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ABSTRACT: Pyrola japonica, a member of the Ericaceae family, is a significant medicinal herb and a key model
organism in mycorrhizal research, yet its chloroplast (cp) genome has not been fully characterized. Therefore, this
study aims to sequence and analyze the complete plastid genome of P. japonica. The complete cp genome of P. japonica
was determined to be 168,146 bp in length, exhibiting a characteristic quadripartite structure with a total GC content
of 35.1%. A total of 136 genes were annotated, comprising 65 protein-coding genes, 45 transfer RNA (tRNA) genes,
8 ribosomal RNA (rRNA) genes, and 18 pseudogenes. Amino acid analysis of the protein-coding sequences revealed
that Leucine was the most abundant, while Cysteine was the least frequent. Structural analysis identified 789 long
dispersed repeat sequences and 112 Simple Sequence Repeats (SSRs), with the majority of SSRs distributed across
the large single-copy (LSC), inverted repeat (IR), and small single-copy (SSC) regions, respectively. Phylogenetic
reconstruction placed P. japonica as a sister group of P. decorata, clarifying its evolutionary position within the Pyrola
lineage. Relative evolutionary divergence analysis revealed that Pyrola diverged earlier than the other examined
Ericaceae taxa. This study provides the first comprehensive cpDNA map for P. japonica, providing essential genetic
resources for molecular evolution and species identification.
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1 Introduction

Pyrola japonica Klenze, a member of the Ericaceae family, is a prominent medicinal herb widely
distributed across East Asia, including South Korea, Japan, and China [1-3]. It is recognized for
its diverse secondary metabolites, such as phenolic glycosides, which contribute to its therapeutic
properties [4,5]. Specifically, in an osteoclast-induced bone pit formation model, P. japonica extracts
demonstrated anti-resorptive activity via the transcriptional downregulation of osteoclastogenic genes [6].
Apart from mitigating bone resorption, P. japonica extracts show significant antibacterial activity against
Bacillus subtilis [7]. It also exhibited potent antioxidant activity, highlighting its potential in preventing
oxidative stress-related diseases [5]. Collectively, these findings underscore the pharmacological potential
of P. japonica as a candidate for developing novel natural therapeutics.

Beyond its pharmacological significance, P. japonica is a focal point in mycorrhizal research due
to its mixotrophic nature as it employs a dual carbon-acquisition strategy, obtaining carbon through
both photosynthesis and symbiotic associations with mycorrhizal fungi [2]. P. japonica formed arbutoid
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mycorrhizal associations, with colonization rates typically increasing under shaded conditions. This
correlation suggested that the species undergoes dynamic shifts in both fungal symbiont composition and
carbon acquisition strategies as a physiological response to varying light availability [8]. Consequently,
investigating photosynthetic variations during these transitions is essential to understanding the
physiological mechanisms that compensate for light limitation. Such investigations require comprehensive
plastome data to identify the specific genes involved in these adaptive photosynthetic processes.

Despite its importance, the genus Pyrola remains one of the most taxonomically challenging groups
within the Ericaceae [1]. To address this complexity, chloroplast (cp) genome assembly offers a robust
bioinformatic solution. The cpDNA is typically 110-170 kb and highly conserved. In spite of its small size,
it is ideal for phylogenetic research due to its uniparental inheritance, which is usually maternal, high
copy number, stable structure, and lack of recombination, making it easy to sequence and assemble [9].
Furthermore, due to its highly conserved nature, complete chloroplast genome sequences can act as effective
DNA barcodes for precise species identification [10]. Therefore, this method serves as a high-resolution
tool for resolving phylogenetic relationships and taxonomic ambiguities. Beyond evolutionary studies, a
complete chloroplast genome provides a stable framework for chloroplast genetic engineering, facilitating
both fundamental research and the enhancement of plant traits.

To date, despite over 40 species worldwide, only P. atropurpurea, P. rotundifolia, and P. decorata
have complete chloroplast genome sequences provided [1,11], whereas the complete chloroplast genome
sequences of P. japonica has not been reported in existing literature. In this study, we sequenced, assembled,
and characterized the complete chloroplast genome of P. japonica, providing a genomic resource for future
botanical and biotechnological applications.

2 Materials and Methods
2.1 Sampling

Whole plant of P. japonica was collected in Yeondang-ri, Nam-myeon, Yeongwol-gun, Gangwon-do, the
Republic of Korea (37°09.3100” N, 128°24.9730” E) in June 2025. Frozen leaves were used for DNA extraction
(Supplementary Fig. S1).

2.2 DNA Extraction and Sequencing

Total genomic DNA was extracted from the collected leaf samples using a SmartGene Plant DNA
Extraction kit (SmartGene, Daejeon, Republic of Korea), following the manufacturer’s instructions. The
genomic DNA library was prepared using an xGen™ DNA Lib Prep EZ kit (Integrated DNA Technologies,
Coralville, LA, USA). The generated Illumina libraries were subjected to high-throughput sequencing on an
[lumina NovaSeq 6000 instrument (Illumina, San Diego, CA, USA).

2.3 Assembly and Annotation

Quality control of the raw sequence data was executed via Trimmomatic v. 0.39, applying filtering
thresholds of 15 for both leading and trailing bases, and retaining reads with a minimum length of 150 bp [12].
The filtered reads were assembled into the chloroplast genome using GetOrganelle v. 1.7.7.1 [13], with
the P. decorata chloroplast genome (accession number PV200167.1) as a reference. Following assembly,
Bandage v. 0. 8. 1 was utilized to refine the contig topologies [14]. Gene annotation was performed using
GeSeq ([15], accessed 10 Mar 2026). Any detected annotation inaccuracies were manually corrected with
UGENE v. 53.1 [16]. A circular map of the P. japonica chloroplast genome was generated using OGDRAW
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([17], accessed 19 Mar 2026). The complete chloroplast sequence of P. japonica was deposited in GenBank
of the National Center for Biotechnology Information (NCBI) under the accession number PZ137749.

2.4 Repeated Sequence Analysis and Codon Usage

To detect dispersed repeats, we utilized vmatch v. 2. 3. 1 [18]. The search criteria were configured
with a 30 bp minimum length and a Hamming distance of 3, screening across all four orientations (forward,
palindromic, reverse, and complement). For simple sequence repeat (SSR) characterization, MISA v1.0 was
deployed [19]. The thresholds for SSR identification required at least 10 repeat units for mononucleotides,
5 for dinucleotides, 4 for trinucleotides, and 3 for tetra-, penta-, and hexanucleotides, alongside a minimum
spatial separation of 100 bp between adjacent SSRs. RSCUcaller v. 1.0 was applied to compute and graphically
represent the relative synonymous codon usage (RSCU) bias [20].

2.5 Chloroplast Genomes Comparison Analysis

The contraction and expansion of LSC, SSC, and IR region boundaries were visualized using CPJSdraw
v. 0. 0. 1 in the four Pyrola chloroplast genomes, including P. atropurpurea, P. decorata, P. rotundifolia,
and P. japonica [21]. Complete chloroplast genome sequences of Pyrola species were compared using the
mVISTA online tool (http://genome.lbl.gov/vista/mvista/submit.shtml). This analysis was performed using
the Shuffle-LAGAN mode [22]. The gene nucleotide diversity (Pi) value of ortholog genes in four Pyrola
chloroplast genomes was counted using DNAsp v. 5. 0 [23].

2.6 Phylogenetic Analysis

Complete plastome sequences from 41 taxa (detailed in Supplementary Table S1) were subjected
to multiple sequence alignment via MAFFT v. 7.526 [24]. Maximum likelihood (ML) phylogenetic
reconstruction was then carried out employing IQ-TREE v. 2.4.0 [25]. The ModelFinder implemented
in IQ-TREE automatically determined the optimal nucleotide substitution model. Node reliability was
assessed through 1000 ultrafast bootstrap replicates, and the tree was rooted using Capsicum chacoense and
Capsicum galapagoense as outgroup taxa. The generated tree topology was graphically rendered utilizing
the Interactive Tree of Life (iTOL) v.7 [26].

2.7 Relative Evolutionary Divergence Analysis

Relative evolutionary divergence analysis was performed according to the previous report with minor
modifications [27]. Chloroplast genome sequences from 41 species listed in Supplementary Table S1 were
aligned using MAFFT v. 7.526 [24]. Then, the alignment data was trimmed with trimAl v. 1.5 with the
automated option [28]. The resulting data were imported into BEAST v. 2.7.8 for Bayesian inference [29].
BEAST analysis parameters were configured with a strict molecular clock model, a Yule speciation tree
prior [30], and the HKY nucleotide substitution model. To guarantee robust analytical convergence and
thorough sampling of the parameter space, we executed two independent Markov chain Monte Carlo (MCMC)
runs [31]. Each chain spanned 100 million generations, with trees and parameters logged every 10,000 states.
The Interactive Tree of Life (iTOL) v.7 was utilized to graphically visualize the resulting tree [26].

3 Results
3.1 Chloroplast Genome Structure and Protein-Coding Genes

The assembled chloroplast genome of P. japonica is 168,146 bp in length with a GC content of 35.1%. It
exhibits a typical quadripartite structure, consisting of a large single-copy (LSC) region (104,725 bp), a small
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single-copy (SSC) region (11,758 bp), and a pair of inverted repeat (IR) regions (25,818 bp each) (Fig. 1). A
total of 136 genes were annotated, comprising 65 protein-coding genes (PCGs), 45 transfer RNA (tRNA)
genes, eight ribosomal RNA (rRNA) genes, and 18 pseudogenes (Table S2). Among the PCGs, 35 are involved
in photosynthesis: seven Photosystem I genes, 14 Photosystem II genes, six cytochrome b/f complex genes,
six ATP synthase subunits, one Rubisco large subunit (rbcL), and one photosystem biogenesis factor (pbf1).
Notably, all 12 NADH-dehydrogenase-like (ndh) genes are truncated and were consequently annotated as
pseudogenes. An additional 25 genes are categorized as self-replicating, including nine large ribosomal
subunit genes, 12 small ribosomal subunit genes, and four DNA-dependent RNA polymerase genes. The
rps12 gene was identified as having a trans-spliced structure, where the gene is fragmented between a
5’ exon in the LSC and duplicate 3’ exons residing in the two IR regions. Four additional functional genes
were identified. Among these, the C-type cytochrome synthesis gene (ccsA) was annotated as one intact
and one truncated copy, situated at the IRb-SSC and SSC-IRa junctions, respectively.
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Figure 1: Circular map of the plastid genome generated with OGDRAW. Protein-coding genes, rRNAs, and tRNAs
are displayed on the outer circle and are color-coded by functional category according to the OGDRAW scheme.
Genes drawn on the outside of the circle are transcribed clockwise, whereas genes on the inside are transcribed
counterclockwise. The LSC, SSC, and the two inverted repeat regions (IRa and IRb) are indicated. The inner gray plot
represents base-composition variation across the genome (GC content). Intron-containing genes are marked with an
asterisk (*).
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3.2 Codon Bias in P. japonica Chloroplast Genome

Relative synonymous codon usage (RSCU) values were calculated based on 75 protein-coding sequences
(CDS), encompassing a total of 15,457 codons. Leucine (Leu) was the most abundant amino acid, encoded
by 1587 codons (10.27%), whereas cysteine (Cys) was the least frequent, represented by only 159 codons
(1.03%) (Supplementary Fig. S2). Out of the 64 possible codons, 30 exhibited RSCU values > 1.00, indicating
their preferred usage. Notably, all of these preferred codons ended in A or U at the third position, with the
sole exception of UUG (Leu). The highest RSCU value was observed for the UUA codon encoding leucine
(2.19) (Fig. 2). These results indicate a strong AT-bias at the third codon position. When comparing the
codon usage profiles across the four Pyrola species, P. japonica exhibited highly conserved RSCU patterns
with its close relatives. Similar to P. japonica, Leucine and Cysteine were consistently the most and least
abundant amino acids, respectively, in P. atropurpurea, P. decorata, and P. rotundifolia. Furthermore, the high
preference for the UUA codon was a universally shared trait among the four Pyrola plastomes (Table S3).
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Figure 2: RSCU profile of P. japonica chloroplast genome. Different colors represent different codons of the amino
acid. Individual amino acid codons are differentiated by distinct colors. The relative height of each colored bar
corresponds to the usage frequency of codon.

3.3 Distribution of Repeat Sequences and SSRs in the P. japonica Chloroplast Genome

A total of 789 long dispersed repeat sequences were identified in the P. japonica chloroplast genome
(Fig. 3). These comprised 337 forward repeats (42.7%) and 452 palindromic repeats (57.3%). No reverse or
complement repeats were detected. Notably, the largest palindromic repeat corresponds to the 25,818 bp
inverted repeat (IR) region itself, whereas the lengths of the remaining repeats predominantly ranged from
30 to 125 bp.

Furthermore, we characterized SSRs across the chloroplast genome, identifying a total of 112 SSRs
(Fig. 4). These consisted of 50 mono-, 14 di-, 27 tri-, 14 tetra-, six penta-, and one hexanucleotide repeats.
Mononucleotide and dinucleotide repeats were predominantly composed of A/T motifs, reflecting the
strong AT-bias typically observed in chloroplast genomes. Regarding their spatial distribution across the
quadripartite structure, the majority of SSRs were located in the LSC region (75), followed by the IR (21)
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and SSC (11) regions. Analysis of their genomic contexts revealed that 93% (107) of the SSRs were situated
in non-coding regions, while only 7% (5) were located within protein-coding genes (Fig. S3).

For a broader evolutionary context, we compared the repeat sequences and SSRs of P. japonica with
those of P. atropurpurea, P. decorata, and P. rotundifolia (Table S3). The total numbers of SSRs across the four
Pyrola species were highly comparable. Across all four species, mononucleotide repeats were dominant.
Regarding long dispersed repeats, reverse and complement repeats were absent in all four species. P.
Japonica contained 789 repeats, which was fewer than P. atropurpurea (1240) and P. decorata (4333), but
greater than P. rotundifolia (216).
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Figure 3: Long fragment repeat distribution in the P. japonica chloroplast genome. F: forward repeat; P: palindromic repeats.
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Figure 4: SSR type in the chloroplast genome of P. japonica.
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3.4 Comparison of Chloroplast Genome Boundaries in the Genus Pyrola

To compare the structural variation of the P. japonica chloroplast genome with closely related taxa,
we conducted a comparative analysis of the IR and single-copy boundaries among four Pyrola species: P.
Japonica, P. atropurpurea, P. decorata, and P. rotundifolia (Fig. 5). Among the analyzed species, the SSC
region of P. rotundifolia was the largest, whereas that of P. atropurpurea was the smallest. P. decorata
possessed the largest IR and LSC regions. Conversely, the smallest IR and LSC regions were observed in P.
rotundifolia and P. japonica, respectively. Across the four plastomes, the gene arrangements at the four
structural junctions—]JLB (LSC-IRb), JSB (IRb-SSC), JSA (SSC-IRa), and JLA (IRa-LSC)—were examined. The
genes situated in proximity to the JSB and JLA junctions exhibited highly conserved configurations across
all analyzed chloroplast genomes. Specifically, the ccsA gene traversed the JSB junction, extending from the
IRb region into the SSC region. The length of this expansion into the SSC region was strictly conserved at
680 bp in P. japonica, P. atropurpurea, and P. decorata, and only slightly shorter at 671 bp in P. rotundifolia.
At the JLA junction, the trnH and psbA genes were consistently located entirely within the IRa and LSC
regions, respectively.

In contrast, the gene arrangements at the JLB and JSA junctions exhibited notable structural variations
among the four species, indicating dynamic boundary shifts. At the JLB junction, the trnH gene was located
within the IRb region, while rpl2 was situated in the LSC region for all species except P. rotundifolia. At the
JSA junction, rps15 and trnL were distributed in the SSC and IRa regions, respectively, in P. atropurpurea
and P. decorata. Conversely, in P. japonica and P. rotundifolia, the ndhF and ccsA genes occupied the SSC
and IRa regions, respectively, at this junction. Overall, these findings demonstrate that while the JSB and
JLA boundaries are highly conserved, the JLB and JSA junctions have undergone dynamic evolutionary
shifts among these four Pyrola species.
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Figure 5: Comparative analysis of the IR and single-copy (LSC/SSC) boundaries across four Pyrola chloroplast genomes.
The four structural transition zones are denoted as JLB (LSC/IRDb), JSB (IRb/SSC), JSA (SSC/IRa), and JLA (IRa/LSC).

3.5 Comparative Sequence Divergence and Nucleotide Diversity among Pyrola Species

To analyze the genomic divergence within the genus Pyrola, the complete chloroplast genomes of P.
japonica, P. atropurpurea, and P. rotundifolia were aligned and compared using the mVISTA program, with P.
decorata serving as the reference (Fig. 6). The alignment demonstrated a high degree of synteny and overall
sequence similarity across the four Pyrola species, reflecting strong evolutionary conservation. As expected,
the protein-coding regions (exons, shaded in blue) exhibited significantly higher sequence identity than the
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non-coding regions (intergenic spacers and introns, shaded in pink). Notable hypervariable non-coding
regions included the intergenic regions between matK-psbK and rpsi6-accD.

Next, we calculated the Pi value across the ortholog genes of the four Pyrola species to identify
regions of high sequence variation (Fig. 7). The total length of the aligned sequences was 48,895 bp,
encompassing a total of 703 polymorphic sites. The Pi values ranged from 0 to 0.1479, with an overall
average of 0.0075. Regionally, the average Pi values for the LSC, SSC, and IR regions were 0.0082, 0.0138,
and 0.0056, respectively, indicating that nucleotide polymorphism in the single-copy regions is considerably
higher than in the IR regions. At the individual gene level, the trnG-GCC gene, located in the LSC region,
exhibited the highest nucleotide diversity (0.1479). This was followed by trnG-UCC, rrni6, rps8, rps11, ccsA,
and cemA, which yielded Pi values of 0.0282, 0.0224, 0.0213, 0.0168, 0.0166, and 0.0152, respectively. These
highly variable loci represent mutational hotspots.
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Figure 6: A sequence similarity plot was generated using the mVISTA tool to compare the four chloroplast genomes
of Pyrola species. Pyrola decorata was used as a reference genome. The sequence similarities of P. japonica, P.
atropurpurea, and P. rotundifolia relative to P. decorata are represented on the Y-axis, showing the percentage of
sequence identity ranging from 50% to 100%. Gray arrows denote the location and transcriptional orientation of
annotated genes. Non-coding sequences (CNS) and coding exons are highlighted in pink and purple, respectively.
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Figure 7: Nucleotide variability across genes in four Pyrola chloroplast genomes. The X-axis denotes ortholog genes

in four Pyrola chloroplast genomes and the Y-axis represents nucleotide diversity (Pi) for each gene.
3.6 Phylogenetic Inferences of Ericaceae Family Based on Chloroplast Genome Comparative Analysis

To resolve the phylogenetic position of P. japonica, its complete chloroplast genome sequence was
aligned with those of 40 closely related species from the family Ericaceae. A phylogenetic tree was
subsequently constructed using the ML method, with Capsicum chacoense and Capsicum galapagoense
(Solanaceae) designated as outgroups (Fig. 8). The resulting ML tree exhibited robust statistical support
across most nodes, with bootstrap values exceeding 96% except for two nodes, effectively resolving the
analyzed taxa into four distinct clades. All four Pyrola species clustered together into a strongly supported,
distinct monophyletic clade (100% bootstrap value). Within this Pyrola lineage, P. japonica occupies a sister
position to P. decorata. This close phylogenetic relationship is entirely consistent with our whole-genome
comparative sequence analysis, which demonstrated that P. japonica shares the highest sequence similarity
with P. decorata among the analyzed species (Fig. 6).
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Tree scale: 0.1 4
Capsicum chacoense  NC 033525.1
Capsicum galapagoense NC 033524.1
Pyrola rotundifolia KU833271.1
Pyrola atropurpurea NC 088559.1
Pyrola japonica (In this study)
Pyrola decorata PV200167.1
Gaulthernia griffithiana NC 0576 23.1
'I Vaccinium microcarpum NC 0814 97.1
Vaccinium oxycoccos NC 0814 96.1
Vaccinium floribundum  NC 0735 83.1
I—_ Vaccinium supracostatum PQ036140.1
Agapetes maljpoensis NC 0587 59.1
Vaccinium henryi  PP788841.1
Vaccinium oldhamii ~ NC 0427 13.1
r Vaccinium bracteatum PQ284534.1
PG Vaccinium myrtilus ~ NC 0687 15.1
Vaccinium japonicum  MWO0066 68.1
Vaccinium angustifoflum ~ NC 0687 13.1
- Vaccinium uliginosum  LC521968.1
Vaccinium virgatum ~ NC 068712.1
Vaccinium corymbosum  NC 0687 11.1
[ Gaultheria nummularioides NC 0626 67.1
1 Gaulthena fragrantissima ~ NC 0598 49.1
- Rhododendron latoucheae  NC 0630 94.1
Rhododendron farrerae NC 082049.1
— Rhododendron molle  MZ073672.1

1

E Rhododendron kawakamii  NC 0582 33.1
Rhododendron datiandingense ~ NC 0576 44.1
_[ Rhododendron anthopogonoides  NC 0690 24.1

Rhododendron capitatum ~ NC 067871.1
Rhododendron micranthum ~ MT239365.1
Rhododendron concinnum MT239366.1
Rhododendron przewalskii  NC 0690 23.1
Rhododendron delavayi MN711645.4
Rhododendron oreodoxa  OL639014.1
Rhododendron calophytum  NC 0613 96.1
Rhododendron platypodum  NC 0537 46.1
Rhododendron griersonianum NC 050162.1
Rhododendron williamsianum NC 0887 48.1
Rhododendron purdomii NC 086505.1
Rhododendron henanense ~ MT239363.1

Figure 8: Maximum-likelihood phylogenetic tree inferred from 41 complete chloroplast genome sequences. The tree
was rooted using Capsicum chacoense and Capsicum galapagoense as outgroups. The tree exhibits robust statistical
support, with bootstrap values exceeding 96% across all nodes except for two (76%), which are specifically indicated.
The scale bar indicates the number of nucleotide substitutions per site.

3.7 Relative Evolutionary Divergence Analysis of the Ericaceae Family Based on Chloroplast
Genome Comparisons

To trace the evolutionary history of P. japonica and its relatives, we performed a Bayesian divergence
time estimation using the complete chloroplast genome alignments (Fig. 9). Interestingly, the topology of the
resulting Bayesian chronogram exhibited notable differences from the ML phylogeny. In the time-calibrated
phylogeny, the Pyrola lineage was resolved as the earliest diverging clade among the examined Ericaceae,
clearly separating from the rest of the family (Fig. 9). This isolated phylogenetic position, coupled with
distinctively long branch lengths, indicates that the plastid genomes of Pyrola separated from the other
Ericaceae taxa in deep evolutionary time. Within this early-diverging clade, P. japonica emerged as the
sister species of P. decorata, representing a highly recent speciation event characterized by short terminal
branch lengths (Fig. 9). Collectively, these temporal and topological insights suggest that the genus Pyrola
possesses a unique evolutionary trajectory compared to the other examined Ericaceae taxa.
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Figure 9: Evolutionary relationships inferred from 41 complete chloroplast genomes. The phylogenetic tree was
constructed using a molecular-clock model implemented in BEAST. Capsicum galapagoense and Capsicum chacoense

were used as outgroups. The horizontal axis represents relative evolutionary divergence inferred from branch lengths.

4 Discussion

Chloroplast genomes are essential tools in plant science. They are often used as DNA barcodes to
identify different species and study how they are classified [1,11]. In this study, we successfully sequenced
and analyzed the complete chloroplast genome of P. japonica. Our results showed that the P. japonica cp
genome is 168,146 bp long with a GC content of 35.1% (Fig. 1). The high degree of similarity in GC content
(ranging from 34.8% to 35.7%) across the four analyzed plastomes strongly underscores the conserved
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nature of the chloroplast genome within the genus Pyrola. Moreover, slight fluctuations in overall genome
sizes, ranging from 168,146 bp in P. japonica to 179,999 bp in P. decorata, were detected (Table S4). This
consistency makes cpDNA a reliable resource for identifying species and understanding the evolutionary
relationships within the Pyrola lineage.

Codons are essential for translating genetic information into functional proteins. Codon usage bias,
which is the tendency of an organism to prefer specific codons, is a key indicator of genome evolution [32].
In this study, we used RSCU values from 75 CDS to measure this preference (Fig. 2). Our analysis showed
that Leucine was the most frequent amino acid, while Cysteine was the least frequent. This is consistent
with other species in the genus; for example, in P. atropurpurea, Leucine represents the highest proportion
(10.4%), whereas Cysteine, the least abundant amino acid, accounts for only 1.1% [11]. Moreover, our study
showed that the highest RSCU value was found in the UUA codon (which codes for Leucine). This high
value points to a strong AT bias at the third codon position, which is a common characteristic of chloroplast
DNA [1]. We found a similar trend in P. decorata, which shows a very high A+T content of 92.1% at the
third codon position [1]. These results support the evolutionary theory that closely related species share
very similar codon usage patterns [33].

Repetitive sequences are essential genetic markers that provide deep insights into the origin and
evolution of a species [34]. In this study, we identified 789 long dispersed repeat sequences within the
P. japonica chloroplast genome (Fig. 3). Additionally, we detected 112 SSR loci (Fig. 4). SSR markers
are highly valued in genetic research and polymorphisms investigations [35]. Our analysis showed that
mononucleotide and dinucleotide repeats were predominantly composed of A/T motifs. This finding
supports the point that polyA and polyT repeats are the most common SSRs in chloroplasts, while G or C
tandem repeats are relatively rare [35]. These SSRs represent promising molecular tools for future research
on the genetic diversity and population structure of P. japonica.

The expansion and contraction of the IR regions are primary drivers of genome size variation in
chloroplast [36]. IR regions of P. japonica (25,820 bp) exhibited an intermediate length compared to the
larger IRs of P. decorata (28,074 bp) and P. atropurpurea (27,877 bp), and the significantly smaller IR of P.
rotundifolia (23,938 bp) (Fig. 5). These results highlight the dynamic nature of plastome boundaries in this
lineage. Consequently, these structural variations provide robust molecular evidence that can be utilized to
refine the taxonomic classification of Pyrola species [1]. Moreover, our comparison of four Pyrola species
revealed that while the JSB (IRb-SSC) and JLA (IRa-LSC) junctions are highly stable, the JLB (LSC-IRb) and
JSA (SSC-IRa) boundaries are hotspots for evolutionary shifts. The strict conservation of the ccsA gene
expansion (680 bp) across most species (P. japonica, P. atropurpurea, and P. decorata) suggests a functional
constraint at the JSB junction.

The mVISTA alignment confirmed a high degree of synteny and overall sequence similarity across the
four Pyrola species, demonstrating a strong evolutionary conservation (Fig. 6). Moreover, protein-coding
regions are more conserved than non-coding regions, which is typical for chloroplast genomes due to
selective pressure on functional genes. We also could identify hypervariable non-coding regions, including
matK-psbK and rps16-accD. Our analysis of nucleotide diversity further identified several mutational
hotspots. The overall average Pi value was low (0.0075); however, nucleotide polymorphism was notably
higher in the single-copy regions (LSC and SSC) than in the IR regions. This pattern reflects the characteristic
stabilizing effect of IR on the plastid genome [37]. The trnG-GCC gene was identified as the most divergent
locus (Pi = 0.1479), followed by a suite of highly variable genes including trnG-UCC, rrni16, rps8, rpsili,
ccsA, and cemA. These hotspots offer superior potential as DNA barcodes for Pyrola. Unlike universal
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barcodes, these lineage-specific markers can provide the high resolution needed to distinguish between
morphologically similar species or to study the population genetics of these medicinal herbs [11].

The phylogenetic analysis provides robust evidence for the taxonomic positioning of P. japonica within
the Ericaceae family. The clear resolution of the four Pyrola species into distinct clades underscores the
reliability of using complete plastome sequences for resolving complex relationships within this family
(Fig. 8). Our findings confirm that all Pyrola species form a strongly supported monophyletic group,
reinforcing the evolutionary integrity of the genus. Furthermore, our relative evolutionary divergence
analysis revealed that the Pyrola lineage diverged earlier than the other examined Ericaceae taxa, branching
off in deep evolutionary time (Fig. 9). This ancient divergence scenario is consistent with previous multi-locus
studies utilizing rbcL and matK sequences, which similarly positioned Pyrola as an early-diverging lineage
within the broader Ericaceae [38]. Evolutionarily, Pyrola species exhibit a mixotrophic life cycle [2].
Because they supplement their carbon intake via fungi, their plastomes experience relaxed purifying
selection, leading to the gradual degeneration of photosynthesis-related pathways as they shift toward
heterotrophy [39]. Within Ericaceae, the evolutionary transition to acquire carbon from fungi is a
specialized trait predominantly reported in specific lineages, notably the subfamilies Monotropoideae
and Pyroloideae [40]. Both our ML phylogeny and Bayesian chronogram firmly place P. japonica as
the sister species of P. decorata (Fig. 8; Fig. 9). Given that P. decorata is already documented to be
experiencing active genomic degradation within its photosynthetic apparatus [39], this close phylogenetic
relationship suggests that P. japonica is subject to similar evolutionary pressures driving the reduction of its
photosynthetic capacity. Indeed, our annotation of the P. japonica plastome revealed widespread truncation
and pseudogenization of the ndh gene family (Table S2), providing genomic evidence for the degradation of
photosynthesis-related genes within P. japonica. While the Pyrola species formed a robust monophyletic
clade, our phylogenetic tree also revealed topological complexities within the broader Ericaceae, particularly
among the other examined lineages. For instance, we observed the paraphyletic nature of the Vaccinium
group, with Agapetes and Gaultheria species positioned within the Vaccinium clade (Fig. 8). This clustering
is consistent with previous molecular phylogenetic studies indicating that the large genus Vaccinium is not
strictly monophyletic [41-43].

Beyond these broad phylogenetic implications, certain limitations remain to be addressed in future
research. First, our findings rely primarily on computational and bioinformatic analyses. Although the
widespread pseudogenization of photosynthesis-related genes provides genomic evidence for mixotrophy;,
exploring the in vivo functional implications of these degraded pathways requires further experimental
validations. Furthermore, while cpDNA is an excellent tool for lineage tracking due to its maternal
inheritance, its well-known limitation is a low nucleotide substitution rate relative to the nuclear genome.
Because cpDNA is highly conserved, relying solely on plastome data may occasionally lack the resolution
required to distinguish extremely closely related varieties or recently diverged populations [44]. To
fully understand the evolutionary biology, functional adaptations, and fine-scale population genetics of P.
japonica, future research must integrate these chloroplast resources with nuclear genomic data, experimental
functional assays, and broader ecological studies.

5 Conclusion

This study successfully characterized the complete chloroplast genome of P. japonica, which comprises
168,146 bp and displays a typical quadripartite structure. The genome contained 136 genes (65 protein-coding,
45 tRNA, 8 rRNA, and 18 pseudogenes) with an overall GC content of 35.1%. Genomic analysis revealed
a distribution of 789 long dispersed repeats and 112 SSRs, primarily located within the LSC, IR, and SSC
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regions. Phylogenetic reconstruction showed that P. japonica is a sister group of P. decorata within the
Pyrola lineage. Furthermore, our relative evolutionary divergence analysis revealed that Pyrola diverged
earlier than the other examined Ericaceae taxa, representing an ancient split within the family. These
findings provide essential genomic resources that will facilitate future research in species identification,
population genetics, and the molecular evolution of mixotrophic lineages within the family Ericaceae.
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