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Abstract: This study investigates codon usage bias within the chloroplast genomes of 18 Taraxacum
species, focusing on the base composition and various metrics including GC content, Relative Syn-
onymous Codon Usage (RSCU), Effective Number of Codons (ENc), and GC3s. Our analysis revealed
a pronounced preference for A/T-ending codons across Taraxacum species, with GC content across
the first, second, and third positions of the codons (GC1, GC2, GC3) and the average GC content
consistently below 50%. A detailed examination using the RSCU metric identified 29 commonly pre-
ferred A/T-ending codons, indicating a strong codon usage bias towards these endings. Specifically,
the codon for leucine (UUA) emerged as highly preferred, while the codon for serine (AGC) was
least favored. Through the ENc–GC3s plot analysis, we explored the forces shaping this bias, finding
evidence that both mutation pressure and natural selection significantly influence codon preference,
with most coding sequences showing weak bias. The PR2 plot analysis further confirmed the role
of these factors by demonstrating a higher frequency of T over A and C over G at the third codon
position, pointing towards a mutation bias complemented by natural selection. Collectively, our
findings highlight a consistent pattern of codon usage bias in the chloroplast genomes of Taraxacum
species, influenced by a combination of mutation pressure, natural selection, and possibly other
unidentified factors.
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1. Introduction

Codons, composed of three adjacent nitrogen-containing bases on messenger RNA
(mRNA), serve as the link between nucleic acids and proteins, playing a crucial role in the
transfer of genetic information [1]. Genetic information carried by DNA is translated into
amino acids through triplets of codons [2]. The frequency of synonymous codon usage
varies among different organisms, from prokaryotes to eukaryotes, due to codon usage
bias. Codon usage bias is influenced by environmental factors, base mutations, genetic
drift, and gene expression levels [3]. Generally, codon usage bias in plants is affected by
both natural selection and mutation pressure [4].

The genus Taraxacum, one of the largest groups within the Asteraceae family, comprises
approximately 2400 species, primarily found in the temperate to subtropical regions of the
Northern Hemisphere, with some species in tropical South America [5]. Additionally, many
species within the Taraxacum genus have been found to produce a variety of secondary
metabolites, which have been widely used in medicinal and industrial production across
different countries and regions [6,7]. For example, Taraxacum species have been utilized
in traditional Chinese medicine or as herbs of significant medicinal value [6]. In plant
taxonomy, Taraxacum is one of the most challenging genera to classify within the Asteraceae
family [8]. Accurate species identification and differentiation from closely related plants
are fundamental for the industrial application of rubber-producing Taraxacum species [9].
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However, extensive morphological variability, the occurrence of different ploidy levels,
and asexual reproduction pose significant challenges to their classification [10]. With the
rapid advancement of sequencing and omics technologies, chloroplast genome data for
most Taraxacum species have been published, accelerating progress in species evolution
and classification research [11]. Moreover, comparative analyses of chloroplast genomes
have revealed that, while the overall genome structure is conserved, there are significant
variations in genome size, gene content, and structural rearrangements across different
plant lineages [12,13]. For example, a recent study examined codon usage patterns across
the chloroplast genomes of eighteen Taraxacum species, providing insights into the evo-
lutionary dynamics of these genomes [14]. We can theoretically improve the expression
levels of heterologous genes [15]. Although codon preference has been extensively studied
in various prokaryotic and eukaryotic model organisms, this phenomenon has received
little attention in the Taraxacum species [16].

With the rapid development of transgenic technology, chloroplast gene transformation
methods have been developed and validated by many researchers. However, to construct
more stable transgenic systems, it is necessary to study codon usage patterns in plants. In
this study, we compared and analyzed the codon usage bias in the chloroplast genomes
of eighteen Taraxacum species and discussed the reasons for its formation. Parameters
such as the GC content at three positions (GC1, GC2, GC3), Relative Synonymous Codon
Usage (RSCU), and Effective Number of Codons (ENc) were calculated. By analyzing all
the chloroplast genomes of eighteen Taraxacum species, this study will provide references
for research on genetic transformation and molecular evolution (Table 1).

Table 1. Base composition of codons in the chloroplast genome of eighteen Taraxacum species.

Species Assembly GC% GC1% GC2% GC3% CDSs Number
(Before Filtering)

CDSs Number
(After Filtering) L_aa

T. amplum KX499525.1 37.9% 45.45% 37.99% 30.35% 85 52 22,534
T. brevicorniculatum KX198559.1 39.0% 48.00% 40.02% 28.85% 81 48 16,259
T. coreanum MN689809.1 37.9% 45.65% 37.96% 30.21% 86 55 23,369
T. dealbatum CNA0052002 38.0% 45.87% 38.04% 30.12% 95 63 25,501
T. erythrospermum MN689810.1 38.0% 45.62% 37.96% 30.28% 86 55 23,363
T. hallaisanense MW067130.1 37.9% 45.57% 37.97% 30.12% 83 55 23,671
T. kok-saghyz KX198560.1 38.8% 47.67% 39.69% 28.92% 81 50 17,132
T. leucanthum CNA0052001 38.0% 45.89% 38.02% 30.08% 95 63 25,542
T. longipyramidatum CNA0052004 38.0% 45.95% 38.01% 30.08% 96 63 25,368
T. mongolicum KU736961.1 37.9% 45.62% 37.95% 30.23% 86 55 23,371
T. monochlamydeum CNA0052005 38.0% 45.53% 37.67% 30.71% 98 65 28,484
T. multiscaposum CNA0052003 38.0% 45.86% 38.02% 30.05% 95 63 25,671
T. obtusifrons KX499524.1 37.9% 45.38% 37.87% 30.31% 84 51 22,258
T. officinale KU361241.1 37.9% 45.65% 37.95% 30.23% 86 55 23,369
T. parvulum CNA0052008 38.0% 45.86% 38.01% 30.04% 96 63 25,524
T. platycarpum KU736960.1 37.9% 45.64% 37.94% 30.27% 86 55 23,369
T. stenolobum CNA0052006 38.0% 45.53% 37.67% 30.71% 98 65 28,484
T. xinyuanicum CNA0052007 38.0% 45.87% 38.00% 30.09% 96 63 25,694

Note: GC1, GC2, and GC3 represent the GC content at the first, second, and third position; L_aa: the total number
of amino acids.

2. Materials and Methods
2.1. Sequence Retrieval and Filtering

Complete chloroplast genome sequences and their gene annotations for 18 Taraxacum
species were downloaded from the National Center for Biotechnology Information (NCBI)
database (https://www.ncbi.nlm.nih.gov, (accessed on 20 March 2024)). The original
number of protein-coding sequences (CDSs) for these 18 Taraxacum species varied, with
counts as follows: 80, 84, 83, 83, 83, 85, 83, 83, 85, and 83 (Table 1).

To avoid errors in analysis, all CDSs from the chloroplast genomes of the 18 Taraxacum
species were extracted based on the following criteria [17]:

https://www.ncbi.nlm.nih.gov
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(1) The length of the CDS should be greater than 300 bp;
(2) Each CDS must start with the start codon (ATG) and end with a stop codon (TAG,

TGA, TAA);
(3) The number of bases should be divisible by three;
(4) CDSs must not include any internal stop codons or incorrect bases. The GC content

at three positions (GC1, GC2, GC3) was then calculated using the CUSP program in
EMBOSS explorer (http://emboss.toulouse.inra.fr/, (accessed on 20 March 2024)). Ul-
timately, a refined selection of CDSs, numbering between 48 to 65 for the 18 Taraxacum
chloroplast genomes, was used for further analysis.

2.2. Analysis of Relative Synonymous Codon Usage (RSCU)

The RSCU value is the ratio of the observed frequency of usage of a codon to the
expected frequency if all codons for the same amino acid were used equally [18]. RSCU is a
statistical measure of the true frequency of each synonymous codon’s relative frequency.
An RSCU value of 1 implies that each synonymous codon is used at the same frequency; an
RSCU value > 1 indicates it is used more frequently than others; an RSCU value < 1 means
it is used less frequently. The RSCU values for all CDSs of the 18 Taraxacum species were
calculated using Formula (1)

RSCU =
xij

∑ni
j xij

ni (1)

where xij represents the frequency of codon j for encoding the i-th amino acid, and ni stands
for the number of synonymous codons for the i-th amino acid. An RSCU value of 1.0
indicates no codon usage bias; it is equally selected among all synonymous codons. When
RSCU values are greater than 1.0, it is understood that the codon has a strong positive
usage bias. Conversely, RSCU values below 1.0 indicate a negative usage bias.

2.3. Identification of Putative Optimal Codons

The Effective Number of Codons (ENc) is an important parameter for assessing the
degree of codon usage bias, with values range from 20 (only one synonymous codon used
to encode an amino acid) to 61 (all synonymous codons are used equally) [19], where a
smaller ENc value indicates a stronger codon usage bias. The ENc values for each Taraxacum
species were calculated using the CodonW 1.4.2 software (http://codonw.sourceforge.net/,
(accessed on 20 March 2024)). Based on the ENc values, the chloroplast genes of each
Taraxacum species were reordered from low to high.

The top and bottom 5% of genes were selected as high and low expression datasets,
respectively, and their RSCU values were calculated using CodonW 1.4.2. Optimal codons
were identified through the ∆RSCU method which involves calculating the difference
between the high and low RSCU values for each codon. A codon is defined as optimal if its
∆RSCU value is greater than or equal to 0.08 and the absolute RSCU value in either the
high or low expression dataset is greater than 1.

Based on the ENc values, the top and bottom 10% of genes were selected to establish
high and low expression gene datasets. The RSCU values of codons in both expression
libraries were calculated and compared using ∆RSCU (∆RSCU = RSCU of high expression
− RSCU of low expression), and codons satisfying RSCU > 1 and ∆RSCU > 0.08 were then
identified as optimal codons.

2.4. Codon Usage Bias Analysis

The GC content at the 1st (GC1), 2nd (GC2), and 3rd (GC3) positions of codons for 18
Taraxacum genome sequences was determined using the EMBOSS online website (https://
www.bioinformatics.nl/cgi-bin/emboss/cusp, (accessed on 21 March 2024)). Furthermore,
the Codon Usage Bias of 18 Taraxacum genome CDSs, including the ENc, Codon Adaptation
Index (CAI), GC content at the third position of synonymous codons (GC3s), the total
number of amino acids (L_aa), and RSCU were analyzed using CodonW software (https:
//codonw.sourceforge.net/, (accessed on 21 March 2024)).

http://emboss.toulouse.inra.fr/
http://codonw.sourceforge.net/
https://www.bioinformatics.nl/cgi-bin/emboss/cusp
https://www.bioinformatics.nl/cgi-bin/emboss/cusp
https://codonw.sourceforge.net/
https://codonw.sourceforge.net/
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2.5. ENc–GC3s Plot Analysis

The ENc is used to assess codon usage bias at the genome level, with values ranging
from 34.11 to 61. GC3s, the GC content at the third position of synonymous codons, is an
important indicator that reveals trends in nucleotide ratio. GC3s is a crucial indicator of
nucleotide composition and refers to the content of guanine (G) and cytosine (C) at the
third position of codons, excluding Met and Trp. To explore factors that influence codon
usage bias, an ENc plot was drawn with GC3s as the x-axis and ENc as the y-axis. The
expected ENc value was calculated using Formula (2).

ENc = 2 + S +
29

S2 + (1 − S)2 (2)

where S stands for GC3s. The ENc plot reveals the relationship between codon bias and
base composition. If mutational pressure plays a significant role in forming codon usage
patterns, ENc values will be located near or within the expected curve. When natural
selection and other variables affect codon usage, ENc values will be much lower than the
expected curve. If the codon usage bias is primarily influenced by mutation pressure, genes
will be located near or on the standard curve. Conversely, if codon usage bias is affected by
natural selection, genes will be located below the expected curve.

2.6. PR2 Plot Analysis

Parity Rule 2 plot analysis is commonly used to estimate the impact of mutation
pressure and natural selection on codon bias as a graphical analysis revealing the base
composition at the third position of each codon. We established a graph with A3/(A3 + T3)
as the y-axis and G3/(G3 + C3) as the x-axis where points around the center point (A=T,
G=C) reveal the degree and direction of base bias. To further analyze the usage and rela-
tionship of purines and pyrimidines at the third codon position in the genome sequences, a
PR2 plot was drawn with G3/(G3 + C3) as the x-axis and A3/(A3 + T3) as the y-axis. The
proportion of A, T, G, and C bases determines whether base mutations affect the variation
of nucleotide bases. If the proportion of G and C (or A and T) is similar, mutation pressure
fully influences the codon usage bias. The center point means that there is no bias between
natural selection and mutation pressure. If genes are uniformly distributed around the
center, consider that the codon bias might be entirely caused by mutational pressure. When
their proportions are too different, natural selection and other variables can influence codon
usage bias.

2.7. Neutrality Plot Analysis

Neutrality plot analysis is used to estimate the degree of impact of mutation pressure
and natural selection on codon usage bias, based on the neutrality plot (GC12-GC3), where
GC12 represents the average GC content of the first and second codon positions, and
GC3 represents the GC content at the third codon position. A scatter plot is created with
GC12 as the y-axis and GC3 as the x-axis. GC12 represents the average GC content of GC1
and GC2, with the chart having GC12 as the y-axis and GC3 as the x-axis. GC12 is the
average GC content at the first and second positions of the codon. GC3 for each Taraxacum
species chloroplast gene was calculated using a Perl script (http://GitHub-hxiang1019/
calc_GC_content, (accessed on 22 March 2024)). A regression slope of 0 indicates that codon
bias is entirely affected by natural selection, while a significant correlation with a slope
of 1 suggests that mutational pressure may be the sole driving force. A coefficient of the
regression curve close to or equal to 1 indicates that mutation pressure is the main factor
in codon usage bias. Conversely, a coefficient close to or equal to 0 means that natural
selection is the main factor.

http://GitHub-hxiang1019/calc_GC_content
http://GitHub-hxiang1019/calc_GC_content
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2.8. Correspondence Analysis (COA)

For the study of codon usage patterns, COA is a multivariate statistical method used to
discuss the variation of RSCU and the distribution of genes in multidimensional space. In
this study, 59 codons (excluding Met, Trp, and the three stop codons) were used to generate
orthogonal axes to reflect the diversity of codon usage. The range of the first axis (axis
1) represents the most significant factor affecting codon usage frequency variation, with
the remaining 58 axes representing progressively smaller factors. COA reveals the most
variable factors affecting codon usage patterns in CDSs. The relationship between axis 1,
axis 2, and codon usage indices, including GC content at the third position of synonymous
codons (GC3s), Effective Number of Codons (ENc), total number of amino acids (Laa), and
Codon Adaptation Index (CAI), was plotted using Origin 9.8.0 software [20] to further
study components affecting codon usage bias.

2.9. Statistical Analysis

Codon usage frequency was calculated using the CUSP in-line program in EMBOSS
(https://www.bioinformatics.nl/cgi-bin/emboss/cusp, (accessed on 22 March 2024)).
Charts in this manuscript were completed using the R 4.3.1 programming language
and OriginPro 2021 software. The entire manuscript was edited using Microsoft 365
Business Premium.

3. Results
3.1. Characteristics of Codon Usage Bias Analysis

The characteristics of codon usage bias analysis based on the base composition in
the chloroplast genomes of 18 Taraxacum species were studied through analysis of GC1,
GC2, GC3, and the average GC content (Table 1). It was observed that in all 18 Taraxacum
species, the frequencies of GC1, GC2, and GC3, as well as the average GC content, were all
below 50%, indicating a preference for codons ending in A/T. Furthermore, the frequency
of GC1 was higher than that of GC2 and GC3, with GC3 showing the lowest frequency.
The average GC content of these 18 Taraxacum species was similar, ranging from 37.9% to
39.0%, indicating a high degree of codon preference among the 18 Taraxacum species. The
number of protein-coding genes in the chloroplast genomes ranged from 81 to 98. After
quality control, the number of genes ranged from 48 to 65.

3.2. RSCU and Identification of Optimal Codons

The analysis of codon usage bias was conducted through the RSCU metric. In the
chloroplast genomes of 18 Taraxacum species, there were 29 common preferred codons with
RSCU values greater than 1. This indicates a clear preference for A/T-ending codons in
the chloroplast genomes of the 18 Taraxacum species. The obtained RSCU values ranged
from 0.2837 to 2.025. Among these values, the codon for LEU, UUA showed a strong
preference (RSCU > 1.8) in all 18 Taraxacum species, while the codon for Ser, AGC showed
the lowest codon preference (RSCU < 0.4) among the 18 Taraxacum species. Of these codons,
28 ended in A/T, accounting for 96.55% of the total number of preferred codons, which is
significantly higher than the number of G/C-ending preferred codons (Table S1). Overall,
the types and numbers of preferred codons in the chloroplast genomes of the 18 Taraxacum
species are highly similar, indicating a consistent pattern of codon usage.

Based on the criteria of RSCU > 1 and ∆RSCU > 0.08, optimal codons were identified.
The results, shown in Figure 1 and Table S2, revealed a total of 22–28 optimal codons. There
were 18 optimal codons common to all 18 Taraxacum species.

https://www.bioinformatics.nl/cgi-bin/emboss/cusp
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3.3. ENc Plot

The ENc and GC3s plot was used to investigate the main factors affecting codon usage
bias. Figure 2 shows that the Enc-GC3 patterns of the 18 Taraxacum species genomes were
similar. The ENc values ranged from 34.11 to 61, indicating varying codon preference trends.
Using an ENc value of 35 as the criterion to distinguish between weak and strong codon
usage bias, only three coding sequences exhibiting strong bias were identified (ENc < 35).
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Consistent with the average ENc values (47.10–48.66), most coding sequences exhibited
only weak bias. This indicates that while mutation pressure plays a role in codon usage
patterns, other factors, particularly natural selection, have a significant impact.
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Figure 2. ENc map of the chloroplast genomes of eighteen Taraxacum species. (A) T. amplum; (B) T.
brevicorniculatum; (C) T. coreanum; (D) T. dealbatum; (E) T. erythrospermum; (F) T. hallaisanense; (G) T.
kok-saghyz; (H) T. leucanthum; (I) T. longipyramidatum; (J) T. mongolicum; (K) T. monochlamydeum; (L) T.
multiscaposum; (M) T. obtusifrons; (N) T. officinale; (O) T. parvulum; (P) T. platycarpum; (Q) T. stenolobum;
(R) T. xinyuanicum.

3.4. PR2 Plot

A PR2 plot was used to investigate the impact of mutation and natural selection on
codon usage bias by analyzing the use of A/T and G/C at the third position of the codons.
Figure 3 shows that most genes from the 18 Taraxacum species types were in the lower
left area, indicating a higher frequency of T at the third position of the codon compared
to A, and a greater frequency of C compared to G. This indicates similar third-position
codon usage among the 18 Taraxacum species types, with influencing factors for codon bias
including mutation, natural selection, and other unknown elements.

3.5. Neutrality Plot

Based on neutrality analysis (GC12 vs. GC3, Figure 4), the impact of mutation pressure
and natural selection was quantitatively assessed. Figure 4 shows that the regression line
slopes for the chloroplast genomes of the 18 Taraxacum species ranged from 0.0071 to 0.336,
with correlation coefficients (r = 0.1835 to 0.9569) indicating a weak correlation between
GC12 and GC3. These results suggest that mutation pressure accounts for only 0.71% to
33.60% of the factors influencing codon usage bias in the 18 Taraxacum species chloroplast
genomes, while natural selection and other factors account for 66.40% to 99.29%. Therefore,
the influence of mutation pressure on codon bias is limited, while natural selection plays
an important, if not dominant, role. These findings are consistent with the analyses of the
ENc-GC3s and PR2 plots.
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(R) T. xinyuanicum.
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3.6. Correspondence Analysis (COA)

Correspondence analysis was conducted to investigate the main contributing factors
to codon usage variation in the Taraxacum species, with a focus on RSCU values. Figure 5
shows that axis 1 explained 10.57% to 11.39% of the total variation in the chloroplast
genomes of the 18 Taraxacum species, while axis 2 explained 8.14% to 9.05% of the variation,
indicating that axis 1 and axis 2 have the most significant impact, especially axis 1. These
results suggest that gene expression levels and gene length affect codon usage bias in the
18 Taraxacum species chloroplast genomes, with gene expression having a greater impact.
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In these 18 chloroplast genomes of the Taraxacum species, no single, clear trend in
codon usage preference is evident, likely due to multiple influencing factors. As shown
in Figure 6, in T. brevicorniculatum, T. coreanum, T. dealbatum, T. erythrospermum, T. hallaisa-
nense, T. longipyramidatum, T. obtusifrons, and T. platycarpum, both ENc and GC3s exhibit a
negative correlation with axis 1. This indicates that higher GC content in these chloroplast
genomes might suppress codon usage diversity to maintain the accuracy and stability of
gene expression. In T. amplum, T. mongolicum, T. multiscaposum, T. officinale, and T. parvulum,
the negative correlation between CAI and axis 1 suggests that a reduction in the codon
adaptation index might lead to a decline in gene expression efficiency, possibly due to selec-
tion pressures in specific environments. Similarly, in T. monochlamydeum and T. stenolobum,
the negative correlation between ENc and GC3s, and the correlation of these indices with
L_aa on axis 2, highlights the relationship between genomic diversity and coding efficiency.
Additionally, the negative correlation between CAI and axis 1, and between ENc and axis
2 in T. xinyuanicum, further demonstrates the dual inhibition of codon adaptation and
diversity. On the other hand, in T. amplum, T. mongolicum, T. multiscaposum, T. officinale, T.
parvulum, and T. xinyuanicum, the positive correlation between ENc and GC3s with axis
1 reveals a positive relationship between GC content at the third codon position and the
number of effective codons, potentially enhancing gene expression efficiency to better meet
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biological functional needs. The positive correlation between CAI and axis 1 in T. coreanum,
T. erythrospermum, T. hallaisanense, T. monochlamydeum, T. obtusifrons, T. platycarpum, and
T. stenolobum indicates that these genomes may respond to functional needs by improv-
ing gene expression efficiency. In T. brevicorniculatum and T. dealbatum, CAI is positively
correlated with axis 2 and axis 1, respectively. Meanwhile, the positive correlation of ENc,
GC3s, and L_aa with axis 2 in T. dealbatum demonstrates that these genomes improve
gene expression adaptability through the combined effect of various factors. The positive
correlation of L_aa with axis 2 in T. leucanthum emphasizes the impact of specific amino
acid numbers on gene expression, while in T. longipyramidatum, the positive correlation
between CAI and axis 1, and between ENc and axis 2, reflects the complex interactions
among these factors. The regulatory patterns exhibited by different genomes may reflect
strategies through which these genomes adjust gene expression and adapt to the demands
of biological function under varying ecological environments and evolutionary pressures.
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Figure 6. Correlation analysis of axis 1, axis 2, and codon utilization index of chloroplast genomes of
eighteen species of Taraxacum. (A) T. amplum; (B) T. brevicorniculatum; (C) T. coreanum; (D) T. dealbatum;
(E) T. erythrospermum; (F) T. hallaisanense; (G) T. kok-saghyz; (H) T. leucanthum; (I) T. longipyramidatum;
(J) T. mongolicum; (K) T. monochlamydeum; (L) T. multiscaposum; (M) T. obtusifrons; (N) T. officinale;
(O) T. parvulum; (P) T. platycarpum; (Q) T. stenolobum; (R) T. xinyuanicum. GC3s indicates the GC
content at the third codon position of synonymous codons; ENc represents the effective number of
codons; CAI means the codon adaptation index; L_aa is defined as the total number of amino acids.
* Represents p < 0.05, ** represents p < 0.01.

4. Discussion

This study performed a comprehensive analysis of codon usage bias specifically within
the chloroplast genomes of 18 Taraxacum species, uncovering a consistent pattern unique
to these genomes. Although prior research has explored comparative genomics in the
genus, our focus on chloroplast genomes provides new insights into codon usage bias
across these species [21]. Basic compositional analysis revealed that these species all exhibit
high A/T content and low G/C content, favoring codons ending in A/T. This pattern is
also observed in other plant species. A comparison of Relative Synonymous Codon Usage
(RSCU) values further revealed 29 preferred codons common across the Taraxacum genus,
with the vast majority (96.55%) ending in A/T [18,22,23]. This phenomenon suggests an
adaptive mechanism potentially driven by the chloroplast genome environment. The lower
G/C content may indicate a selection pressure favoring more efficient DNA replication and
transcription processes, as the synthesis of A/T pairings requires less energy than that of
G/C pairings [3,24]. The preference for codons ending in A/T observed in the Taraxacum
species may be associated with their adaptation to specific ecological environments, al-
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though this relationship has not been conclusively proven [25–27]. Further research should
explore how environmental conditions could influence changes in codon usage preferences
and their impact on plant survival. The significant preference for certain codons (e.g., for
LEU, UUA) implies a selective optimization of the translation process in chloroplasts. This
optimization might be linked to the evolutionary adaptation of dandelion species to specific
environmental conditions or physiological needs [28]. This concurs with the theory that
codon usage bias is not merely a result of genetic drift but also reflects the balance between
mutational pressure and natural selection [29–31].

This study explored various biological factors affecting codon preference in the Tarax-
acum genus, including gene expression levels, gene length, tRNA abundance, mutational
tendencies, and GC content. While these factors play roles in codon usage bias, our analysis
underscores the significance of mutational pressure and natural selection as dominant
factors, aligning with Hanson et al. who proposed that codon usage bias might reflect a
balance between coding efficiency and transcriptional accuracy [32–34]. Moreover, our find-
ings emphasize the unique role of natural selection in the formation of codon preferences
within the chloroplast genome, supporting the hypothesis of Bhattacharyya et al. which
suggests that the abundance of specific tRNA molecules directly influences the preference
for certain codons during translation. This is because the availability of tRNA species
directly impacts the efficiency and speed of protein synthesis, as the cell preferentially uses
codons that correspond to the more abundant tRNA molecules. This selective pressure
leads to the evolution of codon preferences that align with the tRNA pool within the
cell, optimizing the translation process and ensuring efficient protein production [34–36].
Analysis through PR2 plots and ENc-GC3s revealed that codon preferences are shaped
not only by mutations but also significantly by natural selection. This resonates with the
Rocha view that natural selection plays a decisive role in optimizing codon usage [37,38].
Particularly in the Taraxacum species, despite the influence of mutational pressure on
codon usage, natural selection and other factors (such as gene expression levels and tRNA
abundance) predominantly shape codon preferences [39,40]. This discovery not only
highlights the importance of natural selection in determining codon usage bias but also
correlates with findings in other studies, such as those on Euphorbiaceae and Epimedium
species [41,42]. Furthermore, our results align with those of other species, emphasizing the
widespread influence of natural selection on codon usage preferences in plant genomes.
For instance, Dhindsa et al. also reported the decisive role of natural selection in optimizing
codon usage across different organisms [43]. This consensus not only deepens our under-
standing of the mechanisms behind codon usage preference formation but also lays the
foundation for further exploration of codon usage patterns under different ecological and
evolutionary backgrounds.

Additionally, research on determining optimal codons provides a basis for enhancing
the expression of exogenous genes in plants through codon optimization design. In our
study, we identified 18 common optimal codons across 18 Taraxacum species genomes. This
not only guides effective codon optimization but also enriches our understanding of the
relationship between codon preference and gene expression.

5. Conclusions

Species within the dandelion genus undeniably play a crucial role in agricultural
economics, global international trade, and human daily life. In this study, bioinformatics
methods were used to systematically analyze the codon usage preferences of 18 dandelion
genomes. The analysis revealed significant similarities in codon usage patterns among
these genomes, exhibiting a preference for codons ending in A/T. This study determined
that codon preference is influenced by natural selection, mutation pressure, and other
factors, with natural selection being the primary determinant. The findings of this study
are significant for researching the evolution of dandelions and improving the expression
efficiency of exogenous genes. It provides new avenues for genetic transformation in
the cultivation of dandelions. Based on this, we will continue to conduct research on
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gene function verification, genetic transformation, targeted gene codon optimization, and
directed transformation, making further efforts for the development of the dandelion
medicinal industry.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae10050492/s1, Supplementary File S1: Table S1.
RSCU values of codons in the chloroplast genomes of 18 Taraxacum species. Supplementary File S2:
Table S2. RSCU and ∆RSCU values in the high and low expression libraries in the chloroplast
genomes of 18 Taraxacum species.
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A Adenine
T Thymine
C Cytosine
G Guanine
GC1, GC2, GC3 The G + C content at the first, second, third codon positions
A3, T3, G3, C3 The content of A, T, G, and C at the third codon position
GC12 The average GC content at the first and second codon positions
RSCU Relative synonymous codon usage
RFSC Relative synonymous codon usage frequency
ENc Effective number of codons
PR2 Parity Rule 2
COA Correspondence analysis
GC3s GC content at the third codon position of synonymous codons
L_aa Total number of amino acids
CAI Codon adaptation index
NCBI National Center for Biotechnology Information
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