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Abstract 

Chloroplast genomes, pivotal for understanding plant evolution, remain unexplored in Rutaceae, a family with key 
perennial crops like citrus. Leveraging next‑generation sequencing data from 509 Rutaceae accessions across 15 
species, we conducted a de novo assembly of 343 chloroplast genomes, unveiling a chloroplast variation map high‑
lighting the heterogeneous evolution rates across genome regions. Notably, differences in chloroplast genome size 
primarily originate from large single‑copy and small single‑copy regions. Structural variants predominantly occurred 
in the single‑copy region, with two insertions located at the single‑copy and inverted repeat region boundary. Phy‑
logenetic analysis, principal component analysis, and population genetic statistics confirmed the cohesive clustering 
of different Citrus species, reflecting evolutionary dynamics in Citrus diversification. Furthermore, a close chloroplast 
genetic affinity was revealed among Atalantia (previously regarded as primitive citrus), Clausena, and Murraya. 
Zanthoxylum formed a distinct group with heightened genetic diversity. Through expanding our analysis to include 
34 published chloroplast genomes, we explored chloroplast gene selection, revealing divergent evolutionary trends 
in photosynthetic pathways. While Photosystem I and Photosystem II exhibited robust negative selection, indicating 
stability, the Nicotinamide adenine dinucleotide (NADH) dehydrogenase pathway demonstrated rapid evolution, 
which was indicative of environmental adaptation. Finally, we discussed the effects of gene length and GC content 
on chloroplast gene evolution. In conclusion, our study reveals the genetic characterization of chloroplast genomes 
during Rutaceae diversification, providing insights into the evolutionary history of this family.
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Introduction
Chloroplasts, intracellular organelles commonly found in 
eukaryotic autotrophs, house their genome. In addition 
to facilitating photosynthesis, they play a crucial role in 

synthesizing amino acids, nucleotides, fatty acids, phy-
tohormones, vitamins, and various metabolites (Daniell 
et  al. 2016). The chloroplast genome in plants exhib-
its unique genetic and evolutionary patterns, including 
maternal inheritance, a low mutation rate, and a circular, 
double-stranded DNA structure, which aids in revealing 
plant evolution and hybridization relationships.

Maternal inheritance, where all offspring genes origi-
nate from the female parent, is characteristic of most 
plant chloroplast genomes (Hipkins et  al. 1994; Hage-
mann 2004). In chloroplast phylogenetic trees, hybrids 
typically cluster with their female parental type, allowing 
for quick identification of maternal origin, even in cases 
where the male parent is unknown.
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The low mutation rate of the chloroplast genome is 
noteworthy (Green 2011), with chloroplast gene syn-
onymous rates in angiosperms being three times that of 
mitochondria. However, structural variation in the chlo-
roplast genome is generally lower than in nuclear and 
mitochondrial genomes (Green 2011). Similar chloro-
plast genome sequences can be easily obtained through 
polymerase chain reaction (PCR) (Palmer 1987; Kelchner 
2000; Heinze 2007). However, numerous samples clus-
ter within the same evolutionary clade, suggesting that 
the chloroplast genomes of these samples exhibit limited 
genetic variation, which may hinder phylogenetic resolu-
tion. Therefore, chloroplast genomes are not well suited 
for studying the evolutionary relationships of closely 
related species with direct parental lineage.

The chloroplast genome structure typically comprises 
one large single-copy (LSC) region, one small single-
copy (SSC) region, and two inverted repeat (IR) regions. 
The distinct structure of the IR region contributes to its 
lower mutation rate than the single-copy (SC) region. In 
early studies, partial chloroplast sequences were com-
monly used for phylogenetic analysis using sequences of 
the IR region, resulting in abnormal results. Advances 
in sequencing and analytical methods have enabled the 
widespread use of whole chloroplast genomes in phyco-
logical classification (Grivet et al. 2001; Chung and Staub 
2003). For instance, a family-level phylogenetic tree for 
angiosperms was constructed based on chloroplast genes 
from 4792 plastomes representing 4660 species across 
2024 genera (Li et  al. 2021). Chloroplast genomes have 
been used to construct phylogenetic trees for many plant 
families (Zhang et  al. 2017; Saarela et  al. 2018; Ogoma 
et al. 2022; Yan et al. 2022).

The variability of chloroplast genomes is significantly 
influenced by the expansion and contraction of the 
IR region, a phenomenon observed in various species 
where the IR region can be nearly lost (Yi et  al. 2013). 
This variability affects the frequency of gene variations, 
with synonymous substitution rates in the IR region 
being approximately 3.7-fold slower than those located 
in the SC region. Lower substitution rates in the IR 
region are linked to copy-dependent repair activity (Zhu 
et  al. 2015). In Plantago, chloroplast genomes undergo 
sequence expansions and inversions, affecting IR region 
size and gene order. Genes near inversion breakpoints 
exhibit accelerated nucleotide substitution rates and local 
hypermutations associated with rearrangements (Mower 
et al. 2021). Essential genes related to photosynthesis are 
present in the chloroplast genome, and many have under-
gone natural selection to adapt to environmental changes 
during radiation evolution. For example, a genome-wide 
scan in rice identified 14 chloroplast orthologous genes 
associated with the photosynthetic system and adapted 

to shade tolerance or sun-loving characteristics (Gao 
et  al. 2019). During the evolution of Paphiopedilum, 
seven chloroplast genes underwent positive selection, 
while in Osmanthus, all chloroplast genes experienced 
purifying selection (Li et al. 2022; Liu et al. 2022).

Research on chloroplast pan-genomes, facilitated by 
large-scale sequencing data, enhances our understand-
ing of chloroplast DNA diversity and evolution across 
different plant species. Extensive comparative analyses of 
chloroplast genomes from various species or within the 
same species shed light on key genes or genetic variations 
associated with environmental adaptability (Magdy et al. 
2019). Concurrently, studies on chloroplast pan-genomes 
offer crucial insights into the phylogenetic relationships 
of plants (Wang et al. 2022a, b; Zhou et al. 2023).

Rutaceae, primarily found in the tropics and subtrop-
ics, contains 154 genera and approximately 2100 species 
(Kubitzki 2011). Notably, subfamilies Aurantioideae and 
Rutoideae are of economic importance. Rutaceae spe-
cies, including fruit trees (Citrus, Clausena), rootstocks 
(Poncirus), seasoning (Zanthoxylum), Chinese medicine 
(Phellodendron), and ornamental plants (Murraya), are 
widely utilized. Botanists historically classified Ruta-
ceae based on phenotype, with Engler dividing it into 
seven subfamilies according to flower, fruit, and gland 
characteristics (Engler 1896; Engler 1931). Rutaceae 
exhibits four androecium character types: halostemony, 
diplostemony, obdiplostemony, and polyandry. Research 
on androecium characters in subfamilies Rutoideae and 
Aurantioideae suggests that the genus in Rutoideae with 
obdiplostemony serves as the ancestor genus of Auran-
tioideae (Wei et al. 2015).

Advancements in sequencing technology have allowed 
DNA-based studies on the taxonomy and evolution of 
Rutaceae. Chloroplast genome studies have classified 
several Rutaceae genera, revealing that Cneorum, Ptaer-
oxylon, Spathelia, and Dictyoloma form a clade sister to 
other Rutaceae species. Ovary and fruit characters are 
insufficient to accurately delineate families, as subfami-
lies with more than one genus (except Aurantioideae) 
are not monophyletic (Groppo et al. 2008). Phylogenetic 
analysis using nine chloroplast sequences shows that the 
three traditionally recognized subclades in the Auran-
tieae tribes are not monophyletic, with Triphasiinae 
and Balsamocitrinae found to be polyphyletic. Nuclear 
genomic studies help infer the timing of differentiation 
in several Rutaceae species (Bayer et  al. 2009). Phylo-
genetic analysis of 34 chloroplast genomes from Citrus 
and related genera reveals that the genus Citrus under-
went three radiation events. Citrus speciation occurred 
between 7.5 and 6.3 million years ago (Ma), leading 
to ancestors like citron (Citrus medica, 5.0–3.7  Ma) 
from Australian limes, micrantha from pummelos, and 
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Ichangensis from mandarins. Further radiations of For-
tunella, sour orange, sweet orange, lemon, and mandarin 
occurred later (1.5–0.2  Ma) (Carbonell-Caballero et  al. 
2015). A 4.23 gigabases (Gb) reference genome of Zan-
thoxylum, assembled by Feng, ten times larger than that 
of sweet orange, shows a divergence between Zanthoxy-
lum and sweet orange approximately 35  Ma ago (Feng 
et al. 2021). Wu analyzed 60 representative citrus species 
worldwide (Wu et al. 2018). The diversification of citrus 
species occurred in the late Miocene (6–8  Ma), spread-
ing to Southeast Asia, likely related to the weakening of 
monsoon. Australian citrus diversification began later, 
crossing the Wallace Line (approximately 4  Ma). The 
hybridization history of several citrus species is system-
atically described. By comparing several wild and culti-
vated mandarin groups, two independent domestication 
events for cultivated mandarins in China were revealed, 
roughly distributed in the south and the north of the 
Lingnan Mountains (Wang et al. 2018).

In this study, 378 Rutaceae chloroplast genomes were 
assembled and annotated using next-generation sequenc-
ing (NGS) data from 509 accessions in public databases 
and 34 published Rutaceae chloroplast genomes. Our 
analysis focused on exploring phylogenetic relationship 
and population structure within Rutaceae by leveraging 
information on chloroplast DNA variations. Compara-
tive and evolutionary analyses of gene sequences were 
conducted to examine structural variations and gene 
selection in Rutaceae chloroplast genomes. The findings 
contribute valuable data for population genetic analysis 
and evolutionary studies of related taxa.

Materials and methods
Chloroplast genome assembly and annotation
We processed 509 NGS datasets through FastQC 
(v0.11.9) (https:// github. com/s- andre ws/ FastQC), fol-
lowed by batch assembly using GetOrganelle (v1.7.5) (Jin 
et al. 2020) with parameters ‘-fast -k 65,105,127 -w 0.68 -t 
10 -f embplant_pt’. This yielded 344 complete chloroplast 
genome sequences. Plastid Genome Annotator (PGA) 
(Qu et  al. 2019) was used to annotate 378 chloroplast 
genomes (including 34 published chloroplast Rutaceae 
genomes) with GeneBank files as the database. Subse-
quently, OGDRAW (v1.3.1) (Greiner et  al. 2019) was 
used to map the chloroplast genome loops of the Hong 
Kong kumquat. The genome lengths and GC contents 
were measured using SeqKit (v2.3.0) (Shen et  al. 2016) 
and visualized using Origin2019. Protein-coding genes 
were extracted based on the annotated GB format chlo-
roplast genome files. The pan-genome of chloroplast pro-
tein-encoding genes was then constructed and annotated 
using Bacterial Pan Genome Analysis (BPGA) (Chaud-
hari et al. 2016) with default parameters.

Chloroplast genome size variation analysis
A phylogenetic tree was constructed using the LSC 
region sequences from 378 chloroplast genomes. Subse-
quently, the samples were categorized into three groups 
based on this tree: group A (Ruta, Casimiroa, Tetra-
dium, Phellodendron, Zanthoxylum, Murraya, Clausena, 
Micromelum, Glycosmis, Atalantia, and lime), group B 
(Citron, Fortunella, Ichangensis, mandarin, and Poncirus), 
and group C (sweet orange, sour orange, grapefruit, and 
lemon). The trends in genome lengths within the LSC, 
SSC, and IR regions for these three sample groups were 
assessed using R packages ggpmisc (Aphalo 2021) and 
ggpubr (Kassambara 2023).

Mapping and variant calling
Clean data from 509 NGS runs were mapped to the Hong 
Kong kumquat chloroplast genome using BWA (Li and 
Durbin 2009). SAM (sequence alignment map) files were 
converted to sorted BAM (binary version of SAM) files 
using SAMtools (Li et  al. 2009). Duplicate removal was 
performed using Picard (http:// broad insti tute. github. io/ 
picard/). Variant call format (VCF) files were generated 
using DeepVariant (rc1.0.0) (Poplin et  al. 2018). GVCF 
files from 509 accessions were merged into one VCF file 
using GLnexus (v1.2.7) (Yun et al. 2020). VCF files were 
annotated with SnpEff (v5.1) (Cingolani et  al. 2012). 
SNP and indel densities were calculated using BEDTools 
(v2.30.0) (Quinlan and Hall 2010), and variation informa-
tion was visualized using Circos (v0.69–8) (Krzywinski 
et al. 2009). Structural variants (SV) were predicted using 
BCFtools (v1.8) (Narasimhan et  al. 2016) and DELLY 
(v0.9.1) (Rausch et  al. 2012). VCF files were filtered via 
VCFtools (v0.1.16) using the following criteria: variant 
quality > 2.0, quality score > 40.0, mapping quality > 30.0, 
genotype calls with a depth > 2 or < 100, and < 20% miss-
ing genotypes across all samples.

Phylogeny and population genomics analyses
To explore the evolutionary relationships of Rutaceae 
chloroplast genomes, a maximum likelihood-based 
method was used to construct phylogenetic trees. 
SNP variation data was extracted from VCF files using 
VCFtools (v0.1.16) (Danecek et  al. 2011). SNPs were 
used to construct the phylogenetic tree using IQ-TREE 
(v2.1.4) (Minh et al. 2020), with 1000 ultrafast bootstrap 
replicates yielding support values for each node with the 
"GTR + I + G" model. The resulting tree file was plotted 
into a phylogenetic tree using Table 2itol (https:// github. 
com/ mgoek er/ table 2itol) and itol (https:// itol. embl. de/).

For population structure and diversity analysis of 
Rutaceae chloroplast genomes (509 samples), principal 
component analysis (PCA) was conducted using PLINK 

https://github.com/s-andrews/FastQC
http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
https://github.com/mgoeker/table2itol
https://github.com/mgoeker/table2itol
https://itol.embl.de/
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(v1.90b4) (Purcell et al. 2007), and results were visualized 
with ggplot2 (Wickham 2011). Considering the predomi-
nant maternal lineage of pummelo in sweet orange, sour 
orange, grapefruit, and lemon, we classified their chlo-
roplast genomes into a group of pummelo (PU) and the 
remaining clustered into ten groups: Atalantia (at), Cit-
ron (ci), Clausena (cla), Fortunella (fo), Ichangensis (ich), 
Australian lime (lime), mandarin (ma), Murraya (mu), 
Poncirus (po), and Zanthoxylum (za).

To ensure calculation accuracy, samples with inconsist-
ent nuclear and chloroplast classifications were excluded. 
Divergence (Dxy), fixation index (FST), and nucleotide 
diversity (Pi) statistics were calculated based on SNP 
variations using genomics_general (https:// github. com/ 
simon hmart in/ genom ics_ gener al). The Pi and Dxy values 
of populations were visualized using ggplot2 (Wickham 
2011).

Haplotype network construction
To study genealogical relationships among Rutaceae pop-
ulations, we constructed a haplotype network based on 
SNP variation data. Plink (v1.90b4) (Purcell et  al. 2007) 
was employed to filter low-frequency variant loci in VCF 
files. Subsequently, VCF files were converted into NEXUS 
(NEX) format files using vcf2phylip (Ortiz 2019), BioEdit 
(v5) (Hall et  al. 2011), and DnaSP (Librado and Rozas 
2009). Grouping information was then incorporated into 
NEX files. Finally, we used POPART (Leigh and Bryant 
2015) to visualize Templeton, Crandall, and Sing  (TCS) 
haplotype networks.

Nucleotide substitution rate analysis
After eliminating stop codons and non-coding genes 
from chloroplast genes, we estimated the nucleotide sub-
stitution rates of 81 chloroplast genes across 378 samples. 
The 81 protein-coding genes (PCG) from the 378 samples 
were aligned separately using MAFFT (v7.490) (Katoh 
and Standley 2013). Utilizing the aligned gene sequences, 
a constraint tree was constructed for each gene using 
IQTREE (Minh et al. 2020). The non-synonymous (dN), 
synonymous (dS), and non-synonymous to synonymous 
ratios (dN/dS) were calculated using the codeml program 
in the PAML package (Yang 2007), employing the F3 × 4 
model for codon frequency estimation. Gap regions 
were excluded using the “clean data = 1” option, and 
the “model = 0” option was applied while keeping other 
parameters in the codeml control file at default settings. 
The dN, dS, and dN/dS values for the 81 genes were visu-
alized using Origin2019.

For comparisons across different functional groups 
of PCGs, we selected seven groups with more than five 
members: photosystem I (PSA), photosystem II (PSB), 
cytochrome B6f complex (PET), ATP synthase (ATP), 

Nicotinamide adenine dinucleotide  (NADH), riboso-
mal proteins large subunit (RPL), and ribosomal pro-
teins small subunit (RPS). The dN, dS, and dN/dS values 
for these seven functional groups were visualized using 
ggplot2 (Wickham 2011).

Gene diversity and correlation analysis
DnaSP (v5) (Librado and Rozas 2009) was used to calcu-
late gene length, GC content, Pi, per site from total muta-
tions (Eta), and the number of variable sites (S) based on 
the 81 PCG alignments. The correlation between nucleo-
tide substitution rates (including dN, dS, and dN/dS val-
ues for each gene) with Pi and Eta were calculated using 
ggscatterstats functions from the ggstatsplot package 
(Patil  2021). Additionally, correlation analysis for gene 
length, GC content, Pi, Eta, S, and nucleotide substitu-
tion rate was conducted using ggscatterstats.

Results
Rutaceae chloroplast genome variation analysis
A chloroplast variation map was constructed using 
short paired-end sequencing reads from 509 accessions 
(Table S1), mapping the reads to the Fortunella hindsii 
(Hong Kong kumquat) chloroplast genome. The analy-
sis revealed 11,580 SNPs, 1,401 insertions, and 1,080 
deletions. Notably, a significant difference in variation 
prevalence existed between the LSC and SSC regions, 
with 78.55% of the variants identified in the LSC region 
and 20.56% in the SSC region. Conversely, the IR region 
exhibited remarkably low variation (0.89%) (Fig. 1), con-
sistent with observations in other higher plants (Daniell 
et al. 2016).

To reduce the influence of region length on chloro-
plast genome, we calculated variant density separately 
for the SSC, LSC, and IR regions. A similar pattern was 
observed in the SSC (131.2 SNPs and InDels per kb) and 
LSC regions (107.26 SNPs and InDels per kb). In con-
trast, the IR region exhibited significantly lower density, 
approximately 1.97 SNPs and InDels per kb. Further-
more, we annotated the chloroplast variation map to 
investigate the effects of variation on chloroplast genes. 
Notably, 83.89% of the variants were concentrated in the 
upstream and downstream regions of genes, while only 
4.32% occurred in the exon region. Synonymous and 
non-synonymous mutations constituted 1% and 2.5%, 
respectively (Table S2).

Delly was employed to identify structural variations 
in the Rutaceae chloroplast genome. After filtering low-
frequency variant loci and large fragment variants, 125 
SV loci were obtained, including 78 deletions, 30 inser-
tions, 14 inversions, and three duplications. All SV loci 
were located in the SC region, except for two insertions 

https://github.com/simonhmartin/genomics_general
https://github.com/simonhmartin/genomics_general
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located at the SC and IR region boundary (Fig. 1f, Table 
S3).

The GC contents of the 378 Rutaceae chloroplast 
genomes ranged from 38.4% to 38.5%. The IR regions 
exhibited the highest GC content at 42.9%–43%, ensur-
ing genomic stability. Conversely, the LSC region dem-
onstrated a GC content of 36.7%–36.9%, while the SSC 

region exhibited the lowest GC content at 33.1%–33.4% 
(Fig. 3b, Table S4).

The assessment of simple sequence repeats (SSRs) 
in 378 genomes revealed that 70% of the samples har-
bored 75–80 SSRs. Samples exhibited variability, with the 
maximum number of SSRs observed in Glycosmis penta-
phylla (NC_032687, 112 SSRs), while the minimum was 

Fig. 1 Exploration of chloroplast variation in Rutaceae using the Hong Kong kumquat chloroplast as a reference genome. a Gene map of the Hong 
Kong kumquat chloroplast, with arrows indicating gene transcriptional direction. b Locations of the four regions within the chloroplast genome. c 
Bar graph illustrating the GC content of the Hong Kong kumquat chloroplast genome. d–f Heatmaps depicting SNP, Indel, and structural variants 
(SV) densities across 509 Rutaceae samples. LSC, large single‑copy; IRA, inverted repeat A; SSC, small single‑copy; IRB, inverted repeat B
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recorded in Zanthoxylum madagascariense (NC_046744, 
58 SSRs) (Table S4).

Chloroplast population genomic analysis in Rutaceae
To investigate the genetic relationships among differ-
ent genera and species, including interspecific hybrids, 
we employed the maximum likelihood (ML) method to 
construct a phylogenetic tree based on the chloroplast 
variation map. The phylogeny highlighted two significant 
genetic features: widespread hybridization in modern cit-
rus cultivars and the cohesive clustering of wild and cul-
tivated citrus species. The chloroplasts of sweet orange, 
sour orange, grapefruit, and lemon, primarily inherited 
from pummelo (Wang et al. 2022a, b) (Fig. S1a), led to the 
clustering of some hybrids with other groups, reflecting 
interspecific hybridization through maternal inheritance. 
For instance, chloroplasts of five sweet oranges (sweet_
orange_A20, sw_HML, sw_BZH, sw_NMH, sw_NF) clus-
tered with mandarin. Despite Atalantia being considered 
primitive citrus that diverged from ichangensis (Citrus 
ichangensis) around 20 Ma (Wang et al. 2017), the length 
of inner branches suggested a close grouping of Atalan-
tia, Zanthoxylum, Murraya, and Clausena (Fig.  2a, Fig. 
S2). Our chloroplast phylogeny thus revealed both spe-
cies diversification and extensive hybridization, offer-
ing insights into the evolutionary dynamics by breeding 
improvements and natural hybridization.

The genetic landscape of Rutaceae was examined using 
PCA. Zanthoxylum emerged with the longest genetic 
distance, showcasing distinctive features in its nuclear 
genome (2n = 46, genome size = 4.6  G) compared to 
other species (2n = 18). Combining these findings with 
the phylogenetic analysis, three distinct clusters were 
identified: Zanthoxylum (cluster1), a cluster compris-
ing Atalantia, Clausena, and Murraya (cluster2), and 
a cluster with wild and cultivated Citrus species (clus-
ter3) (Fig. 2b). Examining Pi and Dxy in the chloroplast 
genome of Rutaceae populations (Fig. 2c, d) revealed sig-
nificantly higher diversity in cluster1 and cluster2 than in 
cluster3. The FST in the chloroplast genome across the 
three clusters indicated that in most of the SC regions, 
genetic differentiation was most pronounced between 
cluster1 and cluster3, followed by cluster1 and cluster2, 
while the differentiation of cluster2 and cluster3 was 
the least. Remarkably, FST in the IR region was signifi-
cantly lower than in the SC region, with the lowest dif-
ferentiation observed between cluster1 and cluster3, 
indicating distinct differentiation dynamics in different 
structural regions of the chloroplast (Fig. 2e). Citron and 
lime exhibited the highest genetic diversity in the chlo-
roplast genome, potentially linked to increased effective 
population size (Ne), as reported previously (Wang et al. 
2022a, b). Notably, Clausena displayed the lowest genetic 

diversity in clutser1, possibly attributed to the small sam-
ple size limiting diversity. Moreover, the Dxy statistic 
aligned with the phylogenetic tree and PCA results.

To trace the genetic variants contributing to chloro-
plast genome divergence among species, we constructed 
a chloroplast haplotype network based on whole-genome 
variations. The network exhibited four independent 
main branches. Within mandarins, both cultivated and 
wild varieties formed separate branches, indicating sin-
gle domestication events in mandarin evolution. Simi-
larly, the Fortunella genus showcased a split between 
cultivated kumquat and wild kumquat (Hong Kong 
kumquat) populations. Notably, the long-term clonal 
propagation of sweet orange resulted in lower chloroplast 
genome variation, with a dominant haplotype represent-
ing 63.27% of the variance. Despite variations in chro-
mosome numbers and nuclear genomic architectures 
between Zanthoxylum and cluster2 species (Atalantia, 
Murraya, and Clausena), the chloroplast genome hap-
lotypes unexpectedly exhibited proximity (Fig. S2). The 
intriguing question of whether genetic factors influence 
nuclear and chloroplast genome differentiation during 
species diversification remains open.

Comparative genomics of Rutaceae chloroplast genomes
To investigate the evolution of chloroplast genome size in 
Rutaceae, we conducted de novo assemblies of 509 chlo-
roplast genomes based on deep NGS data, with 67.5% 
(344/509) assembled into a circular genome. Combin-
ing these with 34 published chloroplast genomes, we 
obtained a dataset of 378 genomes, representing 17 spe-
cies. The average sequencing depth for each assembly 
was 4565.39 (Fig.  3a, Fig. S5a and Table S5). The chlo-
roplast genome size ranged from 157,339 to 161,204 bp 
(average 159,760  bp). Mandarin exhibited the largest 
genome (average 160,694 bp), while Ruta had the small-
est (average 157,339 bp). LSC region length variation was 
a major contributor to chloroplast genome size changes 
(R = 0.92, P = 3.97E–159) (Fig. S3a). Positive correlations 
were observed between the size of the SC region and the 
whole genome, with the LSC region showing a higher 
correlation than the SSC region (Fig. S3b). Conversely, 
the IR region size was negatively correlated with the 
chloroplast genome size (Fig. S3c).

The chloroplast genome has undergone dynamic 
expansion and contraction, particularly through the 
progressive enlargement caused by the integration of 
the IR region into the SC region—a trend observed 
broadly across land plants (Raubeson and Jansen 2005). 
Sorting chloroplast genomes for Rutaceae based on 
the phylogenetic tree (Fig. S4) revealed evident pat-
terns of expansion and contraction. Grouping the sam-
ples into A, B, and C, we analyzed the trends in overall 
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Fig. 2 Population structure of Rutaceae chloroplast genomes. a Phylogenetic tree constructed based on chloroplast variation data, 
with Zanthoxylum set as an outgroup and bootstrap values represented by circle size. b Principal component analysis (PCA) of chloroplast genomes 
from 11 Rutaceae populations, with PC1 and PC2 accounting for 35.56% and 10.67% variance, respectively. c Analysis of nucleotide diversity (Pi) 
in chloroplast genomes across 11 Rutaceae populations. d Divergence (Dxy) analysis of chloroplast genomes in 11 Rutaceae populations. The 
degree of divergence is represented by a heatmap. e Fixation index (FST) depicting differentiation between three clusters in the chloroplast 
genome
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genome length and three partitions: LSC, SSC, and the 
IR region. In groups A and B, the chloroplast genome 
length significantly increased with correlation coef-
ficients of 0.72 (P = 1.5E–8) and 0.76 (P < 2.2E–16), 
respectively. Conversely, group C exhibited a decrease 
with a correlation coefficient of –0.17 (P = 0.015) 
(Fig. 4a), likely influenced by phylogenetic branch sam-
ples, whose chloroplast genome length is about 70 bp 
longer  than other types in the chloroplast phyloge-
netic tree. In the LSC region, there was a significant 
increase in size for groups A (R = 0.72, P = 1.1E–8) and 
B (R = 0.75, P < 2.2E–16), whereas group C showed non-
significant growth (R = 0.04, P = 0.58) (Fig. 4b). The SSC 
region exhibited size increases in groups A (R = 0.33, 
P = 0.024) and B (R = 0.47, P = 9.8E–9) and a decrease in 
group C (R = –0.2, P = 0.0056) (Fig. 4c). In the IR region, 
groups A (R = –0.28, P = 0.058) and C (R = –0.11, 
P = 0.14) exhibited significant decreases, while group B 
displayed a slight increase (R = 0.18, P = 0.037). Nota-
bly, the IR region displayed minimal changes in size for 
groups B and C, whereas the significant decrease in the 
length of group A was attributed to the increase in the 
IR region in Zanthoxylum (Fig. 4d).

In summary, Rutaceae chloroplast genome size 
increases during diversification, primarily driven by 
amplifications in the LSC and SSC regions. Zanthoxy-
lum exhibited an extended IR region in group A com-
pared to other Rutaceae species, with groups B and C 
showing relatively stable IR region sizes.

Chloroplast genome selection patterns in Rutaceae
To elucidate the selection dynamics of the chloroplast 
genome, we comprehensively analyzed the chloroplast 
pan-genome (Fig. S5). The annotation encompassed 150 
conserved genes, including 82 PCGs, 36 tRNA genes, 4 
rRNA genes, and one open reading frame (ORF). Nota-
bly, 4 rRNA and 7 tRNA genes exhibited two duplica-
tions, with one tRNA gene presenting four duplicates. 
Additionally, 10 PCGs displayed multi-copy variations. 
The pan-genome revealed individual-level distinction in 
gene numbers, with Hong Kong kumquat variety 21B1 
exhibiting the lowest number of conserved genes (144 
genes). Focusing on PCG genetic diversity, we used two 
different statistics, Pi and Eta (Table S6). The hypotheti-
cal chloroplast open reading frame 1 (ycf1) gene had the 
most variants, while ycf15 demonstrated greater conser-
vation and fewer variations (Fig. S6a, b). The extensive 
length of the ycf1 gene, spanning the IR and SSC regions, 
and the dynamics of IR region expansion and contrac-
tion contributed to its elevated variant count and genetic 
diversity.

Although the gene count in Rutaceae chloroplasts 
remains remarkably conserved, a broader family-level 
examination reveals extensive loss of chloroplast transla-
tion initiation factor 1 (infA) genes, with 344 out of 378 
chloroplast genomes annotated with infA genes. Within 
Rutaceae, 20 different infA gene sequences were identi-
fied, with 307 samples exhibiting consistent infA protein 
sequences. Additionally, ribosomal protein l2 (rpl2) genes 

Fig. 3 Rutaceae chloroplast genome length and GC content. A total of 378 chloroplast whole genomes were assembled and displayed in gray, 
with red representing the small single‑copy (SSC) region, green the large single‑copy (LSC) region, and blue the two inverted repeat (IR) regions. 
a Length statistic of 378 chloroplast whole genomes, with samples sorted by size on the x‑axis and genome length on the y‑axis. b Distribution 
of GC content in 378 chloroplast genomes, with the x‑axis representing GC content and the y‑axis indicating the number of samples. CP, chloroplast 
genome length
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were lost in two samples, and ribosomal protein s4 (rps4) 
genes were lost in one sample. A pan-genome of chloro-
plast PCGs in the Rutaceae subfamily was constructed. 
Despite an increase in the total number of chloroplast 

genes, core and pan genes exhibited minimal variation at 
the family level, underscoring the overall genomic stabil-
ity (Fig. S5).

Fig. 4 Trends in chloroplast genome size variation. a The 378 chloroplast whole genomes were sorted according to the genome phylogenetic tree. 
Trends in chloroplast complete genome, b large single‑copy (LSC) region, c small single‑copy (SSC) region, and d inverted repeat (IR) region size 
changes were measured for three groups of samples
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To identify potential functions under selection in the 
chloroplast genome, we conducted a focused analysis 
on 15 pathways, each comprising more than five genes. 
Notably, genes within the PSA and PSB pathways dis-
played higher conservation, while those within the 
NADH pathway exhibited increased variability (Fig. S6c, 
d). A substantial 91% of NADH functional genes were 
located in the SC region, potentially contributing to the 
increased variability. However, despite being located in 
the same SC region, both PSA and PSB pathway genes 
remained conserved. This suggests that the interplay 
between region location and gene function may collec-
tively influence the genetic diversity observed in chloro-
plast genes.

To study the evolution of chloroplast genes in Ruta-
ceae, the ratio of substitution rates at dN and dS sites 
was calculated for 81 PCGs, excluding the trans-splice 
gene rps12 (Table S5). The dN/dS values of 80 genes were 
all < 1, with only rps16 exhibiting a dN/dS > 1 (Fig.  5a). 

Notably, the dN values of PSA genes were the lowest, 
whereas those of RPS genes were the highest (Fig.  5b). 
Conversely, the dS values of Nicotinamide Adenine Dinu-
cleotide (NADH) genes were the highest, while those of 
PSB genes were the lowest (Fig. 5c). To explore correla-
tions between evolutionary rates and gene characteris-
tics, we conducted a correlation analysis between dN, dS, 
and dN/dS of 81 PCGs and Pi and Eta, respectively. All 
correlations were statistically significant (P < 0.05), exhib-
iting a positive trend (Fig. 6).

Discussion
Chloroplast phylogeny and diversity in Rutaceae
The exploration of the cytoplasmic and nuclear genomes 
of citrus revealed the complete evolutionary and hybridi-
zation history of the Citrus genus. Citrus originated in 
the Himalayas around 8 Ma, giving rise to several founda-
tional species during migration. The chloroplast phyloge-
netic tree illustrates that the chloroplast genomes of lime, 

Fig. 5 Diversity of chloroplast protein‑encoding genes in Rutaceae. Nucleotide diversity (Pi) and per site from total mutations (Eta) values 
of 81 chloroplast genes were measured. a Non‑synonymous (dN), synonymous (dS) substitution rates, and dN/dS of 81 protein‑coding genes. 
Classification of 81 protein‑coding genes into functional pathways, with dN b, dS c, and dN/dS d counted for seven functional pathways (number 
of genes > 5). ATP, ATP synthase; NADH, Nicotinamide adenine dinucleotide; PET, cytochrome B6f complex; PSA, photosystem I; PSB, photosystem II; 
RPL, ribosomal proteins large subunit; RPS, ribosomal proteins small subunit
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sweet orange, lemon, and grapefruit are derived from 
pummelo. Additionally, citron and Australian lime (lime) 
form a distinct group, while Ichangensis and mandarin 
cluster together. Poncirus was an independent group situ-
ated between the above two groups (Wu et al. 2018). In 
this study, the Citrus topology in the chloroplast phyloge-
netic tree closely resembled previous reports. However, 
a notable distinction was the positioning of Poncirus, 
which was robustly supported between Fortunella and 
Ichangensis, as indicated by a high bootstrap value of 
99.4% (Fig.  2a). Plant domestication, involving the con-
tinuous human selection of agricultural traits in wild 
plants over time, often leads to a reduction in population 
diversity. Among Rutaceae, citrus has undergone exten-
sive domestication events (Rao et al. 2021). The Pi values 
of chloroplast genomes in the three domesticated citrus 
species (Fortunella, mandarin, and pummelo) are lower 
than those in the undomesticated species (citron and 

Ichangensis) (Fig. 2c), indicating the impact of domestica-
tion on genetic diversity.

Differences in the relationship between chloroplast 
and nuclear gene populations in Rutaceae
The observed disparity between chloroplast and nuclear 
phylogenies in Rutaceae prompts a deeper investigation 
into the underlying factors intrinsic to the evolution-
ary dynamics of these genomes. Primarily, the maternal 
inheritance of chloroplast DNA in most plants, includ-
ing Rutaceae, contrasts with the biparental inheritance 
of nuclear DNA. This difference in inheritance patterns 
leads to distinct evolutionary trajectories, with chloro-
plast genomes reflecting maternal lineage history and 
nuclear genomes representing a mix of both parental 
lineages. Additionally, the lower mutation rate in chlo-
roplast genomes, compared to nuclear genomes, results 
in the retention of ancient evolutionary signals for more 

Fig. 6 Correlation between selective pressure and diversity of chloroplast genes. a–c Correlation of non‑synonymous (dN), synonymous (dS) 
substitution rates, and dN/dS with nucleotide diversity. d–f Correlation of dN, dS substitution rates, and dN/dS with per site from total mutations 
(Eta)
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extended periods. This divergence in mutation rates may 
explain why chloroplast phylogeny tends to reflect more 
ancient divergences within Rutaceae, while nuclear phy-
logeny captures more recent evolutionary events.

To analyze the relationship of chloroplast DNA 
sequences among and within Rutaceae populations, we 
constructed a haplotype network map. This map revealed 
a closer relationship between the chloroplast genomes of 
Atalantia and Murraya from the Aurantioideae subfam-
ily with those of the Rutoideae subfamily than with other 
Aurantioideae species. Various haplotype branches were 
observed in the chloroplasts of mandarin, pummelo, 
Fortunella, and grapefruit within the Aurantioideae spe-
cies (Fig. S2). The Dxy showed differences in chloroplast 
genomes among Rutaceae groups, with the Ichangensis–
mandarin, ichangensis–Fortunella, and Fortunella–cit-
ron showing the least chloroplast differences (Fig.  2d). 
However, the phylogenetic tree which was constructed 
based on nuclear genome sequencing differed from our 
chloroplast-based results due to distinct genetic patterns. 
In Restriction-site Associated DNA Sequence (RAD-
seq) results, Atalantia and Murraya remained classified 
under Aurantioideae (Nagano et al. 2018). Nevertheless, 
the three groups mentioned above, closely related at 
the chloroplast genome level, exhibited greater nuclear 
genome distance, indicating the inaccuracies in classifica-
tion relying solely on the chloroplast genome.

Effect of chloroplast gene characteristics on genetic 
diversity in Rutaceae
Research on the evolutionary patterns of chloroplast 
genomes has predominantly explored the rates of dif-
ferent regions or functional categories (Birky 1995; 
Zhu et al. 2015), with limited attention given to the role 
of chloroplast gene characteristics such as length and 
GC content in genetic diversity and gene evolution. To 
address this gap, we examined Chloroplast genes, evalu-
ating their Pi, Eta, S, gene length, and GC content (Table 
S6). The mean values for chloroplast genes Pi, Eta, and 
S were 0.0051, 0.0189, and 97.9, respectively. Notably, 
NADH, RPS, and RPL pathway genes exhibited increased 
variation over evolution, while PSA, PSB, PET, and ATP 
pathway genes were more conserved. Gene length and 
GC content affect the number of gene variants. Cor-
relation analyses revealed that gene length exhibited no 
correlation with Pi and Eta but was significantly corre-
lated with S. In contrast, GC content was significantly 
negatively correlated with Pi and Eta, but not correlated 
with S (Fig. S7). Although chloroplast genes with longer 
lengths accumulated more variants, their Pi and Eta val-
ues were comparable to other genes. The higher the GC 
content in the gene, the lower were Pi and Eta. Addition-
ally, genes with higher GC content demonstrated greater 

stability, with no correlation between gene length and 
diversity. To investigate whether gene length and GC 
content influenced gene evolution, we assessed the dN, 
dS, and dN/dS of the 81 chloroplast genes in Rutaceae. 
The average dN, dS, and dN/dS were 0.0850, 0.4096, and 
0.2047, respectively. Correlation analyses between gene 
length and GC content with dN, dS, and dN/dS revealed 
no significant correlations (Fig. S8). In summary, in Ruta-
ceae chloroplasts, gene length appears to have no impact 
on genetic diversity and gene evolution. However, GC 
content is negatively correlated with genetic diversity, 
highlighting its role in maintaining stability.

Conclusions
In summary, this study utilized next-generation sequenc-
ing data from 509 samples across 15 species in the Ruta-
ceae family to assemble 343 chloroplast genomes. The 
variation map revealed that 99.11% of the variation 
occurred within single-copy regions, with differences 
in chloroplast genome size correlating with the length 
of single-copy regions. The chloroplast genetic revealed 
the short chloroplast genetic distance among Atalantia, 
Clausena and Murraya. The analysis of gene selective 
pressure revealed that most chloroplast genes are under 
negative selection. Genes in the NADH, RPS, and RPL 
pathways showed increased variation in evolution, while 
genes in the PSA, PSB, PET, and ATP pathways were 
more conserved. Furthermore, the length of the gene had 
no impact on nucleotide diversity and gene evolution, 
while GC content was negatively correlated with nucleo-
tide diversity.
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nucleotide diversity (Pi), per site from total mutations (Eta), and number 
of variable sites (S) of chloroplast genes. Fig S8. Correlation analysis of 
length, GC content, and the non‑synonymous (dN), synonymous (dS), and 
dN/dS of chloroplast genes.
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