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Abstract 

Background  Camellia reticulata Lindl. (C. reticulata) is the tallest ornamental camellia globally, with wild populations 
comprising a polyploid complex of diploids (2×), tetraploids (4×), and hexaploids (6×). The type specimen of C. reticu-
lata is a heteroploid hexaploid derived from 2 × ancestors, including C. pitardii, C. saluenensis, and 2 × C. reticulata. Cur-
rently, limited information exists regarding the evolutionary characteristics of the chloroplast genomes of C. reticulata 
at different ploidy levels, and the phylogenetic position of 2 × and 4 × C. reticulata remains unclear.

Results  This study sequenced, assembled, and annotated the chloroplast genomes of 2 × and 4 × C. reticulata, 
comparing them with those of 6 × C. reticulata and other closely related species. The results indicated that the chlo-
roplast genome sizes of C. reticulata ranged from 156,519 to 156,927 bp, with gene counts, distributions, GC con-
tent, and codon usage being similar across different ploidy levels. The ycf1 gene exhibited significant differentia-
tion among species, and was identified as a candidate for adaptive evolution in C. reticulata. Additionally, 11 highly 
differentiated intergenic regions were identified, with six hotspots of variation that can serve as molecular mark-
ers for genetic studies in C. reticulata populations. Analysis of selection pressure indicated that four genes were 
under positive selection. Phylogenetic analysis revealed that the polyploid complex of C. reticulata, along with C. 
pitardii, C. saluenensis, and C. mairei, formed a well-supported clade. The genetic distances between 6 × C. reticulata 
and its three 2 × ancestors were relatively small.

Conclusion  Camellia pitardii, C. saluenensis, and C. mairei may have participated in the allopolyploidization of C. 
reticulata, with both 2 × and 4 × C. reticulata have the potential for independent classification. These findings provide 
valuable insights into chloroplast genome alterations following allopolyploidization, establishing a crucial foundation 
for understanding the systematic evolutionary history of various ploidy levels in C. reticulata.

Keywords  Camellia reticulata, Heteroploid hexaploid, Chloroplast genome, Phylogenetic relationship, Systematic 
evolution

*Correspondence:
Wei Zheng
57280234@qq.com
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-025-06349-5&domain=pdf


Page 2 of 17Fan et al. BMC Plant Biology          (2025) 25:321 

Introduction
Polyploid genotypes can induce variations in the mor-
phological, physiological, and molecular characteristics 
of plants [1]. Camellia reticulata Lindl. (C. reticulata), an 
evergreen tree of the Theaceae family, is naturally distrib-
uted in southwestern China [2] and has been cultivated 
for more than 1,300  years [3]. Recognized as the tallest 
ornamental camellia globally,  C. reticulata  is character-
ized by large, vibrant flowers with a long flowering period 
and diverse varieties [4]. In addition to its ornamental 
value, C. reticulata is also a notable oil plant [5]. The 
formal nomenclature of C. reticulata was established in 
1827, with the type specimen being a semidouble cultivar 
introduced from Tengchong, Yunnan, by John Damper 
Parks in 1824 and later confirmed as a hexaploid (6×) [5]. 
Wild 6 × C. reticulata was discovered in the 1940s [6]. 
Tetraploid (4×) and diploid (2×) C. reticulata were sub-
sequently identified in the Jinshajiang Basin in 1994 and 
1997, respectively [7, 8]. Genome in  situ hybridization 
(GISH) studies revealed that 2 × C. reticulata, C. pitar-
dii (2×), and C. saluenensis (2×) are common ancestors 

of 6 × C. reticulata. Initially, hybridization between 2 × C. 
reticulata  and C. pitardii, followed by polyploidization, 
produced a 4 × C. reticulata. This tetraploid subsequently 
underwent an additional hybridization and polyploidiza-
tion event with C. saluenensis, leading to the formation 
of 6 × C. reticulata [9]. Consequently, the 2×, 4×, and 
6 × forms of C. reticulata constitute a polyploid complex 
(Fig. 1) [9, 10].

Chloroplasts are organelles that are essential for photo-
synthesis in green plants and play crucial roles in energy 
conversion in higher plants [11, 12]. In angiosperms, 
most chloroplast genomes are maternally inherited, 
displaying stable structures and low genetic recom-
bination  rates [13]. Owing to their slow evolutionary 
characteristics and conserved sequences, chloroplast 
genomes are extensively utilized for species identification 
and phylogenetic analysis [14, 15]. During allopolyploidi-
zation, not only do two distinct nuclear genomes merge, 
but chloroplast genomes from different origins also inter-
act within the same cell [16]. Consequently, chloroplast 
genome variations can serve as valuable genetic markers 

Fig. 1  Distribution of the C. reticulata polyploid complex. HP, Huaping; YB, Yanbian
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for polyploid analyses [17], making them ideal models for 
studying reticulate evolution and comparative genomics 
[18]. While the chloroplast genome of 6 × C. reticulata 
has been reported within the polyploid complex [19], 
information on the chloroplast genomes of 2 × and 4 × C. 
reticulata is lacking. As a result, the evolutionary char-
acteristics of chloroplast genomes across different ploidy 
levels remain unclear.

In the context of allohexaploid species, their diploid 
progenitors are typically classified as distinct species [20, 
21]. This raises the question of whether 2 × C. reticulata 
should be similarly categorized as an independent spe-
cies, analogous to its diploid counterparts, C. pitardii and 
C. saluenensis. Morphologically, 2 × C. reticulata is a typi-
cal tree that is readily distinguishable from closely related 
diploid species. Notably, the fruit peel thickness of 2 × C. 
reticulata ranges from 1.3 to 1.7 cm, significantly exceed-
ing that of C. saluenensis and C. pitardii (0.1 to 0.3 cm) 
[7]. Chromosomal karyotype analyses revealed that 2 × C. 
reticulata possesses a karyotype of 24 m + 4sm + 2st [7], 
distinct from C. pitardii (22  m + 6sm + 2st) and C. sal-
uenensis (20  m + 8sm + 2st) [8]. Furthermore, in com-
parison with 4 × and 6 × C. reticulata, 2 × C. reticulata 
exhibits the thickest fruit peel and hairy flower filaments 
[7]. These morphological and chromosomal data suggest 
that 2 × C. reticulata may warrant consideration for inde-
pendent classification.

The geographic distributions of 4 × C. reticulata show 
both continuity and overlap with those of the diploid 
ancestors of 6 × C. reticulata [8]. The meiotic chromo-
some pairing configuration in 4 × C. reticulata is pre-
dominantly bivalent (30II), and the chromosome sets are 
heterozygous [8]. The heterologous nature of 4 × C. retic-
ulata contributes significantly to the evolution of poly-
ploidy within the C. reticulata complex. Morphologically, 
4 × C. reticulata found at elevations between 1100 and 
1800  m exhibited notable difference with 2 × and 6 × C. 

reticulata [8]. Furthermore, 4 × C. reticulata demon-
strates greater cold hardiness compared to both 2 × and 
6 × C. reticulata [22]. Given that allopolyploid species are 
often recognized as distinct species, 4 × C. reticulata may 
possess the potential for independent classification.

The evolutionary characteristics of the chloroplast 
genome across various ploidy levels of C. reticulata 
and the phylogenetic position of 2 × and 4 × C. reticu-
lata remain unresolved. Therefore, this study aims 
to sequence  and analyze the chloroplast genomes of 
2 × and 4 × C. reticulata, comparing them with those of 
closely related species. This research endeavors to iden-
tify genetic variations influenced by allopolyploidization 
and elucidate their systematic position within the section 
(sect.) Camellia. This study aims to provide a theoreti-
cal foundation for understanding the origin and evolu-
tion of C. reticulata and to inform its conservation and 
utilization strategies.

Materials and methods
Experimental materials, DNA extraction, and sequencing
The diploid material of C. reticulata was collected from 
the Huaping population in Yunnan Province (collection 
number Zheng2409), whereas the tetraploid material was 
obtained from the Yanbian population in Sichuan Prov-
ince (collection number Zheng2429), with reference to 
the sampling locations of the different ploidy populations 
as described by Xia et  al. (1994) [7] and Gu (1997) [8]. 
Voucher specimens identified by Professor Wei Zheng 
were maintained in the Landscape Architecture, Ecology, 
and Plant Application Laboratory at Kunming University 
of Science and Technology (Figs. 1 and 2). Total genomic 
DNA was extracted from young leaves of both species 
via the TianGen DNA Extraction Kit (TianGen Biotech-
nology, Beijing, China). The DNA concentration  was 
assessed via a Qubit 4.0 fluorometer (Life Invitrogen, 
USA), and agarose gel electrophoresis was performed to 

Fig. 2  Diploid and tetraploid samples of C. reticulata. A diploid; B: tetraploid



Page 4 of 17Fan et al. BMC Plant Biology          (2025) 25:321 

evaluate DNA integrity and purity. The quality-verified 
DNA samples were submitted to Boyun Huakang Gene 
Technology Co., Ltd. (Beijing, China) for low-depth 
genome sequencing via the Illumina NovaSeq 6000 plat-
form. Furthermore, chloroplast genome sequencing data 
for 6 × C. reticulata (KY406793), C. pitardii (KF156837), 
and C. saluenensis (ON525353) were acquired from the 
NCBI GenBank database, and the annotation informa-
tion of the raw data was rectified for subsequent analyses.

Chloroplast genome assembly and annotation
The chloroplast genomes were reconstructed via GetOr-
ganelle [23]. The chloroplast genome of 6 × C. reticulata 
(KY406793) served as a reference sequence, and gene 
annotation was conducted via Geneious R11 (https://​
www.​genei​ous.​com). Chloroplast genome maps were 
generated via OGDRAW v 1.3.158 [24]. The annotated 
sequences were subsequently deposited in GenBank 
(accession numbers PQ152957 for 2 × C. reticulata and 
PQ152958 for 4 × C. reticulata).

Identification of repetitive sequences
Long repetitive sequences in the chloroplast genomes of 
the five species (2 × C. reticulata, 4 × C. reticulata, 6 × C. 
reticulata, C. pitardii and C. saluenensis) were identi-
fied via REPuter, which included forward, reverse, palin-
dromic, and complementary repeats [25]. The detection 
parameters were as follows: repfind -c -f -p -r -l 30 -h 3—
best 1000. Simple sequence repeats (SSRs) were detected 
via MISA [26], with minimum thresholds set at 10, 5, 4, 
3, 3, and 3 for mono-, di-, tri-, tetra-, penta-, and hexa- 
nucleotide repeats, respectively.

Sequence variation analysis
To evaluate nucleotide substitutions and genetic dis-
tances among the five species, 1,000 bootstrap replicates 
were conducted via MEGA X [27]. mVISTA [28] was 
employed to visualize comparisons of the chloroplast 
genomes of three different ploidy levels of C. reticulata 
and its closely related species, utilizing 2 × C. reticulata 
as the reference sequence within the shuffle-LAGAN 
model. The boundaries of four distinct regions in the 
chloroplast genomes of the five species were visualized 
via IRscope [29]. To examine nucleotide diversity (Pi), 
coding and noncoding regions were extracted and ana-
lyzed via the biological information cloud platform of 
Genepioneer Co., Ltd. (Nanjing, China, http://​cloud.​
genep​ioneer.​com), with a window length of 600  bp and 
a step length of 200  bp. Interspecific nucleotide diver-
sity (Pi) for 2×, 4 × and 6 × C. reticulata were calculated 
using DnaSP6 [30]. Furthermore, single-nucleotide poly-
morphisms (SNPs) were identified from pairwise com-
parisons of species. Synteny analysis was performed on 

the chloroplast genomes of the five species via MUMmer 
software with 2 × C. reticulata as the reference sequence, 
and the SNP sites were marked [31].

Selection pressure analysis
To assess evolutionary selection pressure on the 81 
unique protein-coding genes across the five species, the 
ratio of the nonsynonymous substitution rate (Ka) to 
the synonymous substitution rate (Ks) was calculated 
via KaKs_Calculator 2.0 [32]. The MLWL model was 
employed for selection pressure analysis [33]. Multiple 
sequence alignment was performed using MAFFT, with 
the codon alignment mode selected as the parameter 
[34]. Genes exhibiting a Ka/Ks ratio < 1 (particularly < 0.5) 
were interpreted as undergoing purifying selection, 
whereas a Ka/Ks ratio > 1 indicated positive selection. A 
ratio of approximately 1 suggests neutral evolution. In 
instances where Ks = 0, the Ka/Ks value was denoted as 
NA, signifying minimal nonsynonymous site substitu-
tions, and was consequently excluded from the analysis. 
The sequence alignment was converted to the fas-clustal 
format via ALTER for compatibility in downstream anal-
ysis. A Ka/Ks ratio heatmap was then generated  using 
HemI software to identify positively selected genes 
among species pairs [35].

Codon usage
To accurately determine the effective number of codons 
[36], all coding sequences (CDSs) shorter than 300  bp 
were excluded to minimize sample bias. Consequently, 50 
out of the 81 CDSs were utilized for codon usage analy-
sis. CodonW v.1.4.2 was employed to calculate relative 
synonymous codon usage (RSCU) rates [37], with the 
results visualized via R software. The RSCU represents 
the ratio of the observed frequency of a specific codon to 
its expected frequency. An RSCU value exceeding 1 indi-
cates higher-than-expected codon usage, whereas a value 
below 1 signifies lower-than-expected usage.

Phylogenetic analysis
To investigate the phylogenetic relationships within the 
polyploid complex of C. reticulata in  sect. Camellia, 
chloroplast genome data for 14 subg. Camellia species 
were obtained from GenBank (Table  S1). This dataset 
encompassed all 12 species in sect. Camellia, one species 
from sect. Stereocarpus, and one from sect. Paracamel-
lia. Polyspora axillaris and P. hainanensis  were selected 
as outgroups. In total, the phylogenetic analysis incorpo-
rated 18 species, including the newly sequenced diploid 
(2×) and tetraploid (4×) C. reticulata.

Phylogenetic trees were constructed via the ML and BI 
methods on the PhyloSuite platform [38]. The optimal 
nucleotide substitution model, GTR + I + G, was selected 

https://www.geneious.com
https://www.geneious.com
http://cloud.genepioneer.com
http://cloud.genepioneer.com
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via the Akaike information criterion (AIC) method 
implemented in Modelfinder [39]. For the ML tree, 1,000 
bootstrap replicates were performed, whereas the BI tree 
utilized 1 million generations with sampling every 100 
generations. The initial 25% of the trees were discarded, 
and a 50% majority rule consensus tree was constructed 
to provide posterior probabilities. The resulting tree was 
visualized and refined via Figtree (http://​tree.​bio.​ed.​ac.​
uk/), with subsequent integration and enhancement  via 
Adobe Illustrator CS6 software.

Results
Structure and characteristics of the chloroplast genome 
of Camellia reticulata
Illumina sequencing results demonstrated that the 2 × C. 
reticulata exhibited 24,887,576 reads (2.43  GB, aver-
age read length of 149.5  bp), while the 4 × C. reticulata 
yielded 16,680,876 reads (2.18  GB, average read length 
of 149.1  bp). The two ploidy levels of C. reticulata 
achieved organelle base coverages of 293 × and 540 × , 
respectively. The chloroplast genome lengths of the five 
species ranged from 156,519  bp for 4 × C. reticulata 
to 156,927  bp for 2 × C. reticulata (Fig.  3). This finding 
suggests that genome length is not directly correlated 
with ploidy or parental lineage. All the species pre-
sented chloroplast genomes with a characteristic quad-
ripartite structure comprising a large single-copy region 
(LSC, 86,212–86,670  bp), a small single-copy region 
(17,850–18,277 bp), and a pair of inverted repeat regions 
(IR, 26,023–26,048  bp). The small single-copy region of 
4 × C. reticulata was the shortest, while the other regions 

presented negligible length differences among the five 
species. The GC content of the chloroplast genomes 
was consistently 37.3%  across all the species. The 2 × C. 
reticulata genome contained 132 genes, including 87 
protein-coding genes, 37 tRNA genes, and 8 rRNA genes 
(Table  S2). The clpP gene was absent in 4 × C. reticu-
lata, whereas other gene types and counts were con-
sistent with those in 2 × C. reticulata. In the IR region, 
18 genes were duplicated, comprising 7 tRNA genes, 4 
rRNA genes, and 7 protein-coding genes. Thirteen genes 
contained one intron, including 7 protein-coding genes 
(atpF, ndhA, ndhB, rpl2, rps12, rps16, and rpoC1) and 
6 tRNA genes (trnA-UGC, trnG, trnI-GAU, trnK-UUU, 
trnL-UAA, and trnV-UAC), whereas two protein-coding 
genes (clpP and ycf3) possessed two introns (Table S3).

Expansion and contraction of inverted repeat regions
Figure  4 depicts the expansion and contraction of the 
IR regions among C. reticulata and its closely related 
species. Throughout the evolutionary process of chlo-
roplast genomes, variations among the five species have 
been minimal. The length of the IR regions (26,023–
26,048  bp) and their connection to the single-copy 
regions were highly conserved. The rps19 gene main-
tained a consistent position across all species, spanning 
233 bp in the LSC region and 46 bp in the IRb region, 
whereas the rpl12 gene was situated entirely within the 
IRb region. In both 2 × and 4 × C. reticulata, the ndhF 
gene spans the IRb/SSC boundary, occupying 23  bp 
within the IRb region in the diploid and 24  bp in the 
tetraploid. Conversely, the ndhF genes of the remaining 

Fig. 3  Chloroplast genome map of 2 × and 4 × C. reticulata. Genes located on the outer edge of the circle are transcribed in a counterclockwise 
direction, whereas those situated within the circle are transcribed clockwise. Genes associated with distinct functional groups are represented 
in different colors. The dark gray shading in the inner circle indicates the guanine‒cytosine content

http://tree.bio.ed.ac.uk/
http://tree.bio.ed.ac.uk/
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three species were located within the SSC region. The 
ndhF genes of 6 × C. reticulata and C. saluenensis 
were located 5 bp from the IRb/SSC junction, whereas 
that of C. pitardii was 14 bp away. The ycf1 gene in all 
species extended across the boundaries of SSC and IRa, 
exhibiting variations in gene length among the different 
species. The trnH gene was consistently located in the 
LSC region across all species, just 1  bp from the IRa/
LSC boundary. Overall, the chloroplast genomes of C. 
reticulata presented relatively high  structural stabil-
ity at the IR and SC boundaries, indicating that minor 

alterations in boundary genes may reflect evolutionary 
adaptations of these species’ chloroplast genomes.

Analysis of long repetitive sequences
A comprehensive analysis using REPuter identified 208 
long repetitive sequences in the chloroplast genomes 
of the five species studied (Table  S4). Forward and pal-
indromic repeats  were observed in all species, whereas 
reverse repeats were present only in 2 × C. reticulata and 
C. saluenensis. Complementary repeat sequences were 
unique to C. saluenensis (Fig. 5). The number of forward 
repeats varied from 15 to 19, with minimal variation in 

Fig. 4  Comparative analysis of the border regions in the chloroplast genomes of C. reticulata and its related species. JLB (IRb/LSC), JSB (IRb/SSC), 
JSA (SSC/IRa), and JLA (IRa/LSC) indicate the junction sites between each corresponding region in the genome

Fig. 5  Quantity of extended repetitive sequences in the chloroplast genomic DNA of C. reticulata and its associated species
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palindromic repeats across species (Fig.  5, Table  S4). 
Among the five species, 6 × C. reticulata presented the 
lowest number of repeats, comprising 15 forward and 
22 palindromic repeats (Fig. 5, Table S4). The lengths of 
repetitive sequences, excluding the IR regions, ranged 
from 30 to 72 bp, with 30, 42, and 64 bp being the most 
prevalent lengths (Fig.  6, Table  S5). The majority of 
long repetitive sequences were located in the IR region 
(Table  S5), with the ycf2 gene containing the longest 
repetitive sequence at 64 bp.

SSR analysis
The number of SSRs in the five species ranged from 70 
to 75 (Table  S6). The SSR count remained consistent 
across all three ploidy levels, with each level contain-
ing 70 SSRs. Five types of SSRs were identified: mono-
nucleotide, dinucleotide, trinucleotide, tetranucleotide, 
and hexanucleotide. Among C. reticulata and its closely 
related species, mononucleotide repeats occurred most 
frequently (51–56 times), whereas all five species pre-
sented a single occurrence of trinucleotide repeats, with 
C. pitardii and C. saluenensis each containing two occur-
rences of pentanucleotide repeats (Fig.  7). A/T mono-
nucleotide repeats significantly outnumbered the total 
number of occurrences of the other three repeat types. In 
each species, the AAG/CTT trinucleotide repeat and the 
ACAG/CTGT tetranucleotide repeat were each found 
only once; AGAT/ATCT and AGGG/CCCT tetranucleo-
tide repeats occurred with the same frequency across all 
species, repeated three times and twice, respectively; and 
aligned with the patterns observed in most angiosperms 

[40]. Additionally, a unique six-base SSR (AAA​TTC​/AAT​
TTG​) hexanucleotide repeat was present only once in C. 
pitardii (Fig. 8, Table S7). SSRs were predominantly dis-
tributed in intergenic regions, with a few occurring in the 
coding genes atpA, rpoC2, rpoB, atpB, rpoA, ycf2, ccsA, 
ndhD, ndhG, ycf1, and ycf2. Specifically, the genes rpoC2, 
ndhD, and ycf2 each contained two SSRs, whereas the 
ycf1 gene possessed five SSRs (Table S8).

Sequence variation analysis
To assess the variations in the chloroplast genomes of C. 
reticulata and its closely related species, nucleotide sub-
stitutions, and genetic distances were compared across 
the five species, utilizing the annotated 2 × C. reticulata 
chloroplast genome as the reference for mVISTA analy-
sis. The nucleotide difference values among the five spe-
cies ranged from 657 to 1,446, with genetic distances 
ranging from 0.000582 to 0.001308 (Table 1). The chloro-
plast genome sequences across the five species presented 
relative similarity, with sequence variation primarily con-
centrated in noncoding regions. Conversely, the exons 
and coding regions demonstrated minimal differences. 
The ycf1 gene and 11 intergenic regions (trnH-psbA, 
rpoC1-rpoB, trnC-petN, trnF-trnL, ycf4-cemA, petL-psaJ, 
petD-rpoA, trnR-ndhF, rpl32-ccsA, ndhG-ndhI, and trnL-
ycf15) presented a high degree of differentiation (Fig. 9).

In comparisons between 4 × C. reticulata and its 
2 × progenitor species, 91 SNPs and 74 insertions/dele-
tions (Indels) were detected. Comparisons between 
4 × C. reticulata and C. pitardii revealed 202 SNPs and 
78 Indels (Table 2). When comparing 6 × C. reticulata 

Fig. 6  Frequency distribution of repeats exceeding 30 bp in length
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Fig. 7  Comparison of SSR distributions in the chloroplast genomes of C. retculata and related species

Fig. 8  Distribution of various SSR types identified in the chloroplast genome of C. reticulata and related species
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with its progenitor species, 117 SNPs and 61 Indels 
were observed between 6 × C. reticulata and 4 × C. 
reticulata, whereas 144 SNPs and 70 Indels were iden-
tified between 6 × C. reticulata and C. saluenensis 

(Table 2). Among the five species, a total of 350 SNPs 
and 156 Indels were identified. The locations of the 
SNP sites were presented in Tables S9–S18 and  were 
illustrated in the synteny analysis diagram (Fig. S1).

Table 1  Numbers of nucleotide substitutions and genetic distance in five complete chloroplast genomes

Note: The lower left triangle displays the quantity of nucleotide substitutions, whereas the upper right triangular region indicates the genetic distance

Species C. reticulata 2× C. reticulata 4× C. reticulata 6× C. pitardii C. saluenensis

C. reticulata 2× 0.000582 0.000728 0.001293 0.000977

C. reticulata 4× 875 0.000755 0.001308 0.001005

C. reticulata 6× 657 853 0.001223 0.000939

C. pitardii 1174 1446 1132 0.001056

C. saluenensis 717 1057 726 1119

Fig. 9  Alignment of chloroplast genomes in mVISTA
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Polymorphic hotspot analysis
Sliding window analysis of the chloroplast genome 
sequences of C. reticulata identified 350 mutation sites, 
with Pi values ranging from 0.00067 to 0.00767 and an 
average value of 0.00098. Six regions (matK, trnS-trnG, 
trnG-trnR, petN-psbM, trnP, and trnN-ndhF) demon-
strated high variability (Fig.  10). Four of these regions 
were situated within the LSC region, whereas the remain-
ing two were in the SSC region. Only one highly variable 
gene (matK) was found in coding regions, whereas the 
other highly variable segments occurred in noncoding 
regions. Compared with the IR regions, the LSC and SSC 
regions presented greater levels of  differentiation, sug-
gesting that protein-coding genes are more conserved 
than noncoding genes. The trnN-ndhF region  had the 
highest differentiation value at 0.00767 (Fig.  10). The 
interspecific nucleotide diversity of different ploidy C. 
reticulata demonstrated that the Pi value between 4 × and 

6 × C. reticulata was 0.00075, which was higher than that 
between 2 × and 4 × C. reticulata (Pi = 0.00058).

Selection pressure analysis
The ratios of nonsynonymous (Ka) to synonymous (Ks) 
substitutions were calculated for 81 protein-coding 
genes. Across the five chloroplast genomes, the aver-
age Ka/Ks ratio for these genes was 0.3186 (Table  S19). 
Significant evolutionary rate variations were observed 
among the five species, with 26 of the 81 protein genes 
exhibiting positive selection sites. Four genes (matK, 
ndhB, rpoC1, and ycf1) presented Ka/Ks ratios exceeding 
1, suggesting that they may be under positive selection 
(Fig. 11, Table S20). Notably, the Ka/Ks ratio for the ycf1 
gene surpassed 1.5 in three pairwise comparisons (2 × C. 
reticulata/4 × C. reticulata, 4 × C. reticulata/6 × C. reticu-
lata, 6 × C. reticulata/C. saluenensis), indicating that ycf1 
is a potential candidate gene for adaptive evolution. The 
majority of the remaining genes presented Ka/Ks ratios 
less than 0.5, suggesting that most genes were subject to 
strong purifying selection.

Further analysis of the Ka/Ks ratios in the chlo-
roplast genome of 2 × C. reticulata in relation to its 
closely related species revealed notable findings (Fig. 12, 
Table  S21). The results indicated that 19 out of the 81 
protein-coding genes presented positive selection sites, 
with three genes (matK, ndhB, and ycf1) displaying Ka/
Ks ratios exceeding 1. Notably, the Ka/Ks ratio for the 
ycf1 gene between 2 × and 4 × C. reticulata reached 1.85. 

Table 2  SNP and Indel analysis of the chloroplast genomes of 
the C. reticulata polyploid complex, C. pitardii, and C. saluenensis 

Interspecies SNP Indel

C. reticulata 4 × vs. C. reticulata 2× 91 74

C. reticulata 4 × vs. C. pitardii 202 78

C. reticulata 6 × vs. C. reticulata 4× 117 61

C. reticulata 6 × vs. C. saluenensis 144 70

Among five species 350 156

Fig. 10  Nucleotide diversity values among the five Camellia species. X-axis, position of the midpoint of a window; Y-axis, nucleotide diversity 
of each window. (window length: 600 bp, step size: 200 bp)
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Moreover, in ten species comparisons, the rpoC1, rps12, 
clpP, ycf2, ndhF, and ndhH genes presented Ka/Ks ratios 
exceeding 0.5. The analysis of Ka/Ks ratios across differ-
ent regions (LSC, IR, and SSC) did not reveal any specific 
trends.

Codon usage
This study analyzed codon usage in 50 protein-coding 
sequences across five species. The number of codons 
ranged from 20,427 (4 × C. reticulata) to 21,104 (C. pitar-
dii), with RSCU values ranging from 0.32 (CGC and 

AGC) to 1.98 (TTA) (Table  S22, Fig. S2). Among the 
chloroplast protein-coding genes of C. reticulata and its 
closely related species, 64 codons encode 20 amino acids. 
A detailed examination of codon usage bias in 2 × C. 
reticulata revealed that leucine was the most abundant 
amino acid, comprising approximately 10.21% of the 
total  with 2,118 codons, whereas cysteine was the least 
common amino acid, accounting for approximately 1.08% 
with 225 codons. Among the 64 codons, ATT (encod-
ing isoleucine) occurred most frequently (873 times), 
whereas TGC (encoding cysteine) appeared least often 

Fig. 11  Pairwise Ka/Ks ratios of chloroplast protein-coding genes of C. reticulata and related species

Fig. 12  The Ka/Ks ratios of 19 protein-coding genes in the chloroplast genome of diploid C. reticulata compared with those of related species
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(55 times) (Table  S22). The codon AGC (serine) pre-
sented the lowest RSCU value, whereas TTA (leucine) 
presented the highest. Methionine (ATG) and tryptophan 
(TGG), which are encoded by single codons, showed no 
codon bias. Thirty codons had RSCU values exceeding 
1, indicating preferential usage (Fig.  13, excluding stop 
codons). Among these preferred codons, 16 ended with 
T, 13 with A, and only 1 with G. This pattern suggests a 
strong A/T bias at the third codon position in the chlo-
roplast genome of C. reticulata, which aligns with the 
codon usage biases observed in most angiosperms.

Phylogenetic analysis
This study utilized chloroplast genomes from 16 species 
within the subgenus Camellia for phylogenetic analysis, 
including the newly sequenced 2 × and 4 × C. reticulata. 
ML and BI methods were employed to infer phylogenetic 
relationships. Both the ML and BI trees partitioned the 
sect. Camellia species into two major clades, with most 
nodes receiving strong support (Fig.  14). Clade A com-
prised species from sect. Paracamellia, including C. 

japonica, C. chekiangoleosa, C. edithae, C. subintegra, C. 
polyodonta, C. hongkongensis, C. azalea, C. semiserrata, 
and C. oleifera. Clade B consisted of the polyploid com-
plex of C. reticulata, C. pitardii, C. saluenensis, C. mairei, 
and sect. Stereocarpus member C. pubipetala, with sup-
port values and posterior probabilities of all internal 
nodes in this clade exceeding 90% and 0.90. Within the C. 
reticulata clade, C. pubipetala occupied the basal posi-
tion, followed by divergences leading to C. pitardii and 
C. saluenensis. The C. reticulata complex and C. mairei 
formed robust sister groups in both phylogenetic trees, 
with support and posterior probability values reaching 
100% and 1.00, respectively. The 2 × C. reticulata and 
4 × C. reticulata, along with the 6 × C. reticulata and C. 
mairei, formed two distinct sister lineages.

Discussion
The effect of allopolyploidization on the genetic diversity 
of chloroplast genomes
Cellular ploidy enhances genetic diversity among spe-
cies and potentially provides advantages for adaptive 

Fig. 13  Codon contents of 20 amino acids and stop codons in all protein-coding genes of the chloroplast genome of 2 × C. reticulata. The colors 
correspond to the codons listed underneath the columns
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evolution by influencing genome structure. Most seed 
plants have undergone polyploidy during their evolu-
tionary history [41], and the early evolution of poly-
ploid genomes epitomize the overall evolution of plant 
genomes [16]. Subsequent to heterologous polyploidiza-
tion, nuclear genes may take various evolutionary path-
ways, including gene loss, pseudogenization, de novo 
functionalization, subfunctionalization, and the redistri-
bution of expression among duplicate copies across dif-
ferent tissues or developmental stages [42]. Nonetheless, 
the chloroplast genome has been regarded as genetically 
and evolutionarily conserved. Our findings reveal that 
the chloroplast genomes of C. reticulata at various ploidy 
levels exhibit high structural conservation, all displaying 

a typical quadripartite structure. Additionally, the stabil-
ity at the IR and SC boundaries is relatively high, which 
is consistent with the findings of chloroplast genome 
studies in other angiosperms [17]. Moreover, the chloro-
plast genome length, boundary gene length, gene num-
ber, types and quantities of long repetitive sequences, 
spacer regions, single nucleotide polymorphisms (SNPs), 
and nucleotide insertions and deletions (Indels) var-
ied during the allopolyploidization of C. reticulata 
(Table  2, Table  S23). The chloroplast genome  length of 
2 × C. reticulata exceeds that of 4 × and 6 × C. reticulata. 
While previous research on allopolyploid cucumber 
(Cucumis × hytivus) revealed that the chloroplast genome 
size increases with ploidy [16], our results do not support 

Fig. 14  ML/BI phylogenetic tree of sect. Camellia based on chloroplast genome sequences. Asterisks represent nodes with maximal support, 
ML support rates of 100% and BI posterior probability values of 1.00. The section colors in the upper left corner correspond to the species colors 
in the phylogenetic tree
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this trend. Despite the high conservation of chloroplast 
genomes, structural variations, gene losses, and trans-
fers can occur in some species due to evolutionary pro-
cesses [43]. In this study, we observed intron loss in the 
clpP gene of 4 × C. reticulata, a phenomenon previously 
reported in other plant families, including Jasminum 
(Oleaceae) [18] and Medicago (Fabaceae) [44]. The find-
ings regarding interspecific nucleotide polymorphisms 
across different ploidy levels of C. reticulata indicate 
that the molecular diversity of its chloroplast genome 
increases following allopolyploidization.

The variability of SSRs in C. reticulata may significantly 
contribute to the relatively minor changes in its cpDNA 
size [41]. The distribution of long repetitive sequences 
and SSRs in the chloroplast genome of C. reticulata indi-
cates that the quantity and types of repetitive sequences 
do not significantly correlate with species ploidy. How-
ever, these repetitive sequences potentially play crucial 
roles in the structural evolution of chloroplast genomes. 
Notably, the long repetitive sequences in the ycf2 gene 
suggest its potential key role in genomic recombination 
and structural maintenance. In C. reticulata and other 
species, SSRs predominantly comprise A/T mononu-
cleotides, which are consistent with patterns observed in 
most angiosperms [40]. Additionally, a unique six-base 
SSR (AAA​TTC​/AAT​TTG​) was identified in C. pitardii. 
These repetitive sequences not only reflect genomic sta-
bility but also offer potential markers for species identifi-
cation and phylogenetic analysis.

Through mVISTA and the biological information cloud 
platform, we identified several highly variable regions 
(Figs.  9 and 10), including the matK and trnP genes, as 
well as various intergenic regions (trnH-psbA, rpoC1-
rpoB, trnC-petN, trnF-trnL, ycf4-cemA, petL-psaJ, petD-
rpoA, trnR-ndhF, rpl32-ccsA, ndhG-ndhI, trnL-ycf15, 
trnS-trnG, trnG-trnR, petN-psbM, trnN-ndhF) that pre-
sent high mutation frequencies across different species. 
These variations in genes or intergenic regions may be 
associated with the adaptive evolution of C. reticulata 
and its closely related species. The majority of variations 
occur in noncoding regions, which align with previous 
findings and likely represent a common characteristic of 
chloroplast genomes in angiosperms [45]. These hotspot 
regions play crucial roles in the identification and char-
acterization of species within sect. Camellia, with matK 
and trnH-psbA already established as standard plant bar-
codes. Further investigation is necessary to determine 
which additional genes or intergenic regions may serve as 
reliable DNA barcodes.

Parental inference of the allopolyploid Camellia reticulata
The maternal inheritance of chloroplast genomes serves 
as a valuable tool for analyzing the parental composition 

of allopolyploids, as hybrid offspring retain a greater 
proportion of genetic information from the maternal 
species [16]. Previous phylogenetic investigations utiliz-
ing the chloroplast rpl16 intron suggested that the 6 × C. 
reticulata originated through hybridization between 
4 × C. reticulata (maternal progenitor) and C. saluenensis 
(paternal progenitor), and the 4 × C. reticulata was pro-
posed to derive from C. pitardii (maternal ancestor) and 
2 × C. reticulata (paternal parent) [3]. The chloroplast 
genome SNPs and Indels analysis between paired spe-
cies in this study showed that the parental relationship of 
6 × C. reticulata was consistent with the inference from 
the rpl16 intron. However, the parentage of 4 × C. reticu-
lata was resolved as 2 × C. reticulata (maternal progeni-
tor) and C. pitardii (paternal progenitor), contradicting 
the earlier rpl16-based inferences.

Adaptive evolution of the chloroplast genome
The analysis of adaptive evolution in chloroplast genomes 
is essential for understanding gene function and struc-
tural changes [46]. During the evolutionary process of 
chloroplast genomes, most genes have undergone puri-
fying selection, while some participate in environmental 
adaptation and positive selection, and others may have 
experienced neutral evolution [47]. Selection pressure 
analysis revealed that four genes (ndhB, rpoC1, matK, 
and ycf1) exhibited strong positive selection in C. reticu-
lata species (Fig. 11). These genes belong to four distinct 
functional groups: photosynthesis (ndhB), self-replica-
tion (rpoC1), maturation enzymes (matK), and genes 
of unknown function (ycf1) (Table  S3). The ndh gene 
encodes chloroplast NADH dehydrogenase [48], which 
is involved in photosynthetic electron transport [49] and 
contributes to tolerance against photoxidative stress [50]. 
The rpoC1 gene encodes the β’ subunit of the chloro-
plast RNA polymerase [48]. In the species pairs of 6 × C. 
reticulata and C. pitardii, the Ka/Ks ratio for rpoC1 
exceeded 1, potentially related to its functional role in 
chloroplast RNA polymerase. The matK gene, one of 
the fastest-evolving genes, encodes the only maturation 
enzyme associated with the splicing of type II introns 
in land plant chloroplasts [51]. Owing to its rapid evo-
lution, the matK gene has become a valuable molecular 
marker in plant phylogenetic research [52]. The ycf1 gene 
is one of the largest open reading frames in the chloro-
plast genome [48]. Although its specific function remains 
unclear, its low sequence similarity among different spe-
cies suggests that it is one of the most promising chloro-
plast DNA barcodes in terrestrial plants [53]. With Ka/Ks 
ratios exceeding 1.5 in three pairwise species compari-
sons and with gene length increasing with the ploidy level 
of C. reticulata, we hypothesize that ycf1 plays a crucial 
role in the polyploidization and adaptive evolution of C. 
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reticulata. The identification of these positively selected 
genes provides new insights into the role of the chloro-
plast genome of C. reticulata in plant adaptive evolution.

Phylogenetic relationships in section Camellia
Phylogenetic trees constructed from a limited number 
of gene sequences may display inconsistent or conflict-
ing topologies due to variations in evolutionary rates 
and horizontal gene transfer among genes, complicating 
the  accurate representation of species’ evolutionary rela-
tionships [45, 54]. The combination of chloroplast genome 
conservation and variations in specific hotspot regions 
effectively elucidates phylogenetic relationships among 
different species. Through phylogenetic analysis of the 
chloroplast genomes of C. reticulata and other species 
within sect. Camellia, we further clarified the evolution-
ary relationships among these species. The phylogenetic 
trees constructed using ML and BI methods indicate that 
sect. Camellia was divided into two distinct clades. Clade 
A included nine species, such as C. japonica, C. chekian-
goleosa, and C. edithae, etc. Clade B, which was strongly 
supported, encompasses the C. reticulata complex along 
with C. pitardii, C. saluenensis, C. mairei, and C. pubipe-
tala (Fig.  14). This finding is consistent with the conclu-
sions of several previous studies [17, 43, 55, 56], yet the 
present study examines a broader range of species within 
sect. Camellia and offers a more comprehensive depic-
tion of the branching relationships. Morphologically 
and geographically, species in Clade A, characterized by 
a bract calyx that is more or less persistent and an ovary 
that is either glabrous or hairy, are predominantly found 
in southern China, eastern China, and Japan. In contrast, 
species in Clade B, which are distinguished by a deciduous 
bract calyx and a densely hairy ovary, are mainly located 
in southwestern China. The distribution areas of the for-
mer clade are largely heterogeneous or show only minor 
overlaps, whereas the latter clade is frequently sympat-
ric or overlapping [6]. Sect. Camellia possesses the same 
chromosome base number (x = 15) and exhibits significant 
variability in ploidy levels (2×, 4×, 6×, and 8×), with poly-
ploidy primarily observed in southern China [6]. Cytogeo-
graphical studies have identified the Nanling Mountains 
and adjacent regions in southern China as a center for dis-
tribution and differentiation of sect. Camellia [6]. Within 
the Jinshajiang Basin in southwestern China, taxa with 
2×, 4×, and 6 × ploidy levels coexist, designating this area 
as the secondary divergence center for sect. Camellia [6]. 
In clade B, 2 × and 4 × C. reticulata exhibit sister relation-
ships, as both species are codistributed in the Jinshajiang 
Valley. However, they display significant differences in fruit 
morphology and notable differences in chloroplast genome 
structure and sequence polymorphisms, suggesting that 
they may not be treated as the same species. The 6 × C. 

reticulata has formed a sister relationship with C. mairei, 
indicating the involvement of other species in the hybridi-
zation and polyploidization processes of C. reticulata, thus 
confirming that C. reticulata is an allopolyploid species. 
Furthermore, this implies that 4 × and 6 × C. reticulata may 
represent different species. The genetic distances among 
2×, 4×, and 6 × C. reticulata and their respective distances 
from C. pitardii and C. saluenensis are relatively similar 
(Table  1). Therefore, it may be more appropriate to treat 
2 × and 4 × C. reticulata as distinct species and assign them 
new names. On the basis of the phylogenetic trees and 
genetic variation results, the other two progenitors of the 
polyploid complex, C. pitardii and C. saluenensis, are also 
suggested to be distinct species. Our findings support the 
relationships among the C. reticulata species established 
through genomic in situ hybridization [9], reaffirming the 
earlier confirmation that C. pitardii and C. saluenensis are 
the ancestors of the heteroploid hexaploid C. reticulata 
[57]. Additionally, we postulate that the polyploid com-
plex of C. reticulata and C. mairei evolved from C. pitar-
dii. These findings further support the notion of dynamic 
genomic changes in Theaceae plants during chloroplast 
transfer and polyploidization  processes [17]. However, 
owing to the effects of hybridization and polyploidiza-
tion, chloroplast genomes and nuclear genomes evolve 
independently, making it insufficient to rely solely on 
chloroplast genomic phylogenetics for classification deci-
sions [58, 59]. Future studies could combine morphologi-
cal, cellular, and nuclear genomic data from 2 × and 4 × C. 
reticulata to systematically investigate their status as inde-
pendent species.

Conclusion
This study characterized the chloroplast genomes 
of 2 × and 4 × C. reticulata and conducted compara-
tive analyses with closely related species. This research 
reveals diversity in structural characteristics, repetitive 
sequences, polymorphic hotspots, selection pressures, 
and codon usage, along with their systematic evolution-
ary significance. These findings suggest that C. pitardii, 
C. saluenensis, and C. mairei may have participated in the 
allopolyploidization of C. reticulata, with both 2 × and 
4 × C. reticulata potentially classified as independent 
species. These results enhance our understanding of the 
chloroplast genomic characteristics of C. reticulata and 
contribute to elucidating the systematic evolutionary sta-
tus of different ploidy levels of C. reticulata.
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	49.	 Joët T, Cournac L, Horvath EM, Medgyesy P, Peltier G. Increased sensitivity 
of photosynthesis to antimycin A induced by inactivation of the chloro-
plast ndhB gene. Evidence for a participation of the NADH-dehydroge-
nase complex to cyclic electron flow around photosystem I. Plant Physiol. 
2001;125(4):1919–29.
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