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Abstract: Rhodobryum giganteum (Bryaceae, Bryophyta), a rare medicinal bryophyte, is valued for
its cardiovascular therapeutic properties in traditional Chinese medicine. This study presents the
first complete chloroplast genome sequence of R. giganteum, including its assembly and annota-
tion. The circular chloroplast genome of R. giganteum is 124,315 bp in length, displaying a typical
quadripartite structure with 128 genes: 83 protein-coding genes, 37 tRNAs, and 8 rRNAs. Anal-
yses of codon usage bias, repetitive sequences, and simple sequence repeats (SSRs) revealed an
A /U-ending codon preference, 96 repetitive sequences, and 385 SSRs in the R. giganteum chloroplast
genome. Nucleotide diversity analysis identified 10 high mutational hotspots. Ka/Ks ratio analysis
suggested potential positive selection in rpl20, rps18, petG, and psbM genes. Phylogenetic analysis
of whole chloroplast genomes from 38 moss species positioned R. giganteum within Bryales, closely
related to Rhodobryum laxelimbatum. This study augments the chloroplast genomic data for Bryales
and provides a foundation for molecular marker development and genetic diversity analyses in
medicinal bryophytes.

Keywords: Rhodobryum giganteum; chloroplast genome; comparative analysis; Bryales; phylogenetic
analysis

1. Introduction

Rhodobryum giganteum, a species within the genus Rhodobryum (Bryophyta: Bryaceae),
commonly inhabits moderately high-altitude tropical and subtropical forests across Asia,
Papua New Guinea, Hawaii, and Madagascar. This species has been documented colo-
nizing diverse substrates such as tree trunks, wet banks, rocks, decaying wood, humus,
and shaded ground [1]. In China specifically, it mainly occurs in the regions south of
the Yangtze River, typically thriving in understory grasses, on moist humus, or on thin
soil covering damp rocky surfaces [2]. Despite its small size and simple morphology, R.
giganteum, along with other bryophytes, plays a vital role in water and soil conservation,
nutrient cycling, ecosystem restoration, serving as ecological indicators, and providing
microhabitats for various small invertebrates, thus contributing to local biodiversity [3].
In some areas, it also serves as an indicator species for air quality due to its sensitivity to
atmospheric pollutants [4]. Moreover, R. giganteum, known as ‘Huixincao’ in traditional
Chinese medicine, has been utilized for centuries to treat various conditions, including
fever, neurasthenia, and psychosis [5,6]. According to the compilations of Chinese herbal
medicine [7,8], R. giganteum is believed to nourish the heart, calm the mind, clear the liver,
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and improve vision. It has been traditionally used for treating conditions such as palpita-
tions, myocarditis, coronary heart disease, neurasthenia, psychosis, red eyes, and wounds,
and is also believed to lower blood viscosity and have anti-atherosclerotic effects. These
diverse applications of R. giganteum in traditional medicine demonstrate its multi-faceted
therapeutic capabilities. Recent studies have further highlighted R. giganteum’s therapeu-
tic potential for cardiovascular diseases and hypertension, with no reported toxicity in
humans [9]. Despite extensive research on R. giganteum’s pharmacologically active compo-
nents [10-14], genomic studies remain limited. Given its rich traditional uses, analyzing
the chloroplast genome of R. giganteum can offer valuable insights into the genetic basis of
its medicinal properties. This genomic information, coupled with recent advancements in
bryophyte cultivation techniques, can support genetic breeding efforts and guide future
pharmacological and therapeutic applications.

The chloroplast genome, characterized by uniparental inheritance, structural conser-
vation, and moderate evolution rate [15,16], serves multiple functions, including molecular
marker development, barcode identification, and phylogeographic analysis [17]. High-
throughput sequencing has facilitated extensive chloroplast genome characterization, en-
hancing plant phylogenetics and molecular classification studies [18]. Mosses, representing
an early divergent lineage in land plant evolution [19], remain understudied due to the
limited availability of complete chloroplast genomes, impeding a comprehensive under-
standing of moss genome evolution [20].

This study presents the chloroplast genome of R. giganteum and compares it with
seven other Bryales species. Our objectives were to elucidate the structural features of
the chloroplast genome of R. giganteum and to construct a genome-wide phylogeny of
moss chloroplasts. The complete sequence of R. giganteum provides a foundation for
upcoming studies on phylogeny, taxonomy, species identification, population genetics,
genetic breeding, and conservation strategies of this medicinally significant moss.

2. Materials and Methods
2.1. Sample Gathering, DNA Extraction, and Sequencing

Specimens of Rhodobryum giganteum were collected from the understory humus soil in
the tropical cloud forest (TCF) of Bawangling, Changjiang County, Hainan Province, China
(109°12/40.49” E, 19°5'12.00” N, 1370 m) in July 2023. Six individual plants were collected,
and the voucher specimen was deposited in the Hainan University Herbarium (HUTB).
Samples were carefully rinsed with ddH,O, flash-frozen in liquid nitrogen, and stored at
—80 °C prior to DNA extraction. For sequencing, fresh plant material was submitted to
Genepioneer Biotechnologies (Nanjing, China).

Genomic DNA was extracted from 0.1 g of R. giganteum tissue using the cetyl trimethyl
ammonium bromide (CTAB) method. The CTAB method was chosen for DNA extraction
due to its effectiveness in isolating high-quality DNA from plant tissues rich in polysaccha-
rides and secondary metabolites, which are common in bryophytes. Whole genomic DNA
was sequenced using paired-end (PE) sequencing on the Illumina NovaSeq 6000 platform
with 150 bp read lengths. A total of 25.6 million raw reads were obtained, and the raw
sequences were further used for quality control by fastp v0.20.0 [21]. The default settings
of fastp include automatic adapter trimming of sequencing junctions in reads and primer
sequences, low-quality base trimming (with a quality threshold less than 5), and read
filtering (average quality value less than Q5). After cleaning, 25.4 million high-quality
paired-end reads were retained and used for subsequent analysis.

2.2. Chloroplast Genome Assembly and Annotation

The chloroplast genome assembly process began with the use of Bowtie2 v2.3.5 [22] to
align the cleaned reads against a database of known moss chloroplast genomes, enriching
for chloroplast-derived sequences. These aligned reads (0.56 million) were assembled de
novo using SPAdes v3.10.1 software [23] with k-mer sizes of 55, 87, and 121. The assembly
process resulted in a total of 3 contigs. These chloroplast contigs were organized into scaf-
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folds using SSPACE v2.0 [24], and any remaining gaps were filled using Gapfiller v2.1.1 [25].
The final assembly consisted of 1 scaffold with a total length of 124,315 bp, representing the
complete chloroplast genome. The average depth of the final chloroplast genome assembly
was 1642 x. To improve annotation accuracy, a two-step process was employed. Initially,
Prodigal v2.6.3 (https://github.com/hyattpd /Prodigal, accessed on 10 August 2023) was
utilized for predicting chloroplast coding sequences (CDS) due to its high sensitivity, Hm-
mer v3.1b2 (http:/ /www.hmmer.org/, accessed on 10 August 2023) for ribosomal RNA
(rRNA), and Aragorn v1.2.38 (http:/ /www.ansikte.se/ ARAGORN/, accessed on 10 Au-
gust 2023) for transfer RNA (tRNA) identification. Subsequently, an alternative annotation
was generated based on related species data from NCBI (https:/ /www.ncbi.nlm.nih.gov/,
accessed on 10 August 2023) and validated with BLAST v2.6 (https:/ /blast.ncbi.nlm.nih.
gov/Blast.cgi, accessed on 10 August 2023) to ensure comprehensive gene identification.
Erroneous and redundant annotations were manually removed based on the results of
these two annotations. Intron/exon boundaries were confirmed manually using sequences
from closely related species as a reference. The LSC (large single-copy) regions, SSC (small
single-copy) regions, and IR (inverted repeat) regions of the chloroplast genome were
annotated with the Repeats Finder plugin in Geneious Prime 2022.2.2 [26], chosen for its
user-friendly interface and powerful analysis. Additionally, tRNA gene identification was
performed using the tRNAscan-SE v2.0.5 [27]. Finally, the circular genomic map was drawn
using OGDRAW [28].

2.3. Codon Usage Bias, Repeat Sequence, and SSRs Analyses

Relative synonymous codon usage (RSCU) compares observed occurrences with
expected frequencies, where values > 1 indicate positive bias, <1 negative bias, and 1 no
bias [29]. CDS sequences (>300 bp) were extracted from the chloroplast genome of R.
giganteum using Geneious Prime v2022.2.2 [30]. RSCU was calculated using CodonW
1.4.2 [31]. Simple sequence repeats (SSRs) were identified using MISA [32], with minimum
repeat thresholds of 8, 5, 3, 3, 3, and 3 for mono-, di-, tri-, tetra-, penta-, and hexanucleotides,
respectively [33]. REPuter annotated repetitive sequences in the chloroplast, with parameter
offset to Hamming Distance = 3 and Minimum Repeat Size = 30 [34].

2.4. Comparative Analysis of the Chloroplast Genome

To investigate the divergence between the genome sequence of R. giganteum and other
Bryales species, we obtained genome sequences of 7 other bryophyte species available
in the GenBank database. These species include Rhodobryum laxelimbatum (NC_056918.1),
Bryum argenteum (NC_058542), Anomobryum gemmigerum (NC_069305), Mnium marginatum
(NC_054293.1), Plagiomnium acutum (MZ297476), Pohlia cruda (NC_056136) and Pohlia
nutans (NC_045869). Comparative analysis was conducted using mVISTA to identify
highly variable regions [35]. IR, SSC, and LSC boundary regions were visualized using
CPJSdraw software [36]. Nucleotide variability (Pi) was assessed using DnaSP v6 (window
length: 600 bp, step size: 200 bp) [37]. These values were calculated using KaKs_calculator
2.0 with R. giganteum as a reference [38], employing the YN method and Transl_Tablel1 for
protein-coding genes (PCGs) [39].

2.5. Phylogenetic Analysis

To investigate the phylogeny of R. giganteum, a phylogenetic tree was created by analyz-
ing the chloroplast genome sequences of 38 moss species, with Takakia lepidozioides serving
as an outgroup. Whole genome sequences were aligned through MAFFT [40] in Geneious
Prime v2022.2.2, and the best model (TVM+F+R5) was determined by ModelFinder [41].
Maximume-likelihood (ML) trees were generated with 1000 bootstrap replicates using
IQ-TREE [42], and the final trees were visualized and edited through the iTOL website
(https://itol.embl.de/, accessed on 1 April 2024).
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3. Results
3.1. Chloroplast Genome Characteristics of R. giganteum

The chloroplast genome of R. giganteum exhibits a typical quadripartite structure,
totaling 124,315 bp (refer to Table 1 and Figure 1). It comprises a pair of inverted repeat (IR)
regions (IRa/IRb, 9481 bp each), separated by large single-copy (LSC, 86,261 bp) and small
single-copy (SSC, 18,371 bp) regions. The overall GC content is 30.17%, with variations
among IRa/IRb (44.1%), LSC (27.6%), and SSC (27.6%) regions (Table 1). The genome
encodes 128 functional genes: 83 protein-coding genes, 37 tRNA genes, and 8 rRNA genes
(Table S1), categorized into photosynthesis-related genes, self-replication-related genes,
other genes, and genes with unknown function. Fifteen genes contain a single intron (ndhA,
ndhB, petB, petD, atpF, rpl16, rpl2, rpoC1, ycf66, trnA-UGC, trnG-GCC, trnl-GAU, trnK-UUU,
trnL-UAA, and trnV-UAC), while clpP and ycf3 each possess two introns (Table S1).
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Figure 1. Chloroplast genome map of R. giganteum. The different colors represent genes of different
functional groups. The genes drawn inside are transcribed clockwise, while the outside genes are

transcribed counterclockwise.
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Table 1. The characteristics of R. giganteum chloroplast genome.

Category Item Describe
Total length (bp) 124,315
Chloroplast genome structure ]égcC: %:Irllgg: EE}}: ; ?gég}
IRa/IRb length (bp) 9481
Gene number 128
Gene composition ERNA 37
rRNA 8
Protein-coding genes 83
Chloroplast gene 30.17%
LSC 27.6%
GC content S5C 27 3%
IRa/IRb 44.1%

3.2. Codon Usage Bias

Codon usage analysis in the R. giganteum chloroplast genome (Figure 2, Table S2)
revealed Leu as the most abundant amino acid (2172 occurrences), followed by Ile (1895),
while Ter showed the lowest frequency (52). RSCU values were highest for the Leu codon
UUA (3.59) and lowest for the Leu codon CUG (0.07). Among the 29 codons with RSCU > 1,
most ended with A/U, indicating a bias. Only AUG (Met) and UGG (Trp) showed no bias
(RSCU =1) (Table S2).

7

RSCU

[N}

Ala Arg Asn Asp Cys Gln Glu Gly His TIle Lew Lys Met Phe Pro Ser Thr Trp Tyr Val

Figure 2. RSCU values of 20 amino acids in the CDS of the R. giganteum chloroplast genome. Boxes
below the graphs represent all codons encoding each amino acid, with the colors of the histograms
corresponding to the colors of the codons.

3.3. Repeat Sequence and SSRs Analysis

REPuter analysis identified 96 interspersed repeats in the chloroplast genome of R.
giganteum, including 25 reverse, 32 palindromic, 28 forward, and 11 complementary repeats,
ranging from 30 to 9841 bp in length (Figure 3). Additionally, 385 SSRs were detected,
comprising 268 mononucleotide, 14 dinucleotide, 87 trinucleotide, and 16 tetranucleotide
repeats (Figure 4). Mononucleotide repeats, predominantly A or T, were the most abundant.
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Figure 3. Numbers of repetitive sequences in the complete chloroplast genome of R. giganteum.
Forward repetition was abbreviated as F, palindromic repetition was abbreviated as P, reverse
repetition was abbreviated as R, and complementary repetition was abbreviated as C.
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Figure 4. Numbers and types of SSR in the chloroplast genome of R. giganteum.

3.4. IR Expansion and Contraction in Chloroplast Genomes

IR/LSC and IR/SSC boundary regions of eight Bryales species were analyzed (Figure 5).
Chloroplast genome lengths varied from 122,912 bp (B. argenteum) to 125,199 bp (P. nutans),
with all species exhibiting similar tetrameric region boundary structures. Notably, the
length from the trnl gene to the JLB region of P. acutum was reduced to 55 bp, while this
distance ranged from 65 bp to 79 bp in the other seven species (R. giganteum, R. laxelimbatum,
P. cruda, P. nutans, M. marginatum, B. argenteum, and A. gemmigerum). At the JSB boundary,
all eight mosses had ndhF genes spanning both coding regions, with the ndhF gene of
P. acutum being 42 bp in the IRb region, compared to 5 bp to 8 bp in the other mosses.
Regarding the JLA boundary, the distances from the trnV genes of five mosses (R. giganteum,
R. laxelimbatum, P. cruda, P. nutans, and M. marginatum) to the JLA junction ranged from
1136 bp to 1159 bp, while for B. argenteum, A. gemmigerum, and P. acutum, the distances were
907 bp, 933 bp, and 1357 bp, respectively. Despite these variations, the overall structure
of the IR boundaries demonstrated high conservation, with no significant contraction or
expansion observed across the studied species.
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Figure 5. Comparison of the large single-copy (LSC) region, small single-copy (S5C) region, and
inverted repeat (IR) junctions among the chloroplast genome sequences of 8 Bryales species.

3.5. Comparison Analysis of the Chloroplast Genome Sequence of Bryales

Co-linear analysis using MAUVE v2.4.0 software revealed high conservation in chloro-
plast genome structure and gene order among the eight Bryales species examined. The
analysis showed no evident gene rearrangements or inversions, indicating a remarkable sim-
ilarity in genome organization across these species (Figure 6). This conservation suggests a
stable evolutionary history of chloroplast genomes within the Bryales order, potentially
reflecting the importance of maintaining functional integrity in these organelles.

Genomic divergence and sequence identity among R. giganteum and seven other
Bryales species were evaluated using mVISTA, with R. giganteum’s chloroplast genome as
the reference sequence (Figure 7). Results revealed high sequence similarity across entire
genomes, with coding regions showing greater conservation than non-coding regions.
However, variant regions were identified within some coding sequences (e.g., ndhB, ycf2,
and ycf3) and in intergenic spacer regions (e.g., trnR-trnG, chiB-trnK, trnG-trnfM, psbE-
petL, petD-rps11, trnl-trnV, truN-ndhF, and chlL-trnN). Nucleotide diversity (Pi) analysis
across the chloroplast genomes (Figure 8) indicated higher variability in the LSC and SSC
regions, particularly in ndhB, ycf66-trnC, trnK, ycf2, trnL-ndh], petL-petG, rpl16, rpl23-trnV,
ndhF, and ycfl. These findings highlight specific genomic regions of evolutionary interest
within Bryales chloroplast genomes, potentially reflecting differential selective pressures or
functional constraints.
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3.6. Selective Pressure Analysis of Chloroplast Genomes of Bryales Species

Ka/Ks ratios were calculated for the R. giganteum chloroplast genome in comparison
to seven other Bryales species (Figure 9). The average Ka/Ks ratio across 83 common
protein-coding genes in the eight chloroplast genomes was 0.20. Notably, four genes
(rpI20, rps18, petG, and psbM) exhibited Ka/Ks values exceeding 1, suggesting positive
selection during evolution. Conversely, the remaining genes showed Ka/Ks ratios below 1,
indicating strong purifying selection. These findings highlight differential evolutionary
pressures on specific genes within Bryales chloroplast genomes, with most genes under
conservative selection while a few key genes potentially undergoing adaptive evolution.

Ka/Ks Value
Anomobryum gemmigerum
Bryum argenteum
Rhodobryum laxelimbatum 1.5

Pohlia cruda

Mnium marginatum
Pohlia nutans
Plagiomnium acutum

0.5

6 004 013 ¢

Figure 9. The Ka/Ks ratios of 83 protein-coding genes in the chloroplast genome of R. giganteum
versus 7 other Bryales species.
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3.7. Phylogenetic Analysis

A maximum-likelihood (ML) phylogenetic tree was constructed using complete chloro-
plast genome sequences to determine the phylogenetic position of R. giganteum, with T. lepi-
dozioides as the outgroup (Figure 10). The results demonstrated strong support (100%) for
the majority of nodes, with a few nodes receiving support of at least 89%. Rhodobryum
giganteum was situated within the Bryales taxon, positioned between the Bartramiales
and the Orthotrichales. The Bryales species formed a distinct monophyletic group, which
was further divided into two sub-branches. One sub-branch consisted of R. giganteum, R.
laxelimbatum, A. gemmigerum, and B. argenteum, while the other included P. nutans, P. cruda,
P. acutum, and M. marginatum.

Drepanocladus aduncus (NC_049074)
Campylium stellatum (NC_049072)
Sanionia uncinata (NC_025668)

Haplocladium microphyilum (NC_050974)
‘i'u»_ Calliergonella cuspidata (NC_049070)
10 VA 75, - iczii (NC_052723) Hypnales

5— Anomodon rugelii (NC_069303)
= Calyptothecium hookeri (OL405127)
0 Prterobryopsis orientalis (OL372263)
—— Myurella julacea (NC_053275)
s Stoneobryum bunyaense (MK521875)
o yholmic ifolia (NC_026979) Orthotrichales
= Lewinskya incana (NC_042174)

Rhodobryum giganteum (PP485722) *
Rhodobryum laxelimbatum (NC_056918)
Anomobryum gemmigerum (NC_069305) X
Bryum argenteum (NC_058542) Bryopsida
Mnium marginatum (NC_054293) Bryales
Plagiomnium acutum (MZ297476)
Pohlia cruda (NC_056136)

Pohlia nutans (NC_045869)

Bartramia pomiformis (NC_050047) | Bartramiales
Barbula unguiculata (LC747006)

Syntrichia ruralis (NC_012052) Pottiales
Ditrichum rhynchostegium (LC716918)

100

0 Fissidens | icola (LC761303) | Diciles
Fissidens nobilis NC_044155)
- Leucobryum juniperoideum (MK952779) | Archidiales
4’"‘“— Physcomitrella patens NC_037465) | 5
Funariah ica (NC_058544) Funoales
10 Diphyscium foliosum (NC_046057) | Diphysciales
Pogonatum inflexum (MK131349) . . .
" ’—{m 100 Polytrichum commune (NC._060348) Polytrichales Polytrichopsida
Tetraphis pellucida (NC_024291) Tetraphidales | Tetraphidopsida
L /ndreaea rupestris var. fauriei (MW561627) | Andreacales | Andreacopsida
- Sph j (NC_060704) .
1 Sphagmum palustre (NC_030198) Sphagnales | Sphagnopsida
Takakia lepidozioides (NC_028738) | Takakiales | Takakiopsida

0.06

Figure 10. The ML tree constructed from chloroplast whole-genome sequences of 38 species. The red
star represents the positions of R. giganteum. Branches are labeled with bootstrap (BS) support values.

4. Discussion

Similar to most land plants, the genome displays a typical quadripartite structure
and maintains a high level of conservation in terms of genome structure, gene content,
and gene composition. The size of the R. giganteum chloroplast genome aligns with other
Bryales members (124-125 kb) [43-45]. The structural composition and gene count in R.
giganteum were consistent with those of other Bryales species, highlighting the overall
conservatism of the plant chloroplast genome. GC content is a crucial feature influencing
species distribution and environmental adaptability. The total GC content in the chloroplast
genome of R. giganteum is 30.17%. Notably, there was a significant variation in GC content
across different genome regions, with the IR region exhibiting higher GC content compared
to the LSC and SSC regions, reflecting distinct structural and functional requirements of
these genomic regions.

Codon usage bias in chloroplast genomes is primarily driven by natural selection and
mutational pressure, with the third base of synonymous codons playing a crucial role [46].
Similar to other plant chloroplast genomes [47-49], the chloroplast genome of R. giganteum
exhibits 29 codons with a high frequency of codon usage (RSCU > 1), all ending with
A/U. In contrast, there are 33 codons with low codon usage frequency (RSCU < 1), most
of which end with C/G. Plant chloroplast genomes commonly contain simple sequence
repeats and long repetitive sequences [50], which are rich sources of genetic information
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and are considered mutation hotspots within genome sequences. These sequences serve as
valuable molecular markers for studying species” genetic evolution [51]. The chloroplast
genome of R. giganteum displays abundant repetitive sequences, including forward repeats,
palindromes, reverse repeats, and complementary repeats. Within SSRs, single nucleotide
A/T repeat units are the most prevalent in the R. giganteum chloroplast genome, consistent
with observations in most plant chloroplast genes [52,53]. The distribution of SSRs is
mainly in the LSC and SSC regions, with fewer SSRs found in the IR regions. These
repetitive sequences and SSRs in the R. giganteum chloroplast genome have important
practical applications. They can be used as molecular markers for population genetic
studies, phylogenetic analysis, and species identification. In conservation biology, these
markers can help assess genetic diversity and inform protection strategies. Additionally, in
medicinal plant research, they could potentially be used to identify and track strains with
specific therapeutic properties [54].

Variations in chloroplast size are primarily due to the contraction or expansion of
inverted repeat (IR) regions and single-copy regions (LSC and SSC) [55]. When comparing
the IR boundaries in the chloroplast genome sequences of R. giganteum with the seven
other chloroplast genome sequences, a high degree of conservation was observed in both
the IR regions and single-copy regions of chloroplasts in Bryales (Figure 5). Furthermore,
the highly variable regions identified through mVISTA analysis and nucleotide diversity
analysis may provide more variable sites compared to standard DNA barcodes for plant
taxonomy and phylogenetic analysis, thus potentially serving as molecular markers [56].

The Ka/Ks analysis is a crucial tool in molecular evolutionary studies that assesses
selective pressures on gene sequences within the chloroplast genome. A ratio of Ka/Ks
below 1 indicates purifying selection, a ratio above 1 points to positive selection, and a ratio
of 1 signifies neutral drift [57]. In our analysis, only four genes (rpl20, petG, rps18, and psbM)
showed ratios greater than 1, suggesting positive selection for adaptive mutations (Figure 9).
Conversely, the majority of genes had Ka/Ks values below 1, indicating purifying selection.
The genes under positive selection offer intriguing targets for investigating adaptive mecha-
nisms in mosses, while most genes underscore the high conservation of functional integrity
in these genes, aligning with the observed conservatism in the chloroplast genome.

The chloroplast genomes of 38 moss species were thoroughly analyzed using maxi-
mum likelihood (ML) to construct a phylogenetic tree of the Bryales. The analysis revealed
that R. giganteum was grouped within Bryaceae alongside R. laxelimbatum, A. gemmigerum,
and B. argenteum, with R. giganteum showing the closest relationship to R. laxelimbatum. At
the class level, the phylogenetic placements of Takakiopsida, Sphagnopsida, Andreaeop-
sida, Tetraphidopsida, Polytrichopsida, and Bryopsida were consistent with previous
studies [58,59]. The comprehensive analysis of whole chloroplast genomes proves to be
crucial for studying moss phylogeny, as it offers higher accuracy compared to analyz-
ing fragments. Therefore, the findings of this study will significantly contribute to the
understanding of the evolutionary history of moss plants.

5. Conclusions

This study presents the first sequencing, assembly, and annotation of the complete
chloroplast genome of R. giganteum, revealing a typical quadripartite structure spanning
124,315 bp and containing 128 genes. The analysis uncovered several key features, including
a preference for A /U-ending codons, the presence of 96 repetitive sequences and 385 SSRs,
and ten regions identified as high mutational hotspots. Notably, four genes (rpl20, rps18,
petG, and psbM) showed signs of positive selection, suggesting their potential role in
adaptive evolution. Phylogenetic analysis firmly placed R. giganteum within Bryales,
closely related to R. laxelimbatum.

The genomic data presented in this study not only serve as a foundation for compara-
tive analyses among mosses, potentially enriching our understanding of the evolutionary
history of land plants, but also offer essential genetic resources for investigating the medici-
nal properties of R. giganteum. These resources may aid in conservation strategies and the
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development of novel therapeutic applications. Future studies could further explore func-
tional genomics to elucidate the roles of specific genes, particularly those related to stress
tolerance and secondary metabolite production in this important medicinal moss species.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/genes15070900/s1, Table S1. Genes in chloroplast genome of R.
giganteum; Table S2. RSCU values and numbers for codons in the CDS analysis of the R. giganteum
chloroplast genome.
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