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ABSTRACT: Pyrola atropurpurea Franch is an important annual herbaceous plant. Few genomic analyses have been
conducted on this plant, and chloroplast genome research will enrich its genomics basis. This study is based on
high-throughput sequencing technology and Bioinformatics methods to obtain the sequence, structure, and other
characteristics of the P atropurpurea chloroplast genome. The result showed that the chloroplast genome of P
atropurpurea has a double-stranded circular structure with a total length of 172,535 bp and a typical four-segment
structure. The genome has annotated a total of 132 functional genes, including 43 tRNAs, 8 rRNAs, 76 protein-
coding genes, and 5 pseudo-genes. In total, 358 SSR loci were checked out, mainly composed of mononucleotide and
trinucleotide repeat. There are three types of scattered repetitive sequences, totaling 4223, including 2452 forward
repeats, 1763 palindrome repeats, and eight reverse repeats. The optimal codon usage frequency is relatively high with
AT usage preference in this genome. Chloroplast genome comparative analysis in the family Ericaceae shows that the
overall sequence is more complex, and there are more variations in the gene interval region. The collinearity analysis
indicated that there is a complex rearrangement of species between different genera in Ericaceae. The selection pressure
analysis showed that the protein-encoding genes rpl33 and rpsl6 were positively selected among the seven medicinal
plants in Ericaceae. The maximum likelihood tree shows that the genetic relationship among P. atropurpurea, Pyrola
rotundifolia, and Chimaphila japonica is relatively close. Therefore, an important data basis was provided for species
identification, genetic diversity, and phylogenetic studies of P. atropurpurea and even this genus of plants.

KEYWORDS: Pyrola atropurpurea; chloroplast genome; scattered repeat sequence; collinearity analysis; genetic
relationship

1 Introduction

Chloroplasts are organelles involved in photosynthesis and provide the necessary energy for plant
life activities [1]. Chloroplasts have a relatively independent genetic system, consisting of a circular and
structurally stable genome, known as the chloroplast genome [2,3]. In comparative analysis with the nuclear
genome, the chloroplast DNA molecules are relatively small and generally between 115 and 165 kb in
length [4]. Due to its high degree of conservatism and moderate evolutionary rate, chloroplast genomes have
been widely utilized in plant discrimination, phylogenetic analysis, and genetic evolution research [5-7].
Chloroplast-based genetic engineering is playing an increasingly important role in germplasm resource pro-
tection and variety breeding. Currently, chloroplast genomes of commonly used ethnic Chinese medicinal
materials such as Platycodon grandiflorus [8], Rubia cordifolia [9], and Cynanchum wallichii [10] have been
reported one after another.
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There are about 30 species of the genus Pyrola plants in the world, mainly distributed in the northern
temperate and northern cold regions of the Earth [11]. This genus of plants has a wide variety in China,
with a total of 27 species and 3 varieties, mainly distributed in the southwest and northeast regions. Among
them, there are 17 species, and the three variants are unique plants of the genus Pyrola in China, including
the common P. decorata, P. calliantha, and P. atropurpura. The plants of the genus Pyrola are widely used
in Chinese folk herbal medicine and also play a very important role in Miao ethnic medicine and Tibetan
medicine [12]. P. atropurpura is often used to treat muscle and bone pain, moisten the lungs, relieve cough,
and nourish the liver and kidneys, and its research at home and abroad mainly focuses on the study of
its chemical components [13,14]. Up to now, there are few reports on the chloroplast genome of plants
in the genus Pyrola, and only 10 single nucleotide sequences of Pyrola were acquired from GenBank
(https://www.ncbinlm.nih.gov/nuccore/?term=Pyrola%20atropurpurea) (accessed on 13 January 2025), the
only chloroplast genome with Pyrola rotundifolia (KU833271.1) was registered in NCBI. In this study, we
successfully assembled the P. atropurpura chloroplast genome, the genome structural characteristics, codon
bias, repeat sequences, and phylogenetic information were deeply explored, in order to provide chloroplast
genome information for the genetic background, molecular evolution, and phylogeny of P. atropurpura, and
to promote the protection of P. atropurpura germplasm resources and genetic engineering research.

2 Materials and Methods
2.1 Materials

The P atropurpura leaves were collected from the campus of Guizhou University (26°25'39.62"N,
106°40'5.81"E). Healthy and tender leaves were selected, washed 3-5 times with distilled water, dried, and
stored in a —80°C refrigerator for later use.

2.2 Extraction, Sequencing, and Assembly of Chloroplast Genomic DNA

The leaves were rapidly frozen in liquid nitrogen and ground into powder, then their genomic DNA
was extracted using the modified CTAB method [15]. Preparation of 350 bp DNA fragments was done using
a Covaris ultrasonic crusher, followed by end repair and tail addition. The construction of the sequencing
library was completed and its sequencing was performed on the Illumina HiSeq X Ten platform using
a Paired-End (PE) PE150 sequencing strategy. We obtained 6.75 G of raw data with high throughput
sequencing, removed joints and low-quality data regions, and accumulated 27,130,560 clean reads. Using
NOVOPlasty was to splice chloroplast genomes with default parameters [16].

2.3 Annotation of Chloroplast Genome

The annotation of the P. atropurpura chloroplast genome was performed using the Plastid Genome
Annotator (https://github.com/quxiaojian/PGA) (accessed on 13 January 2025) [17], and manually adjusted;
tRNA annotation was made using tRNAscan-SE (https://trna.ucsc.edu/tRNAscan-SE/) (accessed on 13
January 2025) and ARAGORN tools (https://packages.debian.org/bullseye/aragorn) (accessed on 13 January
2025); and a circle diagram was generated using Organellar Genome DRAW [18].

2.4 Codon Usage and Repeated Sequence Analysis

The CodonW1.4.2 software [19] was used to statistically analyze the codon preferences of the P,
atropurpura chloroplast genome. Using the Reputer software [20], scattered repeat sequences were detected,
with a minimum 30 bp repeat length, a minimum permutation value of 50, and a maximum base mismatch
of 3. MISA software [21] was made to analyze simple repetitive sequences in the P. atropurpura chloroplast
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genome, the minimum repeat value for single nucleotides was set to 10, for dinucleotides to five, for
trinucleotides to four, and tetra-, penta-, and hexanucleotides to three.

2.5 Chloroplast Genome Comparison of the Family Ericaceae

The chloroplast sequences of seven representative Chinese medicinal plants from the family Eri-
caceae, including Pyrola atropurpurea (PP473790), Pyrola rotundifolia (KU833271.1), Chimaphila japonica
(MG461316.1), Gaultheria sinensis (OM048872.1), Agapetes malipoensis (NC_058759.1), Rhododendron simsii
(MW030509.1), and Vaccinium bracteatum (LC521967.1) were downloaded from GenBank. The contraction
and expansion of LSC, SSC, and IR region boundaries were visualized in the Ericaceae chloroplast genomes
using IRscope software [22]. The chloroplast genome rearrangement and collinearity in Ericaceae species
were detected using the Mauve multiplex genome alignment method in Geneousl0.2.2 software [23]. The
Ka/Ks values were calculated with Ka/Ks Calculator v2.0 (https://sourceforge.net/projects/kakscalculator2/)
(accessed on 13 January 2025). The Pi value of chloroplast protein-coding genes (PCGs) was analyzed using
DnaSP software [24].

2.6 Phylogenetic Analysis

The phylogenetic relationship was conducted on all 41 chloroplast genomes in the Ericaceae family,
using Magnolia officinalis (NC_020316.1) as an outgroup. PCGs alignment was performed using the MAFFT
website (https://maflt.cbrc.jp/alignment/server/index.html) (accessed on 13 January 2025) [25], all missing
sites were filtered out using TBtools software [26], the optimal model was calculated using ModelTest NG
software [27], and this model was determined on the Akaike information criteria. A phylogenetic tree was
built using RAXML-n [28] based on the maximum likelihood (ML) method, and the tree-building model
was GTR+I1+G4.

3 Results

3.1 Chloroplast Genome Structure

The total length of the P. atropurpura chloroplast genome (GenBank accession number: PP473790) is
172,535 bp, with a GC value of 34.95%. The genome has a typical tetrad structure, that is, the entire circular
genome can be partitioned into a large single copy (LSC), a small single copy (SSC), and two inverted repeats
(IR) regions (Fig. 1). The LSC, SSC, and IR region lengths are 105,081, 11,700, and 27,877 bp, with GC values
of 34.72%, 27.99%, and 38.74%, respectively. In total, 132 genes were annotated comprising 43 tRNA, 8 rRNA,
76 PCGs, and 5 pseudogenes (Table S1). In tRNA, trnA-UGC, trnC-GCA, trnH-GUG, trnl-CAU, trnl-GAU,
trnL-CAA, trnL-UAG, trnN-GUU, trnR-ACG, and trnV-GAC each have two copies. And trnA-UGC, trnG-
GCC, trnI-GAU, trnK-UUU, trnL-UAA and trnV-UAC each own one intron. There are four types of rRNA,
each with two copies, situated in the IR region. In the encoded protein genes, there are two copies each of
ribosomal protein subunit rp/32, and rps7, and unknown functional protein ycfl5, atpF, clpP, rpoCl, ndhB,
petB, petD, rpll6, rpl2, rps12, and rpsi6 all own one intron, while ycf3 has two introns (Table S2). In the
deeply explored chloroplast genome, all ndh genes (ndhK, ndhD, ndhG, ndhA, and ndhH) except ndhB,
are pseudogenes.

3.2 Repeat Sequence

In total, 4223 scattered repeat sequences were predicted in the P. atropurpura chloroplast genome (Fig.
S1). Among them, there were 2452 forward repeats (58.06%), 1763 palindromic repeats (41.75%), and eight
reverse repeat (0.19%), and no complementary repeats were found. And 358 SSRs were checked in the P,
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atropurpura chloroplast genome (Fig. 2), including 181 single nucleotide repeats, 14 dinucleotide repeats, 139
trinucleotide repeats, 13 tetranucleotide repeats, 3 pentanucleotide repeats, and 8 hexanucleotide repeats.
Most SSRs are positioned in the LSC region (244), with only a few were distributed in the SSC (78) and
IR region (36) (Fig. S2). In addition, the majority of SSRs are located in 260 intergenic regions (72.62%),
followed by 14 in gene coding regions (3.91%) and 84 in intron regions (23.46%), indicating that SSRs are
mainly distributed in intergenic regions (Fig. S3). These SSRs are mainly single base repeats composed of A
or T, indicating that the SSRs of this genome have a strong preference for A and T.

Pyrola atropurpurea Franch
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Figure 1: The P, atropurpura chloroplast genome map in the genus Pyrola
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The relative usage of synonymous codons (RSCU) analysis is based on P. atropurpura chloroplast
genome, 71 coding DNA sequences (CDS) larger than 200 bp were obtained. The research results indicate
that the chloroplast genome contains a total of 16,561 codons. Among them, there are 1721 codons encoding
leucine (Leu), accounting for the highest proportion of 10.39%. The codon encoding cysteine (Cys) is 188,
accounting for the smallest proportion at 1.14% (Table 1). At the same time, 31 codons with RSCU greater
than 1 were detected, with all codons ending in A/U except UUG and AUG. The RSCU value of codon AUG
encoding methionine was the highest, at 6.7991 (Table 1 and Fig. $4).

Table 1: The RSCU value of P. atropurpura chloroplast genome

Amino acid Symbol Codon Number RSCU Aminoacid Symbol Codon Number RSCU
* Ter UAA 45 1.7763 M Met AUU 2 0.0364
* Ter UAG 13 0.5133 M Met CcuUG 3 0.0546
* Ter UGA 18 0.7104 M Met GUG 1 0.0182
A Ala GCA 305 1.1664 M Met uuG 3 0.0546
A Ala GCC 153 0.5852 N Asn AAC 182 0.4828
A Ala GCG 111 0.4244 N Asn AAU 572 1.5172
A Ala GCU 477 1.824 P Pro CCA 207 1.2
C Cys UGC 43 0.4574 P Pro CCC 119 0.69
C Cys UGU 145 1.5426 P Pro CCG 68 0.3944
D Asp GAC 118 0.4112 p Pro CCU 296 1.716
D Asp GAU 456 1.5888 Q Gln CAA 485 1.598
E Glu GAA 635 1.5544 Q Gln CAG 122 0.402
E Glu GAG 182 0.4456 R Arg AGA 299 1.7136

(Continued)
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Table 1 (continued)

Amino acid Symbol Codon Number RSCU Aminoacid Symbol Codon Number RSCU

F Phe UUC 264 059 R Arg  AGG 88 0.504
F Phe UUU 625 1406 R Arg  CGA 264 15126
G Gly GGA 474 15568 R Arg CGC 66 0.378
G Gy GGC 147 04828 R Arg  CGG 57 03264
G Gy GGG 196 06436 R Arg  CGU 273 15642
G Gy GGU 401 13168 S Ser  AGC 73 0.3882
H His CAC 94 04784 S Ser  AGU 250 13284
H His CAU 299 15216 S Ser  UCA 209 11106
I e  AUA 455 09627 S Ser  UCC 155  0.8238
I le AUC 250 05289 S Ser  UCG 8 04572
I le AUU 713 15084 S Ser  UCU 356 18918
K Lys  AAA 728 15706 T Thr  ACA 241 1.142
K Lys  AAG 199 04294 T Thr  ACC 153 0.7252
L Lew CUA 232 08088 T Thr  ACG 79  0.3744
L Lew CUC 113 03942 T Thr  ACU 371 17584
L Lew CUG 94 03276 V Val  GUA 350 14692
L Lew CUU 337 11748 V Val  GUC 112 0.47
L Lew UUA 596 20778 V val  GUG 143  0.6004
L Lew UUG 349 12168 V Val  GUU 348 14608
M Met  AUA 0 0 w Trp UGG 270 1
M Met  AUC 2 0.0364 Y Tyr ~ UAC 113 0.3662
M Met AUG 372 67991 Y Tyr ~ UAU 504 16338

Note: * menas stop codon.

The nucleotide polymorphism (Pi) value of chloroplast protein-coding gene sequences of seven Pyrola
species was analyzed using DnaSP software (Fig. 3). The complete length of the aligned sequences was
57,658 bp, and a total of 5213 polymorphic sites were discriminated. The Pi value ranged from 0 to 0.3019,
with an average of 0.0479. Among the seven highly variable hotspots that were identified (Pi value > 0.11),
two genes (trnT-UGU, and trnF-GAA) are situated in the LSC region, and five genes (ccsA, psaC, ndhE, ndhl,
and rpsI5) are seated in the SSC region. No nucleotide polymorphism sites were detected in the IR region,
demonstrating that the nucleotide polymorphism in the LSC and SSC regions is significantly higher than in
the IR region.

3.4 Structure Variation of Chloroplast Genome

To compare the chloroplast genome differences between P. atropurpura and the representative group of
Ericaceae species, we calculated the basic information of chloroplast genomes (Table 2). The P. atropurpura
chloroplast genomes and its six closely related species had significant differences, with a total length range of
151,656 bp (Chimaphila japonica) to 176,632 bp (Gaultheria sinensis), all of which are typical tetrad structures.
The length compositions of LSC, SSC, and IR in the above-mentioned genome are 78,997 to 109,173 bp, 2979
to 11,946 bp, and 1717 to 33,332 bp, respectively. The total number of genes is 102 to 146, PCGs are 63 to
94, tRNA genes are 4 to 8, and rRNA numbers are 30 to 43. In the variation of GC content, the GC values
ranged from 35.0% to 36.8%. Boundary analysis showed obvious differences in the transition regions of the



Phyton-Int ] Exp Bot. 2025;94(2) 337

four boundary zones (Fig. 4), which further demonstrated the significant differences in Ericaceae chloroplast
genome sequences.
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Figure 3: Divergent hot-spot nucleotide sites in Ericaceae species’ chloroplast genomes

3.5 Genome Diversity of Chloroplast Genome

The seven Ericaceae chloroplast genomes were compared with the Mauve software (https://github.com/
MauveSoftware/novu) (accessed on 13 January 2025). It was found that the chloroplast genome sequences
had high variation, with higher variation in non-coding regions than in coding regions, and higher variation
in LSC and SSC regions than in IR regions. Compared to other Ericaceae species, the sequence variation
of Chimaphila japonica and Rhododendron simsii is relatively high. The gene number and order of the
chloroplast genome in Ericaceae are variable, and an obvious gene rearrangement phenomenon was observed
(Fig. 5).
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Figure 4: Boundary comparison of Ericaceae chloroplast genome
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Figure 5: Alignment of chloroplast genomes structure in Ericaceae

To investigate the evolutionary characteristics of the Ericaceae family in the chloroplast genome, Ka/Ks
calculations were performed on 68 common PCGs of the P, atropurpura chloroplast genome and its six closely
related species (Fig. 6). The genes without numerical values in Fig. 6 indicate that the Ka/Ks value is zero.



340 Phyton-Int ] Exp Bot. 2025;94(2)

Most genes related to the photosystem system, such as petA, psbA, atpA, atpB, atpE, atpl, rbcL, psbE, psbB,
psbC, psbD, psbF, ndhB, ndh], etc., have Ka/Ks values less than 1, showing that these key genes have been
purified and selected. The above genes play a very important role in the functioning of the chloroplast genome
and are therefore relatively conserved in evolution. Moreover, the Ka/Ks values of pl33 and rpsI6 genes were
higher among the five species, demonstrating that these genes were positively selected.

Max = 3.76795
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Figure 6: Ka/Ks values of common PCGs in P. atropurpura

3.6 Molecular Phylogeny

Based on the PCGs of chloroplast genome, a phylogenetic tree of 41 Ericaceae species was built using the
ML method of the IQ-TREE software (Fig. 7). Magnolia officinalis (NC_020316.1) was set as the out-group.
And the Ericaceae species were mainly classified into four cluster groups, namely Cluster Groups I, II, III,
and IV. The three species of the genera Pyrola and Chimaphila are distributed in Cluster I. Cluster Group
IT is composed of thirteen species in the genus Rhododendron. The thirteen species of the genus Gaultheria
are located in Cluster III. And Cluster Group IV is mainly made up of the species in the genus Vaccinium.
The phylogenetic result indicated that P. atropura, Pyrola rotundifolia and Chimaphila japonica are clustered
together with a 100% support rate, and they have the closest genetic relationship.

4 Discussion

Chloroplasts are important plant organelles, widely involved in processes such as photosynthesis and
energy conversion. It belongs to matrilineal inheritance, with a genome much smaller and more conserved
than the nuclear genome, and is therefore widely used in the study of plant phylogenetics [29]. It is also widely
used as a chloroplast DNA barcode for species identification and classification research [30]. P. atropura
chloroplast genome was successfully sequenced, assembled, and annotated, obtaining a genome 0f 172,535 bp,
which is similar in size and number of genes to the reported chloroplast genomes of Pyrola [31], this shows
that the chloroplast genome has a highly conserved characteristic in this genus.
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Figure 7: The phylogenetic tree of 41Ericaceae species based on chloroplast genome PCGs

SSR markers have advantages such as co-dominant inheritance, polymorphism, good repeatability, and
easy operation, and are widely used in molecular genetic breeding, population genetic diversity analysis,
evolutionary processes, and identification of closely related species [32]. And 358 SSR loci were distributed
in the P. atropura chloroplast genome, with the highest number of single nucleotide repeat sequences (181),
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accounting for the highest proportion (50.56%). SSR loci tend to use A/T bases, which are similar to the
sequence characteristics of other plants in the Ericaceae family. This result further confirms the view that
polyA and polyT repeats are common in chloroplast SSRs, and they rarely contain C or G tandem repeats [33].
Complex repeats refer to highly repetitive DNA fragments in the genome, which play a crucial role in
evolution and the formation of complex genome structures [34]. The scattered repeat sequences in the P,
atropura chloroplast genome include three types: forward repeat, reverse repeat, and palindromic repeat.
A total of 4223 complex repeats were discriminated, resulting in the high heterogeneity of this chloroplast
genome. Rich dispersed repetitive sequences have also been found in other species of Ericaceae, such as the
genus Rhododendron [35]. And the heterogeneity is also reflected in the collinearity analysis of the P. atropura
chloroplast genome structure.

Codon preference is an important genome evolution feature in organisms, and RSCU value is an
important parameter for evaluating the degree of codon preference [36]. There are a total of 64 codons in
the P. atropura chloroplast genome, with 31 preferred codons and a preference for using A and U bases. This
result is similar to the codon usage preference of nine plant chloroplast genomes in the genera Glycine [37]
and also verifies the theory that the closer the species are, the more similar the codon usage patterns [38].

The IR boundaries expansion and contraction in chloroplast genomes are common phenomena in plant
evolution [39]. The IR region length in most photosynthetic plant chloroplast genomes varies from 5 to 76 kb
and may undergo multiple reductions and expansions during plant evolution. Therefore, the expansion,
reduction, or IR region loss is the main cause of length differences in the chloroplast genome and structural
variation, and it is also an important feature for distinguishing specific taxa [40]. Studies have shown that
there is a typical feature in the plastid genomes of the Ericaceae family, specifically the large expansion of the
IR region (approximately 10 kb). The IR region length of P. atropura is 27,877 bp, which is similar to that of
Pyrola rotundifolia and Agapetes malipoensis. During long-term evolution, the IR regions of Ericaceae family
plants have decreased or increased, indicating that the IR region may be necessary for their growth and
development, and also plays an important role in maintaining the chloroplast genome stability. Moreover,
there are many heterotrophic groups in this family of species [41].

The colinear alignment in this study showed that the P. atropura chloroplast genome was highly
different from its closely related species. This result is also consistent with the IR boundary and genomic
feature statistics, further verifying the significant differences between species in this family. There were
varying degrees of variation in the gene regions of trnT-UGU, trnF-GAA, ccsA, psaC, ndhE, ndhl, and
rpsi5. It is expected that molecular markers for interspecific identification and phylogenetic analysis of
Pyrola plants can be developed from these regions. Ericaceae is a globally distributed family, particularly
common in tropical mountainous areas, comprising approximately 125 genera and over 3500 species [42].
This group has complex systematic relationships, including autotrophic and heterotrophic plants. The
Ericaceae family is divided into 9 subfamilies, including Enkianthoideae, Pyroloidae, Monotropoideae,
Arbutoideae, Cassiopoideae, Ericoideae, Harrimanelloideae, Eparidoideae, and Vaccinoideae. Among them,
the Monotropoideae subfamily is heterotrophic, parasitic on fungi, without chlorophyll, while the others
are autotrophic groups [43]. One view holds that the subfamily Arbutoideae and Monotropoideae are sister
groups, the branch was formed by them and the subfamily Pyroloidae are sister groups, this large branch and
other groups of Ericaceae are sister groups, and Enkianthoideae is located at the most basic position [44,45].
Another view is that Enkianthoideae is the most basic group, followed by the subfamily Monotropoideae
and Arbutoideae, and the subfamily Pyroloidae is the sister group of other groups [46]. Based on the above
research, the phylogenetic relationships within the subfamilies have not been thoroughly resolved. This study
found that the 41 species already published by NCBI can be divided into four groups by using PCGs of
chloroplast genomes, namely, the genus Pyrola and Chimaphila as group one, the genus Rhododendron as
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group two, the genus Gaultheria as group three, and the genus Vaccinium as group four. The above data
provides information for further species differentiation in this family.

In summary, the P. atropura chloroplast genome length is 172,535 bp and exhibits a typical tetrad
structure. The GC content of the entire genome is 34.95%. And 132 genes were annotated, comprising 76
protein-coding, 43 tRNA, and 8 rRNA genes. It is preferred to use codons ending in A/U. A total of 358
SSR loci were detected, with single nucleotide repeat sequences being the predominant SSR loci; and 4223
scattered repeat sequences were discriminated. The size of the IR, SSR, and LSR region was different from
that of plants between P. atropurpura and the other five Ericaceae species, and the SSC and IR region variation
degree is higher than that in the LSC region. The relationship between P. atropura, Pyrola rotundifolia, and
Chimaphila japonica is the closest.
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