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Abstract 

Amaranthus is a genus characterized 
by taxonomic complexity and ecological 
diversity, gaining importance in agriculture 
and genomics. We report in-depth codon 
usage bias (CUB) analysis of 18 Amaranthus 
species chloroplast genomes to make inroads 
into the evolutionary forces responsible for 
their genomic structure. We analyzed various 
codon usage parameters, including relative 
synonymous codon usage (RSCU), effective 
number of codons (ENC), GC Content, 
nucleotide composition, and positional bias. 
Our results indicated a strong inclination 
towards A/T-ending codons and a generally 
AT-rich nucleotide composition, especially at 
the third codon position, across all species. 
The ENC values varied from 34.05 to 58.87, 
reflecting a moderate codon usage bias. 
Neutrality plot analysis revealed weak 
correlations between GC3 and GC12 (slope 
0.095–0.141), implying that natural selection, 
rather than mutation pressure, predominantly 
influences codon preferences. ENC-GC3s 
plots corroborated this, with most genes 
positioned below the expected curve, and 
PR2-bias plots demonstrated an imbalance 
favoring T and G over A and C at the third 
codon position. Correspondence analysis 
(COA) further confirmed that both mutational 
and selective forces affect codon usage 
variation. We identified 31 high-frequency 
codons and 12 optimal codons, with species-
specific codon preferences, indicating subtle 
evolutionary adaptations. This study offers 
new insights into the molecular evolution and 
codon optimization of Amaranthus, providing 

valuable information for phylogenetics, 
functional genomics, and biotechnological 
applications within the genus. 
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Introduction 

Amaranthus L. (Amaranthaceae Juss.) 
is a taxonomically complex and globally 
distributed genus comprising approximately 92 
accepted species, approximately half of which 
are native to the Americas. It was first described 
in Linnaeus’s Species Plantarum (1753) 
(http://www.plantsoftheworldonline.org), and the 
genus is now accepted as cosmopolitan in 
distribution, with species naturalized or 
introduced across all continents [1]. Members of 
this genus are ecologically diverse and 
economically significant, and are used as leafy 
vegetables, pseudocereal grains, ornamentals, 
and medicinal plants [1].  From a taxonomic 
perspective, Amaranthus is particularly 
challenging because of extensive phenotypic 
plasticity, high levels of interspecific 
hybridization, and inconsistent morphological 
traits. This has led to nomenclature 
inconsistencies and difficulties in classification. 
Traditional groupings into subgenera (Acnida, 
Albersia, and Amaranthus) have been 
questioned by recent molecular phylogenetic 
studies, highlighting the need for genomic 
approaches to better resolve evolutionary 
relationships within the genus [2].  

Chloroplast genomes, recognized for 
their generally conserved structure and 
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function, offer significant insights into 
evolutionary connections and gene 
expression dynamics within this genus[3]. 
Extensive research on chloroplast genomes 
across diverse plant species has highlighted 
the distinct features of these genomes, 
including their quadripartite structure, 
conserved gene arrangement, and codon 
usage bias (CUB) patterns, which are  
crucial for phylogenetic studies and  
for understanding evolutionary processes[4, 
5]. Chloroplasts, which are essential 
organelles of green plants, are characterized 
by their unique genomic structure and play  
a fundamental role in the process  
of photosynthesis, yielding energy for  
various physiological activities in plants.  
The chloroplast gene consists of four  
parts: large single-copy (LSC) region, small 
single-copy (SSC) region, and two inverted 
repeat (IR) sets [6]. Despite the general 
conservation of chloroplast genomes, 
structural changes have occurred within and 
between species over the course of evolution, 
such as expansion and contraction of IR 
regions[7].  

Codons are responsible for the 
internal transfer of genetic information from 
mRNA to proteins in an organism. While 
synthesizing proteins, 61 codons specify 20 
amino acids through a phenomenon of codon 
degeneracy[8]. All amino acids except 
tryptophan and methionine are coded by 
more than one codon called synonymous 
codons. But non-uniform usage of these 
synonymous codons results in codon usage 
bias [9]. Both prokaryotic and eukaryotic 
organisms exhibit non-random usage of 
codons. Highly expressed genes preferably 
use certain synonymous codons, and these 
usually preferred or 'optimal codons' are 
abundantly present in such genes. In the  
vast majority of organisms, usage of  
certain synonymous codons is largely 
determined by natural selection [10, 9].  
Analytical studies of codon usage tendencies 
of the codon genomes of Amaranthus  
can reveal the effects of mutation pressure 
and natural selection. Previous research  
has demonstrated that environmental 

adaptability and functional constraints play 
roles in codon usage bias (CUB). For 
example, the tendency toward AT-rich codons 
in chloroplast genomes is a common 
occurrence among plant species and is driven 
by selective pressures that enhance 
translational efficiency [11-13]. Analyzing 
codon biases in Amaranthus not only aids in 
understanding evolutionary trends, but also 
helps reveal the molecular mechanisms 
through which different species have  
adapted to their unique environments and 
lifestyles [14, 15]. Moreover, the use of 
complete chloroplast genome sequences is 
instrumental in deciphering the intricate 
balance between genomic stability and 
variability that drives the evolutionary 
dynamics of this genus. Chloroplast genomic 
data are essential for taxonomic 
classification, as evidenced by recent studies 
that combined genomic and phenotypic 
information to clarify taxonomic uncertainties 
[4, 16]. These studies also illuminate the 
complex interactions between chloroplast 
genomes and other genomic compartments, 
specifically the nuclear and mitochondrial 
genomes. Such comparative genomic 
methods offer vital insights into the evolution 
of significant traits, such as photosynthesis, 
growth efficiency, and environmental 
resilience, which are particularly pertinent  
to the Amaranthus genus because of their 
wide ecological adaptability and varied 
industrial uses.  

Additionally, research has 
demonstrated that the distinct evolutionary 
rates of conserved structural components in 
chloroplast genomes offer valuable insights 
into species divergence within phylogenetic 
frameworks. These components also serve 
as excellent molecular markers for examining 
plant evolution [17, 18]. The chloroplast 
genomes of various Amaranthus species 
have revealed patterns of length variation, 
insertion – deletion events, and gene loss, all 
of which have significant ecological and 
evolutionary implications. This finding 
emphasizes the vital role of chloroplast 
genomics in both fundamental and applied 
biological research. 
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Materials and Methods 

Genomes and coding sequences 
The chloroplast genomes(Cp 

genomes) of eighteen Amaranthus species, 
including Amaranthus blitoides, Amaranthus 
blitum, Amaranthus capensis, Amaranthus 
crispus, Amaranthus cruentus, Amaranthus 
deflexus, Amaranthus hybridus, Amaranthus 
hypochondriacus, Amaranthus powellii, 
Amaranthus retroflexus, Amaranthus 
roxburghianus, Amaranthus spinosus, 
Amaranthus caudatus, Amaranthus albus, 
Amaranthus standleyanus, Amaranthus 
tuberculatus, and Amaranthus viridus, were 
retrieved from the National Center for 
Biotechnology Information (NCBI). Table 1 
lists the accession numbers of the 18 
Amaranthus species. The selection of protein-
coding sequences (CDS) from all chloroplast 
genomes was based on the following criteria 

[19, 20]: (1) Each CDS must begin with the 
initiation codon (ATG) and end with one of the 
termination codons (TAA, TAG, or TGA ); (2) 
the sequence must contain more than three 
bases; (3) the length of the sequences should 
exceed 300; and (4) sequences containing an 
internal stop codon were excluded.  
 

Indices of codon usage  
Codon usage can be investigated from 

several valuable metrics: (1) Relative 
Synonymous Codon Usage (RSCU); (2) the 
Effective Number of Codons (ENC); (3) the GC 
composition, comprising total GC percentage 
and the GC third-position content at each codon 
position (initial, second, third codon positions) 
with particular reference to the third codon-
position of the synonymous codons (GC3s); (4) 
the nucleotide composition (A, T, G, C) at the 
third codon-position specifically (A3, T3, G3, 
C3); and (5) the total amino acid count.  

Table 1: Species of Amaranthus genus and their GenBank accession ID from NCBI 

S. No. Common Name Scientific Name CP genome Acession ID 

1 
Tumbleweed 
Amaranth Amaranthus albus 150,757 bp MT526785.1 

2 Mat Amaranth Amaranthus blitoides 150,668 bp MT526786.1 

3 Livid Amaranth Amaranthus blitum 150,775 bp MW255966.1 

4 Cape Amaranth Amaranthus capensis 150,708 bp MT526779.1 

5 Pendant Amaranth Amaranthus caudatus 150,523 bp MG836508.1 

6 Crispleaf Amaranth Amaranthus crispus 150,539 bp MT526778.1 

7 Red amaranth Amaranthus cruentus 150,757 bp MG836507.1 

8 Argentina Amaranth Amaranthus deflexus 150,257 bp MT526776.1 

9 Smooth Amaranth Amaranthus hybridus 150,759 bp MT993471.1 

10 Grain Amaranth Amaranthus hypochondriacus 150,523 bp MG836505.1 

11 Powell's Amaranth Amaranthus powellii 150,775 bp PQ385849.1 

12 Redroot Amaranth Amaranthus retroflexus 150,710 bp MW646089.1 

13 Slender Amaranth Amaranthus roxburghianus 149,969 bp OQ354384.1 

14 Spiny Amaranth Amaranthus spinosus 150,523 bp OP718299.1 

15 Standley's Amaranth Amaranthus standleyanus 150,582 bp MT526780.1 

16 Chinese amaranth Amaranthus tricolor 150,718 bp OM419215.1 

17 Roughfruit Amaranth Amaranthus tuberculatus 150,680 bp MT559304.1 

18 Verte Amaranth Amaranthus viridus 150,452 bp MW679034.1 
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High frequency and optimal codons

Relative Synonymous Codon
(RSCU) is calculated by the ratio of observed 
codon frequency to expected frequency 
assuming all synonymous codons to be 
utilized uniformly, thus indicating codon 
usage bias [21]. If RSCU value is above 1, it 
indicates prominent positive bias in cod
usage [22]. Those codons showing RSCU 
values above 1 are considered to be of the 
high-frequency codon type [23]. To examine 
codon usage tendencies, chloroplast genes 
were sorted by their Effective Number of 
Codons (ENC) values, and the top 10% of 
genes that possess the topmost and lowest 
ENC values were chosen to represent the 
dataset for high-expression genes and that 
for low-expression genes to generate, 
respectively. RSCU values of codons in these 
resulting datasets were computed and 
examined by ΔRSCU. Those codons were 
considered to be optimal that meet the 
conditions of showing ΔRSCU of at least 0.08 
with that of RSCU value higher than 1 [23].
 
Neutrality plot analysis 

To investigate neutrality, a scatter 
plot was created that plotted GC12 (the 
average of the first and second codon 
position's GC content) against GC3 and 
investigated how nucleotide composition 
varied at different codon positions. This 
approach allows for the consideration of how 
much mutation pressure and natural selection 
contribute to codon usage patterns [24]. An 
accurate correlation of GC12 to GC3, 
signified by a regression coefficient that is 
close to one, points towards mutation 
pressure as the driving force for codon usage. 
An unsound correlation that is described by a 
regression coefficient that is close to zero, on 
the other hand, suggests that natural 
selection has a stronger influence on codon 
preference [24, 25]. 
 
ENC-plot analysis 

Effective Number of Codons (ENC) is 
another widely used measure for analyzing 
codon usage bias against random 
expectation. ENC ranges from 20 (high codon 
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non-uniform synonymous codon usage [26]. 
Higher ENC values suggest a lower bias in 
codon usage, whereas lower values indicate 
a stronger preference for certain codons [27]. 
An ENC threshold of 35 is frequently 
employed as a reference point for 
distinguishing strong codon preference from 
weaker or more balanced codon usage
26]. For ENC-plot purposes, ENC values 
were plotted against GC3s, which are the 
proportion of guanine and cytosine 
nucleotides at the third position of 
synonymous codons. As tryptophan (Trp) and 
methionine (Met) do not have synonymous 
codons, we calculated GC3 excluding these 
residues. ENC-plot is utilized to evaluate the 
effect of base composition on codon usage 
and to detect other factors that affect codon 
bias. Theoretical ENC values were estimated 
on the basis of the standard equation 
proposed by Wright [26]: 

 

 
If observed ENC values follow the 

expected curve closely, mutation pressure is 
assumed to be the dominant force shaping 
codon usage. Conversely, large deviations 
indicate the effect of natural selection or other 
pressures of evolution.  

 

 
The ENC ratio, defined as the relative 

difference between observed and expected 
ENC values, provides an additional metric for 
evaluating codon usage bias [29, 30].
 
Parity rule 2 plot analysis 

Nucleotide composition at the 3rd 
position of a codon is essential to define 
codon usage patterns [31]. PR2 plot analysis 
involves plotting the value of A3/(A3 + T3) on 
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the y-axis against G3/(G3 + C3) on the x
The technique is used to reveal underlying 
patterns of codon organization [32]. In theory, 
when mutation pressure is the predominant 
influence on chloroplast gene sequences, the 
proportions of adenine to thymine and 
guanine to cytosine at the third codon position 
will tend to reach equilibrium, resulting in both 
axes centered around the value 0.5 (when A 
equals T and G equals C). Deviation from 
these fundamental values suggests that other 
evolutionary forces, such as natural selection, 
may be driving codon usage patterns [33].
 

Correspondence analysis (COA)
Correspondence Analysis (COA) is 

an advanced statistical technique routinely 
applied to study variation in codon usage 
among genes [34, 35]. The method employed 
in this work used Relative Synonymous 
Codon Usage (RSCU) values for all codons 
except termination signals, tryptophan, and 
methionine. The coding regions were mapped 
onto a 59-dimensional space in which 
each coordinate was a distinct synonymous 
codon. Notably, the first principal axis 
identified in this analysis explained the largest
portion of codon usage variability, while 
succeeding axes represented progressively 
less variance [36]. 

Fig. 1: GC content distribution across 
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Results: 

Codon Usage Patterns (CUP) 

Analysis of Codon Composition 
To examine codon preferences 

among the 18 Amaranthus species, various 
codon usage metrics were assessed. For 
Amaranthus chloroplast genes, the GC 
content was observed to be below 50% 
across all studied species (Fig. 1). When 
comparing codon positions, the first position 
displayed a higher GC proportion than the 
second and third, with the third position 
having the lowest GC values among all codon 
sites. Sequence analysis identified an 
unequal representation of the four 
nucleotides, with thymine emerging as the 
most abundant, followed by adenine, 
guanine, and cytosine across the 18 
analyzed (Fig. 2). This uneven distribution, 
particularly the notably greater occurrence of 
AT bases at the third position, contributes to 
distinct codon usage trends in these species.
 
Relative Synonymous Codon Usage 
(RSCU) Analysis 

To evaluate the preference for 
synonymous codons, the RSCU values were 
determined (Supplementary Table S1). The 
codon usage patterns were largely consistent 

 

: GC content distribution across Amaranthus species 
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across all 18 Amaranthus species. A total of 
29 codons were found to have RSCU values 
greater than 1, indicating that they were 
frequently used. Notably, 27 of these codons 
ended with either A or T, making up 
approximately 93.1%, which suggests a 
strong inclination towards A/T-ending codons. 
In contrast, 31 codons had RSCU values less 
than 1, with 28 ending in G or C, representing 
90.3%, indicating a negative bias against 
G/C-ending codons. Codons such as GCT, 
TCT, TTA, ATT, AGA, GGA, and TAT were 
frequently used across multiple species, 
emphasizing the conserved nature of A/T
ending codon preference. 
 
ENC Values and Codon Bias Strength

The ENC values for chloroplast 
genes in Amaranthus ranged from 34.05 to 
58.87, with an average of 47.11, indicating a 
generally weak bias in codon usage (ENC >
35). This suggests that mutation pressure 
significantly influences codon usage patterns 
in Amaranthus, which is consistent with 
trends seen in other dicot species.
 
Optimal Codon Identification 

Using ΔRSCU values comparing 
highly and lowly expressed genes

Fig. 2: Distribution of nucleotide composition in 
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35). This suggests that mutation pressure 
significantly influences codon usage patterns 

, which is consistent with 
trends seen in other dicot species. 

Using ΔRSCU values comparing 
highly and lowly expressed genes, 12 optimal 

codons were identified (Supplementary Table 
S2), of which 11 ended in A or T. These 
included TCA, ACT, TAT, CAT, AAT, GAT, 
AGA, GGA, TGT, ATT, ACA, and CCT
codons commonly found across most species 
(Supplementary Table S3). This strong bias 
towards A/T-ending optimal codons is 
consistent with the overall genomic AT 
richness and mutational pressure. While most 
optimal codons were shared, certain species 
exhibited unique preferences. For instance, 
TTG was uniquely optimal in 
suggesting lineage-specific adaptation.
 
Neutrality Plot Analysis 

Neutrality plots were developed for 
chloroplast genes of all 18 
species to analyze the correlation between 
GC content at codon positions one and two 
(GC12) and the third position (GC3). T
analysis aimed to distinguish the respective 
contributions of mutational pressure and 
natural selection in shaping codon usage 
patterns (Fig. 3). Correlation coefficients (r) 
for GC12 and GC3 were generally low across 
species, from 0.0632 in A. caudatu
in A. blitoides, indicating a poor linear 
relationship. Slopes of regression lines 
varied from 0.0951 to 0.1415, which indicate a
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Fig. 4: Distribution of ENC ratio frequency across chloroplast genes in 18 
 
contribution of mutation pressure by 9.51% 
and 14.15%. Highest mutation pressure was 
observed in A. capensis (14.15%), followed 
by A. blitum (13.96%) and A. blitoides
(13.91%), while the lowest was observed in 
A. caudatus (9.51%). These findings imply 
that mutation pressure makes only a modest 
contribution to codon usage patterns and that 
natural selection and other mechanisms of 
evolution are probably the major driving 
forces behind codon usage bias in 
Amaranthus chloroplast genes. 
 
ENC-Plot Analysis 

For examining the correlation 
between codon usage bias and GC content at 
the third codon position (GC3s) in the 
chloroplast genes among 18 
species, ENC-plot analysis was used. All 
plots displayed a reference curve of the 
expected ENC value under neutrality as the 
baseline (Fig. 4). In general, data points for 
most species were positioned below this 
expected ENC curve, suggesting that factors 
beyond just GC3s content influence codon 
usage bias. This means that other 
evolutionary forces such as natural selection, 
translational selection, and gene expression 
levels also play a part in selecting codons in 
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evolutionary forces such as natural selection, 
translational selection, and gene expression 

selecting codons in 

Amaranthus. On average, 60–64% of genes 
in all Amaranthus species had ENC ratio 
deviations between –0.05 and +0.05 (Fig. 5), 
with the highest being in A. powellii
65.52%, followed by A. crispus
standleyanus at 64.41%. This sug
moderate level of codon usage bias and that 
GC3 content alone cannot account for the 
patterns of codon usage in 
chloroplast genomes. Overall, these results 
indicate that selectional pressures exert 
highly significant effects on codon usa
in Amaranthus chloroplast genes compared 
to mutational pressures. 
 
PR2-Plot Analysis 

PR2-bias plots were used to 
determine the effect of mutation and selection 
on nucleotide use at the third codon position 
of the 18 Amaranthus chloroplast genes 
(Fig. 6). Each plot was produced by graphing 
A3 / (A3 + T3) on the Y-axis and G3 / (G3 + 
C3) on the x-axis. In all organisms, the genes 
were disproportionately scattered over the 
PR2-plane, with most of the data points 
concentrated in the bottom-right quadra
This pattern indicated a high degree of 
skewness in base usage, tending to favor 
T over A and G over C at the third position of 

             345 

 

Amaranthus species 

64% of genes 
species had ENC ratio 
0.05 and +0.05 (Fig. 5), 

A. powellii at 
A. crispus and A. 

at 64.41%. This suggests a 
moderate level of codon usage bias and that 
GC3 content alone cannot account for the 
patterns of codon usage in Amaranthus 
chloroplast genomes. Overall, these results 
indicate that selectional pressures exert 
highly significant effects on codon usage bias 

chloroplast genes compared 

bias plots were used to 
determine the effect of mutation and selection 
on nucleotide use at the third codon position 
of the 18 Amaranthus chloroplast genes  

ig. 6). Each plot was produced by graphing 
axis and G3 / (G3 + 

axis. In all organisms, the genes 
were disproportionately scattered over the 

plane, with most of the data points 
right quadrant. 

This pattern indicated a high degree of 
skewness in base usage, tending to favor  
T over A and G over C at the third position of  



Nishanth et al. 

Current Trends in Biotechnology and Pharmacy                  346 
Vol. 20 (Supplementry Issue 1A), March 2026, ISSN 0973-8916 (Print)., 2230-7303 (Online)  
10.5530/ctbp.2026.1s.27 
 

 

 

 
 

Fig. 5: ENC-GC3s plot analysis of chloroplast genes in 18 Amaranthus species 
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Fig. 6: Parity Rule 2 (PR2) bias plots of chloroplast genes in 18 Amaranthus species 
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Fig. 7: Correspondence analysis (COA) plots based on relative synonymous codon usage 
(RSCU) of chloroplast genes in 18 
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the codon. The mean AT-bias values 
throughout species varied from 0.465  
to 0.468, while GC-bias values ranged 
between 0.536 and 0.538, suggesting  
a uniform T and G base preference at  
the third codon position in the genus.  
For instance, A. albus had a mean AT bias  
of 0.468 and a GC bias of 0.537, showing a 
bias in the order T > A and G > C. The 
observed imbalances highlighted the 
influence of mutation pressure, natural 
selection, and other evolutionary forces on 
codon usage. The significant departure from 
the midpoint of 0.5 on both axes indicates 
that non-neutral processes influence codon 
usage in the chloroplast genes of 
Amaranthus. 
 
Correspondence Analysis (COA)  

The RSCU values of coding 
sequences were compared among 18 
Amaranthus species in this study to examine 
the differences in codon usage (Fig. 7). The 
first axis (Axis 1) explained the largest 
proportion of the total variation for all the 
species, i.e., 59.0% to 60.7%, while the 
second axis (Axis 2) explained 12.9% to 
20.7% of the variation. Gene plots were 
characterized by a dispersed pattern along 
the axes, which indicates that base 
composition alone cannot explain codon 
usage bias. It indicates that natural selection 
and gene expression levels, in addition to 
mutational pressure, contribute to codon 
usage patterns in chloroplast genomes of 
Amaranthus.  
 
Discussion 

Codon usage bias (CUB) is a 
widespread phenomenon noticed in different 
organisms ranging from prokaryotes and 
eukaryotes to plant chloroplast genomes. 
This indicates a tendency to preferentially use 
certain synonymous codons over others 
coding for the same amino acid. Knowledge 
about CUB is essential for research on  
the molecular evolution of species as well  
as for optimizing gene expression in 
biotechnological processes [37]. 

In this research, have analyzed the 
chloroplast genomes of 18 Amaranthus 
species to investigate the patterns of codon 
usage and their evolutionary impact on codon 
usage bias (CUB). Our results indicated that 
there was a general GC content of below 
50% with a preference for A-ending or U-
ending codons at the third position. This AT-
skewed trend is consistent with that of other 
dicotyledonous organisms, including Populus 
alba and the family Euphorbiaceae, in which 
this bias for A/U-ending codons has been 
observed [38]. Angiosperms also exhibit a 
bias towards A and T for the third codon 
position, which is related to mutational 
pressures that prefer certain nucleotide 
substitutions. This observation is supported 
by previous studies highlighting the 
significance of GC content in shaping codon 
usage patterns across various plant 
taxonomic groups [39]. Examination of 
nucleotide distributions revealed that thymine 
(T) was the most prevalent, followed by 
adenine (A), guanine (G), and cytosine (C). 
This significant AT bias underscores an 
evolutionary tendency to favor A/T-ending 
codons, implying possible advantages in 
expression efficiency and translational 
optimization. Similar findings have been 
reported in other studies, which highlight that 
codon preference is influenced not only by 
mutational pressures, but also by gene 
expression levels and translational efficiency 
[39, 40]. 

RSCU analysis identified high-
frequency codons across 18 species, 
revealing that 29 out of 31 frequent codons 
ended in A or T, exceeding 93%. This pattern 
underscores the AT bias and suggests an 
adaptive mechanism within Amaranthus, 
aligning with patterns observed in other 
monocots and dicots. Research indicates that 
synonymous codons favoring A or T are 
preferred in genes with high expression, 
suggesting a co-evolutionary link between 
codon usage and intrinsic characteristics of 
the chloroplast genome [41, 40]. Additionally, 
12 best codons were found consistently in the 
majority of Amaranthus species, 11 of which 



Nishanth et al. 

Current Trends in Biotechnology and Pharmacy                  350 
Vol. 20 (Supplementry Issue 1A), March 2026, ISSN 0973-8916 (Print)., 2230-7303 (Online)  
10.5530/ctbp.2026.1s.27 
 

 

were A or T ending, which supports the use of 
AT-rich codons for the third codon position. 
These best codons were TCA, ACA, TAT, 
CAT, AAT, GAT, AGA, GGA, TGT, ATT, ACT, 
and CCT. 

ENC calculation gave a numeric 
value of codon bias, which was found to be 
mild codon usage bias in Amaranthus 
chloroplast genes with ENC values ranging 
from 34.05 to 58.87. Additionally, ENC-plot 
analysis demonstrated that codon usage bias 
in Amaranthus species does not strictly 
conform to the patterns anticipated solely 
based on GC3 content, as the majority of 
genes showed observed ENC values that fell 
below the theoretical curve. Other influences, 
including natural selection, gene expression, 
and translational efficiency, play significant 
roles in regulating codon usage patterns [39]. 

To determine evolutionary pressures 
influencing codon usage bias, neutrality plot 
analysis was performed and revealed that 
there was only a very small relationship 
between the GC12 and GC3 values, with 
slopes varying from 0.095 to 0.141 when 
observed. This reveals that mutation pressure 
is responsible for just 9.5% to 14.1% of the 
observed codon usage bias. Additionally, 
analysis of ENC-plot showed that the majority 
of genes were below the neutral expectation, 
suggesting that GC3 content itself is not 
sufficient to fully account for codon bias. 
About 62% to 63% of the genes in each 
species had ENC deviations within ±0.05, 
suggesting a moderate preference for 
particular codons. These findings indicate that 
natural selection contributes more than 
mutation pressure to pattern codon usage in 
Amaranthus, as observed in other plant 
species, e.g., Epimedium, in which natural 
selection was found to be the dominating 
factor behind CUB [38]. 

PR2-bias plot analysis revealed 
genes to be skewed, predominantly clustering 
in the lower-right quadrant, indicating thymine 
(T) and guanine (G) nucleotide preference at 
the third codon position. The pattern signified 
that selection pressure, instead of neutral 
mutations, played a considerable role in 

determining codon preference. A similar 
observation has also been reported in other 
plant species, reinforcing the influence of 
natural selection on codon usage bias [42]. 

Studies of comparative codon usage 
have shown variations between monocots 
and dicots, with dicots generally having a bias 
for AT-rich codons in the third position. We 
observed this trend especially in our analysis 
of the Amaranthus species, which prefers A- 
or U-ending codons. This bias influences the 
efficiency of gene expression and is useful for 
the planning of genetic engineering and 
breeding strategies for crops [15]. These 
results are relevant to the molecular evolution 
of Amaranthus and provide a basis for future 
studies that seek to maximize gene 
expression in this genus.  
 
Conclusion 

In the chloroplast genomes of 18 
Amaranthus species, codon usage patterns 
were largely consistent, although certain 
species exhibited distinct evolutionary trends 
in their codon usage preferences. The overall 
codon usage bias across all species was 
minimal, with a strong tendency towards A/T-
ending codons at the third position. 

In the Amaranthus genus, codon 
usage revealed 29 frequency high codons 
(RSCU > 1), more than 93% of which ended 
in A or T, suggesting a strong bias towards 
A/T-ending codons. This consistent AT-rich 
codon preference reflects underlying 
mutational and selective pressures 
associated with genomic composition. The 
identification of 12 common optimal codons 
across most species underscores a 
conserved codon usage pattern, while the 
presence of species-specific optimal codons, 
such as TTG in Amaranthus powellii, 
indicates subtle lineage-specific adaptations. 
Together, these findings suggest that codon 
usage bias in Amaranthus is shaped by both 
evolutionary conservation and species-
specific factors. 

Through multivariate analyses, such 
as neutrality plots and ENC-GC3s plots, it 
was found that natural selection played a 
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more significant role than mutation pressure 
in shaping codon usage patterns. Only 9.5–
14.1% of the codon bias was contributed by 
mutation pressure, and most of the variation 
resulted from selectional constraints and 
other sources. PR2 plot analysis also 
corroborated this by demonstrating biased 
nucleotide usage at the third codon position 
where T was overwhelmingly preferred over A 
and G over C, reflecting selective pressure. 
This research provides a comprehensive 
analysis of codon usage bias in the 
chloroplast genomes of Amaranthus species. 
It advances our understanding of chloroplast 
genome evolution and provides insight into 
the phylogenetic relationships of dicot plants. 
Additionally, these findings are a worthwhile 
input for subsequent research on the 
optimization of genes and expression 
improvement in Amaranthus plants.  
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