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Abstract
Background  The Polygonaceae family comprises approximately 1,200 species of pharmacological, economic, and 
ecological importance, including medicinal genera such as Rheum, Polygonum, and Fagopyrum, which produce 
bioactive anthraquinones, stilbenes, and flavonoids. Despite their therapeutic importance, comprehensive analyses of 
chloroplast genomes across this family remain limited. Chloroplast genomes provide valuable molecular markers for 
evolutionary studies, phylogenetic reconstruction, and quality control of herbal medicines.

Results  This study comprehensively analyzed chloroplast genomes across 48 Polygonaceae species, focusing on 
genome architecture, gene content, codon usage patterns, selection pressures, simple sequence repeats (SSRs), and 
phylogenetic relationships. All chloroplast genomes exhibited conserved quadripartite structures, with genome sizes 
ranging from 155,838 − 179,064 bp and GC contents ranging from 36.59 to 38.22%, demonstrating AT enrichment 
and a consistent bias toward A/U-ending codons. RSCU analysis revealed six universally optimal codons (AGA, GAU, 
GCU, UAU, UCU, and UUA) conserved across the family. ENC values (46.36–48.28) indicated weak overall codon 
bias; however, ENC-GC3 plots, neutrality, and PR2 analyses confirmed that natural selection, rather than mutational 
pressure, predominantly shaped synonymous codon usage. Ka/Ks analysis revealed that 89.1% of gene pairs were 
under strong purifying selection, with photosystem-related genes the most conserved. A total of 4,593 SSR loci 
were identified, predominantly mononucleotide repeats concentrated in intergenic regions. Collinearity analyses 
demonstrated high structural conservation within genera, with coding regions more conserved than noncoding 
sequences. Phylogenetic reconstruction delineated major lineages and suggested that subfamily-specific codon 
usage patterns correlate with ecological adaptation.

Conclusions  This study provides comprehensive insights into chloroplast genome evolution in Polygonaceae, 
highlighting the predominant role of natural selection in codon usage bias and identifying conserved genomic 
features, SSR resources, and phylogenetic relationships. These findings establish a foundation for molecular marker 
development, quality control of medicinal species, and evolutionary investigations of this pharmacologically 
important plant family.
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Background
Polygonaceae is a globally distributed plant family of 
considerable ecological, economic, and pharmacological 
importance within the order Caryophyllales [1, 2]. This 
morphologically diverse family comprises approximately 
48 genera and 1,200 species, including herbs, shrubs, 
trees, and lianas, inhabiting temperate, tropical, and sub-
tropical regions worldwide [3]. The characteristic features 
of Polygonaceae include swollen stem nodes; alternate 
simple leaves with sheathing ocreae; and inflorescences 
typically arranged in spikes, racemes, or panicles [4]. 
Molecular phylogenetic studies have revealed two major 
subfamilies, Polygonoideae and Eriogonoideae, with Coc-
coloboideae occasionally treated as a third; however, sub-
family boundaries remain under investigation pending 
comprehensive genomic analyses [5, 6].

Species of Polygonaceae produce a rich diversity of 
bioactive secondary metabolites with demonstrated 
pharmacological properties [7, 8]. For example, anthra-
quinones and stilbenes, which are particularly abundant 
in the tribe Polygoneae, exhibit anti-inflammatory, anti-
oxidant, antimicrobial, and immunomodulatory activities 
[9, 10]. Fagopyrum esculentum and F. tataricum demon-
strate metabolism-modulating properties in livestock, 
whereas Rheum species provide compounds with car-
diovascular and hepatoprotective potential [11]. In con-
trast, some members, such as Reynoutria japonica, are 
aggressive invasive species owing to their rapid growth, 
allelopathy, and tolerance to environmental stress [12]. 
This duality underscores the necessity of genomic inves-
tigations to elucidate the molecular mechanisms under-
lying both therapeutically beneficial traits and ecological 
invasiveness [13]. Owing to their conserved structure, 
uniparental inheritance, and moderate evolutionary 
rates, chloroplast genomes represent powerful tools for 
investigating plant evolution, phylogenetic relationships, 
and adaptive mechanisms [14–16]. In addition to photo-
synthesis, chloroplasts participate in critical metabolic 
pathways, including fatty acid synthesis, amino acid bio-
synthesis, and secondary metabolite production, which 
are pathways directly relevant to the pharmacological 
activities of many Polygonaceae species [17, 18]. Typi-
cally, angiosperm chloroplast genomes exhibit a quadri-
partite structure consisting of a large single-copy (LSC) 
region, a small single-copy (SSC) region, and a pair of 
inverted repeats (IRs), encoding 120–130 genes, includ-
ing protein-coding genes (PCGs), tRNAs, and rRNAs 
[19–21]. These genes are highly conserved, making chlo-
roplast genomes ideal for studies of genetic variation, 

molecular systematics, and species identification [15, 22, 
23].

A key feature of chloroplast genomes is codon usage 
bias (CUB), which reflects nonrandom patterns of synon-
ymous codon usage [24–27]. Codon usage is influenced 
by multiple factors, including nucleotide composition, 
mutational pressure, natural selection, gene expression 
levels, tRNA availability, and codon position within genes 
[28]. CUB has functional consequences for protein trans-
lation efficiency and accuracy, as well as for adaptive evo-
lution, genetic selection, and functional differentiation 
[29–31]. In chloroplast genomes, codon usage patterns 
reveal evolutionary pressures and adaptive strategies, 
which that differ from those in nuclear genomes [14, 
32–34].

With the advent of high-throughput sequencing tech-
nologies, it has become possible to rapidly analyze 
chloroplast genomes, providing a powerful approach 
for comparative genomic studies among diverse taxa 
[35–38]. However, integrated investigations encompass-
ing codon usage evolution, SSR polymorphisms, selec-
tive pressure variation, and phylogenomic resolution 
within Polygonaceae remain limited. This gap hinders 
our understanding of both evolutionary dynamics and 
the mechanistic basis of bioactive metabolite production, 
which is critical for phytopharmacological applications.

In the present study, we performed a comprehensive 
analysis of chloroplast genome features across 48 Polygo-
naceae species, representing three major subfamilies and 
diverse ecological adaptations. Our specific objectives 
were to (i) characterize synonymous codon usage pat-
terns and identify the underlying evolutionary determi-
nants; (ii) assess SSR distributions as potential molecular 
markers for genetic diversity and breeding applications; 
(iii) quantify selective pressures across functional gene 
categories relevant to metabolism and secondary com-
pound biosynthesis; (iv) reconstruct phylogenetic rela-
tionships using complete chloroplast genome sequences; 
and (v) identify genomic signatures of adaptive evolu-
tion that may underlie ecological success and bioac-
tive metabolite diversity. By addressing these objectives, 
this study aims to provide fundamental insights into 
chloroplast genome evolution in Polygonaceae while 
generating practical resources for molecular systemat-
ics, biodiversity conservation, and biotechnological and 
pharmacological applications. Understanding the genetic 
and evolutionary basis of metabolite-rich species may 
inform the development of standardized herbal prepara-
tions, optimize bioactive compound yields, and support 
their integration into evidence-based phytotherapy.

Keywords  Polygonaceae, Chloroplast genome, Codon usage bias, Simple sequence repeats (SSRs), Purification 
selection, Phylogenomics, RSCU analysis, Genome evolution
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Materials and methods
Plant materials and chloroplast genome sequencing
Fresh leaf tissues were collected from seven Polygonaceae 
species, namely, Oxyria digyna, Persicaria chinensis, Per-
sicaria maculosa, Rumex hastatus, Polygonum ajanense, 
Persicaria lapathifolia, and Fagopyrum leptopodum, in 
Muli Tibetan Autonomous County, Liangshan Yi Auton-
omous Prefecture, Sichuan Province, China. Accord-
ing to Article 344 of the Criminal Law of the People’s 
Republic of China, those who violate national regulations 
by illegally logging or destroying precious trees or other 
plants under state key protection shall be subject to legal 
sanctions, including fixed-term imprisonment, detention, 
surveillance, and fines. However, the plant specimens col-
lected in this study are not included in the National Plant 
Protection Regulations. Voucher specimens were depos-
ited at the School of Grassland Science, Beijing Forestry 
University. The specimen accession numbers are: Oxyria 
digyna (BJFU-CXY-S02-001R15), Persicaria chinensis 
(BJFU-CXY-S02-001R16), Persicaria maculosa (BJFU-
CXY-S02-001R17), Rumex hastatus (BJFU-CXY-S02-
001R18), Polygonum ajanense (BJFU-CXY-S02-001R19), 
Persicaria lapathifolia (BJFU-CXY-S02-001R20), and 
Fagopyrum leptopodum (BJFU-CXY-S02-001R21). Spe-
cies identification was confirmed through morphological 
examination using standard taxonomic keys (​h​t​t​p​​s​:​/​​/​w​w​
w​​.​i​​p​l​a​​n​t​.​​c​n​/​f​​r​p​​s​/​v​o​l). Total genomic DNA was extracted 
from silica gel-dried leaf tissue using a modified cetyltri-
methylammonium bromide (CTAB) protocol optimized 
for high-altitude plant materials [39]. Paired-end librar-
ies (2 × 150 bp) were constructed and sequenced on an 
Illumina HiSeq platform. Raw sequencing reads were 
assessed for quality using FastQC v0.11.9 [40] and fil-
tered using Trimmomatic v0.39 [41] with default param-
eters to remove low-quality reads and adapter sequences. 
Chloroplast genomes were assembled using the refer-
ence-guided seed-and-extend algorithm implemented in 
NOVOPlasty v4.3.1 [42].

Genome annotation and sequence dataset compilation
Protein-coding genes (PCGs) were extracted from the 
assembled chloroplast genomes using the web-based 
organellar genome annotation platforms GeSeq (​h​t​t​p​​
s​:​/​​/​c​h​l​​o​r​​o​b​o​​x​.​m​​p​i​m​p​​-​g​​o​l​m​​.​m​p​​g​.​d​e​​/​g​​e​s​e​q​.​h​t​m​l) [43] 
and CPGAVAS2 (​h​t​t​p​​:​/​/​​4​7​.​9​​6​.​​2​4​9​.​1​7​2​:​1​6​0​1​9​/​a​n​a​l​y​z​e​
r​/​h​o​m​e) [44]. GeSeq integrates BLAT-based homol-
ogy searches with profile hidden Markov model (HMM) 
analyses and utilizes a manually curated chloroplast ref-
erence database. Multiple prediction approaches were 
applied, including BLATn and BLATx searches, profile 
HMM-based identification of protein-coding and rRNA 
genes, and de novo tRNA prediction using tRNAscan-
SE 2.0 and ARAGORN [45, 46]. IR regions were iden-
tified using GeSeq’s self-BLATn search algorithm. All 

annotations were manually verified to ensure accuracy, 
and sequences shorter than 300 bp were excluded from 
downstream analyses to maintain statistical reliability 
[18]. To construct a comprehensive dataset, an additional 
41 Polygonaceae chloroplast genomes were retrieved 
from the NCBI GenBank database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​.​n​l​
m​.​n​i​h​.​g​o​v​/) [47] (Table 1). The final dataset included 48 
species spanning three major subfamilies: Polygonoideae, 
Eriogonoideae, and Coccoloboideae.

Phylogenetic analysis
For phylogenetic reconstruction, orthologous chlo-
roplast protein-coding genes were extracted from all 
plastomes, and gene sets were filtered to minimize miss-
ing data while retaining broad taxonomic coverage across 
taxa. Each gene was aligned with MAFFT v7 using the 
automatic alignment strategy [48]. Poorly aligned and 
ambiguous regions were removed using trimAl with the 
-automated1 heuristic [49]. Gene alignments passing 
quality checks were concatenated into a supermatrix, 
and maximum-likelihood analysis was performed in IQ-
TREE 2 [50]. The most appropriate nucleotide substitu-
tion model was selected using ModelFinder based on 
the Bayesian Information Criterion (BIC) [51, 52], and 
branch support was assessed using the ultrafast boot-
strap approximation UFBoot2 together with the SH-
aLRT test [53, 54]. Trees were visualized and annotated 
in R using the ape and ggtree packages [55, 56]. Ances-
tral state reconstruction of continuous plastome traits 
was performed using phytools with maximum-likelihood 
estimation under a Brownian motion model [57].

Ancestral state reconstruction
Ancestral state reconstruction for continuous chloro-
plast genome traits was performed using the phytools 
v2.0 package in R v4.3.0 [58]. The contMap function 
was employed, which implements maximum likelihood 
estimation of ancestral states under a Brownian motion 
model of character evolution. Ancestral values at inter-
nal nodes were estimated using the fastAnc function, 
which employs a rerooting algorithm for efficient com-
putation. The reconstructed values were mapped onto 
phylogenetic branches using a continuous color gradient, 
enabling visualization of evolutionary trajectories across 
the tree.

Ancestral state reconstructions were visualized in three 
layouts: circular, rectangular, and fan formats. For each 
of the eight chloroplast genome characteristics, separate 
contMap visualizations were generated with consistent 
color scales to facilitate comparative interpretation. The 
contMap objects were plotted using the type parameter 
“fan” for circular/fan layouts and “phylogram” for rectan-
gular layouts, with tip labels disabled to improve visual 
clarity for large datasets.

https://www.iplant.cn/frps/vol
https://www.iplant.cn/frps/vol
https://chlorobox.mpimp-golm.mpg.de/geseq.html
https://chlorobox.mpimp-golm.mpg.de/geseq.html
http://47.96.249.172:16019/analyzer/home
http://47.96.249.172:16019/analyzer/home
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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Statistical analysis
Group comparisons of chloroplast genome character-
istics among genera were performed using nonpara-
metric statistical methods appropriate for datasets that 

did not meet normality assumptions. The Shapiro-Wilk 
test was applied to assess the normality of trait distribu-
tions within each genus. Levene’s test was used to eval-
uate the homogeneity of variances across groups. For 

Table 1  Detailed characteristics of the complete chloroplast genomes of 48 Polygonaceae species
GenBank accession Species Name Gene num Genome size (bp) GC (%) GC1% GC2% GC3% GC3s
KX085498 Fagopyrum tataricum 131 159272 37.88 45.57 37.74 30.91 27.96

KX774248 Oxyria sinensis 128 160404 37.54 45.69 37.77 30.71 27.7

MH359405 Rumex acetosa 127 160269 37.2 45.75 37.78 30.45 27.47

MK381448 Reynoutria japonica 130 163386 37.52 45.59 37.93 31.07 28.11

MK842154 Reynoutria sachalinensis 130 163485 37.53 45.73 37.84 31.09 28.12

MN055629 Rumex crispus 129 158851 37.55 45.7 37.79 30.61 27.64

MN202600 Calligonum caput-medusae 131 162019 37.51 45.83 37.81 30.64 27.63

MN202602 Calligonum colubrinum 130 161321 37.53 45.81 37.8 30.63 27.61

MN202603 Calligonum cordatum 131 161276 37.55 45.81 37.81 30.65 27.64

MN720269 Rumex japonicus 130 159292 37.5 45.7 37.79 30.6 27.62

MN880789 Rheum nobile 125 161250 37.29 45.59 37.63 30.71 27.75

MT341768 Rheum alexandrae 128 161634 37.33 45.59 37.71 30.65 27.67

MT572345 Fagopyrum esculentum 131 159576 37.97 45.63 37.79 31.02 28.07

MW770449 Bistorta coriacea 126 158839 37.99 45.85 37.84 31.06 28.1

MZ573789 Koenigia divaricata 131 159126 37.43 45.55 37.63 30.46 27.46

MZ573795 Koenigia nepalensis 130 155838 37.37 45.38 37.6 29.99 27.01

MZ579703 Fallopia multiflora 130 163425 37.54 45.68 37.74 31.09 28.07

MZ618350 Pteroxygonum denticulatum 130 162928 37.38 45.61 37.67 30.62 27.59

MZ618352 Fallopia aubertii 130 162393 37.59 45.75 37.69 31.37 28.41

MZ748474 Polygonum aviculare 129 179064 37.39 45.97 38.17 31 28.05

MZ748475 Bistorta officinalis 130 159476 37.88 45.77 37.79 31.1 28.16

MZ958816 Rheum tanguticum 129 161039 37.35 45.57 37.71 30.67 27.71

MZ958817 Rheum officinale 129 161093 37.33 45.57 37.68 30.67 27.7

OK054490 Fagopyrum urophyllum 139 159350 37.78 45.55 37.8 30.72 27.76

OK661151 Coccoloba uvifera 127 169360 36.59 45.69 37.57 30.15 27.15

OK661152 Triplaris americana 127 171340 36.9 46.45 38.31 29.71 26.71

OK661157 Koenigia forrestii 127 156844 37.29 45.48 37.62 30.12 27.15

ON229543 Atraphaxis spinosa 130 164070 37.46 45.73 37.78 31.07 28.09

ON229544 Bistorta amplexicaulis 130 159789 37.85 45.75 37.73 31.06 28.12

ON229550 Polygonum suffultum 130 159115 37.98 45.79 37.8 31.14 28.19

ON229551 Bistorta vivipara 130 158825 37.99 45.73 37.75 31.09 28.14

ON229553 Calligonum leucocladum 131 161313 37.53 45.79 37.76 30.61 27.6

ON229569 Persicaria capitata 130 158852 37.96 45.72 37.86 30.89 27.91

ON229587 Persicaria nepalensis 130 157889 37.93 45.59 37.78 30.76 27.75

ON229593 Persicaria senticosa 131 160589 38.02 45.78 37.9 30.97 27.98

ON229608 Polygonum urumqiense 130 163376 37.46 45.73 37.79 30.81 27.85

ON229609 Pteroxygonum giraldii 130 162009 37.32 45.52 37.64 30.43 27.42

OR570615 Persicaria hydropiper 128 159819 38.19 45.86 37.82 31.41 28.43

OR730799 Persicaria tinctoria 126 159633 38.18 46.95 38.97 31.59 28.67

OR866441 Knorringia sibirica 129 161384 37.63 45.84 37.82 31.01 28.06

PQ523295 Atraphaxis pungens 133 164065 37.46 45.63 37.82 31.1 28.12

PX501750 Persicaria maculosa 130 159073 38.22 45.9 37.78 31.42 28.45

PX501751 Rumex hastatus 130 158985 37.4 45.69 37.92 30.82 27.83

PX501752 Polygonum ajanense 125 177536 38.16 45.59 37.78 30.47 27.47

PX501753 Persicaria lapathifolia 129 159072 38.22 45.91 37.8 31.42 28.45

PX501754 Fagopyrum leptopodum 129 159362 37.82 45.62 37.82 30.72 27.77

PX501763 Oxyria digyna 131 160666 37.54 45.71 37.87 30.96 27.96

PX501764 Persicaria chinensis 130 159073 37.97 45.83 37.9 31.24 28.27
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comparisons involving more than two groups (≥ 3 gen-
era), the Kruskal-Wallis rank‒sum test was employed, 
with Dunn’s post hoc test applying Bonferroni correction 
for multiple pairwise comparisons. For two-group com-
parisons, the Wilcoxon rank-sum test (Mann‒Whitney U 
test) was utilized.

Effect sizes were calculated to quantify the magnitude 
of between-group differences. For multigroup compari-
sons, eta-squared (η²) was computed as η² = H/(n − 1), 
where H is the Kruskal‒Wallis test statistic and n is the 
total sample size. The effect size interpretation followed 
established conventions: small (0.01–0.05), medium 
(0.06–0.13), and large (≥ 0.14). For two-group compari-
sons, Cohen’s d was calculated. The significance thresh-
olds were set at P < 0.05 (*), P < 0.01 (**), and P < 0.001 
(***), with P ≥ 0.05 considered not significant (NS).

Pearson correlation coefficients were calculated to 
assess pairwise relationships among the eight chloroplast 
genome characteristics. Correlation matrices were visu-
alized as heatmaps with hierarchical clustering to iden-
tify groups of covarying traits. All the statistical analyses 
and visualizations were performed using R v4.3.0 with the 
packages ggplot2 v3.4.2, ggpubr, rstatix, corrplot, patch-
work, and ggbeeswarm.

Collinearity analysis
Genome structural conservation among the 48 chloro-
plast genomes was assessed through comprehensive col-
linearity analyses. Pairwise genome comparisons were 
performed using average nucleotide identity (ANI) analy-
sis implemented in pyANI v0.2.11 with MUMmer v3.23 
alignments [59]. Synteny detection was conducted using 
BLASTN searches with stringent parameters (e-value 
threshold of 1 × 10 − 5, minimum alignment length of 50 
bp) to identify homologous genomic regions [60]. Syn-
tenic blocks were visualized in a phylogenetic context 
using genoPlotR v0.8.11 in R v4.3.0, incorporating hier-
archical clustering basis on ANI distance matrices [61, 
62]. This approach enables the detection of genome rear-
rangements, inversions, and conserved structural fea-
tures, providing insights into evolutionary stability.

Nucleotide composition and codon usage analyses
Base composition analyses were performed to quantify 
overall adenine-thymine (AT) and guanine-cytosine (GC) 
contents. Positional GC content was further assessed at 
the first, second, and third codon positions, with a partic-
ular focus on the GC content at synonymous third codon 
positions (GC3s) to evaluate compositional bias and the 
relative contributions of mutational pressure versus nat-
ural selection [63]. Genome structural features, includ-
ing the LSC, SSC, and inverted repeat (IR) regions, were 
compared across all species to identify conserved organi-
zational patterns.

RSCU values were calculated to quantify codon usage 
bias (CUB), defined as the ratio of the observed codon 
frequency to the expected frequency under equal usage 
of synonymous codons for a given amino acid [64]. RSCU 
values > 1.0 indicate preferentially used codons, whereas 
values < 1.0 denote underrepresented codons. All calcu-
lations were performed using Python v3.12.2 with cus-
tom scripts.

SSR analysis
Chloroplast SSRs, consisting of tandemly repeated motifs 
of 1–6 nucleotides, were identified using MISA-web. The 
search parameters were configured to detect mononu-
cleotide (≥ 10 repeats), dinucleotide (≥ 5 repeats), trinu-
cleotide (≥ 4 repeats), tetranucleotide (≥ 3 repeats), and 
penta- and hexanucleotide repeats (≥ 2 repeats each) [65]. 
SSR distributions were characterized across genomic 
regions, including coding sequences (PCGs), introns, 
intergenic spacers (IGSs), tRNA genes, and rRNA genes, 
to assess regional variation in repeat abundance.

ENC analysis
ENC analysis was conducted to quantify codon usage 
bias by comparing the observed ENC values to those 
expected under neutral mutation models [66]. The ENC 
values range from 20 (extremely biased codon usage) 
to 61 (no bias). ENC plots were constructed by plotting 
ENC values against the GC3 content, with the theoreti-
cal neutral curve calculated using the formula ENC = 2 + 
GC3s + 29/[GC3s² + (1 − GC3s)²] [63]. Genes falling sig-
nificantly below the theoretical curve indicate that codon 
usage is shaped predominantly by natural selection rather 
than mutational pressure [67]. 

PR2 analysis
PR2 analysis was performed to assess base composition 
symmetry at third codon positions by plotting A3/(A3 
+ T3) against G3/(G3 + C3), with the central point (0.5, 
0.5) representing complete parity and no strand bias [68]. 
Deviations from this central position indicate composi-
tional asymmetry arising from mutational pressure, natu-
ral selection, or their interaction [69]. Gene distributions 
across the four quadrants of the plot were quantified to 
characterize directional biases in nucleotide usage pat-
terns [70].

Nucleotide diversity and haplotype analysis
Nucleotide diversity (π) was calculated for each pro-
tein-coding gene across the 48 Polygonaceae species 
following the methods of Nei and Li. For each gene, mul-
tiple sequence alignments were generated using MAFFT 
v7.490 (-autoparameter) [48]. Poorly aligned regions 
were subsequently removed using trimAl v1.4 with the 
-automated1 option [49]. Nucleotide diversity (π), which 
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represents the average number of nucleotide differences 
per site between all pairwise sequences, was calculated as 
follows: π = Σi<ⱼ diⱼ/[n(n-1)/2], where diⱼ is the proportion 
of nucleotide differences between sequences i and j, and 
n is the number of sequences. Standard errors were esti-
mated using 1,000 bootstrap replicates. Watterson’s theta 
(θ) was calculated on the basis of the number of segregat-
ing sites, and Tajima’s D statistic was computed to test for 
departures from neutral evolution. Haplotype diversity 
(Hd), the number of segregating sites, transitions, and 
transversions, and the transition-to-transversion ratio 
(Ti/Tv) were also calculated for each gene. The genes 
were classified into standard chloroplast functional cat-
egories. Nucleotide diversity across categories was com-
pared using Kruskal‒Wallis tests, with post hoc pairwise 
comparisons performed using Dunn’s test with Bonfer-
roni correction.

Selection pressure analysis
Selective pressures acting on chloroplast protein-coding 
genes were evaluated by calculating nonsynonymous 
(Ka) and synonymous (Ks) substitution rates for pairwise 
comparisons among the 48 species [71]. PCGs longer 
than 300 bp were extracted and aligned using MAFFT 
v7.490 with default parameters optimized for nucleotide 
sequences [48]. The alignments were mgenomes exhib-
ited the characteristic quadripartite architectureanu-
ally inspected and refined in MEGA X v10.2.6 to ensure 
proper codon alignment [72]. Ka and Ks values were 
computed using KaKs_Calculator 2.0 using the Nei‒
Gojobori method, which provides reliable estimates for 
sequences with mogenomes exhibited the characteristic 
quadripartite architecturegenomes exhibited the charac-
teristic quadripartite architecturegenomes exhibited the 
characteristic quadripartite architecture

genomes exhibited the characteristic quadripartite 
architecturederate divergence typical of intrafamily 
comparisons [73]. Gene pairs with Ks values > 2.0 were 
excluded to minimize saturation effects. Selective pres-
sure categories were defined as follows: strong purifying 
selection: Ka/Ks < 0.5; relaxed purifying selection: 0.5 ≤ 
Ka/Ks ≤ 1.0; and positive selection: Ka/Ks > 1.0. These 
cgenomes exhibited the characteristic quadripartite 
architecture

lassifications follow established standards in plant evo-
lutionary genomics [74].

Results
Chloroplast genome architecture and nucleotide 
composition of seven newly sequenced Polygonaceae 
species
The complete chloroplast genomes of seven Polygonaceae 
species, namely, O. digyna, P. chinensis, P. maculosa, R. 
hastatus, P. ajanense, P. lapathifolia, and F. leptopodum, 

ranged from 158,985  bp to 177,536  bp in length, with 
overall GC contents varying between 37.40% and 38.22% 
(Fig. 1A, Table S1). All the genomes exhibited the charac-
teristic quadripartite architecture typical of angiosperm 
chloroplast genomes, comprising a large single-copy 
(LSC) region, a small single-copy (SSC) region, and a pair 
of inverted repeats (IRs).

Nucleotide composition analyses revealed a consistent 
adenine-thymine (AT) bias, with adenine comprising 
30.76–31.10%, thymine comprising 30.97–31.49%, cyto-
sine comprising 19.02–19.43%, and guanine compris-
ing 18.39–18.82% of the total genomic content. The GC 
content was consistently greater in coding regions than in 
noncoding sequences, reflecting evolutionary constraints 
on protein-coding genes and patterns widely observed 
across Polygonaceae.

The gene content ranged from 130 to 133 genes per 
genome, including 85–88 protein-coding genes, 37 
tRNA genes, and 8–9 rRNA genes. Protein-coding genes 
encompassed functional categories critical to chloro-
plast metabolism and photosynthesis, including com-
ponents of photosystems I and II, the cytochrome b₆/f 
complex, ATP synthase, NADH dehydrogenase, ribulose-
1,5-bisphosphate carboxylase/oxygenase large subunit 
(rbcL), RNA polymerase, and ribosomal proteins. The 
coding regions spanned 82,459–85,402  bp, with a GC 
content of 37.93–38.41%, whereas the noncoding regions 
extended 61,844–83,161 bp and presented a reduced GC 
content of 32.48–34.88%.

Codon usage analyses revealed pronounced positional 
bias, with the GC content decreasing across codon posi-
tions in the order GC1 > GC2 > GC3, which is consistent 
with patterns shaped by both mutational constraints and 
natural selection. These structural and compositional 
features provide a foundation for understanding gene 
expression dynamics, adaptive evolution, and the biosyn-
thetic potential of metabolites with pharmacological rel-
evance in Polygonaceae species.

Phylogenetic analysis
The concatenated chloroplast genomes protein-coding 
supermatrix produced a well-resolved maximum-likeli-
hood topology with strong support across most internal 
nodes, indicating that chloroplast genome coding data 
contain sufficient signal to resolve both deep and shal-
low relationships within Polygonaceae (Fig. 2, Table S2). 
The Polygonaceae family formed a strongly supported 
monophyletic clade (UFBoot = 100%, SH-aLRT = 100%) 
clearly separated from the Plumbaginaceae outgroup, 
confirming the phylogenetic integrity of the family. 
Within Polygonaceae, several major evolutionary lin-
eages were identified with high support. The subfamily 
Polygonoideae was resolved as monophyletic, comprising 
the majority of the sampled taxa, including Fagopyrum, 
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Polygonum, Persicaria, Bistorta, Koenigia, Rheum, 
Rumex, Oxyria, Calligonum, Atraphaxis, Fallopia, 
Reynoutria, Pteroxygonum, Knorringia, and Muehlen-
beckia. The tropical genera Coccoloba and Triplaris (sub-
family Coccoloboideae) formed a distinct clade sister to 
the remaining Polygonoideae species.

The genus-level relationships were generally well 
supported. The buckwheat genus Fagopyrum (11 

species) formed a monophyletic clade with strong sup-
port (UFBoot ≥ 99%), which is consistent with previ-
ous molecular phylogenetic studies. Calligonum (28 
species), the largest sampled genus, was recovered as 
monophyletic, with species clustering according to previ-
ously recognized sections. The medicinal genera Rheum 
(18 species) and Rumex (7 species) were each resolved 
as monophyletic with high support, although their 

Fig. 1  Chloroplast genome features of seven Polygonaceae species. Species names are indicated in the top left corner. From the center outward: Dis-
persed repeats: direct (D) and palindromic (P) repeats are connected by red and green arcs, respectively. Long tandem repeats: represented as short blue 
bars. Short tandem repeats (microsatellites): depicted as short bars in different colors. Genome structure: small single-copy (SSC), inverted repeat (IRa 
and IRb), and large single-copy (LSC) regions. GC content: plotted along the genome; the base frequency at each site is displayed between tracks 4 and 
5. Genes: color-coded by functional classification, with transcription directions indicated clockwise for inner genes and anticlockwise for outer genes. 
Optional codon usage bias (CUB) is provided in parentheses following gene names. The functional classification legend is shown in the bottom left corner
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Fig. 2  Maximum likelihood phylogenetic reconstruction of 48 Polygonaceae species on the basis of chloroplast protein-coding genes (PCGs). The rect-
angular tree displays genus-level classification, with colored circles at branch tips indicating genus membership. Node circles represent bootstrap sup-
port values, with color intensity reflecting statistical confidence. Branch lengths correspond to evolutionary distances. The tree topology resolves major 
evolutionary lineages, including Polygonoideae, Eriogonoideae, and Coccoloboideae, and largely conforms to morphology-based taxonomy, providing a 
robust framework for investigating diversification, ecological adaptation, and biogeographic history within the Polygonaceae family
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intergeneric relationships presented moderate boot-
strap values (70–85%). The genus Persicaria (22 species) 
was recovered as paraphyletic with respect to Bistorta 
(9 species), with Bistorta nested within a larger Persi-
caria + Koenigia clade. This finding aligns with recent 
taxonomic revisions that have questioned the monophyly 
of traditional Persicaria delimitation. Koenigia (13 spe-
cies) formed a distinct clade sister to a subset of Persi-
caria species, supporting its recognition as a separate 
genus. The knotweed clade comprising Fallopia, Reynou-
tria, and Pteroxygonum presented complex relationships, 
with Reynoutria japonica and R. sachalinensis forming 
a well-supported clade distinct from Fallopia species. 
Polygonum sensu stricto was resolved as monophyletic, 
although several species traditionally placed in this genus 
were dispersed across other clades, reflecting ongoing 
taxonomic realignment within the family.

Ancestral state reconstruction of chloroplast genome 
characteristics
Ancestral state reconstruction using maximum likeli-
hood under a Brownian motion model revealed distinct 
evolutionary trajectories for each of the eight chloro-
plast genome characteristics (Fig. 3, Table S3). Mapping 
of reconstructed ancestral values onto the phylogeny 
enabled visualization of trait evolution across the diver-
sification history of Polygonaceae. Evolutionary rate: 
Branch-specific evolutionary rates showed considerable 
variation across lineages, with the ancestral Polygona-
ceae state reconstructed as moderate. Accelerated evo-
lution was observed in the Calligonum clade, potentially 
reflecting adaptation to arid environments. In contrast, 
the Fagopyrum and Rheum lineages presented relatively 
conserved evolutionary rates. GC content: overall GC 
content across the family ranged from 35% to 45%, with 
the ancestral state reconstructed near the family median. 
The Calligonum lineage presented notably higher GC 
contents, whereas Rheum and Oxyria presented lower 
values. The GC content appeared relatively stable across 
most lineages, suggesting conserved selective con-
straints on nucleotide composition. Genome size: chlo-
roplast genome sizes ranged from approximately 140 kb 
to 200  kb, with substantial variation observed across 
genera. The ancestral genome size was reconstructed 
as approximately 160  kb. Notable genome expansion 
has been observed in Calligonum and some Persicaria 
species, whereas genome contraction has occurred in 
Rheum. These size variations correlated with changes in 
the length of the IR region. Gene density and the coding 
ratio: Gene density and the coding ratio showed inverse 
relationships with genome size, as expected, given the 
relatively conserved gene content across the family. The 
ancestral gene density was reconstructed as approxi-
mately 0.8 genes/kb. Lineages with expanded genomes 

(Calligonum) presented lower gene density, whereas 
compact genomes (Rheum) presented higher density. 
The coding ratios varied from approximately 40% to 80%, 
with most species clustering at approximately 55–65%. 
tRNA genes and IR length: the number of tRNA genes 
whose ancestral state was reconstructed near 37 tRNA 
genes showed limited variation. IR region length exhib-
ited substantial variation, representing a major con-
tributor to genome size polymorphism. The Calligonum 
lineage presented notably expanded IR regions, whereas 
Rheum presented contracted IRs, which is consistent 
with previous reports of IR boundary dynamics in these 
genera. AT skew: Strand compositional asymmetry 
ranged from approximately − 0.02–0.08, with most spe-
cies showing slight positive skew. The ancestral state was 
reconstructed near neutrality. Polygonum and Rheum 
presented elevated positive AT skew, whereas Persi-
caria species presented values closer to zero, potentially 
reflecting differences in replication-associated muta-
tional biases.

Statistical analysis of chloroplast genome variations: 
intergenerational differences and trait correlations
Comparative statistical analysis of chloroplast genome 
characteristics across 16 Polygonaceae genera revealed 
significant intergeneric variation for most traits exam-
ined (Fig.  4, Table S4). Kruskal‒Wallis tests detected 
significant differences among genera for all eight char-
acteristics, with varying effect sizes. The evolutionary 
rate showed highly significant variation among genera, 
representing the largest effect size observed. Post hoc 
Dunn’s tests with Bonferroni correction revealed that 
Calligonum presented significantly elevated evolution-
ary rates compared with Fagopyrum (P < 0.001), Rheum 
(P < 0.001), and Persicaria (P < 0.001). Atraphaxis also 
presented elevated rates compared with those of the fam-
ily median, which is consistent with the ability of Calli-
gonum to adapt to arid environments. The GC content 
differed significantly among genera. Compared with most 
other genera, Calligonum presented significantly greater 
GC contents, whereas Rheum and Rumex presented 
lower values characteristic of temperate-adapted spe-
cies. Genome size variation was highly significant, with 
Calligonum showing significantly larger genomes than 
Rheum (P < 0.001), Fagopyrum (P < 0.001), and Rumex 
(P < 0.001). The genomes of the tropical genus Triplaris 
were also larger than those of the temperate genera. 
Gene density showed moderate but significant varia-
tion. Rheum presented the highest gene density, whereas 
Calligonum presented the lowest density. Atraphaxis 
presented intermediate values despite the close phylo-
genetic relationship with Calligonum. The coding ratio 
varied significantly among genera. Koenigia and Oxyria 
presented the highest coding ratios, whereas Calligonum 
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Fig. 3  Ancestral state reconstruction displayed in a rectangular phylogram layout. The same ancestral state reconstruction analysis as in Fig. 3 is displayed 
in rectangular phylogram format to facilitate interpretation of evolutionary trajectories along individual branches. The color gradients (blue to red) in-
dicate trait values as described in Fig. 3. This layout enables visual comparison of branch lengths (evolutionary distance) with trait values, revealing that 
lineages with elevated evolutionary rates (longer branches) tend to show correlated changes in other chloroplast genome characteristics. The panel ar-
rangement and trait designations (A–H) are identical to those in Fig. 3. Species names and tip trait values are shown at branch termini. The internal node 
values represent the maximum likelihood ancestral state estimates under the Brownian motion model
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Fig. 4  Statistical comparison of chloroplast genome characteristics among Polygonaceae genera and correlation analysis. (A–H) Violin plots with overlaid 
box plots and individual data points (beeswarm) showing the distribution of eight chloroplast genome characteristics across 16 Polygonaceae genera 
(genera with ≥ 2 species). The violin width represents the kernel density estimation of the data distribution. Box plot elements: box boundaries = inter-
quartile range (IQR), horizontal line = median, whiskers = 1.5 × IQR. Kruskal‒Wallis test statistics are displayed for each trait, including the H statistic, P 
value, and effect size (η², eta-square). Effect size interpretation: small (0.01–0.06), medium (0.06–0.14), and large (> 0.14). Letters above violins indicate 
Dunn’s post hoc test groupings with Bonferroni correction; genera sharing the same letter are not significantly different (P > 0.05). Trait panels: (A) Evo-
lutionary rate (H = 69.34, P < 0.001, η² = 0.4532); (B) GC content (H = 71.55, P < 0.001, η² = 0.4677); (C) genome size (H = 86.32, P < 0.001, η² = 0.5642); (D) 
gene density (H = 29.80, P = 0.005, η² = 0.1947); (E) coding ratio (H = 83.00, P < 0.001, η² = 0.5425); (F) tRNA number (H = 89.57, P < 0.001, η² = 0.5854); 
(G) IR length (H = 96.09, P < 0.001, η² = 0.6281); (H) AT skew (H = 38.97, P < 0.001, η² = 0.2547). I Pearson correlation matrix heatmap of eight chloroplast 
genome characteristics with hierarchical clustering (complete linkage method). Color scale: red = positive correlations, blue = negative correlations; color 
intensity reflects correlation strength. Significance levels: *P < 0.05, **P < 0.01, ***P < 0.001. Strong positive correlations included genome size–IR length 
(r = 0.89) and genome size–tRNA number (r = 0.82). Strong negative correlations included the following: genome size–gene density (r = − 0.76) and 
the genome size–coding ratio (r = − 0.71). Sample size: n = 155 Polygonaceae species. Visualization was performed using ggplot2 v3.4 and corrplot in R
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and Muehlenbeckia presented lower values, reflecting 
differences in noncoding sequence accumulation. tRNA 
gene number had the largest effect size among all the 
traits. Compared with all the other genera, Calligonum 
contained significantly more tRNA genes, likely reflect-
ing the fact that IR expansion has resulted in the dupli-
cation of tRNA gene copies. Persicaria, Koenigia, and 
Rheum presented intermediate values. IR length exhib-
ited highly significant variation, which is consistent with 
its role as a major driver of genome size polymorphism. 
The IRs of Calligonum were significantly greater than 
those of Rheum, Fagopyrum, and Persicaria. The AT skew 
differed significantly among genera, with Rheum showing 
elevated positive skew values compared with Persicaria 
(P < 0.01) and Koenigia (P < 0.05). This pattern suggests 
lineage-specific differences in replication or transcrip-
tion-coupled mutational biases.

  
Pearson correlation analysis revealed significant rela-

tionships among several chloroplast genome character-
istics. Genome size was strongly positively correlated 
with IR length and tRNA gene number, confirming that 
IR expansion is the primary driver of genome size vari-
ation in Polygonaceae. Conversely, genome size was 
negatively correlated with gene density and the coding 
ratio, reflecting the dilution of coding sequences within 
expanded genomes. The evolutionary rate showed a weak 
positive correlation with the GC content, suggesting that 
lineages with elevated nucleotide substitution rates tend 
toward higher GC compositions. This relationship may 
reflect codon usage bias optimization or environmental 
adaptation. The AT skew showed a weak negative cor-
relation with the coding ratio, potentially indicating that 
genomes with higher noncoding content experience dif-
ferent replication-associated mutational pressures. Hier-
archical clustering of the correlation matrix identified 
two primary groups of covarying traits: (1) a size-asso-
ciated cluster comprising genome size, IR length, and 
tRNA number versus gene density and coding ratio and 
(2) a composition-associated cluster linking GC content, 
evolutionary rate, and AT skew. These groupings reflect 
the mechanistic relationships among chloroplast genome 
characteristics, with structural features forming one 
functional module and compositional features forming 
another.

Collinearity analysis
Collinearity analysis revealed high sequence similar-
ity among closely related genera, with clearly defined 
genus-level clustering patterns in comparative genomic 
alignments. Within Calligonum, chloroplast genome 
structures were nearly identical among C. caput-medu-
sae, C. cordatum, C. colubrinum, and C. leucocladum, 
with sequence identities exceeding 98% across entire 

genome lengths, which is consistent with highly con-
served chloroplast genome organization despite their 
broad distribution across arid environments (Fig.  5, 
Table S5). Similarly, Fagopyrum species (F. leptopodum, 
F. urophyllum, F. esculentum, and F. tataricum) presented 
marked structural homogeneity, with minimal variation 
in gene arrangement and intergenic spacing, reflecting 
recent evolutionary divergence within this economically 
and nutritionally significant genus. In the Rheum clus-
ter (R. nobile, R. alexandrae, R. officinale, and R. tang-
uticum), the chloroplast genomes presented exceptional 
collinearity with minimal structural divergence despite 
distinct morphological and ecological adaptations, sug-
gesting that strong purifying selection maintained the 
chloroplast genome architecture. Notably, R. officinale 
and R. tanguticum share the most similar genome struc-
ture, which is consistent with their close phylogenetic 
affinity.

Interspecific comparisons within Oxyria (O. digyna, O. 
sinensis) demonstrated near-perfect collinearity despite 
geographic isolation and ecological differentiation, with 
identical gene orders and similar IR configurations, 
indicating recent divergence and limited chloroplast 
genome evolution in this alpine-adapted lineage. Across 
all comparisons, coding regions were significantly more 
conserved than noncoding intergenic spacers were, high-
lighting functional constraints on protein-coding genes 
and relaxed selective pressures on nonfunctional regions. 
These findings demonstrate that the chloroplast genome 
structure in Polygonaceae is highly conserved at both 
the genus and subfamily levels, reflecting evolutionary 
constraints that likely preserve essential photosynthetic, 
metabolic, and regulatory functions, with implications 
for genetic engineering, molecular breeding, and the 
production of pharmacologically relevant secondary 
metabolites.

Comparative genome characteristics across 48 
Polygonaceae species
The chloroplast genomes of the 48 Polygonaceae spe-
cies analyzed presented a highly conserved quadripartite 
structure, with total lengths ranging from 155,838 bp to 
179,064  bp. The overall GC content was relatively uni-
form (36.59–38.22%), which is consistent with previously 
reported Polygonaceae chloroplast genome composi-
tions. Nucleotide composition analyses confirmed a pro-
nounced AT bias, with average adenine (31.05%) and 
thymine (31.32%) contents exceeding cytosine (19.13%) 
and guanine (18.50%) contents, reflecting patterns char-
acteristic of dicotyledonous chloroplast genomes (Table 
S1).

Positional GC content analysis revealed a consistent 
hierarchy of GC1 > GC2 > GC3, indicating differential 
selective pressures across codon positions. The average 
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Fig. 5  Collinearity analysis of the chloroplast genomes of 48 Polygonaceae species. Each point represents a chloroplast gene, color-coded by gene type. 
The arrows indicate gene orientation and are colored according to functional categories, including photosystem components, ATP synthase, NADH 
dehydrogenase, ribosomal proteins, and other genes. Comparative alignment highlights conserved gene order and structural collinearity across genera, 
with minor variations in intergenic regions providing phylogenetically informative markers for resolving evolutionary relationships

 



Page 14 of 25Wang et al. BMC Plant Biology          (2026) 26:888 

GC3 content was 27.82%, suggesting substantial synony-
mous codon usage bias (CUB). Gene content was highly 
conserved among species, with coding regions averaging 
82,332 bp and exhibiting GC content relative to noncod-
ing regions (average 67,419 bp), which is consistent with 
functional constraints on protein-coding genes (PCGs). 
The gene repertoire included 81–88 protein-coding 
genes, 8–9 rRNA genes, and 35–45 tRNA genes per 
genome, yielding total gene counts of 125–139.

Codon usage analysis indicated relatively weak codon 
bias, with ENC values ranging from 46.36 to 48.28. Ele-
vated ENC values, together with average RSCU values 
near 1.0, suggest that synonymous codon usage in Polyg-
onaceae chloroplast genomes reflects a balance between 
mutational pressures and natural selection. These con-
served structural and compositional features provide 
a foundation for understanding the evolutionary con-
straints on chloroplast genes and their potential influence 
on the biosynthesis of bioactive metabolites relevant to 
pharmacological applications.

Relative synonymous codon usage (RSCU) analysis
RSCU analysis across 48 Polygonaceae species repre-
senting the three subfamilies, namely, Polygonoideae, 
Eriogonoideae, and Coccoloboideae, revealed clear phy-
logenetic clustering corresponding to taxonomic classifi-
cation (Fig. 6A, Table S6A). Hierarchical clustering based 
on RSCU values revealed that species within the same 
subfamily presented highly similar codon usage patterns, 
with Polygonoideae forming the most cohesive cluster, 
followed by distinct Eriogonoideae and Coccoloboi-
deae groupings.  Within subfamilies, further clustering 
reflected habitat adaptation: alpine-adapted species (e.g., 
Bistorta spp., Koenigia spp.) and arid-adapted taxa (e.g., 
Calligonum spp., Atraphaxis spp.) segregated into sepa-
rate clusters, indicating a strong phylogenetic and ecolog-
ical signal in CUB (Fig. 6B). The ENC values ranged from 
45.8 to 48.3, which is consistent with the relatively weak 
CUB typical of plant chloroplast genomes. Nonetheless, 
habitat-specific differences were observed: alpine species 
generally presented slightly higher ENC values than arid-
adapted species did, suggesting subtle variation in selec-
tive pressures linked to environmental adaptation.Among 
the subfamilies, Coccoloboideae species (Coccoloba 
uvifera,Triplaris americana) presented the highest ENC 
values, whereas severalCalligonumspecies presented the 
lowest ENC values, reflecting subfamily specific differ-
ences in codon bias intensity. Overall, the RSCU patterns 
demonstrated a pronounced preference for A/U-ending 
codons, with a bimodal distribution peaking near 0.6 and 
1.4, clearly distinguishing preferred from underrepre-
sented codons (Fig.  6C). A total of 29 codons displayed 
positive bias, 28 of which terminated in A or U, under-
scoring a strong pyrimidine-rich codon preference. The 

ten most preferred codons were UUA, AGA, GCU, UAU, 
UCU, GAU, UUU, CAU, AAU, and CCU, whereas the ten 
least preferred codons predominantly terminated in G or 
C, with AGC and CGC exhibiting the strongest negative 
bias (Fig. 6D, Table S6D).

These results highlight that codon usage in Polygona-
ceae chloroplast genomes is shaped by a combination of 
phylogenetic inheritance and ecological adaptation, with 
potential implications for translational efficiency, gene 
expression optimization, and the biosynthesis of second-
ary metabolites relevant to pharmacological applications.

SSR analysis
Comprehensive SSR analysis across 48 Polygonaceae 
chloroplast genomes revealed ten distinct repeat cat-
egories ranging from mononucleotide to decanucleotide 
repeats (Fig.  7, Table S7A, Table S7D). Mononucleotide 
SSRs predominated, with 1,810 occurrences, which is 
consistent with patterns observed in angiosperm chloro-
plast genomes and is likely attributable to slipped-strand 
mispairing during DNA replication (Table S7C). Octa-
nucleotide SSRs were the second most frequent category 
(846 occurrences), followed by dinucleotide (612 occur-
rences) and nonanucleotide (502 occurrences) SSRs. The 
remaining SSR types presented progressively lower abun-
dances, with heptanucleotide SSRs representing the rar-
est category (< 0.1% of total repeats), suggesting potential 
selective constraints on repeat stability or functional 
integrity.

SSR distribution across genomic regions revealed 
distinct localization patterns: intergenic spacer (IGS) 
regions presented the highest SSR density (2,241 occur-
rences), followed by introns (1,278 occurrences) and 
coding sequences (1,074 occurrences). This distribution 
reflects relaxed selective pressures in noncoding regions, 
permitting greater accumulation of repetitive elements 
(Table S7A).

Motif composition analysis revealed a pronounced AT 
bias, mirroring the overall chloroplast genome nucleo-
tide composition. Among the mononucleotide repeats, 
A/T motifs overwhelmingly dominated. For dinucleotide 
repeats, AT/TA motifs occurred most frequently, fol-
lowed by AG/CT motifs, whereas GC-rich motifs were 
rare. This AT enrichment extended to longer repeat 
units, where AT-rich motifs consistently predominated 
(Table S7B).

The observed SSR patterns provide valuable molecular 
markers for population genetics, phylogeography, and 
breeding programs in Polygonaceae. Additionally, the 
preferential localization of SSRs in noncoding regions 
may influence chloroplast genome stability and gene reg-
ulation, with potential implications for the biosynthesis 
of pharmacologically active secondary metabolites.
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ENC analysis
ENC analysis across the 48 Polygonaceae species 
revealed codon usage bias patterns ranging from 27.2 
to 61 across all protein-coding genes, with species-level 
means clustering between 51.95 and 53.72, indicative of 
the relatively weak CUB characteristic of plant chloro-
plast genomes (Fig. 8, Table S8). The GC3 values showed 
a narrow distribution, confirming the AT-rich composi-
tion and supporting the family-wide preference for A/U-
ending codons observed in the RSCU analysis.

In the ENC-GC3 plots, the majority of protein-cod-
ing genes from all the species were positioned mark-
edly below the theoretical neutrality curve, with only 
approximately 5–10% of the genes lying on or near the 
expected curve. Most genes clustered in the lower region, 
exhibiting ENC values 10–15 units below theoretical 
predictions, indicating that natural selection exerts a pre-
dominant influence over codon usage rather than neutral 
mutational pressure.

Fig. 6  CUB analysis across 48 Polygonaceae chloroplast genomes. Comprehensive evaluation reveals subfamily specific evolutionary patterns and hab-
itat-dependent optimization strategies. A. Hierarchical clustering heatmap of RSCU values for 48 species representing three subfamilies (Polygonoideae, 
Eriogonoideae, and Coccoloboideae). Clear phylogenetic and ecological groupings are evident. Species are annotated by habitat type (alpine, temperate, 
arid, tropical, highland, Arctic, wetland) and ecological usage (crop, medicinal, weed, endemic, etc.). Color scale: blue = low usage (RSCU < 1), red = high 
usage (RSCU > 2) (see Table S6A). B. Distribution of the effective number of codons (ENC) across species, illustrating habitat and subfamily specific varia-
tion. Violin plots indicate density distributions; box plots represent quartiles; points represent individual species colored by subfamily. Lower ENC values 
reflect stronger codon bias, indicating adaptation to environmental constraints (see Table S6B). C. Frequency distribution of RSCU values across all 48 
species, revealing overall CUB patterns. The dashed red line indicates neutral usage (RSCU = 1.0) (see Table S6C). D. Mean RSCU values for the top 10 
preferred (green) and 10 rare (red) codons across all species. The error bars indicate the standard deviation. The dashed red line denotes neutral usage 
(RSCU = 1.0) (see Table S6D). This integrated analysis highlights evolutionary constraints and adaptive strategies in chloroplast codon optimization across 
the phylogenetic and ecological diversity of Polygonaceae, encompassing crops (e.g., buckwheat), medicinal plants (e.g., rhubarb), and wild taxa adapted 
to extreme environments

 



Page 16 of 25Wang et al. BMC Plant Biology          (2026) 26:888 

Gene functional classification revealed differential 
codon usage patterns across chloroplast gene catego-
ries. The rbcL (ribulose-1,5-bisphosphate carboxylase/
oxygenase large subunit) genes presented the strongest 
codon bias, which was significantly lower than that of 
the other categories, reflecting strong selective pressure 
for translational optimization of this key photosynthesis-
related enzyme. Small ribosomal protein genes displayed 
the weakest bias, suggesting relaxed constraints on codon 
usage for these structural components. NADH dehydro-
genase genes showed relatively strong bias, whereas ATP 
synthase genes exhibited moderate bias, highlighting 

functional differences in selective pressures among chlo-
roplast gene categories.

These results indicate that codon usage in Polygonaceae 
chloroplast genomes is shaped by both evolutionary and 
functional constraints, with translational selection likely 
optimizing the expression of photosynthesis-related and 
metabolically critical genes, which may, in turn, influence 
secondary metabolite production relevant to phytothera-
peutic applications.

Fig. 7  Simple sequence repeat (SSR) analysis of the chloroplast genomes of 48 Polygonaceae species. A. Distribution of SSR categories across differ-
ent genomic regions (PCG, intergenic spacers, introns, tRNA, and rRNA). The numbers indicate the number of each SSR type within specific regions. B. 
Heatmap showing the presence/absence patterns of SSR motifs across 48 species. Blue indicates presence, and white indicates absence. SSR motifs are 
grouped by repeat unit length (1–10 bp) and arranged using hierarchical clustering. C. Pie chart depicting the relative abundance of different SSR cat-
egories across all analyzed species. D. Stacked bar chart showing the distribution and abundance of SSR categories across individual species, ordered by 
total SSR count. SSR categories are defined by repeat unit length: monoSSR (1 bp), DiSSR (2 bp), TriSSR (3 bp), TetraSSR (4 bp), PentaSSR (5 bp), HexaSSR 
(6 bp), HeptaSSR (7 bp), OctaSSR (8 bp), NonaSSR (9 bp), DecaSSR (10 bp), and ExtendedSSR (> 10 bp). This analysis reveals the predominance of A/T-rich 
mononucleotide repeats and highlights variation in SSR abundance across coding and noncoding regions, providing valuable markers for population 
genetics, phylogeography, and molecular breeding in Polygonaceae

 



Page 17 of 25Wang et al. BMC Plant Biology          (2026) 26:888 

PR2 analysis
PR2 analysis revealed pronounced asymmetry in third-
position nucleotide composition across all investigated 
Polygonaceae species. The gene distributions deviated 
substantially from the theoretical center (0.5, 0.5), which 
represents neutral base usage. The A3/(A3 + T3) ratios 

ranged from 0.32 to 0.58, indicating a systematic bias 
toward thymine over adenine at synonymous third codon 
positions (Fig.  9, Table S9). The G3/(G3 + C3) ratios 
exhibited a broader range, reflecting a consistent prefer-
ence for guanine over cytosine at synonymous sites.

Fig. 8  ENC plotted against the GC content at synonymous third codon positions (GC3s) for 48 Polygonaceae species. Each point represents a protein-
coding gene, colored according to functional category: photosystem I (dark green), photosystem II (light green), cytochrome b₆/f complex (royal blue), 
ATP synthase (dark orange), NADH dehydrogenase (crimson), RubisCO large subunit (rbcL, olive), RNA polymerase (hot pink), small ribosomal proteins 
(burlywood), large ribosomal proteins (saddle brown), clpP/matK/infA (turquoise), hypothetical reading frames (royal blue), tRNA (black), rRNA (medium 
purple), and other genes (gray). The point size corresponds to the ENC value. The red dashed line indicates the theoretical neutrality curve. Genes cluster-
ing below this line exhibit CUB that is stronger than expected under neutral mutation, reflecting selective pressures. Functional grouping revealed that 
photosynthesis-related genes (e.g., rbcL, photosystem subunits) and NADH dehydrogenase genes display distinct codon usage patterns, suggesting 
differential evolutionary constraints within Polygonaceae chloroplast genomes
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This compositional asymmetry was consistently 
observed across the three major Polygonaceae sub-
families, namely, Polygonoideae, Eriogonoideae, and 
Coccoloboideae, suggesting family-wide evolutionary 
constraints on chloroplast codon usage. The gene distri-
bution within the PR2 plot quadrants was highly skewed: 

68.4% of the genes clustered in the fourth quadrant (A3/
(A3 + T3) < 0.5, G3/(G3 + C3) > 0.5), reflecting preferen-
tial thymine and guanine usage at the third codon posi-
tion. The second quadrant contained 21.7% of the genes, 
whereas the first and third quadrants included only 6.2% 
and 3.7% of the genes, respectively (Fig. 9, Table S9). This 

Fig. 9  Parameter rule 2 (PR2) analysis of codon usage patterns in Polygonaceae chloroplast genomes. The plot depicts the relationship between A3/
(A3 + T3) and G3/(G3 + C3) ratios at synonymous third codon positions for all protein-coding genes across 48 Polygonaceae species. Points are colored 
according to gene functional categories. Individual gene names are annotated using the ggrepel algorithm to prevent overlapping labels, providing 
clear identification of genes contributing to codon usage patterns. Optimized label positioning allows detailed visualization of genes with unusual codon 
usage characteristics. A deviation from the central point (0.5, 0.5) indicates asymmetry in base composition, reflecting the relative influences of natural 
selection and mutational pressure. The quadrant distribution highlights trends such as preferential T and G usage at third codon positions, with functional 
distinctions evident among photosynthesis-related genes, ribosomal proteins, and NADH dehydrogenase genes. This annotated version enables compre-
hensive assessment of individual gene contributions to overall CUB within the Polygonaceae family
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pronounced quadrant asymmetry indicates the action of 
selective pressures on codon composition, which con-
trasts with the equal quadrant distribution expected 
under neutral evolution.

Functional gene categorization revealed distinct PR2 
patterns associated with cellular roles. The photosystem 
I-related genes presented the most pronounced thymine 
and guanine bias, the photosystem II genes presented 
similar but slightly weaker biases, and the NADH dehy-
drogenase genes presented intermediate levels of com-
positional asymmetry. These results suggest that codon 
usage bias in Polygonaceae chloroplast genomes is 
shaped by both evolutionary constraints and functional 
optimization, potentially influencing translational effi-
ciency and the biosynthesis of secondary metabolites rel-
evant to pharmacological applications.

Nucleotide diversity and selection pressure analysis
Analysis of 77 protein-coding genes across 48 Polygo-
naceae chloroplast genomes revealed considerable 

heterogeneity in nucleotide diversity (π), with values 
ranging from 0.0076 (ycf15) to 0.1492 (rpl23) and a mean 
of 0.0403 (Fig.  10A). Diversity was unevenly distributed 
among functional categories. The genes encoding ribo-
somal proteins, particularly the large subunit, presented 
the highest mean diversity (π = 0.0654). In contrast, genes 
involved in the core photosynthetic machinery (Photo-
systems I and II) were highly conserved, with the lowest 
mean diversity (π = 0.0312 and 0.0298, respectively). At 
the genomic level, average diversity was highest in the 
small single-copy region (π = 0.0498), intermediate in the 
large single-copy region (π = 0.0391), and lowest in the 
inverted repeat region (π = 0.0285), reflecting the homog-
enizing effect of gene conversion in the IRs.

The ratio of nonsynonymous to synonymous substi-
tutions (Ka/Ks) indicated that strong purifying selec-
tion was the dominant evolutionary force, constraining 
80.5% of the genes (Ka/Ks < 0.5) (Fig.  10B). This was 
especially pronounced for the photosystem and ATP 
synthase genes, whose mean Ka/Ks ratios were less than 

Fig. 10  This figure illustrates the nucleotide diversity (Panel A) and selection pressure distribution, as measured by the Ka/Ks ratio (Panel B), across differ-
ent genomic regions. Panel A displays the nucleotide diversity (π) values for the ISC, Rb, SSC, and IRa regions, ranging from approximately 0.00-0.16. Panel 
B categorizes genes into three types on the basis of their Ka/Ks ratios: purifying selection (Ka/Ks < 0.5), neutral selection (0.5 ≤ Ka/Ks < 1.0), and positive 
selection (Ka/Ks ≥ 1.0), with the ratio scale extending up to approximately 7.5
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0.1. Evidence for positive selection (Ka/Ks > 1.0) was 
detected in 9.1% of the genes. Notably, psaJ (Photosys-
tem I) presented the highest Ka/Ks ratio (2.89), suggest-
ing potential adaptive evolution. The genes encoding the 
NADH dehydrogenase complex (ndh) and the maturase 
matK displayed more heterogeneous and relaxed selec-
tion patterns, which is consistent with greater functional 
flexibility.

Discussion
This study, incorporating seven newly sequenced and 41 
publicly available chloroplast genomes, provides compre-
hensive insights into codon usage evolution, molecular 
marker development, and phylogenomic relationships 
across this economically and medicinally important plant 
family [75, 76]. By integrating codon usage bias (CUB) 
analysis, SSR characterization, selective pressure quanti-
fication (Ka/Ks ratios), and complete chloroplast genome 
phylogenetic reconstruction, we demonstrate that natu-
ral selection predominantly governs synonymous codon 
evolution in Polygonaceae, with distinct subfamily-spe-
cific clustering patterns reflecting adaptive optimization 
strategies across diverse ecological niches.

Compositional architecture and evolutionary determinants 
of chloroplast codon usage patterns
Chloroplast genomes in Polygonaceae exhibit pro-
nounced adenine-thymine (AT) enrichment, with overall 
GC contents ranging from 36.59% to 38.22%, reflecting 
compositional biases characteristic of plant organellar 
genomes [77]. Positional GC content analysis revealed 
the conserved pattern GC1 > GC2 > GC3, with GC3s 
averaging 27.82%, indicative of substantial codon usage 
bias at synonymous third-codon positions [78]. This 
hierarchical GC distribution reflects differential selec-
tive constraints, wherein first and second codon posi-
tions experience stronger purifying selection owing 
to their direct impact on amino acid identity, whereas 
third positions permit greater latitude for synonymous 
substitutions.

RSCU analysis identified 29 codons exhibiting positive 
bias (RSCU > 1.0), 28 of which terminated in adenine or 
uracil, demonstrating a family-wide preference for A/U-
ending codons [66]. Six optimal codons (AGA, GAU, 
GCU, UAU, UCU, and UUA) displayed consistent over-
representation across all the examined taxa, suggesting 
functional optimization for translational efficiency [79, 
80]. The ENC values ranged from 46.36 to 48.28, reflect-
ing weak overall codon bias consistent with organellar 
genome characteristics. However, hierarchical clustering 
on the basis of RSCU values revealed clear phylogenetic 
structuring, with species grouped according to subfam-
ily affiliation and ecological adaptation, implying that 

evolutionary history and environmental pressures jointly 
shape synonymous codon bias.

Multiple analytical frameworks, including ENC-GC3 
analysis, neutrality analysis, and PR2 analysis, converge 
to demonstrating that natural selection, rather than 
mutational pressure, is the dominant evolutionary force 
shaping codon usage bias in Polygonaceae chloroplast 
genomes. In the ENC-GC3 plots, the majority of protein-
coding genes clustered substantially below the theoreti-
cal neutrality curve, with deviation magnitudes of 10–15 
ENC units, indicating selection-driven optimization 
rather than mutation-driven compositional equilibrium. 
Neutrality analysis revealed weak correlations between 
GC₁₂ and GC₃ (regression slopes 0.04–1.26), with most 
species exhibiting slopes approaching zero, further sup-
porting the predominance of natural selection over muta-
tional pressure. PR2 analysis demonstrated pronounced 
base composition asymmetry, with 68.4% of genes clus-
tering in the fourth quadrant (A3/(A3 + T3) < 0.5 and G3/
(G3 + C3) > 0.5), reflecting nonrandom, selection-driven 
codon bias rather than neutral compositional drift.

RSCU values are widely used to quantify codon bias 
across genomic sequences [81]. Mutation-dominated 
codon usage typically results in RSCU values converg-
ing toward unity, reflecting uniform utilization of syn-
onymous codons. In Polygonaceae, our RSCU analysis 
revealed extensive variation among taxa, with thirteen 
highly conserved preferred codons ending in A/U. Spe-
cies-specific codon bias is shaped by both evolutionary 
history and ecological adaptation, as exemplified by the 
distinct RSCU patterns of T. americana and O. digyna, 
which occupy markedly divergent habitats [82].

Functional gene categorization further highlighted that 
differential codon usage patterns were correlated with 
physiological importance. Photosynthesis-related genes, 
particularly those encoding photosystem subunits and 
the RubisCO large subunit (rbcL), exhibited significantly 
stronger codon bias than ribosomal protein genes did, 
reflecting intensified selective pressure for translational 
optimization in photosynthetic apparatus components 
[83]. This observation aligns with the codon adaptation 
hypothesis, which proposes that highly expressed genes 
evolve bias toward codons matching abundant tRNA 
isoacceptors, thereby increasing translation efficiency 
and minimizing ribosomal pausing [84, 85]. Similar pat-
terns have been reported across diverse angiosperm lin-
eages, where natural selection favors AT-ending codons 
correlated with gene expression levels [86].

Simple sequence repeat polymorphisms and molecular 
marker resources
Chloroplast SSRs constitute highly polymorphic tan-
demly repeated motifs that are extensively employed in 
population genetics, phylogeography, and molecular 
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breeding owing to their codominant inheritance, high 
reproducibility, and genome-wide distribution [87, 88]. 
We identified 4,593 SSR loci across 48 Polygonaceae chlo-
roplast genomes, with mononucleotide repeats predomi-
nating (39.41%), followed by octanucleotide (18.42%), 
dinucleotide (13.33%), and nonanucleotide (10.93%) 
repeats. The prevalence of A/T mononucleotide repeats 
over G/C motifs reflects the overall AT-rich chloroplast 
composition, with CCG/CGG dinucleotide repeats being 
rare or absent, which is consistent with angiosperm pat-
terns [89, 90]. Regional distribution revealed substantial 
heterogeneity: intergenic spacer (IGS) regions harbored 
2,241 SSRs (48.8%), introns 1,278 SSRs (27.8%), and cod-
ing sequences 1,074 SSRs (23.4%). This pattern reflects 
relaxed selective constraints in noncoding regions, per-
mitting greater accumulation of repetitive elements 
without impacting protein function. These SSRs provide 
valuable molecular markers for genetic diversity studies, 
cultivar fingerprinting, parentage analysis, and tracing 
of maternal lineages in phylogeographic reconstructions 
[79, 91, 92]. ENC values across species ranged from 40 
to 61, quantitatively assessing deviations from random 
codon usage. Neutrality analysis indicated greater con-
straints at the first and second codon positions (GC12) 
than at the third codon position (GC3), suggesting that 
CUB is shaped predominantly by natural selection, opti-
mizing translational efficiency and energy utilization. 
Codon bias diversity was visualized using correspon-
dence analysis, revealing clustering patterns consistent 
with phylogenetic and functional constraints [93].

Selective pressures, structural collinearity, and 
phylogenomic resolution
Ka/Ks ratios provide quantitative measures of selection 
constraints, with values < 1 indicating purifying selec-
tion, ≈ 1 indicating neutral evolution, and > 1 indicat-
ing positive selection [94]. In this study, analysis of 79 
protein-coding genes across 2,622 pairwise compari-
sons revealed photosystem genes presented the greatest 
degree of conservation, followed by the ATP synthase 
and ribosomal protein genes. The NADH dehydroge-
nase (ndh) genes presented relatively relaxed constraints 
(85.4% under strong purifying selection), with ndhD, 
ndhF, ndhH, and matK occasionally showing Ka/Ks ≥ 1, 
which is consistent with documented ndh evolutionary 
dynamism and occasional pseudogenization in angio-
sperms [95–98]. The ndh complex contributes to cyclic 
electron flow around photosystem I, with functional 
redundancy potentially relaxing selective constraints rel-
ative to the core photosynthetic machinery [97].

Collinearity analysis revealed exceptional structural 
conservation within genera (Calligonum, Fagopyrum, 
Rheum), with sequence identities > 98% [99, 100]. Coding 
regions are more conserved than intergenic spacers are, 

and IRs display minimal variation relative to single-copy 
regions, reflecting stable gene conversion and purifying 
selection [101]. Minor structural variations, including IR 
boundary shifts and small indels, were phylogenetically 
informative, facilitating the resolution of subfamily and 
genus-level relationships.

Chloroplast genome-scale phylogenies have repeatedly 
demonstrated their ability to stabilize backbone relation-
ships and provide strong support for genus-level hypoth-
eses, especially when compared with earlier studies that 
relied on a small number of markers such as rbcL [6]. 
The topology recovered here is broadly congruent with 
the major splits identified in Polygonaceae-wide molec-
ular syntheses, while offering clearer internal resolution 
and more consistent node support across subfamilies 
and tribes [1, 3, 6]. This improvement is expected given 
the larger number of informative sites in concatenated 
plastid coding matrices and the fit of modern likelihood 
models and support procedures implemented in contem-
porary tree-search frameworks [50, 53].

The repeated recovery of monophyly for Fagopyrum, 
Rheum, and Rumex strengthens confidence in chloro-
plast genome-based identification and phylogenetic 
placement for economically important and medicinal 
taxa, and it aligns with recent genus-focused chloroplast 
genome phylogenomic work in Fagopyrum and Rheum 
[2, 102]. At the same time, the signal of Persicaria non-
monophyly and the embedding of Bistorta-like lineages 
within a broader Persicaria–Koenigia complex rein-
forces the view that traditional circumscriptions in parts 
of Polygonoideae remain difficult, even with chloroplast 
genome data. One plausible explanation is that short 
internal branches reflect rapid radiation, while another 
is that the chloroplast genome represents a single inher-
ited locus that can be displaced by introgression and 
chloroplast capture, yielding topologies that are locally 
discordant with the species history. This is not a hypo-
thetical edge case, because gene-tree conflict within 
plastomes and chloroplast genome–nuclear discordance 
are now documented across broad angiosperm radiations 
[103], and chloroplast genomes can move across spe-
cies boundaries through grafting, hybridization, or other 
transfer processes [104]. In Polygonaceae, where hybrid-
ization and complex species boundaries are suspected in 
several genera, plastome-based inferences should there-
fore be interpreted as a robust maternal-lineage hypothe-
sis that benefits from validation against nuclear datasets. 
The trait reconstructions mapped onto the tree provide a 
complementary evolutionary layer that is useful for con-
necting plastome structural dynamics to lineage diver-
sification. The prominent role of IR boundary change 
in explaining genome size differences is consistent with 
general chloroplast genome evolutionary principles and 
underscores why size-associated traits often show strong 
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phylogenetic signal [15, 18]. From an applied perspective, 
a stable, well-supported chloroplast genome phylogeny 
provides a practical scaffold for marker selection, taxon 
authentication, and comparative analyses of codon bias 
or selection patterns along lineages, but downstream 
ecological or pharmacological interpretation still benefits 
from integrating nuclear markers, population-level sam-
pling, and explicit tests for introgression.

Taken together, the phylogenetic results support a 
chloroplast genome-informed framework that largely 
matches established Polygonaceae systematics while 
clarifying several previously ambiguous relationships. 
The remaining areas of uncertainty, especially those 
associated with short internodes and potential reticula-
tion, point to a clear next step that combines chloroplast 
genome data with nuclear phylogenomics to disen-
tangle lineage sorting from chloroplast capture and to 
refine genus boundaries where plastid signal alone is 
insufficient.

Conclusions
This integrative analysis of 48 Polygonaceae chloroplast 
genomes provides novel insights into chloroplast genome 
architecture, codon usage evolution, selective pressures, 
and phylogenetic relationships. The chloroplast genome 
exhibits four characteristics: significant size variation, 
conserved tetragonal organization, AT rich composi-
tion, and variable gene content. Codon usage was biased 
toward A/U-ending codons. Multiple analyses confirmed 
that natural selection is the primary force shaping syn-
onymous codon usage. Ka/Ks analyses highlighted strong 
purifying selection in photosystem genes and relatively 
relaxed constraints in ndh genes, which is consistent with 
functional dispensability. A total of 4,593 SSR loci, pre-
dominantly mononucleotide repeats in intergenic regions 
(48.8%) and introns (27.8%), provide valuable molecular 
markers for population genetics, cultivar identification, 
and phylogeography. Chloroplast genome structural 
collinearity was exceptionally conserved within genera, 
with coding regions more constrained than noncoding 
regions. Phylogenomic reconstruction robustly resolved 
subfamily and genus-level relationships, with codon 
usage clustering reflecting both evolutionary history and 
ecological adaptation.

These findings advance our understanding of chloro-
plast genome evolution in angiosperms and establish 
resources for practical applications, including heterolo-
gous protein expression optimization, molecular marker 
development, and investigations of adaptive evolution, 
biogeographic history, and secondary metabolite bio-
synthesis in this ecologically and economically impor-
tant plant family. Future work should focus on functional 
validation of codon bias effects, integration with nuclear 

genome data, and empirical assessment of SSR markers 
for breeding and conservation purposes.
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