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Abstract
Background  The Poaceae is one of the world’s most ecologically and economically important plant families, 
encompassing major food crops and forage grasses. Despite its agricultural significance, systematic analyses of 
chloroplast genome evolution across this diverse family remain limited. To understand adaptive evolution in Poaceae 
species and their phylogenetic relationships, analysis of codon usage and evolutionary pressure in chloroplast 
genomes is essential. We conducted a comprehensive comparative analysis of 48 Poaceae chloroplast genomes to 
elucidate codon usage mechanisms and phylogenetic relationships.

Results  Our analysis revealed consistent codon usage bias across all species. Notably, 93.1% of preferred codons 
are A/U-ending, indicating the presence of strong compositional constraints. Chloroplast genomes ranged from 
129,095 bp to 148,617 bp, with GC content ranging between 38.16% and 39.04%. The average GC content was 
38.5%, with GC3 content (30.51%) significantly lower than GC1 (47.34%) and GC2 (39.64%) contents. ENC-GC3s plots, 
PR2 analysis, and neutrality plot analyses consistently demonstrated that natural selection, rather than mutational 
pressure, predominantly drives codon usage patterns. Simple sequence repeats (SSRs) analysis showed non-random 
distribution, with the highest density in intergenic regions (52.6%), followed by introns (28.2%) and coding sequences 
(19.2%). Mononucleotide and octanucleotide repeats constituted the predominant SSR types. Ka/Ks analysis revealed 
that 94.67% of chloroplast genes undergo purifying selection (Ka/Ks < 0.5), with photosystem and ribosomal protein 
genes under the most stringent constraints. Phylogenetic analysis confirmed robust evolutionary relationships, with 
genome synteny strongly correlating with taxonomic classification.

Conclusion  This study provides the most comprehensive analysis of Poaceae chloroplast genome evolution to 
date, revealing selection-driven codon optimization that balances functional conservation with adaptive flexibility. 
The predominance of purifying selection reflects the critical importance of chloroplast gene function, while SSR 
distribution patterns suggest roles in genome plasticity and regulatory functions. These findings deepen our 
understanding of grass evolution and provide valuable resources for molecular marker development, phylogenetic 
studies, and crop improvement programs addressing global food security challenges.
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Background
The Poaceae is the fifth-largest family of flowering plants, 
comprising approximately 11,506 species distributed 
across 768 genera, 12 subfamilies, 52 tribes, and 90 sub-
tribes [1, 2]. Phylogenetic analyses estimate the crown age 
of Poaceae at approximately 101 million years ago, with 
molecular dating ranging from 59 to 129 million years 
ago [3]. The family has undergone extensive diversifica-
tion, resulting in remarkable species diversity [4], a global 
distribution across all climatic zones, and significant 
ecological roles in terrestrial ecosystems [5, 6]. Poaceae 
includes the world’s most economically important staple 
crops, such as rice, wheat, and maize, as well as numer-
ous high-quality forage grasses and species used in eco-
logical restoration [7, 8]. The agricultural significance of 
the Poaceae family extends beyond staple grain produc-
tion to include diverse forage systems that support global 
livestock industries. Intermediate wheatgrass (Thinopy-
rum intermedium) exhibits excellent drought resistance 
and soil aggregation properties in arid regions, and can 
increase yield by 40–50% when intercropped with alfalfa 
(Medicago sativa) [9, 10]. Given the challenges to food 
security brought by global climate change and population 
growth, in-depth research on the genetic basis and adap-
tive evolutionary mechanisms of Poaceae has become 
increasingly important [11].

Eragrostis, a globally distributed genus of Poaceae, 
comprises approximately 350 species that are native 
to Eurasia and Africa and extends into regions such 
as China, India, and Myanmar [12–15]. This genus is 
characterized by rapid growth, a deep root system, and 
high drought tolerance, which makes it valuable for soil 
conservation and desertification control [16]. As a pre-
dominantly C4 genus,  Eragrostis  exhibits superior pho-
tosynthetic efficiency and biomass production compared 
to that of C3 grasses. Besides, its young leaves are rich in 
protein and fiber, rendering it a premium forage resource 
highly valued in livestock feed systems [17]. Thus, given 
the family’s role as a primary source of staple crops, for-
age grasses, and vital ecosystem stabilizers, research on 
Poaceae holds practical significance for global food secu-
rity, ecological conservation, and sustainable agriculture.

Chloroplasts, as semi-autonomous organelles within 
plant cells, perform multiple critical functions, including 
photosynthesis, amino acid synthesis, nucleotide pro-
duction, and fatty acid formation [18–20]. According to 
the widely accepted endosymbiotic theory, chloroplasts 
originated from an ancient cyanobacterium that estab-
lished endosymbiotic relationships with eukaryotic host 
cells through billions of years of co-evolution [21–24]. 

Chloroplast genomes typically exhibit a highly conserved 
circular quadripartite structure comprising two inverted 
repeat regions (IRA and IRB), a small single-copy region 
(SSC), and a large single-copy region (LSC), which 
remain highly conserved among angiosperms [19, 25, 26]. 
Chloroplast genomes are 120–180 kb long and possess 
120–130 genes, including the essential components of 
the photosynthetic apparatus: photosystem core proteins, 
ATP synthase subunits, NADH-dehydrogenase com-
plexes, and ribosomal proteins [27–29]. The relatively 
small size, conserved genomic architecture, and maternal 
inheritance characteristics of chloroplast genomes make 
them ideal molecular markers for phylogenetic analysis, 
species identification, and evolutionary studies [30, 31]. 
In recent years, the rapid development of high-through-
put sequencing technologies has greatly facilitated 
chloroplast genomics research, making large-scale com-
parative genomic analyses possible [4, 32–34]. In Poa-
ceae, chloroplast genome analysis offers a dual advantage 
for evolutionary biology. Its conserved genomic architec-
ture facilitates robust phylogenetic inference across deep 
taxonomic scales, while lineage-specific features, such as 
structural variations and codon usage patterns, provide 
insights into ecological diversification [35–37].

Codon usage bias (CUB) represents a fundamental 
aspect of molecular evolution, indicating the non-random 
selection of synonymous codons during protein synthesis 
[38, 39]. In the standard genetic code, except for methio-
nine and tryptophan, the remaining 18 amino acids are 
encoded by 2–6 synonymous codons, and the usage fre-
quencies of these synonymous codons in genomes often 
exhibit non-random distributions [40–44]. The formation 
of codon usage patterns is influenced by multiple evolu-
tionary forces, including natural selection, genetic drift, 
mutational pressure, and gene conversion, as described 
by the widely-accepted mutation-selection-drift balance 
model [39, 44–46]. CUB significantly influences gene 
expression and cellular function, affecting RNA process-
ing, protein translation, and protein folding [47–49]. In 
chloroplast genomes, due to their unique genetic systems 
and functional limitations, codon usage patterns often 
exhibit characteristics that differ from those of nuclear 
genomes [50, 51]. The translational selection theory sug-
gests that selection pressure for translational efficiency 
and accuracy is the main driving force shaping codon 
usage patterns, and this pressure is significant in highly 
expressed genes [52, 53]. Previous studies have shown 
that optimal codons typically correspond to the most 
abundant tRNA molecules in cells, thus ensuring efficient 
protein synthesis [54–56]. Furthermore, CUB is closely 
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related to factors such as gene expression levels, protein 
folding efficiency, and mRNA stability [49, 57, 58]. In 
plant chloroplasts, due to the high expression require-
ments of photosynthesis-related genes, codon usage pat-
terns often exhibit strong translational selection signals 
[50, 51, 59]. Therefore, investigating codon usage pat-
terns in chloroplast genomes is essential for understand-
ing the complex interplay of natural selection, mutational 
pressure, and translational efficiency that shapes gene 
expression and drives adaptive evolution in plants. This is 
particularly important within the context of chloroplast-
specific functional constraints and maternal inheritance 
systems.

Although Poaceae is central to global ecosystems and 
agriculture, systematic studies on chloroplast genome 
codon usage patterns in this family remain limited. 
Most existing research has concentrated on single-
species genomic analyses, exemplified by studies on 
switchgrass (Panicum virgatum) [60, 61] and perennial 
ryegrass (Lolium perenne) [62, 63] that investigated chlo-
roplast genome structure, identified SSR markers, and 
performed phylogenetic analysis to resolve interspecific 
relationships. While these studies provided species-spe-
cific genomic details, including insights into CUB and 
SSR distribution, they lack cross-species comparative 
insights, thus hindering understanding of the overall 
evolutionary patterns and adaptive strategies of Poaceae. 
Recent chloroplast genome phylogenies have revised 
relationships among Bambusoideae, Ehrhartoideae, and 
Pooideae, challenging traditional taxonomy [64], but 
large-scale studies on CUB across Poaceae species are 
still lacking. With the increasing availability of chloro-
plast genome sequences, systematic comparative analy-
ses are now feasible. For Eragrostis, as important forage 
and ecological restoration plants, in-depth study of their 
chloroplast codon usage patterns will clarify C4 plant 
adaptive evolution. Thus, multi-species comparisons of 
Poaceae chloroplast codon usage can fill research gaps 
and inform evolutionary biology and breeding.

Selection pressure analysis is a core method for 
understanding gene evolution dynamics and adaptive 
processes. By comparing the ratio of synonymous sub-
stitution rates (dS) to nonsynonymous substitution rates 
(dN), commonly referred to as the Ka/Ks ratio, research-
ers can identify the selective forces acting on protein-
coding genes [65, 66]. When Ka/Ks < 1, genes exhibit 
purifying selection, whereby deleterious mutations are 
selectively eliminated to preserve protein function; when 
Ka/Ks = 1, neutral evolution predominates; and when 
Ka/Ks > 1, positive selection is indicated, whereby ben-
eficial mutations are selectively retained [66–68]. In chlo-
roplast genomes, most protein-coding genes typically 
exhibit strong purifying selection, as they encode essen-
tial components of photosynthesis, cellular respiration, 

and other fundamental metabolic processes [69–71]. 
However, selection pressure varies considerably among 
gene categories, species, and environmental contexts, 
reflecting the dynamic balance between functional con-
straints and adaptive responses to environmental pres-
sures. Recent comparative genomic studies have shown 
that even in highly conserved chloroplast genomes, spe-
cific gene sites may undergo positive selection, particu-
larly those related to environmental adaptability [72, 73]. 
For example, in plants inhabiting extreme environments, 
specific sites of photosystem-related genes frequently 
exhibit positive selection signals, potentially reflect-
ing adaptations to unique photosynthetic efficiency and 
stress tolerance mechanisms [74–77]. Simple sequence 
repeats (SSRs), as important molecular markers, show 
distribution patterns in chloroplast genomes that reflect 
evolutionary constraints and adaptive flexibility, thereby 
providing insights into genomic evolution and popula-
tion genetics [78, 79]. Therefore, comprehensive studies 
combining selection pressure analysis, SSR distribution 
characteristics, and codon usage patterns will provide a 
comprehensive perspective for understanding the evolu-
tionary dynamics of Poaceae chloroplast genomes.

This study provides a detailed investigation of codon 
usage patterns, selection pressures, and phylogenetic 
relationships in Poaceae chloroplast genomes using 48 
species. These representative species were selected to 
cover all 12 recognized Poaceae subfamilies and include 
both C3 and C4 photosynthetic types. By integrating 
codon usage analysis (ENC), selection-pressure analysis 
(Ka/Ks), and SSR profiling, we systematically dissect the 
evolutionary forces shaping codon organization, protein-
coding sequence divergence, and genome structural vari-
ation across Poaceae, providing a robust foundation for 
downstream functional genomics and breeding.

Materials and methods
Plant materials and data collection
Fresh leaves of Eragrostis nigra were collected from wild 
populations in the Muli area of the Qinghai-Tibet Plateau, 
China (101°16′48.74″E, 27°55′43.81″N, 2806 m) in July 
2024 by Haodi Wang, and a voucher specimen (acces-
sion number: BJFU-CXY-36838841) was deposited at the 
School of Grassland Science, Beijing Forestry University. 
Field sampling was conducted under permission from the 
“Grassland Pest Census Project of Muli Tibetan Autono-
mous County Forestry and Grassland Bureau”. Genomic 
DNA was extracted using the modified CTAB method. 
High-throughput sequencing was conducted using the 
DNBSEQ-T7 platform, generating  paired-end  sequenc-
ing reads of 150 bp length. The raw reads were processed 
to obtain clean data for subsequent analysis. For com-
parative studies, chloroplast genome sequences of other 
closely related species were obtained from the National 
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Center for Biotechnology Information (NCBI) database 
(​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/). These additional data-
sets encompassed 47 Poaceae species with complete 
chloroplast genomes, covering all 12 subfamilies, and 
provided a comprehensive reference for phylogenetic and 
comparative genomic analysis.

Chloroplast genome assembly and annotation
The chloroplast genome of E. nigra was assembled using 
a dual-pipeline approach combining GetOrganelle v1.7.7 
[80] and NOVOPlasty v4.3.4 [81] to ensure assembly 
accuracy and completeness. The annotation process 
employed the Chloë v0.1.0 database (Chloroplasts of 
Land Plants), a curated reference library optimized for 
photosynthetic organelles in land plant lineages, utilizing 
default parameters to maintain consistency with standard 
chloroplast genome annotation [82].

The annotation process involved initial automated gene 
predictions and functional assignments through 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) 
[83], utilizing conserved chloroplast genes from related 
Poaceae species as reference sequences. Subsequent 
manual verification refined gene boundaries, corrected 
potential start/stop codon misannotations, and opti-
mized exon-intron junctions, particularly for genes with 
complex splicing patterns, such as ndhA and rpl2. This 
combined approach of automated homology mapping 
and manual verification ensures accurate identification of 
protein-coding genes, rRNA operons, and tRNA genes, 
while distinguishing between functional sequences and 
pseudogenes.

Codon usage analysis
Relative Synonymous Codon Usage (RSCU) is a statisti-
cal metric that quantifies the frequency of synonymous 
codon usage in relation to the expected frequency, 
assuming equal usage of all synonymous codons. It is cal-
culated as the ratio of the observed frequency of codon 
usage to the expected frequency [84]. An RSCU value of 
1 indicates neutral usage, while values below 1 suggest 
lower frequency usage compared to other synonymous 
codons [85]. RSCU values were calculated using the for-
mula in Python (v3.12.2) and visualized in R (v4.2.3).

	
RSCU ij = xij∑ni

j xij
ni� (1)

In the formula, RSCUij represents the relative usage 
of the j-th synonymous codon encoding the i-th amino 
acid; xij represents the count of this codon in the target 
genome; ni  represents the total number of synonymous 
codons corresponding to the i-th amino acid; and 

∑ni
j xij 

represents the total observed count of all synonymous 
codons for this amino acid.

Simple sequence repeat analysis
Simple sequence repeats (SSRs) are widely used genetic 
markers consisting of 1 to 6 nucleotides repeated in tan-
dem [86]. MISA-web was used to facilitate the analysis of 
SSRs in the chloroplast genomes of Poaceae species [87]. 
The MISA-web parameters were specified as follows: 
mononucleotides (10), dinucleotides (5), trinucleotides 
(4), tetranucleotides (3), pentanucleotides (3), hexanu-
cleotides (3), heptanucleotides (3), octanucleotides (2), 
nonanucleotides (2), and decanucleotides (2). Data visu-
alization was performed using R language for generating 
bar graphs and bubble plots.

ENC-GC3s plot analysis
The Effective Number of Codons (ENC) measures the 
number of codons utilized in a gene, with values ranging 
from 20 to 61. A value of 20 indicates exclusive use of one 
codon per amino acid, while 61 represents uniform usage 
of all codons. ENC values below 35 indicate strong codon 
bias, whereas values greater than or equal to 35 suggest 
relatively weak codon bias [88, 89]. The ENC plot evalu-
ates differences between actual and theoretical effective 
codon values, facilitating discussion of mutation and 
natural selection effects on codon usage patterns in the 
chloroplast genome [89]. The calculation formula is as 
follows:

	
ENC = 2 + 9

F2
+ 1

F3
+ 5

F4
+ 3

F6
� (2)

In the formula, F2, F3, F4, and F6 represent the average 
frequencies of families with 2, 3, 4, and 6 synonymous 
codons encoding the same amino acid, respectively. The 
ENC values were calculated and visualized using R. The 
ENC-GC3s plot was constructed with GC3s values on 
the horizontal axis and ENC values on the vertical axis. 
Data points of varying colors represent the actual ENC 
values across different species, while the dotted line indi-
cates the expected ENC curve. When actual ENC values 
are distributed near the expected curve, this suggests 
that mutation pressure is the primary factor influencing 
codon usage bias formation. Conversely, if actual ENC 
values fall significantly below or deviate substantially 
from the expected curve, this indicates that natural selec-
tion or other factors predominantly determine codon 
usage bias [90].

Parity rule 2 (PR2) bias analysis
The PR2 plot elucidates whether mutation and selection 
pressure influence nucleotide composition. The plot’s 
center coordinates (0.5, 0.5) denote A=T and G=C. A 
central point indicates that nucleotide composition is 
unaffected by mutation or natural selection [91]. Simi-
lar ratios of G and C (or A and T) suggest that mutation 
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exclusively affects gene codon usage preference. Con-
versely, substantial differences in these ratios indicate 
that natural selection or other factors predominantly 
influence gene codon usage preference [92]. In this study, 
we calculated G3/(G3 + C3) and A3/(A3 + T3) values for 
the study species. For each gene, the frequencies of G 
and C at the third codon position of synonymous codons 
(G3, C3) and A and T (A3, T3) were summed, respectively. 
The PR2 plot displays G3/(G3 + C3) on the horizontal axis 
and A3/(A3 + T3) on the vertical axis. Species are distin-
guished by different colors, with point sizes correspond-
ing to ENC values.

Neutrality plot analysis
Neutrality plot analysis examines how mutational pres-
sure and natural selection influence codon usage [93]. In 
this analysis, GC12 was calculated as the average of GC1 
and GC2. A scatter plot was generated with GC3 on the 
horizontal axis and GC12 on the vertical axis, including 
the regression coefficient calculation. The data points 
were color-coded according to ENC values, and the plot 
included a red dashed standard curve and a blue dashed 
fitted regression line. A significant correlation between 
GC12 and GC3, combined with a regression line slope 
approaching or equaling 1, indicates that natural selec-
tion plays a dominant role in shaping codon usage [94].

Phylogenetic analysis
Phylogenetic relationships were inferred using a con-
catenated dataset containing all protein-coding genes 
(PCGs) from the complete chloroplast genomes. A 
total of 65 species were included in the phylogenetic 
analysis, comprising 48 Poaceae species represent-
ing all 12 recognized subfamilies (Anomochlooideae, 
Pharoideae, Puelioideae, Bambusoideae, Oryzoideae, 
Pooideae, Aristidoideae, Panicoideae, Chloridoideae, 
Danthonioideae, Arundinoideae, and Micrairoideae) 
and 17 outgroup taxa selected from closely related 
families within the order Poales. The outgroup taxa 
included 12 species from Bromeliaceae (Brocchinia 
paniculata, B. micrantha, B. acuminata, Bakerantha 
lundelliorum, Navia igneosicola, Guzmania conifera, 
Tillandsia purpurea, T. usneoides, Pitcairnia atro-
rubens, Cryptanthus acaulis, Billbergia horrida, and 
Aechmea fasciata) and five species from Typhaceae 
(Sparganium angustifolium, S. subglobosum, Rohrba-
chia minima, Typha przewalskii, and T. orientalis). We 
used MAFFT v7.490 [95] with the ‘—auto’ parameter 
to align the chloroplast genomes. Subsequently, we 
used trimAl v1.5 [96] with the ‘-automated1’ param-
eter to optimize the aligned sequences and automati-
cally determine optimal trimming parameters. The 
trimming process systematically eliminated regions 
containing ambiguous alignments and gaps, thus 

enhancing the phylogenetic signal while reducing 
dataset noise. The phylogenetic tree was constructed 
using the approximately maximum-likelihood method 
implemented in FastTree v2.1 with default parameters. 
FastTree employs the JTT (Jones-Taylor-Thornton) 
model for amino acid evolution and estimates the rate 
of evolution for each site using the ‘CAT’ approxima-
tion. Branch support values were estimated using the 
approximate likelihood-ratio test (aLRT) with Shi-
modaira-Hasegawa-like interpretation, which provides 
rapid and reliable assessment of branch reliability 
equivalent to 1,000 bootstrap pseudoreplicates. The 
resulting phylogenetic tree illustrated the evolutionary 
relationships among species. Tree visualization and 
annotation were performed using ggtree and the ape 
package in R (v4.2.3).

Selection pressure analysis
Calculation of nonsynonymous (Ka) and synonymous 
(Ks) substitution rates provides a crucial method 
for assessing sequence divergence of protein-coding 
orthologs across species or taxonomic lineages with 
uncertain evolutionary history. Orthologous gene pairs 
were identified based on gene name matching across 
the 48 Poaceae chloroplast genomes. For each ortholo-
gous gene pair, coding sequences (CDS) were extracted 
from GenBank-format annotation files and aligned 
using MAFFT v7.490 with the ‘—auto’ parameter for 
automatic strategy selection. Aligned sequences were 
converted to AXT format for Ka/Ks calculation. Ka/Ks 
ratios were computed using the maximum likelihood 
method in KaKs Calculator v2.0 (​h​t​t​p​​s​:​/​​/​s​o​u​​r​c​​e​f​o​​r​g​e​​
.​n​e​t​​/​p​​r​o​j​​e​c​t​​s​/​k​a​​k​s​​c​a​l​c​u​l​a​t​o​r​2​/) [97]. A total of 2,401 
pairwise gene comparisons were performed across 
11 functional gene categories. A Ka/Ks ratio exceed-
ing 1 indicates a higher frequency of nonsynonymous 
substitutions compared to synonymous substitutions, 
typically suggesting positive selection or adaptive evo-
lutionary pressure. Under these conditions, amino 
acid-altering mutations provide selective advantages, 
driving their fixation in populations [98]. A ratio of 
1 indicates comparable rates of nonsynonymous and 
synonymous substitutions, suggesting neutral evolu-
tion where mutations occur randomly without sig-
nificant natural selection influence. Genes in this 
evolutionary state typically serve essential biological 
functions requiring protein stability or functional con-
sistency [72]. A ratio below 1 indicates higher synony-
mous substitution rates compared to nonsynonymous 
substitutions, suggesting purifying selection, or nega-
tive selection. Such genes likely maintain conserved 
functions, where nonsynonymous mutations could 
potentially disrupt protein structure or activity, lead-
ing to their elimination through natural selection [67]. 

https://sourceforge.net/projects/kakscalculator2/
https://sourceforge.net/projects/kakscalculator2/
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Selection pressure categories were defined as: strong 
purifying selection (Ka/Ks < 0.5), relaxed purifying 
selection (0.5 ≤ Ka/Ks < 1.0), and positive selection 
(Ka/Ks > 1.0). Genes were classified into functional 
categories based on standard chloroplast gene nomen-
clature: Photosystem I (psaA-psaJ), Photosystem II 
(psbA-psbZ), cytochrome b/f complex (petA-petN), 
ATP synthase (atpA-atpI), NADH dehydrogenase 
(ndhA-ndhK), RuBisCO large subunit (rbcL), RNA 
polymerase (rpoA-rpoC2), large ribosomal proteins 
(rpl2-rpl36), small ribosomal proteins (rps2-rps19), 
hypothetical reading frames (ycf genes), and other pro-
tein-coding genes (matK, cemA, ccsA, infA, clpP). Visu-
alization of Ka/Ks analysis results was performed using 
R v4.2.3 with ggplot2, viridis, and patchwork packages.

Genome synteny analysis
Synteny analysis of chloroplast genomes examines gene 
order, orientation, and relative positions across differ-
ent species. This comparative approach helps elucidate 
interspecific relationships and infer evolutionary histo-
ries. Through comparative genome structure analysis and 
lineage mapping, synteny analysis provides fundamental 
data for phylogenetic studies, enabling the identification 
of conserved gene blocks and chromosomal rearrange-
ments. Phylogenetic trees derived from synteny data can 
integrate temporal and functional information, thereby 
validating evolutionary hypotheses and revealing pat-
terns of genome evolution [99]. Synteny analysis and 
visualization were performed using genoPlotR package 
(v0.8.11) in R (v4.2.3), which enables comparative visual-
ization of multiple genomes in a linear format. Gene fea-
tures were classified into 12 functional categories based 
on standard chloroplast nomenclature: Photosystem I 
(psa genes), Photosystem II (psb genes), cytochrome b6/f 
complex (pet genes), ATP synthase (atp genes), NADH 
dehydrogenase (ndh genes), RuBisCO large subunit 
(rbcL), large ribosomal proteins (rpl genes), RNA poly-
merase (rpo genes), small ribosomal proteins (rps genes), 
ribosomal RNA (rrn genes), transfer RNA (trn genes), 
and other genes (accD, ccsA, cemA, clpP, matK, ycf). A 
total of 47 pairwise comparisons were computed across 
the 48 chloroplast genomes to comprehensively assess 
structural conservation patterns.

Each horizontal track represents the complete chlo-
roplast genome of a single species, with individual 
genes depicted along the genome. Genes were repre-
sented as directional arrows indicating transcriptional 
orientation, with distinct colors denoting different 
functional categories. Homologous regions between 
adjacent genomes were connected by colored ribbons, 
with color intensity reflecting sequence identity lev-
els. A phylogenetic tree was integrated alongside the 

synteny plot to illustrate evolutionary relationships 
among the compared species.

Results
Genome structure and nucleotide composition
The chloroplast genomes of the 48 selected Poaceae 
species exhibited relatively consistent base composi-
tion throughout the coding region (Table 1), with total 
genome lengths ranging from 129,095 bp to 148,617 bp. 
The total GC content varied from 38.16% to 39.04%, aver-
aging 38.55%, substantially below 50%. The circular chlo-
roplast genome map of E. nigra  (Fig. 1A) was generated 
using CPGview (http://www.1kmpg.cn/cpgview/) [100]. 
Genes containing both introns and exons include rps16, 
atpF, pafl, petB, petD, rpl16, rpl2, ndhB and ndhA (Fig. 
1B). Analysis of the inverted repeat (IR) boundaries (Fig. 
1C) showed that the rps19 gene was positioned in the IR 
region, near the LSC-IR boundary, across three species, 
while the trnH gene consistently localized to the center 
of the IR region. The rpl22 gene was located in the LSC 
region, adjacent to the LSC-IR boundary. The IR-SSC 
boundary showed greater complexity: some species, 
including the studied E. nigra, contained both ndhF and 
ndhH genes at this boundary, while others possessed only 
ndhH.

The GC content of all 48 species was below 50%, indi-
cating an A/T preference in their genomes. Analysis of 
GC content at different codon positions showed average 
contents of GC1, GC2, and GC3 of 47.34%, 39.64%, and 
30.51%, respectively, with GC3 showing the lowest aver-
age content, demonstrating the strongest codon usage 
bias at the third position. The coding region length var-
ied from 55,713 bp to 63,825 bp, averaging 59,796 bp. The 
average GC content of coding regions was 39.16%, mark-
edly higher than that of non-coding regions at 35.11%, 
indicating greater GC stability in coding regions. Addi-
tionally, the average ENC values of these 48 Poaceae 
plants ranged from 48.028 to 50.158, all exceeding 35.

RSCU patterns
To characterize codon preferences and evolutionary 
constraints across Poaceae, we calculated RSCU values 
for 59 sense codons in 48 chloroplast genomes repre-
senting all 12 subfamilies spanning major ecological and 
phylogenetic diversity. Our analysis encompassed both 
cool-season (C3 photosynthesis) and warm-season (C4 
photosynthesis) species.

Hierarchical clustering analysis of RSCU values 
revealed a strong phylogenetic signal in codon usage pat-
terns (Fig. 2). The heatmap demonstrated distinct codon 
usage profiles for Pooideae, cool-season grasses, Chlori-
doideae, and Panicoideae, predominantly warm-season 
grasses, consistent with their evolutionary divergence 
approximately 50–60 million years ago. Ward’s minimum 

http://www.1kmpg.cn/cpgview/
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Table 1  Chloroplast genome information of 48 Poaceae forage and ecological species
Species name Accession number Subfamily Total length Total GC (%) Average ENC GC3s Total gene
Agropyron cristatum [101] KY126307 Pooideae 135554 38.33 48.291 26.82 131

Agrostis stolonifera EF115543 Pooideae 136584 38.45 48.657 27.22 141

Aristida adscensionis [102] MZ373986 Aristidoideae 137947 38.41 48.761 27.1 133

Aristida congesta [103] MK570615 Aristidoideae 134072 38.33 48.832 27.04 131

Arundinaria tecta [104] KC817463 Bambusoideae 139499 38.92 49.496 28.15 131

Arundo donax KX109945 Arundinoideae 137093 38.63 48.484 28.52 143

Avena fatua MG687307 Pooideae 135889 38.51 48.584 27.2 134

Bothriochloa ischaemum MW699899 Panicoideae 138316 38.53 49.148 27.46 134

Cenchrus purpureus MF594682 Panicoideae 138199 38.59 49.915 27.87 137

Chikusichloa aquatica KR078265 Bambusoideae 136563 39.04 49.769 28.25 129

Dactylis glomerata OM049559 Pooideae 134972 38.43 48.316 26.97 129

Elymus sibiricus [105] MT610376 Pooideae 135075 38.33 48.462 26.98 122

Eragrostis atrovirens [106] MW255512 Chloridoideae 134857 38.16 48.302 27.05 133

Eragrostis cylindrica [106] MW255516 Chloridoideae 133777 38.25 48.492 27.04 133

Eragrostis ferruginea [106] MW255517 Chloridoideae 134380 38.23 48.759 26.96 131

Eragrostis nigra PV455321 Chloridoideae 134870 38.22 48.811 26.89 134

Eragrostis pilosa [107] OL678516 Chloridoideae 134764 38.25 48.867 27.01 132

Eriachne avenacea [108] MH036238 Micrairoideae 134857 38.62 49.395 27.75 129

Eriachne pallescens [108] MH036267 Micrairoideae 134949 38.57 48.987 27.61 129

Fargesia edulis [109] MH988735 Bambusoideae 139572 38.89 49.535 28.19 131

Fargesia grossa [109] MH988734 Bambusoideae 139601 38.89 49.53 28.17 131

Fargesia spathacea [110] JX513417 Bambusoideae 139767 38.88 49.567 28.04 130

Festuca ovina [111] MN309824 Pooideae 133508 38.36 48.045 27.06 127

Himalayacalamus gyirongensis [109] MH988733 Bambusoideae 139592 38.85 49.548 28.15 131

Hygroryza aristata MW849262 Oryzoideae 135681 39.03 49.246 28.06 131

Indocalamus wilsonii [110] JX513421 Bambusoideae 139962 38.8 49.428 28 130

Leptaspis zeylanica KU666546 Pharoideae 141946 38.48 49.909 27.75 115

Lolium arundinaceum [112] FJ466687 Pooideae 136048 38.39 48.903 27.41 129

Lolium perenne [113] AM777385 Pooideae 135282 38.25 48.577 26.85 129

Megathyrsus maximus MT679705 Panicoideae 138186 38.59 49.584 27.56 133

Panicum capillare [4] KU291475 Panicoideae 134520 38.51 49.676 27.57 131

Panicum incomtum [114] MH394349 Panicoideae 139999 38.68 50.158 27.91 129

Panicum lycopodioides [115] MF563374 Panicoideae 138954 38.61 49.993 27.57 130

Panicum pygmaeum [115] MF563373 Panicoideae 140996 38.64 49.746 27.66 130

Panicum sumatrense KX756177 Panicoideae 139384 38.62 49.599 27.68 132

Paspalum dilatatum [4] KU291477 Panicoideae 135950 38.67 49.531 27.83 131

Pharus latifolius JN032131 Pharoideae 142077 38.37 49.528 27.75 117

Phragmites australis KF730315 Arundinoideae 137561 38.65 49.175 28.17 133

Poa pratensis MT295102 Pooideae 135649 38.3 49.241 27.29 131

Puccinellia distans MW044608 Pooideae 135647 38.32 48.519 27.09 129

Puelia olyriformis [116] KC534841 Pueliodeae 140344 38.97 49.747 28.27 134

Rytidosperma pallidum [36] MF460980 Danthonioideae 132765 38.29 48.164 27 131

Rytidosperma semiannulare KY432793 Danthonioideae 129095 38.31 48.028 27.21 129

Stipagrostis pennata [102] MZ373985 Aristidoideae 138725 38.42 49.681 27.23 129

Streptochaeta spicata [117] KU666544 Anomochlooideae 148617 38.25 49.252 27.65 129

Thamnocalamus spathiflorus [110] JX513425 Bambusoideae 139778 38.84 49.446 27.95 130

Yushania levigata [110] JX513426 Bambusoideae 139633 38.9 49.583 28.07 130

Zizania latifolia [118] KT161956 Oryzoideae 136461 39 49.268 28.05 129
The table summarizes genome characteristics for each species, including total genome length (bp), subfamily, total GC content (%), average ENC value, GC content 
at the 3rd Synonymous codon position, and total number of genes
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variance clustering successfully grouped species accord-
ing to subfamily affiliation, with bootstrap support 
exceeding 85% for major clades. Notable exceptions 
included several Bambusoideae species that clustered 
with Pooideae, reflecting their shared cool-season adap-
tation despite phylogenetic distance. Analysis of codon 
usage bias intensity using ENC revealed significant differ-
ences between temperature adaptation groups. Examina-
tion of RSCU frequency distribution revealed significant 
deviation from neutral expectations. The distribution 
was right-skewed with a mode at RSCU = 0.85, indicating 
that most codons are used less frequently than expected 
under unbiased conditions. Approximately 23% of 
codons showed under-representation (RSCU < 1.0), 45% 
fell within moderate usage (1.0 ≤ RSCU < 1.5), and 32% 

displayed preferential usage (RSCU ≥ 1.5). A pronounced 
right-tail extended beyond RSCU = 3.0, reflecting a sub-
set of strongly favored codons used at more than triple 
neutral expectation. Across all 48 species, universally 
preferred codons were strongly biased toward A/U-end-
ing variants. The 10 most frequently used codons, namely 
UUA, AGA, GCU, ACU, UCU, UAU, GGA, CCU, GAU, 
and CAA, were predominantly A/U-terminated, align-
ing with the plastome-wide AT-richness. Conversely, 
the 10 least preferred codons, namely GCG, CAG, CGG, 
GAC, AGC, CCG, UAC, CUC, GGC, and CUG, were 
G/C-ending forms, suggesting both mutational pressure 
and selective constraints in tRNA recognition contribute 
to suppressing GC-rich codons. The prevalence of A/U-
biased optimal codons, paired with under-representation 
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of G/C-ending variants, supports the role of translational 
selection acting in concert with nucleotide compositional 
bias. These patterns indicate that chloroplast-encoded 
proteins likely experience preferential translation effi-
ciency when using A/U-rich codons, possibly reflect-
ing limited tRNA diversity and resource allocation in 
plastids.

Distribution patterns of SSRs
SSR profiling across the chloroplast genomes of 48 Poa-
ceae species revealed clear patterns in both genomic loca-
tion and motif composition. SSRs were most frequently 
located in intergenic regions (IGS) (52.56%), followed by 
intronic regions (28.23%), with the lowest occurrence in 
coding sequence regions (CDS) (19.21%). The analysis 
demonstrated that SSRs across the 48 samples exhibited 
the highest distribution in intergenic regions (Fig. 3A). 
Additionally, 11 SSR types were present in nearly all spe-
cies with 6 types appearing in all species. Mononucleo-
tide and octanucleotide repeats were the most abundant 
types of simple sequence repeats (SSRs) in the complete 
chloroplast genomes across all studied species. Specifi-
cally, mononucleotide repeats totaled 1438, accounting 
for 40.97% of the total SSRs, while octanucleotide repeats 
reached 792, representing 22.56% of the total (Fig. 3B). 
Furthermore, the number of SSRs in the complete chloro-
plast genomes exhibited a notable range across the stud-
ied species, varying from a minimum of 45 in Hygroryza 

aristata to a maximum of 99 in E. nigra, indicating inter-
specific variation in SSR abundance (Fig. 3C).

ENC-GC3s plot analysis
To further assess codon usage bias in Poaceae chloro-
plast genomes, ENC values were calculated and visual-
ized using an ENC-GC3s plot. The mean ENC value was 
49.14, indicating an overall weak CUB across the 48 spe-
cies. ENC and GC3s distributions showed similar overall 
trends, with data points forming concentrated clusters 
rather than broad dispersion, suggesting comparable 
evolutionary constraints among lineages. The major-
ity of these points were distributed outside or above the 
expected ENC curve, while few points appeared on the 
curve (Fig. 4). This deviation from the theoretical neu-
trality line indicates that codon usage patterns are not 
solely determined by mutational pressure. Instead, the 
observed upward shift of most points implies that natural 
selection plays the dominant role in shaping chloroplast 
codon preference in Poaceae, while mutation pressure 
exerts a comparatively minor influence.

Parity rule 2 bias analysis
To evaluate the relative influence of mutation and natural 
selection on codon usage patterns, a PR2 plot was gener-
ated to compare the proportions of A vs T and G vs C 
at the third codon position (Fig. 5). The vertical distribu-
tion showed that most data points clustered in the lower 
half of the plot, near the central dashed line, indicating a 

Fig. 2  Analysis of codon usage bias in 48 Poaceae chloroplast genomes reveals diverse subfamily-specific evolutionary patterns and temperature-
dependent optimization strategies across multiple ecological adaptations
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higher preference for T over A at the third codon position 
in these 48 forage and ecological species. The horizontal 
distribution, though more dispersed, showed most data 
points concentrated in the right half of the plot. Analysis 
revealed the highest concentration of data points in the 
fourth quadrant, confirming the preference for T and G 
at the third codon position. E. nigra displayed a broader 
distribution, with average G3 proportions of 0.538 and A3 
proportions of 0.471, showing a more concentrated pat-
tern compared to other species. In terms of gene function 

classification, Photosystem II-related genes were more 
concentrated in the third quadrant, indicating a prefer-
ence for using C and T codons, while other genes showed 
a bias toward G. Meanwhile, with the exception of genes 
related to small ribosomal protein and large ribosomal 
protein, all other genes exhibited a preference for T. Col-
lectively, the scattered distribution of points indicates 
that natural selection pressure, rather than mutation 
pressure, is the primary factor affecting third codon posi-
tion preference.

Fig. 3  Simple sequence repeat (SSR) analysis in Poaceae chloroplast genomes. A Distribution of SSR categories across different genomic locations in 
chloroplast genomes. Numbers represent the count of each SSR category found in different genomic regions. B Pie chart displaying the percentage 
distribution of different SSR categories across all analyzed species. Values show the relative abundance of each SSR type. C Stacked bar chart showing the 
distribution and abundance of SSR categories across different pasture and ecological Poaceae species
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Neutrality plot analysis
GC12 and GC3 analysis examined the effects of natural 
selection and mutation on codon usage bias (Fig. 6). The 
results indicated no significant correlation between GC12 
and GC3 in the chloroplast genomes of the 48 samples. 
Data points clustered predominantly in one group, with 
GC12 values ranging from 0.3 to 0.6 and GC3 values 
from 0.125 to 0.55. This distribution pattern indicates 

that CUB is primarily influenced by natural selection. 
The absolute regression coefficients for GC12 versus 
GC3 ranged from 0.0037 (P. pratensis) to 0.2227 (Arundo 
donax), suggesting mutational pressure contributed 
between 0.37%−22.27% to CUB formation. Species with 
regression coefficients exceeding 0.1 included  Rytido-
sperma semiannulare, L. arundinaceum, Himalayacala-
mus gyirongensis, Fargesia grossa, F. edulis, Megathyrsus 

Fig. 4  ENC-GC3s plot analysis of Poaceae chloroplast genomes. Each panel represents a different species with the ENC plotted against the GC content at 
GC3s. The red dashed curves represent the expected relationship between ENC and GC3s under mutational pressure alone. Data points above the curve 
indicate the influence of additional factors beyond mutation, particularly natural selection. Points are colored according to gene functional categories. 
Point size corresponds to Effective Number of Codons (ENC) values. Dashed blue lines indicate the neutral expectation (0.5) where equal frequencies of 
complementary bases would be expected under neutral evolution. Deviations from the center (0.5, 0.5) indicate the influence of natural selection and/or 
mutational pressure on codon usage bias in grass chloroplast genomes
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maximus, C. purpureus, and A. donax. The remaining 40 
species showed regression coefficients below 0.1, indicat-
ing that natural selection and other factors influenced 
their CUB by more than 90%. These findings emphasize 
the significant role of natural selection in shaping CUB.

Phylogenetic relationships and evolutionary patterns
To elucidate evolutionary relationships among 65 species 
(48 Poaceae ingroup taxa representing all 12 subfamilies 
and 17 outgroup taxa from Bromeliaceae and Typhaceae), 
we constructed a comprehensive phylogenetic tree based 

on 4,887 chloroplast protein-coding sequences. A phy-
logenetic tree was constructed using the approximately 
maximum-likelihood method with the WAG+G substitu-
tion model (Fig. 7). The phylogenetic analysis successfully 
resolved relationships across all major Poaceae sub-
families. The phylogeny resolved the outgroups into two 
major clades, with Bromeliaceae (12 species) and Typha-
ceae (5 species) forming distinct sister lineages to the 
Poaceae, consistent with their phylogenetic position as 
early-diverging lineages within Poales. Within Poaceae, 
the basal subfamilies Anomochlooideae (represented 

Fig. 5  PR2 plot analysis of codon usage patterns in 48 Poaceae chloroplast genomes. Points are colored according to gene functional categories. The 
plots display A3/(A3+T3) values on the y-axis against G3/(G3+C3) values on the x-axis, with data points representing individual genes. Blue dashed lines 
indicate the equilibrium positions (0.5) where no bias exists
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by Streptochaeta spicata), Pharoideae (Pharus latifolius, 
Leptaspis zeylanica), and Puelioideae (Puelia olyriformis) 
were recovered as successive sister lineages to the core 
grass clade (BOP + PACMAD), consistent with current 
grass phylogeny. All outgroup branches showed clear 
divergence from  Eragrostis, supporting its placement 
well within the Poaceae lineage. Within  Eragrostis, the 
analysis uncovered a strongly supported clade in which E. 
nigra and E. pilosa were most closely related. These two 
species further clustered with additional  Eragrostis  taxa 
to form a monophyletic group, which in turn was recov-
ered as sister to the genus  Rytidosperma, highlighting 

their close evolutionary affinity. The phylogenetic tree 
exhibited high overall support values, with the majority 
of internal nodes receiving aLRT support values exceed-
ing 0.75, indicating robust resolution of evolutionary 
relationships across the Poaceae family. The 12 subfami-
lies were clearly delineated in the tree topology, with 
Pooideae, Bambusoideae, Oryzoideae forming the BOP 
clade, and Panicoideae, Arundinoideae, Chloridoideae, 
Micrairoideae, Aristidoideae, and Danthonioideae form-
ing the PACMAD clade.

Fig. 6  Neutrality plot analysis of the chloroplast genomes of 48 Poaceae species. Point size corresponds to Effective Number of Codons (ENC) values. 
Dashed blue lines indicate the neutral expectation (0.5) where equal frequencies of complementary bases would be expected under neutral evolution. 
Deviations from the center (0.5, 0.5) indicate the influence of natural selection and/or mutational pressure on codon usage bias in grass chloroplast 
genomes
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Evolutionary selection pressure on protein-coding genes
Selective pressure analysis across the 48 Poaceae for-
age and ecological grass species revealed that chloro-
plast protein-coding genes are predominantly shaped 
by purifying selection consistent with the essential and 
conserved nature of organellar genes functions (Fig. 8). 
A total of 2,401 pairwise comparisons were successfully 
computed across 11 functional gene categories, repre-
senting comprehensive coverage of chloroplast protein-
coding sequence evolution. Ka/Ks ratios were heavily 
skewed toward values below 0.5, with a median of 0.12, 
indicating that deleterious mutations are efficiently 
removed and functional stability is maintained across 
evolutionary time.

A strong positive correlation was observed between 
Ka and Ks, with most genes positioned below the 
neutrality threshold (Ka = Ks) (Fig. 8A), reinforcing 
purifying selection as the dominant evolutionary con-
straint. Genes were colored by functional category, 
with photosystem genes (PSA, PSB) clustering in the 
lower-left region indicating strong purifying selection, 
while genes such as atpF and rps15 exhibited higher 
Ka/Ks ratios approaching or exceeding the neutrality 

line. Among the 20 major gene types analyzed, sig-
nificant variation in selection pressure was observed 
(Fig. 8B). Both large and small subunit ribosomal pro-
tein genes generally showed strong purifying selec-
tion, with median Ka/Ks ratios ranging from 0.0623 to 
0.6603, reflecting stringent conservation due to their 
critical involvement in chloroplast translation. Like-
wise, RNA polymerase genes, including rpoA, rpoB, 
rpoC1, and rpoC2, exhibited Ka/Ks ratios consistently 
below 0.5, indicating purifying selection pressure typi-
cal of essential transcriptional machinery. Distinct 
selection signatures were detected across additional 
gene groups (Fig. 8C). Photosystem I genes exhibited 
the lowest mean Ka/Ks ratio among all functional cate-
gories, followed by cytochrome b/f complex genes and 
ATP synthase genes. Photosystem II genes showed a 
mean Ka/Ks of 0.2108, with core genes psbA and psbD 
displaying the strongest purifying selection among all 
analyzed genes, reflecting their essential role in the 
photosynthetic reaction center. NADH dehydrogenase 
genes exhibited consistent purifying selection, with 
99.26% of comparisons showing Ka/Ks < 0.5. Analy-
sis of selection category distribution revealed that 
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Fig. 7  Phylogenetic analysis of Poaceae and related Poales species based on chloroplast protein sequences. Approximately maximum-likelihood phy-
logenetic tree of 65 species, including 48 Poaceae species representing all 12 subfamilies (Anomochlooideae, Pharoideae, Puelioideae, Bambusoideae, 
Oryzoideae, Pooideae, Aristidoideae, Panicoideae, Chloridoideae, Danthonioideae, Arundinoideae, and Micrairoideae) and 17 outgroup taxa from Brome-
liaceae and Typhaceae. The tree was constructed using FastTree v2.1.11 with the WAG+G substitution model based on 4,887 concatenated chloroplast 
protein-coding sequences. Approximate likelihood-ratio test (aLRT) support values with Shimodaira-Hasegawa-like interpretation are indicated by the 
color gradient shown in the legend (right, top), with values ranging from 0 to 1. Different genera (n = 46) are distinguished by colored dots according to 
the legend (right, bottom). Subfamily affiliations are indicated by colored strip labels adjacent to the tree. The scale bar at the bottom indicates the num-
ber of amino acid substitutions per site. Outgroup families (Bromeliaceae and Typhaceae) are shown at the top of the tree, representing early-diverging 
lineages within Poales
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2,272 comparisons (94.67%) exhibited strong purify-
ing selection (Ka/Ks < 0.5), 102 comparisons (4.25%) 
showed relaxed purifying selection (0.5 ≤ Ka/Ks < 1.0), 
and only 26 comparisons (1.08%) displayed evidence of 
positive selection (Ka/Ks > 1.0) (Fig. 8D).

Among individual genes, atpF showed the highest mean 
Ka/Ks ratio (0.6928) within the ATP synthase category, 
with one comparison exhibiting positive selection (Ka/
Ks = 1.2281). The ribosomal protein genes rps15 (mean 
= 0.6045, 15.56% positive selection) and rps12 (mean 
= 0.6603) displayed elevated Ka/Ks ratios, suggesting 
relaxed functional constraints. The photosystem II gene 
psbH exhibited the highest variance in selection pressure, 
with 19.57% of comparisons showing evidence of posi-
tive selection. The hypothetical reading frame gene ycf4 
showed consistent moderate purifying selection across 
all comparisons. RuBisCO large subunit (rbcL) exhibited 
uniform purifying selection, consistent with its essential 
role in carbon fixation.

Genome synteny and structural conservation
To further resolve evolutionary affinities, we per-
formed chloroplast genome synteny analysis across 
48 Poaceae forage and ecological grasses (Fig. 9). The 
results revealed a high degree of structural conserva-
tion, particularly among closely related taxa. Gene 
order remained extensively preserved across species, 
with core plastid components, including photosyn-
thetic system genes, ribosomal protein genes, tRNAs, 
and rRNAs, exhibiting stable and consistent genomic 
organization throughout the family. Quantitative 
assessment of the 47 pairwise genome comparisons 
revealed that syntenic conservation was strongly cor-
related with phylogenetic distance. Within-subfamily 
comparisons exhibited consistently high sequence 
identity, while cross-subfamily comparisons showed 
greater variability. The BOP clade (Bambusoideae, 
Oryzoideae, Pooideae) demonstrated remarkably 
conserved synteny, with all pairwise comparisons 

Fig. 8  Evolutionary selection analysis of chloroplast genes in Poaceae species. A Scatter plot illustrating the relationship between Ka and Ks substitution 
rates across chloroplast genes. Points are colored by gene family and sized according to Ka/Ks ratio. Key genes are labeled. B Density distribution of Ka/
Ks ratios across different gene families. C Violin plot showing the distribution of Ka/Ks ratios for the 20 most important chloroplast gene types, ordered 
by median Ka/Ks values. D Violin plot with density curve showing the overall distribution of Ka/Ks ratios, with background shading and text annotations 
indicating selection categories (strong purifying: Ka/Ks < 0.5; relaxed purifying: 0.5 ≤ Ka/Ks < 1; positive selection: Ka/Ks ≥ 1). Color gradient represents 
increasing Ka/Ks values
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Fig. 9 (See legend on next page.)
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exceeding 92% sequence identity in shared regions. In 
contrast, the PACMAD clade exhibited more variable 
syntenic patterns, particularly in the SSC region where 
IR boundary shifts were detected in Chloridoideae and 
Panicoideae lineages.

Despite this overarching structural stability, the synteny 
analysis also detected localized variations in gene com-
position and genome arrangement among different phy-
logenetic lineages. Specifically, lineage-specific variations 
were identified in three main categories: (i) IR boundary 
dynamics, where the rps19-rpl22 region showed vari-
able positioning at the LSC-IR junction across Pooideae 
species; (ii) gene content variations, with the presence/
absence polymorphism of ycf68 among Oryzoideae spe-
cies; and (iii) intergenic spacer length polymorphisms, 
particularly evident in the trnS-trnG and petN-psbM 
regions. These structural divergences were largely con-
gruent with major clade separations, suggesting that 
genome architecture evolution is closely associated with 
phylogenetic branching.

Analysis of functional gene categories revealed dif-
ferential conservation patterns across the chloroplast 
genome. Photosystem I and II genes (psa and psb clus-
ters) exhibited the highest syntenic conservation, consis-
tent with their essential role in photosynthetic electron 
transport. ATP synthase genes showed similarly high 
conservation, while NADH dehydrogenase genes dis-
played moderate variability, particularly in the ndhF 
region near the IR-SSC boundary. Ribosomal protein 
genes demonstrated subfamily-specific patterns, with 
rps genes showing greater positional variability than 
rpl genes. The ycf1 and ycf2 genes, despite their hypo-
thetical function annotation, exhibited strong positional 
conservation across all 48 genomes, supporting their 
functional significance in chloroplast maintenance. Fur-
thermore, patterns of structural variation corresponded 
with species’ biogeographic distribution, implying that 
chloroplast genome evolution within Poaceae has been 
shaped jointly by ancestral diversification and ecologi-
cal adaptation across varied environments. Notably, C4 
photosynthetic lineages (Chloridoideae, Panicoideae, 
and Aristidoideae) displayed distinct syntenic signa-
tures compared to C3 lineages, particularly in regions 
surrounding photosystem-related genes, suggesting 
potential co-evolutionary relationships between genome 
architecture and photosynthetic pathway diversification. 
Collectively, these findings indicate that while Poaceae 

chloroplast genomes retain a highly conserved core 
structure, lineage-specific syntenic modifications reflect 
evolutionary divergence and potential adaptations to dis-
tinct ecological niches.

Discussion
Chloroplast genome structural conservation and SSR 
distribution patterns
Our comparative analysis of 48 Poaceae chloroplast 
genomes reveals remarkable structural conservation 
closely linked to the central role of chloroplasts in essen-
tial plant functions. The complete chloroplast genome 
lengths range from 129,095 bp to 148,617 bp, which is 
highly consistent with the typical size range of angio-
sperm chloroplast genomes [2], indicating that Poaceae 
chloroplast genomes follow the universal structural pat-
tern of angiosperms. The newly sequenced E. nigra pos-
sesses the typical quadripartite structure configuration, 
including two inverted repeat regions (IRA and IRB), a 
small single-copy region (SSC), and a large single-copy 
region (LSC), and this structure remains highly consis-
tent across all 48 species [119–121]. The conserved gene 
content and arrangement further underscore the strong 
functional constraints on chloroplast genome evolu-
tion, particularly for genes encoding core photosynthetic 
components, which exhibit extremely high sequence and 
structural conservation [122, 123]. The evolutionary sig-
nificance of this conservation resides in the critical role 
of the chloroplast as the plant’s energy conversion center, 
where any structural variations affecting photosynthetic 
efficiency could compromise photosynthetic efficiency 
and reduce plant fitness [124, 125]. The presence and 
conservation of IR regions not only provide structural 
stability to the chloroplast genome but also enhance the 
expression of ribosomal RNA genes through gene dosage 
effects, which is crucial for chloroplast protein synthesis 
[126, 127].

SSRs are prone to segmental duplications, deletions, 
and rearrangements, which influence species evolution 
and intraspecific genetic diversity [128–130]. Due to their 
high polymorphism, SSR markers are frequently utilized 
in molecular breeding, germplasm resource evaluation, 
and evolutionary research [131–133]. These genetic ele-
ments are of great significance as molecular markers in 
chloroplast genome studies due to their applications in 
species identification, population genetics, and phylo-
genetic studies [134, 135]. SSRs in Poaceae chloroplast 

(See figure on previous page.)
Fig. 9  Synteny analysis and phylogenetic relationships among chloroplast genomes of 48 Poaceae species. The phylogenetic tree on the left illustrates 
evolutionary relationships, while the genome maps show gene arrangement and content across species. Each horizontal track represents a linearized 
chloroplast genome, with genes depicted as directional arrows indicating transcriptional orientation. Colored blocks represent different functional gene 
categories as indicated in the legend. Gray connecting lines between genomes highlight conserved syntenic regions, with line intensity corresponding 
to sequence identity levels (darker shading indicates higher conservation). The 47 pairwise comparisons reveal high structural conservation within sub-
families and lineage-specific variations at IR boundaries and intergenic regions
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genomes exhibit a clear non-random distribution pat-
tern: intergenic regions > introns > coding sequence, 
aligning with observations in species of Asteraceae [136], 
Primula vulgaris [137], and Poa annua [138]. One pos-
sible explanation for SSRs presenting highest density in 
intergenic regions is that these regions experience rela-
tively less selective pressure, allowing accumulation and 
expansion of repetitive sequences [129]. Additionally, 
these SSRs might also serve as regulators of gene expres-
sion, such as through formation of transcription factor 
binding sites or organization of transcriptional regulatory 
elements [139]. From an evolutionary biology perspec-
tive, the distribution pattern of SSRs provides important 
clues for understanding the evolutionary dynamics of 
chloroplast genomes.

Due to SSR marker ability to show genetic differences 
and identify background variations, they are invaluable 
in molecular marker development [140, 141]. The high 
density distribution of SSRs in intergenic regions reflects 
their key functions in plant genomes [142]. With further 
in-depth study of SSR functions and distribution mecha-
nisms, SSRs will play an increasingly important role in 
the research and breeding of forage grasses, ecological 
grasses and other plant species. In this study, compara-
tive analysis of chloroplast genomes from 48 Poaceae 
species revealed significant interspecific variations in the 
quantity and composition of repetitive sequences. These 
variations align with previous findings that link repeti-
tive sequence abundance to chloroplast genome stabil-
ity, suggesting their potential role in genomic structural 
maintenance or adaptive evolution. For example, inverted 
repeats can enhance stability by suppressing rearrange-
ments, with instability increasing when they are absent 
[143], and repetitive sequence expansion or contraction 
in Jasminum may respond to evolutionary pressures to 
optimize genomic function [144]. The differences in the 
number, type, and length of repetitive sequences between 
species provide a potential basis for the development of 
new molecular genetic markers.

Evolutionary forces shaping codon usage bias in Poaceae 
chloroplasts
The marked preference for A/U-ending codons is consis-
tent with the observed low GC content, which on aver-
age is 38.55%. This indicates that the Poaceae chloroplast 
genomes have been under directional evolutionary pres-
sure toward A and T enrichment, which supports the 
“A/T bias in higher plant codons” hypothesis [145]. The 
GC content at the third codon position is significantly 
lower than that at the first and second positions. This 
gradient reflects weaker functional constraints on synon-
ymous sites, thereby allowing greater evolutionary flexi-
bility. CUB affects gene expression efficiency and can also 
be associated with species’ environmental adaptations, 

genetic stability, and genome evolution [146, 147]. From 
a functional perspective, CUB directly influences trans-
lation efficiency and protein expression levels, which has 
important implications for plant adaptation to different 
environmental conditions [148, 149].

The favored use of A/U-ending codons may reflect the 
compositional characteristics of the chloroplast tRNA 
pool, optimizing the efficiency of codon-anticodon pair-
ing during translation [150, 151]. This optimization is 
especially important for rapid synthesis of photosyn-
thetic proteins, as photosynthesis requires large quanti-
ties of protein complexes to sustain efficient light energy 
conversion [152, 153]. ENC value analysis showed that 
most species had an effective number of codons exceed-
ing 35, indicating moderate CUB intensity. This “mod-
erate bias” represents an evolutionary balance between 
optimizing translation efficiency and maintaining 
genetic code flexibility. The interspecies consistency of 
codon usage patterns suggests that Poaceae plants have 
adopted similar evolutionary strategies for chloroplast 
protein synthesis, potentially explaining the successful 
global adaptation of the family [120]. The observed CUB 
may result from multiple concurrent selective pressures, 
including translational selection for efficient protein syn-
thesis, mRNA structural stability, and optimal protein 
folding kinetics [57]. This multi-level selection has fine-
tuned codon usage patterns across Poaceae, representing 
a sophisticated evolutionary solution to maintaining high 
photosynthetic efficiency under diverse environmental 
challenges.

CUB in Poaceae chloroplast genomes is influenced by 
multiple biological factors including gene expression, 
gene length [154, 155], mutation pressure [156], GC con-
tent [157], and natural selection [158], with the latter 
two being considered the primary evolutionary forces. 
In the chloroplast genomes of 48 grasses, we observed 
significant CUB, which may be closely associated with 
the efficiency and stability of gene expression. Notably, 
the observed codon usage pattern suggests that natural 
selection and mutation pressure play significant roles in 
shaping CUB in Poaceae forage and ecological grasses. 
ENC-GC3s plot analysis shows that most data points are 
distributed above or deviate from the expected curve, 
and this deviation pattern strongly suggests that selec-
tive forces rather than pure mutational pressure influence 
codon choice [159]. PR2 plot analysis further confirms 
this conclusion, with the concentrated distribution of 
data points in the fourth quadrant indicating selective 
preference for G and T at the third codon position. This 
non-random distribution pattern cannot be explained 
solely by mutational pressure [160]. Neutrality plot analy-
sis then provides the most direct quantitative evidence, 
with extremely weak correlation between GC12 and GC3 
showing regression coefficients ranging from 0.0037 to 
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0.1531, suggesting that mutational pressure contributes 
ranging from 0.37% to 15.31% to codon bias, while nat-
ural selection and other evolutionary forces contribute 
from 84.69% to 99.96%. This selection-dominated evo-
lutionary pattern has profound biological significance, 
indicating that codon usage in chloroplast genomes is not 
a random process but rather a product of precise regula-
tory optimization for gene expression efficiency [161].

Natural selection can influence different aspects of 
the genome: first, translational selection, which favors 
codons that match the most abundant tRNAs, and thus 
speeds up and makes more accurate translation [162]; 
second, mRNA structural selection, where the use of spe-
cific codons may stabilize secondary structures of mRNA 
[163]; and third, protein folding selection where specific 
codon usage may optimize protein co-translational fold-
ing processes by influencing translation speed [164]. The 
RSCU analysis also validates that ecological factors exert 
a notable influence on the chloroplast codon usage pat-
terns of Poaceae species. The Pooideae subfamily, with 
greater ecological diversity spanning arctic to temperate 
zones, exhibits higher variability in codon bias. However, 
the Chloridoideae subfamily, adapted to arid and semi-
arid environments with relatively constrained ecological 
niches, shows more uniform codon bias. This variation 
in codon usage patterns, combined with the widespread 
presence of highly preferred codons across Poaceae, 
further confirms the strong role of natural selection. 
By optimizing translational efficiency and tRNA abun-
dance, natural selection drives the evolution of chloro-
plast codons to meet the adaptive demands of different 
ecological niches, providing key insights into C3/C4 pho-
tosynthetic differences and habitat-specific functional 
adaptations. This optimization underscores the impor-
tance of efficient gene expression in chloroplasts, where 
rapid and accurate protein synthesis is crucial for main-
taining photosynthetic competence under varying envi-
ronmental conditions [165].

Ka/Ks ratio analysis revealed significant heteroge-
neity in selection pressure within Poaceae chloroplast 
genomes, reflecting differences in functional importance 
of different genes in plant essential metabolic processes. 
94.67% of genes experience strong purifying selec-
tion (Ka/Ks < 0.5), and this proportion is much higher 
than most nuclear genomes, indicating that chloroplast 
genomes are subject to extremely strong functional con-
straints. This study and profound previous studies on the 
chloroplast genomes of Poaceae plants have all shown 
that core photosynthetic genes such as psbA, rbcL, and 
atpB exhibited the lowest Ka/Ks ratios [166], as these 
genes encode proteins directly involved in key processes 
such as light energy capture, electron transport, and 
ATP synthesis, where any amino acid changes could sig-
nificantly impact photosynthetic efficiency. In contrast, 

some genes such as rpl12, ndhI, and matK show relatively 
higher Ka/Ks ratios [167], suggesting that these genes 
may either be subject to weaker selective constraints or 
experience some form of adaptive evolution. This varia-
tion in the pattern of selection pressure has important 
evolutionary biological significance.

Phylogenomic relationships and genome evolution 
patterns
Phylogenetic trees based on chloroplast genomes pro-
vide detailed records of the evolution of Poaceae and 
serve as a primary reference for linking genomic struc-
tural variation to phylogenetic differentiation [168]. The 
selection of Bromeliaceae and Typhaceae as outgroups 
is well-supported by recent phylogenomic studies dem-
onstrating their position as early-diverging lineages 
within Poales. This outgroup selection ensures appropri-
ate rooting of the Poaceae phylogeny while maintaining 
sufficient phylogenetic distance to avoid long-branch 
attraction artifacts. Our comprehensive sampling of 
17 outgroup species from these two families provides 
robust resolution of the Poaceae root. Eragrostis forms 
a monophyletic group in the tree, supporting its taxo-
nomic monophyly. The close relationship between  E. 
nigra  and  E. pilosa  aligns with morphological classifi-
cation, validating the use of chloroplast genomes for 
species identification and phylogenetic inference. The 
relatively close relationship between Eragrostis and Ryti-
dosperma  may reflect shared ancestry or convergent 
ecological adaptation strategies. The approximately max-
imum-likelihood approach implemented in FastTree with 
the WAG+G model provides a computationally efficient 
method for constructing large-scale phylogenies from 
protein sequences while maintaining accuracy compa-
rable to traditional maximum-likelihood methods. The 
WAG model is particularly appropriate for chloroplast 
protein evolution, as it was derived from a large database 
of globular proteins and performs well for diverse protein 
families. The aLRT support values provide a rapid assess-
ment of branch reliability, with values exceeding 0.90 
generally indicating well-supported clades.

The clear resolution of all 12 Poaceae subfamilies in 
our phylogenetic analysis demonstrates the utility of 
chloroplast protein sequences for resolving grass evo-
lutionary relationships. The topology recovered in this 
study is largely consistent with the most recent Poaceae 
classification, with the BOP clade (Bambusoideae, Ory-
zoideae, Pooideae) and PACMAD clade (Panicoideae, 
Arundinoideae, Chloridoideae, Micrairoideae, Aristidoi-
deae, Danthonioideae) forming the two major lineages 
of core grasses. The basal position of Anomochlooideae, 
Pharoideae, and Puelioideae further supports the deep 
divergence of these early-diverging grass lineages. Phy-
logenetic trees clarify evolutionary branching within 
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Poaceae, providing a framework to study the relatedness 
of species and track evolutionary trajectories, with impli-
cations for plant taxonomy, evolutionary ecology, and 
population genetics [169].

Synteny analysis confirms a strong correlation between 
genomic structure and phylogenetic relationships. 
Closely related species exhibit high similarity in gene 
arrangement and genome structure, while distantly 
related species show greater genomic differences. This 
supports the hypothesis of chloroplast genome conser-
vation, consistent with studies in other plant lineages [4, 
170, 171]. The quantitative framework employed in our 
synteny analysis, utilizing 47 pairwise comparisons with 
graduated sequence identity thresholds, provides robust 
statistical support for these observations. The observed 
genomic stability across species reflects the essential role 
of chloroplasts in photosynthesis and energy produc-
tion, which requires genome integrity to maintain vital 
functions. Despite interspecific variations in morphol-
ogy and ecology, the core chloroplast genome structure 
remains conserved, highlighting shared evolutionary 
requirements for basic biological processes [146]. The 
conservation of synteny in Poaceae chloroplast genomes 
also has practical implications for molecular marker 
development. The highly conserved regions identified in 
our analysis, particularly the psaA-psaB-rps14 and atpB-
rbcL gene clusters, provide excellent targets for universal 
primers in phylogenetic studies spanning deep evolu-
tionary timescales. Conversely, the variable regions at IR 
boundaries and in specific intergenic spacers offer poten-
tial for population-level genetic markers and cultivar 
identification in agronomically important species.

Conclusions
We present a comprehensive comparative analysis of 
chloroplast genomes from 48 Poaceae forage and eco-
logical grass species, revealing key patterns in genome 
structure, codon usage, SSR distribution, and selection 
pressure. Our findings indicate: (i) Genome composi-
tion: Low GC content (38.16%−39.04%, mean 38.55%) 
with a clear A/U bias at the third codon position; cool-
season grasses exhibit stronger codon bias than warm-
season species. (ii) Codon usage: Weak to moderate 
codon bias driven primarily by natural selection, with 
mutational pressure contributing only 0.37%−22.27% 
to overall bias; selection accounts for >90% of codon 
preference in most species. (iii) SSR distribution: Non-
random, with the highest abundance in intergenic 
regions (52.56%), followed by introns (28.23%) and 
CDS (19.21%). Mononucleotide and octanucleotide 
repeats dominate, and 11 SSR types are nearly universal 
across species, underscoring their potential as phylo-
genetic markers. (iv) Selection pressure: Nearly 95% of 
chloroplast genes are under strong purifying selection, 

especially photosystem and ribosomal protein genes, 
reflecting functional constraints; genes like ndhF and 
rpl22 exhibit adaptive variations. (v) Phylogenomics: 
Structural conservation correlates strongly with phylo-
genetic relationships;  Eragrostis  forms a monophyletic 
clade closely related to  Rytidosperma, confirming chlo-
roplast genomes’ utility for taxonomic and evolutionary 
studies. We believe that these insights clarify the adaptive 
evolution of Poaceae chloroplasts, providing a molecu-
lar framework for understanding functional constraints 
and ecological adaptation. They also generate valuable 
resources for future evolutionary, ecological, and breed-
ing research, particularly for forage and C4 grasses under 
changing environmental conditions.
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