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The chloroplast genome serves as a valuable tool for plant phylogenetic studies
due to its conserved structure and slow evolutionary rate. Despite the economic
importance of the genus Citrus, comprehensive comparative analyses of
chloroplast genomes across multiple species remain limited. As one of the
ancestors of Citrus, Citrus medica L. serves as a key representative in studies of
the origin and evolution of the genus. In this study, we conducted a
comprehensive comparative analysis of chloroplast genomes from 35 Citrus
species and their close relatives, with C. medica as a focal species, to investigate
structural variation, codon usage patterns, and phylogenetic relationships. All
genomes exhibited a typical quadripartite structure, ranging from 159 to 161 kb
with GC contents of 38.41-38.49%. While genome synteny was highly conserved,
expansions and contractions at IR boundaries provided species-speci ¢
variation. SSR analysis revealed abundant mononucleotide repeats with a
strong AT bias, predominantly distributed in non-coding regions. Codon usage
analysis indicated a preference for A/U-ending codons, and ENC-GCS3s,
neutrality plot, and PR2 analyses suggested that natural selection was the main
force shaping codon usage bias. Most protein-coding genes were under strong
purifying selection, whereas matK and rpsl16 exhibited elevated Ka/Ks ratios,
suggesting relaxed selective constraints or potential signals of positive selection.
Phylogenomic analysis strongly supported the monophyly of Citrus and resolved
intrageneric relationships, grouping species into distinct ancestral and cultivated
clades. Overall, this study provides essential chloroplast genomic resources for
molecular breeding, species identi cation, and understanding Citrus adaptation.
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1 Introduction

Chloroplasts, the photosynthetic organelles of plant cells,
possess their own genome that has proven to be an invaluable
tool for plant evolutionary studies (Dobrogojski et al., 2020). The
chloroplast genome typically exists as a circular DNA molecule
characterized by a highly conserved quadripartite structure-
comprising large and small single-copy regions separated by
inverted repeats (Bausher et al., 2006b; Dobrogojski et al., 2020;
He et al., 2024). This genome encodes approximately 110—130 genes
primarily involved in photosynthesis, transcription, translation, and
various metabolic processes (Jansen et al., 2007; Yan et al., 2025).
Beyond its functional role, the chloroplast genome exhibits several
features that make it particularly valuable for evolutionary research,
including predominantly uniparental inheritance and a relatively
slow evolutionary rate compared with nuclear DNA. In addition,
gene content and gene order are generally conserved across related
species (Daniell et al., 2016, 2021). These features, combined with
the development of ef cient sequencing technologies, have
established chloroplast genomics as an essential tool for
investigating plant phylogenetics and molecular evolution across
diverse taxonomic levels (Zhou et al., 2021).

Beyond their role in photosynthesis, chloroplast genomes serve
as powerful molecular systems for addressing a wide range of
evolutionary questions. Several intrinsic properties contribute to
their utility in evolutionary biology. The high copy number per cell
facilitates DNA extraction and sequencing (Takamatsu et al., 2018);
while the conserved genome structure enables reliable comparative
analyses across distant taxa. In addition, uniparental inheritance
provides valuable insights into lineage-speci ¢ evolutionary
histories. These characteristics have made chloroplast genomes
particularly valuable for reconstructing robust phylogenetic
frameworks, especially in taxonomically challenging groups where
nuclear genomes show complex patterns of hybridization and
introgression (Fang et al., 2018). Furthermore, the varying
evolutionary rates across different regions of the chloroplast
genome, from highly conserved rRNA genes to more rapidly
evolving intergenic spacers, allow researchers to address
phylogenetic questions at multiple taxonomic levels, from deep
divergences to recent speciation events (Clegg et al., 1994). The
presence of structural variations, such as expansions/contractions of
inverted repeats and gene rearrangements, provides additional
phylogenetic markers and insights into genome evolution
processes. Beyond phylogenetic applications, chloroplast genomes
offer valuable data for population genetics, species identi cation,
and understanding molecular evolutionary processes through
analyses of codon usage bias and selective pressures (Zhao et al.,
2018; Chakraborty et al., 2020). These versatile applications,
coupled with advancing sequencing technologies, have positioned
chloroplast genomics as an essential component of modern plant
evolutionary studies.

The genus Citrus presents a particularly compelling case for the
application of chloroplast genomics, given its complex evolutionary
history and substantial economic importance (de Araujo et al.,
2003; Curk et al., 2015). As one of the world’s most widely cultivated
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fruit crops, citrus species have undergone extensive natural and
arti cial hybridization, resulting in intricate phylogenetic
relationships that have challenged taxonomic classi cation for
decades (Wang et al., 2023). Previous molecular studies, while
providing valuable insights, have often relied on limited
chloroplast markers or restricted taxonomic sampling, leaving
signi cant gaps in our understanding of chloroplast genome
evolution across the genus. The availability of complete
chloroplast genome sequences for an increasing number of citrus
species now enables comprehensive comparative analyses that can
address fundamental questions regarding genome structure
conservation, sequence variation patterns, and evolutionary
dynamics (Shi et al., 2023). Furthermore, the maternal inheritance
of chloroplast genomes in citrus offers a distinct perspective for
tracing maternal lineages and understanding the role of speci ¢
wild species in the domestication and diversi cation of cultivated
varieties (Wang et al., 2022). This is particularly relevant for
clarifying the contributions of fundamental species such as citron
(Citrus medicp mandarin (Citrus reticulat® and pummelo (Citrus
maximg) to the formation of modern citrus cultivars through
complex hybridization events (Wu et al., 2018b).

Recent investigations into citrus chloroplast genomes have
revealed several fundamental characteristics while simultaneously
highlighting signi cant knowledge gaps. Studies have established
that citrus chloroplast genomes typically range between 159-161 kb
in length and maintain the conserved quadripartite structure
common to angiosperms (Shivakumar et al., 2017). Research on
speci ¢ species, including sweet orange (Citrus sinens)sand
pummelo (C. maximg, has identi ed structural variations at IR
boundaries, particularly involving the ycfl and trnH genes,
suggesting their potential utility as phylogenetic markers
(Carbonell-Caballero et al., 2015). However, these investigations
have primarily focused on economically signi cant cultivars, with
wild relatives and ancestral species remaining substantially
underrepresented. Furthermore, existing studies have largely
emphasized structural features while paying insuf cient attention
to evolutionary patterns such as codon usage bias and selective
constraints (Zhang et al., 2021; Geng et al., 2022; Hu et al., 2024),
despite their importance in understanding molecular adaptation.
The limited species sampling in previous comparative analyses has
constrained our ability to reconstruct comprehensive phylogenetic
relationships and understand genome evolution across the entire
genus. These limitations underscore the necessity for an expanded
analysis encompassing a broader taxonomic representation to fully
elucidate the evolutionary dynamics of chloroplast genomes in
Citrus and resolve persistent taxonomic uncertainties through
robust phylogenetic inference.

To address these limitations, this study presents a
comprehensive analysis of 35 complete chloroplast genomes
representing the phylogenetic diversity of Citrus We employ an
integrated approach to examine genome structure variations, SSR
distribution patterns, codon usage evolutionary mechanisms, and
selective pressures on protein-coding genes. Through advanced
phylogenomic analyses, we reconstruct robust evolutionary
relationships within the genus. This research provides systematic
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insights into chloroplast genome evolution in Citrus establishing a
reliable phylogenetic framework to inform taxonomic revisions and
guide future breeding strategies and germplasm utilization.

2 Materials and methods

2.1 Plant material collection and DNA
sequencing

Fresh leaves of C. medicawere collected from the Citrus
Research Institute in Chongging, China. Plant materials were
cultivated under controlled greenhouse conditions at 25 — 2 C
with 60-70% relative humidity and a 16/8-hour light/dark
photoperiod. High-quality genomic DNA was extracted from the
leaf tissues using a modi ed cetyltrimethylammonium bromide
(CTAB) protocol. Sequencing libraries were prepared following
the manufacturer’s guidelines and subjected to paired-end
(150 bp) sequencing on the DNBSEQ-T7 platform (MGI Tech)
(Liu et al., 2025), generating approximately 20 GB of raw data. This
achieved approximately 100 coverage depth for the chloroplast
genome. For comparative analysis, publicly available sequences of
34 additional Citrus species were retrieved from the NCBI database
(https://www.nchi.nlm.nih.gov/).

2.2 Chloroplast genome assembly and
annotation

The complete chloroplast genome of C. medicawas assembled
using a seed-based de novostrategy implemented in NOVOPIlasty
(v4.3), a software speci cally designed for organelle genomes. Initial
annotation was conducted with the GeSeq online platform under
default parameters, with reference to published Citrus chloroplast
genomes to improve accuracy. The genome structure was further
manually curated using NCBI’'s Sequin tool to verify start/stop
codons and exon-intron boundaries. Finally, a circular gegnome map
was generated using the online tool Chloroplot (https://
irscope.shinyapps.io/Chloroplot/), illustrating the characteristic
quadripartite structure and spatial distribution of genes within the
chloroplast genome.

2.3 SSR analysis

SSR analysis was performed on the 35 citrus chloroplast
genomes using IMEx v2.1 with minimum repeat thresholds set at
10 for mononucleotide, 5 for dinucleotide, 4 for trinucleotide, and 3
for tetra-, penta-, and hexanucleotide repeats (Mudunuri and
Nagarajaram, 2007). Detected SSRs were systematically classi ed
by repeat unit length (mono-, di-, tri-, tetra- to hexanucleotide),
genomic location (coding sequences, introns, or intergenic spacers),
and nucleotide composition (AT-rich or GC-rich). The distribution
patterns of conserved SSRs were visualized using the heatmap
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package in R to assess their potential association with IR
boundary variations.

2.4 RSCU analysis

Relative Synonymous Codon Usage (RSCU) analysis was
employed to systematically evaluate codon usage bias in the
chloroplast genomes. Following the extraction of all protein-coding
sequences, RSCU values for each synonymous codon were computed
using Python scripts according to the standard formula: RSCU =
observed frequency of a codon/expected frequency under equal usage
across all synonymous codons for that amino acid. As established in
previous studies, an RSCU value of 1.0 indicates no usage preference
(Barkley et al., 2006), values >1.0 represent preferentially used codons,
and values <1.0 indicate low-frequency usage (Liu et al., 2020). The
resulting RSCU patterns were visualized through a heatmap generated
with the heatmap package in R, utilizing a discrete color gradient
(ranging from 0.5 to 2.5-3.0). This method accounts for variations in
amino acid composition, thereby enabling accurate characterization of
codon preference patterns at the genome level (Perritre and
Thioulouse, 2002).

2.5 ENC analysis

The Effective Number of Codons (ENC), a measure of
synonymous codon usage bias independent of amino acid
composition, was calculated to assess the overall magnitude of codon
usage bias in chloroplast protein-coding genes. The ENC values were
computed using the formula proposed by Wright: ENC =2 + 9/F, + 1/
F3 + 5/F4 + 3/Fg, where F, through Fg represent the bias factors for
amino acids with 2 to 6 synonymous codons, respectively. This metric
ranges from 20 (extreme bias) to 61 (no bias), with lower values
indicating stronger codon usage bias (Wright, 1990). Simultaneously,
the GC content at the third synonymous codon position (GC3s) was
calculated for each gene. The relationship between ENC and GC3s was
visualized in a scatter plot, where the theoretical expected curve
(assuming codon usage is determined solely by GC3s composition)
was included for reference. The distribution of data points relative to
this expected curve was analyzed to assess the relative contributions of
mutational pressure and translational selection in shaping codon
usage patterns.

2.6 Neutrality plot analysis

Neutrality plot analysis was conducted to assess the relative
contributions of mutational pressure and natural selection in
shaping codon usage patterns. For each protein-coding gene, the
GC contents at the rst and second codon positions (GC12) and at
the third synonymous position (GC3) were calculated. The
relationship between GC12 and GC3 was examined through
linear regression analysis, with regression slopes and coef cients
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of determination (R ) serving as key indicators. A regression slope
approaching 1 suggests that mutational pressure predominantly
in uences codon usage, while a slope approaching 0 indicates that
natural selection is the dominant evolutionary force. This analytical
approach effectively distinguishes between neutral evolution and
selective constraints by comparing the nucleotide composition
constraints at different codon positions (Tang et al., 2021; Yang
et al., 2023).

2.7 PR2 plot analysis

Parity Rule 2 (PR2) plot analysis was performed to evaluate the
relative contributions of mutation bias and natural selection to
synonymous codon usage by examining the balance between
complementary nucleotides at the third codon position. The base
composition at the third codon position was analyzed by calculating
As/(Ast+T3) and G3/(G4+Cy) ratios for each protein-coding gene.
These values were plotted in a scatter diagram with G3/(G3+Cj) as
the x-axis and Ag/(As+T3) as the y-axis (Yang et al., 2023). The
central point (0.5, 0.5) represents the theoretical equilibrium where
A=T and G=C in the absence of selection pressure. Deviation from
this central point indicates base composition bias, with points
distributed in the four quadrants revealing speci ¢ nucleotide
usage patterns. Data points were colored according to citrus
varieties and faceted by species to enhance comparative analysis.
This method effectively distinguishes the relative contributions of
mutational bias and natural selection to codon usage patterns
through quantitative assessment of base composition bias.

2.8 Correspondence analysis

Correspondence analysis (COA) was employed to investigate the
major trends in synonymous codon usage variation across the
chloroplast protein-coding genes of Citrus species. The analysis was
based on the relative synonymous codon usage (RSCU) matrix, where
each coding sequence was represented as a 59-dimensional vector
(excluding methionine AUG, tryptophan UGG, and the three stop
codons). Dimensionality reduction was performed using the
FactoMineR package in R, extracting the rst two principal axes that
account for the largest proportion of variation in codon usage. The
distribution of genes along these axes was visualized using the
factoextra package, revealing clustering patterns and major trends in
codon usage. This multivariate analysis not only identi es the primary
sources of variation in codon usage among genes but also helps detect
potential in uencing factors, such as functional constraints or
evolutionary pressures, that shape codon preference in citrus
chloroplast genomes (Perritre and Thioulouse, 2002).

2.9 Collinearity analysis

A systematic comparative analysis was conducted on the
chloroplast genomes of 35 species to elucidate structural
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conservation and evolutionary relationships. Genomic
visualization was performed using the genoPlotR package in R
(v4.1.0), with all annotation data processed through customized R
scripts. Gene annotations were extracted from GFF les and
converted into standardized tables, followed by color-coding
according to functional categories (e.g., photosynthesis, ATP
synthesis, transcription, and translation). Sequence similarity was
assessed through pairwise BLASTN alignments, and the results
were converted into visualization objects. A maximum likelihood
phylogenetic tree in Newick format was integrated to provide an
evolutionary context. The analysis revealed the typical quadripartite
structure of Citruschloroplast genomes, with gray connecting lines
illustrating conserved syntenic regions where color intensity
corresponds to sequence similarity. This approach provided
evidence for understanding structural variations, including
rearrangements and inversions, during the evolutionary history of
Citrusspecies.

2.10 Selection pressure analysis

Selection pressure on chloroplast protein-coding genes in Citrus
was evaluated using the ratio of nonsynonymous (Ka) to
synonymous (Ks) substitution rates (Ka/Ks) (Wu et al.), a widely
used metric for inferring evolutionary constraints on coding
sequences. Ka, Ks, and Ka/Ks values for homologous gene pairs
were calculated using KaKs_Calculator v2.0 (Wang et al., 2010). In
general, Ka/Ks ratios greater than 1 may indicate positive selection,
ratios less than 1 suggest purifying selection, and values close to 1
are consistent with neutral evolution. This approach provides a
framework for assessing selective pressures acting on chloroplast
protein-coding genes.

2.11 Phylogenetic reconstruction

Phylogenetic relationships among the Citrus species were
reconstructed based on the concatenated sequences of 13 protein-
coding genes (PCGs) from the chloroplast genomes. Multiple
sequence alignment was performed using MAFFT v7.450 under the
auto strategy (Katoh and Standley, 2013), and the resulting
alignments were concatenated and trimmed using trimAl v1.4 with
the “automatedl” option. The best- t partitioning scheme and
nucleotide substitution models were selected using PartitionFinder
V2.1.1 under the Bayesian Information Criterion (BIC) (Lanfear
et al., 2016). Maximum likelihood (Jansen et al.) analysis was
conducted with RAXML-NG v1.2.2 (Kozlov et al., 2019), employing
1000 bootstrap replicates to assess branch support. Bayesian inference
(BI) was performed using MrBayes v3.2.7 with four independent
Markov chain Monte Carlo (MCMC) runs, each for 1,000,000
generations and sampling every 1000 generations. The rst 25% of
samples were discarded as burn-in, and the remaining trees were used
to generate a consensus phylogeny. This comprehensive approach
enabled robust reconstruction of evolutionary relationships within
the genus Citrus
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3 Results

3.1 Morphological and chloroplast genomic
features of citrus

Citron (C. medica) is a small evergreen tree with distinct
morphological features. The trunk is erect, covered with grayish-
brown bark that exhibits rough texture and irregular longitudinal

ssures. Current-year branches are green and relatively exible,
primarily responsible for photosynthesis and nutrient transport,
while perennial branches become more ligni ed, turning yellowish-
brown, and mainly function in structural support and nutrient
storage (Figure 1A). The fruit of citron is a typical hesperidium.
Mature fruits are oblong or elongated, with a thick and rough peel
densely covered with oil glands. The color transitions from dark
green in immature stages to light yellow or golden yellow at
maturity. A longitudinal section of the fruit reveals a well-
developed, thick white spongy layer (albedo) beneath the avedo.
Inside, multiple segments are arranged regularly, lled with pale
yellow, elongated juice vesicles. Seeds are primarily embedded
within these segments, showing typical localization (Figure 1B).
The leaves are simple, alternate, and leathery in texture, generally
exhibiting an oblong or ovate-lanceolate shape. The leaf base is
cuneate, and the margin is entire or occasionally with
inconspicuous serrations. The adaxial surface is dark green and
glossy, while the abaxial surface is lighter in color with prominently
visible oil glands. The midvein is distinctly raised on the abaxial

FIGURE 1

Morphological characteristics of C. medica. (A) Overall growth habit of C. medica. (B) Different forms of fruits: a mature citron fruit (left) and a cross-
section of the fruit (right). (C) Leaf specimen illustrating the characteristic ovate shape and prominent venation. Scale bar = 1 cm.
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side, and the secondary veins form a reticulate pattern, which is
clearly observable. This leaf structure is closely associated with the
synthesis and accumulation of aromatic compounds in the species
(Figure 1C). The distinctive morphological traits of C. medica,
including its thick fruit albedo, abundant oil glands, and leathery
leaves, are closely associated with its specialized metabolic and
physiological functions. These phenotypic characteristics provide a
relevant biological context for subsequent chloroplast genome
analyses because chloroplasts contribute to a certain extent to
photosynthesis primary metabolism and the biosynthesis of
precursor compounds for secondary metabolites. Therefore,
integrating morphological observations with chloroplast genomic
features facilitates a more comprehensive understanding of the
evolutionary and functional characteristics of C. medica within
the genus Citrus. The chloroplast genomes of Citrus species
exhibited the typical quadripartite structure characteristic of
angiosperms. Using C. medica as a representative example, the
complete chloroplast genome was 159,843 bp in length with a GC
content of 38.45% (Figure 2A). It consisted of a large single-copy
(LSC) region of 87,673 bp, a small single-copy (SSC) region of
15,866 bp, and a pair of inverted repeat (IRa/IRb) regions, each
26,802 bp. Annotation identi ed a total of 131 genes, comprising 86
protein-coding genes, 8 rRNA genes, and 37 tRNA genes. The
genomic map clearly illustrated the enrichment of photosynthesis-
related genes (e.g., psbA, psbD) within the LSC region (Figure 2A;
Table 1; Supplementary Table S1). The map also delineated the
precise locations and distributions of genes across the four
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