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Comparative chloroplast genome 
and phylogenetic analyses 
of Chinese Polyspora
Zhi‑Feng Fan1,2 & Chang‑Le Ma1*

Polyspora Sweet (Theaceae) are winter ornamental landscape plants native to southern and 
southeastern Asia, some of which have medicinal value. The chloroplast (cp) genome data of Polyspora 
are scarce, and the gene evolution and interspecific relationship are still unclear. In this study, we 
sequenced and annotated Polyspora chrysandra cp genome and combined it with previously published 
genomes for other Chinese Polyspora species. The results showed that cp genomes of six Chinese 
Polyspora varied in length between 156,452 bp (P. chrysandra) and 157,066 bp (P. speciosa), but all 
contained 132 genes, with GC content of 37.3%, and highly similar genes distribution and codon 
usage. A total of eleven intergenic spacer regions were found having the highest levels of divergence, 
and eight divergence hotspots were identified as molecular markers for Phylogeography and genetic 
diversity studies in Polyspora. Gene selection pressure suggested that five genes were subjected to 
positive selection. Phylogenetic relationships among Polyspora species based on the complete cp 
genomes were supported strongly, indicating that the cp genomes have the potential to be used as 
super barcodes for further analysis of the phylogeny of the entire genus. The cp genomes of Chinese 
Polyspora species will provide valuable information for species identification, molecular breeding and 
evolutionary analysis of genus Polyspora.

Polyspora Sweet is a genus of 48 accepted species in Theaceae family which are distributed in subtropical and 
tropical regions of southern and southeastern Asia1,2. Most species in Polyspora have high ornamental value with 
beautiful canopy shape and pretty flowers blooming in winter, and can be used as landscape trees3–5. Some of 
them have edible and medicinal value because of the natural antioxidants in their fruits4,6,7. Moreover, extracts 
from roots and stems may have cytotoxic activities8–10. Within Theaceae, analyses of chloroplast protein coding 
genes, mitochondrial gene and nuclear gene sequences suggest that Polyspora and Camellia are closely related and 
both belong to Theeae1,11. However, Gordonia, which has similar seed morphological characteristics as Polyspora, 
locates in Gordonieae. Although Polyspora have important horticultural and medicinal value, molecular data for 
phylogeography and genetic diversity studies are still limited.

Chloroplasts (cp) are organelles of photosynthesis in green plants, and also the important place for the syn-
thesis of pigment, protein and starch12,13. In angiosperms, most cp genomes are usually inherited from maternal 
parents and conserved with stable structure and low genetic recombination rate14. The cp genomes of terrestrial 
plants are usually between 120–160 kb in length and have a tetrad structure: one large single copy (LSC), one 
small single copy (SSC) and two inverted repeats (IRs)15–17. The cp genome consists of 120–130 genes, mainly 
involved in photosynthesis, transcription, and translation18. Compared with nuclear and mitochondrial genomes, 
cp genomes are relatively small and rarely recombined19,20. Structural differences in cp genomes among related 
species are valuable for species identification21. Therefore, the complete cp genomes have become an ideal model 
for evolutionary and comparative genomic studies, which can provide important basis for revealing the phylo-
genetic and evolutionary relationships of phytogroup22. Though some researchers had used cp genome data to 
explore the phylogenetic relationships of some species in Polyspora11,23,24, the selected DNA fragments were few, 
and the structural characteristics of the whole cp genome had not been analyzed in greater detail.

In flora of China, there are 6 species of Polyspora, the cp genomes for five of them have been published previ-
ously, including P. axillaris, P. speciosa, P. hainanensis, P. longicarpa and P. tiantangensis. Most of Polyspora species 
are trees, while the two biotypes of tree and shrub coexist in P. chrysandra. The difference between calyx and 
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petals of P. chrysandra is less obvious than that of other Polyspora species, which may be intermediate morphol-
ogy of plant evolution in the genus. Here, we reported the complete cp genome sequence of P. chrysandra, and 
compared its sequence features with other five Chinese Polyspora species. The objective of this study were to: (1) 
characterize and compare the cp genomes of Chinese Polyspora, and detect differences among the six species; 
(2) identify repeat sequences, simple sequence repeats and genetically variable regions, select divergence hotpots 
as candidate DNA markers; (3) explore their IR expansion and contraction, estimate genes selective pressure 
and codon usage; (4) reconstruct phylogenetic relationships of Polyspora species based on the cp genome align-
ments and verify their phylogenetic position within Theaceae. Comprehensive chloroplast genomic analysis of 
Chinese Polyspora will provide fundamental basis for further understanding of the evolution of Theaceae family.

Results
Chloroplast genome structures and features of Polyspora species.  The complete cp genome of P. 
chrysandra was 156,452 bp in length, and was slightly less than other Chinese Polyspora species. It contained a 
LSC region of 85,924 bp, a SSC region of 18,318 bp, and two IR regions of 26,105 bp each. The cp genomes of 
six Chinese Polyspora species varied in length between 156,452 bp (P. chrysandra) and 157,066 bp (P. speciosa) 
(Fig. 1). The differences between the lengths were no greater than 614 bp. All six Polyspora cp genomes displayed 
a typical quadripartite structure, including a pair of IRs (26,077–26,105  bp) separated by one LSC (85,924–
86,597  bp) and one SSC (18,284–18,318  bp) region. The GC content of all cp genomes were 37.3%. The cp 
genomes of Chinese Polyspora species showed similar genome structures, containing 132 genes, and comprised 
of 87 protein-coding, 37 tRNA, and 8 rRNA genes (Table S2). Among them, 18 genes were duplicated in the IR 

Figure 1.   Chloroplast genome map of Chinese Polyspora. Genes on the outside of the circle are transcribed 
counterclockwise, while those inside are transcribed clockwise. Genes belonging to different functional groups 
are color-coded. Dark gray shading in the inner circle indicates guanine-cytosine content.
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region, including 7 tRNA genes, 4 rRNA genes and 7 coding genes. There were 15 genes with one intron, includ-
ing 6 tRNAs (trnA-UGC​, trnG, trnI-GAU​, trnK-UUU​, trnL-UAA​, trnV-UAC​) and 9 coding genes (atpF, ndhA, 
ndhB, petB, petD, rps16, rpl16, rpl2, rpoC1). Three coding genes (clpP, rps12, and ycf3) had two introns (Table 1).

Expansion and contraction of inverted repeats.  Figure  2 shows the expansion and contraction of 
the IR regions of 6 Polyspora species. During the evolution of cp genomes, there was little difference among 
the six Polyspora species. Both the length range of IR regions (26,077 bp-26,105 bp) and their junction with SC 
regions were highly conservative. The rps19 gene of all Polyspora species were similar in location, 233 bp in the 

Table 1.   Genes identified in the chloroplast genome of Polyspora species. *Indicates gene with one intron and 
**indicates gene with two introns; (× 2) indicates that the number of repeated units is 2.

Category Group Gene name

Genes for photosynthesis

ATP synthase atpA, atpB, atpE, atpF*, atpH, atpI

ATP-dependent protease clpP**

NADH-dehydrogenase ndhA*, ndhB(× 2)*, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK

Cytochrome b/f complex petA, petB*, petD*, petG, petL, petN

Photosystem I psaA, psaB, psaC, psaI, psaJ

Photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL, psbM, psbN, psbT

RubiscoCO large subunit rbcL

Expression-related genes

Ribosomal RNA rrn16(× 2), rrn23(× 2), rrn4.5(× 2), rrn5(× 2)

transfer RNA
trnA-UGC​(× 2)*, trnC-GCA​, trnD-GUC​, trnE-UUC​, trnF-GAA​, trnfM-CAU​, trnG*, trnG-UCC​, trnH-GUG​,  
trnI-CAU​(× 2), trnI-GAU​(× 2)*, trnK-UUU​*, trnL-CAA​(× 2), trnL-UAA​*, trnL-UAG​, trnM-CAU​, trnN-
GUU​(× 2), trnP-UGG​, trnQ-UUG​, trnR-ACG​(× 2), trnR-UCU​, trnS-GCU​, trnS-GGA​, trnS-UGA​, trnT-GGU​, 
trnT-UGU​, trnV-GAC​(× 2), trnV-UAC​*, trnW-CCA​, trnY-GUA​

Ribosomal protein (SSU) rps11, rps12(× 2)*, rps14, rps15, rps16*, rps18, rps19, rps2, rps3, rps4, rps7(× 2), rps8

Ribosomal protein (LSU) rpl14, rpl16*, rpl2(× 2)*, rpl20, rpl22, rpl23(× 2), rpl32, rpl33, rpl36

RNA polymerase rpoA, rpoB, rpoC1*, rpoC2

Other genes

Maturase matK

Envelop membrane protein cemA

Subunit of acetyl-CoA-carboxylase accD

c-type cytochrome synthesis ccsA

Translation initiation factor IF-1 infA

Genes of unkown function Hypothetical chloroplast reading frames ycf1, ycf15(× 2), ycf2(× 2), ycf3**, ycf4, lhbA

Figure 2.   Comparison of the border regions of the cp genomes among Chinese Polyspora species. JLB (IRb /
LSC), JSB (IRb/SSC), JSA (SSC/IRa) and JLA (IRa/LSC) denote the junction sites between each corresponding 
region in the genome.
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LSC region and 46 bp in the IRb region, while gene rpl2 was entirely located in the IRb region. The ndhF gene 
of all species were located in the SSC region, 66 bp away from the IRb/SSC border in P. axillaris, P. chrysandra 
and P. hainanensis, while it was 10 bp shorter in P. speciosa, P. longicarpa and P. tiantangensis. The ycf1 gene in 
all genomes spanned over the junction of the SSC and IRa regions. Compared to P. longicarpa and P. tiantangen-
sis, the ycf1 gene of the other 4 species were 6 bp longer in the SSC region, which led to the differences of gene 
length. Finally, the trnH gene in all Chinese Polyspora species were located on the IRa/LSC boundary line, and 
its distance from the junction was 1 bp.

Long repeat sequence analysis.  A total of 256 long repeats were identified by using REPuter for six cp 
genomes (Table S3). Five species had only forward and palindromic repeats, and only P. hainanensis had reverse 
repeats. Complementary repeats did not exist in all Chinese Polyspora species (Fig. 3). Except for IR regions, the 
repeats length ranged from 30 to 82 bp, repeats length of 30, 42, 38 and 56 bp were accounted for the most com-
mon lengths (Fig. 4, Table S4). Among the six Polyspora species, P. hainanensis had the least number of repeats, 
including 12 forward, 16 palindromic and 1 reverse repeats (Fig. 3, Table S3). The number of forward repeats 
varied from 12 (P. hainanensis) to 21 (P. longicarpa and P. tiantangensis), and the number of palindromic repeats 
varied between 16 (P. hainanensis) and 30 (P. longicarpa and P. tiantangensis) (Fig. 3, Table S3). Most long repeats 
were located in IR regions (Table S4), while ycf2 gene had the longest repeats at 82 bp.

Simple sequence repeat (SSR) analysis.  The number of SSRs in the six Polyspora species ranged from 
66 (P. axillaris) to 78 (P. chrysandra) (Table S5). Four kinds of SSRs were discovered, mononucleotide (mono-), 
dinucleotide (di-), trinucleotide (tri-) and tetranucleotide (tetra-). In each species of Polyspora, single nucleo-
tide (mono-) repeats were the most common, and trinucleotide repeats accounted for the lowest proportion of 
SSRs (Fig. 5). The number of A/T mononucleotide repeats exceeded the total number of the other three types. 
AAG/CTT trinucleotide repeats and ACAG/CTGT tetranucleotide repeats were accounted as only one in each 
Polyspora species (Fig. 6, Table S6). The SSRs were mainly distributed in intergenic regions, few were found in 
coding regions: psbI, atpA, rpoC2, rpoB, ycf3, atpB, rpoA, rpl16, rpl2, ccsA, ndhD, ndhA, ycf1 and ycf2. Among 
them, four genes (ycf3, ndhD, ndhA, ycf1 ) were found to contain at least two SSRs, ycf1 gene had the most SSRs.

Comparative genomic analysis within Chinese Polyspora.  To evaluate the differences of cp genomes 
among six Polyspora species, we performed mVISTA analysis with the annotated P. axillaris cp genome as a 
reference. The cp genomic sequences of the six species were relatively similar, and the sequence variation were 
mainly concentrated in the non-coding region, while the exons and untranslated regions (UTR) had little varia-
tion between genomes (Fig. 7). The coding regions were more conservative than the non-coding regions. Eleven 
intergenic spacer regions (trnH-psbA, psbI-trnS, trnT-psbD, trnT-trnL, accD-psaI, ycf4-cemA, petA-psbJ, psaJ-
rpl33, ycf15-trnL, ndhG-ndhI, trnN-trnR) had the highest levels of divergence (Fig. 7). Mauve algorithm showed 
that no large fragments of gene rearrangement were found in the cp genome sequences of Chinese Polyspora 
species (Fig. S1).
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Figure 3.   Number of long repeats in the cp genome sequence of Chinese Polyspora species.
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Divergence hotspots.  The whole cp genome sequences of six Polyspora species were sliding from scratch 
by using DnaSP v6 software. Nucleotide diversity (Pi) values among the sequences were calculated and analyzed 
at 600 bp window length. There were 560 mutation sites in the aligned genome sequences, the Pi value ranged 
from 0.00056 to 0.01311, and the average value was 0.00227. Eight highly variable regions with Pi value greater 
than 0.005 were located precisely. These regions included rpoB-trnC-GCA​, ycf1, trnH-GUG-psbA, trnK-UUU-
rps16, petN-psbM, ycf4-cemA, ndhF-rpl32 and ndhA (Fig. 8). Five of these gene segments were located in the 
LSC region, with the other three located in the SSC region. Two of the divergent regions (ycf1 and ndhA) were 
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Figure 5.   The comparison of SSRs distribution in the 6 Polyspora cp genomes.
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Figure 6.   Number of different SSR types detected in the 6 Polyspora cp genomes.

Figure 7.   Alignment of Chinese Polyspora cp genomes in mVISTA.
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presented at coding regions, others were in the non-coding regions. The LSC and SSC regions showed higher 
sequence divergence than the IR regions, and the protein-coding genes were more conserved than non-coding 
sequences. The rpoB-trnC-GCA​ region had the highest divergence value of 0.01311 (Fig. 8).

Selective pressure analyses.  We calculated the ratios of non-synonymous (Ka) and synonymous (Ks) 
substitutions by 80 protein-coding genes in Polyspora. The average Ka/Ks ratio for 80 protein genes analyzed 
in the six cp genomes was 0.3889 (Table S7). There were significant differences in the evolutionary rates among 
the six species, 24 of 80 protein genes had positive sites, of which 5 genes Ka/Ks > 1 (ndhD, ndhF, rbcL, rpoC2, 
ycf1) , suggesting that these five genes might be in the positive selection procedure of evolution (Fig. 9, Table S7). 
Especially, rpoC2 gene had Ka/Ks ratios around 2.0 in four pairwise species (P. axillaris/P. hainanensis vs. P. 
longicarpa/P. tiantangensis), rpoC2 was a candidate gene for adaptive evolution. The Ka/Ks ratios of most other 
genes were less than 0.5, indicating that overwhelming majority genes were undergoing strong purifying selec-
tion pressure.

Figure 8.   Nucleotide diversity values among six Polyspora 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).

Figure 9.   Pairwise Ka/Ks ratios of Chinese Polyspora species in different genes. The color closer to red 
represents the gene has a high Ka/Ks ratio.
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We also analyzed Ka/Ks ratios of P. chrysandra cp genome versus other five Chinese Polyspora in detail 
(Fig. 10, Table S8). The result showed that 21 out of 80 protein-coding genes had positive sites, with the Ka/Ks 
ratios of three genes (rbcL, ndhF, ndhD) between P. chrysandra and P. speciosa being greater than 1. The ycf1 
gene in 2 pairs (P. chrysandra vs. P. hainanensis, P. chrysandra vs. P. tiantangensis) had Ka/Ks ratio > 1. Besides, 
the psbA, matK, rpoC2, psaA, atpE, accD, psbT, ycf2 and ndhA genes, with Ka/Ks ratio > 0.5, were found in 17 
comparison pairs. The Ka/Ks ratios in different regions (LSC, IR, SSC) were not regionally specific.

Codon usage.  A total of 42 protein coding sequences were selected for codon usage analysis. The codon 
number and RSCU values of the six Polyspora species were similar, they were encoded 22,989 (P. tiantangensis) to 
23,003 (P. speciosa) codons with the RSCU values ranging from 0.33 (CGC and AGC) to 2.00 (UUA) (Table S9). 
Among the protein-coding cp genes in the six Polyspora species, 20 amino acids were encoded by 64 types of 
codons. The codon usage bias of P. chrysandra was described in detail. Leucine with 2,386 codons (approximately 
10.37% of the total) was the most abundant amino acid in the cp genome, cysteine with 250 codons (approxi-
mately 1.09% of the total) was found as a rare amino acid. Among the 64 codons, AUU-encoded isoleucine had 
the highest number of occurrences (986), and UGC-encoded cysteine had the lowest number of occurrences 
(57) (Table S9); AGC-encoded serine had the lowest RSCU values, and UUA-encoded leucine had the highest 
RSCU values. Tryptophan (UGG) and methionine (AUG) are encoded by only one codon without codon bias. 
There were 29 codons with RSCU values greater than 1, indicating biased usage (Fig. 11, excluding terminating 
codons). Among them, 16 ended with T, 12 ended with A, and only one ended with G. This indicates that the 
codon of Polyspora cp genome had a strong A/T preference in the third codon. This phenomenon is similar to 
the codon bias of cp genomes in most angiosperm.

Phylogenetic analysis.  We adopted 31 cp genomes from three tribes of Theaceae (including P. chrysan-
dra cp genome newly sequenced in this study) to infer the phylogenetic relationships by using the maximum 
likelihood (ML) method. The ML tree generated 29 nodes, most of which had 100% bootstrap support. Except 
for one node with a bootstrap value of 89%, all other clades were supported with bootstrap values greater than 
94% (Fig. 12). These 31 cp genome sequences were classified into three monophyletic groups, representing three 
tribes of Theaceae family. Four genera of Polyspora, Camellia, Pyrenaria and Apterosperma gathered into Theeae 
tribe. Genus Gordonia, which fruit morphological characteristics were similar to Polyspora, aggregated with 
Schima into tribe Gordonieae. Eight Polyspora species with published cp genome participated in phylogenetic 
analysis, six of them were from China, and the other two were from Vietnam (P. dalgleishiana) and Singapore 
(P. penangensis). These eight Polyspora species clustered into one group, with the bootstrap values of all internal 
nodes reached 100%. The eight Polyspora species were split into two groups, P. penangensis, which is native to 
Peninsular Malaysia and Singapore, formed sister groups with the other seven species. P. chrysandra was most 
closely related to P. dalgleishiana from Vietnam. Together, the three groups of Theaceae based on the cp genomes 
were consistent with the traditional taxonomy.

Figure 10.   The Ka/Ks ratios of 21 protein-coding genes of P. chrysandra cp genome when compared to other 
five Chinese Polyspora. 
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Discussion
In this study, we characterized the complete cp genome of P. chrysandra, and compared with other five Chinese 
Polyspora species. We found that the cp genome size, gene content, structure and other characteristics were 
highly conserved among the six Polyspora species, and no gene rearrangement was detected (Fig. S1). The 
cp genome size of most angiosperms range from 120 to 160 kb, GC contents range from 30 to 40%, and IR 
region length range from 20 to 28 kb25. The cp genome lengths of the six Polyspora species from China were 
156,452–157,066 bp, the IR region lengths were 26,007–26,105 bp, and the GC content was 37.3% (Table S2), 
which were consistent with the characteristics of the cp genomes of angiosperms. The GC content of Chinese 
Polyspora was similar to that of Camellia species published by Huang et al26 and Li et al27. The variation of cp 
genome size ranged from 1 to 614 bp, P. chrysandra was greatly differed from other species, while the difference 
of cp genome length between P. tiantangensis and P. longicarpa was only 1 bp. Although plant cp genomes are 
conservative in size and structure, IR expansion/contraction are common evolutionary phenomenon26. Through 
the comparative analysis of the IR boundary regions, we can clearly see the differences of chloroplast genomes 
among different species of Polyspora. Compared with the other five species of Chinese Polyspora, P. chrysandra 
had the shortest cp genome length (156,452 bp), but the IR region (26,105 bp) was the longest among the six 
species, indicating that an expansion existed. Based on the ndhF gene location in IRb/SSC region, the six species 
can be divided into two groups, group A (P. axillaris, P. chrysandra, P. hainanensis) and group B (P. speciosa, P. 
longicarpa, P. tiantangensis) (Fig. 2), which is consistent with the morphological taxonomy. The three species in 
group A are shrubs or small trees, while those in group B are large trees. The length of ycf1 gene located in SSC/
IRa boundary could also be used to distinguish P. speciosa from P. longicarpa and P. tiantangensis in group B, 
where the ycf1 gene of P. speciosa was 6 bp longer than that of the other two species. However, the contraction 
and expansion of IRs in group A were identical. The phenomenon of IR expansion and the features of genome 
boundaries could provide useful information for Polyspora taxonomy.

Repeats sequences play an important role in genome rearrangement, recombination and inversion28–31. Fur-
thermore, repetitive sequences are important inducements of base indels and substitutions in cp genome29,30. In 
the long repeats of Chinese Polyspora, palindromic repeats were the most abundant, followed by forward repeats, 
and only P. hainanensis had reverse repeats. Palindromic repeats are involved in important life activities, such 
as DNA replication and transcriptional termination. P. hainanensis had the least number of repeats, and the 
number of long repeats of P. longicarpa and P. tiantangensis were exactly the same. SSRs are repeating sequences 
of typically 1–6 bp29, which are widely distributed in eukaryotic genomes32. SSRs of cp genome are usually used 
for population genetics and phylogenetic analysis27,30. A total of 66 ~ 78 polymorphic SSRs were identified in 
this study (Table S5), and these numbers are close to that of Camellia species27. Most SSRs were distributed in 
intergenic regions, whereas few in protein-coding genes, which were consistent with previous studies on angio-
sperm cp genome30,33,34. The composition of SSRs in the six Polyspora cp genomes were similar to that of most 
angiosperms, with A/T single nucleotide (mono-) repeats dominated all repeat units, which might be one of the 

Figure 11.   Codon content of 20 amino acids and stop codons in all protein-coding genes of P. chrysandra cp 
genome. Colors correspond to codons listed underneath the columns.
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reasons for the abundance of A/T bases in the cp genomes. The long repeats and SSRs identified in this study 
can provide effective information for the detection of interspecific and intraspecific polymorphism of Polyspora, 
and can be used as molecular markers to evaluate the genetic diversity of wild populations of Theaceae species.

Due to the highly conservative structure of plant cp genomes, mutational hotspots can be easily identified 
by comparative analyses21. These mutation hotspots surrounded by conserved sequences are commonly used as 
DNA barcodes in population genetic or phylogenetic studies21,35. According to the comprehensive analysis of 
sequence differences in mVISTA and nucleotide variation inferred by DnaSP, we found that the sequence vari-
ation of the genus Polyspora mainly occurred in the non-coding region and intergenic region. In the analysis of 
cp genome sequence variation, we detected eleven divergent regions (trnH-psbA, psbI-trnS, trnT-psbD, trnT-trnL, 
accD-psaI, ycf4-cemA, petA-psbJ, psaJ-rpl33, ycf15-trnL, ndhG-ndhI, trnN-trnR) (Fig. 7). Based on our sliding 
window analysis, rpoB-trnC-GCA, ycf1, trnH-GUG-psbA, trnK-UUU-rps16, petN-psbM, ycf4-cemA, ndhF-rpl32 
and ndhA were highly variable (Fig. 8). In fact, trnH-psbA and ycf1 have been used as standard barcodes in most 
plants, and ycf1 have been considered as the most promising plastid DNA barcode in terrestrial plants36. Further 
research is necessary to investigate which of these high variation genes or gene spacers could be used as reliable 
and effective DNA barcodes in genus Polyspora.

Adaptive evolution analysis of cp genome is an important part of studying gene function and gene struc-
ture changes37. In the process of cp genome evolution, most genes are selected for purification, some genes are 
involved in environmental adaptation and positive selection, while others are in neutral evolution38. We identi-
fied 24 genes with positive loci in six Polyspora species, five of them (ndhD, ndhF, rbcL, rpoC2, ycf1) with Ka/Ks 
values greater than 1 (Fig. 9, Table S7), these genes may have been undergoing certain functional diversification 
during their evolve adaptation. These genes were from three different functional groups, including photosystems 
(ndhD, ndhF, rbcL), expression-related genes (rpoC2), and unclassified genes (ycf1) (Table 1). The ndh gene 
encodes cp NADH dehydrogenase39. The NADH dehydrogenase complex of higher plants are not only involved 
in photosynthetic electron transport40, but also resistant to photooxidative stress41. For example, ndhF shows 
positive selection effect on Australia Citrus adaptation to dry and hot climates42. The rbcL gene encodes a large 
sub-unit of ribulose bisphosphate carboxylase, which plays an important role in catalyzing the fixation of CO2

43. 
The rpoC2 gene encodes the β" subunit of cp RNA polymerase39, rpoC2 gene had Ka/Ks ratios around 2.0 in 
four Polyspora pairwise species, which might be related to the function of their cp RNA polymerase. Gene ycf1 
is one of the largest open reading frames in cp genome39. Although its specific function is still unclear, it has 
low sequence similarity among different species and is used as one of the commonly DNA barcodes. The Ka/Ks 

Figure 12.   The maximum likelihood (ML) phylogenetic tree of the Theaceae family based on cp genome 
sequences. The red font of species name shows Chinese Polyspora.
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values of ycf1 gene varies greatly among different phytogroup44, and the evolutionary significance of this gene 
needs to be further studied. In conclusion, these positive selection genes may contribute to the diversification 
and adaptive evolution of Polyspora.

Codon is the key to the accurate expression of genetic information14. Codon usage bias is a common phe-
nomenon in plants. It is generally considered to be an intricate combined outcome of natural selection, mutation, 
and genetic drift during the long-term evolution of species and genes45, which reflects the different pressures of 
different genes or genomes in the course of evolution32. The total number of codons in six Polyspora were differ-
ent, which were 22,993 in P. axillaris and P. hainanensis, 23,003 in P. speciosa, 22,999 in P. chrysandra, 22,997 in 
P. longicarpa and 22,989 in P. tiantangensis (Table S9). This might have been caused by the different cp genome 
sizes among different species. Many previous studies have shown that leucine and isoleucine codons are the 
most common codons in chloroplasts, while cysteine codons are the rarest28,30,46. The six Polyspora species in 
this study also accord with this feature. In addition, taking P. chrysandra as an example, it was found that most 
of the codons with RSCU value greater than 1 ended with A/T base, whereas most of the codons with RSCU 
value less than 1 ended with C/G base (Table S9), which might be due to the abundant content of A/T in the cp 
genome of Polyspora. Similar phenomenon has been reported in Michelia shiluensis47, Nephelium lappaceum34 
and many other plants. The study of codon preferences can help us better understand the gene expression and 
molecular evolution mechanisms of the genus Polyspora.

Theaceae is an important components of subtropical evergreen broad-leaved forest in China48. Since the 
twenty-first century, Prince & Parks49 have revealed the phylogenetic framework of Theaceae by using chloro-
plast-encoded rbcL and matK + flanking intergenic spacer region data, and divided Theaceae into three tribes, 
namely Theeae, Gordonieae, and Stewartieae. Yu et al.50 used complete plastid genome and nuclear ribosomal 
DNA data to better solve the phylogenetic relationships among the three tribes in Theaceae. The molecular phy-
logenetic relationships of the three tribes are consistent with their endosperm evolution model. Tribe Stewartieae 
has rich endosperm, tribe Gordonieae contains a thin layer of endosperm and tribe Theeae has no endosperm51. 
A number of subsequent phylogenetic studies related to Theaceae have reached similar conclusions1,5,24,52. How-
ever, due to incomplete sequencing data, none of these studies included all the Chinese Polyspora species. In this 
study, we used complete cp genome sequences to reconfirm the three branches of Theaceae. At the same time, we 
revealed the phylogeny of Chinese Polyspora species and their phylogenetic location within Theaceae (Fig. 12). 
Among the phylogenetic relationships of the six Polyspora species, P. speciosa is relatively independent. P. speciosa 
has the earliest differentiation, the widest distribution and the most abundant variation in China. P. chrysandra 
is most closely related to P. dalgleishiana from Vietnam, the main distribution area of P. chrysandra is Yunnan 
Province of China, which is adjacent to Vietnam, and the two species are relatively lately differentiated. P. axillaris 
has the closest relationship with P. hainanensis, which is also consistent with their geographical distribution. P. 
axillaris is mainly distributed in Guangdong Province of China, while P. hainanensis is only distributed in Hainan 
Province of China, and the two provinces are separated by Qiongzhou Strait. Strait isolation may be responsible 
for the lineage differentiation of the two species. P. tiantangensis and P. longicarpa are grouped together, which 
not only have the same geographical distribution, but also have very similar morphological characteristics. The 
differences are that the leaf apex of P. tiantangensis is slightly concave, and the capsule is 6–8 locular53. The cp 
genome lengths of the two species are only 1 bp different, the IR and SC boundary genes locations, the number of 
repeat sequences, and the sequence variation features are all the same, which implies that they may be the same 
species. However, due to hybridization and polyploidization, the cp and nuclear genomes evolved independently, 
and the phylogeny of cp genomes alone is insufficient in making taxonomic decisions1,54. In addition, the genus 
Polyspora includes nearly 50 species, mainly distributed in South and Southeast Asia. Only six Polyspora species 
from China were studied in this study. Therefore, further studied with more species are needed to help better 
understand the phylogenetic relationship of Polyspora.

Conclusion
The complete cp genome of P. chrysandra was sequenced and reported for the first time in this study. Sub-
sequently, comparative genomic analyses were performed with other Chinese Polyspora cp genomes. The cp 
genomes of six species in the genus Polyspora from China were typical tetrad structures, and the GC content was 
37.3%. The cp genome structure, segment length and gene content of all species were highly conserved. In addi-
tion, abundant long repeats sequences, SSRs and highly variable regions were identified, which can provide rich 
genetic information for the study of genus Polyspora. In particular, eight highly variable gene regions (rpoB-trnC, 
ycf1, trnH-psbA, trnK-rps16, petN-psbM, ycf4-cemA, ndhF-rpl32 and ndhA) were identified with good potential 
as DNA barcodes for Phylogeography and genetic diversity studies in Polyspora. Five genes (ndhD, ndhF, rbcL, 
rpoC2 and ycf1) were detected with Ka/Ks ratio greater than 1, suggesting that these genes have undergone 
positive selection during evolutionary adaptation. Studies of codon usage showed that some amino acids had 
a pronounced bias, which may assist us in the understanding of the gene expression and molecular evolution 
mechanism of Polyspora. Phylogenetic tree based on the complete cp genomes revealed the phylogenetic rela-
tionships among Polyspora species, providing an in depth understanding of the phylogenetic relationships of the 
three tribes of Theaceae. In conclusion, our results may provide insights into the evolution and phylogeny of cp 
genome of genus Polyspora and even Theaceae.

Methods
Data collection, DNA extraction and sequencing.  Fresh leaves of Polyspora chrysandra were collected 
from Shiping county of Yunnan province, China (23°54′15″N, 102°27′17″E). A voucher specimen (FC20201015) 
was identified and deposited in the Herbarium of Southwest Forestry University (SWFU) by Chang-Le Ma 
& Zhi-Feng Fan. Total genomic DNA was extracted using CTAB method55 and sequenced with the Illumina 
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NovaSeq 6000 platform at the Novogene Company (Beijing, China). High-quality clean reads were obtained 
from filtered raw reads using NGS QC Toolkit version 2.3.3 with default parameters56. Other five Chinese Pol-
yspora cp genomes were downloaded from NCBI Genbank, including P. axillaris (NC_03564550), P. speciosa 
(NC_03564350), P. hainanensis (NC_03569350), P. longicarpa (NC_03568950) and P. tiantangensis (NC_0538895).

Chloroplast genome assembly and annotation.  The chloroplast genome was de novo assembled 
by GetOrganelle57. Gene annotation was performed by Geneious R11 (https://​www.​genei​ous.​com) with the P. 
axillaris (NC_035645) cp genome sequence as a reference. The circular chloroplast genome map was drawn 
by OGDRAW version 1.3.158. Finally, the annotated sequence was submitted to GenBank (accession number 
MW801387).

Repeat structure identification.  REPuter was used to detect four kinds of long repeats: forward, reverse, 
palindromic, and complementary repeats59. Detection parameter settings were used as follows: repfind –c -f 
–p -r -l 30 -h 3 -best 1000. Simple sequence repeats (SSR) identification was carried out by MISA60, and the 
minimum thresholds for mono-, di-, tri-, tetra-, penta-, and hexa-nucleotides were set to 10, 5, 4, 3, 3, and 3, 
respectively.

Sequence variation of chloroplast genome.  Comparisons between Polyspora chrysandra and other 
five Chinese Polyspora cp genomes were visualized using mVISTA61 with the annotation of P. axillaris as the ref-
erence in shuffle-LAGAN mode62. The borders of four different regions among the six cp genomes of Polyspora 
were visualized using IRscope63. The genome rearrangement of the genus was detected by Mauve algorithm64. 
The multiple sequence alignment for cp genome was conducted using MAFFT65. For investigating the nucleotide 
diversity (Pi), coding and non-coding regions were extracted and computed with DnaSP v666, window length 
was set to 600 bp, and the step size was set as 200 bp.

Selective pressure analyses.  The 80 protein-coding genes of six Chinese Polyspora species were used to 
evaluate evolutionary rate variation. KaKs_Calculator2.067 with MLWL model68 was used to determine the ratio 
of non-synonymous substitutions (Ka) and synonymous substitutions (Ks). Genes with Ka/Ks < 1 (especially less 
than 0.5) were considered as under purifying selection; genes with Ka/Ks > 1 indicates probable positive selec-
tion; genes with Ka/Ks values close to 1 indicate neutral evolution. When Ks = 0, the value of Ka/Ks was repre-
sented by NA, indicates that the gene has few nonsynonymous sites/substitutions, and was not considered in our 
analysis. The fas-clustal format conversion was implemented by ALTER69. The heatmap among each individual 
gene in the Polyspora species was drawn by HemI70.

Codon usage.  Since the effective codon number cannot be correctly calculated for short sequences71, in 
order to reduce sample error, we removed all coding sequences (CDS) shorter than 300 bp for identifying codon 
usage patterns. Finally, 42 of 80 CDSs were used for codon usage analysis. CodonW v.1.4.2 was used to obtain 
the relative synonymous codon usage (RSCU)72, the results were mapped by R software. RSCU is the ratio of the 
frequency of a specific codon to the expected frequency. RSCU > 1 means that the codon is used more frequently 
than expected, RSCU < 1 means that the codon is used less frequently than expected.

Phylogenetic analysis.  To construct the phylogenetic relationships and examine the phylogenetic status 
of Chinese Polyspora within Theaceae, the complete cp genomes of 30 Theaceae species were download from 
GenBank (Table S1), Sladenia celastrifolia (Sladeniaceae, NC_035707) was used as an outgroup. We aligned the 
32 complete cp genomes (including P. chrysandra) with MAFFT online73, and removed the ambiguously aligned 
fragments using Gblocks74 algorithm in PhyloSuite v1.2.275, with the following parameter settings: minimum 
number of sequences for a conserved/flank position (17/17), maximum number of contiguous non-conserved 
positions (8), minimum length of a block (10), allowed gap positions (with half). The nucleotide replacement 
saturation was verified by DAMBE676. The best fitting nucleotide substitution model (GTR + I + G) was chosen 
by ModelGenerator v0.8577. Finally, the Maximum likelihood (ML) tree with 1000 bootstrap replicates was con-
structed by using RAxMLv8.2.1278 on the CIPRES Science Gateway platforms79. Phylograms were visualized 
with FigTree v1.4.4 (http://​tree.​bio.​ed.​ac.​uk/) and decorated in Adobe Illustrator.

Ethics statement.  The plant materials used in this study were obtained from wild plants and did not 
involve any endangered or protected species. The materials were collected under the permission of the For-
estry and Grassland Bureau of Shiping County, Yunnan Province, China. The plant materials were identified by 
Chang-Le Ma and Zhi-Feng Fan.

Plant guideline statement.  Experimental research and field studies on plants, including the collection of 
plant material, complied with relevant institutional, national, and international guidelines and legislation.

Data availability
The cp genome sequence of P. chrysandra was submitted on the National Center for Biotechnology Informa-
tion (NCBI), and the accession number was MW801387 (https://​www.​ncbi.​nlm.​nih.​gov/​nucco​re/​MW801​387).
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