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Comparative analysis of codon usage bias s
in the chloroplast genomes of eighteen
Ampelopsideae species (Vitaceae)
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Abstract

Background The tribe Ampelopsideae plants are important garden plants with both medicinal and ornamental
values. The study of codon usage bias (CUB) facilitates a deeper comprehension of the molecular genetic evolution
of species and their adaptive strategies. The joint analysis of CUB in chloroplast genomes (cpDNA) offers valuable
insights for in-depth research on molecular genetic evolution, biological resource conservation, and elite breeding
within this plant family.

Results The base composition and codon usage preferences of the eighteen chloroplast genomes were highly
similar, with the GC content of bases at all positions of their codons being less than 50%. This indicates that they
preferred A/T bases. Their effective codon numbers were all in the range of 35-61, which indicates that the codon
preferences of the chloroplast genomes of the 18 Ampelopsideae plants were relatively weak. A series of analyses
indicated that the codon preference of the chloroplast genomes of the 18 Ampelopsideae plants was influenced by
a combination of multiple factors, with natural selection being the primary influence. The clustering tree generated
based on the relative usage of synonymous codons is consistent with some of the results obtained from the
phylogenetic tree of chloroplast genomes, which indicates that the clustering tree based on the relative usage of
synonymous codons can be an important supplement to the results of the sequence-based phylogenetic analysis.
Eventually, 10 shared best codons were screened on the basis of the chloroplast genomes of 18 species.

Conclusion The codon preferences of the chloroplast genome in Ampelopsideae plants are relatively weak and
are primarily influenced by natural selection. The codon composition of the chloroplast genomes of the eighteen
Ampelopsideae plants and their usage preferences were sufficiently similar to demonstrate that the chloroplast
genomes of Ampelopsideae plants are highly conserved. This study provides a scientific basis for the genetic
evolution of chloroplast genes in Ampelopsideae species and their suitable strategies.
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Background

Codons are the bridge between nucleic acids and pro-
teins that carry and transmit instructions for genetic
information. A total of 61 codons code for 20 amino
acids, and different codons coding for the same amino
acid are synonymous codons [1]. Synonymous codons
exhibit markedly disparate probabilities of being utilized
in translation. Moreover, species and genes exhibit vary-
ing degrees of predilection for the utilization of specific
codons, which is referred to as codon usage bias (CUB)
[2]. It has been reported that CUB is associated with a
multitude of factors that have been implicated in the
evolution of species. These include structural features of
genes and proteins, gene expression, tRNA and protein
abundance, the formation of mutation patterns, natural
selection, and other related phenomena [3, 4]. Conse-
quently, an investigation into the codon usage preferences
of a given organism can facilitate the enhancement of the
accuracy of transgenic loci and the optimization of the
expression of exogenous genes [5]. Furthermore, such an
inquiry can contribute to a deeper comprehension of the
molecular genetic evolution of the organism in question
and its adaptive strategies.

As semi-autonomous organelles, chloroplasts (cp.) are
often postulated to have evolved from a symbiotic rela-
tionship between ancient bacteria and prokaryotic cells.
They typically possess a distinct set of more conserved
circular DNA [6]. Chloroplasts contain approximately
15% of total plant DNA and are often between 110 and
220 kb in length [7]. The small size and conserved struc-
ture of chloroplast genomes (cpDNAs) may be impor-
tant reasons for the stable rate of cpDNA evolution and
the slow rate of nucleotide turnover [8]. A significant
number of genes were transferred from the chloroplast
to the nucleus during the course of evolution. However,
a series of proteins that are of critical importance for
photosynthesis are still encoded by the cpDNA itself
[9]. Consequently, the study of cpDNA can facilitate an
understanding of its gene expression, an analysis of the
evolutionary pattern and genetic relationship among
plants. With the multifaceted exploration of cpDNA by
scholars from various countries, cpDNA has the potential
to contribute to a greater understanding of many fields,
including the evolution of life genealogy, protein drug
production, and chloroplast genetic engineering [10].
CpDNA-based codon preference studies have been con-
ducted in a diverse range of plants, including members of
the Theaceae (7], Gynostemma [11], Oryza [12], Astera-
ceae [13]. These studies have yielded valuable insights
into the molecular genetic evolution and adaptive strate-
gies of these species, which have significantly advanced
the quality of breeding and exploitation of these species.

Ampelopsideae, as one of the small clades of Vitaceae,
contains 4 genera and nearly 50 species of plants, widely
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distributed on all continents outside the boreal zone,
mostly woody vines [14]. The type genus of this group is
the genus Ampelopsis, which has simple, trifoliate, pal-
mate or pinnately compound leaves, inflorescences that
are usually hermaphroditic, opposite, dichasial cymes
with 2-branched tendrils, and fruits of various colors,
and is a monoecious climbing vine [15]. The plants of the
genus Ampelopsis are ornamental plants with lush green
leaves and fruits of different colors at different times of
the year. In recent years, it has been reported that there
are many medicinal species in the genus Ampelopsis,
such as Ampelopsis japonica and Ampelopsis delavay-
ana, which have antimicrobial activity, immunomodula-
tion, and treatment of hypertension [16, 17]. The tender
leaves and stems of Nekemias grossedentata, Nekemias
megalophylla and Nekemias cantonensis are rich in dihy-
dromyricetin, which has a special sweet taste and anti-
glycemic and hepatoprotective effects, and has become
the main source of vine tea, and has the opportunity to
be used as a potential alternative health care for the pre-
vention of high fat, high sugar and other related diseases
[18, 19]. Today, the global habitat is deteriorating and the
demand for vine tea is growing rapidly, leading to the
shrinking of some of the wild resources of the Ampelop-
sideae family [20]. Currently, there are few studies on this
family of species, and most of them are on pharmaco-
logical activities, dynamic evolutionary patterns of near-
origin species, and systematic classification [14, 21-23].
However, little is known about its molecular genetic
aspects, which is not conducive to the subsequent con-
servation and development of the species in this lineage.
Therefore, in the present study, we combined 18 cpDNAs
to perform a comparative codon preference analysis with
the aim of providing important references for in-depth
studies on molecular genetic evolution, conservation of
biological resources, and selection of superior species of
the Ampelopsideae family.

Results

Analysis of bias in codon base composition

As shown in Table 1, the cpDNAs of each species have
their respective corresponding numbers (A-R), which
are presented in the analyzed figures below. It is evident
that the nucleotide compositions of these 18 cpDNAs are
highly similar. Their GC1, GC2 and GC3 contents ranged
from 45.56% (R. digitata)~46.44% (A. aconitifolia var.
palmiloba), 37.76% (N. rubifolia) ~38.67% (A. aconiti-
folia var. palmiloba) and 29.87% (R. digitata)~30.52%
(A. aconitifolia var. palmiloba), and the GCall content
ranged from 37.74% (R. digitata)~38.55% (A. aconiti-
folia var. palmiloba). The codon contents of GC1, GC2
and GC3 were all less than 50% and showed a decreas-
ing pattern, i.e. GC1>GC2>GC3. It was obvious that the
codons of the 18 cpDNA coding sequences preferred A/T
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Table 1 Fundamental parameters of CUB of cpDNA in Ampelopsideae

Numbering Species GCall% GC1% GC2% GC3% ENC
A Ampelopsis aconitifolia var. palmiloba 38.55 46.44 3867 30.52 47.178
B A. cordata 37.88 45.62 38.01 30.01 47013
C A. delavayana 38.01 4591 38.06 30.06 47.160
D A. glandulosa var. brevipedunculata 37.89 45.62 37.94 30.11 47.191
E A. heterophylla 37.80 45.59 37.83 29.96 47.335
F A. heterophylla var. hancei 37.80 45.59 37.85 29.96 47.361
G A. humulifolia 37.94 45.73 37.97 30.12 47.194
H A.japonica 37.96 45.78 37.96 30.13 47.165
I A. mollifolia 37.84 4567 3794 29.90 47.228
J A. tomentosa 37.83 45.67 3793 29.91 47.220
K Nekemias arborea 37.84 45.66 3783 30.05 46.942
L N. cantoniensis 38.05 4591 38.06 30.18 47.255
M N. chaffanjonii 37.86 457 37.86 30.01 47.220
N N. grossedentata 37.88 4557 37.84 30.22 47573
0O N. hypoglauca 37.86 45.7 37.88 30.01 47.220
p N. megalophylla 38.00 45.87 38.02 30.12 47.150
Q N. rubifolia 37.81 4563 37.76 30.06 47402
R Rhoicissus digitata 37.74 45.56 37.80 29.87 46.853

bases and ended with A/T bases. The differences in the
content of GC bases at the three positions in the codons
were all within 1%, indicating that the CUBs of these 18
cpDNAs were also very similar.

Analysis of 18 neutrality plots

From Fig. 1, it can be seen that the genes of the 18 cpD-
NAs are all above the straight line y=x, and the codon
GC3 are all between 17.70% and 36.98%, and GC12 are
all between 33.05% and 56.48%, indicating that the bases
of codon position 3 are more skewed toward A/T. The
slopes of the regression fitting curves of each neutral
analysis range from —0.0056 to 0.105, and the R2 ranges
from 0~0.0076, indicating that the correlation between
GC12 and GC3 is not significant, and that the base pro-
files at each site of the codons of the 18 cpDNAs are
more diverse, with CUB more likely to have been affected
by natural selection. The slope of the regression curve for
A. heterophylla (-0.0019) was closest to 0, and thus the
CUB of its cpDNA was most affected by natural selec-
tion, while the slope of the regression curve for N. mega-
lophylla (0.105) was most different from 0, and thus the
CUB of its cpDNA was relatively least affected by natural
selection.

Analysis of 18 ENC-GC3s plots

The ENC-plots of the 18 cpDNAs were extremely similar
(Fig. 2), with some of the gene scatters converging to the
ideal ENC curve, indicating that their ENCs are similar
to the ideal values and their CUBs are most affected by
the base mutation factor; and some of the gene scatters
deviating from the ideal curve, showing that the actual
ENC values are quite different from the ideal values, also

indicating that the base mutation is not the main fac-
tor affecting their CUBs. This also implies that the CUB
of the 18 cpDNAs may be disturbed by multiple factors
such as natural selection and base mutation. The ENC
values of all 18 cpDNAs in this study ranged from 35.55
to 57.53, and their mean value was 47.194 (Supplemen-
tary Table 1). All ENCs ranged from 35 to 61, indicating
that the CUB of these 18 cpDNAs was weak.

Analysis of 18 PR2-plots

PR2-plot analysis is often used to visualize the distribu-
tion of bases at codon 3 to explore the multiple factors
affecting CUB. Combined with the PR2 comparative
analysis of the 18 cpDNAs, it can be seen that the scat-
ters are unevenly distributed in the four regions in Fig. 3.
From the top and bottom distributions, it can be seen
that a large portion of the scatters are distributed in the
lower half of the region (quadrants 3 and 4), suggesting
that the selection of A/T bases in position 3 tends to be
more T. From the left and right distributions, it can be
seen that most of the scatters are distributed in the right
half of the region (quadrants 1 and 4), suggesting that the
selection of G/C bases in position 3 tends to be more G.
Combined with the comparison in the four quadrants,
it can be seen that the scatters distributed in the fourth
quadrant tend to be more G. The comparison of the four
quadrants shows that the largest number of scatters are
distributed in quadrant 4, indicating that the selection of
codon 3 bases tends to be more in favor of G/T, which
also suggests that natural selection is the dominant factor
leading to CUB.
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Fig. 1 Neutrality plot analysis of 18 cpDNAs in Ampelopsideae

Analysis of 18 COA-plots

To further explore the codon bias of these 18 species
cpDNAs, we performed COA mapping based on the
RSCU values of the CDSs (Fig. 4), and the dots represent-
ing the different genes were segregated from each other
in all COA-plots. In the 18 cpDNAs, the first four prin-
cipal axes collectively account for 32.28-35.45% of the
variation in synonymous codons. Among them, Axis 1
contributes the largest proportion of the total variation
(9.38-10.76%), followed by Axis 2 (8.09-9.13%) (Supple-
mentary Table 2). The major factor axes accounted for a
decreasing proportion of the total variation as the axis
order increased, indicating that the CUB was the result
of multiple factors working together. Most of the genes
in the COA plots of the 18 species were centered and

centrally distributed, indicating that most of the genes
had a similar CUB.

From the analysis of the correlation between the first
dimension axes and the CAls, CBI, Fop, ENC, and GC3s
(Table 2) shows that the CBI and Fop values of the 18
species are significantly or very significantly positively or
negatively correlated with the first dimension axis, and
the CAI and GC3s are significantly or very significantly
positively or negatively correlated with the first dimen-
sion axis, and the CAI and GC3s values of some species
are significantly or very significantly positively or nega-
tively correlated with the first dimension axis, suggesting
that the formation of the codon usage patterns of the 18
cpDNAs is a complex process influenced by a combina-
tion of several factors.
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Fig. 2 ENC-plots analysis of 18 cpDNAs in Ampelopsideae

RSCU analysis and phylogeny of 18 cpDNAs
RSCU, as the ratio of the actual codon usage frequency
to the ideal codon usage frequency, is an important index
to measure CUB. 18 cpDNAs had RSCU values ranging
from 0.322 to 1.866, among which there were 29 high-fre-
quency codons, 28 of which ended in U/A (96.55%) and 1
in G, indicating that the probability of preferred codons
ending in U/A is much higher than that of codons end-
ing in G/C (Fig. 5). Among the 18 synonymous codons of
the cpDNA, the codon with the highest RSCU value was
AGA encoding arginine (Arg), followed by GCU encod-
ing alanine (Ala).

A phylogenetic tree based on the CDSs of 18 cpD-
NAs (Fig. 6) shows that the phylogenetic tree divides
the 18 species into three branches: seven plants of the

0 02 04 06 08 1 0 02 04 06 08 1
GC3s GC3s

0 02 04 06 08 1 0 02 04 06 08 1
GC3s GC3s

genus Nekemias are classified in one group; ten plants
of the genus Ampelopsis were classified in one group;
Rhoicissus digitata of the genus Rhoicissus was a sepa-
rate category. All branches in this phylogenetic tree
have bootstrap values greater than 70, indicating a high
level of confidence in the evolutionary analysis results of
this study. Compared with the former, the RSCU-based
clustering tree showed significant differences in species
associations. However, it also clearly illustrates the close
relationship among Ampelopsis japonica, Ampelopsis
humulifolia, and Ampelopsis glandulosa var. brevipe-
dunculata within the genus Ampelopsis, as well as the
intimate relationships among Nekemias chaffanjonii,
Nekemias hypoglauca, and Nekemias rubifolia within the
genus Nekemias.
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Fig. 3 PR2-plots analysis of 18 cpDNAs in Ampelopsideae

Comparative analysis of the best codons of 18 cpDNAs

Twenty-six co-occurring high expression codons and
10 co-occurring best codons (GCU, UGU, GAA, AUU,
AAA, UUG, CCU, ACU, GUA, and GUU) were screened
in the 18 cpDNAs, of which nearly 90% of the high
expression codons ended in U/A (Fig. 7). In addition,
there were some deviations in the corresponding high
expression codons and best codons of the 18 different
species, in contrast to the other species, GGC of N. meg-
alophylla was the high expression codon, GGU and CGU
of N. cantoniensis and CUU of A. mollifolia were not
the high expression codon and best codon, and the high
expression codons and best codons of N. grossedentata,
N. hypoglauca, N. megalophylla, N. rubifolia, and R. digi-
tata of GCA were not optimal codons, A. glandulosa var.

brevipedunculata, A. heterophylla, A. heterophylla var.
hancei, A. humulifolia, and A. japonica had non-optimal
codons for CAA, and A. acounitifolia var. palmiloba and
A. cordata had non-optimal codons for CGA. This diver-
sity suggests that some discrimination between species
can be made on the basis of highly expressed or optimal
codons.

Discussion

Genetic codons, as the core elements linking nucleic
acids and proteins, play an important role in the
exchange of genetic information in organisms [24]. And
genetic mutations drive the evolutionary process through
codon changes and are expressed in the form of proteins
[25]. Consequently, an investigation of CUB can furnish
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Fig. 4 COA-plots analysis of 18 cpDNAs in Ampelopsideae

dependable data for the study of protein expression and
its associated functions [26]. In the process of studying
the genetic evolution of species, we often employ nuclear
genome sequencing and organelle genome sequencing.
However, compared to nuclear genome sequencing anal-
ysis, organelle genomes possess a number of advantages,
including a relatively smaller number of sequences, a
lower sequence complexity, a single genetic origin, a very
low frequency of recombination, and greater maneuver-
ability [27-29]. It is now evident that organelle genomes
play a pivotal role in the study of the origin and evolu-
tion of species. However, their synonymous codon usage
preference differs from that of nuclear genes in terms of
the rate and pattern of evolution. This is evidenced by the
fact that it is not only subjected to genetic variation and

the result of natural selection, but also related to multiple
factors, such as the base composition of genes, the length
of genes, the level of gene expression, the abundance of
tRNAs, the hydrophobicity of amino acids, and the aro-
maticity of genes [30]. Our multiple analyses (codon
usage index, Neutrality-plot analysis, ENC-plot analysis,
PR2-plot analysis, best codon analysis, COA-plot analy-
sis, and evaluation of RSCUs and phylogenetic analyses)
contributed to our better understanding of the genetic
structure and evolutionary trends of the species in this
strain.

Chloroplasts, as a common organelle structure in
higher plants, have their own peculiarities in the evolu-
tionary history of plants, with relatively conserved gene
structural domains and the ability to be inherited through
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Table 2 Correlation analysis of codon usage index of 18 cpDNAs in Ampelopsideae

Species CAl CBI Fop ENC GC3s
A. aconitifolia var. palmiloba -0.171 -0419** -0.448** -0.162 -0524%
A. cordata -0.019 -0.288*% -0.328% 0 -0403**
A. delavayana -0.197 -0453** -0478* -0.1 -0.49**
A. glandulosa var. brevipedunculata 0.171 0416** 0.448** 0.138 0.501**
A. heterophylla -0.264* -048** -042%* 0.131 -0.029
A. heterophylla var. hancei -0.255 -0.473** -0414* 0.126 -0.035
A. humulifolia 0.161 0.412%* 0.445** 0.178 0.527%*
A. japonica -0.172 -0421** -0.449%* -0.119 -0493**
A. mollifolia -0.266* -0.473** -0417** 0.14 -0.011
A. tomentosa -0.269*% -0.482%*% -0.42%% 0.143 -0.019
N. arborea 0.119 0.329* 0.373** -0.024 0.406**
N. cantoniensis 0.242 0421%* 0432%* -0.148 0177
N. chaffanjonii 0.249 0.459** 0.403** -0.099 -0.033
N. grossedentata 0.176 0.346** 0.36%* -0.22 0.116
N. hypoglauca 0.256 0475%* 0419%* -0.099 -0.025
N. megalophylla -0.191 -0.39** -0.401%* 0.188 -0.122
N. rubifolia -0.221 -0.466** -042** 0.114 -0.009
R. digitata 0.099 0.381** 0412%* -0.069 0.375**

“**" Highly significant correlation (P<0.01); “*” Significant correlation (P<0.05).
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Fig. 5 RSCU clustering tree and heat map of cp. genes in Ampelopsideae

autogenous inheritance [31]. Among the codons of chlo-
roplast genes, the GC3 content is an important indica-
tor in the analysis of their preference, and in general, the
smaller the GC3, the more the codon usage preference is
influenced by natural selection, and if there is no signifi-
cant correlation between GC12 and GC3, the more it is
influenced by natural selection [27]. The codon bases of
the 18 cpDNAs under investigation exhibit a clear prefer-
ence for either A or U. Furthermore, they exhibit a high
degree of similarity in base content and CUB. More-
over, each neutral analysis demonstrated that the cor-
relation between GC12 and GC3 was not statistically
significant. This result is analogous to that of Nymphaea,
Juglandaceae, Davidia, and Gynostemma, indicating
that the CUBs of the 18 cpDNAs are more susceptible to
natural selection, and that the CUBs of the cpDNAs of
most plants are more conserved and highly similar dur-
ing the evolutionary process [11, 27, 32, 33]. The ENC-
plot analysis indicated that the CUB of the cpDNAs of
the 18 Ampelopsideae species may be influenced by a
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multitude of factors, including natural selection and base
mutations. To further explore the main factors affect-
ing CUB, this study found that most of the scatters were
concentrated in the fourth quadrant by PR2-plot bias
analysis. This indicated that the base selection at codon
3 was more inclined to G/T, thus suggesting that natu-
ral selection was one of the dominant factors leading to
CUB. RSCU is a frequently employed term to describe
the strength of CUB. According to the COA analysis of
RSCU, the first dimension axis was found to be signifi-
cantly correlated with CAI, CBI, Fop, ENC, and GC3s.
The results of multiple analyses indicated that the CUB of
the cpDNAs of the 18 Ampelopsideae plants was primar-
ily influenced by natural selection, in addition to mul-
tiple factors such as base mutation and gene expression
frequency. This finding was consistent with the results of
previous studies on dicotyledonous plants in Theaceae,
Euphorbiaceae, and Juglandaceae (7, 32, 34].

The clustering tree constructed based on RSCU values
exhibited significant divergence from the evolutionary



Hu et al. BMC Genomic Data (2024) 25:80 Page 9 of 13
Tree scale: 0.001 +F———
Nekemias arborea NC 061710
100 i Nekemias cantoniensis NC 061755
Nekemias megalophylla NC 068499
e L Nekemias grossedentata MT267294
g9 [ Nekemias chaffanjonii
01 ’— Nekemias hypoglauca
Nekemias rubifolia
Ampelopsis cordata NC 061729
100 Ampelopsis mollifolia
100 Ampelopsis tomentosa

Ampelopsis delavayana

Ampelopsis heterophylla

Ampelopsis heterophylla var. hancei

Ampelopsis glandulosa var. brevipedunculata KT831767
Ampelopsis japonica NC 042235

Ampelopsis aconitifolia var. palmiloba MW246142
Ampelopsis humulifolia NC 042236

Rhoicissus digitata NC 061712

Fig. 6 Phylogenetic tree based on the CDSs of 18 cpDNAs. The numerical values on each branch in the phylogenetic tree represent their bootstrap
values, where a higher bootstrap value indicates greater confidence in that particular branch's result
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tree constructed based on CDSs. However, some species
relationships exhibited consistent branching patterns in
both trees. It appears that the phylogenetic prediction
based on the RSCU values of cpDNA codons is subject
to certain limitations, which may be attributable to the
considerable geographic differences among the sampled
species. It is evident that RSCU-based clustering trees
can serve as a valuable addition to sequence-based phylo-
genetic predictions [30]. The evaluation of the 18 RSCUs
revealed that their RSCU values were strikingly similar,
thereby indicating that the cpDNA codon composition
of Ampelopsideae species is indeed highly conserved

T T T T T

N. hypoglauca
N. megalophylla 020
N. rubifolia
R. digitata 0.00
o OO 2 OO
A LS TN NI S

and approximate. The selection of synonymous codons
not only impacts the coding of protein sequences but
also the regulation of gene expression [35]. In the field of
biology, correlations between codon usage and expres-
sion levels are often attributed to evolutionary or physi-
ological causal links. Optimal codon usage is associated
with faster translation rates, which suggests that some
proteins will have higher expression levels as a result of
codon usage [35]. In this study, 26 shared high-frequency
codons and 10 shared optimal codons were identi-
fied. Of these, 90% of the optimal codons terminated in
U/A. It is noteworthy that there are discrepancies in the
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high-expression codons and optimal codons of closely
related species. These differences may be leveraged in
future studies to categorize species based on their codon
usage patterns. The high-frequency codons identified
based on the total RSCU value also exhibited a tendency
to end in U/A. This indicated that they were more likely
to select U/A at position 3, consistent with model plants
such as rice, poplar, and Arabidopsis thaliana [36-38].
These optimal codons can, on the one hand, enhance
the yield and activity of proteins involved in photosyn-
thesis by optimizing the expression of cp. genes. On the
other hand, they can be employed as a breakthrough to
increase the production of biopharmaceuticals [39, 40].

Conclusions

The cpDNAs of 18 species of the tribe Ampelopsideae are
weak in CUB, which is affected by multiple factors such
as natural selection, base mutation and gene expression
frequency, among which natural selection is the main
factor. The 18 cpDNAs were screened for 10 common
best codons, which can provide some reference for their
biopharmaceuticals. Their RSCU clustering tree can be
used to supplement the phylogenetic results. The codon
compositions and CUBs of the 18 c¢cpDNAs are simi-
lar enough to show that the cpDNAs of Ampelopsideae
plants are highly conserved and similar, and the compar-
ative analysis of these 18 cpDNA codons can provide a
certain scientific research basis for the CUBs of cpDNAs
of the tribe Ampelopsideae plants as a whole.

Table 3 Basic information of chloroplast genome in Ampelopsideae
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Materials & methods

The source and processing of cpDNA sequences

The cpDNA sequences required for this study were
obtained from the NCBI database (https://www.ncbi.
nlm.nih.gov/nuccore/) and from our group (not submit-
ted to publicly available databases, https://github.com/
mrprinceq/Supplementary-data-1-8-eight-cpDNAs-). To
ensure the accuracy of subsequent analysis results, filter
the coding sequences (CDS) of 18 cpDNA species as fol-
lows: retain sequences composed solely of A, T, C, and
G bases, with a length that is a multiple of 3 and not less
than 300 bp, starting with a start codon, ending with a
stop codon, and containing no internal stop codons [34].
As shown in Table 3, the cpDNA sizes of 18 species range
from 160,600 bp (R. digitata) to 163,016 bp (N. arborea),
with the number of CDS ranging from 80 (R. digitata) to
92 (N. chaffanjonii, N. hypoglauca, N. rubifolia). After fil-
tering, the retained number of CDS ranges from 54 to 59.

Composition and codon index analysis

In order to obtain the details of the codon base contents
of the 18 cpDNAs, the retained CDS files after filtering
were uploaded to the online software (http://emboss.tou-
louse.inra.fr/cgi-bin/emboss) on the EMBOSS website
for computational analysis [41]. CodonW is a program
that simplifies codon usage and calculates CUBs. Use
CodonW 1.42 to calculate the relative usage rate of syn-
onymous codons (RSCU), effective codon count (ENC),
and codon adaptation index (CAI), among others [42].
RSCU is used to measure the relative overall usage of a
codon compared to its encoded amino acid. An RSCU
value of 1 serves as a threshold: RSCU>1 indicates

Data source Species Accession no Length CDS number CDS number
(before processing) (after processing)

NCBI Ampelopsis humulifolia NC_042236.1 161,724 bp 87 56

A. aconitifolia var. palmiloba MW246142.1 162,493 bp 84 54

A. cordata NC_061729.1 161,945 bp 82 54

A. glandulosa var. brevipedunculata KT831767.1 161,090 bp 87 57

A.japonica NC_042235.1 161,430 bp 87 55

Nekemias arborea NC_061710.1 163,016 bp 82 54

N. cantoniensis NC_061755.1 162,655 bp 85 55

N. grossedentata MT267294.1 162,147 bp 88 55

N. megalophylla NC_068499.1 161,981 bp 85 55

Rhoicissus digitata NC_061712.1 160,600 bp 80 54
Subject assembly A. delavayana - 162,497 bp 85 55

A. heterophylla - 162,470 bp 91 59

A. heterophylla var. hancei - 162,490 bp 91 59

A. mollifolia - 162,539 bp 90 58

A. tomentosa - 162,468 bp 90 58

N. chaffanjonii - 163,013 bp 92 58

N. hypoglauca - 162,664 bp 92 58

1

N. rubifolia -

62,813 bp 92 59



https://www.ncbi.nlm.nih.gov/nuccore/
https://www.ncbi.nlm.nih.gov/nuccore/
https://github.com/mrprinceq/Supplementary-data-1-8-eight-cpDNAs-
https://github.com/mrprinceq/Supplementary-data-1-8-eight-cpDNAs-
http://emboss.toulouse.inra.fr/cgi-bin/emboss
http://emboss.toulouse.inra.fr/cgi-bin/emboss

Hu et al. BMC Genomic Data (2024) 25:80

strong codon usage bias (CUB), whereas RSCU<1 indi-
cates weaker CUB [43]. ENC is used to assess the statisti-
cal indices of Codon Usage Bias (CUB) in genes, generally
ranging between 20 and 61. A threshold of ENC=35
serves as a dividing point: an ENC of 35 or less indicates
significant CUB, with lower values suggesting stronger
CUB within the gene [44].

Neutral plotting analysis

Neutral plot is one of the methods used to intuitively dis-
play codon preference indices of cpDNA genes. It plots
the GC content at the third codon position (G3) on the
horizontal axis against the mean GC content at the first
and second codon positions (G12) on the vertical axis.
Scatter plots depicting the correlation between codon
base composition are created for 18 cpDNA genes, aimed
at analyzing determinants of Codon Usage Bias (CUB)
[45, 46]. If the regression coefficient fitted by the scat-
ter plot approaches 0, the correlation between GC3 and
GC12 becomes less significant, suggesting that Codon
Usage Bias (CUB) may be dominated by natural selection.
Conversely, if the regression coefficient approaches 1, it
indicates a significant correlation between the two, sug-
gesting that mutation pressure determines CUB [47].

ENC-GC3s plotting analysis

To analyze the relationship between Codon Usage Bias
(CUB) and base composition across 18 cpDNAs, scatter
plots were created with ENC as the y-axis and GC3s as
the x-axis for each gene. Additionally, a standard curve
based on the following formula was added to the plots
[48]. The standard curve represents the ideal relationship
between ENC and GC3 under conditions of no selection
pressure. When the scatter points on the graph closely
align with this curve, it indicates that Codon Usage Bias
(CUB) for the corresponding gene is solely determined
by mutation. Conversely, deviation from the curve sug-
gests the presence of other factors influencing CUB [49].

29
GC3s* + (1 — GC3s)”

ENC =24+ GC3s +

PR2 bias plotting analysis

To analyze codon bias equilibrium across 18 cpDNA
genes, scatter plots were created with the proportion of
bases A and AT at the third codon position on the y-axis,
and the proportion of bases G and CG on the x-axis [50].
x=0.5 and y=0.5 represent G=C and A=T, respectively,
and the center point of the scatterplot (0.5, 0.5) indicates
that the codon has no usage preference.
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Correspondence analysis

Correspondence analysis (COA), as a method applicable
to multivariate statistics, is commonly used to identify
codon usage patterns. Using the COA feature in CodonW
software, each CDS from the 18 cpDNAs is represented
in a 59-dimensional vector space (excluding UGG, AUG,
and the three termination codons). This analysis exam-
ines the major trends of variation in codon usage (CU)
within the CDSs, ultimately aligning codons along axes
based on their RSCU values. This approach aims to pro-
vide a clearer and more direct visualization of the codon
usage variation trends across all coding sequences (CDS)
of each species [51]. To better understand the factors
influencing Codon Usage Bias (CUB) across the 18 cpD-
NAs, correlation analyses were conducted between the
first principal component axis and CAI, CBI, Fop, ENC,
and GC3s. Data organization and statistical analyses were
performed using WPS and SPSS 26 software.

Evaluation of RSCU and phylogenetic analysis

The RSCU values (removing UGG, AUG and three stop
codons) of all genes of the 18 cpDNAs were organized
in one dataset and heatmapped on TBtools software. In
order to reveal the phylogenetic relationships of the 18
species, we analyzed two aspects: (1) making a cluster-
ing tree based on the RSCU values of the codons of the
18 cpDNAs on SPSS software; (2) performing multiple
sequence comparison based on public CDSs of 18 cpD-
NAs in MAFFT software [52]. The sequence comparison
results were then imported into the IQ-TREE (v.1.6.8)
software, and a phylogenetic tree was constructed using
the best-fit model (TVM+F+1I chosen according to BIC)
and the maximum likelihood method with 1000 replica-
tions [53].

Best codon analysis

Based on the RSCU data can be parsed out the codons
with high frequency of use of RSCU values, the ENCs
of each CDS of the 18 cpDNAs were sorted, and the
genes in the first and last 1/10 of the ENCs were selected
to construct the high- and low-expression databases,
respectively, and the difference between the two RSCUs
was used as the ARSCU [54]. Codons with RSCU greater
than 1 were classified as high usage frequency codons,
while codons with ARSCU not less than 0.08 in addition
to the previous conditions were recognized as the best
codons.
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