T. rupestris var. ciliate) and Tryptophan (1.71 in T. rupestris, 1.92 in T. rupestris var. ciliate) are the least
abundant in T. rupestris and T. rupestris var. ciliate. Moreover, we found that the distribution of codon types was
consistent in T. rupestris and T. rupestris var. ciliate, which are also consistent with the patterns detected in Rubus
[36] and other angiosperms [37] and algal lineages [38].

3.2.2 RNA editing analysis
After transcription of chloroplast mRNA molecules, RNA editing, a site-speci�c C to U conversion process, usually
regulates gene expression and translation in the chloroplast [39]. The types and amounts of RNA editing are the
same in T. rupestris and T. rupestris var. ciliate. In 27 protein-coding genes, the total number of 124 possible RNA
editing sites were predicted among T. rupestris and T. rupestris var. ciliate plastomes (Table S2). These genes
include photosynthesis-related genes (atpA, atpB, atpF, atpI, ndHA, ndhB, ndhD, ndhF, ndhG, petB, petD, petG, and
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psbE), self-replication genes (rpl2, rpl23, rpoA, rpoB, rpoC1, rpoC2, and rps14), and others (matK and ycf3). The
highest number of potential editing sites were found in ndhB gene (14 sites), followed by the psbB gene (10 sites).
Like mt-genome, no correlation was observed between the length of the gene and the predicted RNA-editing sites in
the protein-coding genes (Table S2).

3.2.3 Long-Repeat and SSR Analysis
Using the default settings of the REPuter program to screen for repetitive sequences in the T. rupestris and T.
rupestris var. ciliate chloroplast genomes, the program showed that only three types of repeats were present in the
genome, viz. palindromic, forward and reverse, and no complement repeats were detected in the cp genome (Table
S3). Table S3 demonstrated that 17 palindromic repeats, 28 forward repeat, and 4 reverse repeats were shown in the
T. rupestris, and 17 palindromic repeats, 29 forward repeats, and 3 reverse repeats were exhibited in the T. rupestris
var. ciliate. Most of the size of the repeats are between 20 and 29 bp (77.55%), followed by 30–39 bp (12.24%)
whereas 40-49 bp (8.16%) and 50-59 bp (2.04%) are the least. In all, there are 49 number repeats in T. rupestris cp
genome. In the T. rupestris var. ciliate, 49 repeats were shown in the T. rupestris var. ciliate, which are between 20 and
29 bp (77.55%), followed by 30-39 bp (12.24%), and 40-49 bp (8.16%) and 50-59 bp (2.04%) are the least.

There are 61 and 65 simple sequence repeats in T. rupestris and T. rupestris var. ciliate, respectively. Single
nucleotide simple sequence repeats (SSRs) are the most abundant. Among all SSR types, A and T were the most
commonly used bases, and A and T of T. rupestris are 28 and 31. There are 30 and 31 of A and T in the T. rupestris
var. ciliate (Table S4). Our results showed the intraspeci�c variation in repeat number, repeats distribution, and
repeat motifs, the highly similar morphological characteristics of T. rupestris and T. rupestris var. ciliate presented
minor SSRs changes.

3.3 Phylogenetic analysis and time estimation
The cp genomes of the 29 species were applied to to reconstruct the phylogenetic tree determine the phylogenetic
relationship and tribal positions of the nine species of Taihangia. Using 95 protein-coding genes and the complete
plastome sequences, we performed phylogenetic analyses of the 27 Rosoideae Focke plastomes (Figure 4A). G.
macrophyllum, G. rupestre, T. rupestris, and T. rupestris var. ciliate were clustered in one clade with strong support,
and were divided into two major subclades. Sub clade 1 which is monophyletic includes G. macrophyllum and clade
2 containing G. rupestre, T. rupestris, and T. rupestris var. ciliate. Clade 2 has two major subclades, One branch is G.
rupestre and the other is T. rupestris, and T. rupestris var. ciliate. Figure 4A indicated that G. rupestre is closely related
to T. rupestris, and T. rupestris var. ciliate. G. macrophyllum, G. rupestre, T. rupestris, and T. rupestris var. ciliate
belong to the Trib. Colurieae, the result is the same as it. The result indicated that four of them are closely related.

Divergence time was estimated for each internal node of the phylogenetic tree (Figure 4B). Taihangia genus was
inferred to have originated at 0.2057 Mya, G. rupestre was inferred to have originated at 1.4431 Mya, and G.
macrophyllum was inferred to have originated at 9.8532 Mya. The detected divergence time of T. rupestris, and T.
rupestris var. ciliate may contribute to future studies on genus Taihangia.

3.4 Comparative analysis and sequence divergence analysis

3.4.1 Sliding window analysis
Sliding window analysis using the DnaSP program reveals highly variable regions in the cp genomes of two
Taihangia. The sliding windows analysis (Figure 5) highlights two plastome regions as hotspots of nucleotide
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divergence among T. rupestris and T. rupestris var. ciliate. These hotspots correspond to three intergenic regions
(petA-psbJ, psbJ-psbL, and trnRUCU-atpA) and four genes (psbA and ndhF).

3.4.2 IR expansion and contraction
IR expansions and contractions are common in cp genomes, which results in the change in cp genome size [40]. The
differences in IRs may also re�ect phylogenetic history. Here, we selected four species of Trib. Colurieae and
compared their sizes and the junctions of their LSC, SSC, and IR regions. Although the lengths of the IR regions,
ranging from 25,579 bp to 26,152 bp, varied little among the four species, some differences in the IR expansions and
contractions were observed.

As shown in Figure 6, the rps19 is mostly located in the LSC region and the LSC-IRB boundary at bases 1-8 bp. The
gene ycf1 was found to have 1107 bp, 1098 bp, 1107 bp, and 1188 in the IRB region in T. rupestris, T. rupestris var.
ciliate, G. rupestre, and G. macrophyllum respectively. Whereas, the gene ycf1 was found to have 4,523 bp, 4,532 bp,
4,523 bp, and 4,424 in the SSC region in T. rupestris, T. rupestris var. ciliate, G. rupestre, and G. macrophyllum.
Furthermore, the ycf1 gene extended into the SSC region excepted the G. rupestre genome, and the longest overlap
between the SSC region and ycf1 genes was also observed in T. rupestris var. ciliate. The trnH is mostly located in
the LSC region and the IRB-LSC boundary at bases 4-65 bp. In summary, the structure of the cp genomes is
conservative among T. rupestris and T. rupestris var. ciliate.

3.3.3 Genome comparison
We analyzed the sequence differences of T. rupestris, T. rupestris var. ciliate, G. macrophyllum, and G. rupestre cp
genomes using mVISTA (Figure 7), the G. rupestre cp genome sequence was set as the reference cp genome.
Sequence comparison of 4 whole plastomes generated multiply aligned sequences of 155,558 bp in length. The
analysis shows overall sequence identity and divergent regions in Taihangia and Geum. T. rupestris and T. rupestris
var. ciliate cp genome sequences showed very high sequence similarities. A high degree of synteny and gene order
conservation indicates evolutionary conservation at the plastome level (Figure 7). Notably, the LSC and SSC regions
have greater divergence than the IRs, while the non-coding regions show higher sequence divergence than the coding
regions, while the exons, introns, and ncRNA generally had little variation between genomes, which is similar to the
results of previous studies [41].

3.3.4 Kimura’s two-parameter (K2P) analysis
To discover the hypervariable regions among T. rupestris, T. rupestris var. ciliate, G. rupestre, and G. macrophyllum.
95 intergenic regions were retracted from the chloroplast genomes of 4 species, and the genetic distance of the
intergenic regions were calculated by the K2p (Kimura 2-parameter) model. A total of 29 intergenic regions has K2p
values ranging from 2.35 to 25.745. Among them, rps16-trnQ-UUG, trnH-GUG-psbA, trnF-GAA-ndhJ have higher K2p
values, which are 5.745, 4.752, and 4.607, respectively. It can be seen that these regions vary greatly among the
chloroplast genomes of the four species, and can be used as potential molecular marker development regions
(Figure 8).

3.5 Selective pressures analysis
Nonsynonymous (amino acid-replacing, Ka) and synonymous (Ks) substitutions and their ratio (Ka/Ks) are applied
to reveal the intensity of natural selection on DNA sequence evolution [42, 43]. Ka/Ks value > 1 indicates positive
selection, Ka/ Ks < 1 indicates puri�cation or negative selection, and Ka/ Ks value 1 indicates neutral selection. The
Ka/Ks ratio was calculated and compared for 96 protein-coding genes in T. rupestris, T. rupestris var. ciliate, G.
rupestre, and G. macrophyllum chloroplast genomes to investigate genome evolution (Table 4). The Ka/Ks of
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Taihangia. T. rupestris, T. rupestris var. ciliate, G. macrophyllum and G. rupestre are 1.24455, 0.814338, 0.652981,
and 0.732876, respectively. This result indicated that T. rupestris was subjected to positive pressure selection, T.
rupestris var. ciliate, G. macrophyllum, and G. rupestre were subjected to negative selection.
Table 4. Substitution rates of 96 protein-coding genes in four chloroplast genomes.

Species Ka Ks Ka/Ks

Taihangia rupestris 0.001144 0.000919 1.24455

Taihangia rupestris var. ciliata 0.002096 0.002574 0.814338

Geum rupestre 0.00066 0.00101 0.652981

Geum macrophyllum 0.012739 0.017382 0.732876

4. Conclusion
To further search for molecular markers, reconstruct phylogeny and provide a theoretical basis for bioprospecting,
we characterized for the �rst time the complete chloroplast sequences of two species of Taihangia in the Taihang
Mountains of China. Our study presents the most comprehensive chloroplast phylogenomic and biogeographical
analyses of the taxonomically complex genus Taihangia. T. rupestris (155,558 bp) and T. rupestris var. ciliate
(155,479 bp) chloroplast genome is fully characterized and compared to their closely related species of Geum
genus. Both T. rupestris and T. rupestris var. ciliate have 4 rRNA genes, 29 tRNA genes, and 79 protein-coding genes.
Overall, the gene contents, gene arrangements, The types, and frequency of codon usage, repeat sequences, and
SSRs are similar and highly conserved in the species of T. rupestris and T. rupestris var. ciliate. In addition, high
sequence variation in protein-coding and intergenic regions, whole cp genomes, nucleotide substitution are similar in
the chloroplast genomes of species of the Taihangia and Geum. T. rupestris, T. rupestris var. ciliate, G.
macrophyllum, and G. rupestre are closely related, which indicates that Taihangia is closely related to Geum.
Taihangia genus was inferred to have originated at 0.2057 Mya, Geum rupestre was inferred to have originated at
1.4431 Mya, and Geum macrophyllum was inferred to have originated at 9.8532 Mya. The Kimura’s two-parameter
value and patterns and amino acid sites under potentially positive selection in the chloroplast genomes of species
of the Taihangia and Geum may be useful for the development of genealogy-speci�c markers for genetic diversity
and genetic evolution studies. Taihangia genus might be the potential medicinal resource according to
bioprospecting, we exploring its chemical composition and e�cacy are under way. This study is useful for the
protection and rational use are of the great signi�cance of Taihangia resources.
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Figure 1

The habitat of T. rupestris and T. rupestris var. ciliate. (a) T. rupestris. (b) T. rupestris var. ciliate.
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Figure 2

Chloroplast genome maps of T. rupestris and T. rupestris var. ciliate. A. The Chloroplast genome map of T. rupestris.
B. The Chloroplast genome map of T. rupestris var. Genes inside the circle are transcribed clockwise, and those
outside are transcribed counterclockwise. Genes of different functions are color-coded. The darker gray in the inner
circle shows the GC content, while the lighter gray shows the AT content.
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Figure 3

Codon content of 20 amino acids and stop codons in protein-coding genes. A. T. rupestris, B. T. rupestris var. ciliate.
Note: The histogram on the left-hand side of each amino acid denotes codon usage within T. rupestris and T.
rupestris var. ciliate, and the right-hand side denotes the codon RSCU values. Colors correspond to codons listed
underneath the columns.
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Figure 4

Phylogenetic analysis and divergence time estimation. A. Maximum likelihood tree inferred from 29 representative
taxa of Rosoideae Focke. Bootstrap values based on 1000 replicates are shown on each node. * represents the
newly assembled plastomes of T. rupestris and T. rupestris var. ciliate in this study. B. Divergence time estimation.
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Figure 5

Sliding window test of nucleotide diversity (π) in the multiple alignments of T. rupestris and T. rupestris var. ciliate
plastomes. Note: Peak regions with a π value of >0.015 were labeled with loci tags of genic or intergenic region
names. π values were calculated in 1 kb sliding windows with 100 bp steps. LSC, large single-copy region; IRA,
inverted repeat region a; SSC, small single-copy region; IRB, inverted repeat region b.

Figure 6

Comparison of the borders of the IR, SSC, and LSC regions among four chloroplast genomes of T. rupestris, T.
rupestris var. ciliate, G. rupestre, and G. macrophyllum.
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Figure 7

Global alignment of four (T. rupestris, T. rupestris var. ciliate, G. macrophyllum, and G. rupestre) chloroplast genomes
of Pterocarpus using mVISTA.Y-axis indicates the range of identity (50–100%). Alignment was performed using G.
rupestre as a reference.
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Figure 8

The genetic distance analysis of the genetic distance between T. rupestris and T. rupestris var. ciliate.
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